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Merkel cell carcinoma (MCC) is a rare, but deadly skin cancer that is rapidly increasing in 
incidence. Programed death-1 (PD-1) pathway blockade has been successful in treating MCC, 
but it is not effective for all patients. PD-1 therapy works by reinvigorating exhausted T cells, but 
major resistance mechanisms in MCC are currently unknown. Data from other cancers and 
murine models have described many mechanisms of immunotherapy resistance including 
terminal exhaustion in T cells, an immunosuppressive environment tumor microenvironment, T 
cell exclusion from the tumor, downregulation of antigen presentation and a lack of 
immunogenic antigens. To overcome PD-1 blockade resistance, several strategies are being 
pursued that target these different mechanisms. However, prioritization of clinical trials is 
challenging in rare cancers like MCC where only a few trials can be carried out simultaneously. 
 
In Chapter 1 and 2, we describe the current state of immunotherapy for MCC and challenges in 
the treatment of this cancer.  
 
In Chapter 3, we characterized cancer-specific T cells in 35 MCC patients and found that higher 
MCPyV-specific CD8 T-cell frequency in pre-treatment blood correlated with response to 
immunotherapy. Single cell RNA sequencing revealed that MCPyV-specific CD8 T cells in blood 
had increased stem/memory signatures and decreased exhaustion signatures compared to 
those in tumors. This suggests that the blood acts a reservoir of cancer-specific T cells at earlier 
stages of exhaustion. However, longitudinal samples showed emergence of immunotherapy 
resistance via downregulation of MHC-I despite abundant circulating cancer-specific CD8 T 
cells. This was studied in greater detail in Chapter 4. There we detail a second patient with 
secondary resistance to PD-1 pathway blockade despite the presence of cancer-specific CD8 T 
cells in the patient’s tumor and blood. This patient’s tumor lacked MHC-I expression, which was 
partially restored with an intralesional STING agonist. The patient experienced a durable partial 
response to treatment.  
 
Chapters 5, 6 and 7 further describe antigen-specific T cells and the development of 
exhaustion in these cells. In Chapter 5, we detail neoantigen-specific T cells and show that 
these cells were predominantly CD4 restricted. These cells were prevalent in a patient with a 
profound response to anti-PD-L1 and exhibited a TH1 phenotype that could support anti-tumor 
immunity. Chapter 6 describes how the development of terminal exhaustion in T cells is 
potentiated by IL-2 signaling. Chapter 7 describes the tumor microenvironment in human 
tumors using a novel bioinformatic method and spatially linked RNA sequencing. 
 



The next three chapters describe new clinical trials based in part on the data presented in the 
previous chapters: Triple immune checkpoint blockade targeting PD-1, TIM3 and LAG3 
(Chapter 8), therapeutic vaccination (Chapter 9) or inhibition of ATR (Chapter 10). 
 
Finally, Chapters 11 and 12 describe advancements in clinical management in MCC and how 
more personal minimal management can lead to improved patient care. We show that anti-PD-1 
therapy dosing can be reduced in patients who respond to PD-1 blockade with compromising 
response (Chapter 11). We also investigate the importance of surgical margins and 
radiotherapy in MCC and demonstrate that tissue sparing surgery and adjuvant radiation can 
achieve protect against local recurrences when used in combination (Chapter 12).  
 
We have used our extensive and unique repository of clinically annotated MCC blood and tumor 
tissues, along with clinical trial specimens, to characterize cancer-specific T cells and elucidate 
mechanisms of immunotherapy response and resistance in MCC, particularly an absence of 
circulating MCPyV-specific CD8 T cells. These studies have helped us define the mechanisms 
by which some patients mediate superior disease control and contributed to our goal of 
improving therapeutic options for patients with advanced MCC.  
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Chapter 1. Introduction to Merkel cell carcinoma (MCC) and immunotherapy 

Merkel cell carcinoma background and immunobiology 
Merkel cell carcinoma (MCC) is a rare and deadly skin cancer1-3 that is rapidly rising in 
incidence with ~3,000 new diagnoses in 2022, up from 1,200 in the year 2000.4 In the US, 80% 
of MCC cases are caused by the Merkel cell polyomavirus (MCPyV), while the remaining 20% 
are caused by UV mutations.5 Recent trials of programed death-1 (PD-1) pathway blockade 
have been highly successful with roughly half of patients achieving long term disease control, 
leading to the first two FDA approvals of any drug for MCC.6,7 While these are beneficial 
therapies, they are not sufficient for roughly half of patients and it is imperative to understand 
the differences between patients who respond and do not respond so that we can design and 
move new therapies forward appropriately.  
PD-1 pathway blockade is thought to work by reinvigorating T cell exhaustion, a dysfunctional 
state characterized by diminished function, reduced proliferative capacity, and increased 
inhibitory signals.8-11 By blocking the interaction of PD-1 and its major ligand, PD-L1, these 
exhausted cells can regain function.  However, the reason some patients do not respond to 
therapy is still unclear. Both tumor intrinsic and extrinsic PD-1 therapy resistance mechanisms 
have been described in other cancers. Specific tumor extrinsic mechanisms of PD-1 immune 
evasion include T cell exclusion from the tumor,12 creation of an immunosuppressive 
environment inside the tumor,13 and progression of exhaustion in CD8 T cells beyond the point 
of reversibility with PD-1 blockade.14 Tumor intrinsic mechanisms of evasion include a lack of 
antigens for T cell recognition15 and loss or downregulation of proteins required for antigen 
presentation to T cells.16 Several strategies are being pursued in MCC and other cancers to 
overcome resistance to PD-1 blockade including therapeutic vaccination, transfer of transgenic 
T cells, and combination checkpoint blockade. Each of these therapies target different 
populations of T cells (i.e., naïve or insufficiently primed, clonally deleted, or terminally 
exhausted T cells), however which mechanisms underlie PD-1 blockade failure is unknown. 
This makes prioritization of clinical trials difficult, a particular problem in a rare cancer such as 
MCC where few trials can be carried out simultaneously. 

MCC offers a unique ability to study immunotherapy response and resistance due to the viral 
nature of most MCC tumors. In non-virally driven tumors, the immune system recognizes 
mutations unique to cancer cells (neoantigens) or proteins that are upregulated in tumor cells 
but absent in most healthy tissue (tumor associated antigens; TAA). Neoantigens are 
particularly difficult to study since they vary between patients, so reagents need to be 
customized for each individual patient. This is a costly and difficult process. TAA are shared 
across patients, however because they are self-proteins, central and peripheral tolerance 
promote deletion and anergy in these cells. In contrast, tumor-viral antigens are truly non-self 
and shared across patients, allowing the study of antigen-specific immune responses across 
large cohorts of patients.  

MCPyV-driven MCC is a particularly ideal tumor for studying these antigen-specific immune 
cells because: (1) MCPyV is a relatively small DNA virus and only two viral proteins are required 
for oncogenic transformation in humans; and (2) patients with virally-driven MCC have very new 
somatic mutations, which means that we can almost comprehensively study the anti-tumor 
immune response by focusing on MCPyV-specific responses. Oncogenesis by MCPyV requires 
two rare mutagenic events potentially promoted by UV exposure. The first is viral integration into 
the host genome, and the second is truncation of an MCPyV oncoprotein, the Large T antigen 
(LT). Truncation of LT renders MCPyV unable to replicate, while retaining the ability to drive cell 
cycle progression and to induce carcinogenesis.17 MCPyV also expresses small T antigen (ST) 
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which also has oncogenic functions separate from LT.17,18 Importantly, these viral oncoproteins 
are persistently expressed in MCC tumors and are absent in normal tissues, and are thereby 
ideal antigens for adaptive immune responses. We use these facts and a large panel of MHC-I 
multimers to characterize cancer-specific CD8 T cells in MCC patients over the course of 
immunotherapies.  

Thematic nature of studies  
This dissertation is a compilation of 10 publications and manuscripts that focus on current 
clinical care of Merkel cell carcinoma patients and use cellular and molecular tools to 
understand how current treatment could be improved. Chapter 2 provides an overview of the 
care of Merkel cell carcinoma when I began my PhD. The subsequent chapters detail 
mechanisms of response or resistance to the therapies described in this chapter. 

The major body of my work is detailed in Chapter 3. This study used samples from a trial of 
neoadjuvant PD-1 pathway blockade to determine why only a portion of patients respond to 
anti-PD-(L)1 therapies. We found that patients who did not have circulating cancer-specific CD8 
T cells in their blood had poor responses to PD-1 blockade. We then describe the phenotype of 
these circulating cancer-specific CD8 T cells to show they are less exhausted than cancer-
specific CD8 T cells in tumors. Because only the subset of less exhausted CD8 T cells expand 
following PD-1 pathway blockade19-21, we believe the blood represents a reservoir of these less 
exhausted cells and that their frequency is correlated with response to initial anti-PD-(L)1 
treatment. We note in Chapters 3 and 4 however, that the frequency of circulating cancer-
specific T cells is only predictive for initial PD-1 pathway blockade. We describe a patient who 
initially had these circulating cells prior to treatment, but the tumor cells downregulated MHC-I to 
evade detection by antigen-specific T cells.  

In Chapter 4, we describe how STING agonism can yield durable clinical response in an MCC 
patient with secondary resistance to PD-1 pathway blockade. This study shows that cancer-
specific T cells are present in a patient’s tumor and blood at the time of recurrence, but MHC-I is 
absent on the tumor cells. Intralesional STING agonism increased MHC-I on the tumor cells and 
resulted in a durable partial response in this patient.  

Chapters 5-7 further detail cancer-specific T cells and the development of exhaustion in these 
cells. Chapter 5 continues the study of cancer-specific T cells in immunotherapy treated MCC 
patients. The differences in T cell responses to MCPyV oncoviral antigens and tumor 
neoantigens are not known. Whereas most prior studies of cancer-specific T cells in MCC have 
focused on MCPyV-specific T cells, we sought to characterize neoantigen-specific T cells in a 
patient with virus negative patient in this study. Chapter 6 studies how IL-2 signaling in cancer-
specific T cells leads to terminal exhaustion in these cells. Chapter 7 describes a novel 
technique to study the tumor microenvironment at a near single cell level using spatial 
transcriptomics and single-cell RNA sequencing. 

While Chapters 3-6 detail immunotherapy response and resistance to current treatments, 
Chapters 8-10 describe treatments that are in development and entering clinical trials. Chapter 
8 describes a clinical trial proposal to treat PD-(L)1-refractory MCC with a combination of anti-
PD-1, anti-LAG3 and anti-TIM3 antibodies. This trial was in part based on data generated and 
shown in Chapter 3 that shows that many patients who do not respond do PD-1 pathway 
blockade alone have cancer-specific CD8 T cells in their tumors, but these cells have 
upregulated several additional immune checkpoints and are thus too exhausted to respond to 
PD-(L)1 blockade alone. Chapters 9 and 10 describe two approaches to increase the numbers 
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of cancer-specific CD8 T cells by either direct vaccination or in situ vaccination using ATR 
inhibition.  

Chapters 11 and 12 demonstrate how advancements in clinical management of MCC can 
improve patient care through personalized minimal management. In Chapter 11, we show that 
patients who respond to PD-1 blockade can receive fewer doses of anti-PD-1 therapy while 
maintaining durable responses. Additionally, in Chapter 12, the significance of surgical margins 
and radiotherapy in MCC is explored.  We demonstrate that a combination of tissue sparing 
surgery and adjuvant radiation can achieve high rates of recurrence free survival. 

Together these studies characterize cancer-specific T cells and describe immunotherapy 
resistance mechanisms in MCC. Furthermore, they provide rationale for three upcoming 
therapeutic avenues for Merkel cell carcinoma: combination checkpoint blockade, therapeutic 
vaccination, and ATR inhibition.  
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Review

Merkel Cell Carcinoma in the Age of
Immunotherapy: Facts and Hopes
Aric Colunga1, Thomas Pulliam1, and Paul Nghiem1,2,3

Abstract

Merkel cell carcinoma (MCC) is a rare (!2,000 U.S. cases/
year) but aggressive neuroendocrine tumor of the skin. For
advanced MCC, cytotoxic chemotherapy only infrequently
(<10% of cases) offers durable clinical responses (>1 year),
suggesting a great need for improved therapeutic options. In
2008, the Merkel cell polyomavirus (MCPyV) was discovered
and is clonally integrated in approximately 80% ofMCC tumors.
The remaining 20% of MCC tumors have large numbers of
UV-associated mutations. Importantly, both the UV-induced
neoantigens in virus-negative tumors and the MCPyV T antigen
oncogenes that are required for virus-positive tumor growth
are immunogenic. Indeed, antigen-specific T cells detected in
patients are frequently dysfunctional/"exhausted," and the
inhibitory ligand, PD-L1, is often present in MCC tumors. These
findings led to recent clinical trials involving PD-1 pathway

blockade in advanced MCC. The combined data from these
trials involving three PD-1 pathway blocking agents—avelumab,
pembrolizumab, and nivolumab—indicated a high frequency
of durable responses in treated patients. Of note, prior treatment
with chemotherapy was associated with decreased response rates
to PD-1 checkpoint blockade. Over the past year, these striking
data led to major changes in advanced MCC therapy, including
the first-ever FDA drug approval for this disease. Despite these
successes, approximately 50% of patients with MCC do not
persistently benefit from PD-1 pathway blockade, underscoring
the need for novel strategies to broaden antitumor immune
responses in these patients. Here, we highlight recent progress
in MCC including the underlying mechanisms of immune eva-
sion and emerging approaches to augment the efficacy of PD-1
pathway blockade. Clin Cancer Res; 24(9); 2035–43. !2017 AACR.

Introduction
Merkel cell carcinoma (MCC) is a rare (!2,000 U.S. cases/

year) but aggressive skin cancer with a high risk of recurrence
(27%–31%; refs. 1–3). Although MCC is rare, its incidence is
rising steadily (4, 5). Risk factors include advanced age, sun/UV
exposure, and chronic immunosuppression (!8% of patients
with MCC have hematologic malignancy, solid organ trans-
plant, or HIV/AIDS; ref. 6). Although 92% of patients with
MCC are not immunosuppressed, individuals who have chron-
ic T-cell dysfunction have an increased likelihood of developing
MCC (10- to 30-fold; refs. 6–8). Only 4% of MCC cases occur in
patients under 50 years of age, and MCC risk increases signif-
icantly with every additional decade of life (4, 9), likely due in
part to increased immune senescence. The disease-associated
mortality of MCC is 46% within 5 years (10), highlighting the
need for improved therapeutic strategies.

Presentation/Diagnosis
The presentation of MCC can be challenging for physicians to

recognize (Fig. 1), in part, due to its rarity. In two thirds of cases,

physicians suspect a benign lesion based on clinical appearance
(6). The following mnemonic summarizes features associated
with MCC: Asymptomatic, Expanding rapidly, in an Immune-
suppressed patient Older than 50 and on UV-exposed skin
(AEIOU; ref. 6). As 89% of MCCs had three or more of these
features (6), this mnemonic is sensitive; however, it is not specific
for MCC, as such lesions may often represent another nonmela-
noma skin cancer or a benign lesion such as an inflamed cyst.
MCC diagnosis is confirmed through pathologic review of a
biopsied lesion. Pathologic sections of MCC exhibit small cells
with little cytoplasm (Fig. 1). The histologic recognition of MCC
was greatly facilitated by the determination that perinuclear,
coarsely granulated CK20 (KRT20) staining is present in 90% of
MCC cases (11, 12).

Virus-induced MCC
Early studies indicated that MCC can be linked to decreased

immune function. One key study found that patients with HIV
have a 13-fold increased MCC risk compared with population
controls (8). Also, case reports have described the uncommon,
spontaneous regression of MCC tumors under a variety of sce-
narios, further indicating a link to the immune system (13–15).
These data collectively suggested that MCC may be linked to a
pathogen. In 2008, the Merkel cell polyomavirus (MCPyV) was
discovered, and it is now clear that this virus plays a key role in the
majority of MCC cases (16).

MCPyV is a member of the polyomavirus family comprised
of nonenveloped, double-stranded DNA viruses and is the
first virus from this family known to cause cancer in humans.
MCPyV-specific antibodies have been detected in approximate-
ly 45% of children and in 80% of individuals 50 years or older,
indicating that it is highly prevalent in the population (17).

1Division of Dermatology, Department of Medicine, University of Washington,
Seattle, Washington. 2Seattle Cancer Care Alliance, Seattle, Washington. 3Clin-
ical Research Division, Fred Hutchinson Cancer Research Center, Seattle,
Washington.
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Street, Box 358050, Seattle, WA 98109. Phone: 206-221-4594; Fax: 206-221-
4364; E-mail: pnghiem@uw.edu

doi: 10.1158/1078-0432.CCR-17-0439

!2017 American Association for Cancer Research.

Clinical
Cancer
Research

www.aacrjournals.org 2035

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/24/9/2035/2050052/2035.pdf by U

niversity of W
ashington user on 09 January 2023

4

http://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-17-0439&domain=pdf&date_stamp=2018-4-6


Interestingly, despite this high prevalence, MCPyV has not been
shown to cause any disease other than when it very rarely leads
to MCC. We now understand key aspects of the mystery of how
a virus with an extremely high incidence leads to a cancer that is
very rare.

MCPyV-related oncogenesis requires two separate events
likely accounting for its rarity: (i) The circular double-strand-
ed genome must be linearized and integrated into the host
genome, perhaps after a DNA-damaging event (MCPyV-pos-
itive tumors frequently occur on sun-exposed skin), and (ii)
the virus must be mutated, with loss of expression of the
C-terminus of the large T (LT) antigen that is required for viral
DNA replication (Fig. 2). Virus-induced MCC is driven, in
part, by expression of truncated large T antigen that binds to
and inactivates the tumor suppressor Rb (RB1; Fig. 2; ref. 18),
promoting cell-cycle progression and uncontrolled prolifera-
tion (19, 20). Small T (sT) inhibits the proteasomal degra-
dation of large T (21) as well as the oncoprotein cMyc (MYC)
and cyclin E (CCNE1; ref. 21). Both large T and small T have
been demonstrated to drive transformation in mammalian
cells in vitro (18, 20, 22); however, numerous attempts to
generate mouse models of MCC at best only partially emulate
the disease in adult animals (23–25). These data indicate that
additional, as yet undetermined factors are required for in-
duction of MCPyV-associated MCC. Although several groups
have successfully generated xenografts using MCC cell lines
and postoperative tumor tissue, engraftment can be done only
in NOD SCID IL2Rgamma"/" (NSG) mice, which have a
severely impaired immune system. These xenograft models
mimic the gross pathologic features of the corresponding
patient's tumor but fail to recapitulate the tumor–immune
interactions that are now understood to greatly affect patient
outcomes. In vitro experiments have demonstrated that ongo-
ing expression of MCPyV oncoproteins is required for survival
of virus-positive MCC cells (26–28). These persistently
expressed non–self-antigens can potently elicit host immune
recognition, and the limited size of MCPyV T antigens (<400
amino acids) has facilitated immune studies of MCPyV-spe-
cific T-cell responses (29–32).

Antibodies to MCPyV T Antigen Correlate
with Tumor Burden

The robust response to MCPyV-positive tumors can include
both T-cell and humoral components (33–35). At the time of
diagnosis, approximately half of MCC patients make antibo-

dies to MCPyV oncoproteins. Knowing a patient's serostatus
(MCPyV positive or negative) can be helpful for his or her
subsequent care. The prognosis of seronegative patients is less
favorable (42% higher risk of recurrence than seropositive
patients; refs. 35, 36), and thus, these patients need to be
followed closely with scans (36). For seropositive patients,
antibody titers correlate with tumor burden (33, 34), and a
rising titer is an early indicator of disease recurrence (33). These
findings have recently been validated in a large prospective
cohort (36), and the test is now included in the 2018 National
Comprehensive Cancer Network (NCCN) guidelines for MCC
(37). Effective surveillance is relevant to patient care because if
disease recurrence is discovered early (when tumor burden is
lower), immunotherapy may be more effective (38).

UV-induced MCC
Some MCC tumors have no MCPyV detectable by either DNA-

PCR or IHC, which raised the question of whether virus-negative
MCCexists orwhether viral detection techniqueswere insufficient
(39). Recent studies have demonstrated that MCPyV-negative
MCC tumors do indeed exist, with variable incidence around the
world (!20% in United States/Europe vs. 76% in Australia;
see Fig. 2; refs. 40–43). Strikingly, virus-negative MCC is among
the most mutated of all solid tumors, including melanoma and
non–small cell lung cancer (40–42). These mutations are mostly
UV signature mutations (40–42). The high mutational burden
(187–4,707 somatic single-nucleotide variants per exome) in
MCC correlates to frequent amino acid changes and large num-
bers of UV-induced neoantigens (42). The most common muta-
tions found in MCPyV-negative MCC are in p53 (TP53; 75% of
cases) and Rb (67% of cases), commonly resulting in loss of
functional protein expression (42). However, activating muta-
tions also comprise a large proportion of the p53 mutations
detected (45% of p53 mutations in MCC; ref. 42).

Chemotherapy: The Previous Standard of
Care

Definitive treatment of primary MCC includes surgery and/or
radiation. This has been quite well established, and the con-
sensus is summarized in the 2018 NCCN guidelines (37).
Historically, chemotherapy was the preferred treatment option
for advanced MCC despite a lack of data rigorously assessing its
benefit in this setting. Recently, several careful retrospective
studies have been carried out in the United States and Europe

© 2017 American Association for Cancer Research

Figure 1.
Clinical and histologic appearance of MCC.
Left, clinical appearance of an MCC arising
on the left cheek of a 55-year-oldman. The
tumor was red, firm, nontender, and
rapidly growing on sun-exposed skin. The
differential diagnosis would include other
types of nonmelanoma skin cancer.
Center, intradermal tumor with
pleiomorphic cells with large nuclei and
scant cytoplasm. Right, cytokeratin 20
(CK20) IHC staining exhibits the
characteristic perinuclear expression of
CK20, a highly diagnostic finding for MCC.

Colunga et al.
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that document chemotherapy response rates and their durabil-
ity (summarized in Table 1). A U.S. academic center–based
study of 62 patients with distant metastatic MCC showed a first-
line chemotherapy objective response rate (ORR) of 55%;

however, the median progression-free survival (PFS) was only
94 days after chemotherapy initiation, and the median overall
survival was 9.5 months (44). Second-line chemotherapy was
even less favorable, with an ORR of 23% and a median PFS of

Table 1. Selected data for chemotherapy and anti-PD1/PD-L1 in MCC

Chemotherapy Nivolumab Avelumab Pembrolizumab
Line 1st line 2nd line #1st line #2nd line 1st line
Cohort size 62–67 20–30 22 88 25
Agent Etoposide and platinum-based agentb Topotecanb Anti–PD-1 Anti–PD-L1 Anti–PD-1
ORR 31%–55% 9%–23% 68% 32% 56%
9-month PFSa 15%–26% 0%–3% N/Ac 33% 56%
Publications Becker, 2017d (46); Cowey, 2017 (45); Iyer, 2016 (44) Topalian, 2017 (52) Kaufman, 2016 (54) Nghiem, 2016 (50)
aValues estimated from charts.
bMost commonly used agents.
c9-Month PFS is not yet available; however, 3-month median PFS is 82%.
dData for second-line chemotherapy only.

© 2017 American Association for Cancer Research
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Figure 2.
Comparison of virus-positive and
virus-negative MCC tumors. This
schematic depicts the two major
causes of MCC, their prevalence,
differences in their potential immune
targets, and frequencies of response to
immune therapy. Top, differences in
MCCprevalence—United States (U.S.)/
Europe versus Australia. Left, virus-
induced tumorigenesis—the highly
prevalent MCPyV is often found on
normal skin. Rarely, MCPyV will
integrate into the host genome, and
through a separate rare event, large T
will become truncated (tLT; depicted
by red Xs) prior its C-terminal.
Expression of the sT and tLT viral
oncogenes is tumorigenic through
multiple pathways including inhibition
of wild-type cellular Rb (see text).
Right, UV-induced tumorigenesis—sun
exposure results in the generation of
many UV signature mutations (C!T
mutations). The most common of
which are in Rb and p53. Rb is
frequently found to be inactivated in
UV-induced MCC tumors (67%).
Mutation of p53 includes both
activating and inactivating mutations
(16, 18–21, 40–43, 71–75).
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61 days (44). An independent study of 67 patients with
metastatic MCC in the US Oncology Network also assessed
responses to first- and second-line chemotherapy (45). This
study found a first-line chemotherapy ORR of only 31%, with a
median PFS of 4.6 months. Patients on their second or later line
of chemotherapy had an ORR of 20% and a median PFS of 2.1
months (45). In a cohort of 34 patients from Europe whose
disease had progressed following at least one line of chemo-
therapy, the patients' next line of chemotherapy had only a 9%
ORR and a median duration of response of 1.9 months (46).
These studies indicate that although MCC has a relatively high
response rate to chemotherapy in the first line, responses are
typically short-lived and resistance develops quickly. Multiple
mechanisms are likely involved with the disappointing long-
term benefit of chemotherapy in MCC. These may include its
immunosuppressive effects in the setting of this immunogenic
cancer as well as established mechanisms such as resistance to
apoptosis (47).

Immunotherapy: A New Standard of Care
Over the last decade, several lines of evidence have suggested

that immune status is linked to clinical outcomes in MCC,
indicating that augmenting cell-mediated immunity could be
beneficial. An early study focusing on tumor-infiltrating lym-
phocytes found that patients with robust CD8þ lymphocyte
infiltration into MCC tumors had 100% MCC-specific survival
compared with 60% survival in those with little or no CD8þ

infiltration (48). These data indicated that infiltration by CD8 T
cells had profound prognostic value and that augmenting
immune function could benefit patients with MCPyV-driven
MCC. The specificity of CD8þ lymphocytes was then studied,
and MCPyV oncoprotein–specific cells were found to be present
in MCC patient blood and enriched in patients' tumors (29, 30).
Importantly, signs of dysfunction were evident in MCPyV-spe-
cific CD8þ T cells from patients, as they expressed both PD-1
(PDCD1) and Tim3 (HAVCR2), the combination of which
suggests functional exhaustion (29). When the tumor microen-
vironment was investigated, 49% of 49 tumors contained PD-L1
(CD274, typically expressed on antigen-presenting cells) and
expression tended to correlate with the presence of intratumoral
lymphocytes (49). In aggregate, these findings made a compel-
ling case for testing PD-1 pathway blockade in MCC.

To date, three antibodies targeting the PD-1 axis have been
studied in MCC, with all three showing substantial response
rates and impressive durability of responses (summarized
in Table 1). Although the numbers of patients studied are
small compared with other more prevalent cancer types, these
early trials have demonstrated frequent therapeutic durability,
whereas there was previously little hope for patients with
advanced MCC. A National Cancer Institute–sponsored clinical
trial studied pembrolizumab (anti–PD-1) in 25 patients with
advanced MCC who had not received prior systemic therapy.
The investigators found an ORR to pembrolizumab of 56%
including a 16% complete response rate. Of the 14 responsive
patients, the response duration ranged from at least 2.2 months
to at least 9.7 months. Overall, the trial had an estimated PFS
of 67% at 6 months. Pembrolizumab was effective in both
virus-negative and virus-positive tumors (ORR of 62% and 44%
respectively, not significantly different; ref. 50). The early
results of this trial led to pembrolizumab being listed as a

treatment option for advanced disease in the 2017 NCCN
guidelines for MCC (51).

An international, single arm, open-label trial of nivolumab
(anti–PD-1) included both patients who had and who had not
received prior chemotherapy (36% and 64%, respectively). In
this study, 15 of 22 patients (68%) had objective responses, and
PFS at 3 months was 82% with the trial still ongoing (52).

A large international clinical trial studied avelumab (anti–
PD-L1) in 88 patients with distant metastatic disease who had
previously received at least one line of chemotherapy. This trial
found an ORR of 33%, with a complete response rate of 11%. At
6 months, PFS was 40%, and the estimated PFS at 1 year was
30%. As with pembrolizumab, avelumab was found to be
effective in both virus-positive and virus-negative tumors (ORR
of 26% and 35%, respectively, not significantly different;
refs. 53, 54). In March 2017, these remarkable data in chemo-
therapy-refractory MCC led to the first-ever FDA approval of a
drug for this cancer. Avelumab was granted accelerated approval
in advanced MCC in patients at least 12 years of age whether or
not they have previously received chemotherapy (55).

Now that avelumab has been approved for treatment of
advanced MCC, an important question remains: namely,
whether treatment with PD-1 pathway blockade in the adjuvant
setting is appropriate and/or beneficial for treatment of this
aggressive disease. As with other cancer treatments in general,
catching and treating the tumor early correlates with improved
prognosis. This possibility, in the context of PD-1 pathway
blockade in primary MCC, will be addressed by two (one of
which is double blinded and randomized) clinical trials that are
now recruiting (Table 2).

Anti–PD-1 checkpoint blockade therapies have proven to be
well tolerated in a majority of patients. However, altering the
balance of immune homeostasis can induce autoimmunity that
results in grade 3 or grade 4 toxicity in 10% to 22% of cases
(56, 57). As such, informed consent of patients is critical,
particularly because immune-related adverse events (irAE) are
typically idiosyncratic, making their early recognition and
treatment challenging.

Importantly, the unique therapeutic benefits of these agents
raise the question of whether they are indicated in patients who
have a known autoimmune condition or previous irAE to
ipilimumab. Indeed, patients with MCC exhibit higher num-
bers of autoimmune conditions than the population at large.
Treatment of autoimmune disease is a major known iatrogenic
cause of chronic, severe immune suppression that can increase
the risk of multiple cancer types, including MCC (58). A recent
retrospective analysis of 52 melanoma patients with prior
autoimmune disease treated with PD-1 pathway blockade
found comparable ORRs (33%) to those observed in clinical
trials that have excluded patients with autoimmunity (59).
Although 20 (38%) patients had a flare of autoimmune disease
and another 15 (29%) developed other irAEs, only eight pati-
ents exhibited grade 3 toxicity of a preexisting autoimmune
process or irAE, and just two patients permanently discontin-
ued treatment. A separate study of 67 patients who had prior
major ipilimumab toxicities exhibited a 40% ORR with PD-1
blockade (59). In this cohort, 25 (37%) patients experienced
recurrence of ipilimumab-induced irAEs or developed new/
different irAEs. Although 14 (21%) patients exhibited grade
3 to 4 irAEs, only eight (21%) patients discontinued therapy. In
both of these cohorts, a majority of the immune toxicities could
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be controlled by symptom management, oral steroids, and/or
steroid sparing agents (>80% of all irAEs observed). Taken as a
whole, this study indicates that, after appropriate informed

consent discussions with the patient, PD-1 pathway blockade
may be considered despite the presence of prior autoimmune
disease or ipilimumab-induced irAEs (59).

Table 2. Selected immune therapy clinical trials for Merkel cell carcinoma

NCT identifier Trial arms
Recruitment
status Phase

Targeted
enrollment Comments Publications

Anti–PD-1/PD-L1 monotherapy
NCT02155647 Avelumab as #2nd line Active, not

recruiting
II 88 28 of 88 chemotherapy-refractory

patients achieved a response including
eight complete responses (ORR ¼ 32%)

Kaufman, 2016
(54)

NCT02155647 Avelumab as 1st line Recruiting II 112 Preliminary results show an objective
response in 11 of 16 patients
(ORR ¼ 69%)

D'Angelo, 2017
(76)

NCT02267603 Pembrolizumab as 1st line Active, not
recruiting

II 50 Four of 25 patients evaluated had a
complete response and 10/25 had a
partial response (ORR ¼ 56%)

Nghiem, 2016
(50)

NCT02488759 Nivolumab as 1st or #2nd line Active, not
recruiting

I/II 25 22 patients initially evaluated on
nivolumab alone, 12 had a partial
response, and three had a complete
response (ORR ¼ 68%)

Topalian, 2017
(52)

NCT02196961 Avelumab as adjuvant versus
observation following
resection

Recruiting II 113 Only in Europea

NCT03271372 Avelumab as adjuvant 1st line Recruiting III 100 Stage III/IIIB nodal disease, randomized,
double blinded

Checkpoint blockade combination therapy
NCT02488759 Nivolumab & anti-LAG3

(BMS-9861016) &
ipilimumab (many arms)

Recruiting I/II 500 Cohort of patients with virus-associated
cancers

NCT03071406 Ipilimumab þ nivolumab
versus ipilimumab þ
nivolumab þ stereotactic
body radiation therapy

Recruiting II 50

Innate immunity agents and cytokines
NCT02035657 TLR-4 agonist, GLA-SE Completed I 10 Two of three patients with local nodal

disease had a complete response, and
two of seven patients with distant
metastatic disease had stable disease

Bhatia, 2016
(60)

NCT01440816 IL12-EP Completed II 15 Four of 15 patients treated with IL12 had
an objective response

Bhatia, 2015
(61)

Cell-based therapies
NCT02584829 Autologous MCPyV-specific

CD8 cells þ avelumab þ
MHC upregulation versus
avelumab þ MHC
upregulation

Recruiting I/II 20 Four of four patients had responses with
3/4 complete responses

Paulson, 2017
(66)

NCT02465957 NK cells (activated NK-92) þ
ALT-803 (modified IL15)

Closed II 24 Initial three patients showed no major
toxicities, and at least one patient
had a response

Bhatia, 2016
(64)

Oncolytic virus therapies
NCT02819843 T-VEC versus T-VEC þ

hypofractionated
radiotherapy

Recruiting II 34 Cohort of melanoma and MCC

NCT02978625 T-VEC þ nivolumab Not yet
recruiting

II 68 Cohort of refractory lymphomas and
refractory nonmelanoma skin cancers

Biomarker-guided combination therapy
NCT03167164 Avelumab, bevacizumab,

capecitabine, cisplatin,
cyclophosphamide, 5-
fluorouracil, leucovorin,
nab-paclitaxel, omega-
3-acid ethyl esters,
stereotactic body radiation
therapy, ALT-803, NK-92
(many arms)

Not yet
recruiting

I/II 67 Treatment customized on the basis of
tumor-specific characteristics

NOTE: Therapies in the order listed in table: avelumab¼ anti–PD-L1 (IgG1); pembrolizumab ¼ anti–PD-1 (IgG4); nivolumab ¼ anti–PD-1 (IgG4); ipilimumab ¼ anti–
CTLA-4; GLA-SE¼ glucopyranosyl lipid A in stable emulsion, a TLR-4 agonist; F16-IL¼ anti-tenascin CmAb–IL2 fusion protein; IL12-EP¼ IL12 plasmid administered
with electroporation; MHC upregulation via radiation or intratumoral IFNb administration; NK-92¼ activated, irradiated, allogenic natural killer cells; ALT-803¼ IL15
superagonist complex; bevacizumab ¼ anti-VEGF; T-VEC ¼ talimogene laherparepvec, an engineered herpes oncolytic virus.
aUnless otherwise noted, trials include sites within the United States.
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New Immunotherapy Trials: A Diverse
Pipeline

Despite the greatly improved durable responses observed
through PD-1 checkpoint blockade therapy compared with
chemotherapy, major challenges remain in systemic therapy
for MCC in that nearly half of patients do not derive durable
benefit from these drugs. To address this issue, numerous
clinical trials are underway for MCC, at least nine of which
involve immune therapy (Table 2). These trials involve four
general strategies that will be summarized below: (i) "removing
an additional brake" (i.e., CTLA-4) on the immune system, (ii)
"stepping on the gas" by using innate or other immune ago-
nists, (iii) "adding more troops" by infusing more of the
relevant cells into the patient, and (iv) "weaponizing viruses"
that can specifically target and kill cancer cells while preserving
normal tissues.

Activated T cells express CTLA-4 (CTLA4) that suppresses their
function after CTLA-4 binds its cognate receptor (CD80/CD86)
on an antigen-presenting cell. In this way, CTLA-4 acts as a central
type of immunologic "brake." Anti–CTLA-4 antibody (ipilimu-
mab) blocks this binding and allows the T cell to remain in amore
active state. Ipilimumab efficacy inMCC is nowbeing determined
in clinical trials (Table 2). One trial enrolling patients in Germany
will assess the safety and efficacy of ipilimumab or avelumab in
the adjuvant setting following surgical resection of local MCC in
comparisonwith resection alone. The ipilimumab armof this trial
has recently closed,whereas the arm investigating avelumab in the
adjuvant setting is currently enrolling. In patients where PD-1
pathway blockade is ineffective, one hypothesis is that further
augmentation of the immune response is required, possibly via
CTLA-4. In a U.S.-based trial, 50 patients withmetastatic MCC are
being enrolled to test the safety and efficacy of the combination
of nivolumab (anti–PD-1) and ipilimumab with and without
stereotactic body radiation that can debulk the tumor and may
induce immunogenic cell death. The combination of ipilimu-
mab with PD-1 pathway blockade is also being performed in
melanoma, and safety data from these trials would be expected
to be similar.

Intratumoral immune infiltration and immune recognition/
activation is regulated by pro- and anti-inflammatory mole-
cules within the tumor–immune microenvironment. To
increase the activity of antitumoral immune responses, several
strategies seek to "step on the gas" by adding immune agonists
that can reinvigorate antitumor T-cell responses. In a proof-of-
concept trial, a Toll-like receptor-4 (TLR4) agonist, glucopyr-
anosyl lipid-A stable emulsion (GLA-SE), was intratumorally
injected into superficial MCC tumors (Table 2; ref. 60). In this
trial, two of three patients with stage IIIB MCC were recurrence-
free at 23þ and 19þ months with one patient having a
pathologic complete response after two injections of this
TLR-4 agonist (60). In a second cohort, two of seven patients
with stage IV MCC had partial responses and were progression
free after 13 months at the time of publication. Encouragingly,
responses correlated with increased T-cell infiltration and acti-
vation of proinflammatory genes (60), providing proof of
concept of this therapeutic approach.

Another trial of patients with superficial/accessible MCC
tumors explored the utility of intratumoral electroporation of
DNA encoding the potent proinflammatory cytokine IL12
(IL12A; Table 2; ref. 61). In this study, three of three patients

with local disease who received definitive surgery and/or radio-
therapy at 4 weeks after one cycle of three IL12 treatments had
recurrence-free survival of 2þ, 9, and 32þ months, with one
patient having a pathologic complete response (61). In a
second arm of this trial involving 12 patients with metastatic
disease, partial responses were seen in three patients and stable
disease was seen in one patient (61). Treatment corresponded
with induction of IL12 and TNFa (TNF) expression in the
tumor microenvironment as well as enhanced T-cell infiltration
over baseline. Encouragingly, 40% of the injected lesions
exhibited regression (30% complete and 10% partial), and
another 40% were stable (61). Regression of noninjected
lesions was also observed, and no grade 3 or higher adverse
events were reported. Although very preliminary, these results
highlight the potential of local IL12 administration.

Cell-based therapy is an emerging immunotherapeutic
approach, particularly in the setting of certain types of immune
evasion. MCC evades immune detection through a variety of
mechanisms, including downregulation of HLA class I mole-
cules required for antigen presentation, which occurs in 74% to
84% of MCC tumors (62, 63). Natural killer (NK) cells typically
target cells that downregulate HLA class I expression. An NK
cell–based trial that accepts patients whose tumors were refrac-
tory to prior checkpoint therapy involves biweekly infusions of
activated, irradiated, allogeneic NK-92 cells (Table 2). Thus far
in this study, three patients treated with NK cells showed no
major toxicities and although very preliminary, one patient,
who had not responded to PD-1 pathway blockade, had a
complete response (64).

MCPyV-positive MCC tumors require expression of viral T
antigen oncoproteins (26–28). In patients with certain HLA
types, MCPyV oncoprotein–specific T cells can be isolated and
expanded ex vivo prior to therapeutic infusion. In one trial
utilizing this strategy (Table 2), three of four patients given
T cells plus HLA upregulation (tumor-targeted radiation or
interferon) progressed, whereas one that had an initial com-
plete response subsequently progressed after 14 months. It was
found that the infused T cells frequently became dysfunctional/
"exhausted" upon transfer (65, 66). As such, avelumab (anti–
PD-L1) has been added in combination with these autologous
virus-specific T cells. In this combined-therapy cohort, all four
patients treated with a regimen including T cells, HLA upregula-
tion, and avelumab experienced objective responses, with three
complete responses at last follow-up (65, 66). These early results,
in a limited set of patients, highlight the potential for the rational
design and implementation of transgenic T-cell receptors against
virus-positive MCC tumors.

A mechanistically relevant therapy, recently approved for
melanoma, is the oncolytic virotherapeutic tamilogene laher-
parepvec (T-VEC; ref. 67). The viral genes have been mutated so
that the construct is replication-defective in normal cells, but
constitutively active proliferative pathways in tumor cells allow
the virus to replicate and kill those cells. The T-VEC design also
includes a granulocyte macrophage colony-stimulating factor
(GM-CSF, CSF2) expression cassette to induce a proinflamma-
tory immune response. T-VEC is currently being investigated
in two trials that include MCC (Table 2). In the first trial, T-VEC
is used alone or in combination with hypofractionated radio-
therapy. Another trial combines T-VEC with nivolumab (anti–
PD-1) to augment the immune response in conjunction with
T-VEC–mediated killing.
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On the Horizon
The diversity of drugs in development and currently being

tested in clinical trials greatly outstrips our understanding of the
cellular and molecular mechanisms at play (68). Indeed, nearly
half of patients do not derive persistent benefit from PD-1
pathway blockade and neither tumor viral status nor biomarker
studies accurately identify patients whowill not respond (50, 66).
In addition, mutation, adaptation, and selection for therapeuti-
cally resistant cells are remarkably powerful processes that con-
tinue to blunt therapeutic efficacy for all classes of drugs, includ-
ing immunotherapy (68). To begin to address questions of
response and nonresponse, a comprehensive, unbiased examina-
tion of host and tumor immune interactions in the tumor micro-
environment is required.

MCC offers a particularly fertile hunting ground for studying
the immune responses to cancers more broadly due to: (i) the
unique relevance of MCC as a model for studying immunogenic
cancers (e.g., viral oncoprotein vs. high UV-mutational load); (ii)
the robust immune evasion, likely throughmultiplemechanisms,
required for a tumor to persist despite such a heavy viral/neoanti-
gen burden; (iii) the small size of theMCPyV T antigen oncogenes
that greatly facilitates immunologic studies; and (iv) the gener-
ation of tumor-specific reagents that facilitate both studies of the
antitumor immune response and improved therapy. As such,
investigations ofMCC are poised to contribute to the understand-
ing of the biology of cancer immunogenicity.

Now more than ever, we are able to delve into the cellular and
molecular complexities within any given tumor. The cost of next-
generation sequencing technologies is rapidly decreasing. Single-
cell sequencing is capable of analyzing hundreds to thousands of
cells from small core biopsies making serial analysis of tumor
tissues following therapy both more feasible and less invasive.

Also, an ever-increasing number of targets can be stained using
multiplexed IHC in combinationwithmore sophisticated nucleic
acid in situ hybridization techniques. In an attempt to combine
this arsenal of molecular tools with clinical medicine, one trial
will determine the genetic, transcriptomic, and proteomic details
of a patient's tumor to customize therapy with immune andmore
traditional approaches (Table 2).

Detailed molecular analyses of the interactions within the
tumor microenvironment in response to various immunothera-
pies will generate insights into therapeutically relevant targets
(69, 70). Importantly, proper assessment of therapeutic efficacy
or failure requires that serial tumor biopsies be obtained
both before and after immune therapy despite their high costs
and logistical challenges. With the recent striking progress in
immune therapies for MCC, the diverse pipeline of agents, and
forthcoming improvements in our ability to assess the tumor
microenvironment, the future for MCC immunotherapy is
very encouraging.
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Abstract (148/~150 words) 

Understanding immunotherapy response and resistance is challenging due to difficulty 
identifying cancer-specific CD8 T cells. Merkel cell carcinoma (MCC) is typically driven by 
Merkel cell polyomavirus (MCPyV), facilitating identification of cancer-specific T cells across 
patients. We characterized cancer-specific T cells in 35 MCC patients, including from a 
neoadjuvant anti-PD-1 trial. Higher MCPyV-specific CD8 T-cell frequency in pre-treatment blood 
(but not tumors) correlated with response (p=0.0056). Single cell RNAseq revealed MCPyV-
specific CD8 T cells in blood with increased stem/memory signatures and decreased exhaustion 
signatures relative to their intratumoral counterparts. Number of circulating cancer-specific T 
cells is likely most linked to primary response to immunotherapy as longitudinal samples 
documented emergence of additional resistance mechanisms, amidst abundant circulating 
cancer-specific CD8 T cells. These results suggest that blood acts as an important reservoir of 
cancer-specific CD8 T cells and suggests adoptive cell therapies may be particularly effective in 
patients without such cells. 
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Body (4087/4000 words) 
Introduction 
Immunotherapies that inhibit the PD-1 pathway have revolutionized oncological treatment, but 
PD-1 pathway blockade is not sufficient for most patients with metastatic disease1,2. Many 
immunotherapy resistance mechanisms have been identified targeting diverse pathways and 
cell types3. However, these mechanisms are thought to ultimately work by disrupting the 
interaction between functional cancer-specific T cells and cancer cells. Most prior studies of 
cancer-specific T cells in human cancers have focused on intratumoral CD8 T cells, but it is 
likely that CD8 T cells in lymph and blood may also play a key role in mediating immunotherapy 
responses systemically. Murine models have shown that cancer-specific CD8 T cells in lymph 
nodes are less exhausted than their intratumoral counterparts4 and stopping the trafficking of 
these cells into tumors abrogates PD-1 blockade efficacy5 In mouse models, these less 
exhausted T cell subsets undergo expansion during PD-1 pathway blockade and are 
responsible for tumor regression6-8. Other studies in humans have shown that there is 
substantial trafficking of CD8 T cell clones (some of which are likely cancer-specific) between 
blood and tumors during immunotherapy9-11 suggesting that peripheral CD8 T cells may be 
playing a role in mediating clinical responses. Indeed, in a study of head and neck cancer, 
patients with higher levels of activated CD8 T cells (CD38+, HLA-DR+) in blood were more likely 
to respond to immunotherapy. A portion of the CD8 T cells in this study were reactive to the 
MAGEA1 cancer-testis antigen12 and thus presumed to be cancer-specific.   

The paucity of studies of cancer-specific CD8 T cells in humans is due in part to difficulties in 
identifying these cells and their cognate antigens. In most cancers, adaptive immune responses 
develop against unique mutations (neoantigens) or against self-proteins expressed within the 
tumor but not elsewhere (tumor associated antigens; TAA). Since neoantigens vary between 
patients, customized immune reagents must be developed for each patient. This makes it 
difficult to utilize a large cohort needed to identify associations between clinical outcomes and 
cancer-specific T cell frequency or phenotype. Studies that have identified and profiled cancer-
specific CD8 T cells show they have increased inhibitory receptors and characteristics of 
exhaustion13-15. Meanwhile, studies of TAA-specific CD8 T cells have shown an inconsistent 
relationship between their frequency and clinical outcome16-19. Tumor associated antigens are 
often shared across patients, facilitating the study of T cells specific for these proteins. 
However, relative to neoantigens or oncoviral antigens, TAAs have disadvantages because they 
are self-proteins. This means both central and peripheral tolerance have resulted in deletion or 
anergy of many TAA-specific T cells20,21. A virally driven cancer can facilitate the study of 
cancer-specific immune responses since its oncoproteins are non-self, required for tumor 
growth, and are shared across multiple patients.  

To study such cancer-specific CD8 T cells, we focused on Merkel cell carcinoma (MCC), a rare 
neuroendocrine skin cancer with a high response rate (>50%) to PD-1 pathway blockade22. 
These tumors are driven by the Merkel cell polyomavirus (MCPyV) in ~80% of cases23. 
Oncogenesis by MCPyV requires two rare mutagenic events potentially promoted by UV 
exposure: truncation of the large T antigen (LT) and integration of the MCPyV genome into a 
human chromosome23. Importantly, these viral oncoproteins are persistently expressed in MCC 
tumors and are absent in normal tissues, thereby providing ideal antigens for development of 
adaptive anti-cancer immune responses. MCPyV oncoproteins are also small (~400 amino 
acids), allowing a more comprehensive profiling of virus-specific T cells than is possible in large 
oncogenic viruses22. Of note, immune responses to MCPyV oncoproteins are absent in healthy 
persons and in patients with non-polyomavirus-driven MCC24,25. 
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This suggests the immune responses against these MCPyV oncoproteins are cancer-specific 
and not a response to background levels of MCPyV which is frequently present on normal 
human skin. Furthermore, the low tumoral mutational burden in virally driven MCC (median 7 
predicted neoantigens per exome compared to 173 in virus negative MCC) suggests that these 
oncoproteins are responsible for eliciting an anti-tumor immune response26. In the current study, 
we use MHC-I multimers containing an MCPyV peptide to study cancer-specific CD8 T cells in 
the tumor and blood of MCC patients who did or did not respond to anti-PD-(L)1 
immunotherapy.  
 
Results 
Frequency of MCPyV-specific  CD8 T cells in blood strongly correlates with anti-PD-1 therapy 
response 
The MCPyV small and large T antigens are the major oncogenic drivers of MCC27. A panel of 
MHC-I multimers containing peptides from the MCPyV-oncoproteins was assembled to identify 
cancer-specific T cells from virus-positive MCC patients. To augment the panel of existing 
MCPyV-specific multimers, tumor infiltrating lymphocytes (TIL) from pre- and post-nivolumab 
treatment tumors were expanded and cocultured with artificial antigen presenting cells 
transfected with relevant MHC-I and MCPyV T antigen vectors (Figure 1; see methods). TIL 
that produced IFN-gamma in response to stimulation with T antigens presented by patient-
matched HLAs, were then cultured with overlapping peptide pools to identify the minimal 
epitopes.  
 
This approach led to the identification of 2 novel epitopes (one A*68:01 restricted, one B*57:01 
restricted; Supplementary Figure 1) that were then combined with known MCPyV-epitopes28 to 
create a panel of 16 MHC-I tetramers covering 15 unique HLA types (Supplementary Table 1). 
These tetramers were then used to stain peripheral blood mononuclear cells (PBMC) from pre- 
and on-treatment blood draws of patients who received neoadjuvant nivolumab (Figure 2A, 
Supplementary Figure 2). In this trial, patients with MCC tumors that were surgically 
resectable received two doses of nivolumab followed by complete surgical resection of clinically 
evident disease at 4 weeks following the first dose (see methods and reference29 for details). 
Resected tumors were evaluated using recently described universal methods for evaluating 
residual tumor following immune therapy (see methods and references37,38 for details). Patients 
whose tumor bed and associated lymph nodes no longer contained any viable tumor cells were 
designated to have had a pathological complete response (pCR). Tumors with any residual 
viable tumor cells were defined non-pathological complete responses (non-pCR).  
 
The presence of circulating MCPyV-specific CD8 T cells was highly correlated with response. In 
patients with detectable MCPyV-specific CD8 T cells in blood and available pathological 
response data, 8 of 10 patients had pCR. In contrast 0 of 5 patients without detectable MCPyV-
specific T cells had non-pCR (p = 0.0019, Fisher’s exact test; Figure 2B, Supplementary Table 
2). Quantity of these cells was also highly correlated with response. The mean number of 
MCPyV-specific CD8 T cells was 10-fold higher in the 8 patients with pCR (0.015% of peripheral 
CD8 T cells) as compared to the 7 patients with non-pCR (0.0015%; p=0.0056 Wilcoxon test; 
Figure 2B). Indeed, 4 of the 7 patients with non-pCR did not have any detectable MCPyV-
specific CD8 T cell in their peripheral blood.  
 
Presence of MCPyV-specific CD8 T cells in the blood also correlated with recurrence-free 
survival. Patients that had detectible MCPyV-specific CD8 T cells prior to treatment had 75% 
recurrence free survival (RFS) at two years compared to 0% RFS in patients without detectable 
MCPyV-specific T cells in their blood (Figure 2C, p = 0.0018 log rank test over entire treatment 
period). Given the importance of validating these findings, a second cohort (Figure 1) was 
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identified. This additional cohort also showed an association between the presence of 
circulating MCPyV-specific CD8 T cells and clinical response (p = 0.045 log rank test; 
Supplementary Figure 3), but had limited power because 92% of patients responded to PD-1 
pathway blockade in that cohort. In the neoadjuvant-nivolumab study, the presence of MCPyV-
specific CD8 T cells was predictive of pathological response with a sensitivity of 100% and a 
specificity of 75% (AUC = 0.98). Similarly, in the validation cohort, frequency of MCPyV-specific 
T cells in the blood was also predictive of response with an AUC of 0.95.  
 
MCPyV-specific CD8 T cells in blood express markers of activation/exhaustion 
Given the correlation between cancer-specific CD8 T cells frequency in blood samples and 
clinical response, it was important to assess the functional state of these cells. A highly 
multiplexed (29-parameter) flow cytometry panel was optimized to study CD8 T cell phenotype 
and exhaustion. MCPyV-specific CD8 T cells in blood expressed high levels of exhaustion-
associated proteins TOX and PD-1, low levels of the stem-promoting transcription factor TCF1, 
and comparable levels of T-bet and EOMES compared to CD8 T cells that demonstrated 
canonical patterns of exhaustion (PD-1+, TIM3+/-, CXCR5+/-, Figure 3A, Supplementary 
Figure 4A, B, references6-8). While responding patients had larger numbers of MCPyV-specific 
CD8 T cells, unbiased analyses showed that these cancer-specific cells shared a highly similar 
phenotype across pre- and post-nivolumab timepoints and patients (both responders and non-
responders; Figure 3D). These MCPyV-specific cells mapped to exhausted/activated clusters 
(Figure 3C, Supplementary Figure 4D, E) corresponding to areas of high PD-1, Ki67 and 
HLA-DR expression within UMAP plots (Figure 4E, F). 

 
The expression pattern of exhaustion-associated markers in cancer-specific CD8 T cells was 
stable over the course of immunotherapy (Figure 3D, Supplementary Figure B, D, E). 
However, there was significant downregulation of PD-1 on MCPyV-specific CD8 T cells after 
anti-PD-1 therapy initiation (Supplementary Figure 4B, C). Of note, this was not due to 
competition between nivolumab and the fluorescently labeled anti-PD-1 antibody, as a clone 
known to bind an epitope distinct from that of nivolumab was used (clone MIH430) 
 
An unbiased analysis of T cell and NK cells showed expansion of proliferating CD4 and CD8 T 
cells 2 weeks after the start of immunotherapy in patients with pCR (CD4 T: p = 0.0015; CD8 T 
p = 0.021 in pCR, CD4 T p = 0.47; CD8 T p = 0.13 in non-pCR; Supplementary Figure 5).  
 
An interpretable machine learning algorithm optimized for flow cytometry data (FAUST31) was 
also used to find pre-treatment T cell phenotypes correlated with clinical response 
(Supplementary Figure 6A). This algorithm identified 1102 unique combinations of expression 
markers (clusters) among circulating CD8 T cells. Three of these clusters had an association 
with pathological response (FDR <0.05) and were also ~5 fold enriched for MCPyV-specific 
CD8 T cells (>0.5% of each cluster was MCPyV-specific; Supplementary Figure 6A, B). 
Backwards phenotype selection was then used to identify which markers in each cluster are 
most strongly correlated with clinical response. This analysis identified PD-1, Granzyme B and 
Eomes as the markers most associated with clinical response (Supplementary Figure 5C). 
These three markers were enriched in MCPyV-specific CD8 T cells (33% of MCPyV-specific 
cells compared to only 4% of CD8 T cells of unknown-specificity; Supplementary Figure 5D).  
 
Concentrations of 20 serum proteins from neoadjuvant nivolumab treated patients were also 
measured but no association with response or time point was observed (Supplementary 
Figure 7A). Similarly, there was no correlation between clinical response and frequency of 
circulating myeloid derived suppressor cells (MDSC; CD14+, lineage- HLA-DR negative/low) in 
blood of neoadjuvant treated patients (Supplementary Figure 7B). MCC viral status or 
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proportion of MCPyV-specific CD8 T cells were also uncorrelated to MDSC frequency 
(Supplementary Figure 7C, D). 
 
MCPyV CD8 T cells are present in tumors regardless of anti-PD-1 response  
Given the correlation between response and the frequency of MCPyV-specific CD8 T cells in 
blood, we quantitated these cells in pre- and post-treatment tumor specimens. Given limited 
sample quantity, we used an alternative approach to quantify MCPyV-specific CD8 T cells in 
tumor specimens. MHC-I multimers to MCPyV and selected other viral antigens were used to 
determine CD8 T cell specificity linked with paired alpha-beta TCRseq (see Supplementary 
Table 3 for a list of all epitopes used). These T cell specificities could then be connected for a 
given patient to TCR-beta sequencing of T cells within tumor specimens that were not amplified 
or manipulated (Figure 4A; see methods). This approach identified 152 unique TCRs of known 
specificity to a viral antigen (Figure 4B, Supplementary Table 4).  Bulk beta TCRseq of 14 
tumors revealed a total of 2,485,223 TCRs, with 353,098 being unique. To validate our 
approach, we compared the biochemical similarity of these TCRs of known specificity using 
TCRdist3 (Supplementary Figure 8; see methods). TCRs that bound the same MHC-I 
multimer (balls with same color) were more likely to share similar TCR sequences (connection 
via a black line). TCRs of known specificity were then matched to all TCR beta sequences from 
that patient’s tumor specimens to determine the frequency of each MCPyV-specific T cell 
clonotype (Figure 4C). A MCPyV-specific CD8 T cell clonotype was the most frequent 
clonotype in 5 of the 8 patients who had an available pre-treatment tumor specimen. MCPyV-
specific T cell clones were detected in 7 of these 8 patients (Figure 4C). 
 
Unlike in peripheral blood, the frequency of MCPyV-specific CD8 T cells in tumor tissues did not 
correlate with pathologic response. As shown in Figure 4F, in patients with a pathological 
complete response, 0.86% of cells in pre-treatment and 0.45% of cells in post-treatment tumors 
were MCPyV-specific CD8 T cells. In contrast, for patients who did not achieve a pCR, 0.25% of 
pre-treatment and 1.56% of cells in post-treatment were MCPyV-specific CD8 T cells (Figure 
4F). T cells with a TCR that was identical or highly similar (identified via TCRdist3) to a TCR of 
known MCPyV-specificity were categorized as meta-specific for MCPyV. Frequency of such 
MCPyV-meta-specific T cells also did not significantly correlate with response. Specifically, 
these cells represented 0.94% and 1.0% of cells in pre- and post-treatment specimen in pCR 
patients and 0.26% of cells in pre-treatment and 1.56% of cells in post-treatment tissues of 
patients with non-pCR (Figure 4G). In patients with pCR, mean intratumoral CD8 T cell 
frequency (of any specificity) increased from 9.6% of all cells prior to anti-PD-1 blockade to 
41.9% of all cells following treatment (p = 0.0078; Figure 4D). In contrast, CD8 T cell frequency 
in patients with non-pCR underwent a more modest expansion from 5.4% to 18.5% (p=0.15; 
Figure 4D). A slight increase in Simpson productive clonality was noted in patients with non-
pCR from 7.9 to 11.7 while a decrease was noted in patients with pCR from 11.2 to 5.85 though 
neither of these were significant (Figure 4E) 
 
Of note, because T cell receptors described here could be further developed for therapeutic 
transgenic T cell therapies. TCRs described in Supplementary Table 4 would cover 87% of 
MCC patients with virally driven tumors with at least one MHC matched TCR and 37% of 
patients with an two alleles to protect against allele specific MHC downregulation 
(Supplementary Figure 9).32 
 
MCPyV-specific CD8 T cells in blood are less exhausted than intratumoral counterparts 
Given that MCPyV-specific CD8 T cell frequency correlated with response in the blood but not 
the tumor, we next sought to investigate phenotypic differences between cancer-specific T cells 
in the different compartments. Because the neoadjuvant nivolumab trial did not collect tumor 
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digests from which MCPyV-specific T cells could be isolated (Figure 5A), we used matched 
tumor and blood samples from 8 patients with advanced resectable disease (cohort 3 in Figure 
1). Cellular indexing of transcriptomes and epitopes by sequencing (CITEseq) was performed 
on these samples together with MHC-I multimers labeled with a unique DNA barcode and 
fluorophore for identification of antigen-specific CD8 T cells (Figure 5A, see methods). This led 
to identification of 51,555 unique single cells that passed quality control metrics (24,065 from 
tumors and 27,431 cells from blood; Supplemental Figure 10A, B and C). Clustering revealed 
major lineages of NK, CD4, CD8, B, myeloid, and tumor cells through expression of common 
genes and proteins (Supplemental Figure 10A, D and F). Blood specimens from two patients 
were not usable and a third patient only had a small number of tumor-resident cells that passed 
quality control filters due to high necrosis in the tumor (Supplemental Figure 10E). 

 
Subclustering of CD8 T cells revealed 7 clusters consisting of naïve, memory, effector, 
senescent, gamma-delta T cells, progenitor exhausted and terminally exhausted CD8 T cells 
(Figure 5B, Supplemental Figure 10G, H). Progenitor and terminally exhausted clusters 
represented most of the tumor-resident CD8 T cells with the remaining cell populations being 
more dominant in blood (Figure 5B, Supplemental Figure 10H, 10D, 10G). Memory, 
exhaustion, and senescence signature scores showed predominance of an exhaustion 
phenotype in intratumoral CD8 T cells and while memory or senescent phenotypes were 
dominant among circulating cells (Figure 5C; Supplementary Table 5, see methods). MCPyV-
specific CD8 T cells from tumors were most likely to be present in the progenitor exhausted or 
terminally exhausted clusters (90-100% of intratumoral MCPyV-specific CD8 T cells; Figure 
5E). In contrast, MCPyV-specific CD8 T cells from the blood were more likely to fall into the 
effector cluster (33-100% of circulating MCPyV-specific CD8 T cells; Figure 5E) with fewer cells 
in exhausted clusters than MCPyV-specific CD8 T cells from tumors (p = 0.0016; Figure 5F). 
 
This is further supported by pseudo time analyses which showed a “tumor path” and “blood 
path” following the tissue origin of these cells (Supplementary Figure 11A, B). The tumor path 
tracked along increases in CD39 and decreases in CD127 consistent with development of an 
exhausted phenotype. The blood path meanwhile correlated with increased CD57 expression 
and decreased CD28 expression, consistent with development of a senescent phenotype 
(Supplementary Figure 11C, D). This was supported by expression of exhaustion-associated 
genes on the tumor path and senescence genes in the blood path (Supplementary Figure 
11E). 
 
Direct comparison of antigen-specific CD8 T cells from blood or tumor tissues showed that 
MCPyV-specific CD8 T cells had higher levels of checkpoint molecules including PDCD1 (PD-
1), HAVCR2 (TIM3), LAG3 and CTLA4 than their CMV-specific counterparts (Figure 5D). 
Furthermore, the MCPyV-specific CD8 T cells in tumor tissues had higher levels of these 
checkpoint molecules than their counterparts from blood (Figure 5D). In contrast, the 
stem/memory markers TCF7, SELL (CD62L), IL7R, and LEF1 are all more highly expressed in 
MCPyV-specific CD8 T cells in blood than MCPyV-specific T cells in tumors (Figure 5D). We 
also observed higher levels of AP-1 subunits (FOS and JUN) and lower levels of NFAT1 
subunits (NFAT1C1 and NFATC2) in circulating MCPyV-specific CD8 T cells compared to 
intratumoral MCPyV-specific CD8 T cells, consistent with a more exhausted state in intratumoral 
cells33 (Figure 5D). Difference in effector molecules were also seen between MCPyV-specific T 
cells in blood compared to in tumors with higher levels of Granzyme A and M in circulating CD8 
T cells with tumors (Figure 5D). CXCL13 on the other hand was exclusively expressed by 
intratumoral MCPyV-specific CD8 T cells, consistent with this being a marker for cancer-specific 
T cells in tumors34 (Figure 5D) 
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To compare MCPyV-specific CD8 T cells to antigen-specific T cells from other malignancies, we 
integrated these cells in silico into an existing dataset from Eberhardt et al of HPV-specific CD8 
T cells from HPV-driven head and neck tumors14. Cells from both studies were clustered into 
stem, transitory and terminally differentiated populations as in the Eberhardt et al study 
(Supplementary Figure 12 A, D). MCPyV-specific CD8 T cells separated based on their tissue 
of origin (blood versus tumor). While ~75% of MCPyV-specific T cells fell into the terminally 
differentiated cluster regardless of tumor of origin, circulating MCPyV-specific cells made up 
79% of the stem cluster while intratumoral cells made up 94% of the transitory population 
(Supplementary Figure 12 B, C). 
 
Transcriptional regulatory network analysis via SCENIC35 was performed on CD8 T cells and 
identified 535 regulatory networks (regulons) associated with transcription factors 
(Supplemental Figure 13A, 13B, 13C). Regulons associated with the AP-1 complex (FOS, 
JUN) were more highly expressed in naïve and memory CD8 T cells whereas regulons 
associated with effector function and terminal differentiation (EOMES, TBX21, IRF1, IRF8, 
STAT3, CREM) were more associated with terminally differentiated clusters of exhausted and 
senescent cells (Supplemental Figure 13C, 13C). MCPyV-specific CD8 T cells in tumors 
exhibited higher expression of exhaustion associated regulons IRF4, BATF and PRDM1 than 
CMV-specific CD8 T cells or MCPyV-specific T CD8 T cells in blood (Supplemental Figure 
13F, 13F). 
 
 
MHC-I downregulation during secondary resistance to PD-1 pathway blockade. 
Given the association between frequency of MCPyV-specific CD8 T cells in blood and initial 
response to PD-1 pathway blockade, we next sought to assess the role of these cells in 
acquired (secondary) resistance. We identified a patient who was treated with anti-PD-L1 
therapy with an initial partial response (RECIST1.1). This patient continued treatment for 1 year 
then electively stopped treatment.18 months after starting anti-PD-L1 therapy, the patient 
experienced a recurrence which was not responsive to restarting anti-PD-L1 therapy (Figure 
6A).  CITEseq was performed on the peripheral blood of this patient to identify MCPyV-specific 
CD8 T cells and identify TCR sequences of 49 unique clonotypes specific for a B*37:01 
restricted epitope (Figure 6B). Bulk TCRseq of blood at 6 time points along this patient’s 
treatment show that these cancer-specific CD8 T cells represent 0.04% of all T cells in blood 
before treatment, expand to 0.15% of T cells following treatment initiation and further expand to 
0.53% of T cells at the time of recurrence following anti-PD-L1 reinitiation (Figure 6C). 21 novel 
clones expanded following initial treatment initiation (blue shades, Figure 6C, 6D) including the 
two most frequent cancer-specific TCRs at the time of recurrence. Immunohistochemistry of the 
tumor before treatment shows an immune excluded tumor with ample tumor oncoprotein and 
dispersed MHC-I expression on 46% of tumor cells (Figure 6E, 6F). In contrast, the tumor at the 
time of recurrence shows an “immune cold” tumor with little to no MHC-I expression on 4.6% of 
tumor cells (Figure 6E, 6F). 
 
Discussion 
Only a small subset of T cells recognize cancer antigens and the unique nature of tumor 
antigens in most patients’ cancers make identification of such T cells difficult. However, cancer-
specific T cells are likely critical in mediating immunotherapy responses. In this study, we 
leveraged the fact that tumor antigens are shared among patients with polyomavirus-driven 
Merkel cell carcinoma to study cancer-specific T cell responses in 35 patients. This allowed us 
to identify correlations between cancer-specific CD8 T cells and clinical responses in patients 
treated with PD-1 pathway blockade.  
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Through analyzing many parameters, we found that the major association with response to PD-
1 pathway blockade was a higher frequency of MCPyV-specific CD8 T cells in blood. Patients 
with more circulating cancer-specific T cells were far more likely to have complete pathological 
responses and longer recurrence-free survival. These cells exhibited evidence of progression 
towards a dysfunctional phenotype, as demonstrated by low levels of TCF1 and high levels of 
PD-1 and TOX.  
 
In contrast to the correlation between response and MCPyV-specific T cell frequency in blood, 
the frequency of these cells in tumors was not significantly correlated with response in this 
cohort. It is possible that in a larger cohort, intratumoral T cells would also correlate with 
response. Indeed, a sophisticated study of melanoma-associated antigens did see a correlation 
between expanded MART1-specific T cell frequency and immunotherapy response among 60 
melanoma patients (p = 0.041). Regardless, the correlation of response we observed was much 
higher for MCPyV-specific CD8 T cell frequency in blood than their frequency in tumors. This 
suggested that these cells in blood may be playing a unique role in the immunotherapy 
response which we could explore using single cell RNAseq. We used barcoded MHC-I 
multimers on tumor and blood samples from MCC patients to identify these cells for further 
transcriptional analyses.  MCPyV-specific T cells in tumors exhibited characteristics of terminal 
exhaustion including high levels of immune checkpoints, low NFAT expression despite high AP-
1 subunit expression and high expression of PRDM1 and IRF4 regulatory networks36-38. In 
contrast to MCPyV-specific CD8 T cells within tumors, MCPyV-specific T cells in blood 
expressed fewer genes associated with exhaustion and more genes associated with a stem-like 
phenotype including expression of lymph homing receptors and TCF7 (encodes TCF1). In 
murine studies of dysfunctional CD8 T cells, TCF1-expressing cells undergo proliferation 
following PD-1 pathway blockade and maintain more effector capacity than TCF1-negative 
cells6-8.  Furthermore, the presence of TCF1-expressing CD8 T cells in human tumors positively 
correlates with immunotherapy response39.  
 
These data support a model where the blood acts as a reservoir of cancer-specific CD8 T cells 
at an early stage of exhaustion that are capable of expansion and mediating clinical responses. 
However, these data were only studied in the setting of primary resistance. Analyses of a 
patient with secondary resistance to PD-1 pathway blockade showed a high frequency of 
peripheral cancer-specific CD8 T cells before initial treatment that remained high throughout 
response and increased at the time of recurrence. However, at the time of recurrence the tumor 
downregulated MHC-I suggesting this may also be a relevant immune evasion mechanism in 
the setting of secondary resistance.  
 
Our findings that an absence of peripheral cancer-specific CD8 T cells is correlated with poor 
response to anti-PD-1 therapy indicates that a subset of patients could benefit from adoptive 
cellular therapies in the first line setting. It is also possible that combination therapy with other 
immune checkpoint inhibitors could benefit anti-PD-(L)1 therapy refractory patients by restoring 
function to intratumoral cancer-specific T cells, if they do not have a reservoir of circulating 
cancer-specific T cells. These data also suggest treatments ideal for primary immunotherapy 
resistance may differ from those ideal for secondary resistance and suggest that treatments 
reversing MHC-I downregulation could be beneficial in this setting40. Additionally, future 
developments and sequencing based techniques and TCR prediction tools could allow this to be 
developed as a biomarker for anti-PD-1 therapy response.  
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------------------------------------------------------------------------------------------------------------------------------ 
METHODS 

------------------------------------------------------------------------------------------------------------------------------ 

Study design and participants 

The samples in cohort 1 (Figure 1) were collected as part of a neoadjuvant nivolumab trial 
(NCT02488759; reference29).  Briefly, patients who met the criteria were 18 years or older, had 
an Eastern Cooperative Oncology Group performance score of 0 or 1, and had their MCC 
confirmed through pathology. The patients had tumors that could be biopsied before treatment 
and were considered surgically resectable. This included stage IIA-IIIB disease with tumors 
measuring at least 2 cm, or smaller tumors with noticeable regional lymph node metastases or 
treatable in-transit metastases, stage IV diseases with only a few metastases, or local and 
regional recurrences with total tumor size of at least 1 cm. Patients were not eligible if they had 
brain metastases, another type of cancer within the past 3 years, a history of autoimmune 
issues, or required immunosuppressive medications, or if they had previously received 
treatment with drugs that modulate T-cells. After 2 doses of nivolumab (4 weeks after initial 
dose) surgery was carried out and the extent of pathological response was determined 29. 
These criteria were described by Stein et al wherein a pathological complete response (pCR) 
was defined as “absence of residual viable invasive cancer on hematoxylin and eosin evaluation 
of completely resected tumor specimens including all sampled lymph nodes” 41,42. Tumors with 
any viable tumor cells remaining were categorized as non-pathological complete response (non-
pCR).   

Samples in cohorts 2 and 3 (Figure 1) were collected with informed consent for research use 
and were approved by the Fred Hutch Cancer Center institutional review board, in accordance 
with the Declaration of Helsinki (2013) as part of observational registry studies focusing on 
Merkel cell carcinoma. Cohort 2 was designed by selecting all patients in our >1,500 patient 
database who were treated with immune checkpoint inhibitors (pembrolizumab, nivolumab, 
avelumab or ipilimumab with nivolumab) as first line systemic therapy. Patients were further 
selected if they had a PBMC collected within 45 days before the start of treatment. HLA typing 
and tumor viral status were determined as previously described 29. This resulted in 26 patients 
included in this cohort for further analysis. Patient response data was assessed via patient chart 
review. Patient samples for cohort 3 were selected based on availability of frozen viable tumor 
tissues with frozen PBMC within 30 days of tumor collection. Patient samples were further 
selected to only include virus positive tumors and without immunosuppression.  

Blood collection and processing 

Heparinized whole blood from MCC patients was processed at the Specimen Processing Lab 
(Fred Hutchinson Cancer Center). Peripheral blood mononuclear cells (PBMC) were isolated by 
routine Ficoll density gradient centrifugation and cryopreserved in liquid nitrogen. 

Tumor digestion processing 

Fresh MCC tumor specimens from needle cores, punch biopsies, or surgical excisions were 
enzymatically digested as described43. All single-cell suspensions were cryopreserved in 
Freezing Medium [50% human serum (Valley Biomedical), 40% RPMI (Corning), and 10% 
DMSO (Sigma-Aldrich)] in liquid nitrogen. 
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To expand T cells from tumors, tumor tissue was chopped into small pieces and placed in a 
culture along with 106 allogenic irradiated peripheral blood mononuclear cells (PBMCs), Remel 
phytohemagglutinin-purified mitogen (1.6 μg/mL; ThermoFisher), human recombinant IL15 (10 
ng/mL; R&D Systems), and human natural interleukin 2 (32 U/mL; Hemagen, Columbia, MD). 

Epitope discovery and epitope mapping 

We used previously described methods to discover novel MCPyV epitopes in expanded T 
cells28,44,45. In brief, HLA cDNA were either cloned from PBMC from HLA-typed persons or 
obtained ready-to-use from the International Histocompatibility Working Group gene bank 
housed at Fred Hutchinson Cancer Center (Seattle, WA46). The protocol for cloning of HLA 
cDNA from PBMC has been previously detailed and was performed exactly as described 
previously45. 
  
MCPyV LT AA 1-327 or full-length ST AA 1-186 with a carboxy-terminus six-histidine addition 
were cloned into the Nature Technology Corporation (NTC) 9385R vector47 (PMID: 25142448; 
Nature Technology Company). These plasmids encode an identical 78 AA N-terminal CT 
domain. The NTC plasmids were based on Genbank HM011538.1. LT AA 1-259 from 
MCVw156 (Genbank HM355825.1) was separately cloned into pDEST103, a vector constructed 
in our laboratory44. 
  
To screen TIL for reactivity to MCPyV epitopes, first artificial antigen-presenting cells (aAPC) 
were created. Cos-7 cells (ATCC) were cotransfected for 24 hours with HLA plasmid, and 
MCPyV plasmid. After two days, 105 TIL were added and 24–48 hours later, supernatant IFNγ 
was measured by ELISA48. IFNγ results were reported as the mean and the SD of the mean 
(SD) in the figures. Positive candidate HLA was used for further fine epitopes mapping with 13 
mer OLP. 
  
Fine epitope mapping was performed using 95 overlapping T-Ag peptides (OLP; 
Supplementary Table 6; Genscript) as previously described 49. Peptides covering LT AA 1-281 
and the unique region of ST were 13 AA long with 9 AA overlap and based on MCPyV 350 
(Genbank FJ173805.1;49). Peptides were tested individually at 1 μg/mL final concentration by 
addition to Cos-7 cells 48 hours after HLA transfection. TILs (105) were added 1–2 hours later, 
and 24–48-hour supernatants were tested for IFNγ by ELISA as indicated above. Alternatively, 
OLP were matrix-pooled into rows and columns of 9–10 peptides/pool and tested at 1 μg/mL 
final concentration each. Peptides at positive (mean ELISA OD450 value > 0.2) pool 
intersection(s) were retested for confirmation. For some assays, aAPCs were peptide-pulsed at 
10 μg/mL for 1 hour and PBS-washed before adding responder cells to reduce T-cell auto-
presentation. The HLA-peptide binding prediction algorithm was performed using netMHCpan 
4.0 50.Positive pools were deconvoluted to individual peptides in follow-up assays. 

Flow cytometry 

PBMCs from the neoadjuvant-anti-PD-1 and definitive anti-PD-(L)1 cohorts (Figure 1) were 
analyzed by flow cytometry. Briefly, frozen tubes of PBMC were thawed at 37 C, followed by 
dropwise addition of complete media (RPMI, 10% Fetal bovine serum, 1x 
penicillin/streptomycin, 1x l-glutamine). DNAse I (10 units/ml) was added and cells were rested 
for 1 hour. Cells were counted using a hemacytometer and split into tubes of 1-3 million cells. 
Cells were washed twice with PBS followed by addition of dasatinib (100 nM) and live dead 
staining buffer (Live dead Blue; ThermoFisher) and incubated at 37C for 10 minutes. MHC-I 
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multimers were then added. If a sample had more potential MHC matches than tubes of 1-3 
million cells, multiple MHC-I multimers for the same virus were added to a tube. Antibodies 
against chemokine or cytokine receptors were then added and samples were incubated for 30 
minutes (See Supplementary Table 7 for antibodies used). Antibodies against other cell 
surface receptors were then added and incubated at room temperature for 30 minutes. Cells 
were then washed twice with autoMACS running buffer (Miltenyi) and permeabilized using the 
Foxp3/Transcription factor staining buffer set (eBioscience) and washed twice with the kit 
permeabilization buffer. Intracellular antibodies were then added and incubated at room 
temperature for 1 hour. Cells were washed twice with permeabilization buffer and fixed in 1% 
paraformaldehyde. Antibody capture beads or amine reactive beads (ThermoFisher) were used 
to compensate each fluorophore in the experiment. Stained cells were analyzed by the Cytek 
Aurora spectral analyzer at the University of Washington, Department of Immunology’s Cell 
Analysis Facility. Spectral unmixing was performed using SpectroFlo software. Visualization and 
Initial gating selecting for single cells, lymphocytes and live cells was performed in FlowJo v.10 
(FlowJo LLC; Supplementary Figure 14). Subsequent analyses were performed in R (See 
below).  

Single cell RNAseq sample preparation  

Frozen tumor and PBMC single cell suspensions from cohort 3 (Figure 1) were analyzed by 
cellular indexing of transcripts and epitopes by sequencing (CITEseq). Frozen tubes were 
thawed at 37 C, followed by dropwise addition of 1 ml complete media (RPMI, 10% Fetal bovine 
serum, 1x penicillin/streptomycin, 1x l-glutamine). Equivolume of complete media was 
continuously added 4 additional times (dropwise with gentle mixing in between additions,total 
volume of 32 ml). Cells were then washed twice with 4 C PBS, counted using a hemacytometer 
and transferred to FACS tubes (Fisher Scientific). Live dead stain was then added (FVS780; BD 
Biosciences), followed by a blocking buffer to bring samples to 0.5% BSA, 5% TruStain FcX 
buffer (Biolegend), 100 nM dasatinib, and 50 μg salmon sperm. Samples were then incubated 
on ice for 10 minutes followed by the following reagents in order: DNA oligo labeled MHC-
matched MHC-I multimers, hashtag antibodies to identify sample origin in subsequent pooling 
steps, fluorophore labeled antibodies, DNA oligo labeled antibodies. Cells were then incubated 
on ice for 30 minutes and washed three times. Cells were then sorted on an Aria II Cell sorter 
(BD Biosciences). Dead cells and debris were excluded, and samples were enriched for MHC 
multimer binding cells. Cells were sorted into cold complete media, pooled and immediately 
prepared for sequencing (see below).  

scRNA-seq and scV(D)J-seq library preparation and sequencing 

Single cell suspensions were collected from either tumor or blood samples and brought to a 
concentration of 700-1,200 viable cells per microliter using a hemacytometer. These single cell 
suspensions were then loaded into the appropriate microfluidic chip (chip G; 10x Genomics) and 
run through a Chromium controller to obtain Gel Beads-in-Emulsion (10x Genomics). Resulting 
cell suspensions then went through a library preparation process for single-cell RNA sequencing 
(scRNA-seq) along with paired scV(D)J-seq for T-cell receptor (TCR) and B-cell receptor (BCR) 
clonotypes using the 5′ transcriptome kit with feature barcoding (V1.1; 10x Genomics) following 
the manufacturer's guidelines. The complementary DNA libraries were then sequenced using a 
NovaSeq instrument (Illumina) with 2 × 92 base pair paired-end reads aiming for an average of 
20,000 reads per cell per 10x Genomics guidelines. 

Beta TCR receptor profiling 
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DNA was extracted from frozen peripheral blood mononuclear cells or formalin-fixed paraffin-
embedded (FFPE) tumor biopsy material (20 μm thick molecular curls or material scraped from 
pre-cut slides) using QIAamp DNA Blood Mini Kit or QIAamp DNA FFPE tissue kit, respectively 
(Qiagen). Resulting samples were submitted to Adaptive Biotechnologies for TCRβ sequencing 
and normalization as previously described 51.  

Immunohistochemistry 

Standard immunohistochemistry was performed on formalin fixed paraffin embedded tissues 
with antibodies recognizing Merkel cell polyomavirus (CM2B4 clone at 1:50 dilution, Santa Cruz, 
CA, USA), class I MHC (EMR8-5 clone at 1:8000 dilution, MBL International, MA, USA), and 
cytokeratin 20 (Dako clone Ks20.8 at 1:200 dilution, Agilent, CA, USA). Multiplex 
immunohistochemistry was performed with a panel of antibodies including CD8 (clone 
144B/Dako/fluor 520 opal/concentration 0.2 ug/mL), CD3 (Sp7/Thermo/fluor opal 650), HLA-DR 
(EP96/BSB/ 0.125 ug/mL/fluor opal 690), C56 (123.C3/BSB 1 ug/mL/fluor 540), and PD-L1 
(E1L3N 0.5 ug/mL). We also attempted PD-1 staining with antibody clone D4W2J however non- 
specific staining was observed and PD-1 was thus excluded from analysis. Quantitative image 
analysis was performed with HALO software. 

MHC multimer preparation 

Allophycocyanin (APC)-labeled MHC-I tetramers were used for flow cytometry experiments and 
prepared by the Immune Monitoring Lab at Fred Hutch Cancer Center. Tetramers were titered 
using samples of known positivity.  DNA oligo and fluorophore labeled MHC-I dextramers were 
prepared by Immudex. These multimers were used for staining expanded T cells as directed. 
MHC tetramers used for scRNAseq were created using MHC-I easYmers (Immunaware) and 
PE or APC and DNA oligo streptavidins (Biolegend). A full list of all epitopes used is provided in 
Supplementary Tables 1 and 3. 

MHC multimer gating and analysis 

For MHC-I multimer gating on flow cytometry analyses, samples were grouped by MHC-I 
multimer. Gates were manually drawn for each sample while blinded by tumor viral status, 
response, or patient identity. If a sample was stained with more than epitope, then the sample 
was included in all potential epitopes and then the gate was drawn at the maximum value of all 
potential epitopes. Median gate values were then calculated for each individual epitope and all 
gates were redrawn resulting in 144 FACS plots that were then reviewed by a second person 
with experience in tetramer staining (C.C.) who was also blinded to tumor viral status, response, 
or patient identity. Any variations in gating values were then discussed and, if appropriate, gates 
were edited. Once final gate values were established, frequency of MCPyV-specific CD8 T cells 
in the blood of patients with virally driven or non-virally driven cancer were calculated 
(Supplementary Figure 2D). These results supported accurate gating as no patients with non-
MCPyV driven cancer had more than 1 in 10,000 CD8 T cells binding to MHC-I tetramers 
containing MCPyV oncoprotein peptides. This limit of detection is similar to prior study of 
MCPyV-specific CD8 T cells in healthy controls.24 Phenotypic similarity was also used to confirm 
gate values. Given a priori knowledge of the phenotype of MCPyV-specific CD T cells (naïve, 
largely PD-1+, 24), the cumulative portion of cells that were naïve or PD-1 positive were 
calculated as a function of decreased tetramer intensity (Supplementary Figure 2B, C). These 
results further validated the gating of MCPyV-specific T cells. Since the gate values drawn were 
concordant with this approach, no further adjustments were made using this approach.  
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For gating of antigen-specific CD8 T cells in single cell RNAseq data, the counts of MHC-I 
multimer unique molecular identifiers (UMIs) were used. A similar approach was used as above 
where gates were manually drawn for each sample while blinded by tumor viral status, 
response, or patient identity and then reviewed by a second person (S.J.) who was also blinded 
to these factors. TCR beta sequences of cells of known specificity were then compared to TCRs 
of known specificity in the VDJ database 52. After comparison, 15/16 TCRbetas that were found 
in the database were accurately matched. The non-matched TCR was reviewed and MHC-I 
count values appeared in ranges of other matched cells suggesting this TCR could recognize 
different peptides in different HLA context with a different TCRalpha.  

Flow cytometry data analysis 

Live, CD19-, CD14- lymphocytes fcs files were loaded into a gating set object in R using 
flowWorkspace (v.4.6.0). Fluorescent data was transformed using the biexponential function. 
Fluorescent-minus-one samples were used to draw gates at the 99th percentile which were then 
used as the minimum gate for the markers CCR4, CCR6, CCR7, CD45RA, CD4, CD8, CXCR5 
CD28, CD56, CD3, FOXP3, TCF1, and Ki67. Gates were adjusted upward as appropriate 
based on visual inspection. Markers of activated T cells including LAG3, TIM3, HLA-DR, TBET, 
EOMES, PD-1, Granzyme B, Granzyme K, and TOX were gated similarly with the 99th 
percentile of naïve cells acting as an additional minimum gate. UMAP dimensionality reduction 
was performed using uwot (v.0.1.14). clustering was performed using phenograph (v.0.99.1) 
and faust (v.0.5.5). Visualization was performed using ggplot2 (v.3.4.0) or FlowJo (v.10.8.1). 

Single cell RNAseq data analysis 

Raw sequencing reads were aligned to the hg38 genome using Cell Ranger v.3.1. Filtered 
counts matrices of transcripts and feature barcoding counts were loaded into a 
SingleCellExperiment object for further analyses in R (v.4.1.2).  Sample hash deconvolution was 
performed using DropletUtils (v.1.14.2). Doublets detection and removal was performed using 
scds (v.1.10.0) in conjunction with doublets detected during hash deconvolution. Cells with less 
than 800 transcript reads, less than 250 genes detected or more than 10% of mitochondrial 
DNA were excluded as low quality. Comparisons of excluded and kept cells was performed to 
ensure no cell populations were disproportionally removed. This showed mitochondrial genes, 
MALAT1 (a transcript associated with dying cells), and hemoglobin genes were the only genes 
disproportionally represented in the removed cells. Cells were size-normalized and log 
transformed using scuttle (v.1.4.0). 

Cells from different runs were then integrated using the mutual nearest neighbor method though 
the batchelor package (v1.10.0). UMAP dimensionality reduction was performed using the 
integrated values. Clustering was performed using the integrated transcript values and feature 
barcoding reads through the walktrap algorithm on a nearest neighbor graph (scran v.1.22.1). 
Numbers of clusters was varied by scaling the number of nearest neighbors (k) during graph 
construction followed by analysis via clustree (v.0.5.0). Clusters were then labeled as major cell 
lineages of CD4 T cells, CD8 T cells, B cells, myeloid cells, erythrocytes, NK cells and tumor 
cells through expression of key genes including MS4A1, CD19, CD4, CD8A, CD3E, CD3D, 
GZMB, NCAM1, HLA-DRA, PTPRC, NKG7 and the MCPyV oncoproteins. Cluster labels were 
then validated by investigating the portion of cluster with productive BCR or TCR 
rearrangements. Cell lineages were then isolated in silico and split into major lineages and 
dimensionality reduction and clustering was re-performed as above. Cells were scored for 
expression of memory and exhaustion gene sets (see below) using the UCell (v.1.99.1) 
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package. Pseudotime analyses was performed using slingshot (v.2.2.1) using the naïve CD8 T 
cell population as the starting population. Pseudotime heatmap was created by fitting a spline to 
each gene shown against pseudotime.  

Single cell transcriptional regulatory networks in CD8 T cells were analyzed using SCENIC 
(v.1.2.4) as previously described 35. Briefly, genes with more than 488 total counts across all 
CD8 T cells and cells with more than 163 genes were isolated for subsequent analysis. 
Correlations between transcription factors and genes were determined and GENIE3 was used 
to establish regulatory networks. SCENIC was then used to score the expression of these 
regulatory networks in each cell. UMAP dimensionality reduction was reperformed based on 
these regulons. MCPyV-specific CD8 T cells were isolated and integrated into a large single cell 
RNAseq dataset of HPV-specific CD8 T cells from HPV driven head and neck cancer 14. Each 
dataset was rescaled using SCTransform (Seurat). Integration features (genes) were selected 
based on their variability across both datasets followed by removal of TCR and BCR V, D and J 
genes and mitochondrial genes. Seurat was then used to integrate the datasets using the HPV 
dataset as an anchor and a k.weight of 40.  

Plots were made using scater (v.1.22.0), Seurat (v.4.3.0) or ggplot2 (3.4.0).  

Gene set derivation from previous studies 

Single cell RNAseq datasets from 4 studies containing diverse populations of CD8 T cells from 
human tumors13,39,53,54 were used to create a compendium of labeled clusters along with genes 
positively or negatively associated with each cluster (Supplementary Table 5). Clusters with 
synonymous labels were renamed and grouped. Genes associated with clusters with p values 
of less than 0.05 and average log fold changes greater than 0.5 were selected for further 
inclusion. An “exhaustion” gene signature was developed for genes that were associated with 
exhausted clusters (labeled as exhausted, progenitor exhausted, terminally exhausted, 
exhausted cycling) in at least 3 of 4 datasets (74 total genes). Similarly, a “memory” gene 
signature was developed for genes that were associated with memory clusters (labeled as 
naïve, memory or central memory) in at least 2 of 3 datasets that had these populations (12 
total genes). Immune checkpoints included in the exhaustion gene set were manually identified 
as PDCD1, LAG3, TIGIT, HAVCR2, CD276, ENTPD1, CD73, ADORA2A, and CTLA4. 

Statistics 

The statistical tests applied were two-sided unless specified otherwise. T tests were used to 
compare differences between two groups unless otherwise noted. When comparing more than 
two groups, the nonparametric Kruskal–Wallis test was used. Multiple hypothesis testing was 
done with the Benjamini–Hochberg method unless noted differently. Fisher's exact test was 
used to evaluate differences between two categorical variables. The ROC analysis was used to 
measure classification accuracy, which was expressed as the AUC. Pearson (r) or Spearman 
(ρ) correlation was used to determine linear concordance, and a two-sided t-test was used to 
see if the result was significantly different from zero. The significance levels and HRs for 
Kaplan–Meier analyses were calculated using a two-sided log-rank test. All statistical analysis 
was carried out using R v.4.1+. 

Acknowledgements: Victoria L. Campbell deposited epitopes into IEDB. 
Figures created with Biorender 
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Supplementary Tables:  
Supplementary Table 1: Summary of MHC-I tetramers used in FACS experiments on PBMC 
specimen (cohorts 1 & 2).    

Number of patients with allele 
Virus HLA Peptide pCR Non-pCR 

MCPyV A*02:01 KLLEIAPNC 4 2 
MCPyV A*03:01 AAFKRSCLK 1 0 
MCPyV A*03:01 RSGGFSFGK 1 0 
MCPyV A*11:01 RSGGFSFGK 0 1 
MCPyV A*24:02 EWWRSGGFSF 2 0 
MCPyV A*68:01 STPNGTSVPR 1 1 
MCPyV B*07:02 APNCYGNIPL 2 0 
MCPyV B*08:01 LNRKEREAL 0 1 
MCPyV B*15:01 FSFGKAYEY 1 1 
MCPyV B*35:01 FSFGKAYEY 2 0 
MCPyV B*35:02 FPWEEYGTL 0 0 
MCPyV B*35:02 HPDKGGNPVIM 0 0 
MCPyV B*37:01 KEWWRSGGF 0 0 
MCPyV B*44:02 KEWWRSGGF 1 1 
MCPyV B*57:01 GTTKFKEWW 1 0 
MCPyV B*57:01 FSFGKAYEY 1 0 

 
Supplementary Table 2: MCPyV-specific CD8 T cells frequency in the peripheral blood broken 
down by patient and pathological response. Bolded HLA types indicate available MCPyV-
tetramer. Bolded and underlined HLAs have 2 different epitopes (tetramers). Bolded alone 
have a single epitope (tetramer) 
 

Publication ID Viral Status 

C1D1 
Tetramer 
Frequency 
(% CD8) 

C2D1 
Tetramer 
Frequency 
(% CD8) 

Prior to 
Resection 
Tetramer 
frequency 
(% CD8) 

Response 
Site 

Response 
Central HLA 

Total # of 
epitopes 

1 Pos 0.015 NA 0 Non-pCR Non-
pCR/MPR 

A0101 A0301 B0801 
B2707 C0701 C1502 3 

2 Pos 0 0 0.00262 Non-pCR Non-
pCR/MPR 

A0217 A2301 B1801 
B4403 C0401 C1203 0 

3 Pos 0 0.01155 0.00377 Non-pCR Non-
pCR/MPR 

A0201 A6801 B1801 
B4402 C0501 C0701 3 

4 Pos NA NA NA pCR pCR     

5 Pos 0.033 0.086 NA pCR pCR A0201 A0201 B1501 
B4001 C0304 C0304 2 

6 Pos 0.0752 NA NA pCR pCR A0201 A2402 B0702 
B4402 C0501 C0702  4 

7 Pos 0.27 NA 0.108 pCR pCR A0301  A2402 B3501 
B5501 C0303 C0401 4 

8 Pos 0.139 0.46 0.341 pCR pCR A0101 A2601 B4901 
B5701 C0602 C0701 2 

9 Pos 0.00911 0.026734 0.05006 NE NE A0201 A1101 B1501 
B4001 C0304 C0401 2 

10 Pos 0.014 0.012 0.013 pCR NE A0201 A2501 B0702 
B3901 C0702 C1203  2 

11 Pos 0.015 NA 0.00208 pCR NT A0201 A2601 B3503 
B3901 C0401 C1203 1 

12 Pos 0.00884 NA NA NA NA A0201 A6801 B1302 
B5101 C0602 C1502 2 

13 Pos 0 0.01364 NA NA NA A0201 A0201 B1501 
B4001 C0303 C0304 2 

14 Pos 0.04544 NA NA NA NA A0201 A2402 B4402 
B5601 C0102 C0501  3 

15 Pos 0.072 0.12 0.018 pCR NE A0205 A2601 B3501 
B1801 C0401 C0701 1 

16 Neg 0 0.00182 0.003983 Non-pCR Non-
pCR/MPR 

A0301 A2403 B1402 
B3501 C0401 C0802 3 

17 Pos 0.074 0.31 0 pCR pCR A2601 A6801 B5801 
B5802 C0602 C0701 1 

18 Neg 0 0.0079 0.00275 Non-pCR Non-
pCR/MPR 

A0101 A2402 B3501 
B3501 C0401 C0401 3 

19 Pos 0 0 0 Non-pCR MPR A0101 A0101 B0702 
B1402 C0602 C0702 1 

20 Neg 0.00282 NA 0.003137 Non-pCR MPR A0301 A1101 B0702 
B0702 C0702 C1604 4 
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21 Neg NA 0.00133 NA pCR pCR A0201 A2402 B1501 
B1801 C0304 C0701 3 

22 Neg NA 0 0.00476 pCR pCR A0201 A0201 B5001 
B5101 C0602 C1402 1 

23 Pos 0.03 NA 0.016 Non-pCR MPR A0201 A3201 B1401 
B1501 C0304 C0802 2 

24 Neg 0 0 0.00559 pCR pCR A0201 A2402 B1501 
B4402 C0303 C0501  4 

25 Neg 0.00496 NA 0.00259 Non-pCR Non-
pCR/MPR 

A0205 A2402 B1402 
B1501 C0303 C0802  2 

26 Neg 0 NA NA pCR pCR A0201 A0201 B0702 
B4402 C0501 C0702 3 

27 Neg 0.000642 0.00113 NA Non-pCR NT A2402 A3301 B1302 
B1402 C0602 C0802  1 

28 Pos NA 0 NA pCR pCR A0301 A2601 B0702 
B3801 C0702 C1203 3 

29 Neg 0 NA 0 Non-pCR Non-
pCR/MPR 

A0101 A0301 B0801 
B3501 C0401 C0701 4 

30 Pos 0.00483 0.00126 0 Non-pCR NT A1101 A1101 B5001 
B5601 C0102 C0602  1 

31 Neg 0.00124 0.000646 0.000825 pCR pCR A0101 A6801 B3701 
B5101 C0602 C1502 2 

32 Pos 0 NA 0 Non-pCR NT A0201 A0201 B4403 
B5701 C0602 C1601 3 

33 NE 0 0 NA pCR NE A2402 A2501 B1801 
B5109 C0102 C1203 0 

34 Neg 0 0 0 pCR NT A0201 A0301 B0702 
B4901 C0701 C0702 4 

35 NT 0.01877 NA 0.03493 NA NA A0101 A0201 B0801 
B4402 C0501 C0701 3 

36 NT 0.014 0 NA NA NA A0101 A2402 B1517 
B1801 C0701 C1203 1 

 
Supplementary Table 3: MHC-I multimers used to identify MCPyV, Flu, CMV or EBV specific 
CD8 T cells identified from expanded T cells from neoadjuvant nivolumab trial (Cohort 1) or 
single cell RNAseq of direct ex vivo tumor and blood specimen (Cohort 3).  
 

Virus protein sequence HLA 
CMV pp50 VTEHDTLLY A*01:01 
Flu NP CTELKLSDY A*01:01 
Flu M GILGFVFTL A*02:01 
EBV BMLF1 GLCTLVAML A*02:01 
CMV pp65 NLVPMVATV A*02:01 
MCPyV Common T KLLEIAPNC A*02:01 
MCPyV Common T AAFKRSCLK A*03:01 
MCPyV LT RSGGFSFGK A*03:01 
CMV IE-1 KLGGALQAK A*03:01 
Flu NP ILRGSVAHK A*03:01 
EBV EBNA-3A RLRAEAQVK A*03:01 
MCPyV LT RSGGFSFGK A*11:01 
MCPyV ST DYCLLHLHLF A*24:02 
MCPyV LTA EWWRSGGFSF A*24:02 
CMV pp65 QYDPVAALF A*24:02 
Flu PB1 SYINRTGTF A*24:02 
MCPyV LT STPNGTSVPR A*68:01 
MCPyV LT APIYGTTKF B*07:02 
MCPyV Common T HPDKGGNPV B*07:02 
MCPyV Common T APNCYGNIPL B*07:02 
CMV pp65 RPHERNGFTVL B*07:02 
CMV pp65 TPRVTGGGAM B*07:02 
EBV EBNA-3A RPPIFIRRL B*07:02 
MCPyV Common T LNRKEREAL B*08:01 
CMV pp65 ELRRKMMYM B*08:01 
EBV EBNA-3A FLRGRAYGL B*08:01 
MCPyV LT FSFGKAYEY B*15:01 
MCPyV LT FSFGKAYEY B*35:01 
CMV pp65 IPSINVHHY B*35:01 
EBV EBNA-1 HPVGEADYFEY B*35:01 
MCPyV ST FPWEEYGTL B*35:02 
MCPyV LT KEWWRSGGF B*37:01 
MCPyV LT KEWWRSGGF B*44:02 
MCPyV LT GTTKFKEWW B*57:01 
MCPyV LT FSFGKAYEY B*57:01 
MCPyV LT DEVDEAPIY B18:01 
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Supplementary Table 4: MCPyV, Flu, CMV or EBV specific CD8 T cells identified from 
expanded T cells from neoadjuvant nivolumab trial (Cohort 1) or single cell RNAseq of direct ex 
vivo tumor and blood specimen (Cohort 3).  
 
Supplementary Table 5: List of gene sets used in this study. Signatures derived from 
references13,39,53,54.  
 
Supplementary Table 6: List of overlapping peptides and pools used in this study.  
 
Supplementary Table 7: List of FACS and CITEseq antibodies used in this study. 

T cell phenotyping panel 
Marker Fluorophore Vendor Clone ul/test Note 
CD3 AF532 Invitrogen UCHT1 0.31 Intracellular 
CD4  BUV805 BD SK3 0.63 Surface 
CD8 BV570 Biolegend RPA-T8 0.63 Surface 
MCC-Tetramer  APC   MCC specific   Pre-incubation 
Live/Dead Live dead Blue ThermoFisher   0.5 Pre-incubation 
CD14 BB700 BD MφP9 0.625 Surface 
CD19 BB700 BD SJ25C1 0.15625 Surface 
CCR7 (CD197) BV605 Biolegend GO43H7 5 Pre-incubation 
CD45RA BUV563 BD HI100 0.16 Surface 
CXCR3 Pacific blue Biolegend G025H7 1.25 Pre-incubation 
CXCR5 BV480 BD RF8B2 2.5 Pre-incubation 
Tbet BV785 Biolegend 4B10 0.63 Intracellular 
PD1 (CD279) AF488 Invitrogen MIH4 5 Surface 
Lag3 BV421 Biolegend 11C3C65 1.25 Intracellular 
FoxP3 PE-Cy5 Invitrogen PCH101 0.63 Intracellular 
Tim3 BV650 BD 7D3 0.63 Surface 
GZMK PerCP-eF710 Invitrogen G3H69 0.16 Intracellular 
Tox PE Invitrogen TXRX10 5 Intracellular 
Eomes PE-eF610 Invitrogen WD1928 1.25 Intracellular 
GZMB APC-Fire750 Biolegend QA16A092 0.31 Intracellular 
CD28 BUV737 BD CD28.2 2.5 Surface 
CD56 BUV395 BD NCAM16.2 5 Surface 
CCR6 BUV496 BD 11A9  1.25 Pre-incubation 
Ki67 AF700 Biolegend B56 0.625 Intracellular 
CCR4 BUV615 BD 1G1 5 Pre-incubation 
TCF7 PE-Cy7 Cell Signaling Technology C63D9 1.25 Intracellular 
HLA-DR BV711 Biolegend L243 0.625 Surface 

Control antibodies (for compensation) 
CD7 APC BD M-T701 1 Pre-incubation       

scRNAseq FACS Sorting panel 
Marker Fluorophore Vendor Clone ul/test Note 

CD3 AF488 Biolegend Sk7 2.5 Surface 
CD4 AF700 Invitrogen OKT4 2 Surface 
CD8 BV570 Biolegend SK1 0.63 Surface 

CD19 BV421 BD HIB19 0.31 Surface 
CD56 PE-Cy7 BD NCAM16.2 5 Surface       

scRNAseq CITEseq antibodies 
Marker Barcode Clone ul/test Vendor 
CD11b GACAAGTGATCTGCA ICRF44 0.0625 Biolegend 
CD4 TGTTCCCGCTCAACT RPA-T4 0.0625 Biolegend 
CD39 TTACCTGGTATCCGT A1 0.0625 Biolegend 
CD3 CTCATTGTAACTCCT UCHT1 0.0625 Biolegend 
CD8a GCTGCGCTTTCCATT RPA-T8 0.0625 Biolegend 
CD16 AAGTTCACTCTTTGC 3G8 0.0625 Biolegend 
CD86 GTCTTTGTCAGTGCA IT2.2 0.125 Biolegend 
CD195 CCAAAGTAAGAGCCA J418F1 0.125 Biolegend 
CD27 GCACTCCTGCATGTA O323 0.125 Biolegend 
CD127 GTGTGTTGTCCTATG A019D5 0.125 Biolegend 
CD274 GTTGTCCGACAATAC 29E.2A3 0.125 Biolegend 
CD28 TGAGAACGACCCTAA CD28.2 0.125 Biolegend 
CD107a CAGCCCACTGCAATA H4A3 0.125 Biolegend 
CD62L GTCCCTGCAACTTGA DREG-56 0.125 Biolegend 
CD45 TCCCTTGCGATTTAC 2D1 0.125 Biolegend 
CD21 AACCTAGTAGTTCGG Bu32 0.125 Biolegend 
CD38 CCTATTCCGATTCCG HB-7 0.125 Biolegend 
CD14 TCTCAGACCTCCGTA M5E2 0.25 Biolegend 
CD15 TCACCAGTACCTAGT W6D3 0.25 Biolegend 
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CD20 TTCTGGGTCCCTAGA 2H7 0.25 Biolegend 
IgG1 GCCGGACGACATTAA MOPC-21 0.25 Biolegend 
IgG2a CTCCTACCTAAACTG MOPC-173 0.25 Biolegend 
IgG2b ATATGTATCACGCGA MPC-11 0.25 Biolegend 
CD137 CAGTAAGTTCGGGAC 4B4-1 0.25 Biolegend 
CD56 TTCGCCGCATTGAGT QA17A16 0.25 Biolegend 
CD196 GATCCCTTTGTCACT G034E3 0.25 Biolegend 
CD183 GCGATGGTAGATTAT G025H7 0.25 Biolegend 
CD123 CTTCACTCTGTCAGG 6H6 0.25 Biolegend 
CD1c GAGCTACTTCACTCG L161 0.25 Biolegend 
CD57 AACTCCCTATGGAGG QA17A04 0.25 Biolegend 
CD272 GTTATTGGACTAAGG MIH26 0.25 Biolegend 
CD40 CTCAGATGGAGTATG 5C3 0.25 Biolegend 
HLA-DR AATAGCGAGCAAGTA L243 0.25 Biolegend 
CD278 CGCGCACCCATTAAA C398.4A 0.25 Biolegend 
CD69 GTCTCTTGGCTTAAA FN50 0.25 Biolegend 
CD194 AGCTTACCTGCACGA L291H4 0.25 Biolegend 
CD11c TACGCCTATAACTTG S-HCL-3 0.25 Biolegend 
CD71 CCGTGTTCCTCATTA CY1G4 0.25 Biolegend 
CD19 CTGGGCAATTACTCG HIB19 0.5 Biolegend 
CD25 TTTGTCCTGTACGCC BC96 0.5 Biolegend 
CD45RO CTCCGAATCATGTTG UCHL1 0.5 Biolegend 
CD279 ACAGCGCCGTATTTA EH12.2H7 0.5 Biolegend 
TIGIT TTGCTTACCGCCAGA A15153G 0.5 Biolegend 
CD103 GACCTCATTGTGAAT Ber-ACT8 0.5 Biolegend 
CD185 AATTCAACCGTCGCC J252D4 0.5 Biolegend 
CD366 TGTCCTACCCAACTT F38-2E2 0.5 Biolegend 
CD141 GGATAACCGCGCTTT M80 0.5 Biolegend 
CD303 GAGATGTCCGAATTT 201A 0.5 Biolegend 
CD152 ATGGTTCACGTAATC BNI3 0.5 Biolegend 
CXCR6 GACAGTCGATGCAAC K041E5 0.5 Biolegend 
Hashtag1 GTCAACTCTTTAGCG LNH-94; 2M2 0.5 Biolegend 
Hashtag2 TGATGGCCTATTGGG LNH-94; 2M3 0.5 Biolegend 
Hashtag3 TTCCGCCTCTCTTTG LNH-94; 2M4 0.5 Biolegend 
Hashtag4 AGTAAGTTCAGCGTA LNH-94; 2M5 0.5 Biolegend 
Hashtag5 AAGTATCGTTTCGCA LNH-94; 2M6 0.5 Biolegend 
Hashtag6 GGTTGCCAGATGTCA LNH-94; 2M7 0.5 Biolegend 
Hashtag7 TGTCTTTCCTGCCAG LNH-94; 2M8 0.5 Biolegend 
Hashtag8 CTCCTCTGCAATTAC LNH-94; 2M9 0.5 Biolegend 
Hashtag9 CAGTAGTCACGGTCA LNH-94; 2M10 0.5 Biolegend 
Hashtag10 ATTGACCCGCGTTAG LNH-94; 2M11 0.5 Biolegend 

 
 
Due to size of tables, Supplementary Tables 4, 5 and 6 are not included here. Please email 
thpullia@uw.edu, Pulliam.thomas@gmail.com or pnghiem@uw.edu for an electronic copy.  
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Neoadjuvant Nivolumab 
trial  specimen
n = 39 patients

Peripheral blood
pre-nivo, n = 36, 

2 weeks post nivo: n = 25, 
4 weeks post nivo: n = 26

Tumor samples
pre-nivo: n =  15

4 weeks post nivo: n = 15

Expanded tumor infiltrating 
lymphocytes

Epitope discovery and 
tetramer development 

n = 2 novel
n = 14 previously described 

TCRseq tetramer+ T cells 

Bulk TCRseq

29 parameter FACS panel

Quantity of cancer-specific 
CD8 T cells in tumors

(Figure 5)

First-line definitive PD-(L)1 
treatment 

n = 26 patients

Peripheral blood
pre-PD-(L)1 n = 25, 
On-PD-(L)1 n = 13

Matched tumor/blood 
samples

n = 8 patients

Peripheral blood
16 samples
6 patients

Tumor samples
8 samples
7 patients

CITEseq

Cohort 1

Cohort 2

Cohort 3

Quantity of cancer-specific 
CD8 T cells in blood
(Figure 2, S1, S2, S4)

Phenotyping of cancer-
specific CD8 T cells in blood

(Figure 3, S1, S2, S3, S4, 
S8)

Comparison of exhaustion 
status in cancer-specific T 
cells in blood and tumor 

(Figure 4, S6, S7, S10, S11, 
S14)

Specimens Analyses ResultsCohorts of 
advanced MCC 

patients

Figure 1. Overview of patient cohorts studied, analyses performed and result 
outputs (figures)
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Figure 2. Associations between clinical outcomes and relative frequency of MCPyV-specific CD8 T 
cells in blood
A. Example of MHC-I tetramer staining for a B*18:01 allele containing an MCPyV peptide from a 
representative patient with a non-pathological complete response (left) and a patient with a pathological 
complete response (right). Frequencies shown represent the portion of tetramer binding T cells as a 
portion of CD8 T cells
B. Comparison of MCPyV-specific CD8 T cell frequencies in patients who did or did not have a pathological 
complete response. Hollow points represent no detectable MCPyV-specific CD8 T cells. Statistical 
differences in MCPyV-specific T cell frequency prior treatment measured using two sided Wilcoxon rank 
sum test. 
C. Kaplan-Meier plot of recurrence-free survival in patients with detectable MCPyV-specific CD8 T cells 
(tetramer positive) or undetectable levels (tetramer negative). Limit of detection at 1 in 10,000 CD8 T cells 
(Supplemental figure 1). Recurrence events defined as tumor recurrence or death due to any cause as in 
original trial protocol. Statistical differences in recurrence free survival measured by log rank test.
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Figure 3: Circulating cancer-specific CD8 T cells exhibit characteristics of exhaustion and were 
detected in patients with pathological complete responses 
A.Expression of key exhaustion markers in CD8 T cell populations or tetramer+ CD8 T Cells from pre-

nivolumab samples. Populations with less than 10 cells were excluded
B.Representative FACS plot of CD8 T cells showing tetramer fluorescence versus the exhaustion 

markers used in panel A
C. UMAP plots of CD8 T cells from blood. Cells grouped, colored and labeled using phonograph 
clustering (PMID: 26095251) 
D. UMAP plots of CD8 T cells as in panel C. MCPyV-specific T cells in patients with pCR  (top) or non-
pCR (bottom)
E. Expression of 8 differentiation-related proteins using same UMAP overlay as panels C and D
F.Relationship of protein expression in defined populations and MCPyV-specific CD8 T cells. As 

indicated in legends, size of each circle represents the portion of cells positive for that marker via 
canonical flow cytometry gating. color represents the median fluorescence intensity of each protein 
in each population

Abbreviations: MFI, median fluorescence intensity; AF488, Alexa Fluor 488; PE, phycoerythrin; APC 
allophycoerythrin, UMAP; uniform manifold approximation and projection; GZMB, Granzyme B; Proj
Ex, progenitor exhausted; Term Ex, terminal exhausted; MCPyV, Merkel cell polyomavirus; EMRA, 
Effector-memory RA positive; Activ/exh, Activated/exhausted; tx, treatment
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Figure 4. MCPyV-specific T cells are present in tumors regardless of anti-PD-1 therapy response
A. Graphical schematic describing experimental approach to identifying antigen-specific intratumoral CD8 T cells.
B. Representative plot of multimer binding to tumor infiltrating lymphocytes expanded from a from a single patient’s tumor. Cells with identical alpha and beta TCR chains 

(clonotypic) were grouped with number of cells per clonotype as indicated. Median multimer counts were calculated for each multimer and clonotype. Biexponential axis 
transformation was used for visualization. 

C. Extent of T cell infiltration and anti-viral specificity in pre-treatment tumors from 8 patients with pathologic complete response (pCR) or non-pCR as indicated. Bar height 
represents the proportion of all tumor cells that are T cells (indicated by % atop bar). Color of individual bars indicates viral specificity as per legend (MCPyV, EBV, CMV 
or Flu). Thickness of each colored bar is proportional to the number of T cells in a virus-specific clonotype.  White portions of bar represent T cell clonotypes of unknown 
specificity.

D. Frequency of T cells with productive TCRs in tumor specimens before and after immunotherapy in patients who had a pCR (right) or did not (left). Patients with paired 
pre- and post-biopsy  

E. Simpson clonality of productive TCRs in tumor specimens before and after immunotherapy in patients who had a pCR (right) or did not (left). 
F. Frequency of MCPyV-specific T cells as a fraction of T cells in tumor specimens before and after immunotherapy in patients who had a pCR (right) or did not (left). 
G. Frequency of CD8 T cells with an exact match to a MCPyV-specific TCR or a similar TCR (TCRdist radius <= 9) as a fraction of all cells in tumor specimens before and 

after immunotherapy in patients who had a pCR (right) or did not (left). 

Abbreviations: Non-pCR, non-pathological complete response; pCR pathological complete response; TCR, T cell receptor
p values: ns >= 0.05; * <0.05; **<0.01, *** <0.001, ****<0.0001. All statistical tested using T tests

38



Checkpoints

Figure 4  Transcriptomic & proteomic profiling of antigen-specific CD8 T cells in matched tumors 
and blood.  
A.Schematic of experimental design. Matched tumor and blood specimens from 7 patients (cohort 3 in 

Figure 1) were labeled with barcoded MHC-I multimers and CITEseq was performed. 
B.UMAP plot of CD8 T cells colored by origin from blood (pink) or tumor (blue). Clusters outlined in 

black.  
C.UMAP plots (yellow equals high expression) of indicated gene signatures for different T cell programs 

of interest  
D.Violin plots of exhaustion, memory, and checkpoint gene sets for MCPyV- and CMV-specific CD8 T 

cells from tumor or blood 
E.Portions of MCPyV-specific T cells in each cluster as in B.  
F.Comparison of frequency of MCPyV-specific CD8 T cells in each cluster as in E. p = 0.0016 using 

unpaired t.test

Abbreviations: Mem, memory; Eff, effector; Snscnt, Senescent; GD/!" Gamma Delta T cells; pEx, 
progenitor exhausted, tEx; terminally exhausted.

p values: ns >= 0.05; * <0.05; **<0.01, *** <0.001, ****<0.0001
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Figure 6. MHC-I downregulation during secondary resistance to PD-1 pathway blockade. 
a. Clinical course of patient treatment. Patient had an initial partial response via RESIST criteria 

followed by recurrent disease. Each line represents an individual lesion. Periods of anti-PD-L1 
treatment shaded in blue.

b. Frequency of T cell clones prior to immunotherapy compared to at the time of secondary resistance. 
Expanded clones determined via statistical difference between pre immunotherapy sample and 
immunotherapy reinitiation samples (beta binomial test; p < 0.01).

c. Alluvial plot of MCPyV-specific CD8 T cell clones as a portion of all T cells in blood. Cells present 
prior to anti-PD-L1 therapy colored in magenta shades. Cells appearing following anti-PD-L1 initiation 
shaded blue. Asterisks represent timepoints where TCRseq was performed.

d. Expression of pan-HLA-ABC on tumor cells at pre-treatment and secondary resistance time points.
e. Histology, MCPyV T antigen expression, and HLA-ABC expression on pre-treatment and secondary 

resistant tumors. Bottom left square is H&E and low magnification. Bottom right square is multiplexed 
IHC image with key to right of figure. Scale bars vary by sample and are indicated below images. 

f. Quantification of MHC expression on stroma or tumor cells shown in panel e. 
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Supplemental Figure 1. Data illustrating MCPyV T-Ag CD8+ T-cell epitope discovery using 
artificial antigen presenting Cos7 cells (aAPC) for novel A*68:01(top) and B*57:01 (bottom) 
restricted MCPyV epitopes.
A. Subject 3’s TILs were incubated with aAPCs after 48 hours co-transfected with HLA-A*02:01, 
A*68:01, B*18:01 or B*44:02 and MCPyV ST or LT
B. Subject 3′s TILs were incubated with A*68:01–transfected aAPCs and pulsed with matrix T-Ag 
peptides (no wash after peptides pulse). TILs were incubated with aAPCs either transfected with no 
HLA cDNA (left) A*68:01 (center). Details were described in PMID: 32179557.
C. A*68:01 transfected or HLA unstransfected COS-7 were pulsed with predicted peptide LT191-200 
STP, or media or co-transfected with small T antigen or large T antigen expression plasmids. TIL from 
subject 3 were added after pulsed peptide washing
D. Subject 8 TILs were incubated with aAPCs after 48 hours co-transfected with HLA-A*01:01, 
A*26:01, B*49:01 or B*57:01 and with MCPyV ST or LT
E. Subject 8′s TILs were incubated with aAPCs either transfected with no HLA cDNA (left) or B*57:01 
(right) aAPCs and pulsed with matrix T-Ag peptides (no wash after peptides pulse).
F. B*57:01 transfected COS-7 or HLA unstransfected COS-7 were pulsed with predicted peptide 
LT99-107 FSF ( this one was found in the 2020 paper, but restricted by B*15:01 and B*35:02, but 
novel B*57:01 in this paper), peptide LT97-107 GGF (This one is found in the previous 2020 paper 
also), or media or transfected with large T antigen expression plasmid. Subject 8 TIL were added and 
Interferon gamma release was measured.

All assays performed in duplicate. Each plotted point represents one replicate. 
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Supplemental figure 2. Tetramer gating strategy and validation approach
A.Flow chart of tetramer gating strategy 
B.Example of PBMC stained with Tetramer FACS plots used to draw tetramer gate (left) and 

validation that gate follows known biology (right)
C. Cumulative density plot of portions of cells that are naïve (top) or PD-1+ (bottom) as a function 

of fluorescent intensity in the tetramer channel. Cumulative density is calculated from high 
tetramer intensity to low (ie right to left). Each individual point represents a CD8 T cell colored by 
the patient of origin.

D. frequency of tetramer positive cells in virus positive (Pos) or virus negative (Neg) patients. Each 
point represents a patients blood draw. 

E. Comparison of the number of epitopes tested for patients that had complete pathological 
response or non-pathological complete responses
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Supplemental figure 3. Validation cohort of flow cytometry on immunotherapy treated patients. All data 
gated on CD8 T cells. 
A.UMAP plot of CD8 T cells from healthy control PBMC  (far left) CD8 T cells from pre-treatment 

immunotherapy treated patients (center left) post-treatment immunotherapy treated patients (center right) 
or MCC tumor (far right). Each point represents a single cell. UMAP plot calculated using biexponetial
transformed flow cytometry data. Same UMAP used in panels A, B and C.

B.UMAP plot colored by specificity of CD8 T cells
C.Expression of markers in UMAP space
D.Expression of TIM3 and LAG3 on MCC-specific T cells in blood or tumor tissues. Each point represents 

one patient
E.Expression of TIM3 and LAG3 on CD8T  cells of various specificities. Each point represents one patient. 

All data from PBMC
F.Expression of FACS markers on various T cell populations and specificities. Data averaged across all 

patients. Size of points represents the portion of cells positive for each marker. Colors of points 
represents median fluorescent intensity

G.Frequency of MCPyV-specific CD8 T cells in patients who did or did not respond to anti-PD-(L)1 therapy. 
H.Recurrence free survival of MCC patients following grouped by presence of MCPyV-specifc CD8 T cells 

above the threshold of detection (blue) or below threshold (red). 
I. Receive operator characteristic curve showing predictive value of presence of MCPyV-specific CD8 T 

cells in blood for immunotherapy response. 43



Supplemental figure 4. MCPyV-specific CD8 T cells downregulate PD-1 over the course of anti-PD-
1 therapy. 
A. Expression of T-bet and Eomes proteins in naïve, effector, progenitor exhausted, terminally exhausted 

and MCPyV-specific T cells via flow cytometry. Each point represents MCPyV-specific T cells from one 
patient at the pre-treatment time point. If a patient has less than 10 cells for a given population, that 
point was excluded. 

B. Changes in expression of PD-1, LAG3, T-bet, Eomes, TOX and TCF7 protein expression in MCPyV-
specific CD8 T cells over the course of anti-PD-1 therapy. Each point represents MCPyV-specific T 
cells from one patient at that time point. T tests were used for statistical significance. p values: ns = 
p>0.05; * = p≤0.05; ** = p≤0.01; *** = p≤0.001; **** = p≤0.0001

C. Representative Flow cytometry dot plots showing down regulation of PD-1 in MCPyV-specific CD8 T 
cells over the course of therapy. Gates drawn for PD-1 High, PD-1 middle and PD-1 negative cells. 
Percentages in top of plots (green) represent portion of tetramer+ (MCPyV-specific) cells. 
Percentages on bottom of plots (dark blue) represent portions of tetramer negative cells  (unknown 
specificity).

D. Justification of phonograph clustering labels. CD8 T cells were clustered using flow cytometry data 
(panel E and Figure 2C) to assign phenotypic labels to each cluster, the MFI and portion of cells 
positive for each marker were tabulated for each cluster and plotted. Phenotypic labels y-axis labels) 
were then assigned based on the expression of these makers.

E. Phenotypes of MCPyV-specific CD8 T cells and changes over course of therapy. Each point 
represents MCPyV-specific T cells from one patient at the designated time point. If a patient has less 
than 10 cells for a given population, those point was excluded. 
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Supplemental figure 5. Analyses of bulk lymphocyte flow cytometry show association between 
pathological response and increases in proliferating CD4 and CD8 T cells in blood following anti-PD-1 
blockade
A.UMAP plots of key markers of CD19- lymphocytes using 29 parameter flow cytometry data. 
B. UMAP plot of same projection in A, pseudo colored by phonograph clustering. 
C.Heatmap of each phonograph cluster (y axis) and the median expression of markers (x axis).
D.Frequency of proliferating CD4 (left) or CD8 (right) T cells over the course of neoadjuvant PD-1 blockage 

grouped by patients with non-pCRs (top) or pCRs (bottom). T tests were used to establish statistical 
significance.

E.Proportion of each phonograph cluster in each patient prior to treatment (Same color scale as panel B) .
F.Changes in proportions of phonograph clusters over the course of neoadjuvant PD-1 blockade. Proportions 

averaged across all patients with Non-pCRs (left) or pCRs (right).
45



Supplemental figure 6. Machine learning algorithm identifies a PD-1+, Granzyme B+ and Eomes+ 
CD8 T cell population that is enriched for cancer-specific T cells and associates with response to 
PD-1 blockade. FAUST (PMID: 34950900) was used to iteratively gate CD8 T cells into unique clusters. 
Association of each cluster with pathological response (x axis) and enrichment in cancer-specific CD8 T 
cells (y axis). Each point represents one FAUST cluster averaged across all patients at the pre-treatment 
timepoint. Association with response calculated using T test of cluster frequency in patients with pCR 
versus non-pCR and adjusted for multiple comparisons using the Benjamini–Hochberg procedure. 
Clusters with a q value of less than 0.05 and more than 0.5% of MCPyV-specific T cells were selected 
for further analysis (red box)
A.Key identifying gating of clusters identified in panel A. Markers FAUST identified as most relevant to 

listed from top of table to bottom
B.Clusters identified in A were further analyzed using backwards phenotype selection to identify markers 

most important for differentiating pathological responses. Markers most important for identifying cells 
(left most markers) converged on PD-1, Granzyme B, and Eomes for cluster 1 and 2. Cluster 3 did not 
converge on a simple phenotype. Cluster 1 was further broken down into cluster 1a and cluster 1b 
after inclusion of all markers

C.Example FACS plot showing enrichment of PD-1, Eomes, and GZMB in MCPyV-specific T cells (red) 
compared to bulk CD8 T cells (blue)

D.Receive operator characteristic curve showing predictive capacity of portion PD-1+, Granzyme B+, 
Eomes+ CD8 T cells as a portion of all T cells in the peripheral blood before PD-1 blockade to predict 
pathological response 

E.Boxplot of relative frequency of PD-1+, Granzyme B+, Eomes+ CD8 T cells in patients with non-pCR 
or pCR. P value calculated using T test
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Supplemental figure 7. Association of pathological response and peripheral blood cytokines or 
myeloid derives suppressor cells (MDSC)
A.Concentrations of key cytokines in blood measured via Luminex assay in patients with pCRs (left) or 

non-pCRs (right) sub grouped by timepoint
B.Frequency of MDSCs as a portion of all myeloid cells in the peripheral blood at the pre-treatment 

timepoint grouped by pathological response at the pre-treatment timepoint 
C.Frequency of MDSCs as a portion of all myeloid cells in the peripheral blood at the pre-treatment 

timepoint grouped by tumor viral status
D.Association of frequency of MDSCs and frequency of MCPyV-specific CD8 T cells in the peripheral 

blood at the pre-treatment timepoint 
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Supplemental figure 8. Network plot showing biochemical similar TCRs (nodes). Groupings of TCRs of 
same specificity (color) suggest these TCRs are biochemically similar. Each node is colored by its 
specificity and its size represents the number of clones detected. Biochemical similarity determined 
using TCRdist3 and a maximum radius of 15. 
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Supplemental figure 9. Novel TCR’s described in this study could be used to treat a majority of virally driven 
MCC cases using transgenic T cells. High resolution HLA-typing was performed on 205 MCC patients in our 
Seattle based repository. Each individual TCR used in a transgenic T cell therapy could target a single HLA-
type. Frequency of HLA types was determined in the relevant patient population to  assess most common HLA 
types and prioritize TCR development
A. Most common TCRs and their relative frequency in the MCC patient population. Black bars highlight HLA-

types with at least 1 cognate TCR described in this study which recognizes an MCPyV peptide in the HLA 
context. HLA types ordered from most common (top) to least common moving clockwise. 

B. Cumulative coverage of HLA-types across the MCC patient population. Each bar represents the portion of 
MCC patients that have that HLA type or one of the prior HLA types moving from left to right. HLA types 
ordered from most to least common with 25 most common shown. 

C. Portion of patients that could be treated with transgenic T cells expressing TCRs against one (left) or two 
alleles (right)
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Supplemental figure 10. Justification of single cell RNAseq clustering of bulk cells and subclustering of 
CD8 T cells in Figure 4
A.UMAP plot of scRNAseq data from 51,555 cells isolated from tumor and blood samples from 8 patients. 

Cells were clustered and subsequently named according to the cell lineage (see panel F). 
B.UMAP plot (as in panel A) colored by whether cells were isolated from tumor or blood specimens. 
C.UMAP plot (as in panel A) colored by patient. 
D.Bar plot of the number of cells contributed by each patient and colored by cell type
E.Bar plot of the number of cells contributed by each patient and colored by portions of cells  from tumor or 

blood 
F.Violin plots of phenotypic genes in CD8 T cells cell isolated in silico from bulk population shown in Panel A
G.Violin plots of cell lineage markers confirming cell types shown in panel A
H.Bar plots of the portions of cells in each phenotype in panel G by whether these cells had an alpha-beta 

TCR (top) originated from the tumor or blood (middle) or the specificity of each T cell (bottom)50



Supplemental Figure 11. Pseudotime analyses of CD8 T cells show a tumor trajectory and a blood 
trajectory.  Data from single cell RNAseq of 8151 CD8 T cells 
A.UMAP plot of CD8 T cells colored by the clustering and phenotypic identity 
B.Trajectory analysis was performed on CD8 T cells shown in panel A which showed a bifurcated pathway with 

one pathway (tumor path) originated in in the naïve CD8 T cell cluster and terminating in the terminally 
exhausted T cell cluster while the other path (blood path) originated in the naïve CD8 T cell population and 
terminating in the gamma-delta and senescent clusters. Plot is colored by pseudotime along these paths.

C.Plot of CD39 and CD127 (IL7R) cell surface protein levels against pseudotime along the tumor path. Points 
colored according to their cluster identity as in A. Spline (black) tracks average of these markers over 
pseudotime.

D.Plot of CD28 and CD57 cell surface protein levels against pseudotime along the blood path. Points colored 
according to their cluster identity as in A. Spline (black) tracks average of these markers over pseudotime.

E.Heatmaps of memory, exhaustion and senescence genes along the tumor path pseudotime (left) or blood path 
pseudotime (right).

F.Histograms of CMV, Flu, MCPyV and EBV-specific CD8 T cells and their positions along the tumor path 
pseudotime

G.Histograms of CMV, Flu, MCPyV and EBV-specific CD8 T cells and their positions along the blood path 
pseudotime 51



Supplemental figure 12. MCPyV-specific CD8 T cells from blood are phenotypically similar to stem-
like HPV-specific CD8 T cells in virally driven head and neck cancer. 
Single cell RNAseq MCPyV-specific CD8 T cells identified in Figure 3 and HPV-specific CD8 T cells from 
Eberhardt et al (PMID: 34471285) were integrated in silico.  Cells were clustered into Stem-like, transitory 
and terminally differentiated (TD) as in Eberhardt et al. 
A. UMAP plot pseudo colored by cluster identity. 
B. UMAP of MCPyV-specific CD8 T cells pseudocolored by anatomic origin on cells. HPV-specific cells in 
grey in background. 
C. Chord diagram showing cluster identifies of MCPyV-specific CD8 T cells from tumor or blood (bottom) 
and their corresponding cluster identities 
D. UMAP plots of expression of key exhaustion genes as in Eberhardt et al Figure 3 but including MCPyV-
specific CD8 T cells. 
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Supplemental figure 13. MCPyV-specific CD8 T cells in tumors exhibit activation of distinct regulatory 
networks associated with T cell exhaustion relative to MCPyV-specific CD8 T cells in blood. 
A.  Example of a regulatory network detected by SCENIC. The LEF1 transcription factor network regulates 10 
genes shown in nodes. Each node is colored by its association with naïve or memory T cells in single cell 
RNAseq datasets from 3 prominent publications (see methods)
B. Pictogram of nucleotides associated with LEF1 binding as used in these analyses
C. UMAP plot calculated using regulon scores and showing expression of 10 key regulatory networks
D. UMAP as in panel C colored by CD8 T cell cluster identity. 
E. UMAP as in panel C colored by CD8 T cell specificity and tissue of origin
F. Violin plots of expression of 4 regulatory networks important in CD8 T cell exhaustion in CMV- or MCPyV-
specific cells from blood or tumor origin 
G. Heatmap showing all regulatory networks and their expression in each of the CD8 T cell clusters shown in 
Panel D 
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Supplemental figure 14. Gating strategy of flow cytometry data from trial and 
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------------------------------------------------------------------------------------------------------------------------------ 
Abstract 

JITC abstract limit: 348/350 words 
----------------------------------------------------------------------------------------------------------------------------- 

Background: PD-1 pathway blockade has revolutionized cancer care, but many patients do not 
durably benefit from these therapies. Novel treatments to engage anti-tumor immunity in this 
setting are needed. The stimulator of interferon genes (STING) protein, an innate sensor of 
cytoplasmic DNA, is a promising target with several agonists in development; however, recent 
clinical trials of these agents have not demonstrated efficacy for most patients. Here, we present 
detailed biomarker analyses of a patient with anti-PD-L1 refractory Merkel cell carcinoma that 
had a durable (~1 year), abscopal response to ADU-S100 (intralesional STING agonist) 
combined with anti-PD-1 blockade.  

Methods: Tumor biopsies and peripheral blood acquired pre- and post-treatment were analyzed 
with single cell RNA sequencing, 27-color flow cytometry, T cell receptor sequencing and 
multiplexed immunohistochemistry (mIHC; post treatment tumor specimen only). Critically, 
cancer-specific CD8 T cells were identified using MHC-I tetramers containing peptides from the 
Merkel cell polyomavirus (MCPyV), the etiologic agent of this cancer. Cell lines and tumor 
specimens from 76 patients were used to evaluate STING expression and signaling in MCC. 

Results:  
High levels of cancer-specific T cells were observed in the tumor prior to ADU-S100 treatment 
(12% of T cells recognized an MCPyV epitope). These cancer-specific CD8 T cells exhibited 
characteristics of exhaustion including high TOX and low TCF1. Following STING agonist 
treatment, MCPyV-specific CD8 T cells expanded 3-fold with minimal phenotypic changes. An 
increase in antigen presentation on MCC tumor cells was also observed (1.8% of tumor cells 
were MHC-I positive before treatment compared to8.2% after treatment). This was not because 
ADU-S100 acts directly on tumor cells. mIHC analysis of 76 patients confirmed little or no 
STING expression in tumor cells, but high STING expression on infiltrating immune and stromal 
cells. Further in vitro studies showed MCPyV-positive MCC cell lines are STING deficient, and 
ADU-S100 did not induce interferon expression. 

Conclusions: Our study suggests that STING agonists act on intratumoral immune cells to 
release interferons, which upregulate antigen presentation on tumor cells and allow tumor 
recognition by pre-existing cancer-specific T cells. Thus, patients with anti-PD-(L)1-refractory 
disease with reduced antigen-presentation may benefit from intralesional STING agonists.  
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Introduction 
Innate immune sensors of pathogen associated molecular patterns (PAMP) are important 
defenses against viral and bacterial pathogens. Due to their active immune-stimulating role, 
recent clinical trials have sought to use these agents to stimulate anti-tumor immunity1.  
Stimulator of interferon genes (STING) has been one promising PAMP sensor that has shown 
promise in pre-clinical mouse models2-5. The STING pathway senses cytoplasmic DNA through 
cyclic GMP-AMP synthase (cGAS), which then produces cyclic GMP-AMP as a second 
messenger. This, in turn, acts on STING to induce transcription of type I interferons and 
inflammatory cytokines via NF-kB and IRF3. The STING pathway is thought to have evolved to 
protect against DNA viruses that replicate in the cytoplasm of cells. However, it is often engaged 
by DNA damaging chemotherapies and radiation that can cause DNA release into the 
cytoplasm. Murine models have shown that these DNA damaging therapies lead to adaptive 
anti-tumor immune responses primarily through activation of STING in dendritic cells in the 
tumor microenvironment6,7. Given the role STING played in existing cancer therapies, novel 
agents designed to directly engage STING were developed. These STING agonists, when 
delivered intratumorally, increased intratumoral NK cells and activated CD8 T cells,8,9 while also 
inducing  both local and systemic anti-tumor immunity.  

While intralesional therapies targeting the STING pathway have been successful in murine 
models, recent clinical trials have been disappointing with few durable responses. In one trial of 
an intralesional ADU-S100 in 47 patients with metastatic cancers, only one patient had a 
confirmed response via RECIST10. Of note, the responding patient had Merkel cell carcinoma. A 
separate trial of 106 patients, intralesional ADU-S100 in combination with anti-PD-1 
(spartalizumab) yielded a 10% objective response rate with 10 patients achieving a partial 
response and 1 patient receiving a complete response11. One of the 11 patients with an 
objective response in this second trial also had Merkel cell carcinoma. 

Merkel cell carcinoma (MCC) is a rare neuroendocrine cancer, that usually occurs in elderly and 
immunosuppressed patients12. As a highly immune responsive cancer, MCC tumors with CD8 T 
cell infiltration have a 100% MCC-specific survival compared to ~60% in non-infiltrated tumors13. 
Accordingly, MCC has a particularly high response rate to PD-1 pathway blockade, with more 
than half of patients experiencing a favorable response14-17.  In the United States, 80% of MCC 
cases are driven by Merkel cell polyomavirus (MCPyV). These cases allow a unique opportunity 
to study cancer-specific immune responses by studying MCPyV-specific CD8 T cells. Of note, 
virus-driven MCC tumors typically have an extremely low tumor mutational burden and the small 
antigenic space of the oncoproteins has allowed for rigorous identification of HLA-restricted 
epitopes. Taken together, this means that we are able to identify cancer-specific T cell 
responses in a fairly comprehensive manner.  

Herein, we describe a case study of a patient treated as part of an ADU-S100 and anti-PD-1 
(spartalizumab) trial. This patient had an abscopal and durable partial response to ADU-S100 
and anti-PD-1 treatment despite anti-PD-L1 refractory disease. We perform detailed 
immunophenotyping and single cell analyses of tumor cells and cancer-specific CD8 T cells to 
characterize this patient’s response to STING agonism. 
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Results 
Clinical MCC History and Response to ADU-S100 and anti-PD-1 
A 63-year-old man presented with a 2 cm MCPyV-positive MCC tumor of the left knee which 
was initially treated with surgical resection (pathologic stage IIIB) and adjuvant radiotherapy (54 
Gy to the primary and 50 Gy to inguinal nodes) as schematized in Figure 1A. Metastatic disease 
was subsequently confirmed at the left elbow prompting initiation of anti-PD-L1 therapy with 
avelumab. There was a complete response to immune checkpoint therapy, and it was electively 
discontinued after 1 year. Nine months later, a multifocal recurrence was diagnosed on the left 
lower extremity which proved refractory to rechallenge with avelumab. 

The patient was subsequently enrolled on clinical trial (NCT03172936) and received 2 
intratumoral injections of the STING agonist MIW815 (ADU-S100) and PD-1 inhibition with 
spartalizumab, both administered every 4 weeks. Two months after initiating trial therapy, no 
injectable lesions were clinically apparent. Both injected and non-injected lesions regressed, 
leading to a RECIST partial response (43% reduction in tumor burden in index lesions; Figure 
1B). This response was durable for ~1 year after the two STING agonist injections withanti-PD-1 
therapy given every 4 weeks until subsequent disease relapse in the left lower extremity. 
Representative PET/CT and CT images are shown for lesions with clinical response or stable 
disease and subsequent progression. Blood and tumor tissue were obtained pre- and post-
STING agonist administration to analyze changes in the tumor microenvironment and peripheral 
blood. 

Intralesional STING treatment increases intratumoral T cell infiltration 
To investigate this patient’s response to intralesional STING agonism, we first performed single 
cell RNAseq with feature barcoding (CITEseq) on pre- and post-treatment tumor and blood 
specimens to study cell populations and gene expression changes in an unbiased approach. 
DNA barcoded MHC-I tetramers containing MCPyV, CMV, or EBV peptides were used to 
identify antigen-specific T cells (Supplementary Figure 6). These data were then used to create 
a 27-color flow cytometry panel to study major cell populations observed in the scRNAseq data 
and rare cell populations that could have been missed due to the low-throughput nature of 
CITEseq (Figure 2a).  

Unbiased clustering and dimensionality reduction primarily showed tumor and immune cells in 
the tumor microenvironment (70% and 28% of pre-treatment tumor, respectively) with remaining 
2% of cells bearing markers of stromal/endothelial cells (CD34). Following intralesional STING 
agonist injection, tumor cells decreased to 49% of the TME which was matched with a 2-fold 
increase in T cells (Figure 2b, 2c). Further sub-clustering of tumor, T cell and myeloid 
populations (Supplemental figure 6) was then performed to determine if specific cell populations 
changed over the course of therapy. While both tumor cell populations (proliferating and non-
proliferating) decreased over the course of immunotherapy, the most dramatic change was in 
the proliferating tumor cells which decreased from 17% of all cells in the TME before treatment 
to 5% following treatment (Figure 2d). Sub-clustering of T cells revealed that memory CD4 T 
cells, TREG cells, CLA+ CD8 T cells, progenitor exhausted CD8 T cells, and terminally exhausted 
CD8 T cells each comprised more than 2% of the cells in the tumor microenvironment prior to 
STING treatment. All T cell populations appeared to increase proportionally following treatment 
(Figure 2e). No significant changes were observed in myeloid cells. However, a high portion of 
myeloid cells were plasmacytoid dendritic cells (2.7% of pre-treatment cells, marked by CD123 
expression) which are specialized for sensing pathogen associated molecular patterns. An 
additional 2% of cells in the TME were classical dendritic cells (marked by high CD11c 
expression). Both dendritic cell populations expressed high levels of STING protein 
(supplemental figure 6).  
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Cancer-specific CD8 T cells expand in tumors following intralesional STING agonism 
Given the increase in T cells observed following STING agonism, we sought to characterize the 
dynamics of antigen-specific T clones in the tumor and blood. To do this, a dual approach was 
used (Figure 3a). T cell specificity was identified using DNA barcoded MHC-I tetramers with 
paired CITEseq and V(D)J seq (Figure 3b). Gating of multimer positivity was confirmed by 
visualizing PD-1 positivity in these cells, which is known to be elevated in MCPyV-specific CD8 
T cells18. This resulted in 12 TCR-sequences specific for an MCPyV epitope that can be 
presented in a B*37:01 allele. CD8 T cells specific for other MCPyV or other viral epitopes were 
detected at low levels and antigen-specific TCRs could not confidently be identified.  

T cell frequency was quantified using bulk beta TCRseq and MCPyV-specific T cells were 
annotated using the specificity calls made above (Figure 3c). 0.03% of all cells in the blood were 
MCPyV-specific CD8 T cells prior to STING agonism. This was ~10 fold higher in the tumor 
(0.39% before STING agonism) After treatment, 0.04 % of cells in the blood and 0.93% of tumor 
cells were MCPyV-specific CD8 T cells. Expansion of T cells was largely proportionate with 8 of 
5128 intratumoal clones significantly increasing in frequency following treatment and 20 of 5128 
clones decreasing as a portion of all T cell (p<0.01; beta binomial test; supplementary figure 7). 
The results were similar for cancer-specific CD8 T cells where 1 of 12 MCPyV-specific clones 
expanded following STING treatment and 2 of 12 contracted as a portion of all T cells.  

Cancer-specific CD8 T cells exhibit characteristics of exhaustion  
We next sought to phenotype cancer-specific T cells in the tumor and blood. Unbiased 
clustering of scRNAseq of CD8 T cells yielded clusters of memory, naïve, progenitor exhausted, 
terminal exhausted effector, effector (intratumoral) and two gamma delta populations (Figure 4a, 
4b). Expression of stem-like and memory genes was higher in CD8 T cells in blood while genes 
associated with exhaustion were higher in tumor tissues and highest in MCPyV-specific T cells 
(Figure 4c). MCPyV-specific CD8 T cells in tumors were largely confined to the terminally 
exhausted population defined by high expression of PDCD1 and CD39 (Figure 4b, 4d). The 
portion of MCPyV-specific CD8 T cells in the terminally exhausted population decreased slightly 
following STING agonism but low numbers of MCPyV-specific CD8 T cells in the pre-treatment 
timepoint limited analyses (Figure 4d). To circumvent the low capture efficiency of single cell 
RNAseq, flow cytometry was subsequently used as a higher throughput technique. These data 
show high expression of TOX, TCF7 and PD-1 proteins in MCPyV-specific CD8 T cells (99% 
PD-1+, 99% TOX+, 14% TCF1+, in pre-treatment samples, Figure 4e) from both blood and 
tumor tissue. This was unchanged following STING agonism, suggesting that treatment did not 
induce lasting phenotypic changes in cancer-specific CD8 T cells.  

MCC tumor cells are STING deficient 
To study the effect of STING agonism on either tumor, stroma or immune cells, we first 
confirmed STING expression in the TME by performing multiplexed immunohistochemistry on 
the studied patient’s post-treatment tumor specimen. Previous studies of STING in MCC have 
suggested that this pathway is deficient in virus positive Merkel cell carcinomas19. We confirmed 
that the STING protein is absent in this patient’s tumor cells via mIHC (Figure 5a). These data 
show absence of STING protein in tumor areas but prevalent STING expression in immune and 
stromal cells (Figure 5a). This was then confirmed broadly in further staining of 88 MCC tumors 
from 68 unique patients (Figure 5b). To confirm that MCC cells do not respond to ADU-S100 
treatment, 4 MCC cell lines were treated with decreasing doses of ADU-S100. This did not 
result in any production of interferon beta (a downstream target of STING activation) in MCC 
cell lines, but did produce interferon beta in control monocytic THP-1 cells (Figure 5c). 
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Moreover, none of the virally-driven MCC cell lines tested produced detectable amounts of 
STING protein (Figure 5c).  

Tumor cells upregulate MHC following STING agonism 
To investigate if antigen presentation was increased following STING agonism, we investigated 
the expression of genes associated with antigen processing and presentation (Figure 6a). 
Tumor and non-tumor cells were isolated in silico (supplemental Figure 1) and a gene set of 18 
genes associated with antigen presentation were used to measure this pathway in aggregate. 
Tumor cells upregulated expression of genes included in this gene set by 49% following STING 
agonism (p<10-16). A more modest 4% increase was observed in non-tumor cells in the TME 
(p=0.016). Further analyses of these genes showed that most of this increase was largely 
driven by upregulation of beta 2 microglobin (Supplemental figure 2) in tumor cells following 
STING treatment (p<10-16; Figure 6b). However, no change in beta 2 microglobulin expression 
was observed in other cells in the TME. This was validated at a protein level via FACS which 
showed 1.8% of tumor cells positive for MHC-I prior to STING treatment compared to 8.2% 
following STING treatment. Consistent with these findings, we observed increases in genes 
associated with interferon gamma or interferon alpha in most cell types in the TME following 
STING agonism (Supplemental figure 3a & 3b).  

Discussion  
STING agonists have shown great promise in pre-clinical models. However, clinical trials have 
shown limited responses with objective response rates between 2% and 10%10,11. To attempt to 
understand how STING agonism could yield anti-cancer immune response in humans, we 
studied a patient with virally-driven MCC who experienced a durable (1 year) response to 
combination intralesional STING agonism and anti-PD-1 therapy, despite a previous lack of 
response to anti-PD-L1 treatment. This patient had many (>10) tumors localized on the left leg. 
While only two of the lesions were injected, both injected and non-injected lesions responded to 
injections of the ADU-S100 STING agonist.  

Our initial hypothesis was that ADU-S100 acted directly on STING in tumor cells. However, as 
we learned that MCC tumors are STING deficient19, we set out to examine STING expression in 
the entire TME. Indeed, our results further supported the finding that the STING pathway is 
inactive in virally driven MCC. Given that the LxCxE motif that inactivates STING in adenovirus 
and human papillomavirus20  is also present in the MCPyV large T antigen21, it is plausible that 
MCPyV, the DNA virus that drives most MCC tumors, expresses viral proteins that inactivate 
STING to evade the immune system and support tumorigenesis. 

Murine studies of STING’s role in anti-cancer immunity have shown that STING activity is vital in 
dendritic cells, while being largely dispensable in tumor cells6,7. These dendritic cells release 
interferons following STING signaling, which in turn stimulates adaptive immunity and tumor 
regression. In the current study, we observed a high portion of dendritic cells in the treated 
patient’s tumor (5% of all cells in the TME prior to treatment). We also observed an increase in 
interferon-beta and interferon-gamma induced genes following STING agonism. Interferons are 
known to regulate antigen presentation, and we saw an increase in MHC-I on MCC tumor cells 
following STING agonism (from 1.8% of cells expressing detectable MHC-I prior to treatment to 
8.2% of cells after treatment). Since disruption of the antigen-presentation pathway is a well-
known immune evasion mechanism in PD-1 pathway blockade, this may be particularly 
relevant.  
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The patient experienced regression of both injected and non-injected lesions (abscopal 
response). It is possible this was due to a systemic adaptive anti-cancer immune response. 
However, 93% of MCPyV-specific CD8 T cell clonotypes in the tumor following STING agonism 
had at least one clone present in the pre-treatment tumor suggesting novel CD8 T cell priming is 
not a driving factor in this patient’s immune response. Furthermore, minimal changes were 
detected in MCPyV-specific phenotype or exhaustion status suggesting that a reversal of CD8 T 
cell exhaustion also does not explain the response seen in this patient. If this patient’s immune 
response was not due to reversal of T cell dysfunction or priming of novel T cells, it is possible 
that this patient’s abscopal response was due to spread of ADU-S100. Studies of mice have 
shown that ADU-S100 can spread to distal tumors9  at high doses. The patient studied here 
received the highest dose of ADU-S100 tested in the trial (3200 mcg/injection) and all tumors 
were localized to the left leg. It is therefore possible that spread of ADU-S100 from the injected 
lesion could also explain this patient’s abscopal response.  

It is of note that 2 of the 4 MCC patients (50%) treated on two large trials of ADU-100 
experienced objective responses compared to 10 of the 139 non-MCC patients (7%). This 
would be consistent with ADU-S100 upregulating antigen-presentation in tumor cells as this is a 
major immune evasion mechanism in MCC22-25. However, further study would be needed to 
validate this hypothesis.  

Although initial trials of STING agonists have been disappointing, here we show that these 
agents can lead to durable immune responses in a PD-(L)1 refractory setting. Our results 
suggest that STING agonists may be particularly effective in tumors evading immune detection 
via MHC-I downregulation, and potentially less effective at priming novel anti-cancer CD8 T cell 
responses. 
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Study design and participants 

Samples were collected with informed consent for research use and were approved by the Fred 
Hutch Cancer Center institutional review board, in accordance with the Declaration of Helsinki 
(2013) as part of observational registry studies focusing on Merkel cell carcinoma (Fred Hutch 
Cancer Center IRB#6585). This patient presented to our institution as part of standard of care 
initially. Upon progression on anti-PD-L1, he was evaluated and enrolled in clinical trial with 
ADU-S100 and spartalizumab antibody (NCT03179236; PMID: 36282874). ADU-S100 was 
administered at 3200 mcg/injection every four weeks. One lesion was injected the first cycle and 
a separate lesions were injected the second week. Tumor biopsy was taken at 6 weeks after the 
first lesion injected. Blood was collected before and 1 year after treatment. Every four weeks, 
patient received spartalizumab administered at a dose of 400 mg until progression.  

Blood collection and processing 

Heparinized whole blood from MCC patients was processed at the Specimen Processing Lab 
(Fred Hutchinson Cancer Center). Peripheral blood mononuclear cells (PBMC) were isolated by 
routine Ficoll density gradient centrifugation and cryopreserved in liquid nitrogen. 

Tumor digestion processing 

Fresh MCC tumor specimens from needle cores, punch biopsies, or surgical excisions were 
enzymatically digested as described26. All single-cell suspensions were cryopreserved in 
Freezing Medium [50% human serum (Valley Biomedical), 40% RPMI (Corning), and 10% 
DMSO (Sigma-Aldrich)] in liquid nitrogen. 

Flow cytometry 

Frozen pre- and post-treatment PBMC and tumor digest samples were analyzed using flow 
cytometry. Tubes were thawed at 37°C and mixed with complete media (consisting of RPMI, 
10% fetal bovine serum, 1x penicillin/streptomycin, and 1x l-glutamine). DNAse I was added at a 
concentration of 10 units/ml and the tubes were left to rest for an hour. The cells were counted 
using a hemacytometer and divided into tubes containing 1-3 million cells each. After two 
washes with PBS, dasatinib (100 nM) and live dead staining buffer (Live dead Blue; 
ThermoFisher) were added and the cells were incubated at 37°C for 10 minutes. The MHC-I 
multimers were then added, followed by the addition of antibodies against cell surface receptors 
(BV605 conjugated anti-E selectin (clone 68-5H11; BD), BUV395 conjugated anti-CD56 (clone 
NCAM16.2; BD), BUV615 conjugated anti-PD1 (clone EH12.1; BD), BV650 conjugated anti-
PDL1 (clone 29E.2A3; Biolegend), PE-Cy7 conjugated anti-CLA (clone HECA-452; Biolegend), 
BV785 conjugated anti-CD163 (clone GHI/61; Biolegend), BUV805 conjugated anti-CD4 (clone 
SK3; BD), BV570 conjugated anti-CD8 (clone RPA-T8; Biolegend), BV711 conjugated anti-HLA-
DR (clone L243; Biolegend), APC-Fire750 conjugated anti-CD123 (clone S18016F; Biolegend), 
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BUV563 conjugated anti-CD14 (clone MφP9; BD), BB700 conjugated anti-CD19 (clone 
SJ25C1; BD), BUV496 conjugated anti-HLA-ABC (clone W6/32; BD), V450 conjugated anti-
CD66b (clone G10F5; BD), BUV737 conjugated anti-CD86 (clone 2331 (FUN-1); BD), BV510 
conjugated anti-CD33 (clone WM53; Biolegend), BV480 conjugated anti-CD45 (clone HI30; 
BD), BV750 conjugated anti-CD34 (clone 563; BD), APC conjugated anti-CD11c (clone Bu15; 
Biolegend))were then added and incubated for 30 minutes at room temperature. The cells were 
washed twice with autoMACS running buffer (Miltenyi) and permeabilized using the 
Foxp3/Transcription factor staining buffer set (eBioscience), followed by two more washes with 
the permeabilization buffer. The intracellular antibodies (PE conjugated anti-TOX (clone 
Invitrogen; Invitrogen), AF488 conjugated anti-TCF7 (clone S33-966; BD), PE-CF594 
conjugated anti-STING (clone T3-680; BD), AF532 conjugated anti-CD3 (clone UCHT1; 
Invitrogen), PE-Cy5 conjugated anti-FoxP3 (clone PCH101; Invitrogen), AF700 conjugated anti-
Ki67 (clone Ki-67; Biolegend)) were then added and incubated for 1 hour at room temperature, 
followed by two washes with permeabilization buffer and fixation in 1% paraformaldehyde. 
Antibody capture beads or amine reactive beads (ThermoFisher) were used to balance each 
fluorophore in the experiment. The stained cells were then analyzed using the Cytek Aurora 
spectral analyzer at the University of Washington's Department of Immunology Cell Analysis 
Facility. Spectral unmixing was performed using SpectroFlo software and the initial gating, 
selecting for single cells, lymphocytes, and live cells, was performed in FlowJo v.10 (FlowJo 
LLC; supplementary figure 5). Further analysis was carried out in R. 

Single cell RNAseq sample preparation 

Frozen pre- and post-treatment PBMC and tumor digest samples were analyzed by cellular 
indexing of transcripts and epitopes by sequencing (CITEseq). Frozen tubes were thawed at 37 
C, followed by dropwise addition of 1 ml complete media (RPMI, 10% Fetal bovine serum, 1x 
penicillin/streptomycin, 1x l-glutamine). Complete RPMI media was continuously added 
dropwise with gentle mixing in between up to a total volume of 32 ml. Cells were then washed 
twice with PBS, counted using a hemacytometer and transferred to FACS tubes (Fisher 
Scientific). Live dead stain was then added (FVS780; BD Biosciences), followed by a blocking 
buffer to bring samples to 0.5% BSA, 5% TruStain FcX buffer (Biolegend), 100 nM dasatinib, 
and 50 μg salmon sperm. Samples were then incubated on ice for 10 minutes. DNA oligo 
labeled MHC multimers were then added to patients with matched HLA types. Hashtag 
antibodies were added to identify sample origin in subsequent pooling steps. Fluorophore 
labeled antibodies were then added followed by DNA oligo labeled antibodies. Cells were then 
incubated on ice for 30 minutes and washed three times. Cells were sorted on an Aria II Cell 
sorter (BD Biosciences). Dead cells and debris were excluded and all live cell were sorted into 
cold complete media, pooled and immediately prepared for CITEseq (see below).  

scRNA-seq and scV(D)J-seq library preparation and sequencing 

Single cell suspensions were collected from either tumor or blood samples as above and 
counted using a hemacytometer. Single cell suspensions were then loaded into the appropriate 
microfluidic chip (chip G; 10x Genomics) in a chromium controller (10x Genomics). Resulting 
cell suspensions then went through a library preparation process for single-cell RNA sequencing 
(scRNA-seq) along with paired scV(D)J-seq for T-cell receptor (TCR) using the 5′ transcriptome 
kit with feature barcoding (V1.1; 10x Genomics) following the manufacturer's guidelines. The 
complementary DNA libraries were then sequenced using a NovaSeq instrument (Illumina) with 
2 × 92 base pair paired-end reads aiming for an average of 20,000 reads per cell. 
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Beta TCR receptor profiling 

Frozen peripheral blood mononuclear cells or formalin-fixed paraffin-embedded (FFPE) tumor 
biopsy material (20 μm thick molecular curls) were used for DNA extraction using QIAamp DNA 
Blood Mini Kit or QIAamp DNA FFPE tissue kit respectively (Qiagen). Resulting samples were 
submitted to Adaptive Biotechnologies for TCRβ sequencing and normalization as previously 
described (PMID: 19706884) 

Immunohistochemistry 

Formalin-fixed paraffin-embedded tissues were stained on a Leica BOND Rx autostainer using 
the Akoya Opal Multiplex IHC assay (Akoya Biosciences, Menlo Park, CA) with the following 
changes: Additional high stringency washes were performed after the secondary antibody and 
Opal fluor applications using high-salt TBST (0.05M Tris, 0.3M NaCl, and 0.1% Tween-20, pH 
7.2-7.6). TCT was used as the blocking buffer (0.05M Tris, 0.15M NaCl, 0.25% Casein, 0.1% 
Tween 20, pH 7.6 +/- 0.1).  All primary antibodies were incubated for 1 hour at room 
temperature.  Antibodies against the following targets were used for staining: CD56 (clone 
cl123C3.D5; BioSB), CD8 (clone 144Bl; DAKO) STING (clone SP338; Abcam) CD45 LCA clone 
2B11+PD7/26; DAKO) FoxP3 (clone 236A/E7; eBioscience), CD163 (clone ERP324; BioSB) 
CD68 (clone PG-M1; DAKO).  

Slides were mounted with ProLong Gold and cured for 24 hours at room temperature in the dark 
before image acquisition at 20x magnification on the Akoya PhenoImager HT Automated 
Imaging System. Images were spectrally unmixed using Akoya inForm software.  

 MHC multimer preparation 

MHC tetramers used for scRNAseq were created using MHC-I easYmers (Immunaware. 
BV421-labeled streptavidin (Biolegend) was used to prepare tetramers for flow cytometry 
experiments. PE or APC and DNA oligo streptavidins (Biolegend) were used for scRNAseq 
experiments. Tetramers were titered using samples of known positivity.  Tetramers for six 
epitopes were created matching this patients HLA typing: Influenza A (HLA A*02:01 containing 
GILGFVFTL peptide),Epstein-Barr virus  (HLA A*02:01 containing GLCTLVAML peptide), 
cytomegalovirus  (HLA A*02:01 containing NLVPMVATV peptide), and three MCPyV epitopes 
(HLA A*02:01 containing KLLEIANPC peptide; HLA A*11:01 containing RSGGFSFGK peptide 
and HLA A*37:01 containing KEWWRSGGF peptide).  

Flow cytometry data analysis 

Fcs files of live cells were loaded into a gating set object in R using flowWorkspace (v.4.6.0). 
Data from fluorescent markers was transform using the biexponential function. Fluorescent-
minus-one (FMO) samples were used to draw minimum gates at the 99th percentile Gates were 
adjusted upward as appropriate based on visual inspection. UMAP dimensionality reduction was 
performed using uwot (v.0.1.14). clustering was performed using phenograph (v.0.99.1). 
Visualization was performed using ggplot2 (v.3.4.0) or FlowJo (v.10.8.1). 

Single cell RNAseq data analysis 

The raw sequencing reads were aligned to the hg38 genome using Cell Ranger v.3.1. The 
filtered count matrices of transcripts and feature barcoding counts were then loaded into an R 
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(v.4.1.2) SingleCellExperiment object for further analysis. The sample hash deconvolution was 
carried out using DropletUtils (v.1.14.2) and doublet detection and removal was done through 
scds (v.1.10.0) in conjunction with the doublets detected during hash deconvolution. 

Low-quality cells with fewer than 800 transcript reads, fewer than 250 genes detected, or more 
than 10% of mitochondrial DNA were excluded from the analysis. A comparison of genes 
expressed in the removed low-quality cells and kept cells was done to ensure that no cell 
populations were removed disproportionately. The result showed that only mitochondrial genes, 
MALAT1 (a transcript associated with dying cells), and hemoglobin genes were 
disproportionately represented in the removed cells. The cells were size-normalized and log-
transformed using scuttle (v.1.4.0). 

The cells from different runs were then integrated using the mutual nearest neighbor method 
through the batchelor package (v1.10.0). UMAP dimensionality reduction was performed with 
the integrated values. Clustering was done using the integrated transcript values and feature 
barcoding reads through the walktrap algorithm on a nearest neighbor graph (scran v.1.22.1). 
The number of clusters was varied by adjusting the number of nearest neighbors (k) during 
graph construction, followed by analysis using clustree (v.0.5.0). 

Clusters were then labeled as the major cell lineages of CD4 T cells, CD8 T cells, B cells, 
myeloid cells, erythrocytes, NK cells, and tumor cells through the expression of key genes, 
including MS4A1, CD19, CD4, CD8A, CD3E, CD3D, GZMB, NCAM1, HLA-DRA, PTPRC, 
NKG7, and the MCPyV oncoproteins. The cluster labels were validated by investigating the 
portion of the cluster with productive TCR rearrangements. The cell lineages were isolated in 
silico and split into major lineages, and dimensionality reduction and clustering were re-
performed as described above. 

The cells were scored for the expression of MHC and Interferon gene sets using the UCell 
(v.1.99.1) package. Plotting was performed using scater (v.1.22.0), Seurat (v.4.3.0), or ggplot2 
(3.4.0). 

Gene sets 

Genes associated with antigen-presentation were taken from the antigen-presentation and 
processing dataset from Biocarta (PMID: 27374120). HLA genes B, C, E and F not originally 
included in the set were added for completeness. Genes associated with Interferon alpha or 
gamma signatures were taken from the respective hallmark gene sets (PMID: 26771021) 

ADU-S100 stimulation 

To assess MCC cell lines response to STING agonism, the virus positive cell lines WaGa, 
MKL1, MKL2, and MS-1 as well as monocytic cell line THP1 were treated with ADU-S100. 
100,000 cells were plated in 0.25 ml of media. ADU-S100 (Medchemexpress) was added to 
bring final concentrations to 100, 20, 4, 0.8, 0.16, 0.032, 0.0064 or 0.00128 micromolar. 
Concentration of interferon beta was measured in media 48 hours later via ELISA (R&D 
Systems). All samples run in triplicate.  

Western blot 
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WaGa, MKL1, MKL2, MS-1 and THP-1 cells were seeded in T75 flasks and maintained at 37oC 
in a humidified incubator supplied with 5% CO2. Cells were pelleted and lysed in ice-cold buffer 
containing 150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 
mM Tris (pH 8.0) and protease/phosphatase inhibitor cocktail (1:100; Cell Signaling Technology, 
USA). Soluble fractions from prepared cell lysates were collected after centrifugation at 13,000 
rpm for 10 minutes at 4oC. 

 Next, normalized cell lysates (quantified using Bradford assay) were separated by 10% SDS-
PAGE electrophoresis, transferred onto PVDF membranes, and immunoblotted with STING 
(1:1000; Cell Signaling Technology, USA) / β-actin (1:10,000; Sigma Aldrich, USA) primary 
antibody and anti-rabbit (1:2500; Cell Signaling Technology, USA) / anti-mouse (1:2500; Cell 
Signaling Technology, USA) horseradish peroxidase-conjugated secondary antibody 
respectively. Blotted proteins were visualized on X-ray films incubated with a high sensitivity 
ECL reagent (Sigma Aldrich, USA) inside a dark room. 

Statistics 

The statistical tests applied were two-sided unless specified otherwise. T tests were used to 
compare differences between two groups unless otherwise noted. When comparing more than 
two groups, the nonparametric Kruskal–Wallis test was used. Multiple hypothesis testing was 
done with the Bonferroni method unless noted differently. Fisher's exact test was used to 
evaluate differences between two categorical variables. All statistical analysis was carried out 
using R v.4.1+. 
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Figure 1. Clinical MCC course and characterization of partial response to injectable STING agonist + anti-PD-1 
therapy.
A.Schematic of clinical history for a 63-year-old man diagnosed with stage IIIB MCC of the left lower extremity (LLE)

and inguinal lymph nodes initially treated with wide local excision and lymph node dissection followed by adjuvant
radiation (aRT). Metastatic progressive disease (PD) at the left elbow following primary treatment was treated with
anti-PD-L1 (aPD-L1, avelumab) for 1 year and complete response was observed. Recurrent LLE disease was
treated with RT and aPD-L1 therapy but progressed. He was enrolled on a trial clinical trial (NCT03172936) and
received 2 intratumoral injections of the STING agonist MIW815 (ADU-S100) and PD-1 inhibition with spartalizumab,
both administered every 4 weeks. No injectable lesions were clinically evident after 2 months of therapy, and partial
response was maintained for 1 year with ongoing PD-1 therapy prior to PD in the LLE.

B.Size of RECIST index lesions throughout the time course depicts a partial response to therapy with a decrease in
disease burden of 43%.

C.Representative CT and PET/CT images of LLE lesions are shown prior to, during, and at the time of disease
progression.
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Figure 2. Intratumoral T cells increase following intralesional STING agonism
a.Experimental overview. CITEseq was performed on pre- and post-treatment tumor and blood specimens for unbiased

analyses. Key markers and cell populations were identified and used to design a 27 color flow cytometry panel to validate
samples in high throughput fashion to capture rare cell populations.

b.UMAP plot of 27 color flow cytometry data from pre- and post-STING agonist treatment. Each point represents one cell
colored by cell lineage. Samples were subsetted to 10,000 cells per time point for visualization purposes

c.Alluvium plot of tumor composition before and after STING agonism showing expansion of T cells and contraction of
tumor cells following treatment with STING agonist.

d.Alluvium plot of tumor of tumor cells sub clustered into proliferating MCC and non-proliferating cells showing contraction
of both populations.

e.Alluvium plot of T cells showing an expansion of T cells following STING agonism. All T cells expanded similarly
regardless of phenotype.

f. Alluvium plot of myeloid cells before and after STING agonist treatment. A predominance of plasmacytoid dendritic cells
was noted but minimal changes occurred over the course of therapy.

g.Abbreviations: FACS: fluorescent activated cells sorting; UMAP: uniform manifold approximation projection; Myelo:
Myeloid cells; NK: Natural killer cells; MCC: Merkel cell carcinoma; prolif: proliferating;  CLA: cutaneous leukocyte antigen;
DNT: double negative T cells; Mem: memory; pExh: progenitor exhausted; tExh: Terminally exhausted; cDC: classical
dendritic cells; Neut: Neutrophil; pDC: plasmacytoid dendritic cells; TAM: tumor associated macrophage
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Figure 3. Intralesional STING treatment increases intratumoral T cell infiltration
a.Schematic of approach to quantifying frequency of MCPyV-specific CD8 T cells in tumor and blood specimens. Tumor

or blood specimen were stained with DNA oligo and fluorophore labeled MHC tetramers and CITEseq with V(D)J seq
was performed to identify specificity of TCRs. In parallel, beta-TCRseq was performed on tumor and blood specimen
to quantify frequency of TCR clonotypes.

b.Gating of MCPyV-specific CD8 T cells via CITEseq. All cells with a single productive alpha and single productive beta
TCR are shown. Cells with identical TCR sequences were grouped as clonotypes. X axis represents the median
counts of CD8 antibody for each clonotype and y axis represents the median counts of an HLA-B*37:01 multimer
containing a T antigen peptide.

c.Frequency of T cell clonotypes in tumor and blood before and after intralesional STING agonism. Alluvium plot where
each alluvium represents and individual T cell clonotype. Clonotypes known to be MCPyV-specific are green. MCPyV-
specific CD8 T cells were present in tumor and blood of patient

69



−20

0

20

−20 −10 0 10 20 30
TSNE 1

TS
N

E 
2

colour_by
Effector
Effector_intratumoral
GD
GD_cytotoxic
Memory
Naive
Progenitor exhausted
Terminal_exhausted

−20

0

20

−20 −10 0 10 20 30
TSNE 1

TS
N

E 
2

colour_by
Effector
Effector_intratumoral
GD
GD_cytotoxic
Memory
Naive
Progenitor exhausted
Terminal_exhausted

GRCh38_IL7R
GRCh38_GZMM
GRCh38_LAG3
GRCh38_TIGIT
GRCh38_PDCD1
GRCh38_MKI67
GRCh38_LAYN
GRCh38_CXCL13
GRCh38_HAVCR2
GRCh38_TOX
GRCh38_TCF7
GRCh38_SELL
GRCh38_CCR7

tissue
specificity
id id

Effector
Naive
GD
Effector_intratumoral
GD_cytotoxic
Terminal_exhausted
Progenitor exhausted
Memory

specificity
unknown
MCPyV

tissue
PBMC
TD

0

1

2

3

4

cluster

14.2

0.2030.1

55.5

0-10 4 10 4 10 5

0

-10 4

10 4

10 5

10 6
8.24

0.1442.5

49.1

0-10 4 10 4 10 5

0

-10 4

10 4

10 5

10 6

59.7 14.4

025.9

0-10 4 10 4 10 5

0

-10 4

10 4

10 5

10 6
59.5 8.29

0.09132.1

0-10 4 10 4 10 5

0

-10 4

10 4

10 5

10 6

23.0 2.00

12.462.5

0-10 4 10 4 10 5

0

-10 4

10 4

10 5

10 6
32.6 1.12

7.2659.0

0-10 4 10 4 10 5

0

-10 4

10 4

10 5

10 6

Pre-Tx Post-Tx

P
D

-1
::B

U
V

61
5

TO
X

::P
E

TC
F1

::A
F4

88

Tetramer::BV421

55.5% 49.1%14.2%

0.2%30.1% 42.5% 0.1%

8.2%

8.3%59.5%

32.1% 0.1%

14.4%59.7%

25.9% 0%

1.1%32.6%

59.0% 7.3%

2.0%23.0%

62.5% 12.4%

originalexp_GRCh38−SELL

originalexp_GRCh38−TCF7

originalexp_GRCh38−GZMB

originalexp_GRCh38−PRF1

originalexp_GRCh38−PDCD1

CD39−TotalseqC

originalexp_GRCh38−TRGV9

Naiv
e

Mem
ory

Effe
cto

r

Effe
cto

r_i
ntr

atu
mora

l

Prog
en

ito
r e

xh
au

ste
d

Te
rm

ina
l_e

xh
au

ste
d GD

GD_c
yto

tox
ic

2

2

4

3

2

6

3

Ex
pr

es
si

on
 L

ev
el

SELL

TCF7

GZMB

PRF1

PDCD1

CD39 (ab)

TRGV9

cluster

N
aï

ve

M
em

or
y

Ef
f.

Ef
f. 

(tu
m

or
)

Pr
og

. E
xh

.

Te
rm

. E
xh

.

G
D

G
D

 c
yt

ot
ox

ic

Ex
pr

es
si

on
  (

lo
g 

co
un

ts
)

IL7R
GZMM

LAG3
TIGIT

PDCD1
MKI67

LAYN
CXCL13

HAVCR2
TOX

TCF7

SELL
CCR7

a d

b e

c

Var2
Effector

Effector_intratumoral

GD

GD_cytotoxic

Memory

Naive

Progenitor exhausted

Terminal_exhausted

Pre−treatment 
 MCPyV−specific

Post−treatment 
 MCPyV−specific

Pre−treatment 
 unknown specificity

Post−treatment 
 unknown specificity

Pre-tx MCPyV-
specific n = 3

Post-tx MCPyV-
specific n = 39

Post-tx unknown-
specific n = 240

Pre-tx unknown-
specific n = 95

Var2
Effector

Effector_intratumoral

GD

GD_cytotoxic

Memory

Naive

Progenitor exhausted

Terminal_exhausted

Pre−treatment 
 MCPyV−specific

Post−treatment 
 MCPyV−specific

Pre−treatment 
 unknown specificity

Post−treatment 
 unknown specificity

Figure 4. Cancer-specific CD8 T cells exhibit characteristics of exhaustion 
a.TSNE plot of CD8 T cells isolated in silico from single cell RNAseq of patient tumor and blood specimen. Cells are 

colored by cluster. 
b.Violin plots of expression of key genes in each cluster. 
c.Heatmap of single cell RNAseq data of CD8 T cells from tumor or blood specimen. 
d.Portion of MCPyV-specific CD8 T cells in tumors in each of 8 clusters. MCPyV-specific CD8 T cells in top pie charts 

and CD8 T cells of unknown specificity in bottom charts. Pre treatment specimen on left hand side and post-
treatment on right. 

e.FACS plots of CD8 T cells from tumors showing expression of proteins associated with exhaustion or stem like 
phenotypes in MCPyV-specific T cells

Abbreviations: GD: Gamma delta T cells, PBMC: peripheral blood mononuclear cells, TD: tumor digest, MCPyV: 
Merkel cell polyomavirus
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Figure 5. Merkel cell carcinoma are deficient in STING signaling
A.Multiplexed immunohistochemistry of post-ADU-S100 treated tumor. Areas of CD56 positivity (representing

tumor) are non-overlapping with STING which is primarily expressed in stromal and immune tissues.
B.Quantification of STING expression. Each point represents 1 of 88 unique tumor specimens on a tissue

microarray. STING is universially absent in MCC tumor cells. Tumor cells defined as CD56+, CD45-, CD8 T cells
defined as CD8+, Treg cells defined as CD4+, FoxP3+, Macrophages defined as CD68+ or CD163+, Other
immune cells defined as CD45+ cells which did not fall into prior categories, stromal cells defined as CD45-,
CD56- cells.

C.MCC cell lines do not produce interferon-beta in response to ADU-S100 treatment. WaGa, MKL-2, MKL-1, MS1
MCC cells and THP1 cells (control monocytic cells) were all treated with decreasing doses of ADU-S100. None
of the MCC cell lines produced detectable interferon-beta at any tested ADU-S100 concentration. These cells
were all also deficient in STING protein (western blot, below).
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Figure 6. Tumor cells upregulate MHC following STING agonism. 
A.scRNAseq data showing upregulation of antigen presentation genes following STING agonism on tumor cells.

Tumor or non-tumor cells identified in silico. antigen presentation score calculated using 16 genes involved in
the MHC-I antigen presentation pathway

B.B2M upregulation in tumor cells but not-non tumor cells following STING agonism.
C.Quantification of MHC-I and PD-L1 expression on tumor cells as shown in panel C. each data point represents

1 of 2 technical replicates.
T tests with bonferoni multiple comparison testing used for statistical significance. p value key: ns = p>0.05, * = 
p<0.05, ** = p<0.05, * = p<0.01, *** = p<0.001, **** = p<0.0001, 
Abbreviations: MHC-I: major histocompatibility complex-I; FMO: Fluorescence minus one
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Figure 1. Clustering justification of single cell RNAseq. All clusters compared to all CITEseq antibodies to establish 
cell lineage identities. 
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Figure 3. Interferon gene signatures are upregulated in cell in the tumor microenvironment following 
STING agonist treatment. Graphs broken down to show expression for individual cell lineages. Interferon 
alpha response signature shown in a (top), and interferon gamma signature shown in b (bottom) 
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ABSTRACT
Background Merkel cell carcinoma (MCC) often responds 
to PD- 1 pathway blockade, regardless of tumor- viral status 
(~80% of cases driven by the Merkel cell polyomavirus 
(MCPyV)). Prior studies have characterized tumor- speci"c 
T cell responses to MCPyV, which have typically been CD8, 
but little is known about the T cell response to UV- induced 
neoantigens.
Methods A patient in her mid- 50s with virus- negative 
(VN) MCC developed large liver metastases after a 
brief initial response to chemotherapy. She received 
anti- PD- L1 (avelumab) and had a partial response 
within 4 weeks. Whole exome sequencing (WES) was 
performed to determine potential neoantigen peptides. 
Characterization of peripheral blood neoantigen T cell 
responses was evaluated via interferon- gamma (IFNγ) 
ELISpot, #ow cytometry and single- cell RNA sequencing. 
Tumor- resident T cells were characterized by multiplexed 
immunohistochemistry.
Results WES identi"ed 1027 tumor- speci"c somatic 
mutations, similar to the published average of 1121 for 
VN- MCCs. Peptide prediction with a binding cut- off of 
≤100 nM resulted in 77 peptides that were synthesized for 
T cell assays. Although peptides were predicted based on 
class I HLAs, we identi"ed circulating CD4 T cells targeting 
5 of 77 neoantigens. In contrast, no neoantigen- speci"c 
CD8 T cell responses were detected. Neoantigen- speci"c 
CD4 T cells were undetectable in blood before anti- PD- L1 
therapy but became readily detectible shortly after starting 
therapy. T cells produced robust IFNγ when stimulated by 
neoantigen (mutant) peptides but not by the normal (wild- 
type) peptides. Single cell RNAseq showed neoantigen- 
reactive T cells expressed the Th1- associated transcription 
factor (T- bet) and associated cytokines. These CD4 T 
cells did not signi"cantly exhibit cytotoxicity or non- Th1 
markers. Within the pretreatment tumor, resident CD4 T 
cells were also Th1- skewed and expressed T- bet.
Conclusions We identi"ed and characterized tumor- 
speci"c Th1- skewed CD4 T cells targeting multiple 
neoantigens in a patient who experienced a profound and 

durable partial response to anti- PD- L1 therapy. To our 
knowledge, this is the "rst report of neoantigen- speci"c 
T cell responses in MCC. Although CD4 and CD8 T cells 
recognizing viral tumor antigens are often detectible 
in virus- positive MCC, only CD4 T cells recognizing 
neoantigens were detected in this patient. These "ndings 
suggest that CD4 T cells can play an important role in the 
response to anti- PD- (L)1 therapy.

INTRODUCTION
Merkel cell carcinoma (MCC) is a rare and 
aggressive neuroendocrine skin cancer with 
an increasing incidence estimated to exceed 
3200 cases per year in the USA by 2025.1 
Before the availability of immune checkpoint 
inhibitors, diagnosis with metastatic MCC had 
a grim outlook with a 20% relative survival 
rate at 3 years.2 In contrast, the 3- year overall 
survival rate for first- line anti- PD- 1 (pembroli-
zumab) in the Keynote- 017 trial was 59%.3 
Accordingly, MCC tumors are thought to be 
immune sensitive as indicated by a >10 fold 
increase in incidence among immune 
suppressed patients4 5 as well as a markedly 
lower risk of recurrence when tumors have 
brisk intratumoral CD8 infiltration.6

Roughly 80% of MCCs are driven by the 
Merkel cell polyomavirus (MCPyV), in which 
the viral DNA is clonally integrated into the 
host genome, and T- antigen oncoproteins are 
persistently expressed by tumor cells.7 The 
remaining ~20% of cases are thought to be 
truly virus- negative MCC (VN- MCC) and are 
characterized by high UV- mutational burdens 
resulting in numerous potential neoantigens. 
Indeed, there are a median of 1121 protein- 
coding somatic single nucleotide variants 
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(SSNVs) per exome compared with a median of 13 
SSNVs per exome in MCC tumors harboring MCPyV.8–10 
The MCPyV proteins that drive tumor cell growth have 
been shown to be immunogenic as evidenced by robust 
T and B cell responses specifically observed in MCC 
patients.11 12 However, there is a paucity of data describing 
the immune response to individual tumor neoantigens in 
VN- MCCs. The different etiologies for virus- positive (VP) 
and VN- MCCs, as well as the immune sensitive nature of 
MCC, makes this an ideal cancer to study the important 
role of anti- tumor T cells, which can be applied to other 
solid tumors more broadly.

Programmed death- ligand 1 (PD- L1), a major ligand for 
programmed cell death- 1 (PD- 1), is frequently expressed 
in MCC patient tumor specimens on immune cells and 
in some cases on tumor cells.13 14 MCC has a strikingly 
high response rate to agents targeting the PD- 1 pathway 
(56–62%), making it one of the most PD- (L)1 responsive 
solid tumors studied to date.3 15 16 The high response rate 
to PD- 1 pathway blockade is consistent across multiple 
studies for both VP- MCC and VN- MCC. The immune 
response has been extensively studied for VP- MCC. It 
is clear that MCPyV oncoproteins are frequently recog-
nized by CD812 17 18 and CD4 T cells,17 19 the number and 
avidity of which correspond to clinical outcomes.20 In 
contrast, little is known about the nature of the immune 
response in VN- MCC patients. Based on analogy to other 
cancers,21–24 the abundant UV- induced neoantigens in 
VN- MCC are presumed to be relevant immune targets, 
but the contributions of CD8 vs CD4 T cells and nature of 
the response have not been characterized to the best of 
our knowledge.

Herein, we describe a patient with an impressive and 
rapid partial response (RECIST V.1.1)25 to anti- PD- L1 
(avelumab) that was deep and durable (87% reduction 
in tumor burden after the first 2 years of therapy and 
remained disease free 5 years after discontinuing treat-
ment) despite a large burden of chemotherapy- refractory 
disease. Our results reveal robust CD4 T cell responses to 
patient- specific tumor neoantigens even though neoepi-
tope peptides were selected using class I HLA binding 
prediction algorithms to identify CD8 T cell responses. 
Indeed, CD4 T cells were identified that selectively 
recognized five different neoantigens from this patient. 
These neoantigen- specific T cells actively secreted inter-
feron gamma (IFNγ) and upregulated cellular activation 
markers when stimulated with neoantigens compared 
with wild- type normal self- antigens. Furthermore, detailed 
transcriptional analysis showed a T- helper (Th) 1 skewed 
T cell phenotype.

METHODS
Patient consent and specimens
Informed consent was received. HLA typing was 
performed via PCR at Bloodworks Northwest (Seattle, 
Washington, USA). Peripheral blood mononuclear 
cells were collected in heparinized tubes, ficolled and 

cryopreserved at the Fred Hutchinson Cancer Center 
(FHCC) Specimen Processing/Research Cell Bank 
(Seattle, Washington, USA). Formalin- fixed paraffin- 
embedded (FFPE) archival biopsy material was used for 
immunohistochemistry and DNA isolation. Tumor whole 
exome sequencing (WES) was performed on DNA from 
the tumor biopsy peripheral blood mononuclear cells 
(PBMCs), and somatic mutation and neoantigen calls were 
performed as previously described.8 Neoantigen- specific 
peptides for immunoassays were selected based on HLA 
class I predicted binding affinity using NetMHCv3.426 
(https://services.healthtech.dtu.dk/?NetMHC-3.4), with 
a cut- off of ≤100 nM (n=77 peptides). Neoepitopes were 
excluded from analysis if they were within genes that are 
not expressed in MCC.6

IFNγ enzyme-linked immunospot (ELISpot) assay
Cryopreserved PBMC were thawed and rested overnight 
in R10 (RPMI, 10% fetal bovine serum, 100 nmol/L 
L- glutamine, and 100 U/mL penicillin- streptomycin) at
37°C. Concurrently, 96- well MultiScreen- IP filter plates
(Millipore) were coated with anti- IFNγ capture antibody
(1- D1K, Mabtech) at a concentration of 10 µg/mL in and
incubated overnight at 4°C. The next day, 1×105 PBMC/
well were plated in R10 with either neoantigen peptide
pools (containing 8–9 peptides each at 5 µg/mL), DMSO
(negative control) or Staphylococcal enterotoxin B
(SEB) as a positive control, in triplicate and incubated
at 37°C overnight (online supplemental figure 1B). After
16 hours of culture, plates were developed.27 Briefly, anti-
body coated 96- well plates were washed before incubation
with detection antibody (7- B6- 1; Mabtech), followed by
Avidin- peroxidase (Vectastain ABC kit; Vector Labs), and
AEC substrate (AEC kit; Vector Labs). Developed plates
were scanned with a C.T.L. ELISpot reader and counted
(ImmunoSpot 5.0 Software, C.T.L.). Wells with 2× above
DMSO or with at least 10 spot forming units (SFU) were
considered positive. Peptide pool hits were mapped to
individual peptides in follow- up ELISpot assays. ELISpot
experiments were performed as previously described
with the addition of an anti- HLA class I antibody (clone
W6/32, 10 µg/mL; Thermo Fisher) or anti- HLA- DR anti-
body (clone G46- 6, 10 µg/mL; BD Biosciences) 30 min
before peptides were added.

Generation and testing of T cell lines
On day 1, cryopreserved PBMC were thawed and allowed 
to rest overnight at 37°C in T cell media (TCM) (RPMI, 
10% human serum, 10 mM HEPES, 50 µM β-mercaptoeth-
anol, 100 nmol/L L- glutamine, 100 U/mL penicillin- 
streptomycin and 2 ng/mL IL- 7). On day 2, the media was 
refreshed and volume adjusted so that PBMCs were at a 
concentration of 2×106 cells/mL. Each well of a 24- well 
plate had one neoantigen peptide or control peptide 
added at a concentration of 1 µg/mL. On day 3, 10 U/mL 
of recombinant human IL- 2 was added. TCM and cyto-
kines were refreshed every 2–3 days thereafter. On day 13, 
cells were washed and allowed to rest overnight without 
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cytokines. For functional readouts, 2.5×104 cultured cells 
were combined with 5×105 patient- derived LCLs (EBV- 
transformed lymphoblastoid cell line) in each well of a 
96- well round bottomed plate. The antigen source was
serial dilutions of the neoantigen peptide used to generate 
the cell lines or wild- type counterparts. Plates were incu-
bated overnight at 37°C. Supernatants from cocultured
cells were collected and assessed for IFNγ secretion via
Ready- SET- Go human IFNγ ELISA per manufacturer’s
protocol (eBioscience).

Single cell sorting of antigen-speci!c T cells
Cryopreserved PBMC were thawed and cultured at 2×106 
cells/mL in a 24- well plate with anti- CD40 at 500 ng/
mL and each of the five neoantigen peptides as well as 
a control HIV NEF (RYPLTFGWCF) peptide at 1 µg/mL 
overnight at 37°C. After 16 hours, cells were stained for 
with LIVE/DEAD Fixable Violet Dead Cell Stain (Invit-
rogen), followed by lineage markers CD14 (clone M5E2, 
Biolegend), CD19 (clone HIB19, Biolegend), CD4 (clone 
SK3, eBioscience), CD8 (clone 3B5, Invitrogen) and 
activation- induced markers CD69 (clone L78, BD Biosci-
ences), CD137 (clone 4- 1BB, Biolegend) and CD154 
(clone TRAP1, BD Bioscience). Single neoantigen- 
reactive CD4 cells were sorted into RNAlater (Thermo 
Fisher) based on coexpression of CD69, CD137 and 
CD154 on a BD FACSAria II (BD Biosciences).

Single-cell RNA sequencing and analysis
RNA from sorted cells was purified using RNA Solid Phase 
Reversible Immobilization beads (Beckman), and cDNAs 
were generated with Smart- Seq2 (Illumina). Purified DNA 
was quantified with a Qubit dsDNA High Sensitivity Assay 
Kit (Invitrogen) before library preparation (Nextera, 
Illumina). Paired-end, next- generation sequencing was 
performed. Kallisto (V.0.44.0) was used for pseudoal-
ignment of sequencing reads to transcripts. All further 
single cell RNA sequencing (scRNAseq) analyses were 
performed in R (V.3.6.0) primarily using packages Seurat 
(V.3.2.1) and scater (V.1.22.0) for normalization and 
plotting. Cells with less than 2000 genes or more than 
5% mitochondrial genes were removed as low quality. 
Gene counts were log- normalized and regressed using 
mitochondrial gene expression via the Seurat function 
SCTransform. Code is available on request.

Multiplex immunohistochemistry
FFPE tissues were stained on a Leica BOND Rx auto-
stainer using the Akoya Opal Multiplex IHC assay (Akoya 
Biosciences, Menlo Park, California, USA) with the 
following changes: additional high stringency washes 
were performed after the secondary antibody and Opal 
fluor applications using high- salt Tris- buffered saline + 
0.1% Tween- 20 (0.05M Tris, 0.3M NaCl, and 0.1% Tween- 
20, pH 7.2–7.6). Tris- casein + 0.1% Tween was used as the 
blocking buffer (0.05M Tris, 0.15M NaCl, 0.25% Casein, 
0.1% Tween 20, pH 7.6±0.1). All primary antibodies were 
incubated for 1 hour at room temperature. OPAL Polymer 

HRP Mouse plus Rabbit (Akoya Biosciences) was used 
for all secondary applications. Slides were mounted with 
ProLong Gold and cured for 24 hours at room tempera-
ture in the dark before image acquisition at 20× magni-
fication on the Akoya Vectra 3.0 Automated Imaging 
System. Images were spectrally unmixed using Akoya 
Phenoptics inForm software and analyzed using HALO 
software (Indica Labs, Corrales, New Mexico, USA). Cell 
nuclei=DAPI, CTLA- 4=clone BSB- 88 OPAL 540, T- bet=-
clone EP263 OPAL 570, CD4=clone EP204 OPAL 620, 
FoxP3=clone 236A OPAL 690, CD8=clone 144B OPAL 
520, CD3=clone SP7 OPAL 690 and PD- L1=clone E1L3N 
OPAL 620.

RESULTS
Case presentation: clinical response to anti-PD-L1 therapy
A patient in her mid- 50s with a previous history of breast 
cancer presented with a skin lesion on her chest, which 
was biopsied and diagnosed as VN- MCC based on posi-
tive staining for CK- 20 and negative staining for MCPyV 
Large- T antigen (CM2B4 clone). Staging PET- CT scan 
revealed multiple metastatic tumors in the liver. Patho-
logical evaluation a liver biopsy indicated metastatic 
MCC. The patient was treated with four cycles of cytotoxic
chemotherapy (cisplatin and etoposide). After a brief
partial response to chemotherapy that lasted less than 2
months, the patient progressed while still on treatment
resulting in four liver masses, the largest two of which had
diameters of 11 and 7.5 cm (figure 1A).

She received anti- PD- (L)1 (avelumab) as a second- line 
treatment and experienced a rapid decrease of tumor 
size within 4 weeks from treatment initiation (figure 1A). 
All four measurable lesions had significant shrinkage 
over the course of 29 months of anti- PD- L1 therapy. She 
did not experience any significant side effect other than 
grade 1 fatigue and remains in remission with a deep 
partial response (87% reduction in tumor burden) more 
than 7 years after beginning and 5 years after discontin-
uing anti- PD- L1 therapy. High- throughput T cell receptor 
sequencing (see online supplemental figure 3) of the 
tumor and on- treatment blood specimens showed an 
expansion of tumor- resident T cell clones in the blood 
suggesting an antitumor response that tracked with clin-
ical response (figure 1A).

To understand this T cell response, we performed 
WES to identify tumor neoantigen mutations that could 
potentially be targeted by T cells. Neoantigen peptides 
were selected for synthesis based on prediction of their 
binding strength (see methods and figure 1B) to the 
following patient- specific HLA class I types: HLA- A*24:02, 
HLA- A*68:02, HLA- B*14:02, HLA- B*51:09, HLA- C*01:02 
and HLA- C*08:02.

T cells recognize neoantigens and expand during profound 
clinical response
Following WES and mutant peptide identification, 77 
potential neoantigen peptides were selected for synthesis 
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based on whether their predicted binding affinity for any 
cognate HLA class I allele was less than or equal to 100 nM 
(online supplemental figure 1A and table 1). Neoantigen 
peptides were pooled (online supplemental figure 1B), 
and patients PBMC from 6 months post- treatment initi-
ation were assessed for response to peptides in an IFNγ 
ELISpot. Eleven neoantigen peptide pools elicited IFNγ 
secretion from T cells (online supplemental figure 1C), 
and then individual reactive peptides were then identi-
fied. Due to limited patient PBMC, only peptides from 
the strongest IFNγ pool hits were tested in follow- up IFNγ 
ELISpot assays.

Of the 18 individual peptides tested, five neoan-
tigen peptides were considered positive based on 
responses above the baseline threshold (greater than 10 
SFU/5×105 PBMC cells; online supplemental figure 1D). 
The following genes, and specific amino acid changes, 
elicited a positive IFNγ ELISpot result: CASR (P39S), 
DMXL2 (P154S), RNF38 (P287L), TANGO6 (R172S), and 
ZNF280C (R301M). To the best of our knowledge, none 
of the mutations are considered driver mutations.

To determine if IFNγ secretion was specific for mutant 
neoantigen peptides and not a response against self- 
antigens, we performed an IFNγ ELISpot with side- by- 
side neoantigen and self (wild- type) peptides (figure 2A). 

Four of the five self- peptides tested did not elicit a T cell 
response; however, the self- peptide originating from 
the RNF38 gene stimulated~45% of the IFNγ response 
that was induced by the mutant/neoantigen version of 
that peptide. To determine the sensitivity of neoantigen 
responses, we performed a dose–response curve in T cell 
lines specific for two of the mutant peptides, TANGO6 
and ZNF280C. Results of the dose–response experiments 
show specificity for the mutated form of the peptides as 
indicated by response to the neoantigen peptides versus 
wild type as low as 1 µg/mL (figure 2C,D).

After identifying neoantigen T cell epitopes, we used 
serially collected PBMC to determine kinetics. We were 
unable to detect T cell responses in the blood until ~4 
months after anti- PD- L1 treatment initiation, consistent 
with either expansion or migration of epitope- specific 
T cells during immunotherapy. Furthermore, we were 
unable find epitope- specific T cell responses directly ex 
vivo after tumors markedly shrank (76% reduction at~22 
months post treatment initiation).

Neoantigen-speci!c T cells are HLA class II restricted CD4+, 
CD8- T cells
To determine if IFNγ-positive T cells responding to neoan-
tigen peptides were restricted by HLA class I or HLA class 

Figure 1 Clinical response to anti- PD- L1 therapy. (A) Timeline describing treatment, clinical response and T cell responses. 
Patient received four doses of cisplatin/etoposide and discontinued due to disease progression. Shortly thereafter, patient 
started anti- PD- L1 therapy (avelumab) and experienced a rapid partial response. Computed tomography (CT) scan of a tumor 
(lesion 1) in the liver before initiation of anti- PD- L1 therapy, after two doses of anti- PD- L and after 20 months of anti- PD- L1. 
Detection of neoantigen- speci!c T cells is denoted below the x axis: a ‘-’ sign for no detectable neoantigen- speci!c T cells, 
a ‘±’ sign for neoantigen- speci!c T cells detected after culture with target peptides, or a ‘+’ for neoantigen- speci!c T cells 
detected directly ex vivo. (B) Tumor speci!c non- synonymous somatic mutations were identi!ed via WES and compared against 
peripheral blood DNA for reference. WES, whole exome sequencing.
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II, we performed an IFNγ ELISpot with the addition of 
blocking antibodies specific for either HLA class I A, B, 
and C, or the HLA class II loci. Addition of HLA class II 
specific antibodies to ELISpot wells blocked production 
of IFNγ spots (figure 3A) indicating that T cell responsive-
ness was HLA- DR restricted.

To confirm these findings, we measured the upregula-
tion of three activation- induced T cell surface markers: 
CD69,28 CD137,29 and CD15430 on CD4 T cells and two 
activation- induced cell markers, CD69 and CD137, on 
CD8 T cells after stimulation with neoantigen peptides. 
The specimen used was PBMC from ~7 months after 

Figure 2 Circulating T cells recognize tumor- speci!c neoantigens. (A) Top: PBMC was tested for neoantigen T cell speci!city 
by comparing IFNγ reactivity of mutant and wild- type peptides (5 µg/mL). Detection at twice the DMSO control level or >10 SFU 
per 5×105 PBMC were considered positive. Experiments were performed in triplicate. The mean is plotted, and SD is indicated 
by error bars. (B) Table of mutant peptides with reactivity in direct ex vivo IFNγ ELISpot and wild type peptide homologs. (C 
and D) T- cell line dose response curves for neoantigen peptides from the TANGO6 (C) and ZNF280C (D) genes. Experiments 
performed in duplicate or triplicate. The mean is plotted and error bars represent SD from the mean. ELISpot, enzyme- linked 
immunospot; IFNγ, interferon gamma; SFU, spot forming units; TNTC, too numerous to count.

Figure 3 Neoantigen- speci!c T cells are HLA class II restricted and CD4 T cells upregulate activation markers on peptide 
stimulation. (A) IFNγ ELISpot incorporating anti- HLA class I antibody clone W6/32 or anti- HLA class II DR clone G46- 6. 
Experiments were performed with two to six replicates. Positive responses were indicated by twice the DMSO control level or 
>10 SFU per 5×105 PBMC. (B and C) Per cent of CD4 T cells (B) that upregulate all three activation markers (CD69, CD137 and 
CD154) or CD8 T cells (C) that upregulate two activation markers (CD69 and CD137) after stimulation with each neoantigen 
peptide. Results are an average of two #ow cytometry experiments; error bars indicate the SD. ELISpot, enzyme- linked 
immunospot.
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initiation of anti- PD- L1 therapy at a time the patient had 
experienced a partial response. Measurement by flow 
cytometry showed that all five of the neoantigens stim-
ulated upregulation of the three activation markers on 
CD4+ but not CD8+ T cells (figure 3B,C).

IFNγ detection via flow cytometry can be difficult due 
to low secretion and infrequent numbers of T cells, as is 
common with antigen- specific CD4 T cells. To overcome 
this limitation, PBMCs were cultured with individual 
neoantigen peptides to first expand the T cell popula-
tions. Intracellular production of IFNγ was then assessed 
after restimulation with the corresponding neoantigen 
peptide for each culture condition. CD4 T cells, and not 
CD8 T cells, produced IFNγ in response to re- stimulation 
with neoantigen peptides, confirming our direct ex vivo 
findings (online supplemental figure 2A,B).

Single-cell transcriptional pro!ling of neoantigen-reactive 
CD4 T cells
To determine the transcriptional phenotype of 
neoantigen- specific T cells, we sorted CD4 T cells that 
upregulated activation markers CD69, CD137 and CD154 
ex vivo in response to stimulation with neoantigen peptides 
(figure 4A). Single cell RNAseq was then used to charac-
terize T cell phenotypes. Expression of CD4 T cell subset 
master transcription factor mRNAs showed a plurality of 
cells expressing the Th1- associated transcription factor 
(T- bet), suggesting that a Th1 phenotype is the most 

common phenotype that the neoantigen- specific CD4 T 
cells develop. This is further supported by the expression 
of cytokine mRNAs that showed a predominance of the 
Th1- weighted cytokines IFNγ, tumor necrosis factor alpha 
(TNFα) and IL- 2 (figure 4B,C).

Tumor microenvironment exhibits a T cell excluded phenotype 
involving T-bet expressing CD4 T cells
To determine the T cell characteristics into and around 
the pre- therapy tumor, we used multiplex immunohis-
tochemistry. While the tumor did not have appreciable 
infiltrating immune cells, the peritumoral and stromal 
areas had abundant CD3+, CD8+ and PD- L1+ cells indi-
cating an ‘excluded’ T cell phenotype (figure 5A,B).

We also used a separate phenotyping panel to charac-
terize CD4 T cells at the tumor edge. CD4+/T- bet+ cells 
were abundant while CD4+/FoxP3+ cells were not, indi-
cating a predominantly inflammatory (Th1) response 
(figure 5A bottom and C).

DISCUSSION
The use of anti- PD- (L)1 agents in MCC has changed 
patient management and dramatically improved long- 
term outcomes for a substantial subset of patients with 
advanced disease. Indeed, the first- line response rate for 
MCC (~56–62%) is essentially the highest among solid 
tumors.31–35 Across multiple trials, the response rate 

Figure 4 Neoantigen- speci!c CD4 T cells have a Th1- skewed transcriptional phenotype. (A) Overview of experimental 
method. Peripheral blood mononuclear cells were stimulated for 16 hours with neoantigen peptides and CD4 T cells 
were single- cell sorted into a 96 well plate based on upregulation of three activation markers (CD69, CD137 and CD154, 
representative dot plots shown). (B) Sorted CD4 T cell T- bet RNA levels were signi!cantly elevated when compared with other 
CD4 T cell master regulator transcription factors (p values as compared with T- bet were: p<0.001 for GATA3, RORγT and FoxP3, 
and p<0.01 for BCL6). (C) RNA expression of effector cytokines indicates a Th1 skewed phenotype.
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has been similarly high for both VN- MCC and VP- MCC 
patients.3 16 36

VP- MCC has frequently been used to understand the 
immunological correlates of response and tumor antigen- 
specific T cells, due to the invariant MCPyV oncoprotein 
antigens expressed by these virally driven tumors. In 
contrast, relevant tumor- specific T cell responses have 
not been characterized in VN- MCCs to the best of our 
knowledge. Accordingly, we sought to determine whether 
neoantigen- specific T cells were associated with a deep 
and durable, partial response to anti- PD- L1 therapy in a 
patient with VN- MCC.

A screen of 77 putative neoantigen peptides lead 
to identification of five T cell responses that prefer-
entially recognized the mutated version of a peptide 
(neoepitope) as compared with its wild type counterpart 
(figure 2A). Although the initial goal was to characterize 
CD8 T cell responses by selecting neoantigen peptides 
predicted to bind to class- I HLA, all neoantigen- reactive 
T cells identified were CD4+ and recognized neoepi-
topes in the context of class- II HLA (figure 2). Similar 
results have been reported for therapeutic vaccination 
wherein neoantigen peptides optimized for presentation 
on class- I HLA elicited in a surprisingly robust expansion 
of epitope- specific CD4 as well as CD8 T cells.21 22 37 The 
fact that only CD4 T cells were identified using potential 
neoantigen peptides in the present study contrasts with 
prior findings in VP- MCC for which the majority of T cell 
responses identified have been CD8+.17 19 20 38

To understand the role these cancer- specific CD4 T 
cells were playing in this patient’s clinical response to 

anti- PD- L1 therapy, we sought to quantify and phenotype 
these cells over the course of treatment. When studying 
their quantity, we observed that these CD4 T cells 
increased in the weeks following initiation of anti- PD- L1 
(figure 1A). However, several months after the patient 
experienced a partial response, CD4 T cell responses 
became undetectable. This potentially could be due to 
the reduction in tumor neoantigens and subsequent 
contraction of the neoantigen- specific T cell popula-
tion. This finding is consistent with previously published 
studies of MCPyV- specific T cell activity that reproducibly 
decreased in MCC patients shortly after surgical removal 
of their tumors.38 We also sought to functionally charac-
terize these neoantigen- specific T cells because CD4 T 
cells are known to have diverse potential roles within the 
tumor microenvironment. While one proposed mecha-
nism for antitumor activity of CD8 T cells is direct killing 
of tumor cells, it is becoming more evident that cancer- 
specific CD4 T cells are a critical aspect of the antitumor 
response. Indeed, in experimental mouse models in 
which CD4 T cells were depleted, mice could no longer 
control tumors, suggesting that the CD4 T cell response 
is required for antitumor immunity.39 40

There are multiple potential ‘helper’ roles for anti-
tumor CD4 T cells. In MCC, perhaps the most significant 
role may be secretion of IFNγ to upregulate HLA class 
I molecules, in turn making tumor cells visible to cyto-
toxic CD8 T cells.41 This is particularly relevant in MCC 
because 85% of MCC tumors downregulate HLA class 
I molecules, and this downregulation is reversible with 
stimulation by interferons.42 43 CD4 T cells can also have 

Figure 5 Primary tumor exhibits a T cell- excluded phenotype. (A) Top: representative image of multicolor staining for 
adaptive immune markers. Light blue=tumor (CD56), green=CD3, red=CD8, magenta=PD- L1, dark blue=cell nuclei. Bottom: 
representative image of multicolor staining for CD4 phenotyping in tumor. Dark blue=cell nuclei, green=CD4, yellow=CTLA- 4, 
red=T bet, and white=FoxP3. Yellow arrowheads indicate examples of CD4+T- bet+ cells. (B) Staining was quanti!ed with HALO 
software. Per cent of cells expressing CD3, CD8, PD- 1, and PD- L1 within the tumor and on the peritumoral edge (stroma). (C) 
Left: per cent CD4 cells in the tumor or stroma; right: proportion of CD4 cells expressing each of the phenotypic markers listed.
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direct cytotoxic effects on tumors through production of 
granzyme and perforin44 45 or immunosuppressive func-
tion in the case of regulatory T cells.46 Importantly, CD4 
T cells are crucial for the formation of tertiary lymphoid 
structures in the tumor microenvironment.47–49 These 
structures of coordinated B and CD4 T cells are associ-
ated with improved survival across several cancer types 
including MCC50 and likely lead to improved antitumor 
immunity via increased support for cancer- specific CD8 
T cells.51

To determine which of many roles neoantigen- 
specific CD4 T cells were playing in this patient’s clin-
ical response, we phenotyped these cells via scRNAseq 
(figures 3B and 4A). We observed a Th1 pattern 
(figure 4C), consistent with the observation in figure 2 
that neoantigen- reactive T cells release IFNγ in response 
to their cognate neoantigen peptide. Furthermore, 
these cells express T- bet, the canonical transcription 
factor that enforces a Th1 phenotype and supports CD8 
T cell function (figure 4B). To confirm that intratu-
moral CD4 T cells had a Th1 phenotype in the tumor 
microenvironment, multiplexed immunohistochemistry 
was performed. This showed an ‘immune excluded’ 
tumor with numerous T cells on the tumor periphery 
and very few within the tumor itself (figure 5A). The 
most frequently expressed master transcription factor in 
CD4+ cells in both tumor and stroma was T- bet, further 
suggesting these cells are Th1 skewed (figure 5C). 
These data show that neoantigen- specific CD4 T cells 
were present in this patient, increased over the course 
of anti- PD- L1 therapy and had a Th1 phenotype that 
could improve antitumor immunity via promotion of an 
inflamed tumor microenvironment.

It is noteworthy that neoantigen- specific CD8 T cells 
were not detected despite this patient’s dramatic clinical 
response. There are several possibilities that could explain 
this perplexing finding. Even though data for in silico 
predictions of relevant peptides is robust, it is possible that 
not all immunogenic neoantigen peptides were appro-
priately identified. Additionally, high- avidity CD8 T cells 
could have been present but later deleted.52 T cells with 
higher avidity TCRs for their cognate peptide- HLA mole-
cules may be particularly prone to exhaustion and elimi-
nation, and higher peptide- HLA affinities are associated 
with higher TCR avidity.52 Pertinent to this, only neoan-
tigens with predicted peptide- HLA affinities of <100 nM 
were used in this study. Alternatively, it is possible that 
CD4 T cells were directly cytotoxic as appears to be the 
case in bladder cancer and melanoma, both of which are 
known to express HLA class II in some cases.44 45 However, 
we do not believe this is the case for two main reasons: 
(1) HLA class II is typically not expressed on MCC tumor 
cells43 and thus there would be no target ligand available 
for CD4 T cell recognition and possible cytotoxic activity 
(online supplemental figure 4) and (2) scRNAseq data 
revealed no significant expression of cytotoxic perforin 
or granzymes in the neoantigen- specific CD4 T cells (data 
not shown), further suggesting that it would be unlikely 

for these cells to be directly responsible for this patient’s 
tumor regression.

Another potential explanation for why neoantigen- 
specific CD8 T cells were not detected is that the sensi-
tive assays required to identify these rare cells depend on 
inducible cytokine secretion or activation marker expres-
sion. IFNγ inducibility is lost late in the process of CD8 T 
cell exhaustion, after suppression of other key cytokines 
such as IL- 2 and TNFα. If neoantigen- specific CD8 T 
cells were too dysfunctional to release IFNγ or upregu-
late activation markers, then they would not be detectable 
via these functional assays. We have previously observed 
this contrast for MCPyV- specific CD8 T cells in blood, 
for which tetramer- positive populations are detectable in 
some patients who have absent IFNγ ELISpot responses 
ex vivo.17 Additionally, the frequency of neoantigen- 
specific CD8 T cells in the blood may have been below the 
threshold of IFNγ ELISpot assays (less than 1 in 50,000). It 
is possible that neoantigen- specific CD4 T cells could also 
have greatly outnumbered their CD8 counterparts in the 
blood but could have been present in the tumor at suffi-
cient frequency to mediate regression seen in this patient 
(figure 5). Regardless, this study suggests that future clin-
ical trials of immunotherapies, including possible thera-
peutic vaccination for MCC,53 should include both CD4 
and CD8 T cell biomarker analyses to further elucidate 
the role of both T cell subsets.

While many studies have characterized cancer- specific 
CD8 T cells,52 54 55 the focus has recently shifted to investi-
gating the role of CD4 T cells in immunotherapy largely 
in part to emerging technologies. In this study, we report 
that neoantigens can elicit a CD4 T cell immune response 
in MCC and that tumor- specific T cells expand in the 
periphery following immunotherapy in a patient with a 
profound durable response. Future and ongoing clinical 
trials aiming to boost the CD4 immune response via adop-
tive T cell transfer (NCT03747484) or therapeutic vacci-
nation53 56 could further strengthen this response and 
improve antitumor immunity. Immunotherapy as well as 
personalized vaccination strategies, which often result in 
robust tumor- specific CD4 T cells, should be considered 
for MCC patients including those with chemotherapy- 
refractory disease. Reinvigorating and generating new 
CD4 and CD8 T cell responses are key to eliminating 
tumors and providing patients with long- term clinical 
benefit.
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SUPPLEMENTAL MATERIAL 1 
Transcriptional and functional analyses of neoantigen-specific CD4 T cells during a 2 

profound response to anti-PD-L1 in metastatic Merkel cell carcinoma 3 
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Figure S1: Selection and design of peptide pools and T cell responses 27 
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2 

28 

A) Overview of pipeline to identify tumor specific mutations, HLA class I restricted neoantigens29 

and B) peptide pool design. C) IFN secretion in response to neoantigens. Pools of neoantigen30 

peptides were used to probe PBMC directly ex vivo in an IFN ELISpot assay. 2x spot forming31 

units (SFU) above DMSO control or >10 SFU and above were considered positive. n=4 32 

technical replicates, the mean is graphed and error bars indicate standard deviation . D) 33 

Positive peptide pools were broken down to individual neoantigen peptides. n=2 technical 34 

replicates, the mean is graphed and error bars indicate standard deviation. 35 

36 

37 

38 

39 

40 

41 

42 

Figure S2: Flow cytometry assessment of IFN shows CD4 T cell reactivity to neoantigens43 
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3 

44 
PBMC were cultured with each neoantigen peptide and supporting cytokines. After 14 days, T 45 

cell cultures were re-challenged with appropriate peptides. IFN expression by CD4 (A) and46 

CD8 (B) T cells were assessed by flow cytometry. Cutoff for positivity set at 0.1% (dotted line). 47 

n=1 flow cytometry experiment. 48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

Figure S3: Characterization of tumor-associated T cell receptor clones 61 
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4 

62 

A) Tumor specific clonotypes were identified (TCR beta CDR3) in biopsy material and were then63 

used as “barcodes” to track circulating T cell clones in the peripheral blood over time. 64 

Differentially expressed clonotypes (as determined by Fisher’s exact test) are shown in red for65 

upregulated and blue for downregulated TCRs. B) TCR beta amino acid sequences of 66 

neoantigen-specific CD4 T cells sorted from peripheral blood based on upregulation of CD154, 67 

CD137 and CD69 after stimulation with indicated neoantigens. One CD4 T cell clone isolated 68 

based on activation markers from PBMC was also found in the tumor biopsy. 69 

70 

71 

72 

73 

74 

75 

Figure S4: Merkel cell carcinomas do not express HLA-DR 76 
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5 

77 

A) HLA-DR expression within the tumor and stroma revealed by mIHC staining of a78 

representative tumor within an MCC tissue microarray (TMA). B) Intensity of HLA-DR 79 

expression among ~500,000 cells within the tumor or stroma across 76 unique MCC patient 80 

tumors. C) Paired frequency within each TMA core of HLA-DR+ tumor or stromal cells. 81 

82 

83 

84 

85 

86 

Table S1: List of 77 neoantigen-specific peptides used in immunoassays 87 
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6 

Neoantigen peptides were selected based upon HLA class I predicted binding affinity using 88 

NetMHCv3.4 (https://services.healthtech.dtu.dk/?NetMHC-3.4), with a cut-off of 100nM (n=7789 

peptides). HLA class I and binding affinities (IC50 in nM) are shown. 90 

Gene Name 
Wild type 
sequence 

Mutant 
sequence 

Amino 
acid 

change 
HLA allele 
prediction 

IC50 (nM) 
of wild 

sequence 

IC50 (nM) of 
mutant  

(neoantigen) 
sequence 

XKR3 msftisfIi msftisfNi I74N A6802 6 3 

NAIF1 sAtaaaatv sTtaaaatv A159T A6802 61 11 

USP22 ittyvsfPl ittyvsfSl P429S A6802 6 17 

FANCD2 qmllcpfPf qmllcpfLf P1468L A2402 75 26 

ABHD8 mltgvTdgi mltgvIdgi T6I A6802 25 38 

UBAP2 stavnscsP stavnscsL P82L A6802 13273 53 

VPS13B dafPwtisl dafSwtisl P1153S A6802 37 64 

TSHZ1 Slakaaspi Flakaaspi S620F C0802 2953 77 

DRD3 fviySsvvs fviyFsvvs S192F A6802 213 94 

MAD2L1BP etsStqepl etsFtqepl S38F A6802 6 4 

GCFC2 dtsiSfppv dtsiLfppv S93L A6802 18 11 

WWP1 ltVvldglv ltAvldglv V137A A6802 76 18 

OXR1 Dtehstnev Ntehstnev D390N A6802 54 28 

CD53 evlGmsfal evlRmsfal G199R A6802 17 40 

CNBD1 fisqsfhsF fisqsfhsI F235I A6802 5138 54 

CLN6 vfplewfPl vfplewfSl P75S A2402 81 66 

VPS8 qvfEflirl qvfKflirl E757K A6802 25 77 

NLRP7 yPdcklqtl yLdcklqtl P873L C0802 262 97 

NIPSNAP3A Gvfhteyga Evfhteyga G182E A6802 1801 7 

CHD5 eaidrfnaP eaidrfnaL P1089L A6802 7457 12 

GPR52 mvlfriTsv mvlfriIsv T271I A6802 19 18 

KCNJ11 tlasarGpl tlasarEpl G366E A6802 64 29 

MAGEA1 vsarvRfff vsarvCfff R291C A2402 160 41 

NLRP5 lwmrDktli lwmrNktli D762N A2402 124 54 
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7 

VIT sysngvqSl sysngvqLl S123L A2402 285 68 

TANGO6 yRtefgavv yStefgavv R172S C0802 762 80 

FBXO33 tavelErfv tavelKrfv E303K A6802 237 99 

EPB41 etepTvhhl etepIvhhl T618I A6802 38 7 

SIDT1 Gnmvashpi Enmvashpi G351E A6802 3747 13 

SLC38A10 ttfyvmvGf ttfyvmvEf G245E A6802 19 20 

USP44 Gntcymnsv Entcymnsv G279E A6802 7309 30 

ZFAND5 stSeksrnv stFeksrnv S84F A6802 214 45 

CACNA1F dtfpqallT dtfpqallI T692I A6802 1939 55 

NAPA esvkeydSi esvkeydFi S268F A6802 194 68 

OPLAH iciSvgaev iciFvgaev S720F A6802 247 81 

SEMA4A tengfSypv tengfLypv S500L A6802 60 99 

MYO18B Ssppplfsv Fsppplfsv S24F A6802 15 7 

CACNA1G fGnyvlfnl fSnyvlfnl G951S A6802 173 13 

ORC1 itaiknsSv itaiknsFv S771F A6802 56 22 

IMMT taaipPesl taaipLesl P617L A6802 48 31 

PTPRJ Smasfdcev Fmasfdcev S721F A6802 128 45 

DSEL fvsfksGkl fvsfksEkl G448E A6802 138 55 

KIAA1033 fvPdlediv fvSdlediv P946S A6802 91 68 

ZNF280C fyygRhegv fyygMhegv R301M A6802 5983 84 

DUOX2 eisvvkaEl eisvvkaKl E1278K A6802 32 100 

ZSCAN9 etpgpReal etpgpKeal R67K A6802 6 9 

COPB1 maanviPvl maanviSvl P403S A6802 79 13 

PROM1 niiPvldei niiSvldei P242S A6802 14 24 

CPXM1 qDadpwfqv qNadpwfqv D169N A6802 125 33 

MAGI3 maytdtGmi maytdtEmi G307E A6802 119 45 

C1orf228 evggVltll evggFltll V105F A6802 34 57 

RNF38 sahpptlpP sahpptlpL P287L A6802 12773 69 

IPO11 liptLiesv liptFiesv L172F A6802 146 85 

ASTN1 tvmEdavev tvmKdavev E573K A6802 5 9 
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8 

DSCAM esisiswSt esisiswFt S1110F A6802 30 15 

NOS3 Glgplhygv Elgplhygv G967E A6802 6089 25 

CPT1B kylGvsspf kylEvsspf G634E A2402 22 33 

OSGIN2 tyitSvsrl tyitFvsrl S244F A2402 72 49 

ASCC3 nHhvaslsf nYhvaslsf H2139Y A2402 3333 58 

CASR fPihfgvaa fSihfgvaa P39S A6802 2430 73 

IPO7 eaiihsPel eaiihsSel P103S A6802 778 89 

COL12A1 dtlySvnlv dtlyFvnlv S837F A6802 18 10 

AMBN msfavpffP msfavpffS P31S A6802 620 16 

CDC45 atmslmesP atmslmesL P341L A6802 12614 26 

HSPA12B lrffrEhal lrffrKhal E182K B1402 37 34 

PARP15 gvagvtSra gvagvtFra S31F A6802 225 50 

UBE3C Sfarhyyfl Ffarhyyfl S813F A2402 32 58 

IPO5 liPyldnlv liSyldnlv P498S A6802 94 73 

MARCH7 nvpsasevP nvpsasevL P281L A6802 16953 93 

CCDC67 stmpplppS stmpplppL S526L A6802 223 11 

TNPO2 evRqssfal evWqssfal R681W A6802 305 16 

C12orf29 mPcvfvtev mScvfvtev P12S A6802 703 26 

PIGB cqlcSwftw cqlcFwftw S181F A2402 78 36 

PDZRN3 tPyglyyps tSyglyyps P661S A6802 1713 51 

DMXL2 eidntvPpv eidntvSpv P154S A6802 537 62 

MAP3K1 svssSthft svssFthft S846F A6802 237 74 

COL15A1 frdfaisvV frdfaisvM V96M C0802 45 93 

HIV nef rypltfgwcf n/a n/a A2402 8 n/a 

91 

92 

93 

TABLE S2: Patient-specific neoantigen peptides and predicted HLA class II binding 94 
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9 

Wild type and mutant 17mer peptides are listed. *Predicted CD8 epitopes used in 95 

immunoassays are bolded, mutant residues are underlined. Class II core peptide predictions are 96 

shown and binding affinities (via Net MHCv3.4) are listed. 97 

HLA 
Restriction 

Gene Wild type 17mer Mutant 17mer* Class II core 
peptide 

IC50 
(nM) 
Wild 
Type 

IC50 
(nM) 
Mutant 

DRB1*04:01 CASR DIILGGLFPIHFGVAAK DIILGGLFSIHFGVAAK LGGLFSIHF 1055 294 

DRB1*04:01 DMXL2 EEEIDNTVPPVLNDWKC EEEIDNTVSPVLNDWKC IDNTVSPVL 4764 1367 

DRB1*04:01 RNF38 SAHPPTLPPSAPLQFLT SAHPPTLPLSAPLQFLT TLPLSAPLQ 4175 1852 

DRB1*04:01 TANGO6 GVGVPLRYRTEFGAVVQ GVGVPLRYSTEFGAVVQ LRYSTEFGA 281 208 

DRB1*04:01 ZNF280C LVNEFYYGRHEGVTEKE LVNEFYYGMHEGVTEKE FYYGMHEGV 1219 492 

DRB1*11:01 CASR DIILGGLFPIHFGVAAK DIILGGLFSIHFGVAAK LGGLFSIHF 1892 1047 

DRB1*11:01 DMXL2 EEEIDNTVPPVLNDWKC EEEIDNTVSPVLNDWKC IDNTVSPVL 8915 10377 

DRB1*11:01 RNF38 SAHPPTLPPSAPLQFLT SAHPPTLPLSAPLQFLT TLPLSAPLQ 14494 867 

DRB1*11:01 TANGO6 GVGVPLRYRTEFGAVVQ GVGVPLRYSTEFGAVVQ LRYSTEFGA 287 529 

DRB1*11:01 ZNF280C LVNEFYYGRHEGVTEKE LVNEFYYGMHEGVTEKE FYYGMHEGV 90 44 

98 

99 

100 

101 

102 

103 

104 

105 

106 

Materials and Methods 107 
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10 

IFN detection via flow cytometry 108 

T cell lines were co-cultured with Carboxyfluorescein succinimidyl ester (CFSE, Invitrogen) 109 

labeled, peptide loaded (5µg/ml), patient derived LCLs in the presence of anti-CD28 and anti-110 

CD49d mAbs (BD Biosciences), and brefeldin A for 12–16 hours1 2. Overnight cultured cells111 

were stained with anti-CD3, -CD4, -CD8, -CD14 and -CD19. After a cytofix/cytoperm step (BD 112 

Biosciences), cells were intracellularly stained with anti-IFN (BD Biosciences), washed and113 

data collected on a FACSCanto II (BD Biosciences).  114 

T cell receptor sequencing 115 

Neoantigen-reactive CD4 T cells were sorted and cDNAs generated from single cells (as 116 

described above). cDNAs were used for paired TCR alpha and beta sequencing of the 117 

complementarity determining region 3 (CDR3) for each gene as previously described.3 TCR 118 

alpha and beta CDR3 sequences were analyzed with the MiXCR program with the IMGT 119 

databased used as a reference.4 5 TCR ImmunoseqTM: A DNeasy Kit (Qiagen) was used to 120 

isolate DNA from formalin fixed paraffin-embedded (FFPE) tissue and from peripheral blood and 121 

were submitted to Adaptive Biotechnology (Seattle, WA) for TCB CDR3 sequencing and data 122 

processing. 123 

124 

125 

126 

127 

128 
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2 

ABSTRACT 1 

The stem-like self-renewing subset of antigen-specific CD8 T cells is critical for maintaining 2 

long-term resistance during chronic infections and cancer, and is an important checkpoint 3 

blockade immunotherapy target for functional reinvigoration and disease control1-7. Hence, 4 

there is vigorous interest in understanding the ontogenesis of stem-like CD8 T cells, and in 5 

defining the signals that promote their development. Here, we show a crucial fate-deterministic 6 

role of IL-2 in programming the development of stem-like exhausted CD8 T cells. In vivo fate-7 

tracking experiments reveal that strong IL-2 signals drive terminal differentiation, whereas 8 

tempered IL-2 signals program the development of TCF-1Hi stem-like CD8 T cells, capable of long-9 

term persistence and potent responsiveness to anti-PD-1 therapy in later stages of chronic viral 10 

infection. In the context of tumors as well, single cell RNA-seq analyses of total or antigen-specific 11 

(tetramer+ or neoantigen-specific) tumor infiltrating lymphocytes from melanoma, human 12 

papillomavirus+ head and neck cancer, and lung cancer patients show an inverse relationship of 13 

IL-2 signaling signature with T cell stemness and checkpoint blockade therapy outcomes. Our 14 

studies further show that the rheostatic control of exhausted T cell fates by differential IL-2 15 

signals is physiologically mediated through differential cell surface expression of IL-2Ra during 16 

early stages of T cell activation, which in turn is pioneered during priming by distinct dendritic 17 

cell subsets. Notably, moderation of in vivo IL-2 signals during priming promotes the 18 

development of stem-like TCF-1Hi lineage, thus supporting a unique mechanism of improving 19 

clinical immunotherapy outcomes by enhancing the development of long-lived, therapy-20 

responsive stem-like cells with vigorous effector expansion capabilities. 21 

22 
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 3 

MAIN 1 

 Exhausted virus-specific CD8 T cells critically restrain pathogen outgrowth despite 2 

functional impairment8. This property is ascribed to a small subset of stem-like CD8 T cells, which 3 

have been recently identified within the exhausted CD8 T cell pool of chronic viral infections as 4 

well as cancer1-7,9-12. Distinguishable from terminally exhausted CD8 T cells by higher expression 5 

of T cell factor-1 (TCF-1) and lower expression of inhibitory receptors, the stem-like exhausted 6 

CD8 T cells are capable of self-renewal, and have been shown to continually seed the transient 7 

pool of functional effector cells for mediating host-virus stand-off5,7,13,14. Importantly, TCF-1Hi 8 

stem-like exhausted CD8 T cells undergo vigorous expansion and functional reinvigoration in 9 

response to PD-1 checkpoint blockade immunotherapy (CBI), and are crucial for reducing viral 10 

loads and tumor burdens post-therapy2-4,6,10,15. TCF-1Hi stem-like CD8 T cells have also been 11 

delineated in a multitude of human cancers such as head and neck cancer16, melanoma10,17, lung 12 

cancers18-21 and hepatocellular carcinoma (HCC)22. Hence, inducing stem-like T cells is a highly 13 

desirable goal in chronic infections and cancers for mediating long-term disease control, and for 14 

the therapeutic success of anti-PD-1 therapy as well as adoptive T cell transfer (ACT) therapeutic 15 

interventions. However, while our understanding of the transcriptional regulation of T cell 16 

exhaustion is quite extensive with several known factors such as TOX, Blimp-1, E2A, T-bet, Eomes, 17 

BACH-2, BATF, IRF-4 and Myb3,5,14,23-34, we know very little about the ontogenesis of TCF-1Hi stem-18 

like CD8 T cells, and the signals that drive their initial generation and subsequent development 19 

in the context of chronic antigenic settings.  20 

 21 
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4 

Association of TCF-1Hi stem-like CD8 T cells with lower IL-2Ra expression during early stages of 1 

chronic viral infection. 2 

Key features of T cell exhaustion are distinguishable early during CD8 T cell responses to chronic 3 

LCMV infection5,11-13,35-37, and are proposed to be programmed during initial priming and 4 

expansion. Towards gaining insight into the exhausted CD8 T cell fate programming events, we 5 

evaluated the expression of TCF-1 in virus-specific CD8 T cells during early stages of murine 6 

infection with LCMVCl-13. Consistent with the notion of early programming of the stem-like CD8 T 7 

cell lineage, putative TCF-1Hi GzmBLo stem-like cells, were distinguishable from TCF-1Lo GzmBHi 8 

effector-like subsets (Fig 1a). As in the case of stem-like exhausted CD8 T cells isolated from late 9 

stages of chronic infection, the TCF-1Hi GzmBLo stem-like cells isolated during early stages of 10 

infection showed preferential enrichment in secondary lymphoid organs (spleen and lymph 11 

nodes) compared to peripheral lung and liver sites (Fig 1a, Extended Data Fig 1a). Intriguingly, we 12 

noted reduced expression of IL-2Ra (CD25) – the IL-2R component which renders high affinity IL-13 

2 binding – in TCF-1Hi cells compared to TCF-1Lo cells (Fig 1a, Extended Data Fig 1a). Reduced 14 

expression of IL-2Ra in TCF-1Hi GzmBLo cells was associated with lower expression of the common 15 

IL-2Rb-chain (CD122) and largely similar expression of the common IL-2Rg-chain (CD132) (Fig 1a). 16 

At the mRNA level as well, T-distributed stochastic neighbor embedding (t-SNE) analysis of 17 

scRNA-seq data35 confirmed inverse expression pattern of TCF-1 with CD25 in chronic infection 18 

model (Fig 1b). As shown previously5,35, TCF-1 expression correlated directly with Slamf6, Bcl-2 19 

and CD62L, and inversely with proliferation marker Ki-67, inhibitory receptor Tim3 and effector 20 

molecule GzmB (Fig 1b, Extended Data Fig 1b). The TCF-1Hi CD25Lo and TCF-1Lo CD25Hi antigen-21 

specific cells distinguishable during the activation and early expansion phase, were not 22 
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5 

functionally exhausted, as evidenced by vigorous production of IFN-g and TNF-a effector cytokine 1 

upon restimulation with cognate antigen, albeit the TCF1Hi cells exhibited a modest trend 2 

towards decreased IFN-g expression (Extended Data Fig 2).  Importantly, inverse association 3 

between the expression of CD25 and TCF-1 occurred similarly in TCR-transgenic as well as 4 

endogenous antigen-specific CD8 T cells of distinct specificities (DbGp33- and DbGP276-specific 5 

tetramer+ endogenous CD8 T cells; data shown in Extended Fig 3a, 3b). Likewise, the precursor 6 

frequency of antigen-specific CD8 T cells also did not have a bearing on the generation of CD25Lo 7 

TCF-1Hi GzmBLo stem-like cells during chronic LCMV infection (Extended Data Fig 3c). While the 8 

kinetics of appearance of CD25Lo TCF-1Hi GzmBLo stem-like cells was slightly faster at higher 9 

precursor frequencies (Extended Data Fig 3c), the final CD8 T cell outcome during later stages of 10 

exhaustion was independent of their initial precursor frequencies (Extended Data Fig 4a-c). 11 

Collectively, these data demonstrate heterogeneity in early priming events during chronic viral 12 

infection, and establish an inverse association of IL-2Ra expression with TCF-1Hi stem-like subset. 13 

We next sought to determine whether TCF-1Hi CD25Lo CD8 T cells identifiable during early 14 

stages of priming and expansion give rise to stem-like progenitor exhausted CD8 T cells during 15 

later stages of viral chronicity. We FACS-purified CD25Lo and CD25Hi DbGP33-specific CD8 T cells 16 

from day 4.5 LCMVCl-13 infection, and tracked their long-term fate following adoptive transfer into 17 

infection-matched recipients (Fig 1c). Equal numbers of purified CD25Lo donors (enriched for TCF-18 

1Hi Tim-3Lo cells) and CD25Hi donors (enriched for TCF-1Lo Tim-3Hi cells) (Extended Data Fig 5a) 19 

were transferred into congenically distinct infection-matched recipient mice. Prior to adoptive 20 

transfer, CD25Hi cells expressed higher levels of most inhibitory receptors analyzed (PD-1, Tim-3, 21 

Lag-3) (Extended Data Fig 5b), and key transcription factors implicated in regulating effector and 22 
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terminally exhausted CD8 T cell differentiation (Blimp-1, T-bet, Eomesodermin and Tox) 1 

(Extended Data Fig 5c). CD25Hi cells also showed higher expression of cell proliferation markers 2 

(BrdU, Ki-67 and cMyc) (Extended Data Fig 5d), and were larger in size (Extended Data Fig 5e). 3 

These differences between CD25Hi and CD25Lo subsets were largely independent of their 4 

activation status, as both subsets showed potent upregulation of activation markers CD44 and 5 

CD69, and downregulation of CD127 and CD62L relative to naïve cells (Extended Data Fig 5e). 6 

Notwithstanding these initial differences, consistent with similar expression levels of pro-7 

survival molecule Bcl-2 (Extended Data Fig 5d), the CD25Hi and CD25Lo donors engrafted similarly. 8 

Both donors also expanded to largely similar levels at the peak of CD8 T cell expansion (day 8 9 

post-infection with LCMVCl-13) (Extended Data Fig 6a). The CD25Lo donors (enriched in TCF-1Hi Tim-10 

3Lo cells at the time of purification) maintained higher proportions of TCF-1Hi Tim-3Lo GzmBLo 11 

stem-like cells compared to CD25Hi donors (Fig 1d), and preferentially localized to secondary 12 

lymphoid organs (spleen and lymph nodes) compared to peripheral lung and liver sites (Extended 13 

Data Fig 6b). However, with progression of infection, there was a striking decline in the numbers 14 

of CD25Hi donors, which largely disappeared, and were 10-20-fold lower in numbers than their 15 

CD25Lo counterparts at day 24 post-infection in all tissues analyzed (Fig 1e). Greater recovery of 16 

CD25Lo donors was associated with higher proportions of TCF-1Hi GzmBLo (Extended Data Fig 6c) 17 

CD62LHi Slamf6Hi (Extended Data Fig 6d) stem-like cells, and lesser degree of exhaustion as 18 

evidenced by fewer donors co-expressing three or more inhibitory receptors (PD-1, Tim-3, Lag-3, 19 

2B4) compared to the small surviving population of CD25Hi donors (Fig 1f). In contrast, consistent 20 

with a more terminally exhausted phenotype, CD25Hi donors also expressed higher levels of 21 

Tbet/Eomes ratio (Fig 1g, Extended Data Fig 6e).  Notably, the CD25Lo and CD25Hi donor cells, 22 
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minimally impacted the infectious milieu as demonstrated by largely similar endogenous 1 

DbGP33-specific CD8 T cell responses over time (Extended Data Fig 7a), and similar proportions 2 

of stem-like cells (Extended Data Fig 7b) and PD-1 expression (Extended Data Fig 7c) in 3 

endogenous virus-specific CD8 T cells from the recipients. Collectively, these data demonstrate 4 

that CD25Lo TCF-1Hi cells distinguishable during early stages of priming and expansion 5 

preferentially differentiate into stem-like progenitor exhausted CD8 T cells during later stages of 6 

viral chronicity. 7 

8 

Stem-like TCF-1Hi progenitor CD8 T cells arising from IL-2RaLo precursors exhibit augmented 9 

responsiveness to PD-1 checkpoint blockade immunotherapy during exhaustion. 10 

Compared to TCF-1Lo terminally exhausted CD8 T cells, TCF-1Hi progenitor exhausted CD8 T cells 11 

mount superior expansion in response to PD-1 CBI in both chronic infection and tumor model 12 

studies2-4,6,10,15. Hence, we next assessed this key functional property of stem-like TCF-1Hi 13 

progenitor cells arising from CD25Lo precursors programmed during early stages of priming and 14 

expansion. As in Fig 1, CD25Lo and CD25Hi DbGP33-specific CD8 T cells were FACS-purified from 15 

day 4.5 LCMVCl-13 infection, adoptively transferred in equal numbers into infection-matched 16 

recipient mice, and allowed to differentiate under conditions of viral chronicity. The recipient 17 

mice were then subjected to PD-1 checkpoint blockade immunotherapy, and donor cell 18 

expansion, phenotype and function was assessed (Fig 2a). Consistent with their stem-like less 19 

exhausted TCF-1Hi Tim-3Lo GzmBLo Slamf6Hi CD62LHi phenotype (Fig 1f-g, Extended Data Fig 6c-e), 20 

the CD25Lo donors mounted significantly greater expansion in response to PD-1 CBI compared to 21 

CD25Hi donors in all tissues analyzed (PBMC, spleen, lymph node, lung and liver) (Fig 2b, 2c). 22 
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However, minimal differences were observed in effector differentiation between CD25Lo and 1 

CD25Hi donors, as evidenced by largely similar levels of expression of GzmB, PD-1 and TNF-a 2 

following PD-1 CBI (Fig 2d, 2e). Notably, the responsiveness (expansion and effector 3 

differentiation) of endogenous DbGP33-specific CD8 T cells of recipient mice remained unaltered 4 

to anti-PD-1 therapy, regardless of CD25Lo or CD25Hi donors being adoptively transferred into 5 

them (Extended Data Fig 8), thus lending further support to the data in Extended Data Fig 7 6 

showing that the adoptively transferred donor cells do not perturb the infectious milieu of 7 

recipient mice with respect to viral loads, immune factors, etc. Together, these data establish 8 

that functionally potent TCF-1Hi stem-like progenitor cells – capable of vigorous expansion in 9 

response to anti-PD-1 therapy – develop from CD25Lo precursors programmed during early stages 10 

of chronic viral infection. These observations prompted us to hypothesize that tempered IL-2 11 

signals during T cell priming serve to program the long-lived self-renewing subset of stem-like 12 

exhausted CD8 T cells capable of robust responses to anti-PD-1 therapy. 13 

14 

Functional role of T cell-specific IL-2 signals in programming TCF-1Hi stem-like precursors during 15 

chronic LCMV infection. 16 

Higher expression of IL-2Ra was associated with increased STAT-5 phosphorylation (Extended 17 

Data Fig 9a), increased expression of downstream metabolic regulator cMyc (Extended Data Fig 18 

5d), and higher levels of glycolysis and respiration (as indicated by increased extracellular 19 

acidification rate and oxygen consumption rate in a Seahorse biochemical analysis; Extended 20 

Data Fig 9b-d). Hence, we next sought to directly query the implied role of differential IL-2 signals 21 

in programming the development of TCF-1Hi and TCF-1Lo CD8 T cells in chronic LCMV infection. 22 
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Towards this goal, we either increased IL-2 signals through exogenous administration of IL-2, or 1 

tempered IL-2 signals through in vivo antibody blockade during early stages of chronic LCMV 2 

infection (days 0-3.5), and assessed the development of TCF-1Hi GzmBLo stem-like CD8 T cells (Fig 3 

3a). Appropriate IL-2 signal modulation was confirmed by assessing the levels of key IL-2 4 

signaling-dependent proteins, CD25 and GzmB (Fig 3b). At these early stages of TCR-driven 5 

proliferation, all three groups – untreated, IL-2 supplemented and IL-2 blocked – exhibited similar 6 

levels of activation, as assessed by significant upregulation of CD44 compared to naïve cells 7 

(Extended Data Fig 10a); underwent significant proliferation compared to naïve cells as assessed 8 

by largely similar BrdU incorporation, and expanded to largely similar levels (Extended Data Fig 9 

10b). Additionally, in the short programming window of 3-5 days, we did not observe any 10 

significant alterations in Treg cells due to IL-2 manipulation (Extended Data Fig 10c). 11 

As shown in Fig 3c, evident differences in the development of TCF-1Hi antigen-specific CD8 12 

T cells were noted with manipulation of IL-2 signals: whereas exogenous IL-2 administration from 13 

days 0-3.5 after LCMVCl-13 infection led to reduced TCF-1Hi GzmBLo cells, IL-2 blockade led to 14 

augmentation of TCF-1Hi GzmBLo cells compared to untreated cells, in most secondary lymphoid 15 

and nonlymphoid tissues analyzed (spleen, lymph node, lung, liver) (Fig 3c, Extended Data Fig 16 

10d). The donor cells primed in polarized high or low IL-2 conditions maintained their initial 17 

program, such that donors receiving increased IL-2 signals from days 0-3.5 remained lower for 18 

TCF-1Hi GzmBLo cells even a week after adoptive transfer into infection-matched recipients with 19 

physiologic levels of IL-2 (Fig 3d). In contrast, day 3.5 donors programmed with tempered IL-2 20 

signals remained higher for TCF-1Hi GzmBLo cells following transfer into infection-matched 21 

recipients (Fig 3d). Increased IL-2 signaling specifically impaired the development of the TCF-1Hi 22 
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 10 

Tim-3Lo stem-like subset, while mediating modest decrease in the intermediate TCF-1Lo Tim-3Lo 1 

subset, and a modest increase in the TCF-1Lo Tim-3Hi subset (Extended Data Fig 10e). Reduced IL-2 

2 signaling showed the inverse outcome. Notably, adoptive transfer of day 3.5 donors into day 3 

3.5-infection matched recipients was conducted at low precursor frequencies, and did not alter 4 

the differentiation program of endogenous DbGP33-specific CD8 T cells, as indicated by similar 5 

numbers of endogenous DbGP33-specific CD8 T cells, which also contained largely similar levels 6 

of TCF-1Hi GzmBLo cells regardless of receiving untreated, IL-2 treated or IL-2 blocked donors 7 

(Extended Data Fig 11). These data establish a key functional role of tempered IL-2 signals in 8 

programming the development of TCF-1Hi lineage in chronic viral infection.  9 

Enrichment of TCF-1Hi cells in the CD25Lo subset of virus-specific CD8 T cells (Fig 1), and 10 

the subsequent emergence of PD-1 checkpoint blockade immunotherapy responsive TCF-1Hi 11 

stem-like progenitor cells from CD25Lo precursors (Fig 2) further support the notion that IL-2 12 

signal regulation might be acting at a T cell-specific level to program the generation of stem-like 13 

lineage, likely through physiologic modulation of CD25 expression. However, it is also plausible 14 

that IL-2 might drive the divergence of TCF-1Hi and TCF-1Lo CD8 T cell lineages through indirect 15 

effects on other immune cells such as effector CD4 T cells, Treg cells or APCs. Hence, we next 16 

engaged RNP-based Crispr/Cas9 methodology to specifically ablate CD25 expression in DbGP33-17 

specific CD8 T cells from day 0 (Fig 3e, Extended Data Fig 12) or day 2 (Extended Data Fig 13a) 18 

after priming and activation. We also used siRNA technology to transiently decrease CD25 19 

expression between days 2-4 of priming and activation to query the timing of action of IL-2 signals 20 

in regulating the fate of TCF-1Hi stem-like precursors (Extended Data Fig 14a). The development 21 

of TCF-1Hi and TCF-1Lo cells from wild-type (WT) and CD25 knockdown (KD) CD8 T cells was then 22 
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assessed at day 8 after LCMVCl-13 infection following transfer into naïve (in case of day 0 or siRNA-1 

based transient knockdown) or day 2 infection-matched C57Bl/6 recipients (in case of day 2 2 

knockdown) (Fig 3e, Extended Data Fig 12, 13, 14). WT DbGP33-specific CD8 T cells were co-3 

transferred with CD25 KD cells into the same recipient mice to ensure differentiation of both 4 

subsets in the same infectious milieu. The WT and KD donors were distinguishable from each 5 

other and from endogenous DbGP33-specific CD8 T cells using congenic Ly/Thy markers. The 6 

efficiency of transfection (Extended Data Fig 12a) and CD25 knockdown was confirmed by flow 7 

cytometry at days 2 (Fig 3f), 5 and 8 (Extended Data Fig 12b) after electroporation of guide RNAs. 8 

In the case of day 2 CD25 knockdown, CD25 expression levels were confirmed to be reduced at 9 

day 4 after activation as well as day 8 after infection(Extended Data Fig 13b). In contrast to 10 

Crispr/Cas9-mediated deletion of il2ra, transient loss of CD25 was noted at day 2 after 11 

transfection in the case of siRNA-mediated knockdown, which was restored to WT levels at days 12 

4 after knockdown and day 8 after infection (Extended Data Fig 14b). 13 

In all three experimental conditions, we observed enhanced development of TCF-1Hi 14 

GzmBLo, Tim-3Lo stem-like CD8 T cells upon CD25 knockdown, compared to wild-type CD8 T cells 15 

in spleen (Fig 3e, Extended Data Fig 13c, 14c). Even in the nonlymphoid liver site, where TCF-1Hi 16 

cells are typically found at lower levels compared to lymphoid organs, we saw modest increase 17 

in TCF-1Hi cells upon CD25 knockdown from day 0 (Extended Data Fig 12c) or transiently from 18 

days 0-4 after stimulation (Extended Data Fig 14c). As is typical for exhausted cells23-26, Tox was 19 

expressed at higher levels than naïve cells, albeit CD25 ablation was associated with modest 20 

increase in Tox expression (Extended Data Fig 14d). Ablation of CD25 from day 0 led to a greater 21 

enhancement of TCF-1Hi GzmBLo, Tim-3Lo stem-like progenitor exhausted CD8 T cells, compared 22 
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 12 

to ablation of CD25 from day 2 or between days 0-4, thus suggesting that CD25 continues to exert 1 

an impact on the development of TCF-1Hi cells at least up to 4 days after infection. These data 2 

establish that CD25 serves as a T cell-specific physiologic regulator of TCF-1Hi stem-like cell 3 

development during early stages of chronic viral infection by modulating IL-2 signals. 4 

 5 

Late priming of CD8 T cells gives rise to IL-2RaLo stem-like precursor CD8 T cells. In viral 6 

infections, IL-2 levels in the spleen typically peak around day 2 after infection and progressively 7 

decrease to baseline levels by day 638,39. Hence, we hypothesized that T cell priming during later 8 

stages of expansion, when IL-2 levels are declining following chronic LCMV infection, may 9 

promote the development of TCF-1Hi stem-like CD8 T cells. To test this, we adoptively transferred 10 

naïve DbGP33-specific CD8 T cells at day 0, 1, 2 or 3 after infection, and analyzed the level of TCF-11 

1Hi GzmBLo Slamf6Hi stem-like CD8 T cells in the secondary lymphoid (spleen and lymph node) and 12 

nonlymphoid tissues (liver and lung) at day 8.5 LCMVCl-13 after infection (Extended Data Fig 15). 13 

We noted that conditions of late priming and curtailed duration of stimulation (days 3-8.5) were 14 

more conducive to the development of stem-like CD8 T cells in all tissues analyzed, compared to 15 

prolonged stimulation from days 0-8.5 after infection (Extended Data Fig 15a-c). Curtailed 16 

stimulation during later stages from days 3-8.5 was also associated with lesser proliferation (as 17 

indicated by Ki-67 staining), lower level of Tim-3 expression and largely similar levels of PD-1 18 

expression (Extended Data Fig 15d). Likewise, curtailing the duration of stimulation to early 19 

stages of infection (days 0-3.5 and days 0-5.5) induced higher levels of TCF-1Hi GzmBLo stem-like 20 

virus-specific CD8 T cells, compared to longer durations of stimulation from days 0-6 or days 0-8 21 

(Extended Data Fig 16a, 16b). However, the proportions of stem-like CD8 T cells were lower when 22 
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cells were stimulated during early stages of infection (when IL-2 levels are higher), than during 1 

later stages of priming when IL-2 levels decline (Extended Data Figure 15b, 16b). Early stimulation 2 

from days 0-5.5 induced about 10-15% TCF-1Hi cells, compared to stimulation during later stages 3 

of expansion from days 3-8.5 stimulation, which induced about 40% TCF-1Hi cells despite identical 4 

duration of stimulation (Extended Data Fig 15, 16). These data indicated that shorter duration of 5 

stimulation and later priming are more conducive for the development of TCF-1Hi stem-like CD8 6 

T cells. 7 

To directly investigate whether priming during later stages of chronic LCMV infection 8 

better supports the development of TCF-1Hi stem-like CD8 T cells compared to earlier stages, we 9 

next scanned how a 5.5 day window of stimulation from days 0-5.5, 1-6.5, 2-7.5 or 3-8.5 impacted 10 

the development of stem-like CD8 T cells (Fig 4a).  Thus, maintaining the duration of stimulation 11 

the same (5.5 days), we controlled the timing of stimulation by adoptively transferring naïve 12 

DbGP33-specific CD8 T cells at day 0, 1, 2 or 3 after infection, and analyzed the level of TCF-1Hi 13 

GzmBLo Slamf6Hi stem-like CD8 T cells. Stem-like CD8 T cells were maximally induced in the days 14 

3-8.5 stimulation window in all secondary lymphoid (spleen and lymph node) and nonlymphoid15 

tissues (liver and lung) analyzed (Fig 4b, Extended Data Fig 17a). We noted a progressive increase 16 

in TCF-1Hi GzmBLo Slamf6Hi stem-like CD8 T cells with later priming, such that donor cells 17 

transferred at day 3 after infection exhibited the highest proportions of stem-like antigen-specific 18 

CD8 T cells, whereas cells primed during early stages of infection (days 0-5.5) exhibited the least 19 

amounts (Fig 4b). No significant differences in proliferation, or expression of canonical inhibitory 20 

receptors Tim-3 and PD-1 was noted between groups, consistent with largely similar duration of 21 

antigenic stimulation (Extended Data Fig 17b). These findings implicate differential priming of 22 
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 14 

antigen-specific CD8 T cells during early versus late stages of expansion in chronic LCMV infection, 1 

and further demonstrate that longer duration of stimulation and stimulation during early stages 2 

of infection in higher IL-2 conditions are detrimental to the development of TCF-1Hi stem-like CD8 3 

T cells. In contrast, shorter duration of stimulation, during later stages of infection with lower IL-4 

2 levels, are conducive for the development of stem-like TCF1Hi CD8 T cells during exhaustion.  5 

To dissect differences in priming events during early versus late stages of chronic viral 6 

infection, we next characterized the dendritic cells (DC) subsets during distinct stages of chronic 7 

LCMV infection (days 0, 3.5, 5.5 and 8) using the subset distinguishing markers MHC-II, CD11c, 8 

CD11b, Ly6C, CCR2, CX3CR1 (Extended Data Fig 18a, 18b). We noted an evident decline in 9 

conventional DCs (cDC), and a concomitant increase in monocyte-derived DCs (moDC) with 10 

progression of infection (Fig 4c). We further compared the in vivo IL-2-production capabilities of 11 

cDC and moDC subsets during chronic LCMV infection. For this, we engaged the TdTomato IL-2 12 

reporter mice40. As with LCMVCl-13-infected C57Bl/6 mice, we noted a skewing of DCs towards the 13 

moDC lineage at day 4 after LCMVCl-13 infection of TdTomato IL-2 reporter mice (Extended Data 14 

Fig 18c). With respect to IL-2 production, cDCs were preferentially enriched in the TdTomato+ 15 

population compared to moDCs, thus confirming that cDCs produced higher levels of IL-2 than 16 

moDCs in vivo during LCMVCl-13 infection (Fig 4d). To determine whether cDC and moDC subsets, 17 

expressing differential levels of IL-2, primed CD8 T cells differentially, we purified cDC and moDC 18 

subsets from day 3.5 after LCMVCl-13 infection, based on the expression of MHC-II, CD11b and 19 

CD11c gating scheme (Fig 4e, Extended Data Fig 18b). The subsets were further validated using 20 

distinguishing CCR2, Ly6C and Cx3CR1 markers (Extended Data Fig S18b), and purified DC subsets 21 

loaded with GP33 peptide antigen were used for stimulating naïve DbGp33-specific CD8 T cells 22 
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(Fig 4e). Both DC subsets stimulated largely similar proliferative responses in DbGP33-specific CD8 1 

T cells (Fig 4f). However, activation of CD8 T cells was much stronger with cDC priming compared 2 

to moDC priming, as indicated by greater induction of CD44, CD25, CD69, PD-1 and 3 

downregulation of CD62L (Extended Data Fig 19). Consistent with less potent induction of CD25 4 

in moDC-primed CD8 T cells, we observed significantly higher induction of Slamf6Hi GzmBLo stem-5 

like CD8 T cells following stimulation with moDCs, compared to cDCs (Fig 4g). In summary, these 6 

data demonstrate a preferential enrichment of moDCs with progression of chronic LCMV 7 

infection, which produce minimal amounts of IL-2 and prime preferential development of 8 

Slamf6Hi stem-like CD8 T cells compared to cDCs. These findings are consistent with preferential 9 

development of TCF-1Hi stem-like CD8 T cells during later stages of chronic LCMV infection (Fig 10 

4a, 4b), when moDCs predominate. Collectively, these data support the model that differential 11 

priming of antigen-specific CD8 T cells by cDCs and moDCs institute distinct programs of T cell 12 

differentiation during chronic LCMV infection through differential induction of CD25 expression 13 

and downstream IL-2 signaling. 14 

15 

Correlations of IL-2 signaling signature with stem-like lineage and checkpoint blockade 16 

immunotherapy responses in melanoma, head and neck cancer and lung cancer patients. 17 

Analogous to chronic viral infections, functional exhaustion of tumor-reactive CD8 T cells 18 

is well established in solid tumors8. Importantly, recent studies have identified a wide spectrum 19 

of heterogeneity in exhausted CD8 T cell pool, ranging from stem-like to terminally exhausted 20 

tumor-reactive CD8 T cells in a variety of patient tumor samples including melanoma, lung 21 

carcinoma and head and neck cancer10,16-21. In order to explore a potential relationship between 22 
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IL-2 signaling and T cell exhaustion in patient solid tumor samples, we analyzed scRNA-seq data 1 

from melanoma, HPV+ head and neck cancer and lung carcinoma samples10,16,21. As in the case 2 

of LCMV-specific CD8 T cells, tumor infiltrating lymphocytes (TIL) from patient melanoma samples 3 

showed an inverse association between TCF-1 and IL-2 signaling signature genes in uniform 4 

manifold approximation and projection (UMAP) analyses of scRNA-seq data (Fig 5a). TILs 5 

expressing lower levels of gene encoding TCF-1 exhibited higher expression of Granzyme B, Tim-6 

3 and PD-1 encoding genes, alongside increased IL-2 signaling signature genes such as STAT5 7 

targets and Blimp-1 (encoded by prdm1) downstream of IL-2 (Fig 5a). In contrast, higher TCF-1 8 

gene expression was directly related to higher CD62L and reduced IL-2 signaling signature genes 9 

(Fig 5a) as seen in LCMV-specific CD8 T cells (Fig 1b). Unsupervised clustering of CD8 T cells into 10 

stem-like, transitory effector-like and terminally exhausted subsets based on gene expression 11 

profiles (Extended Data Fig 20a, 20b) (as validated by relative enrichment of memory or 12 

exhaustion signatures; Fig 5b, Extended Data Fig 20c) further confirmed a preferential 13 

enrichment of IL-2 signaling signature in the more differentiated transitory effector and 14 

terminally exhausted subsets compared to the less-differentiated stem-like cells (Fig 5b). 15 

Importantly, IL-2 signaling signature was also found to be enriched in TILs of melanoma patients 16 

who did not benefit from checkpoint blockade (non-responders), whereas patients with robust 17 

responses to therapy (responders) showed significantly lower IL-2 signaling signature enrichment 18 

scores (Fig 5c, Extended Data Fig 20d). Thus, these data link IL-2 signaling with increased TIL 19 

exhaustion and poor responsiveness to PD-1 CBI in melanoma patients. 20 

In virally-induced human papillomavirus (HPV)+ head and neck cancers as well, UMAP 21 

analysis of scRNA-seq data from HPV tetramer+ TILs showed inverse expression patterns of TCF-22 
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1 with GzmB, Tim-3, PD-1 and IL-2 signaling, whereas higher TCF-1 expression correlated with 1 

higher CD62L expression, as in case of melanoma (Extended data Fig 21a). Importantly, we noted 2 

an evident enrichment of IL-2 signaling signature in terminally differentiated antigen-specific TIL 3 

subsets compared to the stem-like cells defined by unsupervised cluster analysis (Fig 5d,e; 4 

Extended Data Fig 21b, 21c). Consistent with higher IL-2 signaling in more differentiated HPV+ 5 

TILs, we noted increased expression of STAT5 targets downstream of IL-2 and Blimp-1 (Extended 6 

Data Fig 21d).  Likewise, scRNA-seq data analysis of neoantigen-specific and influenza A virus-7 

specific TILs from lung cancer patients (Extended Data Fig 22a, 22b) also showed preferential 8 

enrichment of exhaustion and IL-2 signaling signatures (Fig 5f) (including STAT5 and Blimp-1, 9 

Extended Data Fig 22c) compared to influenza A virus-specific T cells from the same environment, 10 

which were more memory-like (Fig 5f). Collectively, our studies show a direct regulatory effect 11 

of IL-2 signaling in the development of stem-like and terminally exhausted CD8 T cell lineages and 12 

checkpoint blockade immunotherapy responses during chronic viral infection and solid tumors. 13 

 14 

  15 
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IMPLICATIONS 1 

IL-2 – an enigmatic cytokine, capable of effecting both immunostimulatory and 2 

immunosuppressive physiologic outcomes39 – is shown here to act in a rheostatic manner to 3 

program the development of stem-like TCF-1Hi exhausted CD8 T cell precursors at low signaling 4 

intensity, but drive terminal exhaustion under strong/prolonged signaling conditions. Our 5 

findings of in vivo fate programming of stem-like exhausted CD8 T cells by attenuated IL-2 signals 6 

in chronic viral infection, and direct association of increased IL-2 signaling with more terminal 7 

differentiation in intra-tumoral tumor-reactive T cells from patients with a variety of solid tumors 8 

such as melanoma, lung cancer and virally-induced head and neck cancer have implications in 9 

two main areas: first, for PD-1-based therapy of patients with chronic viral infections and solid 10 

tumors; and second for adoptive T cell therapeutic strategies for chronic viral infections and 11 

cancers. 12 

The efficacy of PD-1 based therapies is critically dependent on the presence of TCF-1Hi 13 

stem-like exhausted CD8 T cells, capable of vigorous expansion and differentiation into effector 14 

CTLs for expeditious and efficacious control of virus or tumors2-4,6,10,15. Given that new thymic 15 

emigrants continue to be recruited into the virus- or cancer-specific immune response even in 16 

established disease3,41,  our studies present regulated IL-2 signaling as a promising new 17 

preconditioning strategy that may be leveraged to improve clinical outcomes of PD-1-based 18 

therapies by shifting the balance in favor of stem-like exhausted CD8 T cell differentiation in 19 

ongoing cancers and chronic infections. This strategy to precondition an augmented response to 20 

PD-1-based therapies  by IL-2 signal attenuation and augmentation of stem-like T cell subset prior 21 

to initiation of PD-1 checkpoint blockade is distinct from combination treatment with IL-2 and 22 
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PD-1 checkpoint blockade, which is designed to boost effector responses following release of PD-1 

1 brakes42.  Additionally, mechanisms that skew the balance of dendritic cells in favor of IL-2 non-2 

producing subsets in the tumor microenvironment or during chronic infections may also be 3 

beneficial for augmenting T cell stemness and responsiveness to checkpoint blockade 4 

immunotherapy.   5 

 In the context of ACT, IL-2 has been classically used for expansion of therapeutic 6 

lymphocytes in vitro and for boosting their effector functions in patients following adoptive 7 

transfer43. In vivo IL-2 administration offers beneficial effects by boosting effector responses, and 8 

several IL-2 biologics with targeted effects on anti-tumor T cells (and not Treg cells) are being 9 

evaluated43-45. Our studies show that strong/prolonged IL-2 signaling eventually drives terminal 10 

exhaustion, whereas tempered IL-2 signals promote the generation of long-lived, multipotent 11 

stem-like antigen-specific T cells. These findings support the notion that tempering IL-2 signals 12 

during therapeutic T cell product generation will be beneficial for mediating long-term tumor 13 

control and immunosurveillance post-ACT by enhancing stem-like cells in the therapeutic product 14 

even in the controlled in vitro setting of T cell stimulation46. Moreover, our studies present IL-15 

2Ra and other components of the IL-2 signaling axis such as IL-2Rb47, Blimp-148 and T cell-derived 16 

IL-249,50 as putative genetic engineering targets for enhancing the stemness and long-term 17 

therapeutic efficacy of TCR- or CAR-modified T cell monotherapy. This strategy is also expected 18 

to promote responsiveness of therapeutic product to subsequent PD-1 checkpoint blockade. 19 

Thus, our studies have broad implications in improving clinical outcomes of anti-PD-1 and ACT 20 

therapies for chronic infections and cancers by providing a unique preconditioning strategy of 21 

boosting long-lived, therapy-responsive stem-like CD8 T cells through IL-2 signal attenuation. 22 
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METHODS 1 

Mice and infection 2 

Four week old C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). 3 

Thy1.1+ and Ly5.1+ H-2DbGP33-specific TCR-transgenic P14 mice, fully backcrossed onto the 4 

C57BL/6 background, were maintained in our colony. IL-2-Cre+ mice were crossed with Rosa26 5 

TdTomato reporter mice and bred in house. In all experiments, sex- and age-matched mice were 6 

used. All animals were used in accordance with SCRI Institutional Animal Care and Use Committee 7 

guidelines. LCMV Clone 13 strain (LCMVCl-13) was propagated, titered, and used for infections as 8 

previously51. Mice were injected intravenously (i.v.) with LCMVCl13 (2×106 PFU) 12-16 hrs 9 

following adoptive transfer of P14 cells. 10 

11 

Adoptive T cell transfer 12 

To generate P14 chimeric mice, naïve C57Bl/6 mice were adoptively transferred with 2.5 x103 13 

(Low dose) or 1x106 (High dose) WT DbGP33-specific P14 CD8 T cells 12-16 hrs prior to infection 14 

with LCMVCl13.  Early T cell priming and expansion were analyzed at Day 3.5 in case of high dose 15 

P14 chimeras, and at day 5.5 for low dose P14 chimeric mice. FACS-purified CD25Hi or CD25Lo CD8 16 

T cells isolated at day 3.5 after infection were adoptively transferred into infection-matched 17 

recipients, at similar numbers (1x105-5x105). In the CD25 ablation experiments, naïve P14 cells 18 

that were permanently knocked down for CD25 expression (D0 CD25 KD) using Crispr/Cas9 or 19 

transiently ablated for CD25 expression using siRNA (Transient 25 KD) were co-transferred along 20 

with their respective WT P14 controls (~2x103) at 1:1 ratio into naïve recipient mice one day prior 21 

to LCMVCl-13 infection. Day 2 activated P14 CD8 T cells ablated for CD25 expression (D2 CD25 KD) 22 
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and WT P14 T cells were similarly co-transferred into infection matched recipient mice at 1:1 1 

ratio of 200x103 cells of each type. 2 

3 

Flow cytometry and cell sorting 4 

All antibodies were purchased from Biolegend (San Diego, CA, USA) except for TCF-1 (Cell 5 

signaling) and Slamf6 (BD Biosciences). MHC class I tetramers were made as described on the NIH 6 

tetramer core facility protocol and used as previously52. Single-cell suspensions from spleens, 7 

inguinal lymph nodes, lungs, livers or PBMCs from mice were prepared as previously52-55. All 8 

samples were resuspended in FACs buffer (1xPBS containing 1% FBS and 0.05% sodium azide) 9 

and stained with a fixable dead cell dye (LIVE/ DEAD zombie) along with extracellular 10 

fluorophore-conjugated antibodies to detect cell surface markers. For analysis of intracellular 11 

cytokines, splenocytes (2x106) were stimulated in vitro with 0.2μg/mL GP33-41 peptide in the 12 

presence of Brefeldin A for 5h, followed by surface staining for CD8, Ly5.1, Thy1.1, and Thy1.2. 13 

Cells were then washed and stained for IFN-g, TNF-α and IL-2 using the BD 14 

Fixation/permeabilization kit (BD Bioscience). Staining of intranuclear transcription factors was 15 

performed using eBiosciences Foxp3/Transcription Factor Staining protocol. Phosphostaining 16 

was performed on splenocytes direct ex vivo or following in vitro stimulation with IL-2 in complete 17 

RPMI 1640 containing 10% FBS and b-mercaptoethanol (cRPMI) at 37˚C in 5% CO2. Cells were 18 

immediately fixed with 1.6% formaldehyde for 10 min followed by permeabilization in 80% ice-19 

cold methanol for 30 min at 4ºC. After rehydration in FACs buffer cells were stained with anti-20 

pSTAT5 on ice for 45 min as we have done previously52.  For in vivo BrdU incorporation assay, 21 

mice were injected with 500μL BrdU (2mg/ml) intraperitoneally 12h prior to analysis using a BrdU 22 
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flow kit (BD Biosciences) as previously53,54. Sample acquisition was performed on LSRII Fortessa 1 

(BD Biosciences, San Jose, CA). Data analysis was performed with FlowJo v. 9.9 software. 2 

3 

For cell sorting of CD8 T cells or DC subsets, cells were enriched from total splenocytes using the 4 

EasySep Mouse CD8+ T cell Isolation Kit or the MojoSort Mouse Pan Dendritic Cell Isolation Kit 5 

(Biolegend), respectively at day 3.5 post infection. The enriched CD8 T cells were then FACS-6 

sorted into CD25Hi and CD25Lo cells, following gating of Thy1.2- CD44+ P14 population. Isolated 7 

DCs were sorted into cDCs and moDCs based on CD11c, CD11b, Ly6c and CCR2 expression. Cells 8 

were sorted on JAZZ cell sorter (BD Bioscience) using a 70-micron nozzle. 9 

10 

In vivo treatment 11 

For PD-1 checkpoint blockade immunotherapy studies, CD25Hi and CD25Lo recipient mice were 12 

treated intraperitoneally (I.P.) with PBS containing anti-PD-L1 monoclonal antibody 13 

(200µg/mouse, clone 10F.9G2, BioXcell) as previously52. PDL-1 blockade was performed every 14 

three days starting from day 16 to day 25 post infection for a total of three injections. To regulate 15 

IL-2 signals during priming (Day 0 to Day 3.5 post infection), mice were treated with high dose 16 

hIL-2 (15,000 IU, administered twice-daily through intraperitoneal route). IL-2 signaling blockade 17 

was performed using a combination of JES61A12 and S4B6 anti-IL-2 antibodies at 200µg/ml 18 

(BioXCell) injected once daily through intraperitoneal route. Control mice received sterile 1X PBS. 19 

20 

T cell activation and electroporation 21 
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CD8+ T cells were enriched from total splenocytes using the EasySep Mouse CD8+ T cell Isolation 1 

kit (Stem Cell). For permanent or transient CD25 ablation experiments at day 0, 4-6 x 106 P14 CD8 2 

T cells were plated in 6 well plates and pre-cultured in IL-7 (10ng/ml, PeproTech) at 37°C, 5% CO2 3 

for 24 hrs prior to electroporation.  For ablation of CD25 at day 2 post-activation, purified naïve 4 

P14 CD8 T cells were plated at 3x106 cells/well in αCD3/αCD28 coated 6 well plates. Cells were 5 

pre-activated for 48h at 37°C, 5% CO2 prior to electroporation.  Note that the preparation of 6 

CRISPR/Cas9 reagents was conducted based on guidance provided by IDT Alt-R CRISPR-Cas9 7 

system. Naïve cells were resuspended in T buffer (Invitrogen MPK1096) and electroporated using 8 

2200V, 10ms, 3 pulses, while activated CD8 T cells were resuspended in R buffer (Invitrogen 9 

MPK1096) and electroporated using 1600V, 10ms, 3 pulses. Following Neon transfection P14 CD8 10 

T cells were transferred into warm cRPMI. Cells were rested at 37°C, 5% CO2 for 20-30min. The 11 

electroporation efficiency was evaluated for ATTO uptake by flow cytometry. Naïve and effector 12 

CD8 T cells were then plated on αCD3/αCD28 coated plates for activation and stained for CD25 13 

expression 48h and 96h post electroporation. 14 

15 

DCs and P14 CD8 T cell co-culture 16 

cDCs and moDCs subsets were harvested and sorted from spleens of infected mice at day 3.5-4.0 17 

after infection with LCMVCl-13.   For in vitro analysis of cell proliferation, 5x 104 of purified naïve 18 

P14 CD8 T cells were labeled with 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) 19 

(Invitrogen, Carlsbad, CA) and co-cultured with GP33-loaded moDC or cDC (1 x 104 APCs) at a 5:1 20 

ratio for 72h at 37°C as previously described (Shin et al., 2019). 21 

22 
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Seahorse Assay 1 

Oxygen consumption (OCR) and extracellular acidification rates (ECAR) were measured using the 2 

XFe96 well Seahorse Analyzer (Agilent). Day 3.5 Sorted CD25Hi and CD25Lo were adhered onto 3 

Seahorse cell culture plates using poly-L-lysine (Sigma) at 1.5x105 cells per well. Agilent Seahorse 4 

XF Cell Mito Stress Test Kit was used to perform Mitostress test in the presence of 10mM glucose 5 

(Agilent) with addition of Oligomycin, FCCP, Rotenone/Antimycin A and finally 2-Deoxyglucose 6 

(20mM) to obtain the zero-point value of extracellular acidification. 7 

 8 

RNA-seq Data analyses 9 

Mouse samples: scRNA-seq (10x Genomics) data  (GSE119943) from splenocytes isolated from 10 

P14 chimeric mice (adoptively transferred with 5000 DbGP33-specific P14 CD8 T cells) at day 4.5 11 

after infection with LCMVCl-13
35  were analyzed using Seurat (Version 2). Briefly, cells with 12 

percentage of mitochondrial genes below 0.05% were included. Cells with highest numbers of 13 

detected genes (top 0.2%) or lowest numbers of detected genes (bottom 0.2%) were considered 14 

as outliers and excluded from downstream analyses. Raw UMI counts were normalized to UMI 15 

count per million total counts and log-transformed. Variable genes were selected based on 16 

average expression and dispersion. Principal component analysis (PCA) analysis was performed 17 

using variable genes. T-distributed stochastic neighbor embedding (t-SNE) plots were generated 18 

based on selected PCA dimensions and unsupervised graph-based clustering was used to 19 

partition cells into clusters based on their transcriptomes. Each dot corresponds to one individual 20 

cell. Marker genes were identified by Seurat function FindAllMarkers.   21 

 22 
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Melanoma datasets: A single cell RNA-seq dataset of CD45+ cells from melanoma tumors was 1 

downloaded from gene expression omnibus (GEO; GSE120575)10. Data were loaded into a 2 

Seurat object and clustered using the associated Seurat packages. Cells in T cell clusters with >1 3 

CD8A transcript, >1 CD3E transcript and <2 CD4 transcripts were isolated in silico for further 4 

analysis. These cells were again clustered, and dimensionality reduction was performed using 5 

the Seurat packages. Frequency of CD8 T cells in the two clusters with the highest IL2 signaling 6 

scores (see below) were compared in patients who responded or did not respond to therapy.  T 7 

tests were used to assign statistical significance between response groups. 8 

9 

 HPV-associated cancer datasets: Single cell RNA-seq dataset of HPV-tetramer sorted CD8 T 10 

cells from HPV associated malignancies was downloaded from GEO (GSE180268)16. Doublets 11 

were removed using the scds package. Low quality cells that contained >7% mitochondrial 12 

genes, <700 detected genes or <2,500 unique molecular identifiers were removed. Data from 13 

different patients were integrated using the linear regression and the batchelor package. 14 

Further clustering and dimensionality reduction was performed using the Seurat package. 15 

16 

Lung cancer patient samples: Gene expression matrices and TCR VDJ sequences from T cells 17 

isolated from non-small cell lung cancer tumors were downloaded from GEO (GSE176021)21. 18 

Gene expression data for each patient were loaded into Seurat objects (version 4.1) and 19 

integrated using IntegrateData and associated functions in Seurat. Antigen specificity was 20 

assigned by mapping VDJ sequences of known neoantigen or viral specificity to gene expression 21 

data with matching cell barcodes for each patient.  Low quality cells (>7% mitochondrial genes 22 
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or <700 features) were removed. CD4, CD8A and CD8B gene expression was imputed using the 1 

SAVER package (version 1.1) and used to select for CD8 T cells. Subsequent clustering and 2 

dimensionality reduction were performed using the Seurat package.  3 

 4 

Gene set scoring: Gene set signatures were scored using the UCell package (version 1.99). The 5 

IL2 signature gene set (FUNG_IL2_SIGNALING_1) and STAT5 targets downstream of IL-2 gene 6 

set (FUNG_IL2_TARGETS_WITH_STAT5_BINDING_SITES_T1) were downloaded from the 7 

molecular signatures database. The exhaustion and memory scores were compiled from 8 

overlapping genes in previously published datasets. Wilcoxon signed-rank tests were used to 9 

assign statistical significance. 10 

 11 

Code availability: Code used to analyze human single cell RNA-seq data included R version 4.1.2 12 

and the following publicly available packages: AUCell version 1.16 for ranking gene expression, 13 

SAVER version 1.1 for CD4, CD8A and CD8B gene imputation, scds version 1.10 for doublet 14 

detection, Seurat version 4.1, scater version 1.22 and scran version 1.22 for data manipulation 15 

and plotting, Monocle version 2.22 for pseudotime analyses and UCell version 1.99 for gene set 16 

scoring. Full code used to analyze human scRNA-seq datasets is available at 17 

https://github.com/thpulliam/IL2-exhaustion 18 

 19 

Statistics 20 

Paired or unpaired Student’s t-test was used as indicated to evaluate differences between sample 21 

means. Paired analysis was conducted in experimental settings where WT and CD25KD CD8 T 22 
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cells were cotransferred into the same host. Unpaired t-test was used to compare sample means 1 

when WT and KD or CD25Hi and CD25Lo cells were transferred into separate hosts, or to compare 2 

sample means of treated and untreated groups from in vitro or in vivo studies. A one-way analysis 3 

of variance (ANOVA) with Tukey’s post-hoc test was used for experiments with 3 or more groups 4 

to compare means across distinct groups. All statistical analysis was conducted using GraphPad 5 

Prism 5 Software (GraphPad Software, Inc.). P values of statistical significance are depicted by 6 

asterisk per the Michelin guide scale: * (P ≤ 0.05), ** (P ≤ 0.01), and *** (P ≤ 0.001) in the figures. 7 

In cases where statistically significant differences were not observed, no asterisk marks are 8 

included. 9 

10 

11 
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FIGURE LEGENDS 1 

2 

FIGURE 1. TCF-1Hi stem-like CD8 T cell lineage is preferentially associated with reduced IL-2R 3 

expression during T cell priming in chronic viral infection. 4 

(a) Inverse expression patterns of TCF-1 and IL-2R in LCMV-specific CD8 T cells during early stages5 

of T cell activation and expansion in response to chronic LCMV infection.  WT DbGP33-specific 6 

P14 cells (2.5x103, low dose, endogenous precursor frequencies) were adoptively transferred into 7 

naïve B6 mice, which were subsequently infected with LCMVCl13.  Flow-cytometry plot of TCF-1 8 

and GzmB co-expression in splenic P14 CD8 T cells are shown at day 5.5 post-infection. 9 

Histograms and bar graphs depict levels of CD25 expression on TCF-1Hi (Light blue) or TCF-1Lo 10 

(Gold) gated P14 T cells. 11 

(b) scRNA-seq data support lower expression of IL-2Ra in cells expressing higher levels of markers12 

associated with stem-like CD8 T cells in chronic LCMV infection. Single-cell transcript levels of 13 

tcf7, gzmb, il2ra, slamf6, pdcd1, havcr2, sell, bcl2 and mki67 are illustrated in t-SNE plots from 14 

LCMV-specific CD8 T cells 4.5 days after LCMVCl-13 infection (Transcript levels are color-coded: 15 

grey, not expressed; purple, expressed). 16 

(c) Experimental set-up to investigate the long-term exhausted CD8 T cell fate outcomes of17 

CD25Hi and CD25Lo LCMV-specific CD8 T cells isolated during priming. WT P14 cells (1x106) were 18 

adoptively transferred into naïve B6 recipient mice and then infected with LCMVCl13 1 day later. 19 

CD25Lo and CD25Hi cells were FACS purified 3.5 days after LCMVCl13 infection.   Congenically 20 

mismatched CD25Hi or CD25Lo donor cells (~1x105) were transferred into infection-matched 21 

C57Bl/6 mice. 22 
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(d) TCF1Hi GzmBLo cells preferentially arise from CD25Lo donors. Flow-cytometry plots of TCF-1 1 

and GzmB co-expression in transferred CD25Hi or CD25Lo donor cells are presented from the 2 

indicated tissues, 8 days after infection. Representative flow data are shown along with a bar 3 

graph of % stem-like TCF-1Hi GzmBLo CD8 T cells.  4 

(e) Preferential survival of CD25Lo donors enriched in TCF1Hi stem-like CD8 T cells during late 5 

stages of chronic LCMV infection. Bar graphs show numbers of CD25Hi and CD25Lo donor CD8 T 6 

cells in indicated tissues at day 24 after LCMVCl13 infection. 7 

(f) Increased expression of multiple inhibitory receptors on terminally exhausted CD8 T cells 8 

arising from CD25Hi precursors. SPICE (simplified presentation of incredibly complex evaluations) 9 

plots illustrating co-expression of the inhibitory receptors (IR) PD-1, Tim-3, LAG3, 2B4 on 10 

transferred CD25Hi or CD25 Lo P14 CD8 T cells are presented.  11 

(g) Relative expression of T-bet and eomesodermin transcription factors in CD25Lo and CD25Hi 12 

donors. Bar graphs depict the expression of T-bet and Eomes on FACS sorted and transferred 13 

CD25Hi (Red) or CD25Lo (Blue) P14 CD8 T cells at day 8 post-infection; grey histograms show 14 

endogenous CD44lo naïve CD8 T cells. Number represents MFI of respective marker. Bar graphs 15 

display mean and SEM. Data are representative of at least two independent experiments with 16 

n=5-10 mice per group. Unpaired Student t-test was used with statistical significance in 17 

difference of means represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 18 

 19 

FIGURE 2. Stem-like TCF-1Hi progenitor CD8 T cells arising from IL-2Ra precursors exhibit 20 

augmented responsiveness to PD-1 checkpoint blockade immunotherapy during exhaustion.  21 
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(a) Experimental set-up. CD25Lo and CD25Hi cells were FACS purified at day 3.5 after infection, and 1 

adoptively transferred into infection-matched congenically distinct recipient mice (as in Fig 1). 2 

Mice were subsequently treated with anti-PD-L1 antibody (200 μg) every 3 days from day 15 to 3 

24, and donor cells were assessed for expansion and effector function. 4 

(b) Longitudinal analysis of CD25Lo and CD25Hi donors in blood of chronically infected mice.5 

Numbers of CD8+ Ly5.1+ donor cells per 10x106 PBMC are depicted at indicated time points after 6 

infection. Bar graphs show fold expansion of donor cells at day 22 in blood after infection in 7 

treated and untreated groups receiving CD25Lo or CD25Hi donor cells.  Data are representative of 8 

2 independent experiments with n=4-6 mice per group. 9 

(c) Absolute numbers of donor cells in the presence or absence of anti-PD-L1 blockade therapy.10 

Bar graphs show absolute numbers of donor cells in indicated tissues. Numbers above bars depict 11 

fold-change in numbers of donor cells after treatment with aPD-L1. 12 

(d) Expression of effector molecule granzyme B and inhibitory receptor PD-1 in CD25Lo and CD25Hi13 

donors in response to anti-PD-L1 blockade therapy. Representative histograms and composite 14 

bar graphs show GzmB and PD-1 expression in donor CD8 T cells in the spleen at day 24 after 15 

infection. Numbers depict mean fluorescence intensity (MFI) of expression of respective markers. 16 

(e) Expression of effector cytokines by CD25Lo and CD25Hi donors in response to anti-PD-L117 

blockade therapy. Bar graphs show % IFN-g and TNF-a double positive donor cells, and MFI of 18 

TNF-a expression in CD25Hi and CD25Lo donor CD8 T cells from spleens following in vitro 19 

stimulation of splenocytes with GP33 peptide for 5 hrs. 20 

Bar graphs display mean, and SEM. Data are representative of at least 2 independent 21 

experiments with n=4-6 mice per group. One-way ANOVA with Tukey post-test was used to 22 
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compare differences between groups. Statistical significance in difference of means is 1 

represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 2 

 3 

FIGURE 3. Attenuation of IL-2 signals in virus-specific CD8 T cells promotes the generation of 4 

TCF-1Hi stem-like precursors during exhaustion.  5 

(a) Experimental setup for IL-2 enhancement or attenuation during T cell priming of chronic LCMV 6 

infection. Naïve C57Bl/6 mice adoptively transferred with 1x106 P14 CD8 T cells were infected 7 

with LCMVCl13, and were treated intraperitoneally with PBS, high dose IL-2 (1.5 × 104 IU) or anti-8 

IL-2 complex from days 0-3.5 after infection.  LCMV-specific CD8 T (4x105) cells were isolated 9 

from splenocytes at day 3.5 post-infection, characterized, and transferred into infection-matched 10 

recipients. Donor cells were analyzed 6 days following transfer (Day 9 post- infection).  11 

(b) Activation and effector molecule expression under distinct IL-2 stimulatory conditions. Bar 12 

graphs show the MFI of expression of CD25 and GzmB on donor cells in the untreated (UnTx) 13 

(Black), IL-2-treated (Red) and αIL-2 treated groups (Blue) at day 3.5 post-infection. 14 

(c) Assessment of stem-like precursors with IL-2 supplementation or blockade during T cell 15 

priming. Representative flow-cytometry plots of TCF-1 and GzmB co-expression on donor CD8 T 16 

cells, and composite bar graphs showing % TCF1Hi GzmBLo stem-like precursors in the SPL at day 17 

3.5 post-infection. Data are representative of 3-4 independent experiments with n=4-6 mice per 18 

group. 19 

(d) Persistence of stem-like CD8 T cell precursors primed under conditions of IL-2 attenuation. 20 

Representative flow-cytometry plots of TCF-1 and GzmB co-expression on donor CD8 T cells, and 21 

composite bar graphs showing % TCF1Hi GzmBLo stem-like precursors in the SPL 6 days after 22 
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adoptive transfer (~9 days after LCMVCl-13 infection) of donor cells primed under IL-2 1 

supplementation or blockade conditions for 3.5 days. 2 

(e) Experimental setup to query the CD8 T cell-intrinsic role of CD25 in programming TCF-1Hi3 

stem-like lineage through IL-2 signal modulation. The gene encoding IL-2Ra was knocked out 4 

using RNP-based CRISPR-Cas9 technology. Naïve P14 CD8 T cells were electroporated with guide 5 

RNA targeting il2ra gene. Equal numbers of WT CD8 T cells or CD25 knockdown (KD) cells were 6 

adoptively co-transferred into naïve mice, which were then infected with LCMVCl-13. Donor LCMV-7 

specific CD8 T cells were analyzed after 8 days of infection. 8 

(f) The efficiency of CRISPR-Cas9-mediated deletion of il2ra. Representative histogram plots show9 

the expression of CD25 in WT (Red), CD25 KD (Blue) and naïve cells (Gray) P14 CD8 T cells after 10 

48hr of in vitro stimulation by plate bound anti-CD3 and anti-CD28. 11 

(g) Assessment of TCF1Hi stem-like precursors in CD25 ablated CD8 T cells. Representative flow-12 

cytometry plots of TCF-1 and GzmB or TCF-1 and Tim-3 co-expression on D0 ablated CD25 donor 13 

CD8 T cells in the spleen, along with composite bar graphs of % stem-like TCF-1Hi GzmBLo CD8 T 14 

cells are presented. 15 

Data are representative of at least 2 independent repeats with n=3 mice per group (mean ± SEM). 16 

Paired Student t-test was used with statistical significance in difference of means represented as 17 

* (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). To compare differences between groups one-way18 

ANOVA with Tukey post-test was used. Statistical significance in difference of means is 19 

represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 20 

21 

FIGURE 4. Late priming of CD8 T cells gives rise to IL-2RaLo stem-like precursor CD8 T cells. 22 
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(a) Experimental setup. LCMV Cl13 infected C57Bl/6 mice were adoptively transferred with 1 

2.5x103 of WT P14 at day 0, 1, 2 and 3 after infection. Donor CD8 T cells were analyzed 5.5 days 2 

after P14 transfer. 3 

(b) Characterization of stem-like CD8 T cell fates upon early versus late priming in LCMVCl-13 4 

infection. Representative flow cytometry plots of TCF-1 and GzmB or TCF-1 and Slamf6 co-5 

expression on donor CD8 T at indicated time-points (days 5.5, 6.5, 7.5 or 8.5) after infection are 6 

presented. Bar graphs depict % stem-like TCF-1Hi GzmBLo CD8 T cells in the SPL (top), or iLN, LVR 7 

and LNG (Bottom) at 5.5 days after P14 transfer. 8 

(c) Characterization of conventional (cDC) and monocyte-derived (moDC) DCs during early stages9 

of LCMVCl-13 infection. Bar graphs show mean and SEM of frequencies and absolute numbers of 10 

MHCII+ Ly6G- cDC (CD11c+) (orange) and moDCs (CD11b+) (brown) in spleens on days 3.5, 5.5 and 11 

day 8 after LCMVCl-13 infection. The subsets were further confirmed using Ly6C, CCR2 and CX3CR1 12 

markers. 13 

(d) Relative in vivo IL-2 production capability of cDC and moDC subsets during LCMVCl-13 infection.14 

IL-2-Cre ROSA/tdTomato IL-2 reporter mice were infected with LCMVCl13, and moDC and cDC 15 

were isolated from spleen 4 days after infection. Bar graphs depict % cDC (Orange) or moDC 16 

(Brown) gated subsets that are TdT+. Cells were gated and analyzed on MHCII+ Ly6G- population. 17 

(e) Experimental setup to query distinctive T cell priming by cDC and moDC subsets. B6 mice were18 

infected with LCMVCl13. Conventional and monocyte-derived DC subsets were purified and sorted 19 

by flow cytometry at day 3.5 after infection, and co-cultured (1x104 cells) with CFSE labeled GP33-20 

specific P14 CD8 T cells (5x105) for 3 days in the presence of GP33-41 peptide. 21 
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(f) T cell proliferation upon stimulation with cDC or moDC subsets. Representative histograms 1 

gated on donor P14 cells depict CFSE dilution 3 days post co-culture with cDC and moDC. Bar 2 

graphs show frequency of donor P14 T cells in each cell division. 3 

(g) Phenotypic characterization of T cells primed by cDC or moDC subsets. Representative flow-4 

cytometry plots show Slamf6 and GzmB or CD25 expression on GP33-specific CD8 T cells 3 days 5 

after activation. Bar graph depict % Slamf6 Hi GzmBLo and Slamf6Hi CD25Lo   GP33- specific CD8 T 6 

cells. 7 

Data are representative of 2 independent experiments with n=3-5 mice per group. To compare 8 

differences between groups one-way ANOVA with Tukey post-test was used. Statistical 9 

significance in difference of means is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 10 

 11 

FIGURE 5. IL-2 signaling signatures are inversely associated with TCF-1Hi lineage and anti-PD-1 12 

responses in melanoma, HPV+ head and neck cancer and lung cancer patients. 13 

(a) Expression of key exhaustion and memory genes and IL2 signaling score in CD8 T cells in 14 

melanoma tumors from checkpoint blockade immunotherapy treated patient dataset originally 15 

published in Sade-Feldman et al., 201810.  UMAP plots of scRNA-seq of CD8 T cells from 48 16 

melanoma tumors for activation/exhaustion associated genes (pdcd1, havcr2, gzmb), stem cell 17 

associated genes (tcf7, sell) or a composite IL2 signature (FUNG_IL2_SIGNALING_1). Genes 18 

containing STAT5 binding sites and Blimp-1 (encoded by prdm1) downstream targets of IL-2 are 19 

also presented as UMAP plots. Genes downstream of IL2 signaling that also contain STAT5 20 

binding sites (FUNG_IL2_TARGETS_WITH_STAT5_BINDING_SITES_T1) were used to calculate the 21 

STAT5 Target Binding score.  22 
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(b) Exhaustion signature scores are shown for indicated CD8 T cell clusters from melanoma 1 

tumors and across pseudotime. Signature of genes from the FUNG_IL2_SIGNALING_1 dataset 2 

was created and scored across the Naïve (N), Effector (E), Stem-like (TSt) exhausted, Trasitory-3 

exhausted (TTr), and Terminally differentiated exhausted (TTD) clusters. 4 

(c) Association between immunotherapy response and IL2 signature scores in CD8 T cells.  The 5 

frequency of CD8 T cells from either of the clusters with high IL2-signatures (TTr and TTD) as a 6 

portion of all CD8 T cells were compared between patients who responded or did not respond to 7 

checkpoint blockade. Wilcoxon ranked-sum test used to establish statistical significance. 8 

(d) Phenotypes of HPV-specific CD8 T cells in HPV driven tumors. CD8 T cells binding to MHC-I 9 

tetramers containing HPV peptides were sorted using flow cytometry and scRNA-seq was 10 

performed on the sorted cells from 12 patients. Unbiased clustering and UMAP plots were 11 

generated as described in the original publication16. Unbiased clusters were labeled as stem-like 12 

(TSt), transitory (TTr) or terminally differentiated (TTD) based on their expression of memory and 13 

exhaustion genes and concordance with the original publication. 14 

(e) IL2 signature score in exhausted CD8 T cell clusters identified in panel d from HPV+ head and 15 

neck tumors. A signature score of genes from the FUNG_IL2_SIGNALING_1 dataset was created 16 

and scored across the clusters. Statistical significance was assigned using Wilcoxon signed-rank 17 

tests.  18 

(f) Violin plots of exhaustion, memory and IL2 signaling related gene signatures in neoantigen 19 

and influenza-specific CD8 T cells from NSCLC samples. CD3 T cells from 15 non-small cell lung 20 

cancer (NSCLC)-tumors were isolated and single cell RNA-seq was performed on these cells. In 21 

parallel the MANAFEST and viraFEST assays were performed to identify mutation associated 22 
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neoantigens (MANA) or influenza specific T cell receptors. Cancer-specific signature MANA score 1 

was derived from Lowery et al., 202256. CD8 T cells with either MANA or influenza-specific T cells 2 

were isolated in silico and UMAP plots of these cells were performed on dataset originally 3 

published in Caushi et al., 202121. Signature scores were calculated using expression of 4 

exhaustion- or memory -associated genes and genes downstream of IL2 signaling 5 

(FUNG_IL2_SIGNALING_1). Wilcoxon ranked-sum tests were used to assign statistical 6 

significance. Statistical significance represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 7 

8 

9 
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EXTENDED DATA FIGURES AND TABLES 1 

 2 

Extended Data Fig 1. Markers of stem-like CD8 T cell lineage are inversely related to IL-2Ra 3 

expression during early stages of chronic viral infection. 4 

(a) WT P14 cells (2.5x103) were adoptively transferred into naïve B6 mice, which were 5 

subsequently infected with LCMVCl13.  Representative flow-cytometry plots of CD25 and TCF-1 or 6 

GzmB co-expression in P14 CD8 T cells isolated from iLN, LVR and LNG at day 5.5 post-infection 7 

are shown.   8 

(b) Flow-cytometry plots show CD25 and TCF-1, Slamf6, GzmB or Tim-3 co-expression in splenic 9 

P14 CD8 T cells at day 5.5 post-infection.  Bar graphs depict the frequency of TCF-1Hi, Slamf6Hi, 10 

GzmB Lo and Tim-3 Lo P14 T cells on gated CD25Lo (Blue) or CD25Hi (Red) P14 T cells 5.5 days after 11 

infection. Data presented are representative of 2 independent experiments with at least 3 mice 12 

per group. 13 

 14 

Extended Data Fig 2. Functional competence of TCF1Hi and TCF-1Lo antigen-specific CD8 T cells 15 

during early stages of chronic LCMV infection.   16 

WT P14 cells (1x106) were adoptively transferred into naïve B6 recipient mice and then infected 17 

with LCMVCl13 1 day later. Representative flow cytometry plots of TNF-a+ and IFN-g+ co-18 

expression on gated TCF-1Hi GzmBLo or TCF-1Lo GzmBHi donor CD8 T cells at day3.5 post-infection 19 

are presented. Bar graphs depict MFI of IFN-g and %TNF-a+ of IFN-g+ in TCF-1Hi (Light blue) or 20 

TCF-1Lo (Gold) P14 T cells. 21 

 22 
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Extended Data Fig 3. Inverse association of TCF-1 and CD25 expression is evident in endogenous 1 

virus-specific CD8 T cells, and in TCR-transgenic CD8 T cells at low or high precursor frequencies. 2 

(a) Representative flow cytometry plots show TCF-1 and CD25 expression on endogenous Gp33-3 

and Gp276-specific CD8 T cells in the SPL, iLN, LVR and LNG at day 5.5 after infection. 4 

(b) Bar graphs depict relative proportions of stem-like TCF-1Hi CD8 T cells (Light blue) or terminally5 

differentiated TCF-1Lo CD8 T cells (Gold) in endogenous LCMV DbGP33-, and DbGP276-specific CD8 6 

T cells in spleen at day 5.5 after infection. 7 

(c) WT DbGP33-specific P14 CD8 T Cells were adoptively transferred at high dose (1x106) or low8 

dose (2.5 x103) into naïve B6 mice, which were subsequently infected with LCMVCl13 for 3.5 or 5.5 9 

days respectively.   Representative flow cytometry plots of TCF-1 and CD25 or TCF-1 and GzmB 10 

expression in P14 CD8 T cells on the indicated days post LCMVCl13 infection are presented. Bar 11 

graphs display mean and SEM. Paired and unpaired student t-test was used with statistical 12 

significance in difference of means represented as ** (P ≤ 0.01), *** (P ≤ 0.001). 13 

14 

Extended Data Fig 4. Similar developmental profiles of adoptively transferred virus-specific CD8 15 

T cells purified from low or high precursor frequencies. 16 

(a) Experimental setup. Chimeric C57Bl/6 mice were adoptively transferred with high dose17 

(1x106) or low dose (2.5 x103) WT P14 CD8 T cells, and infected with LCMVCl13 for 3.5 or 5.5 days 18 

respectively.  On the indicated days, donor cells were purified, and equal numbers of antigen 19 

specific CD8 T cells (4x105) were adoptively transferred into infection-matched recipients. 20 

(b) Representative flow cytometry plots of TCF-1 with CD25 or Tim-3 in the SPL or TCF-1 and Tim-21 

3 expression in donor CD8 T cells at day 26 post LCMVCl13 infection in the indicated tissues are 22 
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presented. Bar graphs show the % of TCF-1Hi Tim-3Lo CD8 T cells in the indicated tissues at day 26 1 

post-infection).   2 

(c) Quantification of MFI of PD-1 and Tim-3 expression on donor CD8 T cells in the indicated 3 

tissues at day 26 post-infection, purified and transferred at day 3.5 (Green) or day 5.5 (Purple) 4 

from high dose or low dose P14 chimeric mice, respectively, are presented as bar graphs. Paired 5 

and unpaired student t-test was used to compare statistical significance in difference of means. 6 

 7 

Extended Data Fig 5. Markers of stem-like CD8 T cell lineage are inversely related to IL-2Ra 8 

expression during early stages of chronic viral infection. 9 

(a) Characterization of FACS sorted CD25Hi and CD25Lo at day 3.5 post infection. Flow cytometry 10 

plot show TCF-1 and Tim-3 or TCF-1 and Slamf6 co-expression in splenic P14 CD8 T cells at day 11 

3.5 post-infection before and after FACS sort.  12 

(b-e) WT P14 cells (1x106) were adoptively transferred into naïve B6 recipient mice and then 13 

infected with LCMVCl13 1 day later. Paired histograms and bar graphs show expression of the 14 

indicated markers on gated CD25Lo (Blue) or CD25Hi (Red) antigen specific CD8 T cells in spleen at 15 

day 3.5 post-infection; grey histograms show marker expression on endogenous CD44Lo naïve 16 

CD8 T cells. Numbers represent MFI of expression of respective markers. Data are representative 17 

of 4 independent experiments (mean ± SEM) with at least 3 mice per group. 18 

 19 

Extended Data Fig 6. Markers of stem-like CD8 T cell lineage are inversely related to IL-2Ra 20 

expression during early stages of chronic viral infection. 21 
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(a-b) Bar graphs show absolute numbers (a) and % localization (b) of donor cells in spleen (SPL), 1 

inguinal lymph nodes (iLN), liver (LVR) and lung (LNG) at day 8 after infection (~4.5 days after 2 

FACS purification and adoptive transfer into infection-matched recipients). % localization of 3 

donor cells in a given tissue was calculated as the number of donor cells in a given tissue/total 4 

number of donor cells in all tissues analyzed x 100. 5 

(c) Representative flow cytometry plots of TCF-1 and GzmB expression in transferred CD25Hi or 6 

CD25Lo donor cells in the indicated tissues at 24 days after infection are shown. Bar graphs depict 7 

% stem-like TCF-1Hi GzmBLo donor CD8 T cells in indicated tissues at day 24 after infection. 8 

(d) Representative flow cytometry plots of Slamf6 and CD62L expression on CD25Hi and CD25Lo 9 

CD8 T cells in the spleen at day 24 post infection are presented. Bar graphs depict % Slamf6+ 10 

CD62L+ CD8 T cells from all mice.  11 

(e) Bar graphs depict the expression of T-bet and Eomes on FACS-purified and transferred CD25Hi 12 

(Red) or CD25Lo (Blue) P14 CD8 T cells at day 8 post-infection. Bar graphs display mean and SEM. 13 

Paired and unpaired student t-test was used with statistical significance in difference of means 14 

represented as* (P ≤ 0.05),  ** (P ≤ 0.01), *** (P ≤ 0.001). 15 

 16 

Extended Data Fig 7: The adoptively transferred CD25Lo and CD25Hi donors minimally impact 17 

the endogenous virus-specific CD8 T cell responses. 18 

(a) Longitudinal analysis of endogenous DbGP33-CD8T cell expansion and contraction in blood at 19 

indicated times after infection.  20 

(b) Representative flow cytometry plots of TCF-1 and GzmB expression in endogenous DbGP33-21 

CD8T cell-specific cells in the indicated tissues 24 days after infection. Bar graphs depict % 22 
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endogenous stem-like TCF-1Hi GzmBLo cells in DbGP33-specific CD8 T cells. 1 

(c) Quantification of PD-1 expression on endogenous DbGP33-CD8T cells in the indicated tissues2 

at day 24 post-infection is summarized as bar graphs. Data representative of at least 4 mice per 3 

group (mean ± SEM). Paired and unpaired student t-test was used to compare statistical 4 

significance of difference in means as appropriate. 5 

6 

Extended Data Fig 8: Endogenous virus-specific CD8 T cell responses to PD-1 checkpoint 7 

blockade immunotherapy remain unaltered in chronically infected recipients of CD25Lo and 8 

CD25Hi donor cells. 9 

(a) CD25Lo and CD25Hi cells were FACS purified at day 3.5 after infection, and adoptively10 

transferred into infection-matched congenically distinct recipient mice (as in Fig 1).  Mice were 11 

subsequently treated with anti-PD-L1 antibody (200 μg) every 3 days from day 15 to 24, and 12 

endogenous virus-specific CD8 T cells were assessed. Longitudinal analysis of endogenous 13 

DbGP33-CD8T cell expansion and contraction in blood at indicated times after infection are 14 

presented. Bar graph depicts endogenous DbGP33-specific CD8 T cell frequencies at day 22 post-15 

infection. 16 

(b) Histograms and bar graphs show GzmB, PD-1 and Tim-3 expression in endogenous DbGP33-17 

specific CD8 T cells in the spleen at day 24 post infection. Number represents MFI of respective 18 

marker. Bar graphs display mean and SEM. Paired and unpaired student t-test was used to 19 

compare difference of means between two groups. To compare differences between multiple 20 

groups one-way ANOVA with Tukey post-test was used with statistical significance in difference 21 

of means represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 22 
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 1 

Extended Data Fig 9. Differential IL-2 signals in CD25Lo and CD25Hi virus-specific CD8 T cells at 2 

priming. 3 

(a) WT P14 cells (2.5x103) were adoptively transferred into naïve B6 mice, which were 4 

subsequently infected with LCMVCl13.  Splenocytes were isolated from P14 chimeric mice at day 5 

5.5 after LCMVCl13 infection. Cells were stimulated with 10nM IL-2 and intracellular p-STAT5 was 6 

assessed by flow cytometry. Histograms are gated on CD25Hi (red) or CD25Lo (Blue) CD8 T cells.  7 

(b) Metabolic analysis was performed using CD25Hi and CD25Lo FACS-purified P14 CD8 T cells at 8 

day 3.5 post-infection in the presence of 10 mM glucose with indicated additions of oligomycin 9 

(oligo), trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), rotenone and antimycin A 10 

(Rot/AntiA), and 2-deoxyglucose (2DG). Line graphs show extracellular acidification (ECAR) and 11 

oxygen consumption (OCR) rates over time. Dashed vertical lines indicate pharmacologic 12 

interventions with Oligomycin, FCCP, Rotenone/AntimycinA and 2-deoxyglucose. 13 

(c) Bar graphs show maximum ECAR and basal OCR on FACS sorted CD25Hi or CD25Lo at day 3.5 14 

post-infection. 15 

(d) Energy map for purified CD25Lo (Blue) or CD25Hi (Red) DbGP33-specific CD8 T cells (n=8 for 16 

each mean depicted). 17 

To compare differences between groups unpaired student t-test was used. Statistical significance 18 

in difference of means is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001).  19 

 20 

Extended Data Fig 10. Tempered IL-2 signals at priming lead to enhanced development of TCF1Hi 21 

CD8 T cells.  22 
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(a) Representative histograms show CD44 expression on antigen-specific CD8 T cells (Black) on 1 

day 3.5 post-infection. Grey histograms depict endogenous CD44Lo naïve CD8 T cells. Numbers 2 

within histograms depict MFI of marker expression. Bar graphs depict the expression of CD44 in 3 

the untreated (UnTx) group (Black), IL-2-treated (Red) and αIL-2 treated (Blue) groups at day 3.5 4 

post-infection. 5 

(b) Representative histograms showing BrdU incorporation by the donor cells are presented.6 

Numbers inside histograms depict MFI of BrdU. Numbers in histograms show MFI of BrdU 7 

staining for corresponding donor plots. Bar graphs depict the MFI and absolute numbers of the 8 

donor cells at day 3.5 post-infection for indicated groups of untreated, IL-2 treated or IL-2 blocked 9 

groups. 10 

(c) Representative flow-cytometry plots show the frequency of FoxP3+CD4 T regulatory cells11 

(Treg) in the spleens of untreated or treated groups of mice at day 3.5 post-infection as indicated. 12 

Bar graph shows absolute numbers of Tregs in each group. 13 

(d) Representative flow cytometry plots of TCF-1 and GzmB expression in gated DbGP33-specific14 

P14 CD8 T cells isolated from iLN and LNG at day 3.5 post-infection are presented. Bar graphs 15 

show % stem-like TCF-1Hi GzmBLo P14 CD8 T cells. Data are representative of 3 independent 16 

experiments with n=3 mice per group. 17 

(e) Representative flow cytometry plots show TCF-1 and Tim-3 expression in donor cells isolated18 

at day 9 after LCMVCl-13 infection, from recipient mice adoptively transferred with day 3.5 donor 19 

cells isolated from P14 chimeric mice that were untreated (Black), or treated with IL-2 (Red) or 20 

IL-2 blocking antibody (Blue) from days 0-3.5 post-infection. Bar graphs show the frequency of 21 

TCF-1Hi  Tim-3Lo, TCF-1 Lo  Tim-3Lo , Tim-3Hi   TCF-1 Lo   on donor CD8 T at day 9 post-infection. 22 
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To compare differences between groups one-way ANOVA with Tukey post-test was used. 1 

Statistical significance in difference of means is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P 2 

≤ 0.001). 3 

4 

Extended Data Fig 11. Adoptive transfer of donor cells primed in distinct IL-2 signaling 5 

conditions does not alter the differentiation program of endogenous CD8 T cells to chronic 6 

LCMV infection. 7 

(a) Bar graphs show numbers of DbGP33-specific P14 donors and endogenous CD8 T cells in8 

spleen at day 9 after infection in recipient mice adoptively transferred with day 3.5 donor cells 9 

isolated from P14 chimeric mice that were untreated (Black), or treated with IL-2 (Red) or IL-2 10 

blocking antibody (Blue) from days 0-3.5 post-infection. 11 

(b) Representative flow cytometry plots of TCF-1 and GzmB co-expression in endogenous LCMV12 

DbGP33 -specific CD8 T cells in spleen at day 9 post-infection are presented. Bar graphs depict % 13 

stem-like TCF-1Hi GzmBLo CD8 T cells. Data are representative of at least 3 mice per group (mean 14 

± SEM). To compare differences between groups one-way ANOVA with Tukey post-test was used. 15 

Statistical significance in difference of means is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P 16 

≤ 0.001). 17 

18 

 Extended Data Fig 12. Knockdown of CD25 expression on antigen-specific CD8 T cells at day 0, 19 

before infection with LCMVCl-13 promotes the development of TCF-1Hi stem-like CD8 T cells. 20 

(a) Electroporation efficiency using the Neon Transfection System. Histogram plots show percent21 

positive cells for ATTOTM 55O (Black) post electroporation of D2 activated CD8 T cells. 22 
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(b) Paired histograms and bar graphs show the expression of CD25 on WT P14 CD8 T cells 1 

transfected with scrambled (WT) or il2ra guide RNAs (CD25 knockdown, CD25 KD) prior to 2 

adoptive transfer into naive mice, which were infected LCMVCl-13. Data are presented for WT and 3 

CD25 KD gated donor cells from spleens at day 5 and day 8 post-infection. Numbers within 4 

histograms represent MFI.  5 

(c) Representative flow cytometry plots of TCF-1 and GzmB expression in WT and CD25 KD donor 6 

CD8 T cells isolated from the LVR at day 8 post-infection. Bar graphs depict composite data for % 7 

stem-like TCF-1Hi GzmBLo CD8 T cells in gated donor populations from n=3-5 mice per group. 8 

 9 

Extended Data Fig 13. Knockdown of CD25 expression on antigen-specific CD8 T cells at day 2 10 

after infection with LCMVCl-13 promotes the development of TCF-1Hi stem-like CD8 T cells. 11 

(a) Experimental setup. Activated P14 CD8 T cells were electroporated with guide RNA targeting 12 

il2ra gene. Equal numbers of WT CD8 T cells or CD25 KD cells were adoptively co-transferred into 13 

Day 2 chronically infected mice. Donor antigen specific CD8+ T cells were analyzed after 8 days of 14 

infection. 15 

(b) The efficiency of CRISPR-Cas9-mediated deletion of il2ra on D2 activated P14 CD8 T cells was 16 

confirmed by flow cytometry after 48hr of in vitro stimulation by plate bound anti-CD3 and anti-17 

CD28. Histograms show the expression of CD25 in WT (Red), CD25 KD (Blue) and naïve cells 18 

(Gray). 19 

(c) Representative flow cytometry plots of TCF-1 and GzmB or TCF-1 and Tim-3 expression in D2 20 

CD25-ablated donor CD8 T cells in spleens from day 8 LCMVCl-13-infected mice are shown. Bar 21 

graph depicts % stem-like TCF-1Hi GzmBLo CD8 T cells in gated WT and CD25 KD donor populations. 22 
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Extended Data Fig 14. Knockdown of CD25 expression on antigen-specific CD8 T cells at day 2 1 

after infection with LCMVCl-13 promotes the development of TCF-1Hi stem-like CD8 T cells. 2 

(a) Experimental setup. Naïve P14 CD8 T cells were electroporated with short interfering RNA3 

(siRNA) targeting CD25 mRNA (CD25 KD) or with controls (WT). Equal numbers of WT or CD25 KD 4 

donor P14 CD8 T cells were adoptively co-transferred into naïve mice, which were subsequently 5 

infected with LCMVCl-13. Donor antigen specific CD8+ T were analyzed at day 8 post-infection. 6 

(b) The efficiency of siRNA-mediated transient silencing of CD25 was confirmed by flow7 

cytometry after 48hr of in vitro stimulation by plate bound anti-CD3 and anti-CD28. Cells were 8 

kept in culture for two more days to confirm the re-expression of CD25 on CD25 KD cells. CD25 9 

expression levels were also assessed in WT and CD25 KD cells adoptively transferred into C57Bl/6 10 

mice 8 days following infection with LCMVCl-13. Histograms show the expression of CD25 in WT 11 

(Red), CD25 KD (Blue) and naïve CD8 T cells (Gray). Corresponding bar graphs depict MFI of CD25 12 

expression from n=3 mice. 13 

(c) Representative flow cytometry plots of TCF-1 and GzmB or TCF-1 and Tim-3 co-expression on14 

donor CD8 T cells isolated from spleens at day 8 after infection are presented. Bar graph depict 15 

% stem-like TCF-1Hi GzmBLo donor CD8 T cells in spleen and liver. 16 

(d) Paired histogram and bar graphs show the expression levels of TOX on WT CD8 T cells and17 

CD25 KD donor CD8 T cells isolated from spleens at day 8 post-infection. Data are representative 18 

of at least 2 independent repeats with n=3 mice per group (mean ± SEM). Paired Student t-test 19 

was used with statistical significance in difference of means represented as * (P ≤ 0.05), ** (P ≤ 20 

0.01), *** (P ≤ 0.001). 21 

22 
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Extended Data Fig 15. Delayed priming and curtailed duration of stimulation of virus-specific 1 

CD8 T cells promotes the development of TCF-1Hi stem-like CD8 T cells. 2 

(a)  Experimental setup. LCMVCl13-infected C57Bl/6 mice were adoptively transferred with 3 

2.5x103 of WT P14 CD8 T cells at day 0, 1, 2 or 3 after infection. Donor CD8 T cells were analyzed 4 

8.5 days after infection.  5 

(b) Representative flow cytometry plots of TCF-1 and GzmB or TCF-1 and Slamf6 expression in 6 

donor CD8 T cells at day 8.5 post-infection are presented from spleen. Bar graphs depict % TCF-7 

1Hi GzmBLo CD8 T cells in the SPL (top) and iLN, LVR and LNG (Bottom) at 8.5 days after infection. 8 

(c) Representative flow cytometry data for TCF-1 and GzmB expression on adoptively transferred 9 

donor CD8 T cells in iLN, LVR and LNG are presented. Virus-specific donor CD8 T cells were 10 

analyzed at day 8.5 post-infection. 11 

(d) Representative histogram plots and corresponding bar charts show expression of the 12 

indicated markers on adoptively transferred DbGP33-specific donor CD8 T cells in spleens at 8.5 13 

days after stimulation; grey histograms show marker expression in endogenous CD44Lo naïve CD8 14 

T cells. Numbers within histograms represent MFI of expression of respective markers. Data are 15 

representative of 2 independent experiments with n=3 mice per group. To compare differences 16 

between groups one-way ANOVA with Tukey post-test was used. Statistical significance in 17 

difference of means is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 18 

 19 

Extended Data Fig 16. Shorter duration of stimulation promotes the development of TCF-1Hi 20 

stem-like CD8 T cells. 21 
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(a) Experimental setup. LCMVCl13 infected B6 mice were adoptively transferred with 2.5x103 of 1 

WT DbGP33-specific P14 CD8 T cells at day 0 after infection. Donor CD8 T cells were analyzed at 2 

the indicated days post-infection in the spleens of infected mice. 3 

(b) Representative flow cytometry plots of TCF-1 and GzmB expression on donor CD8 T cells in4 

the SPL at the indicated days post-infection are presented. Bar graphs depict % TCF-1Hi GzmBLo 5 

donor CD8 T cells in the spleen at indicated days post-infection. To compare differences between 6 

groups one-way ANOVA with Tukey post-test was used. Data are representative of 2 independent 7 

experiments with n=3 mice per group. Statistical significance in difference of means is 8 

represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 9 

10 

Extended Data Fig 17. Late priming of virus-specific CD8 T cells promotes the development of 11 

TCF-1Hi stem-like CD8 T cells. 12 

(a) LCMV Cl13 infected B6 mice were adoptively transferred with 2.5x103 of WT P14 at days 0, 1, 213 

or 3 after infection. Donor CD8 T cells were analyzed 5.5 days after P14 transfer. Representative 14 

flow cytometry plots show TCF-1 and GzmB expression on donor CD8 T cells isolated from spleens 15 

at day 5.5 post P14 adoptive transfer in the indicated tissues. 16 

(b) Representative histogram plots and bar charts show levels of expression of the indicated17 

markers on DbGP33-specific CD8 T cells in spleens 5.5 days after adoptive transfer; grey 18 

histograms show marker expression in endogenous CD44Lo naïve CD8 T cells. Numbers within 19 

histograms represent MFI of expression of respective markers. Data are representative of 2 20 

independent experiments with n=3 mice per group. To compare differences between groups 21 
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one-way ANOVA with Tukey post-test was used. Statistical significance in difference of means is 1 

represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 2 

3 

Extended Data Fig 18. Characterization of DC subsets during early versus late stages of CD8 T 4 

cell expansion in chronic LCMV infection. 5 

(a,b) Representative flow cytometry plots show the gating strategy used to sort cDCs (CD11c+) 6 

and moDCs (CD11b+) from spleen samples of naïve (a) and day 3.5 LCMVCl-13-infected (b) C57Bl/6 7 

mice. Histogram plots and bar charts show expression of the indicated markers on cDC (Orange) 8 

and moDC (Brown) populations. Numbers within histogram plots represent MFI of expression of 9 

respective markers. 10 

(c) IL-2-Cre ROSA/tdTomato reporter mice were infected with LCMVCl13, and moDC and cDC were11 

isolated from spleen 4 days after infection. Cells were gated and analyzed on MHCII+ Ly6G- 12 

population. % cDC and moDC subsets are also presented as bar graphs. 13 

(d) Representative histogram plots and corresponding bar graphs show phenotypic validation of14 

the gated cDC and moDC subsets with respect to indicated markers. Data are representative of 2 15 

independent experiments (mean ± SEM) with at least 3 mice per group. Paired Student t-test was 16 

used with statistical significance in difference of means represented as * (P ≤ 0.05), ** (P ≤ 0.01), 17 

*** (P ≤ 0.001). 18 

19 

Extended Data Fig 19: T cell activation by distinct DC subsets. 20 

B6 mice were infected with LCMVCl13, moDC and cDC were purified and sorted by flow cytometry 21 

at day 3.5 after-post infection. DC subsets were co-cultured (1x104 cells) with CFSE labeled P14 22 
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(5x105) for 3 days in the presence of GP33-41 peptide. Representative histograms and 1 

corresponding bar graphs depict expression of the indicated markers of T cell activation on donor 2 

P14 CD8 T cells 3 days after co-culture with cDC or moDC subsets. 3 

4 

Extended Data Fig 20: scRNA-seq analysis of TILs from melanoma patients 5 

(a) Heatmap of differentially expressed genes in 5 clusters from CD8 T cells in melanoma tumors6 

from checkpoint blockade immunotherapy treated patients. Top differentially expressed genes 7 

in each of the 5 clusters are shown on each row. Columns represent individual cells grouped by 8 

the clusters they are classified into. Dataset originally published in Sade-Feldman et al., 201810. 9 

(b) UMAP plot colored by clusters. Clustering shown in panel a was used to color cells in the10 

same UMAP as in Figure 5a. 11 

(c) Expression of memory signature in clusters and across pseudotime.12 

(d) Association between immunotherapy response and IL2 signature scores in CD8 T cells.  The13 

frequency of CD8 T cells from either of the clusters with high IL2-signatures (TTr and TTD) as a 14 

portion of all CD45+ cells were compared between patients who responded or did not respond 15 

to checkpoint blockade. Wilcoxon ranked-sum test used to establish statistical significance. 16 

17 

Extended Data Fig 21: scRNA-seq analysis of TILs from head and neck cancer patients 18 

(a) Expression of key exhaustion and memory genes and IL2 signaling score in HPV-specific CD819 

T cells in HPV associated tumors from 15 patients.  UMAP plots of scRNA-seq from CD8 T cells 20 

that bound HPV-MHC tetramers CD8 T illustrating activation/exhaustion associated genes 21 
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(pdcd1, havcr2, and gzmb), memory associated genes (tcf7, sell) or a composite IL2 signature 1 

(FUNG_IL2_SIGNALING_1). Dataset originally published in Eberhardt et al., 202116 2 

(b) Memory and exhaustion signature score in 3 clusters of HPV-specific cells from tumors. 3 

Signature scores of exhaustion and memory genes scored across Stem-like (TSt), Transitory (TTR), 4 

and Terminally differentiated (TTD) clusters. 5 

(c) Heatmap of differentially expressed genes in 3 clusters from HPV-specific CD8 T cells. Top 6 

differentially expressed genes in each of the 2 clusters are shown in each row. Columns represent 7 

individual cells grouped by the clusters they are classified into. 8 

(d)  Expression of IL2 signature genes and gene encoding Blimp-1 (prdm1) in HPV-specific CD8 T 9 

cells. Genes downstream of IL2 signaling that also contain STAT5 binding sites 10 

(FUNG_IL2_TARGETS_WITH_STAT5_BINDING_SITES_T1 ) were used to calculate the STAT5 11 

Target Binding score.  12 

 13 

Extended Data Fig 22: scRNA-seq analysis of TILs from lung cancer patient tumor samples 14 

(a) Heatmap of differentially expressed genes in T cells of various specificities in NSCLC. CD3 T 15 

cells from 15 non-small cell lung cancer (NSCLC)-tumors were isolated and single cell RNA-seq 16 

was performed on these cells. In parallel the MANAFEST and viraFEST assays were performed to 17 

identify mutation associated neoantigens (MANA) or influenza specific T cell receptors. CD8 T 18 

cells with either MANA or influenza-specific T cells were isolated in silico. Top differentially 19 

expressed genes for each specificity are shown in each row. Columns represent individual cells 20 

grouped by the T cell specificity based on their individual TCR sequences. Dataset was originally 21 

published in Caushi et al., 202121.  22 
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(b) UMAP plot of all CD8 T cells of known specificity in NSCLC. UMAP dimensionality reduction 1 

was performed on CD8 T cells of known specificity isolated in silico. Lower panel colored by 2 

exhaustion signature score. 3 

(c)  Violin plots of cancer-specific neoantigen STAT5 target and Blimp-1 (encoded by prdm1)4 

scores in CD8 T cells of known specificity in NSCLC. Cancer-specific neoantigen score was derived 5 

from Lowery et al., 202256.  MANA and Influenza specific CD8 T cells were isolated in silico as in 6 

panel a. Wilcoxon ranked-sum tests were used to assign statistical significance. Statistical 7 

significance represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 8 

9 

10 

11 
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Extended Data Figures 1-22
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Extended Data Fig 1. Markers of stem-like CD8 T cell lineage are inversely related to IL-2Ra
expression during early stages of chronic viral infection.
a) WT P14 cells (2.5x103) were adoptively transferred into naïve B6 mice, which were subsequently 
infected with LCMVCl13.  Representative flow-cytometry plots of CD25 and TCF-1 or GzmB co-
expression in P14 CD8 T cells isolated from iLN, LVR and LNG at day 5.5 post-infection are shown.  
b) Flow-cytometry plots show CD25 and TCF-1, Slamf6, GzmB or Tim-3 co-expression in splenic 
P14 CD8 T cells at day 5.5 post-infection.  Bar graphs depict the frequency of TCF-1Hi, Slamf6Hi, 
GzmB Lo and Tim-3Lo P14 T cells on gated CD25Lo (Blue) or CD25Hi (Red) P14 T cells 5.5 days after 
infection. Data presented are representative of 2 independent experiments with at least 3 mice per 
group. 
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Extended Data Fig 2. Functional competence of TCF1Hi and TCF-1Lo antigen-specific CD8 T 
cells during early stages of chronic LCMV infection. 
WT P14 cells (1x106) were adoptively transferred into naïve B6 recipient mice and then infected with 
LCMVCl13 1 day later. Representative flow cytometry plots of TNF-a+ and IFN-g+ co-expression on 
gated TCF-1Hi GzmBLo or TCF-1Lo GzmBHi donor CD8 T cells at day3.5 post-infection are presented. 
Bar graphs depict MFI of IFN-g and %TNF-a+ of IFN-g+  in TCF-1Hi (Light blue) or TCF-1Lo (Gold) 
P14 T cells.
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Extended Data Fig 3. Inverse association of TCF-1 and CD25 expression is evident in 
endogenous virus-specific CD8 T cells, and in TCR-transgenic CD8 T cells at low or high 
precursor frequencies. 
(a) Representative flow cytometry plots show TCF-1 and CD25 expression on endogenous Gp33-
and Gp276-specific CD8 T cells in the SPL, iLN, LVR and LNG at day 5.5 after infection.
(b) Bar graphs depict relative proportions of stem-like TCF-1Hi CD8 T cells (Light blue) or terminally 
differentiated TCF-1Lo CD8 T cells (Gold) in endogenous LCMV DbGP33-, and DbGP276-specific 
CD8 T cells in spleen at day 5.5 after infection.
(c) WT DbGP33-specific P14 CD8 T Cells were adoptively transferred at high dose (1x106) or low 
dose (2.5 x103) into naïve B6 mice, which were subsequently infected with LCMVCl13 for 3.5 or 5.5 
days respectively. Representative flow cytometry plots of TCF-1 and CD25 or TCF-1 and GzmB
expression in P14 CD8 T cells on the indicated days post LCMVCl13 infection are presented. Bar 
graphs display mean and SEM. Paired and unpaired student t-test was used with statistical 
significance in difference of means represented as ** (P ≤ 0.01), *** (P ≤ 0.001).
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(b) Representative flow cytometry plots of TCF-1 with CD25 or Tim-3 in the SPL or TCF-1 and Tim-3 
expression in donor CD8 T cells at day 26 post LCMVCl13 infection in the indicated tissues are 
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post-infection).  
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Extended Data Fig 5. Markers of stem-like CD8 T cell lineage are inversely related to IL-2Ra
expression during early stages of chronic viral infection.
(a) Characterization of FACS sorted CD25Hi and CD25Lo at day 3.5 post infection. Flow cytometry
plot show TCF-1 and Tim-3 or TCF-1 and Slamf6 co-expression in splenic P14 CD8 T cells at day
3.5 post-infection before and after FACS sort.
(b-e) WT P14 cells (1x106) were adoptively transferred into naïve B6 recipient mice and then
infected with LCMVCl13 1 day later. Paired histograms and bar graphs show expression of the
indicated markers on gated CD25Lo (Blue) or CD25Hi (Red) antigen specific CD8 T cells in spleen at
day 3.5 post-infection; grey histograms show marker expression on endogenous CD44Lo naïve CD8
T cells. Numbers represent MFI of expression of respective markers. Data are representative of 4
independent experiments (mean ± SEM) with at least 3 mice per group.
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(a) Representative flow-cytometry plots and quantification (bar graphs) of donor cells at day 24 after 
infection in the indicated tissues. Bar graphs show absolute numbers (a) and % localization (b) of 
donor cells in spleen (SPL), inguinal lymph nodes (iLN), liver (LVR) and lung (LNG) at day 8 after 
infection (~4.5 days after FACS purification and adoptive transfer into infection-matched recipients). 
% localization of donor cells in a given tissue was calculated as the number of donor cells in a given 
tissue/total number of donor cells in all tissues analyzed x 100. (c) Representative flow cytometry 
plots of TCF-1 and GzmB expression in transferred CD25Hi or CD25Lo donor cells in the indicated 
tissues at 24 days after infection are shown. Bar graphs depict % stem-like TCF-1Hi GzmBLo donor 
CD8 T cells in indicated tissues at day 24 after infection.
(d) Representative flow cytometry plots of Slamf6 and CD62L expression on CD25Hi and CD25Lo

CD8 T cells in the spleen at day 24 post infection are presented. Bar graphs depict % Slamf6+

CD62L+ CD8 T cells from all mice. 
(e) Bar graphs depict the expression of T-bet and Eomes on FACS-purified and transferred CD25Hi

(Red) or CD25Lo (Blue) P14 CD8 T cells at day 8 post-infection. Bar graphs display mean and SEM.
Paired and unpaired student t-test was used with statistical significance in difference of means 
represented as* (P ≤ 0.05),  ** (P ≤ 0.01), *** (P ≤ 0.001). 
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Extended Data Fig 7. The adoptively transferred CD25Lo and CD25Hi donors minimally impact 
the endogenous virus-specific CD8 T cell responses.
(a) Longitudinal analysis of endogenous DbGP33-CD8T cell expansion and contraction in blood at 
indicated times after infection. 
(b) Representative flow cytometry plots of TCF-1 and GzmB expression in endogenous DbGP33-
CD8T cell-specific cells in the indicated tissues 24 days after infection. Bar graphs depict % 
endogenous stem-like TCF-1Hi GzmBLo cells in DbGP33-specific CD8 T cells.
(c) Quantification of PD-1 expression on endogenous DbGP33-CD8T cells in the indicated tissues at 
day 24 post-infection is summarized as bar graphs. Data representative of at least 4 mice per group 
(mean ± SEM). Paired and unpaired student t-test was used to compare statistical significance of 
difference in means as appropriate. 
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Extended Data Fig 8. Endogenous virus-specific CD8 T cell responses to PD-1 checkpoint 
blockade immunotherapy remain unaltered in chronically infected recipients of CD25Lo and 
CD25Hi donor cells.
(a) CD25Lo and CD25Hi cells were FACS purified at day 3.5 after infection, and adoptively transferred
into infection-matched congenically distinct recipient mice (as in Fig 1).  Mice were subsequently
treated with anti-PD-L1 antibody (200 μg) every 3 days from day 15 to 24, and endogenous virus-
specific CD8 T cells were assessed. Longitudinal analysis of endogenous DbGP33-CD8T cell
expansion and contraction in blood at indicated times after infection are presented. Bar graph
depicts endogenous DbGP33-specific CD8 T cell frequencies at day 22 post-infection.
(b) Histograms and bar graphs show GzmB, PD-1 and Tim-3 expression in endogenous DbGP33-
specific CD8 T cells in the spleen at day 24 post infection. Number represents MFI of respective
marker. Bar graphs display mean and SEM. Paired and unpaired student t-test was used to compare
difference of means between two groups. To compare differences between multiple groups one-way
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171



-IL-2

+IL-2

pSTAT5

103

1963
197

103

3198
1728

0
500
1000
1500
2000
2500

M
F

I

**

0
850
1700
2550
3400 **

0
10
20
30
40
50 **

D
O

C
R

0

10

20

30 ***

Δ
E

C
A

R

d

0 20 40 60 80 100
0

20

40

60

ECAR (mpH/min)

O
C

R
 (p

m
ol

es
/m

in
)

Rot/
Anti

A

O
C

R
 

(p
m

ol
es

/m
in

)

0 50 100
0

50

100

150

200 Olig
o
FCCP

2-D
G

a

b

c

E
C

A
R

 
(m

pH
/m

in
)

Olig
o
FCCP

Rot/
Anti

A

2-D
G

0 50 100
0

10

20

30

40
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(a) WT P14 cells (2.5x103) were adoptively transferred into naïve B6 mice, which were subsequently
infected with LCMVCl13.  Splenocytes were isolated from P14 chimeric mice at day 5.5 after LCMVCl13
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Extended Data Fig 10. Tempered IL-2 signals at priming lead to enhanced development of 
TCF1Hi CD8 T cells. 
(a) Representative histograms show CD44 expression on antigen-specific CD8 T cells (Black) on
day 3.5 post-infection. Grey histograms depict endogenous CD44Lo naïve CD8 T cells. Numbers
within histograms depict MFI of marker expression. Bar graphs depict the expression of CD44 in the
untreated (UnTx) group (Black), IL-2-treated (Red) and αIL-2 treated (Blue) groups at day 3.5 post-
infection.
(b) Representative histograms showing BrdU incorporation by the donor cells are presented.
Numbers inside histograms depict MFI of BrdU. Numbers in histograms show MFI of BrdU staining
for corresponding donor plots. Bar graphs depict the MFI and absolute numbers of the donor cells at
day 3.5 post-infection for indicated groups of untreated, IL-2 treated or IL-2 blocked groups.
(c) Representative flow-cytometry plots show the frequency of FoxP3+CD4 T regulatory cells (Treg)
in the spleens of untreated or treated groups of mice at day 3.5 post-infection as indicated. Bar
graph shows absolute numbers of Tregs in each group.
(d) Representative flow cytometry plots of TCF-1 and GzmB expression in gated DbGP33-specific
P14 CD8 T cells isolated from iLN and LNG at day 3.5 post-infection are presented. Bar graphs
show % stem-like TCF-1Hi GzmBLo P14 CD8 T cells. Data are representative of 3 independent
experiments with n=3 mice per group.
(e) Representative flow cytometry plots show TCF-1 and Tim-3 expression in donor cells isolated at
day 9 after LCMVCl-13 infection, from recipient mice adoptively transferred with day 3.5 donor cells
isolated from P14 chimeric mice that were untreated (Black), or treated with IL-2 (Red) or IL-2
blocking antibody (Blue) from days 0-3.5 post-infection. Bar graphs show the frequency of TCF-1Hi

Tim-3Lo, TCF-1 Lo  Tim-3Lo , Tim-3Hi   TCF-1 Lo   on donor CD8 T at day 9 post-infection.
To compare differences between groups one-way ANOVA with Tukey post-test was used. Statistical
significance in difference of means is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001).
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Extended Data Fig 13. Knockdown of CD25 expression on antigen-specific CD8 T cells at day 
2 after infection with LCMVCl-13 promotes the development of TCF-1Hi stem-like CD8 T cells.
(a) Experimental setup. Activated P14 CD8 T cells were electroporated with guide RNA targeting
il2ra gene. Equal numbers of WT CD8 T cells or CD25 KD cells were adoptively co-transferred into
Day 2 chronically infected mice. Donor antigen specific CD8+ T cells were analyzed after 8 days of
infection.
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Extended Data Fig 14. Knockdown of CD25 expression on antigen-specific CD8 T cells at day 
2 after infection with LCMVCl-13 promotes the development of TCF-1Hi stem-like CD8 T cells.
(a) Experimental setup. Naïve P14 CD8 T cells were electroporated with short interfering RNA
(siRNA) targeting CD25 mRNA (CD25 KD) or with controls (WT). Equal numbers of WT or CD25 KD
donor P14 CD8 T cells were adoptively co-transferred into naïve mice, which were subsequently
infected with LCMVCl-13. Donor antigen specific CD8+ T were analyzed at day 8 post-infection.
(b) The efficiency of siRNA-mediated transient silencing of CD25 was confirmed by flow cytometry
after 48hr of in vitro stimulation by plate bound anti-CD3 and anti-CD28. Cells were kept in culture
for two more days to confirm the re-expression of CD25 on CD25 KD cells. CD25 expression levels
were also assessed in WT and CD25 KD cells adoptively transferred into C57Bl/6 mice 8 days
following infection with LCMVCl-13. Histograms show the expression of CD25 in WT (Red), CD25 KD
(Blue) and naïve CD8 T cells (Gray). Corresponding bar graphs depict MFI of CD25 expression from
n=3 mice.
(c) Representative flow cytometry plots of TCF-1 and GzmB or TCF-1 and Tim-3 co-expression on
donor CD8 T cells isolated from spleens at day 8 after infection are presented. Bar graph depict %
stem-like TCF-1Hi GzmBLo donor CD8 T cells in spleen and liver.
(d) Paired histogram and bar graphs show the expression levels of TOX on WT CD8 T cells and
CD25 KD donor CD8 T cells isolated from spleens at day 8 post-infection. Data are representative of
at least 2 independent repeats with n=3 mice per group (mean ± SEM). Paired Student t-test was
used with statistical significance in difference of means represented as * (P ≤ 0.05), ** (P ≤ 0.01), ***
(P ≤ 0.001).

178



a

b

*** ***

0
20
40
60
80 ***

***

**
* ***

TC
F-

1

S
la

m
f6

GzmB

Day 0

Day 1

Day 2

Day 3

13.310.1

13.1 11.9

24.929.3
81.3

67.261.6
57.1

36.7

63.8

28.6

80.4

73.4 71.4

%
 T

C
F-

1H
i
G

zm
B

Lo

SPL

iLN LVR LNG
0
20
40
60
80

LCMVCl-13
D0 D1 D2 D3
P14 Adoptive Transfer Sacrifice

D8.5

D0 P14 
D1 P14 

D2 P14 
D3 P14 

D8.5 Sac 
D8.5 Sac 
D8.5 Sac 
D8.5 Sac 

Day 0
Day 1
Day 2
Day 3

6.01

10.3

11.3

89.1

83.7

78.4
38.2

43.7

6.4

20

25

88.7

70.6

65.6

6.38

7.9

16.4

87.2

89.3

79.3
22.9

71.8

57.4

LNGiLN LVR

Day 0

Day 1

Day 2

Day 3

40.6

TC
F-

1

GzmB

C
el

l C
ou

nt

Ki-67 Tim-3 PD-1

0
20
40
60
80
100 ****

0
100
200
300
400
500

******

0

1000

2000

3000

76
85
39

60
419
171
247

393
2185
1753
1882

1623

c d

Extended Data Fig 15. Delayed priming and curtailed duration of stimulation of virus-specific 
CD8 T cells promotes the development of TCF-1Hi stem-like CD8 T cells. (continued on next 
page)
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Extended Data Fig 15. Delayed priming and curtailed duration of stimulation of virus-specific 
CD8 T cells promotes the development of TCF-1Hi stem-like CD8 T cells.
(a) Experimental setup. LCMVCl13-infected C57Bl/6 mice were adoptively transferred with 2.5x103 of
WT P14 CD8 T cells at day 0, 1, 2 or 3 after infection. Donor CD8 T cells were analyzed 8.5 days
after infection.
(b) Representative flow cytometry plots of TCF-1 and GzmB or TCF-1 and Slamf6 expression in
donor CD8 T cells at day 8.5 post-infection are presented from spleen. Bar graphs depict % TCF-1Hi

GzmBLo CD8 T cells in the SPL (top) and iLN, LVR and LNG (Bottom) at 8.5 days after infection. (c)
Representative flow cytometry data for TCF-1 and GzmB expression on adoptively transferred donor
CD8 T cells in iLN, LVR and LNG are presented. Virus-specific donor CD8 T cells were analyzed at
day 8.5 post-infection.
(d) Representative histogram plots and corresponding bar charts show expression of the indicated
markers on adoptively transferred DbGP33-specific donor CD8 T cells in spleens at 8.5 days after
stimulation; grey histograms show marker expression in endogenous CD44Lo naïve CD8 T cells.
Numbers within histograms represent MFI of expression of respective markers. Data are
representative of 2 independent experiments with n=3 mice per group. To compare differences
between groups one-way ANOVA with Tukey post-test was used. Statistical significance in
difference of means is represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001).
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Extended Data Fig 16. Shorter duration of stimulation promotes the development of TCF-1Hi

stem-like CD8 T cells.
(a) Experimental setup. LCMVCl13 infected B6 mice were adoptively transferred with 2.5x103 of WT
DbGP33-specific P14 CD8 T cells at day 0 after infection. Donor CD8 T cells were analyzed at the
indicated days post-infection in the spleens of infected mice.
(b) Representative flow cytometry plots of TCF-1 and GzmB expression on donor CD8 T cells in the
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as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001).
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Extended Data Fig 17. Late priming of virus-specific CD8 T cells promotes the development of 
TCF-1Hi stem-like CD8 T cells.
(a) LCMV Cl13 infected B6 mice were adoptively transferred with 2.5x103 of WT P14 at days 0, 1, 2 or 
3 after infection. Donor CD8 T cells were analyzed 5.5 days after P14 transfer. Representative flow 
cytometry plots show TCF-1 and GzmB expression on donor CD8 T cells isolated from spleens at 
day 5.5 post P14 adoptive transfer in the indicated tissues. 
(b) Representative histogram plots and bar charts show levels of expression of the indicated 
markers on DbGP33-specific CD8 T cells in spleens 5.5 days after adoptive transfer; grey histograms 
show marker expression in endogenous CD44Lo naïve CD8 T cells. Numbers within histograms 
represent MFI of expression of respective markers. Data are representative of 2 independent 
experiments with n=3 mice per group. To compare differences between groups one-way ANOVA 
with Tukey post-test was used. Statistical significance in difference of means is represented as * (P ≤ 
0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 
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Extended Data Fig 18. Characterization of DC subsets during early versus late stages of CD8 
T cell expansion in chronic LCMV infection. (continued on next page)
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Extended Data Fig 18. Characterization of DC subsets during early versus late stages of CD8 
T cell expansion in chronic LCMV infection.
(a,b) Representative flow cytometry plots show the gating strategy used to sort cDCs (CD11c+) and 
moDCs (CD11b+) from spleen samples of naïve (a) and day 3.5 LCMVCl-13-infected (b) C57Bl/6 
mice. Histogram plots and bar charts show expression of the indicated markers on cDC (Orange) 
and moDC (Brown) populations. Numbers within histogram plots represent MFI of expression of 
respective markers.
(c) IL-2-Cre ROSA/tdTomato reporter mice were infected with LCMVCl13, and moDC and cDC were
isolated from spleen 4 days after infection. Cells were gated and analyzed on MHCII+ Ly6G-

population. % cDC and moDC subsets are also presented as bar graphs.
(d) Representative histogram plots and corresponding bar graphs show phenotypic validation of the
gated cDC and moDC subsets with respect to indicated markers. Data are representative of 2
independent experiments (mean ± SEM) with at least 3 mice per group. Paired Student t-test was
used with statistical significance in difference of means represented as * (P ≤ 0.05), ** (P ≤ 0.01), ***
(P ≤ 0.001).
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Extended Data Fig 19. T cell activation by distinct DC subsets.
B6 mice were infected with LCMVCl13, moDC and cDC were purified and sorted by flow cytometry at 
day 3.5 after-post infection. DC subsets were co-cultured (1x104 cells) with CFSE labeled P14 
(5x105) for 3 days in the presence of GP33-41 peptide. Representative histograms and corresponding 
bar graphs depict expression of the indicated markers of T cell activation on donor P14 CD8 T cells 
3 days after co-culture with cDC or moDC subsets. 
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Extended Data Fig 20. scRNA-seq analysis of TILs from melanoma patients.
(a) Heatmap of differentially expressed genes in 5 clusters from CD8 T cells in melanoma tumors 
from checkpoint blockade immunotherapy treated patient dataset originally published in Sade-
Feldman et al., 201810. Top differentially expressed genes in each of the 5 clusters are shown on 
each row. Columns represent individual cells grouped by the clusters they are classified into. (b)
UMAP plot colored by clusters. Clustering shown in panel a was used to color cells in the same 
UMAP as in Figure 5a.
(c) Expression of memory signature in clusters and across pseudotime.
(d) Association between immunotherapy response and IL2 signature scores in CD8 T cells.  The 
frequency of CD8 T cells from either of the clusters with high IL2-signatures (transitory TTr and 
terminally differentiated TTD) as a portion of all CD45+ cells were compared between patients who 
responded or did not respond to checkpoint blockade. Wilcoxon ranked-sum test used to establish 
statistical significance. 186



0.0

0.2

0.4

0.6

0.8

0.30

0.35

0.40

0.45

0.0

0.1

0.2

0.3

U
M

AP
2

a

−2

0

2

−2 0 2 4 0

1

2

3

0
1
2
3
4

0.0

0.1

0.2

0.3

0

1

2

3

0

1

2

0

1

2

UMAP1

tcf7 gzmb IL2 signaling

sellpdcd1 havcr2

c

TTr TTDTSt

b

TTrTTD TSt

Exhausted Stem (TSt)

Exhausted Transitory (TTr)

Exhausted Terminally 
Differentiated (TTD)

Te
rm

Tra
ns
ito
ry

Ste
m

GPR183
AHNAK

S100A11
TCF7

ANXA1
LMNA
VIM

S100A10
IL7R
CCR7

HSPA1A
CCL4

DNAJB1
HSPH1
RGS1
DUSP1
NR4A2
RGCC
ACTB

ACTG1
TRAV21

LINC01871
HLA−DRA

PRF1
MT2A
GZMH
CXCR6
CD74
GZMB

M
em

or
y 

si
gn

at
ur

e
Ex

ha
us

tio
n 

si
gn

at
ur

e
d

TTr TTDTSt

ST
AT

5 
Ta

rg
et

PR
D

M
1

0.0

0.1

0.2

0.3

Ste
m

Tra
ns
ito
ry

Te
rm

Identity

Stem
Transitory
Term

FUNG_IL2_TARGETS_WITH_STAT5_BINDING_SITES_T1_UCell

TTr TTDTSt

0

1

2

3

Stem

Tra
ns

ito
ry

Te
rm

Identity

Ex
pr

es
si

on
 L

ev
el

Stem
Transitory
Term

PRDM1

******
***

******
***

***
***

ns

***
***

***

Extended Data Fig 21. scRNA-seq analysis of TILs from head and neck cancer patients.
(a) Expression of key exhaustion and memory genes and IL2 signaling score in HPV-specific CD8 T cells 
in HPV associated tumors from 15 patient dataset originally published in Eberhardt et al., 202116. UMAP 
plots of scRNAseq from CD8 T cells that bound HPV-MHC tetramers CD8 T illustrating 
activation/exhaustion associated genes (pdcd1, havcr2, gzmb), memory associated genes (tcf7, sell) or a 
composite IL2 signature (FUNG_IL2_SIGNALING_1). 
(b) Memory and exhaustion signature score in 3 clusters of HPV-specific cells from tumors. Signature 
scores of exhaustion and memory genes scored across Stem-like (TSt), Transitory (TTR), and Terminally 
differentiated (TTD) clusters.
(c) Heatmap of differentially expressed genes in 3 clusters from HPV-specific CD8 T cells. Top 
differentially expressed genes in each of the 2 clusters are shown in each row. Columns represent 
individual cells grouped by the clusters they are classified into.
Expression of IL2 signature genes and gene encoding Blimp-1 (prdm1) in HPV-specific CD8 T cells. 
(d) Genes downstream of IL2 signaling that also contain STAT5 binding sites 
(FUNG_IL2_TARGETS_WITH_STAT5_BINDING_SITES_T1 ) were used to calculate the STAT5 Target 
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Extended Data Fig 22. scRNA-seq analysis of TILs from lung cancer patient tumor samples.
(a) Heatmap of differentially expressed genes in T cells of various specificities in NSCLC. CD3 T
cells from 15 non-small cell lung cancer (NSCLC)-tumors were isolated and single cell RNAseq was
performed on these cells as originally published in Caushi et al., 202121. In parallel the MANAFEST
and viraFEST assays were performed to identify mutation associated neoantigens (MANA) or
influenza specific T cell receptors. CD8 T cells with either MANA or influenza-specific T cells were
isolated in silico. Top differentially expressed genes for each specificity are shown in each row.
Columns represent individual cells grouped by the T cell specificity based on their individual TCR
sequences.
(b) UMAP plot of all CD8 T cells of known specificity in NSCLC. UMAP dimensionality reduction
was performed on CD8 T cells of known specificity isolated in silico. Lower panel colored by
exhaustion signature score.
(c) Violin plots of cancer-specific neoantigen STAT5 target and Blimp-1 (encoded by prdm1) scores
in CD8 T cells of known specificity in NSCLC. Cancer-specific neoantigen score was derived from
Lowery et al., 202256.  MANA and Influenza specific CD8 T cells were isolated in silico as in panel a.
Wilcoxon ranked-sum tests were used to assign statistical significance. Statistical significance
represented as * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001).
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Knowledge of the spatial location of transcript expression can 
provide vital insights into biological function and pathol-
ogy. Single-cell RNA sequencing (scRNA-seq) achieves 

high-throughput and high-resolution profiling of gene expression, 
but because tissue is dissociated for sample preparation, spatial 
information is not retained. Recent methods for high-throughput 
profiling of gene expression while retaining spatial information 
allow analyses to be made within the context of the biological tis-
sue1. Studies performed with the Spatial Transcriptomics (ST) plat-
form and the improved Visium platform have already generated 
insights into diverse areas such as tumor heterogeneity2,3, brain 
function4 and the pathophysiology of sepsis5. The primary techno-
logical limitation of these spatial gene expression platforms is reso-
lution, with the unit of observation being spots that are 100 μm in 
diameter on the ST platform and 55 μm in diameter on the Visium 
platform. As such, the number of cells within a spot may range from 
one to 30 on the Visium platform and up to 200 on the older ST plat-
form, depending on the biological tissue6. Alternative approaches 
include fluorescence in situ hybridization (FISH) technologies, 
such as seqFISH and multiplexed error-robust FISH, and other 
recently developed spatial sequencing methods, such as Slide-seq 
and ZipSeq7–10. While these methods provide increased resolution, 
most are lower throughput, less sensitive, rely on custom protocols 
or are not widely available.

Here, we propose BayesSpace, a computational method that uses 
the neighborhood structure in spatial transcriptomic data to increase 
the resolution to the subspot level (Fig. 1a). Our method draws 
from the existing literature for use of Bayesian statistics to achieve 

super-resolution images11–13. In contrast to existing deconvolution 
methods using scRNA-seq data14–16, the enhanced-resolution mod-
eling of BayesSpace, which approaches single-cell resolution with 
the Visium platform, does not require independent single-cell data 
and allows us to infer the spatial arrangement of subspots. While 
integration with scRNA-seq is appealing, it may be costly if matched 
samples are used or introduce bias if publicly available references 
are used. Furthermore, deconvolved mixtures are still only spatially 
resolved at the original scale of the ST or Visium technology, and 
the neighborhood structure of cell types cannot be recovered.

In addition, there is a need for new statistical methods for the 
analysis of spatial gene expression data that efficiently use the avail-
able spatial information. Clustering is an important step in the anal-
ysis of such data that allows downstream analyses, such as cell type 
or tissue annotation and differential expression, to provide unbiased 
biological insights. Existing analyses of spatial gene expression data 
often rely on clustering methods for non-spatial scRNA-seq data2,4. 
The additional spatial information available from ST and Visium 
can help address the analytical challenges of sparsity and noise by 
smoothing over adjacent spots, which are more likely to have simi-
lar transcriptomic profiles. Zhu et al.17 proposed a hidden Markov 
random field model (HMRF) for clustering of low-resolution in situ 
hybridization data into distinct spatial domains by jointly model-
ing gene expression and spatial neighborhood structure17. This 
approach was later adapted for use with high-throughput spatial 
transcriptomic data through selection of spatially differentially 
expressed genes before clustering18. Another recently developed 
spatial clustering algorithm is stLearn, which uses deep learning 
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features extracted from histopathological images as well as expres-
sion of neighboring spots to spatially smooth data19.

BayesSpace enables spatial clustering by modeling a 
low-dimensional representation of the gene expression matrix 
and encouraging neighboring spots to belong to the same cluster 
via a spatial prior (Fig. 1b). Our method draws from previously 
developed spatial statistics methods for image analysis and micro-
array data20,21. Compared with previous approaches, BayesSpace 
allows for a more flexible specification of the clustering structure 
and error term than alternative approaches. From a user per-
spective, BayesSpace is accessible in that it takes the widely used 
Bioconductor SingleCellExperiment object as input22, does not 
require the additional task of marker gene preselection and involves 
minimal parameter tuning.

Using several datasets, we show that BayesSpace improves the 
identification of spatially distributed tissue domains through spatial 
clustering and enhances the resolution of gene expression maps. We 
use immunohistochemistry as a ground truth in two cancer samples 
to validate that our enhanced-resolution clustering identifies a tis-
sue structure consistent with cell surface markers, and we report 
examples of transcriptional heterogeneity in the tumor microenvi-
ronment not achievable by immunohistochemical analyses alone. 
Furthermore, using in silico spatial transcriptomic datasets gener-
ated from aggregating scRNA-seq data, we show that BayesSpace 
can recover the true spatial structure at near single-cell resolution.

Results
Spatial clustering improves identification of known layers in 
brain tissues. Recently, Maynard et al.4 presented Visium spatial 

expression profiles of 12 dorsolateral prefrontal cortex (DLPFC) 
samples, as well as manual annotations of the six cortical layers and 
white matter for each sample as part of the spatialLIBD package4 
(Fig. 2a). Maynard et al.4 annotated DLPFC layers by consider-
ing cytoarchitecture and selected gene markers. Here, we evaluate 
BayesSpace’s ability to identify distinct layer-specific expression pro-
files and compare its performance to other spatial and non-spatial 
clustering methods. Specifically, we compare the performance of 
four non-spatial algorithms commonly applied to scRNA-seq data, 
k-means, mclust23, Louvain24 and SC3 (ref. 25); two recently pub-
lished spatial clustering algorithms, HMRF (as implemented in the
Giotto package)18 and stLearn19; and the clustering partitions origi-
nally reported by Maynard et al.4 in the spatialLIBD package, which 
involve Walktrap clustering of spatial coordinates and principal
components (PCs) calculated from highly variable genes (HVGs) or 
known layer-specific marker genes. Following the methodology of
Maynard et al.4, we use the adjusted Rand index (ARI) to quantify
similarity between cluster labels and manual annotations, which are 
considered the ground truth.

BayesSpace substantially outperforms the original spatialLIBD 
clustering partitions, as well as all non-spatial clustering algo-
rithms and spatial clustering methods developed for spatial tran-
scriptomic data (Fig. 2b). BayesSpace and the non-spatial methods 
were applied on 15 PCs calculated from the top 2,000 HVGs. Spatial 
clustering methods Giotto and stLearn were implemented based 
on the original authors’ recommended parameters (Supplementary 
Note). We also show Giotto and stLearn results using precom-
puted PCs from BayesSpace to provide a more controlled compari-
son, although we found that this did not improve either method’s  

ST Visium

Spot i 
Neighbor of spot i 
Other spot

Subspot i 
Neighbor of subspot i 
Other subspot

a

b

Spot level

Subpot level

Spatial clustering
Enhanced 
clustering

Enhanced
gene expression Differential expressionPreprocessed data

Fig. 1 | The BayesSpace workflow. a, The BayesSpace workflow begins with preprocessed ST or Visium data. Data are spatially clustered to infer regions 
with similar expression profiles. These clusters can be refined via enhanced clustering to provide a higher-resolution spatial map. Enhanced clustering also 
provides the basis for predicting gene expression at the higher resolution, which can be used in further differential expression analyses. b, From geometric 
representations of spatial distribution of spots in the ST and Visium technologies, neighbors can be identified for each spot based on shared edges (top). 
Each spot can be subdivided into subspots, which again have natural edge-based neighbors (bottom).
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performance (Supplementary Fig. 1). As an example, in sample 
151673, we found that only SC3 (ARI = 0.42), mclust (ARI = 0.42), 
stLearn (ARI = 0.37) and BayesSpace (ARI = 0.55) generated clusters  

that qualitatively followed the expected layer pattern (Fig. 2c). 
Most clustering partitions aside from BayesSpace exhibited sub-
stantial noise and lack of clear spatial separation between clusters.  
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Fig. 2 | BayesSpace improves computational resolution of layers in the DLPFC. a, Ground truth. We highlight the manually annotated six DLPFC layers and 
white matter (WM) in sample 151673 from the spatialLIBD dataset. Annotated layers for the remaining samples can be found in the original publication4. 
b, Summary of clustering accuracy in all twelve samples. The ARI is used to compare similarity between cluster labels from each method against the 
manually annotated layers for all twelve samples. In the boxplot, the center line, box limits and whiskers denote the median, upper and lower quartiles and 
1.5× interquartile range, respectively. c, Cluster assignments generated by non-spatial (top) and spatial (bottom) methods for sample 151673.
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By contrast, BayesSpace leveraged spatial information to smooth the 
data and provided distinct layers of clusters. The t-distributed error 
model that BayesSpace uses is particularly robust against outliers in 
clusters, which may be driven by technical artifacts generated dur-
ing sample preparation or downstream analyses (Supplementary 
Fig. 2). Additionally, BayesSpace’s runtime and memory foot-
prints are comparable to those of other spatial clustering methods, 
requiring 27 min of wall time and 9.6 GB of memory in this sample 
(Supplementary Fig. 3).

Increased resolution clustering leads to identification of known 
tissue structures missed by other methods. We used BayesSpace 
to analyze a melanoma ST sample first annotated and described 
by Thrane et al.2. As the manual annotation identified regions of 
melanoma, stroma and lymphoid tissue and left an additional area 
unannotated (Fig. 3a), we ran spatial clustering with k = 4 clusters 
(Fig. 3b). The resulting clusters corresponded well with the manu-
ally annotated tissue types. Furthermore, the melanoma tissue 
was split into the central region of the tumor and an outer ring of 
mixed tumor and lymphoid tissue. BayesSpace enhanced spatial 
clustering provided a higher-resolution map of the tissue types 
(Fig. 3c). Notably, the enhancement identified lymphoid regions 
along the tumor border and possible immune infiltration into the 
tumor that could not be discerned at the original resolution. These 
regions were also largely not identified by other clustering methods 
(Supplementary Fig. 4). While most clustering methods identified 
heterogeneity between the periphery and the center of the tumor, 
only SC3, Giotto and subspot-level BayesSpace identified lymphoid 
regions proximal to the tumor, with BayesSpace providing higher 
resolution and more robust signal (Supplementary Fig. 4). Finally, 
we also ran BayesSpace at the spot level using five and six clus-
ters, identifying potential heterogeneity within the stroma region 
(Supplementary Fig. 4).

Using the enhanced PCs, we can generate high-resolution 
maps of individual genes or expression profiles for major cell 
types as described in the Methods. Differential expression analy-
sis performed on enhanced-resolution gene expression indicated 
that the lymphoid regions had a distinct expression profile. We 
observed elevated expression of lymphocyte markers such as CD52 
and MS4A1 and lower expression of melanoma markers such as 
MCAM and SPP1 relative to that of the surrounding tumor border 
(Supplementary Fig. 4). Enhanced-resolution differential expres-
sion analysis between the four clusters highlighted additional spa-
tial variation in gene expression (Fig. 3d). In the stroma (cluster 
2), expression levels were higher for extracellular matrix proteins 
such as those encoded by DCN and COL3A1. Furthermore, we 
revealed intratumor heterogeneity between the border and center 
of the tumor (clusters 1 and 3, respectively), with higher chemokine 
(CXCL9, CXCL10) activity at the border and elevated expression of 
genes related to cell proliferation (HSPB1) and metastasis (ATP1A1) 
at the center26,27.

We defined tumor cell (PMEL), fibroblast (COL1A1), B cell 
(CD19, MS4A1), T cell (CD2, CD3D, CD3E, CD3G, CD7) and mac-
rophage (CD14, FCGR1A, FCGR1B) expression profiles based on 

one or more marker genes from existing literature28. The enhanced 
expression profiles provided noticeably higher spatial resolution 
(Fig. 3e). In particular, we could more clearly observe immune 
expression on the periphery of the tumor. The contrast between 
PMEL expression in the tumor, stroma and lymphoid tissue was also 
more apparent with enhanced resolution.

Immunohistochemistry validates enhanced-resolution clus-
ters. To validate our enhanced-resolution clustering and gene 
expression, we analyzed an unreported breast cancer sample: an 
estrogen receptor-positive (ER+), progesterone receptor-negative 
(PR−), human epidermal growth factor receptor (HER)2-amplified 
(HER+) invasive ductal carcinoma (IDC) prepared on the 
Visium platform with immunofluorescence staining for 
4,6-diamidino-2-phenylindole (DAPI) (staining nuclei) and CD3 
(staining T cells) (Supplementary Note and Supplementary Fig. 5). 
We additionally analyzed a dataset published by 10x Genomics: an 
endometrial adenocarcinoma of the ovary (ovarian cancer; OC) 
sequenced on the Visium platform and stained with immunofluo-
rescence for DAPI, pan-cytokeratin (staining epithelial tissue) and 
CD45 (staining leukocytes) (Supplementary Fig. 6). After examina-
tion by a pathologist, out-of-focus and overexposed regions were 
excluded from the analysis (Methods and Supplementary Figs. 
7 and 8). Cell segmentation of in-focus areas (IDC, n = 2,929 of 
4,727 spots; OC, n = 2,041 of 3,493 spots) identified a median of 
21 cells per spot in the IDC tissue and 19 cells per spot in the OC 
tissue, along with a median of three cells per subspot in both tissues 
(Supplementary Figs. 7 and 8).

We applied BayesSpace to cluster the IDC sample into ten clus-
ters and the OC sample into eight clusters at spot and subspot 
resolution, selecting the number of clusters based on the negative 
log-likelihood curve (Supplementary Figs. 9 and 10). We analyzed 
anti-CD3 and anti-CD45 intensity in the in-focus area of each tis-
sue section (Fig. 4a,f, respectively), finding that the immunofluo-
rescence signal correlated well with the corresponding enhanced 
gene expression (Pearson’s r = 0.53 in the IDC; Fig. 4b,g). In both 
samples, we identified clusters enriched for the respective immune 
immunofluorescence signal and dichotomized the clusters into 
CD3- or CD45-rich and CD3- or CD45-poor areas (Fig. 4c,h and 
Supplementary Figs. 9 and 10). From this, we identified regions 
of interest (ROI) between the spot-level and enhanced clustering: 
areas where the enhancement increased the observed heteroge-
neity and many subspots flipped from immune rich to immune 
poor or vice versa. We highlight six of these ROI in Fig. 4d,i to 
demonstrate that enhanced clustering qualitatively improves con-
cordance of clustering with the underlying immunohistochemi-
cal stain. Specifically, we present regions where, compared to the 
coarser spot-level clustering, the enhanced-resolution clustering 
detects subspots with high underlying immunofluorescence stain 
intensity and refines the boundary between immune-rich and 
immune-poor areas.

To quantify the improvement at enhanced resolution, we com-
pared the distribution of immunofluorescence intensity between 
subspots that changed classification after enhancement (for 

Fig. 3 | Enhanced-resolution clustering identifies tumor-proximal lymphoid tissue in a melanoma sample. a, The original histopathological annotations 
of H&E-stained tissue (N!=!1 tissue section, n!=!293 spots) revealed a section of melanoma (black) adjacent to tumor-proximal lymphoid tissue (yellow) 
and a region of stroma (red), separating these from a larger section of tumor-distal lymphoid tissue (yellow)2. Adapted from ref. 2 with permission from the 
American Association for Cancer Research. Spatial clustering (b) and enhancement (c) generate biologically meaningful spatial domains corresponding 
to the original annotations. Enhanced-resolution clustering identified tumor-proximal lymphoid tissue (cluster 4, yellow), which was not resolved at 
spot-level clustering. d, Differential expression analysis between the four clusters highlighted spatial differences in the expression of immune genes, cancer 
markers and genes encoding extracellular matrix proteins. e, For each of the five major cell types, the observed total spot-level expression (as measured by 
the summed log-normalized counts) of the defined marker genes (left) is shown alongside the corresponding enhanced-resolution expression (right). We 
show spatial expression plots for tumor cells (PMEL), fibroblasts (COL1A1), macrophages (CD14, FCGR1A, FCGR1B), B cells (CD19, MS4A1) and T cells (CD2, 
CD3D, CD3E, CD3G, CD7).
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example, immune rich at the spot level and immune poor after 
enhancement) and subspots that maintained their classification (for 
example, immune rich at both the spot and subspot level). We found 

a significant difference in the intensity of subspots that changed  
classification compared to those that maintained their spot-level sta-
tus (Fig. 4e,j), indicating that BayesSpace’s resolution enhancement  
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improves the accuracy of expression-based clustering with respect 
to an orthogonal immunohistochemistry signal.

BayesSpace distinguishes intratumoral heterogeneity in IDC. 
We further analyzed the IDC tissue section to identify clusters of 
biological relevance. Pathologist annotation identified regions of  

predominantly invasive carcinoma (IC), carcinoma in situ and 
benign hyperplasia, from which we derived ground-truth labels 
for each spot (Fig. 5a and Supplementary Fig. 11). The clusters 
were largely consistent with histopathological annotations (cluster 
purity = 0.839; Fig. 5b and Supplementary Figs. 9 and 11), and we 
identified five clusters that corresponded to annotated regions of 
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the Visium platform (left, ‘spot’) and enhanced with BayesSpace (right, ‘subspot’). c, Dichotomized clustering of Visium gene expression values. After 
clustering the tissue section into ten clusters, the clusters were binned by their median anti-CD3 stain intensity into CD3 ‘high’ and CD3 ‘low’ clusters, 
shown here. White squares outline three ROI where the enhanced clustering revealed areas of increased heterogeneity. d, Zoomed-in views of the 
n!=!3 ROI. Each panel shows a 1-mm2 area of the immunofluorescence image. DAPI intensity is shown in blue, and anti-CD3 intensity is shown in green. 
Overlaid on each panel in the top row is the spot-level clustering. Each circle corresponds to the position and size (55-µm diameter) of a spot on the 
Visium array and is colored based on whether it belongs to a CD3 ‘high’ (yellow) or CD3 ‘low’ (blue) cluster. The bottom row contains a similar overlay 
of the enhanced-resolution subspot clustering, where the circles are now subdivided into six wedges corresponding to the positions of subspots in the 
BayesSpace model. As in the spot overlay, the subspots are colored based on their cluster membership. e, Summary of subspot reassignment after 
enhancement. On the left, we show a contingency table describing the number of subspots (n!=!17,574) that belong to a CD3 ‘high’ or ‘low’ cluster at the 
spot level and at the subspot level. Using two-sided Wilcoxon rank-sum tests, we also show that anti-CD3 intensity in subspots that are reassigned to 
a ‘high’ cluster is significantly higher (P!<!2.22!×!10−16) than that in those that remain in a ‘low’ cluster (center) and that subspots that are reassigned to 
a ‘low’ cluster have a significantly lower (P!<!2.22!×!10−16) anti-CD3 intensity than that in those that remain in a ‘high’ cluster (right). f–j, Panels for the 
OC mirror those for the IDC, with anti-CD45 intensity replacing anti-CD3 intensity and PTPRC (CD45) gene expression replacing that of CD3E. In e, we 
show n!=!12,246 subspots. In i, we show n!=!3 ROI. In j, using two-sided Wilcoxon rank-sum tests, we show that anti-CD45 intensity in subspots that are 
reassigned to a ‘high’ cluster is significantly higher (P!<!2.22!×!10−16) than that in those that remain in a ‘low’ cluster (center) and that subspots that are 
reassigned to a ‘low’ cluster’ have a significantly lower (P!=!2.9!×!10−11) anti-CD45 intensity than that in those that remain in a ‘high’ cluster (right). All 
reported P values are unadjusted values.
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green, and those of unclassified tumor are outlined in gray. b, Enhanced BayesSpace clustering. c, Spatial expression of genes coding for HER2 (ERBB2) and 
ER (ESR1) and PR (PGR). d, Spatial expression of immune genes PTPRC (CD45), CD4, CD8A, CD14, CD68 and IGHG3. e, Spatial expression of proliferation 
marker MKI67 (Ki-67), markers of tumor progression MUC1 and COL1A2, the oncogene ZNF703, GRB2 (coding for the growth factor receptor protein) and 
BAMBI (coding for transforming growth factor (TGF)-β pseudoreceptor).
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predominantly IC (3–6 and 9), one cluster that encompassed all 
annotated regions of carcinoma in situ (8), one cluster that coincided 
with the annotated benign hyperplasia and an invasive-appearing 
area (2) and three clusters corresponding to predominantly 
non-tumor areas (1, 7 and 10; Supplementary Fig. 11). We note that, 
without hematoxylin and eosin (H&E) stains or an immunofluores-
cent stain for a tumor marker, the tumor–stroma interface could not 
be fully delineated histologically and BayesSpace’s enhanced cluster-
ing identified heterogeneity within the tissue that was not reflected 
in the annotated boundaries but was clearly supported by key tumor 
marker genes (Fig. 5c–e). This further supports our previous valida-
tion with immunofluorescence (Fig. 4).

Spatial expression patterns of known marker genes and differen-
tial expression analysis between these clusters were largely in accord 
with clinical and histopathological annotations. Consistent with the 
clinical report of ER+PR−HER2+ IDC, we observed high expression 
levels of genes coding for HER2 (ERBB2) and ER (ESR1) through-
out the tumor clusters and minimal expression of the gene coding 
for PR (PGR) in the sample (Fig. 5c and Supplementary Fig. 12). The 
non-tumor clusters 1, 7 and 10 were characterized by the expression 
of immune genes, with PTPRC (leukocyte-common antigen CD45) 
highly expressed in these clusters. We found that these clusters cor-
responded to distinct spatial transcriptional patterns. Cluster 1 was 
enriched for signatures of cell-mediated immunity, including marker 
genes expressed by T cells (CD4, CD8A, CD8B) and macrophages 
(CD14, CD68), while clusters 7 and 10 were enriched for genes 
involved in humoral immunity, particularly those encoding immu-
noglobulin chains (for example, IGHG3; Fig. 5d and Supplementary 
Figs. 12–15). Compared to other non-tumor clusters, cluster 7 was 
also enriched for expression of ERBB2 and tumor-associated genes, 
such as ZNF703, suggesting that this cluster represents a mixture 
of tumor and immune cells. Analysis of non-tumor subspots (clus-
ters 1, 7 and 10) with CIBERSORT was consistent with differential 
expression results, predicting subspots in cluster 1 to have a greater 
abundance of T cells, while clusters 7 and 10 had higher proportions 
of B and plasma cells (Supplementary Fig. 16).

We found similar heterogeneity within the invasive tumor clusters. 
Clusters 3, 5 and 6 displayed elevated expression of known markers 
of cell proliferation, including genes encoding Ki-67 (MKI67) and 
cyclins, as well as genes associated with tumor progression, invasion 
and proliferation, including COL1A2 (refs. 29–31), MUC1 (refs. 32–35) and 
MMP11 (refs. 30,31,36) (Fig. 5e and Supplementary Figs. 13, 15 and 17). 
Clusters 4 and 9 showed increased expression of ZNF703, an onco-
gene in the more aggressive, ER+ luminal B breast cancer subtype37,38 
as well as that of GRB2, a gene implicated in breast cancer tumori-
genesis39,40 and BAMBI, encoding a pseudoreceptor for TGF-β41, the 
signaling pathway of which is implicated in progression to invasion32 
(Fig. 5e). These spatial expression patterns suggest a transcriptional 
heterogeneity among compartments of invasive tumor inaccessible 
to histopathological analysis, demonstrating the superiority of spatial 
transcriptomic data over immunofluorescence alone.

BayesSpace enhances gene expression patterns to near single-cell 
resolution on in silico spatial data. We conducted several simu-
lations to demonstrate that BayesSpace clustering and resolution 
enhancement outperform existing methods. In the first simulation, 
for which we simulated data modeled on two of our experimental 
datasets (see Methods for details), results showed that BayesSpace 
spot-level clustering consistently outperformed all other methods 
in both the simulated melanoma and ovarian datasets (Fig. 6a). 
Giotto, another spatial clustering method, also outperformed all 
non-spatial methods but provided slightly worse performance than 
BayesSpace. Among the non-spatial methods, mclust and Louvain 
clustering performed decently.

In the second simulation, we showed that BayesSpace 
enhanced-resolution clustering outperformed the optimal clustering  

that can be achieved at the spot level in melanoma and ovar-
ian samples that were simulated at the subspot level (Fig. 6b). In 
each dataset, the enhanced clustering ARI exceeded the optimal 
spot-level clustering in all 20 simulated replicates. This indicates 
that BayesSpace is able to increase the resolution of data to better 
recapture finer details of the ground truth.

In the third simulation, we demonstrated that BayesSpace 
enhanced-resolution clustering can increase the resolution of data 
that were simulated from real, aggregated single cells (see Methods 
for details). BayesSpace captures the spatial distribution of clusters 
better than optimal spot-level clustering, as illustrated in the spa-
tial representation of enhanced clustering results from one replicate 
(Fig. 6c). In regions with high mixing of cell types, there is little to 
no information available to resolve cluster labels at the subspot level, 
but BayesSpace is still able to closely approximate the overall tissue 
structure at the spot level. In these cases, although it is easy to miss 
isolated cells due to the signal being diluted out from the aggrega-
tion of multiple cells at the spot level, we found that BayesSpace 
was still able to recover some of these populations. The simulation 
results further supported our melanoma analyses in which our 
enhanced analysis recovered lymphoid structure near the tumor 
that was not apparent at the spot level. In all, BayesSpace enhanced 
clusters recapture the ground truth better than all other meth-
ods, again highlighting the superior performance of our method  
(Fig. 6d) and showing that BayesSpace is able to successfully 
enhance the resolution of spot-level data.

Enhanced-resolution clustering resolves keratinocyte structure 
in squamous cell carcinoma. Finally, we also used BayesSpace to 
analyze a squamous cell carcinoma Visium sample first described 
by Ji et al.42. H&E-stained tissue annotated by a pathologist revealed 
tumor borders and other major tissue structures (Supplementary 
Fig. 18). We defined expression profiles for the major cell types pres-
ent in the sample based on known marker genes from the literature: 
keratinocytes (KRT1, KRT5, KRT10, KRT14), melanocytes (MLANA, 
DCT, PMEL), myeloid cells (LYZ) and T cells (CD2, CD3D, CD3E, 
CD3G, CD7)28,42. Keratinocytes were further separated into basal 
keratinocytes (KRT5, KRT14) and suprabasal keratinocytes (KRT1, 
KRT10), as products of KRT5 and KRT14 form heterodimers that 
localize to the basal layer of the epidermis, while products of KRT1 
and KRT10 form heterodimers that localize to the suprabasal layer43. 
We show that our enhanced spatial gene expression plots delineate 
the border between the basal and suprabasal layers more precisely 
than spot-level plots (Supplementary Figs. 18 and 19) and similarly 
find that the enhanced expression of marker genes for melanocytes, 
myeloid cells and T cells better match the expected patterns based on 
annotated tissue structures (Supplementary Fig. 18).

Discussion
BayesSpace seamlessly integrates into the spatial transcriptomic 
analysis workflow by taking as input preprocessed data via the 
widely used Bioconductor SingleCellExperiment data structure. 
The output is likewise stored in a SingleCellExperiment object that 
can be used for downstream analyses. The methods are all imple-
mented as an R package that is openly accessible on Bioconductor.

We have demonstrated the utility of BayesSpace in identifying 
spatial clusters with similar expression profiles and enhancing the 
resolution of spatial transcriptomics. BayesSpace overcomes both 
the challenge in efficiently using spatial information to inform the 
clustering of expression data and the limited resolution of cur-
rent spatial transcriptomic technology. While there are similarities 
in the spatial prior specification between BayesSpace and Giotto 
(HMRF), we highlight several differences between the methods. 
BayesSpace is a spatial transcriptomic model-based clustering 
method that uses a t-distributed error model to identify spatial 
clusters that are more robust to the presence of outliers caused by 
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technical noise. BayesSpace also uses Markov chain Monte Carlo 
(MCMC) to estimate model parameters, while HMRF uses expec-
tation–maximization, which might not explore the space as effi-
ciently44. BayesSpace also differs from Giotto (HMRF) in that it
uses a fixed precision matrix rather than a variable precision matrix 
across clusters, which we found to improve the stability of estimates 
without compromising clustering performance (Supplementary
Fig. 20) and in that it uses a more reliable method for detecting the
spatial neighborhood network.

Studies have not achieved subspot resolution of spatial tran-
scriptomic data without requiring the use of additional information 
aside from spatial coordinates. Immunohistochemical analyses in 
the IDC and OC tissue sections provide validation that our subspot 
model accurately refines and reflects the spatial structure of the 
underlying tissue. Enhancement of gene expression analysis at 
subspot resolution allows downstream differential expression analy-
ses to compare finer and more biologically meaningful clusters. Our 
analyses of differential expression in the IDC tissue section iden-
tify transcriptional heterogeneity within regions of invasive tumor 
that appear histologically indistinct. While histological analysis  

of this tissue was limited by available immunofluorescent stains, 
notably lacking a tumor marker or H&E stains, our results suggest 
the potential for spatial transcriptomics and BayesSpace to capture 
previously uncharacterized spatial patterns of gene expression.

The resolution enhancement approaches single-cell resolu-
tion, with approximately three cells per subspot for data acquired 
with the Visium platform, without the need for external single-cell 
data. However, there is potential for the enhanced data to be inte-
grated with external single-cell data through deconvolution or 
label-transfer methods. For example, it may be possible to enhance 
the resolution of spot-level cell-type proportion estimates by using 
a Dirichlet regression model with enhanced PCs as predictors. 
Integration with single-cell data has the potential to improve our 
ability to resolve cell types in dense and complex tissues, and it is a 
future direction of our research.

While our work focused on the ST and Visium platforms from 
10x Genomics, BayesSpace should be applicable to other platforms 
in which spots are arranged on a lattice. Slight modifications may be 
needed so that our spatial model can be used with a different neigh-
borhood structure. Because BayesSpace models a lower-dimensional 
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representation of data (that is, principal component analysis (PCA)), 
it should also be applicable to other dimensional-reduction tech-
niques such as uniform manifold approximation and projection and 
possibly be applied to other data types such as protein markers and 
multiomics. Finally, it may also be possible to extend BayesSpace to 
jointly cluster spots from multiple samples given appropriate data 
normalizations.
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Methods
Data description. We applied BayesSpace to samples from "ve spatial gene 
expression datasets, of which four were generated on the newer Visium 
platform. All Visium samples that were obtained directly from 10x Genomics 
were procured from BioIVT:ASTERAND. Details on dataset processing and 
availability are provided in the Supplementary Information. !e "rst dataset 
included twelve human DLPFC samples from three individuals run on the 
Visium platform4. Brie$y, each sample contained approximately 4,000 spots that 
were manually annotated to belong to one of six DLPFC layers or white matter. 
!e second dataset involved melanoma samples run on the ST platform2.  
From this dataset, we analyzed the second replicate from biopsy 1 because 
it contained regions annotated as lymphoid tissue and was also described 
extensively in the original paper. Biopsy 1 contains 293 spots covered by 
tissue. !e third dataset is publicly available from the 10x Genomics website 
and includes matching Visium spatial gene expression (3,493 spots) and 
immuno$uorescence staining of an endometrial adenocarcinoma of the ovary. 
!e sample was stained with an anti-cytokeratin antibody, an anti-human CD45 
antibody and DAPI. !e fourth dataset is from an IDC sample prepared on the 
Visium platform (4,727 spots) and stained with an anti-human CD3 antibody 
and DAPI. !e "nal dataset included data from ten human skin squamous cell 
carcinomas pro"led on either the ST or the Visium platform42. Among the two 
samples run on the Visium platform, we chose to analyze that from patient 4 
(P4) as the data quality was higher as shown in the original paper. Sample P4 
contains 722 spots covered by tissue.

Preprocessing and dimension reduction. In all datasets, raw gene expression 
counts were log transformed and normalized using library size45,46. PCA was 
then performed on the top 2,000 most HVGs. Two thousand HVGs provided 
the best clustering performance in our benchmarks (Supplementary Fig. 21). 
In downstream analyses, we modeled the top 15 PCs from the Visium libraries, 
and we modeled the top seven PCs from the sample prepared on the ST platform 
(melanoma). The choice to model PCs rather than the full gene expression profile 
allows for a more tractable probabilistic model, avoiding the need for cumbersome 
multivariate discrete distributions. PCs are commonly used in clustering analysis 
of gene expression data. Here, we recommend modeling the top 15 PCs to capture 
as much of the variability in the data as possible while limiting the rapid increase in 
space that occurs with higher dimensions, although users may choose to model a 
different number of PCs or HVGs using the BayesSpace R package. Modeling more 
than 15 PCs did not provide substantial improvements in clustering performance 
but increased runtime and memory usage in our benchmarks (Supplementary  
Fig. 21). In the melanoma sample, many of the higher PCs exhibited higher 
numbers of extreme outliers (Supplementary Fig. 22) and significantly less 
variance, suggesting that they most likely represent technical variability. Because 
the older ST technology has lower coverage, sequencing depth and throughput, 
fewer PCs are necessary for modeling.

Spatial clustering model. BayesSpace implements a fully Bayesian model with 
a Markov random field before encouraging spots of the same cluster to be close 
to one another. Such models have been widely used in image analysis, including 
analyses of microarray images20,21. ST and Visium spots are arranged on square and 
hexagonal lattices, which provide a natural way to define a neighborhood structure 
(Fig. 1b). For each spot i, a low d-dimensional representation yi (for example, PCs) 
of the gene expression vector can be obtained. We model the data as follows:
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vector for cluster k, Λ denotes the precision matrix, and wi denotes an unknown 
(observation-specific) scaling factor. We assume a common (fixed) precision 
matrix across clusters because the number of unknown parameters in the precision 
matrix quickly rises with higher numbers of clusters and numbers of PCs modeled. 
In practice, we found that the variable precision model often required strong priors 
for parameter estimation. We also assume that the common precision matrix is 
unconstrained as there is correlation between PCs after conditioning on cluster, 
even though PCs are marginally uncorrelated (Supplementary Fig. 20). On real 
data, variable and independent precision models both performed poorly relative to 
the unconstrained, fixed precision model.

The number of clusters q is determined by prior biological knowledge 
when available or otherwise by the elbow of the pseudo-log-likelihood plot 
(Supplementary Figs. 9 and 10). We place the following priors on μk, Λ and wi:
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where μ0, Λ0, α and β are fixed hyperparameters. By default, we set μ0 to be the 
empirical mean vector of the data, which is generally the zero vector for PCA 

input. Λ0 is set to 0.01 times the identity matrix to provide a weak prior that will be 
dominated by the data when there are spots assigned to the cluster. Similarly, we 
set α = 1 and β = 0.01 to provide a weak prior for the precision matrix. ν denotes 
a fixed degrees-of-freedom parameter to control the heaviness of tails and was 
set to ν = 4, which was previously shown to overcome the influence of outlier 
spots during clustering21. We also assume that yi and wi are independent. As such, 
when marginalizing over wi, our normal likelihood becomes a multivariable t 
distribution with a mean of 0 and covariance matrix ν

ν−2

Λ

−1. This formulation 
allows us to use a simple Gibbs sampling for updating most of the parameters 
because the observations are normally distributed when conditioning on wi. wi 
values can also be interpreted as weights; the model will simply estimate a small 
weight value for any potential outlying data value. This provides robustness against 
outliers that can be commonly encountered in these types of data (Supplementary 
Fig. 2). Estimation of parameters is carried out using an MCMC method. We 
initialize z using a non-spatial clustering method such as mclust by default23. 
Alternative initializations can also be supplied as a label vector. Next, iteratively 
and sequentially, each μk, Λ and wi is updated via Gibbs sampling, and each zi is 
updated via the Metropolis–Hastings algorithm. Specifically, each zi is updated by 
taking into account both the likelihood and spatial prior information. The Markov 
random field prior is given by the Potts model:
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where 〈i j〉 denotes all spots j that are neighbors of i, I represents the indicator 
function, and γ is a fixed parameter controlling the strength of the smoothing. In 
this way, neighboring spots are encouraged to belong to the same cluster. Further 
details on the MCMC algorithm are provided in the Supplementary Information. 
Model fitting diagnostics are provided in Supplementary Figs. 2 and 20.

Spatial clustering model at enhanced resolution. To enhance the resolution of  
the clustering map, we segmented each spot into subspots and again leveraged 
spatial information using the Potts model spatial prior. Specifically, we segmented 
each ST spot into nine subspots and each Visium spot into six subspots (Fig. 1b).  
For ST, we used nine subspots to help increase the resolution of data from 
lower-resolution technology, because ST spots are 100 μm in diameter, while 
Visium spots are 55 μm in diameter. This translates into more than a threefold 
difference in area. In the IDC and OC samples, Visium spots are estimated to 
contain a median of around 20 cells; therefore, subspots will generally represent the 
expression of a few cells, rather than that of potentially dozens of cells at the spot 
level (Supplementary Figs. 7 and 8).

Relative to the spot-level clustering method, model specification and 
parameter estimation is largely similar for enhanced-resolution clustering, 
although the unit of analysis is now the subspot rather than the spot. As gene 
expression is not observed at the subspot level, it is modeled as another latent 
variable that is also estimated through MCMC. The latent expression of each 
subspot j that is part of spot i is denoted as y∗

ij

, initialized to be yi and then 
updated via the Metropolis–Hastings algorithm. In each iteration and for each 
spot, the new proposal is given by y∗′
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= y
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 for each subspot, such that the 
error εij ~ N(0, σ2Id), where σ2 is a small fixed parameter and 

∑

j

ε

ij

= 0. In effect,
this jitters the latent expression value of each subspot within a spot while keeping 
the total expression of the spot fixed. The proposal is accepted or rejected based 
on the conditional likelihood of the proposal given the other parameters. We set 
σ2 such that the acceptance rate ranges from 25% to 40% of iterations on average 
to maximize the efficiency of the Metropolis–Hastings algorithm47. A weak 
Gaussian prior is placed on the latent expression to ensure that the jittered values 
do not drift too far away from yi. Aside from replacing yi with y∗

ij

, all other steps 
of the MCMC algorithm remain the same as in the spot-level clustering method. 
Model fitting diagnostics are provided in Supplementary Fig. 20. Intuitively, 
the enhancement procedure reassigns the total expression within a spot to its 
constituent subspots by leveraging spatial information, ultimately generating a 
higher-resolution spatial clustering map.

Mapping high-resolution PCs to high-resolution gene expression space. While 
BayesSpace can provide higher-resolution maps of spatial transcriptomic patterns, 
the modeling is carried out on the PC space, and an additional step is necessary 
to map the PC values back to the original log-normalized gene expression 
space. BayesSpace implements two options for predicting high-resolution gene 
expression: linear regression and nonlinear regression using XGBoost (default)48. 
In either case, a model is trained for each gene for which the outcome is the 
measured gene expression at the spot level and the predictors are the PCs 
generated from the original data. The fitted model can then be used to predict gene 
expression from the high-resolution PCs estimated using enhanced-resolution 
clustering. The enhanced gene expression values can be visualized spatially and 
analyzed via differential expression methods (Fig. 1a). In our analyses, we used the 
two-sided Wilcoxon rank-sum test as implemented in Seurat to identify the top 
differentially expressed genes, and also we used Seurat for heatmap visualization of 
the centered and scaled gene expression values49.
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Simulations. Using several simulations, we evaluated the performance of 
BayesSpace. The first simulation compared BayesSpace spot-level clustering to 
other non-spatial and spatial clustering methods: k-means, Louvain, mclust, SC3 
and Giotto. We could not evaluate stLearn in simulation due to the need for an 
image as input. The simulated data were based on the melanoma and OC samples 
introduced in the earlier results. Eight replicates of simulated melanoma and OC 
PCs were generated from t-distributions with means, precision and spot labels 
determined by spot-level clustering results of the real melanoma and OC samples, 
respectively (Fig. 3b and Supplementary Fig. 23). Other clustering methods were 
implemented as described in the Supplementary Information with the true cluster 
number provided as input. BayesSpace was also implemented with the true cluster 
number provided as input. Performance was assessed using the ARI between 
ground-truth spot labels and clustering results.

In the second simulation, we evaluated the performance of BayesSpace 
subspot-level enhanced clustering. We simulated 20 replicates from t-distributions 
with means, precision and labels based on real melanoma and OC samples,  
but, unlike for the previous simulation, we generated subspots using the  
enhanced clustering results as the ground truth (Figs. 3c and 4d). The simulated 
subspot-level PCs were averaged to provide spot-level PCs that were given as 
input to BayesSpace. We can use the modal ground-truth label of the subspots 
within each spot to generate an optimal spot-level clustering for each dataset 
(Supplementary Fig. 23). The ARI between this optimal spot-level clustering and 
the subspot-level ground truth represents the highest ARI that can be achieved 
when all subspots within a spot must belong to the same cluster, as is the case  
with spot-level clustering.

In the third simulation, we sampled data from real single cells rather than 
simulating PCs. Here, we sampled single cells from scRNA-seq profiling of 
patients with high-grade serous OC (HGSOC)50. The single cells can be sampled 
into subspots on the OC Visium sample, providing another way to evaluate the 
performance of BayesSpace clustering and enhancement relative to other methods 
without relying on model-based data generation. Given the limited number of 
single cells, we used only the positions from a portion of the OC Visium sample. 
Ground-truth cluster labels were derived from expert single-cell level annotation 
of tumor and stroma compartments within the immunofluorescence stain image 
associated with the OC sample. In each subspot, the ground truth was assigned 
using the modal annotation of the single cells located within the subspot. 
Consequently, the ground-truth assignment takes into account gaps between spots 
in spatial transcriptomic technologies, and the clusters represent realistic biological 
spatial domains.

To add complexity to the simulation, we separated the tumor compartment 
into two ground-truth clusters and introduced two additional intratumoral 
clusters that represent heterogeneity within tumors. Thus, the simulation included 
a total of five spatial ground-truth clusters, including the stroma compartment 
cluster. The single-cell sampling strategy is shown in Supplementary Table 1, with 
single cells randomly drawn from single-cell clusters into corresponding spatial 
clusters in each of the eight simulation replicates. As raw counts were not available 
in the HGSOC dataset, pseudocounts were obtained by back transforming 
log-normalized counts, and simulated data were generated by aggregating across all 
subspots within a spot. The data were then processed to generate PCs as described 
for real data in the Methods. Because HGSOC single-cell clusters are very well 
separated, we also added random noise to each simulated PC equal to 25% of its 
variance, thus adding additional complexity to our simulation. This process also 
made our simulation more realistic when comparing the generated PCs to PCs 
derived from experimental data (Supplementary Fig. 22).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article

Data availability
Datasets analyzed in this paper are available in raw form from their original 
authors (see details in the Supplementary Note), and the SingleCellExperiment 
objects that we prepared for analysis with BayesSpace are available through the 
BayesSpace package. Raw count matrices, images and spatial data from the IDC 

sample are accessible on the 10x Genomics website at https://support.10xgenomics.
com/spatial-gene-expression/datasets.

Code availability
BayesSpace is available as a Bioconductor package at http://www.bioconductor.
org/packages/release/bioc/html/BayesSpace.html, and the source code is publicly 
available at https://github.com/edward130603/BayesSpace.

References
 45. Lun, A. T. L., Bach, K. & Marioni, J. C. Pooling across cells to normalize

single-cell RNA sequencing data with many zero counts. Genome Biol. 17, 
75 (2016).

 46. McCarthy, D. J., Campbell, K. R., Lun, A. T. L. & Wills, Q. F. Scater:
pre-processing, quality control, normalization and visualization of single-cell
RNA-seq data in R. Bioinformatics 33, 1179–1186 (2017).

 47. Gelman, A., Roberts, G. O. & Gilks, W. R. E#cient Metropolis jumping rules.
Bayesian Stat. 5, 599–607 (1996).

 48. Chen, T. & Guestrin, C. XGBoost: a scalable tree boosting system.
In Proceedings of the ACM SIGKDD International Conference on
Knowledge Discovery and Data Mining 785–794 (Association for Computing
Machinery, 2016).

 49. Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177, 
1888–1902 (2019).

 50. Izar, B. et al. A single-cell landscape of high-grade serous ovarian cancer. Nat. 
Med. 26, 1271–1279 (2020).

Acknowledgements
This research was supported by funding from the National Institutes of Health 
(P01-CA225517, P30-CA015704 to R.G. and P.N.; T32-CA080416, F30-CA254168 
to T.P.), the Immunotherapy and Data Science Integrated Research Centers at Fred 
Hutchinson to E.Z., M.R.S., X.R. and J.H.B. and the Scientific Computing Infrastructure 
at Fred Hutchinson funded by ORIP grant S10OD028685. We thank M. Lin and P.L. 
Porter for their pathological review of J.G.’s histological annotations, K.J. Cheung from 
the Fred Hutchinson Public Health Sciences and Human Biology Divisions for his 
suggestions in our analysis of the IDC sample, A. Moshiri from the UW Division of 
Dermatology for his review of T.P.’s histopathological annotations and Q. Nguyen and  
X. Tan at the University of Queensland for their assistance in applying stLearn.

Author contributions
E.Z. and R.G. formulated the method and wrote the paper. M.R.S. and E.Z. developed 
software. E.Z., M.R.S. and X.R. analyzed data. J.G., K.S.S. and T.P. contributed to 
annotation and interpretation of cancer samples. C.R.U., S.R.W. and S.E.B.T. prepared 
and contributed to analysis of the IDC sample. P.N., J.H.B. and R.G. supervised  
the project.

Competing interests
R.G. has received consulting income from Juno Therapeutics, Takeda, Infotech Soft, 
Celgene and Merck, has received research support from Janssen Pharmaceuticals and 
Juno Therapeutics and declares ownership in Ozette Technologies and stock ownership 
in 10x Genomics. S.R.W., C.R.U. and S.E.B.T. are employees of and hold shares in 10x 
Genomics. All other authors declare no conflicts of interest.

Additional information
Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41587-021-00935-2.
Correspondence and requests for materials should be addressed to R.G.
Peer review information Nature Biotechnology thanks the anonymous reviewers for their 
contribution to the peer review of this work.
Reprints and permissions information is available at www.nature.com/reprints.

NATURE BIOTECHNOLOGY | www.nature.com/naturebiotechnology200

https://urldefense.proofpoint.com/v2/url?u=https-3A__support.10xgenomics.com_spatial-2Dgene-2Dexpression_datasets&d=DwMFaQ&c=eRAMFD45gAfqt84VtBcfhQ&r=w9dafvS9-snLnxFJVa5dOCmWh_boNbnOxHGiIx-U5kI&m=4oadxzB_eXeXF3PJYVBWkOMHv-6KWTL4JXGqKA-Nb0I&s=U7H9vKsniQg4sxJeySkpYeTp9UDjePQM_cFu8le1MgM&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__support.10xgenomics.com_spatial-2Dgene-2Dexpression_datasets&d=DwMFaQ&c=eRAMFD45gAfqt84VtBcfhQ&r=w9dafvS9-snLnxFJVa5dOCmWh_boNbnOxHGiIx-U5kI&m=4oadxzB_eXeXF3PJYVBWkOMHv-6KWTL4JXGqKA-Nb0I&s=U7H9vKsniQg4sxJeySkpYeTp9UDjePQM_cFu8le1MgM&e=
http://www.bioconductor.org/packages/release/bioc/html/BayesSpace.html
http://www.bioconductor.org/packages/release/bioc/html/BayesSpace.html
https://github.com/edward130603/BayesSpace
https://doi.org/10.1038/s41587-021-00935-2
http://www.nature.com/reprints
http://www.nature.com/naturebiotechnology


201



202



A Proof-of-Concept Study of Combination Therapy with 
INCMGA00012 (Anti–PD-1), INCAGN02385 (Anti–LAG-3), and 
INCAGN02390 (Anti–TIM-3) in Participants with Advanced or 

Metastatic PD(L)-1 refractory Merkel Cell Carcinoma 

University of Washington, Seattle WA 
Shailender Bhatia, MD (Principal Investigator) 

Natalie Miller, MD, PhD (Co-Investigator) 

Incyte Biosciences International 

203



Title:  
A Proof-of-Concept Study of Combination Therapy with INCMGA00012 (Anti–PD-1), 
INCAGN02385 (Anti–LAG-3), and INCAGN02390 (Anti–TIM-3) in Participants with Advanced or 
Metastatic PD(L)-1 refractory Merkel Cell Carcinoma 

Investigators:  
Primary investigators: Natalie Miller, MD PhD (Senior oncology fellow) and Shailender Bhatia, 
MD (Professor, Medical oncology)  
Co-Investigators: Ted Gooley, PhD (Professor, Biostatistics); Thomas Pulliam (MD-PhD 
student); Paul Nghiem, MD PhD (Professor, Dermatology); Incyte scientific team 

Institutions:  
University of Washington and Fred Hutchinson Cancer Center, Seattle, WA (USA) 

Background and Rationale: 
Merkel cell carcinoma (MCC) is an aggressive neuroendocrine skin cancer often caused by the 
Merkel cell polyomavirus (MCPyV). Tumors with both virus-positive and virus-negative MCC are 
often highly immunogenic and respond well to immune checkpoint inhibitor therapy, with an 
overall response rate (ORR) to first line systemic treatment with PD(L)-1 blockade of 40-56% 
(DiAngelo S, JITC 2021; Nghiem P, NEJM 2016). Approximately 3 in 4 responding patients will 
have durable responses > 6 months. However, there is a large unmet need for treatments for 
the >50% of MCC patients who experience disease progression despite PD(L)-1 blockade. 
Ipilimumab alone or in combination with PD-1 blockade has been investigated in PD-1 refractory 
MCC, but efficacy appears to be limited with ORR reported to be from 0% to 31% in relatively 
small number of patients (LoPiccolo J, JITC 2019; Shalout S, JImmunot 2022; Kim S, Lancet 
2022). 

Novel checkpoint inhibition via blockade of Lymphocyte Activation Gene-3 (LAG-3) and T-cell 
immunoglobulin mucin-3 (TIM-3) pathways holds significant promise. In a Phase III study with 
metastatic melanoma patients, combination of LAG-3 and PD-1 inhibition was associated with 
improved progression-free survival (PFS) from 4.6 to 10.1 months compared to PD-1 blockade 
alone in the first line setting (Tawbi H, NEJM 2022). The combination was also associated with 
activity in PD-1 treated melanoma patients with an ORR of 11.5% (N=61); LAG-3 expression 
>1% appeared to enrich for responses with an ORR of 18% (N=33)(Ascierto P, ESMO 2017).
Our laboratory data suggests that both LAG-3 and TIM-3 inhibitory pathways are active and
likely relevant in MCC. Co-expression of TIM-3 and PD-1 is significantly higher by flow
cytometry on both MCPyV-specific T cells from PBMC as well as tumor infiltrating lymphocytes,
compared to CMV- or EBV-specific T cells from the same patients (Afanasiev O, CCR 2013).
More recent analysis of PBMC (n = 9) and tumor (n = 3) from PD(L)-1 naïve patients using a
highly multiplexed flow cytometry panel revealed a higher expression of TIM-3 on MCPyV-
specific T cells versus all CD8 T cells (23% vs 2.2% in PBMC, p = 0.001; 40 vs 24% from TIL, p
= 0.069). Similarly, LAG-3 is more frequently expressed on MCPyV-specific T cells compared to
all CD8 T cells in these patient samples (3.8% vs 1.5% from PBMC, p= 0.051, and 20% vs 13%
from TIL, p= 0.26) (Pulliam T, unpublished). Lastly, surface expression of both LAG-3 and TIM-3
increased over time on MCPyV-specific T cells from a patient who progressed on PDL-1
blockade (quantify, Pulliam T, unpublished). These preliminary data support the hypothesis that
blockade of LAG-3 and TIM-3 could enhance the MCC-specific cytotoxic T cell response,
synergizing with PD(L)-1 blockade, to lead to clinical benefit in MCC patients.

Study Hypothesis: 
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Combination therapy with triple checkpoint inhibitor blockade including anti-PD-1 
(INCMGA00012), anti-LAG-3 (INCAGN02385), and anti-TIM-3 (INCAGN02390) will lead to 
clinical benefit in patients with advanced or metastatic Merkel Cell Carcinoma who are refractory 
to PD(L)-1 monotherapy. 

Study Population: 
1. Patients must have a biopsy-proven Merkel cell carcinoma (MCC). Patients with either

MCPyV-positive or negative tumors are eligible.
2. Age 18 or older
3. Performance status by Eastern Cooperative Oncology Group (ECOG) of 0-2
4. Patients must meet a definition of primary or secondary anti-PD(L)-1 refractory as

follows (Kluger H, JITC):
a. Primary refractory: best response of progressive disease (PD) or stable disease

(SD) < 6 mo, after at least 6 weeks of therapy
b. Secondary refractory: PD after best response of complete response (CR), partial

response (PR), or SD for >6 months, after at least 6 months of therapy
5. Patients must not have a history of serious immune-related adverse events from prior

immunotherapy that could jeopardize patient safety with triple combination.
6. Patients who have previously been treated with prior systemic chemotherapy and/or

prior immunotherapy combinations (i.e. ipilimumab plus nivolumab) are eligible.

Study Design: 

1. This is a single institution, open label, non-randomized proof-of-concept study.
2. We plan to enroll 20 patients with PD(L)-1 refractory MCC to receive treatment with

INCAGN02385 (350 mg) + INCAGN02390 (400mg) every two weeks, along with
INCMGA00012 (500mg) given every 4 weeks (NOTE: final dose and schedule will be
determined with Incyte team based on the available clinical data from the ongoing Phase
I/2 trial INCAGN 2385-201).

3. Imaging will be performed every 8 weeks (± 2 weeks) for the first 12 months, then every
12 weeks (± 4 weeks) thereafter.

4. We will obtain serial peripheral blood mononuclear cells (PBMC) at baseline and at
selected time-points post-treatment for correlative studies as below.

5. Serial tumor biopsies will be obtained, when feasible, at baseline, at 4 weeks post-
treatment, and at progression for correlative studies as below.

Endpoints: 

Primary endpoint: 
- Overall response rate (ORR), defined as the percentage of participants having a CR or

PR, will be determined by investigator assessment of radiographic disease assessments
per RECIST v1.1.

Secondary endpoints: 
- Duration of response (DOR), defined as the time from earliest date of disease response

(CR or PR) until earliest date of disease progression, will be determined by investigator
assessment of radiographic disease per RECIST v1.1, or death from any cause, if
occurring sooner than progression

- Disease control rate (DCR), defined as percentage of participants having CR, PR, or SD
as best on-study response.
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- Progression free survival (PFS), defined as the time from date of first dose of study
treatment until the earliest date of disease progression, as determined by investigator
assessment of objective radiographic disease per RECIST v1.1

- Overall survival
- Incidence and severity of adverse events, including irAEs and surgical complications.

Correlative analyses  
Correlative studies to better understand mechanisms of response and resistance to checkpoint 
blockade is a major focus of our MCC program and we plan to perform rigorous biomarker 
studies on precious samples from this proposed trial. Our laboratory has considerable expertise 
in isolating MCPyV-specific T cells from the vast majority (~95%) of patients’ blood and tumor 
samples. This would allow us to quantify and phenotype antigen-specific CD8+ T cells and their 
clonal dynamics over the course of trial, using existing TCRseq (Adaptive Biosciences), 26-color 
multiplexed flow cytometry, and/or CyTOF panels on samples from PBMC and/or tumor. In 
addition, we propose to assess T cell function via ELISPOT and/or intracellular cytokine staining 
via flow cytometry. Tumor microenvironment studies could be done utilizing spatial 
transcriptomics (RNAseq) via a platform from 10X genomics, to assess the baseline and post-
treatment inflammation in responding and non-responding patients. To this end, we will obtain 
serial peripheral blood samples and tumor biopsies, when clinically feasible, at baseline and 
post-treatment. 

Statistical plans  
The primary objective of this single-arm proof-of-concept clinical trial is to assess whether there 
is a signal associated with the proposed treatment such that a larger definitive  
trial might be warranted in the targeted patient population. The primary endpoint for these 
purposes will be the objective response rate (ORR). The study will not be powered in the 
traditional sense, as in the PD-1 refractory MCC setting there is wide range of response rates 
with various therapies, making it difficult to assign a particular benchmark on which to improve. 
Rather we propose to enroll 20 patients or enroll for 2 years, whichever comes first. We will 
target an observed ORR of 25% as an outcome considered to be sufficiently strong to warrant 
further study, as long as other metrics such as durability of response appear to be favorable. If 
the true ORR is 30% or 35%, the probability of observing an ORR of 25% or more (5 or more 
responses among 20 patients) is 0.76 and 0.88, respectively. If the true ORR is 15%, the 
probability of observing an ORR of 25% or more is 0.17. And with 20 patients, a two-sided 80% 
confidence interval for the estimated ORR will extend from 0.126 to 0.374 when the true ORR is 
25%, so that with 20 patients the estimated ORR will be reasonably precise. If there is a 
sufficiently strong signal observed in this trial, the data will be used to inform the design of future 
definitive trial. 

After 10 patients have been enrolled and followed sufficiently long to assess ORR, if there are 
no responses, consideration will be given to terminating the trial due to lack of efficacy. The 
probability of such an occurrence is 0.056 if the true ORR is 25%. The decision to terminate will 
consider the totality of the data, including durability of response. 

Anticipated outcomes and future directions 
To the best of our knowledge, this study will be the first-ever investigation of LAG-3 or TIM-3 
blockade in MCC patients, and therefore, also the first investigation of triple checkpoint 
blockade against LAG-3, TIM-3 and PD-1. Observation of clinically meaningful anti-tumor 
activity in this proof-of-concept study could provide strong preliminary data for a multi-center, 
registrational trial in the ~50% of patients with advanced MCC who progress despite PD(L)-1 
monotherapy. In addition, it may support a subsequent front-line investigation of triple 
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checkpoint blockade, compared to PD(L)-1 monotherapy, in patients with newly diagnosed 
advanced or metastatic MCC. Last but not the least, the correlative studies from this proposal, 
especially the phenotypic and functional studies of cancer-specific T cells in peripheral blood 
and in tumor microenvironment, should shed light on the relevance of TIM-3 and LAG-3 in 
cancer immunotherapy, with implications not just for MCC, but other cancers as well. 

Study budget: 
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immune cells collected colored by major cell lineages. (top right) UMAP plot 
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plot colored by anatomic origin of CD8 T cells. (bottom right) UMAP plot colored 
by known specificity of CD8 T cells mapped using CDR3s of known specificity.
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C. Violin plot of experession of genes encoding PD-1, LAG3 and TIM3 in MCPyV-,
or CEF-specific CD8 t cells or CD8 T cells of u,known specificity
Abbreviations: UMAP: uniform manifold approximation projection, MCPyV: Merkel
cell polyomavirus, CEF: Cytomegalovirus, Epstein-Barr virus, or Influenza A, Eff:
effector, Ex: Exhausted, Sncnt: senescent, CDR3: complementary determining
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Figure 2. Cancer-specific CD8 T cells in tumors and blood express TIM3 and LAG3 
proteins. Blood from 9 MCC patients immediately prior to receiving PD-1 pathway blockade 
and tumor samples from 3 immunotherapy naïve patients were stained using MHC 
tetramers and a highly multiplexed flow cytometry panel. Example FACS plots of Portions of 
different CD8 T cell populations positive for TIM3 (A) or LAG3 (B) are shown shown 
grouped by tissue source. 
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Figure 4. Cancer-specific CD8 T cells express TIM3 and LAG3 and these markers are 
increased following PD-1 pathway blockade failure. Serial blood draws were taken from a 
patient treated with avelumab (anti-PD-L1) who initially had a partial response to therapy but had a 
disease recurrence 16 months after starting therapy. These blood draws were stained using a highly 
multiplexed flow cytometry panel that included tetramers MHC containing peptides from the MCPyV 
tumor antigens.
A.MHC tetramer gating on CD3 T cells using an MHC B*37:01 restricted tetramer.
B.LAG3 and TIM3 expression on the tetramer positive cells in panel A.
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Abstract

Great strides have been made in cancer immunotherapy including the breakthrough

successes of anti‐PD‐(L)1 checkpoint inhibitors. In Merkel cell carcinoma (MCC), a rare

and aggressive skin cancer, PD‐(L)1 blockade is highly effective. Yet, ~50% of patients

either do not respond to therapy or develop PD‐(L)1 refractory disease and, thus, do

not experience long‐term benefit. For these patients, additional or combination

therapies are needed to augment immune responses that target and eliminate cancer

cells. Therapeutic vaccines targeting tumor‐associated antigens, mutated self‐antigens,
or immunogenic viral oncoproteins are currently being developed to augment T‐cell
responses. Approximately 80% of MCC cases in the United States are driven by the

ongoing expression of viral T‐antigen (T‐Ag) oncoproteins from genomically integrated

Merkel cell polyomavirus (MCPyV). Since T‐Ag elicits specific B‐ and T‐cell immune

responses in most persons with virus‐positive MCC (VP‐MCC), and ongoing T‐Ag
expression is required to drive VP‐MCC cell proliferation, therapeutic vaccination with

T‐Ag is a rational potential component of immunotherapy. Failure of the endogenous

T‐cell response to clear VP‐MCC (allowing clinically evident tumors to arise) implies

that therapeutic vaccination will need to be potent anśd synergize with other me-

chanisms to enhance T‐cell activity against tumor cells. Here, we review the relevant

underlying biology of VP‐MCC, potentially applicable therapeutic vaccine platforms,

and antigen delivery formats. We also describe early successes in the field of ther-

apeutic cancer vaccines and address several clinical scenarios in which VP‐MCC

patients could potentially benefit from a therapeutic vaccine.

K E YWORD S

cancer therapeutic vaccine, immunotherapy, MCPyV, Merkel cell carcinoma

1 | INTRODUCTION

Merkel cell carcinoma (MCC) is a rare neuroendocrine malignancy

that typically occurs in the skin (recently reviewed by Harms et al1).

The MCC recurrence rate ranges from 25% to 75% depending on the

stage,2 leading to a 33% to 46% disease‐specific mortality.3,4 The

current incidence of MCC in the United States is ~2500 cases per

year. However, a recent report documented a 95% increase in MCC

incidence between the years 2000 and 2013, with ~3200 cases per

year expected by 2025.5 MCC has higher incidence rates among

immunosuppressed populations and older persons with particularly

elevated risk among Caucasian men.1 The majority of MCC cases

[The corresponding author address is changed on April 02, 2020 after initial publication online]
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(~80%) are associated with clonal integration of the Merkel cell

polyomavirus (MCPyV) into the host genome.6 The remaining ~20%

of cases are caused by UV mutations alone and are associated with

prolonged UV exposure.1,7,8

Primary MCPyV infection occurs during childhood. Infection is

thought to be chronic, with viral DNA detected on the skin in more than

50% of healthy individuals.9‐12 The cell types infected13 and possible

health effects of commensal MCPyV infection require further study.

The most successful cancer vaccines to date are preventive

vaccines for human papillomaviruses (HPV) and HBV. Because such a

small minority of MCPyV‐infected persons develop VP‐MCC, a pre-

ventive vaccine for MCPyV is likely not cost‐effective. In contrast, a

therapeutic vaccine targeting the relevant MCPyV proteins may

prevent disease recurrence and be helpful in specific populations

with both limited and relapsed VP‐MCC as detailed below.

2 | THE BIOLOGY OF POLYOMAVIRUS‐DRIVEN
MERKEL CELL CARCINOMA

Seroprevalence and viral detection studies indicate that MCPyV is

widespread in healthy individuals (Figure 1). At baseline, healthy

people have antibodies to certain MCPyV proteins, as indicated by the

high prevalence of antibodies to viral capsid proteins.15,16 In contrast,

healthy individuals rarely have detectable antibody responses to

MCPyV T‐Ag (~1% of the population have borderline positive titers).

This low immunogenicity of T‐Ag may, in part, be due to limited

expression of the T‐Ag in the course of routine infection, and also the

nuclear localization signal (NLS) within the C‐terminal domain of the

large T‐Ag (LT) oncoprotein.17 Nuclear targeting reduces antigen

processing and presentation by HLA‐class I, potentially accounting for

low CD8 T‐cell responses to T‐Ag in healthy persons. In contrast to

healthy individuals, patients with VP‐MCC tumors often have T cells

specific for MCPyV oncoproteins.18 and also robust anti‐T‐Ag humoral

immune responses.16,19 Importantly, the magnitude of antibodies to

MCPyV T‐antigen oncoproteins (but not capsid proteins) correlates

directly with tumor burden.19 This association is the basis for a clinical

test for tumor recurrence.16,19 Such antibody responses suggest T‐Ag
oncoproteins are likely to be coordinated between helper CD4+ T cells

and B cells, either in draining lymph nodes or potentially in organized

lymphoid structures within or near tumors.20‐22

Some studies demonstrate the presence of B cells in MCC

tumors23,24 and tertiary lymphoid structures (TLS), typically enriched

with B cells, were identified in the periphery of MCC tumors.24,25 The

TLS in these MCC tumors contained CD4‐, CD8‐, and CD20‐expressing
cells (T and B cells), and correlated with recurrence‐free survival.24 The

presence of TLS in VP‐MCC may underlie the observed direct corre-

lation of T‐Ag antibodies with tumor burden if in fact T‐Ag‐specific B

cells are activated within or reside in or near tumors. However, the

roles of B cells and TLS remain understudied and further investigation

is required to understand their function in MCC.

In order for MCPyV to cause VP‐MCC, two rare events are required:

(a) truncation of the large T (LT) antigen proximal to the C‐terminal

domains involved in viral DNA replication and (b) linearization and clonal

integration of MCPyV into the host genome. After genome integration,

VP‐MCC tumors express a truncated form of LT protein, as well as

full‐length small T (ST) protein. Both T‐Ag isoforms are involved in MCC

tumor persistence and proliferation,26,27 and drive tumorigenicity by

distinct mechanisms. Truncation of the LT antigen deletes the helicase

domain required for viral replication, preventing destruction of infected

host cells through inappropriate DNA replication initiated within the viral

sequence itself. Additionally, loss of NLS28 results in redistribution of LT

to the cytoplasm,29 where it is accessible to the antigen processing

machinery. Although MCPyV LT truncation mutations vary from patient

to patient, the highly conserved N‐terminal LXCXE motif that binds and

inhibits the retinoblastoma tumor suppressor is invariably preserved.30,31

Of interest, this motif may also bind the Stimulator of Interferon genes

(STING) protein, and is preserved in other pathogenic viruses such as

cancer‐related human papillomavirus strains.32 The ST antigen promotes

cell survival and proliferation by multiple incompletely understood

mechanisms. For example, the LT‐stabilization domain (LSD) contributes

by stabilization of truncated LT and induction of oncoproteins such as

c‐Myc and cyclin E.33 A different mechanism of action to stabilization of

the truncated LT by ST antigen was demonstrated in a recent study.34

Additionally, ST can inhibit p53 activity in MCC cells via the canonical

regulator of p53, MDM4.35

It is clear that VP‐MCC survival is dependent on the continued

expression of MCPyV T antigens. Indeed, many MCC patients

have T‐cell responses against ST and LT,36‐38 but tumors also

downregulate class‐I HLA,39 suggesting not only dependence on

oncoprotein T antigens for ongoing replication and survival but

also active escape from immune pressure. This reliance on T‐Ag
expression and the presence of compensatory mechanisms suggests

that MCPyV T‐Ags provide an ideal target for a therapeutic vaccine if

tumor immune evasion mechanisms can be overcome.

3 | MCPYV ONCOPROTEINS AS
PROMISING TARGETS FOR
IMMUNOTHERAPY

One of the major limitations in tumor immunology is the identifica-

tion of appropriate tumor‐specific immunological targets. Tumor

neoepitopes are typically discovered through whole‐exome

sequencing, messenger RNA quantitation, and in silico prediction

using patient HLA types. This complex, customized, and the

expensive process has a challenging candidate‐to‐hit ratio.
Virus‐induced cancers express “nonself” viral antigens that are

foreign to the host, potentially increasing their inherent im-

munogenicity compared to overexpressed, nonmutated, tumor‐
associated antigens, such as NYESO‐1. With a combined T‐Ag
oncoprotein size of approximately 400 amino acids and very little

variation between MCPyV strains, several groups have used standard

immunologic approaches to detect T‐cell responses to MCPyV

T‐Ag.36‐38,40 Indeed, CD8 T cells appear to play a significant role

in controlling MCC as patients who have brisk tumoral CD8 T‐cell
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infiltration and a cytotoxic T‐cell profile experience markedly im-

proved outcomes.41,42 Moreover, patients with greater intratumoral

T‐cell receptor diversity among their MCPyV‐specific T cells also

have significantly improved MCC‐specific survival.38

The abundance of circulating MCPyV‐specific T cells as measured

by peptide‐HLA tetramers generally tracks with tumor burden, often

being elevated at diagnosis when a larger tumor burden is present and

decreasing following successful reduction of the tumor by surgery or

other modalities.37 This fluctuation of MCPyV‐specific T cells may very

well be a reflection of the amount of tumor‐viral antigen available and

is consistent with the poor transition to long‐lived memory cells. As

noted above, the expansion of anti‐MCPyV T‐cell responses in MCC

patients is supported by the detection of MCPyV‐specific CD8 T cells

in patients but not in healthy individuals.18,37

As observed in many cancers and infections, MCPyV‐specific
T cells are generally enriched at the site of disease, albeit blood is

readily obtainable and thus the focus of many studies. Using an HLA‐
A*24:02‐restricted epitope (LT92‐101) a tetramer was developed

which enabled recognition of MCPyV‐specific T cells in the PBMC of

7 of 11 (64%) HLA‐A*24:02‐positive patients.36,37 Another study of

F IGURE 1 Etiology of virus‐positive MCC and potential clinical scenarios for a therapeutic vaccine. Seroprevalence of polyomavirus‐specific
capsid antibodies indicates that MCPyV is common in the general population starting in childhood.9,14 MCPyV then colonizes skin throughout life
without causing known disease, except in rare cases when it integrates into the human genome and leads to MCC. This occurs mainly in persons aged
over 65 and is likely to be driven by immune senescence and rare mutational events. Following viral integration, two oncoproteins, truncated Large T
(tLT) and Small T (ST) antigens, are expressed and promote carcinogenesis. A therapeutic vaccine could potentially be tested in localized or advanced
disease. MCC, Merkel cell carcinoma; MCPyV, Merkel cell polyomavirus
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27 individuals used a tetramer‐enrichment strategy and identified

nine potential T‐Ag T‐cell epitopes restricted by several population‐
prevalent HLA alleles (HLA‐A*01, HLA‐A*02, HLA‐A*03, HLA‐A*11,
or HLA‐B*07), exclusively in the PBMC of MCC patients and not in

healthy individuals.18

While studying circulating T cells is important for understanding

the immunogenicity and T‐cell specificity, blood‐based lymphocytes do

not provide an accurate picture of their roles within the “battlefield” of

the tumor microenvironment. Accordingly, studies have focused on

detecting specific tumor‐infiltrating lymphocyte (TIL) responses by

both measuring cytokine production from CD8 T cells upon recogni-

tion of tumor‐associated antigens and via HLA‐peptide tetramers. The

apparent proportion of VP‐MCC TIL that include T‐Ag‐specific CD8

T‐cell responses appears to vary with the technology used for detec-

tion (Figure 2). When a single HLA‐appropriate tetramer was used in

one report, 5 of 24 patients’ TIL had detectable antigen‐specific
responses.38 In another study, 6 of 21 TIL from VP‐MCC subjects were

positive when assayed with a limited panel of patient‐matching arti-

ficial antigen‐presenting cells (aAPC).40 Recently, we used the aAPC

approach to probe patients’ TIL for multiple relevant HLA‐A and B

allelic variants.43 This study detected T‐Ag‐specific CD8 TIL in the

majority of biopsies (9 of 12) from persons with VP‐MCC. While the

true proportion of tumors infiltrated with T‐Ag‐specific CD8 T cells

may vary between populations and assay methods, the failure of these

cells to clear tumors by definition indicates that further augmentation

of the endogenous response may be required.

CD4 T‐cell responses, which are both essential for mediating

humoral responses and for dendritic cell “licensing” (promoting

the capacity of dendritic cells to stimulate cytotoxic T cells) and

subsequent CD8 T‐cell activation, have also been identified

within TIL from VP‐MCC. Indeed, a total of 6 distinct CD4 T‐cell
epitopes were detected within a limited region of LT. One epitope

(LT209‐228) was highly prevalent among MCC patients, as tetramer‐
positive cells were detected in 14 of 18 patients44 (Figure 2).

These studies demonstrate that TIL from MCC tumors are often

specific for MCPyV oncoproteins and that MCPyV‐specific T‐cells can

also circulate. However, patient T‐cell responses against epitope‐HLA
combinations predicted to be immunogenic are often not detectable.

While knowledge of and assays for HLA‐appropriate T‐cell responses
are rapidly advancing, it is likely that in some patients, certain

HLA‐peptide T‐cell responses are not only below current detection

thresholds but are actually absent. Indeed, the presence of clinically

evident tumors implies that T‐cell responses are frequently ineffective.

A therapeutic vaccine could provide support to these cancer‐specific T

cells and promote antitumor immunity. Unlike preventive vaccines, a

therapeutic vaccine is thought to improve immunity by supporting in-

sufficiently primed T cells in addition to possibly stimulating naïve CD8

T cells. Supporting ineffectively primed T cells is particularly important

since naïve T cells are produced in low numbers in older patients45 and

existing CD8 T cells have likely encountered cognate tumor antigen due

to the large antigen burden of cancer. Improperly primed CD8 T cells

have not seen their cognate antigen on dendritic cells with costimula-

tory signals. They exhibit decreased effector function and a state

similar to exhaustion.46,47 This is supported by recent studies showing

therapeutic vaccination before immunotherapy preserves T‐cell
function and mediates tumor regression via induction of early

exhausted (stem‐like) CD8 T cells that respond to immune therapy.48

Each of these concepts provides support for the development of a

therapeutic vaccine that may enable tumor‐specific T‐cell responses
to reach a functionally effective threshold, especially if combined

with measures to enhance trafficking to tumors, overcome tumor

endogenous immune escape factors and promote persistence of T cells.

4 | VACCINE DESIGN

4.1 | Target antigens

One of the first tasks when designing a therapeutic cancer vaccine

is identifying an optimal antigen. In general, tumor antigens can

be divided into cancer‐associated antigens and cancer‐specific
antigens.49 Cancer‐associated antigens such as cancer‐testis

F IGURE 2 MCPyV (Merkel cell polyomavirus) large and small T oncoproteins and immune “hot zones.” The common T sequence (middle‐left) is
shared between large T and small T. Top: unique portion of large T (LT). Bottom: unique portion of small T (ST). Common T encodes the region
recognized by human antibodies to T‐Ag. Yellow‐highlighted areas indicate hot zones of enriched T‐cell specific epitopes as detailed in the text.
Documented HLA‐restricting alleles are marked with either asterisk (HLA‐A), ovals (HLA‐B), or diamonds (HLA‐DR/DQ). Large T truncations (red
diagonal lines) occur approximately at amino acid 300; the exact location varies from patient to patient. The LXCXE motif (purple) is the retinoblastoma
tumor suppressor‐binding domain. The small T LSD domain (orange) is an LT‐stabilization domain that also mediates other oncoprotein functions

810 | TABACHNICK‐CHERNY ET AL.

 10982744, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

c.23190 by U
niversity O

f W
ashington Lib S, W

iley O
nline Library on [09/01/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

215



antigens (ie, MAGE‐A3) and overexpressed proteins (ie, HER‐2/neu)
are germline‐coded antigens that may be expressed at low levels in

healthy tissues or in gonadal tissues. Although these antigens are

attractive vaccine targets because they are shared across many

patients and cancers, they have numerous drawbacks including their

dispensable nature to most cancers and frequent toxicity of immune

responses to healthy tissues.50,51 In contrast, tumor‐specific antigens
such as oncoviral and neoantigens are attractive since they are ex-

clusively expressed in tumor tissue. Some oncoviral antigens, in

particular, are ideal vaccine targets since they drive carcinogenesis

and thus cannot be downregulated to avoid immune destruction.

Oncoviral‐antigens are also shared between patients so a vaccine

would not need to be personalized for each patient. VP‐MCC has two

such oncoviral antigens, the MCPyV small and large T antigens (ST

and LT). As noted above, there are well‐documented T‐cell
responses to these antigens and autologous T‐cell therapies target-

ing these antigens have induced clinical responses.39,52 However,

the endogenous T‐cell response is often suboptimal with many

patients having undetectable T‐cell responses against known ST or

LT antigens (see Section 3). When present, the T‐cell responses

exhibit characteristics of dysfunction.37 These observations suggest

that MCPyV ST and LT antigens are appealing candidates for a

therapeutic MCC vaccine.

4.2 | Methods of antigen delivery: Protein and
peptides

One of the simplest ways to deliver tumor antigens is polypeptides

or whole protein. This approach is used for some preventive and

therapeutic vaccines for infectious disease53 and cancer.54,55 A key

benefit of the simple approach is that patients would not develop

immunity against other vaccine components such as vector proteins.

This allows multiple rounds of vaccination without limiting boosts

due to the development of antivector adaptive immune responses.

This is in contrast to viral‐vectored vaccines where pre‐existing
immunity to viral‐vector is associated with a weaker immune

response, relating to adaptive immunity preventing or limiting vector

infection and transduction.56,57 However, since peptides alone are

prone to induce tolerance, a danger signal must also be administered,

typically an adjuvant compound (discussed below). Overall, the

simplicity and safety of this approach make it an appealing option for

a therapeutic vaccine (Table 1).

Whole proteins or protein antigens conjugated to immune‐
enhancing molecules, are preferred to peptides as they contain all

potential epitopes within individual patients and the HLA‐diverse
population. Whole proteins also require endogenous antigen

processing which promotes the presentation of biologically relevant

cleavage peptides in the proper HLA context. However, in the

specific case of MCPyV T‐Ag, there is a possible risk of promoting

oncogenesis by delivering unmodified oncoproteins, a concern shared

by some other vaccine platforms (discussed below). To avoid this,

multiple synthetic long peptides (SLP) covering the oncoprotein

sequence can be used. This avoids the risk of carcinogenesis, has

been shown to induce both CD4 and CD8 T‐cell responses and to

have antitumor activity for HPV,78,79 and remains an attractive

strategy for VP‐MCPyV. To date, SLP‐based vaccines appear to be

most effective in early‐stage cancers or carcinoma in situ.78,79 An

additional concern is the processing and presentation of HLA‐binding
minimal epitopes from SLP could differ from those derived from the

whole protein.80

Peptide or protein antigens can also be modified to increase

immunogenicity or selectively promote processing and presentation

to T cells. One such approach is to covalently link the antigen of

interest to an adjuvant. This ensures that the same APC that take up

antigen receive additional danger signals and thus are competent to

provide costimulatory signals to T cells. This approach has been

successful in animal models that conjugate long peptides to a TLR

agonists.81‐83 Peptides can also be expressed as fusions with proteins

that direct them towards antigen processing machinery and

HLA presentation.84 Overall, polypeptides of various lengths are

attractive for their general lack of toxicity, clinical experience, and

ease of manufacturing. Several studies54,55 have shown their ability

to stimulate T‐cell responses against tumor antigens.

4.3 | Methods of antigen delivery: Nucleic acids

Tumor antigens can also be encoded in nucleic acid products to

express tumor antigens in vivo. This approach shares some of the

design constraints and attractive options of subunit protein vaccines,

with additional challenges and potential. For example, antigens,

adjuvants, and targeting moieties can be included in a single

construct. Nucleic acids also have auto‐adjuvant activity, which can

be further enhanced by the insertion of specific, stimulatory

sequences. Cytoplasmic dsDNA stimulates immune responses via the

cGAMP/STING pathway, and TLR9, while exogenous RNAs can signal

through the RIG‐I pathway and TLRs 3, 7, and 8.85 These and other

nucleic acid sensor pathways can promote robust immune responses

against target antigens. A dose‐sparing effect can be obtained using

self‐amplifying RNA molecules such as alphavirus replications,

which encode an RNA‐dependent RNA polymerase to increase the

copy number of immune‐stimulatory and antigen‐encoding RNA in

transduced cells.63,64

A DNA vaccine has been tested in an animal model of MCC.

In these studies from Hung Lab, murine melanoma cells were

engineered to express MCPyV tumor antigens.86‐88 Mice were then

treated with a DNA vaccine expressing the ST or LT antigens,

inducing tumor regression. Interestingly, initial studies using vacci-

nation of LT antigen alone stimulated a strong CD4 response.88

However, a follow‐up study in which the LT antigen was conjugated

to calreticulin a much more robust CD8 T‐cell response was induced,

possibly due to increased antigen uptake by cross‐presenting
dendritic cells.87 These findings further support conjugating tumor

antigens to other proteins that can modulate T‐cell responses and

may be particularly relevant for MCC.
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It is worth noting that nucleic acid‐based vaccines can

also incorporate features of peptide vaccines such as fusion to

proteins that influence antigen trafficking, processing, and

presentation or co‐expression with a protein adjuvant. One

example of how this could be pursued in MCC is a DNA vaccine

that conjugates MCPyV ST or LT to lysosome‐associated
membrane glycoprotein (LAMP). This directs these antigens

towards the lysosome and HLA‐II presentation, to promote a CD4

response. This approach has been shown to be safe in phase I

trials to induce allergen tolerance.89 The use of LAMP to

elicit functional antitumor responses to MCC is under active

investigation in animal models.84

Despite their advantages, nucleic acid‐based vaccines have not

been reliably effective in humans. Several vaccines have had dis-

appointing clinical trials with only a small fraction of patients

developing T‐cell responses against target antigens.62,90,91 These trials

tested numerous tumor‐associated antigens in several cancer types

including renal cell carcinoma, non–small‐cell lung cancer, and mela-

noma. However, the vaccines induced weaker responses in humans

than in animal models, possibly due to low antigen expression or

differences in immune nucleic acid sensing pathways. As a result, no

nucleic acid‐based vaccine is currently licensed in humans. Promising

adjuncts such as lipid nanoparticle or electroporation‐based delivery

systems and dose escalation can increase immunogenicity.92 There is

still substantial interest in nucleic acid‐based vaccines93 and these

platforms will likely continue to improve.

4.4 | Methods of antigen delivery:
Microbe‐vectored vaccines

Microbes can also be used to deliver tumor antigens and stimulate

adaptive immune responses. This approach is attractive since microbes

can naturally stimulate a strong immune response. In general, there is a

correlation between the replication competence of the vector and the

strength of the immune response to the tumor antigens, as vector

amplification increases the stimulation of pathogen‐associated
molecular patterns and antigen dose. The tradeoff, however, is that

replication competence may bring with it virulence, especially in

immune‐compromised cancer patients, such that vector attenuation

and safety need to be extremely carefully addressed in animal models

and early‐stage clinical trials. In addition, many pathogens have

evolved immune evasion mechanisms, which need to be understood and

engineered out of vaccine vectors to improve responses.32,94,95

This issue, combined with microbe genome stability during manu-

facturing and the complexity of manufacturing add considerable time

and expense to microbe‐vectored vaccine workflows.

Several therapeutic cancer vaccine trials using pox or adenoviral

vectors have been conducted in humans with mixed results. A trial using

vaccinia and fowlpox vectors to express the NYESO‐1 tumor‐antigen in

melanoma patients induced CD8 T‐cell responses in a majority of

patients (88%) by the conclusion of the trial. However, only 14% of

patients had a clinical response to vaccination.69T
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Therapeutic vaccination vectors other than human viruses are also

beginning to move into trials. The most common of these are Listeria

monocytogenes engineered to express tumor antigens. An initial trial had

sepsis‐related adverse events but did induce T‐cell responses to the

vaccine target antigens.96 Subsequent trials with additional vector at-

tenuation have proven safer70 and to improve survival in patients with

refractory pancreatic cancer.71 Another such approach uses bacter-

iophages to deliver cancer antigens of interest.97,98 Phages have been

known to be capable of promoting immunity in vivo since 1985.99 An

advantage of this approach is the ease and low cost of phage manu-

facture in bacterial culture. While at least one phage vaccine has reached

the clinical stage for cancer (NCT03120832), overall this platform re-

mains unproven and requires more immunogenicity and safety work. If

multiple doses are used, the development of binding antibodies, known to

occur after administration of some phages100 could divert antigen either

away or potentially even towards the antigen processing pathways re-

quired for T‐cell responses, adding further complexity. In summary,

microbe‐based vaccines have several advantages including self‐
adjuvanticity and the potential for intracellular delivery of antigens.

Although less developed than other vaccine formats, these platforms are

likely to be of further interest in the near future (Table 1).

4.5 | Methods of antigen delivery: Cell‐based
vaccination

While the adoptive cell transfer has recently been clinically approved for

the delivery of redirected T cells, cellular‐based vaccine therapies can

alternatively be used to stimulate endogenous T‐cell responses. Tumor

cells expanded and inactivated ex vivo can be reinfused back into patients

where they can act as a source of antigen or even antigen‐presenting
cells.101 Alternatively, autologous dendritic cells loaded with tumor an-

tigens have the potential to present tumor peptides in the correct HLA

context, together with costimulatory signals.

For inactivated tumor cells vaccines, a tumor biopsy is obtained

and tumor cells are then expanded ex vivo.102,103 The tumor cells can

be modified to express adjuvants or costimulatory signals and then,

they are killed or inactivated before administration back into pa-

tients. Large trials using this approach have shown modest efficacy in

early‐stage cancers in the early 2000s, however, the substantial cost

in lower‐risk cancers has hindered further development.102,103

Vaccination with dendritic cells (DC) includes loading antigen

into DC ex vivo, which provides control over DC phenotype and

maturation. Most such vaccines that now reach the clinical stage

use cross‐presenting DCs, with the potential to stimulate CD8 T

cells in vivo upon readministration to the patient. A noteworthy

example of DC vaccination is Sipuleucel‐T, a Food and Drug

Administration‐approved vaccine for the treatment of castration‐
resistant metastatic prostate cancer. Although the clinical benefit

of Sipuleucel‐T is relatively modest (4‐mo improved survival104),

these trials provide a strong rationale for future trials of den-

dritic cell vaccines. These agents are limited by costly, complex,

and time‐consuming manufacturing and individualized nature and

are thus most relevant for patients with particularly high‐risk
disease (Table 1).

4.6 | Adjuvants and in situ vaccination

Adjuvant selection is thought to be as important as choosing an an-

tigen delivery system. Adjuvants can be broken down into two major

categories: Innate immune agonists that largely target innate immune

cells and cytokines that typically support T cells or APC. Innate im-

mune adjuvants are usually small molecules that mimic molecular

patterns found in bacteria or viruses such as nucleic acids or TLR

agonists which are thought to act by activating relevant antigen‐
presenting cells.85 Adaptive immune adjuvants are usually proteins

which would normally be expressed by immune cells to support APC

or T‐cell growth or differentiation.105

The importance of adjuvants can be illustrated by “adjuvant‐
only” or in situ vaccines. In contrast to the above vaccination

approaches which rely on delivering tumor antigens as part of a

vaccine, in situ vaccines rely on endogenous antigens in the tu-

mor and aim to improve responses to these antigens. Indeed, it is

now recognized that some irradiation and cytotoxic chemother-

apy regimens may work at least in part by promoting im-

munogenic cell death.106,107 These “adjuvant‐only” concepts have
had moderate success in small MCC trials. GLA‐100 is a stable

emulsion of a synthetic TLR4 agonist and was tested in seven

patients with metastatic MCC. This compound is thought to

modulate innate immune cells such as macrophages in the tumor

microenvironment so that they shift from a suppressive and to-

wards an inflammatory phenotype. In this small trial, two patients

had sustained partial responses in the target lesion.73 A separate

trial tested an IL‐12‐expressing plasmid in MCC using DNA

electroporation directly into tumors. IL‐12 supports T‐cell dif-

ferentiation and polarizes CD4 T cells towards a Th1 phenotype.

In this trial, 3 of 10 patients with multiple metastatic lesions had

partial responses, including in nontarget tumors.74

Encouraged by these results, two newer trials delivering

immune agonists into tumors are ongoing. One approach targets

the STING (NCT03172936). The STING pathway senses in-

tracellular DNA and activates interferon signaling, known to be

critical for immune responses following radiation.108,109 STING

agonists have been shown to reverse anti‐PD‐1 therapy re-

sistance in animal models.110 A separate trial investigating AST‐
008, a nanoparticle TLR9 agonist, is being studied for PD‐(L)1
refractory MCC (NCT03684785). The nanoparticle formulation is

designed to increase phagocytic APC uptake and delivery to en-

dosomal TLR9.

In situ vaccine trials in MCC support the notion that adjuvants on

their own can stimulate innate and adaptive immune cells. Combining

these therapies with optimally delivered tumor antigen will likely

further strengthen immune responses in MCC.

814 | TABACHNICK‐CHERNY ET AL.

 10982744, 2020, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

c.23190 by U
niversity O

f W
ashington Lib S, W

iley O
nline Library on [09/01/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

219



5 | EARLY SUCCESSES OF THERAPEUTIC
VACCINES

5.1 | Personalized neoantigens vaccines

As mentioned above, tumor‐associated antigens are often divided

into two groups: (a) nonmutated self‐antigens that may be tissue‐
specific and overexpressed in various cancers and (b) neoantigenic

peptides derived from somatic mutations in cancer cell genomes.111

Therapeutic cancer vaccines that target tumor‐associated self‐
antigens often have low clinical efficacy and generate poor T‐cell
responses. Presumably, because it correlates with low‐avidity T cells,

as high avidity T cells targeting self‐antigens are eliminated during

thymic selection.111,112 In contrast, neoantigens are ideal targets for

therapeutic vaccines as the T‐cell repertoire, including avidity, is not

reduced by thymic selection.113

Because most cancer mutations are patient‐specific, personalized
approaches are appropriate for high tumor mutational burden (TMB)

malignancies. Indeed, recent developments of in silico prediction ap-

proaches enable characterization and selection of neoantigens for per-

sonalized therapeutic vaccines.54,55,114 Two groups provided clinical data

demonstrating the promise of personalized neoantigen vaccines. Sahin

et al114 identified tumor‐associated mutations in 13 patients with

advanced melanoma. Using HLA data and epitope prediction tools,

10 peptides were selected per patient and administered as RNA vaccines.

Eight patients (61%) who started the treatment without any detectable

radiological lesions had a robust immune response and remained

recurrence‐free up to 23 months. The other patients relapsed after the

initiation of the vaccine. Among these, one had a complete response after

completion of the vaccine series and the second after receiving sub-

sequent anti‐PD‐1 treatment.

Analyses of PBMC suggested that the majority of T‐cell responses to
these vaccines were de novo rather than boosts of pre‐existing re-

sponses. CD4 T‐cell responses dominated over CD8 recognition of vac-

cine epitopes, despite vaccine design targeting CD8 T cells as discussed

above. In the second study, Ott et al54 tested a peptide‐based vaccine in

six patients with previously untreated advanced melanoma. Patient‐
specific somatic mutations were identified, and twenty neoantigens were

selected with HLA prediction tools. Thirty‐amino acid‐long peptides were

injected with poly IC:LC adjuvant. Four patients (66%) who entered after

surgical resection remained free from disease recurrence for 25 months.

The other two patients who entered the study with lung metastases had

complete responses after subsequent anti‐PD‐1 treatment. The vaccine

stimulated both CD8 and CD4 PBMC interferon (IFN)‐γ responses, with

a preponderance of CD4 responses. T‐cell receptor (TCR) analyses sug-

gested that vaccine‐elicited cells included de novo T‐cell clonotypes.
Another vaccine (based on 20 personalized long peptides

per patient) was recently tested in glioblastoma.55 Glioblastoma is

an immunologically “cold” tumor with a relatively low mutational

burden.115 While this trial did not result in clinical benefit, a

significant benchmark was achieved by the demonstration of specific

T‐cell responses to a classically nonimmunogenic tumor. In addition

to generating CD4 T‐cell responses, patients had an increase in

tumor‐infiltrating T cells.

5.2 | HPV therapeutic vaccines

HPVs are circular DNA viruses. Some genotypes are associated with

cervical, anal, vulval, and oropharyngeal cancers.116 Similar to VP‐
MCC, a limited number of viral oncoproteins are persistently ex-

pressed in HPV‐associated cancers and mechanistically drive cell

proliferation. Prophylactic vaccination prevents HPV‐associated
neoplastic diseases when used before primary infection.117 This

great success has led to an interest in therapeutic vaccination that is

administered after disease presentation.

HPV16 and HPV18‐driven malignant transformation are

strongly dependent on the E6 and E7 oncoproteins.118,119 Many

prototypes of therapeutic vaccines that induce T‐cell responses to

E6 and E7 have been developed.59,61,120 Vaccination with mixed

SLP (ISA101 vaccine) from HPV E6 and E7 oncoproteins with

adjuvant in women with HPV16‐positive vulvar intraepithelial

neoplasia resulted in regression in 94% of patients, of whom 47%

experienced a complete response.59 This was associated with

both CD8 and CD4 T‐cell responses. An E6 and E7 DNA vaccine

(VGX‐3100) was tested in phase 2, double‐blind trial in women with

HPV16/18 positive precancerous conditions. Histopathological

regression was observed in 49% of treated patients compared to

36% in the placebo group.61 CD8 T‐cell and antibody responses

correlated with the histopathological regression. The vaccine is

currently in phase III trials (NCT03185013 and NCT03721978).

In contrast to clinical responses in precancerous condi-

tions,59,61 E6 and E7 therapeutic cancer vaccines have yielded

clinically disappointing results in patients with advanced or re-

current HPV16‐related cancers,121,122 despite the enhancement

of blood T‐cell responses. This suggests that vaccine‐activated
T cells are being inhibited by immunosuppression.79 Therefore,

synergism with approaches to overcome local and systemic im-

mune suppression are rational to enhance the clinical activity of

cancer vaccines in persons with established tumors. A phase‐2
clinical trial that combined ISA101and PD‐1 blockade, in patients

with recurrent and invasive HPV16‐associated malignancies, re-

sulted in a 33% overall response rate (ORR) (8/24 subjects),

higher than the 16% to 22% ORR with PD‐1 blockade alone.79

Similar trials are underway (NCT03260023).

HPV murine models support such combination therapy. A

therapeutic vaccine combined with anti‐PD‐1 resulted in a better

tumor regression when compared to anti‐PD‐1 treatment

alone.123‐125 Moreover, it was shown that vaccines alone in-

creased tumor‐infiltrating CD8 T cells but also raised PD‐1 ex-

pression levels. Combination of the vaccine with anti‐PD‐1
preserved tumor‐infiltrating CD8 cells and reduced the numbers

of T cells expressing PD‐1,123,125 and demonstrated synergistic

antitumoral responses.
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6 | BIOLOGICAL CONSIDERATIONS
BEFORE CLINICAL IMPLEMENTATION

Selection of the appropriate treatment for MCC depends on

many factors. Practice guidelines emphasize disease stage,126

with the early disease typically being managed with surgery and

radiation while more advanced disease is managed with systemic

immunotherapies such as anti‐PD‐(L)1 blockade. We envision

possible roles for therapeutic vaccination at both ends of the

VP‐MCC clinical spectrum.

6.1 | Adjuvant therapy for early MCC

Patients diagnosed with local MCC will often undergo surgical

excision. Radiation of the excised area and the adjacent lymph nodes is

also often included.127 This combination is extremely effective in

rendering patients free of detectable disease, but recurrences

frequently arise near the primary tumor site, in the nodal region, and/

or distantly.1,127 Vaccination after local treatment could generate or

enhance a systemic immune response that recognizes early emerging

microscopic tumors and eliminates them by efficient effector

responses. Therefore, a safe therapeutic vaccine to augment MCPyV

immunity would be useful to help prevent MCC recurrence. With

regard to clinical trials, an appealing alternative to adjuvant studies is

the neoadjuvant setting, in which vaccine is initiated in the short

window between diagnostic biopsy and excision. This provides an

opportunity for histopathologic study of the removed tumor after

potential immune‐boosting. The conserved nature of MCPyV T‐Ag
allows consideration of a neoantigen trial as the vaccine candidate

product would be off‐the‐shelf and ready to administer.

6.2 | Systemic/advanced disease

Patients with advanced disease currently receive PD‐(L)1 blockade

as the preferred first‐line therapy. The response rates, 50% to

65%,25,128 are higher than those for most other cancers.

Unfortunately, approximately half of all treated patients do not

experience prolonged benefit.1,129 The fact that some MCC patients

have modest or nondetectable T‐cell immune responses to MCPyV

antigens37,38 suggests that a paucity of antigen‐specific T cells

capable of being functionally augmented by anti‐PD‐(L)1 may con-

tribute to suboptimal clinical responses. Therefore, a combination of

a therapeutic vaccine and PD‐(L)1 inhibitor could potentially be

beneficial for VP‐MCC patients. Indeed, several studies in mice and

humans suggest it is possible to both stimulate the T‐cell function and

prevent the induction of T‐cell exhaustion. Such studies have de-

monstrated that vaccination increases the number of T cells

infiltrating tumors.55,114,123,124 The increase in T‐cell number occurs

by generating either de novo T‐cell responses or by augmenting

existing T‐cell responses. However, in advanced disease, an increase

of T‐cell numbers by a therapeutic vaccine is usually not sufficient to

clear tumors completely. Furthermore, alongside the increase in

T‐cell responses and infiltration into tumors, an increase in exhaus-

tion markers, such as PD‐1 on TIL and PD‐L1 on tumor cells, is also

often observed.123,124 Importantly, mice treated simultaneously with

a therapeutic vaccine and either anti‐PD‐1,123 or anti‐PD‐L1124

demonstrated prolonged T‐cell stimulation and stronger suppression

of tumor growth. Additionally, a clinical trial in men and women with

recurrent HPV has tested anti‐PD‐1 treatment combined with a

synthetic long peptide vaccine, leading to promising antitumor

responses compared to PD‐1 blockade alone.79 These studies suggest

that combining a cancer vaccine with PD‐(L)1 blockade has

significant clinical potential for VP‐MCC.

The sequencing of vaccination and PD‐(L)1 therapy was explored

in a recent mouse study that showed how different treatment

protocols result in distinct responses. Verma et al48 showed that

simultaneous PD‐1 inhibitor and vaccination was beneficial, but

pretreatment with PD‐1 blockade before combination therapy

abrogated responses. The inhibitory effect of pretreatment with

anti‐PD‐1 was mediated by PD‐1+CD38hi CD8 T cells, the depletion

of which resulted in a more robust antitumor response and improved

mice survival.

In the difficult setting of patients whose tumors are already

refractory to anti‐PD‐(L)1, it may be beneficial to add additional therapy,

such as a T‐cell modulatory cytokine. A rational candidate is the

immunomodulator, interleukin‐12 (IL‐12). IL‐12 has been shown to be a

potent producer of antitumor immunity,130 which stimulates different

effector cells (NK and T cells).131 IL‐12 has been broadly tested in the

clinic; several studies have demonstrated that IL‐12 treatment increases

tumor‐infiltrating lymphocytes and the circulating T‐cell response in

refractory settings.132,133 Potentially, such a cytokine could restore some

of the immune functions and support further benefit from a combined

therapeutic vaccine with PD‐(L)1 blockade.

7 | POTENTIAL CLINICAL TRIAL DESIGNS

It is mechanistically attractive to consider an up‐front combination of

therapeutic vaccination with anti‐PD‐(L)1 therapy, but it is probably

not feasible to carry out such a trial in a rare disease with a relatively

high response rate to anti‐PD‐(L)1 monotherapy. The establishment

of incremental benefit for a therapeutic vaccine would require a large

and expensive trial. For example, to detect an increase in response

rate from 60% to 80%, ~162 patients would be required for a ran-

domized trial, with 80% power to detect a difference of that mag-

nitude.134 A 20‐percentage point improvement in the response rate

is a very optimistic estimate, representing a 50% decrease in the

number of nonresponders. The number of patients required for a trial

is very sensitive to the assumed effect size. If the effect size is cut to

10% (60% response rate increases to 70% with vaccine) ~712 pa-

tients would be required for the trial.134 Since the largest trial to date

in advanced MCC (88 patients) required more than a dozen inter-

national sites,135 it is likely impractical to explore the first‐line
combination of a therapeutic vaccine with PD‐(L)1 blockade. The
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greatest unmet need in MCC is to develop an effective therapy

for patients with PD‐(L)1 refractory VP‐MCC. Because anti‐PD‐(L)1
refractory metastatic MCC has no proven effective therapy, even

occasional responses in this setting could be clinically meaningful and

indicative of the benefit of vaccine therapy.

For the adjuvant setting, clinical trial design is again challenging

based on a relatively large number of patients required to determine

efficacy. Statistically, adequate sample size depends on the number of

anticipated events (recurrences) which varies significantly based on the

stage at presentation. Higher‐risk groups (eg, stage IIIB disease) would

require fewer patients to meet statistical significance because ~70% of

these patients are expected to recur after initial treatment. In this

scenario, only 62 patients would need to be randomized to vaccine

versus placebo to assess clinical benefit, assuming the vaccine reduced

the recurrence rate by one half.134 In contrast, for stage I (~20% risk of

recurrence), a clinical trial would require nearly 400 patients, assuming

the vaccine also reduced the recurrence rate by one half (to 10%) in this

setting.134 Since there are several other adjuvant trials being conducted

(NCT03712605 and NCT03271372), and they focus on higher‐risk
patients, an adjuvant vaccine trial would likely need to preferentially

enroll lower‐risk patients, meaning target trial size may need to be

~200, based on appropriate risk stratification for the stage. Before

embarking on a significant trial to assess efficacy in the adjuvant setting,

a smaller feasibility and immunogenicity clinical trial would likely make

sense after a candidate vaccine has been evaluated in a preclinical

model. In this initial human study, the extent and persistence of anti‐
MCPyV immune responses to a vaccine could be assessed as outlined in

the MCPyV oncoproteins section above. This analysis will be facilitated

by the fact that after tumor removal, these immune responses typically

fall very rapidly.

8 | CONCLUSIONS

The clinical efficacy of cancer vaccines has remained modest despite

decades of effort. Different cancers pose distinct challenges that

must be addressed in a customized manner. VP‐MCC is an appealing

candidate for a therapeutic vaccine because (a) MCC is an inherently

immune‐sensitive cancer, strongly associated with baseline immune

status, and generally responsive to immunotherapies, (b) The small

and conserved antigenic space of the relevant MCPyV‐encoded on-

coproteins are amenable to vaccine construction and well‐defined
immune monitoring tools such as tetramers and TCR sequencing,37,38

(c) MCPyV viral antigens are inherently immunogenic, leading to

robust B‐ and T‐lymphocyte responses that can be readily detected

throughout the clinical course.

Several studies that have characterized MCPyV‐specific T cells

in MCC tumors clearly demonstrate that T‐cell infiltration, TCR

diversity, and T‐cell frequency are associated with better patient

outcomes.37,38,41 However, in most cases, these responses are not

sufficient and T cells fail to clear tumors, indicating that augmenta-

tion of the endogenous response may be needed. Treatment with a

therapeutic vaccine could potentially both enhance existing immune

responses and induce de novo T‐cell responses. Depending on the

clinical scenario evaluated, as discussed above, vaccination could

prevent late recurrences by eliminating micrometastases or could

rescue patients with advanced disease who do not have initial or

sustained responses to checkpoint inhibition.

Several factors suggest that VP‐MCC is an interesting model of

therapeutic vaccination. The viral oncoprotein is T‐cell immunogenic

providing a trackable biomarker to measure responses. Since both

T‐ and B‐cell responses drop after tumor removal,19,37 persistent

responses from the vaccine would contrast with naturally occurring

transitory responses and help to differentiate the two. The clonotypic

complexity of T‐cell responses to LT can readily be followed in blood,

tumor biopsies, and TIL38,43 providing another biomarker for vaccine

responses.

Because of the unique advantages of this disease, it should be a

high priority for the field to explore therapeutic vaccination in this

setting. It is likely that clinical trials of a therapeutic vaccine for

VP‐MCC will yield valuable insights relevant to other immunogenic

cancers that may be more common.
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Simple Summary: Immunotherapies have revolutionized the management of advanced stage cancer;
however, not all patients benefit given many cancers are resistant to immune checkpoint inhibitors.
To support rapid growth, malignant cells frequently bypass the cell cycle checkpoints that normally
ensure high-fidelity DNA replication prior to cell division. Therefore, cancer cells (lacking early
cell cycle checkpoints) are under high replication stress and rely more heavily on the DNA damage
response (DDR) for survival and growth. DDR pathways are long-recognized anti-neoplastic targets.
Recently, preclinical studies have demonstrated unexpected crosstalk between these pathways and
the immune system. Here, we discuss emerging evidence linking cell cycle biology and the DDR to
innate and adaptive immunity. We present a rationale for why Merkel cell carcinoma could serve as
a paradigm for studying DDR inhibitors as novel agents to overcome resistance to programmed cell
death-1 (PD-1) pathway blockade.

Abstract: Metastatic cancers resistant to immunotherapy require novel management strategies. DNA
damage response (DDR) proteins, including ATR (ataxia telangiectasia and Rad3-related), ATM
(ataxia telangiectasia mutated) and DNA-PK (DNA-dependent protein kinase), have been promising
therapeutic targets for decades. Specific, potent DDR inhibitors (DDRi) recently entered clinical trials.
Surprisingly, preclinical studies have now indicated that DDRi may stimulate anti-tumor immunity to
augment immunotherapy. The mechanisms governing how DDRi could promote anti-tumor immu-
nity are not well understood; however, early evidence suggests that they can potentiate immunogenic
cell death to recruit and activate antigen-presenting cells to prime an adaptive immune response.
Merkel cell carcinoma (MCC) is well suited to test these concepts. It is inherently immunogenic as
~50% of patients with advanced MCC persistently benefit from immunotherapy, making MCC one of
the most responsive solid tumors. As is typical of neuroendocrine cancers, dysfunction of p53 and
Rb with upregulation of Myc leads to the very rapid growth of MCC. This suggests high replication
stress and susceptibility to DDRi and DNA-damaging agents. Indeed, MCC tumors are particularly
radiosensitive. Given its inherent immunogenicity, cell cycle checkpoint deficiencies and sensitiv-
ity to DNA damage, MCC may be ideal for testing whether targeting the intersection of the DDR
checkpoint and the immune checkpoint could help patients with immunotherapy-refractory cancers.

Keywords: immune checkpoint inhibitors; ATR; ATM; DNA-PK; DNA damage response inhibitors;
Merkel cell carcinoma; PD-1 pathway; cell cycle checkpoint; immunogenic cell death
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1. Immunotherapy: Progress and Problems

Over the past decade, immune checkpoint inhibitors (ICIs) have progressed from early
clinical trials to established pillars of treatment for many advanced solid malignancies [1].
There are now eight ICIs approved for a variety of indications which target programmed
cell death-1 (PD-1) or its ligand, PD-L1, or cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) [2–4]. Agents targeting PD-1 or PD-L1 (collectively “anti-PD-(L)1” therapies)
have become dominant (seven of the eight approvals) in most settings given their higher
efficacy and reduced toxicity relative to anti-CTLA-4 therapy [5–7]. Broadly speaking,
these immune checkpoint pathways serve as negative regulators of T cell immunity. Their
specific functions and patterns of cellular expression have been reviewed in detail [8,9]. The
proportion of patients with advanced cancer who are eligible for ICI therapy increased from
an estimated 1.5% in 2011 to 44% in 2018 [10], and increasing ICI utilization is associated
with survival gains for patients with several advanced malignancies [11–14]. Despite the
remarkable expansion in the number of agents and indications for ICIs in cancer therapy,
response rates are affected by many factors and vary widely, as discussed below.

1.1. Clinical Efficacy of Immune Checkpoint Inhibitors
Response rates to ICIs vary widely by histology from essentially no benefit to greater

than 50% in the most sensitive cancers [1]. Notably, many skin cancers are associated with
a high tumor mutational burden (TMB) resulting from ultraviolet radiation (UV)-induced
DNA damage [15,16]. Tumor neoantigens derived from DNA damage render them visible
to anti-tumor T cells, and thus skin cancers are particularly sensitive to ICIs. The first
FDA (United States Food and Drug Administration) approval granted for any ICI was for
an anti-CTLA-4-targeting monoclonal antibody, ipilimumab, for melanoma in 2011 after
showing a survival benefit in patients with pre-treated metastatic disease [17]. There have
been many subsequent approvals for ICIs to treat skin cancers, and response rates for each
of the following indications were in the impressive 30–60% range [18]. The majority of
responses to ICIs are more durable than those achieved with chemotherapy or targeted
therapies. Nivolumab (anti-PD-1) and pembrolizumab (anti-PD-1) were approved for
melanoma in 2014 and 2015, respectively [19,20]. The combination of anti-PD-1 and anti-
CTLA-4 agents was approved in 2015 for melanoma; overall survival at 5 years was 52% for
ipilimumab/nivolumab vs. 44% for nivolumab alone [21]. Combining CTLA-4 and PD-1
inhibitors increases immune-related toxicities, although efforts are underway to optimize
dosing to improve the tolerability of combined therapy [22]. Avelumab (anti-PD-L1) [23,24]
and pembrolizumab [25,26] were approved for Merkel cell carcinoma (MCC) in 2017 and
2018, respectively. Cemiplimab (anti-PD-1) was approved for squamous cell carcinoma in
2018 [27] and for basal cell carcinoma [28] in 2021.

To increase response rates to ICIs across diverse cancer types, significant efforts
have been made to identify biomarkers to inform patient selection. An increase in ICI
responsiveness has been linked to a litany of factors that include tumor-intrinsic (e.g., high
TMB [16] or PD-L1 expression [29]) and tumor-extrinsic factors (e.g., low neutrophil to
lymphocyte ratio [30] and obesity [31,32]). Yet, no single factor or well-defined combination
of factors has yielded a clinically reliable predictor of response to immunotherapy. Absent
predictive markers, the typical approach is to empirically administer therapy to all eligible
patients. As the average cancer patient treated with an ICI is not likely to have a meaningful
response (although many histologies are highly responsive as above), some patients will
experience significant toxicity without benefit. TMB can be readily determined and is
one of the most clinically used, if imperfect, predictors of response to ICI [33]. Indeed,
pembrolizumab was approved for treatment of all advanced solid tumors with a high TMB
(�10 mutations/megabase) on the basis of an overall response rate of 29% [34].

1.2. Limitations of Current Immune Checkpoint Inhibitors
With the urgent need to increase response rates to ICIs, tremendous efforts have been

made and are ongoing to optimally combine them with existing or novel therapies. Some
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notable gains have been made in combining ICI with cytotoxic chemotherapy in lung [35]
and esophageal cancers [36], for example. However, while chemotherapy reduces the
systemic tumor burden, it also weakens the anti-tumor immune response (as lymphocytes
are sensitive to cytotoxic agents), making this an approach that may not be suitable for
all tumor types [37,38]. Combining radiation with ICI has been widely tested with some
notable areas of success [39–43], although it may be immunosuppressive in some settings.
Adding radiotherapy to immune therapy in ICI-resistant patients has generally not yielded
a synergistic clinical benefit for unirradiated tumors despite very promising data in animal
models and some early, promising clinical studies [39,44–46].

With new efforts to combine immune therapies to augment efficacy, immune related
adverse events (irAEs) also become more prevalent. irAEs are immune responses induced
by the relevant therapy against healthy tissues. The combination of immunotherapies has
yielded some successes. Combining ipilimumab with anti-PD-1 agents in melanoma [21] or
hepatocellular carcinoma (HCC) [47,48] may increase response rates modestly for resistant
cancers but at the cost of a significant increase in the likelihood and severity of irAEs. Even
for single-agent immunotherapy, irAEs are sometimes severe, may be irreversible and
often lead to discontinuation of immunotherapy [49,50]. Despite the appeal of combing
multiple immunotherapies to augment response rates, this approach will typically lead
to greater irAE toxicities. One successful strategy to avoid augmented irAEs has been the
use of intralesional immune-stimulating agents which typically do not increase systemic
immune toxicity. Talimogene laherparepvec (T-VEC) is an oncolytic herpesvirus approved
for intralesional melanoma injection [51]. T-VEC is well tolerated in combination with ICI
and is being explored in immunotherapy-resistant disease [52,53].

1.3. New Approaches to Improve the Efficacy of ICI and Enhance Anti-Tumor Immunity
To expand the pool of patients benefitting from immunotherapy, efforts are underway

to identify predictive biomarkers for ICI response in order to better select patients and
inform future clinical trial design [54,55]. Novel therapies and combinations of existing
treatments are also in development to aid patients with ICI-refractory disease. For example,
the combination of ICI with molecularly targeted agents, such as the vascular endothelial
growth factor receptor (VEGFR) inhibitor bevacizumab or multi-tyrosine kinase inhibitors
(e.g., axitinib or cabozantinib), has shown promising efficacy in recent trials [56,57]. The
development of agents targeting novel immune checkpoint proteins (e.g., lymphocyte
activating 3 (Lag3), T cell immunoglobulin and mucin domain-containing protein 3 (Tim3))
is also well underway and could be combined with existing ICIs [58–60].

Identifying non-immune targets for anti-neoplastic drugs that may stimulate anti-
tumor immunity, especially in the setting of ICI-refractory cancers, is particularly appealing
because they are less likely to augment irAEs. Targets including cell cycle regulators (e.g.,
cyclin-dependent kinases or CDKs) and DNA damage response (DDR) proteins have long
been of interest in cancer research. Clinically, the most advanced DNA damage repair-
targeting agents are inhibitors of poly (ADP-ribose) polymerase (PARPi), which are actively
being explored in combination with ICI [61–63]. PARPi have efficacy in BRCA-mutant
(BRCA1/2 mutations) cancers deficient in homologous recombination (via “synthetic
lethality”) but are currently of limited utility outside of this setting [64]. The status of
PARPi has been extensively summarized and is not the focus of this review [65]. Instead,
several new drug candidates targeting central regulators of the DDR are of emerging
significance. These include ATR (ataxia telangiectasia and Rad3-related), ATM (ataxia
telangiectasia mutated) and DNA-PK (DNA-dependent protein kinase) for which several
inhibitors have entered clinical trials in the past several years [66,67]. Exciting preclinical
data suggest these new agents have the potential to synergize with ICIs, potentially without
increasing immune-related toxicity.
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2. Crosstalk between the DNA Damage Response and Innate and Adaptive Immunity

Surgery, radiation and chemotherapy are the traditional three pillars of cancer therapy.
The latter two selectively induce DNA damage in rapidly dividing tumor cells in contrast
to healthy, normal tissues which divide less frequently. Accordingly, DDR pathways and
cell cycle checkpoint biology have been intensely studied for decades with an eye toward
developing molecularly targeted anti-cancer therapeutics.

The DNA damage response is a network of multiple interconnected pathways respon-
sible for repairing damaged DNA and maintaining genomic integrity. The DDR pathways
are integrated with cell cycle checkpoint proteins (e.g., Rb (retinoblastoma protein) and p53
(tumor protein p53)) such that when DNA damage is sensed, progression through the cell
cycle is arrested until the damage may be repaired or, if irreparable, the cell may undergo
regulated cell death to prevent the passage of potentially deleterious DNA mutations to
daughter cells. There are three master regulatory proteins of the DDR: ATR, ATM and
DNA-PK, which have been extensively reviewed [68]. These DDR proteins have some
specificity for various DNA lesions with ATM and DNA-PK acting at double-strand DNA
(dsDNA) breaks, while ATR is recruited to single-strand DNA (ssDNA) at stalled replica-
tion forks. These “transducer kinases” then act differentially at various points in the cell
cycle [69].

Neoplastic cells frequently harbor mutations in cell cycle checkpoints, most commonly
p53. Mutations in DDR proteins including functional deletions in ATM and DNA-PK
proteins are also observed [70]. However, ATR, which acts in the S (DNA synthesis) and G2
(gap 2) phases of the cell cycle to ensure that DNA synthesis is complete prior to entering
mitosis, is virtually never completely eliminated. Indeed, complete loss of ATR function
has not been observed in humans to our knowledge, although its expression is greatly
reduced in some cases of Seckel syndrome [71]. In contrast, ATM loss of function causes
ataxia telangiectasia, which occurs at rates of up to ~1:40,000 individuals and is associated
with a 20–30% lifetime cancer risk [72]. ATM heterozygosity is prevalent at rates of 1–2% in
the general population and is a significant risk for the development of several malignancies,
breast cancer in particular [72–74]. ATM mutations are present in approximately 5% of
all cancers [75]. Human germline DNA-PK loss of function mutation is very rare but
is a cause of severe combined immunodeficiency [76]. Mouse studies support ATR as a
critical protein, with its knockout resulting in embryonic lethality [77], while ATM [78] and
DNA-PK [79] knockout mouse models are viable. While ATM and DNA-PK expression
may be lost in human cancer [70,75], ATR expression is generally maintained, although
mutations and reduced expression levels are sometimes observed [80]. Dysregulation
of DNA-PK leading to increased activity is also associated with aggressive cancers with
poor outcomes [81,82]. Loss of cell cycle checkpoints supports the unrestrained growth
characteristic of neoplastic cells. DDR protein deficiencies may benefit cancer cells by
allowing them to bypass these cell cycle checkpoints and harbor a greater mutational
burden. ATR’s role in ensuring completion of DNA synthesis, especially in the context
of other cell cycle checkpoint or DDR pathway deficiencies, appears to be required in
replicating cells, thus making it a particularly appealing therapeutic target.

Given the importance of cell cycle checkpoints and DDR biology in tumorigenesis,
targeting DDR pathways and their effector proteins to halt cell cycle progression has been
of great interest over the past two decades [83]. Inhibitors of ATR, ATM and DNA-PK
have been studied in many different cancer types. They were initially explored for their
abilities to sensitize cells to DNA-damaging agents, including radiation and cytotoxic
chemotherapies, or to synergize with existing cell cycle checkpoint or DDR deficiencies
(e.g., use of ATR inhibitors in ATM-deficient malignancies) to exert a direct cytotoxic
effect [84,85]. The concept of synthetic lethality has perhaps been best demonstrated
clinically with the use of PARPi in BRCA (breast cancer)-deficient cancers whereby PARP-
mediated DNA damage repair becomes critical for maintaining genomic integrity with
the loss of homologous recombination [86]. After more than a decade of delay between
establishing that DDR proteins were desirable cancer therapy targets, potent and selective
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compounds eventually became available to target ATR, ATM and DNA-PK. Recent clinical
studies have shown that several drug candidates appear to be tolerated in combination
with radiation or a variety of chemotherapeutic agents, as discussed below.

Excitingly, in recent years, preclinical models exploring these novel, selective DDR
inhibitors (DDRi) show that they have a surprising and potentially important effect: the
ability to augment innate and/or adaptive anti-tumor immune responses. Here, we focus
on the underlying mechanisms by which DDR pathway inhibition may augment anti-tumor
immunity and potentially assist in overcoming resistance to ICI therapy (Figure 1). Com-
bining an ATR inhibitor (ATRi) with an ICI, thereby targeting an essential regulator of cell
cycle checkpoints in addition to immune checkpoint pathway blockade, may synergistically
activate anti-tumor immunity while minimizing the toxicity of combined therapies.
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Figure 1. Events that relate targeted DDR (ATR) inhibition to anti-tumor immunity. Nine steps delineated in this figure
summarize how ATR inhibition may augment innate immunity and reinvigorate adaptive immune re-sponses via cGAS-
STING pathway activation, DAMP signaling, PD-L1 expression modulation, class I MHC upregula-tion and enhanced
T cell priming via activation of dendritic cells (see text for explanation). Abbreviations: CD8/80/86/91: cluster of
differentiation 8/80/86/91, cGAMP: cyclic guanosine monophosphate–adenosine monophosphate, cGAS: cy-clic GMP-
AMP synthase, Chk1: checkpoint kinase 1, CRT: calreticulin, DAMPs: damage-associated molecular patterns, HMGB1: high
mobility group box protein 1, IFN: interferon, IKK: IB kinase, IRF-1 or 3: interferon regulatory factor 1 or 3, MHC: major
histocompatibility complex, NFB: nuclear factor B, PD-(L)1: programmed death-ligand 1, STAT: signal transducer and
activator of transcription, STING: stimulator of interferon genes, TBK-1: TANK-binding kinase 1, TLR4: Toll-like receptor 4,
Trex1: three prime repair exonuclease 1.

There is substantial preclinical evidence relating targeted DDR pathway inhibition to
anti-tumor immunity, as schematized in Figure 1 and described below:

(1) With the recent availability of highly selective DDR pathway-targeting agents,
inhibition of ATR, ATM and DNA-PK has been heavily explored preclinically, and to a
lesser extent in clinical trials, to sensitize tumors to radiation and other DNA-damaging
agents [67,87–96].

(2) Interestingly, recent studies demonstrate how DDR pathway signaling regulates
the innate immune response by limiting micronuclei (MN) formation and cytosolic dsDNA
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accumulation [97–101]. In the presence of DDRi, however, cytosolic dsDNA leads to upreg-
ulated cGAS (cyclic GMP-AMP synthase)-STING (stimulator of interferon genes) signaling
to induce type I interferon (IFN). Indeed, inhibition of ATR [102–104], ATM [105–108] or
DNA-PK [109] activity results in enhanced innate immune responses in vitro and in mice.

(3) Following radiation-induced release of dsDNA into the cytosol, a DNA exonu-
clease, Trex1 (three prime repair exonuclease 1), suppresses anti-tumor immunity by
degrading DNA and thus depriving cGAS-STING of its stimulatory signal [110,111]. Re-
duced expression of Trex1 in human cancer cell lines is associated with increased sensitivity
to an ATRi [112].

(4) Radiation alone may upregulate MHC-I (major histocompatibility complex class I)
expression and antigen presentation [113–116]. ATR, ATM and DNA-PK inhibition may
also increase MHC-I expression in tumor cells to effect antigen presentation and T cell
infiltration [102,107,117].

(5) Radiation upregulates PD-L1 on tumor cells which may affect their immunogenic-
ity [45]. DDR pathway inhibition may also affect PD-L1 expression on tumor cells, although
there is significant heterogeneity of the effect in different model systems. For example,
ATR inhibition alleviated dsDNA break-induced PD-L1 upregulation in various cancer cell
lines [118,119]. Similarly, in cultured HCC cells, ATRi treatment in combination with radia-
tion decreased PD-L1 expression on tumor cells [120]. Conversely, targeted inhibition of
Chk1 (checkpoint kinase 1, a critical effector kinase for ATR) induced PD-L1 expression in
both human and murine small cell lung cancer cell lines [100]. Ionizing radiation-induced
PD-L1 expression in U2OS cells was noted to be suppressed by an ATMi [119]. In human
lung cancer cell lines, DNA-PK inhibition downregulated PD-L1 while increasing MHC-I
expression [117] which could lead to improved activation of anti-tumor T cells. In summary,
preclinical data suggest that DDR pathways often impinge on immune checkpoint biology,
and this area warrants further study.

(6) ATR inhibition may selectively sensitize rapidly proliferating tumor cells via
premature chromatin condensation (PCC) which can promote MN formation, subsequent
innate immune signaling and potentially immunogenic cell death (ICD) [121–125] (see
Figure 2 for details).

(7) Radiation induces ICD through release of damage-associated molecular patterns
(DAMPs) that activate dendritic cells (DCs) and thus augment the adaptive immune
response [126]. Combining ATR inhibition with DNA-damaging agents may markedly
increase the expression of DAMPs (surface-exposed calreticulin, high mobility group box
protein 1 (HMGB1) and adenosine 50-triphosphate (ATP) release) [127,128]. As depicted
in Figure 1, DAMPs displayed by the tumor cell, HMGB1 and calreticulin, interact with
their receptors on DCs, toll-like receptor 4 (TLR4) and CD91 (cluster of differentiation 91),
respectively [129–133].

(8) and (9) Cytosolic DNA released from tumor cell-derived MN is transported within
exosomes to DCs [134]. This induces type I IFN production via cGAS-STING activation
in DCs [135–137]. ATR inhibition may enhance cGAS-STING signaling and DC activation
in murine tumors to potentiate anti-tumoral cytotoxic T cells [102,138]. In addition to
inducing ICD, combining an ATRi with RT may also induce senescence in a manner that
could depend upon cGAS [139,140].

Several recent and exciting preclinical studies in immune-competent mouse models
have explored the potential of DDR pathway inhibition to augment anti-tumor immunity.
AZD6738 (ATRi) synergized with low-dose radiation to induce T cell-mediated tumor
rejection in a mouse model of Kras-driven colorectal cancer [141]. Similarly, AZD6738 syn-
ergized with low-dose radiation to activate an IFN response, promote antigen presentation
and increase T and natural killer (NK) cell infiltration, thereby improving tumor control in
a murine model of HPV-driven cancer [102]. In a mouse model of HCC, the addition of an
ATRi to radiation plus an anti-PD-L1 antibody increased anti-tumor CD8 T cell activity,
enhanced immune memory and prolonged survival relative to radiation + ICI alone [120].
The observed efficacy of ATRi + ICI + radiation was mediated via cGAS-STING signal-
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ing [120]. Similarly, inhibition of Chk1 in a murine small cell lung cancer model potentiated
ICI and was dependent on the cGAS-STING pathway [100]. Therefore, inhibition of ATR
signaling augments innate immunity to damaged DNA in a variety of preclinical models,
and an ATRi may augment ICI activity.

 
Figure 2. A model of how cell cycle dysregulation in Merkel cell carcinoma may predispose to
ATR inhibition. Cellular components that restrain progression of the cell cycle are depicted in red;
cell cycle progression accelerators are shown in green. In virus-positive (VP) MCC, Rb is directly
inactivated by binding the MCPyV LT oncoprotein. p53 (via activation of MDM2/4) and Myc
signaling are dysregulated in VP-MCC by the sT oncoprotein. Similarly, in virus-negative (VN) MCC,
UV mutations disrupt Rb and p53 and promote Myc signaling. These changes disable the G1 cell
cycle checkpoint in both VP- and VN-MCCs, making it potentially more reliant on ATR to ensure
completion of DNA replication in S and G2 phases of the cell cycle. Stalled replication forks normally
recruit ATR and lead to Chk1 activation. If ATR is inhibited, this disrupts the Chk1-dependent
activation of the intra-S and G2/M checkpoints. This in-turn causes stalled replication forks to not
be detected, may lead to double-strand breaks and, as depicted by the dashed arrow, promotes
premature entry into M phase. This process may manifest as premature chromatin condensation
(PCC) and lead to an immunogenic type of mitotic cell death. Abbreviations: CDK: cyclin dependent
kinase, Chk1: checkpoint kinase 1, G0 phase: resting phase, G1 or G2 phase: Gap 1 or 2 phase,
LT: Large T antigen, McPyV: Merkel cell polyomavirus, Mdm2 or 4: mouse double minute 2 or
4 homolog, M phase: mitosis phase, Myc: myelocytomatosis protein, PCC: premature chromatin
condensation, p53: tumor protein p53, Rb: retinoblastoma protein, S phase: DNA synthesis phase, sT:
small T antigen, UV: ultraviolet radiation.

Loss of ATM or DNA-PK signaling may also increase the immunogenicity of tumors.
Cells derived from patients with ATM deficiency and ATM-deficient mice both have
increased type I IFN responses via the cGAS-STING pathway [105]. ATM inhibition (via
small molecule or short-hairpin RNA) enhanced anti-tumor immunity in combination
with ICI and radiation in murine models of ovarian and pancreatic cancers [107,108].
Inhibition (or genetic deficiency) of DNA-PK may similarly enhance innate immunity
via cGAS-STING signaling [109]. DNA-PK mutations have been associated with a high
TMB and high ICI response rates in several human cancers, and a DNA-PKi enhanced the

233



Cancers 2021, 13, 3415 8 of 22

efficacy of PD-1 pathway blockade in a murine colon cancer model [142]. In summary,
there is substantial preclinical evidence that DDR pathway inhibition can augment innate
and adaptive anti-tumor immunity. DDRi warrant further clinical study in the setting of
ICI-refractory disease.

3. Clinical Experience with DNA Damage Response Pathway Inhibitors

Clinical testing of potent and selective inhibitors of DDR pathways has been underway
for several years. The focus of this review is ATR, ATM and DNA-PK inhibitors, although
PARPi have reached clinical practice, and early-phase trials of other DDRi have been
conducted. Notably, Chk1 inhibitors were the first DDRi to undergo clinical trials and
had unfavorable toxicity profiles [83,143]. Per review of clinicaltrials.gov in May 2021,
greater than 80 trials in phases I or II are investigating ATRi, ATMi or DNA-PKi in a variety
of settings, as reviewed elsewhere [82,144]. To briefly summarize the clinical landscape,
there are five ATR inhibitors in clinical trials including AstraZeneca’s oral drug ceralasertib
(AZD6738), with 33 trials listed, in addition to EMD Serono’s intravenous (IV) berzosertib
(VX-970/M6620; 23 trials) and oral VX-803 (3 trials), Bayer’s oral BAY1895344 (8 trials) and
Atrin Pharmaceuticals’ ATRN-119 (1 trial). Clinical publications describe early safety and
efficacy data for ceralasertib [145], BAY1895344 [146] and berzosertib [147,148] in a variety
of settings including as monotherapy or in combination with various DNA-damaging
agents. ATRN-119 is a next-generation ATRi with enhanced potency and specificity that is
entering early-phase trials [149]. Four ATM inhibitors, including the brain-penetrant, oral
AZD1390 [150], are being studied in six trials. Five DNA-PK inhibitors are in early-phase
trials. EMD Serono’s oral peposertib (M3814 [151]) is the most widely tested with 14
trials in a variety of settings and combinations with chemotherapies or radiotherapy. As
summarized in Table 1, three ATR inhibitors (notably ceralasertib in combination with
durvalumab in nine studies) and the DNA-PKi M3814 (with avelumab and radiation) are
now being clinically tested in combination with ICIs. No clinical trials combining DDRi
and ICI have yet to be completed and published to our understanding, al-though early
meeting abstracts suggest the combinations are well tolerated.

Table 1. Clinical trials pairing DNA damage response inhibitors (DDRi) with immune checkpoint inhibitors (ICIs). The
inhibitory concentration (IC50) indicates the potency of the inhibitor. ATM is not listed because no ICI combinations with
ATM were listed on clinicaltrials.gov at the time of review.
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4. Rationale for “Double-Checkpoint Inhibition” in Merkel Cell Carcinoma

The preclinical evidence for potential synergy between DDRi and ICIs is mounting.
Investigation of DDR pathway inhibition in ICI-refractory disease is warranted, and multi-
ple DDRi with favorable safety profiles are in early-phase clinical studies. For the reasons
below, MCC may be an excellent test case to evaluate the ability of an ATRi to reinvigorate
anti-tumor immunity in PD-1 pathway blockade-resistant disease.

MCC is an aggressive neuroendocrine cancer with two distinct etiologies. In the
United States, ~80% of MCCs are caused by Merkel cell polyomavirus (MCPyV) whereby
the viral T antigens dysregulate essential G1 (gap 1) cell cycle checkpoints to effectively
transform the cell and drive unconstrained growth [152]. The remaining 20% of MCC cases
result from UV-induced mutations affecting many of the same key G1 cell cycle checkpoint
pathways as the MCPyV oncoproteins.

In virus-positive (VP) MCC, patient outcomes are correlated with the presence of CD8
T cells specific for viral protein antigens [153]. Both VP-MCC and virus-negative (VN)
MCC are inherently immunogenic and are among the most responsive solid tumors to
PD-1 pathway blockade, with approximately 50% of patients achieving durable disease
control [25,154–157]. VN-MCC is characterized by an exceptionally high TMB, a well-
known predictor of response to anti-PD-(L)1 therapy, as discussed above [16]. There is,
however, a significant unmet medical need for MCC patients whose tumors have primary
or acquired resistance to PD-1 pathway blockade. Given its characteristic immunogenicity,
G1 cell cycle checkpoint deficiencies and associated sensitivity to DNA-damaging agents,
we propose that MCC is a highly appealing tumor to test whether ATR inhibition can
overcome resistance to PD-1 pathway blockade.

Both VP- and VN-MCC are driven by many of the major “PARCB” factors (p53,
Akt1, RB1, c-Myc and Bcl2) of small cell neuroendocrine carcinogenesis [152,158,159]. As
depicted in Figure 2, VP- and VN-MCCs are deficient in Rb and p53 signaling, while
Myc (myelocytomatosis) signaling is upregulated. The viral Large T (LT) antigen interacts
directly with Rb, a negative regulator of cell cycle progression through G1, to inhibit its
activity [160]. p53 signaling is deficient in VP-MCC, although the gene is typically wild-type
and the T antigens do not appear to directly inhibit its function [160,161]. Rather, small T
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(sT) antigen increases the activity of MDM2 (mouse double minute 2 homolog), a ubiquitin
ligase regulating p53 activity, via activation of a transcriptional complex including L-
Myc [162]. sT-mediated upregulation of L-Myc activity also promotes cell cycle progression
through G1 [163]. Signaling via Rb [164,165], p53 [164,166] and Myc [167] is similarly
dysfunctional in VN-MCC; however, this is via direct UV-induced mutations in these
critical regulatory genes [152,168–170]. The net effect of deregulating the G1 cell cycle
checkpoints is a highly proliferative malignancy, as evidenced by median Ki-67 positivity
of >50% [171,172] relative to <5% Ki-67-positive tumor cells in malignant melanoma [173].

Loss of these early G1 cell cycle checkpoints renders cells more reliant upon the later S
and G2/M cell cycle checkpoints, coordinated by ATR and its downstream effector kinase
Chk1 [174,175], to ensure that DNA is replicated prior to entering mitosis (Figure 2). ssDNA
at stalled replication forks in the S phase is sensed by ATR which is recruited to regions of
ssDNA that have been coated with RPA (replication protein A) [176,177]. ATR subsequently
activates Chk1 which signals downstream to halt cell cycle progression via inhibition of
CDK2 (cyclin dependent kinase 2)/cyclin A in the S phase or in G2/M via inhibition of
CDK1 paired with either cyclin B or cyclin A. As discussed above, complete loss of ATR
function is not tolerated in replicating cells in contrast to ATM and DNA-PK which may be
lost in human cancers. While ATR function is critical, low-dose pharmacologic inhibition of
ATR may be tolerated by untransformed cells while selectively suppressing the growth of
H-ras mutant and c-Myc-overexpressing fibroblasts, suggesting an increased reliance upon
ATR in oncogene-expressing cells [178] (Figure 2). In the setting of an ATRi, cancer cells
proceed prematurely to mitosis prior to completion of DNA synthesis in the S phase, which
may manifest as PCC [121] and potentially an immunogenic type of mitotic cell death, as
schematized in Figure 2 [125]. MCC tumors are highly replicative with the majority of
cells actively dividing, as evidenced by high Ki-67. As such, MCC tumor cells are under
significant replication stress and should be more dependent upon ATR to induce the DDR
in S/G2 phases to prevent premature entry to mitosis and subsequent cell death. Therefore,
ATR inhibition may allow cells to progress through the cell cycle with accumulated DNA
damage (Figure 2) and potentiate ICD (Figure 1).

Rapidly dividing cells are particularly sensitive to DNA-damaging agents, as op-
posed to quiescent G0 cells which are resistant. MCC is sensitive to radiotherapy with an
overall response rate of greater than 90% in metastatic lesions receiving a single 8 gray
treatment [179]. Responses to radiation in immune-competent patients were durable (<10%
in-field progression), whereas in-field tumor progression was observed in 30% of immun-
odeficient patients [179]. Radiation upregulates tumor cell antigen presentation via MHC-I,
the downregulation of which is a well-established and dominant escape mechanism in
immunogenic cancers including MCC [180,181]. MCC is notably chemotherapy-sensitive,
although responses are short-lived [182–184]. Cytotoxic regimens are lymphodepleting and
likely to antagonize the activity of an ICI. Targeting tumor cells with low-dose, conformal
radiotherapy and an ATRi, which is selectively cytotoxic in rapidly dividing cells, may
reduce the burden of MCC without suppressing systemic immunity which is critical for
controlling MCC. Using radiotherapy, particularly hypofractionated regimens which are
often considered more immunogenic [42,110], to effect DNA damage and potentiate ICI
has been heavily explored over the past decade. The addition of an ATRi may help to
potentiate the pro-inflammatory effects of radiation rather than its immunosuppressive
properties [102].

5. Clinical Trials Including Patients with Merkel Cell Carcinoma

As summarized in Table 2, more than 80 clinical trials are potentially available for
MCC patients or have been recently completed per review of clinicaltrials.gov in May
2021. As MCC is a rare cancer, the majority of these are early-phase studies open to
patients with several advanced solid tumors. There are currently no approved therapies
for ICI-refractory MCC, and these trials may provide important data to address this area of
need. As discussed above, MCC is a highly immunogenic cancer, and, accordingly, novel
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immunotherapy-based treatments are well represented (Table 2) [185]. In addition to trials
of novel ICIs, several classes of immunostimulatory agents are under study including T
cell co-stimulatory molecules, intralesional therapies designed to activate innate immune
receptors and oncolytic viruses. Adoptive T and NK cell-based strategies are being tested.
Antagonists of immunosuppressive myeloid cells and associated signaling pathways are
being explored [186–188]. MCC is notably sensitive to radiation, and several trial designs
incorporate radiotherapy in various forms. Agents targeting cell cycle, cell death and cell
proliferation pathways are also being tested and may be relevant given the biology of
MCC reviewed above. While few of these trials are powered to assess efficacy, their related
translational analyses and exploratory endpoints may yield insight into the development
of new therapies for ICI-resistant MCC.

Table 2. Novel therapeutic agents potentially available to MCC patients on clinical trials or with recently completed trials.

Drug Class Sub-Class Specific Agents Phase

Immune checkpoint
inhibitors (ICI)

Combination ICI Ipilimumab (anti-CTLA-4) + Nivolumab (anti-PD-1) I, II

Novel ICI INCAGN02385 (Lag3), INCAGN02390 (Tim3) I

New PD-(L)1/CTLA4 mAbs BT-001 (Treg depleting anti-CTLA-4), Tremelimumab
(anti-CTLA-4), retifanlimab (anti-PD1) I/II, II

Radiotherapy
Radiotherapy + ICI Ipilimumab/Nivolumab + SBRT;

Pembrolizumab + SBRT II

Novel radiosensitizer NBTXR3 (radioenhancer hafnium oxide
nanoparticle) I

Immune agonists

T cell co-stimulatory agonist INCAGN01949 (OX40), INCAGN01876 (GITR),
Utomilumab (4-1BB) I, I/II

Intralesional innate
immune agonists

Poly-ICLC (TLR3), Imiquimod (TLR7), NKTR-262
(TLR7/8), Cavrotolimod (TLR9) I, I/II

Oncolytic viruses T-VEC (Herpes virus), Ad-p53
(adenovirus expressing p53) I, II

Tumor vaccines IFx-Hu2.0 (DNA vaccine with streptococcal antigen) I

Cytokines

Bempegaldesleukin (CD122-preferential IL-2
pathway agonist), NT-I7 (IL-7 agonist), N-803

(IL-15 superagonist +ICI or NK cells), SO-C101
(IL-15 superagonist)

I, I/II, II

Adoptive cell therapies
T cells MCPyV T antigen-specific polyclonal autologous

CD8+ T cells I/II

NK cells Allogeneic NK cell Case only

Novel agents targeting
immunosuppressive TME

NOS inhibitor L-NG-monomethyl Arginine acetate (L-NMMA) I

Adenosine antagonist Etrumadenant I

IDO1 inhibitor Epacadostat I/II

Tumor antigen
targeted therapy

Somatostatin Lanreotide (SST analogue), Tidutamab/XmAb18087
(bispecific mAb targeting CD3 and SSTR) I/II, II

Targeted radionuclide Lutetium-177 DOTATATE (targeting SSTR) I/II

Antibody–drug
conjugates

Anti-DLL3 Rovalpituzumab tesirine (anti-DLL3 with
DNA cross-linking drug) I

Anti-CD56 huN901-DM1 (anti-CD56 with
microtubule inhibitor) I
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Table 2. Cont.

Drug Class Sub-Class Specific Agents Phase

Cell cycle/cell death and
proliferation pathways

MDM2 inhibitor KRT-232 II

Anti-Bcl2 Oblimersen II

mTOR inhibitors RAD001, MLN0128 I, I/II

Anti-angiogenics
Anti-VEGF mAb Bevazicumab (with atezolizumab) I/II, II

Tyrosine kinase inhibitor Vatalanib (small molecule targeting VEGF receptors,
PDGF receptor beta and c-kit) I

Abbreviations: 4-1BB: TNF receptor family co-stimulatory receptor, also known as CD137 and TNFRS9; Ad-p53: oncolytic adenovirus
transgenically expressing p53; Bcl2: B cell lymphoma 2; CD 3/8/56/122: cluster of differentiation 3/8/56/122; CTLA-4: cytotoxic
T-lymphocyte-associated protein 4; DLL3: delta-like protein 3; GITR: glucocorticoid-induced TNFR-related protein; ICI: immune checkpoint
inhibitors; IDO1: indoleamine 2,3-dioxygenase; IL-2/7/15: interleukin-2/7/15; L-NMMA: L-NG-monomethyl arginine acetate; Lag3:
lymphocyte activating 3; mAb: monoclonal antibody; MCPyV: Merkel cell polyomavirus; MDM2: mouse double minute 2 homolog; mTOR:
mammalian target of rapamycin; NK cell: natural killer cell; NOS: nitric oxide synthase; OX40: tumor necrosis factor receptor superfamily,
member 4, also known as CD134 and OX40 receptor; PD-1: programmed cell death-1; PDGF: platelet-derived growth factor; PD-(L)1:
programmed cell death-1 ligand 1; SBRT: stereotactic body radiation therapy; SST: somatostatin; SSTR: somatostatin receptor; T-VEC:
talimogene laherparepvec; Tim3: T cell immunoglobulin and mucin domain-containing protein 3; TLR3/7/8/9: Toll-like receptor 3/7/8/9;
TME: tumor microenvironment; VEGF: vascular endothelial growth factor.

6. Discussion and Conclusions

Beginning with the initial approval of ipilimumab for malignant melanoma in 2011,
highly immunogenic skin cancers have been important model diseases for the development
of new immune-directed therapies. ICIs have been transformational for a subset of patients
with advanced skin cancers and have provided us with unique insights into the importance
of UV neoantigens and viral antigens in anti-tumor immunity. However, several recent
immune-focused approaches have not meaningfully improved upon the early gains from
targeting the CTLA-4 and PD-(L)1 pathways. While incremental improvements from
new and combined immune therapies are also anticipated, it may be important to target
processes beyond the immune system to augment the efficacy of ICIs. Such orthogonal
approaches to enhancing immunity may provide a synergistic therapeutic benefit while
avoiding excess immune toxicity. Skin cancer, particularly MCC, may again prove a fertile
testing ground for understanding whether DDRi can augment immunity and potentiate
existing immunotherapies. Exciting new biology and the availability of specific small
molecules inhibiting central DDR pathway regulators including ATR, ATM and DNA-PK
facilitate clinical trials of DDRi with a focus on enhancing anti-tumor immunity.

In addition to improving survival, maintaining the quality of life for those with ad-
vanced disease is a central goal for our patients. Widening the therapeutic window may be
achievable by combining therapies with distinct cellular targets and synergistic efficacy but
without known overlapping toxicities. A DDR pathway inhibitor paired with an ICI, tar-
geting cell cycle and immune checkpoints, respectively, is one such promising combination.
DDRi may slow tumor growth by restricting cell cycle progression while also promot-
ing immune signaling and ICD to potentiate innate and systemic anti-tumor immunity
(Figure 3A). The addition of very low dose radiation (potentiated by the tumor-selective ra-
diosensitizing properties of an ATRi) may lower the tumor burden to facilitate the immune
system’s ability to control microscopic disease and is expected to be well tolerated.

The rationale for a study of an ATRi in advanced MCC is driven not only by the
potential to restrict tumor growth via direct effects on cell cycle progression but also by
the mounting preclinical evidence for ATR inhibition to promote anti-tumor immunity
in this remarkably ICI-sensitive cancer. In particular, a clinical trial is envisioned for
patients with ICI-refractory MCC in which an ATRi would be added while continuing
PD-1 pathway blockade (Figure 3B). Such a study would assess the efficacy of an ATRi
to stabilize metastatic disease and re-establish anti-tumor immunity. Targeted, low-dose
radiotherapy may be employed to palliate progressive lesions and potentially synergize
with “double-checkpoint inhibition”. Correlative studies should address how an ATRi
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may modulate innate and adaptive anti-tumor responses and what the mechanisms of
resistance to an ATRi might be.
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DDR pathway inhibitors with favorable toxicity profiles are now in phase I and II
clinical trials. Preclinical data supporting a role for DDR pathway inhibition to promote
innate and systemic anti-tumor immunity provide a strong rationale for clinical trials com-
bining DDRi with immune-targeted therapies to address ICI-resistant disease. Excitingly,
ceralasertib (AZD6738), an ATRi, in combination with durvalumab showed promising
efficacy (overall response rate of 30% and disease control rate of 63%) in patients with
melanoma resistant to anti-PD-1 therapy per an early report at ASCO in 2021 [189]. These
data are encouraging when considering the potential benefit of an ATRi plus anti-PD-(L)1
therapy in MCC patients with ICI-resistant disease. Additionally, strong correlative studies
to assess biomarkers of response and resistance are critical to further our understanding of
the interplay between DDR pathways and the immune system in human disease.
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ABSTRACT 

Word count: 350/350 

Background: Optimal duration of treatment (DoT) with immune checkpoint inhibitors (ICI) in patients 
with metastatic melanoma and Merkel cell carcinoma (MCC) remains unclear. ICI discontinuation in 
melanoma and MCC patients, especially without CR, may be associated with higher rates of progression, 
compared to ICI continuation. Thus, extending DoT could improve outcomes. However, continuing ICI at 
standard frequency doses (SFD) is not logistically or financially viable. Reduced frequency ICI 
administration may provide an alternative option to sustain DoT.  
 
Methods: This retrospective study analyzes patients with metastatic melanoma and MCC treated with 
reduced-frequency dosing (RFD) of anti-PD-1 antibodies every 2-3 months. RFD was implemented in 
patients who experienced initial clinical benefit with ICI administered at SFD then electively transitioned 
to RFD. Efficacy and safety endpoints included progression free survival (PFS) and immune-related 
adverse events (irAE), respectively. We also compared the costs between 2 years of treatment at SFD 
versus extended DoT at RFD.  
 
Results: From 2014 – 2021, 23 patients with metastatic melanoma (N = 18) or MCC (N = 5) received anti-
PD-1 therapy with RFD. Median DoT at SFD was 1.1 years (range 0.2 – 2.2) with best objective responses 
of CR (N =6), PR (N = 11), and SD (N = 6). Median DoT at RFD was 1.2 years (range 0.2 – 3.5). The median 
follow-up was 3.7 years after ICI initiation. The 3-year PFS in melanoma patients was 100% with CR, 89% 
with PR, and 50% with SD. The 3-year PFS in MCC was 100% in patients with CR and PR. The cumulative 
incidence of any-grade irAEs was 57% and grade 3 irAEs was 28% during the RFD period. Among the 
subset of 15 patients with DoT >2 years (median 3.4 yr, range 2.0 – 5.0), total savings amounted to $1.1 
million in drug costs and 384 hours of clinic and travel time despite the extended DoT, as compared to 
the cost of 2-year DoT at SFD.  
 
Conclusions: Efficacy and safety data suggest sustained biologic activity of ICI with RFD administration.  
RFD may provide an alternative approach to extending DoT in patients receiving ICI without additional 
logistical and financial burden, while preserving outcomes.  
 
This part should be a total of 3-5 sentences: 

• What is already known on this topic – 

There is no clear consensus regarding the optimal duration of immune 
checkpoint inhibitors. Treatment discontinuation may affect clinical outcomes in 
advanced melanoma patients without CR and in Merkel cell carcinoma patients, 
but ongoing treatment delivery must be optimized. 

 

• What this study adds  

Patients who transitioned to reduced-frequency dosing of anti-PD-1 therapy 
every 2-3 months after initial clinical responses did not appear to have inferior 
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outcomes compared to historical cohorts. Clinical efficacy and safety data 
suggest sustained immune activity with reduced-frequency dosing administration. 

• How this study might affect research, practice or policy

Reduced-frequency dosing may extend the duration of treatment, while 
decreasing logistical and financial burdens on patients and the healthcare 
system. The reduced-frequency dosing approach should be studied further in 
prospective, randomized trials to evaluate the optimal dosing regimen for 
immune checkpoint inhibitors. 
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INTRODUCTION 

Immune checkpoint inhibitors (ICI) have led to remarkable improvement in the patient outcomes in 

several different cancer types, including metastatic melanoma and Merkel cell carcinoma (MCC) (1-4). 

Although a sizable proportion of patients with these aggressive skin cancers experience initial responses 

and durable clinical benefit with ICIs, the optimal duration of treatment to sustain long-term disease 

control remains unclear (5, 6). Durable complete responses (CR) after treatment discontinuation have 

been observed in a select cohort of metastatic melanoma patients treated in KEYNOTE-001 (7). 

However, ICI discontinuation in melanoma patients without a CR and in Merkel cell carcinoma (MCC) 

patients may be associated with a higher rate of progression over time, as compared to historical 

outcomes with ICI continuation (8-11).  For these patients, continuing immunotherapy may be beneficial 

to sustain treatment outcomes. Yet, indefinite continuation at standard frequency doses (SFD) is not 

logistically or financially sustainable (12, 13).    

 

Rather than discontinue therapy, optimizing dose frequency may be an alternative way to decrease use 

of this expensive class of drugs while maintaining anti-tumor responses (6). In phase I studies, one 

infusion of nivolumab sustained PD-1 receptor occupancy up to 85 days (14). Furthermore, nivolumab 

saturated PD-1 receptors at doses of 0.3mg/kg, doses significantly lower than those approved by the 

FDA (15). These pharmacodynamic findings suggest that clinical responses to ICI therapy could be 

achieved with less frequent and lower doses of anti-PD-1 drug (16).   

 
Current clinical options for patients who respond to ICI include continuing standard doses of ICI therapy 

until disease progression or completely discontinuing therapy after 2 years. In our clinic, we employ 

reduced frequency dosing (RFD) of anti-PD-1 antibodies as an alternative method to maintain patients 

on treatment, in lieu of permanent discontinuation, while mitigating the financial and logistical burdens 

of ICI therapy. We discuss this approach of de-escalating treatment with RFD (pembrolizumab or 
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nivolumab once every 2-3 months) with our patients after they experience objective responses to ICI 

therapy. 

Reported clinical outcomes from extended-interval ICI dosing are limited (17). The purpose of this study 

was to retrospectively evaluate the efficacy and safety of RFD of anti-PD-1 antibodies at our institution 

in patients with advanced melanoma and Merkel cell carcinoma.   To our knowledge, this is the first 

study to report efficacy outcomes of RFD in patients with melanoma and MCC and to provide a cost-

savings analysis from implementing RFD. 

METHODS 

We conducted a single-center, retrospective analysis of patients with advanced melanoma or MCC 

treated with anti-PD-1 or anti-PD-L1 therapy at the Fred Hutchinson Cancer Center between January 

2014 to June 2021. This study was approved by the local Institutional Review Board and was conducted 

in accordance with the Declaration of Helsinki provisions.  

Eligible patients were at least 18 years of age and had a confirmed diagnosis of either melanoma 

(excluding uveal melanoma) or MCC with distant metastatic or unresectable locoregional disease. All 

patients had received systemic anti-PD-1/PD-L1 therapy administered initially at standard frequency 

dosing (SFD) but had subsequently transitioned to reduced frequency dosing (RFD) after individualized 

discussions with the treating clinicians. Transition from SFD to RFD was a shared clinical decision made 

by the patients after a thorough, documented discussion with their treating clinician. The decision was 

influenced by the timing and depth of disease response, logistical demands of SFD, toxicity 

considerations and importantly, patient preference and comfort around the potential risks of a non-

standard dosing schedule. Hence, the time to transition was variable across this cohort of patients.  
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SFD was defined as any of the prior and current FDA-approved administration regimens for 

pembrolizumab (2mg/kg or 200 mg every 3 weeks; 400 mg every 6 weeks), nivolumab (3mg/kg or 240 

mg every 2 weeks; 480 mg every 4 weeks) or avelumab (10 mg/kg or 800 mg every 2 weeks), either as 

monotherapy or in combination with other immunotherapy agents such as ipilimumab (18, 19). RFD was 

defined as pembrolizumab or nivolumab administered at a frequency less than SFD, generally once 

every 8-12 weeks.  

 

We also collected patient demographics, location of metastases at initiation of anti-PD-(L)1 therapy, 

prior lines of treatment, dates of immunotherapy treatment, immune-related adverse events (irAE), 

time to progression, and date of last follow-up. Efficacy assessment included best overall response 

(BOR) on SFD, progression free survival (PFS), and overall survival (OS). BOR was defined as the best 

response category, per RECIST 1.1, recorded from the start of anti-PD-1 therapy at SFD prior to the 

transition to RFD.  All patients were experiencing clinical benefit with SFD prior to the transition. Eligible 

patients were also required to have obtained ≥ 1 radiographic scan after transitioning to RFD to evaluate 

for disease response.  

 

PFS was calculated as the time interval from the date of the first infusion at RFD to the earliest 

subsequent date of progression or death. Patients who were alive without progression were censored at 

last follow up. Similarly, time to irAE was calculated starting from the date of the first infusion at RFD 

and censored at last follow up. Progression and death were considered competing risks for irAEs. Rates 

of irAE were summarized for all irAEs (any grade) and for grade 3/4 irAEs. PFS was estimated using 

Kaplan-Meier methods, and rates of irAE were estimated using the cumulative incidence function 

estimator to account for competing risks.  Confidence intervals (CIs) for PFS and irAE rates were 
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calculated using conventional standard error formulas except when the estimated rates were 0% or 

100%. In those cases, CIs were calculated using the Clopper-Pearson exact method. All statistical 

calculations were conducted with the statistical computing language R (version 4.0.3; R Foundation for 

Statistical Computing, Vienna, Austria). 

 

 

ECONOMIC ANALYSES 

We identified a subset of patients in our retrospective cohort who received a total duration of therapy 

beyond two years, and we calculated the cumulative costs incurred by this subset of patients who 

received an extended duration of therapy. The costs of extended duration of therapy at RFD were 

compared to the theoretical costs of completing two years of anti-PD-1 therapy at SFD followed by 

treatment discontinuation. We used the average sales price (ASP) from the Center for Medicare and 

Medicaid Services for Part B drugs from the first quarter of 2021: $28.90 USD per mg for nivolumab and 

$51.35 USD per mg for pembrolizumab. We also collected estimated patient travel expenses by 

recording distances traveled between a patient’s home address and the cancer clinic. We multiplied the 

miles traveled by the U.S. Internal Revenue Service travel reimbursement rate for 2021: $0.56/mile. To 

calculate total patient time spent in outpatient clinic visits, we used published estimates for average 

patient time associated with travel (32 minutes) (20), phlebotomy (51 minutes) (21), physician 

interaction time (29 minutes) (22), provider wait times (35 minutes) (20), infusion wait times (58 

minutes) (22), and anti-PD-1 administration (30 minutes) (18, 19).  

 

RESULTS  
 
PATIENT CHARACTERISTICS  
 
We identified 23 patients with either metastatic melanoma (N = 18) or MCC (N = 5) who had received 

anti-PD-1 therapy at RFD. The characteristics of our retrospective cohort are displayed in Table 1. The 
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median age of the patients was 61 years (range 40 – 92), and 18 patients were male (78%). Nine patients 

had previously received systemic therapy for advanced disease (39%). At the time of starting anti-PD-1 

therapy, 7 patients had CNS metastases (30%), and 7 patients had visceral metastases without CNS 

disease (30%). Nine patients received nivolumab therapy (39%), and 14 patients received 

pembrolizumab (61%).  None of the patients received avelumab. 

TREATMENT OUTCOMES  

Figure 1 demonstrates the clinical trajectory of each of the 23 patients, including the duration of 

treatment at SFD, the best overall response (BOR) achieved at SFD, duration of treatment at RFD, 

incidence of grade ≥ 2 irAEs, and disease progression or death, when applicable. The median duration of 

therapy at SFD was 13.3 months (range 2.3 - 26.3). The BOR at SFD was CR (N = 6; 26%), PR (N = 11; 48%) 

or SD (N = 6; 26%). The median duration of therapy at RFD was 15.7 months (range 2.1 – 42.7). At the 

time of data cutoff on July 8, 2021, the median follow-up duration in our cohort was 49.2 months (range 

8.1 - 75.6). The 36-month PFS rate was 73% (95% CI 53 to 100) in advanced melanoma (Figure 2A) and 

100% (95% CI 48 to 100) in advanced MCC (Figure 2B). By BOR in melanoma, the 36-month PFS rate was 

100% (95% CI 29 to 100) for CR, 89% (95% CI 71 to 100) for PR, and 50% (95% CI 38 to 100) for SD 

(Figure 2C). In MCC, the 3-year PFS rate was 100% (95% CI 29 to 100) in patients with CR and 100% (95% 

CI 16 to 100) in PR (Figure 2D). The median PFS after transition to RFD was not reached (95% CI not 

estimable) in melanoma patients and was 58.2 months in MCC patients (95% CI not estimable). 

SAFETY  

During the SFD period, irAEs of any grade occurred in 48% of patients (N = 11), with grade 3 or higher 

events occurring in 9% of patients (N = 2). Two patients with irAE required systemic glucocorticoids to 

manage their toxicities, including grade 2 pneumonitis and grade 3 hepatitis. One patient required 

systemic glucocorticoids and infliximab to manage grade 3 colitis. The remaining 8 patients were 
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managed by withholding ICI therapy or adding hormone replacement. All patients had resolution of their 

irAEs prior to restarting immunotherapy. Upon reinitiating ICI therapy, only one of the 11 patients had 

recurrence of their prior irAE (neuropathy) during the RFD period.  

There were 10 irAEs of any grade observed over the cumulative RFD period at a rate of 57% (95% CI 35 

to 93). Eight of 10 events occurred within the first two years after starting RFD (1-year rate: 26%, 2-year 

rate: 37%). The last observed irAE occurred at 39 months after starting RFD (Figure 3A). The cumulative 

rate of grade 3 irAEs was 28% (95% CI 11 to 72) during the RFD period. Four patients experienced a 

grade 3 irAE events, including colitis (N=2), hepatitis (N=1), and dermatitis (N=1). IrAEs during RFD 

occurred at a similar rate to the SFD period. Furthermore, rates of irAE on RFD were similar between 

patients who had previously experienced an irAE during SFD and those without any prior irAE on SFD 

(Figure 3B).   

PROGRESSION AFTER RFD  

Four patients in our cohort had disease progression, summarized in Table 2. One out of the four patients 

remained on RFD when his disease progressed. The patient had a history of melanoma with brain 

parenchymal and leptomeningeal metastases, pulmonary metastases, and cutaneous metastases who 

experienced initial disease control with local radiation to CNS metastases and responded to systemic 

nivolumab at SFD for 16 months, followed by RFD for 7 months. He then progressed at a site of prior 

metastasis with new leptomeningeal disease while on RFD. Despite transitioning to BRAF/MEK inhibitor 

therapy for BRAFV600E-mutated melanoma, the patient died after four months due to disease 

progression. Conversely, the three additional patients were not receiving any systemic therapy at the 

time of progression. Two patients had irAEs (hepatitis and colitis) that had led to treatment 

discontinuation. One of these patients with metastatic melanoma underwent localized treatment with 
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stereotactic radiosurgery directed to progression at a solitary brain metastasis. He continues to remain 

free from progression. The second patient with metastatic MCC was restarted on anti-PD-1 therapy due 

to systemic disease progression but died without response to immunotherapy.   

One patient with metastatic melanoma who electively discontinued anti-PD-1 therapy illustrated disease 

biology that may require ongoing PD-1 blockade for long-term disease control. This patient had achieved 

SD as BOR while on pembrolizumab for a total duration of 46.5 months, then elected to discontinue 

therapy due to ongoing stable response (Figure 4A). 14 months after elective discontinuation, his 

surveillance imaging demonstrated PD at sites of prior metastases (Figure 4B). He was re-initiated on 

systemic anti-PD-1 therapy and developed an ongoing partial response after 16 months on standard 

doses of nivolumab (Figure 4C). After 19 months on SFD, he was transitioned to RFD with nivolumab and 

continues to experience disease control.  

COST SAVINGS ANALYSES  

We then compared the cumulative costs of extended duration of therapy (beyond 2 years) at RFD to the 

costs of therapy at SFD for 2 years total. Fifteen of our 23 patients had received a duration of anti-PD-1 

therapy beyond 2 years (median 3.4 years, range 2.0 - 5.0) at the data cutoff date. In this cohort, the 

RFD approach was associated with total cost savings of $1,124,464.63 in drug costs, $3,317.44 in travel 

costs to patients, and 384 hours of clinic time (Figure 5A).  In a hypothetical treatment strategy that uses 

SFD for 6 months followed by subsequent treatment at RFD (every 12 weeks), the total drug costs for 

two years of SFD therapy could extend the duration of PD-1 blockade to 7 years with pembrolizumab 

and 9.5 years with nivolumab (Figure 5B).  

DISCUSSION 

259



Page 12 of 18 

We report real-world outcomes in a cohort of patients who have transitioned to reduced frequency 

dosing (RFD) after achieving disease control with standard frequency doses (SFD) of ICI. With limitations 

discussed below, implementation of RFD to extend the duration of treatment was feasible and 

maintained response outcomes. Efficacy and safety data suggest sustained biologic activity of ICI with 

RFD administration. Furthermore, drug costs and clinic time were significantly reduced with RFD. 

Therefore, RFD may provide an alternative approach to extend the duration of therapy with reduced 

financial and logistical burden. 

Our reported PFS rates for RFD do not appear inferior to historical melanoma outcomes with ICI at SFD, 

recognizing discrepancies with cross-trial comparisons. In our melanoma cohort, the PFS at 3 years after 

transitioning to RFD was 100% for CR, 89% for PR, and 50% for SD.  For melanoma patients who did not 

progress during the first 12 months of treatment, the 5-year PFS of CheckMate-067 was 88% for CR, 63% 

for PR and 50% for SD in the nivolumab monotherapy arm (10). For the ipilimumab/nivolumab 

combination arm, the 5-year PFS was 81% for CR, 79% for PR and 11% for SD (10). Similarly, outcomes 

from our MCC cohort appear to be maintained compared to historical cohorts. In this study’s MCC 

cohort, the PFS rate at 3 years after RFD was 100% in patients with CR and PR. While noting differences 

between these studies, the KEYNOTE-017/CITN-09 trial reported 73% of MCC patients with initial 

objective responses experienced ongoing response at 3 years after treatment initiation (23). 

Ongoing research efforts are investigating ways to de-escalate use of immune checkpoint inhibitors 

given their significant treatment-related toxicities, considerable economic cost, and the logistical burden 

for patients (6). Complete cessation of immunotherapy is one method currently under investigation (24-

27). Based on early data from subgroup analyses and retrospective studies, treatment discontinuation 

must be considered cautiously (28). Retrospective analyses of elective ICI discontinuation in melanoma 

patients suggest correlation between shorter duration of treatment and higher rates of disease 

progression (29, 30). Furthermore, real-world PFS outcomes in patients who discontinue ICI report lower 

PFS rates compared to historical outcomes with ICI continuation.  In a multicenter study across 14 

melanoma centers in the Netherlands, 324 patients discontinued immunotherapy in the absence of 

disease progression. The 24-month PFS after anti-PD-1 discontinuation was 64% for CR, 53% for PR, and 

31% for SD (9).  Similarly, in a retrospective analysis at Memorial Sloan Kettering evaluating 396 patients 
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with melanoma, the 3-year probability of being alive without needing additional treatment was 72% for 

patients with CR (8). This rate dropped significantly to 26.9% for a response less than CR, and 3.8% for 

stable disease (SD) (8).  Advanced Merkel cell carcinoma (MCC) patients responding to therapy may be 

at even higher risk of progressive disease after ICI discontinuation compared to melanoma patients (9). 

In a retrospective cohort of 20 advanced MCC with discontinued therapy, 2/6 patients with CR (33%), 

7/11 patients with PR (64%), and 3/3 patients with SD (100%) developed disease progression after a 

median follow-up period of 13.2 months (11). 

As an alternate to treatment discontinuation, optimizing dose frequency may provide a sustainable 

option to maintain treatment duration. Extending intervals between ICI doses has been studied 

previously. The FDA approved pembrolizumab 400 mg every 6 weeks after a preliminary analysis of 

KEYNOTE-555 demonstrated objective responses and toxicity rates comparable to prior historical 

outcomes (18, 31). A retrospective analysis conducted by the Veterans Health Administration also 

support the efficacy of extended-interval dosing. Among 835 veterans who received pembrolizumab, no 

differences in time-to-treatment discontinuation  were observed between standard- and extended-

interval dosing in either the all-diseases cohort (HR, 1.00; 95% CI, 1.00-1.00) or the NSCLC cohort (HR, 

1.00; 95% CI, 1.00-1.00) (17). Pembrolizumab 200mg at extended intervals has also been evaluated. In a 

retrospective, multicenter study, patients with advanced non-small cell lung cancer (NSCLC) treated with 

pembrolizumab at extended intervals had outcomes comparable to patients who received standard 

dosing (32). Reasons for extended interval dosing included irAE, non-irAE medical issues, or patient–

physician preference. Of note, 11 of the 27 patients in the retrospective cohort electively transitioned to 

extended-interval dosing after discussion with their physicians.  Efficacy outcomes from these studies, in 

combination with our findings, underscore the necessity to study prospective trials using immune 

checkpoint inhibitors at less frequent doses.  

Clinical responses at RFD challenge the utility of applying historical maximum-tolerated dose-finding 

strategies to new immunotherapeutic agents (33).  In the phase 1b study of nivolumab, doses ranging 

from 0.1 mg/kg to 10 mg/kg generated similar response rates for advanced melanoma and renal cell 

carcinoma patients (15). One plausible explanation is that one dose of nivolumab, at concentrations 

ranging from 0.3mg/kg to 10 mg/kg, is able to saturate PD-1 receptors for approximately 3 months (14, 
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34). The non-linear relationship among the pharmacokinetic properties, pharmacodynamic properties, 

and response rates of ICIs suggest that lower and less frequent doses likely produce the same outcomes. 

Further investigation into pharmacodynamic biomarkers, such as PD-1 receptor occupancy, may be 

useful to identify the minimal ICI dose and frequency needed to maintain immune activation and 

therapeutic effect (35, 36). 

 

Limitations of this study include retrospective analysis, small cohort size, and the selection of patients 

who were already responding to ICI therapy at transition to RFD. Patients who experienced severe grade 

4 irAEs during SFD may be underrepresented in our cohort, as these patients likely did not proceed to 

RFD. Given the selective cohort evaluated in this study, PFS outcomes in this study warrant judicious 

application to other practice settings. RFD was not used during the induction phase of ICI therapy prior 

to patients’ objective responses. Therefore, our results cannot be applied to upfront use of RFD prior to 

initial clinical response.   

 

To our knowledge, this is the first study to report retrospective efficacy and safety outcomes for RFD of 

ICIs every 2 to 3 months in patients with advanced melanoma and Merkel cell carcinoma. Sustained PFS 

outcomes in patients with initial clinical responses to checkpoint inhibitors and rates of irAEs in our 

cohort suggest ongoing immune activation with RFD. Our findings provide data to support further study 

of dose optimization studies. Correlative studies of patient samples from prospective RFD regimens are 

pivotal to evaluate the pharmacokinetic and pharmacodynamic properties of RFD regimens. With 

increasing ICI indications across multiple tumor types, an optimized RFD schedule has significant 

implications for providing sustainable healthcare delivery by reducing healthcare expenditure and 

decreasing demands on patient time and finances. Furthermore, there is an urgent need to improve ICI 

access for low- and middle-income countries to this expensive class of potentially life-saving drugs. 

Prospective, randomized clinical trials studying regimens like RFD are underway internationally (37-39). 

The RFD approach may help to lower barriers to ICI access, thereby impacting cancer outcomes at a 

global scale.  
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Characteristic N = 23
Age in years; median (range) 60.5  (40 - 92)
Male sex – no. (%) 18 (78%)
ECOG performance score – no. (%)

0 18 (78%)
1 3 (13%)
2 2 (9%)

Disease type – no. (%)
Cutaneous Melanoma 18 (78%)
Merkel cell carcinoma 5 (22%)

Elevated baseline LDH level – no (%) 6 (26%)
Sites of metastases at therapy initiation – no. (%)*

CNS metastases 7 (30%)
Visceral metastases 7 (30%)
Lung metastases 3 (13%)
Skin/Lymph node only metastases 6 (26%)

Anti-PD-1 agent – no. (%)
Nivolumab 9 (39%)
Pembrolizumab 14 (61%)

Immunotherapy regimen – no. (%)
Monotherapy 16 (70%)
With Ipilimumab (during Induction) 7 (30%)

Line of therapy for anti-PD-1 mAb – no. (%)
1 14 (61%)
2 or higher 9 (39%)

Best response at transition to RFD – no. (%)
Complete response 6 (26%)
Partial response 11(48%)
Stable disease 6 (26%)

Table 1. Patient demographics and clinical characteristics. *Patients were classified by their most advanced site of metastatic disease. Patients with CNS metastases 
included patients with or without skin, soft tissue, lung or visceral sites of disease. Patients with visceral metastases included patients without CNS disease but may 
include patients with or without skin, soft tissue, and lung disease. Patients with lung metastases included patients with or without skin and soft tissue disease.
Abbreviations: ECOG – Eastern Cooperative Oncology Group performance status; CNS – central nervous system; mAb – monoclonal antibody; RFD – reduced 
frequency dosing
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Figure 1. Clinical course of each patient receiving standard-frequency anti-PD-1 therapy followed by reduced-frequency dosing. This swimmer’s plot portrays 
duration of treatment, best overall response, clinically significant immune-related adverse events, and disease progression or death in 23 patients who received 
standard frequency dosing of anti-PD-1 (SFD) then transitioned to reduced-frequency dosing (RFD). Each patient received SFD (dark gray) until objective response or 
disease control was achieved, followed by transition to RFD (light gray) guided by timing of disease response. The median duration of therapy at SFD was 13.3 
months (range 2.3 - 26.3), and the median duration of RFD was 15.7 months (range 2.1 – 42.7).

Abbreviations: SFD – standard frequency dosing; RFD – reduced frequency dosing; CR – complete response; PR – partial response; SD- stable disease; PD- progressive 
disease
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Figure 2. Kaplan-Meier curve showing progression-free survival (PFS) for patients by disease type and by best overall response. PFS was measured from initiation of 
reduced-frequency dosing to disease progression or death, whichever occurred first. Patients without an event were censored (tick mark) at the last disease assessment 
date. (A) From time of initiating reduced frequency dosing, the estimated 36-month PFS for melanoma patients was 73% (95% CI 53 to 100). Median PFS for melanoma 
patients was not reached. (B) The estimated 36-month PFS was 100% (95% CI 48 to 100). Median PFS for MCC patients was 58.2 months. (C) By best overall response (BOR) 
in melanoma, the estimated 36-month PFS rate for CR, PR, and SD were 100% (95% CI 29 to 100), 89% (95% CI 71 to 100) and 50% (95% CI 22 to 100), respectively. (D) By 
BOR in MCC, the estimated 36-month PFS rate was 100% (95% CI 29 to 100) in patients with CR and 100% (95% CI 16 to 100) in PR.
Abbreviations: PFS – progression-free survival; MCC – Merkel cell carcinoma; CR – complete response; PR – partial response; SD- stable disease; PD- progressive disease; BOR 
– best overall response
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Figure 3. Cumulative rate of delayed immune-related adverse events (irAEs) in all patients on reduced frequency dosing. (A) The cumulative incidence of 
irAE after initiation of reduced frequency dosing was 57% (N = 10 patients) for all grades and 28% (N = 4 patients) for grade 3 irAEs. Grade 3 events included colitis 
(2), hepatitis, and dermatitis. (B) Rates of irAEs on reduced-frequency dosing developed at similar rates between patients with a prior irAE during standard-
frequency (N = 11) and patients who had never experienced an irAE previously (N = 12). Of the 11 patients who experienced irAE on standard-frequency doses of 
immunotherapy, only one patient experienced a recurrence of a prior irAE. Thus, the majority of delayed irAEs that patients incurred on RFD were new toxicity 
events.
Abbreviations: irAE – immune-related adverse event; RFD – reduced frequency dosing

A B
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Table 2. Outcomes of patients who developed disease progression during or after reduced-frequency dosing

Disease type Time on 
anti-PD-1 
therapy

BOR 
1st 
course

Status of anti-PD-1 
therapy at 
progression

Site(s) of 
progression

New site of 
metastatic 
disease?

Therapy for PD BOR 
2nd 
course

Time on 
therapy

Disease 
status at 
follow up

1 Cutaneous 
melanoma 16 months SD

OFF therapy for 11 
months due to ICI-
induced hepatitis

Brain Yes SRS SD -- NED

2 Cutaneous 
melanoma

46.5 
months SD OFF therapy for 14 

months electively Lymph nodes No 
nivolumab 
(standard 
frequency)

SD 15.5 
months

Ongoing 
partial 
response

3 Cutaneous 
melanoma

23.2 
months SD

Receiving 
nivolumab 240 mg 
every 2 months

Leptomeninges No BRAF/MEK 
inhibitor therapy PD 1.9 

months Died

4 Merkel cell 
carcinoma

50.4 
months PR

OFF therapy for 22 
months due to 
colitis

Lymph nodes, 
retroperitoneum No

RT to perinephric 
mass, 
pembrolizumab 
(standard 
frequency)

PD 2 months Died

Table 2. Outcomes of patients who developed disease progression during or after reduced-frequency dosing.
Three melanoma patients with stable disease, and one patient with Merkel cell carcinoma with a partial response developed progressive disease. Among the four 
patients with disease progression, three of the patients had previously discontinued systemic therapy at the time of progression. The time interval between cessation 
of immunotherapy and progression of disease ranged from 11 – 22 months. Two patients restarted immunotherapy, and one of the two patients experienced a 
partial response to anti-PD-1 therapy after reinitiating therapy. 
Abbreviations: BOR – best overall response; PD – progressive disease; SD – stable disease; SRS – stereotactic radiosurgery; NED – no evidence of disease; RT –
radiation therapy

271



A. Treated with pembrolizumab for
47 months (26 mo. at SFD, 21 mo.

at RFD) before electively 
discontinuing ICI.

B. 14 months after ICI
discontinuation, patient’s disease 

progressed.

C. Restarted nivolumab at SFD,
achieved PR after 16 months on ICI. 
Patient then transitioned to RFD at 

19 months after restarting 
nivolumab with ongoing response.

Figure 4. Case study suggesting dependence on continuous PD-1 blockade for disease control (patient Melanoma-15 from Fig 1). 71-year-old male with 
metastatic melanoma was treated with pembrolizumab for 47 months (26 months at SFD and 21 months at RFD) before he electively discontinued ICI 
(panel A). 14 months after elective discontinuation, his disease progressed (panel B), suggesting potential role of prolonged PD-1 blockade in controlling 
his disease. Reintroduction of nivolumab at SFD has recaptured his disease response (panel C), which is ongoing at 24 months after restarting nivolumab. 
This case suggests the importance of continuous PD-1 blockade in maintaining immune equilibrium in patients with residual disease.
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Narrow excision margins are
appropriate for Merkel cell carcinoma
when combined with adjuvant radiation:
Analysis of 188 cases of localized disease
and proposed management algorithm
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Background: Merkel cell carcinoma (MCC) management typically includes surgery with or without
adjuvant radiation therapy (aRT). Major challenges include determining surgical margin size and whether
aRT is indicated.

Objective: To assess the association of aRT, surgical margin size, and MCC local recurrence.

Methods: Analysis of 188 MCC cases presenting without clinical nodal involvement.

Results: aRT-treated patients tended to have higher-risk tumors (larger diameter, positive microscopic
margins, immunosuppression) yet had fewer local recurrences (LRs) than patients treated with surgery only
(1% vs 15%; P = .001). For patients who underwent surgery alone, 7 of 35 (20%) treated with narrow
margins (defined as #1.0 cm) developed LR, whereas 0 of 13 patients treated with surgical margins greater
than 1.0 cm developed LR (P = .049). For aRT-treated patients, local control was excellent regardless of
surgical margin size; only 1% experienced recurrence in each group (1 of 70 with narrow margins #1 cm
and 1 of 70 with margins[1 cm; P = .56).

Limitations: This was a retrospective study.

Conclusions: Among patients treated with aRT, local control was superb even if significant risk factors
were present and margins were narrow. We propose an algorithm for managing primary MCC that
integrates risk factors and optimizes local control while minimizing morbidity. ( J Am Acad Dermatol
2021;84:340-7.)

Key words: adjuvant radiation; controversy, margin size; excision; local disease; local recurrence; Merkel
cell carcinoma; nonmelanoma skin cancer; surgical margins; radiation; radiation therapy.
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Merkel cell carcinoma (MCC) is a rare, aggressive
cutaneousneuroendocrinemalignancy. In2015, there
were approximately 2500 cases/year; this is expected
to increase to 3300 by 2025.1 Approximately 65% of
patients with MCC present with localized disease
based on national cancer registry data.2 Published
local recurrence (LR) rates are highly variable because
historical cohorts are retro-
spective, heterogenous, and
often combine LRs with in
transit and regional recur-
rences. Nevertheless, LRs
arise in approximately 4% to
30% of patients.3-7

Current guidelines for the
treatment of primary cuta-
neous MCC include wide
local excision, sentinel lymph
node biopsy (SLNB) for
pathologic staging, and
consideration of adjuvant ra-
diation therapy (aRT). The
National Comprehensive
Cancer Network (NCCN) currently recommends
wide local excision, ‘‘1- 2-cm margins to investing
fascia of muscle or pericranium should be performed
when clinically feasible and with consideration of
possible morbidity’’ (p MS-17).8 However, there is no
consensus on the appropriate surgical margin size.

Prior studies on the relationship between surgical
margin size and LR have yielded seemingly conflict-
ing results. An early study found a trend toward
fewer recurrences in patients treated with surgical
margins greater than 3.0 cm.9 However, more recent
studies found no difference in LR rates when
comparing margins of 1.0 cm or less versus greater
than 1.0 cm3,5 or margins of greater than 2.0 cm
versus 2.0 cm or less.4,5 A relevant limitation of some
prior studies is that they do not separately consider
surgical margins in the absence and presence of aRT.
This is important because numerous studies indicate
that aRT markedly decreases the rate of LR.10-13

An exception is a study of 179 Canadian patients
with MCC by Harrington et al14 in which patients
were separated based on aRT status. They found that
patients treatedwith aRT had a low LR rate regardless
of margin size.14 A separate study of low-risk patients
with MCC (primary tumor of \2 cm) who did not
receive aRT also found a low (\1%) recurrence rate
regardless of margin size.15

We sought to determine the relationship between
surgical margin size, aRT, and local disease control in
a large, single-center cohort of patients who pre-
sented with a primary cutaneous MCC tumor.

METHODS
We performed a retrospective analysis using a

Seattle-based repository of more than 1400 patients
with MCC that has been enrolling individuals since
2003. We included patients with MCC with local and
SLNB-detected microscopic nodal disease and
excluded patients who had advanced disease

including muscle/bone inva-
sion, clinically/radiologically
evident nodal disease, and
metastatic disease. Patients
were excluded if surgical
margin, radiation therapy,
and follow-up data were un-
available. Patients enrolled
more than 180 days from
diagnosis were excluded to
eliminate ascertainment bias
associated with late referral
to a tertiary center that could
diminish how accurately the
cohort represents the natural
history of the disease.

Clinical characteristics collected included age,
sex, stage, site of primary tumor (head/neck vs
trunk/extremities), size of primary tumor (#1 cm,
1-2 cm, or [2 cm), and presence of immunosup-
pression (HIV, organ transplant, hematologic malig-
nancy, or chronic use of T-cell immunosuppressive
medication16). Treatment characteristics were ob-
tained through chart review. Patients were separated
based on whether they received aRT to the primary
tumor bed after undergoing surgery. These groups
were further separated by surgical margin size of the
primary tumor as noted in operative reports (#1 cm
vs [1 cm) (Fig 1). Patients who underwent Mohs
micrographic surgery were excluded.

Recurrences were categorized into 4 groups:
local, in transit, regional, and metastatic. Local was
a recurrence arising within or adjacent to the primary
excision scar and within 2 cm of the primary tumor
site; in transit was a cutaneous/subcutaneous lesion
not involving regional lymph nodes and arising more
than 2 cm from the primary scar; regional was a
lesion arising in the draining lymph node basin; and
metastatic lesions occurred beyond the draining
lymph node basin.

Statistical analyses were performed using Stata
software, version 14.0 (StataCorp, College Station,
TX). Fisher’s exact or Wilcoxon rank sum tests were
used to compare clinical and tumor characteristics.
LR outcomesweremeasured by the permutation test,
with nonlocal MCC recurrences and death as
competing risks.

CAPSULE SUMMARY

d Surgical margin size in Merkel cell
carcinoma is controversial; however, we
found that if adjuvant radiotherapy is
given, patients with narrow or even
microscopically positive margins have
excellent local disease control.

d If adjuvant radiotherapy therapy is
planned, narrower surgical margins are
adequate, reduce morbidity, and
minimize delay in initiating radiotherapy.
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A P value of less than .05 was considered to be
statistically significant. Competing risk regression
curves were used to represent local recurrence-free
survival. Patients were grouped based on their aRT
status and margin size. Local recurrence-free survival
was defined as the length of time from the surgery
date to the date of MCC LR, last follow-up, or death.
All studies were performed in accordance with
Declaration of Helsinki principles and were
approved by the Fred Hutchinson Cancer Research
Center Institutional Review Board (no. 6585).

RESULTS
Patient and tumor characteristics

A total of 188 patients were identified from the
repository, of whom 140 were treated with surgery
and aRT and 48 were treated with surgery alone (Fig
1). The majority of patients were male, 65 years or
older, and immunocompetent. Of the patients who
underwent successful SLNB, 24% had pathologic
evidence of tumor invasion into the lymph nodes
(Table I). The median follow-up for the entire cohort
was 4 years (range, 42 days to 12 years).

The majority of patients had surgical margins of
either 1 cm (81 patients) or 2 cm (59 patients), with
the remaining 48 patients having other margin sizes.
For several known risk factors, patients who
received aRT had higher-risk tumors compared to
patients who received surgery alone. Specifically,
tumor size was larger for aRT-treated patients (29%
of tumors $2 cm vs 8% for patients treated with
surgery alone; P \ .001). In addition, aRT-treated
patients had higher-stage (IIIA) tumors (30%
compared to 6.2% in the surgery-only group;
P = .001). However, they were less likely to have
the primary tumor on the head/neck (26% vs 63% in
the surgery-only cohort; P \ .001). Patients who
received aRT with surgical margins of 1 cm or less
were more likely to have a primary tumor on the
head and neck (P\.003) and smaller primary tumor
size (P \ .020). For patients who received surgery
only to the primary tumor, the only significant
difference in patient characteristics between margin
groups was that patients with tumors on the head
and neck were more likely to receive smaller surgical
margins (P = .049) (Table I).

Local recurrences
Among the 188 patients, there were 9 LRs (Table

II). aRT-treated patients had fewer LRs than patients
with surgery only (1 vs 15%, P = .001). After
adjustment for margin size and aRT status, more
LRs occurred on the head/neck versus trunk/extrem-
ities (P = .013) (Table II). Seven of the 9 patients with
LR had salvage therapy with surgery and/or radia-
tion, and in 1 case also immunotherapy.

In the 140 patients treated with surgery and aRT, 2
LRs occurred; for the smaller margin group, there
was 1 LR on the head/neck, and for the larger
surgical margin group, there was 1 LR on the lower
limb. There was no statistically significant difference
in local recurrence-free survival between the surgical
margin groups (P = .56) (Fig 2).

In the 48 patients treated with surgery only, 7 LRs
occurred, all of which were on the head/neck. There
were 7 recurrences in the smaller margin group and
none in the larger margin group. There was a
significant difference in local recurrence-free sur-
vival between the surgical margin size groups
(P = .049) (Fig 2).

MCC-specific survival
In addition to the 9 LRs, there were 8 in transit, 15

nodal, and 22 distant recurrences. Thirty-seven
patients died during follow-up; 21 of these deaths
were caused by MCC. Although LR was the focus of
this study, we also looked at MCC-specific survival.
We saw no difference in MCC-specific survival
between the aRT-treated and the surgery-only
groups (P = .22). Furthermore, within each of these
groups, wide versus narrow margin size was not
associated with MCC-specific survival, and results
were similar when adjusted for immunosuppression,
tumor size, and head/neck primary tumor.

DISCUSSION
Previous studies have shown that wider surgical

margins are associated with improved local control
of MCC. However, the vast majority of these studies
did not report whether or not patients also received
aRT, a treatment known to be highly effective in
MCC local control. This is relevant because aRT
is frequently included in MCC management.
Specifically, 54% of MCC patients in the National
Cancer Database received aRT.17 In our Seattle-
based repository, among patients who had no evi-
dence of distant metastatic disease, 92% of 826
patients received aRT to the primary site (database
accessed February 2019). Whether or not aRT is
included in initial management could significantly
affect the appropriate surgical margin size in MCC.
Indeed, the findings presented here support the

Abbreviations used:

aRT: adjuvant radiation therapy
LR: local recurrence
MCC: Merkel cell carcinoma
NCCN: National Comprehensive Cancer Network
SLNB: sentinel lymph node biopsy
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concept that wider surgical margins are not indicated
for patients who will receive aRT.

A recent summary of the current literature on this
topic suggested that the appropriate surgical margin
size for primary MCC is 1- to 3 cm.18 However, wide
margins often cause significant morbidity5,19 and can
delay the start of aRT if a graft or flap is required for
closure.5 The 2020 NCCN guidelines recommend
‘‘wide excision with 1- to 2-cm margins to investing
fascia of muscle or pericranium when clinically
feasible’’ (p MS-17) but also note that if aRT is
planned, then primary closure should be prioritized
over wider margins.8

Consistent with the existing literature, in the
present cohort, among patients treated with only
surgery, margin size did affect the risk of LR: 20% of
patients who were treated with a smaller (#1 cm)
surgical margin developed LR compared to 0% of
patients with a larger ([1 cm) surgical margin. These
findings are concordant with a study of 179 patients
with MCC in British Columbia14 in which surgical
margin size mattered only among patients who did
not receive aRT. Specifically, in the Canadian study,
among patients who had narrow margin excision
(\1 cm), only 5% (1/19) had LR if they received
aRT, whereas 25% (3/12) who did not receive aRT

Fig 1. Flowchart of patients with MCC included in this surgical margin/aRT cohort. All 188
patients met the following 5 entry criteria: local-only MCC by clinical examination at diagnosis
(stages: pathologic, I; clinical, I; pathologic, IIA; clinical, IIA; pathologic, IIIA), underwent
primary lesion excision, aRT status available, surgical margin status available, and enrolled
within 180 days from diagnosis. aRT, Adjuvant radiation therapy; MCC, Merkel cell carcinoma.

Table I. Comparison of clinical and tumor characteristics between all patients and specified subgroups

Variables All patients

Surgery 1 aRT Surgery only

Margins
# 1 cm

Margins
[ 1 cm P value*

Margins
# 1 cm

Margins
[ 1 cm P value*

n 188 70 70 35 13
Female sex, n (%) 72 (38.3) 26 (37.1) 22 (31.4) .59 16 (45.7) 8 (61.5) .52
Age $ 65 y, n (%) 121 (64.4) 44 (62.9) 46 (65.7) .86 24 (68.6) 7 (53.8) .50
Immunosuppressed, n (%) 18 (9.6) 10 (14.3) 5 (7.1) .27 3 (8.6) 0 (0.0) .55
Nodal stage (path stage IIIA), n (%)y 45 (23.9) 17 (24.3) 25 (35.7) .20 2 (5.7) 1 (7.7) [.99
Head and neck primary tumor, n (%)z 66 (35.1) 26 (37.1) 10 (14.3) .003 25 (71.4) 5 (38.5) .049
Size of primary tumor, cm, n (%)x .020 .92
#1 82 (44.1) 30 (42.9) 18 (26.5) 25 (71.4) 9 (69.2) [.99
1-2 60 (32.3) 25 (35.7) 25 (36.8) 7 (20.0) 3 (23.1)
$2 44 (23.7) 15 (21.4) 25 (36.8) 3 (8.6) 1 (7.7)

SLNB performed, n (%) 164 (87.2) 63 (90.0) 65 (92.9) .76 25 (71.4) 11 (84.6) .47
Unknown 36 (19.1) 13 (18.6) 17 (24.3) 3 (8.6) 3 (23.1)

aRT, Adjuvant radiation therapy; SLNB, sentinel lymph node biopsy.
*Fisher’s exact test or the Wilcoxon rank sum test (size of primary tumor).
yCompared to local stage of diagnosis.
zCompared to primaries on extremities and trunk.
xTwo patients did not have a tumor size available.
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had LR.14 Also similar to the present study, among
patients who had surgical margins of 1.0 cm or
greater, there was no improved local control with the
addition of aRT.14 In contrast, most of the existing
literature does not separately consider whether or
not patients received aRT. Interpretation of appro-
priate margin size from studies that do not describe
aRT status is not feasible because of the high efficacy
of aRT in controlling local disease. For example, in
one of the larger studies, Allen et al3 found no
difference in LR rate when comparing margins of less
than 1 cm versus 1 cm or greater, but the margin

analysis was not stratified based on whether or not
patients received aRT,7 making it difficult to interpret
the relationship between margin size and local
control.

In the present study, head and neck primary
tumors were associated with a higher risk of LR
compared to those on the trunk and extremities, with
89% (8/9) of LRs occurring on the head or neck. The
head/neck is a unique site where tissue-sparing
surgery is important to optimize cosmetic and
functional outcome but also where radiation adverse
effects could be morbid, especially in elderly

Fig 2. Control of Merkel cell carcinoma at the primary site as a function of surgical margin size
and whether or not adjuvant radiation was given. Cumulative incidence curves are shown, with
death and any nonlocal Merkel cell carcinoma recurrence being competing risks.

Table II. Characteristics of 9 patients who experienced local recurrence of MCC

Patient
ID* aRT Age and sex Stagey

Site of primary
tumor

Size of
primary

tumor, cm
Surgical

margin, cm LVI
Narrowest radial margin

via pathology, cm

1 No 73 M C-I Head and neck 0.7 0.5 Unknown No residual tumor
2 59 F P-I Head and neck 0.5 1.0 Unknown 0.2
3 76 M P-I Head and neck 0.5 1.0 Absent No residual tumor
4 58 M P-I Head and neck 0.5 1.0 Absent No residual tumor
5 84 M P-I Head and neck 0.4 1.0 Absent No residual tumor
6 80 M P-I Head and neck 0.8 1.0 Present 0.4
7 70 F P-I Head and neck 0.6 1.0 Absent 0.4

8 Yes 71 F P-IIA Lower limb 2.4 2.0 Unknown Unknown
9 67 M P-I Head and neck 0.8 1.0 Absent Unknown

aRT, Adjuvant radiation therapy; C, clinical; ID, identification; LVI, lymphovascular invasion; MCC, Merkel cell carcinoma; P, pathologic.
*Stage is according to American Joint Committee on Cancer staging system, 8th edition.
yNo patients were immunosuppressed.
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patients. In a retrospective study of 46 low-risk
(primary tumor # 2 cm, immunocompetent, nega-
tive SLNB results, negative pathologic margin
results) head and neck tumors from the Seattle
repository, the addition of aRT to the primary site
significantly reduced LRs compared to surgery
only.13 Furthermore, in a separate study of 106
patients with head/neck MCC, when aRT was
included, local control was more than 96%.21 In a
Tampa-based, single-institution study of 113 patients
with head/neck MCC, aRT was associated with
improved local control (3-year local control of 89%
vs 68% with surgery only; P = .005).22 In summary,
multiple studies suggest that head and neck MCC
tumors are at higher risk of recurrence after surgical
monotherapy (perhaps because of limitations of
margin size for this site) and that aRT should be
considered for these tumors.

Given the important cosmetic and functional
considerations for head and neckMCCmanagement,
Mohs micrographic surgery is often considered.
Currently, NCCN guidelines do not routinely

recommend Mohs surgery for MCC, in part because
SLNB is often indicated,8,23,24 requiring separate
hospital-based surgical procedures in addition to
Mohs surgery. The findings from the present study
suggest that in the absence of aRT, the unique ability
of Mohs surgery to attain narrow, pathologically
negative surgical margins may not be as beneficial
for MCC as for other skin cancers, becauseMCC often
recurs beyond pathologically negativemargins (mul-
tiple patients had LR after pathologically negative
excision) (Table II).

Based on the results presented here and in the
existing literature, we have created a treatment
algorithm (Fig 3) to aid clinicians in determining
the appropriate management for primary MCC
tumors. Using clinical factors such as primary tumor
size, primary site, and immunosuppression status,
this algorithm first separates patients into a higher-
risk group for which aRT is indicated. Such patients
can then avoid the morbidity of wide surgical
margins and potential delays in initiating aRT. For
lower-risk patients who may not need aRT, clinicians

Fig 3. Suggested local MCC treatment management. This flowchart integrates treatment
options with risk factors that are associated with local recurrence. Certain risk factors are
available at the time of diagnosis (baseline), whereas others are available only after surgical
excision (post re-excision). ACriteria for local-only MCC were as follows: clinically node
negative, no in transit disease, and imaging negative for distant disease. BSentinel lymph node
biopsy was typically performed at this time. CNarrow excision margins minimize morbidity, and
if aRT is performed microscopically positive margins are acceptable. DThe goal should be
primary tissue closure (ie, without a flap or graft) allowing aRT initiation within 3 to
4 weeks.5,19,20 EIf the sentinel lymph node biopsy result is positive, nodal aRT would typically
be given in addition to primary site aRT. FThe decision on re-excision is based on clinical setting
(narrow path margins, eg, \0.5 cm) and patient preference: re-excision versus aRT versus
observation. aRT, Adjuvant radiation therapy; MCC, Merkel cell carcinoma.
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may consider a wider margin with primary closure at
the time of SLNB. Depending on the pathology
results of excision and SNLB, aRT may not be
indicated.

Although aRT decreased LR among patients with
narrower surgical margins (\1 cm), there was no
difference in disease-specific survival. The findings
presented here and from the literature14 show that
for low-risk MCCs, surgical margins of greater than
1 cm are sufficient and that aRT is not required for
excellent local disease control. In contrast, if narrow
surgical margins are required to reduce morbidity
and obtain primary closure, there is agreement that
aRT can provide excellent local control. In terms of
whether survival can be affected by aRT, the present
study did not observe this association. However, 3
cancer registry studies that were far larger than our
study showed that aRT was associated with signifi-
cantly better overall survival.12,17,25 It is possible that
with a larger sample size, we might have detected
survival differences based onwhether or not aRTwas
given. Although links to survival are controversial,
current evidence suggests that optimal local control
(sometimes involving aRT) can minimize LRs. This is
beneficial because LR leads to patient anxiety,
increased medical costs, and salvage therapies that
can increase morbidity.

Limitations of this study are its retrospective
design and unavailable clinical data for some cases
(50/188 patients lacked pathologic margin size, and
2/188 lacked primary tumor size). Because the
sample size for the surgery-only group was 48,
further subgrouping of surgical margin size was not
statistically feasible. Also, because our site is a tertiary
referral center for MCC, patients in this cohort
often received their treatment closer to their
homes. This cohort represents a heterogeneous
group with regard to surgery and radiation therapy
techniques.

This study lends support to earlier literature that
suggests if localized cutaneous MCC is also treated
with aRT, then narrow surgical margins are sufficient.
Although this study indicates that aRT plays an
important role in the management of higher-risk
MCC tumors, it is possible that emerging approaches
in aRT (eg, a single fraction of 8-Gy radiation26) may
provide good local control with markedly dimin-
ished morbidity and enhanced patient convenience.
As summarized in the flowchart (Fig 3), we believe
that surgical margins for patients withMCC should be
determined with careful consideration of risk factors
and the potential role of aRT in optimizing a patient’s
outcome.
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Chapter 13. Conclusions 

Summary of research findings 
As outlined in the introduction, the studies in this dissertation focus on immunotherapy response 
and resistance and why only half of patients with Merkel cell carcinoma (MCC) respond to PD-1 
pathway blockade. Chapters 1 and 2 provides an introduction to MCC and reviews the use of 
immunotherapy in this cancer.  

Original research is presented in Chapter 3 which attempts to identify PD-1 pathway resistance 
mechanisms following initial treatment. We use samples from 3 cohorts of patients including a 
clinical trial of neoadjuvant anti-PD-1 therapy to study cancer-specific CD8 T cells over the 
course of immunotherapy. Frequency of cancer-specific T cells in tumor and blood, before and 
after therapy were quantified and cancer-specific T cells in blood were further phenotyped. We 
found that the frequency of MCPyV-specific CD8 T cells in the blood was most correlated with 
response. Further comparison of MCPyV-specific T cells in tumor versus blood show that the 
blood resident cells exhibit characteristics of earlier stage exhaustion compared to the tumor 
resident cells. These results suggest that the blood acts as a reservoir of cancer-specific T cells 
at an early stage of exhaustion that can expand following PD-1 pathway blockade (Figure 1). 

Figure 1. Overview of major findings from Chapter 3. Frequency of MCPyV-specific CD8 T cells in the blood, but not in tumors, is 
correlated to initial response to PD-1 blockade in MCC patients. These circulating cancer-specific cells are less exhausted than 
their intratumoral counterparts and could represent a population of early exhausted cells that have been shown to expand and 
mediate tumor regression following PD-1 pathway blockade. Data from neoadjuvant anti-PD-1 trial presented in Chapter 3. p 
values calculated using Wilcox test.  

While the frequency of MCPyV-specific CD8 T cells in tumors predicts initial immunotherapy 
response, we found that patients with secondary/acquired resistance to anti-PD-(L)1 therapy 
often had these cells in their blood at the time of resistance. In two patients studied we found 
that MCC cells lacked MHC-I in this setting suggesting that may be an immune escape 
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mechanism when functional cancer-specific T cells are present. One of these patients was 
subsequently given an intralesional STING agonist as treatment for their recurrent disease 
(Chapter 4). This led to durable tumor regression in injected and non-injected lesions. Analysis 
of tumor cells before and after treatment show that MHC-I is upregulated on tumor cells 
following STING agonism suggesting this could be a beneficial therapy in patients whose MCC 
tumors down regulate MHC-I (Figure 2).  

Figure 2  Mechanism of response to intralesional STING agonism. A patient with PD-L1 refractory disease had pre-existing 
cancer-specific T cells in their tumor but absent MHC-I expression on tumor cells. Intralesional injection of STING agonist led to 
durable and resolution of injected and non-injected lesions. Analyses of tumor tissues shows expansion of cancer-specific and 
bystander T cells and upregulation of MHC-I on tumor cells.  

Chapters 5-7 further detail cancer-specific T cell responses as well as a new technique to study 
T cells inside tumors.  In Chapter 5, we detail a case of a patient with a profound response to 
anti-PD-L1 therapy. This patient had virus-negative MCC, so we studied the neoantigen-specific 
T cells in this patient. Surprisingly, we only found neoantigen-specific CD4 T cells despite 
optimizing assays for CD8 T cells. These CD4 T cells exhibited characteristics of a TH1 
phenotype suggesting they may be supporting an anti-tumor immune response. In Chapter 6, 
we study the role of IL2 in promoting T cell exhaustion. Whereas IL2 is normally thought to 
support T cells and be important for T cell survival and proliferation, we show that IL2 signaling 
can lead to late-stage exhaustion via signaling through the high affinity IL2 receptor (CD25). 
Finally in Chapter 7, we describe a new analytic technique to study the tumor microenvironment 
at higher resolution. Novel techniques that link RNAseq with spatial location have been 
developed. However, these techniques currently measure “spots” that are 55 μm in diameter 
meaning that each spot is covered by up to 10 cells. We created a new technique called 
“BayesSpace” That can deconvolute these spots to single cell or near single cell resolution. 
Together, these studies provide further insights into the roles of T cells in human cancer.  

Future directions 
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The data presented here contribute to the fields of MCC and cancer research in three major 
areas: 1) They provide a rationale and preliminary data for upcoming clinical trials, 2) They form 
the basis for development of a bioinformatic tool (TCR predictor) that predict immunotherapy 
responses by identifying MCPyV-specific T cells in the blood via deep sequencing  3) They 
support other studies of cancer-specific CD4, CD8 and B cells.  

Future directions: Trials 

Three major trials in MCC are detailed in Chapters 8, 9 and 10. The first trial will use 
combination checkpoint blockade to treat anti-PD-(L)1 refractory MCC patients. Antibodies 
against PD-1, TIM3 and LAG3 will be used in attempt to restore function to cancer-specific T 
cells at late stages of exhaustion. Data in Chapters 3 and 8 show that immunotherapy 
refractory patients often have cancer-specific T cells in their tumors, but these cells are too 
exhausted to be rescued by PD-1 therapy alone. However, they do express high levels of 
immune checkpoints LAG3 and TIM3 suggesting that combination therapy could potentiate anti-
cancer responses in these cells.  

As a major finding in Chapter 3 is that cancer-specific T cells in the blood are important for 
mediating immunotherapy responses, the remaining two trials each will attempt to replenish or 
support these circulating cells. One trial is supporting cancer-specific CD8 T cells by through 
therapeutic vaccination. One such trial began enrolling patients in 2022 (NCT05422781, 
described in Chapter 9). This phase 1 trial uses a DNA plasmid encoding the MCPyV large T 
antigen that will be (needlelessly) injected into MCC patients without active disease. MCPyV-
specific B and T cell responses will then be measured to see if this treatment restores the 
number or function of cancer-specific T cells. Because the antigen is encoded on a plasmid, this 
vaccine is self adjuvanting as the DNA will activate several innate immune pathways including 
STING. The plasmid also encodes LAMP1 to improve antigen presentation to CD4 T cells. An 
additional MCPyV therapeutic vaccine candidate based on self-amplifying RNA is also in 
development.   

An additional trial that aims to boost adaptive immunity is also entering clinical trials soon 
(2023). This trial will inhibit ataxia telangiectasia and Rad3-related (ATR) an important kinase in 
the DNA damage response that can induce cell cycle arrest following DNA damage. Mouse 
models have shown that these therapies can improve anti-cancer immunity and are in fact 
dependent on CD8 T cells22,23. Preliminary data from our lab suggests that ATR inhibition could 
induce immunogenic cell death and lead to more anti-cancer immune cells by acting as an in 
situ vaccine.  

Future directions: TCR predictor 

Another direct implication from Chapter 3 is that measuring the frequency of MCPyV-specific 
could predict immunotherapy response. This prediction could be incredibly valuable to clinicians 
and patients as it would allow us to prioritize patients who would not respond to PD-(L)1 
blockade to other therapies or clinical trials. However, the complex nature of MHC multimers 
make performing this assay in a clinical setting infeasible. To circumvent this, a collaborative 
team led by Saumya Jani is working on building a sequencing-based method that could identify 
MCPyV-specific T cell receptors from bulk TCR sequencing. This approach is readily scalable 
and would build on similar tests currently available for CMV and COVID.  

Future directions: Studies of cancer-specific immune cells 
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The studies of antigen-specific T cells described in Chapters 3-7 have also established 
techniques and raised questions that are being addressed in ongoing projects. Because virally 
driven MCC shares two small antigens across patients, it is an ideal model to study cancer-
specific adaptive immune responses and several of the techniques I helped to create pipelines 
for in our lab are being used by other lab members to study these cells. Specifically, the use of 
DNA barcoded multimers cellular indexing of transcriptomes and epitopes studies of antigen 
specific CD4, CD8 and B cells are all currently in progress. Of particular note are the studies of 
Heeju Ryu in the Newell Lab. Dr. Ryu’s has also studied MCPyV-specific CD8 T cells in 
immunotherapy patients. She has also seen a correlation between frequency of MCPyV-specific 
CD8 T cells and response to PD-1 blocakde using a different cohort of patients and different 
technique (CyTOF).  

In conclusion, we conducted detailed studies on cancer-specific T cells in MCC patients treated 
with immunotherapy. Our studies identified a new marker of immunotherapy response: the 
presence of cancer-specific CD8 T cells in the blood. These cells are highly predictive of 
immunotherapy response in the first-line treatment. However, we also observed that tumors of 
patients who initially responded to immunotherapy may downregulate MHC-I in the secondary 
resistance setting. We observed that intralesional STING agonism can reverse this MHC-I 
downregulation and produce durable responses in patients who are resistant to PD-(L)1. These 
findings provide important information for upcoming clinical trials, and we hope they can be 
translated into a clinical assay through high-throughput sequencing of T cells. 
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