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Abstract 

Acute myeloid leukemia (AML) is the most common acute leukemia in adults. AML 
often responds to initial chemotherapy, but a majority of patients will relapse with resistant 
disease leaving a critical need for more effective therapies. Hematopoietic stem cell 
transplantation can prevent relapse long term through donor T cell-mediated elimination 
of leukemic cells. However, this anti-leukemic effect is unpredictable, and transplant can 
have detrimental side effects, including graft versus host disease (GVHD). New therapies 
focus the anti-leukemic effect and bypass potential GVHD by using engineered T cells 
with a defined T cell receptor (TCRs) that recognize proteasome-generated peptide 
fragments from tumor-associated proteins. Such ‘TCR-T’ cells rely on the targeted 
peptide to be processed and then presented by the restricting human leukocyte antigen 
(HLA). Cells can express standard- and immuno-proteasome isoforms, which can 
generate ‘distinct’ (isoform-dependent) or ‘mutual’ (isoform-independent) peptides. We 
investigated a clinical scenario in which the targeted AML modulated proteasome 
composition to eliminate processing of the targeted ‘distinct’ peptide, leading to loss of 
recognition by the adoptively transferred TCR-T cells and AML progression. Instead, an 
alternative TCR recognizing a ‘mutual’ peptide could respond to the progressive AML.  
Our data point to a mechanism whereby AML can evade immune recognition through 
modulation of proteasome isoform expression. This further implies that TCR-T cell 
therapy could be enhanced if tailored to target ‘mutual’ peptides.  

To determine the relative proportions of HLA-restricted ‘distinct’ and ‘mutual’ 
peptides and to identify promising TCR-T cell targetable peptides less likely to evade 
recognition, we utilized an emerging peptide discovery platform, Artemis, that employs 
soluble HLAs to bypasses immunoprecipitation of endogenous HLAs. Artemis-identified 
peptides revealed that the proportions of ‘mutual’ and ‘distinct’ peptides were specific to 
each HLA allele, with HLA-A*02:01 presenting the fewest ‘mutual’ peptides and HLA-
A*11:01 presenting the most. We recovered 37 peptides from three AML-associated 
proteins of interest, 19 (51%) were ‘mutual’ peptides and some peptides (11%) were 
previously identified. Our findings demonstrate that defining isoform-specific proteasomal 
processing is critical to optimal peptide selection for TCR-T cell therapy and Artemis is an 
effective platform to identify ‘mutual’ peptides.
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Chapter 1: Introduction 
Immunotherapy for cancer 

Worldwide, cancer is a leading cause of death (1, 2) (www.cancer.gov). 

Physicians and scientists have long been interested in the molecular underpinnings of 

cancer and in developing therapeutics to effectively target and eliminate cancerous 

cells. Over the decades, medicine has made monumental strides in both understanding 

the molecular mechanisms of cancer and treating cancer patients.  

Recent therapeutic advances largely focus on harnessing the power of the 

immune system to control cancer cells. Such immunotherapies modulate immune cells, 

often T cells, to increase their potency. Advances fall into two broad categories. The first 

involves therapies that enhance endogenous immune cells. These therapies aim to 

improve the function of the patient’s existing immune cells to promote elimination of 

cancer. One example is checkpoint blockade therapy that blocks inhibitory signals on 

existing T cells to increase cytotoxicity and eliminate cancerous cells (3). A second 

category is engineered cell-based immunotherapies. These therapies introduce ‘new’ 

immune cells that are genetically modified to express an engineered receptor designed 

to engage a specific protein/protein complex found on malignant cells (4, 5). Engineered 

cell-based therapies include chimeric antigen receptor T cells (CAR-T) and transgenic T 

cell receptor T cells (TCR-T). CAR-T cells have shown stunning clinical results against 

lymphoid leukemias, but they mostly target obligate surface proteins (6). TCR-T cells, 

on the other hand, can also recognize internal proteins allowing them to target a much 

wider array of tumor associated antigens. However, internal proteins must first be 

degraded into peptides and presented by class I human leukocyte antigen (HLA) before 

the TCR can engage with these HLA:peptide complexes (TCR-HLA:peptide interaction). 

Therapeutic tumor-specific activation occurs when the engineered high-affinity TCR 

recognizes the targeted antigen-derived peptide fragment that is presented by the select 

HLA on the cancer cell surface (Figure 1.1). The fact that TCFR-T cells are not limited 

to targeting surface proteins is particularly important in diseases like acute myeloid 

leukemia (AML) that express limited unique surface proteins. Surface proteins 

characteristic of AML, like CD34, are also shared with critical stem cell populations and 
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therefore cannot be safely ablated with a CAR construct. Clinical trials using TCR-T 

cells have shown efficacy for AML patients (7) and in patients with certain other cancers 

(8-11).

 
 

Engineered cell therapies offer promising results for the treatment of AML 
Majority of the work in this dissertation is applicable to multiple cancer types. 

However, we have chosen to use AML as our lens to view cancer immune interactions. 

AML is the most common acute leukemia in adults accounting for ~80 percent of acute 

leukemias (12). It is broadly characterized as having excess (≥20%) immature 

hematopoietic progenitor blasts in the bone marrow (13); blasts are abnormal cells with 

aberrant proliferation and arrested differentiation (Figure 1.2) (14). AML can sometimes 

partially recapitulate healthy differentiation acquiring phenotypes similar to healthy cells 

– i.e. monocyte-like AML (14).  
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However, this abnormal differentiation does not add the functional capabilities 

acquired through physiologic differentiation, resulting in an accumulation of 

dysfunctional leukemic blasts that rapidly expand to outnumber healthy hematopoietic 

cells and limit production of critical blood cell populations like erythrocytes (red blood 

cells), platelets, neutrophils, and monocytes.  
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AML has marked inter- and intra-tumoral heterogeneity, making it exceptionally 

challenging to treat. It is one of the deadliest blood cancers, with a 5-year survival rate 

less than 30%, substantially lower than for patients with other blood cancers (15). 

Treatment of AML still relies on chemotherapy. Current paradigms first use intense 

induction chemotherapy followed by several rounds of higher dose consolidation 

chemotherapy (16). Majority of patients who achieve a complete remission (CR) with 

chemotherapy will ultimately relapse and die of disease-related complications (17). 

Allogeneic hematopoietic cell transplantation (HCT) offers a potentially curative therapy 

for some patients with high-risk AML. As part of this procedure, the patient’s (i.e., host) 

immune system is replaced by the donors (i.e., graft). Donor T cells can eliminate 

leukemia cells through recognition of minor histocompatibility antigens or less commonly 

leukemia-associated antigens presented on the cell surface (18) in a graft-versus-

leukemia (GVL) effect. The GVL effect is entirely reliant on donor immune cells 

recognizing leukemic host cells resulting in variable efficacy and unpredictable before 

HCT. As such, many patients eventually relapse due to inability of the GVL effect to 

completely eradicate or control disease. Additionally, there are considerable risks 

associated with HCT; the most prominent is graft-versus- host disease (GVHD), where 

donor T cells recognize the patient’s healthy cells (19). GVHD occurs in approximately 

50% of patients post HCT and is associated with significant morbidity. Engineered T cells 

are one alternative to harness beneficial GVL effects without GVHD, by adoptively 

transferring T cells that recognize defined AML-associated antigens. Our group has 

successfully utilized TCR-T cell therapy in a clinical trial aimed at preventing AM relapse 

after HCT (7). However, this strategy was not sufficient to eliminate persisting AML, in 

part due to AML immune evasion (20)see also “Lessons learned from relapsed 
tumors in the clinic” below).  

 

TCR-T cells as a model system for immune evasion 
Tumor immune evasion can come from either side of the TCR-HLA:peptide 

interaction and untangling escape mechanisms generally requires knowing which T 

cells can see the tumor (T cell-intrinsic factors: e.g., TCR clonotype) and what is 

recognized by those T cells (tumor-intrinsic factors: e.g., antigen). In the absence of 
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adoptive transfer, it is often challenging to know both given discovery is co-dependent. 

That is, identifying a tumor-specific T cell clone requires knowing which HLA:peptide is 

recognized and vice versa. Under most circumstances, heterogeneity makes it 

challenging to know both the TCR sequence and target HLA:peptide. TCR-T cell 

therapies provide a controlled system where both the TCR clone and the target 

HLA:peptide are known. Thus, engineered cell therapies provide an opportunity to study 

interactions between cancer and the immune system, including during response and 

evasion. The Chapuis lab uses single cell RNA sequencing (scRNAseq) to probe these 

cancer-immune interactions. ScRNAseq is a powerful tool that first isolates single cells 

and then uses next-generation sequencing to profile transcriptomes of individual cells. 

ScRNAseq is well suited to study immune escape mechanisms as both T cell-intrinsic 

and tumor-intrinsic factors can be probed concurrently (20, 21).  

ScRNAseq can track T cell clones by either the introduced TCR sequence (7, 22) 

for engineered TCR-T cells or the natural TCR CDR3 barcode for endogenous T cells. 

The transcriptional profile of cells expressing the engineered TCR, or a given TCR 

CDR3 barcode, provide insight into functional states. However, scRNAseq consumes 

(destroys) cells, preventing use of the same cells in downstream functional experiments, 

as is feasible using flow cytometry (23). This limits our ability to link transcriptional 

signatures with functional capabilities; we can only infer meaning from transcriptional 

signatures as function must be empirically assessed. To date, literature connecting 

functional states (e.g., activated, exhausted) to transcriptional signatures remains 

sparse, in part because traditional protein markers of functionality are not always 

optimal indicators at the transcriptional level (24-26).  

When investigating tumor-intrinsic factors, it is beneficial to track the tumor 

throughout therapy. Analyzing multiple timepoints over the course of treatment enables 

researchers to compare the cancer cell populations that were therapeutically eliminated 

with those that survived. This can pinpoint resistance mechanisms and identify 

strategies to overcome/prevent future therapy resistance. Of course, there is an 

exceptionally broad range of possibilities that can result in acquired resistance. An asset 

of scRNAseq is the ability to probe multiple hypothesis using a single data set. Still, 

findings need to be validated. For example, scRNAseq can monitor target antigen and 
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HLA transcripts as a proxy for antigen expression and presentation but determining 

whether the HLA:peptide complex is actually presented requires protein level analysis. 

While not sufficient to definitively establish mechanisms of escape, tools like 

scRNAseq allow us to efficiently explore a wide range of possible evasion mechanisms, 

including T cell-intrinsic and tumor-intrinsic possibilities, without observer bias and with 

relatively few patient samples making scRNAseq an asset to clinical research where 

patient samples are limiting.  

Indeed, the Chapuis lab has used scRNAseq to reveal mechanisms of immune 

evasion in clinical trials (20, 21). In one example, the tumor selectively downregulated 

the TCR-T targeted HLA (21). ScRNAseq revealed the relapsed tumor lacked the 

targeted HLA-A transcripts but not HLA-B transcripts. HLA-A loss was confirmed with 

immunohistochemistry (21). In another example, detailed in Chapter Two, scRNAseq 

was used to probe both T cell-intrinsic and tumor-intrinsic mechanisms of resistance 

(20). On the T cell side, this patient had persistent T cells that appeared activated 

during remission and quiescent at relapse, function at remission and relapse was 

confirmed with ex vivo experiments. On the tumor side, this patient’s AML retained the 

targeted HLA-A and antigen expression but modified peptide processing to prevent the 

target peptide from being produced (20). This example highlights the use of scRNAseq 

to query multiple avenues of escape and identify a less common mechanisms of 

escape. It likewise underscores the need to carefully select target peptides.  

 

A needle in a haystack: finding target peptides 
Effective TCR-T cell immunotherapy depends not only on targeting good tumor-

associated antigens but also on selecting quality antigen-derived peptides to promote 

successful presentation. Ideal target antigens are uniquely and broadly expressed 

across tumor cells with minimal expression in healthy tissue. Mutated proteins are 

excellent targets, as the mutant antigen is not found in healthy cells, provided a peptide 

containing the mutation is processed and presented by HLA. Examples of mutated 

antigens in AML include frameshifts in nucleophosmin 1 (NPM1mut) (27-29) and 

calreticulin (CALRmut) (30), which encode an additional 11-47 amino acids not found in 

the wild type protein. Viral antigens (such as those associated with Merkle cell 
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carcinoma: see Appendix II) are likewise excellent TCR-T cell targets, although they are 

only associated with a subset of cancers. Overexpressed self-antigens can also be 

suitable TCR-T cell targets, although self-tolerance can make finding a high-affinity TCR 

challenging (31). Examples of targetable overexpressed self-antigens in AML include 

Wilms tumor antigen 1 (WT1) (32, 33) and cyclin A-1 (CCNA1) (34, 35). WT1 has little 

expression in healthy tissue, with 10-100 fold overexpression in AML (32), and has 

been safely targeted by our group in a TCR-T cell clinical trial (Fred Hutch 2498; 

NCT01640301) (7). While target antigen selection is critical, the antigen-derived peptide 

presented on the chosen HLA is the functional moiety engaging the TCR. Antigen-

derived peptides are tested for immunogenicity, and those that elicit an inflammatory 

response, often measured by interferon- g production, are considered for TCR-T cell 

therapy. Safety studies, especially for self-antigens, are imperative to ensure antigen-

derived peptides are not presented on healthy tissue. 

Current methods for selecting TCR-T targeted antigen-derived peptides pose 

challenges. Typical peptide discovery pipelines center on in silico predictions that 

determine if any of the theoretically possible antigen-derived peptides are expected to 

bind the selected HLAs. Understanding how these algorithms are trained can guide their 

use in peptide selection. These algorithms are trained on datasets containing (1) 

peptide binding affinity measurements and/or (2) peptides eluted directly off cells and 

detected with mass spectrometry. Cells expressing either a single HLA allele or multiple 

HLAs can be used as substrates for elution. Using netMHCpan as an example, earlier 

versions were trained on only binding affinity data (36). This data is biophysical and may 

accurately predict whether a peptide will bind the HLA but cannot estimate the 

probability a peptide is processed and presented. Newer versions of netMHCpan, 

including the most recent version 4.1 updated in 2020, are trained on a combination of 

peptide binding affinity data and peptides eluted off cells to better predict if a peptide will 

be presented (37). Still, biases exist in these training sets, including the HLA alleles 

tested (some have many more input data sets than others), peptide ionization patterns 

on the mass spectrometer, and length distributions (many of these training sets are 

heavily weighted with 9mer and 10mer peptides) (36, 37). These in silico algorithms will 

continue to improve as more data sets are published, which will increase the variety of 
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HLAs and peptide lengths in the training set. While prediction software has improved, it 

remains only a tool for peptide target selection. Empirical evidence is required to 

support pursuing a target in the lab and further transfer to the clinic.  

To ensure T cell recognition and therefore peptide presentation, binding 

predictions must be followed by indirect in vitro approaches using antigen-specific T cell 

recognition to validate peptide immunogenicity. Such approaches center on 

exogenously loading synthetic peptides onto presenting cells and measuring expansion 

of reactive T cells. However, promising immunogenic peptides sometimes fail to show 

endogenous presentation. In such cases, T cells raised against the artificially presented 

peptide cannot meaningfully reduce tumor in pre-clinical models.  

Ensuring endogenous presentation of peptides before validating antigenicity can 

be addressed by directly eluting peptides off presenting HLAs bound to the cell surface. 

This relies on immunoprecipitation of membrane-bound HLAs followed by mass 

spectrometry and computational deconvolution to match eluted peptides to the 

presenting HLA allele (38).  

Other recent approaches, use soluble HLAs to circumnavigate 

immunoprecipitation (39) or engineered cell lines expressing a single HLA allele to 

avoid computational deconvolution (40). We employed an emerging peptide discovery 

platform, Artemis (41), to bypass standard immunoprecipitation. Artemis is depicted in 

Figure 3.1 and further detailed in Chapter 3. Briefly, Artemis utilizes an innovative 

soluble HLA called a single chain dimer (SCD). The SCD has the transmembrane 

portion of the HLA replaced with a 6x-histadine tag to facilitate easy capture and the 

beta-2-microglobulin subunit is physically linked to the alpha chain with a glycine-serine 

linker to fuse the HLA dimer into a single amino acid sequence, hence a single chain 

dimer (SCD) (Figure 3.1A). The SCD is secreted into the media, where it is easily 

collected and captured with traditional immobilized metal-ion affinity chromatography 

(IMAC). Captured SCD is denatured to release the presented peptide while the SCD 

remains bound to the IMAC column. Eluted peptides are sequenced using mass 

spectroscopy to reflect naturally-presented peptides (Figure 3.1B).  

Artemis, like all peptide discovery approaches, requires subsequent validation of 

immunogenicity, but saves time and resources by selecting peptides that have been 
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processed and presented. Use of the SCD avoids technically difficult standard 

immunoprecipitation methods that require detergent to solubilize the membrane bound 

HLAs; detergents easily ionize on the mass spectrometer and can obscure detection of 

peptides. Moreover, classical methods have relatively low peptide recovery compared to 

Artemis (41). Peptides recovered from Artemis have nearly identical characteristics to 

those identified with classical methodologies as described in depth by Finton et al. (41), 

although imaging studies have not been performed to confirm the SCD localizes to the 

same intracellular compartments. Peptides identified with both methods share similar 

peptide length distributions, HLA binding motifs, HLA binding predictions and are 

derived from all cell compartments (41).  

While Artemis can expedite peptide discovery and ensure natural presentation, it 

also provides a model system to explore antigen processing and its impact on the 

immunopeptidome, defined as the sum of peptides available for presentation by HLAs 

(42).  

 

The peptide processing and presentation pathway 
Antigen processing and presentation is complex. For the purposes of this 

dissertation, I will focus on the classical pathway for class I HLA presentation. 

Conventional peptide processing begins in the cytosol where misfolded and 

ubiquitinated proteins are degraded by the proteasome into peptides 2-25 amino acids 

in length (43), which are then transported to the endoplasmic reticulum (ER) via the 

transporter associated with antigen presentation (TAP) (44). Once in the ER, peptides 

may be further trimmed from the N-terminus by ER amino peptidases (ERAPs) (45). 

Simultaneously, HLAs are synthesized and folded in the ER. Unoccupied HLAs are 

unstable and require additional proteins to stabilize the HLA before it binds a peptide. 

Peptides in the ER (either direct form the proteasome digestion or trimmed by ERAP) 

interact with empty HLAs. If the interaction is sufficiently strong, the peptide binds the 

HLA, forming a stable HLA-peptide complex. The complex traffics to the surface, where 

it presents the internal peptide to surveying cytotoxic T- cells (46)  

Proteasomal degradation is the first step in antigen processing and presentation 

and is considered the primary source of class I HLA-displayed peptides. Importantly, we 
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observed modulation of the proteasome to evade TCR-T cell therapy in a patient case 

(20). Thus, it is a central component to the work described in this dissertation. It is 

important to note that several versions of the proteasome exist. The two prominent 

isoforms are the standard proteasome and the immunoproteasome. The standard 

proteasome is expressed in most somatic cells under basal conditions. The 

immunoproteasome is expressed in many immune cells, including antigen presenting 

cells and hematopoietic cells, but can be induced in most somatic cells under 

inflammatory conditions with IFN-g exposure (47). These isoforms only differ by three 

catalytic beta-subunits: b1, b2, and b5 in the standard proteasome and b1i, b2i, and b5i 

in the immunoproteasome. The two isoforms generate distinct but overlapping peptide 

repertoires (Figure 1.3). Two intermediate forms of the proteasomes also exist, one 

with a single immunoproteasome subunit (b5i, b1, b2, (sIP)), and one with two 

immunoproteasome subunits (b5i, b1i, b2, (dIP)) (48). 

 Proteasomes not only provide peptides for recognition by the cytotoxic T cells, but they 

also maintain protein homeostasis. They are evolutionarily conserved, with homologues 

in yeast and prokaryotes (49-51). The proteasome catalytic core consists of four 

heptameric rings, two alpha rings and two beta rings stacked together – a- b-b-a– to 

form a hollow, barrel shaped structure referred to as the 20S proteasome. In 

prokaryotes, these rings consist of homogeneous alpha and beta subunits; in 

eukaryotes, the rings contain 7 unique a-subunits and 7 unique b-subunits (49). 

Humans have genes encoding additional b-subunits, including the immunoproteasome 

b-subunits, when expressed, these subunits can be substituted into the 20S core (49). 
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  Proteasome formation is a highly ordered process with several chaperones guiding 

each step. The alpha ring is the first component to be assembled (50, 51). Once the 

alpha ring is assembled, it serves as a scaffold for incorporation of the beta subunits. 

Each b-subunit incorporates in a specific order. For standard proteasome formation, the 

first b-subunit to incorporate is b2, followed by b3, b4, b5, b6, then b1 and lastly b7 

(Figure 1.4). At this point half of a full proteasome complex is assembled, this half-
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proteasome will associate with another half-proteasome. Pro-peptides on b1, b2, b5, b6, 

and b7 are then cleaved to form a mature, active proteasome (51). Additional regulatory 

caps may then bind to the 20S core.  

The order of incorporation for immunoproteasome b-subunits is slightly different 

in comparison to the standard proteasome. When expressed, immuno-subunits b2i and 

b1i are the first subunits to incorporate and are mutually integrated; presence of b2i and 

b1i promotes subsequent incorporation of b5i to form a functional immunoproteasome 

(52) (Figure 1.4). Changes in proteasome isoform expression resulting in immune 

evasion have been described (20, 53, 54).  

 

Lessons learned from relapsed tumors in the clinic 
While contemporary TCR-T cell immunotherapies show promise, response rates 

remain sporadic (20, 55). Further research to untangle the molecular underpinnings 

driving response and resistance is required to improve TCR-T cell therapies. The 

unfortunate irony is that more can be learned from patients who do not respond to 

therapy or develop acquired resistance than those who have complete long-term 
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remissions. Comparing tumor before therapy and at relapse can reveal mechanisms of 

escape and offer valuable scientific insights.  

Learning from therapy resistance is critical for advancing therapeutics. We 

observed several cases of acquired resistance in a clinical trial led by Drs. Aude 

Chapuis and Phil Greenberg at the Fred Hutchinson Cancer Center (FH-2498; 

NCT01640301). We took a deep dive into several case reports to identify mechanisms 

of resistance and pinpoint areas for improvement. 

27 patients with high-risk AML (N=27) were enrolled and treated with TCR-T cells 

(TTCR-C4) expressing a high-affinity TCR recognizing the WT1126-134 [RMFPNAPYL] 

peptide presented by HLA-A2 (FH-2498; NCT01640301). In this trial, patients were 

enrolled in one of two arms: Arm 1 – ‘prophylactic arm’ with 12 patients or Arm 2 – 

‘treatment arm’ with 15 patients. In both arms, patients received TTCR-C4 cells after HCT 

and additional doses of TTCR-C4 cells were administered if persistence of TTCR-C4 cells fell 

below 3% of the total CD8+ T cells. In the prophylactic arm, cells were administered 

after HCT but before any recurrent disease was detectable to prevent relapse. These 

patients performed remarkably well, with 100% relapse free survival at follow up 

(median follow up of 44 months) compared to 54% relapse-free survival in matched 

controls (N=88). Full results from Arm 1 have been published (7). Conversely, Arm 2 

patients received TTCR-C4 cells after relapsing post-HCT, thus TTCR-C4 cells were 

administered in a therapeutic setting. While some patients from Arm 2 experienced 

periods of prolonged response followed by disease relapse, survival was not 

significantly (p = 0.34) improved over matched controls (Figure1.5A). Progressive 

disease in the presence of persistent TTCR-C4 suggest immune evasion.  
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Of the 15 patients in Arm 2, five had persistent T cells (Figure 1.5B, blue) with 

detectable, concurrent disease, creating a setting where cancer-immune interactions 

and mechanisms of immune escape could be studied. Because acquired resistance can 

stem from either T cell-intrinsic or tumor-intrinsic factors, we utilized scRNAseq to follow 

both TTCR-C4 and AML cells through therapy. Upon preliminary analysis, all five patients 

showed different mechanisms of immune evasion (Table 1) highlighting the complex 

nature of immune surveillance and acquired resistance.  

One patient (Patient 3) demonstrated immune evasion with relapsed AML, 

having acquired a partially differentiated phenotype. Another patient (Patient 4) had an 
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intriguing clinical course, tolerating an unusually high number of treatments with 

azacytidine. We predict azacytidine renders the AML visible to TTCR-C4 through 

upregulation of WT1 (56). One patient (Patient 5) displayed signs of dysfunctional TTCR-

C4 cells. In depth analysis of these patients is beyond the scope of this thesis and will be 

discussed in an upcoming manuscript with Dr. Francesco Mazziotta. Patients 1 and 2 

are a subject of this dissertation and discussed in the following chapter. 

 
I will first describe the intriguing clinical case of AML Patient 1, specifically 

discovering how their AML, which initially responded to TCR-T cell therapy with TTCR-C4, 

became resistant. Knowledge from this clinical case prompted a deep investigation into 

antigen processing. I will then use the emerging peptide discovery platform, Artemis, to 

investigate the contribution of the standard proteasome and immunoproteasome to the 

immunopeptidome, as well as reveal ‘distinct’ and ‘mutual’ peptides from AML-

associated antigens. Findings from these studies may inform the next iteration of TCR-T 

cell target peptide discovery for improved cell-based immunotherapies. Finally, at the 

core of the work described in this dissertation are people; we strive to use this 

knowledge to improve patient outcomes.  
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Chapter 2- Immune evasion through 

immunoproteasome deficiency 
 
This chapter has been adapted from Lahman, M.C., et al. Targeting an alternate Wilms’ 

Tumor Antigen-1 peptide bypasses immunoproteasome dependency. Sci. Trans. Med. 

2022. PMID: 35138909 

 
Abstract 

Designing effective anti-leukemic immunotherapy requires understanding 

mechanisms governing tumor control or resistance. Here we report a mechanism of 

escape from immunologic targeting in a patient with acute myeloid leukemia (AML), who 

relapsed one year following immunotherapy with engineered T cells expressing a human 

leukocyte antigen A*02 (HLA-A2) restricted T cell receptor (TCR) specific for a Wilms’ 

Tumor Antigen 1 peptide, WT1126-134, (TTCR-C4). Resistance occurred despite persistence 

of functional therapeutic T cells and continuous expression of WT-1 and HLA-A2 by the 

patient’s AML cells. Analysis of the recurrent AML revealed expression of the standard 

proteasome, but limited expression of the immunoproteasome, specifically the beta-

subunit 1i (b1i), which is required for presentation of WT1126-134. Analysis of a second 

patient treated with TTCR-C4 demonstrated specific loss of AML cells co-expressing b1i 

and WT1. To determine if the WT1 protein continued to be processed and presented in 

the absence of immunoproteasome processing, we identified an HLA-A2 restricted 

peptide (WT137-45) generated by immunoproteasome deficient cells, including WT1-

expressing solid tumor lines. We isolated and tested a TCR targeting this alternative 

peptide. T cells expressing this TCR (TTCR37-45) killed the first patients’ relapsed AML 

resistant to WT1126-134 targeting, as well as other primary AML, in vitro. TTCR37-45 

controlled solid tumor lines lacking immunoproteasome subunits both in vitro and in an 

NSG mouse model. As proteasome composition can vary in AML, defining and 

preferentially targeting such proteasome-independent peptides may maximize 
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therapeutic efficacy and potentially circumvent AML immune evasion by proteasome-

related immunoediting. 

 

Introduction 
Allogeneic hematopoietic cell transplant (HCT) can cure some patients with high-

risk AML, which is largely a result of donor T cells eliminating leukemia by recognizing 

minor histocompatibility antigens or less commonly leukemia-associated antigens (1). 

This graft-versus-leukemia (GVL) effect is sporadic, entirely reliant on donor immune 

cells recognizing differences between host and donor cells and is not predictable pre-

HCT. Leukemic relapse post-HCT remains the leading cause of death, especially in 

patients who enter HCT with features of high-risk AML, in part due to the inability to 

ensure a GVL effect. 

Adoptive therapy provides T cells re-directed towards defined tumor-associated 

antigens. Most notably, T cells engineered with chimeric antigen receptors (CARs) 

targeting surface proteins, such as CD19 or B cell maturation antigen (BCMA), have 

shown stunning clinical results in B cell malignancies (2), but identifying AML surface 

proteins that are unique or safely targetable remains a challenge (3). By contrast, T cell 

receptors (TCRs) can recognize a broader set of peptides, which can be derived from 

intracellular and surface proteins (4). To achieve consistent antileukemic activity, we 

sought to target Wilms’ Tumor Antigen 1 (WT1), an intracellular transcription factor 

overexpressed in most leukemic cells but lowly expressed in normal adult tissues (5). 

The WT1126-134 peptide was successfully eluted from a human leukocyte antigen (HLA)-

A*02:01 positive leukemia, confirming presentation, although it is not routinely present in 

peptide elution sets (6) suggesting there may not be abundant presentation of this 

peptide (7). Still, T cells targeting WT1126-134 have contributed to maintenance of 

sustained complete responses in vaccine trials and exhibited a direct anti-leukemic effect 

in our group’s prior clinical study where donor-derived WT1-specific CD8+ T cell clones 

were transferred into patients post-HCT (5, 8, 9).  

Based on these results, we isolated a high affinity TCR (TCR-C4) restricted to 

HLA-A*02:01 and specific for the WT1126-134 epitope and cloned it into a clinically 

validated lentiviral vector. Donor Epstein Barr Virus (EBV)-specific CD8+ T cells were 
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selected as substrates to both minimize risk of graft-versus-host disease (GVHD) and 

enhance survival of therapeutic cells – EBV-specific CD8+ T cells were transduced with 

TCR-C4 (TTCR-C4) (10) (NCT01640301). Following prophylactic administration to patients 

with HLA-matched high-risk AML post-HCT, TTCR-C4 demonstrated in vivo persistence 

and sustained remissions were achieved in all patients despite risk of relapse that 

exceeded 50% (10). However, a formal assessment of direct TTCR-C4 anti-tumor activity 

was challenging as leukemia was undetectable at the time of TTCR-C4 transfer. 

By re-directing T cell recognition towards a known tumor epitope, adoptive 

therapy trials offer the added benefit of limiting the tumor-T cell interaction to a defined 

target. Paradoxically, the requirements for a therapeutic response can often be better 

elucidated not in patients with complete sustained responses, but rather in patients 

whose tumors acquire resistance to the immune intervention. This can reveal critical 

response and evasion mechanisms (11).  

Tumor escape after CAR-T cell infusions has commonly reflected loss of the 

targeted antigen epitope from the cell surface (12). For TCR-mediated interventions, 

this is best paralleled by loss of expression of the targeted antigen or the HLA-

restricting-allele (13). HLA loss has rarely been associated with post-HCT relapse in 

AML (13) and WT1 mutation was not a major contributor to immune escape in patients 

with AML who received WT1 peptide vaccination (14) or infusions of clonal WT1-

specific T cells in our previous study (9). Instead, and specific to targeted TCR-T cell 

therapy, presentation of the targeted epitope can be impacted by proteasome 

processing (15). Indeed, the TCRC4-targeted epitope (WT1126-134) is reliant on the 

immunoproteasome (IP) (16), the dominant isoform in hemopoietic cells (17). 

To investigate potential mechanisms of AML resistance to TTCR-C4, one patient 

was identified who relapsed after a second transplant. After receiving TTCR-C4, this 

patient experienced an apparent sustained remission but then relapsed one year later 

despite large numbers of persistent TTCR-C4 cells. We performed high-dimensional 

analysis of the persistent T cells and recurrent AML, which confirmed TTCR-C4 were 

functional, and that AML continued to express both the restricting HLA allele (HLA-

A*02) and unmutated WT1. Further in-depth analysis and observations in a second 

patient who received TTCR-C4 with circulating WT1+ AML point to a previously 
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undescribed mechanism of in vivo AML escape from a targeted T cell response, 

involving changes in antigen-processing of the targeted epitope. We then pursued an 

alternative HLA-A*02:01-restricted epitope, WT137-45, which is less susceptible to the 

observed mechanism of resistance and thus represents a promising TCR-T cell 

immunotherapy target. Our data underscore the necessity of elucidating acquired 

resistance mechanisms to inform rational design of more effective TCR-T cell therapies 

not only for AML, but for immunotherapy more broadly. 

 

Results 

An unusual clinical course calls for deeper investigation 

A 27-year-old patient developed recurrent AML with both extramedullary 

chloromas and minimal residual disease (MRD) in the bone marrow 7 months after 

receiving a second matched, unrelated donor HCT for relapsed refractory disease 

(Figure 2.1A). The patient was treated with local radiation and systemic salvage 

chemotherapy, which achieved remission as evidenced by no evaluable disease (NED), 

and then received an infusion of donor-derived TTCR-C4 in Arm 2 of this study (10). 

Based on the history of relapsing after a second allo-HCT, he was at extremely high risk 

of early relapse and death, as AML relapse post-HCT is associated with a median 

survival of about 3 months (18). Surprisingly, the patient remained in remission without 

further therapy for 368 days before exhibiting recurrent AML with both a bladder 

chloroma and flow-cytometric evidence of MRD (0.04% AML cells) in the bone marrow. 

He then received reinduction chemotherapy followed by a second TTCR-C4 infusion on 

day 471 after the 1st infusion with T cells derived from the same pool of transduced cells 

originally infused, but the leukemia continued to relentlessly progress. This unusual 

clinical course with a long 1-year remission after multiple relapses led us to investigate 

potential immunologically related mechanisms of remission and relapse.  
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Therapeutic T cells persist through remission and relapse 

Both infusions of 1010 TTCR-C4/m2 (on days 0 and 471) were administered without 

prior lymphodepleting chemotherapy. TTCR-C4 in peripheral blood reached peak 

frequencies of 8.2% and 56% of CD8+ T cells after the 1st and 2nd infusion, respectively 

(Figure 2.1B). Overall, TTCR-C4 frequency remained above 3% with sustained, robust 

absolute TTCR-C4 counts (Figure 2.2A). Comparable high TTCR-C4 frequencies were 

observed in the bone marrow at days 28 and 368 (Figure 2.1B, green circles). These 

high proportions of persistent transferred TTCR-C4 are analogous to results obtained in 

patients who received TTCR-C4 post-HCT prophylactically to prevent relapse (10). Both 

infusion products were expanded immediately prior to infusion from identical pre-infusion 

aliquots. Infusions primarily (>75%) consisted of a single expanded clonotype that also 

comprised majority of persistent TTCR-C4 after both infusions (Figure 2.12C and Figure 
2.2B). TTCR-C4 surface expression of memory-associated markers (CD45RO, CD27, 

CD28, and CD62L (19)) remained similar after both TTCR-C4 infusions (Figure 2.3A). Ex 

vivo analysis of recovered TTCR-C4 revealed the cells were functional, maintaining 

cytokine production in response to targets presenting the cognate WT1126-134 peptide 

during the period of apparent remission (day 114) and in the context of progressive AML 

(day 70 or day 541 after the 2nd or 1st infusion, respectively) (Figure 2.3B). 
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Single cell RNA sequencing of TTCR-C4 transcriptome in line with recent activation at 

remission 

To investigate if transcriptomes of circulating TTCR-C4 differed between clinical 

remission and relapse, single-cell RNA sequencing (scRNAseq) (20) was performed on 

available peripheral blood mononuclear cells (PBMCs) 100 days after the 1st TTCR-C4 

infusion (remission) and 110 days after the 2nd infusion (relapse), which represents 581 

days after the 1st infusion (Figure 2.1B, dotted red lines). Data were generated from a 

single sequencing run containing both samples, reads were aggregated together, and 

clusters were delineated (Figure 2.4A) and then visualized separately, based on 

barcodes unique to the timepoint (Figure 2.4B). Surprisingly, during clinical remission, 

CD8+ cells grouped into 2 separate and distinct clusters in an unsupervised 

transcriptional profile analysis (Figure 2.4C, light blue and purple clusters), but the 

light blue cluster was nearly absent at relapse (Figure 2.4D). During remission, 96% of 

TTCR-C4 as identified by TCR-C4 transgene expression, were grouped in the light blue 

cluster whereas endogenous CD8+ T cells grouped in the purple cluster (Figure 2.4E). 
In contrast, during relapse in the presence of circulating blasts, 91% of TTCR-C4 grouped 

with the purple endogenous CD8+ cells (Figure 2.4F). To probe for differences between 

TTCR-C4 at remission and relapse, an unsupervised differential gene expression analysis 

was performed. The top 10 significantly differentially expressed genes (p<0.05 and 

logFC >|log2(1.5)|) showed TTCR-C4 cells at remission had higher expression of genes 

associated with T cell activation, including lymphotoxin-b [LTB], granzyme K [GZMK], 

human leukocyte antigen (HLA)-DR [HLA-DR] and CD74 [CD74], which mediates 

assembly and trafficking of HLA class II complexes – (Figure 2.4G) (21-24). Gene set 

analysis of effector cytokine/chemokine genes(25) (interferon (IFN)-g [IFNG], C-X-C 

motif chemokine receptor 1 [CX3CR1], C-C motif chemokine ligand 5 [CCL5] and tumor 

necrosis factor alpha (TNF-a) [TNF]), cytolytic effector genes (25) (granzymes A 

[GZMA], B [GZMB] and H [GZMH] and perforin [PRF1]), activation/proliferation genes 

(26) (Jun proto-oncogene [JUN], Fos proto-oncogene [FOS], CD69 [CD69], nuclear 

receptor subfamily 4 group A member 1 [NR4A1], interleukin (IL)-2 receptor subunit 

gamma [IL2RG], and IL-2 receptor subunit alpha [IL2RA]) and activation/exhaustion 

genes (programmed cell death receptor-1 [PDCD1], T-Cell immunoreceptor with Ig and 
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ITIM domains, [TIGIT], lymphocyte activating 3 [LAG3], and cytotoxic T-lymphocyte 

associated protein 4, [CTLA4]) were significantly enriched in TTCR-C4 at remission versus 

relapse (p=2.98 x 10-8, p=3.25 x 10-3, p=2.11 x 10-2 and p=1.87 x 10-4 respectively) 

(Figure 2.4H), suggesting repetitive stimulation or activation during remission. Although 

not every gene in each composite gene-set was individually statistically significant, each 

of the total gene-sets were significantly different. For example, expression of IFN-g and 

TNF-a assessed individually did not achieve statistical significance (p >0.01, p >0.01 

respectively) but were significant as part of the effector cytokine/chemokine gene-set (p 

=2.98 x 10-8), which may reflect both the known decline in expression of these genes 

after dissociation from the activating signal (27) and potential decline of polyfunctionality 

from repetitive activation events. 
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Furthermore, comparison of endogenous CD8+ T cells from the same sample to 

remission TTCR-C4 transcriptomes again revealed significant enrichment for the effector 

cytokine/chemokine, activation/proliferation, and activation/exhaustion gene-sets in 

TTCR-C4 (p=4.89 x 10-2, p=4.89 x 10-2 and p=0.007 respectively) (Figure 2.5), suggesting 

the profile represents antigen-specific events rather than global T cell activation in the 

host. As previously evidenced, TTCR-C4 remained functional at both timepoints (Figure 
2.3B), consistent with the T cells being in an activated but not exhausted state. The 

differences in gene expression (log2-fold change) observed at remission between TTCR-

C4 and endogenous cells were lost at relapse (Figure 2.6).  

As TTCR-C4 also contains an endogenous EBV-specific TCR, the patient was 

screened for evidence of EBV reactivation as a potential explanation for T cell 

activation. Very few copies of the EBV viral genome were detected immediately after 

the first TTCR-C4 infusion (10), but none were detected by day 7 or at serial timepoints 

thereafter (Table 2). The results suggest TTCR-C4 may have lysed and eliminated an EBV 

reservoir shortly after infusion. The possibility of a low degree of EBV antigen 

presentation leading to signaling through the endogenous EBV-specific TCR cannot be 

eliminated and could explain T cell activation during the prolonged period of clinical 

remission. However, the latter appears unlikely, as TTCR-C4 no longer exhibited evidence 

of activation at relapse, a time when systemic illness might be more likely to lead to 

EBV reactivation. This further infers that TTCR-C4 at relapse were not responding to 

leukemia or a low degree of EBV antigen. Consequently, we next evaluated the 

antigenicity of the patient’s leukemia.  
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Relapsed AML expressed both target antigen and HLA 

AML samples for immunohistochemistry (IHC) were obtained from a bone marrow 

aspirate during relapse after the first allo-HCT and prior to the first TTCR-C4 infusion 

(Figure 2.7A and B), from a bladder chloroma at the time of relapse after the 1st TTCR-C4 

infusion (Figure 2.7A and C), and from a bone marrow aspirate 71 days after the 2nd 

TTCR-C4 infusion (Figure 2.7A and D). All specimens showed abundant WT1 protein 

expression in the majority (>90%) of leukemic blasts (Figure 2.7 3B to D). Clinical-grade 

next-generation sequencing performed at relapse after TTCR-C4 (day 58 after the 2nd TTCR-

C4 infusion) found no WT1 sequence. However, CD8+ T cells were not enriched in the 

chloroma (Figure 2.7C), consistent with the lack of an effective T cell response at 

relapse. To assess potential differences in epitope presentation, HLA class I protein 

expression was evaluated. On AML prior to the second HCT, IHC could be performed 

only for total HLA class I expression, which was positive (Figure 2.7B). HLA-A 

expression was evaluable in the cervical chloroma at relapse before any TTCR-C4 
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infusions, using bulk RNA sequencing on residual clinical material from an archival 

formalin fixed, paraffin embedded (FFPE) specimen. As a control, HLA-A was also 

analyzed from PBMC obtained 110 days after the 2nd TTCR-C4 infusion (the same sample 

on which scRNAseq was performed). HLA-A expression was detected in these samples 

(Figure 2.7E), both of which contained greater than 89% AML. As a note, the 

NanoString platform utilized permitted only probing for HLA-A and not for a specific 

allele. However, HLA-A2 expression was directly evaluable on relapsed AML cells 

present in PBMCs obtained 110 days after the 2nd TTCR-C4 infusion (Figure 2.7F). The 

presence of HLA class I at all time points, and specifically of HLA-A2 at the last relapse, 

suggests that HLA-A*02:01 expression was retained throughout the disease. The 

expression of both unmutated target protein and restricting HLA allele at late relapse 

excludes antigen loss or mutation as well as restricting HLA loss or downregulation as 

the cause of AML immune escape in the presence of abundant, potentially reactive, 

functional TTCR-C4. 

 

Single cell RNA sequencing reveals low immunoproteasome in relapsed AML 

We next investigated antigen processing components in relapsed AML after TTCR-

C4 infusions to account for the presumed failure of recognition. Evaluation by scRNAseq 

of the top 100 significant differentially expressed genes (p<0.05 and logFC>|log2(1.5)|) 

in AML versus non-AML hematopoietic cells (in the same sample) revealed that the 
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AML cells had significantly (p<0.01 and logFC=-0.99) lower expression of the 

immunoproteasome subunit gene b1i [PSMB9] (Figure 2.8, red arrow), which was 

confirmed by very low to undetectable b1i protein incorporation in relapsed AML (Figure 
2.9). 

Due to the absence of a viably frozen pre-treatment AML sample, it was difficult 

to directly assess if this patient’s leukemia expressed the immunoproteasome before 

TTCR-C4 targeting WT1126-134 were initially infused. Therefore, we used residual clinical 

material from the cervical chloroma FFPE specimen (before the 1st TTCR-C4 

administration) and PBMCs obtained 110 days after the 2nd TTCR-C4 infusion (Figure 
2.7E) to assess changes in proteasome subunit expression. Compared to pre-TTCR-C4, 

AML post-TTCR-C4 had more transcripts encoding proteins ubiquitously present in the 
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caps of all 26S proteasomes (ATPase 2 [PSMC2] and non-ATPase 7 [PSMD7]) (Figure 
2.10A, black bars), suggesting comparatively increased total proteasome in AML post-

TTCR-C4 (15). However, AML post-TTCR-C4 had less transcripts associated with the 

immunoproteasome subunits, b5i [PSMB8] (fold change -0.14) and b1i [PSMB9] (fold 
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change -0.67), which would restrict immunoproteasome formation. Although b2i 

[PSMB10] was not decreased (fold change +0.25), its incorporation into an 

immunoproteasome requires b1i, as its presence alone cannot drive 

immunoproteasome formation (Figure 2.10A, blue bars) (28). In contrast, although b1 

was unavailable for assessment (see Methods), an increase in b2 [PSMB7] (fold 

change +0.63) and minimal change in b5 [PSMB5] (fold change -0.1) was detected, 

suggesting that the AML may have preferentially formed the standard proteasome 

(Figure 2.10A, red bars). The decrease in b1i resulted in minimally detectable 

transcripts in the post-TTCR-C4 specimen (Figure 2.10B), confirmed by absent b1i protein 

expression (Figure 2.9). Furthermore, expression of transcripts encoding proteins 

constituting the active proteolytic site of the immunoproteasome (b5i [PSMB8], b1i 

[PSMB9], and b2i [PSMB10]) were significantly (p<0.01) decreased, whereas those 

constituting the active proteolytic site of the standard proteasome (b5 [PSMB5], b1 

[PSMB6] and b2 [PSBM7]) were significantly increased (p<0.01) in the AML cells 

compared to other hematopoietic cells (Figure 2.11). Likewise, the frequency of cells 

expressing immunoproteasome subunits b1i [PSMB9], and b2i [PSMB10] were 

markedly lower in the relapsed AML, whereas the frequency of cells expressing 

standard proteasome subunits b5 [PSMB5], b1 [PSMB6] and b2 [PSBM7] was 

increased compared to other hematopoietic cells. Immunoproteasome subunit b5i 

[PSMB8], however, opposed this trend with 50% of relapsed AML cells expressing the 

transcript compared to 28% of other hematopoietic cells. Reduced [PSMB9] expression 

was not a result of gene mutation, as whole exome sequencing on the relapsed AML 

did not reveal any pathogenic mutations in PSMB9. Moreover, the relapsed AML 

retained similar expression of IFN-g response genes as other cells in the PBMCs, 

suggesting cytokine responsiveness remained intact (Figure 2.12).  
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To confirm that PSMB9 is required for WT1126-134 processing and TTCR-C4 

recognition, TTCR-C4 were co-cultured with cells lines genetically modified to express the 

immunoproteasome, standard proteasome, an intermediate proteasome with a single 
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immunoproteasome subunit (b5i, b1, b2, (sIP)), or an intermediate with two 

immunoproteasome subunits (b5i, b1i, b2, (dIP)) (29). Indeed, TTCR-C4 were found to 

only recognize cell lines expressing proteasome isoforms containing b1i (Figure 2.13). 

 
To assess whether low PSMB9 may be present in other AML specimens, which 

would suggest this may be a more common phenomenon, we compared the relapsed 

leukemia to data from six normal-donor mobilized peripheral blood stem cell samples 

and 38 enriched primary AML blast samples obtained from the Fred Hutch-University of 

Washington Hematopoietic Diseases Repository. PSMB9 (b1i) RNA expression in this 

patient’s relapse AML was markedly lower compared to other AML specimens, but this 

reduction was not rare, as eight other AMLs also had low PSMB9 expression (Figure 
12.14). With the caveat that adequate AML cells prior to the final relapse were 
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unavailable for detailed analysis, these data suggests that the absence of b1i in this 

patient’s AML at relapse may have compromised recognition by TTCR-C4. 

 
TTCR-C4 preferentially eliminated WT1+ AML blasts co-expressing PSMB9.  

A second patient (Patient 2) on this trial was identified who received TTCR-C4 and 

had blasts available before and after T cell infusion (Figure 2.15A). This patient’s AML 

constituted 70.2% of PBMCs at the time of TTCR-C4 infusion. Although the absolute blast 

count moderately decreased immediately after infusion, the AML eventually progressed 

despite persistence of TTCR-C4 at greater than 3% of peripheral CD8+ T cells, and he 

succumbed to progressive disease 15 days after transfer (Figure 2.15B and C). 

ScRNAseq on PBMCs obtained before TTCR-C4 infusion showed the AML blasts were 

heterogenous and formed seven leukemic clusters (Figure 2.16A, B), all expressing 

one or more of the AML-associated genes CD34, CCND1, CDK6, FLT3, NPM1 and 
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RUNX1(Figure 2.16C). Five days after infusion, clusters “AML Blasts 2” and “AML 

Blasts 3” decreased whereas clusters “AML Blasts 1” and “monocytic AML1” expanded 

(Figure 2.16D). The expression of AML-associated genes was unchanged. HLA-A also 

remained expressed (Figure 2.16E). However, the frequency of WT1-expressing cells 

decreased from 27% to 2.5% after TTCR-C4 exposure, with the most noticeable reduction 

in the two clusters that expressed the highest abundance of WT1 (Figure 2.17A top, 

corresponding to “AML Blasts 2” and “AML Blasts 3” in Figure 2.16) WT1 loss was 

confirmed by IHC (Figure 2.17A, bottom). PSMB9-expressing AML cells were 

detected after TTCR-C4 (Figure 2.17B). In all blast populations expressing WT1 and b1i, 
but especially in the expanding clusters (“AML Blasts 1” and “monocytic AML1”), only 

the proportion of cells that co-expressed WT1 and b1i (PSMB9) was reduced after TTCR-

C4 exposure (25.1% to 1.3% or a 19-fold reduction), whereas the proportion of cells that 

only expressed WT1 remained proportionately similar (24.6% to 28.6%) (Figure 2.17C 
and D). These data support the hypothesis that TTCR-C4 exposure only efficiently 

eliminates WT1+ blasts that also express b1i.  
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Targeting WT137-45 can overcome immunoproteasome deficiency and expand 

therapeutic potential to solid tumors. 

Identifying epitopes not requiring a specific proteasome isoform might avoid 

potential immunotherapy resistance and thereby broaden the clinical translation of 

targeting WT1. We therefore investigated whether targeting alternative HLA-A*02:01-

restricted WT1 epitopes could have a therapeutic potential towards AML with low 

immunoproteasome expression, presumed resistant to TTCR-C4, or solid tumors that 

generally lack immunoproteasome processing. We generated T cell lines from 15 

healthy donors (two shown) recognizing eight previously described HLA-A*02:01-

restricted WT1 epitopes (Figure 2.18A) Our screen identified WT137-45 (also identified 

by Ruggiero et al. (30)) and WT1235-243 as promising immunogenic candidates. Cell lines 

targeting WT137-45 and WT1235-243 were sorted on tetramer positivity (Figure 2.18B) and 

assessed for reactivity towards the HLA-A*02:01 transfected, WT1+ K562 cell line which 

primarily expresses the standard proteasome and is not lysed by T cells targeting 

WT1126-134 (Figure 2.18C and D) (16). A high affinity TCR reactive to WT137-45 (TCR37-

45) was isolated from the cell lines and inserted into a lentiviral backbone (see 

Methods). CD8+ T cells expressing TCR37-45 (TTCR37-45) recognized and lysed HLA-A2- 

and WT1-transduced HEK-293 cell lines (endogenous standard proteasome 

expression) engineered or not to express the immunoproteasome (Figure 2.19A-C) 

(29). Of note, WT1 expression was not uniform in the cells from the WT1-transduced 

immunoproteasome and standard proteasome cell lines (Figure 2.19C, inset), which 

limited the maximal lytic activity achieved in this assay. CD8+ T cells expressing either 

TCRC4 or TCR37-45 lysed HLA-A2+WT1+primary AML cells (Figure 2.20A), but only 

TCR37-45 induced caspase 3 cleavage in the first patient’s relapsed, TTCR-C4-resistant 

AML (Figure 2.20B). Furthermore, only TCR37-45 reduced growth of the WT1 expressing 

solid tumor cell lines PANC-1 (31) and HLA-A*02:01-transduced MDA-MD-683 (32) in a 

live tumor visualization assay (Figure 2.21A). Exposing the PANC-1 cell line to IFN-g for 

48 hours increased b1i expression (Figure 2.21B) and enhanced recognition by TCRC4 

(Figure 2.21C).  
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 In anticipation of targeting WT137-45 for future clinical translation in both solid and liquid 

tumors, we sought to maximize the clinical efficacy by also modeling the engagement of 

both CD4+ and CD8+ T cells, as has proven efficient for CAR T cells approaches with a 

1:1 ratio CD8+:CD4+ (33). Antigen-specific CD4+ T cells, restricted by HLA class II, 

enhance CD8+ T cell survival, proliferation and function (34). As HLA class II expression 

is not always expressed by tumors (35), an alternative is to impart tumor recognition to 

CD4+ T cells through expression of a class I-restricted TCR that would co-localize 

engineered CD8+ and CD4+ T cells on the same tumor target without requiring HLA 

class II expression. Although high affinity TCRs can engage CD4+ T cells without 

CD8ab binding, TCRs with such high affinity are rarely detectable, especially for 

targeting self-proteins such as WT1 (36). To engineer functional CD4+ T cells targeting 

WT137-45 we incorporated CD8ab along with TCR37-45 into a lentiviral vector (see 

Methods). Transduction with this vector generated cells with additional CD8 on the 

surface yielding ‘enhanced’ CD8+ T cells (eCD8+) and CD4+ T cells co-expressing CD8 

and CD4 (double positive CD4+, dpCD4+). We next assessed the relative contribution of 

the CD8ab to the function of CD8+ and CD4+ T cells individually and in combination by 

intentionally decreasing the effector to target ratio from 10:1 to 4:1 and repetitively 

adding tumor cells to “stress” the engineered T cells. Increased expression of CD8ab 

did not substantially improve tumor control by eCD8+ cells compared to TCR-

transduced CD8+ T cells (Figure 2.22A), but dpCD4+ did mediate a sustained antitumor 

response, whereas CD4+ T cells transduced with the TCR alone were ineffective 

(Figure 2.22B). Furthermore, a 1:1 mixture of eCD8+/dpCD4+ TTCR37-45 cells more 

effectively controlled the solid tumor cell line, PANC-1, than either eCD8+ or dpCD4+ 

TTCR37-45 cells alone (Figure 2.22C). Of note, none of these combinations were effective 

in clearing PANC-1 targets when CD8ab was added to TCRC4 in CD4+ and CD8+ T 

cells, suggesting the addition of CD8ab does not rescue reactivity in the context of 

limited antigen processing (Figure 2.22D-F). DpCD4+ T cells, when compared to eCD8+ 

T cells alone, generally secreted abundant inflammatory cytokines (IFN-g, TNF-a, IL-2), 

cytokines associated with a helper function (IL-6, IL-17, and IL-21) or a Th2 response 

(IL-4, IL-13) and limited IL-10 associated with regulatory function (37). Although co-

cultures of eCD8+/dpCD4+ resulted in less abundant cytokines compared to dpCD4+ T 
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cells alone, all cytokines, except for IL-6, were significantly (p <0.01) greater for 

eCD8+/dpCD4+ than for eCD8+ T cells alone suggesting cytokines secreted by dpCD4+ 

in co-culture may have provided support for the effector function of eCD8+ T cells 

(Figure 2.23). Together, these in vitro data suggest TCRs targeting WT137-45 might be 

efficient against AMLs and solid tumors with limited immunoproteasome expression 

(15).  
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In a murine model TTCR35-45 but not TTCRC-4 reduce PANC-1 solid tumor. 

We next investigated whether eCD8+/dpCD4+ TTCR37-45 could reduce the burden 

of established PANC-1 tumors, which incorporate limited b1i into the proteasome 

without prolonged exposure to IFN-g (Figure 2.21B). We used a NOD-

scid IL2Rgammanull (NSG) mouse model with established PANC-1 tumors to compare 

the activity of eCD8+/dpCD4+ with TTCR37-45 or TTCR-C4 or irrelevant control (TTCR-irr) 

(Figure 2.24A). Indeed, eCD8+/dpCD4+ TTCR37-45 effectively reduced detectable tumor in 

4 of 5 mice, but TTCR-C4 and TTCR-irr did not (Figure 2.24B and C). Thus, TTCR37-45 was 

the only transduced T cell that significantly (p = 0.03) reduced PANC-1 tumor compared 

to tumor alone (Figure 2.24D).  
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Discussion 
Here, we show evidence pointing towards a previously undescribed mechanism 

of AML resistance to immunologic targeting that is proteasome dependent. 

Proteasomes are responsible for the degradation of proteins into peptides subsequently 

presented by HLA class I molecules, and the enzymatic composition of the proteasome 

can determine precisely which peptides are presented (38). In our first clinical case, 

escape under the immunologic pressure from a focused antigen-specific T cell response 

may have resulted in selection of leukemic cells with altered protein processing 

machinery that abrogated presentation of the targeted epitope. 

The standard proteasome is expressed in all somatic cells and contains a 

catalytic core composed of three enzymatic subunits (b1, b2, and b5). The 

immunoproteasome, by contrast, is expressed in hematopoietic cells and can be 

induced in most somatic cells by IFN-g. It has a different catalytic core comprised of 

distinct enzymatic b-subunits (b1i, b2i, and b5i). The immunoproteasome and standard 

proteasome each produce a broad spectrum of peptides, including many identical 

peptides, but the immunoproteasome produces a more diverse set of peptides that are 

generally considered more immunogenic (38). Proteasomes assemble in a cooperative 

fashion. Subunits b2i and b1i are mutually incorporated into the pro-form of the 

proteasome and promote subsequent incorporation of b5i to form a functional 

immunoproteasome (28). In the absence of b2i and b1i, b2 is incorporated which 

inhibits b2i incorporation and prompts standard proteasome formation through 

incorporation of b5 then b1(Figure 1.4) (39). Formation of immunoproteasome is more 

efficient and takes precedence over standard proteasome formation, which is evident by 

the dominant presence of intact immunoproteasomes in cells that express the catalytic 

components of both proteasome types (39, 40). Unlike solid tumors that preferentially 

express the standard proteasome, AML and other hematopoietic cells generally express 

the immunoproteasome predominantly, and thus largely display peptides that have 

been processed by the immunoproteasome (41). As the WT126-134 peptide appears to be 

exquisitely dependent on the presence of b1i as an integral part of the 
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immunoproteasome, processing of this epitope would be severely hampered following 

loss or downregulation of b1i. 

The proteolytic machinery of tumor cells has been shown to impact the outcome 

of epitope-specific immunotherapies, and immunoproteasome deficiency is a feature of 

limited response to immunotherapy in solid tumors (42, 43). For example, a MAGE-A3 

HLA-B40 restricted peptide was previously shown to be exclusively presented by 

immunoproteasome-expressing tumor cells (44), and the targeted WT1126-134 epitope 

was shown to be poorly or not presented by solid tumor lines (16). By contrast, efficient 

presentation of the melanoma-antigen 1 (MART1) epitope, MART126-35, and of a renal 

cell carcinoma antigen, depends on standard proteasome processing and is obstructed 

by induction of the immunoproteasome, which no longer produces these epitopes and 

thus paradoxically can allow tumors to evade elimination by antigen-specific T cells that 

are producing IFN-g following target recognition (45). Alternative processing defects can 

also be responsible for tumor evasion. In mice that lack expression of the endoplasmic 

reticulum aminopeptidase 1 (ERAP1), a component of the antigen processing 

machinery that trims peptides in the ER to fit in the binding groove of HLA class I 

molecules, HLA class I-positive, IFN-g-responsive tumors progressed despite the 

presence of functional, antigen-specific cytotoxic T lymphocytes due to failure to present 

trimming-dependent epitopes (46). Consistent with our results, these findings highlight 

how changes in a tumor cell’s antigen processing machinery can disrupt immune 

recognition, particularly if a single epitope is targeted.  

Our study has limitations and raises questions that warrant future elucidation. We 

only observed one such ‘resistant’ case in this small initial trial and no additional HLA-

A2+, WT1+, PSMB9low primary AMLs could be obtained from our repository. Thus, no 

conclusions can be derived as to the frequency of this mechanism either under natural 

immunologic pressure or as a result of immunotherapy. The infused TTCR-C4 also 

contained their endogenous EBV-specific TCR and signaling through this receptor 

cannot be formally excluded as an explanation for the activation signature observed at 

remission. The timing of the clinical sampling for the first patient and the unavailable 

‘fresh’ leukemia prior to TTCR-C4 infusion, hampered the ability to unequivocally 

demonstrate the recurrence was due to b1i loss. Although we observed a roughly 60% 
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reduction in PSMB9 transcripts post TTCR-C4 (Figure 2.10A), the unavailability of ‘fresh’ 

leukemia before TTCR-C4 infusion did not allow for a direct comparison of incorporated 

proteasome subunits before and after TTCR-C4 by immunoblot. The presence of other 

leukemias with low b1i and the progression of the second patient’s AML with reduced 

WT1/b1i co-expression after TTCR-C4 suggests there are many other potential obstacles 

to efficacy with engineered T cells. Establishing a murine model that can recapitulate 

loss of b1i as a result of immunological pressure or more generally the study of AML in 

the presence of T cell infusions to investigate escape mechanisms is warranted, 

especially as TCR gene therapy becomes more common.  

The results underscore the importance of epitope selection for T cell therapy or 

vaccination strategies, in which the goal is to enhance the magnitude of T cell 

responses to selected epitopes (47). In particular, epitopes commonly identified in 

public databases reflect responses to epitopes expressed by target cells in inflammatory 

conditions or presented by professional antigen-presenting cells, both of which likely 

express the immunoproteasome, which can lead to selection of potentially sub-optimal 

targets. In the face of tumor heterogeneity, strategies targeting multiple proteins or 

epitopes using engineered T cells will likely be necessary. Targeting epitopes efficiently 

processed by both the standard proteasome and immunoproteasome may also increase 

the chances of circumventing proteasome-dependent immune-evasion (15). We 

pursued the latter strategy in searching for an epitope not exclusively dependent on the 

immunoproteasome. Our results suggest that selecting T cells/TCRs recognizing WT137-

45 (See also Ruggiero et al. (30)) rather than WT1126-134 should assure that changes in 

the relative immunoproteasome expression cannot abrogate presentation of WT1-

expressing cells and allow for immune evasion, thus promoting successful clinical 

translation both for vaccines and TCR-engineered T cell therapies. 

 

Materials and Methods 
Clinical Protocol. The trial was approved by the Fred Hutchinson Cancer Research 

Center (FHCRC) Institutional Review Board, the U.S. Food and Drug Administration, 

and the National Institutes of Health Recombinant DNA Advisory Committee. It is 

registered at clinicaltrials.org as NCT1640301. Individuals with features of ‘high-risk’ 
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acute myeloid leukemia (AML) and their respective fully human leukocyte antigen 

(HLA)-matched (10/10) related or unrelated donors expressing HLA-A*02:01 (HLA-A2) 

were eligible for treatment.  

 

Patient Selection. HLA-A2 genotype was confirmed by high-resolution typing (48) prior 

to pre-hematopoietic cell transplant (HCT) formal enrollment. High-risk features included: 

AML with adverse genetic abnormalities (49), AML beyond 1st remission, primary 

refractory AML, therapy-related AML, AML arising in patients with antecedent 

hematologic disorders, or AML with evidence of minimal residual disease (MRD) or overt 

disease at time of HCT (49-51). Exclusion criteria included: active central nervous 

system (CNS) disease, HIV seropositivity, grade ≥3 graft-versus-host disease (GVHD), 

and no available Epstein-Barr Virus (EBV)-seropositive matched donor. On this two-arm 

clinical trial, patients with no detectable disease post-HCT received treatment with TTCR-

C4 on the Prophylactic Arm, and patients with evidence of disease post-HCT received 

TTCR-C4 on the Treatment Arm (10).  

 

Detailed case report of Patient 1. The first individual described here was a 27-year-old 

man who, at the age of 15 was diagnosed with AML. His AML proved resistant induction 

chemotherapy. The patient finally achieved a complete remission after single agent 

gemtuzumab ozogamicin (Mylotarg). He underwent a first 10/10 matched related 

mobilized allogeneic HCT with a preparative immunodepleting regimen. HCT was 

successful with full engraftment and no evaluable disease (NED) detected post-HCT. 

His AML relapsed seven years later and was now located in the marrow (61% blasts in 

the marrow, in the central nervous system (67% blasts) and within a S2-S3 nerve root 

myelosarcoma. He received systemic re-induction chemotherapy and radiation which 

again achieved a complete response. He received a second reduced-intensity HCT 

from a 10/10 matched unrelated donor after a preparative regimen. This second HCT 

achieved 100% donor engraftment and NED post-HCT. He continued to receive IT MTX 

for 7 months post-HCT and his AML relapsed 7 months after treatment discontinuation 

with predominantly cervical C5 and C7 myelosarcomas and minimal marrow 

involvement (0.002% blasts). He received a cycle of chemotherapy and radiation. Two 
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months after the start of this last treatment and immediately prior to a first infusion of 

1010 TTCR-C4/m2 on the Treatment Arm, he had no evaluable bone marrow AML. The 

patient was monitored and showed no evidence of GVHD or toxicity to cells expressing 

low Wilms’ tumor antigen 1 (WT1) including the hematopoietic system, kidneys, lung, 

heart, liver, and skin were observed. He remained with NED and no additional 

treatments for 368 days before relapsing with a bladder myelosarcoma. His concurrent 

bone marrow aspirate was positive for AML blasts. He received a second infusion of 

1010 TTCR-C4/m2, radiation to the bladder, and then additional chemotherapy which did 

not control his AML. In accordance with the patient and his family, no additional 

treatments were administered, and he succumbed to progressive AML a year after his 

2nd TTCR-C4 infusion. Although the patient was followed closely after the last relapse, the 

study team respected his wishes for minimal intervention and sample collection, which 

limited the amount of material obtained.  

 

Detailed Case Report of Patient 2. The second patient described was a 47-year-old 

man who at the age of 46 was diagnosed with a myelodysplastic syndrome with excess 

blasts (blasts constituted 15.6% of marrow cells). A month later he presented with 

circulating blasts and received chemotherapy which did not avert progressive disease, 

and no remission was achieved. His circulating blast count was then maintained with 

hydroxyurea. He was enrolled in a transplant protocol specifically designed for patients 

with residual leukemia and received a myeloablative regimen prior to the infusion of 

peripheral blood stem cells from a male matched unrelated donor. Twenty-eight days 

after transplant, he presented with minimal residual disease (0.28% abnormal marrow 

blasts). He received additional chemotherapy, but his disease continued to progress. A 

bone marrow biopsy performed 94 days after HCT showed 12.9% blasts. Twelve days 

prior to the infusion of 1010 TTCR-C4/m2 on the protocol Treatment Arm (150 days after 

HCT), his marrow showed 69% blasts; immediately prior to cell infusion his complete 

blood count included a total of 8030 white blood cells/mcl with 66% blasts (5310 

cells/mcl), 9% neutrophils (720 cells/mcl) and 13% lymphocytes (1040 cells/mcl). 

Although his absolute blast count moderately decreased immediately after infusion, his 

AML subsequently progressed despite persistence of TTCR-C4 at greater than 3% of 
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CD8+ T cells in the peripheral lymphocyte compartment. He succumbed to progressive 

disease 15 days after TTCR-C4 transfer.  

 

Assessment of disease status. Morphology, multiparameter flow cytometry (52), 

standard cytogenetics (53), or genomic technologies (54) were routinely performed on 

bone marrow aspirates that were obtained from the patients. Any detectable residual 

disease was considered to indicate positivity for MRD. 

 

Isolation of TCRC4 and lentiviral vector construction. TCRC4 was selected from a 

screen of more than 1000 T cell clones from more than 50 HLA-A2+ healthy donors 

based on its comparatively higher functional avidity for the WT1126-134 peptide 

(RMFPNAPYL) as previously described (10). TCRC4 was inserted into the 

pRRLSIN.cPPT.MSCV/GFP.wPRE vector obtained from the lab of Richard Morgan after 

excising the green fluorescent protein (GFP) gene (55). 

 

Generation of TTCR-C4. All ex vivo processing of infusion products was performed in the 

FHCRC cGMP Cell Processing Facility (CPF) at as previously described (10). Briefly, 

substrate CD8+ T cells for generating the TCRC4-transduced T cells (TTCR-C4) were 

obtained from an aliquot of the granulocyte colony stimulating factor (G-CSF)-stimulated 

peripheral blood mononuclear cells (PBMC) donation (mobilized leukapheresis) of the 

patients’ corresponding allogeneic stem cell donors. Cells were stimulated with the 

HLA-A2-restricted EBV (EBV280-288 BMLF1 [GLCTLVAML]) peptide, transduced using 

the pRRLSIN.cPPT.MSCV/TCRC4b-P2A-TCRC4a/wPRE lentiviral vector and sorted by 

flow cytometry; cells were labeled with peptide:HLA tetramers that selectively bound the 

WT1-specific TCR labeled with allophycocyanin (APC) and the EBV-specific TCR 

labeled with phycoerythrin (PE); double positive cells were selected followed by  a 

secondary, non-specific expansion and infusion into the patient. Total production time 

was 4 to 6 weeks. Quality control of the infused products included assessment of 

inserted lentiviral vector copy number per cell (≤5 copies per cell), envelope vesicular 

stomatitis virus (VSV)-G DNA by qPCR as a surrogate marker for replication-competent 

lentivirus (RCL) (<10copies/50ng DNA) and binding to the WT1126-134 HLA-A2-restricted 
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tetramer (≥30% of live cells). HLA-A2/WT1126-134 specific tetramers (produced by the 

FHCRC Immune Monitoring Core facility) were used to detect TTCR-C4 in PBMCs 

collected after infusions, with a staining sensitivity of 0.01% of total CD8+ T cells, as 

previously described (56).  

 

Clonotype identification in the pre-infusion product and tracking by high 
throughput TCRb sequencing. To identify clonotypes composing infused TTCR-C4, 

high-throughput TCRb sequencing (HTTCS) analysis was performed on HLA-

A2/WT1126-134 tetramer+ cells from the pre-infusion product to obtain >99% purity (57). 

As the TCRC4 sequence was codon-optimized, HTTCS could not identify the introduced 

WT1-specific TCR. Instead, HTTCS identified clonotypes based on the endogenous 

EBV-specific TCR sequence. To track the identified clonotypes, HTTCS was performed 

on whole PBMC obtained after transfer (57). Briefly, DNA was extracted from T cell 

products and sorted PBMC using Qiagen Maxi DNA isolation kits (QIAGEN Inc.). TCRβ 

complementary determining region (CDR)3 regions were amplified and sequenced from 

750ng of extracted DNA by Adaptive Biotechnologies Corp using the ImmunoSEQ 

assay with “deep” resolution, as previously described (58). Raw sequence data was 

filtered using the Adaptive bioinformatic website based on the TCRβ V, D and J gene 

definitions provided by the International ImMunoGeneTics collaboration (IMGT) (59) 

using the IMGT database (www.imgt.org). Productive nucleotide sequences were used 

for all tracking experiments. The limit of detection of HTTCS was set at 0.001% of all 

TCR reads, below which frequency could not be reliably determined (59). Only 

clonotypes present in the infusion products were tracked in PBMC obtained after 

infusions. Infusion product ‘bystander’ clonotypes were defined as those not detected in 

vivo post-infusion and not expanded during the ex vivo culture process and were 

eliminated for further analysis (57). The frequency of each HTTCS-detected clonotype is 

based on all TCR Vb reads which include CD4+ and CD8+ T cells. 

 

Flow cytometry on T cells. TTCR-C4 in infusion products and post-transfer PBMCs were 

identified by binding to the APC dye-labeled HLA-A2:WT1126-134 tetramer (FHCRC in-

house production) and analyzed by flow cytometry after staining for 30 minutes with 
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fluorochrome-conjugated monoclonal antibodies to CD16 (1:150 dilution, PE-Cy5, clone 

3G8, Becton Dickinson. 555408), CD19 (1:80 dilution, PE-Cy5, clone HIB19, Becton 

Dickinson, 555414; for dump channel), CD4 (1:50 dilution, brilliant ultraviolet (BUV) 496, 

clone SK3, Beckton Dickinson, 612936), CD8 (1:80 dilution, Qdot 605, clone 3B5, Life 

Technologies, Q22157), CD28 (1:200 dilution, brilliant violet (BV) 421, clone CD28.05, 

BioLegend, 302930), CD27 (1:200 dilution, Fluorescein isothiocyanate (FITC), clone M-

T271, BioLegend, 356404), CD62L (1:50 dilution, PE, clone SK11 Becton Dickinson, 

341012) and CD45RO (1:100 dilution, Alexa Fluor 700, clone UCHL1, BioLegend, 

304218). A representative example of the initial gating algorithm is shown in Figure 
2.25A.  
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Intracellular cytokine staining. Cryopreserved PBMCs were thawed and rested 

overnight in RPMI-1640 medium, supplemented with 10% fetal bovine serum (FBS) 

(R10). Intracellular cytokine staining and stimulations were performed using a 15-color 

staining panel, as previously described (60, 61). The stimulation cocktail contained 

either WT1126-134 peptide in R10 at a final peptide concentration of 1 µg/mL or R10 with 

an equivalent amount of dimethyl sulfoxide (DMSO) used to preserve the peptides 

(negative control) or staphylococcal endotoxin B (Sigma-Aldrich, 11100-45-1, positive 

control). Modifications to the panel included excluding interleukin (IL)-21, CD56 and 



 69 

CXCR5, changing IL-2 to PE-dazzle 594 (1:100 dilution, clone MQ1-17H12, BioLegend, 

500344). Cells were analyzed on an LSRII flow cytometer (Becton Dickinson), using 

FACS-Diva software. The resulting flow cytometry data were analyzed with FlowJo 

v9.9.6 (Treestar). Percent cytokine expression (% of tetramer+ cells that are both 

cytokine+ and tetramer+ in the DMSO only sample [negative control]) was calculated for 

each sample. Percent tetramer+cytokine+ cells in the presence of DMSO without peptide 

varied among samples from 0-2.27% with a median of 0.745%. A representative 

example of the initial gating algorithm is shown in Figure 2.25B.  

 

Serum EBV and CMV quantitation. EBV PCR was developed in-house using primers 

specific for the EBER gene (62); the limit of quantitative detection (the minimum virus 

concentration that gives a positive result in 95% of replicates) was 250 IU/mL (2.40 log 

IU/mL). Quantitative results less than 250 IU/mL are described as very low positive. 

CMV PCR was developed in-house using primers specific for the UL123 and gB genes 

(63); the limit of quantitative detection (the minimum virus concentration that gives a 

positive result in 95% of replicates) was 20 IU/mL (1.3 log IU/mL). Quantitative results 

less than 20 IU/mL are described as very low positive.  

 

Single Cell RNA Sequencing (scRNAseq). ScRNAseq (64) was performed on 

samples from two patients enrolled in NCT1640301. Patient 1 ‘remission’ and ‘relapse’ 

samples were selected to be approximately 100 days after the last infusion to minimize 

changes associated with infusion of large numbers of ex vivo-manipulated cells. Patient 

2 samples were selected before TTCR-C4 infusion and five days after. PBMCs for both 

patients were thawed, washed, and labelled using the 10x Genomics 3’ Chromium v2.0 

(Patient 1) or 5’ Chromium v2.0 (Patient 2) platform per manufacturer's instructions. 

Library preparation was performed as per manufacturer’s protocol with no modifications. 

Library quality was confirmed by Illumina TapeStation high sensitivity (evaluates library 

size), qubit (evaluates dsDNA quantity), and KAPA qPCR analysis (KAPA Biosystems, 

evaluates quantity of amplifiable transcript). Samples were mixed in equimolar fashion 

and sequenced on an Illumina HiSeq 2500 rapid run mode according to standard 10x 

genomics protocol. 
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Computational analysis for scRNAseq on Patient 1. The Cell Ranger Single-Cell 

Software Suite (v2.0.0) was used to perform sample demultiplexing, barcode processing 

and single-cell 3’ gene counting (http://10xgenomics.com). First, raw base BCL files 

were demultiplexed using the Cell Ranger mkfastq pipeline into sample-specific FASTQ 

files. Second, these FASTQ files were individually processed using the Cell Ranger 

count pipeline. Reads, which contain cDNA inserts, were aligned to the hg38 human 

reference genome (Ensembl) and the known transgene codon-optimized sequence 

using Spliced Transcripts Alignment to a Reference (STAR) (65). Aligned reads were 

then filtered for valid cell barcodes and unique molecular identifiers (UMIs). Cell 

barcodes with 1-Hamming-distance from a list of known barcodes were examined. UMIs 

with sequencing quality score > 10% and not homopolymers were retained as valid 

UMIs. A UMI with 1-Hamming-distance from another UMI with more reads, for a same 

cell and a same gene was corrected to this UMI with more reads. The default estimated 

number of cells used were 10,000 cells for both ‘remission’ and ‘relapse’ timepoints. 

Samples from both time points were aggregated using the Cell Ranger aggr pipeline 

resulting in one gene-barcode count matrix to be used for downstream analyses. A 

correction for sequencing depth was performed during the aggregation.  

 

Statistical analysis for scRNA-seq on patient 1 PBMC. Standard analyses were 

performed using the Seurat R package (66, 67). Following sequence alignment and 

filtering, cells with a percentage of mitochondrial genes > 20%, a unique gene counts < 

200 or > 15,000 UMIs were removed. Based on these thresholds, 68 cells were 

discarded, resulting in a data set of 7,688 cells for downstream analyses. Only genes 

with at least one UMI count detected in at least three cells were kept (16,590 genes). A 

library-size normalization was performed for each cell. UMI counts were divided by the 

total number of UMI in each cell and multiplied by 10,000. Data were then log 

transformed and corrected for unwanted sources of variation such as the number of 

detected UMIs and percentage of mitochondrial content using the ScaleData R function 

as described in the Seurat manual. As high mitochondrial gene expression might be 

suggestive of low-quality libraries (68), the corrected-normalized gene-barcode matrix 
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was used as input to perform Principal component analysis (PCA), clustering, and 

Uniform Manifold Approximation and Projections for Dimension Reduction (UMAP) 

analyses, whereas the normalized gene-cell barcode matrix was used as input for the 

differential expression analysis as described below. PCA was performed using the top 

2,000 most variable genes. The top 20 principal components (PCs) were then down-

selected for UMAP visualization and clustering. UMAP with these parameters (n.epochs 

= 400, min.dist = .2, local.connectivity = 20) was performed using the RunUMAP R 

function. Cell clustering was performed using a graph-based clustering method 

implemented in Seurat (FindNeighbors and FindClusters R function) using a resolution 

of 0.25. 

Differential expression analysis was performed using the R package Model-based 

Analysis of Single-cell Transcriptomics (MAST) (69) implemented within the FindMarkers 

R function from the Seurat R package. MAST provides functionality for significance 

testing of differential expression using a Hurdle model, gene set enrichment and facilities 

for visualizing patterns in residuals indicative of differential expression. It is a two-part 

generalized linear model that simultaneously models the rate of expression over the 

background of various transcripts (logistic regression), and the positive expression mean 

(Gaussian). These tests are two sided and adjust for the bimodal nature of scRNAseq 

data. Differential expression was performed between clusters, and between conditions 

(such as transgenic versus endogenous CD8+ T cells). In each case, the normalized 

gene-cell barcode matrix was used as input. The model included the cellular detection 

rate (CDR), defined as the total of UMIs in a given cell, as a covariate to correct for 

biological and technical nuisance factors that can affect the number of genes detected in 

a cell (such as cell size and amplification bias). Genes were declared significantly 

differentially expressed at a false discovery rate (FDR) of 5% and a fold-change > 1.5. 

 

Computational and statistical analysis for scRNA-seq on patient 2. A relaxed 

quality control (QC) strategy was used, and we chose to only exclude cells with large 

mitochondrial proportions as proxy for cell damage. A stringent cutoff (2 Median 

Absolute Deviation; MAD) was used for percent of mitochondrial genes, resulting in a 

data set of 10,700 cells for downstream analyses (2,477 cells were filtered out). Only 
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genes with at least one UMI count detected in at least three cells were retained (17,475 

genes). 

Data integration and standard analyses were performed using the Seurat R 

package (67). Gene expression data integration was performed using the time point as 

factor, resulting in two different datasets. To integrate the gene expression values, we 

first separately normalized each of our partitions using the SCTransform R function (70) 

with vars.to.regress = "percent.mito". Data integration was then performed using the two 

R functions FindIntegrationAnchors and IntegrateData (with dims = 1:50). PCA was 

performed on the integrated dataset was performed using the RunPCA R function. The 

top 50 PCs were then used for UMAP visualization and clustering. UMAP with this 

parameter (min.dist = .01) was performed using the RunUMAP R function. Cell 

clustering was performed using a graph-based clustering method implemented in 

Seurat (FindNeighbors and FindClusters R function) with different resolutions. 

Differential expression analysis was performed using the R package, MAST (69), 

implemented within the FindMarkers R function from the Seurat R package as 

described in the Statistical analysis for scRNA-seq on patient 1 PBMC section 

 
Immunohistochemistry (IHC). WT1 IHC was performed by a College of American 

Pathologists Clinical Laboratory Improvement Amendments (CLIA) certified laboratory 

with a standard clinical protocol. Paraffin-embedded core bone marrow biopsies or 

particle preparations were sectioned (4µM) and antigen retrieval performed by heat 

treatment in 10mM sodium citrate buffer (pH 6) before staining with DAKO mouse anti-

WT1 monoclonal antibody (mAb) clone 6F-H2, at a 1:800 dilution. IHC for HLA Class I 

(HLA-A, B, C) was performed in a CLIA certified laboratory using Paraffin-embedded 

core bone marrow biopsies or particle preparations were sectioned (4µM). Antigen 

retrieval was performed at heat treatment at 95°C for 20 minutes in DIVA citrate 

buffer (pH 6.0), before staining with mouse monoclonal major histocompatibility complex 

(MHC) Class I antibody clone EMR8-5 (Abcam) at a 1:1000 dilution. 

 

AML HLA-A2 flow cytometry. Patient PBMCs were assessed at relapse for HLA-A2 

expression using Flow Cytometry. Briefly, PBMCs containing ≥89% AML were stained 
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for 30 minutes CD34 (1:50 dilution, BV421, clone 561, BioLegend) to identify AML 

blasts and for HLA-A2 (1:600 dilution, APC, clone BB7.2, Beckton Dickinson). Samples 

were evaluated on an FACSymphony flow cytometer and analyzed as described above. 

 
Gene expression analysis from archived formalin fixed paraffin embedded (FFPE) 
samples and peripheral blood. Tumor tissues was obtained post-second HCT and 

pre-TTCR-C4 from a malignant chloroma (Figure 2.7A) and at the time of relapse from 

PBMCs (day 581 after the first TTCR-C4 infusion). Both samples contained ≥89% AML. 

For FFPE tissues, total RNA was extracted using the AllPrep DNA/RNA FFPE Kit 

(Qiagen); for PBMCs, RNA was extracted using Blood RNEasy miniprep kit 

(Qiagen). RNA gene expression quantification was performed using the nCounter 

Immunology Panel (Human V2, code set NS_Immunology_v2_c2328) that contains 579 

immunology related human genes plus 15 internal housekeeping control genes per 

manufacturer’s protocol (NanoString Technologies). The raw counts were normalized 

using the geometric mean of the internal controls using nSolver software (Version 4.0) 

and all samples passed QC parameters (Figure 2.10B) (71). For the blood sample 

collected after TTCR-C4 infusion, the normalized counts for the panel-represented genes 

encoding the cap proteins ([PSMC2] and [PSMD7]) and the catalytic sites of the 

immunoproteasome (IP) and (b5i [PSMB8], b1i [PSMB9], b2i [PSMB10], b5 [PSBM5] 

and b2 [PSMB7]) were expressed as a fold-change compared to expression in the 

cervical chloroma sample obtained before TTCR-C4 infusions. Of note, although the purity 

of both samples was ≥89% AML, the pre-TTCR-C4 sample was a chloroma and 

considered to be nearly 100% AML, whereas the relapsed PBMC sample on which RNA 

gene expression was performed contained only 89% AML. Thus, the calculated 

reduction of b1i [PSMB9] is likely an underestimate due to immune and hematopoietic 

cells (expressing elevated immunoproteasome genes) in the PBMC sample.  

 

WT1 sequencing. Clinical sequencing for oncogenic mutations including for WT1 was 

performed on a post-relapse bone marrow biopsy specimen from day 58 after 2nd 

infusion using the University of Washington OncoPlex platform. Performance details 

and characteristics of this technology have been previously described (72). Tumor 
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percentage in the specimen was 35%. The study quality was “high,” full length WT1 was 

sequenced with good coverage of all exons, and average WT1-specific coverage for 

this sample was 452X.  

 
Whole Exome sequencing. Isolated AML cells were sent to University of Washington 

Center for Precision Diagnostics for whole exome sequencing. >95% of genes had at 

least 20X coverage. A single nucleotide polymorphism was detected in [PSMB9], which 

was a G to A transition at position 179 (c.179G>A) yielding a change from an arginine to 

histidine (p.Arg60His). This polymorphism is reported to occur in 26.8% of the population 

(NCBI ALFA allele frequency, global population) (73).  

 

T cell isolation, activation, and transduction for cytotoxicity assays, live tumor-
cell killing assays, and in vivo studies. CD8+ and CD4+ T cells were isolated from 

healthy HLA-A*02:01 donor PBMCs using the EasySep Human positive selection kits 

(STEMCELL Technologies) following the manufacturer’s protocol. T cells were seeded 

at 106 T cells/ml with 50 IU/ml IL-2 and were activated with either CTS Dynabeads 

CD3/CD28 (Life Technologies), T Cell TransAct, human (Miltenyi Biotec), or 30ng/ml 

OKT3 antibody according to manufacturer’s instructions. After 24 to 48 hours of 

stimulation, the stimulant (beads, TransAct, or OKT3) was removed and T cells were 

transduced with lentiviral particles encoding TCRC4, TCR37-45 or an irrelevant virus-

specific TCR (TCRIrr.). In some cases, transduction efficiency was enhanced by 

spinfecting T cells at 30°C and 1055 x g for 90 minutes with 5 µg/mL polybrene (Sigma-

Aldrich) or 10mg/ml protamine sulfate. Because TCR37-45 is dependent on CD8 

expression in assays involving use of CD4+ cells, the CD8α and CD8β chains were 

added to the existing lentiviral constructs to generate double positive CD4+ (dpCD4+) 

and ‘enhanced’ CD8+ (eCD8+) T cells. Cells were maintained every 2 to 3 days with IL-2 

and media supplemented with 5 to 10% human serum, L-glutamine (Thermo Fisher 

Scientific) or glutamax (Thermo Fisher Scientific) and antibiotics (penicillin (200U/ml) 

and streptomycin (0.1mg/ml) (Thermo Fisher Scientific). After seven days, T cells were 

stained for 30 min and then selected for CD8+ (1:100, BV421, clone RPA-T8, Becton 

Dickinson, 562428) and tetramer-binding (APC, FHCRC) using flow cytometry and 
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subsequently placed in non-specific rapidly expanding protocol (REP) (74) for 9 to 12 

days before use. Cells used for 51Cr release assays, live-tumor assays, recognition 

assays, and in vivo studies were used after sort purification. Cells used in the AML 

cytotoxicity assays underwent Cas9 electroporation before WT1-specific TCR 

transduction to knockout both their TCRα and TCRβ chains of the endogenous TCR 

(see CRISPR methods below).  

Assessment of WT1126-134 dependence on specific immunoproteasome subunits. 
Four HEK-293EBNA cell lines, each expressing one proteasome subtype (29, 75), were 

used to study processing of the peptide WT1126-135 by the four proteasome isoforms. 

The day before transfection, 30,000 HEK-293 cells were seeded in collagen-treated 96-

well plates (Greiner) in 100µl Iscove’s Modified Dulbecco Medium (IMDM) plus 10% 

FBS supplemented with essential amino acids, penicillin (200U/ml) and streptomycin 

(0.1mg/ml). The next day, 293 cells were transfected in duplicate using LT-transit (Mirus 

Bio), 50 ng HLA-A*02:01 and the indicated concentration of the pCMV6-XL4-WT1 

variant D cDNA (Origene). As control, 1μM peptide WT1126-135 was pulsed on HLA-A2 

transfected cells for 30 minutes. Peptide was removed before addition of TTCR-C4. After 

24 hours, transfected cells were incubated with 10,000 TTCR-C4 in 200μl IMDM medium 

supplemented with 10% FBS, essential amino acids, penicillin (200U/ml), streptomycin 

(0.1mg/ml) and 25 U/ml recombinant IL-2. After 20 hours of co-culture, the culture 

supernatant was collected, and tumor necrosis factor (TNF)-a released by TTCR-C4 was 

measured using WEHI -164 cl13 cells as previously described (76).  

Collection, sorting, and RNA extraction of normal donor peripheral blood stem 
cells and primary AMLs. For our study, we had access to historical data from six 

normal donor mobilized peripheral stem cells and peripheral blood or bone marrow AML 

samples from 38 patients. All donors and patients signed the informed consent for Fred 

Hutch protocol #1690: Fred Hutch/University of Washington Hematopoietic Diseases 

Repository. Cryopreserved samples were thawed, and RNA was extracted as 

previously described (77). Briefly, thawed cells were stained for 30 minutes with CD45 

(APC-H7, clone 581, BioLegend, 560178) to identify lymphoid and myeloid populations, 

as well as CD34 (APC, Clone 581, BioLegend, 343510) and CD117 (PE, clone 104D2, 
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BioLegend, 313204) to identify the immunophenotype of leukemic blasts. Viable AML 

blasts were sorted on a BD FACS Aria II instruments for viable AML blasts. Cells from 

the CD34+ enriched normal donor mobilized peripheral stem cells and leukemic blast 

populations were then lysed in RLT-Plus buffer (Qiagen) supplemented with b-

mercaptoethanol (Sigma-Aldrich), and RNA were extracted by using the AllPrep 

DNA/RNA Mini kit (Qiagen) and quantified by using the Nanodrop spectrophotometer 

(Thermo Fisher Scientific). RNA integrity number (RIN) was determined on an Agilent 

2200 TapeStation (Agilent Technologies). 
 
RNA sequencing on viable leukemia blasts and normal mobilized peripheral 
blood stem cells. RiboErase (Roche) was utilized to deplete ribosomal RNA, and 

transcriptome libraries were generated using a KAPA Stranded RNA-Seq Library 

Preparation Kit. Paired-end 50 bp or 75 bp reads were sequenced on either an Illumina 

HiSeq 2500 instrument or NovaSeq 6000 instruments (Illumina). A pipeline of 

established bioinformatics tools, including FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), STAR2 (65), RSeQC (78), 

Subread/featureCounts (79), was used by the Fred Hutch bioinformatics shared 

resource to assess data quality, map reads to GRCh37/hg19 and compute gene-level 

expression based on GENCODE gene annotation V31 (80). The expression matrix was 

processed by edgeR (81) and normalized using the Trimmed Mean of M-values (TMM) 

method (82). 

 

Identification of the HLA-A*0201-restricted WT1-specific TCR37-45.  

1. Generation of WT1 epitope-specific T cell lines. Antigen-specific T cell lines 

were generated from two donors that were specific for the following WT1 

peptides: WT110-18 (ALLPAVPSL), WT122-31 (GGCALPVSGA), WT137-45 

(VLDFAPPGA), WT138-46 (LDFAPPGAS), WT1187-195 (SLGEQQYSV), WT1235-243 

(CMTWNQMNL), WT1238-246 (WNQMNLGAT), and WT1242-250 (NLGATLKGV). 

Ten lines were generated from each donor targeting each epitope (160 total) as 

previously described (74). Briefly, dendritic cells (DCs) were derived from the 

plastic adherent fraction of PBMCs after culture for two days (days -2 to 0) in 
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media supplemented with 1000 U/ml IL-4 and 800 U/ml Granulocyte-Macrophage 

colony stimulating factor (GM-CSF). On day -1, a maturation cocktail containing 

10ng/ml TNF-a, 10ng/ml IL-1b, 1000 U/ml IL-6 and 1000ng/ml prostaglandin E2 

(PGE2) was added. On day 0, DCs were harvested, washed, and pulsed with 

peptide. CD8+ T cells were isolated from PBMCs using anti-CD8 microbeads and 

stimulated with peptide-pulsed DCs in the presence of 30ng/ml IL-21. Cultures 

were fed every 2 to 3 days by exchanging half of the medium and adding 12.5 

U/ml IL-2, 5ng/ml IL-7 and 5ng/ml IL-15. T cells were re-stimulated every 10 days 

by culturing at a 1:2 ratio with irradiated, peptide-pulsed, autologous PBMCs.  
2. Sort-purification of WT1-specific T cell lines. T cell lines from the most 

responsive donor PBMCs were stained with peptide-HLA-A*02:01 tetramers 

specific for WT137-45 and WT1235-243. The optimal tetramer concentration for 

staining was determined by titrating each tetramer on a cell population containing 

antigen-specific T cells and evaluating specific staining above background (non-

specific) T cells. The tetramer-stained cells were sorted for high tetramer 

expression and expanded using a modified REP with IL-2 (50 U/mL), OKT3 (1 

mg/mL), and 100-fold excess of irradiated feeder cells in 8 mL of RMPI-1640 

supplemented with 10% heat inactivated human serum, 25 mM HEPES, 12 mM 

L-glutamine, and 55 μM b-mercaptoethanol (CTL media). Cultures were 

maintained with CTL media and 50 U/mL IL-2 every 2 to 3 days. 

3. Evaluation of antigen-specific cytokine production in response to HLA-A2+ 
K562 cells. Sorted antigen-specific T cells were co-cultured at a 1:1 ratio with 

HLA-A2-transduced K562 cells (A2+ K562). After 6-hour incubations in the 

presence of golgi-inhibitors (BD GolgiPlug and GolgiStop), cells were surface-

stained with anti-CD8 and then fixed (BD Cytofix/Cytoperm) before intracellular 

labelling with anti-interferon (IFN)-g in BD Perm/Wash buffer. The cells were then 

analyzed by flow cytometry to determine the percentage of IFN-g+ cells for each 

sample. 

4. Isolation and expression of a WT137-45-specific TCR. WT137-45-specific T cells 

that exhibited the most robust IFN-g response when cultured with HLA-A2+ 

K562s, were further sorted for the highest population of tetramer binding T cells 
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(about 1% of the total population). The sorted tetramerhi cells were lysed, RNA 

was isolated, and full-length TCRa- and TCRβ- encoding genes (TRA and TRB) 

were amplified by RACE PCR (TakaraBio). A dominant TCRA/TCRB clonotype 

was evident after sequencing, which was confirmed to be WT137-45 specific by 

expression in Jurkat cells followed by WT137-45 specific tetramer staining. This 

TCR (TCRWT1-37-45 #1) was then synthesized as a codon-optimized P2A-linked 

lentiviral expression construct in the pRRLSIN.cPPT.MSCV/GFP.wPRE vector 

after excising the GFP gene (55). 

5.  Lysis of A2+ K562 cells by Primary T cells expressing WT1-specific TCRs. 

Target HLA-A2+ K562 cells or control (HLA-A2-) K562 cells were labeled with 
51Cr (Perkin Elmer) overnight, washed and incubated in triplicate with effector T 

cells expressing either TCRC4 or TCRWT1-37-45 #1 at various effector to target (E:T) 

ratios. Supernatants were harvested for γ-counting after a 4-hour incubation and 

percent specific lysis was calculated. 

 

Immunoblot of proteasome catalytic subunits from patient sample or HEK-293 
cell lines expressing specific proteasome isoforms. For the relapsed patient 

sample, PBMCs were depleted of CD3+ cells using EasySep CD3+ selection kit II 

(StemCell) following manufacturer’s instructions. CD3+ cells were discarded leaving an 

AML- enriched blast population. Blasts or cell lines were then counted and lysed at 40M 

cells/mL for 15 minutes on ice using Pierce IP lysis buffer (Thermo Fisher Scientific) 

with 1X proteasome inhibitor (Thermo Fisher Scientific). Lysates were centrifuged at 

13,000G for 10 minutes to clear.  

Assembled proteasome complexes were isolated using co-immunoprecipitation 

with and anti-a2 antibody, MCP21 (Enzo Lifesciences, BML-PW8105) and 

immunoblotted with different immunoprecipitation beads, as previously described (83) 

(29). Briefly, Dynabeads M-270 epoxy beads (Invitrogen) were functionalized with 

MCP21 at 35 µg antibody per mg Dynabeads following manufacturer’s instructions. 

Cleared lysate was quantified using a BCA assay Kit (Thermo Fisher Scientific) and 700 

ng protein was incubated with 1mg functionalized beads to capture assembled 
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proteasome complexes. Complexes were eluted in 0.1M Glycine buffer pH 2 to 2.5 and 

neutralized with equal volume Tris pH 7.5.  

Proteasome composition was assessed by immunoblot. Elution fractions were 

separated on a denaturing 4-12% polyacrylamide gel and then transferred to a PVDF 

(Invitrogen) membrane, using the mini-blot module (Invitrogen). Membranes were 

blocked for 1 hour at room temperature in TBS containing 5% of dry milk and 0.1% 

Tween 20, and washed three times in TBS, 0.1% Tween and incubated with the 

relevant primary antibody. Standard proteasome (SP) and immunoproteasome beta 

subunits were probed overnight in a solution of TBS, 5% milk powder, and 0.1% Tween-

20 for b1[patient AML: (1:500 dilution, Santa Cruz Bio, sc-374405), cell lines: (1:500 

dilution, Enzo Life sciences, BLM-PW8140)], b2 (1:250 dilution, Enzo Lifesciences, 

BML- PW8145), b5 (1:1000 dilution, Enzo Lifesciences, BML- PW8895), b1i (1:500 

dilution, Enzo Lifesciences, BML- PW8840), b2i(1:250 dilution Novus, NBP1-8660-), b5i 

(1:1000 dilution, Enzo Lifesciences, BML- PW8355) and the shared beta-subunit b7 

(1:1000 dilution, Enzo Lifesciences, BML- PW8135) was used as a loading control.  

 

Transduction of HEK-293EBNA cells expressing the IP or SP with WT1 and HLA-
A*02:01. HEK-239EBNA cell lines expressing either the IP or SP (83) were serially 

transduced with lentiviral constructs containing HLA-A*02:01 then WT1 (pCVL-A) (84). 

Cells were cultured on CELLCOAT Type I Collagen plates (Greiner bio-one) in IMDM 

medium supplemented with L-Glutamine, 1%, non-essential ammino acids (NEAA), 1X, 

and 10% FBS. Hygromycin and puromycin were added to select for IP expressing cells. 

Cells were first transduced with HLA-A*02:01; positive cells (APC) were isolated using 

the Sony MA900. HLA-A2+ cells were then transduced a second time with full-length 

WT1 (variant D) in the pCVL-A (84) co expressing eGFP. Cells were again stained for 

HLA-A2 and double positive HLA-A2+GFP+ cells were selected using the Sony MA900 

WT-1 expression was further confirmed by IHC  

 
Cytokine analysis of eCD8+ and dpCD4+ TTCR37-45 cells. PBMCs were thawed from a 

healthy donor. CD8+ and CD4+ T cells were selected using CD8 and CD4 positive 

selection kits (Stem Cell Technologies). CD8+ and CD4+ T cells were transduced with a 
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polycistronic construct containing TCR37-45 and CD8ab to yield eCD8+ and dpCD4+ T 

cells respectively. 5.0 x105 cells of either eCD8+, dpCD4+, or a combination 

eCD8+/dpCD4+(1:1 ratio; 2.5 x105 cells each) were co-cultured with T2 cells 

exogenously loaded with 10µg WT137-45 peptide at an E:T ratio of 5:1 for 4, 24, or 48 

hours before supernatant was collected for analysis. Cytokine concentrations were 

determined using the R&D systems Luminex (85) platform according to manufacturer’s 

instructions. Based on the inability of CD4+ T cells to control tumor without co 

expression of the CD8αβ co-receptor (Figure 2.22 and Figure 2.23), suggesting a lack 

of TCR activation through TCR signaling, we did not assess the cytokine profile of CD4+ 

T cells alone. Similarly, CD8+ cells expressing only TCR37-45 showed identical tumor 

control as eCD8+ T cells and were not assessed separately. 

 

Cytotoxicity assays of HEK-293EBA IP and SP cell lines. Cytotoxic activity of mock-

transduced, TTCR-C4 -transduced and TCR37-45 -transduced CD8+ T were examined by 

assessing the capacity of the T cells to lyse WT1- and HLA-A2-transduced HEK-293-

EBNA cell lines expressing either the IP or SP in a 4 hour 51Cr release assay at the 

indicated effector to target (E:T) ratios as previously described (86).  

 

AML cell death assays. The endogenous TCR can non-specifically react with the 

patient sample (only HLA-A2 is matched) necessitating an additional CRISPR step to 

view specific TCR signaling. Because TCRC4, TCR37-45, and TCRIrr. are codon 

optimized, they are not susceptible to the crisprRNA (crRNA) used. To measure T cell-

induced AML lysis, CRISPR edited T cells were transduced with TCR37-45, TCRC4, and 

TCRIrr and stained with carboxyfluorescein succinimidyl ester and cultured with primary 

AML cells at the indicated E:T ratios in triplicates for 18 hours as previously described 

(87). Briefly, after the culture period, surviving AML cells were identified by staining for 

CD45 (1:600 dilution, PE Texas Red, clone 2D1, BioLegend), CD34 (1:50 dilution, 

BV421, clone 561, BioLegend) and CD38 (1:160 dilution BUV395, clone HB7, Beckton 

Dickinson) for 30 minutes and quantified with Flow Count beads (Molecular Probes). 

Percent killing was calculated by the formula: (absolute number of AML targets in co-

culture/absolute number of AML targets in target only control well) x 100.  
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To measure T cell induced AML apoptosis, T cells with endogenous TCR a and b 

chains knocked out with CRISPR were transduced with TCR37-45, TCRC4, or TCRirr and 

cultured with PBMC from patient 1’s relapsed AML at a 3:1 E:T ratio (3.0 x 106 T cells, 

1.0 x 106 AML) for 1 hour. The cells were harvested and stained with a viability dye 

(TONBO Biosciences #13-0870-T100) and cell surface markers for 30 minutes, CD34 

(1:50 dilution, BV421, BioLegend, 343610), CD8 (1:100 dilution, APC-Cy7, BD 

Biosciences, 557760) and CD45 (1:300 dilution, PE, BioLegend, 368510). The cells 

were fixed with 4% Formaldehyde (CellSignal, 47746) and permeabilized with 100% 

Methanol (CellSignal, 13604) according to manufacturer’s instructions, followed by 

intracellular stain for 1 hour for cleaved caspase-3 (1:50 dilution, FITC, CellSignal, 

96695) and flow cytometry analysis. Percent cleaved-caspase 3 expressing CD8-CD34+ 

cells were quantified.  

 

CRISPR-Cas9 Gene editing by electroporation. CD8+ and CD4+ T cells were 

selected from healthy PBMCs using the EasySep Human CD8 Positive Selection kit II 

and Human CD4+ T Cell isolation kit (STEMCELL Technologies). T Cells were seeded 

at 106 T cells/mL with 50 IU/mL IL-2 and activated with T Cell TransAct, human (Miltenyi 

Biotec) according to manufacturer’s instructions; TransAct was removed after 48 hours. 

Cells were then electroporated with Cas9 complexed with CRISPR-RNA (crRNA) 

targeting the TCRa and TCRb to knock out the endogenous TCR, sequences for TRAC 

Exon 1 and TRBC Exon 1 were 5’-AGAGTCTCTCAGCTGGTACA-3’ and 5’- 

GGAGAATGACGAGTGGACCC -3’ respectively. To generate gRNAs, crRNAs and 

tracrRNAs were thawed, mixed at 1:1 v/v ratio (160mM stock) and incubated at 37°C for 

30 minutes. To create the ribonucleoprotein (RNP) mixture, Cas9 protein (MacroLab, 

Berkeley, 61μM stock) and poly-L-glutamic acid (Sigma-Aldrich, 100 mg/mL in H2O 

stock) were both added to the gRNA at a 1:1 v/v ratio (Poly-L-glutamic Acid:Cas9 

protein). Poly-L-glutamic acid increases stability of the Cas9 (88). T cells were 

resuspended in Lonza P3 Buffer (1x106 per 20μL) and 4μL of the RNP mixture was 

added to each sample. The Cell/RNP mixture was transferred to a 16 well 

nucleocuvette strip (Lonza) and electroporated using the pulse code EH115 (Lonza, 

Nucleofector Device). Following electroporation, 80μL of prewarmed medium was 
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added and the samples recovered for 15 minutes at 37°C. Cells were then transferred 

to 1mL of prewarmed media and allowed to rest for 1 hour at 37°C before transduction 

with lentivirus encoding TCRC4, TCR37-45 or TCRIrr.. An aliquot of untransduced cells was 

reserved to assess TCRa/TCRb knockout efficiency by flow cytometry 3 days later, 

efficiency was determined as percent CD3-. Cells were allowed to grow for 7 days after 

transduction, then FACS sorted for CD8+tetramer+ (BV421, APC), then placed into REP 

for 7 to 9 days. 
 
Live tumor-cell killing assays. T cell killing capacity was monitored using the IncuCyte 

S3 Live-Cell Analysis System (Essen BioScience). Two human solid tumor lines - 

pancreatic cancer cell line, Panc-1 (ATCC, CRL-1469), and breast cancer cell line, MDA-

MB-468 (ATCC, HTB-26) tumors were transduced with the IncuCyte NucLight Red 

Lentivirus Reagent (Sartorius) and seeded (10,000 cells/well) in 48-well plates (Corning). 

When comparing WT1-specific TCRs, wells were cocultured in triplicate at an E:T ratio of 

10:1 with either no T cells, or with TCR-transduced CD8+ T cells. When investigating if 

CD4+ T cells could help sustain an anti-tumor response, wells were cocultured in 

triplicate at an E:T ratio of 4:1 with no T cells, CD8+ T cells, dpCD4+ T cells or a 

CD8+/dpCD4+ T cell mixture. CD8+ and CD4+ T cells were transduced with a lentiviral 

construct containing CD8ab along with TCR37-45. For all assays, red fluorescence was 

recorded at 2-hour intervals for 96 hours or 156 hours. Tumor rechallenge (10,000 

cells/well) was conducted at 48 hours and 96 hours. Images were analyzed using the 

IncuCyte S3 v. 2019b software (Essen BioScience) with total red object area (μm2/well) 

corresponding to the degree of tumor cell death over time.  

 
In vivo TTCR37-45 therapy model. Experiments were performed following the approved 

IACUC protocol 50898. In accordance with best practices, the ARRIVE checklist was 

followed for in vivo studies. The HLA-A2+ WT1+ pancreatic cancer cell line Panc-1 

(ATCC, CRL-1469), was transduced to express a firefly luciferase (PANC-1Luc); 

individual clones were assessed for high luciferase expression. Clone#9 was selected 

for a high degree of transgene expression and used in subsequent in vivo studies. 

Female NSG (NOD-scid IL2Rgammanull, Jackson Laboratory 005557) mice (89) of 
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similar age (six to eight weeks) were injected intraperitoneally (I.P.) with 1.25 x 105 

PANC-1Luc cells. As a ‘prevention’ model of adoptive T cell therapy, 3 days later mice 

either received no T cells at all (tumor only), or therapeutic TTCR37-45 T cells consisting of 

2x106 each eCD8+ and dpCD4+. For the ‘treatment’ model of adoptive T cell therapy, 

tumor burden was measured 14 days post tumor injection and mice with no detectable 

tumor were excluded from the study. Remaining mice with detectable tumor were 

enrolled in the study and randomly assigned to treatment groups. a one-way ANOVA 

with Tukey’s multiple comparison test was used to confirm there was no significant 

difference in tumor burden between the groups (p ≥ 0.64). Mice either received no T 

cells at all (tumor only), or therapeutic T cells (TTCR37-45 , TTCRC4 ,or TTCRirr.) consisting of 

10x106 each eCD8+ and dpCD4+. Mice in both studies were imaged and weighed 

weekly. The mice were administered 1µL of Luciferin per gram of body weight at 15 

mg/mL of concentration I.P. under isoflurane anesthesia. After 15 minutes the mice 

were imaged while still under isoflurane anesthesia. At week 4, TTCR37-45 treated mice 

received a second injection of TTC37-45 T cells (2.0x106 each CD4+ and CD8+). Mice were 

euthanized on week 8.  
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Chapter 3- Artemis 
Abstract 
 Cytotoxic CD8+ T cells recognize and eliminate malignant cells through recognition of 

antigen-derived peptides presented on class I HLA and proteasomal degradation of 

proteins is considered the primary source presented peptides. Cells can express 

standard proteaseome and/or immunoproteasome isoforms which generate ‘distinct’ 

(isoform-dependent) or ‘mutual’ (isoform-independent) peptides. Transgenic T cell 

receptor (TCR) T cell (TCR-T) immunotherapy utilizes CD8+ T cells recognizing a 

specific HLA-presented peptide to eliminate diseased cells presenting that peptide. 

However, cancer cells can evade TCR-T cell immunotherapy by modulating proteasome 

composition to prevent production of the ‘distinct’ peptide and thereby avoid recognition 

by TCR-T cells.  

TCR-T cell therapy could be enhanced if tailored to target ‘mutual’ peptides. We 

utilized an emerging peptide discovery platform, Artemis, which employs soluble HLAs 

to bypass immunoprecipitation of endogenous HLAs. Artemis performed in proteasome-

specific cell lines (expressing either the standard proteasome or immunoproteasome) 

revealed the proportions of ‘mutual’ and ‘distinct’ peptides were specific to each of the 

three HLA alleles tested with HLA-A*02:01 having the fewest ‘mutual’ peptides and 

HLA-A*11:01 having the most. Furthermore, we recovered 37 peptides from three 

antigens associated with acute myeloid leukemia, 19 (51%) were ‘mutual’ peptides. Our 

findings reveal that HLA isoforms can influence the ratio of ‘mutual’ versus ‘distinct’ 

peptides. Defining proteasomal processing of tumor-associated antigens could enhance 

peptide selection for optimal targeting with TCR-T cell therapy and Artemis is an 

effective platform to identify ‘mutual’ peptides. 

 

Introduction 
Cytotoxic (CD8+) lymphocytes are known to eliminate abnormal cells including 

those that are malignant or virally-infected. Specificity of cell-mediated cell killing is 

primarily achieved through recognition of antigenic peptides (1, 2). Peptides 8-14 amino 
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acids in length, bind class I HLA in the endoplasmic reticulum and are trafficked to the 

surface where the HLA-peptide complex can engage a T-cell receptor (TCR) on CD8+ 

lymphocytes (2, 3). This TCR:HLA-peptide interaction is highly specific and integral to 

disease clearance making it the focus of several vaccination strategies and T cell-based 

immunotherapies, including transgenic TCR T-cells (TCR-T) that express a high-affinity 

TCR recognizing a defined HLA-peptide complex found on the malignant cell surface. 

While TCR-T cell immunotherapies have demonstrated clinical potential (4-7), 

identifying reliable HLA-peptide targets for therapeutic TCR-Ts remains cumbersome. 

To identify whether the selected HLA presents a given peptide, many groups, 

including ours (8), first utilize in silico predictions to determine if a theoretical peptide 

binds the HLA (e.g. netMHCpan (9), MHCflurry (10)). To ultimately validate whether the 

peptide is naturally presented first requires generating T cell lines that recognize the 

target HLA-peptide and then culturing those T cells with tumor lines expressing antigen. 

Briefly, peptides are synthesized and exogenously loaded onto presenting cells. T cells 

from HLA-matched donors are then co-cultured with the peptide-loaded presenting cells 

and reactive T cells proliferate. After a few rounds of stimulation, T cell lines reactive to 

the HLA-peptide complex are generated. Reactivity of these T cells lines toward HLA-

matched tumor lines expressing the parent protein are assessed to confirm natural 

peptide presentation. This process relies on (1) successful T cell generation and (2) 

indirect in vitro recognition (e.g. ELIspot, chromium release, Incucyte assays). Another 

option is to directly probe the peptides presented on the target cell surface. This relies 

on immunoprecipitation of membrane-bound HLAs followed by mass spectrometry and 

computational deconvolution to match eluted peptides to the presenting HLA (11). This 

process is labor intensive and technically challenging. Recent advances include using 

engineered cells expressing a single HLA to avoid computational deconvolution (12) 

and soluble HLAs to circumnavigate immunoprecipitation (13). While in silico peptide 

binding predictions now include algorithms trained on data sets with peptides eluted 

directly off cells using immunoprecipitation, they do not currently account for potential 

abnormalities in upstream processing of the peptide, which have been associated with 

several cancers (14, 15). Larger, more varied, and comprehensive data sets that 
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include processing and presentation information are necessary to improve practical 

application of these predictive tools for TCR-T peptide discovery.  

In this work we employed an innovative peptide discovery platform, Artemis (16), 

that utilizes a soluble HLA called a single chain dimer (SCD). The SCD has the 

transmembrane portion of the HLA replaced with a 6x-histidine tag to facilitate easy 

capture. The beta-2-microglobulin subunit is physically linked to the alpha chain with a 

glycine-serine linker to fuse the HLA dimer into a single amino acid sequence (Figure 
3.1A). Because the SCD lacks a transmembrane domain, the peptide-SCD complex is 

secreted into the media, where it is easily collected and captured using standard 

immobilized metal-ion affinity chromatography (IMAC). The captured SCD is denatured 

to release the peptide while the SCD remains bound to the IMAC column. Mass 

spectroscopy is then used to sequence eluted peptides that reflect naturally presented 

peptides (Figure 3.1B). Peptides recovered from Artemis have nearly identical 

characteristics to those identified with classical immunoprecipitation as described by 

Finton et al. (16) Peptides identified with Artemis share similar length distributions and 

HLA binding motifs to those recovered using traditional immunoprecipitation. 
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Furthermore, Artemis and traditional immunoprecipitation have comparable distributions 

of peptides predicted to be strong-binding, weak-binding, and non-binding as 

determined by netMHCpan4.1. Both methodologies recover peptides derived from 

proteins in all cell compartments at similar frequencies and  recover similar peptide 

repertoires; 80% of peptides detected using immunoprecipitation are also observed with 

Artemis (16).  

For CD8+ T cells to clear malignant or infected cells, target cells must have intact 

upstream processing machinery to generate peptides for presentation. Proteasomal 

degradation is considered the primary source of class I HLA-displayed peptides (17) 

though other proteases, such as endoplasmic reticulum aminopeptidase (ERAP), can 

trim peptides after proteasomal degradation and before HLA presentation (18).  

The proteasome core (20S) is composed of four heptamer rings stacked 

symmetrically– alpha-beta-beta-alpha – with the catalytic subunits located in the beta 

rings. The standard proteasome (SP) is expressed in somatic cells and many solid 

tumors; it contains enzymatic subunits b1, b2 and b5. The immunoproteasome (IP)is 

expressed in immune cells, hematopoietic cells, and many liquid tumors but can be 

induced in most somatic cells with IFN-g exposure (19). Its catalytic core contains 

subunits b1i, b2i, and b5i. Thus, the SP and IP possess different catalytic subunits that 

are reported to generate ‘distinct’ (isoform-dependent) or ‘mutual’ (isoform independent) 

peptides (20, 21).The relative proportions of ‘mutual’ versus ‘distinct’ peptides are ill-

defined and the mechanisms governing observed differences remain unclear. It has 

been hypothesized that IPs have unique cleavage preferences (22), but more recent 

studies suggest that IPs have an increased catalytic rate and generate more peptides, 

rather than divergent cleavage preferences (23). 

Tumors can alter proteasome expression to evade immune recognition (14, 15, 

24). ‘Mutual’ peptides offer potentially robust therapeutic T cell targets as they will be 

produced regardless of which proteasome isoform is expressed. Herein, we use the 

Artemis platform to investigate contributions of the SP and IP to the immunopeptidome 

and identify ‘mutual’ peptides from tumor associated antigens.  
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Results 
 
HLA selection 

 Extensive allelic diversity in class I HLAs makes empirical investigation of the presented 

immunopeptidome across all HLAs impractical. Therefore, we selected a subset of 

representative HLAs for our investigation. Five HLA alleles offer ≥ 90% coverage for 

most ethnicities indicating a small subset of HLA alleles may be used to study most of 

the population (25). Three HLA-A alleles – HLA-A*02:01, HLA-A*24:02 and HLA-

A*11:01 – cover most (71%) of the United States population (Figure 3.2A). Per records 

of the 2020 census, Asian (4.8%), Black (12.3%), Hispanic (16.4%) and White (63.8%) 

ethnicities account for 97.3% of the population (Figure 3.2B). Even within each 

ethnicity, these three HLA-A alleles cover >30% of each respective sub-population. 

(Figure 3.2C).  

HLAs will show strong binding preferences for peptides containing select anchor 

residues, usually at the second and final residue of the binding peptide (26). 

Biochemical properties of the anchor residues are specific to each HLA (26). In addition 

to selecting alleles that cover most of the U.S. population, we chose alleles with diverse 

anchor residues to minimize allele-specific binding preferences obscuring differences 

from proteasomal cleavage. We selected HLAs from three HLA super types with final 

anchor residue preferences of varied chemical characteristics including small 

hydrophobic residues (HLA-A*02:01), large aromatic/hydrophobic residues (HLA-

A*24:02) and positively charged residues (HLA-A*11:01). Diversity of anchor residue 

preferences at the second amino acid position are prominent in HLA-B alleles, i.e., HLA-

B*07 prefers a proline and HLA-B*44 favors acidic residues (26). However, ERAP 

cleaves peptides from the n-terminus (27) and differences a position 2 may be more 

reflective of ERAP cleavage than proteasomal processing. HLA-B alleles were thus 

excluded and SCDs corresponding to HLA-A*2:01 (HLA-A2SCD), HLA-A*24:02 (HLA-

A24SCD) and HLA-A*11:01 (HLA-A11SCD) (16) were selected for analysis.  
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Artemis immunopeptidome coverage  

Antigen presentation is dynamic and inherently stochastic (2), making it difficult 

to capture the entire immunopeptidome. We sought to determine how many Artemis 

replicates were required to cover a substantial portion analyzing 4-6 biological replicates 

for each HLASCD allele and aggregating total unique peptides after each run. After 

approximately three replicates the rate of new peptide identification slows (16) (Figure 
3.3). The total number of observed peptides varied with the HLA allele tested, with HLA-

A11SCD displaying the most followed by HLA-A24SCD and lastly HLA-A2SCD (Figure 3.3). 
We performed at least four biological replicates of each HLASCD proteasome 

composition to investigate SP/IP contributions to the immunopeptidome.  

 
Artemis in proteasome-restricted cell lines 

To investigate the immunopeptidome of each proteasome isoform, we required 

cell lines to exclusively express either the SP or the IP. HEK293E cells grow rapidly and 

densely in suspension increasing the amount of SCD that can be collected and makes 

them ideal for Artemis. Unmodified, HEK293E cells express the SP (Figure 3.4A) (28). 
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To express the IP, HEK293E cells were transduced to overexpress the IP b-subunits 

b1i, b2i and b5i as previously described (28). IP subunits have a higher affinity for 

assembly chaperones making IP formation faster and more efficient than SP, and the IP 

becomes the dominant isoform (29, 30). These lines were successfully used by our 

group in a previous publication (14) (Figure 3.4A). 

When we transduced SP and IP cells with each HLASCD, we observed a slight 

decrease in growth kinetics (Figure 3.4B) and viability for the IP cells (61%) compared 

to SP cells (76%) (Figure 3.4C). Fewer peptides were detected from IP cells (Figure 
3.4D), but no significant difference was observed in endogenous HLA expression (p = 

0.70, Figure 3.4E) or transduction efficiency (p = 0.56, Figure 3.4F). IP cells have 

increased SCD reporter expression (p<0.01, Figure 3.4G) but there was no difference 

in HLA-A24SCD, as measured by western blot (Figure 3.4H). The limited peptide yields 

from IP cells could stem from reduced viability and limited growth rather than a true 

biological difference in peptide recovery. IP lines were heavily modified with lentivirus to 

express five additional proteins including three additional IP beta-subunits, an HLASCD 

and an antigen of interest. High viral burdens are known to negatively impact viability 

(31).  
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We used the Artemis pipeline to perform 4-6 biological replicates for each of the 

six experimental conditions: 1. SP + HLA-A2SCD, n=4, 2. SP + HLA-A24SCD, n=5, 3. SP 

+ HLA-A11SCD, n=6, 4. IP + HLA-A2SCD, n=4, 5. IP + HLA-A24SCD, n=5, and 6. IP + HLA-

A11SCD, n=5. Peptides from experimental replicates were aggregated and duplicates 

were removed. The resulting lists of unique peptides were used for downstream 

analyses. 

We observed no substantial difference in peptide characteristics from IP and SP 

cells. For each HLASCD, Artemis binding motifs of 9mer peptides matched the widely 

accepted motifs from netMHCpan 4.1 for both IP and SP lines, as well as all 9mers 

recovered with Artemis (Figure 3.5). Likewise, the distribution of peptides 8-16 amino 

acids in length was similar for both IP and SP cells. 9mer and 10mer peptides were the 

most frequent (Figure 3.5) and is consistent with previously published work (3, 16, 32). 

Of note, some HLAs, including HLA-A11 in our subset, will accommodate longer 

peptides (3). Certain alleles repeatedly presented more peptides than others across 

proteasome isoforms with HLA-A11SCD yielding the most peptides, followed by HLA-

A24SCD and then HLA-A2SCD (Figure 3.6).  
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To determine if the observed peptides are predicted to be strongly, weakly, or not 

at all bound to the given HLA we utilized the web-based portal netMHCpan4.1 (9). As 

expected, most of the 9mers and 10mers were predicted to bind strongly with a rapid 

decrease in the frequency of strong binders as length increased above 12 amino acids. 

Almost no observed 8mers were predicted to strongly bind (Figure 3.7). SP and IP cells 

produced similar frequencies of strong-, weak- and non-binding peptides (Figure 3.7). 

This does not support the notion the IP can produce more strong binding peptides than 

the SP. 
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Artemis reproducibility in SP and IP cells 

Repeated sampling of biological replicates continued to reveal new peptides 

even after up to six Artemis replicates (Figures 3.3, 3.8, and 3.9) likely reflecting the 

dynamic nature of the immunopeptidome (2) and sampling stochasticity. However, the 

number of new peptides recovered drops steeply after the second replicate (Figure 
3.8), implying a few replicates could capture the majority of commonly presented 

peptides. For example, Artemis performed on SP cells transduced with HLA-A24SCD 

yielded an average of 5760 (SD ± 1214) peptides from the first replicate and 1176 (SD ± 

1008) from the second. The fourth and fifth replicates identified only 778 (SD ± 415) and 

621 (SD ± 342) new peptides respectively (Figure 3.8). Moreover, when all SP + HLA-

A24SCD biological replicates are aggregated, each replicate has 321-1242 unique 

peptides (Figure 3.9). Additional replicates would continue to increase the total number 

of observed peptides and approach complete coverage of the immunopeptidome. 
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However, a trend of diminishing returns after 3-4 replicates (16, 32). This trend is 

repeated across all HLASCD alleles and proteasome isoforms (Figures 3.8 and 3.9).  
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Defining the ‘mutual’ immunopeptidome 

Although binding motifs, length distributions and predicted binding affinity did not 

vary between SP and IP cells, we wanted to determine if the sequences of identified 

peptides differed with proteasome composition. Previous literature indicates SPs and 

IPs generate distinct but overlapping peptide repertoires (20, 21, 33, 34) and clinical 

cases of immune evasion through modulation of proteasome subunits (14, 24) hint at a 

biologically-relevant difference. However, the extent of peptide overlap between 

proteasome isoforms for specific tumor antigens remains unclear.  
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 Mass spectrometry (MS) has intrinsic variability, in part due to the complexity of the 

technique (35). Reproducibility of protein identifications from the same mixture can be 

up to ~70-80% across machines, when streamlined analysis protocols are in place. 

Even technical replicates (duplicate samples from the same tube) show variability with 

only ~80-85% reproducibility (16, 36). However, peptide reproducibility showed only 35-

60% overlap between technical replicate pairs (35). To determine the overlap for our 

experiments, we compared the immunopeptidomes from three representative biological 

replicates for each HLASCD-proteasome combination; when possible, sets with similar 

numbers of peptides were used. Different HLASCD alleles were not compared as anchor 

residues vary between HLAs tested which sharply reduces common peptides (16). The 

overlap of biological replicates was calculated (see Methods) (16) for each pair in a 

representative set of three SP or IP runs (within the same HLA). SP replicates had an 

average of 79.8% overlap (SD ± 6.17%, range = 66.5-88.0%) (Figure 3.10, top row) 

while IP replicates had an average of 75.8% overlap (SD ± 5.79%, range = 66.2-82.5%) 

(Figure 3.10, bottom row). Although variation in MS combined with stochastic antigen 

presentation might predict limited overlap, we report overlaps similar to those previously 

observed between replicates (16, 35, 36). 

 We next compared the overlap between SP- and IP-expressing cells for each HLASCD 

allele, aggregating duplicates and aggregating all runs for each HLA and proteasome 

combination. We observed 32.1%, 46.9% and 60.5% SP:IP overlap for HLA-A2SCD, 

HLA-A24SCD, and HLA-A11SCD respectively (Figure 3.11A). This was notably lower than 

the overlaps within the same proteasome isoform (Figure 3.10). Absolute peptide 

recovery from IP replicates was considerably lower than from SP replicates. This could 

contribute to a reduced overlap, as the calculation used gives each input equal weight 

and will skew lower when the two sets are of very different sizes (16). Reduced peptide 

yields from IP cells may be a technical artifact stemming from the reduced growth 

kinetics of IP cells, described above. To account for this discrepancy, a subset of 

peptides in each SP data set was randomly selected to match the total peptides found 

in the corresponding IP condition (see Methods: down sampling). Interestingly, the 

SP:IP overlap was further reduced to 20.2%, 35.9% and 56.0% overlap for HLA-A2SCD, 

HLA-A24SCD, and HLA-A11SCD respectively (Figure 3.11B). This suggests that the SP:IP 
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overlap is HLA specific and that the fraction of ‘mutual’ peptides in the 

immunopeptidome could vary depending on which HLAs are present on the cell.  
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To see if there was any difference in 'distinct' versus 'mutual’ peptide sequences, 

we looked for divergent patterns in the sequence logos for 9mer SP ‘distinct, ‘mutual’, 

and IP ‘distinct’ peptides across all three HLA alleles tested (Figure 3.12). The peptides 

from SP or IP cells were aggregated for each HLASCD. The observed SP:IP overlap 

appeared to be a weighted average from all three HLAs with relatively high overlap 

(52%) likely due to the large contribution of peptides from HLA-A11SCD, which saw the 

highest allele-specific overlap at 56% (Figure 3.12, top). There was a slight deviation 

between the sequence logo for the SP ‘distinct’ peptides and the sequence logo for both 
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the ‘mutual’ and IP ‘distinct’ peptides. This included more prominent lysine (K) at 

position 1, leucine (L) at position 2, aspartic acid (D) and glutamic acid (E) at position 4, 

and valine (V) at position 9. These amino acid preferences mirror the binding motif for 

HLA-A*02:01. Their relative higher proportion in the SP sequence logo likely reflect the 

low HLA-A2SCD yields in the IP cell line and therefore low contribution of HLA-A*02:01 

peptides to the IP peptide pool. Increasing the number of peptides in the IP dataset is 

required to draw more definitive conclusions.  
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Mechanisms driving IP and SP immunopeptidome divergence are debated. 

Hypotheses include divergent cleavage specificities (37-39) and differing catalytic rates 

(23). Proteasomes cleave the peptide bond c-terminal to the final amino acid of the 

resulting peptide. Cleavage of a 9mer peptide is illustrated in Figure 3.13. For this 

example 9mer (Figure 3.13A), the flanking amino acid n-terminal to P1 is labeled P1’ 

and the amino acid c-terminal to P9 is labeled P9’, to illustrate their relationship to the 

resulting peptide. Because IP and SP specific b-subunits share considerable homology, 

59% -71% (23), the flanking amino acids could influence cleavage specificities. 

Therefore, we looked at residues flanking the observed peptide (P1’ and P9’) as 

predicted based on alignment to the human proteome. Unique 9mers were aggregated 

across the three HLASCD alleles for SP and IP and predicted flanking residues were 

added to the sequence. Motifs for the resulting 11mers (9mer +2 flanking residues) 

showed no preference for specific residues flanking the cleavage site (Figure 3.13B). 

The P9 position did show a deviation between for SP and IP, a valine (V) was enriched 

at P9 for SP but not IP (Figure 3.13B), again likely driven by having very few HLA-A2 

restricted peptides in the IP dataset. As HLA-A2 prefers a valine (V) or leucine (L) at P9, 

having few HLA-A2 restricted peptides means these residues are underrepresented in 

the IP dataset. Viewing presented peptides and not direct proteasomal products could 

obscure catalytic differences between SP and IP by overshadowing the differences with 

HLA binding preferences.  



 109 

 
 



 110 

Utilizing ARTEMIS to identify ‘mutual’ peptides of clinical interest.  

Observed reduction in SP and IP overlap, in conjunction with clinical reports of 

immune evasion through proteasome isoform substitution, imply that proteasomal 

processing should be considered when selecting clinical targets. We therefore used 

Artemis to identify ‘mutual’ peptides from cancer antigens of interest.  

Three acute myeloid leukemia (AML) antigens were selected. these include an 

over expressed self-antigen that was previously pursued as a TCR-T cell target, Wilms 

Tumor-1 (WT1) (4, 14, 40, 41). A promising over expressed self-antigen not yet pursued 

as an AML TCR-T cell target is Cyclin-A1 (CCNA1) (42), and promising mutated antigen 

in AML is Calreticulin (CALR), with a frameshift mutation yielding 44 new amino acids 

on the c-terminus (CALRmut) (43).  

Previous Artemis work showed exposure to IFN-g improved peptide yields (16), 

but IFN-g also modulates the proteasome. In an initial experiment to see if we could 

detect peptides from WT1, we exposed HEK293E (SP) cells transduced with HLA-

A2SCD and WT1 to inflammatory cytokines, INFg and TNF-a, according to the previously 

published Artemis protocol. Under these conditions we recovered five HLA-A2 

restricted, WT1-derived peptides (Table 3). This included the WT137-45 [VLDFPAGGA] 

peptide identified by our group (14) and others (40) as a viable TCR-T cell target and 

determined to be a ‘mutual’ peptide through T cell recognition of the SP and IP cells. 

Due to exposure to cytokine exposure, we cannot conclusively determine if this peptide 

is produced by the IP, SP or both. Although we did observe an increase in HLA-A2SCD-

restricted peptides when exposed to IFN-g (7349 peptides), subsequent experiments 

were not subjected to cytokine to prevent changes in proteasome composition and allow 

us to delineate ‘distinct’ versus ‘mutual’ peptides.  
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Incomplete co-transduction of HLASCD (mCherry reporter) and antigen (GFP 

reporter) indicated a need to enrich for cells expressing both the SCD and target 

antigen (Figure 3.14A). Transduced cells were sorted once or twice to achieve >80% 

purity of double-positive cells (Figure 3.14B) and thereby improve the probability of 

detecting peptides from target antigens. Artemis was performed for each HLASCD and 

antigen combination at least twice. Peptides derived from antigens of interest were 

identified for each HLASCD (Figures 3.15-3.17). Unfortunately, yields of HLA-A2SCD 

restricted peptides were low in the IP line and we were unable to recover any peptides 

from WT1. The combination of three peptide-limiting factors, 1. low peptide recovery for 

WT1 compared to other antigens, 2. reduced peptide yields in IP versus SP cells, and 3. 

fewer peptides for HLA-A2SCD compared to HLA-A24SCD or HLA-A11SCD, likely 

contributed to no detectable WT1 derived, HLA-A2 restricted peptides from the IP line.  

 



 112 



 113 



 114 

 
91 unique antigen-derived peptides were identified across the three HLA alleles 

and proteasome-isoforms. As the selected HLAs should not present the same peptide, 

54 were determined to be contaminating peptides, i.e., appearing in more than one 

HLASCD data set and not expected to bind any HLASCD (16). Contaminating peptides 

tended to be longer in length and with acidic residues at the C-terminus, and therefore 

not predicted to bind any of the selected HLAs. Although antigen presenting cells can 

cross-present exogeneous peptides on class I HLAs (44), HEK293E cells are not 

specialized presenting cells and are not expected to efficiently cross present peptides. 

Contaminant peptides were likely due to overexpressing the antigen (16). CALRmut-

derived peptides were detected from HLA-A2SCD-transduced IP cells, although all were 

considered contaminants. Contaminating peptides were culled and the remaining 37 

peptides are listed in Table 4, 19 were ‘mutual’ peptides (Table 4, purple bold). Again, 

we observed differences in the frequency of ‘mutual’ peptides for each HLASCD allele 
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(Table 4, purple) with HLA-A2SCD having the fewest ‘mutual’ peptides and HLA-A11SCD 

having the most, suggesting that the repertoire of ‘mutual’ peptides is HLA-specific. 

Although these numbers do align with findings in Figure 3.11, the strength of this 

correlation was limited by the very few peptides recovered from each antigen. Of note, 

several similar peptides differed by only a single amino acid, such as [AQFPNHSFK] 

and [AAQFPNHSFK]. Per our filtering criteria outlined in the methods (16), these were 

considered real and unique peptides.  

We next wanted to know where the ‘distinct’ or ‘mutual’ peptides were found in 

the parent protein. Each tested antigen is displayed as a linear sequence (Figures 
3.15-3.17) with ‘mutual’ peptides in purple, IP ‘distinct’ peptides in blue and SP ‘distinct’ 

peptides in red. Antigens with more recovered peptides began to show ‘hot spots’ 

similar to previous work (45). Unfortunately, we were unable to recover any peptides 

from the mutant c-terminal sequence of CALRmut (Figure 3.15, bold and underlined).   

Of the 37 recovered peptides, four were previously described to be immunogenic 

(Table 4, yellow highlight) supporting the use of Artemis as a novel platform to identify 

presented peptides and clinically-relevant targets. Standard immunoprecipitation was 

used to elute both WT1185-193 [FGPPPPSQA] and WT1242-250 [AQFPNHSFK] off WT1-

expressing cells including primary AML cells and an ovarian cancer line (46) . Likewise, 

CCNA1415-423 [SLSEIVPCL] has been eluted off primary AML cells (47). WT1490-498 

[RWPSCQKKF] has been shown to be immunogenic (48, 49) and used in peptide 

vaccines (50). Artemis also identified peptides not previously described, though 

immunogenicity still needs to be confirmed. 
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Discussion 
Proteasomes are the primary source of peptides presented by class I HLA and 

can determine precisely what peptides are presented (20) for immune recognition. 

Indeed, there are multiple clinical case reports (14, 24) of proteasome modulation to 

escape immune surveillance highlighting the need to understand how each proteasome 

isoform impacts immunopeptidome repertoires. Here we use an emerging peptide 

discovery pipeline, Artemis, to outline the relative contributions from SP and IP to the 

immunopeptidome. 

Intra-proteasome analysis showed a high degree of similarity and substantial 

overlap between biological replicates for both SP (79.8%) and IP (75.8%) but several 

hundred to a couple thousand peptides were replicate-exclusive reflecting inherent 

stochasticity. Inter-proteasome analysis showed lower overlap between the peptides 

from IP and SP cells, and specificity to the presenting HLA allele with HLA-A*02:01 had 

the least overlap (20.2%) followed by HLA-A*24:02 (35.9%) and HLA-A*11:01 (56.0%). 

Additional investigation is needed to determine if these overlaps are statistically 

significant, and we are currently working with a statistician to answer this question. 

Furthermore, the increased SP:IP overlap correlates with increased peptide yields. It is 

unclear if the variable overlaps observed for individual HLAs are due to underlying 

biology or under sampling for HLAs with lower peptide yields. Several of the clinical 

case reports describing shifts in proteasome composition to evade immune recognition 

involve HLA-A*02:01-restricted peptides (14, 15), which showed the lowest overlap in 

our data and may facilitate this escape phenomena. This prominence, however, may be 

because HLA-A*02:01 is a common restricting HLA in T cell therapy. In any case, these 

moderate overlaps between SP and IP peptides highlight a need to consider 

proteasomal processing when selecting peptides for targeted immunotherapies. 

Fewer peptides were detected from IP than SP cells, which may reflect 

diminished growth and viability of the IP cells with high viral burdens (31); reducing the 

viral load or carefully monitoring cell growth in future replicates could increase yields 

from IP cells. Our work also provides evidence contradicting the existing hypothesis that 

the IP has different catalytic properties to generate peptides with higher binding 

efficiencies than the SP (51). We showed similar frequencies of strong binding, weak 
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binding and nonbinding peptides for SP and IP cells. We were also unable to find any 

difference in cleavage specificities between peptides from IP and SP cells. Expanding 

analyses to flanking residues beyond those immediately proximal to the peptide could 

reveal distal IP or SP cleavage specificities. Furthermore, we could expand analyses to 

include additional HLAs with anchor residues in the center of the peptide to potentially 

reveal SP/IP c-terminal cleavage specificities.  

We have demonstrated that Artemis can be used to identify peptides from 

cancer-associated antigens of interest and to quickly distill a list of candidate peptides 

for further validation. Already, 4/37 antigen-derived peptides have been described as 

immunogenic (46, 48), suggesting translational potential (14, 40). How efficiently and 

accurately Artemis identifies immunogenic clinical targets requires immunogenic 

validation of the remaining peptides. 

Artemis identified ‘distinct’ and ‘mutual’ peptides with 19 of the 37 (51.4%) 

antigen derived-peptides appearing as ‘mutual’. Additional experiments are needed to 

confirm if ‘distinct’ peptides are indeed isoform-dependent and not ‘mutual’ peptides that 

appear ‘distinct’ because of sampling stochasticity. This will be done with T cells 

recognizing ‘distinct’ and ‘mutual’ peptides; lines that respond to both SP- and IP-

restricted cells will be considered ‘mutual’ peptides.  

T cell-based therapies are becoming more prevalent in the clinic. As these 

immunotherapies gain momentum, rapidly identifying high quality TCR-T cell targets will 

be increasingly relevant. Correct proteasomal processing of candidate peptides is a 

necessary consideration when picking TCR-T target peptides. Peptide discovery using 

the Artemis platform demonstrated remarkable reproducibility and ability to identify 

‘mutual’, immunogenic peptides.  

 

Materials and Methods 
 
HLA frequencies. HLA frequencies in the US population were calculated using publicly 

available data sets from the allele frequency net database (allelefrequencies.net) and 

assuming Harty-Weinberg equilibrium.  
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Immunoblot of proteasome catalytic subunits from HEK293E cell lines expressing 
specific proteasome isoforms. Assembled proteasome complexes were isolated 

using co-immunoprecipitation with an anti-a2 antibody, MCP21 (Enzo Lifesciences, 

BML-PW8105) and immunoblotted with different immunoprecipitation beads as 

previously described (34) (28). Briefly, Dynabeads M-270 epoxy beads (Invitrogen) 

were functionalized with MCP21 at 35 µg antibody per mg Dynabeads following 

manufacturer’s instructions. Cleared lysate was quantified using a BCA assay Kit 

(Thermo Fisher Scientific) and 700 ng protein was incubated with 1mg functionalized 

beads to capture assembled proteasome complexes. Complexes were eluted in 0.1M 

Glycine buffer pH 2 to 2.5 and neutralized with equal volume Tris pH 7.5.  

Proteasome composition was assessed by immunoblot. 10µL of the elution was 

separated on a denaturing 4-12% polyacrylamide gel and then transferred to a PVDF 

(Invitrogen) membrane, using the mini-blot module (Invitrogen). Membranes were 

blocked for 1 hour at room temperature in TBS containing 5% of dry milk and 0.1% 

Tween 20 and washed three times in TBS 0.1% Tween and incubated with the relevant 

primary antibody. SP and IP b-subunits were probed overnight in a solution of TBS, 5% 

milk powder, and 0.1% Tween-20 for b1 (1:500 dilution, Enzo Life sciences, BLM-

PW8140), b2 (1:250 dilution, Enzo Lifesciences, BML- PW8145), b5 (1:1000 dilution, 

Enzo Lifesciences, BML- PW8895), b1i (1:500 dilution, Enzo Lifesciences, BML- 

PW8840), b2i(1:250 dilution Novus, NBP1-8660-), b5i (1:1000 dilution, Enzo 

Lifesciences, BML- PW8355) and the shared beta-subunit b7 (1:1000 dilution, Enzo 

Lifesciences, BML- PW8135) which was used as a loading control.  

 
Surface HLA-expression: Expression of endogenous, membrane bound HLA was 

assessed using flow cytometry. SP and IP cells were stained with a pan HLA antibody 

(W6/32, Alexafluor-700, 1:800, BioLegend) and viability stain (Aqua Live/dead stain, 

BV510, 1:1000, Invitrogen). Cells were assessed on a NovoCyte Quanteon flow 

cytometer using standard operating procedures. Collected data was processed using 

FlowJo 10.8.1.  
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Immunoblot of SCDs. 1.0 x106 HEK293E cells expressing SP or IP were transduced 

with lentivirus to express SCD (mCherry reporter). After 24 hours lentivirus was 

removed and replaced with fresh media. After 5 days cells were FACS sorted to enrich 

for SCD+ cells. Cells were grown and seeded at a starting concentration of 0.5 x106 

cells /mL and allowed to grow for 5 days. Supernatant was removed and run on a 

denaturing 4-12% polyacrylamide gel followed by transfer to a PVDF (Invitrogen) 

membrane, using the mini-blot module (Invitrogen). Membranes were blocked for 5 

minutes at room temperature in EveryBlot blocking buffer (BioRad). Membranes were 

washed three times in TBS, 0.1% Tween and incubated with and Anti-His tag primary 

antibody (HIS.H8, Invitrogen, 1:1000) at 4ºC overnight. Membranes were washed three 

times in TBS, 0.1% Tween and incubated with a IRDye® 800CW secondary antibody 

(1:20,000; LI-COR, 926-32212) for 30 minutes at room temperature before a second 

round of washes and imaging using the LI-COR Odyssey system 
 
Artemis. All experiments described in this chapter were conducted using HEK293EBNA 

(HEK293E) cells expressing either the standard proteasome or immunoproteasome (14, 

28). Our initial Artemis experiment with HLA-A2SCD and WT1 transduced SP cells was 

performed following the Artemis pipeline and exposing cells to cytokine as previously 

described (16). All subsequent experiments followed previous Artemis protocol with two 

additional deviations. First, the SCD construct was moved to a new vector backbone in 

which the UCOE site was removed and the SFFV promoter replaced with a CMV 

promoter. Second, cells were not exposed to inflammatory cytokines to ensure the 

proteasome composition was held constant.  

1.0 x106 HEK293E cells expressing either the SP or IP were transduced with 

lentivirus to express SCD (mCherry reporter) and the antigen of interest (GFP reporter). 

After 24 hours lentivirus was removed and replaced with fresh media. After 3-7 days 

cells were FACS sorted to enrich for SCD+Antigen+ cells. One week later, sort efficiency 

was checked, and cells were re-sorted if purity was below 80%. Enriched cells were 

grown in Gibco Freestyle media supplemented with 10% fetal bovine serum, 1X L-

glutamine, 1X pen-strep, and 1X non-essential amino acids until the culture reached a 

total volume 400 mL for HLA-A24SCD, and HLA-A24SCD or a total volume 800 mL HLA-
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A2SCD. Cells were then left to grow to maximum density and were harvested when 

viability dropped between 5-30%.  

Artemis was then performed as previously described (16). Briefly, cells were 

spun down, supernatant was collected and filtered before being incubated with 200µL 

washed Ni-NTA beads for one hour at 37ºC. The slurry was allowed to drip through a 

gravity column and washed ten times with 5 mL 1X DPBS. Peptides were eluted in 

600µL 5M Gu-HCL for 30 min before collection. Elution was repeated and fractions 

were pooled. Samples were desalted using C28 column (Brand) and run on the mass 

spectrometer.  

 

Mass Spectrometry. Peptides were analyzed on a tribrid Orbitrap Fusion mass 

spectrometer (Thermo Fisher) As described in Finton et al. (16). Briefly, desalted 

peptides were either analyzed as-is or fractionated using a high-pH reverse phase 

chromatography with 8 fractions collected.  

MS analyses were performed with a Thermo Scientific Easy-nLC 1000 nano-flow 

liquid chromatography system (Thermo Scientific) coupled to the Fusion mass 

spectrometer using a trap-and-column configuration. A three second cycle time was 

selected between master full scans in the Orbitrap mass analyzer and ions were 

selected for fragmentation. Selected ions were dynamically excluded for 15 seconds 

with an exclusion mass width of ±10 ppm to prevent repeatedly sequencing prominent 

peptides. Fusion data were analyzed using Proteome Discoverer 2.2 (Thermo Scientific) 

searching against a 2018 Uniprot human database that included common contaminants. 

 
MS Data Analysis. Peptide filtering: Data from the MS was analyzed following the 

protocol previously described in Finton et al. (16). Peptides identified from the MS were 

filtered to remove 1) peptides derived from common contaminating source proteins, 2) 

fragmented peptides defined as having RPC retention times within 30 seconds of a 

longer, encompassing peptide, 3) non-human peptides derived from GFP and BSA, and 

4) peptides shorter than 8 amino acids or longer than 16 amino acids. Peptides were 

then filtered to a 5% false discovery rate (FDR). 
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Removing duplicate peptides: For all peptide analyses other than total peptide 

counts, duplicate peptides were removed. When multiple biological replicates were 

aggregated, duplicate peptides between sets were also removed. 

Binding Motifs: Sequence logos were generated from filtered, unique peptide lists 

as described in Finton et al. (16). Briefly each amino acid is represented by its single 

letter code. The frequency of a particular amino acid at each position was compared to 

the frequency of amino acids in the UNIPROT database. Amino acids deviating most 

from the reference frequency are depicted larger. Positive values indicate an amino acid 

that is enriched, negative values indicate an amino acid that is depleted. The sum of all 

symbols (positive and negative) is the relative entropy in bits, compared to the 

reference. Logos were created in SVG using the Python package palmotif 

(https://github.com/agartland/palmotif/). 

Peptide binding predictions: Binding predictions were made with NetMHCpan, 

version 4.1, using the default settings on the web portal.  
Venn Diagrams: Filtered, unique peptides lists were used to generate all Venn 

diagrams. For diagrams with <3 components the online BioVenn portal was employed. 

For diagrams with >3 components the Python package pyvenn was utilized 

(http://github.com/lankyCyril/pyvenn/).  

Venn overlap: Venn overlap percentages comparing two datasets were 

calculated with the formula: overlap percentage=((2×A2)/(A1+(2×A2)+A3))×100 where 

A1 is the number of peptides in set 1 but not in set 2, A2 is the number of peptides in 

common between sets 1 and 2, and A3 is the number of peptides in set 2 but not in set 

1. Calculating percent overlap in this standard manner skews the percentage lower 

when the two datasets being compared are very different sizes. 

Down-sampling: Calculating the overlap between two data sets of very different 

sizes using the above calculation can artificially lower the resulting overlap. To minimize 

this when comparing SP and IP data sets, we needed to reduce the larger SP data set 

to match the IP counterparts. For each HLASCD, a subset of SP peptides was randomly 

selected from the aggregated list of unique peptides. The number of peptides selected 

was matched to the corresponding IP condition: HLA-A2SCD = 1,800 peptides; HLASCD = 

6,100, HLA-A11SCD = 16,800.  
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Antigen Sequences. Nucleic acid sequences for antigen sequences were acquired 

from the NCBI data base. If necessary, base pairs were modified to remove the 

restriction enzyme sites for XhoI or BAMHI used for cloning. CCNA1 (NM_003914.4); 

WT1(NM_024426.6); For the Calreticulin mutant a 55 base pair deletion at exon 9 (43) 

was used to generate the frameshift mutation (NM_004343.4 55-bp del; c.1092_1143):  
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Chapter 4- Conclusions and future directions 
 Acquired resistance is considered disease progression after a period of initial response; 

cancer with acquired resistance becomes more aggressive and more difficult to treat 

(1). This dissertation detailed a clinical case of acquired resistance that ultimately 

revealed immune evasion through changes in proteasome expression. This prompted a 

deeper investigation into the contribution of proteasome isoforms to the 

immunopeptidome and a search for ‘mutual’ peptides with therapeutic potential. We 

observed diverse mechanisms of immune evasion in this limited clinical trial, 

encompassing T cell dysfunction in the face of abundant antigen, loss/lack of targeted 

protein, and proteasome modulation. In addition to mechanisms of T cell 

immunotherapy resistance that have already been described, such as HLA loss (2), 

mechanisms observed in this trial underscore the necessity of additional research to 

fine tune therapeutic T cells and assemble an arsenal of tactics to bypass tumor 

escape. Contemporary, high throughput technologies like scRNAseq simultaneously 

profile immune-intrinsic and tumor-intrinsic evasion tactics to help us understand 

cancer-immune interactions and develop potent, resilient immunotherapies. For my 

graduate work, I have concentrated on a single, less characterized mechanism of tumor 

immune escape – modulating proteasome composition. 

 

Proteasomes in TCR-T cell immunotherapy 
As the primary source of class I HLA presented peptides, proteasomes are 

hypothesized to be central to immune recognition (3-5). Indeed, instances of immune 

evasion via changes in proteasome isoform expression have been reported in both 

melanoma (6) and AML (7). Likewise, multiple immunogenic peptides have been shown 

to rely on either IP (7, 8) or SP processing (6, 9), including the IP-specific WT1126-134 

peptide recognized by TTCR-C4 in our clinical trial. Targeting ‘mutual’ peptides could limit 

this avenue of resistance. To date, shifts in proteasome expression have not been 

widely described as mechanisms of resistance to TCR-T cell therapy, possibly due to a 

limited number of patients treated with TCR-T cell therapies and the challenge of 

determining the proteasomal composition for each tumor or tumor sub-population. In the 
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example studied, the TCR that targeted WT126-34, skewed the relapsed AML towards SP 

expression (7). Before employing Artemis, we isolated another HLA A2-restricted WT1-

specific TCR targeting WT137-45 that was able to recognize both IP and SP cells as well 

as the patient’s relapsed, TTCR-C4 resistant AML, confirming WT137-45 is a ‘mutual’ 

peptide (7).  

The method of using T cells raised against epitopes to interrogate peptide 

processing is labor intensive and partially relies on TCR biology. Using a streamlined 

methodology to identify those peptides upfront constitutes a clear advantage. I 

recovered the WT37-45 peptide using Artemis on SP cells expressing HLA -A2SCD and 

transduced with the full of WT1, but the SP cells  were exposed to INFg and TNF-a 

preventing us from using Artemis to validate WT37-45 as a ‘mutual’ peptide. We were 

able to isolate ‘distinct’ and ‘mutual’ peptides derived from WT1, Calreticulin and 

CCNA1 suggesting that Artemis is a viable strategy for ‘mutual’ peptide discovery – 

moving forward. 

While shifts in proteasome composition are not currently established as a 

frequent mechanism of immune evasion, targeting ‘mutual’ peptides still offers 

therapeutic advantages. Targeting ‘mutual’ peptides could build more robust therapies 

armored against such immune evasion, and TCR-Ts recognizing ‘mutual’ peptides will 

likely be effective against a wider range of cancers expressing either IP, SP or a 

mixture. TCR-T cells targeting a ‘mutual’ peptide are not limited to treating tumors with 

specific proteasome expression, such as predominant IP expression in AML (10). 

Confirming antigen processing and presentation then becomes an important step in 

preclinical validation. Determining if a peptide is ‘mutual’ can be addressed in the initial 

stages of peptide selection (e.g. with Artemis) and/or later when confirming antigenicity 

in SP- and IP-restricted cells (e.g. with T cell recognition assays). 

 

Furthering our understanding of the ‘mutual’ immunopeptidome 
We observed substantially reduced immunopeptidome overlap between SP and 

IP cells compared to intra-proteasome overlaps for each HLA allele tested. This is 

consistent with previous murine studies where peptides eluted off splenocytes from wild 

type (presumed IP expressing) and IP-knockout (presumed SP expressing) mice 
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showed 50% overlap (11). These results likewise corroborate observed differences in 

proteasomal peptide processing both in vitro (8, 9) and in vivo (6, 7). We report for the 

first time, the extent of SP:IP overlap is specific for each HLA allele. This is not entirely 

surprising, given that each HLA subtype has different binding preferences (12).  

Although reduced overlap between IP and SP cells matched previous literature 

(11), the mechanisms driving these differences remain unclear. It has been 

hypothesized that IPs preferentially cleave after certain residues, such as hydrophobic 

residues, that frequently serve as anchor residues to promote HLA binding and 

therefore could improve antigen presentation (13). Our analyses detected no difference 

in cleavage preferences. Isoform specific b-subunits share considerable homology – 

62% between b1 and b1i, 59% between b2 and b2i and 71% between b5 and b5i (14). 

This yields proteasomes with highly similar crystal structures and may not explain 

unique catalytic properties. Still, empirical evidence (e.g., our observed inter-

proteasome overlaps, the above murine studies, and clinical cases of immune evasion) 

support isoform-specific repertoires and recent studies point towards a quantitative 

difference rather than a qualitative difference (14), with the IP producing more peptides. 

While we did not test cleavage rates, we detected fewer peptides from IP cells which 

would not support this notion. However, slow cell growth kinetics could account for this 

discrepancy.  

If catalytic differences are not driving IP:SP immunopeptidome divergence, what 

could account for the clearly distinct peptide repertoires? To prevent having a mixed 

proteasome composition in the SP cells, we did not expose cells to cytokines after the 

initial experiment when WT137-45 was detected. Instead, we used cell lines 

overexpressing IP subunits to induce IP formation. By not using IFN-g to induce IP 

expression, which in turn modulates other IFN-g responsive genes, we only modulated 

the proteasome and observed differences are likely due to specific isoforms. Perhaps 

the IP more strongly associates with a regulatory cap or another protein that influences 

protein degradation, similar to how b5i more strongly associates with UMP1 (a 

proteasome assembly chaperone) to drive faster IP formation (15). Co-

immunoprecipitation of proteasomes could reveal if there are any other protein-protein 

interactions that could explain divergent immunopeptidomes. 
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Assets and challenges using Artemis for peptide discovery 
Artemis captures peptides representative of the presented immunopeptidome 

with nearly identical metrics (e.g., HLA binding motifs, etc.) to peptides published in 

datasets from the widely accepted traditional immunoprecipitation methodology. 

Moreover, several antigen-derived peptides identified with Artemis have been previously 

described, implying that Artemis can be a tool for target peptide discovery. Of interest is 

the WT1185-193 [FGPPPPSQA] peptide that existing algorithms predicted not to bind 

HLA-A2 but was found with Artemis as well as in an immunoprecipitation dataset (16). 

Conversely, several known peptides were not recovered from Artemis, including the 

clinically-targeted WT1126-134. This could, in part, be due to stochastic sampling of a 

peptide with infrequent presentation.  

Some Artemis-recovered peptides were already reported to be immunogenic, 

i.e., recognized by TCR-T cells that also killed cell lines expressing the targeted protein. 

This strongly suggests Artemis can be an effective tool for identifying clinically 

targetable peptides. Still, further validation of Artemis as a clinical peptide-discovery 

platform is required, including testing immunogenicity of the remaining peptides 

recovered using Artemis. To do this, T cells lines recognizing the Artemis-identified, 

antigen-derived peptides will be isolated and then cultured with SP or IP cells 

expressing both the restricting HLA and antigen. If T cells recognizing peptides 

classified as ‘distinct’ by Artemis are found to engage only IP or SP cells, it would 

confirm Artemis can accurately identify ‘mutual’ or ‘distinct’ peptides. The number of 

peptides eluted from the Artemis pipeline that induce recognition/killing by cognate 

TCRs will instruct the sensitivity of the technology. 

The streamlined Artemis pipeline is not only poised to be a promising tool for 

target peptide discovery, but it may improve existing peptide prediction tools and 

deepen our biological understanding of how peptide processing impacts the 

immunopeptidome. Artemis could serve as an excellent method for generating large-

scale training data sets for machine learning algorithms aimed at predicting if a peptide 

produced and also presented. Current programs are trained on peptides eluted from the 

cell surface (17), but do not account for variation in upstream processing. Some 
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programs can assess if a peptide is likely to be generated by the proteasome, but many 

lack information comparing proteasomes isoforms, are computationally intensive, have 

difficult user interfaces (18), and do not always account for downstream presentation. 

Using Artemis for training datasets does have limitations. Artemis cannot be used to 

elute peptides off primary tumor samples, requires large culture volumes, and prefers 

suspension lines capable of growing densely. Artemis also relies on MS for data 

acquisition which is costly.  

Artemis offers a controlled model system to probe the underlying biology 

governing peptide processing and presentation. This includes the contribution of 

proteasome isoforms described here, but is also easily expanded to include 

intermediate proteasomes, and can support investigations of how other proteins like 

ERAP, TAP, or therapeutic inhibitors impact immunopeptidomes. Artemis serves as a 

streamlined tool ideally posed for therapeutic peptide discovery, production of large-

scale training datasets, and biological investigations of peptide processing.  

 

From Protein to Peptide: the TCR-T target peptide discovery pipeline  
Effective TCR-T cell immunotherapy depends on strategic selection of tumor-

associated proteins as well as processing and presentation of the targeted peptide. 

Ideal tumor-associated proteins are uniquely and broadly expressed across tumor cells 

with minimal expression in healthy tissue. Viral antigens and tumor-specific mutations 

are clear examples; over expressed self-antigens can also fall into this category if 

expression is limited on healthy tissue. Quality targets likewise promote tumor 

proliferation and oncogenicity such that loss is unfavorable in tumor progression. 

Concurrent with tumor antigen selection, is selection of the presenting HLA allele, which 

is dependent on the target patient population Once a tumor-associated protein and 

presenting HLA are selected, the target peptide must be identified. Artemis serves as an 

excellent platform for such peptide discovery. A SCD of the presenting HLA would be 

co-transduced with the antigen of interest into SP or IP cells and run through the 

Artemis pipeline (n ≥ 2). Resulting antigen-derived peptides would then be assessed for 

immunogenicity. Preference would be given to ‘mutual’ peptides. Those that proved 

capable of stimulating T cells would be candidates for targeting with TCR-T cell therapy 
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and further validated for endogenous presentation. Meanwhile, a high affinity TCR from 

the peptide-reactive T cells could be isolated and moved through rigorous safety 

studies. Following the initial discovery steps, the candidate TCR would be subjected to 

extensive preclinical tests and external reviews before being translated to the clinic.  

 

In Sum  
Clinical observations from cases of acquired resistance provide valuable 

mechanistic insights into driving factors, such as proteasomal processing of target 

peptides, to help guide future iterations of therapy. The biochemical mechanisms 

dictating IP and SP immunopeptidome differences remain obscure. However, empirical 

evidence shows that the proteasome isoform present can result in differential 

recognition by T cells and should be considered when selecting TCR-T cell therapy 

target peptides. Artemis is an excellent tool for identifying ‘mutual’, immunogenic 

peptides but future validation experiments are required. Furthermore, Artemis is a 

promising high-throughput pipeline that could yield large datasets to train machine 

learning algorithms for peptide processing and presentation predictions.  
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into Tumor Antigenicity from Virus-Associated 
Merkel Cell Carcinoma 
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Insights into Tumor Antigenicity from Virus-Associated Merkel Cell Carcinoma. J. Invest. 

Derm. 2021 PMID: 33863500 

 

Abstract 
Merkel cell carcinoma (MCC) is a rare skin malignancy that is a paradigm cancer 

for solid tumor immunotherapy. MCCs associated with Merkel cell polyomavirus (virus-

positive; VP-MCC) or chronic UV exposure (virus-negative; VN-MCC) are anti-PD(L)1 

responsive, despite VP-MCC’s low mutational burden. This suggests antigen quality, 

not merely mutation quantity, dictates immunotherapy responsiveness, and cell-based 

therapies targeting optimal antigens may be effective. Despite VP-MCC’s antigenic 

homogeneity, diverse T cell infiltration patterns are observed, implying 

microenvironment plasticity and multifactorial contributions to immune recognition. 

Moreover, VP-MCC exemplifies how anti-tumor adaptive immunity can provide tumor 

burden biomarkers for early detection and disease monitoring.  

Introduction 
Merkel cell carcinoma (MCC) is a rare skin cancer with increasing incidence. It 

disproportionally affects elderly and immunocompromised persons, indicating immune 

suppression favors disease progression (1, 2). Risk factors include ultraviolet (UV) light 

exposure and fair skin, similar to other skin malignancies and consistent with UV-

derived mutations driving oncogenesis (1, 3, 4). In 2008, clonal integration of the Merkel 

cell polyomavirus (MCPyV) revealed a second oncogenic driver, (5) sub-dividing MCC 

into virus positive (VP-MCC; ~80% of cases in U.S.A), and UV-associated MCCs (virus-

negative; VN-MCC) (Figure AI.1) (5-7). VP-MCCs are driven by obligate expression of 

conserved MCPyV-derived oncoproteins, large and small-T antigen, with few additional 

genomic mutations (8-10). This makes VP-MCC genetically quite similar across patients 
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and considerably more homogeneous than most cancers. Uniform (VP-MCC) and 

diverse (VN-MCC) variants of the same cancer make MCC a natural model for studying 

cancer-immune interactions. 

 
Immune checkpoint blockade (ICB) (11, 12) of the PD-1 axis has shown widespread 

clinical benefit across cancer types (13-17). ICB improves outcomes for approximately 

50% of MCC patients – one of the highest solid tumor response rates (18, 19) –  and 

NCCN guidelines now recommend ICB therapy as first-line treatment for metastatic 

MCC (20). MCC has a relatively even distribution of ICB responders (30-50%), non-

responders (25-30%), and escapees (25-30%) (14, 21) across both pathogenic 

pathways, again rendering MCC a prototype cancer.   

In this review, we use MCC as a paradigm cancer for understanding ICB 

response/resistance. We first explore how MCC – with dual pathogenic pathways and 
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even distribution of responders, non-responders and escapees – can be used to model 

molecular mechanisms by assessing epitope quality and immune cell-infiltrate patterns. 

We then discuss how cell-based immunotherapies for MCC provide a pertinent model 

for refining immunotherapy development. Lastly, with MCC as an example, we consider 

strategies utilizing immune cells for disease detection. 

 

Highly immunogenic tumor-specific epitopes facilitate ICB response  
While ICB has revolutionized cancer therapy, outcomes vary and, currently, 

cannot be accurately predicted. For example, higher expression of PD-1 ligand, CD274 

– commonly denoted PD-L1, on tumor or tumor-associated immune cells correlates with 

improved response but does not reliably separate responders from non-responders 

(15). For VP- MCC, VN-MCC, and other immunogenic solid tumors (e.g. HIV-associated 

Kaposi Sarcoma; HIV-KS), post-ICB remissions are observed even with undetectable 

PD-L1 expression. A more widely used predictor of ICB response is median tumor 

mutational burden (TMB), which positively correlates with ICB response (16). Not all 

cancers follow this correlation emphasizing the need to precisely understand 

mechanisms governing response/resistance so that accurate predictors can be 

identified (13, 22). Deciphering immune interactions is challenging as tumor mutations 

vary between tumors, and different T cell clones can recognize identical mutations when 

presented by human leucocyte antigen [HLA]). Uniform (VP-MCC) and diverse (VN-

MCC) variants provide a uniquely suitable platform in which to investigate this 

heterogeneity in the context of both high and low TMB.  

 

Tumor-specific antigen quality is associated with response to PD-1 axis blockade 

The positive correlation between TMB and ICB response implies heavily mutated 

tumors are more immunogenic and subsequently more likely to respond (16, 23-26). 

The molecular basis of this observation remains unclear, particularly with regard to a 

tumor’s immunopeptidome, i.e., the sum of presented epitopes (intracellularly derived 

peptides presented on HLA) recognized by cytotoxic T cells that subsequently mount an 

immune response. Is this correlation between TMB and ICB response driven by TMB-

high tumors having numerous, minimally immunogenic epitopes or a few, highly 
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immunogenic epitopes? MCC’s dual etiology in conjunction with other virus-associated 

cancers provide an excellent opportunity to address this question and suggest that 

epitope quality is consequential.  

VN-MCC has a high TMB (median 63.1 mutations/Megabase (MB); range 31-

133), consistent with other UV-associated skin cancers.(9) Conversely, VP-MCC has an 

exceptionally low TMB (median 1.2 mutations/MB; range 0.0-2.6) and few other 

genomic aberrations (9, 10, 27). VN-MCC and VP-MCC have similar overall response 

rates (ORR) (44-54%) to anti-PD-1 blockade. For VN-MCC, this high ORR is predicted 

by median TMB (10, 16, 28-31). VP-MCC has a substantially better ORR than TMB 

alone would predict (9, 10, 14, 32). While VP-MCC has low TMB and subsequently few 

predicted neo-epitopes, it does contain MCPyV viral proteins (33, 34) that generate 

highly immunogenic epitopes. Its viral protein sequence is foreign and thus MCPyV-

specific T cells recognize its HLA-presented epitopes generally with higher avidity, or 

ability to efficiently kill VP-MCC cells, as these T cells have not undergone thymic 

negative selection (35). Furthermore, the MCPyV T antigen locus codes for proteins 

under 900 amino acids in length (36). This small, finite, viral epitope repertoire and high 

ORR suggests limited but highly immunogenic epitopes may be sufficient for favorable 

responses.  

To explore if tumor-specific antigen quality influenced ICB ORRs, we analyzed virus 

and non-virus-associated cancers separately. As a starting point, Dr. Mark Yarchoan 

kindly shared his published data set comparing PD-1 ORR and TMB across several 

cancers (16). Five virus-associated cancers were identified – VP-MCC, HIV-KS (HHV-8 

driven), virus-positive head and neck (VP-H&N), cervical, and anal cancers (latter three 

HPV driven). The specific etiology was not available for the HIV-KS, cervical or anal 

cancers; these are >90% virus-driven (37-39). However, a skewing of the associated 

response rates could not be formally excluded. Since virus-associated etiology was not 

available for VP-MCC and VP-H&N in the Yarchoan dataset, these data were removed 

and replaced with data from studies that explicitly divided patients based on cancer 

etiology (16, 28, 40-42). Log transformations, linear regressions and tests of linear 

combinations of regression coefficients were performed using R.  
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When virus-associated cancers were removed from the data set leaving only non-

virus-associated cancers, the correlation between TMB and ORR increased (0.488 to 

0.849; n = 25). On the other hand, the virus-associated cancers (n = 5) showed a 

negative correlation (R2 = -0.619), suggesting that TMB may not be an adequate 

predictor for all cancers (Figure AI.2). Thus, separating virus-positive and virus-

negative cancers will be critical moving forward in deepening our understanding of TMB 

and ORR.  

All virus-associated cancers analyzed exhibited higher ORR than TMB alone might 

predict. For the same TMB, virus-associated cancers have an average of 25.3% higher 

ORR than non-virus cancers (95% CI: 2.4-48.2; p = 0.03). Non-virus-associated cancers 

require 30-times greater TMB to elicit responses similar to those in virus-associated 

cancers (10, 16, 28, 40-42). On average, non-virus-associated cancers (n = 25) had a 

TMB of 11.6 and ORR of 17.4 while virus-associated cancers (n = 5) had a TMB of 5.7 

and ORR of 39.4. While it cannot be deduced that multiple less immunogenic 

neoepitopes could also be effective in tumors with high TMB, this data suggests that a 

small number of highly immunogenic epitopes can elicit ICB responses, relative to a 

large number of less immunogenic epitopes. 
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Oligoclonal expanded TIL suggest limited quantity of immunogenic epitopes 

 In melanoma, a virus-negative cancer with high TMB, very few tumor-derived epitopes 

are neoantigens (<0.1%) or unique tumor-associated antigens (1.7-3%). Analysis of 

tumor-infiltrating lymphocytes (TIL) from these same melanomas showed expansion of 

T cell clones specific to the few neo-epitopes/unique tumor-associated epitopes, again 

implying limited but potent epitopes can drive T cell responses (43). Furthermore, high-

throughput genomic and proteomic methods have shown relatively few of the total 

possible neo-epitopes can mediate tumor rejection (44, 45). Identifying these ‘needle in 

the haystack’ epitopes driving immunogenic tumor rejection will be critical for developing 

broadly applicable vaccination and/or engineered cell therapies. VP-MCC offers a 

unique advantage for piloting such therapies due to a small antigenic space (MCPyV T 

antigens) to test approaches and shared, tumor-specific antigens across patients 

assure broad applicability. 

 

Tumor-specific T cell response patterns are plastic and independent of tumor-

associated antigen expression 

Similar to TMB, TIL patterns can partially predict ICB response.(25, 46, 47) Three 

distinct patterns described by Mellman and others are observed in MCC (48) and other 

solid tumors (46) (Figure AI.1B): 1) T cell desert – no T cells detected in or near tumor. 

These tumors rarely respond to ICB and are common in relapsed metastases; (9, 46, 

49) 2) T cell exclusion – T cells concentrate on edges but fail to infiltrate the tumor due 

to a physical and/or chemical barrier. These tumors sometimes respond to ICB therapy; 

(9, 49, 50) 3) T cell inflamed – T cells observed throughout the tumor. This phenotype is 

frequently seen during response and is typically associated with improved prognosis 

(15, 46, 47, 49).  

Determining whether TIL patterns are a consequence of the microenvironment or 

variations of tumor epitope immunogenicity is exceptionally challenging. Indeed, large-

scale investigations of these features have been unfruitful (51, 52). Similarly, allelic 

diversity in presentation molecules, particularly class I HLA, can influence 

immunogenicity, further complicating studies (53-55). The field does recognize that 

immunogenic antigens (e.g. viral proteins) play a critical role in activating lymphocytes 
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and recruiting T cells to tumors (56, 57). Here, VP-MCC provides an informative natural 

system in which obligate viral oncoproteins and low TMB imply relatively homogeneous 

immunogenicity. Therefore, in this system, TIL pattern differences are not directly 

related to the tumor antigen itself (MCPyV) but instead associated with 

microenvironment fluctuations or HLA polymorphisms rendering the same antigen 

(MCPyV) more or less immunogenic. Surprisingly, all three TIL patterns have been 

recorded in the same VP-MCC patient at different stages of response and resistance to 

T cell immunotherapy, (49) suggesting complex microenvironment factors dictate T cell 

infiltration. Moving forward, sophisticated systems analyses will be necessary to 

precisely identify which factors drive or inhibit T cell infiltration. 

MCC serves as a model cancer in which to understand factors mediating 

immunotherapy response and resistance 
Many patients’ tumors progress after starting ICB treatment (primary resistance) 

or after a period of initial response (acquired resistance) (58). For MCC, ~30% of initial 

responders progress by 2 years post ICB initiation (32). 

Primary resistance is generally a direct consequence of a patient’s T cells being 

unable to respond to tumor, rendering ICB ineffective (58, 59). This may be driven by a 

number of factors: tumor lacking target antigen(s) (60), dysfunctional antigen 

presentation (61, 62), advanced/irreversible tumor-specific T cell dysfunction, and/or 

lack of tumor-specific T cells. Primary-resistant tumors presumably experience little 

immunogenic pressure from ICB, making the tumor unlikely to undergo major shifts; 

therefore, primary resistant tumors are not often utilized in studying escape 

mechanisms. Tumors with initial response followed by acquired resistance offer an 

opportunity to rigorously examine mechanisms of resistance. Identifying the root cause 

of acquired resistance remains challenging, as multiple contributors can produce the 

same clinical phenotype. 

Immune escape mechanisms fit into two broad categories immune-cell intrinsic 

or tumor intrinsic. Immune-cell intrinsic mechanisms include changes to innate immune 

cells such as reduced neutrophil chemotaxis (63) and toll-like receptor 9 (TLR9) down 

regulation (64), and changes to adaptive immune cells such as T- cell exhaustion (PD-

1, CTLA-4, TIM3) (65), and T-cell migration/infiltration patterns (66-70). Tumor intrinsic 
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changes include HLA loss (49, 71, 72) and proliferation of a pre-existing, resistant clone 

(58). 

Precisely deciphering if resistance is immune-cell intrinsic or tumor intrinsic is 

complex (58). It requires simultaneously knowing which T cells can ‘see’ tumor 

(immune-cell intrinsic factor, T cell receptor (TCR) clonotypes) and what is recognized 

by T cells (tumor intrinsic factor, antigen/epitope). Often it is difficult to know both, given 

that discovery is co-dependent, i.e., identifying a tumor-specific T cell clone requires 

knowing which HLA-presented epitope is recognized, and vice versa. Again, VP-MCC 

homogeneity provides an exceptional model system. 

 

Shared oncoprotein in VP-MCC facilitates tracking of tumor-specific T cells  

In VP-MCC, continuous expression of a known, shared viral oncoprotein MCPyV 

Large-T antigen (LT-Ag) facilitates identification of LT-Ag specific T cells, using 

fluorophore-labeled epitope:HLA tetramers (73-75). Tetramers tiled across LT-Ag 

discern MCC-specific T cells from other, quiescent T cells and can reveal epitope 

spread; i.e., nascent immune responses against epitopes not targeted by initial 

immunotherapy (76). The phenotype or TIL pattern of tumor-specific T cells can be 

further examined to inform molecular drivers of tumor-immune interactions and, 

ultimately, immunotherapy resistance.  

Clinical trials using adoptively transferred MCPyV-specific T cells in VP-MCC (49, 

77) provide an opportunity to directly study cancer-immune interactions with easily 

identifiable T cells recognizing a defined epitope. Briefly, T cells are isolated from 

patients’ peripheral blood, MCC-specific cells are expanded ex vivo against a known 

epitope (e.g. LT-Ag92-101), purified by specific tetramer-binding and re-infused into the 

patient (49, 77). Transferred, polyclonal MCC-specific T cells all recognize the same 

epitope (e.g. LT- Ag92-101). Persistence is monitored with LT- Ag92-101-tetramers and 

additional markers, including PD-1, can identify functional phenotypes.  Similarly, 

tetramers tiled across LT-Ag can elucidate antigen spread.  Responding patients who 

received MCC-specific T cells and avelumab (anti-PD-L1) showed expansion of both 

MCC-Specific T cells and T cells recognizing other LT-Ag epitopes (76).  Adoptive T cell 

trials provide valuable details characterizing tumor-specific T cells throughout ICB 
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therapy, insights into T cell-intrinsic or tumor-specific resistance mechanisms,(49) and 

novel epitopes for adoptive T cell therapy (76, 78, 79). 

 

MCC cell-based immunotherapies offer insight to cancer-immune interactions 

Cell-based therapies facilitate identifying, tracking, and profiling of tumor-specific 

immune cells. Like adoptive T cell transfer, TCR-transduced T cells (TCR-T) uniformly 

recognize a defined epitope:HLA complex. Multiple MCPyV epitopes have been 

identified and many are being considered as TCR-T targets for VP-MCC patients, 

including in combination therapy trials (NCT03747484) (34, 80). Unfortunately, 

therapies targeting MCPyV oncoproteins are only applicable to VP-MCC patients. To 

broaden the clinical scope, alternate targets are being considered, including cancer 

testes antigens, (81) and aberrantly glycosylated proteins (e.g. MUC-1)(82).  Targeting 

surface proteins with chimeric antigen receptor T cells (CAR-T) recognizing glypican-3 

(GPC3) is also being pursued in a Phase I clinical trial. Other immune cells can likewise 

be therapeutic. An ongoing phase 2 clinical trial uses activated natural killer cells (aNK) 

and ALT-803 (IL-15) to treat MCC patients (NCT02465957). Cell-based therapies offer 

naturally controlled systems with unprecedented opportunities to observe 

response/resistance mechanisms, cancer-immune interactions, and tumor 

microenvironments in vivo. Lessons learned will likely be broadly applicable, offering 

insights for next generation immunotherapies. 

 

Acquired resistance mechanisms provide rationale for therapeutic combinations  

Tumor cells can adapt to escape immune pressure. In MCC, loss or reduction of 

class I HLA correlates with worse prognosis, independent of immunotherapy 

intervention (49, 83). Increased prevalence of cytotoxic CD8+ T cells which recognize 

specific epitope:HLA complexes (84) is a positive prognostic indicator, (85-87) 

suggesting CD8+ T cells play a prominent role in disease clearance. Of note, many 

viruses evolved specific mechanisms to evade immune recognition, including down-

regulation of class I HLAs (88, 89). Evasion mechanisms employed by virus-associated 

cancers could differ and some may not apply to all cancer types but understanding 

these evasion mechanisms will undoubtedly inform cancer-immune interactions more 



 144 

broadly. Helper CD4+ T cells are also emerging as integral to coordinating effective 

immune responses, including by producing cytokines that upregulate class I HLA (90-

93). Indeed, engineered CD4+ TCR-T cells are being considered as therapeutics (94). 

MCC can effectively dampen CD8+ T cell recognition by decreasing class I diversity or 

expression, making CD4+ T cell employment a reasonable strategy to drive immune 

response in tumors with limited class I (49, 83, 95). 

PD-1/PD-L1 ICB-resistant tumors often show increased expression of other negative 

immune regulators, including Tim-3, Lag3, CTLA-4 and TIGIT, suggesting that inhibiting 

more than one immune regulator could improve responses and/or expand the patient 

population benefiting from ICB (96-99). Indeed, combination ICB therapy can improve 

clinical response (76, 77, 100). Another combination therapy trial (NCT02584829) is 

testing if dual or triple ICB treatment regimens combined with cell-based 

immunotherapies are synergistic in MCC. 

ICB therapies place selective pressure on cancers with pre-existing genomic 

instability and heterogeneity, which can lead to resistance/relapse. Understanding these 

escape mechanisms is essential to broadening immunotherapy benefits (49, 101, 102). 

Targeting multiple resistance mechanisms will likely be necessary to improve outcomes 

and minimize late immunotherapy escape (58). Engineered cell therapies in VP-MCC 

offer remarkable cancer and immune cell homogeneity. Together they provide an 

unprecedented opportunity to clarify underlying mechanisms and to validate advanced 

therapeutic approaches. 

 

Utilizing the immune system for more than therapy 
Our immune system amplifies signals, a characteristic which can be used to 

monitor disease (103, 104). For example, antibody titers are commonly used in clinics to 

determine immune status, (105) and could be extended to oncology for tracking tumor 

burden or B/T cell clonal expansion. 
 

MCC demonstrates tumor antigenicity that can be exploited for disease monitoring  
Foreign proteins derived from MCPyV, and certain other cancer-associated 

antigens can induce antibody production that is measurable in peripheral blood (103, 
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106). Circulating MCPyV T antigen-specific antibodies are rare in healthy individuals but 

present in most VP-MCC patients. Oncoprotein-specific antibody titers fall during clinical 

response and spike prior to relapse, offering an easy, affordable, non-invasive, and 

predictive method for monitoring disease which is now included in MCC management 

guidelines (20, 104). Similarly, in non-small cell lung cancer, circulating tumor-specific 

antibodies non-invasively inform disease state by differentiating benign and malignant 

lung nodules (107). Changes in antibody titers alert physicians prior to clinical relapse, 

guiding early intervention for optimal patient outcomes (56, 104).   

T cells and B cells can likewise be employed to detect tumor burden and direct 

treatment (108-113). Variable regions of B cell receptors (BCR) or TCRs serve as a 

natural barcode generated in B/T cell development.  In B-cell and T-cell malignancies, 

BCR or TCR clonotype sequencing is used to monitor tumor progression via 

expansion/contraction of a cancerous lymphocytic clone (108, 112) and to detect 

minimal residual disease (108, 113). These same sequencing methods track TCRs for 

monitoring persistence and efficacy of engineered T cell therapies (109, 111). 

Developing antibody arrays or immune cell monitoring for additional cancers 

could promote early detection, direct therapy, and improve patient outcomes.  

Employing these methodologies to evaluate hard-to-screen cancers could replace 

current, highly invasive procedures and costly imaging. 

 

Conclusions 
ICB therapy success has greatly improved outcomes for patients with many 

previously lethal malignancies, yet many obstacles remain. Analyses revealed an unmet 

need to accurately predict response, which requires a deeper understanding of 

mechanisms governing response, resistance and relapse. The MCC model suggests 

cancer epitope quality is associated with successful ICB response. Diverse immune 

infiltrate patterns demonstrate microenvironment plasticity in MCC and underscore a 

need for predictive diagnostics. Broadening the range of validated immunotherapeutic 

targets will be imperative to reducing late therapy escape, as demonstrated by improved 

response with combination regimens in MCC.  Using MCC as a paradigm cancer not 
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only broadly informs molecular immunology and cancer immunotherapy, but also 

supports using endogenous immune responses to monitor disease and direct treatment.  
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