© Copyright 2021

Nicholas Joseph Maurice



Coordination and regulation of bystander memory T cells

Nicholas Joseph Maurice

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2021

Reading Committee:
Martin Prlic, Chair
Marc A. Gavin

Kevin B. Urdahl

Program Authorized to Offer Degree:

Molecular and Cellular Biology



University of Washington

Abstract

Coordination and regulation of bystander memory T cells

Nicholas Joseph Maurice

Chair of the Supervisory Committee:
Martin Prlic, Ph.D.
Departments of Immunology and Global Health

Memory T cells (Tmem) are best understood as highly specific killers, using their T cell receptor
(TCR) to identify and rapidly eliminate infected or transformed cells. Although Tmem are best
understood through the lens of TCR-mediated activation, it is not the lynchpin of their function.
Tmem can also respond to pro-inflammatory cytokines in the absence of activating TCR signals,
termed bystander activation. Although this phenomenon was described over 20 years ago, it
was thought to be of little biologic significance until it was shown that bystander activated Tmem
could kill using TCR-independent mechanisms. These killing programs were best understood
during systemic and/or chronic inflammation, leading many to classify bystander-mediated
killing as an “immunologic accident” resulting from astoundingly high levels of inflammation. The
full gamut of circumstances in which bystander activation can occur, as well as the signals
governing it, remain unclear. Here we address basic questions in bystander T cell biology: 1) in

what biological contexts does bystander activation occur, 2) how can limited inflammation beget



bystander activation, 3) what fate changes accompany bystander activation, and 4) do

mechanisms that attenuate/control bystander activation exist?

Using both clinical vaccine samples and mouse models, we demonstrate that bystander
activation is not a niche phenomenon but can also arise during dose- and anatomically-
restricted inflammation. This hinges on CXCR3-mediated recruitment of Tmem to sites of early
immune activation, at where they become bystander activated by pro-inflammatory cytokines
and contribute to localized target killing. While induction of cytotoxicity is the best-known
consequence of bystander activation, we demonstrate that other fates, like tissue retention, can
be elicited by inflammation alone. Using a multi-omics approach, we demonstrate that
homeostatic cytokine networks exist in healthy human placental tissues, which sufficiently
bystander activate Tmem Without precipitating cytotoxicity and tissue pathology. We show this to
result from cooperation between anti-inflammatory cytokines and metabolites, which restrain
bystander-mediated cytotoxicity without forfeiting other activation-induced programs of tissue
retention and surveillance. Together, we show that bystander activation is an intentional
program oft used to maximally leverage Tmem in the absence of TCR agonism and identify

mechanisms to better wield or restrain this population therapeutically.
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Chapter 1. Introduction

Portions of this chapter are adapted from the following work with permission from
Copyright® The American Association of Inmunologists, Journal of Inmunology:

Maurice NJ, Taber AK, Prlic M. The Ugly Duckling Turned to Swan: A Change in Perception of
Bystander-Activated Memory CD8 T Cells. J Immunol. 2021 Feb 1;206(3) 455-462. DOI:
10.4049/jimmunol.2000937

1.1 Opening comments: on language and immunity

"God is in the details," | tell the kids in the public school at Milligan, Nebraska. They wonder what
I mean. | tell them to look out the window at the spring fields the mud coming up just to the knee
of the small pig in the far pasture. They tell me it's not a knee but a hock and | hadn't ought to say
things | know nothing about. | say the light on the mud is pure chalcedony. They say the mud
killed two cows over the weekend. | tell them the pig is alive and the spring trees are standing in
a green haze. They tell me school is out in a week and they have to plant. The grain elevator at
the end of Main Street stretches out her blue arms. The kids say chutes.

Hilda Raz, Diction

Copyright®2021 Hilda Raz

Letter From a Place I've Never Been: New and Collected Poems

Used by permission of author

To command and leverage immune cells as a therapeutic, we must first understand their
language. The language of T cells, the cytotoxic arm of our adaptive immune system, is largely
understood through T cell receptor (TCR)-mediated communication. Each T cell will express a
TCR, which detects non-self peptide antigens (Ag) in the context of self-encoded major
histocompatibility complex (MHC) molecules, ultimately serving as the message which the T cell
can integrate. The presence of an Ag on MHC which can bind TCR with sufficient affinity
announces to this T cell that something is amiss (infection or transformation), calling it to arms.
But while TCR and Ag are the T-cell equivalent to words, it is by no means a universal language.
Ancient recombinases drive a molecular-level collapse of the Tower of Babel, rearranging TCR
gene segments to beget an unfathomable diversity of TCR clones that will each be responsive to
a unique Ag. Though this allows our immune system to recognize and respond to the full gamut
of pathogens, it also means our T cells that lack specificity during an infection (e.g., a flu-specific
cell during an HIV infection), are “left out” of the current immunologic conversation due to their
linguistic differences. Do we make an immunologic concession to have this specificity, generating

one-trick ponies of T cells that can solely be roused to action when their TCR binds cognate Ag?
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Within the confines of human language, we can impart the same message albeit with wildly
different means. We can construct sentences with the same meaning with unalike diction or
convey a message by tone alone. But what of T cells—are they simply confined to the components
of TCR and cognate Ag? Despite the role of Ag as an alarm, much punchier ways to biologically
communicate danger to T cells exist, like inflammation. Pro-inflammatory cytokines can be sensed
by and subsequently lead to the activation of T cells. In memory T cells (Tmem) (i.€., those that
have undergone priming and contraction), inflammation-mediated activation, termed “bystander
activation,” parallels that of TCR: cellular proliferation, cytokine production, and direct target
killing. This has largely been described in the context of chronic and/or systemic inflammation,
leading some to disregard bystander activation as an immunologic accident arising from a din of
pro-inflammatory alarms (with subsequent limited biological relevance). But the prospect of a
common tongue across T cells warrants investigation, especially as this could be therapeutically
harnessed to command Tmem irrespective of their TCR specificity. Therefore, the goal of this work
is to understand the inflammation-mediated language of T cells, specifically the full range of
circumstances in which it is employed and the mechanistic components dictating this language’s

structure.

1.2 Bystander activation: a non-conventional path to Tmem activation

A hallmark feature of adaptive immunity is the development of immunologic memory. CD8" Tmem
respond rapidly upon TCR reencounter with cognate Ag by acquiring effector function and
initiating cell division (1). Bystander activation of CD8" Tmemis driven by pro-inflammatory
cytokines such as type | interferons (IFNs), interleukin (IL)-12, IL-15, and IL-18 and occurs in the
absence of agonist TCR signals. This has been demonstrated in mouse models using TCR-
transgenic T cells as well as with polyclonal CD8" Tmem Using Nur77-GFP reporter mice. Briefly,
GFP expression is transiently increased in T cells of these reporter mice after the cells receive a
TCR signal, including those mediated by very weak agonists (2). Bystander-activated CD8"
Tmem did not show increased GFP expression, demonstrating that bystander activation occurs
independently of (measurable) agonist TCR signals (3). Thus, bystander activation of CD8"
Tmem is a distinct phenomenon from TCR cross-reactivity, which can occur even in unrelated
infections but is still TCR-mediated (4). The direct functional outcome of TCR-mediated versus
bystander-mediated Tmem activation appears remarkably similar and can in both instances include
T cell proliferation (5), cytokine expression (6-10), and direct target cytolysis (3, 11-13). The Ag-

specific T cell response is stringently regulated and requires two signals (TCR + co-stimulation)
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to allow for the initial activation of a naive T cell, and even a third signal (such as type I IFN or IL-
12) fora CD8" T cell to acquire effector function (14). Furthermore, the duration of effector function
is inherently limited, as T cells acquire expression of inhibitory proteins during the effector stage
including expression of PD-1 and CTLA-4 (15). Prolonged activation of T cells leads to T cell
exhaustion (also referred to as T cell dysfunction), which is characterized by a TCR signaling—
dependent loss of the ability to proliferate or produce effector molecules, such as y-interferon

(IFNy), in response to stimuli (16).

Given that numerous regulatory mechanisms are in place to tightly control the TCR-driven effector
T cell response, it raises the question why Tnem are seemingly easily activated by inflammatory
signals. One could argue that control mechanisms to regulate bystander activation of Tmem may
not be critical if bystander activation only occurs in very rare and specific scenarios such as
systemic viral infections, which is how bystander activation was initially discovered (5). Indeed, it
had been proposed that bystander activation is not of major biological consequence (17). A lack
of relevance could be possible if bystander activation of Tmem Was a vestigial feature that stems
from the gradual development of the adaptive immune system from the innate immune system
(18). But further work is needed to understand the full scope of circumstances in which bystander

activation is possible.

1.3 Niche phenomenon of systemic infection or regular occurrence?

When and where T cell bystander activation occurs

The first indication that CD8" Tmem become activated during an infection even in the absence of
Ag was made by Tough and colleagues (5) when they reported that a large fraction of CD8"
Tmem proliferated in response to systemic infection with lymphocytic choriomeningitis virus,
vaccinia virus, and vesicular stomatitis virus. Based on the large fraction of CD8" Tmem that
proliferated, Tough et al. hypothesized that proliferation was driven by type | IFN rather than Ag.
To test this hypothesis, they induced a type | IFN response by injecting mice with poly I:C and
again observed that a substantial part of the Tmem population proliferated and referred to it as
bystander proliferation. Importantly, bystander proliferation was much more limited compared with
Ag-driven proliferation, as it appeared to only induce one round of cell division (5, 19). Whereas
Ag-specific T cell expansion results in a substantial temporary increase of the T cell compartment
during acute infections, bystander proliferation is seemingly providing little to no contribution to

this increase in T cell numbers and also appears to have a negligible effect on the overall size of
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the Tmem compartment (19). Studies by Welsh and colleagues (20, 21) suggested that bystander
activation could even lead to a net loss of Tmem during heterologous infections. Although these
initial observations of bystander activation focused primarily on proliferation, subsequent studies
found that bystander-activated CD8" Tmem also gained effector function, including the ability to
secrete IFNy and express granzyme B (GzmB) (3, 7, 8, 22), which led to the shift in terminology
from bystander proliferation to bystander activation. Importantly, bystander activation of CD8"
Tmem that are not Ag specific has also been demonstrated during the course of systemic viral
infections in human cohorts including primary human immunodeficiency virus (HIV) (23, 24),
primary Epstein-Barr virus (EBV) (25), and (to varying degrees) during acute dengue virus
infections (26-28). In these latter human studies, peptide/MHC tetramers were used to distinguish
Ag-specific from bystander-activated Tmem. Of note, using human T cells specific for chronic viral
infections such as cytomegalovirus (CMV) and EBV to assess bystander activation must be done
carefully because it is challenging to distinguish between bystander activation and activation as
a result of local viral reactivation. Though bystander activation has been most studied in the
context of viral infections, there is evidence that other pathogens elicit inflammation sufficient for
bystander activation. Both bacterial motifs (29-31) and systemic Listeria monocytogenes (3, 6-10,

32, 33) or Yersinia pseudotuberculosis (33) infections beget CD8" Tmem bystander activation.
1.3.1 Bystander activation of Tmem during chronic infections

Animal models demonstrate that chronic Leishmania major (12, 13) and Borrelia burgdorferi (34)
infections result in prolonged bystander activation of CD8" Tmem at sites of infection. Similarly,
bystander activation of CD8" Tmem Was observed in patients infected with hepatitis B virus (HBV)
(28, 35). Two recent reviews provide a more detailed overview of bystander activation in context
of chronic infections (36, 37). Although bystander activation of Tmem is Observed in settings of
chronic inflammation, it is noteworthy that it is less clear how long the state of bystander activation
can last for a CD8" Tmem 0N a single-cell level. To our knowledge, there are no studies that have
addressed whether a CD8" Tmem can remain bystander activated for prolonged periods of time.
Other possibilities include that bystander-activated CD8" Tmem could change expression of
chemokine receptors and leave the site of inflammation, they could become nonresponsive to
proinflammatory cytokines or have other regulatory mechanisms that would allow a return to
steady state. Bystander-activated CD8" Tmem could also undergo apoptosis or related forms of
programmed cell death. This has been observed in some mouse models of heterologous viral
infections (20), in which chronic STAT1 signaling, mediated by type | IFNs (21) or IL-6 (38), drives
bystander CD8" Tmem loss.
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1.3.2 Bystander activation of Tmem in other settings

Although bystander activation has been predominantly studied in the context of various infections,
evidence of bystander activation of CD8" Tmem has been observed in rheumatoid arthritis (RA)
(39) and celiac disease (40). A recent study by Simoni and colleagues revealed the presence of
bystander CD8" Tmem, including influenza A virus (I1AV)-, CMV-, and EBV-specific T cells, in human
solid tumors. It is still unclear if these CD8" Tmem are merely bystanders in the sense that they are
not tumor-specific, or if they are actually bystander activated and secrete IFNy or other effector
molecules (41). These studies demonstrate that bystander CD8" Tmem must be considered in
localized (i.e., tissue) microenvironments. Nevertheless, the full gamut of circumstances in which
these bystander CD8" Tmem can become activated as well as their biological relevance remains

less clear.

1.4 A universal language?

Bystander activation across T cell subsets

In contrast to Tmem cells, there is no evidence that naive T cells undergo bystander activation.
Instead, naive CD8" T cells become briefly activated in context of a systemic viral infection or L.
monocytogenes infection, but may undergo apoptosis without a subsequent TCR signal (21, 42).
Type | IFN was the first signal identified as sufficient to induce bystander proliferation of Tmem, but
it can also lead to bystander activation (22). In addition to type | IFN, at least two of the following
cytokines in combination are sufficient to trigger bystander activation: IL-12, IL-15, IL-18 (6-8, 31,
43-45), or TLR2 signaling (34) (Figure 1.1A-C). Freeman and colleagues (43) tested over 43
murine cytokines in over 1800 different cytokine combinations to induce TCR-independent IFNy
production in a rather heroic effort of identifying additional cytokine combinations that can elicit or
diminish bystander activation of CD8" Tmem. The resulting data were complex and highlighted the
importance of defining the cytokine composition of an inflammatory environment to understand

why a Tmem cell did or did not acquire a bystander-activated phenotype.

Measuring IFNy secretion and GzmB expression is certainly useful to assess bystander
activation, but it is important to consider that other functional properties, cell fate, etc. may change
as well, but these potential changes have not been extensively investigated to date. Similarly,
how proinflammatory signals affect different Tmem subsets is poorly understood. Although this

work is focused on bystander activation of CD8" Tmem, other T cell subsets, like CD4™ Tmem (46)

25



and mucosal-associated invariant T cells (47, 48) can become bystander activated.
Proinflammatory cytokines also activate invariant NKT cells (49, 50) and yd T cells (51) in the
absence of cognate Ag. The notion that cytokine signals may elicit different functional programs
is particularly relevant for CD4" Tmem given their functional breadth (46). Importantly, bystander
activation is not necessarily homogenous within or across CD8" Tmem Subsets. The phenotype of
a CD8" Tmem is shaped by its initial Ag-driven encounter(52), variable expression of cytokine
receptors across Tmem Subsets, which is further affected by previous Ag experience (53), and T

cell responses to proinflammatory cytokines such as IL-12 can also vary by biologic sex (54).

CD8" T cells with a memory phenotype are not necessarily generated by previous exposure to
Ag. Virtual CD8" Tmem cells acquire a memory phenotype because of homeostatic proliferation
(55). Virtual CD8" Tmem cells also become bystander activated during heterologous infection in an
IL-15—dependent manner (32), suggesting that bystander effector programs are not exclusive to
CD8" Tmem that have been expanded by Ag. White and colleagues provided intriguing evidence
that a virtual memory T cell-like population also exists in humans and accumulates with age (32).
Given the age-associated increase of memory T cells in humans over time (32), determining how
different Tmem Subsets contribute to and affect immune responses in the elderly in a TCR-
independent manner is of great clinical interest. Together, these studies highlight that most CD8*
Tmem Subsets are capable of becoming bystander activated and that this is in part dictated by

cytokine receptor expression levels and may be further shaped by the tissue microenvironment.

1.5 The functional consequences of bystander activation in CD8" Tmem

1.5.1 Consequences of IFNy secretion for the early immune response

In general, IFNy has been shown to activate microbicidal effector programs in macrophages and
other Ag-presenting cells (APCs), including production of reactive oxygen species (ROS),
increased phagocytosis, and upregulation of Ag presentation/costimulatory molecules to generate
Ag-specific T cell responses (9, 56, 57) and is thus a central cytokine of the host's immune
response. Mouse model studies with L. monocyfogenes have been leveraged to dissect the
importance of direct and indirect IFNy effects. IFNy responses are critical to coordinate primary
immune responses against L. monocytogenes (58). During the innate phase of L.
monocytogenes infection, IFNy—deficient mice suffer from a markedly higher splenic L.

monocytogenes burden; however, the adoptive transfer of a wild-type bystander CD8*
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Tmem population dramatically lowers L. monocytogenes burden at this timepoint (7). This
phenomenon is a result of IFNy, derived from transferred bystander CD8" Tmem that became
activated, orchestrating effector responses in nearby APCs (9) (Figure 1.1B, D). IFNy signaling
leads to an increase in phagocytosis and production of reactive oxygen species by APCs (9),
which can directly limit L. monocytogenes replication (59-61). APCs also increase Ag
presentation and expression of costimulatory molecules (9), which are critical signals for priming
Ag-specific T cells. Ge and colleagues (56) recently reported that the early burst of IFNy
production by bystander CD8" Trw recruited neutrophils, which, in turn, limited S. aureus growth
during the first 3 d of bacterial pneumonia. Of note, CD8" T cell—derived IFNy that is available in
the first 24 h of an infection can restrict Ag-specific effector CD8 T cell differentiation in a paracrine
manner resulting in an altered effector to memory balance (62). Furthermore, IFNy could also act
in an autocrine manner on CD8" Tmem (Figure 1.1D). Together, this suggests that IFNy derived
from bystander-activated CD8" Tmem interacts upstream and downstream of the innate immune

system to control early pathogen replication.
1.5.2 GzmB-mediated killing without cognate Ag.

GzmB codelivery with perforin to a target cell results in its apoptotic death, but this cytotoxic
payload poses risk to nearby cells (63). Ag-specific CD8" T cells secrete GzmB at the
immunosynapse formed by their TCRs and cognate Ag/MHC class | on targets, minimizing the
chance of GzmB uptake by unintended targets (63, 64). So how can GzmB-expressing bystander
CD8" Tmenm kill or identify target cells in the absence of cognate Ag? This remained unclear until it
was shown that bystander-activated CD8" Tmem can identify and kill target cells in an NKG2D-
dependent manner (Figure 1.1C, E) (3). The immunoreceptor NKG2D engages a suite of stress-
induced NKG2D ligands (NKG2DLs), which serve as generalized signals of infection, stress, or
transformation (65-67). NKG2D is used by NK cells to survey for and eliminate NKG2DL-
expressing cells. In vivo blockade of NKG2D-NKG2DL interactions led to increased bacterial
loads early after infection even in the absence of NK cells, indicating that bystander-activated
CD8" Tmem are needed to eliminate L. monocytogenes—infected APCs expressing NKG2DLs (3).
Numerous studies have documented the benefit of effector responses by bystander-activated
CD8" Tmem in multiple animal models of infection, including L. monocytogenes (3, 7, 32, 33), Y.
pseudotuberculosis (33), S. aureus pneumonia (56), murine gammaherpesvirus 4 (68), and IAV
(69, 70). Together, these studies suggest that the role of bystander-activated CD8" Tmem during
an acute infection is to help minimize pathogen spreading. Given the timing of how bystander

activation appears to resolve when the Ag-specific T cell response takes over, it seems that this
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mechanism could help minimize the risk that the pathogen outruns host immunity before the Ag-
specific adaptive immune response kicks in.
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Figure 1.1 Effector functions of bystander-activated CD8" Tmem.

A Proinflammatory cytokines, including type | IFN or combinations of IL-12, IL-15, and/or IL-18,
activate CD8" Tmem to become bystander activated and express IFNy and/or GzmB. B IFNy could
signal in an autocrine and paracrine manner. Both nonimmune cells (such as stromal and
parenchymal cells) and leukocytes (e.g., CD8" T cells, APCs, and neutrophils) can be activated
by IFNy. C Engagement of NKG2D on bystander-activated CD8" Tmem with stress-induced
NKG2DLs on targets coordinates the delivery of cytotoxic GzmB granules to target cells. D IFNy
secretion has pleiotropic effects, which result in a heightened immune state. E Direct NKG2D-
mediated and indirect IFNy-mediated responses ultimately converge to result in target cell death.
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1.6 Host consequences of CD8" Tmem bystander activation

1.6.1 Bystander-mediated pathology during prolonged inflammation

Although NKG2D-dependent killing can help control early pathogen spread during an acute
infection, this mechanism was subsequently identified to cause immunopathology in context of
chronic infections (12, 13) as well as human acute hepatitis A virus (AHA) (11) During AHA, both
hepatitis A virus (HAV)-infected and -uninfected hepatocytes upregulate NKG2DLs (11).
Bystander-activated CD8" Tmem maintain high NKG2D expression, especially in the presence of
IL-15, and can target NKG2DL-expressing hepatocytes, whereas TCR stimulation downregulates
NKG2D expression in HAV Ag-specific T cells (11). Bystander-mediated killing of NKG2DL-
expressing cells in vitro strongly correlated with measures of liver damage in AHA patients,
highlighting the probable role of bystander-activated CD8" Tmem in off-target damage (11).
However, it is unclear whether these innate-like killing mechanisms, although capable of off-target
damage, contribute to HAV clearance. During chronic cutaneous leishmaniasis, bystander CD8*
Tmem are recruited to infected tissues, express GzmB, but fail to upregulate IFNy (13). Stromal
cells within L. major-infected ears uniformly upregulated NKG2DLs, which rendered them
susceptible to NKG2D-mediated killing (12, 13). NK cell depletion did not alter pathology, whereas
CD8" T cell depletion and/or NKG2D blockade dramatically reduced tissue pathology (12, 13).
The notion that bystander-activated CD8" Tmem use NKG2D to kill target cells in a manner similar
to NK cells somewhat blurs the adaptive-innate dichotomy, but NK cells and bystander-activated
CD8" Tmem appear to have distinct roles because bystander-activated CD8" Tmem Were the main
driver of NKG2D-dependent pathology in context of chronic infection (13) and responsible for

NKG2D-dependent early pathogen control following acute infection (3).

Similar to chronic infections, bystander-activated CD8" Tmem are also implicated in contributing to
pathology in autoimmune diseases. The signals that drive bystander activation may be different
in these scenarios. Pathologically high levels of IL-15 are found in affected tissues from patients
with celiac disease (40, 71) and RA (72, 73), among other autoimmune disorders [reviewed by
Jabri and Abadie (74)]. This IL-15 exposure dually enhances the direct cytotoxicity of bystander-
activated CD8" Tmem by upregulating GzmB (75) as well as the NKG2D immunoreceptor (76),
which is needed to eliminate NKG2DL-expressing targets. During high IL-15 exposure, the
enhanced cytotoxic potential of bystander-activated CD8" Tmem, paired with aberrant expression

of NKG2DL in affected tissues, biases for bystander-mediated cytopathies in celiac disease (40)
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and RA (39). Although bystander-activated CD8" Tmem can kill NKG2DL-expressing targets and
propagate autoimmune damage when exposed to pathologically high levels of inflammation,
these proinflammatory cues must be maintained to sustain bystander activation. Withdrawal of
bystander-activating cytokines can abrogate the cytolytic potential of bystander-activated CD8"

Tmem in vitro (77), highlighting the critical role for IL-15 in this context.
1.6.2 Bystander CD8" Tmem and the tumor microenvironment.

Tumor micro-environments (TMEs) with a lymphocyte infiltrate are also a type of chronically
inflamed tissue. Bystander CD8" Tnem infiltrate the TME, in which they can even outnumber tumor-
specific T cells and may be distinguished from tumor Ag—specific cells via low CD39 expression
(41, 78-80). Although murine tumor Ag—specific T cells within the TME are typically refractory to
stimulation with cognate Ag and cannot be rescued by PD-1 blockade, bystander CD8*

Tmem Within the tumor maintain responsiveness, spared by their lack of tumor Ag specificity (81).

NKG2D-mediated killing by NK cells and IFNy secretion by either tumor Ag—specific T cells and
NK cells can contribute to solid tumor clearance (82, 83). Because bystander-activated CD8"
Tmem Can also employ these mechanisms, they could play a role in antitumor immunity. Indeed,
recent mouse model studies demonstrate that bystander CD8" Tmem can contribute to tumor
clearance once appropriately activated. Intratumoral injection of the cognate peptide Ag for
bystander CD8" Tmem can elicit IFNy production and limit tumor growth in vivo (84). Other studies
demonstrate that bystander-activated CD8" Tmem can kill tumor cells in an Ag-independent
manner in vitro (85-87). Bystander CD8" virtual Tmem become activated and upregulate GzmB
upon exposure to tumor cells pretreated with chemotherapeutics that target DNA replication (88)
and directly killed MHC class |-deficient targets in a GzmB-dependent manner in vitro (88). Of
note, there is strong evidence that recognition of self-Ag/MHC is still required for bystander
activation (89). Whether self-Ag/MHC is only required for activation or also to sustain effector
function remains to be determined, but is particularly relevant for understanding the antitumor
potential of bystander-activated T cells. Although the ability to leverage bystander-activated CD8*
Tmem as a therapeutic modality may hinge on the subset and history of these cells (90), these data
highlight the potential therapeutic promise of activated bystander CD8" Tmem. Furthermore, this
underscores the importance of understanding the yet to be identified cues that permit and regulate

bystander-mediated effector functions.
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1.7  Open questions concerning CD8" Tmem bystander activation

It has been nearly 25 years since the language of inflammation was discovered as a mediator of
CD8" Tmem function (5). But there is a significant outstanding question: is this phenomenon of
bystander activation a bona fide biologic program or an immunologic accident? Answering this is
challenging due to the ranging consequences of bystander activation for host (being neutral,
beneficial, or detrimental in a context-dependent manner) and the contexts in which it has been
studied (36, 37, 55). Bystander activation has been most described during profound inflammation
(that is systemic and/or chronic). Here, the pro-inflammatory cues are so abundant that often
peripheral CD8" Tmem become bystander activated, which is not reflective of most infections in
which inflammation is acute and remains localized. This raises multiple questions: is bystander
activation even possible when inflammation is limited (either in dose and/or anatomic location)?
Untangling this will provide better insight into the biologic rationale of bystander activation, should
it be conserved even in limited inflammation, as well as identify the circumstances in which

bystander activation could augment host health.

Though the purpose of bystander activation remains unclear, recent discoveries have dispelled
the notion that bystander activation is without consequence. Indeed, bystander-activated CD8"
Tmem can Kill in indirect and direct manners. Curiously, the direct method of killing predicates close
contact between bystander-activated CD8" Tmem and target cells, so that NKG2D-NKG2DL
engagement can occur (3, 11, 13). Does this happen by passively (i.e., by chance encounter of
NKG2DL-expressing cells or activating bystander CD8" Tmem near targets) or are there active
mechanisms to draw bystander-activated CD8" Tmem to their prey? While the former could explain
the off-target bystander-mediated pathologies observed during profound inflammation, the latter

could suggest a yet-appreciated role of bystander-activated CD8" Tmem.

There is a degree of similarity in the outcomes of TCR-activated and bystander-activated CD8*
Tmem; yet it is thus far limited to proliferation and cytotoxicity. But TCR engagement is responsible
for other T cell fates, contingent on the frequency of TCR engagement and/or other cell extrinsic
signals. These include T cell exhaustion (from chronic TCR agonism) (81) or tissue residence
(from receptors upregulated after TCR engagement) (91, 92). Can other Tmem fates be dictated
by inflammation sans TCR agonism? To our knowledge, there is little information regarding the

phenotypic and fate consequences of bystander activation.
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Despite the many unknowns of bystander activation, there is evidence that many—if not most—
subpopulations of CD8" Tmem are capable of bystander activation. Thus, this population is lucrative
to wield therapeutically to enhance immune responses to pathogen or tumor. But bystander-
activated CD8" Tmem are a double-edged sword. The same effector functions that can be
leveraged to clear pathogen are those which cause cytopathies when left unchecked (36).
Although inflammation is the common denominator to bystander activation, it is less clear if there
are programs that can keep bystander-activated CD8" Tmem in check. Is bystander activation
terminated by cessation of inflammation alone, or do other regulatory mechanisms exist?
Understanding these regulatory pathways are critical, as they could be used to blunt bystander-
mediated autoimmune pathologies, or conversely inhibited to enhance target killing in tumor or

infection.

The goals of this dissertation are to address these questions, specifically: 1) when and where
bystander activation occurs during acute, localized infections, 2) how bystander-mediated killing
is spatially coordinated, 3) if non-cytotoxic cell programs are also elicited by bystander activation,
4) how tissue microenvironments shape bystander activation, and 5) do programs exist which

attenuate bystander-activated CD8" Trem functions.
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Chapter 2. CXCR3 enables recruitment and site-specific

bystander activation of CD8* Tmem

The majority of this chapter is reproduced from the following work under fair use per open access
Creative Common CC BY licenses: https://creativecommons.org/licenses/by/4.0/

Maurice NJ, McElrath MJ, Andersen-Nissen E, Frahm N, Prlic M. CXCR3 enables recruitment and site-
specific bystander activation of memory CD8" T cells. Nat Commun. 2019 Nov 1;10(1):4987. DOI:
10.1038/s41467-019-12980-2

Section 2.4 of this chapter are adapted from the following work with permission from Copyright®
The American Association of Inmunologists, Journal of Imnmunology:

Maurice NJ, Taber AK, Prlic M. The Ugly Duckling Turned to Swan: A Change in Perception of Bystander-
Activated Memory CD8 T Cells. J Immunol. 2021 Feb 1;206(3) 455-462. DOI: 10.4049/jimmunol.2000937

Bystander activation of memory T cells occurs in the absence of cognate antigen during infections
that elicit strong systemic inflammatory responses, which subsequently affect host immune
responses. Here we report that memory T cell bystander activation is not limited to induction by
systemic inflammation. We initially observe potential T cell bystander activation in a cohort of
human vaccine recipients. Using a mouse model system, we then find that CD8" Tmem are
specifically recruited to sites with APCs in a CXCR3-dependent manner. In addition, CXCR3 is
also necessary for T cell clustering around APCs and T cell bystander activation, which
temporospatially overlaps with the subsequent antigen-specific T cell response. Our data thus
suggest that bystander activation is part of the initial localized immune response and is mediated

by a site-specific recruitment process of memory T cells.

2.1 Background

The main purpose of memory T cells is to rapidly respond when antigen (Ag) is re-encountered,
however memory T cells can also be activated in an inflammation-dependent, but Ag-independent
manner (3, 5, 7, 9-11, 22, 25, 32). This phenomenon is referred to as bystander activation and
has been reported in the context of acute and chronic infections in the mouse model system
(34) as well as in humans, including chronic HCV infection (93), acute and chronic HIV infection
(23, 94) , acute EBV infection (25), and acute HAV infection (11). Given that memory T cell
bystander activation has been reported in context of these infections that are either systemic in
nature or have systemic inflammatory effects, memory T cells seemingly become bystander-

activated in a passive manner by responding to systemically available inflammatory cues.
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Once bystander-activated, CD8" Tmem acquire an effector T cell-like phenotype, including
expression of GzmB (3, 22, 25) , and IFNy (7, 9, 10). The biological significance of acquiring
cytotoxic effector function in the absence of cognate Ag was long unclear, until it was shown that
bystander-activated CD8" Tmem are capable of direct cytolysis of target cells (3, 11, 13). Direct
target cell killing depends on NKG2D (expressed on memory T cells)—NKG2D ligand (a family of
stress-induced proteins) interactions, which was first demonstrated in a mouse model system
(3) and more recently also shown using human T cells (11). Importantly, this innate-like
recognition of target cells does not appear to be nearly as efficient as T cell receptor (TCR)-
mediated target cell killing (3) but the consequences for the host are still significant given the large
number of memory T cells and their ability to produce other effector molecules such as IFNy (3,
7, 34, 36, 95). Bystander activation of T cells can be beneficial to the host as these cells contribute
to early pathogen clearance (3, 7, 32). However, bystander-activated T cells have also been
shown to drive pathogenesis in the context of chronic infections (12, 13, 34). Thus, bystander-
activated T cells appear to be a double-edged sword with benefits for the host when activation is
brief (early pathogen control during acute infection) and detrimental when activation is persistent
(tissue damage during chronic infections). This includes IL-15-driven differentiation of T cells into

an NK-like cell type during Celiac disease (40).

There is a key role for IL-12, IL-15, and IL-18 in activating memory T cells and a central role for
IFNy in orchestrating the subsequent immune response (9). Given the systemic nature of most
infections studied so far, the existence of signals that could potentially recruit memory T cells to
more localized sites of inflammation have not been investigated. Interestingly, recent data
suggested that bystander activation may also occur when inflammation is localized, such as the
tumor microenvironment with a T cell infiltrate consisting of tumor-specific and nonspecific T cells
(41). The mechanisms that would allow bystander activation of memory T cells in such a scenario

and the biological consequences of bystander activation are unclear.

Bystander activation of CD8" Tmem Occurs in the presence of systemic inflammation, presumably
because memory T cells are exposed to available inflammatory cytokines. Using samples from a
human vaccine trial we find evidence that suggests bystander activation of CD8" Tmem may also
occur shortly after vaccination. We use a mouse model to follow-up on this observation in an effort
to determine whether and how bystander activation of CD8" Tmem can occur in the context of
spatially localized inflammation. We demonstrate that bystander activation during localized

inflammation hinges on the ability of CD8" Tmem to rapidly migrate to sites of early immune
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activation in a CXCR3-dependent manner. Thus, our data suggest that memory T cell bystander
activation is not a passive event limited to scenarios where inflammatory cues are widely available
as shown so far, but an active, migration-driven process. Importantly, at least some bystander-
activated T cells remain located at these immune activation sites for days and temporally and
spatially overlap with incoming Ag-specific T cells. We discuss the relevance of these bystander-
activated T cells as the result of a localized and site-specific recruitment process for memory T

cells for the subsequent host immune response.

2.2 Results

2.2.1 Evidence of bystander activation following vaccination

We initially asked if we could detect any evidence of bystander activation of CD8" Tmem in @ human
cohort following immunization with a live-attenuated vaccine. We analyzed the activation profile
of human immune cells isolated from peripheral blood mononuclear cells (PBMCs) immediately
prior to and 3 days after intra-muscular (i.m.) immunization with a modified vaccinia Ankara (MVA)
vector using samples of the HIV Vaccine Trial Network (HVTN) 908 clinical trial (Figure 2.1A, B)
(96, 97). We found that memory (CD45RO") CD8" T cells displayed significantly increased
median fluorescence intensities (MedFl) for GzmB in MVA/HIV62 but not placebo recipients
(Figure 2.1C, E). Importantly, CD8" Tmem (bulk or GzmB™) did not show increased expression of
markers indicative of recent TCR signaling, such as 4-1BB (98) or PD-1 (99) (Figure 2.1F—H).
Similarly, mucosal-associated invariant T (MAIT) cells can also be bystander-activated (45, 100,
101) and showed a significant increase in CD69 expression, indicating that an i.m. administered
vaccine may be sufficient to activate cells in an inflammation-dependent manner (Figure 2.11).
We next used a mouse model system to determine if bystander activation can occur as a result

of localized inflammation.

35



A

HVTN 908 is an “MVA” “Placebo”
HVTN 205 substudy
PBMC draw PBMC draw PBMC draw PBMC draw
Day: 0 56 112 115 Day: 0 56 12 115
pGA2/JS7 DNA  pGA2/JS7 DNA MVA/HIVE2 HVTN 205 regimen Saline
C D Naive CD8*
200 p=0813 40 p=0.844 3009 p=0.125 509 p=0.156
oo p=0.031 ~ p=0.156 o~ — o ~ :
o)
“E’gmo ~—~ g a0 — e e i 40 M
> o 9 = © 200 o v -
g3 Ed | > . . F3 Egwl 4 0
€ O 100 — 2 & 02 5O go :>‘
z8 5k 7‘ & p>0099 8 %20
[nifal fofal T O 100 ./. G a
892 % / RO —° 39 / X210 5
=3 5 o——o >3 '_é! k) =3
T T T T ¥ ) 1 )
D112 D115 D112 D115 D112 D115 D112 D115 D112 D115 D112 DI15 D112 D115 D112 D115
MVA Placebo MVA Placebo MVA Placebo MVA Placebo
CD8* CD45RO* CD8* CD45RO* CD8* CD45RO~ CD8* CD45RO™
Gated on: Gated on:
CD45RO" CD8* T cells CD45RO" CD8" T cells
MVA Placebo
D112 D115 D112 D112 D115
8 10°
o —_
I o
;. g
o o
Q© 403 ~
£ a
g i
[ ¥
o
0 50K 100K 150K 200K 250K 50K 100K 150K 200K 250K ° 103 “ 3 4 10! 0 10° 10% 10° o 10° 10° 10°
FSC-A PD-1 (PE-Cy7) PD-1 (PE-CYy7) —— 8  ——»
) )
® 50, _ p=0.844 © 104 p=0094 p=0436
% p=0219 % "
% 15- % 8 ::::‘ e °
G 0 H L0 T 2
8o é 227
35 o 4
3 é . \ = =X é \ — o
—o
=0.844 P =8 h
= peorss " 8 Yy — L 11 =053 p>09% - E— .
) g D112_D115_ D112 D115 0 8o 2 D112_D115 D112 D115
T 6 k3 x —" s
S [ MVA Placebo . g E MVA Placebo
24, CD8" CD45RO" Granzyme B e =3 CD8" CD45RO" Granzyme B
g By — s
O 2 £ 20 o £ 100 -
5 £ g £ p>0.999 p=0.938
=4 =4 80
o T T T T © 15 T T T T o
D12 D15 Df2 Dits & O D112 D115 D112 D115 + O .é.: g
[ lre) - o)
MVA Placebo TE 10 p=0.188 p=0.563 MVA Placebo g € 0 IE‘
CD8* CD45RO* R ¥ CD8* CD45RO* 8
0l =S = g 2
< h
0 ©
38 - T T T 5 ol— T T T
2 D112 D115 _D112_D115 2 D112_D115_ D112 D115
= MVA Placebo = MVA Placebo
CD8* CD45RO* Granzyme B- CD8* CD45RO* Granzyme B-
257 P=0031 2504  p=0.031
£20 o £ 200 — .
< P=0031 @< =0438
8= 8 = 150 / P
S Tl
a
k510 IX: g 8 100
e = -
D12 D115 D112 D115 D112 D115 D2 D115
MVA Placebo MVA Placebo
CD8* MAIT CD8* MAIT

36



Figure 2.1 Evidence for bystander activation of human CD8" Tmem following vaccination

A, B Immunization schematics for HYTN 908 “Early Immune Responses to Vaccination,” a
substudy to HVTN 205 (see Methods). A In HVTN 908, some participants of the HVTN 205 trial
received a boost with an MVA vector (day 112). We interrogated PBMC samples collected
immediately prior to the MVA boost or saline placebo (day 112) and on day 3 post MVA-
immunization (day 115) to determine if we could detect any CD8" Tmem With @ phenotype indicative
of bystander-activation. B The HVTN 908 clinical trial design included a cohort receiving saline
instead of the MVA vector and PBMCs from this placebo cohort were included in our sample
analysis (we were blinded until flow cytometry data were acquired and analyzed). The samples
from this placebo cohort served as an important control for potential batch effects between day
112 and day 115 samples to ensure that we could distinguish differences in biology from
differences that may be technical in nature (for example, differences that could be introduced in
sample processing, etc.). C-l Flow cytometric phenotyping of PBMC subsets in HVTN 908. C
Granzyme B expression (median fluorescence intensity (MedFl) and frequency) in CD45RO*
CD8' T cells (i.e., CD8" Tmem). D Granzyme B MedFI and frequency in CD45RO~CD8" T cells
(i.e., naive CD8" T cells). E Representative granzyme B staining in CD45RO* CD8" T cells. F
Representative staining of PD-1 (x-axis) and 4-1BB (y-axis) in CD45RO* CD8" Tmem. G 4-1BB or
H PD-1 frequency of bulk, GzmB®, and GzmB~ CD45RO"* CD8" Tmem. | Frequency and MedFI of
CD69 in CD8" MAIT cells. In C, D, G, | each symbol represents one donor at one timepoint (n =
6 MVA vaccine recipients, n = 6 placebo recipients). Connected symbols are from the same donor;
all samples were stained and analyzed at once. Indicated are statistical significances by Wilcoxon
matched-pairs signed rank test. Staining panels and gating strategies are respectively provided
in Table 2.1 and Figure 2.21.

2.2.2 Ag-nonspecific T cells cluster at sites of early immune activation

We wanted to visualize where and how early bystander activation occurs in spatial relation to
activated APCs and Ag during the nascent stages of a localized immune response. To develop a
traceable population of CD8" Tmem With defined Ag-specificity, we adoptively transferred naive,
congenically marked OT-I CD8" T cells, which express a TCR that recognizes the SIINFEKL
peptide of chicken egg ovalbumin (OVA), into wild-type (WT) C57BL/6J recipients (Figure 2.2A).
We subsequently infected recipient mice with OVA-expressing vesicular stomatitis virus (VSV-
OVA). This acute infection provides cognate Ag and inflammatory cues to generate effector OT-
I T cells, which then contracted into a stable pool of memory OT-I T cells 60 days post infection
(referred to as OT-I memory mice) (102). As our main goal was to interrogate how Tmem become
activated in a localized manner, we tested several low-dose immunization strategies
with actA™ and wild-type (WT) Listeria monocytogenes (LM). OT-I T cells are not activated by
any Listeria-derived Ags (3), thus any augmentation of OT-l T cell function would be due to
inflammation-driven bystander effects (Figure 2.2B, Figure 2.4A). We immunized OT-I memory
mice with 10° colony forming units (cfu) actA” LM to mimic the live-attenuated human MVA

vaccine. However, within 24 h of immunization with actA™ LM nearly all white pulps (WP) in the
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spleen stained positive for LLO and were enriched for memory OT-I T cells (Figure 2.4B). A further
titration in dose did not alleviate this problem, so this approach was not suitable to examine site-
specific bystander activation of memory T cells. We next immunized mice with 1000 cfu of WT
LM. This low challenge dose initially resulted in a very localized infection as infected APCs migrate
to the periarteriolar lymphoid sheath inside the splenic WP within 6—12 hours (103-105) and was
thus ideal to determine whether bystander activation only occurred passively with memory T cells

close to infected/activated APCs or was the result of site-specific recruitment of memory T cells.
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Figure 2.2  OT-l transgenic model of CD8" Tmem bystander activation

A Schematic of OT-I T cell adoptive transfer and subsequent memory OT-I T cell generation via
VSV-OVA infection. B Schematic of (bystander activating) WT LM immunization and subsequent
tissue sampling.
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We examined the distribution of splenic OT-I T cells in situ using immunofluorescence (IF) of
whole-spleen sections (Figure 2.3A-F, Figure 2.4C, D). Using antibodies against CD45.1,
Listeriolysin O (LLO), and CD169, we respectively stained for congenically marked OT-I cells, LM
Ag, and marginal zone metallophilic macrophages (MMM). CD169" MMM border the splenic white
pulp (WP), delineating areas of WP and red pulp (RP) (106). Immunization with WT LM led to foci
of LM Ag in a limited number of WP in the spleen (Figure 2.3C, D) and OT-I T cells formed dense
clusters bordering specifically at sites that stained positive for LM Ag. These OT-I T cells appeared
to cluster in a manner strikingly similar to day 7 (Ag-specific) effector cells (Figure 2.3C-F). We
employed a digital pathology software, HALO, to enumerate OT-I T cells within the splenic RP,
WP (both as a whole or stratified by LM Ag staining) in an unsupervised manner (Figure 2.3G,
H). Although WT LM immunization did not globally alter OT-I T cell density from that in
unimmunized control animals (Figure 2.4C), the density of OT-I T cells was significantly increased
in WP foci that stained for LM Ag versus those that were negative for LM Ag (Figure 2.3H). This
suggests that the transient bystander activation of memory T cells (Figure 2.4E, F) early after
immunization is not a consequence of being merely close to activated APCs, but instead Tmem
appeared to actively migrate toward activated APCs. We next wanted to define how this may

happen and discern migration from proliferation-driven effects.

39



LM-unimmunized

24h post WT LM
(bystander response)

7d post LM-OVA

(antigen-specific OT-I response)
5 AT

G Raw image Count output H
R ; 10000+
p=0.002
8000+ ———
£ 1
£ 6000
= i
o 4000
2000+ §
LMAg WP LMAg WP LM Ag* WP
Mock 24h WT LM

Figure 2.3 CD8" Tmem densely cluster at sites of early immune activation

A—F Representative 8 ym, whole-spleen sections showing OT-I (red), marginal zone metallophilic
macrophages (MMM) (cyan), and LM Ag (green). A Whole-spleen section and magnified
selection B from LM-unimmunized OT-l memory mouse. C Whole-spleen section and magnified
selection D from OT-I memory mouse 24h post WT LM (bystander-activating)
immunization. E Whole-spleen section and magnified selection F from animal 7 days post OT-I
transfer and LM-OVA immunization, showing OT-I effector (Ag-specific) response. G Raw IF
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images showing OT-I (red), MMM (cyan), LM Ag (green), and DAPI (gray), and cell identity
outputs used for cell enumeration (OT-I, red; MMM, cyan; co-staining, white; nuclei, gray) from
HALO digital pathology software. H Splenic OT-I T cell densities from WT LM Ag-positive and -
negative WP as enumerated from HALO-analyzed IF images. In A—F image contrast of single-
channel images was increased using Adobe Photoshop equally across all samples prior to layer
compilation. Pixel size for LM Ag channels was doubled to increase visibility using Adobe
Photoshop. A, B Is representative of n=6 mice. C, D is representative of n=10 mice. E, Fis
representative of n=3 mice. In H each individual symbol (mock immunization) or connected
symbol pair (24 h post WT LM immunization) represents one animal from 3 experiments (n=6
mock-immunized, n=10 WT LM-immunized). Indicated are statistical significances by Wilcoxon
matched-pairs signed rank test.
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Figure 24 CD8" Tmem clustering precedes systemic inflammation and bystander
activation.

A Overview of actA~ LM immunization and tissue sampling. B Representative image of LM Ag
and OT-I clustering at the splenic WP from actA~ LM-immunized mice 24 hours post infection. C
OT-I densities within splenic compartments calculated from IF and HALO enumeration 24h post
WT LM or mock immunization. D Frequency of WP and RP OT-I T cells detected by i.v. staining
and flow cytometric analysis versus IF at 24h post WT LM infection. E-F GzmB (E) MedFI| and
(F) frequency in blood OT-I cells 24, 72, and 120 hours after WT LM immunization. B is
representative of n = 3 spleens. In C each symbol represents one compartment from one mouse
across 4 experiments (n = 10 WT LM immunized; n = 6 unimmunized), summaries shown are
mean + SD; indicated are statistical significances by Mann-Whitney test with a = 0.05. In D each
connected symbol pair represents one compartment from one mouse across 3 experiments (n =
10). Indicated are statistical significances by Wilcoxon matched-pairs signed rank test. In E and
F each symbol represents 2-5 animals concatenated from the same technical replicate (replicate
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n = 5). Symbols are connected by matching replicate. Indicated are statistical significances with
adjusted p values < 0.05 by Dunn’s multiple comparison test against mock-immunized events.

2.2.3 Early bystander-activated CD8"* Tmem clusters are Ki-67 negative

Using the same experimental setup, we next confirmed that OT-I T cells near splenic LM Ag foci
were truly bystander-activated (i.e., GzmB®) using IF. We simultaneously assayed for the
expression of Ki-67, a marker indicative of cellular proliferation, to determine whether the
increased density of OT-I T cells resulted from OT-l replication. Within 24 h of WT LM
immunization, clustering OT-I T cells predominantly contained cytotoxic molecules and were thus
bystander-activated (Figure 2.5A-E). Despite this, clustering OT-l T cells did not show Ki-67
staining (Figure 2.5A, B), suggesting OT-I T cell enrichment results from recruitment. OT-I T cells
from LM-uninfected animals displayed minimal GzmB staining (Figure 2.6A, B). We again
employed HALO digital pathology software to enumerate Ki-67" and granzyme B* OT-I T cells
within WP that stained positive or negative for LM Ag (Figure 2.5C). The density of Ki-67" OT-I
T cells remained unchanged between LM Ag-positive and -negative WPs (Figure 2.5F); but the
density of GzmB” cells was highly elevated within WP containing detectable LM Ag (Figure 2.5D),
with approximately half of the memory OT-I T cells expressing GzmB within these foci (Figure
2.5E). Thus, bystander-activated cells capable of killing are most enriched at sites in close
proximity to activated APCs and Ag early after immunization. To ensure that this phenomenon is
not limited to TCR transgenic memory T cells, we next sought to determine whether endogenous

CD8" Tmem are also initially bystander-activated in a locally restricted manner.
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Figure 2.5 Bystander-activated OT-I T cells form clusters without proliferating.

A, B Representative image of spleen 24 h post WT LM immunization from serially-sectioned 8um
slides stained for LM (white), CD169" MMM (blue), OT-I T cells (red), GzmB (green), and Ki-67
(cyan). C Raw IF images showing OT-I T cells (red), Ki-67 (cyan), GzmB (green), and DAPI (grey),
and cell identity outputs used for cell enumeration (OT-I T cells, red; GzmB, green; OT-l and
GzmB co-staining, yellow; Ki-67" nuclei, cyan; Ki-67~ nuclei, grey) from HALO digital pathology
software. D-F Enumeration of cell densities and frequencies from HALO-analyzed images. D
Density of GzmB™ OT-I T cells amongst splenic WP stained for the absence (LM Ag~) or presence
(LM Ag*) of WT LM 24 h after immunization. E Frequency of GzmB expression in OT-I T cells
within WP from unimmunized animals (Mock) and WP from animals 24 h post WT LM
immunization (24 h WT LM), stratified by the presence of LM Ag. F Density of Ki-67" OT-I T cells
amongst splenic WP absent or containing LM Ag 24 h after WT LM immunization. In A, B image
is representative of n=7 spleens. Contrast was increased and tissue orientation was modified in
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Adobe Photoshop to overlay serially sectioned slides. LM Ag staining was outlined to increase
visibility using “find edges” in ImageJ; after, all channels were merged using Imaged. In D—F each
symbol (mock immunization) or connected symbol pair (24 h post WT LM immunization)
represents one animal from three experiments (n =4 mock-immunized, n=7 WT LM-immunized).
Indicated are statistical significances by Wilcoxon matched-pairs signed rank test.

LM-unimmunized

LM
Ki-67

Granzyme B

Figure 2.6  Ki-67 and GzmB staining in spleens from LM-unimmunized OT-l memory
mice

A, B Representative image of LM-unimmunized spleen from serially sectioned 8um slides stained
for geographic markers: LM (white) and MMM (blue); and OT-I phenotyping: OT-I (red), GzmB
(green), and Ki-67 (cyan). In A, B image contrast was increased at an equal level as in Fig. 2.6
and tissue orientation was modified in Adobe Photoshop to overlay serially sectioned slides. All
channels were merged and LM staining was outlined using “find edges” to increase visibility using
Imaged. Image is representative of (n = 4).

2.2.4 Bystander activation of endogenous CD8"* Tmem

As bystander activation occurred in the WP of the spleen, we employed intravenous (i.v.) labeling
of CD8p to distinguish OT-l and endogenous CD8" T cells located in the splenic WP vs. RP by
flow cytometric analysis (Figure 2.7A) (107, 108). In vivo i.v. labeling of CD8p resulted in uniform
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staining of cells in circulation and limited staining of cells within lymphoid structures (i.e., lymph
node (LN) and splenic WP); as the RP of the spleen is circulatory in nature, we identified
CD8B" splenocytes as those within the RP using both IF and flow cytometry (Figure 2.7B, C).
From our flow cytometric analyses, we interrogated the expression of effector molecules, GzmB
and IFNy, in OT-l and bulk endogenous CD8" Tmem from the splenic RP and WP (Figure 2.7D, E).
Mirroring our IF data, we observed that 24 h after WT LM immunization, a greater frequency of
bystander-activated (i.e., GzmB*) OT-I T cells were detected in the WP versus the RP (Figure
2.7E). This bias for bystander-activated OT-I T cells within the WP was present at later time points
but peaked 72 h post immunization (Figure 2.7E, Figure 2.8A). In contrast, the GzmB response
of bulk endogenous CD8" T cells did not mount until 120 h post immunization, likely reflecting the
Ag-specific immune response to WT LM (Figure 2.7E, Figure 2.8A). Transient IFNy production
was observed in WP OT-l T cells 24 h post immunization, coinciding with initial OT-l T
cell clustering (Figure 2.7E, Figure 2.8B). In concurrence with our IF data, Ki-67 expression was
not increased in WP or RP OT-I T cells until later timepoints (Figure 2.8C, D). To ensure that the
bystander responses were not a feature unique to transgenic OT-I T cells, we measured GzmB
and IFNy responses in endogenous CD8" Tmem, Which were identified via NKG2D expression
(Figure 2.7F, G) (109). Much like OT-I T cells, endogenous CD8" Tmem had similar GzmB and
IFNy kinetics (Figure 2.7H, Figure 2.8A—C). The majority of IFNy-producing cells within the WP
24h post immunization, whether OT-l or endogenous CD8" Tmem, Were predominantly
GzmB® (Figure 2.7G). The magnitude of GzmB responses 24 h post immunization was directly
correlated with the magnitude of the IFNy responses in both endogenous CD8" and OT-l Tmem
(Figure 2.71). Furthermore, at 24 h post immunization, the magnitude of the IFNy and GzmB
responses in endogenous CD8" Tmem mirrored the response magnitudes in their OT-I counterparts
(Figure 2.7J), which remained significant at 72h post immunization, but not at 120 h post
immunization (Figure 2.8E, F). We found that splenic IFNy expression 24 h post immunization
strongly correlated with splenic IL-12 levels (Figure 2.7K, L) and next used IF to determine the
magnitude and site-specific manner of IFNy production. In concordance with our flow cytometry
data, IFNy production was most pronounced in cell clusters surrounding LM Ag foci (Figure 2.7M).
We leveraged IF staining NKG2D to identify the spatial orientation of endogenous CD8" Trmem and
NK cells. Endogenous NKG2D" cells aggregate near LM Ag foci and upregulate GzmB (Figure
2.7N).
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Figure 2.7 Endogenous CD8" Tmem are bystander activated in a localized manner

A Schematic for i.v. labeling of circulating CD8" cells. B Splenic IF for i.v.-labeled
cells. C Representative flow staining of CD8a” cells for i.v. CD8 from matched blood, lymph node
(LN), and spleen. D Representative flow gating for red pulp (RP) and white pulp (WP) subsets
within bulk endogenous CD8" T cells and OT-I T cells. E Frequencies of GzmB or IFNy
expressing OT-I or bulk endogenous CD8" T cells after WT LM immunization, subset by splenic
compartment. F Representative flow gating for endogenous CD8' Tmem Vvia NKG2D
expression. G Representative flow plots demonstrating effector molecule production 24 h post
immunization in OT-l (white) and endogenous CD8" Tmem (blue) from WP. H Frequency of
GzmB*and IFNy" endogenous CD8" Tmem within splenic RP and WP after
immunization. I, J Comparison of () effector molecule expression between OT-l and endogenous
CD8" Tmem or (J) GzmB expression versus IFNy expression 24 h post immunization. K Luminex
analysis of spleens 24 h after immunization for IFNy (left) and IL-12p70 (right) and L comparison
of IFNy and IL-12p70 levels. M, N Representative IF from animals 24 h after immunization,
overlaying two serial spleen sections stained for CD169" MMM (blue) and WT LM (white); and
granzyme B (green), OT-I T cells (red), and (M) IFNy or (N) NKG2D (cyan). In E, H each symbol
represents one splenic tissue compartment from one mouse from three experiments (n=6, 10, 7,
and 10, respectively for mock, 24h, 72h, and 120h samples). Indicated are statistical
significances by Wilcoxon matched-pairs signed rank test. In 1, J, each symbol represents one
mouse from three experiments (n=6 and 10). In K, I, each symbol represents one mouse from
two experiments (n=6 unimmunized and 10 immunized). Indicated in Kare statistical
significances by Mann—Whitney tests. Summaries shown in E, H, K are mean + SD. Summaries
shown inl, J, L are linear regressions, with indicated statistical significance of regression
fits. M, N are representative of n=2.
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Figure 2.8 = Temporal patterns of bystander activation are conserved in endogenous
CD8+ Tmem

A-C Frequencies of (A) GzmB”, (B) IFNy", or (C) Ki-67" OT-I T cells, endogenous CD8" Tmem,
and bulk endogenous CD8" T cells within WP or RP during heterologous WT LM immunization.
D Counts of GzmB®, IFNy", or Ki-67* OT-I T cells, endogenous CD8" Trmem, and bulk endogenous
CD8" T cells from WPs during heterologous WT LM immunization. E, F Scatter plots comparing
magnitude of WP or RP OT-I and endogenous memory CD8" T cell responses at (E) 72 hours or
(F) 120 hours after WT LM immunization. In A and B each symbol represents one mouse from 3
experiments (n = 4 to 10 per condition per time point); summaries shown are mean + SD and
indicated are statistical significances by Kruskal-Wallis tests and Dunn’s multiple comparisons
testat * p < 0.05, * p <0.01, *** p < 0.001, *™** p <0.0001. In C each symbol represents one
splenic compartment from one animal (left panels) or one animal (center and right panels) (n = 6
from 2 technical replicates). Summaries shown are mean + SD. In left panels, indicated are
statistical significances by Wilcoxon matched-pairs signed rank test. For center and right panels,
indicated are statistical significances by Kruskal-Wallis tests and Dunn’s multiple comparisons
test against LM-unimmunized animals (mock) at * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001. In D each symbol represents one animal (n = 6 to 13 per time point, 2 to 5 technical
replicates). Summaries shown are mean + SD; indicated are statistical significances by Kruskal-
Wallis tests and Dunn’s multiple comparisons test at * p < 0.05, ** p < 0.01, *** p < 0.001, **** p
<0.0001. In E and F each symbol represents one mouse from 3 experiments (n = 6-10). Indicated
are statistical significances by linear regression.

We next examined if CD69* CD103" CD8" T (resident memory phenotype) cells become similarly
bystander-activated during WT LM immunization (Figure 2.9A, B). We observed an increase in
CD69 expression by T cells as expected given that inflammatory signals are sufficient to induce
CD69 expression. Importantly, the CD69* CD103" population only changed slightly in frequency
and showed minimal expression of effector molecules compared with OT-I or endogenous
CD8" Tmem (Figure 2.9C-G). These data suggest that bystander-activated cells at secondary
lymphoid organs are primarily migratory and not resident in nature. To better understand how
Tmem are recruited and activated in this site-specific manner we next wanted to characterize these

cells more in depth.
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A Gating strategy demonstrating CD69 CD103 co-expression patterns in bulk endogenous CD8"
T cells (grey), endogenous CD8" Tmem (blue), or OT-I Tmem (black) isolated from blood, LN, splenic
WP, or circulatory splenic RP (red outline). Left panel set depicts an LM-unimmunized animal and
right panel set depicts an animal 24 hours after WT LM immunization; Trm phenotype cells (i.e.,
those that are CD69"CD103*) are highlighted in orange. B frequencies of WP (orange outline,
white fill) and RP (orange outline, red fill) CD69"'CD103* endogenous CD8" cells. C Frequencies
of GzmB* (left) or IFNy" (right) in CD69"CD103" endogenous CD8" T cells during WT LM
immunization. D—G Comparison of (D, F) GzmB and (E, G) IFNy expression between OT-l Tmem
(black outline), endogenous CD8" Tmem (blue outline), and CD69"CD103" endogenous CD8" T
cells (orange outline) during LM immunization. Panels (D, E) represent cells from the splenic WP
(the site of LM infection) and (F, G) represent LNs (a site typically spared from infection). In B-G
summaries shown are mean + SD; each symbol represents one cell population from one animal
(n = 6 from 2 technical replicates). In B, indicated statistical significances were determined by
Wilcoxon matched-pairs signed rank test. In C, indicated statistical significances were determined
by Kruskal-Wallis tests and Dunn’s multiple comparisons test at * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001. In D-F indicated statistical significances are adjusted p values determined
by Dunn’s multiple comparison tests.

2.2.5 Surface CXCR3 is decreased on bystander-activated T cells

As we observed bystander activation of OT-I and endogenous CD8" Tmem Within the WP 24 h post
immunization, we focused our following analyses solely on cells residing in the WP. We sought
to determine whether bystander activation at this site is associated with other phenotypic
changes. We compared the expression of phenotypic markers between populations of OT-I and
endogenous CD8" Tmem sourced from LM-unimmunized and -immunized (24 h post immunization)
animals (Figure 2.10A). We further subset WP OT-l and endogenous CD8" Tnem from LM-
immunized animals by their bystander activation status (i.e., GzmB positivity) and included a
reference population of endogenous naive (NKG2D~ CD62L* CD127") CD8" T cells as a baseline
control for phenotypic changes (Figure 2.10B). An effector (CD62L" CD127") phenotype was
enriched in bystander-activated OT-I and endogenous CD8" Tmem 24 h post immunization with
WT LM (Figure 2.11A, B); but the presence of CD62L" KLRG1™ cells within bystander-activated
OT-I T cells suggests that the ability to become bystander-activated is not restricted to a specific
memory phenotype (Figure 2.10C, Figure 2.11A, B). Most striking, however, were changes in
staining profiles for CXCR3, a chemokine receptor needed to allow Ag-specific effector T cells
to find infected target cells (110). In unimmunized animals, OT-I and endogenous CD8" Tmem
uniformly express CXCR3 (Figure 2.10C, D), but within 24 h of WT LM immunization, bystander-
activated OT-l and endogenous CD8" Tmem displayed a significant drop in numbers, frequency
and MedFI for surface CXCR3 (Figure 2.10C, D, Figure 2.11C).
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Figure 2.10 Bystander-activated CD8" Trem display decreased surface CXCR3

A, B Representative flow plots showing populations used for representative overlays in C and
frequencies and median fluorescence intensity (MedFl) reported in D and E. A Representative
gating for WP OT-I (green) endogenous CD8" Tmem (light green) from unimmunized OT-l memory
mice. B Representative flow plots from OT-I memory WP splenocytes 24 h post WT LM infection,
showing gating of endogenous naive CD8" T cells (gray), GzmB™ (i.e., bystander-activated) and
GzmB™ endogenous CD8" Tmem (light red and light blue, respectively) and OT-I T cells (red and
blue, respectively). C Histogram overlays of populations outlined in A, B for phenotypic and
functional markers. Cells endogenous to hosts have a light gray background. D—E CXCR3 MedFI
(D) and frequency (E) in CD8" T cell subsets. B is from n =3 animals concatenated into a single
file. C is a representative plot from concatenated populations shown in A, B. In D and E a single
point represents a subpopulation from each animal (n=6 for endogenous Tmem and 10 for
transgenic and endogenous naive populations) from 3 experiments. Summary statistics shown
are mean + SD. Indicated are statistical significances by Wilcoxon matched-pairs signed rank test.
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Figure 2.11 Bystander-activated CD8" Trmem are phenotypically distinct.

A MedFI or B frequency of markers assessed by flow analysis in WP CD8" T cell populations.
OT-l and endogenous CD8" Tmem are from LM-unimmunized mice. Endogenous naive, GzmB*
(i.e., bystander-activated) and GzmB™ (i.e., non-bystander activated) endogenous CD8" Tmem and
OT-l Tmem are from mice 24 hours after WT LM immunization. Endogenous cell populations are
shown in columns with grey backgrounds. C Identification and absolute number of CXCR3%™
(green fill) and CXCR3" (white fill) populations in WP OT-I (black outlines and flow plots) and WP
endogenous CD8" Tmem (blue outlines and flow plots). In A, B a single point represents a
population from a single animal (n = 6—-10), summaries shown are mean * SD. Indicated are
statistical significances by Wilcoxon matched pairs signed rank test. In C a single point represents
a specific population from a single animal (n = 12-13 per condition from 5 technical replicates).
Summaries shown are mean + SD; indicated are statistical significances by Mann-Whitney tests.
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As WT LM detection causes rapid secretion of CXCR3 ligands (CXCR3L), CXCL9 and CXCL10,
by human PBMC (111) and CXCR3L engagement and signaling can lead to dimmed staining
owing to receptor internalization (112), we next asked if this loss of surface CXCR3 expression
we observed could be due to ligand engagement at sites of early immune activation. We isolated
OT-l and endogenous CD8" Tmem and exposed them to recombinant CXCL9 and CXCL10 (Figure
2.12A, B). We observed a rapid, CXCL9 and CXCL10 dose-dependent decrease in CXCR3
expression on both OT-I and endogenous memory CD8" Tmem (Figure 2.12C, D, Figure 2.13A)
and cycloheximide (CHX)-independent CXCR3 re-expression following ligand removal (Figure
2.13B-E). These data indicate that murine CXCR3 can be recycled to the cell surface following
internalization, whereas human CXCR3 is restored via de novo protein synthesis (113). Finally,
we wanted to define CXCL9 and CXCL10 expression in situ and stained serially sectioned slides
for CD169 and LLO; CXCR3L (CXCL9 and CXCL10); and CD45.1 (for OT-I T cells) and CD11b.
We found that WP OT-I T cells colocalized in areas staining for both CXCL9 and CXCL10 (Figure
2.14A, B, Figure 2.15). Thus, we next asked if CXCR3 is necessary for recruitment of Tmem to

activated APCs and undergoing bystander activation.
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Figure 2.12 CXCR3L engagement leads to surface CXCR3 loss.

A Schematic for CD8" T cell isolation, CXCR3L stimulation, and longitudinal sampling for flow
analysis. B Representative gating of OT-I T cells, NKG2D* endogenous CD8" Tmem (blue), and
NKG2D~ endogenous naive CD8" T cells (gray). C Representative histograms depicting surface
CXCRS3 flow staining in OT-I T cells (black border), endogenous CD8" Tmem (blue border), and
endogenous naive CD8" T cells (gray border) after 30 min of mock (dark gray histogram) or
CXCL9 plus CXCL10 (rCXCR3L) stimulation (10 ng/mL, light green; 50 ng/mL, medium green;
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100 ng/mL, dark green per chemokine). D Frequencies of OT-l T cells (left), endogenous
CD8" Tmem (center), and endogenous naive CD8" T cells (right) expressing surface CXCR3 prior
to rCXCR3L stimulation (0 min), after rCXCR3L stimulation (30 min), and 30 min after rCXCR3L
removal (60 min). Symbols and line connectors are color-coded by rCXCR3L concentration as
in C. C is a representative plot from one of two technical replicates. In D each symbol represents
the mean (n = 2 at each timepoint) £ SD with lines connecting means from two technical replicates.
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Figure 2.13 De novo protein synthesis is not responsible for CXCR3 restoration in mice

A CXCR3 MedFl in OT-I T cells (top), endogenous CD8" Tmem (Middle), and endogenous naive
CD8" T cells (bottom) prior to rCXCR3L stimulation (Omin), after rCXCR3L stimulation (30min),
and 30 minutes after rtCXCR3L removal (60min). Color indicates rCXCR3L concentration (mock,
black; 10ng/mL, light green; 50ng/mL, medium green; 100ng/mL, dark green). B CHX chase
assay to test if mouse CXCR3 is restored through de novo protein synthesis. C CXCR3 frequency
in OT-I (top) or endogenous CD8" Tmem (bottom) during CHX (red, solid line) or carrier (black,
dashed line) treatment. Vertical reference line signifies end of rCXCR3L stimulation and addition
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of CHX-containing media. D Schematic of peptide stimulation assay to control for CHX
performance. E Representative flow plot depicting OT-I Tmem production of effector cytokines via
cognate Ag (SIINFEKL peptide) in the presence or absence of CHX.

24h post WT LM
(bystander response)

CD11b

WT LM

CXCL10

Figure 2.14 CXCR3L gradients emanate from foci of splenic LM infection

A, B Representative IF image of spleen from animal 24 h post WT LM immunization. The image
is composed of three 8 um serial sections stained for CD11b (green) and CD169* MMM (blue);
OT-l Tcells (red) and WT LM (white); and CXCL9 (magenta) and CXCL10 (cyan). A, B is
representative of n=5 animals from two technical replicates. Image orientation was modified in
Adobe Photoshop to permit overlaying of serially sectioned slides. Contrast was equally increased
amongst all individual images; after, punctate staining in LM, CXCL9, and CXCL10 images was
outlined using Imaged command “find edges” to enhance visibility prior to merging.
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CXCL10 isotype control

Figure 2.15 Isotype control staining for CXCR3L antibodies

Representative image depicting CXCL9 and CXCL10 IF isotype control staining in same foci from
serial sections in Fig 2.15. Image is representative of n = 3 spleens and image processing was
identical to that in Fig 2.15: Image orientation was modified in Adobe Photoshop to permit
overlaying of serially-sectioned slides; contrast was equally increased amongst all individual
images; CXCL9 and CXCL10 isotype control images were outlined using ImageJ command “find
edges” prior to merging.

2.2.6 Localized bystander activation requires CXCR3

To determine whether recruitment of Tmem towards activated APCs is CXCR3-dependent, we
generated memory mice using WT or Cxcr3”~ OT-I T cells (as described in Figure 2.2A) and
immunized the mice with WT LM to induce bystander activation (Figure 2.16A). We interrogated
the bystander responses in the WP of OT-I (either WT or Cxcr3™") and endogenous CD8" Tmem
(which are all Cxcr3*"*) (Figure 2.16B). After WT LM immunization, Cxcr3” OT-I T cells had
limited IFNy and GzmB expression in comparison with WT OT-l and endogenous CD8" Tmem (from
both WT or Cxcr3”~ OT-lI T cell transfers) (Figure 2.16C). At 24h post immunization, the

_/_

frequency of IFNy" or GzmB* Cxcr3™” OT-l T cells was significantly less than endogenous
CD8" Tmem from the same animal (Figure 2.16D) or WT OT-l T cells from animals of the

experimental control group (Figure 2.16E, F). Although there were pronounced CXCR3-
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dependent differences in IFNy and GzmB responses in OT-I T cells, the endogenous CD8" Trmem
had IFNy and GzmB responses of similar magnitude (Figure 2.16E, F). We utilized IF to determine
whether clustering near LM Ag and target cells was perturbed by CXCR3-deficiency. Cxcr3™ OT-
| Tmem remained at a higher frequency (as % of CD8" T cells) than their WT counterparts during
the memory stage but had a stable memory phenotype (Figure 2.17A). This is in agreement with
a previous report illustrating that Cxcr3”~ CD8" T cells undergo limited contraction but maintain
their ability to reactivate and exert cytotoxicity (114). Nevertheless, the splenic distribution
of Cxcr3™™ and WT OT-I cells was of a similar pattern (Figure 2.16H, mock); this too, was reflected
in uninfected WP foci 24 h after WT LM immunization. In contrast to the dense clusters that WT
OT-l T cells form with other GzmB" cells around areas rich in LM Ag, Cxcr3” OT-l T cells
remained largely GzmB™ and on the periphery of clustering, GzmB™ cells (Figure 2.16H, 24 h WT
LM). Importantly, Cxcr3”~ OT-I T cells are not inherently defective in becoming bystander-
activated as we observed GzmB expression at later time points when the infection had become
systemic (Figure 2.16G). Similarly, Cxcr3™ OT-I memory T cells express IFNy following in vitro
exposure to IL-12, IL-15, and IL-18 (Figure 2.161-M, Figure 2.17B, C).

59



A

m Adoptive transfer (i.v.) Live, bulk WP
eneration 1%10* OT-I T cells ( or WT) cDs* cDs*
g0 S 10%
>60dpi 3 3
OTTg =20 L 10¢ L 10t
(CD45.1) (8} Q
H_J 10° H_J 10°4
; OT-l 5 et
Infection (|v)/ Mem. =3 ko4
1-2x107 PFU VSV-OVA emery 8 0463.5% 30.2% a
o o
Heterologous or WT 40 0 10° 10t 10° 0 10° 10 10° 0 10° 10
immunization OT- memory i.v. CD8B (APC) CD45.1 (BUV395) CXCR3 (BV421)
Flow /
24,72, 120hpi
— WP OT-I WP endogenous
v & (WT or ) memory CD8*
/ CFU’
Infection (i.v.)
1x10° CFU WT LM
24h WT LM
p=00001
WT OT-I transfer 4070wron p=00007 201 owrom —
@ 0. mefs — % o
@ @ rs @
WP WP endog. WP endog. n aé 30 TR g 5|§ 15 pe0000t
WT OT-l mem. CD8s mem. CD8s g z Endog. metn proos 4 T g - —
5.0 — EZS) reci o
. 2.55% 5.23%| [0.58% 5% g 2 ® o Lo g1 .
& 10t ‘ 0= o =2 9
'; xXeg 10 e s
=) b5 5 i.
@’ 0 0 @ o0& T
- Transferred Wr Transferred - WT W
z cells OT-l OT-l cells OT-l oT-l
Lo g\ % Immunization Mock 24h WT LM Immunization Mock 24h WT LM
75.1%4] - 12.2%|83.4%_ #:e
0 10° 104 0 10° 104
Granzyme B (PE)
40 g Endog. mem 20 P 201 g Encog me 1007 =038 : . 55665 1007 5050 801 o1
P [ owror | 7 P e o~ ¢ — £~ ]
. >% ) o s53d 801° 80 ©° 53 60
o~ k) 8 = 15 % 8 o+ O o . ©
P ;
EG g 56 5S¢ %Og % B E"OGD © 5 a0
ﬁ% Qo ta 10 O cQ £ . c% EE
c €€ =< > £ ® 40 ® > 40 =
S s = z o= 5 s O] No
6% Nog s Lo 288 2e 5520 s
K s 3 =5 3 ST 20 =20 5 & .
© o < <3 55 Q5 o
XR° S & ¢ ol oloo R
04 0 0 - ) Transfered ~ WT Transferred WT Transferred WT
Tanstorsd WE I Trsorsd WE Trnstered W1 g Tnsersd WE W cells  OT " oolls OT-| colls OT-|
Immunization Mock 24hWT LM Immunization Mock 24h WT LM Immunization Mock 24hWT LM Immunization Mock 24hWT LM Immunization 72h WT LM Immunization  72h WT LM Immunization 72h WT LM

WT OT-I memory mice

Granzyme B

24h WT LM

Bulk
leukocytes
Spleen

-G

+Cytokines

(100ng/mL)

+GolgiPlug
(1:1000)

or WT
OT-l memory

Flow
analysis

OT-l (Cxcr3)

N - N
=) o (=]

%IFNy* (of OT-I)
o

0
100ng/mL
1L-12,-15, -18

Transferred
cells

Granzyme B OT-I (Cxcr3*)

= 20 8 = 8100
2 p=0700 2 81owrom
=07 — = =T
= £ 15 6 = S 6] pro9w
O3 e] (o<} —
@ k) @
T 10 T4 T4
>S > >S
z 3 z z3
Ls 5 L, L52
RE X R¥
o o
£=3 0 £=3
N . Transferred  WT 100ng/mL . N Transfered ~ WT
cells  OT-| 1L-15,-18 cells OT-|
Stimulation  100ng/mL Transferred  WT Stimulation ~ 100ng/mL
ot 1L-12,-15,-18 ol IL-15,-18

60



Figure 2.16 Localized bystander activation requires CXCR3-mediated chemotaxis

A Experimental overview. B Representative gating of WP OT-I and endogenous CD8" Tmem. In
symbols for C—G, OT-I and endogenous CD8" Tmem are respectively filled white and blue; WT
or Cxcr3™ OT-I T cell recipients are, respectively, outlined in black and green. C Representative
gating depicting IFNy and GzmB expression 24 h post immunization. D—F Frequency of GzmB
and IFNy-expressing cell subsets 24 h after immunization. G Frequency of GzmB expression in
OT-I and endogenous CD8" Tmem 72 h after immunization H Representative WP image from WT
LM-unimmunized animals (mock, top row) and -immunized animals (24 h post immunization,
bottom two rows). Slides were stained for geographic markers: LM Ag (white) and CD169* MMM
(cyan); and phenotyping: OT-I (red) and GzmB (green). Image borders delineate OT-I genotype
(WT, black; Cxcr3™", green). In lower two rows, LM Ag-negative (top) and Ag-positive (bottom)
foci are from the same LM-immunized animal. | Stimulation schematic of OT-l Tmem with
bystander-activating cytokines. J, L Frequencies of IFNy-expressing OT-I T cells after mock or
cytokine stimulation. K, M Background-subtracted IFNy* frequencies after cytokine stimulation of
WT and Cxcr3™ OT-lI Tmem. In DG, each symbol represents the transgenic or endogenous
memory compartment of CD8" T cells per animal (n=9 mock WT recipients, n=12
mock Cxcr3™ recipients, n=17 24-hour WT and Cxcr3™ recipients, n=9 and 10 72-hour WT
and Cxcr3™ recipients, respectively) across four to six technical replicates. Statistical significance
is indicated (D, G left panel, and E, F, G center and right panels) and was assessed by Wilcoxon
matched-pairs signed rank test and Mann-Whitney tests, respectively. In H, images are
representative of n=3 and 5 (unimmunized WT and Cxcr3”~ OT-I T cell recipients, respectively)
and n=7 and 8 (LM-immunized WT and Cxcr3”~ OT-l T cell recipients, respectively). In J-M,
each symbol or connected pair represents one animal (n=3) across three technical replicates.
In D-G, K, M, summary statistics shown are mean + SD; indicated are statistical significances by
Mann—Whitney tests.
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Figure 217 Cxcr3” OT-l Tmem are functionally intact despite altered contraction kinetics

A Frequency of WT (black) and Cxcr3" (green) OT-1 T cells in the blood and the frequency of
GzmB expression within circulating OT-I T cells. B-C Background-subtracted IFNy expression
levels in OT-l and endogenous CD8" Tmem 6 hours after stimulation with (B) 100ng/mL each of IL-
12, -15, -18 or (C) 100ng/mL each of IL-15, -18. In A each symbol is representative of one animal,
summaries shown are lines connecting means at each time point. n = 14 WT OT-I recipients; n =
25 Cxcr3 OT-l recipients. Indicated are statistical significances at *p < 0.05, **p < 0.01, *** <
0.001 comparing WT and Cxcr3” OT-I cells at the same time point by Mann-Whitney tests. In B
and C each symbol is representative of a cell subset from a single animal (n = 3, three technical
replicates); summaries shown are mean + SD. Indicated statistical significances were calculated
by Wilcoxon matched-pairs signed rank test.
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Therefore, CXCR3 signaling mediates the chemoattraction of Tmem to areas with
infected/activated APCs. Finally, CXCR3-mediated recruitment is also used by Ag-specific
CD8" T cells to locate infected target cells (110). Given this overlap in recruitment mechanism,
we hypothesized that bystander-activated CD8" Tmem can temporospatially overlap with Ag-
specific CD8" T cells. Using adoptive transfers of P14 CD8" T cells (a TCR transgenic which
recognizes lymphocytic choriomeningitis virus Ag, gp33), we interrogated how bystander-
activated OT-I T cells were distributed in comparison with Ag-specific P14 T cells after LM-gp33
immunization (Figure 2.18A). Ag-specific P14 T cells were detectable in the spleen 96 h post
immunization; however, P14 T cells formed discrete clusters that were not integrated with clusters
of OT-I T cells, GzmB™ endogenous cells, and LM Ag (Figure 2.18B).

A

Adoptive transfer (i.v.)
1x104 P14 T cells

—hy R 5 *‘—ﬁ’*'

OT- memory Infection (i.v. Pre-harvest (i.v.
2x10° CFU LM-gp33 3ug anti-CD8B APC

96 hours post LM-gp33 immunization

LM-gp33 |7
Granzyme'B

Figure 2.18 Bystander and de novo Ag-specific responses temporospatially overlap

A Schematic of adoptive transfer of naive P14 TCR transgenic cells and subsequent LM-gp33
immunization (provides cognate Ag for P14 T cells, but bystander activates OT-l Tmem) and
subsequent tissue sampling. B IF of splenic WP 96 hours after LM-gp33 immunization, with P14
T cells shown in green, OT-l Tmem in red, GzmB expression in cyan, CD169 in blue, and LM-gp33
in white. In B separate images are from different mice and representative of n = 3 animals. Image
contrast was increased at an equal level and tissue orientation was modified in Adobe Photoshop
to overlay serially-sectioned slides. All channels were merged and LM staining was outlined using
“find edges” to increase visibility using ImageJ.
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2.3 Discussion

Bystander activation of Tmem has been reported in the context of infections that are systemic in
nature or have systemic inflammatory effects (36). In these instances, Tmem are exposed to
systemic inflammatory cues and essentially become bystander-activated in a passive manner.
We initially asked if bystander activation occurs when the inflammatory event is localized,
specifically following delivery of an intra-muscular vaccine. Three days post vaccination, we
observed phenotypic changes in the CD8" T cell compartment in vaccine recipients (but not in
placebo recipients) that were consistent with bystander activation (Figure 2.1). Based on these
data, we concluded that the i.m. vaccine either elicited a systemic inflammatory immune response
strong enough to induce bystander activation or, alternatively, it could indicate that there was
localized bystander activation in the draining lymph nodes followed by release of the bystander-
activated T cells to the periphery. As we cannot experimentally test if human Tmem became
bystander-activated in the lymph node draining the vaccination site, we used a mouse model to
determine whether localized bystander activation could occur. We chose a low-dose LM mouse
model of immunization in which activated APCs and inflammation are initially constrained to a
limited number of white pulps in the spleen (Figure 2.3C). We found that OT-l Tmem were
specifically recruited to and enriched at sites of early immune activation and bystander-activated
in a highly localized yet still rapid manner (Figure 2.3, Figure 2.5). These data strongly suggested
the existence of a mechanism that allowed active migration to the site of inflammation at a
timepoint (24 h post immunization) that is typically considered to be dominated by the innate
immune response (115). Previous reports also demonstrated early bystander-mediated activation
of Tmem, but it is important to consider that these previous studies immunized/infected mice with
high doses of attenuated actA™ or WT LM, resulting in ubiquitous infection instead of localized
infection (9, 10). These ubiquitous infection models have proven highly valuable to understand
the inflammatory signals that activate Tmem, but they cannot determine whether bystander
activation is merely a passive process. The strength of our low-dose WT LM infection model is
that immune cell activation remains anatomically confined within the first 24 h of immunization.
Furthermore, the early decrease of circulating OT-l and CD8" T cells 24 h after WT LM
immunization mirrors the decrease of circulating human CD8" T cells after i.m. immunization with

recombinant vectors (116).

Thorough characterization of the bystander-activated T cells revealed a decrease of CXCR3
expression levels specifically on GzmB™ T cells indicating that these cells may have received a

CXCR3-mediated signal leading to receptor internalization, which was supported by
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colocalization of CXCR3L and OT-l Tmem in situ (Figure 2.10, Figure 2.12, Figure 2.14).

_/_

Using Cxcr3™" OT-I T cells, we found that CXCR3 was indeed necessary to recruit Tmem, Which
clustered tightly around these APCs (Figure 2.16) and became bystander-activated, including
expression of GzmB and IFNy (Figure 2.16). Importantly, since even the low-dose LM infection
will spread over time and result in a systemic infection, we could examine if Cxcr3™ OT-I Tmem
became bystander-activated once the infection had become systemic. We found that Cxcr3”~ OT-
| Tmem Were bystander-activated at a later timepoint and thus ruled out that Cxcr3™~ Tmem have an
inherent functional defect that rendered them incapable to become bystander-activated at all
(Figure 2.16G, Figure 2.17B). Together, these data support a model where CXCR3-mediated

signals drive Tmem to sites of inflammation to become bystander-activated.

(1] Localized insult

d) 2] Recruitment @ B Clustering (4] Bystander activation

Bystandi
e CXCR3-mediated
chemotaxis

@ Infected or @
activated APC

Figure 2.19 An updated model of active, localized CD8" Tmem bystander activation

Bystander activation during acute inflammation results from 1) localized activation of APCs to 2)
secrete CXCR3Ls to recruit bystander CD8" Tmem to 3) areas rich in bystander-activating
cytokines, leading to 4) localized bystander activation and bystander-mediated immune
responses

Using a microscopy approach, a previous study showed that Tmem Spatially orient themselves in
areas prone to early immune activation within the lymph node, predisposing them to bystander
activation and facilitating rapid responses (117). Using unsupervised digital pathology software
analysis, our data demonstrate that in addition to this mechanism that predisposes Tmem 1O
spatially encounter inflammation, Tmem also possess the ability to be recruited to sites of
inflammation and participate in early immune responses (Figure 2.3, Figure 2.5). The subsequent
immunological consequences of bystander activation are likely highly context-dependent and
even the initial trigger for bystander activation can vary substantially (36). In our mouse model,
we elicited a localized infection in animals that do not possess Ag-specific Tmem. Masopust et al.
(118) exposed tissue-resident Ag-specific T cells to their cognate Ag and showed that this could

also induce recruitment of bystander-activated T cells into the area where Ag was provided using
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a different, IFNy-dependent mechanism. Considering that bystander activation occurs in all these
different experimental systems, we argue that bystander activation is not an immunological
accident or vestigial feature of Tmem, but a well-orchestrated and conserved part of the immune
response. We previously suggested that once bystander-activated, CD8" Tmem functionally
resemble NK cells (3). Both are capable of kiling targets upon engagement of innate
immunoreceptors (specifically NKG2D); however, bystander-activated CD8" Trem typically do not
express innate inhibitory receptors that restrict killing (3). In addition, both migrate to sites of early
immune activation and produce IFNy, although NK cell migration appeared to be predominantly
dependent on CCR5 (115). Thus, bystander-activated Ag-nonspecific CD8" Tmem can execute an
NK-like program without being susceptible to inhibitory signals capable of disrupting NK-mediated
killing/migration. An elegant study by Teixeiro and colleagues demonstrated that Tmem require
tonic recognition of self (peptide/MHC) (beneath the threshold of TCR binding to cognate
Ag/MHC) to become bystander-activated (89), indicating that the NK cells and bystander-
activated T cells have complimentary rather than congruent surveillance functions despite the
functional overlap. The goal is likely the same—curtail initial pathogen spread until the adaptive

immune response is fully developed.

Finally, our data also provide a plausible explanation for why tumor nonspecific Tmem form part of
the T cell infiltrate within solid tumors (41). Given that a tumor with a T cell infiltrate is by definition
inflammatory and our data show that Tmem migrate to sites of inflammation, Tmem may be
continually recruited in this context. Bystander-activated T cells do not see Ag in the tumor and
should not become functionally exhausted, as exhaustion is a TCR-dependent process (119),
which is also consistent with their recently reported phenotype in tumors (41). Bystander-activated
T cells could potentially contribute to tumor clearance, either by NKG2D—NKG2D ligand
mediated cytotoxicity or by IFNy-mediated macrophage activation, which has been shown to lead
to tumor cell clearance when NK cells were the source of IFNy (82). However, these bystander-
activated T cells may also occlude Ag-specific T cells, as both bystander-activated T cells and
Ag-specific effector cells use CXCR3 to find target cells (110), thus competing for the same
signals. Two recent studies demonstrate that the naive T cell response is highly sensitive to
competition for Ag and even a minimal overlap in epitope-specificity by a Tmem population is
sufficient to impair a primary T cell response (120, 121). Future studies will need to address if
bystander-activated T cells are similarly effective at impairing primary T cell responses,
particularly lower affinity responders (122), by limiting Ag availability. This is particularly relevant

in the context of vaccination as we found that bystander-activated T cells still surrounded APCs
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as the Ag-specific effector T cells developed and entered the area. Future studies will also need
to examine if there is competition between Ag-specific effector T cells and bystander-activated
Tmem and determine whether effector cells have other means to outcompete bystander-activated
Tmem to access target cells or APCs. These interactions should also be considered for IL-15-based

immunotherapies (123) that would activate Ag-specific and nonspecific T cells.

In summary, based on our data we propose that Tmem, @ hallmark population of the adaptive
immune system, play an active and critical role in the initiation of the early immune response even

when inflammatory events are highly localized.

2.4  An updated understanding of localized bystander activation

Based on our findings, bystander activation can be elicited by even limited amounts of
inflammation. While we show that the cytotoxic effector program is limited to the first few days of
infection, it is still unclear if bystander activation durably alters CD8" Tmem in any way after
inflammation resolves. Of note, we are the first to observe bystander activation after i.m.
vaccination with viral vector-based vaccines. This contrasts with another study which examined
bystander activation following yellow fever virus (YFV) and Dryvax vaccination (124). This study
was unable to find evidence of bystander activation. However, the earliest time points examined
were days 9 and 11 following Dryvax and YFV administration, respectively. YFV immunization
results in transient viremia that can be measured between days 3 and 7 (124). Given that
bystander activation of Tmem is transient and depends on the presence of inflammatory cues, the
lack of bystander activation at time points past viremia is in line with our mouse models of acute
infection, in which bystander activation is limited to the first few days of infection. Thus, earlier
sampling in vaccine studies will be necessary to determine how widely bystander activation

occurs in this context and its influence on the subsequent adaptive immune response.

Here we found non-specific Tmem recruitment to inflammation as an active method for localized
bystander activation and bystander-mediated killing. While this could underly the phenomenon of
vaccine-induced bystander activation in our sample set, follow-up studies from Linda Wakim’s lab
identified a passive pathway to localized bystander activation. Intranasal challenge with LPS or
heat-killed or live bacteria revealed that Tru located in the lung were bystander activated within 3
h of challenge (56). Together, this suggests two distinct pathways to localized bystander activation

exist, one in which nearby T cells are passively bystander activated in situ Figure 2.20A, and
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another where T cells are actively drawn towards bystander-activating cytokines Figure 2.20B.
Further investigation will be necessary to determine if bystander activation differentially affects

conventional (i.e., circulating) versus tissue resident CD8" Tmem.

A In situ activation B CXCR3-mediated recruitment

Bystander

CD8T ..  CXCR3Ls
(CXCL9, CXCL10)

Healthy

CXCR3-mediated
recruitment

Bystander Bystander

activating activgting
cytokines cytokines
Localized bystander activation
of CD8T _ and T,

Figure 2.20 Passive and active pathways to localized bystander activation.

A Localized infection will lead to the generation of proinflammatory cytokines that can passively
bystander activate CD8" Trw in situ. B CXCR3 ligands (CXCR3L), including CXCL9 and CXCL10,
are produced at sites of early immune activation. Circulating bystander CD8" Tmem are actively
recruited in a CXCR3-dependent manner to these sites, in which they encounter bystander-
activating cytokines. A and B both result in localized bystander activation and bystander-mediated
effector responses.

2.5 Methods

2.51 Human clinical samples from HVTN 908

We acquired cryopreserved PBMC from participants enrolled in HVTN 908 (ClinicalTrials.gov
NCT00908323), a parallel sub study of the HIV vaccine trial, HVTN 205 (ClinicalTrials.gov
NCT00820846), in which volunteers were vaccinated with pGA2/JS7 DNA and MVA/HIV62 (96).
All participants provided informed consent under HVTN protocols 908 and 205 under approval of
HIV Vaccine Trials Network Institutional Review Boards. Our use of these human PBMC samples
were approved by the HIV Vaccine Trials Network Institutional Review Boards and we conducted

this study in compliance with all relevant ethical regulations. We specifically interrogated PBMC
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at D112 (pre-immunization with MVA/HIV62) and D115 (3d post immunization with MVA/HIV62),
collected under the HVTN 908 protocol. At D112, after PBMC draw, volunteers either received
their first MVA/HIV62 boost or a saline placebo. Of these, we received PBMC fromn=6
MVA/HIV62 vaccinees and n=6 saline placebo controls. Of note, vaccination regimen was

blinded until completion of data acquisition and analysis.

25.2 Flow cytometric analysis of HVTN 908 samples

We thawed all D112 and D115 samples and immediately stained for markers outlined in Table
2.1. All stains occurred at room temperature (RT). We conducted viability staining in 1x
phosphate-buffered saline (PBS) for 20 min. We simultaneously blocked nonspecific Fc and
stained for tetramer for 1 h in 2% FBS-supplemented PBS (FACSWash). We then stained all other
surface markers in FACSWash for 20 min. After, we fixed cells for 20 min in cytofix/cytoperm (BD
Biosciences, San Diego, CA). Afterwards, we stained intracellular markers in 1x perm/wash buffer
(BD Biosciences) for 30 min. We resuspended cells in FACSWash before acquiring events on a
FACSymphony (BD Biosciences), which were later analyzed using FlowJo v9 and v10 (BD

Biosciences). Gating strategies are depicted in Figure 2.21.
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Table 2.1

Panel used for analyses in Figure 2.1; gating strategy in Figure 2.21

Human bystander activation flow cytometry panel

Antigen | Conjugate | Clone | Vendor | Dilution
Viability stain (in 1x PBS)
LIVE/DEAD blue fixable viability uv450 N/A Thermo Fisher 1:500
dye (BViD) Scientific
Tetramer stain (in FACSWash)
GILGFVFTL (IAV M1sg.65) HLA- PE N/A Fred Hutch 1:200
A*02 tetramer
YVLDHLIVV (EBV BRLF11g0-198) APC N/A Fred Hutch 1:200
HLA-A*02 tetramer
Human TruStain FcX N/A N/A BioLegend 1:20
Surface stain (in FACSWash)
CD8 BUV395 RPA-T8 BD Biosciences 1:25
HLA-DR BUV661 G46-6 BD Biosciences 1:50
CD69 BUV737 FN50 BD Biosciences 1:100
4-1BB (CD137) BV421 4B4-1 BD Biosciences 1:25
CD45RA BV510 HI100 BD Biosciences 1:80
CD161 BV605 HP-G310 BioLegend 3:50
CD4 BV711 OKT4 BioLegend 1:80
CD3 BV786 SK7 BD Biosciences 1:50
TCR Va7.2 FITC 3C10 BioLegend 1:10
CD56 BB700 B159 BD Biosciences 1:50
CCR7 (CD197) PE-CF594 150503 BD Biosciences 1:20
PD-1 (CD279) PE-Cy7 EH12.1 BD Biosciences 1:50
CD45R0O APC-H7 UCHL1 BD Biosciences 1:25
Human TruStain FcX N/A N/A BioLegend 1:20
BD Cytofix/Cytoperm fixation
Intracellular stain (in 1x BD Perm/Wash)
Granzyme B AF700 GB11 BD Biosciences 1:80
Human TruStain FcX N/A N/A BioLegend 1:20
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Figure 2.21 Flow cytometry gating strategy for HVTN 205/908 data.

Gating strategy for conventional and non-conventional CD8" T cell subsets is representative of
that used in Figure 2.1; reagent list in Table 2.1

2.5.3 Mice

All mouse protocols in this study were approved by the Fred Hutchinson Cancer Research
Center’s Institutional Animal Care and Use Committee. All experimentation that we conducted in
this study was in compliance with the ethical regulations outlined by the Institutional Animal Care
and Use Committee. All mice were maintained in specific pathogen-free conditions. We
purchased 6-week-old female C57BL/6 J mice from the Jackson Laboratory (Bar Harbor, ME).
We maintained WT OT-I TCR transgenic mice on a CD45.1 background. Dr. Ross KedI (University
of Colorado, Denver) kindly provided Cxcr3”~ OT-l TCR transgenic mice on a CD45.1/CD45.2
background. Dr. Surojit Sarkar (Seattle Children’s Research Institute) kindly provided LNs from
P14 TCR transgenic mice on a Thy1.1 background. We collected submandibular blood in heparin
from facial vein puncture immediately preceding euthanasia. After euthanasia, via CO; overdose
and cervical dislocation, we collected spleens and axial, inguinal, and cervical LNs from mice and

separated these tissues for analyses.
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2.5.4 Viral and bacterial infections/immunizations

We used an OVA-expressing VSV construct. We used WT and actA™ LM, as well as OVA- and
gp33-expressing recombinants of these LM strains. We grew LM in BHI media (Thermo Fisher,
Waltham, MA) to the log phase of growth (determined by ODeoo). All pathogens were diluted in

sterile 1x PBS for i.v. injection.

2.5.5 Adoptive transfers

We mechanically isolated lymphocytes from LN that were harvested from infection- and
immunization-naive, 6- to 12-week-old female OT-I mice. To accomplish this, we mechanically
passed tissue through a 70 um cell strainer. We immediately enriched CD8" OT-l or P14 T cells
using Miltenyi CD8 negative selection antibody cocktail and beads (Miltenyi Biotec, Germany),
which we confirmed using flow cytometry. We diluted OT-I T cells in sterile 1x PBS and adoptively
transferred 1 x 10 cells per C57BL/6 J recipient via i.v. injection. In order to visualize Ag-specific
effector responses during LM infection, we immunized WT OT-I recipient mice with 2 x 10° CFU
LM-OVA immediately after adoptive transfer. We sacrificed these mice 7 days post LM-OVA
immunization. To develop OT-l memory mice, we infected OT-I recipient mice with 2 x 10° PFU
VSV-OVA within 1 day after OT-I adoptive transfer. We surveyed OT-| expansion in peripheral
blood at 7 days post immunization to confirm successful VSV-OVA infection. We aged mice =60
days until contraction of OT-lI cells stabilized before conducting bystander-activating
LM immunizations. To induce bystander activation in OT-l memory mice, we immunized animals
with 1 x 10° CFU actA™ LM or 1 x 10® CFU WT LM. We sacrificed mice 24, 72, and 120 h post

immunization via CO; euthanasia.

2.5.6 Invivo CD8p labeling

As described (107, 108), we i.v. injected mice with 3 ug APC-conjugated anti-CD8 (eBioH35-
17.2), which stains cells in circulation (including splenic RP), but not those in parenchymal tissues
(including LN and splenic WP). After 3 min, we collected submandibular blood via facial vein
puncture, euthanized mice, and harvested tissues. We immediately prepared single-cell
suspensions of tissues used for flow cytometric analysis and stained with a distinct anti-CD8a
antibody to delineate RP and WP CD8' T cells (alongside other antibodies for

immunophenotyping). We confirmed in vivo CD8f labeling using IF. We stained acetone-fixed
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8 um spleen sections with biotinylated anti-APC (50 ug/mL, 1 h, RT, 5% mouse serum, 5% human
serum in TBS). We then stained with streptavidin (SA)-Alexa fluor (AF)647 (20 ug/mL, 1h, RT,
5% mouse serum, 5% human serum in TBS). We counterstained with DAPI (5 min, RT, PBS) and
mounted slides in Prolong Gold (Thermo Fisher). We acquired images on an Aperio SlideScan
FL (Leica Biosystems, Wetzlar, Germany), which were then processed in Imaged (NIH, Bethesda,
MD).

2.5.7 Exvivo flow cytometric analysis of mouse tissues

We prepared single-cell suspensions of LN and spleen by mechanically passing tissue through a
70 um cell strainer in complete RP10 media (RPMI 1640 supplemented with 10% FBS, 2 mM L-
glutamine, 100 U/mL penicillin—streptomycin, 1 mM HEPES, 1 mM sodium pyruvate, 0.05 mM (3-
mercaptoethanol). To count cells, we stained suspension aliquots with trypan blue (Gibco) and
counted using a TC20 Automated Cell Counter (Bio-Rad, Hercules, CA). We incubated blood with
1 mL and LN and spleen single-cell suspensions with an equal volume of ACK lysis buffer (Gibco)
on ice for 20 min. We conducted all stains for flow cytometry on ice. We conducted viability
staining in 1x PBS for 20 min. We stained surface markers in FACSWash+ (1x PBS
supplemented with 2% FBS plus 0.2% sodium azide, and 2 mM EDTA) for 30 min. We fixed cells
in cytofix/cytoperm (BD Biosciences) or eBioscience FOXP3 fixation/permeabilization buffer
(Thermo Fisher) for 20 min. We then stained intracellular markers in 1x perm/wash buffer (BD
Biosciences) or 1x eBioscience FOXP3 permeabilization buffer (Thermo Fisher) for 30 min. We
resuspended cells in FACSWash + before acquiring events on an LSR Il (BD Biosciences) or
FACSSymphony (BD Biosciences), which were later analyzed using FlowJo v9 and v10 (BD
Biosciences). Flow reagents, dilutions, and fixation/permeabilization methods are listed in Table
2.2 and Table 2.3. Gating strategy is depicted in Figure 2.22.
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Table 2.2 Mouse general bystander activation flow cytometry panel

Panel used for analyses in Figure 2.4, Figure 2.7, Figure 2.8, Figure 2.10, Figure 2.11, Figure
2.16, Figure 2.17; gating strategy in Figure 2.22.

Antigen | Conjugate | Clone | Vendor | Dilution
i.v. stain
CD8p APC eBioH35- Thermo Fisher | 3ug per
17.2 Scientific mouse
Viability stain (in 1x PBS)
LIVE/DEAD aqua fixable viability V510 N/A Thermo Fisher 1:500
dye (AViD) Scientific
Surface stain (in FACSWash+)
CD45.1 BUV395 A20 BD Biosciences 1:200
CXCR3 BV421 CXCR3-173 | BD Biosciences 1:100
KLRG1 BV605 2F1 BD Biosciences 1:200
NKG2D BV711 CX5 BD Biosciences 1:200
CD62L FITC MEL-14 Thermo Fisher 1:300
Scientific
CD8a PE-CF594 53-6.7 BD Biosciences 1:300
CD127 APC-e780 A7R34 Thermo Fisher 1:100
Scientific
CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300

BD Cytofix/Cytoperm fixation
Intracellular stain (in 1x BD Perm/Wash)

IFNy BUV737 XMG1.2 BD Biosciences 1:100

Granzyme B PE GB11 Thermo Fisher 1:100
Scientific

Ki-672 PE-Cy7 16A8 BioLegend 1:200

Granzyme A?® PE-Cy7 GzA-3G8.5 | Thermo Fisher 1:100
Scientific

CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300

@anti-Ki-67 or —Granzyme A were used alone (i.e., not in combination) in staining panel
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Table 2.3 Mouse Trm bystander activation flow cytometry panel

Panel used for analyses in Figure 2.9; gating examples for Trm phenotype cells included in Figure
29.

Antigen | Conjugate | Clone | Vendor | Dilution
i.v. stain
CD8p APC eBioH35- Thermo Fisher | 3ug per
17.2 Scientific mouse
Viability stain (in 1x PBS)
LIVE/DEAD aqua fixable viability V510 N/A Thermo Fisher 1:500
dye (AViD) Scientific
Surface stain (in FACSWash+)
CD45.1 BUV395 A20 BD Biosciences 1:200
CXCR3 BV421 CXCR3-173 | BD Biosciences 1:100
PD-1 BV605 29F.1A12 BioLegend 1:150
NKG2D BV711 CX5 BD Biosciences 1:200
CD103 BV786 M290 BD Biosciences 1:100
CD8a PE-CF594 53-6.7 BD Biosciences 1:300
CD69 PE-Cy7 H1.2F3 Thermo Fisher 1:100
Scientific
CD45.2 AF700 104 Thermo Fisher 1:300
Scientific
CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300
Fixation in 1x eBioscience FOXP3 fixation/permeabilization buffer
Intracellular stain (in 1x FOXP3 permeabilization buffer)
IFNy BUV737 XMG1.2 BD Biosciences 1:100
Ki-67 AF488 11F6 BioLegend 1:200
Granzyme B PE GB11 Thermo Fisher 1:100
Scientific
CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300
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Figure 2.22 Flow cytometry gating strategy for mouse bystander CD8" Tmem profiling

Gating strategy used for mouse samples in Figure 2.4, Figure 2.7, Figure 2.8, Figure 2.10,
Figure 2.11, Figure 2.16, Figure 2.17; reagent list in Table 2.2.

2.5.8 Invitro CXCR3L stimulations and cycloheximide chase

We harvested spleen and LN from OT-I memory animals (Figure 2.2) and prepared single-
cell suspensions. We immediately enriched CD8" OT-l using Miltenyi CD8-negative selection
antibody cocktail and beads (Miltenyi Biotec). After manually counting cells using trypan blue
staining, we plated 0.5-2 million CD8" T cells per well in a 96-well U-bottom tissue culture plate.
We briefly treated cells with sterile dimethyl sulfoxide (DMSQ) or 15 pg/mL cycloheximide (CHX)
(Sigma Aldrich, St. Louis, MO) as described in Meiser et al. (113), before stimulating with
recombinant mouse CXCL9 and CXCL10 (BioLegend, San Diego, CA) in combination at 10, 50,

or 100 ng/mL in complete RP10. Media alone was used as a negative control. We cultured cells
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in recombinant CXCR3L-containing media at 37 °C 5% CO. for 30 min. Afterwards, we washed
cells three times with 37 °C 1x Hanks Balanced Salt Solution (Gibco) supplemented with DMSO
or 15 yg/mL CHX (depending on treatment group). We then cultured cells in complete RP10 with
DMSO or 15 ug/mL CHX and surveyed cells using flow cytometry at various timepoints. As a
positive control, we stimulated CD8" T cells with 1 uM SIINFEKL peptide (Genemed Synthesis
Inc., San Antonio, TX) in complete RP10 in the presence of 1:1000 Golgi plug (BD Biosciences)
and DMSO or 15 pg/mL CHX. After 6 h of culture, we harvested cells and conducted flow staining
for intracellular cytokines. We employed previously outlined flow cytometric staining protocols for
mouse tissues (see ex vivo flow cytometric analysis of mouse tissues) to evaluate CXCR3
expression and cytokine production; flow reagents for CXCR3L and peptide stimulation assays

are respectively listed in Table 2.4 and Table 2.5. Gating strategies are depicted in Figure 2.23.

Table 2.4 Mouse CXCR3L stimulation flow cytometry panel

Panel used for analyses in Figure 2.12 and Figure 2.13; corresponding gating example is
depicted in Figure 2.23.

Antigen Conjugate Clone Vendor Dilution

LIVE/DEAD aqua fixable viability V510 N/A Thermo Fisher 1:500

dye (AViD) Scientific
Surface stain (in FACSWash+)

CD45.1 BUV395 A20 BD Biosciences 1:200

CXCR3 BV421 CXCR3-173 | BD Biosciences 1:100

CD44 FITC IM7 Thermo Fisher 1:300
Scientific

CD45.2 PE 104 Thermo Fisher 1:300
Scientific

CD8a PE-CF594 53-6.7 BD Biosciences 1:300

NKG2D APC CX5 Thermo Fisher 1:100
Scientific

CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300

CD45.2 AF700 104 Thermo Fisher 1:300
Scientific

CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300

BD Cytofix/Cytoperm fixation
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Table 2.5 Mouse CHX intracellular cytokine staining flow cytometry panel
Panel used for analyses in Figure 2.13.
Antigen | Conjugate | Clone | Vendor | Dilution
Viability stain (in 1x PBS)
LIVE/DEAD aqua fixable viability V510 N/A Thermo Fisher 1:500
dye (AViD) Scientific
Surface stain (in FACSWash+)
CD45.1 BUV395 A20 BD Biosciences 1:200
CXCR3 BV421 CXCR3-173 | BD Biosciences 1:100
CD4 BV786 GK1.5 BD Biosciences 1:200
CD44 FITC IM7 Thermo Fisher 1:300
Scientific
CD8a PE-CF594 53-6.7 BD Biosciences 1:300
CD45.2 AF700 104 Thermo Fisher 1:300
Scientific
CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300
Fixation in 1x eBioscience FOXP3 fixation/permeabilization buffer
Intracellular stain (in 1x FOXP3 permeabilization buffer)
IFNy PE XMG1.2 BD Biosciences 1:100
TNFa AF647 MP6-XT22 | BD Biosciences 1:100
CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300
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Figure 2.23 Flow cytometry gating strategy for in vitro CXCR3L stimulations
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2.5.9 Invitro bystander-activating cytokine stimulations

We harvested spleen from memory WT and Cxcr3™"

OT-l animals and prepared single-cell
suspensions (as earlier described in ex vivo flow cytometric analysis of mouse tissues). After
erythrocyte lysis, bulk leukocytes were plated at ~ 1-2 million per well in a 96-well U-bottom tissue
culture plate and stimulated with combinations of 100 ng/ml recombinant mouse IL-12p70, IL-15,
and IL-18 (BioLegend) in the presence of 1:1000 Golgi plug. Media with 1:1000 Golgi plug, but
without cytokines, was used as a negative control. We cultured cells for 6 h at 37°C 5%
CO- before harvesting for intracellular cytokine staining. We conducted previously stated flow
cytometry staining protocols using flow reagents listed in Table 2.6. Gating strategies are depicted

in Figure 2.24.

Table 2.6 Flow cytometry panel for mouse bystander-activating cytokine stimulations.
Antigen | Conjugate | Clone | Vendor | Dilution
Viability stain (in 1x PBS)

LIVE/DEAD aqua fixable viability V510 N/A Thermo Fisher 1:500

dye (AViD) Scientific

Surface stain (in FACSWash+)

CD45.1 FITC A20 BD Biosciences 1:200
CXCR3 BV650 CXCR3-173 | BD Biosciences 1:100
NKG2D BV711 CX5 BD Biosciences 1:200
CD44 APC-e780 IM7 Thermo Fisher 1:300

Scientific
CD8a PE-CF594 53-6.7 BD Biosciences 1:300
CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300

Fixation in 1x eBioscience FOXP3 fixation/permeabilization buffer
Intracellular stain (in 1x FOXP3 permeabilization buffer)

IFNy e450 XMG1.2 Thermo Fisher 1:100
Biosciences
Granzyme B PE GB11 Thermo Fisher 1:100
Scientific
CD16/32 (Fc block) Purified 24.G2 BD Biosciences 1:300
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Figure 2.24 Flow cytometry gating strategy for in vitro bystander-activating cytokine
stimulations

2.5.10 Immunofluorescence

For staining panels that exclude IFNy, CXCL9, CXCL10, CD11b, or NKG2D, we immediately
embedded unfixed tissues on edge in OCT (Sakura Finetek, Torrance, CA). We froze the tissues
in the vapor phase of liquid nitrogen before storing the OCT blocks at —80°C. We cut 8 um
sections of tissues using a Leica CM1950 cryostat (Leica, Wetzlar, Germany), which were dried
18-72 h at RT before being stored at —80 °C. For CD169, CD45.1, and LM Ag staining, we fixed
slides in — 20 °C acetone for 5 min and allowed slides to dry completely. For CD45.1, Ki-67, and
granzyme B staining, we fixed slides in cytofix/cytoperm (BD Biosciences) for 5 min. We washed
and rehydrated slides in PBS, blocked endogenous biotin (Vector Labs, Burlingame, CA), and
incubated in staining buffer (1x TBS, 5% mouse serum, 5% human serum). All stains were
conducted in staining buffer for 1h at RT or overnight at 4 °C; when staining for intracellular
granzyme B and Ki-67, staining buffer was supplemented with 10% perm/wash (BD biosciences)
to ensure cell permeabilization. For staining panels that include IFNy, CXCL9, CXCL10, CD11b,
or NKG2D, we fixed tissues overnight in 4°C cytofix (BD Biosciences) diluted 1:4 in 1x PBS. We
then dehydrated fixed tissues in 30% w/v sucrose in 1x PBS for 24 h. We similarly embedded,
stored, sectioned, and blocked endogenous biotin in fixed and unfixed tissues. All stains on
previously fixed tissues used 1x TBS + 0.3% Triton-X supplemented with 5% mouse serum and
5% human serum as staining buffer. We used 1x TBS + 0.3% Triton-X as a washing buffer. We
conducted all stains for 2h at RT or overnight at 4 °C. Images were collected from an Aperio

SlideScan FL or SP8 confocal microscope (Leica Biosystems) using x 20 objectives. IF reagents,
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dilutions, and fixation/permeabilization methods are listed in Table 2.7, Table 2.8, Table 2.9, Table

2.10, Table 2.11, Table 2.12, Table 2.13.

Table 2.7 Mouse bystander OT-l Tem location IF panel
Tissue type: unfixed
Post-sectioning fixation: -20°C acetone (5 minutes)
Staining buffer: TBS + 5% human serum, 5% mouse serum
Antigen | Conjugate | Clone | Vendor | Dilution
1° stain
Mouse anti-mouse Biotin A20 Thermo Fisher 1:50
CD45.1 Scientific (10pg/mL)
Rat anti-mouse AF594 3D6.112 BioLegend 1:200
CD169 (Siglec-1) (2.5ug/mL)
2° stain
Streptavidin AF647 N/A Thermo Fisher 1:100
Scientific (20pg/mL)
Rabbit anti-Listeria O N/A N/A BD Biosciences 1:1,000-
Antiserum Polyclonal 10,0002
(Cat: 223021)
3° stain
Donkey anti-rabbit IgG | DyLight 488 Poly4064 BioLegend 1:100
(Sug/mL)
Nuclear counterstain
DNA DAPI N/A Thermo Fisher 1ng/mL

Scientific

@Dilution range dependent on reagent lot
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Table 2.8

Mouse bystander activation IF panel

Tissue type: unfixed

Post-sectioning fixation: 1:4 BD Cytofix in 1x PBS (5 minutes)

Staining buffer: 1x BD Perm/Wash in TBS + 5% human serum, 5% mouse serum

Scientific

Antigen | Conjugate Clone Vendor Dilution
1° stain
Mouse anti-mouse Biotin A20 Thermo Fisher 1:50
CD45.1 Scientific (10pg/mL)
Rat anti- N/A 11F6 BioLegend 1:200
human/mouse Ki-67 (2.5pug/mL)
Goat anti-mouse N/A N/A R&D Systems 1:100
Granzyme B Polyclonal (2pg/mL)
(Cat: AF1865)
2° stain
Streptavidin AF594 N/A BioLegend 1:100
(5pg/mL)
Chicken anti-rat IgG AF647 N/A Thermo Fisher 1:100
Polyclonal Scientific (20pg/mL)
(Cat: A21472)
Donkey anti-goat IgG AF488 N/A Thermo Fisher 1:100
Polyclonal Scientific (20pg/mL)
(Cat: A11055)
Nuclear counterstain
DNA DAPI N/A Thermo Fisher 1ng/mL
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Table 2.9 Mouse splenic architecture IF panel

Tissue type: fixed (1:4 BD Cytofix in 1x PBS, overnight)

Post-sectioning fixation: N/A

Staining buffer: TBS + 0.3% Triton X + 5% human serum, 5% mouse serum

Antigen | Conjugate | Clone | Vendor | Dilution
1° stain
Rat IgG2b anti-mouse N/A M1/70 BioLegend 1:100
CD11b (Sug/mL)
Rat IgG1 anti-mouse AF594 3D6.112 BioLegend 1:200
CD169 (Siglec-1) (2.5pug/mL)
Rabbit anti-Listeria O N/A N/A BD Biosciences 1:1,000-
Antiserum Polyclonal 10,0002
(Cat: 223021)
2° stain
Mouse anti-rat IgG2b AF647 MRG2b-85 BioLegend 1:100
(Sug/mL)
Donkey anti-rabbit IgG | DyLight 488 Poly4064 BioLegend 1:100
(Sug/mL)
Nuclear counterstain
DNA DAPI N/A Thermo Fisher 1ng/mL
Scientific

@Dilution range dependent on reagent lot

Table 210 Mouse CXCR3L IF panel

Tissue type: fixed (1:4 BD Cytofix in 1x PBS, overnight)

Post-sectioning fixation: N/A

Staining buffer: TBS + 0.3% Triton X + 5% human serum, 5% mouse serum

Antigen | Conjugate | Clone | Vendor | Dilution
1° stain
Armenian hamster €660 MIG-2F5.5 Thermo Fisher 1:50
anti-mouse CXCL9 Scientific (4pg/mL)
Goat anti-mouse N/A N/A R&D Systems 1:50
CXCL10 Polyclonal (4pg/mL)
(Cat: AF-466-
NA)
2° stain
Chicken anti-goat IgG AF488 N/A Thermo Fisher 1:100
Polyclonal Scientific (20pg/mL)
(Cat: A21467)
Nuclear counterstain
DNA DAPI N/A Thermo Fisher 1ng/mL
Scientific
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Table 2.11 Mouse CXCR3L isotype control IF panel
Tissue type: fixed (1:4 BD Cytofix in 1x PBS, overnight)
Post-sectioning fixation: N/A
Staining buffer: TBS + 0.3% Triton X + 5% human serum, 5% mouse serum
Antigen Conjugate Clone Vendor Dilution
1° stain
Armenian hamster eFluor 660 eBio299Arm Thermo Fisher 1:50
IgG control Scientific (4pg/mL)
Goat IgG isotype N/A N/A Thermo Fisher 1:1250
control Polyclonal Scientific (4pg/mL)
(Cat: 02-6202)
2° stain
Chicken anti-goat IgG AF488 N/A Thermo Fisher 1:100
Polyclonal Scientific (20pg/mL)
(Cat: A21467)
Nuclear counterstain
DNA DAPI N/A Thermo Fisher 1ng/mL
Scientific
Table 212  Mouse IFNy bystander activation IF panel

Tissue type: fixed (1:4 BD Cytofix in 1x PBS, overnight)

Post-sectioning fixation: N/A

Staining buffer: TBS + 0.3% Triton X + 5% human serum, 5% mouse serum

Scientific

Antigen Conjugate Clone Vendor Dilution
1° stain
Mouse anti-mouse Biotin A20 Thermo Fisher 1:50
CD45.1 Scientific (10pg/mL)
Goat anti-mouse N/A N/A R&D Systems 1:100
Granzyme B Polyclonal (2ug/mL)
(Cat: AF1865)
Rat anti-mouse IFNy N/A XMG1.2 Thermo Fisher 1:50
Scientific (4pg/mL)
2° stain
Streptavidin AF647 N/A Thermo Fisher 1:100
Scientific (20pg/mL)
Chicken anti-goat IgG AF488 N/A Thermo Fisher 1:100
Polyclonal Scientific (20pg/mL)
(Cat: A21467)
Chicken anti-rat 1IgG AF594 N/A Thermo Fisher 1:100
Polyclonal Scientific (20pg/mL)
(Cat: A21471)
Nuclear counterstain
DNA DAPI N/A Thermo Fisher 1ng/mL
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Table 2.13

Mouse NKG2D bystander activation IF panel

Tissue type: fixed (1:4 BD Cytofix in 1x PBS, overnight)
Post-sectioning fixation: N/A
Staining buffer: TBS + 0.3% Triton X + 5% human serum, 5% mouse serum
Antigen Conjugate | Clone Vendor Dilution
1° stain
Mouse anti-mouse AF647 A20 BioLegend 1:50
CD45.1 (10pg/mL)
Goat anti-mouse N/A N/A R&D Systems 1:100
Granzyme B Polyclonal (2pg/mL)
(Cat: AF1865)
Rat anti-mouse Biotin MI-6 Thermo Fisher 1:50
NKG2D Scientific (10pg/mL)
2° stain
Streptavidin AF594 N/A BioLegend 1:100
(Sug/mL)
Chicken anti-goat IgG AF488 N/A Thermo Fisher 1:100
Polyclonal Scientific (20pg/mL)
(Cat: A21467)
Nuclear counterstain
DNA DAPI N/A Thermo Fisher 1ng/mL
Scientific
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Chapter 3. Inflammatory signals are sufficient to elicit TOX

expression in mouse and human CD8* T cells

Portions of the text and data from this dissertation are reproduced from the following work under
fair use per open access Creative Common CC BY licenses:
https://creativecommons.org/licenses/by/4.0/

Maurice NJ, Berner J, Taber AK, Zehn D, Prlic M. Inflammatory signals are sufficient to elicit TOX
expression in mouse and human CD8* T cells. JCI Insight. 2021 Jul 8;6(13) e150744. DOI:
10.1172/jci.insight.150744

T cell receptor (TCR) stimulation leads to the expression of the transcription factor thymocyte
selection—associated high-mobility group box (TOX). Prolonged TCR signaling, such as
encountered during chronic infections or in tumors, leads to sustained TOX expression, which is
required for the induction of a state of exhaustion or dysfunction. Although CD8" Tmem in mice
typically do not express TOX at steady state, some human Tmem express TOX but appear fully
functional. This seeming discrepancy between mouse and human T cells has led to the
speculation that TOX is differentially regulated between these species, which could complicate
the interpretation of preclinical mouse model studies. We report here that, similar to TCR-
mediated signals, inflammatory cytokines which cause bystander activation are also sufficient to
increase TOX expression in human and mouse Tmem. Thus, TOX expression is controlled by the
environment, which provides an explanation for the different TOX expression patterns
encountered in T cells isolated from specific pathogen—free laboratory mice versus humans.
Finally, we report that TOX is not necessary for cytokine-driven expression of programmed cell
death 1 (PD-1). Overall, our data highlight that the mechanisms regulating TOX expression are
conserved across species and indicate that TOX expression reflects a T cell’s activation state and

does not necessarily correlate with T cell dysfunction.

3.1 Introduction

T cell exhaustion (i.e., dysfunction) is driven by chronic TCR stimulation with cognate Ag (125-
127). It describes a differentiation state in which T cells have diminished capacity to respond to
stimulatory inputs and limited effector capacity (126-128). The purpose of T cell exhaustion during
chronic infections may be to limit tissue pathologies when pathogen cannot be immunologically

eliminated (129, 130). Though exhaustion could be considered an immunologic concession during
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chronic infection, it also occurs in tumors and causes an attenuated antitumor cytotoxic T cell
response (131). Thus, mechanistically understanding and therapeutically overcoming T cell
exhaustion has been a major goal of tumor immunotherapy. Chronic TCR stimulation elicits a
program that leads to constitutively high expression of programmed cell death 1 (PD-1) (132).
PD-1 is an inhibitory receptor that is expressed by activated and exhausted T cells and is often
used as a biomarker to infer T cell functionality (133). When bound to its ligands, PD-1 negatively
regulates T cell function (126). Therapeutic targeting of PD-1 with monoclonal antibodies, also
referred to as immune checkpoint inhibitors, can reinvigorate a subset of these PD-1—expressing
T cells (81, 126, 134, 135).

A set of recent studies demonstrated that the transcription factor thymocyte selection—associated
high-mobility group box (TOX) protein drives or stabilizes this TCR-mediated T cell dysfunction
and PD-1 upregulation (130, 136-140). When stably expressed, TOX drives Ag-specific T cell
exhaustion in mouse models of chronic lymphocytic choriomeningitis virus (LCMV) infection,
transplantable B16 melanoma, and inducible hepatocellular carcinoma (130, 136, 137). Further,
putative tumor Ag—specific CD8" T cells isolated from primary human breast, ovarian, and skin
cancer samples, as well as those specific for hepatitis C virus (HCV), mirror this phenotype,
suggesting TOX dictates exhaustion programs in humans, too (130, 136, 137). Of note, TOX
expression by HCV-specific T cells is reduced after treatment and clearance of the infection, but
it is still detectable at higher levels than in T cells from HCV infections that spontaneously resolve
and among T cells specific for influenza A virus (IAV) (130). Mechanistic insight is provided by
targeted deletion of TOX in Ag-specific cytotoxic T cells, which diminishes PD-1 expression and
restores functionality at the expense of cell survival (130, 136). Therefore, TOX concedes
activation and effector function for exhaustion (i.e., PD-1 expression) and T cell survival during
chronic TCR stimulation. In instances of brief TCR engagement, TOX is transiently induced to a
level lower than that of exhausted T cells, but with limited known functional consequence (130,
136, 137).

Although the requirement for TOX has been well defined in the context of TCR-mediated
dysfunction, there is nascent evidence that TOX expression by itself is not indicative of T cell
exhaustion. Recent studies illustrated that TOX expression is detected in some functional CD8*
cells, for instance, in CD8" effector memory (Tem) and CD45RA-expressing Tem (Temra) Subsets
(141). CD8" Tmem cells specific for the latent viruses, CMV and EBV, had elevated TOX
expression, compared with those specific for acute infections, which further suggests that TCR

signals are critical in regulating TOX expression (141). In a second study, it was shown that a
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fraction of the human Tmem population expresses TOX transcripts among other signature genes
typically associated with T cell exhaustion (142). The observation that functional human Tmem cells
express TOX also led to questions of whether TOX is functionally conserved between mouse and
human T cells (143). Further complicating TOX and exhaustion, the murine tissue-resident Tmem
(Trm) cell transcriptome is characterized by the concomitant expression of transcripts
encoding Tox, exhaustion markers, TCR signaling components, and cytotoxic molecules, well
after initial priming events (144, 145). Although the role of TOX in these TOX-expressing
populations with and without signs of T cell exhaustion is not fully understood, these data suggest

that TOX expression by Tmem cells cannot be reliably used to extrapolate T cell function.

Although the role of TCR signals in initiating and maintaining PD-1 and TOX expression has been
well established, relatively little remains known about non-TCR signals that could regulate their
expression in T cells (146). We considered that cytokine-mediated stimuli could also affect TOX
expression levels without promoting the induction of T cell exhaustion. First, proinflammatory
cytokines, such as IL-15, can induce PD-1 without agonist TCR signals (146). Second, Trw cells
that are likely not detecting cognate Ag still upregulate PD-1 and other markers associated with
exhaustion (144, 145, 147, 148), yet rely on IL-15 signaling for maintenance in some tissues (149,
150). Thus, inflammatory signals could provide an explanation for some of the seemingly
disparate results of TOX expression and T cell function. Here, we show that proinflammatory
cytokines were sufficient to induce TOX expression in the absence of agonist TCR signals in both
mouse and human CD8" Tmem cells while concurrently inducing the expression of cytotoxic
molecules (a phenomenon called bystander activation). Together, these data demonstrate that
TOX expression per se does not indicate TCR-mediated dysfunction or even a recent TCR
signals. We also demonstrate that PD-1 expression was still upregulated in TOX-deficient T cells,
indicating that TOX was not necessary for PD-1 expression. Overall, our data reveal that TCR-
independent mechanisms shape TOX and PD-1 expression heterogeneity in Tmem cells and
indicate that they are conserved in both mouse and human T cells. Though these findings
ultimately complicate the use of TOX exclusively as an exhaustion biomarker, they implicate TOX

in inflammation-driven programs of Tmem cell activation.
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3.2 Results

3.2.1 Cytokine stimulation induces TOX expression in mouse CD8" Tmem

The proinflammatory cytokines IL-12, IL-15, and IL-18 elicit IFNy and GzmB expression in mouse
and human CD8" Tmem in the absence of agonist TCR signals, a phenomenon commonly referred
to a bystander activation (43, 44, 75). We first sought to determine if these cytokines could also
induce TOX expression in a TCR-independent manner. To generate a well-defined population of
CD8" Tmem, we transferred congenically marked OT-I CD8" T cells, which express a TCR specific
for the SIINFEKL peptide of OVA, into WT C57BL/6J animals followed by infection with OVA-
expressing vesicular stomatitis virus (VSV-OVA) (Figure 3.1A). We waited 60 days or longer
before using these mice for subsequent experiments (referred to as VSV-OVA OT-I memory mice;
Figure 3.1A). We isolated T cells from the spleens and lymph nodes (LNs) from VSV-OVA OT-I
memory mice using negative-selection magnet-activated cell sorting (MACS) prior to ex vivo
stimulation experiments (Figure 3.1A). This was done to ensure that cytokines act directly on T
cells (151). As a negative control, we cultured bulk T cells in media alone (mock), and as a positive
control, we stimulated T cells with anti-CD3/CD28 microbeads (Figure 3.1A). We used a
combination of rIL-12, rIL-15, and rlL-18 (IL-12/15/18) to induce IFNy and GzmB expression in a
TCR-independent manner (Figure 3.1A). We found that IL-12/15/18 stimulation induced PD-1
expression in OT-l Tmem, but the increase in expression was markedly higher after TCR ligation
(Figure 3.1B). PD-1 frequency and median fluorescence intensity (MedFl) in OT-l Tnem increased
throughout the duration of 1L-12/15/18 stimulation (Figure 3.1B). Similarly, TCR and IL-12/15/18
stimulation induced TOX upregulation in OT-l Tmem (Figure 3.1C). Next, we measured TCF1
expression, a transcription factor needed for Tmem self-renewal that is lost in terminally exhausted
Tmem cells (152-155). Alongside increasing PD-1 and TOX levels, both TCR-mediated and IL-
12/15/18-mediated stimulation led to significant loss of TCF1 expression in OT-l Tmem (Figure
3.1D). In sum, these data indicate that phenotypes often associated with exhaustion can be
induced by TCR-independent, cytokine-mediated Tmem activation. Finally, we sought to determine
whether stimulation similarly affected endogenous CD8" Tmem and CD8" naive T (Thaive) cells. IL-
12/15/18 stimulation significantly increased TOX expression in endogenous CD8" Tmem but was
not observed to the same degree in CD8" Thaive (Figure 3.2A, B). This CD8" Tmem—specific
response is, too, reflected in IL-12/15/18—mediated upregulation of PD-1 (Figure 3.2C, D). This is
likely, in some degree, due to the different propensities of T cell subsets (both major and memory)

to become efficiently activated by cytokines (156) and differences in cytokine receptor expression
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(particularly Thaive, which require TCR-mediated activation to induce IL-12R and strongly increase
IL-18R expression) (157, 158). Much akin to OT-l Tmem, TCR stimulation dramatically increased
both TOX MedFI and PD-1 expression across endogenous subsets (Figure 3.2A-D), though the
fold change in TOX staining intensity was most pronounced in CD8" Tmem (Figure 3.2A). Though
IL-12/15/18 stimulation increased TOX MedFl in transgenic and endogenous CD8" Tmem, it was
initially to a lower degree than that of TCR-stimulated cells (Figure 3.1C, Figure 3.2A). Because
short-term TCR and IL-12/15/18 stimulation could dramatically augment TOX and PD-1
expression in CD8" Tmem from VSV-OVA OT-l memory mice, we next sought to test if the

upregulation of TOX and PD-1 compromises functionality.
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Figure 3.1 Cytokine stimulation induces TOX expression in transgenic mouse CD8*

Tmem

A Schematic of OT-I memory mouse generation and subsequent stimulation assays. OT-l Thaive
cells were transferred and expanded with VSV-OVA, then aged to stable memory contraction;
after, T cells were enriched from VSV-OVA expanded OT-I memory animals and stimulated with
media alone (mock), IL-12, IL-15, and IL-18 in combination (IL-12/15/18; each at 100 ng/mL), or
anti-CD3/CD28 microbeads (TCR) at an approximately 1:1 bead/cell ratio. B-D expression of (B)
PD-1, (C) TOX, and (D) TCF1 within stimulated OT-I Tmem throughout experiment time course.
TOX MedFI fold change in C was calculated against average TOX MedFI| from mock stimulations
in a subset-specific, batch-specific, and time point—specific manner. In B and C, bar chart
symbols represent 1 animal at a unique time point/condition and are connected by animal identity,
with bar indicating mean,; the indicated statistical significances in B and C were calculated using
paired t tests. In B—D, symbols in line plots comparing stimulation conditions represent the mean
across all animals for a specific time point/condition £ SD; the indicated statistical significances
were calculated using Mann-Whitney U tests. Results from n = 14 mice across 7 experiments are
shown in B and C. Results from n = 9 mice across 2 experiments are shown in D.
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Figure 3.2  Cytokine stimulation induces TOX expression in endogenous mouse CD8*

Tmem

A-D T cell stimulation responses after culture with media (mock), IL-12/15/18 (each at
100ng/mL,), or TCR agonist (1:1 bead to cell ratio). A-B Stimulation-induced changes of TOX
expression in (A) endogenous CD8" Tmem and (B) endogenous CD8" Thaive sourced from VSV-
OVA OT-I memory mice. C-D Stimulation-induced changes of PD-1 expression in (C)
endogenous CD8" Tmem and (D) endogenous CD8" Thaive sourced from VSV-OVA OT-I memory
mice. TOX MedFI fold changes in A and B were calculated against average TOX MedFI from
mock stimulations in a subset-specific, batch-specific, and timepoint-specific manner. In A-D,
symbols in line plots comparing stimulation conditions represent the mean across all animals for
a specific timepoint/condition + SD; the indicated statistical significances were calculated using
Mann-Whitney tests. In A and B, bar chart symbols represent one animal at a unique
timepoint/condition and are connected by animal identity, with bar indicating mean; the indicated
statistical significances were calculated using paired t tests. All figures depict results from n = 14
mice across 7 experiments. All representative flow plots are sourced from the same animal.
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3.2.2 Functional CD8" Tmem express TOX, PD-1, and effector proteins

We isolated T cells from VSV-OVA OT-I memory mice, as outlined in Figure 3.1A. We stimulated
T cells in the presence of Golgi inhibitors (Figure 3.3A) and found that OT-l Tmem produced
substantial amounts of IFNy after IL-12/15/18 or TCR stimulation; yet IFNy-expressing OT-l Trmem
demonstrated higher TOX and PD-1 expression than those that failed to make IFNy (Figure 3.3B,
C). Similarly, OT-I Tmem that produced GzmB after stimulation also demonstrated increased TOX
and PD-1 expression (Figure 3.4A, B). Together, these data indicate that TOX and PD-1
expression levels were elevated in activated, functional CD8" Tmem and suggest that TOX

expression was also part of a cytokine-driven T cell activation program.
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Figure 3.3 TOX and PD-1 expression occur in functional, IFNy-expressing CD8" Tmem

ICS in tandem with TOX interrogation. A Experiment schematic, in which bulk T cells from VSV-
OVA OT-I memory mice were stimulated (mock, black; IL-12/15/18, blue; TCR, red). Cells were
treated with GolgiPlug 18 hours into stimulation and harvested for flow staining and analysis at
24 hours. B and C Expression of (B) TOX and (C) PD-1 in IFNy"and IFNy  OT-l Tmem.
Representative plots depict cells from the same animal across different stimulation conditions.
Symbols in B and C represent a T cell population within a unique animal with symbols connected
by animal identity (n = 6 across 2 experiments). Bars represent mean and indicated statistical
significances were calculated by paired f tests.
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Figure 3.4 TOX and PD-1 expression occur in functional, GzmB-expressing CD8" Tmem

T cells were isolated from VSV-OVA OT-I memory mice and stimulated (mock, black; IL-12/15/18,
blue; TCR, red) for 24 hours (schematic shown in Fig. 3.3). A—B Expression of (A) TOX and (B)
PD-1 within GzmB-positive and -negative OT-l Tmem after stimulation. Symbols in A and B
represent a T cell population within a unique animal with symbols connected by animal identity (n
= 6 across 2 experiments). Bars represent mean and indicated statistical significances were
calculated by paired f tests.

3.2.3 Induction of TOX and PD-1 is heterogeneous in mouse CD8* Tmem

To ensure that our data were not solely reliant on OT-I T cells, we also generated gBT-I memory
mice using gBT-I TCR-transgenic cells (specific for an epitope of the herpes simplex virus 2
[HSV2] glycoprotein B [gB] protein) and a recombinant, gB  epitope—
expressing Listeria monocytogenes strain (L. monocytogenes—gB; Figure 3.6B). After stable
contraction of TCR-transgenic Tmem (260 d), we conducted stimulation assays as previously
outlined (Figure 3.1A). IL-12/15/18—mediated or TCR-mediated stimulation led to comparable
TOX upregulation in OT-lI and gBT-l Tmem (Figure 3.5A, B). Similarly, PD-1 expression was
comparable in OT-l and gBT-I Tmem after stimulation (Figure 3.6C, D), with a concurrent loss of
TCF1 expression (Figure 3.6E, F). We next asked if altering the nature of the priming infection
could affect the ability to express TOX in response to cytokine-mediated activation at the memory
stage. We adoptively transferred P14 transgenic T cells, a TCR-transgenic cell line specific for
LCMV gp33, followed by infection with LCMV Armstrong or Docile (Figure 3.6G, H. These LCMV
strains elicit acute and chronic infections, respectively (the latter causing T cell dysfunction). We
then stimulated T cells (with the same culture setup as outlined in Figure 3.1A) from these P14

memory mice. P14 Tmem from LCMV Armstrong—infected mice readily upregulated PD-1 after TCR
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or IL-12/15/18 stimulation (Figure 3.61). The exhausted P14 Tyem from LCMV Docile—infected mice
already uniformly expressed PD-1 prior to stimulation, but IL-12/15/18 or TCR stimulation further
increased surface PD-1 expression (via increased MedFl; Figure 3.6J). P14 Tmem from LCMV
Armstrong—infected mice increased TOX expression after TCR or IL-12/15/18 stimulation (Figure
3.5C). However, exhausted P14 Tmem from LCMV Docile—infected mice significantly increased
TOX expression only after TCR stimulation (Figure 3.5D). Overall, P14 Tyem from LCMV Docile—
infected mice showed a much more limited fold change in TOX MedFI compared with P14 Tmem
from LCMV Armstrong—infected mice (Figure 3.5C vs. Figure 3.5D). Although differences
between CD8" Tmem from mice with acute and chronic infections are expected, the differences
between gBT-l and OT-l (~3- to 4-fold increase in TOX expression) compared with P14 (up to ~2-
fold) need to be interpreted with caution because the gBT-I/OT-I and P14 experiments used
different TOX antibody clones (REA473 and TXRX10, respectively). Overall, our data indicate
that Tmem that were generated by different acute infections increased TOX expression in response
to proinflammatory cytokines, suggesting that this was a broadly applicable mechanism of TOX
induction in the Tmem compartment. We next sought to determine if PD-1 and TOX upregulation

in response to stimulation was similarly recapitulated in human CD8" T cells.

94



54 P=00137

p<0.0001
5P <0.0001
L |

OT-IT .. _ 4a4p<o0037 2 gBT-IT .. 4
9 5 3 ° 12715/ 1o 70T 5 3
g8 \ shz',/é BE wo M 3 =
\ t 14 c £ 1
Qo \ O Q 9 Ok
3 g » = X € == p<0.0001
< § [ gen &5 p=00038 o g P Sk p<oooot
2 £ [Mock 9 S5 >Tp-o00076 € 8.2 %
O < [cr [ s i 5 8 41
<2 5 3 =B o 3
50 - S 24 =) 1 e 2
1_ " - ]
TOX (APC) el 1 1 § TOX (APC) il 1 1 1§
0 24 48 0 24 48
Time (hours) Time (hours)
IL-12/15/18 or TCR stim IL-12/15/18 or TCR stim
54 p<0.0001 5-
P14 Tmem _ 44p<o0001 P14 Tmem et fw‘
8 [ § 45 : n§ i
5 23 e o e
2 | ‘\\ 5 o g > X Tl
E g = o o 2+
< § [Coop aen 8y > 5 [oon gon g3
2 € [vox AN §% 5 p=04001 g £ [Mock § % 57 p=00526
g s TCR \ é Vg p < 0.0001 iy TCR é A g:pm
Ja , 3 A o S ]
3 " w " i) ot w i
TOX (6660) : TOX (e660) 3—@
0 24 48 0 24 48
Time (hours) Time (hours)
IL-12/15/18 or TCR stim IL-12/15/18 or TCR stim
. . . . . . . . . +
Figure 3.5  Cytokine-mediated TOX induction is limited in exhausted CD8" Tmem

A and B Changes in TOX expression within L. monocytogenes—expanded TCR-transgenic Tmem:
OT-l, specific for OVA Ag and gBT-l, specific for HSV2 gB Ag. MACS-enriched T cells
from L. monocytogenes—expanded OT-I or gBT-l memory mice were stimulated with media alone
(mock), recombinant IL-12, IL-15, and IL-18 in combination (IL-12/15/18; each at 100 ng/mL), or
anti-CD3/CD28 microbeads (TCR) at an approximately 1:1 cell/lbead ratio. Aand B
Representative TOX expression and TOX MedFl fold change during stimulation
in L. monocytogenes—primed (A) OT-l and (B) gBT-I Tmem. C and D Changes in TOX expression
within LCMV-specific TCR-transgenic P14 T cells expanded by acute (Armstrong) or chronic
(Docile) LCMV infection. C and D Representative TOX expression and TOX MedFI fold change
during stimulation in P14 T cells primed by (C) LCMV Armstrong and (D) LCMV Docile. TOX
MedFI fold change was calculated against average TOX MedFI within mock stimulation in a batch-
specific, time point—specific manner. We calculated indicated statistical significances using
paired t tests. Each symbol represents a sample at a unique time point/condition, with bars
delineating mean, which are connected by donor (n = 4 L. monocytogenes—OVA expanded OT-I
memory mice across 2 experiments; n = 10 L. monocytogenes—gB expanded gBT-l memory mice
across 2 experiments; n= 17 LCMV Armstrong-expanded P14 memory mice across 4
experiments; n = 8 LCMV Docile-expanded P14 memory mice across 2 experiments). Mouse
identities are consistent between representative flow plots within the same generation/adoptive
transfer condition.
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TOX induction varies across CD8" Tmem elicited by different infections

A-F Changes in PD-1 and TCF1 expression within L. monocytogenes-expanded TCR transgenic
Tmem. A—B Experiment schematic outlining the expansion of (A) OT-I (OVA-specific) and (B) gBT-
| (gB-specific) transgenic T cells with L. monocytogenes-OVA and L. monocytogenes-gB,
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respectively. MACS-enriched T cells from these memory mice were stimulated with media alone
(mock), recombinant IL-12, -15, and -18 in combination (IL-12/15/18) (each at 100ng/mL), or
antiCD3/CD28 microbeads (TCR) at a ~1:1 cell:bead ratio. C-D PD-1 MedFI| and expression
frequency within stimulated (C) OT-l Tmem or (D) gBT-l Tmem. E-F TCF1 expression within
stimulated (E) OT-I and (F) gBT-l Tmem- G—J Changes in PD-1 expression within LCMV
Armstrong- and Docile-expanded P14 Tmem. G—H Experiment schematic outlining the expansion
of P14 transgenic T cells with (G) LCMV Armstrong (Arm.) or (H) LCMV Docile (Doc.), which
respectively cause acute and chronic infection. I-J PD-1 MedFI| and expression frequency within
(I) LCMV Armstrong- and (J) Docile-expanded P14 Tyem. Symbols in C, D, I, J represent T cell
populations from a single animal at a unique timepoint/condition and are connected by matched
donor identities (when applicable), with bars depicting mean. Symbols in E, F represent mean
values £ SD. Indicated statistical significances in C, D, I, J were calculated by paired f tests, and
those in E, F were calculated using Mann-Whitney tests. Data in A-F depict n = 4 L.
monocytogenes-OVA OT-l memory mice and n = 10 L. monocytogenes-gB gBT-I memory mice
across 2 experiments. Data in G and J depict n = 17 LCMV Armstrong expanded P14 memory
mice across 4 experiments and n = 8 LCMV Docile expanded P14 memory mice across 2
experiments.

3.2.4 Cytokine stimulation induces TOX and PD-1 in human CD8* Tmem

Using cryopreserved PBMCs from healthy, HIV-seronegative donors, we interrogated TOX and
PD-1 expression by flow cytometry. We specifically gated CD8" T cells by a memory and naive
binary, delineating CD8" Traive as CD45RO"CCR7", with remaining cells as CD8" Tmem (159)
(Figure 3.7A), and interrogated basal TOX and PD-1 expression between these 2 subsets (Figure
3.7A). Because PD-1 expression is heterogeneous in humans (160, 161), we measured TOX
MedFI across PD-1 low—, medium—, and high—expressing events. We found that CD8" Tmem With
the highest PD-1 expression also demonstrated significantly elevated TOX MedFI (Figure 3.7B),
mirroring correlations of TOX and PD-1 expression in our mouse model as well as human HCV
infections (130). We next tested whether IL-12/15/18 stimulation increases PD-1 and TOX
expression in T cell subsets and included mock and TCR stimulation conditions as negative and
positive controls, respectively, but we also included stimulations using rIL-6, rIL-15, or rlL-12 and
riL-18 (Figure 3.7C). We chose these additional conditions because IL-6 activates CD8" Thaive (as
evidenced by CD69 upregulation) and to discern individual activating contributions of each
cytokine (Figure 3.8A). Across these conditions, IL-12/15/18—-mediated and TCR-mediated
stimulations led to the most prominent increase of TOX staining intensity and PD-1" frequency in
CD8" Tmem (Figure 3.7D, E). We measured TCF1 expression after mock, 1L-12/15/18, and TCR
stimulation. A decrease in TCF1 expression accompanied an increase in TOX and PD-1
expression after IL-12/15/18 or TCR stimulation (Figure 3.8B), akin to our mouse stimulation data.
We further tested the degree of similarity between human and mouse T cells by measuring PD-

1, TCF1, and TOX expression profiles in stimulated human CD8" Traive. Like mouse CD8" Thaive,
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only TCR stimulation led to appreciable changes in TOX and PD-1 within human CD8" Traive
(Figure 3.7F and Figure 3.8C). Because IL-6 can activate CD8" Tnaive, We used this condition to
determine if PD-1 and TOX expression could occur in Tnave in the absence of a TCR signal.
Despite inducing CD69 expression, we found that IL-6—mediated stimulation failed to increase
TOX or PD-1 expression in CD8" Thaive (Figure 3.8D). Together, these data show that CD8" Tmem
differentially expressed TOX, PD-1, and TCF1 at homeostasis and after both IL-12/15/18 and

TCR stimulation. We next wanted to better define these changes across different Tmem Subsets.
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Inflammatory cytokines induce TOX and PD-1 expression in human CD8*

A Basal expression of TOX and PD-1 in CD8" Tmem and Thaive. B TOX MedFI| across PD-1 low—,
medium—, and high—expressing CD8" Tmem. (C) Schematic detailing T cell isolation from
cryopreserved PBMCs and subsequent stimulation with recombinant IL-6, IL-15, IL-12/18, and IL-
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12/15/18 (all at 100 ng/mL, each), or anti-CD3/CD28 microbeads (TCR, 1:1 bead/cell ratio) and
subsequent flow interrogation. D TOX expression (MedFl) and PD-1" frequency in CD8" Tmem
throughout stimulation time course. E and F Comparison of TOX MedFI| and PD-1" frequency in
mock-, IL-12/15/18—, and TCR-stimulated (E) CD8" Tmem and (F) CD8" Traive. In A, B, and D-F,
we calculated indicated statistical significances by (A and D) Wilcoxon’s matched-pairs signed-
rank tests, (B) Friedman’s test with Dunn’s multiple comparisons tests, or (E and F) Mann-
Whitney U tests. In A and D, each symbol represents a unique time point/treatment connected by
donor with bars indicating mean (A,n= 23 across 4 experiments; D,n= 11 across 2
experiments). In E and F, each symbol represents the mean + SD of the stimulation condition
from n = 23 donors across 4 experiments. Representative plots from A, D, and F are sourced
from the same donor.
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Figure 3.8  Inflammatory cytokines limit TCF1 expression in human CD8" Tmem.

A-B CDB69 expression in stimulated CD8" Tmem (left) and CD8" Thaive (right) subsets. B-C TCF1
MedFl and expression frequency in (B) CD8" Tmem and (C) CD8" Traive Over stimulation time
course. D TOX MedFI and PD-1" event frequencies in IL-6-stimulated CD8" Tpave. E TOX and
isotype control staining in mock (left), IL-12/15/18 (center), and TCR (right) stimulated CD8" Tmem.
Bar plot symbols in A—D depict a unique donor at a specific condition/timepoint, with symbols
connected by donor identity and bars depicting mean; indicated statistical significances were
calculated by A Friedman tests with Dunn’s multiple comparisons tests or B—D Wilcoxon
matched-pairs signed rank tests. Line plot symbols in B and C depict means + SD across
stimulation conditions with indicates statistical significances calculated by Mann-Whitney tests. A
and D represent n = 11 donors across 2 experiments; B and C represent n = 12 donors across 2
experiments; E represents n = 3 donors.

3.2.5 Inflammation-induced PD-1 and TOX expression occurs in most but not
all CD8" Tmem.

To test if inflammation-induced PD-1 and TOX expression differs across human CD8" Tmem
subsets, we used CD45RO and CCR7 staining to further delineate central memory (Tcwm;
CD45R0O"* CCR7"), Tem (CD45RO* CCR7"), and Tewmra (CD45RO™ CCR7") subsets (159, 162)
(Figure 3.9A). When we measured TOX, PD-1, and TCF1 expression across these subsets, we
noted that a substantial fraction of CD8" Tem events were PD-1", and both CD8* Tewm and Tewra
cells expressed elevated levels and lower levels of TOX and TCF1, respectively, at homeostasis
(Figure 3.9B). Although this observation is in line with the initial report demonstrating TOX
heterogeneity in human CD8" Tmem subsets (141), it remained unknown if these CD8" Tmem
subsets are equally capable of further TOX upregulation after stimulation. We observed that TOX,
PD-1, and TCF1 expression kinetics in CD8" Tcm and Tewm largely resembled one another, with
both IL-12/15/18 and TCR stimulation having increased the frequency of PD-1" events and TOX
MedFI but having decreased TCF1 MedFI (Figure 3.9C). It is worth noting that although TCF1
MedFI in CD8" Tcm dropped profoundly after IL-12/15/18 or TCR stimulation, the loss in frequency
of TCF1-expressing cells (as defined by subjective gating) was not as pronounced as what we
observed in CD8" Tem (Figure 3.10A). Although both IL-12/15/18—mediated and TCR-mediated
stimulation were able to significantly increase the frequency of PD-1" events and lower TCF1
MedFI in CD8" Temra, the degree of these changes was less pronounced than in CD8" Tcwm or Tem
(Figure 3.9C). Moreover, CD8" Temra did not significantly upregulate TOX expression after TCR
stimulation. This, however, was not due to an inability to be stimulated because CD8" Temra

readily expressed the activation marker CD69 after cytokine-mediated or TCR-mediated
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stimulation (Figure 3.10A). Finally, it is worth noting that when stimulated with IL-15 alone,
CD8" Tcwm, unlike CD8" Tem and Tewmra, failed to significantly express PD-1 (Figure 3.10B).
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Figure 3.9 TOX and PD-1 upregulation are largely independent of Tmem subset.

Basal and stimulation-induced TOX and PD-1 expression in CD8" memory subsets. A
Representative gating of CD8" T cells into Thaive (gray), Tcem (orange), Tem (purple), and Tewra
(green) subsets. B Basal expression levels (MedFl) of TOX and TCF1 and frequency of PD-
1" cells across CD8" T cell memory subsets. C TOX MedFI, PD-1" frequency, and TCF1 MedFlI
after mock (black), IL-12/15/18 (each at 100 ng/mL, blue), or TCR (1:1 bead/cell ratio, red)
stimulation in CD8" Tcwm (left column), CD8" Tem (center column), and CD8" Temra (right column)
cells. Symbols in B and C represent unique samples (by time point/condition/subset) and are
connected by donor identity, with bars representing mean. We determined statistical significances
in B and C, respectively, using Friedman’s tests and Wilcoxon’s matched-pairs signed-rank
tests. B and C depict n = 23 donors across 4 experiments, except for TCF1 plots, which

depict n = 12 donors across 2 experiments.
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Figure 3.10 Inflammation-mediated phenotypic changes across CD8" Tmem Subsets.

A TCF1 (top row) and CD69 (bottom row) event frequency within CD8" Tmem subsets after mock
(black), 1L-12/15/18 (blue), or TCR (red) stimulation. B PD-1" event frequency within CD8" Tmem
subsets after IL-15 stimulation. All cytokines were at 100ng/mL, each, in all stimulation conditions.
In A-B, each symbol represents a cell population within a donor at a unique condition/timepoint,
with symbols connected by donor identity and bar representing mean. All indicated statistical
significances were calculated by Wilcoxon matched-pairs signed rank tests. Data in A depicts n
=12 (% TCF1) donors over 2 experiments and n = 23 donors (%CD69) over 4 experiments; B
depicts n = 11 donors over 2 experiments.

We next interrogated T cells with defined TCR specificity, specifically IAV-specific CD8* T cells
using HLA-A*02 tetramers loaded with the GILGFVFTL peptide (Figure 3.11A). We examined this
CD8" Tmem population because these cells were reported to not express appreciable levels of TOX
at homeostasis, likely owing to their Tcw phenotype (141). Within our sample set, IAV-specific
CD8* T cells were predominantly Tem in half of the HLA-A*02 PBMC donors (Figure 3.11A).
Nevertheless, all IAV-specific CD8" T cells were able to substantially upregulate TOX and PD-1
expression after IL-12/15/18 stimulation (Figure 3.11B), indicating that CD8" Tmem With low levels
of TOX and PD-1 at homeostasis can also contribute to TOX and PD-1 heterogeneity after recent
activation. Alongside testing IAV-specific CD8" T cells, we also interrogated the effects of
stimulation in mucosal associated invariant T (MAIT) cells. We selected this population because
(a) MAIT cells are nonconventional T cells, recognizing bacterial metabolites as Ags presented
on MHC-related 1 (MR1) (163); (b) inflammation is necessary for sustained MAIT cell effector
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function (45, 48); and (c) MAIT cells are near-uniformly Tem cells when defined by CD45RO and
CCRY7 (164). We identified MAIT cells using MR1 tetramers loaded with the 5-OP-RU metabolite
(165), which largely fell into our Tem gate (Figure 3.11C). Like 1AV-specific CD8" T cells, IL-
12/15/18 stimulation led to substantial TOX and PD-1 upregulation in MAIT cells (Figure 3.11D).
Because inflammation is necessary for sustained MAIT cell effector function, we asked if MAIT
cells are differentially capable of responding to other cytokine combinations. Alongside IL-
12/15/18, IL-15 alone or IL-12 and IL-18 in unison could significantly increase both the frequency
of PD-1"and TOX MedFI of MAIT cells, but not IAV-specific T cells (Figure 3.12A, B). Together,
these data indicate that cytokine-driven activation programs were conserved across conventional

and innate-like T cells.
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Figure 3.11 Inflammatory cytokines induce TOX and PD-1 expression in conventional
and innate-like T cells.

TOX and PD-1 induction in IAV-specific CD8" T cells. A Gating and memory phenotyping of IAV-
specific CD8" T cells. B Induction of TOX and PD-1 in IAV- specific CD8" T cells by mock (black)
or IL-12/15/18 (each at 100 ng/mL, blue) stimulation. C and D TOX and PD-1 induction in MAIT
cells. C Gating and memory phenotyping of MAIT cells. D Induction of TOX and PD-1 in MAIT
cells by mock (black) or IL-12/15/18 (each at 100 ng/mL, blue) stimulation. Representative plots
are sourced from the same donor. Symbols represent unique samples (by time
point/condition/subset) and are connected by donor identity, with bars representing mean. We
determined statistical significances in B and D using Wilcoxon’s matched-pairs signed-rank
tests. A and B depict n = 8 donors across 2 experiments; C and D depict n = 23 donors across 4
experiments.
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Figure 3.12 MAIT cells appear more sensitive to various cytokine combinations.

A-B TOX MedFI and frequency of PD-1" events in (A) IAV-specific CD8" T cells and (B) MAIT
cells after mock (black), IL-6 (green), IL-15 (dark blue), IL-12/18 (orange), or 1L-12/15/18 (blue)
stimulation (all cytokine concentrations 100/ng/mL, each). Data in A depicts n = 8 donors over 2
experiments; B depicts n = 11 donors over 2 experiments. All indicated statistical significances
were calculated using Wilcoxon matched-pairs signed rank tests.

3.2.6 Cytokine stimulation-induced PD-1 expression is independent of TOX

Because PD-1 and TOX upregulation appeared tightly associated after cytokine-driven activation,
we next asked if this association is mechanistic in nature. If TOX is necessary for PD-1
expression, then it would allow the use of surface-expressed PD-1 as a surrogate for
intracellularly expressed TOX. TOX expression appears to drive PD-1 expression in a number of
contexts because exhausted Tmem dramatically downregulate PD-1 after TOX deletion or
knockdown (130, 136, 138, 139). Conversely, T cell transduction with TOX-encoding constructs
leads to PD-1 upregulation (136-139). Although TOX controls PD-1 expression during exhaustion,
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the role of TOX is less clear in activation. To dissect the function of TOX in stimulation-mediated
PD-1 upregulation, we used WT and Tox™~ P14 Tmem. TO generate these P14 Tmem, We adoptively
transferred WT or KO P14 T cells into C57BL/6J hosts, which we subsequently infected with
LCMV Armstrong to form a Tmem population (Figure 3.13). To determine if TOX deficiency alters
stimulation-induced PD-1 upregulation, we cultured MACS-isolated T cells from WT and Tox™
~ P14 memory mice (28 days after LCMV Armstrong infection) in the presence of mock, IL-
12/15/18, or TCR stimulation (Figure 3.13). Both WT and Tox™™ P14 Tmem cells increased PD-1
expression after IL-12/15/18 or TCR stimulation (Figure 3.14A—C). Together these data indicate
that TOX alone was not necessary for PD-1 upregulation in cytokine-stimulated CD8" Trem and
suggest other transcription factors were sufficient to drive PD-1 expression in the absence of
TOX.
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Figure 3.13 TOX-deficient P14 Tnem generation and stimulation overview
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Figure 3.14 TOX deficiency does not abrogate stimulation-induced PD-1 expression

T cells were stimulated with media alone (mock), recombinant IL-12, IL-15, and IL-18 in
combination (IL-12/15/18 or ILs; each at 100 ng/mL), or with anti-CD3/CD28 microbeads at an
approximately 1:1 cell/bead ratio (TCR). Aand B PD-1 MedFl and expression frequencies
in (A) WT or (B) Tox”~ P14 Tmem Over stimulation time course. C Comparison of PD-1 MedFI and
expression frequencies between 1L-12/15/18 (left) or TCR (right) stimulated WT and Tox™~ P14
Tmem cells. All indicated statistical significances were calculated using Mann-Whitney U tests.
Symbols in A and B represent the mean + SD from all animals at a specific time/condition; and
symbols in C represent stimulated P14 Tnem populations within a single animal (n =9 WT P14
recipients and n = 10 Tox™~ P14 recipient across 2 experiments).

3.2.7 Cytokine-induced PD-1 and TOX expression in mouse CD8* Tmem is

independent of calcineurin-mediated NFAT activation

Gene expression downstream of TCR ligation mechanistically hinges on the transcription factor,
nuclear factor of activated T cells (NFAT). The calcium flux proceeding TCR engagement
activates calcineurin, which subsequently activates NFAT, leading to its nuclear translocation and
binding of partner transcription factors, ultimately leading to the expression of specific genes
(166). In the contexts of transient or chronic TCR engagement, NFAT activation underlies the
expression of PD-1 and TOX (136-139, 167, 168). Therefore, we asked if NFAT is also critical for

PD-1 and TOX upregulation during inflammation-mediated activation. We conducted in vitro
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stimulations with T cells from VSV-OVA OT-I memory mice in the presence of calcineurin
inhibitors, cyclosporin A (CsA) and FK506 (0.1ug/mL and 1ug/mL, respectively) (169), or DMSO
carrier (Figure 3.15A). In line with previous studies, we observed that the inhibition of
calcineurin/NFAT impaired TCR-mediated induction of TOX and PD-1 (Figure 3.15B).
Surprisingly, calcineurin/NFAT inhibition had failed to drastically reduce TOX or PD-1 levels in
OT-l Tmem stimulated with 1L-12/15/18 (Figure 3.15B). Due to this difference, we then asked if
NFAT activation is of any consequence during inflammation-mediated activation of functionality.
The activation (e.g., CD69 expression) and function (e.g., IFNy and GzmB expression) of TCR-
stimulated OT-I Tmem Was completely attenuated by calcineurin/NFAT inhibition. Contrasting this,
calcineurin/NFAT inhibition failed to drastically alter 1L-12/15/18-mediated expression of CD69,
IFNy, or GzmB (Figure 3.15B). Together, these data show that despite the obvious parallels in
TCR- and inflammation-activated CD8" Tmem phenotype and function, mechanistically distinct

pathways underlie these seemingly congruent programs.
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Figure 3.15 Bystander activation in mouse CD8" Tmem is independent of calcineurin-
mediated NFAT activation.

A Experiment schematic for T cell isolation and in vitro stimulation with media alone (mock),
recombinant IL-12, IL-15, and IL-18 in combination (IL-12/15/18 or ILs; each at 100 ng/mL), or
with anti-CD3/CD28 microbeads at an approximately 1:1 cell/bead ratio (TCR). Stimulations were
conducted in the presence of calcineurin inhibitors, FK506 (1ug/mL) and cyclosporin A (CsA;
0.1pg/mL), or DMSO as a carrier control. GolgiPlug was added for the final 6 hours of culture to
permit the intracellular accumulation of cytokines. B Expression of TOX and PD-1 (top row) and
markers of activation or effector function (CD69, IFNy, GzmB; bottom row) 24 hours after
stimulation. B depicts T cells from n = 6 mice across 2 technical replicates, with points connected
by mouse identity within the same stimulation condition. Bars represent mean values.

3.2.8 Bystander activation in human CD8" Tmem is also calcineurin independent

Given the limitations of specific pathogen-free (SPF) mice and TCR transgenics, we next sought
to test if inflammation-mediated effector functions are also calcineurin-independent in human,
polyclonal CD8" Tmem. This is of significant interest as inflammation-mediated bystander activation
(i.e., the upregulation of IFNy and GzmB) is likely of clinical importance (36, 37). We MACS-
isolated bulk T cells from healthy PBMC donors and stimulated them in vitro with IL-12/15/18 or
TCR agonists. We conducted this in the presence of CsA and FK506 or DMSO as a carrier control

and interrogated cells with flow (Figure 3.16A). In congruence with our mouse experiments and
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the body of literature (166, 170), we observed that TCR-mediated expression of IFNy was
impaired by calcineurin inhibition (Figure 3.16B). In contrast, GzmB expression was unaffected
by CsA/FK506 treatment (Figure 3.16B). But it is worth noting that human CD8" Trem, unlike those
from mice, express GzmB at homeostasis (171). Like our mouse data, bystander activation of
CD8" Tmem With 1L-12/15/18 was unaffected by CsA/FK506-mediated calcineurin inhibition (Figure
3.16C). Given the parallels with TCR- and inflammation-mediated activation in CD8" Tmem, We
asked to what degree do these programs overlap and interrogated the expression of TNFa and
IL-2. While TCR-mediated stimulation could induce TNFa and IL-2 in human CD8" Tmem in a
calcineurin-dependent manner (Figure 3.16B), stimulation with 1L-12/15/18 failed to upregulate
these molecules (Figure 3.16C). Thus, while there is significant overlap between TCR- and
inflammation-mediated effector programs, they do not entirely mirror one another: TCR agonism

gives rise to a greater breadth of functions in a calcineurin/NFAT-dependent manner.

Tmem Subsets differ greatly in their response to TCR stimulation. Tcw upregulate IFNy to a lesser
degree after TCR ligation (162, 172). Therefore, we asked if IL-12/15/18—induced IFNy expression
similarly differed across CD8" Tmem Ssubsets. We compared IFNy and GzmB expression in IL-
12/15/18-stimulated CD8" T cells subset by CD45R0O and CCR7 expression (as in Figure 3.9A)
and found that all Tmem subsets upregulated IFNy in response to inflammation; but this was
dominated by CD8" Tem and Temra (Figure 3.16D). Though one could argue this reflects different
propensities to become bystander activated, Tcw predominantly upregulate CD69, a marker of
activation, after IL-12/15/18 stimulation (Figure 3.10A). Together, this suggests that despite some
of the differences between TCR- and inflammation-mediated Tmem activation, that the IFNy

responses to both stimuli are overlapping within specific Tmem Subsets.
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Figure 3.16 Bystander activation is calcineurin/NFAT independent in human CD8" Tmem
with subset-specific consequences.

A Experiment schematic for in vitro T cell stimulation with media alone (mock), recombinant IL-
12, IL-15, and IL-18 in combination (IL-12/15/18 or ILs; each at 100 ng/mL), or with anti-
CD3/CD28 microbeads at an approximately 1:1 cell/lbead ratio (TCR). Stimulations were
conducted in the presence of calcineurin inhibitors, FK506 (1ug/mL) and cyclosporin A (CsA;
0.1ug/mL), or DMSO as a carrier control. GolgiPlug was added for the final 6 hours of culture to
permit the intracellular accumulation of cytokines. B-D Expression of effector molecules (IFNy,
GzmB, TNFaq, and IL-2) in CD8" Tmem 24 hours after stimulation with (B) TCR agonist or (C-D) IL-
12/15/18. B, C Effects of CsA/FK506-mediated calcineurin inhibition on effector molecule
expression. D IL-12/15/18-induced effector molecule expression across CD8" Tmem subsets. In
B-D, points represent cells from a unique donor (n = 6) connected by donor identity. Indicated
are statistical significances where p < 0.1 by (B, C) paired t tests and (D) RM one-way ANOVA
with Geisser-Greenhouse correction and Tukey’s multiple comparisons test.

3.3 Discussion

TOX has been foremost studied in TCR-mediated exhaustion of mouse CD8" T cells in the context
of tumor or chronic infection (130, 136, 137). A recent study reported TOX expression in functional

circulating human CD8" Tmem, suggesting TOX expression does not necessarily dictate
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dysfunction(141), which led to the speculation that TOX may have distinct roles across species,
specifically mice and humans (143). Alternatively, TOX expression heterogeneity in humans may
simply reflect the more complex environment that human T cells are exposed to in everyday life,
which may not be readily appreciable in specific pathogen—free mice, such as routine
inflammatory events in barrier tissues. Thus, we asked if proinflammatory cues could be sufficient
to increase TOX expression and contribute to TOX heterogeneity. Although inflammation has
been previously shown to enhance TCR-mediated TOX upregulation (in a VEGF-A-dependent
manner that necessitates initial TCR signaling) (173), our findings are, to the best of our
knowledge, the first to demonstrate TOX expression in the absence of agonist TCR signals.
Transient 1L-12/15/18 and TCR stimulation increased PD-1 and TOX expression in most
CD8" Tmem. In mouse, dysfunctional P14 Tmem from LCMV Docile—infected mice still increased
surface PD-1 expression after TCR stimulation, whereas IL-12/15/18 had little to no effect on TOX
expression. Similarly, human Tewra cells showed limited to no increase in TOX expression after
exposure to IL-12/15/18. The underlying mechanisms will require further investigation, but one
could speculate that the cytokine stimulation was simply not potent enough to further enhance
the already ongoing effector or activation program in these two Tmem Subsets. The notion that not
only TOX but also PD-1 expression can indicate an ongoing effector or activation program in
CD8" T cells is important because PD-1 and (now also) TOX are used as biomarkers of T cell
exhaustion (16, 174, 175). Of note, certain features of general activation programs of CD8" Trmem
cells appear to be well conserved and have also been reported as transcriptomic overlap of tissue-
resident, recently activated, and exhausted CD8" T cells (176). Although infection parameters and
inflammatory events are well defined in mouse model studies, most human studies remain
agnostic in regard to the infection and activation history of Ag-specific T cells. This in turn makes
it difficult to correctly interpret the underlying reason for expression of PD-1 and TOX by human

T cells.

Our data emphasize the need for conservative interpretation of TOX regarding activation and
exhaustion and also caution against interpreting TOX expression purely through the lens of recent
TCR-mediated activation. TOX expression is predictive of T cell exhaustion and unfavorable
outcome in hepatocellular carcinoma animal models and clinical samples (177), in line with the
paradigm of TOX-mediated, TCR-dependent T cell dysfunction. However, other studies have
yielded contradictory data. Meta analyses of TOX expression in breast cancers reported TOX
levels paradoxically correlating with increased immune cell function and favorable prognosis

(178). This is perplexing, as in tumors, TOX expression is associated with T cell dysfunction (130,
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136, 137). This discrepancy could be in part explained by TOX upregulation during activation,
akin to what we observed during T cell activation in TCR-dependent and -independent
stimulations. Thus, our data stress that all possible activation pathways of TOX and PD-1
induction must be considered before interpreting TOX as a biomarker of T cell dysfunction. A well-
done human study (141) that interrogated TOX heterogeneity found elevated TOX in CMV-
specific and EBV-specific CD8" Tmem and hypothesized that recent viral reactivation provide
cognate Ag to facilitate TCR-mediated upregulation of TOX. This is certainly a plausible
explanation, but our data highlight the need to also consider recent exposure to inflammation as
a critical parameter affecting TOX expression. Conventional CD8" Tem and Tewra (the
predominant phenotype of CMV-specific and EBV-specific CD8" T cells) express elevated levels
of TOX basally; Tewm (including IAV-specific CD8" T cells) and innate-like MAIT cells can, too,
upregulate TOX expression after inflammation-mediated activation. Importantly, our data highlight
that this mechanism of TOX expression was conserved across species, conventional CD8" Tmem

subsets, and innate-like MAIT cells.

Because proinflammatory cytokines can concurrently induce TOX and PD-1 expression, these
signals may drive TOX heterogeneity in other contexts. P14 Trm show increased Tox expression
at homeostasis, which is observed 90 days after priming with LCMV Armstrong (144). Because
the acute infection is cleared well before this time point, it is unlikely that continued TCR signaling
by cognate Ag drives this phenotype, despite elevated transcripts encoding mediators of TCR
signaling (144). However, IL-15 is likely present within the tissue microenvironment. IL-15 is
implicated in Tru maintenance (149, 150), and transcriptional profiles indicative of IL-15/STATS
signaling are detected in human Trm (147, 148). Thus, IL-15 in tissue microenvironments may
also contribute to TOX heterogeneity. Future work will be necessary to dissect the role of these
inflammatory cues versus other signals that can shape Trm phenotype, such as co-stimulation
and tonic TCR signaling (145).

Previous studies have demonstrated that TOX ablation or knockdown leads to PD-1
downregulation in models of exhaustion (130, 136, 138, 139), and, conversely, introduction of
TOX-expressing constructs enhances PD-1 expression (138, 139). Similarly, our data showed a
close correlation in regards to TOX and PD-1 expression levels, but we found that PD-1
expression could be induced in stimulated Tox™™ P14 Tmem. Of note, these Tox™~ P14 Tmem lacked
exon 5, which abrogates the ability to function as a transcription factor, but the truncated protein
is still expressed and detected by the TOX antibody. Alfei et al. (130) previously showed that the

early wave of effector cells formed from Tox™™ Tnave cells express significant levels of PD-1
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independently of functional TOX. However, TOX is required for the expression of high levels of
PD-1 at later stages, once the initial population of exhausted effector T cells are replaced by a
proliferation competent TCF1 progenitor population (152). Together, these data suggest that the
long-term expression of PD-1 requires TOX, but the activation-induced expression of PD-1 is
TOX-independent. In the absence of TOX, PD-1 expression could be driven by TOX2, which can
induce PD-1 expression in CD8" T cells (138, 139); however, it remains unclear if TOX2 is also
upregulated by transient TCR-mediated or cytokine-mediated stimulation. Similarly, how different
activating signals integrate to regulate TOX expression also requires further studies: although
inflammatory cues increase TOX expression in Tmem, increased IL-12 signaling during the priming

of Thaive has been shown to limit subsequent TOX expression at steady state (179-181).

Overall, our data suggest that the mechanisms that regulate TOX expression, both at
homeostasis and after transient TCR or cytokine stimulation, were remarkably similar and quite
possibly highly conserved between humans and mice. Our data further highlight the need to
consider TOX and PD-1 expression as prominent indicators of ongoing activation and effector

programs in Tmem instead of exclusive biomarkers of exhaustion.

3.4 Hints of a regulatory program during bystander activation?

Much to our surprise, bystander activation of CD8" Tmem parallels TCR-mediated activation in
more ways than just cytotoxicity—we show that exposure to pro-inflammatory cytokines leads to
the upregulation of TOX and PD-1 (Figure 3.17).

IL-15 Bystander
activation
° (NFAT-independent)

PD-1

In vivo
consequences?

— .

TCR-mediated IFNy
activation (brief)
(NFAT-dependent)

CD8

Figure 3.17 Bystander activation and TCR-mediated activation converge, eliciting
effector functions as well as TOX and PD-1 upregulation.
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Although the induction of TOX, PD-1, and effector molecules mechanistically differs between
TCR- and inflammation-mediated activation, it is important to consider the role of PD-1 in these
contexts. The upregulation of PD-1 after transient TCR stimulation during acute infection is
believed to tune the CD8" T-cell response and limit TCR-mediated effector functions, as PD-1
blockade or knockout shifts subset distribution and is associated with tissue pathologies (182,
183). While this and other cell-intrinsic and -extrinsic mechanisms of T cell attenuation control
TCR-mediated CD8" T-cell responses, it is less clear what controls the response of bystander-
activated CD8" Tmem. While studies have suggested cessation of inflammation is responsible for
terminating the effector program of bystander-activated CD8" Tmem (77), we previously observed
that bystander responses change during L. monocytogenes infection despite persisting
inflammation. Specifically, IFNy expression in bystander-activated CD8" Trem is limited to the first
24 h of infection; thereafter, bystander-activated CD8" Tmem largely express GzmB (6). While this
may reflect a change in the inflammatory milieu, it is also possible that regulatory programs are
at play. We observe an increase of PD-1 expression in bystander-activated CD8" Trmem as IFNy
expression wanes (Figure 3.18). Could this highlight a yet-appreciated regulatory programs which
control bystander activation? Future work will be necessary, but these data point to new
mechanisms that may allow us to better tune bystander-mediated effector responses.
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Figure 3.18 In vivo kinetics of IFNy and PD-1 expression in bystander-activated CD8"

Tmem

Ex vivo expression of IFNy (pink, left axis) and PD-1 (maroon, right axis) in bystander-activated
OT-l Tmem at the splenic white pulp during L. monocytogenes infection (Infection model and data
from Chapter 2).
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3.5 Methods
3.5.1 Mice

All animals were maintained in specific pathogen—free facilities and infected in modified
pathogen—free facilities. Experimental groups were nonblinded; animals were randomly assigned

to experimental groups; and no specific method was used to calculate sample sizes.

We purchased 6-week-old female C67BL/6J mice from The Jackson Laboratory; Tox™~ P14 mice
(P14 Toxm1e(KOMPIWIsI. p 1y Cre- Rosa26-S TOP-e YFP) were generated as previously described (130).
WT and Tox”~ P14 mice, OT-I mice, and gBT-l mice were maintained on CD45.1 congenic
backgrounds. We euthanized mice in accordance with institutional protocols and subsequently

collected spleens and LNs for experimentation.
3.5.2 Development of memory mice

We prepared a single-cell suspension of LN cells that were harvested from female OT-I, P14, or
gBT-lI mice by mechanically passing LN tissue through a 70 to 100 ym strainer. To enrich

transgenic T cells, we used MACS with a CD8 Negative Selection Kit (Miltenyi Biotec).

For OT-l memory mice, we adoptively transferred 1 x 10* OT-I T cells in sterile 1 x PBS i.v. per
C57BL/6J recipient and subsequently infected recipients i.v. with 1 to 2 x 10’ PFU VSV-OVA or
4 x 10° CFU OVA-expressing L. monocytogenes (L. monocytogenes—OVA). For gBT-I memory
mice, we adoptively transferred 5 x 10* gBT-I T cells i.v. and subsequently infected recipient mice
i.v. with or 4 x 10® CFU HSV2 gB—expressing L. monocytogenes (L. monocytogenes—gB). We
allowed 60 days or longer to pass after initial VSV or L. monocytogenes infections before

assaying tissues.

For P14 memory mice, we adoptively transferred 2 x 10° WT P14 T cells i.v. and subsequently
infected recipient mice i.v. with 2 x 10° PFU LCMV Armstrong clone (LCMV Arm.) or 2 x 10° PFU
LCMV Docile clone (LCMV Doc.). For Tox”~ P14 memory mice, we adoptively transferred 2 x
10° Tox™~ P14 memory mice and subsequently infected with 2 x 10° PFU LCMV Arm.; we allowed

28 days to pass after initial LCMV infection before assaying tissues.
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3.5.3 Study approvals

Mouse protocols and experimentation conducted at the Fred Hutchinson Cancer Research Center
were approved by and in compliance with the ethical regulations of the Fred Hutchinson Cancer
Research Center’'s IACUC. Experiments performed at the Technical University of Munich were in
compliance with institutional and governmental regulations in Germany and approved by the

veterinarian authorities of the Regierung von Oberbayern in Germany.

Twenty-three healthy, HIV-uninfected adults were recruited by the Seattle HIV Vaccine Trials Unit
(Seattle, Washington, USA) as part of the study “Establishing Immunologic Assays for
Determining HIV-1 Prevention and Control.” These samples are also known as the Seattle Area
Control Cohort. All participants were provided and signed informed consent, and the Fred

Hutchinson Cancer Research Center IRB approved the study protocol.
3.5.4 T cell isolation and in vitro stimulation

We harvested spleen and LN from memory mice and mechanically prepared single-cell
suspensions. We thawed approximately 4 x 107 cryopreserved PBMC in human RP10 media
(RPMI1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin-streptomycin).
To enrich bulk T cells from single-cell suspensions, we respectively used mouse-specific and
human-specific T cell negative isolation MACS (STEMCELL Technologies). We plated 0.5 to 1 x
10° T cells per well in 96-well V-bottom tissue culture plates. We cultured cells in human RP10 or
mouse RP10 media (RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL
penicillin-streptomycin, 1 mM sodium pyruvate, 0.05 mM B-mercaptoethanol, and 1 mM HEPES).
To stimulate cells, we cultured mouse T cells in mouse RP10 with rlL-12, rIL-15, and rIL-18 (each
at 100 ng/mL; BioLegend), with Dynabeads mouse T-Activator (Thermo Fisher) anti-CD3/CD28
beads (at a 1:1 bead/cell ratio) or media alone. For human T cell stimulations, we used human
RP10 media with combinations of rIL-6 (BioLegend), rIL-12, rIL-15, and/or rIL-18 (each at 100
ng/mL; Peprotech), with Dynabeads human T-Activator (Thermo Fisher) anti-CD3/CD28 beads
(at a 1:1 bead/cell ratio) or RP10 alone. In calcineurin inhibition experiments, we conducted
stimulations in the presence of cyclosporin A (CsA) (Sigma Aldrich; 0.1ug/mL) and FK506 (EMD
Millipore; 1ug/mL). We cultured cells at 37°C, 5% CO-, sampling cells at 0, 24, and/or 48 hours
for flow staining. For intracellular cytokine staining, we added GolgiPlug (BD Biosciences) at a

1:1000 dilution 6 hours prior to cell harvest.
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3.5.5 Flow cytometric analysis

We conducted all flow staining for mouse and human T cells on ice and at room temperature,
respectively. All mouse and human flow panel reagent information, stain conditions, and gating
are included in Figure 3.19, Figure 3.20, Figure 3.21, Figure 3.22, Figure 3.23, Figure 3.24 and
Table 3.1, Table 3.2, Table 3.3, Table 3.4, Table 3.5, Table 3.6, Table 3.7. We conducted
LIVE/DEAD fixable aqua or blue viability dye (Thermo Fisher) (AViD or BViD, respectively) or
Zombie Near-IR viability dye (NIRVID) (BioLegend) staining in 1 x PBS. For surface staining, we
utilized FACS Wash (1 x PBS supplemented with 2% FBS and 0.2% sodium azide) as the stain
diluent. For all TOX staining panels, we fixed cells with the FOXP3 Fixation/Permeabilization
Buffer Kit (Thermo Fisher) and conducted intranuclear stains using the FOXP3 Permeabilization
Buffer (Thermo Fisher) as diluent. To minimize day-to-day variation for TOX staining, we
conducted all intracellular stains within a batch (0-, 24-, and 48-hour samples) at the same time.
We resuspended cells in FACS Wash and acquired events on a FACSymphony A5 and
LSRFortessa cell analyzers (BD Biosciences), which we analyzed using FlowJo v10 (BD

Biosciences). We conducted statistical testing using Prism v8 (GraphPad).
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Table 3.1 Mouse flow cytometry panel for SPF C57BL/6J mice, LCMV Armstrong P14
memory mice, and LCMV Docile memory mice

Reagent | Fluor | Clone |  Vendor | Dilution
Viability stain (1x PBS diluent, 20 min, on ice)
Zombie NIR APC-Cy7 NA BioLegend 1:500
fixable viability kit
(NIRVID)
Surface stain (FACSWash diluent, 30 min, on ice)
Fc block Unconjugated 2.4G2 BD 1:200
(CD16/CD32)
CD4 PerCP-Cy5.5 RM4-4 BioLegend 1:200
CD8a AF700 53-6.7 Thermo Fisher 1:200
CD45.1 PE-Cy7 A20 Thermo Fisher 1:200
CD44 BV421 IM7 BioLegend 1:200
PD-1 BV605 29F.1A12 BioLegend 1:100
CD62L BV785 MEL-14 BioLegend 1:200

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, on ice)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, on ice)

Fc block Unconjugated 2.4G2 BD 1:200
(CD16/32)

TOX €660 TXRX10 Thermo Fisher 1:200

TCF1/7 PE S33966 BD 1:200
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Figure 3.19 Flow cytometry gating strategy for SPF C57BL/6J mice, LCMV Armstrong
P14 memory mice, and LCMV Docile memory mice
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Table 3.2 Mouse flow cytometry panel for VSV-OVA OT-l memory mice, LM-OVA
memory mice, and LM-gB gBT-l memory mice

Reagent | Fluor | Clone |  Vendor | Dilution
Viability stain (1x PBS diluent, 20 min, on ice)
LIVE/DEAD fixable uv450 NA Thermo Fisher 1:500
blue viability dye
(BViD)
Surface stain (FACSWash diluent, 30 min, on ice)
Fc block Unconjugated 2.4G2 BD Biosciences 1:200
(CD16/CD32)
CD4 BV786 GK1.5 BD Biosciences 1:200
CD8a PE-CF594 53-6.7 BD Biosciences 1:200
CD45.1 BUV395 A20 BD Biosciences 1:200
CD44 €450 IM7 Thermo Fisher 1:200
PD-1 BV605 29F.1A12 BioLegend 1:100
CD62L FITC MEL-14 Thermo Fisher 1:200

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, on ice)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, on ice)

Fc block Unconjugated 2.4G2 BD Biosciences 1:200
(CD16/32)

TOX APC REA473 Miltenyi Biotec 1:100

TCF1/7 PE C63D9 Cell Signaling 1:40

Table 3.3 Mouse flow cytometry panel for VSV-OVA OT-l memory mice

Reagent | Fluor | Clone |  Vendor | Dilution
Viability stain (1x PBS diluent, 20 min, on ice)
LIVE/DEAD fixable V510 NA Thermo Fisher 1:500
aqua viability dye
(AViD)
Surface stain (FACSWash diluent, 30 min, on ice)
Fc block Unconjugated 2.4G2 BD Biosciences 1:200
(CD16/CD32)
CD4 BV786 GK1.5 BD Biosciences 1:200
CD8a PE-CF594 53-6.7 BD Biosciences 1:200
CD45.1 BUV395 A20 BD Biosciences 1:200
CD45.2 FITC 104 Thermo Fisher 1:200
CD44 APC-e780 IM7 Thermo Fisher 1:200
PD-1 BV605 29F.1A12 BioLegend 1:100

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, on ice)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, on ice)

Fc block Unconjugated 2.4G2 BD Biosciences 1:200
(CD16/32)
TOX APC REA473 Miltenyi Biotec 1:100
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Figure 3.20 Flow cytometry gating strategy for VSV-OVA OT-l memory mice, LM-OVA
memory mice, and LM-gB gBT-l memory mice
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Table 3.4 Flow cytometry panel for intracellular cytokine staining in mouse T cells.

Reagent | Fluor | Clone |  Vendor | Dilution
Viability stain (1x PBS diluent, 20 min, on ice)
LIVE/DEAD fixable uv450 NA Thermo Fisher 1:500
blue viability dye
(BViD)
Surface stain (FACSWash diluent, 30 min, on ice)
Fc block Unconjugated 2.4G2 BD Biosciences 1:200
(CD16/CD32)

CD4 PE-Cy7 RM4-5 BD Biosciences 1:200
CD8a BV786 53-6.7 BD Biosciences 1:200
CD44 e450 IM7 Thermo Fisher 1:200
CD62L FITC MEL-14 Thermo Fisher 1:200
CD69 PE-Dz594 H1.2F3 BioLegend 1:100
NKG2D BV711 CX5 BD Biosciences 1:200
PD-1 BV605 29F.1A12 BioLegend 1:100

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, on ice)

Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, on ice)

Fc block Unconjugated 2.4G2 BD Biosciences 1:200
(CD16/32)
IFNy BUV737 XMG1.2 BD Biosciences 1:200
Granzyme B PE GB11 Thermo Fisher 1:100
TOX APC REA473 Miltenyi Biotec 1:100
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Flow cytometry gating for parallel cytokine, TOX, and PD-1 analysis in mouse

Representative flow gating in A mock-stimulated and B IL-12, IL-15, and IL-18 (100ng/mL, each)

after 24 hours of culture.
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Table 3.5 Flow cytometry panel for HLA-A*02 human PBMC samples.
Reagent | Fluor Clone |  Vendor | Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable uv450 NA Thermo Fisher 1:500
blue viability dye
(BViD)
Tetramer stain (FACSWash diluent, 60 min, room temperature)
MR1 OP-5-RU BV421 NA NIH Tetramer 1:500
(MAIT cell) tetramer Core
HLA-A*02 influenza PE NA Fred Hutch 1:150
A virus (IAV) Immune
(GILGFVFTL) Monitoring
tetramer
TruStain FcX NA NA BioLegend 1:20
(Fc block)
Surface stain (FACSWash diluent, 20 min, room temperature)
CD3 BUV496 UCHT1 BD Biosciences 1:40
CD4 APC-H7 RPA-T4 BD Biosciences 1:40
CD8 BUV395 RPA-T8 BD Biosciences 1:80
CD45R0O BB515 UCHL1 BD Biosciences 1:160
CD69 BUV737 FN50 BD Biosciences 1:40
CCR7 PE-Cy7 3D12 BD Biosciences 1:40
PD-1 BB700 EH12.1 BD Biosciences 1:20
Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)
TOX* APC REA473 Miltenyi Biotec 1:80
KLH-specific REA APC REA293 Miltenyi Biotec 1:80
control antibody I*

*Reagents were not used in unison, but as stains in separate samples.
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Figure 3.22 Flow cytometry gating strategy identifying tetramer-stained human T cells.

Representative flow gating for bulk CD8", IAV-specific, and MAIT cell subsets (IL-12, IL-15, IL-
18—stimulated, 24 hours).
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Table 3.6 Flow cytometry panel for general human PBMC samples

Reagent | Fluor | Clone |  Vendor | Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable uv450 NA Thermo Fisher 1:500
blue viability dye
(BViD)
Tetramer stain (FACSWash diluent, 60 min, room temperature)
MR1 OP-5-RU BV421 NA NIH Tetramer 1:500
(MAIT cell) tetramer Core
TruStain FcX NA NA BioLegend 1:20
(Fc block)
Surface stain (FACSWash diluent, 20 min, room temperature)
CD3 BUV496 UCHT1 BD Biosciences 1:40
CD4 APC-H7 RPA-T4 BD Biosciences 1:40
CD8 BUV395 RPA-T8 BD Biosciences 1:80
CD45RO BB515 UCHL1 BD Biosciences 1:160
CD69 BUV737 FN50 BD Biosciences 1:40
CCR7 PE-Cy7 3D12 BD Biosciences 1:40
PD-1 BB700 EH12.1 BD Biosciences 1:20

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)

Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)

TOX APC REA473 Miltenyi Biotec 1:80

TCF-1/7 PE C63D9 Cell Signaling 1:40
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Figure 3.23 Flow cytometry gating for TCF1 expression in human T cell subsets

129



Table 3.7 Flow cytometry panel for CsA/FK506 ICS assay in human T cells

Reagent | Fluor | Clone |  Vendor | Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable uv450 NA Thermo Fisher 1:500
blue viability dye
(BViD)
Surface stain (FACSWash diluent, 20 min, room temperature)
CD45RO BB515 UCHL1 BD Biosciences 1:160
CCR7 PE-Cy7 3D12 BD Biosciences 1:40

Fix (1x BD Cytofix/Cytoperm fixation buffer, 20 min, room temperature)

Intracellular stain (1x BD Perm/wash permeabilization buffer, 30 min, room temperature)

CD3 BUV496 UCHT1 BD Biosciences 1:40
CD4 AF647 RPA-T4 BD Biosciences 1:40
CD8 BV786 RPA-T8 BD Biosciences 1:40
TCR Va7.2 PE 3C10 BioLegend 1:20
IFNy BUV395 B27 BD Biosciences 1:50
IL-2 Bv421 MQ1-17H12 BD Biosciences 1:20
Granzyme B AF700 GB11 BD Biosciences 1:80
TNFa FITC MAb11 Thermo Fisher 1:100
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Figure 3.24 Flow gating strategy for CsA/FK506 ICS assay in human T cells

Gating strategy in T cells after 24h (A) IL-12/15/18 (100ng/mL, each) or (B) TCR stimulation.
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3.5.6 Statistics

We used 2-tailed paired t tests, Mann-Whitney U tests, Wilcoxon’s matched-pairs signed-rank

tests, as well as Friedman'’s tests with Dunn’s multiple comparisons tests.
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Chapter 4. Converging cytokine and metabolite networks
shape asymmetric T cell residence at the term

human maternal-fetal interface

Portions of the text and data from this dissertation are reproduced from the following work:

Maurice NJ, McCartney SA, Erickson JR, Frutoso M, DedJong CS, Islas LV, Vigil A, Lawler RL, Mair F,
Taber AK, McElrath MJ, Newell EW, Sullivan LB, Shree R, Gammill HS, Prlic M “Converging cytokine and
metabolite networks shape asymmetric T cell residence at the term human maternal-fetal interface”

Placentation presents immune conflict between mother and fetus, yet maternal immunity against
infection is maintained without expense to fetal tolerance. This is generally believed to result from
maternal-fetal interface (MFI) adaptations rendering it inaccessible to T cells. Despite this, we
found that maternal T cells are broadly recruited to the MFI via chemokines and asymmetrically
retained by pro-inflammatory cytokine networks in an antigen-independent manner. Co-receptors
necessary for tissue residence and retention are elicited by IL-6, IL-15, and IL-18 and can be
engaged by local macrophages. Although pro-inflammatory molecules elicit T cell effector
functions, we show that additional cytokine (TGF-B1) and metabolite (kynurenine) networks
converge to tune T cell function at the MFI to those of sentinels. Together, we demonstrate an
additional facet of fetal tolerance, wherein T cells are broadly recruited and silenced in an antigen-
independent, cytokine/metabolite-dependent manner. These mechanisms provide insight into
antigen-nonspecific T cell regulation, especially in tissue microenvironments where they are

enriched.

4.1 Introduction

Despite having evolved under the pressures of adaptive immunity, placentation is an
immunologically paradoxical balancing act in which 1) maternal immunity tolerates a fetal allograft
while 2) maintaining competency towards other pathogens (184, 185). Previous studies have
illustrated that the placenta, the component of the fetal graft most exposed to maternal immunity,
avoids detection by the maternal immune system. By virtue of thymic selection, maternal T cells
are selected for reactivity to non-self peptide antigens (Ag) sourced from intracellular protein
degradation (186, 187); but half of the fetal genome encodes paternal alleles that could potentially

be seen as non self. In order to limit maternal T cell recognition and killing, placental trophoblast
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downregulate the expression of major histocompatibility complex class | (MHC-I), the molecule
required for surface presentation of Ags (188). Further studies have found additional evasive
tactics which are used to restrict maternal T cells at the site of placentation (i.e., the maternal-
fetal interface: MFI). Mouse models found that the decidua (the endometrial tissue which is
remodeled by invading placental trophoblast), forbids maternal T cell entry by silencing the
expression of chemokines encoded by Cxcl9, Cxcl10, and Ccl5, even during artificially high levels
of systemic inflammation (189). Together, these models suggest that maternal
immunocompetency and fetal tolerance is achieved by mechanisms that make the MFI as

immunologically invisible as possible.

Despite these mechanisms, there is mounting evidence that the MFI, and even pregnancy itself,
are not immunologically silent. Early in pregnancy, NK cells at the decidua contribute to effective
placentation (190-194); and NK cells, as well as T cells, can be found at the first-trimester MFI
using single-cell RNA sequencing (scRNAseq) (195). Pregnancy affects T cells, elevating
regulatory T cell (Trg) frequencies (196-198), and even expanding T cell clones with specificity to
fetal Ag systemically (199). As pregnancy progresses, so does a signature of IL-2-STAT5
signaling, which ceases postpartum (200). At the end of gestation, signatures of immune cell
activation can be detected in human choriodecidual tissues (201), suggesting immunity’s role in
both pregnancy and labor. Furthermore, inducing inflammation at the MFI with TCR or Toll-like
receptor (TLR)-4 agonists, led to labor in mice (202). Given the immunologic nature of these
phenomena, we hypothesize that maintaining homeostasis during maternal-fetal conflict is not

addressed by evasion alone, but selective tuning of immune cell functions.

Though an invaluable research tool, mouse models present limitations in studying the MFI: 1)
syngeneic mating limits the antigenic difference between mother and fetal graft, 2) rodent
pregnancy fails to mirror human pregnancy in duration, number of conceptuses, and depth of
placentation (203-205), and mice housed in specific pathogen-free (SPF) conditions fail to
demonstrate the same level of immune cell differentiation and diversity as humans (161). Using
samples from a cohort of patients undergoing uninduced, term cesarean section, we utilize 28-
color flow cytometric and untargeted transcriptomic single-cell analyses to uncover maternal T
cell adaptations unique to the MFI, in which a subset of CD8" T cells are tissue resident and highly
activated. Despite activation signatures congruent with TCR activation, we leveraged mass
cytometry metal-tagged tetramer screens and found this phenomenon is likely independent of

TCR specificity or cognate Ag. Using a combination of single-cell transcriptomics and proteomics,
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we instead discover pro-inflammatory chemokine and cytokine networks which recruit and
activate maternal CD8" T cells at the MFI. Though these signals are sufficient to elicit CD8" T cell
cytotoxicity in vitro, this is curbed in vivo by elevated levels of regulatory molecules in situ.
Specifically, elevated levels of transforming growth factor-B1 (TGF-$1) and the tryptophan
metabolite, kynurenine, are found at the placenta. During in vitro cytokine stimulation, these
factors cooperate to limit inflammation-mediated cytotoxicity without restricting other programs
resulting from inflammation-dependent activation. Together, our data suggests that mechanisms
at the MFI symmetrically recruit, retain, and restrain maternal T cells at the maternal side of the
MFI. Importantly, these factors at the placenta do not attenuate TCR-driven CD8" T cell effector
programs in vitro, suggesting that Ag-specific immunity is not compromised by elevated TGF-31
or kynurenine. We discuss the relevance of inflammation-dependent CD8" T cell programs for

both fetal tolerance and maternal competence against pathogens.

4.2 Results

421 Atissue-resident phenotype is biased towards the maternal side of the
MFI

The maternal-fetal interface (MFI) is the primary site of immune conflict, so we initially sought to
comprehensively test changes in cellular immunity here versus the periphery of mother and fetus.
Since our initial aim was to develop a dataset concerning immunity at the MFI during homeostasis
at term, we selectively recruited women without pregnancy and/or immunologic complications
undergoing routine, term, uninduced cesarean section at University of Washington Medical
Center Labor and Delivery. We chose to exclude cases undergoing vaginal delivery or cesarean
after induction to minimize immune modifications that have been associated with labor and
parturition (206). Since the placenta is a circulatory interface, we isolated leukocytes from both
maternal blood (MB) and fetal cord blood (CB), to determine if our observations resulted from
peripheral cell contamination or tissue-dependent phenomena (Figure 4.1A). The fetal-derived
placenta is disproportionately exposed to maternal immunity; therefore, we sampled biopsies from
the maternal side of the placenta (including adherent decidual tissue) and the fetal side of the
placenta (mMPLAC and fPLAC, respectively) (Figure 4.1A). We interrogated these tissues using
28-color flow cytometry (207), including cryopreserved peripheral blood mononuclear cells
(PBMC) from a single Seattle Area Cohort (SAC) donor to determine batch-to-batch variation
(Figure 4.1A).
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Though we found a decreased frequency of CD3" T cells in placental tissues, CD8" T cells
constituted a greater proportion of the T cell pools at these sites than in circulation (Figure 4.1B).
Given the stark change in CD8" T cell frequency, we surveyed for other tissue-based changes in
phenotypes. Owing to the high complexity of 28-color flow data, we first utilized dimensionality
reduction using uniform manifold approximation projections (UMAP) (208, 209) on pre-gated
CD8" T cell events (Figure 4.1C). When we color-coded CD8" T cell events based on tissue
source, we noted an island dominated by cells isolated from mPLAC biopsies (PLAC-enriched
gate). This population, compared to all other events, was characterized by T cells with an effector
memory (Tem) phenotype (CCR7°, CD45RAP) and upregulation of markers associated with
activation, exhaustion, and/or tissue residence (CD69, CD103, PD-1, and HLA-DR) (Figure 4.1C,
Figure 4.2A, B).

Previous studies have described an enrichment of activated (i.e., CD69-expressing(210)) and/or
Tem at the MFI (211, 212), yet these studies predated the discovery of tissue resident memory
(Trum) cells and biomarkers which define them (213). Trw share a Tem phenotype (CCR7°
CD45RAP), yet near-constitutively express the activation marker CD69 and reside in tissues long-
term (213, 214). Therefore, we asked if PLAC-enriched CD8" T cells were of a Trw phenotype.
We surveyed the expression of CD69 and CD103, which can be singly or doubly expressed by
Trm (159, 176, 213). Despite donor-to-donor variation, we found significant expression of CD69
in mPLAC CD8" T cells, and to a lesser degree, CD69 CD103 co-expression (Figure 4.1D).
Further, nearly all CD69" events from mPLAC CD8" T cells maintained a Tem phenotype (Figure

4.2C), in line with using CD69 as a biomarker of tissue residence rather than activation alone.
4.2.2 CD8" Trmpopulations are maternally-derived and highly activated

To ensure appropriate use of CD69 as a biomarker of tissue residence, we leveraged single-cell
RNA sequencing (scRNAseq) on CD8" T cells that we sorted fresh from tissues using
fluorescence-activated cell sorting (FACS). Like our targeted cytometry-based proteomics data
(Figure 4.1C), we could identify a placenta-enriched subpopulation of CD8" T cells using
untargeted transcriptomics (Figure 4.3A). We identified this population with graph-based
clustering (cluster 5) and found it had transcriptional profiles concurrent with mouse and human
CD8" Trm from other organs (low CCR7, SELL, KLF2, KLF3, TCF7, S1PR4; high CD69, RGS1)
(Figure 4.3A, B) (149, 176, 215, 216). Since mother (XX) and fetus (XY) were sex mismatched,

we were able to identify this Trm population as maternal-derived, as it expressed higher levels of
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the X-inactivating transcript, XIST, and negligible levels of the Y-associated transcript, RPS4Y1
(Figure 4.3B). To further prove this phenotype was one of bona fide tissue residence, rather than
transient activation of circulating CD8" T cells in the placenta, we isolated maternal intervillous
blood (IVB) for flow analysis (Figure 4.3C). IVB CD8" T cell frequency and phenotype mirrored
that of maternal circulation, indicating a non-circulating Trm population. Indeed, we found CD8*
Trm to be associated with the decidua basalis, a thin layer of remodeled endometrial tissue that
remains adhered to the placenta due to interdigitation with invading placental cytotrophoblasts
(Figure 4.3D).

The decidua basalis is the site at which maternal immunity is most exposed to the fetal allograft.
Having found CD8" Trwm here, we asked if these cells have additional modifications in comparison
to memory T cells (Tmem) that circulate here (i.e., CD69° CD103" cells). We chose to omit naive
(i.e., CCR7" CD45RA") CD8" T cells from this comparison (Figure 4.1E) since 1) naive T cells do
not form tissue residence (217, 218) and 2) are unable to respond to the same breadth of stimuli
as Tmem (be it resident or circulating) (156). In comparison to their circulating counterparts, CD8*
Trm Were more frequently of an activated phenotype, expressing higher percentages of HLA-DR
and CD38 or PD-1 (Figure 4.1F). Surprisingly, mPLAC CD8" Tru expressed high levels of PD-1
(Figure 4.1G), which is often only seen after TCR-mediated activation or dysfunction (133, 219).
We therefore sought to determine whether PD-1 expression levels in mPLAC CD8" Trwm correlated
with other phenotypes reflecting TCR stimulation, including ICOS (220), 4-1BB (98), TIM-3 (221,
222), and CD39 (41, 78-80). Much to our surprise, a considerable fraction of PD-1" CD8* Trm co-
expressed these proteins (Figure 4.1G, Figure 4.2D). Further, we found altered levels of
transcription factors TCF-1 and TOX (Figure 4.1G), paralleling patterns found in T cells rendered
dysfunctional by chronic TCR stimulation (130, 136, 137, 140, 152). Given these profiles, we

asked whether we could determine the TCR specificity of these cells.
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Figure 4.1

mPLACCD8* T,

A Trm population with an activated phenotype is asymmetrically distributed
at the human MFI

A Overview of tissue sampling for cytometric analyses of leukocytes in maternal blood (MB), cord
blood (CB), the maternal or fetal sides of the MFI (mPLAC and fPLAC, respectively), and a
longitudinal PBMC donor from the Seattle Area Cohort (SAC). B Frequencies of bulk and CD8* T
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cells across tissues. C 28-color T cell phenotyping flow data for CD8" T cells from 15 dyads
visualized by UMAP and subsequent identification of a PLAC-enriched subpopulation. D
Frequency of Tru-phenotype (i.e. CD69* and CD69*CD103") CD8" T cells across tissues. E
Representative gating of CD8" Trm and circulating Tmem from mPLAC samples. F Comparisons of
activation markers in CD8" Trw and circulating Tmem. G Frequency of PD-1" events within CD8"
subsets and representative gating. H Activation phenotypes across mPLAC CD8" Trw stratified
by PD-1 intensity. B depicts 22-25 dyads, C depicts 10,000 CD8" T cells per tissue, per dyad from
15 dyads. D depicts 20-21 donors. G depicts 21 donors. H depicts 10-25 donors. All symbols
represent a unique population which are connected across donor identity with bars depicting
mean. All statistical significances where p < 0.1 are indicated as calculated by B, D, H Friedman
tests and Dunn’s multiple comparison tests or F, G Wilcoxon tests.
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A Phenotypes of bulk CD8" T cells across tissue compartments. B Memory subset distributions
of CD8" T cells within tissue compartments. C Memory subset distributions of CD69* CD8" T cell
events across tissues. D Phenotypic differences across PD-1", PD-1"¢, and PD-1~° CD8" Tgrm
from mPLAC. A depicts 13-22 dyads. B and C depict 20 dyads. D depicts 7-21 donors. All points
represent a unique population that are connected by donor identity, with bars signifying mean. In
bar charts in B and C, bars depict mean with SD. All statistical significances where p < 0.1 are
shown as calculated by Friedman tests with Dunn’s multiple comparison test.
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Figure 4.3 CD8" Trm are maternally derived and absent from circulatory elements of the

MFI

A Overview of single-cell RNAseq approach, in which CD8" T cells were isolated from tissues
using FACS, and resulting data visualized by UMAP colored by tissue source (left) and graph-
based clustering (right). B Violin plots of log-transformed normalized transcript counts across
clusters for genes indicative of sex (XIST, female; RPS4Y1, male), tissue residence (CD69,
RGS1), and capacity to circulate (CCR7, SELL, TCF7, S1PR4, KLF2, KLF3). C Overview of
intervillous blood (IVB) isolation. D Frequency of CD8" T cells and Tru-associated proteins within
CD8" T cell events from MB, IVB, and mPLAC. E Overview of decidua collection and processing.
F Frequency of CD8" T cells and Trw-associated proteins within CD8" T cell events from MB,
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decidua, and mPLAC. A and B depicts 1 dyad with an XY fetus. D depicts 9—10 donors. F depicts
10-11 donors. All points in D and F depict a unique population with points connected by donor
identity, with bars indicating mean. Statistical significances by Friedman tests with Dunn’s multiple
comparison tests where p < 0.1 are indicated.

4.2.3 Virus-specific bystander Trm at the MFI are found at frequencies reflecting

those in circulation

Since we observed a subset of maternal-derived CD8" Trm expressing markers indicative of TCR-
mediated activation and/or exhaustion, we sought to test their TCR specificities. We identified four
mothers for whom we had cryopreserved samples (paired MB and mPLAC) for combinatorial
tetramer screening using cytometry by time of flight (CyTOF) (223) (Figure 4.4A). These donors
specifically encoded HLA alleles compatible for screens via gqPCR (HLA-A*01, -A*02, -A*03, -
A*011, and/or B*07); our tetramers included Y-associated (199, 224), tumor-associated (41), and
viral antigens (Ag) (Table 4.11, Table 4.12). We specifically gated resident (CD69" and/or
CD103%) and circulating (CD69 CD103") CD8" T cells with a memory phenotype (i.e., not CCR7*
CD45RA") (162) for our analysis (Figure 4.4B). Although we failed to identify CD8" T cells with
specificities for published Y or tumor Ags, we found CD8" T cells specific for both chronic (Epstein-
Barr virus, EBV; cytomegalovirus, CMV; herpes simplex virus, HSV) and acute viruses (influenza
A virus, IAV; adenovirus, AdV) (Figure 4.4C). Surprisingly, we observed the frequency of CD8"
Trm with defined TCR specificities was proportional to their abundance in the circulating memory
pool (in both peripheral or placental blood) (Figure 4.4C). This notably contrasts with previous
studies demonstrating elevated frequencies of virus-specific CD8" T cells at the MFI (225), which
was likely inflated compared to blood due to the inclusion of naive CD8" T cells in blood sample

analyses, despite their inability to seed tissues.

Given the presence of virus-specific “bystander” CD8" Trm at the MFI, we asked if they fail to
upregulate markers of TCR engagement due to their lack of Ag specificity. We chose to
interrogate CD39, a biomarker recently found to be elevated on cells receiving in situ TCR
stimulation (41, 78-80). Surprisingly, virus-specific (i.e., tetramer-positive) CD8" Trm expressed
similar levels of CD39 to their bulk counterparts that we could not characterize by tetramer stains
(Figure 4.4D). Though we cannot formally exclude alloreactivity of mPLAC CD8" Trm (226), we
believe this to be unlikely since TCR specificities in this population are not dramatically enriched

over their frequency in circulating CD8" Tmem, as one may expect following TCR-mediated
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expansion. Therefore, we hypothesized that generalized signals may influence Tru fate and

phenotypes at the MFI.
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Figure 4.4  Ag-nonspecific CD8" Trmfrequencies at MFI mirror those of circulating CD8*

Tmem

A Overview of barcoded tetramer screening of cryopreserved, donor-matched MB and mPLAC
samples. B Representative gating of CD8" Trm and circulating Tmem populations and downstream
tetramer gating. C Frequency of CD8" T cells (circulating Tmem from MB, circulating Tmem and Tru
from mPLAC) that are specific for chronic/latent viral infections (left; EBV, CMV, VZV, HSV) or
acute viral infections (right; 1AV, AdV). D Frequency of CD39 expression within bulk, polyclonal
(pan) and virus specific (tetramer+) CD8" Tru. C depicts 7, 4, 7, and 3 T cell populations specific
for EBV, CMV, or HSV Ag and 1, 1, 1, and 2 T cell populations specific for IAV and AdV Ag from
n = 4 donors. D depicts n = 4 donors. Symbols are connected by (C) tetramer specificity and
donor identity or (D) donor identity. Indicated statistical significances were calculated by C
Friedman tests with Dunn’s multiple comparisons or D paired f test.

4.24 Signaling networks at the placenta predispose for T cell recruitment and

retention

We first analyzed untargeted scRNAseq data from donor-matched FACS-enriched CD8" T cells
and non-B cell HLA-DR"* Ag-presenting cells (APCs) with the NicheNet package (227). We
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specifically used NicheNet to identify ligand-receptor interactions that were intact at the
transcriptomic level between APC and CD8" T cells, querying for interactions that were elevated
in mPLAC versus MB populations, as well as those elevated in mPLAC CD8" Tru versus mPLAC
circulating CD8" Tmem (Figure 4.5A, Figure 4.6A). We delineated mPLAC CD8" Trm from mPLAC
circulating CD8" Tmem as events with a Tem phenotype and high RGS1 levels. We found that
chemokine and cytokine interactions were predicted to be elevated at the mPLAC versus MB
(Figure 4.6A); but that this was not due to anatomic location alone, for these same signaling
pathways were predicted to be elevated in mPLAC CD8" Tru versus mPLAC circulating CD8"
Tmem interacting with the same APCs (Figure 4.5B).

Since cytokine signaling is in line with our hypothesis of generalized signaling pathways, we next
tested if these molecules are indeed expressed at the MFIl. We interrogated cytokine and
chemokines in MB, CB, and IVB plasma as well as mPLAC and fPLAC tissue lysate supernatants
using multiplexed cytokine analysis. Much to our surprise, we found the chemokine, CXCL10,
which can recruit Ag-specific and -nonspecific CD8" Tmem through CXCR3 (6, 110), was elevated
in both IVB plasma and tissue lysates (Figure 4.5C, Figure 4.6B). This contrasts with mouse
models demonstrating chemokine gene expression is silenced at the decidua as a means to
restrict maternal T cell entry and ensure tolerance towards the fetal graft (189). Although TNF
signaling was intact at the transcriptional level, we were unable to find it elevated at the MFI
(Figure 4.5C), illustrating limitations of transcriptional analysis alone (228, 229). Despite this,
NicheNet accurately predicted intact IL-15 signaling networks, which like CXCL10, were elevated
in IVB plasma and mPLAC lysates (Figure 4.5C, Figure 4.6B). IL-15, amongst other cytokines (IL-
2, IL-4, IL-7, IL-9, and IL-21) signal through receptor complexes involving the common y chain
(Ye), leading to downstream STATS5 signaling (230). Though a previous study described an
immunologic STAT5 signature of pregnancy, hypothesized to result from IL-2 signaling (200), we
were unable to find elevated levels of other y. cytokines in IVB plasma or placental tissue lysates
(Figure 4.6C-D). While NicheNet assisted in identifying CXCL10 and IL-15, we also found
increased concentrations of IL-6 and IL-18 at the MFI that NicheNet had failed to predict (Figure
4.5C, Figure 4.6B). This could result from these signals originating from a different cell type (i.e.,
non APCs) at the MFI or to limitations in sensitivity with smaller, non-targeted scRNAseq datasets
(228, 229, 231-233). Using flow cytometry, we found that CD8" T cells express factors underlying
recruitment and cytokine mediated activation (Figure 4.5D) indicating these signaling pathways
can indeed influence CD8" Tmem at the MFI.
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We next sought to determine how pro-inflammatory cytokines at the MFI could augment T cells
in vitro. We specifically cultured T cells with IL-6, IL-15, and IL-18 for up to 48h (Figure 4.5E) and
then assessed cell phenotype. We specifically enriched T cells from cryopreserved PBMCs with
negative selection magnet-activated cell sorting (MACS) to mitigate indirect activation that could
arise from contaminating APCs (151). While pro-inflammatory cytokines sufficiently activated
CD8" Tmem (vis-a-vis CD69 upregulation), we also saw induction of proteins observed in CD8" Trm
from mPLAC biopsies, including PD-1, ICOS, 4-1BB, TIM-3, CD39, and TOX (Figure 4.5E).
Therefore, it is quite possible that pro-inflammatory networks at the MFI recruit and activate CD8*
Tmem €ven in the absence of cognate Ag. But what is the consequence of this activation? Given
the role of 4-1BB—4-1BBL signaling in the retention of Trm (92, 234), we hypothesized that
inflammation-induced 4-1BB expression could be a path to the residence of bystander CD8" Trmem
at the MFI.
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Figure 4.5 Intact signaling networks at the MFI induce Tru-like phenotypes in vitro

A Experimental approach to identify cellular interactions in mPLAC. Specifically, we FACS-sorted
APCs and CD8" T cells from mPLAC, conducted single-cell RNAseq, and tested potential ligand-
receptor interactions using NicheNet. Non-B cell, HLA-DR" cells were used as the “sender”
population and circulating memory and tissue resident CD8" T cell subsets were delineated by
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transcript and used as the “receiver populations.” B Circos plot identifying potential ligand-
receptor pairs up in mPLAC CD8" Trm versus circulating CD8" Tmem. Interactions implicating
cytokines, chemokines, Ag presentation/sensing, and adhesion molecules are respectively
colored red, teal, orange, and dark grey. C Chemokine and cytokine concentrations determined
by multiplex analysis of plasma from MB, VB, and CB. D Expression on chemokine and cytokine
receptors in CD8" T cells across tissues (left) and within circulating CD8" Tmem and Tru subsets
from mPLAC samples (right). E Induction of activation markers with cytokines. Specifically, we
MACS-isolated T cells from PBMC samples and stimulated cells with media alone (“mock”) or IL-
6, IL-15, and IL-18 in combination (“ILs, "100ng/mL, each) and measured changes in CD8" Tmem
phenotypes using flow. B depicts scRNAseq data from n = 1 dyad with an XY fetus. C depicts n
= 7-9 dyads. D depicts n = 10-13 dyads. E depicts n = 12-15 donors across 6 technical replicates.
Indicated are statistical significance where p < 0.1 by C, D Friedman tests with Dunn’s multiple
comparisons and C, D Wilcoxon tests.
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Figure 4.6 Other y. cytokines are not elevated at the MFI

A NicheNet analysis of potential ligand-receptor interactions that are enriched in mPLAC APCs
and CD8" T cells versus MB APCs and CD8" T cells. CIRCOS plot interactions are colored to
highlight cytokine (red), chemokine (teal), Ag presentation/sensing (orange), co-inhibitory
(yellow), and adhesion (dark grey) interactions enriched in mMPLAC APCs and CD8" T cells over
blood. B Multiplex analysis of paired MB and CB plasmas, as well as lysates from mPLAC and
fPLAC tissues. C and D Multiplex analysis for y. cytokines (IL-2, IL-4, IL-7, IL-9, and IL-21) in (B)
MB and CB plasmas and mPLAC and fPLAC lysates or (C) MB, IVB, and CB plasmas. A depicts
scRNAseq data from n = 1 dyad with an XY fetus. B and C depict n = 8 dyads. D depicts n = 7-9
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dyads. Indicated are statistical significances where p < 0.1 by Friedman tests with Dunn’s multiple
comparison tests. Symbols in B—D are connected by donor identity.

4.2.5 Decidual macrophages express cognate ligands for inflammation-induced

receptors and physically engage CD8* T cells in situ

We tested which APC subset was most likely influencing NicheNet predictions and found that
CD14" macrophages/monocytes were the sole APC subset overrepresented within mPLAC
versus MB (Figure 4.7A, Figure 4.8A). Given the increased frequency of CD14" events at the MFI,
we asked if these cells express ligands for T cell co-receptors that we found on CD8" Trm and
cytokine-stimulated CD8" Tmem. We found that mPLAC CD14" macrophages/monocytes
expressed cognate ligands for both 4-1BB (4-1BBL) and PD-1 (PD-L1) on CD8" Trwm (Figure 4.7B,
C). Within mPLAC CD14" events, we observed a subpopulation which expresses high levels of
CD206 (Figure 4.7D), phenotypically aligning with descriptions of maternal-derived decidual
macrophages (235, 236). In agreement with this definition, CD206" CD14" cells were abundant
in decidual aspirates but absent from IVB (Figure 4.8B); further, these CD206" cells phenocopied
the low CD45, CD11b, and CD11c expression also reported in decidual macrophages (236-238)
(Figure 4.7D, Figure 4.8C) and did not express fetal sex transcripts (data not shown). Of the
CD14" subsets at the MFI, CD206" decidual macrophages were the primary producers of 4-1BBL
and PD-L1 (Figure 4.7D). Given the high expression of 4-1BBL and PD-L1 on CD206" decidual
macrophages, we asked if these macrophages could physically engage with CD8" T cells in situ,
to provide 4-1BB co-stimulation for tissue residence. While we were unable to leverage CD206
staining in immunofluorescence assays, we used CD163 as a surrogate marker, owing to its high
expression on CD206" decidual macrophages (Figure 4.7D). Unexpectedly, we found CD45"
leukocytes in distinct aggregates in the decidua. Within these aggregates, we observed CD163*
CD45 decidual macrophages forming contacts with CD8" and non CD8" infiltrates, indicating
that 4-1BB—4-1BBL interactions can indeed occur at the MFI as a Trwm retention signal (Figure
4.7E).
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A Frequency of CD14" macrophages and monocytes across tissues. B 4-1BBL expression within
CD14" events across tissues. C Expression of PD-L1 and CD206 in CD14" events across tissues.
D Phenotypic differences of CD206" and CD206"° CD14" macrophages and monocytes from
mPLAC. E Immunofluorescence microscopy of CD8" T cells and CD163" cells at the maternal
side of the MFI (decidua basalis). A depicts n = 29 dyads. B depicts n = 9 dyads. C depicts n =
26-33 dyads. D depicts n = 9-31 dyads. Indicated are statistical significances where p < 0.1 by
A—C Friedman tests with Dunn’s multiple comparisons tests or D Wilcoxon tests. Symbols in A—
D are connected by donor identity.
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Figure 4.8 Phenotypically distinct macrophages occupy the stroma of the MFI

A Frequencies of major leukocyte subsets across MB, mPLAC, fPLAC, and CB. B CD206" CD14"
monocyte/macrophage frequencies across MB, IVB, mPLAC or MB, decidua, and mPLAC. C
Phenotypic differences between CD206° and CD206™ CD14" macrophages/monocytes from
mPLAC tissues. A depicts n = 26 dyads. B depicts n = 9 dyads. C depicts n = 22 dyads. Indicated
are statistical significances where p < 0.1 by A, B Friedman tests with Dunn’s multiple
comparisons tests and C Wilcoxon tests. Symbols in A—C are connected by donor identity.
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4.2.6 Cytokine and metabolite networks mitigate inflammation-mediated

effector programs without compromising cellular activation

Although inflammation can potently upregulate CD8" Tmem expression co-receptors involved in
tissue residence, it also elicits a cytotoxic effector program, termed bystander activation (25, 156).
Indeed, our in vitro stimulations with IL-6, IL-15, and IL-18 in combination were able to elicit IFNy
and GzmB upregulation (Figure 4.10A); yet IFNy levels at the MFI in plasma or tissue lysates
remained undetectable (Figure 4.9A, Figure 4.10B). We therefore hypothesized that regulatory
mechanisms may be present at the MFI to restrain cytotoxicity elicited by pro-inflammatory
signals. We chose to test IL-10, given its role in Tg-mediated control of T cell functions (239),
and found limited levels across all plasma and tissue samples (Figure 4.9A, Figure 4.10B). We
also surveyed TGF-B31 levels using ELISA, given its presence in NicheNet analysis (Figure 4.5),
and found significantly higher levels in IVB plasma (Figure 4.9A). Although TGF-B1 levels were
highest in IVB plasma (Figure 4.9A), detection was impaired in tissue lysate supernatants
potentially reflecting limitations in directly comparing tissues and plasmas (Figure 4.10B). Given
the role of L-tryptophan (Trp) metabolism in pregnancy (240) and immune cell fate (241-243), we
screened its presence across the depth of the MFI using LC-MS. Complementing the bias of
immunoregulatory cytokines, we found elevated levels of the Trp metabolite, L-kynurenine (KYN),
at the maternal versus the fetal side of the MFI (Figure 4.9B). We excluded that MB perfusing the
placenta drove this bias, as MB demonstrated significantly lower KYN levels in comparison to CB
(Figure 4.10C). Since KYN must bind to cytosolic aryl hydrocarbon receptor (AhR) to induce AhR
nuclear translocation and gene expression (244, 245), we asked if mMPLAC CD8" Trm could take
up KYN. We stained for the large neutral amino acid transporter molecule, CD98, responsible for
tryptophan and tryptophan metabolite uptake (246). We found mPLAC CD8" Tru expressed
higher amounts of CD98 than their circulating counterparts (Figure 4.9C). Since PD-1 intensity in
CD8" Trum correlated with higher CD98 staining (Figure 4.9C), we asked if cytokine-mediated
activation could underlie this expression pattern. Using in vitro T cell stimulations, we found that
durable exposure to IL-6, IL-15, and IL-18 could substantially raise CD98 expression (Figure
4.9D). Together, these data suggest TGF-B1 and KYN networks can be sensed by CD8" Trwm at

the maternal side of the MFI.
We next tested whether TGF-B1 and KYN could augment CD8" Tmem effector functions caused

by inflammation. We isolated T cells from PBMC with MACS and stimulated them with IL-6, IL-
15, and IL-18 in combination (each at 100ng/mL) in the presence of TGF-1 (at 0.2ng/mL) and/or
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KYN (at 100uM). In order to interrogate cytokine expression on a per-cell basis, we added Golgi
inhibitors 6 hours prior to harvesting cells and conducting stains for surface expression of
activation markers and intracellular cytokine accumulation (Figure 4.9E). Though TGF-31 or KYN
alone could limit inflammation-mediated IFNy expression in CD8" Tmem, combinations of both
demonstrated cooperativity in attenuating this specific effector function (Figure 4.9F, G). We
observed similar cooperativity between TGF-B1 and KYN in T cell culture supernatants in limiting
the overall concentrations of IFNy (Figure 4.9G). While TGF-B1 and KYN profoundly reduced
IFNy expression caused by pro-inflammatory signals, its effects were less pronounced on other
effector molecules induced by inflammation, like GzmB (Figure 4.10D-E). Given the limited
effects of TGF-B1 and KYN on the upregulation of GzmB, we hypothesized that TGF-31 and KYN
selectively limit IFNy expression and secretion, rather than impair inflammation-mediated
activation in its entirety. Therefore, we tested for markers of cellular activation, CD69 on CD8*
Tmem (210) and soluble IL-2Ra (sIL-2Ra) in culture supernatants (247). While stimulation with IL-
6, IL-15, and IL-18 was a potent inducer of CD69 and slIL-2Ra expression, TGF-B1 and/or KYN
were unable to abrogate their expression (Figure 4.9G). Since TGF-B1 and/or KYN were unable
to abrogate cytokine-mediated CD8" Tmem activation, we tested whether these cells also
maintained expression of receptors associated with tissue residence. Though TGF-1 and KYN
were able to impair the overall expression of 4-1BB, ICOS, or TIM-3 caused by IL-6, IL-15, and
IL-18 stimulation, CD8" Tmem still expressed these receptors at levels higher than baseline.
Therefore, cellular activation that could beget tissue residence is not entirely forfeited by TGF-31
and KYN networks.

154



0

A 102 B Gated on: D
—~ mPLAC CD8* _ Human
2. PR o B o e
S 10 MPLAC _exrclon Trp metabolite M D8 T 8 Teells (t=24h) (t=48h)
e PLAC LC-Ms 23 l 1
> 10 3 s
E (30mg tissue) 3 8 . r[:alains‘s
= 00 e MACS T
0.0156 CD8* Circ. T, 5
) 5 " ~ +Media “mock”
108+ -
z N < 07 " '—| T W W L8, 15,118
T2 c2 “ILs”, 100ng/mL, each,
B o £5 5 CDS8 (PE) (lLs', 100ng/mL, each)
s S§ 107+ £ 3107+
‘9 g‘.c gc
4 100 [ L 0.0002
- 6 6 <0.0001
106d— 106 d— 60
100 <
00012 ot 24h i
< 106 8 9 o
2 10°90.0140 %Am §A10 2 § s woo| 35 40 40
S 105 ® 2 1074 REL 8 o L6518l QB
2 10 oE 0§ € 108 40 X0 20 20
& L35 29 3 x o B
- 5 8 10°7 £o8 i 20 s
> 104 = TE c 1074 i 0 ~ 0 0
w € o 10°4 >88 H . n X< o %)
[ Q"W K Iagpe { PD-1 o Mid Hi s 4 g3
-— s eI = =
mmm &) O ¢ o 0wt 0 mPLAC o W ' w0
==0 3 3 CDZ8 (PE) CD8" Tryy CD98 (FE) 24n  48n
Human Harvest Harvest
PBMC Tcells (t=24h) (t=48h) ) .
Gated on: CD8' T (24h stimulation)
Flow analysis
—> (cultred T ooll) Mock ILs (IL-6,-15,-18) _ILs + TGF-B1 ILs + KYN
MACS T and .
ia ¢ g Cytokine analysis s
+Med|a°rmm;l§ (culture supematants) g
+IL-6, rlL-15, rlL-18 2
(‘ILs”, 100ng/mL, each) >
8 L IENY IFNy*
+TGF-1 (02ng/mL) o R 100w
“ILs + TGF-B1" T Sy T T T
+Kynuerine (100uM) IFNy (Bv421)
“ILs + KYN"
+TGF-B1 (0.2ng/mL)
+ Kynuering(100uM)
G 0.0029
0.0296 <0.0001 0.0046
00052
0’?2313 0.0007 0.0295
- ! 0.0161 0061h
2 0.0413 o 105+ 120 -
§ s Z " §100 104 x 100
e 0.0413 £ 80 =7 0 8= w0
Lo 10 s & 60 < 1024 & 60
=33 EQ 40 £8 0] 8= 4
5 ° By 20 100 20
s, xe 5 0
3& < 5z %z & 2
¢ i ¢ i < i §
£ 5 £ 3 Y 5 -
3 3 3 3
24h 24h
H 0.0011
<0.0001 0.0458
<0.0001
<0.0001 0.0167
<0.0001
<0.0001 0.0229
<0.0001
<0.0001
= 123 <0.0001 < 122
- S g5 g3
3% | 3 -
=0 % =0 ¥ 28 28
5 20 s 20 = =

R 3 & Iz %
= w X w w w
o 4 [G] o 4 O
b2 £ £ 4 b
3 ki ki ki
24h 48h 24h 48h

155



Figure 4.9 Inhibitory cytokine and metabolite networks at the MFI cooperatively limit
inflammation-dependent effector function in CD8" Tmem

A IFNy, IL-10, and TGF-B1 concentrations across MB, IVB, and CB plasma. B LC-MS analysis of
tryptophan metabolites and loading controls in mPLAC and fPLAC lysates. C Expression of
tryptophan/kynurenine transporter, CD98, in CD8" Trm and circulating Tmem from mPLAC (top)
and across PD-1 intensities in mMPLAC CD8" Trw. D CD98 expression in CD8" Tmem after in vitro
stimulation with IL-6, IL-15, and IL-18 (100ng/mL, each). E Kynurenine and TGF-1 stimulation
assay overview, in which T cells were MACS-isolated from PBMC, cultured with IL-6, IL-15, and
IL-18 (100ng/mL, each) in the presence or absence of TGF-B1 (0.2ng/mL) and/or kynurenine
(KYN, 100uM), and subsequently analyzed using flow cytometry and multiplex analysis. F
Representative flow plots of IFNy expression in CD8" Tmem across stimulation conditions after
24h. G IFNy expression in CD8" Tmem (left) and IFNy concentration in culture supernatant (right)
across stimulation conditions after 24h. H Activation status via CD69 expression in CD8" Tmem
(left) and sIL-2Ra concentration in culture supernatant (right) across stimulation conditions after
24 and 48h. A depicts n = 9 dyads. B depict n = 7 placentas. C depicts n = 3 placentas. D depicts
n =13-15 PBMC donors. G and H depict n = 13—-15 and n = 10 PBMC donors analyzed via flow
and multiplex cytokine analysis, respectively. Symbols are connected by donor identity. Indicated
are statistical significance where p < 0.1 by A Friedman tests with Dunn’s multiple comparisons
tests, D Wilcoxon tests, G and H RM one-way ANOVA with Geisser-Greenhouse correction and
Holm-Sidak multiple comparisons tests against G all experimental columns or H mock-treated
columns.
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Figure 410 TGF-f1 and kynurenine impair inflammation-mediated IFNy and GzmB
upregulation.

157



A Expression of IFNy and GzmB after in vitro cytokine stimulation with IL-6, IL-15, and IL-18
(100ng/mL, each). B Concentrations of IFNy, IL-10, and TGF-31 across MB and CB plasmas and
mPLAC and fPLAC lysates. C LC-MS for tryptophan metabolites and loading control in MB, 1VB,
and CB plasma. D Representative flow plots of GzmB expression in CD8" Tmem across stimulation
conditions after 24h. E Expression of GzmB in CD8" Tmem (top) and concentration of GzmB in
culture supernatant (bottom) across stimulation conditions after 24h. F Representative flow plots
of IFNy and GzmB expression in CD8" Tmem across stimulation conditions after 48h. G Percent of
maximal IFNy (left) and GzmB (right) expression in CD8" Tmem after 48h. A depicts n = 15 PBMC
donors. B Depicts n = 8-12 dyads. C depicts n = 4 dyads with IVB and n =7 MB and CB dyads.
D depicts n = 15 and n = 10 PBMC donors analyzed via flow and multiplex cytokine analysis,
respectively. G depicts n = 12 PBMC donors. Symbols are connected by donor identity. Indicated
are statistical significances where p < 0.1 by A—C Wilcoxon tests and Friedman tests with Dunn’s
multiple comparisons or D, G RM one-way ANOVA with Geisser-Greenhouse correction and
Holm-Sidak multiple comparisons tests.
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Figure 411 TGF-B1 and kynurenine do not abrogate inflammation-mediated receptor
upregulation in CD8* Tmem

A PD-1, TIM-3, ICOS, and 4-1BB expression frequencies in CD8" Tmem across stimulation
conditions at 24h and 48h timepoints. A depicts n = 12—15 PBMC donors with symbols connected
by donor identity. Indicated are statistical significance where p < 0.1 by RM one-way ANOVA with
Geisser-Greenhouse correction and Holm-Sidak multiple comparisons tests (all columns
compared to mock).
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4.2.7 Cytokine and metabolite networks selectively permit TCR-mediated
effector functions

Since TGF-B1 and KYN inhibited IFNy to a greater degree in unison, rather than alone, we sought
mechanisms that could underlie this cooperativity. We previously found that IL-6, IL-15, and IL-
18 could together induce the expression of the KYN transporter, CD98 (Figure 4.9D); however, it
was unclear whether TGF-f31 could modify CD98 expression. Using in vitro stimulations of MACS-
isolated T cells, we found that the addition of TGF-B1 (at 4ng/mL) to IL-6, IL-15, and IL-18 boosted
CD98 expression in CD8" Tmem by both frequency and median fluorescence intensity (MedFl)
(Figure 4.12). This phenomenon was most apparent at the 48h timepoint, suggesting that cells
durably exposed to these signals (like those retained at the MFI) change transporter expression

to properly adapt to their environment.

But TCR ligation can induce both the upregulation of CD98 and IFNy in CD8" Tmem. Therefore, we
asked if TGF-B1 and KYN cooperatively limits IFNy expression across T cell activation
mechanisms (i.e., both inflammation- and TCR-mediated) or if these molecules solely attenuate
IFNy levels during bystander activation. To test this, we stimulated T cells MACS isolated from
PBMC samples with IL-6, IL-15, and IL-18 (each at 100ng/mL) or TCR-agonizing anti-CD3/CD28
microbeads (at a 1:1 bead:cell ratio) in the presence or absence of TGF-f1 (0.2ng/mL) and KYN
(100uM) (Figure 4.12B). Afterwards, we determined IFNy concentrations in culture supernatants
and interrogated IFNy expression in CD8" Tmem Using flow. When we stimulated T cells with IL-6,
IL-15, and IL-18 in the presence of TGF-1and KYN, we observed secreted IFNy levels decrease
by a full order of magnitude; however, TGF-1 and KYN had negligible effect on IFNy induced by
TCR ligation (Figure 4.12B). Despite TGF-B1 and KYN failing to augment IFNy expression in
TCR-mediated CD8" Tmem, We observed that TGF-B1 and KYN could still be sensed by these T
cells. Specifically, bulk T cell responses (secreted IL-2 and TNFa) and outward signs of activation
in CD8" Tmem elicited by TCR stimulation were slightly impaired by TGF-81 and KYN (Figure
4.13A-C). Together, this suggests that while TGF-B1 and KYN can be sensed by CD8" Tmem
across all activation states, that their inhibitory effect on IFNy expression is constrained to CD8*

Tmem activated by pro-inflammatory cytokines.

159



A

Harvest Harvest <0.0001 <0.0001 <0.0001
Tcells i py :
t= fzih) t itsh) 0.0002 0002 [<oodor [ ogoes
Flow <0.0001 <0.00m
—_— : 0.0051 <0.0001 i
analysis ~ 8 . 80 T 103 [j 10° |—|
+ILs (100ng/mL, each) 2 H
ILs (100ng/ ) gyt 60 0_00(’;‘ 60 3
+TGF-B1 (4ng/mL) Qb 40 40 2% 402 102
[SFa o ¥a]
‘ILs + TGF-B1” =0 4 2 &6
bud s
= CS 10°
" 0 0 10
Gatedon: CD8' T, _ | 59z 59z %9z %9z
24h MiLs+TGF-p1][48h §—L“Ll g—f o—ﬁ‘ o—il
ILs 5] 9] = 656 = 6
Mock = = [ =
+ + + +
(2} " " (7]
- S = = = =
CD98 (PE) 24h 48h 24h 48h
Toells Harvest Harvest 0.0001 00002
(t=24h) (t=48h) ~ 209 20+ ~ 30 30
—»‘ Y, Fiow € 15+ 15 e
4 analysis - >t 20 20
ILs and & X 104 10 g3 ?
= cytokine X0 5 5 g X0 10 10
analysis 5 ] 5 ”
o 0- 0 0 0
TCR
1R 0.0020
(anti-CD3/CD28 beads) 0.0020
o 105+ 105+ 108 106
TCR + TGE-81 + KYN 104+ 10488 108 108
== 41024 10°4 =104 104 a
zE ) Zz Ei 103
= 210% 10*9 = 2102 102
10" 10" 101 101
100 100 100-—=—100
4 xZ @ x z
= e R
+ +
& %
G 9]
iy 5
5 5
= =4
24h 48h

Figure 412 TGF-B1 and kynurenine cooperation selectively impairs cytokine-mediated,
but not TCR-mediated, effector responses.

A CD98 expression after stimulation with IL-6, IL-15, and IL-18 (“ILs”; 100ng/mL, each) in the
presence or absence of TGF-B1 (4ng/mL). B IFNy expression in CD8" Tmem and culture
supernatant after IL-6, IL-15, and IL-18 (“ILs”; 100ng/mL, each) or anti-CD3/CD28 microbead
(“TCR”; 1:1 bead:cell ratio) stimulation in the presence or absence of TGF-B1 (0.2ng/mL) and
kynurenine (100uM) after 24 and 48h of culture. Bar plots in A depict n = 13—-15 PBMC donors.
Bar plots in B depict n = 8—15 PBMC donors. Symbols in plots are connected by donor identity.
Indicated are statistical significance where p < 0.1 by A RM one-way ANOVA with Geisser-
Greenhouse correction and Holm-Sidak multiple comparisons tests or B Wilcoxon tests.
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Figure 4.13 Differential effects of TGF-$1 and kynurenine on TCR- and cytokine-
mediated activation.
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Cells were stimulated as described in Figure 6B where MACS-isolated T cells were stimulated
with IL-6, IL-15, IL-18 stimulation (“ILs”; 100ng/mL, each) or anti-CD3/CD28 microbead (“TCR”;
1:1 bead:cell ratio) in the presence or absence of TGF-f1 (0.2ng/mL) and kynurenine (100uM)
for 24 and 48h. Afterwards, T cells were characterized via flow cytometry and culture supernatants
were analyzed using multiplex cytokine analysis. A GzmB expression in CD8" Tmem and
concentration in culture supernatants. B Expression of activations markers (CD69, PD-1, ICOS)
in CD8" Tmem Or concentrations of factors indicative of activation (sIL-2Ra, s4-1BB) across
stimulation conditions. C Expression of effector molecules (IL-2, IL-10, IL-17, TNFa) in culture
supernatants across stimulation conditions. A-C depict 8-15 PBMC donors, with symbols
connected by donor identity. Indicated are statistical significance where p < 0.1 by Wilcoxon tests.

4.3 Discussion

Maternal-fetal immune conflict during pregnancy has been best understood as an act of
avoidance. In these models, maternal immune cells fail to detect fetal elements because they are
denied access to both the MFI (189) and the Ag presentation molecules necessary for TCR-
mediated activation and target killing (188). We initially asked if T cells at the term, uninduced
MFI mirror those in circulation, in line with the placenta as an “immunologically silent” organ.
Contrasting with Nancy, et al., (189) we observed a sizable immune infiltrate largely in the decidua
basalis. Using single-cell targeted proteomics and untargeted transcriptomics, we found that a
subset of maternal CD8" T cells at the MFI exhibited a tissue resident phenotype, which was
corroborated by their absence in intervillous circulation. Although Ag presentation is impaired at
the MFI, we observed a paradoxical signature of TCR activation in these CD8" Trw, including 4-
1BB, PD-1, and TOX expression. Therefore, we conducted tetramer screens to identify previously
defined Y-encoded antigens (PCDH11Y, USP9Y, DDX3Y, UTY, SMCY/JARID1D) (199, 224,
248). Though we were unable to identify Y Ag-specific CD8" T cells in MB or mPLAC, we found
a wide array of T cells specific for viral Ags. Given the role of cognate Ag and TCR signals in
animal models of tissue residence (91, 149, 150, 249-253), we asked if CD8" Trm were purely
specific for chronic viruses, which could reactivate and provide Ag (141). Instead, we also
detected CD8" Trwm specific for Ag from acute viral infections, like influenza A virus (IAV) and
adenovirus (AdV). These bystander CD8" Tmem also expressed markers of activation. Though we
cannot formally exclude the possibility of an alloresponse leading to TCR agonism (226), TCR
engagement should promote T cell proliferation and enhanced numbers in tissues. But we
observed that virus-specific CD8" Tmem formed a similar percentage of the circulating and resident
CD8" Tmem pool. Together, these data support a model where maternal T cells are retained at the

MFI in an Ag-agnostic manner.
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Using an untargeted transcriptomic approach, we extricated signatures of chemokine-mediated T
cell recruitment (CXCL10-CXCR3) and inflammation-dependent T cell activation (IL15-IL2RG,
IL2RB), which we validated with targeted cytokine analyses. The presence of factors capable of
recruiting T cells to the MFI contrasts with a previous study describing T cell exclusion from the
MFI by means of epigenetically silencing Cxc/10 (189). Instead, this finding complements other
mechanistic studies which found CXCR3-mediated recruitment to the skin (149) and vagina (251)
antecedent to residence. As surface CXCR3 levels drop after ligand engagement (6, 113), the
decreased CXCR3 frequency in circulating CD8" Tmem at the MFI may reflect CXCR3-CXCL10
signaling in action. But this recruitment to the MFI ultimately exposes CD8" Tmem to an entirely
different environment, in which there is sustained exposure to pro-inflammatory cytokines, like IL-
6, IL-15, and IL-18. Using in vitro stimulations, we found that these pro-inflammatory signals could
recapitulate the phenotypes observed in mPLAC CD8" Trw, including PD-1, 4-1BB, ICOS, TIM-
3, TOX, and CD39 expression. This, to our knowledge, is the first study that identifies a TCR-
independent mechanism to CD39 expression, adding to a growing number of studies elucidating
parallels in the outcomes of inflammation- and TCR-mediated activation in CD8" Tmem (8, 25, 146,
254-256). These similarities likely explain why CD8" Trm paradoxically upregulate transcripts
associated with TCR engagement despite the probable lack of cognate Ag (144, 145, 176, 249):
homeostatic pro-inflammatory cytokine networks within tissues promote these phenotypic

adaptations.

Ag-nonspecific CD8" Trm are not often described in mice, likely because of the limited CD8" Tmem
pool in animals reared in SPF settings (161). Given this limitation, signals necessary for tissue
residence have been most understood downstream of TCR activation (91, 149, 150, 249-253). 1)
TCR ligation induces 4-1BB expression in CD8" T cells and 2) subsequent 4-1BB—4-1BBL
signaling is required for subsequent CD8" T cell tissue residence (92, 234). Our broad analysis
of the placenta demonstrates that inflammation may serve as a substitute for TCR-agonism,
maintaining 4-1BB expression in CD8" Tmem despite lack of cognate Ag, which can be engaged
in situ by 4-1BBL—expressing CD206" macrophages. This phenomenon may also explain why
both Ag-specific and -nonspecific T cells are maintained in tissue. IL-15 signaling, which is critical
for CD8" Trm maintenance in some tissues (150, 249, 257), could drive 4-1BB—4-1BBL signaling
which is thought to drive CD8" T cell survival in other contexts (255). Given the importance of pro-
inflammatory cytokines in tissue retention, but their paradoxical role in bystander activation (156),
we sought mechanisms which could selectively impair inflammation-driven cytotoxicity in CD8"

Tmem. Using comprehensive transcriptomics, proteomics, and metabolomics, we identified that the
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pro-inflammatory cytokine milieu at the MFI exists in juxtaposition with anti-inflammatory cytokine
(TGF-B1) and metabolite (KYN) networks. IL-6, IL-15, and IL-18 can activate CD8" Tmem and lead
to the acquisition of effector functions, like IFNy secretion, which could threaten immune
homeostasis; however, TGF-f1 and KYN can cooperatively restrain inflammation-mediated IFNy
expression without abrogating cellular activation and coreceptor upregulation. Finally, we do not
observe these effects on cytotoxicity with TCR-stimulated T cells, suggesting this regulatory
mechanism serves two purposes: 1) to broadly sustain CD8" Trw at the MFI in situ with
inflammation without inducing potentially detrimental inflammation-mediated cytotoxicity and 2) to
concurrently maintain maternal immunocompetence against pathogens by selectively permitting
TCR-mediated cytotoxicity. Incorporating these regulatory signals appears essential for CD8"
Tru, given their biased expression of the KYN transporter, CD98, alongside reports demonstrating
that TGF-B1 (149, 150), and AhR (258) are required for their persistence at other organs.

Despite existing at the MFI, these regulatory programs are likely involved in the maintenance of
immune homeostasis at other tissues characterized by pro-inflammatory microenvironments.
Given the role of dysregulated inflammation (often IL-15-related) and bystander activation in
various autoimmune pathologies (11, 36, 37, 39, 40, 71, 72, 74), TGF-B1 and/or KYN-AhR
signaling could be leveraged to restore homeostasis in multiple contexts. Conversely, leveraging
these programs may have therapeutic relevance in cancer. Tumor Ag-nonspecific CD8" Tru are
often found in solid tumors (41), but leveraging these cells to clear tumor in mouse models has
proved challenging (84). Tumor Ag-nonspecific CD8" Trm could not be bystander-activated by
TLR agonists; only the cognate viral Ag for these tumor-nonspecific CD8" Tru could elicit sufficient
cytotoxicity to have therapeutic effect (84). Given the polyclonal nature of CD8" Tgrm in humans,
this approach is likely not feasible, but highlights programs that regulate inflammation-mediated
cytotoxicity. Indeed, tumors are often enriched for TGF-B1 (259, 260) and KYN (243, 261, 262).
But it remains unclear these regulatory molecules could be targeted so that bulk tumor Ag-
nonspecific CD8" Trm could be activated into killers by inflammation alone. Future work will be
necessary to dissect the roles of TGF-B1, KYN, and pro-inflammatory cytokines across tissue

types and disease states to better control CD8" Trem functions.

In summary, based on our data we propose that Ag-nonspecific CD8" Tmem recruitment and
retention can occur via pro-inflammatory homeostatic cytokine networks in situ; but immune
homeostasis is maintained because inflammation-mediated cytotoxicity programs are restrained

by contemporaneous sensing of regulatory cytokines and metabolites.
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Figure 4.14 Inflammation poises cells for tissue residence, but bystander cytotoxicity is
muted by regulatory cytokine and metabolite networks

Ag-nonspecific CD8" Tmem populations are 1) recruited by chemokines to tissues and 2) retained
by inflammation-mediated 4-1BB upregulation and subsequent 4-1BB—4-1BBL signals. 3) Tissue
homeostasis is maintained despite homeostatic inflammatory signals due to TGF-B1 and KYN
networks, which selectively inhibit inflammation-, but not TCR-mediated IFNy expression.

4.4 Methods

441 Study population and approvals

Patients without underlying complications undergoing elective, term, non-induced cesarean
section at the University of Washington (UW) Medical Center were recruited by the UW
Department of Obstetrics and Gynecology (Seattle, Washington, USA) as part of the study “The
Maternal-Fetal Immune Response to Complications of Pregnancy.” Signed informed consent was
obtained from all participants prior to sample collection. Institutional Review Boards of the
University of Washington and Fred Hutchinson Cancer Research Center approved the study

protocol.

HIV-uninfected adults were recruited by the Seattle HIV Vaccine Trials Unit (Seattle, Washington,
USA) as part of the study “Establishing Immunologic Assays for Determining HIV-1 Prevention

and Control.” These samples are also known as the Seattle Area Control (SAC) cohort. All
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participants were provided and signed informed consent, and the Fred Hutchinson Cancer

Research Center Institutional Review Board approved the study protocol.

4.4.2 Blood collection for leukocyte and plasma isolation

We maintained all samples on ice after acquisition. Clinicians collected maternal peripheral blood
(MB) antepartum and fetal cord blood (CB) postpartum by venipuncture. CB was obtained by
double clamping the umbilical cord segment, washing residual blood on the umbilical cord, and
drawing blood from the umbilical cord vein. MB and CB were collected in acid citrate dextrose
solution A (ACD)-vacutainer tubes (BD Biosciences). To collect intervillous blood (IVB), we
injected 6—10mL of ACD solution using a 28G’% syringe into the intervillous space of the placenta
through the fetal membranes (Figure 4.3C). We obtained IVB which passively drained from the
placenta and processed it alongside MB and CB samples. We centrifuged MB, CB, and IVB at
400g for 10 min, collected plasma and stored at -80°C. We isolated leukocytes via ACK lysis
(ThermoFisher) or density gradient centrifugation with Lymphoprep (STEMCELL Technologies)
and resuspended in RP7.5 (RPMI 1640 supplemented with 7.5% FBS (Peak Serum), 2mM L-
glutamine, 100 U/mL penicillin—streptomycin (ThermoFisher)) before downstream use. To
quantitate cells, we stained single-cell suspension aliquots (Table 4.1) and acquired events on a
Guava easyCyte (EMD Millipore). We then stained cells immediately for flow analysis or
cryopreserved cells in cryopreservation solution (CPS; 10% sterile DMSO (Sigma Aldrich), 90%
FBS).

4.4.3 Tissue collection for leukocyte isolation

We maintained all tissues on ice after acquisition. Clinicians vacuum aspirated residual tissue in
the uterine cavity to obtain decidual tissue. We rinsed intact placentas in 1x PBS and used sterile
instruments to collect 0.5cm-depth biopsies from the maternal and fetal sides of the placenta
(mPLAC and fPLAC, respectively). We minced decidual, mPLAC, and fPLAC tissues in digestion
media: RP7.5 + 700U/mL Collagenase Type Il (Sigma Aldrich), 200U/mL DNase (Sigma Aldrich),
which were incubated in a shaking 37°C incubator for 60 min at 225 RPM. Afterwards, we strained
single-cell suspensions through a 70um filter, centrifuged cells at 400g for 5 min, discarded
supernatants, and washed cells with RP7.5 media. We removed contaminating RBCs using ACK

lysis, and resuspended cell pellets in RP7.5 before downstream use. To quantitate cells, we
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stained single-cell suspension aliquots (Table 4.1) and acquired events on a Guava easyCyte.
We then stained cells immediately for flow analysis or cryopreserved cells in cryopreservation
solution (CPS; 10% sterile DMSO (Sigma Aldrich), 90% FBS).

Table 4.1 Cell counting panel for Guava easyCyte
Reagent | Conjugate | Clone | Vendor [ Dilution
Guava stain (FACSWash diluent, 20 min, room temperature)
7-AAD NA NA BD Biosciences 1:15
CD45 FITC 2D1 BD Biosciences 1:50
CD3 PE UCHT1 BD Biosciences 1:30
Fix (1% PFA)

4.4.4 In vitro stimulation assays

We thawed 2—4 x 107 cryopreserved PBMC in RP10 media (RPMI1640 supplemented with 10%
FBS, 2 mM L-glutamine, 100 U/mL penicillin-streptomycin). To enrich bulk T cells from single-cell
suspensions, we used human-specific T cell negative isolation MACS (STEMCELL
Technologies). We plated 0.5-2 x 10° T cells per well in 96-well V-bottom tissue culture plates.
We cultured cells in RP10 at 37°C and 5% CO,. We stimulated T cells with human recombinant
IL-6 (BioLegend), IL-15, and IL-18 (Peprotech) in combination (each at 100ng/mL) or with
Dynabeads human T-Activator (ThermoFisher) anti-CD3/CD28 beads (at a 1:1 bead/cell ratio).
We added 100uM L-kynurenine (Sigma) dissolved in RP10 and/or human recombinant TGF-31
(Peprotech) at the time of stimulation. Six hours prior to harvesting T cells (t= 18 or 42h), we
added GolgiPlug (BD Biosciences) at 1:1000 dilution to allow intracellular accumulation of
cytokines. At harvest timepoints (t = 24 or 48h), we centrifuged plates, collected and froze media

supernatants at -80°C, and conducted flow cytometric staining on cells.

44.5 Flow cytometry

When handling cryopreserved samples for ex vivo cytometric analysis, we thawed single-cell
suspensions in warm RP10 (RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine,
100 U/mL penicillin—streptomycin). We aliquoted fresh or thawed single-cell suspension samples
at 0.5-2 x 10° cells/well in a 96-well v-bottom plate. All flow panel reagent information, stain
conditions, and gating strategies are included in Figure 4.15, Figure 4.16, Figure 4.17, Figure
4.18, Figure 4.19, Figure 4.20, Figure 4.21, Figure 4.22, Table 4.1, Table 4.2, Table 4.3, Table
4.4, Table 4.5, Table 4.6, Table 4.7, Table 4.8, Table 4.9. We conducted LIVE/DEAD fixable aqua
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or blue viability dye (Thermo Fisher) (AViD or BViD, respectively) staining in 1x PBS. For FACS
surface staining, we utilized FACSWash (1x PBS supplemented with 2% PBS) as the stain
diluent; and for all other flow analysis, we utilized FACSWash + Azide (1 x PBS supplemented
with 2% FBS and 0.2% sodium azide) as the stain diluent. For T cell panels (Table 4.2, Table 4.4,
Table 4.5, Table 4.6, Table 4.7) we fixed cells with the FOXP3 Fixation/Permeabilization Buffer
Kit (Thermo Fisher) and conducted intracellular/nuclear stains using the FOXP3 Permeabilization
Buffer (Thermo Fisher) as diluent. For APC panels (Table 4.8, Table 4.9) we fixed cells with
Cytofix/Cytoperm (BD Biosciences) and conducted intracellular stains using 1x Perm/Wash buffer
(BD Biosciences) as diluent. We resuspended cells in FACS Wash and acquired events on a
FACSymphony A5 and sorted cells on a FACSAria Il (BD Biosciences), which we analyzed using

FlowJo v10 (BD Biosciences). We conducted statistical testing using Prism v8 (GraphPad).

Table 4.2 T cell stimulation and intracellular cytokine staining panel
Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable blue uVv450 NA Thermo Fisher 1:500

viability dye (BViD)
Surface stain (FACSWash + Azide diluent, 20 min, room temperature)

Brilliant stain buffer plus NA NA BD Biosciences 1:5
TruStain FcX (Fc block) NA NA BioLegend 1:20
CD69 BUV737 FN50 BD Biosciences 1:40
CD39 BV605 A1 BioLegend 1:20
TIM-3 BV650 7D3 BD Biosciences 1:20
PD-1 BB700 EH12.1 BD Biosciences 1:20
CD98 PE MEM-108 Thermo Fisher 1:100
CD278 (ICOS) PE-CF594 C398.4A BD Biosciences | 1:1000
CD137 (4-1BB) PE-Cy5 4B4-1 BD Biosciences 1:20
CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160
CCR7 PE-Cy7 3D12 BD Biosciences 1:40
CD45R0O APC-H7 UCHL1 BD Biosciences 1:40

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)

CD8 BUV395 RPA-T8 BD Biosciences 1:80
CD3 BUV496 UCHT1 BD Biosciences 1:40
CD4 BUV805 SK3 BD Biosciences 1:80
IFNy BV421 4S.B3 BioLegend 1:40
FoxP3 AF488 259D/C7 BD Biosciences 1:10
CTLA-4 BB630 BNI3 BD Biosciences 1:80
TOX APC REA473 Miltenyi Biotec 1:80
Granzyme B AF700 GB11 BD Biosciences 1:80
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Figure 4.15 Gating strategy for T cell stimulation and intracellular cytokine staining
panel

Gating strategy depicts T cells after stimulation with IL-6, IL-15, and IL-18 in combination
(100ng/mL, each) for 48 h.
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Table 4.3

FACS panel for scRNAseq

Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable aqua V510 NA Thermo Fisher 1:500
viability dye (AViD)
Tetramer stain (FACSWash diluent, 45 min, room temperature)
TruStain FcX (Fc block) NA NA BioLegend 1:20
MR1 OP-5-RU (MAIT cell) PE NA NIH Tetramer 1:400
tetramer core
Surface stain (FACSWash diluent, 20 min, room temperature)
CD25 BV421 M-A251 BD Biosciences 1:40
CD14 BV711 MoP9 BD Biosciences 1:40
CD127 BV786 HIL-7R-M21 BD Biosciences 1:10
CD45 FITC 2D1 BD Biosciences 1:40
CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160
CD8 PE-Cy7 RPA-T8 BD Biosciences 1:40
CD3 APC SK7 BD Biosciences 1:50
CD4 AF700 RPA-T4 BD Biosciences | 1:100
HLA-DR APC-H7 G46-6 BD Biosciences 1:40
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Table 4.4

T cell phenotyping panel 1

Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable blue uv450 NA Thermo Fisher 1:500
viability dye (BViD)
Tetramer stain (FACSWash + Azide diluent, 60 min, room temperature)
MR1 OP-5-RU (MAIT cell) BVv421 NA NIH Tetramer 1:500
tetramer Core
TruStain FcX (Fc block) NA NA BioLegend 1:20
Surface stain (FACSWash + Azide diluent, 20 min, room temperature)
Brilliant stain buffer NA NA BD Biosciences 1:5
concentrate
CD8 BUV395 RPA-T8 BD Biosciences 1:80
CD3 BUV496 UCHT1 BD Biosciences 1:40
CD25 BUV563 2A3 BD Biosciences 1:40
HLA-DR BUV661 (G46-6 BD Biosciences 1:80
CD278 (ICOS) BUV737 DX29 BD Biosciences 1:10
CD45 BUV805 HI30 BD Biosciences 1:80
CD28 BV480 CD28.2 BD Biosciences 1:40
CD45RA BV570 HI100 BioLegend 1:160
PD-1 BV605 EH12.1 BD Biosciences 1:20
CD69 BV650 FN50 BD Biosciences | 1:20-40°
0X40 BV711 Act35 BD Biosciences 1:40
CD103 BV750 Ber-ACT8 BD Biosciences 1:160
CD127 BV786 HIL-7R-M21 BD Biosciences 1:10
CD27 BB660 M-T271 BD Biosciences 1:160
CD161 BB700 DX12 BD Biosciences 1:20
CD38 BB790 HIT2 BD Biosciences 1:80
TCRyd PE-CF594 B1 BD Biosciences 1:20
CD137 (4-1BB) PE-Cy5 4B4-1 BD Biosciences 1:20
CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160
CCR7 PE-Cy7 3D12 BD Biosciences 1:40
CD4 APC-H7 RPA-T4 BD Biosciences 1:40
Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)
FoxP3 AF488 259D/C7 BD Biosciences 1:20
CTLA-4 BB630 BNI3 BD Biosciences 1:80
Helios PE 22F6 BD Biosciences 1:500
Ki-67 €660 Sola15 Thermo Fisher | 1:1000
Granzyme B AF700 GB11 BD Biosciences 1:80

*Lot-dependent dilution variability
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Figure 4.16 Gating strategy for T cell phenotyping panel 1

Representative gating example from cells freshly isolated from mPLAC
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Table 4.5 T cell phenotyping panel 2
Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable blue uv450 NA Thermo Fisher 1:500
viability dye (BViD)
Tetramer stain (FACSWash + Azide diluent, 60 min, room temperature)
MR1 OP-5-RU (MAIT cell) BVv421 NA NIH Tetramer 1:500
tetramer Core
TruStain FcX (Fc block) NA NA BioLegend 1:20
1° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)
CD127 | Biotin |  A019D5 | Biolegend | 1:40
2° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)
Brilliant stain buffer plus NA NA BD Biosciences 1:5
CD8 BUV395 RPA-T8 BD Biosciences 1:80
CD3 BUV496 UCHT1 BD Biosciences 1:40
CD25 BUV563 2A3 BD Biosciences 1:40
CD69 BUV737 FN50 BD Biosciences 1:80
CD45 BUV805 HI30 BD Biosciences 1:80
TCRyd BV480 B1 BD Biosciences 1:10
CD45RA BV570 HI1100 BioLegend 1:160
CD39 BV605 A1 BioLegend 1:20
TIM-3 BV650 7D3 BD Biosciences 1:20
CCR5 BV711 2D7/CCR5 BD Biosciences 1:20
CD103 BV750 Ber-ACT8 BD Biosciences | 1:160
Ki-67 BV786 B56 BD Biosciences | 1:320
Streptavidin BB660 NA BD Biosciences | 1:400
PD-1 BB700 EH12.1 BD Biosciences 1:20
TIGIT BB790 741182 BD Biosciences 1:80
CD137 (4-1BB) PE-Cy5 4B4-1 BD Biosciences 1:20
CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160
CD4 APC-H7 RPA-T4 BD Biosciences 1:40
Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)
FoxP3 AF488 259D/C7 BD Biosciences 1:20
CTLA-4 BB630 BNI3 BD Biosciences 1:80
TCF-1 PE 22F6 BD Biosciences | 1:500
Eomes PE-e610 WD1928 Thermo Fisher 1:20
Tbet PE-Cy7 4B10 Thermo Fisher 1:40
TOX APC REA473 Miltenyi Biotec 1:80
Granzyme B AF700 GB11 BD Biosciences 1:80

173




Ungated Time-gated Singlet Singlet
ams . 44;% . G w* 8 ot
2. - g. 2.
5 o™ 8 5
=5 7] = = .
Qv D e a
a° 8. N
Time FSC-A FSC-H
Lymphocyte Non-B cell af T cells Non-MAIT
6"‘ R !-. 4 o r(l:'u * o o Dm. e . 8‘“"
] 8 8 g T o g
g 3 - & 5| [ =
Ul 5 5 = o = 2
.. e, 2. B <, B =
2 2 3 = 3 | &
2. . , . . 8.
8. o, . € I S, | o.
CD3 (BUV496) CD8 (BUV395) CD8 (BUV395) CD8 (BUV395) 'CD127 (BB660)
Treg (CD4*CD25" CD127")
o T _ o v = = ="
< (=3 o o o o o
[N S o, S |, S (=] o
> ~ K o IS o I o ~ K o
= m o m m o m
o a o) a} caf @ ),
> 10’ - - 10 - 10° - 10 - - 0?
o fa) o, 0. @ n fa) [l
o o o o o o

o 107 107 0% 0% 107

‘D103 (BV750) CCR5 (BV711) CD39 (BV605) TIM-3 (BV650) CTLA-4 (BB630) 4-1BB (PE-Cy5) TIGIT (BB790)
Conv. CD4*
o o _ _ . _ _ _
I o o o o o (=]
N~ =] o, (=] S, I<] S
>0 N~ N N~ N o’ N~ N~
35 m 5} m m [} m
) 2 = g 2 @ £,
> - - < < < <
8- [a] [} [a] (=] [a} [a}
o, o o , o o | [\ o

D103 (BV750) CCR5 (BV711) CD39 (BV605) TIM-3 (BV650) CTLA-4 (BB630) 4-1BB (PE-Cy5) TIGIT (BB790)
CD8*
[~ = = = S =7 =
it o o (=3 o o
N, <] <] S S |, S
> ~ ~ ~ ~ o ~
= m ) m 5] m
) @, = ) o) o
2" T T Sy R R
Z a fa) o] @, o)

o o o [N o

o a0? B B a0? A

'CD103 (BV750) CCRS5 (BV711) CD39 (BV605) TIM-3 (BV650) CTLA-4 (BB630) 4-1BB (PE-Cy5) TIGIT (BB790)

Figure 4.17 Gating strategy for T cell phenotyping panel 2 (CB)

Representative gating example from cell freshly isolated from CB
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Figure 418 Gating strategy for T cell phenotyping panel 2 (mPLAC)

Representative gating example from cell freshly isolated from mPLAC
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Table 4.6 T cell phenotyping panel 3

Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable blue uv450 NA Thermo Fisher 1:500
viability dye (BViD)
1° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)
CD127 Biotin A019D5 BioLegend 1:40
TruStain FcX (Fc block) NA NA BioLegend 1:20
2° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)
Brilliant stain buffer plus NA NA BD Biosciences 1:5
CD8 BUV395 RPA-T8 BD Biosciences 1:80
CD3 BUV496 UCHT1 BD Biosciences 1:40
CCR7 BUV661 2-L1-A BD Biosciences 1:80
ICOS BUV737 DX29 BD Biosciences 1:20
CD45 BUV805 HI30 BD Biosciences 1:80
CD25 BV421 M-A251 BD Biosciences 1:40
CD28 BV480 CD28.2 BD Biosciences 1:40
CD45RA BV570 HI100 BioLegend 1:160
CD39 BV605 A1 BioLegend 1:20
CD69 BV650 FN50 BD Biosciences | 1:20-40°
0OX40 BV711 ACT35 BD Biosciences 1:40
CD103 BV750 Ber-ACT8 BD Biosciences 1:160
CCR5 BV786 3A9 BD Biosciences 1:20
TIM-3 BB515 7D3 BD Biosciences 1:80
Streptavidin BB660 NA BD Biosciences | 1:400
PD-1 BB700 EH12.1 BD Biosciences 1:20
TIGIT BB790 741182 BD Biosciences 1:80
IL-1R1 PE Goat polyclonal | R&D Systems 1:20
CXCR3 PE-CF594 1C6/CXCR3 BD Biosciences 1:20
CD137 (4-1BB) PE-Cy5 4B4-1 BD Biosciences 1:20
CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160
IL-18Ra PE-Cy7 H44 BioLegend 1:40
IL-1R2 APC 34141 R&D Systems 1:20
HLA-DR APC-R700 G46-6 BD Biosciences | 1:160
CD4 APC-H7 RPA-T4 BD Biosciences 1:40

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)

Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)

CTLA-4

[ BB630

BNI3

| BD Biosciences |

1:80

*Lot-dependent dilution variability
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Table 4.7 T cell phenotyping panel 4
Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable blue uv450 NA Thermo Fisher 1:500
viability dye (BViD)
1° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)

CD127 Biotin A019D5 BioLegend 1:40
TruStain FcX (Fc block) NA NA BioLegend 1:20
2° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)

Brilliant stain buffer plus NA NA BD Biosciences 1:5
CD8 BUV395 RPA-T8 BD Biosciences 1:80
CD3 BUV496 UCHT1 BD Biosciences 1:40
CCR7 BUV661 2-L1-A BD Biosciences 1:80
ICOS BUV737 DX29 BD Biosciences 1:20
CD45 BUV805 HI30 BD Biosciences 1:80
CD25 BV421 M-A251 BD Biosciences 1:40
CD28 BV480 CD28.2 BD Biosciences 1:40
CD45RA BV570 HI100 BioLegend 1:160
CD39 BV605 A1 BioLegend 1:20
CD69 BV650 FN50 BD Biosciences | 1:20-40°
0OX40 BV711 ACT35 BD Biosciences 1:40
CD103 BV750 Ber-ACT8 BD Biosciences | 1:160
CCR5 BV786 3A9 BD Biosciences 1:20
TIM-3 BB515 7D3 BD Biosciences 1:80
Streptavidin BB660 NA BD Biosciences | 1:400
PD-1 BB700 EH12.1 BD Biosciences 1:20
CD98 PE MEM-108 Thermo Fisher 1:100
CXCR3 PE-CF594 1C6/CXCR3 BD Biosciences 1:20
CD137 (4-1BB) PE-Cy5 4B4-1 BD Biosciences 1:20
CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160
IL-18Ra PE-Cy7 H44 BioLegend 1:40
HLA-DR APC-R700 G46-6 BD Biosciences | 1:160
CD4 APC-H7 RPA-T4 BD Biosciences 1:40
Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)
CTLA-4 BB630 BNI3 BD Biosciences 1:80
AhR €660 4MEJJ Thermo Fisher 1:100

*Lot-dependent dilution variability
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Table 4.8

APC phenotyping panel 1

Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable blue uv450 NA Thermo Fisher 1:500
viability dye (BViD)

1° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)

CX3CR1 PE-Cy7 2A9-1 BioLegend 1:160

TruStain FcX (Fc block) NA NA BioLegend 1:20
2° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)

Brilliant stain buffer NA NA BD Biosciences 1:5
concentrate

CD40 BUV395 5C3 BD Biosciences 1:40

CD16 BUV496 3G8 BD Biosciences 1:320

CD56 BUV563 NCAM16.2 BD Biosciences 1:160

CD3 BUV661 UCHT1 BD Biosciences 1:80

CD86 BUV737 2331 BD Biosciences 1:40

CD45 BUV805 HI30 BD Biosciences 1:80

PD-L2 BV421 MIH18 BD Biosciences 1:20

CD85k BVv480 ZM3.8 BD Biosciences 1:40

CD14 BV570 M5E2 BioLegend 1:20

CD141 BV605 1A4 BD Biosciences 1:640

SIRPa BV650 SE5A5 BD Biosciences 1:160

CD11b BV750 ICRF44 BD Biosciences 1:160

CD123 BV786 7G3 BD Biosciences 1:40

CD206 BB515 19.2 BD Biosciences 1:20

BTLA BB630 J168-540 BD Biosciences 1:80

PD-L1 BB660 MIH1 BD Biosciences 1:40

CD32 BB700 FLI8.26 BD Biosciences 1:160

CD38 BB790 HIT2 BD Biosciences 1:80

Axl PE 108724 R&D Systems 1:20

CD163 PE-CF594 GHI/61 BD Biosciences 1:40

CD80 PE-Cy5 L37.4 BD Biosciences 1:10

CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160

CD1c AF647 F10/21A3 BD Biosciences 1:160

CD11c AF700 B-ly6 BD Biosciences 1:320

HLA-DR APC-H7 (G46-6 BD Biosciences 1:40

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)

Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)

CD68

BV711

Y1/82A

| BD Biosciences |

1:40
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Table 4.9 APC phenotyping panel 2
Reagent | Conjugate | Clone | Vendor [ Dilution
Viability stain (1x PBS diluent, 20 min, room temperature)
LIVE/DEAD fixable blue uv450 NA Thermo Fisher 1:500
viability dye (BViD)
1° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)
CX3CR1 PE-Cy7 2A9-1 BioLegend 1:160
TruStain FcX (Fc block) NA NA BioLegend 1:20
2° Surface stain (FACSWash + Azide diluent, 20 min, room temperature)
Brilliant stain buffer NA NA BD Biosciences 1:5
concentrate
CD40 BUV395 5C3 BD Biosciences 1:40
CD16 BUV496 3G8 BD Biosciences 1:320
CD56 BUV563 NCAM16.2 BD Biosciences 1:160
CD3 BUV661 UCHT1 BD Biosciences 1:80
CD86 BUV737 2331 BD Biosciences 1:40
CD45 BUV805 HI30 BD Biosciences 1:80
PD-L2 BV421 MIH18 BD Biosciences 1:20
CD85k BVv480 ZM3.8 BD Biosciences 1:40
CD14 BV570 M5E2 BioLegend 1:20
CD141 BV605 1A4 BD Biosciences 1:640
SIRPa BV650 SE5A5 BD Biosciences 1:160
CD11b BV750 ICRF44 BD Biosciences 1:160
CD123 BV786 7G3 BD Biosciences 1:40
CD206 BB515 19.2 BD Biosciences 1:20
BTLA BB630 J168-540 BD Biosciences 1:80
PD-L1 BB660 MIH1 BD Biosciences 1:40
CD32 BB700 FLI8.26 BD Biosciences 1:160
CD38 BB790 HIT2 BD Biosciences 1:80
MR1 PE 26.5 BioLegend 1:10
CD137L (4-1BBL) PE-Dz594 5F4 BioLegend 1:40
CD80 PE-Cy5 L37.4 BD Biosciences 1:10
CD19 PE-Cy5.5 SJ25-C1 Thermo Fisher 1:160
CD1c AF647 F10/21A3 BD Biosciences 1:160
CD11c AF700 B-ly6 BD Biosciences 1:320
HLA-DR APC-H7 (G46-6 BD Biosciences 1:40

Fix (1x eBioscience FOXP3 fixation buffer, 20 min, room temperature)

Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)

CD68

BV711

Y1/82A

| BD Biosciences |

1:40
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Representative gating example for APC panels (shared backbone for major lineages) from cells
freshly isolated from mPLAC
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Figure 4.20 APC panel 1 gating strategy for CD14" macrophage/monocyte phenotyping

Representative gating example for CD14" macrophage/monocyte events from cells freshly
isolated from MB (top) or mPLAC (bottom)
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44.6 CyTOF tetramer screening

The Fred Hutchinson Cancer Research Center Immune Monitoring Core refolded HLA-A*01:01,
HLA-A*02:01, HLA-A*03:01, HLA-A*11:01, and HLA-B*07:02 monomers with appropriate UV-
cleavable peptides and biotinylated them (263). We labeled streptavidin (SA) with heavy metals
as previously described (223). We purchased purified antibodies lacking carrier proteins, which
we conjugated to heavy metals using DN3 polymers and according to protocols provided by

Fluidigm.

We conducted multiplex tetramers staining in accordance with previously published protocols
(264). Briefly, we labeled each tetramer with a combination of two different metal-labeled SAs.
Using ten different SA conjugates (Table 4.10), we generated 45 possible combinations. We
assigned each specific combination to a single peptide (Table 4.11, Table 4.12). We mixed SAs
(50ug/mL, 30pL) in the assigned combination for each peptide in a 96-well plate. In another 96-
well plate, we added 5uL of peptide (1mM) to 100uL of HLA monomer (0.1mg/mL, diluted in PBS),
with a different peptide in each well. We exposed peptide-MHC plates to UV light for 10 min and
then incubated at 4°C overnight. After incubating, we tetramerized SAs (50ug/mL) to the assigned
peptide-MHC complex by adding 3 additions of 10uL of each metal-labeled double-coded SA into
peptide-MHC wells (3x 10uL) according to our coding scheme, with 10 min incubations between
each addition. We then incubated tetramerized peptide-MHC complexes with 10uM free biotin
(Avidity) for 10 min. We then combined all tetramers and concentrated in a 50-kDa Amicon filter
(Millipore) to a final volume of 500uL. We added designated antibodies (1° surface stain, see
Table 4.13), and adjusted the final cocktail volume to 1mL with PBS + 0.5% FBS and 0.02%

sodium azide. Prior to use, we filtered the tetramer/antibody cocktail with a 0.1um filter (Millipore).

We thawed cryopreserved MB and mPLAC samples where maternal HLA types were HLA-
A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-A*11:01, and/or HLA-B*07:02 in warm RP10 +
10ug/mL DNase. We stained samples in accordance with previously published protocols (264).
Briefly, we stained cells with 1° surface stain cocktail (including tetramers) for 60 min at room
temperature. We then conducted viability staining using 12.5uM cisplatin in 1x PBS for 10 min on
ice. We prepared 2° surface stain antibody cocktails (Table 4.13) in advance, which we froze into
multiple aliquots to minimize batch variance. We thawed and stained cells with this cocktail for 20
min on ice. Afterwards, we washed and fixed cells overnight in 2% PFA. We washed cells with 1x

eBioscience FOXP3 permeabilization buffer, which we also used as a diluent for intracellular
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antibody staining (30 min at room temperature). Prior to acquisition, we stained cells with Cell ID
intercalator Ir (Fluidigm) for 10 min on ice and then washed 3x with Milli-Q H20. We then acquired
samples using Helios (Fluidigm), analyzed using FlowJo v10, and conducted statistical testing

with Prism v8.

Table 410  SA conjugates for HLA tetramerization and CyTOF screening

Reagent Metal | Fluidigm
metal kit
SA“1” 195Gd 201155B
SA “2” ¥7Gd Trace
Sciences*
SA “3” 19T 201159B
SA “4” *1Dy 201161B
SA “5” 63Dy 201163B
SA “6” %Dy 201164B
SA 7’ = 201167B
SA “8” = 201170B
SA “9” 3Yp 201173B
SA “10” 74yp 201174B

*Isotope procured from Trace Sciences International
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Table 4.11 SA tetramer combinations for HLA-A*01, -A*02, -A*03, and/or -B*07 donors
SA combo. | HLA Antigen Peptide
1%5Gd, 15’Gd | A*01 CMV UL44 VTEHDTLLY
155Gd, °Tb | A*01 CMV pp65 YSEHPTFTSQY
1%5Gd, %'Dy | A*01 HCV polyprotein ATDALMTGY
1%5Gd, %Dy | A*01 IAV NP CTELKLSDY
1%5Gq, %Dy | A*01 IAV PB1 VSDGGPNLY
155Gd, ’Er | A*01 AdV Hexon TDLGQNLLY
1%5Gd, "°Yb | A*01 HSV1 UL46 (354—-362) ATDSLNNEY
1%5Gd, %Yb | A*01 HSV1 UL48 (90-99) SALPTNADLY
1%5Gd, 7*Yb | A*01 HSV1 UL48 (479-488) FTDALGIDEY
157Gd, °Tb | A*02 CMV IE1 VLEETSVML
57Gd, "Dy | A*02 CMV pp65 NLVPMVATV
57Gd, %Dy | A*02 EBV LMP2A CLGGLLTMV
57Gd, Dy | A*02 EBV BRLF1 YVLDHLIVV
157Gd, 'Er | A*02 EBV BLMF1 GLCTLVAML
57Gd, ""°Yb | A*02 AV M1 GILGFVFTL
57Gd, '"*Yb | A*02 EBV LMP1-2 YLQQNWWTL
57Gd, "*Yb | A*02 EBV LMP1-1 YLLEMLWRL
159Th, "Dy | A*02 CMV pp65-2 QMWQARLTV
19T, 3Dy | A*02 Proinsulin precursor (15—24) ALWGPDPAAA
19T, %Dy | A*02 VZV IE62 (593-601) ALWALPHAA
159Tb, 7Er | A*02 EBV BALF-4 FLDKGTYTL
159Tb, 7%Yb | A*02 EBV BMRF-1 TLDYKPLSV
159Th, 3Yb | A*02 MelanA/MART (26-35) ELAGIGILTV
159Th, 774Yb | A*02 MAGEA3 (271-279) FLWGPRALV
6Dy, 3Dy | A*02 HSV1/2 UL25 (367-375) FLWEDQTLL
61Dy, %Dy | A*02 HSV1 UL47 (286-294) FLADAVVRL
61Dy, "7Er | A*02 HSV1 UL47 (545-553) RLLGFADTV
61Dy, %Yp | A*03 EBV EMNA 3A RLRAEAQVK
6Dy, "3Yb | A*03 HPV E6 IVYRDGNPY
61Dy, 74Yb | A*03 CMV IE-1 KLGGALQAK
63Dy, %Dy | A*03 IAV PR8 ILRGSVAHK
63Dy, '57Er | A*03 HSV RS1 (1096—1105) RLYPDAPPLR
63Dy, 70vp | B*07 CMV pp65 RPHERNGFTVL
63Dy, '3Yp | B*07 CMV pp65 TPRVTGGGAM
63Dy, 74Yp | B*07 EBV BMRF1 RPQGGSRPEFVKL
64Dy, '5’Er | B*07 EBV EBNA 3A RPPIFIRRL
64Dy, 70vp | B*07 EBV EBNA 6 QPRAPIRPI
%Dy, '3Yp | B*07 IAV NP SPIVPSFDM
64Dy, 74Yp | B*07 IAV PB1 QPEWFRNVL
167Er, 70vp | B*07 HSV ICPO0 (698-706) VPGWSRRTL
67Er, '3Yp | B*07 HSV1 UL21 (382—-390) VPRPDDPVL
167Er, 74Yp | B*07 HAV1 UL49 (281-290) RPTERPRAPA
70vp, 3Yb | A*02 SMCY/JARID1D FIDSYICQV
70vp, 74Yp | B*07 SMCY/JARID1D SPSVDKARAEL
3Yp, 74Yb | A*02 CMV pp65 NLVPTVAML
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Table 4.12  SA tetramer combinations for HLA-A*02 and/or -A*11 donors
SA combo. | HLA Antigen Peptide
195Gd, ’Gd | A*02 PCDH11Y FLLENAAYLD
195Gd, Tb | A*02 USP9Y LLMPAGVPLT
1%5Gd, '%'Dy | A*02 DDX3Y FLLDILGAT
1%5Gd, '3Dy | A*02 uTYy LLIADNPQL
1%5Gd, %Dy | A*02 uTyY YLQQNTHTL
155Gd, ’Er | A*02 uTYy ALIDCNPCTL
1%5Gd, '%Yb | A*02 uTYy KLLSSGAFSA
1%5Gd, '"3Yb | A*02 uTYy LLSSGAFSA
1%5Gd, "*Yb | A*02 SMCY/JARID1D FIDSYICQV
'Gd, "Tb | A*02 SMCY/JARID1D KMAAFPETL
57Gd, '5'Dy | A*02 SMCY/JARID1D SLMASSPTSI
57Gd, %Dy | A*02 SMCY/JARID1D HLLTSPKPSL
7Gd, %Dy | A*02 SMCY/JARID1D NVMPVLDQSV
57Gd, '7Er | A*02 SMCY/JARID1D LMASSPTSI
157Gd, %Yb NA NA NA
57Gd, '3Yb NA NA NA
157Gd, "4Yb NA NA NA
19T, "Dy | A*02 CMV IE1 VLEETSVML
19T, 3Dy | A*02 CMV pp65 NLVPMVATV
19T, %Dy | A*02 EBV LMP2A CLGGLLTMV
19Tb, 7Er | A*02 EBV BRLF1 YVLDHLIVV
159Th, 7%vb | A*02 EBV BLMF1 GLCTLVAML
159Th, 3Yb | A*02 AV M1 GILGFVFTL
19T, 74Yb | A*02 EBV LMP1-2 YLQQNWWTL
61Dy, 53Dy | A*02 EBV LMP1-1 YLLEMLWRL
61Dy, 54Dy | A*02 CMV pp65-2 QMWQARLTV
61Dy, '7Er | A*02 Proinsulin precursor (15—24) ALWGPDPAAA
61Dy, 0Yp | A*02 VZV IE62 (593-601) ALWALPHAA
61Dy, "3Yb | A*02 EBV BALF-4 FLDKGTYTL
61Dy, 74Yp | A*02 EBV BMRF-1 TLDYKPLSV
63Dy, 154Dy | A*02 MelanA/MART (26—-35) ELAGIGILTV
163Dy, "67Er | A*02 MAGEA3 (271-279) FLWGPRALV
63Dy, 70Yp | A*02 HSV1/2 UL25 (367-375) FLWEDQTLL
63Dy, 3Yb | A*02 HSV1 UL47 (286-294) FLADAVVRL
163Dy, 74Yp | A*02 HSV UL47 (545-553) RLLGFADTV
164Dy, '7Er | A*02 RCC c-MET (654—-662) YVDPVITSI
%Dy, 7%Yb | A*02 RCC MUC1 (950-958) STAPPVHNV
%Dy, Y | A*02 RCC (146-154) (A02) ALCNTDSPL
64Dy, 74Yp | A*02 RCC Survivin (96—104) LTLGEFLKL
167Er, 0V | A*02 RCC EphA2 (58) IMNDMPIYM
67Er, '3Yb | A*11 EBV EBNA 3B AVFDRKSDAK
67Er, 74Yb | A*11 EBV EBNA 4 IVTDFSVIK
70vp, Y | A*11 EBV BRFL1 ATIGTAMYK
70vp, 7Y | A*11 EBV LMP2 SSCSSCPLSK
83Yp, 7Y | A*11 IAV H1IN2 PB2 KVYKTYFEK
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Table 413  CyTOF tetramer screen staining panel

Reagent Conjugate Clone Vendor Metal Fluidigm | Reagent
metal kit dilution
Tetramer and 1° Surface stain
(1x PBS + 0.5% FBS, 0.02% sodium azide; 60 min, room temperature)
TCRyd PE 5A6.E9 ThermoFisher NA NA 1:200
CD8 Pure RPA-T8 BioLegend "Cd 201111A 1:100
CXCR3 Pure G025H7 BiolLegend 1%8Gd 201158B 1:200
PD-1 Pure eBioJ105 ThermoFisher 160Gd 201160B 1:200
CXCR5 Pure RF8B2 BD Biosciences 165H0 201165B 1:100
CCR7 Pure 150503 R&D Systems 168 201168B 1:100
CCR5 7Yb NP-6G4 Fluidigm 7Yb NA 1:100
Viability stain (1x PBS diluent, 10 min, on ice)
Cisplatin | NA | NA | Fluidigm [ 194795pt | NA | 1:8000
2° Surface stain (1x PBS + 0.5% FBS, 0.02% sodium azide; 20 min, on ice)

CD4 Pure RPA-T4 BioLegend 110Cd 201110A 1:100
CD14 Pure M5E2 BioLegend 12Cd 201112A 1:50
CD19 Pure HIB19 BioLegend 13Cd 201113A 1:50
CD56 Pure NCAM16.2 | BD Biosciences 14Cd 201114A 1:50
CD45 8%y HI130 Fluidigm 8%y NA 1:100
CD57 Pure HNK-1 BioLegend "5 Trace 1:200

Sciences*
CLA Pure HECA-452 BiolLegend 41pr 201141B 1:200
HLA-DR Pure L243 BioLegend 142Nd 201142B 1:100

ITB7 Pure FIB504 BioLegend 143Nd 201143B 1:200

TIGIT Pure 741182 R&D Systems 144Nd 201144B 1:50
PE Pure PE0O1 BioLegend 146Nd 201146B 1:200
CD69 Pure FN50 BioLegend 47Sm 201147B 1:100
CD45R0O Pure UCHL1 BioLegend 48Nd 201148B 1:200
CD161 Pure HP-3G10 BioLegend 149Sm 201149B 1:100
KLRG1 Pure 13F12F2 ThermoFisher 150Nd 201150B 1:200
CD27 Pure LG.7F9 ThermoFisher 1STEu 201151B 1:200
CD137 Pure 4B4-1 BiolLegend 152Sm 201152B 1:100
CD103 Pure B-Ly7 ThermoFisher 1S3Ey 201153B 1:200

CD3 Pure UCHT1 BioLegend 154Sm 201154B 1:200
TIM-3 Pure F38-2E2 BioLegend 162Dy 201162B 1:200
CD71 Pure CY1G4 BioLegend 166y 201166B 1:200

CD45RA Pure HI1100 BioLegend 165Tm 201169B 1:200
CD39 Pure A1 BioLegend 72Yp 201172B 1:100
CD38 Pure HIT2 BiolLegend 78Yp 201176B 1:100
CD16 209B; 3G8 Fluidigm 209B; NA 1:100

Fix (2% PFA, overnight, 4°C)
Intracellular stain (1x eBioscience FOXP3 permeabilization buffer, 30 min, room temperature)
Granzyme K Pure GM6C3 Santa Cruz 145Nd 201145B 1:100
CTLA-4 Pure BNI3 BD Biosciences 1%6Gd 201156B 1:200
Perforin Pure B-D48 Abcam 75y 201175B 1:200
DNA intercalator stain (1x PBS, 10 minutes, on ice)
CelllDIr | NA | NA | Fluidigm [ 97193 | NA | 1:4000

*Isotope procured from Trace Sciences International
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Figure 4.22 Gating strategy for CyTOF tetramer screen staining panel

We identified circulating memory (grey) and resident memory (orange) CD8" T cells in
cryopreserved MB (dark blue) and mPLAC (light blue) samples. Within these subpopulations, we
gated tetramer-negative populations, which we combined all but two (in all possible combinations)
using Boolean gating. Within these Booleans, we measured tetramer-SA staining for the two
excluded SAs to identify Ag-specific CD8" T cells within each tissue and memory subset

447 Single-cell library preparation and sequencing

We generated cDNA libraries from sorted cell populations (CD8" T cell and CD45" CD3" CD19
HLA-DR* APCs) using the Chromium Single Cell 3' Reagent Kits (v2 protocol) or the Single Cell
5’ Reagent Kit (v1 protocol) (10x Genomics). We used the Chromium Controller (10x Genomics)
to generate oil emulsion droplets of single cells with barcoded gel beads and reverse transcriptase
mix. We generated barcoded cDNA within these droplets, and purified cDNA using DynaBeads
MyOne Silane magnetic beads (ThermoFisher). We amplified cDNA by PCR (10 cycles) using
reagents from the Chromium Single Cell 3’ Reagent Kit (v2) or the GEX Reagent kit (v1). We
purified amplified cDNA with SPRIselect magnetic beads (Beckman Coulter) according to their
protocol. We enzymatically fragmented and size-selected cDNA prior to library construction,
which we conducted by performing end repair, A-tailing, adaptor ligation, and PCR (12 cycles). In
order to assess library quality, we used Agilent 2200 TapeStation with High Sensitivity D5000
ScreenTape (Agilent). We assessed library quantities using digital droplet PCR (ddPCR) with the
Library Quantification Kit for lllumina TruSeq (BioRad). We diluted libraries to 2nM and performed

paired-end sequencing using a HiSeq 2500 (lllumina).

4.4.8 Single-cell RNA sequencing analysis

We utilized the R package, Seurat (265), for all downstream analysis, following general guidelines
for analyzing scRNAseq data. For our analyses, we only included cells that had =200 genes, and
depending on sample distribution, < 10% mitochondrial genes. We merged all acquired samples
into a single Seurat object. We then used a natural log normalization with a scale factor of 10,000,
determined variable genes using the vst method, and z-score scaled. We used principal
component analysis (PCA) to generate 50 PCs which were used to calculate UMAPs (208), for
which we created graph-based clusters using a resolution between 0.2 and 0.6. For non-biased
cell annotation, we applied SingleR (266) and used the expression of typical lineage transcripts

to verify the cell label annotation. For all differential gene expression analyses, we utilized the
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Seurat implementation of MAST (model-based analysis of single-cell transcriptomes) (267) with
the number of unique molecular indexes (UMIs) included as a covariate (proxy for cellular
detection rate (CDR)) in the model. NicheNet (227) analysis was adapted from the vignette

described at https://github.com/saeyslab/nichenetr containing T cells and APCs (described

above). We subset these populations to contain only immune sorted from mPLAC biopsies. We
set different CD8" T cell subsets as “receiver” (i.e., resident or circulating memory CD8" T cell
clusters) and all myeloid cell cluster (except the mast cell cluster) as “sender” populations. We
conducted a DE gene test to find genes enriched in mPLAC over MB samples. We performed
NicheNet analysis based on the vignette to infer receptors, filtered for documented links, and
generated a circos plot of the ligand-receptor interactions for the top 20 ligands within the
respective cellular populations. Main scripts used for data processing are available at

https://qgithub.com/Jami-Erickson.

449 Tissue collection for protein isolation

We collected 0.5cm-depth mPLAC and fPLAC biopsies and homogenized tissues in lysing buffer
(1x PBS + 0.05% Tween 20 (ThermoFisher)) at 1g tissue/5mL buffer. We centrifuged samples at
10,0009 for 5 min at 4°C, collected lysate supernatants, and stored at -80°C.

4410 Cytokine analysis

We provided plasma, tissue lysate supernatants, and cell culture supernatants to the Fred
Hutchinson Cancer Research Center Immune Monitoring Core for ELISA (TGF-1) or multiplex
cytokine analysis (all other factors). Multiplex measurements were analyzed on a Luminex 200

(Luminex Corporation).

4411 Immunofluorescence

We collected full-depth (i.e., spanning the maternal and fetal surfaces) biopsies from the placenta
and fixed overnight in Cytofix buffer (BD Biosciences) diluted 1:4 in 1x PBS. We dehydrated fixed
tissues in sterile-filtered 20% w/v sucrose (Sigma Aldrich), embedded in Tissue-Tek OCT media
(Sakura Finetek), froze in the vapor phase of LN2, and stored at -80°C. We cut 8-10 um sections

of tissues using a CM1950 cryostat (Leica), dried slides at room temperature overnight, and then
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stored at -80°C. On the day of staining, we incubated slides in -20°C acetone for 5 min, dried
slides, and outlined tissues with a hydrophobic pap pen. We rehydrated slides in 1x PBS for 5
min, and then incubated slides in blocking buffer (1x TBS + 5% normal human serum) for 30
minutes. We conducted stains as described in Table 4.14 and washed slides with TBS-T (1x TBS
+ 0.05% Tween-20). We mounted slides in ProLong Gold (ThermoFisher), cured slides overnight,

and imaged on a SP8 confocal microscope (Leica) at 20x magnification.

Table 4.14  Placental immune infiltrate immunofluorescence panel

Tissue: placenta fixed in 1:4 BD Cytofix:1xPBS overnight
Reagent | Conjugate | Clone | Vendor [ Dilution
1° stain (1x TBS + 5% normal human serum diluent) 60 min, room temperature
Mouse anti-human CD8 AFG647 RPA-T8 BD Biosciences 1:100
Mouse anti-human CD163 PE-CF594 GHI/61 BD Biosciences | 1:100
Rabbit anti-human CD45 Pure EP322Y Abcam 1:100
2° stain (1x TBS + 5% normal human serum diluent) 60 min, room temperature
Donkey anti-rabbit IgG | Dy488 |  Poly4064 | BioLegend | 1:200
Nuclear intercalator stain (1x PBS diluent) 5 min, room temperature
DAP!I | NA | NA | ThermoFisher | 1ng/mL

4412 Metabolomics sample preparation

We prepared a reference library of tryptophan (Trp) metabolites for our liquid chromatography
mass spectrometry (LC-MS) analyses by dissolving select metabolites in HPLC grade H.O at
~0.5mM (cinnabarinic acid) or ~5mM (all other metabolites) (Table 4.15).

We prepared plasma samples for LC-MS by adding 6uL plasma to a microcentrifuge tube with
200pL ice cold HPLC-grade 80% MeOH with 250uM valine D8 standard as a loading control. We
vortexed samples for 10 minutes at 4°C, then centrifuged at 17,000g for 10 min at 4°C. We
transferred 100uL of supernatant to a new microfuge tube, with 50uL moved to an LC-MS vial for

metabolomics analysis.

We prepared flash-frozen mPLAC and fPLAC biopsies by weighing out 30mg of frozen tissue,
which were transferred to a microcentrifuge tube and maintained in LN2. We homogenized tissues
within microtubes with a miniature LNz-cooled mortar and pestle. To extract metabolites, we
added 900pL ice-cold HPLC-grade 80% MeOH with 250uM valine D8 loading control and
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vortexed samples for 10 min at 4°C. We removed debris by centrifuging tubes at 17,0009 for 10

minutes at 4°C, and transferred 700uL of supernatant to a new microcentrifuge tube, with 50uL

moved to a LC-MS vial for metabolomics analysis.

Table 4.15  Trp metabolite LC-MS standards
Metabolite name Vendor Molecular Mass weighed Molarity
weight (mg) (mM)
Pool 1, dissolved in 15mL H>O
Indole Sigma 117.15 8.92 5.07611325
Anthranilic acid Sigma 137.14 10.25 4.9827427
Indoleacetic acid Sigma 175.18 13.08 4.97773718
5-Hydroxyindoleacetic acid | Sigma 191.18 14.32 4.99354884
L-Kynurenine Sigma 208.21 15.5 4.96293806
Cinnabarinic acid Sigma 300.22 1.99 0.44189816
Pool 2, dissolved in 9.08mL H,O
Nicotinic acid Sigma 123.11 5.54 4.95599187
3-Hydroxyanthranilic acid Sigma 153.14 6.96 5.00535343
Serotonin (HCI salt) Sigma 212.68 9.66 5.00224117
Indolepyruvate Sigma 203.19 9.16 4.96486329
5-Hydroxytryptophan Sigma 220.22 9.99 4.9960052
Pool 3, dissolved in 15mL H>O
Picolinic acid Sigma 123.11 9.3 5.03614654
Tryptamine Sigma 160.22 12.15 5.05554862
Kynurenic acid Sigma 189.17 14.26 5.02546211
L-Tryptophan Sigma 204.23 15.33 5.00416197
3-Hydroxykynurenine Sigma 224.2133 16.6 4.93577619
Pool 4, dissolved in 9.08mL H,O

Trigonelline (HCI salt) Sigma 173.6 7.86 4.98639842
Quinolinic acid Sigma 167.12 7.6 5.00840357

Indole-3-propionic acid Sigma 189.21 8.59 4.999922
Xanthurenic acid Fisher 205.17 9.28 4.9813639
Melatonin Sigma 232.28 10.56 5.00686927

4413 LC-MS metabolomics

We transferred samples into LC-MS vials for measurement by LC-MS. We performed metabolite
quantitation using a Q Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Spectrometer equipped
with an lon Max API source and H-ESI Il probe, coupled to a Vanquish Flex Binary UHPLC system
(ThermoFisher). We completed mass calibrations at a minimum of every 5 days in both the

positive and negative polarity modes using LTQ Velos ESI Calibration Solution (Pierce). We
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chromatographically separated samples by injecting a sample volume of 1uL into a SeQuant ZIC-
pHILIC Polymeric column (150 x 2.1mm 5uM, EMD Millipore). We set flow rates to 150uL,
autosampler temperature to 10°C, and column temperature to 30°C. Our Mobile Phase A
consisted of 20mM ammonium carbonate an 0.1% (v/v) ammonium hydroxide, while Mobile
Phase B consisted of 100% acetonitrile. Our samples were gradient eluted (%B) from the column
as follows: 0—20 min: linear gradient from 80% to 20% B; 20—24 min: hold at 20% B; 24—24.5 min:
linear gradient from 20% to 85% B; 24.5 min—end: hold at 85% B until equilibrated with ten column
volumes. Mobile We directed Mobile Phase into the ion source with the following parameters:
sheath gas = 45, auxiliary gas = 15, sweep gas = 2, spray voltage = 2.9 kV in the negative mode
or 3.5 kV in the positive mode, capillary temperature = 300°C, RF level = 40%, auxiliary gas heater
temperature = 325°C. We conducted mass detection with a resolution of 240,000 in full scan
mode, with an AGC target of 3,000,000 and maximum injection time 250 msec. We detected
metabolites over a mass range of 70-1050 m/z in full scan mode with polarity switching. We
quantitated all metabolites using Tracefinder 4.1 (ThermoFisher) referencing our in-house

kynurenine pathway metabolite standards libraries using <5 ppm mass error.
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Chapter 5. Concluding remarks

Despite the intrinsic differences between the languages of TCR and inflammation, we show that

both means of communication can beget a number of overlapping CD8" Tmem fates.

5.1 Inflammation-mediated bystander activation as a conserved

component of the innate-like immune response

TCR ligation is the primary method to induce cytotoxicity in CD8" Tmem, €nsuring specificity in
downstream T cell-mediated killing (268). But inflammation can also beget a cytotoxic phenotype
in CD8" Tmem (Vis-a-vis IFNy secretion and GzmB upregulation). But some have suggested that
inflammation-mediated cytotoxicity is of little significance (17), for it has been understood best
during rare instances of profound and/or prolonged inflammation (11-13, 34, 39, 40). On the
contrary, we demonstrate that bystander activation is oft leveraged by the immune system,
including during acute, localized inflammation. Specifically, fast-acting CXCR3-dependent
mechanisms which recruit Ag-specific CD8" Tmem (110) also draw bystander CD8" Trmem towards
the early immune response(6). While this positions Ag-specific CD8" Tmem, should they exist, to
rapidly sense and kill infected targets via their TCRs, it also pulls bystander CD8" Tmem towards
elevated levels of bystander-activating cytokines (like IL-12, IL-15, and IL-18). As a result,
bystander CD8" Tmem sense the generalized “danger” signal of inflammation and become cytotoxic
at the site of insult. This is particularly important to consider during a primary infection (i.e., when
Ag-specific CD8 T cell memory does not yet exist). In the absence of memory, this localized,
inflammation-dependent bystander-mediated killing program buys time for the Ag-specific T cell
response (which takes days to mount) by limiting pathogen burden during the first days of
infection (likely via GzmB degranulation) (3). At the same time, IFNy secreted by activated
bystander CD8" Tmem revs up the subsequent Ag-specific T cell response by enhancing APC
functions (e.g., phagocytosis, Ag presentation, and co-stimulation) (9). Thus, the language of

inflammation could be used as a “fall back” when Ag-specific signals cannot be rapidly integrated.
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5.2 Inflammation as a different call to arms

While communication via TCR or inflammation has a functional parallel (i.e., CD8" Tmem
cytotoxicity), we show they do not wholly overlap. NFAT inhibitors abrogate the expression of
IFNy in both mouse and human CD8" Tmem (and in mice, GzmB) after TCR ligation, but fail to
impair IFNy and GzmB induced by inflammation (specifically IL-12, IL-15, and IL-18 in
combination). These mechanistic differences in integrating signals likely explain the truncated
functionality of CD8" Tmem activated by inflammation: unlike TCR signals, inflammatory cues
(specifically, combinations of IL-12, IL-15, and IL-18 or IL-6, IL-15, and IL-18) fail to induce TNFa,
IL-2, or IL-17. Can these molecules be elicited by other cytokines, or are they restricted to TCR-
mediated responses due to their reliance on NFAT? Further work will be necessary to determine
how other non-TCR signals could control effector molecule expression in bystander activated
CD8" Tmem. Despite their limited functional repertoire, we show here that bystander activated CD8*
Tmem are still potent effectors. In vitro stimulation of CD8" Tmem with IL-6, IL-15, and IL-18 in
combination leads to IFNy secretion that rapidly rises to levels seen after TCR stimulation.
Further, we observe kinetics that suggest inflammation-mediated IFNy secretion could surpass
that of TCR-stimulated CD8" Tmem. This potency warrants concern, as CD8" Tmem effector

functions are often controlled by a myriad of regulatory programs to prevent autoimmunity.

Though TCR-mediated activation is potent, cell-intrinsic and -extrinsic signals can curb TCR-
dependent effector programs (182, 239). But how is bystander activation terminated? Particularly
since bystander activation is controlled by both different inputs (inflammation) and downstream
signaling molecules and transcription factors. While inflammation may be the lynchpin to
bystander activation, leading to uniform upregulation of IFNy and GzmB in vitro, this is not the
case in vivo. We show that during L. monocytogenes infection, IFNy expression is limited to the
first 24 hours of infection, while GzmB increases in the following days (6). While one could argue
that this may reflect a changing milieu of pro-inflammatory cytokines, we observe other phenotypic
changes that accompany bystander activation that suggest regulation. Specifically, we observe
the expression of PD-1 and TOX, molecules involved in curtailing TCR-mediated functions,
upregulated in bystander-activated CD8" Tmem (254); however, more work is necessary to discern

the importance of these proteins in vivo.
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5.3 Regional dialects of inflammation and bystander activation

Ag-nonspecific CD8" T cells either within or emigrating from the periphery have been the center
of most studies on bystander activation. This has been shaped, to some degree, by scientific tools
at hand. For instance, many mouse models use animals housed in specific pathogen-free
conditions, leading to T cell distributions more like those of human neonates, rather than adults
(161). A consequence of this is the absence of conventional memory populations, including tissue
resident memory T cells (Trm), which occupy and survey tissue barriers without recirculating in
blood (159, 213, 217, 269). Further, many studies have focused on bystander activation caused
by systemically-delivered (i.e., intravenously) pathogens (5, 6, 8-10, 32). Lastly, procuring solid
tissues (either healthy or diseased) from human volunteers is logistically challenging compared
to peripheral blood draws. Though these limitations exist, a select number of studies have found
bystander CD8" Tru in healthy and infected tissues (56) as well as solid tumors (41). Here, we

show that bystander CD8" Trw also exist at the term maternal-fetal interface (MFI).

The existence of bystander CD8" Trwm at the MFI is surprising, as Trm retention is thought to rely
on TCR stimulation with cognate Ag (91, 149, 150, 249-253)—yet Ag presentation is impaired at
the MFI (188). We chose to test whether generalized signals could position bystander CD8" Trmem
to become tissue resident, as we observed that specific bystander CD8" populations (i.e., those
with defined TCR specificity) were at similar frequencies within Trm and circulating memory pools.
We found that pro-inflammatory cytokines are elevated in tissues like the MFI at homeostasis that
T cells can ultimately sense. Though these cytokines can bystander activate CD8" Tmen (i.€., lead
to the acquisition of cytotoxicity), we also demonstrate that they induce the expression of a suite
of co-receptors including 4-1BB, which is often positioned as a marker of recent TCR stimulation
(98). When engaged to its ligand (4-1BBL), 4-1BB is thought to promote memory T cells to adopt
a tissue-resident fate (92, 234). At the MFI, macrophages expressing high levels of 4-1BBL can
engage cytokine-induced 4-1BB on CD8" T cells and are often found in contact with various

lymphocytes.

But why does homeostatic inflammation necessary for maintaining Trw (150, 257) fail to lead to
pathologies or aberrant bystander activation? After all, the cytokines we find elevated at placental
tissues lead to IFNy secretion by bystander CD8" Tmem When used in vitro. But we show here that
other signals can regulate bystander CD8" Tmem Cytotoxicity without forfeiting cellular activation.

Specifically, levels of the cytokine, TGF-B1, and the tryptophan metabolite, kynurenine, are
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elevated at the MFI and can selectively limit the effector functions of bystander-activated CD8*
Tmem but spare activation (i.e., CD69 upregulation) and co-receptor expression (4-1BB, etc.).
Thus, while inflammation is a common language for CD8" Tmem, how these T cells respond to
inflammation varies on a regional basis. These “regional dialects” result from other signals within
the tissue microenvironment, including, but not limited to, other cytokines and metabolites. This
may explain the dichotomous outcomes of inflammation at various sites in the body. For instance,
lung CD8" Trm can limit disease when activated by inflammation (56), while exogeneous
inflammation has limited effect on CD8" Trm in tumors (84). Further work will be necessary to

parse the full gamut of generalized signals that bystander CD8" Trem can integrate.

5.4 A path to better command bystander T cells

There is significant therapeutic potential in harnessing the cytotoxic abilities of bystander CD8" T
cells once they have been activated. But effectively commanding these cells has remained
elusive. For instance, leveraging bystander CD8" Tmem as an anti-tumor therapeutic has yet been
actualized. A study from the Masopust lab showed that bystander CD8" Tmem could promote tumor
clearance. However, inflammation-mediated activation alone had little effect on tumor growth—
substantial bystander-mediated tumor clearance was only seen when bystander CD8" Tmem Were
activated via their TCR with non-tumor cognate Ag (84). This is hard to therapeutically translate
to humans due to the challenge of “talking” to these bystander T cells via their TCRs. The TCR
repertoire (and subsequent antigenic specificity) in humans is highly diverse, shaped by the host’s
infection history and genetics. But we show that regulatory networks of cytokines and metabolites
selectively limit inflammation-mediated, but not TCR-mediated effector responses in bystander-
activated CD8" Tmem. Could these, too, be responsible for the Masopust lab’s observations of poor
bystander-mediated tumor clearance after administration of inflammation? If so, we could broadly
activated bystander CD8" Tmem to kill (without the limitations of personalized, TCR-directed

therapies) by blocking the sensing of these regulatory molecules.

While enhancing the cytotoxity of intratumoral bystander CD8" Tmem may prove beneficial to host,
one must note that that bystander-mediated cytotoxicity is a double-edged sword (36). The
regulatory “brakes” that may be released to enhance tumor clearance could potentially be
leveraged in other contexts. For instance, we may be able to limit bystander-mediated

immunopathology during inflammatory diseases by “applying the brakes” by enhancing TGF-$1
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and/or kynurenine signaling. Further work will be necessary to test how widely TGF-1 and
kynurenine are used to restrain bystander-mediated cytotoxicity across tissue types and disease
states to determine if this could be broadly implemented across multiple disease types and/or

clinically viable.

5.5 Towards a more complete immunologic lexicon

As most Tmem express receptors for pro-inflammatory cytokines, inflammation is a widely
understandable alarm, forgoing esoteric TCR-Ag interactions that can only alert a select few T
cell clones during insult. But inflammation is not a simple command to activate killing programs—
it is but a part of a complex language of generalized signals that serve as a common tongue for
T cells. This work demonstrates that chemokines (which recruit T cells to sites of inflammation)
and anti-inflammatory cytokines and metabolites (which dampen effector functions without
affecting activation) are, too, part of this collective language. While these represent new and
exciting ways in which we can interact with and ultimately command immune cells, it also suggests
we have only scratched the surface when it comes to understanding the complete vernacular of

immune cells.
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