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Abstract

How CD8 T cells develop during acute versus chronic antigen exposure is central
to understanding immunity during viral infections, cancer, and autoimmunity. Stem-like
CDS8 T cells are specialized progenitor cells that maintain the CD8 T cell response in
these contexts. Here, we examined the generation, fate, and plasticity of these cells
during acute and chronic viral infection. We find that nearly identical populations of
stem-like CD8 T cells arise early after acute and chronic infection. This indicates that
the generation of stem-like CD8 T cells occurs agnostic to infection outcome, ensuring
that the host is prepared in advance for a potential long-term infection. In both acute
and chronic infection, the transcription factor TOX was required for the generation of
stem-like CD8 T cells, and continuous antigen exposure was required for their
maintenance. We next performed reciprocal adoptive transfer experiments to track the
fate of early stem-like CD8 T cells during viral clearance versus persistence, and to
examine the impact that infection origin has on their differentiation potential. When
transferred into an acute, resolving infection, early stem-like CD8 T cells from chronic
infection converted into memory cells, enriched for properties of central memory CD8 T
cells. When transferred into mice harboring a life-long infection, early stem-like CD8 T
cells from acute infection performed as chronic resource cells. They expanded
vigorously, giving rise to stem-like, effector, and terminally differentiated CD8 T cells. For
over a month, they maintained the CD8 T cell response in lymphoid and non-lymphoid
tissues, becoming quiescent as the infection reached the late/established phase. They
even responded to PD-1 blockade, providing a proliferative burst equal to that of the
virus-specific endogenous CD8 T cell response. Altogether, we show that stem-like CD8
T cells are generated early during viral infection and can adapt their differentiation
trajectory based on infection outcome. They become memory CD8 T cells if the virus is
rapidly cleared, or chronic resource cells if the virus persists. These findings raise new
questions on the potential importance of stem-like CD8 T cells for immunological
memory and re-emphasize the essential role that they play during chronic viral infection.
Lastly, this work provides further insight into the early differentiation events that enable

the CD8 T cell response to adapt to acute or chronic viral infection.
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Chapter 1: Introduction
Preamble

It's estimated that there are more virus particles on earth (~103") than stars in the
universe'2, How the immune system has evolved to deal with viral infections is one of
the most intriguing questions in biomedical research and the focus of viral immunology.
Furthermore, the pursuit of this question has revealed truths about the immune system

that extend beyond viral immunology.

Cytotoxic CD8 T cells are an essential part of the immune system’s multilayered
defense against viruses. They are generated in the bone marrow but to reach full
maturity must endure a crucible in the thymus termed ‘thymic selection’. They must
avoid death in the thymus by generating a unique T cell receptor (TCR) that walks the
fine line between not recognizing self at all and recognizing self all too well. Ultimately
what emerges from the thymus are mature CD8 T cells bearing TCRs highly specific for
foreign peptides but not self-peptides?. This culminates in a hugely diverse array of TCR
specificities. For example, the total number of unique TCRs in the human body is
estimated to be ~108; enough to recognize a universe’s worth of potential foreign

invaders*>.

CD8 T cells are uniquely suited for defense against viruses. Unusual for a somatic cell,
CD8 T cells are capable of rapid, repeated bursts in proliferation without loss of growth
control or malignant transformation®. This allows them to keep up with the rapid
reproduction rates of viruses. A challenge posed by many viruses is vast cellular and
tissue tropism. CD8 T cells can both migrate to and survive in a wide range of
tissues/microenvironments, enabling them to access and persist wherever infected cells
may be. CD8 T cells employ many tools for viral control. They can act as sentinels by
secreting cytokines that alarm or induce anti-viral defenses within neighboring cells.
However, they are most known, and were named for, their ability to directly kill virus-
infected cells using cytolytic molecules.

Viral infections can be broadly divided into two main types: acute vs chronic. The former

is typically cleared by the immune system within 1-2 weeks. The latter can persist for
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weeks, months, and in some cases, the life of the host. Following an acute viral
infection, a fraction of virus specific CD8 T cells remains as highly functional memory
cells, poised to re-proliferate and kill upon re-infection’. Chronic viral infections lead to
the “persistence of activated CD8 T cells without effector function”, a phenomenon
referred to as T cell exhaustion®®. Compared to memory, exhausted CD8 T cells appear
functionally impotent; they proliferate poorly, express high levels of inhibitory receptors,
and as infection progresses, gradually lose the ability to secrete cytokines'. In addition
to functionality, memory and exhausted CD8 T cells have very different transcriptional
and epigenetic programs and are considered distinct lineages'-'°. The former evolved
for surveillance and swift protection against reinfection. The latter evolved for control

over persistent infections without causing excessive damage or death to the host.

The development of memory versus exhausted CD8 T cells is ostensibly decided by
infection outcome. However, the host immune system cannot wait for the outcome of a
viral infection to be made salient before deciding on which of these programs to
deploy—it cannot ‘catch up’. Nor can this decision be pre-arranged, since the host
cannot know the outcome of infection in advance. Hence, potential for either
developmental pathway must somehow be bestowed to the CD8 T cell response early
after viral infection. This thesis makes a small advance in our understanding of how
flexibility is built into the CD8 T cell response early during viral infection—in the form of

a stem-like or precursor cell—so that it can adapt to either an acute or chronic outcome.
LCMV as a model system for studying CD8 T cells
Structure, genome, and life cycle

Before expanding on what’s known about the anti-viral CD8 T cell response, it is
pertinent to introduce one of the viral infection models that was crucial for revealing this
knowledge. Lymphocytic choriomeningitis virus (LCMV) was discovered in 1934 by
three groups of scientists working independently 2°-22. LCMV is named for the
characteristic infiltration of lymphocytes into the brain that it causes after infection
(Fig.1a-c) 2922, It is a rodent-borne, non-cytopathic virus belonging to the arenavirus
family. The virion is enveloped with a round structure from which evenly spaced spikes

protrude from a central core (Fig. 2a)?3. Its genome is comprised of two, ambisense
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RNA segments, the S (for short) and L (for long), which encode four genes in total. The
S segment encodes the viral nucleoprotein (NP) that facilitates viral transcription, and a
glycoprotein (GP) precursor?®. The L segment encodes an RNA-dependent RNA
polymerase (L) and a zinc-binding protein that supports the structure of the virion (2)
(Fig. 2b)?*. The GP precursor is post-translationally cleaved into a heavily glycosylated
head (GP1) and a transmembrane stalk (GP2)%5. Together these form a tetrameric spike
protein that attaches to a-dystroglycan on the surface of a cell to initiate viral entry?®.
What follows is receptor-mediated endocytosis of the virion and transfer to a late,
acidified endosome where the viral envelope fuses to the endosomal membrane in a
pH-dependent manner. This enables the virion to uncoat, triggering transcription of the
nucleoprotein and polymerase in the cytoplasm 23. Once enough polymerase is
translated and template antigenomic RNA produced, the transcription of GP and Z
begins. Fully assembled virions are then transported to the plasma membrane where

they exit the cell via budding %3.

Acute and chronic LCMV infection in mice

Infection of mice with LCMV is an excellent model for studying anti-viral CD8 T cell
immunity. Firstly, CD8 T cells are crucial for controlling LCMV infection and the virus
does not readily escape the endogenous CD8 T cell response. In addition, some strains
of LCMV are rapidly cleared in mice whereas others persist. This enables one to track

CD8 T cells of the same antigen-specificity in an acute vs. chronic viral infection.

LCMV Armstrong causes an acute viral infection in mice that is cleared within a week.
Originally derived from Armstrong, clone 13 results in a chronic viral infection in mice
that can persist for months depending on the tissue 2’. The chronicity of clone 13 is
owed to two amino acid differences compared to its parental strain. The first is a
phenylalanine to leucine (F>L) substitution at position 260 of the spike glycoprotein,
which increases the binding affinity of the spike to a-dystroglycan. This enables the
spike to displace other proteins, like laminin-1, that compete for the same binding site
on a-dystroglycan enhancing the ability of the virus to infect cells?8. The second is a
lysine to glutamine (K->Q) change at position 1079 of the polymerase, which
dramatically increases the replication rate of the virus?®-3'. Transient depletion of CD4 T
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cells prior to clone 13 infection results in a life-long viral infection, enabling for the study
of anti-viral immunity under conditions of long-term and stable antigen exposure, such
as occurs during human immunodeficiency virus (HIV) infection and certain types of

cancers®? (Fig. 2c).

The use of the LCMV model has led to invaluable insight into viral immunology?3,
tolerance®4, and cancer®3¢, To begin to understand the cellular plasticity that enables
the CD8 T cell response to adapt to acute versus chronic infection we have chosen the

model of LCMV infection in mice.
The anti-viral CD8 T cell response

Activation

CD8 T cells recognize internal peptides presented on the cell surface by MHC class |
molecules; hence, are specialized for intracellular pathogens like viruses. They spend
most of their lives as quiescent, metabolically idle “naive” cells searching the host for
possible signs of a virus. The number of naive CD8 T cells specific for a given viral
peptide can be as low as 100-200%7-39, “Naive T cells do not attempt to scan all 40
trillion cells in the adult human organism directly”*°. They confine their surveillance to
secondary lymphoid tissues like the spleen and lymph nodes. Within these lymphoid
hubs, foreign peptides are concentrated and displayed by antigen presenting cells
(APCs). This anatomical design maximizes the likelihood that a very rare naive
precursor CD8 T cell will interact with the virus it is specific to.

A virus-specific CD8 T cell becomes activated once it recognizes cognate peptide
(signal 1) in the context of costimulation (signal 2) and cytokines (signal 3). CD80 and
CD86, often expressed by activated dendritic cells, are examples of ligands that provide
costimulation to T cells via the receptor, CD28. Signal 3 can be provided by myeloid
cells, T cells, and non-immune cells alike and include cytokines like type | interferon, IL-
12, and IFNy*'. Once all three signals are received, naive CD8 T cells transform from
relatively inert cells to some of the most active cells in the body. Over the next 24 hours
they will grow dramatically in size, becoming factories for macromolecule

production*243,
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Activated CD8 T cells must next become numerically relevant to control a pathogen that
can reproduce as fast as a virus can. This is accomplished by a massive burst in cell
proliferation that takes place during acute phase of infection**. It was once believed that
most of these proliferating CD8 T cells (>95%) were not actually specific to the virus but
recruited to the response by inflammation, a notion called bystander activation*>46.The
pioneering work of Altman et al. introduced the ability to directly measure antigen-
specific CD8 T cells using MHC | molecules containing peptides, a reagent referred to
as a tetramer (Fig. 3a)#’. In mice infected with LCMV, this tool showed that the actual
frequency of antigen-specific cells among activated, dividing cells was closer to 50-70%,
not <5%%**. MHC tetramer technology was an enormous advance in immunology and
showed conclusively that the virus-specific CD8 T cell response during acute viral

infection proceeds in three phases** (Fig. 3b).
CD8 T cell response during acute viral infection: expansion, contraction, memory

Just 30-48 hours after initial antigen encounter, virus-specific CD8 T cells in LCMV-
infected mice begin to proliferate. They will divide every ~6-8 hours, committing to at
least 7-10 cell divisions. By the end of this ~6-day expansion period (“peak expansion”),
the few virus-specific CD8 T cells that began the response will have undergone a
10,000-100,000 fold increase in cell number (Fig. 3b)**48. This extensive proliferation is
coupled to effector differentiation, whereby virus-specific cells acquire migratory and
cytolytic functions so that they can locate and eliminate virus-infected cells 48,

While the overall magnitude of expansion is driven by initial antigen amount, continuous
antigen exposure/contact is not required for antigen-specific CD8 T cells to continue
dividing. Once a parent cell is sufficiently stimulated by antigen to divide, its daughter
cells will continue dividing even if transferred to an antigen-free environment.
Programmed proliferation, as it's called, bypasses the need for every daughter cell
participating in the response to see antigen*®49. This ensures that a large CD8 T cell
response can be mounted in a timely manner and that antigen contact within inductive

sites doesn’t limit the number of CD8 T cells that can be generated against the virus.

After the first week of infection, the contraction/death phase begins whereby 95% of the

CD8 T cell response is culled*4. For the following three to four weeks, millions of virus-
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specific cells will die via apoptosis so that the host doesn’t incur excessive damage and
energy consumption. The number of virus-specific cells does not return to what it was
pre-infection, however. 5-10% of the response evades contraction and goes on to
become memory cells that will protect the mouse against reinfection for life 244 (Fig. 3b).
The cardinal properties of memory CD8 T cells include long-term antigen-independent
persistence and the ability to rapidly proliferate and express effector molecules upon re-
challenge®5', They maintain their numbers during homeostasis via the survival cytokine

interleukin 7 (IL-7) and a slow self-renewal, driven in part by IL-1552-56,
CD8 T cell response during chronic viral infection: Exhaustion

Antigen persistence yields an alternative CD8 T cell lineage, exhaustion®®. Compared to
memory, exhausted CD8 T cells Kill targets less effectively, proliferate poorly upon
restimulation, and progressively lose the ability to make key cytokines'®. T cell
exhaustion is adapted for viral control without cost to the host. However, T cell
exhaustion is a huge problem for human diseases epitomized by chronic antigen, like
HIV, cancer, and autoimmunity. Exhausted T cells can be rejuvenated with PD-1

blockade, now a frontline treatment for multiple human cancers®’.
CD8 T cell differentiation pathway during chronic viral infection

Exhausted virus-specific CD8 T cells are not a homogenous population. As chronic viral
infection progresses, heterogeneity can be observed among virus-specific CD8 T cells
based on the expression of CD44 and PD-1'%%8_ This heterogeneity was not just
phenotypic, however. Cells that were PD-1""t CD44" were found to have greater
proliferative potential and were more responsive to PD-1 blockade compared to PD-1",
CD44int cells®8. It was later found that a lineage relationship exists among exhausted
CD8 T cells, occurring between a PD-1" T-bet" progenitor-like cell and it's PD-1M

Eomes" terminal progeny®°.

Between 2016 and 2020, a flurry of papers further elaborating on the heterogeneity of
exhausted CD8 T cells. They showed that the virus-specific CD8 T cell pool during
chronic viral infection is comprised of three main subsets existing in a linear

relationship: stem-like cell - transitory effector cell > terminally differentiated cell (Fig.
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4a)%0-%6_ Stem-like CD8 T cells are a long-lived PD-1+ subset that depends on the
transcription factors, TCF-1 and TOX®%67-70_Conserved across species and diseases’ '~
5 stem-like CD8 T cells lack cytotoxic molecules but are capable of huge proliferative
bursts. During division, stem-like CD8 T cells couple self-renewal with effector
differentiation giving rise to a transitory effector cell that is migratory, highly proliferative,
and equipped with potent killing potential®3.64. With prolonged antigen exposure,
transitory effector cells further differentiate into a senescent, terminally
differentiated/exhausted subset expressing high levels of inhibitory receptors and

intermediate levels of effector molecules®384 (Fig. 4a).

Multiple factors coordinate the proliferation, self-renewal, and differentiation of stem-like
cells including PD-1, transforming growth factor beta (TGF-) signaling, CD28
costimulation, interleukin 15 (IL-15) and type | interferon”®-"°. Another key feature
regulating the activity of stem-like cells is their location. During the late phase of chronic
infection, stem-like cells are resident to lymphoid tissues where they’re positioned in
microanatomical niches like the T cell zone of the splenic white pulp8%-8. Without stem-
like cells, the virus specific CD8 T cell population wanes numerically over time®. An
additional consequence of their loss is reduced viral control as new transitory effector
cells fail to be generated®3. Hence, stem-like CD8 T cells act as an essential
resource/reservoir cell during chronic antigen exposure, replenishing the T cell pool with

numerically and functionally relevant effectors.

In addition to their biological role as a resource/reservoir cell, stem-like cells also
provide the massive expansion that follows PD-1 blockade®6%-73, This dramatically
accelerates their self-renewal and effector differentiation, culminating in a large pool of
effectors but without expense to stem-like cell numbers®8'. Thus, stem-like CD8 T cells
not only provide insight into how the mammalian immune system evolved to cope with
chronic antigen exposure, but they also represent a novel target for improving

immunotherapy.

This thesis began as a study on stem-like CD8 T cell differentiation during chronic viral
infection, under the premise that it would provide better insight into the origin and
development of T cell exhaustion. We started with several key questions: When are
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these cells first generated during chronic viral infection? How does their program
change over time? What is the role of antigen in maintaining the stem-like

program? How does the differentiation trajectory of these cells change in the presence
or absence of antigen?

Photographed by J. A. Carlile

Ph

P hed by Louis

Fig. 1| Lymphocytic infiltrate in the brains of mice infected with a filterable virus. a,b, Hematoxylin
and eosin (H & E) staining of brain section from LCMV-infected mouse. Cellular infiltration of meninges, 40x
magnification (a). Higher magnification of meninges showing that the exudate most consists of mononuclear
cells, 250x (b). ¢, Eosin and methylene blue staining of brain section from mouse infected intracranially with
LCMV, 130x. Image highlights substantial meningitis at the base of the brain. Images for a and b adapted
from Rivers and Scott, J. Exp. Med., December 14, 1935. Image in ¢ adapted from Traub, J. Exp. Med,
December 27, 1935.
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Fig. 2| Structure, genome, and kinetics of LCMV. a, Electron micrographs showing the physical
structure of LCMV. Left, zoomed-in image showing entire virion with spike glycoproteins (GP1) extending
from virion surface. Right, image showing several virions. b, Schematic illustrating arrangement of LCMV
genome. There are two segments, L (long) and S (short), encoding four total genes. L encodes a matrix-
like protein, Z, and the polymerase, L. The S segment encodes a shared glycoprotein spike/head 1 (GP1)
and stalk (GP2) plus the viral nucleoprotein (NP). ¢, Cartoon schematic showing serum viral titer kinetics
in mice infected with LCMV Armstrong (acute, blue), clone 13 (chronic, red), and clone 13 with transient
CD4 T cell depletion (chronic/life-long, red dashed). Dotted black line roughly depicting limit of detection.
Data in a and schematic in b are adapted from Oldstone et al., Virology, 2011. Viral titers in ¢ based on
data from Ahmed et al., J. Exp. Med., 1984, Matloubian et al., J. Virol., 1993, and Wherry et al., J. Virol.,
2003.

r N

I.Expansion : [I.Contraction : lll.Maintenance/ Memory

Db NP 396-404

# of virus-specific CD8 T cells

Db GP 33-41

Time post-infection

Fig. 3| Phases of the anti-viral CD8 T cell response revealed by MHC class | tetramers. a, Flow
cytometry plots showing the frequency of CD8 T cells specific for LCMV-derived epitopes NP396 (top)
and GP33 (bottom) as measured by MHC | tetramers. b, Cartoon schematic illustrating the three
phases of the virus-specific CD8 T cell response: expansion, contraction, and maintenance/memory.
Made in BioRender. Flow plots in a adapted from and curve in b based on data from Murali-Krishna et.
al., Immunity, 1998.
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Fig. 4| CD8 T cell differentiation during chronic viral infection.

a, During the established (>D45) phase of chronic LCMV infection, the exhausted CD8 T cell pool can be divided into
three phenotypically and functionally distinct subsets existing in a linear relationship: stem-like (stem)-> transitory effector
(Trans. Effect.)> terminally differentiated (Term. differ.). Key properties for each subset are listed. Stem-like CD8 T cells
are essential for maintaining CD8 T cell immunity during chronic antigen exposure and also provide the proliferative burst
seen following PD-1 blockade.
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Abstract
Stem-like CD8 T cells (PD-1+ TCF-1+ Tim-3- TOX+) sustain the CD8 T cell response

during chronic viral infection and cancer, and residency in lymphoid tissues is a key
aspect of their biology. When do these cells first emerge after infection and at what point
do they commit to positioning in the splenic white pulp? We used the chronic LCMV
strain, clone 13, to address these questions. Phenotypical and transcriptional profiling of
virus-specific CD8 T cells indicated that stem-like CD8 T cells emerge as early as day 5
after infection. Intravascular labeling and imaging showed that the spatial commitment
of these cells to the white pulp had already started on day 5. This observation is
particularly striking as it indicates that the sequestration of these cells to the white pulp
has been prioritized even before the outcome of the infection has been determined.
RNA sequencing revealed considerable transcriptional overlap between PD-1+ stem-
like CD8 T cells from the early (day 5) and established phases (>day 45) of clone 13
infection, indicating that the canonical gene signature of these cells manifests early and
is maintained throughout infection. These data show that the fate and anatomical

commitment of stem-like cD8 T cells begins as early as day 5.
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Introduction

Exhausted CD8 T cells are a distinct immune cell type adapted for chronic illnesses
where persistent antigen must be controlled without killing the host. This balance is
achieved by stem-like cells that can self-renew but not kill, and effector cells that can Kill

but have limited proliferative potential>:60.63,64.67,

The first question we addressed was when are PD-1+ TCF-1+ stem-like CD8+ T cells
generated during the course of chronic LCMV infection and how do these cells compare
with the stem-like CD8+ T cells present during the later established phases of chronic
infection. We have used the LCMV clone 13 strain to study chronic infection. Our
previous studies have shown that PD-1+ TCF-1+ Tim-3- virus specific CD8+ T cells are
detectable in the spleens of mice during the first week of chronic infection®. Other
studies have also reported similar observations’?82, To extend these observations we
did a detailed comparison of LCMV specific stem-like CD8+ T cells present at day 5

versus day 45 post-infection at the phenotypic, transcriptional, and anatomical levels.
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Results and Discussion

Early emergence of the stem-like CD8 T cell phenotype during chronic infection

To determine when stem-like CD8 T cells first arise during chronic infection, we used the
chronic LCMV infection model in which mice are inflicted with a life-long viremia (Fig.
1a)?7-32, Based on immunofluorescence imaging, LCMV antigen is continuously present
in the spleens of these mice. However, it appears to decline between days 5 and >45,
most notably in the splenic white pulp (WP) compared to the red pulp (RP) (Fig. 1b).
Protein analysis of CD8 T cells specific to the H-2DP-restricted epitope, GP33-41
revealed a TCF-1+ cell on day 5 expressing PD-1 and TOX, marks associated with both
activation and exhaustion (Fig. 1¢c-g)%-7083_ In addition to TCF-1, PD-1, and TOX, these
day 5 cells shared other features with bona fide stem-like CD8+ T cells from the late
phase of chronic infection (>d45); they lacked molecules associated with
effector/terminal differentiation like Tim-3, granzyme B, CD101,%%63 but expressed the
costimulatory molecule, CD28, and ectonucleotidase, CD73%. A key difference that was
observed between day 5 and >45 stem-like CD8 T cells was that the former but not the

latter expressed the proliferation marker, Ki67 (Fig. 1b).

Early transcriptional divergence of stem-like and effect./TD CD8 T cells during chronic

infection

To further complement our phenotypic analysis above, we performed single cell RNA-
sequencing (scRNA-seq) on GP33-specific cells from days 5 and >45 after chronic
LCMV infection (Extended Data Fig. 1a). Day 5 cells formed two major clusters, one
enriching for the stem-like CD8 T cell gene signature (D5 stem, dark green) and the
other enriching for the effector/terminally differentiated CD8 T cell gene signature (D5
effector, orange). Day >45 cells also formed a cluster enriched for the stem-like CD8 T
cell gene signature (>D45 stem, light green). Highlighting their transcriptional similarity,
day 5 and >45 stem cell clusters were positioned next to each other in the uniform
manifold approximation and projection (UMAP) in Fig. 2a. In addition to the stem cluster,
day >45 cells formed two additional clusters, effector (>D45 effector, blue) and
terminally differentiated (>D45 TD, red) that enriched for the effector/terminally
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differentiated gene signature (Fig. 2a-d). As expected for antigen-specific CD8 T cells in
an active viral infection, cells in all clusters from days 5 and >45 expressed Pdcd1 and
Tox. The stem clusters for days 5 and >45 both expressed high levels of Tcf7 as well as
two transcription factors associated with stem-like CD8+ T cells, Lef7 and /d3. They also
contained cells expressing Xc/1 and Slamf6, two additional markers unique to stem-like

CD8+ T cells during chronic infection (Fig. 2e-j)%.82.

Although day 5 and >45 stem clusters were mostly similar, there were notable
differences. Cells in the day 5 stem cluster, but not day >45, expressed the proliferation
marker, Mki67 (Fig. 2e-j), consistent with our protein expression data (Fig. 1c). In
addition, the day 5 stem cluster exhibited heterogeneity in the expression levels of
Mki67, Sell (encoding CD62L or L-selectin), and Xc/1 that was not apparent in the day
>45 stem cluster. Cells in the day 5 stem cluster could be subdivided into stem clusters
(SC) 1 (Mki67 high, Sell high/low, Xcl1 mid/low), SC2 (Mki67 high/low, Sell high, Xcl1
mid/low), and SC3 (Mki67 high, Sell low, Xcl/1 high) (Extended Data Fig. 1b and c). This
heterogeneity is likely because virus-specific CD8 T cells are proliferating on day 5
whereas most of the day >45 cells are either quiescent or exhausted. In contrast, the
co-inhibitory receptor, Havcr2 , and transcription factors associated with effector
differentiation, Prdm1 and /d2 and the cytotoxic molecule, Gzmb, were almost
exclusively expressed by day 5 and >45 cells that fell into the effector and TD clusters.
Cells in the >D45 effector cluster could be distinguished from the >D45 TD cluster

based on Mki67 expression and absence of the co-inhibitory receptor, Cd244 (Fig. 2e-j).

Early anatomical divergence of stem-like and effect./TD CD8 T cells during chronic

infection

A key characteristic of stem-like CD8+ T cells in the spleen is their anatomical bias for
the white pulp region whereas effect./TD cells are located mainly in the red pulp
area®089.84 To determine when this spatial organization begins, we used intravascular
labeling®86 to compare the intrasplenic locations of GP33-specific TCF-1+ Tim-3- stem-
like and TCF-1- Tim-3+ effect./TD cells on days 5 and >45 (Fig. 3a). As early as day 5, a
clear discrepancy could be observed with ~50% of stem-like cells locating to the blood-

inaccessible white pulp (i.v. staining negative) compared to just 10% of TD cells (Fig. 3b
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and c). The anatomical differences between stem-like and effect./TD cells on day 5
were not owed to the absence of CD4 T cell help as mice with virus-specific CD4 T cells
showed similar differences (Extended Data Fig. 2a). The frequency of stem-like CD8+ T
cells in the white pulp increased to >80% between days 5 and >45, whereas the bias of
effect./TD cells for the red pulp (i.v. staining positive) remained throughout infection (Fig.
3b and c). Imaging of PD-1+ stem-like and effect./TD CD8+ T cells confirmed our i.v.
labeling results showing a greater percentage (~1.5-2 fold) of stem-like compared to
effect./TD CD8+ T cells in the white pulp on day 5 (Fig 3d and e).

Of note, the increase in frequency of white pulp stem-like cells over time was not
reflected in absolute numbers. White pulp stem-like cell numbers were mostly stable,
showing a modest decline between days 5 and >45 (~6-fold drop) whereas numbers in
the red pulp declined severely (~32-fold drop) (Extended Data Fig. 2a). Effect./TD cell
numbers also declined between days 5 and >45 but not to the extremes of red pulp
stem-like cells, nor did the decline appear to be related to location (Extended Data Fig.
2a). The decrease of red pulp stem-like cells over time was matched by a similar drop in
the frequency of blood-circulating and liver stem-like cells (Extended Data Fig. 2c and
d)®0.

CD69 promotes the retention of lymphocytes in lymphoid tissues®’. The decline of red
pulp stem-like cells over time was coupled with a reduction in CD69- stem-like cells
(Extended Data Fig. 2e and f) that may be related to the absence of CD4 T cell help in
our model®8. CD69- stem-like cells could access the blood and red pulp whereas their
CD69+ kin were almost exclusively positioned in the white pulp throughout infection
(Extended Data Fig. 2e and f). This observation aligns with and expands on previous
work relating CD69 expression to the location of stem-like CD8 T cells during chronic
LCMV infection®8,

These anatomical data show that the white pulp compartmentalization of stem-like CD8
T cells occurs early during chronic viral infection and is independent of CD4 T cell help.
As the infection progresses, stem-like CD8 T cells are preserved in the white pulp but
are lost from the blood and blood-accessible compartments, like the red pulp and liver,
implicating location as an important factor for the maintenance of stem-like CD8 T cells.
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Altogether, these data indicate that virus specific stem-like CD8+ T cells with the
canonical phenotype, transcriptional signature, and anatomical features of bona-

fide stem-like CD8+ T cells can be detected as early as 5 days after infection with
LCMV clone 13.
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Methods

Mice, viral infections, and virus titration

C57BL/6 and CD45.1 B6 mice were purchased from Jackson laboratory. Chronic viral
infections that result in lifelong viremia were performed as follows: mice were transiently
depleted of CD4+ T cells via intraperitoneal injection with 300 ug of a rat anti-mouse
CD4 antibody (clone GK 1.5 from BioXcell) 2 days before infection and again on the day

of infection. Mice were then injected intravenously (i.v.) with 2x108 PFU LCMV clone 13.

Lymphocyte isolation

Lymphocyte isolation from the blood, spleen, liver, and lungs were performed as
described previously (Wherry’s JV paper). Spleens were dissociated by passing through
a 70 uM cell strainer (Corning). Livers were first perfused with cold PBS prior
homogenization via mechanical disruption. Lungs chopped prior to shaking at 37C in
1.3 mM EDTA in HBSS for 30 mins. They were then treated with 150 U mL"" of
collagenase (Thermo Fisher Scientific) in RPMI 1640 medium containing 5% FBS, 1mM
MgClz2and 1mM CaClz for 60 min at 37C with shaking at 200 rpm. Collogenase-treated
lungs were then homogenized and filtered through a 70uM cell strainer. A 44-67%

Percoll gradient was then used to purify lymphocytes (800g at 20C for 20min).

Reagents and flow cytometry

All antibodies used for flow cytometry were purchased from Biolegend, Thermo Fisher
Scientific, Miltenyi Biotec, Cell Signaling Technology, BD Biosciences, and R&D
Systems. The following antibody/fluorochrome conjugates were used at the following
dilutions: anti-CD8a PerCp-Cy5.5 (1:200), anti-PD-1 Pe-Cy7 (1:200), ), anti-CD44 Alexa

Fluor 700 (1:200), anti-B220 BV786 (1:200), anti-TCF-1 FITC (1:50), anti-Tim-3 PE
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(1:25), anti-Tim-3 FITC (1:25), anti-CD73 APC (1:100), anti-Ki67 BV711 (1:25), anti-TOX
PE (1:50), anti-TOX APC (1:50), anti-BCL6 PE (1:50), anti-BCL6 APC (1:50), anti-
SLAMF6 APC (1:100), and anti-CD45.1 BV711 (1:200). Endogenous LCMV-specific
CD8 T cells were detected using the D°PGP33-41 tetramer (1:200), which was prepared
in house. Streptavidin-APC was purchased from (Thermo Fisher Scientific). Dead cells
were excluded using the Live/Dead Fixable Near-IR (1:250) or Live/Dead Fixable Aqua
(1:250) (Thermo Fisher Scientific). For cell surface staining, antibodies were prepared in
PBS supplemented with 2% FBS at indicated concentrations before being added to
cells on ice for 30mins. Cells were then washed two times. For detecting intracellular
proteins (TCF-1, GzmB, BCL6, and Ki67), the FOXP3 staining buffer set (Thermo Fisher
Scientific) was used according to the manufacturer’s instructions. Samples were
acquired on a Canto, LSR II, the FAC Symphony A3 (BD Biosciences) system, or the
Cytek Aurora spectral analyzer. Data were analyzed using FlowJo (v.10.7.1, BD

Biosciences).

Cell Sorting

A FACS Aria Il (BD Biosciences) was used for cell sorting. For single cell RNA-
sequencing of LCMV-specific CD8 T cells, CD8+ PD-1+ GP33+ from chronically

infected mice (days 5 and >45 p.i.) were sorted at a purity of greater than 96%.

scRNA-seq

scRNA-seq libraries were generated using the Chromium Single cell 5’ Library & Gel
Bead Kit (10x Genomics) according to the manufacturer. D°GP33+ CD8 T cells or naive
CD44lo CD8 T cells were sorted and captured into gel beads-in-emulsion. After being

reverse transcribed, gel beads-in-emulsion were disrupted and barcoded cDNA was
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isolated, pooled, then amplified by PCR for 13 cycles. Amplified cDNA was then
fragmented and processed for end repair and A-tailing before undergoing sample index
PCR for 16 cycles. Purified libraries were sequenced to a depth of 50,000 reads per cell
on the HiSeqg3000 (lllumina) systems with 26 cycles for read 1, 8 cycles for index (i7)
and 91 cycles for read 2.

Cell Ranger v.3.1 was used to align, filter, and count barcodes as well as unique
molecular identifiers. Further data analyses was performed using Seurat (v.3.0) (Satija,
Nature biotech 2015). Cells with greater than 8% mitochondrial genes were excluded
from analysis. Cells with more than 2,500-5,000 or less than 100-1,000 detected genes
were considered outliers and excluded from downstream analyses. Raw unique
molecular identifier counts were then normalized to unique molecular identifier counts
per million total counts before being log-transformed. Principle component analysis was
performed, and the 10 most statistically significant principal components were used for
uniform manifold approximation and projection (UMAP) analysis. Clusters were
identified using the nearest neighbor algorithm in Seurat and UMAP plots were
generated based on selected PCA dimensions. The Seurat function FindAlIMarkers was
used to identify marker genes. Log-normalized data are shown. Gene set scoring was
performed using the VISION R package v.2.1.0, following the scoring algorithm as
described previously (DeTomaso, BMC Bioinformatics 2016). In brief, the expression of
signature genes is weighted based on the predicted dropout probability calculated from
nearest neighbors, and the normalized expression summed for all genes in the gene

set. Gene set used: GSE84105 (Im et al., 2016).

Confocal microscopy of frozen spleen sections
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To examine the localization of CD8+ T cell subsets in the spleen, spleens were removed
from infected mice at indicated times and fixed overnight in periodate-lysine-
paraformaldehyde buffer. Fixed spleens were then placed in 30% sucrose in PBS for 24
hours before embedding in optimal-cutting-temperature medium (Electron Microscopy
Sciences) and freezing in dry-ice-cooled isopentane. 18 micron sections were cut on a
Leica cryostat (Leica Microsystems). Sections were blocked with 1% bovine serum
albumin (BSA), 5% mouse and 5% donkey serum in PBS wash containing 0.01%
Tween 20 (Thermo Fisher Scientific) for 45-60mins at room temperature. Slides were
then stained for Rat IgG2b anti-CD8 (1:200, Biolegend), Alexa 647 Rat IgG2a anti-PD-
1 (clone 29F.1A12, 1:50, Biolegend), biotinylated Rat IgG2a B220 (1:200, Biolegend),
and Rabbit IgG anti-TCF-1 (1:100, Cell Signaling) overnight at 4C in the dark. After
washing, secondary antibody mix was added for 1 hour at room temperature in the dark
containing Alexa 555 anti-Rat 1IgG2b (1:250, Southern Biotech), streptavidin-Alexa 594
(1:500, Thermo Fisher Scientific) and Alexa 488 anti-rabbit IgG (1:250, Thermo Fisher
Scientific). LCMV antigen distribution was visualized on spleen sections, fixed and
dehydrated as mentioned above, using guinea pig anti-LCMV sera (1:400) and Rat
lgG2a anti-CD169 (1:200, clone 3D6.112, Biolegend). Following a 45-60min blocking
step (1% BSA, 5% mouse serum, 5% goat serum, and mouse Fc block (Biolegend,
1:100) in PBS containing 0.01% Tween 20) and washing, sections were incubated with
primary antibodies overnight at 4C in the dark. After washing with PBS containing
0.01% Tween 20, goat anti-guinea pig Alexa 555 or Alexa 647 (1:500, Thermo Fisher
Scientific) and mouse anti-Rat IgG2A Alexa 488 (1:250, Southern Biotech) were added

for 1hr at room temperature in the dark. After final washing steps, slides were mounted
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with Prolong Gold mounting medium containing DAPI (Thermo Fisher Scientific) and
cover slipped. Images were acquired with a Leica SP8 tiling confocal microscope (Leica

Microsystems) equipped with a 40x 1.3NA oil objective.

Intravascular antibody labeling

For intravascular labeling, 3ug of BV421-conjugated anti-CD8a (Biolegend) was
injected i.v. into infected mice. Three minutes after injection, splenocytes were isolated

and prepared into a single cell suspension before staining ex vivo.

Image analysis

Images were analyzed using Imaris software (Bitplane). Stem-like and
effector/terminally differentiated CD8 T cells were identified accordingly:

1. The colocalization tool was used to create a new channel for PD-1+ CD8+ T cells.

2. 3D surfaces were then generated for PD-1+ CD8+ T cells to allow for detection of the
DAPI nuclear stain, which was then used to distinguish cells from non-cells. A new
channel was created for DAPI+ PD-1+ CD8+ T cells.

3. 3D surfaces were generated for DAPI+ PD-1+ CD8+ T cells to enable detection of
TCF-1 stain. MFI of the TCF-1 channel was then determined for each surface and cutoff
was set for TCF-1 positivity/negativity. Stem-like CD8 T cells = DAPI+ PD-1+ CD8+
TCF-1+. Effector/terminally diff. CD8 T cells = DAPI+ PD-1+ CD8+ TCF-1-. The white
pulp and red pulp were manually annotated as discrete regions of interest (ROI) using
the B220 and CD8p3 stains as a guide. Once total stem-like versus effector/terminally
diff. 3D surfaces were distinguished from each other, the percentage of each located in

the white or red pulp was calculated.
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Statistical analysis

GraphPad Prism (v.10.0.3) was used for statistical analysis. The difference between
experimental groups was assessed using two-tailed unpaired t-tests or two-tailed
unpaired Mann-Whitney U-tests or one-tailed paired Wilcoxon matched-pairs signed

rank test.
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Figure 1

Spleen, immunofluorescence imaging
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Fig. 1| Early emergence of stem-like CD8+ T cell phenotype.

a, Cartoon illustrating viral titer kinetics in mice were infected with LCMV clone 13 after transient
CD4+ T cell depletion. This results in high viral titers and life-long viral infection (Matloubian et al.,
1994). b, Immunofluorescence imaging showing distribution of LCMV antigen in the spleens of
uninfected and chronically mice on days 5 and >45 post-infection. CD169 (green) was used to
distinguished between the two major compartments in the spleen, white pulp (WP) and red pulp
(RP). LCMV antigen (red) was detected using serum from LCMV immune guinea pigs. Images
shown are representative of 1 of 3 independent experiments (n=5 mice per time point). ¢,
Phenotypic analysis of LCMV-specific D°GP33+ CD8+ T cells in the spleen on days 5 and >45
post-infection (p.i.). d-g, Summary graphs showing frequency and numbers of GP33-specific PD-
1+ TCF-1+ and TOX+ TCF-1+ stem-like CD8 T cells. Flow plots are representative of 1 of 4
independent experiments (n= 3-5 mice per time point). Summary graphs d-g show mean + SEM
and are pooled from 3 of 4 independent experiments (n=172-14 mice per time point). P values
calculated using Mann-Whitney test. *** and **** indicate p values of less than 0.001, and 0.0001,
respectively.
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Figure 2

scRNA-seq,
GP33+ cells, D5 & >45 Stem-like CD8 T cell gene signature  Effect/TD CD8 T cell gene signature
Day 5 Day >45 Day 5 Day >45

fe
© D5 effector o ﬁ 2]
® D5 stem o Bt » A % N
@ >D45 effector -l . By 3 % S AT p e o~ . -~
b4 PARRET e & e
e o e 3 e >
% 3

© >D45 stem
® >D45TD

UMAP 2

UMAP 1
c d
Stem-like CD8 T cell gene signature Effect/TD CD8 T cell gene signature
Day 5 Day >45 Day 5 Day >45
@ 025 = 02 2
8 .
@ 000 . ¢ s H 00
-4
g 025 02 Q’
& -
050 04
Stem Effect. Stem Effect. Term. diff. Stem Effect. Stem Effect. Term. diff.
e f
scRNA-seq,
GP33+ cells, D5 & >45 Pdcd1 Tef7  Left
® 05 effector 2 g || O e
K
o~ @ DS stem %@‘ % % %‘Z& A
o @ >D45 affector 3 % .gi
< “ T Ty >
s Y | @ >psssem  Tox  Haver2 Cd244
2 Wis @ >D45TD - B
UMAP 1 ' g
g scRNA-seq, h
GP33+ cells, D5 _ Pdcd?  Tof7  Left Xclt Id3  Slamf6  Mki67
® Stem v v | o= ", & A
® Effect ﬁ : v . %ﬁ ,* % %}.?Q &
5 Tk b i '&
o~ o : 9 ] [ S - 31
% 2 iss Tox Havcr2 Cd244 Prdm1 1d2 Gzmb
g o 4 l Max
- SR S-SR S S
L A 3 L] | IEGA _CN—|

UMAP 1 —

i scRNA-seq, j
GP33+ cells, >D45 Pdcd1 Tef7 Lef1 Xcll d3 Slamfé Mki67

gt vy g LY

UMAP 2

Tox _Havcer2 Cd244 _Prdm1 1d2 Gzmb
L ' L aal”
e , = L | g 2 "

g H 3 t ¥

Fig. 2| Early emergence of stem-like CD8+ T cell transcriptional program.

Mice were infected with LCMV clone 13 after transient CD4+ T cell depletion which results in high
viral titers and life-long viral infection (Matloubian et al., 1994).a-j, scRNA-seq analyses of splenic
DPGP33+ CD8+ T cells on days 5 (60,000 cells) and >45 (40,000 cells) after chronic infection. a,
Combined data from day 5 and >45 cells projected as a UMAP plot. Day 5 and >45 cells formed
two and three distinct clusters, respectively. TD, terminally differentiated. b, Enrichment of day 5
and >45 clusters for stem-like and effect/TD gene signatures CD8+ T cell gene signatures
(GSE84105, Im et al., 2016). Max = maximum. ¢,d, Enumeration of gene set enrichmentanalysis
inb. e, Same UMAP as shown in e. f, Expression of selected genes by each cluster. g, h, UMAP
showingday 5 cell clusters (g) and expression of selected genes by each cluster (h). i,j, UMAP
showing day >45 cell clusters (i) and expression of selected genes by each cluster (j).
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Extended Data Fig. 1
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Extended Data Fig. 1| scRNA-seq of LCMV GP33-specific CD8+ T cells on days 5 and >45
after chronic infection. a, Gating strategy for sorting of splenic D’°GP33+ CD8+ T cells on days
5 (60,000 cells) and >45 (40,000 cells) for scRNA-seq. b,c, UMAP showing day 5 GP33+ cells
(b), with subclusters drawn to highlight heterogeneity in expression of selected genes by stem
cluster (c). SC, stem cluster. Max = maximum.
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Figure 3
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Fig. 3| Early anatomical commitment of stem-like CD8+ T cells to the splenic white pulp.
a, On days 5 and >45 p.i., chronically infected mice were injected with fluorescently-labeled anti-
CD8a (3pg/mouse) and euthanized 3 mins later for flow cytometry analysis. b, Representative
flow plots/histograms showing frequencies of DPGP33+ TCF-1+ Tim-3- (stem) and TCF-1- Tim-
3+ (effect./TD) CD8+ T cells in the white pulp (CD8a i.v. antibody negative) or the red pulp
(CD8a i.v. antibody positive). Numbers on flow plots are frequencies. ¢, Summary graphs
showing frequencies of GP33-specific stem-like and effect./TD cells in the white pulp (left) and
red pulp (right). d, Representative immunofluorescent histology showing the location of stem-like
(green) and effector (orange) CD8+ T cells in the spleen on days 5 and >45 after chronic
infection. Dashed lines denote border between the white pulp (WP) and red pulp (RP). Stem-like
cells were identified as CD8B+ PD-1+ TCF-1+ DAPI+ cells. Effector cells were identified CD83+
PD-1+ TCF-1- DAPI+ cells). e, Frequency of indicated subsets in white pulp (left) and red pulp
(right) based on image analysis. Summary graphs in ¢ show mean + SEM and are data pooled
from 2 of 3 independent experiments (n= 9-10 mice per time point). P values shown are from
Wilcoxon matched-pairs signed rank test. **** indicates p value of less than 0.0001. Images d
are representative of 1 of 2 independent experiments (n=3-4 mice per experiment). Summary
graphs in e show mean + SEM and are pooled from 2 independent experiments (n=6-7 mice per
time point). P values shown are from Wilcoxon matched-pairs signed rank test. * indicates p
value of less than 0.05.
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Extended Data Fig.
aCD4 Clone 13

a
# n diff. cells per location
# stem-like cells per locat
stem-like cells per location White pulp (i.v.-) Red pulp (i.v.+)
108 White pulp (i.v.-) Red pulp (i.v.+) 108 ~4-fold drop ~9-fold drop
- ~6-fold drop ~32-fold drop T [ | I
2 r T 2 *
Sod o, | 1o e LT
- o o . 2 8 ° T .
8 §:8:3 ) e 3 oo
o
4104 S 20 bl 41004 o® % 3
g —g— 2 H
% o0 e e, = o8 oo
§1m = o & 100 °
% ° . %
102 ' r r T ' == 10 T T T T T T
s 10 »45 5 10 -4 5 10 >45 5 10 =45
Day post infection Day post infection Day post infection Day post infection
Clone 13 with CD4 help
# stem-like cells per locat # Term diff cells per location
106 emvlike cells per location 106 T per local
b ¢ o & .
& 105 —§-85— H %105 ;_‘Tr
8 R &
s - e
Ed ¢ 3 %L
5 White pulp (iv-)  Red pulp (iv+) I
T 104 2100
5 o
n i
L2100 ©10°
5 &
10 . 102 :
D5 D5
[Gated on D*GP33+ cells from indicated location and time point]
c Blood Liver Spleen d
fres w7 | [0 128 |[es7 se7
D5 404 Spleen
2 - 7 Blood
i 8 Liver
i | & 304
184 16.4 468 705 4.40 264 S
o
1839 059 ||s37 120 ||e2.0 192 =
D101 2 204
| @ Py {7 £
ha
1981 s ||126 251 |joa2 | 197 w 10
e
{27 488 | leaz2 451 ||se0 573 *®
>D45!
‘ - e 0 T T T T 1
o & 3 s 0 10 20 30 40 50
o g day p.i.
£ of s 2 s [ " VP
c b=l
TCF-1
e f
[Gated on D*GP33+ cells from indicated location and time point |
whitepulp red pulp blood
1007 — suiv.- (white pulp) [ 100 frer w00 o 145 |forz oz
2 — %iv.+ (red pulp) & D5
o —e—  %CD6E 8
= 80 80 2 210 "
& .
¢ d 172 s |ms i3 |[sso 180
s 103 |26 170 |[oss woss
AL 60 1 D10
40 40 & [¥) U T o
% 8 e T T
5 - fsa0 20 Jes e e .
Y 20 20 % >D45
; “ & d
2 . o
0 0
D5 D10 >D45 2 = R
5]

TCF-1

Extended Data Fig. 2| Stem-like CD8 T cell location and CD69 expression as chronic
infection progresses. a, Numbers of white pulp or red pulp LCMV-specific (GP33+) stem-like
(left) and effect./term. diff. (right) subsets on days 5, 10, >45 after aCD4 clone 13 infection.
Graphs show mean+SEM). b, Numbers of white pulp or red pulp LCMV-specific (GP33+) stem-
like (left) and effect./term. diff. (right) subsets on day 5 after CD4-helped clone 13 infection.
Graphs show mean+SEM. ¢, Representative flow plots (c) and summary graph (d) showing
frequency of LCMV-specific (GP33+) stem-like in indicated locations over time. Bold lines in (d)
represent mean, shading symbolizes £SEM. E, Mean frequency of white pulp (black line) and
red pulp (red line) stem-like cells at indicated time points. Purple line represents frequency
(mean+SEM) of CD69- stem-like cells at each time point. f, Representative flow plots showing
LCMV-specific (GP33+) CD69+ and CD69- TCF-1+ cells in the white pulp, red pulp, and blood at
indicated time points. Numbers shown are frequencies. Summary graphs are combineddata from
two of four independent experiments (n = 3-5 mice per time point per experiment). Flow plots are
representative of one of four independent experiments (n = 3-5 mice per time point per
experiment).
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Abstract

The canonical phenotypic traits (PD-1+ TOX+ TCF-1+ Tim-3- GzmB-) and
anatomical distribution (bias for splenic white pulp) of virus-specific stem-like CD8 T
cells arises as early as day 5 after chronic LCMV infection. We next asked when the
canonical stem-like CD8 T cell transcriptional and epigenetic program first emerges, and
to understand the role of antigen for these cells. We therefore performed additional
phenotyping in addition to transcriptional (RNA-seq) and epigenetic (ATAC-seq) profiling
of stem-like CD8 T cells from days 5 and >45 after chronic LCMV. Based on RNA- and
ATAC-sequencing of sorted CD8 T cell subsets from chronic LCMV, day 5 and >45
stem-like CD8 T cells showed considerable transcriptional and epigenetic overlap.
Relative effectors, day 5 and >45 stem-like CD8 T cells had increased expression and
chromatin accessibility for costimulatory molecules, transcription factors important for
CD8 T cell plasticity and longevity, and molecules related to CD4+ Tfh cells. However,
both day 5 and >45 stem-like CD8 T cells lacked expression and accessibility for
effector loci. Between days 5 and >45, stem-like CD8 T cells upregulated inhibitory
molecules and transitioned from metabolically/mitotically active cells to quiescent cells.
Interestingly, the absence of effector molecules by stem-like CD8 T cells was not owed
to insufficient TCR signaling as stem-like and effector CD8 T cells showed similar
expression levels of Nur77-GFP throughout chronic LCMV infection. Discontinuing TCR
signaling during chronic LCMV led to the loss of key phenotypic traits of stem-like CD8
T cells, including the transcriptional repressor, Bcl-6. Together these data show that the
core stem-like CD8 T cell program emerges early during chronic infection, is preserved

throughout, and relies on continuous antigen exposure.
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Introduction

In chapter 2 we found that virus-specific CD8 T cells bearing phenotypical
properties of virus-specific stem-like CD8 T cells (PD-1+ TOX+ TCF-1+ Tim-3- GzmB-)
from day >45 after chronic LCMV infection could be observed as early as day 5. The
anatomical bias for lymphoid sites, like the splenic white pulp, is a hallmark feature of
stem-like CD8 T cells during chronic LCMV infection. Using intravascular labeling and
imaging, we found that the anatomical commitment of virus-specific stem-like CD8 T
cells for the splenic white pulp was also evident on day 5 after chronic LCMV.
Stem-like CD8 T cell have a unique transcriptional and epigenetic program combining
features both of exhausted and memory CD8 T cells'417:1989.90 | jke exhausted CD8 T
cells, they express and show accessibility for the co-inhibitory molecules like Pdcd1,
Lag3, Ctlad as well as the transcription factor, Tox. Interestingly, stem-like CD8 T cells
also express and show accessibility for genes needed for the self-renewal, plasticity,
and longevity of memory CD8 T cells including Tcf7, 1d3, and Lefl. During chronic
LCMV infection, Tcf7 is crucial for the generation of stem-like CD8 T cells®%6” while 1d3
is important for the survival of these cells®!. An additional feature distinguishing stem-
like from effector/terminally differeniated CD8 T cells during chronic LCMV infection is
the expression of genes typically expressed by CD4+ T follicular helper (Tfh) cells like
Bcl6, Plagll, and 1zumo1%%92, In a cancer model, the persistence of stem-like CD8 T
cells relied on Bcl6 expression, specifically to antagonize Prdm1 (encoding BLIMP1)-
mediated effector differentiation®®. Another key difference between stem-like and
memory CD8 T cells has to do with granzyme B (GzmB) gene. The Gzmb locus is first
opened by effector cells during the early stages of acute viral infection. After viral
clearance, a portion of the effector pool gives rise to memory CD8 T cells, which keep
the GzmB gene open/accessible enabling for its rapid re-expression upon re-infection.
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In stem-like CD8 T cells the GzmB locus remains closed and accordingly, untranscribed

94-96

Here we asked when the stem-like CD8+ T cell transcriptional and epigenetic programs
first emerge and how do these programs compare at the early versus established
phases of chronic infection. The absence of effector molecules despite being in the
middle of an active viral infection is a unique feature of stem-like CD8 T cells. It's
unclear whether this is owed to reduced TCR stimulation relative to effector CD8 T cells
or some other mechanism. We used Nur77-GFP mice®-°’ to examine TCR signaling
within virus-specific CD8 T cells. We also examined the important of continuous antigen
exposure for stem-like CD8 T cells during chronic LCMV using a clone 13 mutant that

fails to elicit a GP33-specific response®/~190,
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Results

The core stem-like CD8 T cell transcriptional and epigenetic program arises early and is

maintained throughout chronic infection

To further complement the data in chapter 2 we performed transcriptional (RNA-seq)
and epigenetic (ATAC-seq) analysis of sorted stem-like (PD-1+ CD73+ Tim-3-) and
more differentiated effector/TD (PD-1+ CD73- Tim-3+) subsets at days 5 and >45 post-
infection (Fig. 1a and Extended Data Fig. 1a and b). Endogenous GP33-specific stem-
like and effect./TD were used for RNA-seq (Extended Data Fig. 1a) whereas
monoclonal TCR transgenic GP33-specific CD8 T cell (P14s) subsets were used for
ATAC-seq (Extended Data Fig. 2b).

The RNA-seq and ATAC-seq data demonstrated consistent changes between common
sample comparisons. For example, a comparison of the accessibility differences
between day 5 stem-like to naive CD8 T cells showed a significant correlation to the
corresponding transcriptional differences. The same significant correlation was
observed comparing D45 stem-like to naive, D5 stem-like to day 5 effect./TD, and D45
stem-like to d45 effect./TD (Extended Data Fig. 1c). Importantly, genes upregulated in
stem-like cells compared to effect./TD CD8 T cells (Tcf7, Xcl1) contained regions with
increased accessibility in stem-like CD8 T cells whereas genes upregulated in effect./TD
(Gzmb) more accessible in the corresponding cell type (Extended Data Fig. 1c). In
addition, correlation of the accessibility patterns with transcriptional changes pairwise
across all sample groups revealed the highest correlation within the same cell type,
indicating the ATAC-seq and RNA-seq datasets are highly concordant and that each
cell’s transcriptional program is underpinned by a matching epigenetic architecture
(Extended Data Fig. 1d).

Interestingly, day 5 and >45 stem-like cells were positioned almost identically on PC1 of
the PCA plots in Fig. 1b, and c, suggesting considerable transcriptional and epigenetic
overlap. Stem-like and effect./TD subsets from both time points shared in the
expression and accessibility of multiple inhibitory molecules (Lag3, Pdcdl1, Cd160,
Ctla4) (Fig. 1d-f). Many of the gene expression and chromatin accessibility hallmarks of
canonical stem-like CD8+ T cells were in place as early as day 5. These included higher
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expression and accessibility for costimulatory molecules like Tnfsf14, Tnfrsf4, and most
notably Cd28, which is not only required for the response to PD-1 blockade but is also
an important regulator of stem-like CD8+ T cell self-renewal and differentiation®%77.10%,
Gene expression and accessibility for effector genes (Fasl, Ifng, Prfl, Gzma,

Gzmb) were low for stem-like relative to effect./TD CD8+ T cells, even on day 5 when
antigen and inflammation levels are high (Fig. 1d-f). Reciprocally, high expression and
accessibility for transcription factors associated with longevity and self-renewal in T cells
(Id3, Tcf7, Pricklel, Kit, Sox4, Lef) and CD4+ Tfh molecules (Bcl-6, Slamf6, Izumolr)
was also observed in day 5 stem-like CD8 T cells (Fig. 1d-f). Gene set enrichment
analysis showed that day 5 stems enriched for the canonical stem-like CD8 T cell gene
signature.

In addition, both day 5 and >45 stems shared transcriptional overlap with CD8+ memory
precursors and CD4+ Tth, whereas day 5 and >45 effect./TD cells were more closely
related to CD8+ terminal effectors and CD4+ Th1 cells (Fig. 1g). When directly
compared to D5 effect./TD, D5 stem-like cells showed increased accessibility and
transcription for genes involved in defense response to virus/ response to type |
interferon, WNT signaling, negative regulation of leukocyte activation, negative
regulation T cell apoptosis, and IL15 signaling. In contrast, D5 effect./TD showed
increased accessibility and transcription for genes related T cell and leukocyte
activation, effector processes/T cell cytolysis, and type Il interferon production (Fig. 2a
and b).

Stem-like CD8 T cells become quiescent and upregulate inhibitory molecules as chronic

infection progresses

Long-term antigen exposure leads to substantial transcriptional, epigenetic, and
metabolic changes to CD8 T cells'416.36:42,43.89,102,103  Consistent with this, day 5 and >45
cells appeared to separate in the PCA plots shown in Fig. 1b and ¢ based on PC2 (y-
axis), indicating that the both stem-like and effect./TD subsets acquire time-related
transcriptional and epigenetic changes. Interestingly, a comparison of stem-like CD8 T
cells between days 5 and 45 revealed increased transcription (719/9999 genes) and
accessibility (7945/34594 chromatin regions) at loci involved in activation, cell
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proliferation, and inflammatory response pathways on day 5 (Fig. 2a, b). D5 stem-like
cells also showed increased transcription for genes related to metabolic pathways
important for fueling cell division like the TCA cycle, glycolysis, glutaminolysis, and
mammalian target of rapamycin (mTOR) signaling (Fig. 3a and b)'%4-1%_|n contrast,
>D45 stem-like cells showed increased transcription (1026/9999 genes) and
accessibility (7945/34594 chromatin regions) for loci involved in cell adhesion, TGFb
signaling, and negative regulation of proliferation (Fig. 2a, b). Consistent with these
changes, flow cytometry showed that between days 5 to >45, stem-like CD8+ T cells
lost expression of the proliferation marker, Ki67, and decreased in cell size (Fig. 3c and
d). Moreover, >D45 stem-like cells showed increased mRNA levels for Cd200r1, Cd200,
CD83, Lrig1, Tnfsrf8, and Izumo1r— inhibitory molecules associated with the
transforming growth factor B (TGF-)-mediated quiescence of stem-like CD8 T cells
during chronic LCMV76.197 (Fig. 3e). It's important to note that both stem-like and
effect./TD cells on day 5 were enriched for genes involved in and accessory to cell
proliferation. Rather than being evidence for two distinct subsets, the key transcriptional
and epigenetic differences between day 5 and >45 stem-like cells more likely reflect the
changes these cells experience following prolonged antigen exposure and alterations in

the environment.

Taken together, these data indicate that virus specific stem-like CD8+ T cells with the
canonical transcriptional signature and epigenetic marks of bona-fide stem-like CD8+ T
cells can be detected as early as 5 days after infection with LCMV clone 13. While there
are important time-related differences between day 5 and day >45 stem-like CD8+ T
cells (Figs. 2 and 3), the fate decision for generating this cell is made early after

infection.
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Stem-like CD8 T cells continuously receive TCR signaling during chronic infection

Strong and continuous TCR signaling is thought to be a key driver of effector
differentiation®®. Hence, the absence of transcription factors and molecules associated
with effector function in stem-like CD8 T cells suggested that these cells might be
receiving less TCR stimulation compared to their effector counter parts during chronic
LCMV infection. To examine this, we infected Nur77-GFP reporter mice with LCMV
clone 13, enabling us to measure Nur77 expression (as reported by GFP) as a proxy for
TCR stimulation®—2¢. As a negative control for TCR signaling, we infected a separate
group of Nur77-GFP mice with acute LCMV and measured Nur77-GFP expression on
LCMV-specific memory cells after viral clearance. As expected, GP33+ CD44+ memory
CD8 T cells from LCMV immune mice were negative for both PD-1 and Nur77-GFP
expression (data not shown). Surprisingly, both on days 5 and >45 the percentage of
GP33+ stem-like (PD-1+ Tim-3-) and effect./TD (PD-1+ Tim-3+) CD8 T cells positive for
Nur77-GFP expression was virtually the same, >85% (Fig. 4a, b).

Antigen is required for the maintenance of stem-like CD8 T cells during chronic infection
We next asked how antigen versus the chronic infection environment impacts the
maintenance of PD-1+ TCF-1+ stem-like CD8+ T cells during chronic infection. To
address this question, we took advantage of a LCMV clone 13 mutant with a mutation in
the GP33 epitope (valine to alanine amino acid substitution at position 35) that reduces
binding of the peptide to D°. The set-up for this experiment is described in Fig. 5a; one
group of mice were infected with WT LCMV clone 13 as our control group and the other
group of mice were infected with a mixture of WT LCMV clone 13 and the GP33 mutant
clone 13 (2:1 ratio in favor of the mutant virus). As described previously, under these
conditions of mixed infection there is initial presentation of GP33 from the WT virus but
over time the GP33 mutant virus becomes dominant since there was a higher ratio of
the mutant virus in the inoculum but more importantly because there is less efficient
killing of cells infected with the mutant strain. Thus, the WT LCMV clone 13 strain gets
outcompeted by the LCMV mutant strain and GP33 presentation decreases over time.
This chronic infection setting enables one to track GP33-specific CD8+ T cells as

exposure to their cognate antigen disappears over time due to the dominance of the
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GP33 mutant virus but the viral burden remains high along with the chronic infection
environment®-1%, | CMV GP33-specific P14 CD8+ T cells were used in this experiment
to track their differentiation under these two different conditions of chronic infection
where there was either continuous antigen stimulation (group 1) or gradual loss of
antigen stimulation (group 2). Similar frequencies of P14 stem-like (TCF-1+ Tim-3-) and
effector (TCF-1 Tim-3+) CD8+ T cells were observed in WT CI13 and WT/Mut CI13
infections on days 5 and 8. Also, mixed infection with WT/Mut CI13 resulted in high
expression of PD-1 and TOX on both stem-like and effector-like CD8+ T cells at these
early time points (Fig. 5b-d). This is important as it indicates that sufficient levels of
GP33 were present for the initial priming, differentiation, and expansion of P14 CD8+ T
cells in WT/Mut Cl13-infected mice. The expression of Slamf6 and Bcl-6 was also
similar in both groups of mice (Fig. 5e-g). However, by day 30 there was a striking loss
of the GP33 (P14) stem-like CD8+ T cells in the mixed WT/Mut Cl13-infected mice, and
the expression of PD-1, TOX, Slamf6, and Bcl-6 declined markedly relative to WT CI13-
infected mice (Fig. 5b-g). A critical control in this experiment is that the loss of stem-like
CD8+ T cells in the WT/Mut Cl13-infected mice was selective for the GP33 epitope and
that LCMV GP276-specific stem-like CD8+ T cells were maintained equally well in WT
Cl13-infected mice and the mixed WT/Mut Cl13-infected mice (Extended Data Fig. 2a
and b). These results show unequivocally that antigen is essential to maintain the stem-
like CD8+ T cell program during chronic infection and that the chronic environment

alone cannot do it.
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Discussion

Stem-like CD8 T cells can be distinguished from other CD8 T cell subsets based
on their unique transcriptomic and chromatin accessibility profiles, the latter now
accepted as a more stable indicator of cell fate. Here we asked when the stem-like CD8
T cell transcriptional and epigenetic program first arises and evaluated the importance

of antigen for these cells.

A direct comparison of sorted day 5 and >45 stem-like CD8 T cells using RNA- and
ATAC-seq revealed that Per individual gene, day 5 ‘stems’ harbored many of the gene
expression and chromatin accessibility hallmarks of canonical stem-like CD8 T cells.
Relative to their effector counterparts, stems showed higher expression and
accessibility for costimulatory molecules like Tnfsf14 (LIGHT), Tnfrsf4 (OX-40), and Icos
but not effector molecules like Prf1 and Gzma/b (perforin, granzyme A/B). Transcription
factors associated with longevity and self-renewal —Id3, Tcf7, Prickle1, Kit, Sox4,
Lef1— as well as marks of CD4 Tth cells like Bcl6, Slamf6, and [zumo1r were also more
highly expressed and accessible by stems compared to effector/TD cells. Thus, the
defining properties of stem-like CD8 T cells—self-renewing capacity, sensitivity to
costimulatory signals, proliferative potential, longevity, and the absence of effector
molecules — are transcriptionally and epigenetically imprinted as early as day 5 post

infection and are supported throughout.

We next used our day 5 and day >45 comparison to understand how stem-like CD8 T
cells differ in the early and late phases of chronic viral infection. Early during infection,
stem-like CD8 T cells exhibited hallmarks of rapidly dividing cells: uniform Ki67
expression, large cell size, an enriched mTOR gene signature, and the co-expression of
genes involved in glucose and amino acid metabolism. Remarkably, these cells retained
transcriptional and epigenetic support for self-renewal, longevity, and proliferative
capacity even after months of enduring an active viral infection but upregulated multiple
inhibitory molecules driven by TGFf signaling and stop proliferating. Thus, quiescence
and elevated inhibitory molecules are not core features of stem-like CD8 T cells but are
the effects of long-term antigen exposure. This is an important insight for two main

reasons: firstly, it dissociates identifying traits of stem-like CD8 T cells—self-renewal,

47



longevity, and proliferative fithess—from the functional impairment classically described
by exhaustion. Secondly, it highlights the importance of using basic animal models, like
the LCMV infection system, for distinguishing between traits that are fundamentaltoa T

cell subset’s identity versus circumstantial.

The absence of effector molecules by stem-like CD8 T cells could be owed to reduced
TCR signaling within these cells compared to effector cells during chronic LCMV.
Interestingly, virus-specific day 5 and >45 stem-like and effector CD8 T cells showed
comparable levels of TCR signaling, based on the expression of Nur77-GFP. Coupled
with our transcriptional and epigenetic data, this observation indicates that the absence
of an effector program within stem-like CD8 T cells is not owed to a passive process,
such as inadequate TCR stimulation. Rather, it highlights a crucial feature of stem-like
CD8 T cells that protects against terminal differentiation and is shared with CD4+ Tfh
cells: active repression at key effector loci regardless of an effector-favored
environment.

Using a mixed chronic viral infection containing wild type LCMV clone 13 and a clone 13
mutant that fails to elicit a GP33-specific response, we found that antigen was crucial for
maintaining key phenotypic traits of stem-like CD8 T cells, including PD-1, TOX, and
Bcl-6.

Thus, the stem-like CD8 T cell fate decision is made early during chronic infection and is
preserved throughout. As chronic infection progresses, stem-like CD8 T cells become
quiescent. These data also suggest that the active resistance to effector differentiation
epitomized by stem-like CD8 T cells is paradoxically driven by continuous antigen

exposure.
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Methods

Mice, viral infections, and virus titration

C57BL/6 and CD45.1 B6 mice were purchased from Jackson laboratory. CD45.1/45.1
or CD45.1/45.2 P14 TCR transgenic mice were bred and maintained in house. 6-8 week
old mice were used for infections. Nur77-GFP transgenic mice were provided as a gift
from the Au-Yeung laboratory at Emory University. Chronic viral infections that result in
lifelong viremia were performed as follows: mice were transiently depleted of CD4+ T
cells via intraperitoneal injection with 300 pg of a rat anti-mouse CD4 antibody (clone
GK 1.5 from BioXcell) 2 days before infection and again on the day of infection. Mice
were then injected intravenously (i.v.) with 2x108 PFU LCMV clone 13. For experiments
examining the importance of antigen for stem-like CD8 T cells, a LCMV clone 13 mutant
was mixed with wildtype clone 13 at a ratio of 2:1 prior to infection. The mutant clone 13
has a valine to alanine amino acid substitution at position 35 of the GP33 epitope. This
reduces binding of the peptide to the MHC class | molecule, D, preventing recognition
by GP33-specific GP33-specific TCR transgenic P14 cells. For acute viral infection,
mice were injected i.p. with 2x10° PFU of LCMV Armstrong.

Lymphocyte isolation

Lymphocyte isolation from the spleen was performed as described previously (Wherry’s

JV paper). Spleens were dissociated by passing through a 70 uM cell strainer (Corning).

Reagents and flow cytometry

All antibodies used for flow cytometry were purchased from Biolegend, Thermo Fisher
Scientific, Miltenyi Biotec, Cell Signaling Technology, BD Biosciences, and R&D
Systems. The following antibody/fluorochrome conjugates were used at the following
dilutions: anti-CD8a PerCp-Cy5.5 (1:200), anti-PD-1 Pe-Cy7 (1:200), ), anti-CD44 Alexa
Fluor 700 (1:200), anti-B220 BV786 (1:200), anti-TCF-1 FITC (1:50), anti-Tim-3 PE
(1:25), anti-Tim-3 FITC (1:25), anti-CD73 APC (1:100), anti-Ki67 BV711 (1:25), anti-TOX
PE (1:50), anti-TOX APC (1:50), anti-BCL6 PE (1:50), anti-BCL6 APC (1:50), anti-
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SLAMF6 APC (1:100), and anti-CD45.1 BV711 (1:200). Endogenous LCMV-specific
CD8 T cells were detected using the D°PGP33-41 tetramer (1:200), which was prepared
in house. Streptavidin-APC was purchased from (Thermo Fisher Scientific). Dead cells
were excluded using the Live/Dead Fixable Near-IR (1:250) or Live/Dead Fixable Aqua
(1:250) (Thermo Fisher Scientific). For cell surface staining, antibodies were prepared in
PBS supplemented with 2% FBS at indicated concentrations before being added to
cells on ice for 30mins. Cells were then washed two times. For detecting intracellular
proteins (TCF-1, GzmB, BCL6, and Ki67), the FOXP3 staining buffer set (Thermo Fisher
Scientific) was used according to the manufacturer’s instructions. Samples were
acquired on a Canto, LSR II, the FAC Symphony A3 (BD Biosciences) system, or the
Cytek Aurora spectral analyzer. Data were analyzed using FlowdJo (v.10.7.1, BD

Biosciences).

Cell Sorting

A FACS Aria Il (BD Biosciences) was used for cell sorting. For experiments involving
bulk RNA or ATAC sequencing, PD-1+ CD73+ Tim-3-, PD-1+ CD73- Tim-3+, PD-1+
CD44+ CD73+ Tim-3- P14s, PD-1+ CD44+ CD73- Tim-3+ P14s CD8 T cells from
chronically infected (days 5 and >45 p.i.) were also sorted at a purity of greater than
96%. Naive (CD44lo PD-1-) CD8 T cells were isolated from the spleens of uninfected

mice.

RNA seq

For experiments comparing CD8 T cell subsets on days 5 or >day 45 after chronic

LCMV infection, RNA was isolated from samples using the Qiagen RNA/DNA micro kit
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per the manufacturer’s instructions. Extracted RNA was sent to Emory Yerkes
Nonhuman Primate Genomics core for mRNA library preparation and sequencing using
the clontech SMART-Seq V4 and HiSeq1000. Data were normalized and differentially
expressed genes were determined using DeSeq. A gene was considered differentially
expressed with a normalized count >100, log2 fold-change >1 or <1 and adjusted P
value <0.05. Data was analyzed using custom R scripts and visualized using ggplot2 R
package, GraphPad Prism (v9.2), and excel. For Gene Set Enrichment Analysis (GSEA)
each subset was analyzed using the pre-ranked list mode with 1,000 permutations. All
gene sets used were from the MSigDB Molecule Signature Database unless otherwise
noted. Enrichment scores were considered significant with an FDR <0.05 and was

visualized using ggplot2 R package and GraphPad Prism (v9.2).

ATAC seq

For experiments comparing CD8 T cell subsets on days 5 or >day 45 after chronic
LCMV infection, 2-4x103 cells were sorted into PBS containing 2% FBS and
transposition was performed as previously described (Guo, JI 2018 paper). Briefly, cells
were resuspended in 12.5 pl 2x TD Buffer, 2.5 pl Tn5, 2.5 yl 1% Tween-20, 2.5 pl 0.2%
Digitonin, and 5 yl H20 and incubated at 37C for 1 hr. Following transposition, cells
were lysed with 2 yl 10 mg/ml Proteinase-K, 23 ul Tagmentation Clean-up buffer (326
mM NaCl, 109 mM EDTA, 0.63% SDS), and incubated at 40°C for 30 min. DNA was
extracted and size-selected for small fragments using AMPureXP beads (Beckman
Coulter, A63881) and PCR amplified into a sequencing library using NexteraXT indexing
primers (lllumina, FC-131-2004) and KAPA HiFi HotStart Ready Mix (Roche, KK2602).

Post-PCR final libraries underwent a second size selection using AMPureXP beads.
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Final ATAC-seq libraries were quantitated by qPCR and size distributions determined by
bioanalyzer. Each sample was pooled at equimolar ratios and sequenced at the Emory
Non-human Primate Genomics Core on a NovaSeq6000 using a PE100 run. Raw fastq
reads were processed by removing adapter contamination with Skewer 2 and mapped
to the mm10 genome using Bowtie2 v2.4.2. Accessible chromatin regions identified
using MACS2 2.2.7.1 and differential accessibility between groups was determined
using DESeq2 with a FDR < 0.05 and absolute log2 fold-change > 1. Transcription
factor motif enrichment was assessed using chromVAR. Custom data analysis and data

display was performed in R v4.1.0.
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Fig. 1| Core stem-like CD8+ T cell transcriptional and epigenetic program emerges early
and is preserved throughout chronic viral infection .

a, Stem-like (CD73+ Tim-3-) and effect./TD (CD73- Tim-3+) CD8+ T cells were sorted from day 5
and >45 spleens for RNA- and ATAC-seq analysis. Bulk PD-1+ cells were used for RNA-seq
whereas LCMV GP33-specific P14 cells were used for ATAC-seq. b,c, PCA plots showing RNA-
(b) and ATAC-seq (c) profiles of indicated subsets. d,e, Heatmaps showing relative gene
expression (d) and accessibility (e) of selected genes. f, Accessibility tracks (ATAC-seq), left) and
normalized counts (RNA-seq, right) for selected genes and indicated samples. The location of
the transcription start site is indicated by an arrow and a bar depicts the location of the gene
body. g, GSEA showing enrichment of sorted CD8 T cell subsets for indicated gene signatures
based on RNA-seq data. ATAC-seq data represents the mean of all biological replicates. The
mean and standard deviation of RNA-seq data is indicated.
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Extended Data Fig. 1
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Extended Data Fig. 1| RNA- and ATAC-seq analyses of sorted CD8+ T cell subsets on days 5
and >45 after chronic infection. a, Gating strategy for sorting of day 5 and >45 PD-1+ stem-like
(CD73+ Tim-3-) and effector/terminally differentiated (CD73- Tim-3+) CD8+ T cells for RNA-seq. b,
2x10° P14 cells were transferred into congenically distinct naive mice prior to intravenous infection
with 2x108 LCMV clone 13. Gating strategy for sorting of day 5 and >45 LCMV GP33-specific P14
stem-like (CD73+ Tim-3-) and effector/terminally differentiated (CD73- Tim-3+) CD8+ T cells for
ATAC-seq. Naive CD8+ T cells (CD44- PD-1-) from uninfected mice were used as a control in each
analysis. ¢, Density scatter plot comparing the log2 fold-change in ATAC-seq (x-axis) to the
corresponding RNA-seq (y-axis) data for the indicated comparison. Each dot represents
accessibility of a single peak and the matching gene expression of the nearest gene. Blue lines
indicate data density. Linear correlation trend lines are plotted, and Pearson correlation coefficient
and significance of trend are indicated. Colored dots correspond to the data for Pdcd1, Xcl1, Tcf7,
and Gzmb as indicated. d, Heatmap of the Pearson correlation coefficient between ATAC-seq and
RNA-seq data for each pairwise comparison between the sample groups.
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Figure 2
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Fig. 2| Transcriptional and epigenetic differences between CD8+ T cell subsets on
days 5 and >45 after chronic infection. a,c, (RNA-seq) MA scatter plots of log2 fold-
change in RNA expression versus the log10 base mean in RNA expression for indicated
comparisons (left). Gene Ontology Biological Process bar plots showing pathways
enriched in significantly up (red) or down (blue) differentially expressed genes (right). b,d,
(ATAC-seq) MA scatter plots of log2 fold-change in accessibility versus the average log2
accessibility for indicated comparisons (left). Gene Ontology Biological Process bar plots
showing pathways enriched in significantly up (red) or down (blue) differentially
accessible chromatin regions (right).



Figure 3
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Fig. 3| Changes to stem-like CD8 T cells as chronic infection progresses from days 5 to >45.
a, Enrichmentfor indicated gene sets by stem-like CD8+ T cells from day 5 versus >45 (RNA-seq).
b, Bar graph showing relative expression of top 50 most significant differentially expressed genes
(DEGs) from mTORC1 signaling pathway between day 5 and >45 stem-like CD8+ T cells. ¢,d, Flow
cytometry analysis of splenic D°GP33+ TCF-1+ Tim-3- stem-like CD8+ T cells from days 5 and >45.
Histograms (¢) and summary graphs (d) showing Ki67 expression and cell size based on forward
scatter (FSC-A). e, Expression of various genes by indicated subsets based on normalized RNA
counts. Flow plots/histogramsin c,d are representative of 1 of 3 independent experiments (n=3-4
mice per time point per experiment). Graphs show mean + SEM and are pooled data from 3
independent experiments (n= 9-10 mice per time point). P values calculated using Mann-Whitney
test. **** indicates p value of less than 0.0001.



Figure 4
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Fig. 4] Stem-like CD8+ T cells continuously receive TCR stimulation during chronic viral
infection. Nur77-GFP reporter mice were infected intravenously with 2x106 PFU of LCMV clone
13 with transient CD4+ T cell depletion. a, CD44 and Nur77-GFP expression on GP33-specific
stem-like (PD-1+ Tim-3-) and effector/terminally differentiated (PD-1+ Tim-3+) CD8+ T cells on
days 5 and >45 post-infection. b, Summary graph showing percentage of GP33-specific stem-like
versus effector/TD CD8+ T cells that are CD44+ Nur77-GFP+. Day 5 flow plots and summary
graph are from 1 experiment (n= 5 mice). Day =45 flow plots are representative of 1 of 2
independent experiments. Summary graph for day >45 shows pooled data from 2 independent
experiments (n= 8).
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Figure 5
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Fig. 5] Continuous TCR signaling is required for the maintenance of stem-like CD8+ T cells
during chronic viral infection. a, 2x103 LCMV GP33-specific CD45.1+ P14 CD8+ T cells were
transferred into naive CD45.2+ mice. Recipient mice were then infected with either 2x106 PFU
wildtype LCMV clone 13 (WT CI13) or with a combined dose of 2x106 PFU consisting of 0.66 x106
PFU WT clone 13 plus 1.33 x106 PFU of a mutant GP33-deficient LCMV clone 13 strain (WT/Mut
ClI13). b-f, Flow plots showing expression of indicated markers on splenic LCMV GP33-specific
P14 CD8+ T cells from indicated infection groups at various times post-infection. g, Frequencies of
indicated splenic TCF-1+ P14 CD8 T cell subsets on day 30 after WT CI13 or WT/Mut CI13
infections. Flow plots are representative of 1 of 2 independent experiments (WT CI13 n=5-10,
WT/Mut CI13 n= 4-5). Graphs show data from one independent experiment (WT CI13 n=5, WT/Mut
Cl13 n=15).



Extended Data Fig. 2
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Extended Data Fig. 2| Mixed clone 13 experiment to assess importance of antigen for
stem-like CD8+ T cells during chronic infection. As in Figure 8a, 2x103 LCMV GP33-
specific CD45.1+ P14 CD8+ T cells were transferred into naive CD45.2+ mice. Recipient mice
were then infected with either 2x106 PFU wildtype LCMV clone 13 (WT CI13) or with a
combined dose of 2x106 PFU consisting of 0.66 x106 PFU WT clone 13 plus 1.33 x106 PFU of
a mutant GP33-deficient LCMV clone 13 strain (WT/Mut CI13). a, Frequency of PD-1+ TCF-1+
TOX+ Slamf6+ Tim-3- stem-like CD8+ T cells among LCMV GP276-specific CD8+ T cells in the
spleens of mice from indicated infections groups on day 30 post-infection. b, Representative
flow plots showing expression of indicated markers on splenic, LCMV GP33-specific P14 CD8+
T cells from indicated infections groups on day 30 post-infection. Flow plots are representative
of 1 of 2 independent experiments (WT CI13 n=5-10, WT/Mut CI13 n= 4-5).
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Abstract

The stem-like CD8 T cell fate decision is made as early as day 5 following
chronic LCMV, well before the outcome of infection is clearly acute or chronic. This
suggests that the generation of stem-like CD8 T cells might not be unique to chronic
viral infection. Rather, these cells might represent a general feature of early CD8 T cell
differentiation during acute and chronic viral infection, occurring irrespective of infection
outcome, perhaps to ensure the host is equipped for antigen persistence before it
occurs. To test this hypothesis, we examined virus-specific CD8 T cells early after acute
LCMV for the presence of a cell bearing properties of the stem-like CD8 T cells seen
during chronic LCMV infection. GP33-specific PD-1+ TOX+ TCF-1+ CD8 T cells lacking
effector molecules were present on day 5 after acute and chronic LCMV infection. Day 5
acute and chronic stem-like CD8 T cells were virtually identical in terms of their
transcriptional and epigenetic profiles, as well their anatomical distribution (commitment
to the splenic white pulp). They were also functionally similar; equally capable of
producing cytokines like IFNy and TNFa and of acting as stem-like CD8 T cells following
clone 13 challenge (ie expansion, self-maintenance, and effector differentiation). Akin to
chronic LCMV, the optimal generation of stem-like CD8 T cells during acute LCMV was
dependent on the transcription factor, TOX. The stem-like CD8 T cell phenotype was
lost following resolution of acute LCMV infection owing to loss of antigen, indicating a
shared requirement for continuous antigen exposure by acute and chronic stem-like
CD8 T cells. Thus, identical populations of stem-like CD8 T cells are generated early
after acute and chronic LCMV infection, indicating that this important fate decision

represents a typical feature of early CD8 T cell differentiation during LCMV infection.
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Introduction

In chapters 2 and 3, we examined when the stem-like CD8 T cell fate
commitment first occurs during chronic viral infection. Based on phenotypical,
transcriptional, epigenetic, and anatomical profiling of LCMV-specific CD8 T cells, we
found that the core stem-like CD8 T cell program is established as early as day 5 and is
preserved throughout chronic LCMV infection. This aligns with previous work from our
lab and others®%.70.82_ By comparing stem-like CD8 T cells on days 5 and >45, we
learned that early during infection they are dividing and metabolically active cells. But as
chronic LCMV infection progresses to day >45, they become quiescent in association

with the upregulation of inhibitory molecules.

The absence of effector molecule expression by stem-like CD8 T cells is a unique and
somewhat peculiar feature for an antigen-specific CD8 (cytotoxic) T cell subset amid an
active viral infection. Surprisingly, we found that this property was not owed to
insufficient TCR signaling, as comparable frequencies of LCMV-specific stem-like
(>80%) and effector CD8 T cells (>85%) expressed Nur77-GFP on days 5 and >45 after
chronic LCMV infection. This observation suggested that this key feature of stem-like
CD8 T cells may be better described as an active repression of effector gene
expression, rather than a passive inability to acquire these molecules. Indeed, the high
expression of the transcriptional repressor, Bcl6, by stem-like CD8 T cells aligns with
this notion. Moreover, in experiments making use of a mutant LCMV clone 13 strain, we
found that continuous antigen exposure was required for sustaining key phenotypic
properties of stem-like CD8 T cells during chronic LCMV, including Bcl6 expression.
Paradoxically, the active resistance to effector differentiation by stem-like CD8 T cells

appears to be an antigen-driven phenomenon.

The early generation of stem-like CD8 T cells is a surprising finding since at this early
stage of infection the immune system does not know whether this is going to be a
persistent infection or an acute infection. It suggests that the stem-like CD8+ T cell fate
commitment is agnostic to antigen outcome, that the host prepares a priori for long-term
antigen exposure. If so, a similar population of antigen-specific stem-like CD8 T cells

should also be generated early after acute viral infection. To address this, we compared
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LCMV-specific CD8 T cells during the early phases of acute and chronic LCMV using

phenotypical, transcriptional, epigenetic, anatomical, and functional analyses.
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Results

Phenotypically, transcriptionally, epigenetically, and anatomically identical populations

of stem-like CD8 T cells are generated early after acute and chronic infection

To determine whether stem-like CD8 T cells are also generated during acute viral
infection, we examined the phenotype of virus specific CD8+ T cells early after acute
(LCMV Armstrong) versus chronic (LCMV clone 13) infection. For a fair comparison,
acute and chronic LCMV infections were both performed intravenously at a dose of 2 x
108 plaque forming units (PFU) (Fig. 1a). Interestingly, GP33-specific CD8+ T cells
expressing important phenotypic traits of stem-like CD8 T cells— PD-1, TOX, and TCF-
1 — were present on day 5 after acute and chronic LCMV infection. PD-1+ TOX+ TCF-
1+ cells from acute infection shared markers with day 5 stem-like cells from chronic
infection including the expression of CD73, CD4+ Tfh markers (Bcl-6 and Slamf6),
costimulatory molecules (CD27, CD28, and CD226), and the chemokine receptor,
CXCRS (Fig. 1b and Extended Data Fig. 1a). Like stem-like CD8 T cells from chronic
infection, PD-1+ TOX+ TCF-1+ cells from acute LCMV also lacked effector markers like
Tim-3, GzmB, CX3CR1, KLRG1, and CD25 (Fig. 1b and Extended Data Fig. 1a).
Importantly, the presence of these cells was not an artifact of administering a high dose
of acute LCMV i.v. as GP33-specific PD-1+ TOX+ TCF-1+ with the stem-like CD8 T cell
phenotype (Slamf6+, CD73+, Tim-3-, GzmB-) could also be observed on day 5 post-
infection when a lower dose of LCMV Armstrong (2 x 10° PFU) given

intraperitoneally was used (Extended Data Fig. 1b). Of note, the frequency of GP33-
specific PD-1+ TCF-1+ cells was lower in acute infection compared to chronic.
Moreover, numbers of PD-1+ TCF-1+ cells declined as infection dose was lowered,
suggesting that initial infection dose determines the magnitude of these cells (Extended
Data Fig. 1c and d). Thus, antigen-specific CD8+ T cells with the same phenotype as

stem-like CD8+ T cells from chronic infection are generated during acute infection.

For a more detailed analysis, we sorted day 5 stem-like (P14 PD-1+ CD73+ Tim-3-) and
effector (P14 PD-1+ CD73- Tim-3+) CD8+ T cells from acute and chronic LCMV

infection and compared gene expression (RNA-seq) and chromatin accessibility (ATAC-
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seq) (Extended Data Fig. 1e). When projected onto principal component analysis (PCA)
plots, stem-like CD8+ T cells from acute and chronic infection were positioned in almost
the same location for both RNA- and ATAC-seq analyses (Fig. 1¢ and d). They were
remarkably similar, differing in gene expression by less than 1% (DEGs= 93/9634) and
displaying no differentially accessible chromatin regions (DARs = 0/65547) (Fig. 1e and
f). Irrespective of infection origin, both stem-like and effector CD8 T cells showed
expression and accessibility for Pdcd1 and Tox. Consistent with the transcriptional and
epigenetic signature originally described for stem-like CD8 T cells during chronic viral
infection, costimulatory molecules (Cd28, Tnfrsf4, Icos) were more highly expressed
and accessible in day 5 acute and chronic stem-like relative to effector CD8+ T cells.
They also showed low expression/accessibility at effector loci (Fasl, Ifng, Prfl, Gzma,
Gzmb) but higher expression/accessibility for CD4+ Tfh transcription factors (Plagl1,
Bcl-6), long-lived memory cells (Tcf7, 1d3), and chemokines expressed by stem-like
CD8+ T cells (Xcl1, Cxcl10) (Fig. 1g-l, and Extended Data Fig. 1f).

We next asked if the early anatomical divergence of stem-like and effector CD8+ T cells
observed during the early stages of chronic infection (Chapter 2) also occurs during
acute infection. Intravascular labeling®®8¢ was performed on mice 5 days after acute or
chronic LCMV infection to determine the intrasplenic locations of GP33-specific stem-
like and effector CD8+ T cells (Fig. 1j). Regardless of infection, greater than 60% of
GP33-specific stem-like CD8 T cells were localized to the white pulp compared to less
than 20% of effectors (Fig. 1k and I). Thus, the anatomical organization of virus-specific

stem-like and effector CD8+ T cells occurs early during both acute and chronic infection.

Consistent with the similar expression of TCR-driven molecules (PD-1 and TOX) (Fig.
1b) and shared anatomical distribution in the spleen (Fig. 1j-1), day 5 GP33-specific
stem-like CD8 T cells from acute and chronic LCMV displayed comparable levels of

TCR signaling, based on Nur77-GFP expression (Extended Data Fig. 19).

Stem-like CD8 T cells from acute and chronic infection are functionally equivalent
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It was important to also do a functional comparison of the early (day 5) stem-like CD8+
T cells from acute and chronic infection. We first examined their ability to produce
interferon gamma (IFNy) and tumor necrosis factor-alpha (TNFa), two cytokines
produced by CD8 T cells following antigen encounter to effect viral control'®48, Naive,
GP33-specific P14 cells (2.5K) were transferred into uninfected mice prior to infection
with either acute or chronic LCMV. On day 5, splenocytes were isolated and stimulated
ex vivo with GP33 peptide for 5 hours before intracellular cytokines were measured
(Fig. 2a). Similar frequencies and numbers of LCMV-specific acute and chronic stem-
like CD8 T cells produced IFNy alone (~50%). Moreover, the frequency and number of
‘polyfunctional’ (ie IFNy+ TNFa+) stem-like CD8 T cells was also similar in acute and
chronic LCMV (~20%) (Fig. 2b-d). In both acute and chronic LCMV, the percentage and
numbers of LCMV-specific effector cells producing IFNy alone was higher (~65%)
compared to stem-like cells (Fig. 2b-d). Although this difference was not as apparent for
IFNy production alone, a greater frequency (~35% vs. ~16%) and number of acute
LCMV effectors could make IFNy and TNFa in tandem compared to chronic LCMV
effectors (Fig. 2b-d). Hence, chronic LCMV infection impairs the polyfunctionality of
effector CD8 T cells. However, stem-like CD8 T cells from acute and chronic LCMV are
equally capable of producing cytokines.

The term ‘stem-like CD8 T cell’ is a functional definition, describing the ability of these
cells to self-renew and effector differentiate, thereby acting as a ‘stem cell’ for the CD8
T cell response during chronic antigen exposure®. We therefore next examined the
ability of stem-like CD8+ T cells from acute versus chronic infection to expand, effector
differentiate, and maintain themselves in response to LCMV clone 13 challenge. LCMV
GP33-specific day 5 P14 stem-like (Slamf6+ Tim-3-) and effector (Slamf6- Tim-3+)
CD8+ T cells were isolated from the spleens of acutely or chronically infected mice and
then transferred in equal numbers into separate groups of congenically distinct naive
mice. Recipients were then challenged with LCMV clone 13 and 7 days later the
recovery and phenotype of donor cells were assessed (Fig. 3a and Extended Data Fig.
2a). Higher numbers of donor cells were recovered from the spleens and livers of mice

that received stem-like compared to effector CD8+ T cells (Fig. 3b and c). Interestingly,
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stem-like cells from acute and chronic LCMV gave rise to similar numbers of progeny in
both the spleen and liver (Fig. 3b and c). These were primarily effector CD8+ T cells
(PD-1+ TCF-1- TOX+ GzmB+) that were generated in similar numbers by the day 5
stem-like CD8+ T cells from either LCMV Armstrong or clone 13 infection (Fig. 3d and
e). The remainder of the cells at day 7 post-challenge consisted of stem-like CD8+ T
cells (PD-1+ TCF-1+ TOX+ GzmB-) that were also maintained in equal numbers (Fig.
3d and e). In mice that received the effector subset (Slamf6- Tim-3+), there was less
expansion of the donor cells (Fig. 3b and c) and these cells did not show any change in
their phenotype (Fig. 3f and g). This experiment shows that stem-like CD8+ T cells from
acute and chronic LCMV are equally capable of expansion, maintenance, and effector
differentiation in response to clone 13 challenge. Coupled with the analysis of cytokine
production, these data indicate that functionally equivalent populations of stem-like

CD8+ T cells are generated during the early phase of acute or chronic LCMV infection.

Optimal generation of acute stem-like CD8 T cells depends on TOX

TOX is essential for the generation of stem-like CD8 T cells during chronic antigen
exposure®-70, Previous work showed no impact of TOX deletion on the generation or
preservation of CD8 T cells arising after clearance of acute viral infection%8° but its
importance for cells during acute viral infection is unknown. Based on their resemblance
to chronic stem-like CD8 T cells, we hypothesized that TOX would also be required for
the generation of acute stem-like CD8 T cells. We infected TOX knockout mice!%8 with
equivalent doses (2E6 PFU i.v.) of either acute or chronic LCMV infection before
assessing the the magnitude of virus-specific stem-like CD8 T cells on day 5 (Fig. 4a).
Irrespective of infection type, the absence of TOX resulted in reduced frequencies and
numbers of stem-like CD8 T cells in the blood, spleen, and liver (Fig. 3b-g). Hence, TOX
is required for the optimal generation of stem-like CD8 T cells during acute and chronic
viral infection. These results extend the importance of TOX beyond T cell exhaustion,
establishing it as a key transcription factor for stem-like CD8 T cell differentiation

irrespective of infection outcome.

Continuous antigen exposure is required for maintenance of stem-like CD8 T cells

during acute infection



Our results showing that the canonical stem-like CD8+ T cells are also generated during
the early stages of acute LCMV infection while antigen is still present raises the obvious
guestion of what happens to these cells as the acute infection is rapidly cleared. To
address this, we monitored expression of phenotypic markers that define these LCMV-
specific stem-like CD8+ T cells (PD-1+ TOX+ TCF-1+) at days 5, 8 and 14 post-
infection with LCMV Armstrong. The data in Fig. 5a-d show that LCMV specific CD8+ T

cells of this phenotype are lost as the infection is cleared.

Continuous antigen exposure, but not the infection environment, was required for the
maintenance of key phenotypic traits of stem-like CD8 T cells during chronic viral
infection (Chapter 3, Fig. 5 and Extended Data Fig. 4). This suggested that the loss of
stem-like CD8+ T cells following clearance of acute infection might also be due to the
absence of antigen. To test this, we injected acutely infected mice with 200ug of GP33
peptide on days 5, 7, and 10 following infection with the LCMV Armstrong strain (Fig.
5e). This resulted in an increase in the frequency of GP33-specific CD8+ T cells (Fig. 5f
and Extended Data Fig. 3a) but more importantly this peptide immunization during acute
infection prevented the loss of LCMV GP33-specific stem-like CD8+ T cells (Fig. 5g-i
and Extended Data Fig. 3b). Stem-like CD8+ T cells expressing PD-1, TOX, and TCF-1
were maintained at day 14 in numbers equivalent to what was seen at day 5. In
contrast, acutely infected mice not injected with peptide showed a significant drop in the
number of GP33-specific stem-like CD8+ T cells (Fig. 5g-i). Providing antigen exposure
during this interval by peptide also increased the expression of Slamf6 and Bcl-6
(Extended Data Fig.3b). These data highlight the importance of antigen for maintaining
the stem-like CD8+ T cell program.
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Discussion

The stem-like CD8 T cell fate commitment occurs within the first week of chronic LCMV,
before the outcome of infection is clearly acute or chronic. This suggested that the
generation of stem-like CD8 T cells might not be unique to chronic viral infections; that
these important cells may also arise early during acute viral infection. To determine if
stem-like CD8 T cells are generated in acute infection, we began by phenotyping
GP33+ CD8 T cells early after acute versus chronic LCMV infection. For a fair
comparison of antiviral CD8 T cells under these conditions, acute and chronic infections
were administered via the same route (intravenous) at the same dose (2 x 108 PFU). On
day 5 after acute LCMV, we found virus-specific CD8 T cells exhibiting key phenotypical
traits of stem-like CD8 T cells from chronic LCMV infection (PD-1+ TOX+ TCF-1+ Tim-
3-). Day 5 acute and chronic stem-like CD8 T cells shared additional marks including
the expression of CD73, Tfth-related markers (BCL6 and SLAMF6), costimulatory
molecules (CD28 and CD226) but not effector traits (GzmB, CX3CR1, KLRG1, and
CD25) or the memory precursor marker, CD127. These cells could also be detected
when a lower dose (2 x 10° PFU) of acute LCMV infection was used but at a lower
frequency and number, indicating that the magnitude of stem-like CD8 T cells is related

to initial antigen load.

The transcriptional and epigenetic profiles of day 5 acute and chronic stem-like CD8 T
cells were virtually identical; they differed in gene expression by less than 1% and had
zero differentially accessible chromatin regions. The anatomical distribution of acute
and chronic stem-like CD8 T cells was also the same, biased for positioning in the
splenic white pulp compared to their effector counterparts. We then compared the
functional capacity of these cells. Acute and chronic stem-like CD8 T cells were equally
capable of producing IFNy and TNFa. Interestingly, this was not the case for acute and
chronic effector CD8 T cells with the latter showing impaired polyfunctionality (IFNy+
TNFa+) relative to the former. Acute and chronic stem-like CD8 T cells were also
equally capable of functioning as ‘stem cells’ for the CD8 T cell response. Following
LCMV clone 13 challenge, they both underwent a large expansion generating similar

numbers of effector cells while maintaining a similar number of stem-like cells.
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Conversely, effector CD8 T cells from acute LCMV showed superior expansion capacity
compared to their chronic LCMV counterparts.

One possibility for why infection type impacted the polyfunctionality and expansion
capacity of effector but not stem-like CD8 T cells is related to anatomical location.
Effector CD8 T cells are primarily located in the splenic red pulp, in which they would be
exposed to a much larger number of virus-infected cells during chronic LCMV infection
compared to acute. This difference in antigen exposure between acute and chronic
LCMV is not as dramatic in the splenic white pulp on day 5, however, which is where
stem-like CD8 T cells are primarily located. In addition to antigen load, the increased
diversity and sheer number of infected cells in chronic LCMV likely creates a distinct red
pulp environment compared to acute LCMV, differing with respect to the levels of
cytokines present like type | interferon, IFNy, and TGFB. A final explanation is related to
cell-intrinsic differences between stem-like and effector CD8 T cells. Stem-like CD8 T
cells withstand weeks of continuous TCR signaling during chronic LCMV infection
without being lost to terminal differentiation. This is not the case for effector CD8 T cells,
which during the late phase of chronic LCMV are primarily made up of senescent,
terminally differentiated cells. Hence, the inherent ability of stem-like CD8 T cells to
resist effector differentiation despite continuous TCR signaling likely makes them less

prone to differences in antigen load compared to effector CD8 T cells.

Previous reports showed that the transcription factor TOX orchestrates CD8 T cell
exhaustion during chronic LCMV infection but has no impact on the CD8 T cell
response during acute LCMV infection. More specifically these papers showed that
without TOX, stem-like CD8 T cells are not generated during chronic LCMV infection
leading to the eventual collapse of the virus-specific CD8 T cell response. They also
reported that TOX deletion has no impact on CD8 T cells responding to acute viral
infection. By contrast, we show that TOX is required for stem-like CD8 T cell
differentiation during both acute and chronic viral infection. This likely went unnoticed by
other groups because stem-like CD8 T cells comprise just ~5-10% at the conventional
conditions used for acute LCMV infection. Indeed, this may also explain why prior work

on CD8 T cell differentiation failed to uncover stem-like CD8 T cells during acute viral
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infection. Moreover, the aforesaid reports assessed the impact of TOX deletion
beginning on day 8, when the putative stem-like CD8 T cell phenotype is no longer
detectable. For a fair comparison to chronic infection, we assessed TOX deletion at a
higher dose of acute LCMV where stem-like CD8 T cells make up ~15-20%. Our finding
complements the aforesaid reports and further emphasizes the importance of TOX
specifically for the generation of stem-like CD8 T cells, whether this occurs in an acute

or chronic viral infection.

With clearance of acute viral infection, the putative stem-like cell phenotype was lost.
Providing cognate peptide during the resolution of acute viral infection maintained the
expression of PD-1 and TOX. Moreover, it also prevented the slight downregulation of
TCF-1 that coincides with clearance of acute viral infection. Hence, antigen, but not the
acute infection environment, is essential for maintaining key features of stem-like CD8 T

cells.

Altogether these data show that stem-like CD8 T cells—although essential during
chronic antigen exposure —are not exclusive to this context. Rather, they are a general
feature of CD8 T cell differentiation during antigen exposure, produced agnostically of

antigen outcome.
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Methods

Mice, viral infections, and virus titration

C57BL/6 and CD45.1 B6 mice were purchased from Jackson laboratory. CD45.1/45.1
or CD45.1/45.2 P14 TCR transgenic mice'% were bred and maintained in house. 6-8
week old mice were used for infections. Nur77-GFP transgenic mice were provided as a
gift from the Au-Yeung laboratory at Emory University. TOX knockout mice were
provided as a gift from Jonathan Kaye at Cedars-Sinai Medical Center. Chronic viral
infections were performed by injecting 2x108 PFU LCMV clone 13 i.v. For acute viral
infections, mice were injected i.v. with 2x108 PFU of LCMV Armstrong. Quantification of
infectious virus was performed via plaque assay on Vero E6 cells as previously
described (Rafi/Oldstone, 1984 JEM paper). All mice were used in accordance with the

Emory University Institutional Animal Care and Use Committee Guidelines.

Lymphocyte isolation

Lymphocyte isolation from the blood, spleen, liver, and lungs were performed as
described previously (Wherry’s JV paper). Spleens were dissociated by passing through
a 70 uM cell strainer (Corning). Livers were first perfused with cold PBS prior
homogenization via mechanical disruption. Lungs chopped prior to shaking at 37C in
1.3 mM EDTA in HBSS for 30 mins. They were then treated with 150 U mL"" of
collagenase (Thermo Fisher Scientific) in RPMI 1640 medium containing 5% FBS, 1TmM
MgClz2and 1mM CaClz for 60 min at 37C with shaking at 200 rpm. Collogenase-treated
lungs were then homogenized and filtered through a 70uM cell strainer. A 44-67%

Percoll gradient was then used to purify lymphocytes (800g at 20C for 20min).
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Reagents and flow cytometry

All antibodies used for flow cytometry were purchased from Biolegend, Thermo Fisher
Scientific, Miltenyi Biotec, Cell Signaling Technology, BD Biosciences, and R&D
Systems. The following antibody/fluorochrome conjugates were used at the following
dilutions: anti-CD8a PerCp-Cy5.5 (1:200), anti-CD8a BUV395 (1:200), anti-CD8b
PerCp-Cy5.5 (1:200), anti-PD-1 Pe-Cy7 (1:200), anti-PD-1 BV785 (1:200), anti-CD44
Alexa Fluor 700 (1:200), anti-CD44 BUV737 (1:200), anti-CD4 BUV805 (1:200), anti-
CD19 BUV805 (1:200), anti-B220 BV786 (1:200), anti-TCF-1 FITC (1:50), anti-Tim-3
PE (1:25), anti-Tim-3 FITC (1:25), anti-Granzyme B PE-CF594 (1:100), anti-CD73 APC
(1:100), anti-CD73 BV421 (1:100), anti-CD28 PE (1:50), anti-CD28 APC (1:50), anti-
Ki67 BV711 (1:25), anti-CD45.1 BV711 (1:200), anti-CD45.1 BUV563 (1:200), CD45.2
FITC (1:200), CD45.2 Pe-Cy7 (1:200), anti-TOX PE (1:50), anti-TOX APC (1:50), anti-
BCL6 PE (1:50), anti-BCL6 APC (1:50), anti-SLAMF6 APC (1:100), anti-SLAMF6 Pacific
blue (1:100), SLAMF6 BUV496 (1:100), anti-CD226 PE-Texas Red (1:100), anti-
CX3CR1 PE-Cy7 (1:100), anti-CX3CR1 APC-Fire 810 (1:100), anti-KLRG1 PE/Dazzle
594 (1:100), anti-KLRG1 BV605 (1:100), anti-KLRG1 BV421 (1:100), anti-CD127 PE
(1:50), anti-CD127 BV421 (1:50), anti-CD127 BV711 (1:50), anti-CD25 PE (1:100), anti-
CXCRS3 PE-Cy7 (1:100), anti-CD27 BV785 (1:100), and anti-CD62L BV605 (1:100).
Endogenous LCMV-specific CD8 T cells were detected using the D°GP33-41 tetramer
(1:100), which was prepared in house. Streptavidin-APC was purchased from (Thermo
Fisher Scientific). Dead cells were excluded using the Live/Dead Fixable Near-IR
(1:250) or Live/Dead Fixable Aqua (1:250) (Thermo Fisher Scientific). For cell surface

staining, antibodies were prepared in PBS supplemented with 2% FBS at indicated
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concentrations before being added to cells on ice for 30mins. Cells were then washed
two times. For detecting intracellular proteins (TCF-1, GzmB, TOX, and Bcl6), the
FOXP3 staining buffer set (Thermo Fisher Scientific) was used according to the
manufacturer’s instructions. Samples were acquired on a Canto, LSR I, the FAC
Symphony A3 (BD Biosciences) system, or the Cytek Aurora spectral analyzer. Data

were analyzed using FlowJo (v.10.7.1, BD Biosciences).

Intravascular antibody labeling

For intravascular labeling, 3ug of BV421-conjugated anti-CD8a (Biolegend) was
injected i.v. into infected mice. Three minutes after injection, splenocytes were isolated

and prepared into a single cell suspension before staining ex vivo.

In vivo peptide treatment

200ug of GP33 peptide was administered intravenously on days 5, 7, and 10 after acute

LCMV infection (GenScript, RP20257).

Cell Sorting

A FACS Aria Il (BD Biosciences) was used for cell sorting. For experiments involving
bulk RNA or ATAC sequencing, PD-1+ CD73+ Tim-3-, PD-1+ CD73- Tim-3+, PD-1+
CD44+ CD73+ Tim-3- P14s, PD-1+ CD44+ CD73- Tim-3+ P14s CD8 T cells from
chronically infected (days 5 and >45 p.i.) or acutely infected mice (day 5 p.i.) were
sorted at a purity of greater than 96%. This was true also for bulk RNA or ATAC
sequencing of CD44+ PD-1- CD127+ KLRG1- and CD44+ PD-1- CD127- KLRG1+ P14
CD8 T cells from mice in which acute viral infection had resolved (day 15 p.i.). For

experiments involving single cell RNA sequencing, PD-1+ GP33+ CD8 T cells from

74



chronically infected (days 5 and >45 p.i.) or acutely infected mice (day 5 p.i.) were also
sorted with greater than 96% purity. Naive (CD44lo PD-1-) CD8 T cells were isolated

from the spleens of uninfected mice.

Adoptive transfers of stem-like and effector CD8 T cells

TCR transgenic P14 chimeras were generated by transferring splenocytes from naive

P14 mice (containing 2.5x10% P14s) into congenically mismatched hosts one day prior

to infection. For adoptive transfers assessing the function of day 5 subsets in response
to LCMV clone 13 challenge, Slamf6+ Tim-3- stem-like or Slamf6- Tim-3+ effector P14
cells were FACs sorted from infected spleens of indicated donor mice. 2.5x103 cells of

each subset were transferred i.v. into naive mice before recipients were infected 12

hours later with 2x108 PFU LCMV clone 13 i.v.

RNA seq

For experiments comparing CD8 T cell subsets on days 5 or >day 45 after acute or
chronic LCMV infection, RNA was isolated from samples using the Qiagen RNA/DNA
micro kit per the manufacturer’s instructions. Extracted RNA was sent to Emory Yerkes
Nonhuman Primate Genomics core for mRNA library preparation and sequencing using
the clontech SMART-Seq V4 and HiSeq1000. Data were normalized and differentially
expressed genes were determined using DeSeq. A gene was considered differentially
expressed with a normalized count >100, log2 fold-change >1 or <1 and adjusted P
value <0.05. Data was analyzed using custom R scripts and visualized using ggplot2 R
package, GraphPad Prism (v9.2), and excel. For Gene Set Enrichment Analysis (GSEA)
each subset was analyzed using the pre-ranked list mode with 1,000 permutations. All

gene sets used were from the MSigDB Molecule Signature Database unless otherwise
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noted. Enrichment scores were considered significant with an FDR <0.05 and was

visualized using ggplot2 R package and GraphPad Prism (v9.2).

ATAC seq

For experiments comparing CD8 T cell subsets on days 5 or >day 45 after acute or
chronic LCMV infection, 2-4x103 cells were sorted into PBS containing 2% FBS and
transposition was performed as previously described (Guo, JI 2018 paper). Briefly, cells
were resuspended in 12.5 pl 2x TD Buffer, 2.5 yl Tn5, 2.5 yl 1% Tween-20, 2.5 pl 0.2%
Digitonin, and 5 yl H20 and incubated at 37C for 1 hr. Following transposition, cells
were lysed with 2 yl 10 mg/ml Proteinase-K, 23 ul Tagmentation Clean-up buffer (326
mM NaCl, 109 mM EDTA, 0.63% SDS), and incubated at 40°C for 30 min. DNA was
extracted and size-selected for small fragments using AMPureXP beads (Beckman
Coulter, A63881) and PCR amplified into a sequencing library using NexteraXT indexing
primers (lllumina, FC-131-2004) and KAPA HiFi HotStart Ready Mix (Roche, KK2602).
Post-PCR final libraries underwent a second size selection using AMPureXP beads.
Final ATAC-seq libraries were quantitated by gPCR and size distributions determined by
bioanalyzer. Each sample was pooled at equimolar ratios and sequenced at the Emory
Non-human Primate Genomics Core on a NovaSeq6000 using a PE100 run. Raw fastq
reads were processed by removing adapter contamination with Skewer 2 and mapped
to the mm10 genome using Bowtie2 v2.4.2. Accessible chromatin regions identified
using MACS2 2.2.7.1 and differential accessibility between groups was determined
using DESeq2 with a FDR < 0.05 and absolute log2 fold-change > 1. Transcription
factor motif enrichment was assessed using chromVVAR. Custom data analysis and data

display was performed in R v4.1.0.
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Statistical analysis

GraphPad Prism (v.10.0.3) was used for statistical analysis. The difference between
experimental groups was assessed using two-tailed unpaired t-tests or two-tailed
unpaired Mann-Whitney U-tests or one-tailed paired Wilcoxon matched-pairs signed

rank test.
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Fig. 1| Identical populations of stem-like CD8+ T cells are generated early after acute
and chronic infection. a,b, Phenotypic analysis of D°GP33+ CD8+ T cells in the spleen on
day 5 after LCMV Armstrong (acute) or clone 13 (chronic) infection. Flow plots are
representative of 3 independent experiments (n= 4-5 recipients per donor per experiment).
Both infections were administered intravenously (i.v.) at a dose of 2x10% PFU. ¢c-i, 2x10° P14
cells were transferred into congenically distinct naive mice prior to intravenous infection with
LCMV Armstrong or clone 13. LCMV GP33-specific P14 stem-like and effector CD8+ T cells
were isolated from the spleens of acute or chronic LCMV mice on day 5 for RNA- and ATAC-
seq analysis. ¢,d, PCA plots showing RNA- (c) and ATAC-seq (d) profiles of indicated subsets.
e.f, MA plots showing differentially expressed genes (e) and differentially accessible regions (f)
between indicated subsets. Red dots/number = genes upregulated/more accessible in stem-
like cells from acute infection. Blue dots/number = genes upregulated/more accessible in stem-
like cells from chronic infection. Grey dots/black number = genes not differentially
expressed/accessible. g,h, Heatmaps showing relative expression (g) and accessibility (h) of
selected genes by indicated subsets. i, Accessibility tracks (ATAC-seq, left) and normalized
counts (RNA-seq, right) for selected genes. RNA- and ATAC-seq results are each from 1
independent experiment. j, On day 5 after acute or chronic infection, mice were injected with
fluorescently-labeled anti-CD8a (3ug/mouse) and euthanized 3 mins later for flow cytometry
analysis. k, Flow plots/histograms showing frequencies of D°GP33+ TCF-1+ Tim-3- (stem-like)
and TCF-1- Tim-3+ (effect./TD) CD8+ T cells in the white pulp (CD8a i.v. antibody negative) or
the red pulp (CD8a i.v. antibody positive). Numbers on flow plots are frequencies. |,
Frequencies of stem-like and effect./TD CD8+ T cells in the white pulp (left) and red pulp
(right). Flow plots/histograms are representative of 1 of 2 independentexperiments (n= 3-5
mice per infection group). Graph shows mean+SEM, data are from 1 of 2 independent
experiments (n= 3 per infection group) and p values shown from Wilcoxon matched-pairs
signed rank test. * and *** indicate p values of less than 0.05 and 0.001, respectively.
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Extended Data Fig. 1
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Extended Data Fig. 1| Identical stem-like CD8+ T cells are generated early after acute
and chronic infection. a, Phenotypic analysis of D°GP33+ CD8+ T cells in the spleen on day
5 after LCMV Armstrong (acute, Arm) or LCMV clone 13 (chronic, CI13) infection. Both
infections were administered intravenously (i.v.) at a dose of 2x108 PFU. Flow plots are
representative of 3 independent experiments. b, Phenotypic analysis of DP°GP33+ CD8+ T cells
in the spleen on day 5 after a lower dose of acute LCMV infection administered
intraperitoneally (i.p.) at a dose of 2x10° PFU. ¢,d, Frequency (c) and number (d) of LCMV
GP33-specific PD-1+ TCF-1+ CD8+ T cells in the spleen on day 5 after acute versus chronic
infection. Graphs show mean+SEM and are combineddata from 3 independent experiments
(n= 12-15 mice per infection group). e, Gating strategy used for sorting LCMV GP33-specific
P14 stem-like (PD-1+ CD73+ Tim-3-) and effector (PD-1+ CD73- Tim-3+) CD8+ T cells from
Arm or Cl13-infected spleens on day 5 for RNA- and ATAC-seq. f, Accessibility tracks (ATAC-
seq, left) and normalized counts (RNA-seq, right) for selected genes. RNA- and ATAC-seq
results are each from 1 independent experiment. g, Nur77-GFP reporter mice were infected
intravenously with 2x106 PFU of LCMV Armstrong or clone 13. CD44 and Nur77-GFP
expression on GP33-specific stem-like (PD-1+ Tim-3-) and effector (PD-1+ Tim-3+) CD8+ T
cells on day 5 post-infection (left). Summary graph showing percentage of GP33-specific stem-
like versus effector CD8+ T cells that are CD44+ Nur77-GFP+. Day 5 flow plots and summary
graph are from 1 experiment (n= 5 mice). P values calculated using Mann-Whitney test. **, ***,
and **** indicate p value of less than 0.01, 0.001, and 0.0001, respectively.
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Fig. 2| Stem-like CD8 T cells from acute and chronic infection are equally capable of
cytokine production. a, 2,500 naive P14s were transferred intravenously (i.v.) into uninfected
mice. Separate groups of P14 chimera mice were then infected with LCMV Armstrong (Arm,
acute) or clone 13 (CI13, chronic) i.v. at a dose of 2x10% PFU. On day 5 post-infection,

splenocytes were isolated and cultured ex vivo with 0.2 pg/mL of GP33 peptide in the presence

of golgi plug and golgi stop for 5 hours at 37°C. Following surface stain, cells were measured
for intracellular cytokine production. b, Production of IFNy and TNFa by P14 stem-like (TCF-1+
GzmB-) and effector (TCF-1- GzmB+) CD8 T cells. ¢,d, Summary graphs showing percentage
(c) and number (d) of IFNy+ (TNFa-) and IFNy+ TNFa+ cells. Flow plots are representative of
1 of 2 independent experiments. Summary graphs show data pooled from 2 independent
experiments (n=10 mice per group). P values calculated using Mann-Whitney test. *, **, and
****indicate p value of less than 0.05, 0.01, and 0.0001, respectively.
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Fig. 3| Stem-like CD8+ T cells from acute and chronic infection are equally able to
expand, self-renew, and effector differentiate after clone 13 challenge. a, CD45.1+
LCMV GP33-specific P14 stem and effect. CD8+ T cells were isolated from LCMV Arm or
Cl13-infected spleens on day 5 and transferred into naive CD45.2+ mice. Recipients were
then challenged i.v. with 2x10% PFU of LCMV CI13. b,c, Frequency and numbers of donor
cells recovered from indicated recipient spleens (b) and livers (c) on day 7 after clone 13
challenge. d, Expression of indicated markers on stem-like donor cells from acute (top) or
chronic (bottom) infection pre- and on day 7 post-clone 13 challenge. e, Numbers of splenic
stem-like (TCF-1+ GzmB-) and effector (TCF-1- GzmB+) CD8+ T cells derived from
indicated donor cells. f, Expression of indicated markers on effector donor cells from acute
(top) or chronic (bottom) infection pre- and on day 7 post-clone 13 challenge. g, Numbers of
splenic stem-like (TCF-1+ GzmB-) and effector (TCF-1- GzmB+) CD8+ T cells derived from
indicated donor cells. Flow plots represent 2 of 3 independent experiments (n= 4-5 recipient
mice per group per experiment). Summary graphs show mean = SEM and data are
combined from 2/3 independent experiments (n=9 per group). P values calculated using
Mann-Whitney test. *, *** and **** indicate p values of less than 0.05, 0.001, and 0.0001,
respectively.
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Extended Data Fig. 2
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forclone 13 challenge experiment
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Extended Data Fig. 2| Sorting of stem-like and effector CD8+ T cells from acute versus
chronic infection for clone 13 challenge experiment. a, Gating strategy used to isolate
stem-like (Slamf6+ Tim-3-) and effector (Slamf6- Tim-3+) P14 CD8 T+ cells from acute versus
chronic LCMV infection on day 5 to evaluate their response to clone 13 challenge.
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Fig. 4] TOX is required for the optimal generation of stem-like CD8 T cells during acute and

chronic infection. a, Separate groups of wildtype (black) and TOX knockout mice (red) were infected

with either LCMV Armstrong (Arm, acute) or clone 13 (CI13, chronic) intravenously at a dose of 2x10°

PFU. On day 5 post-infection, phenotypic analysis was performed on LCMV-specific CD8 T cells from the
blood, spleen, and liver. b-d, Representative flow plots showing TCF-1 and GzmB expression on LCMV-

specific GP33+ CD8+ T cells in the blood (b), spleen (c), and liver (d). e-g, Summary graphs showing
numbers of GP33+ stem-like (TCF-1+ GzmB-) CD8+ T cells in the blood (e), spleen (f), and liver (g). Flow
plots shown are representative of 1 of 3 independentexperiments (n= 1-5 mice per group). Summary

graphs e-g show mean + SEM and are combineddata from 2 independent experiments (n= 3-6 mice per

group). P values calculated using Mann-Whitney test. * and ** indicate p values of less than 0.05 and
0.01, respectively.
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Figure. 5
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Fig. 5] Antigen is required for the maintenance of stem-like CD8+ T cells during acute
viral infection. Mice were infected intravenously with 2x108 PFU of LCMV Armstrong (acute).
a, Viral titer kinetics (red curve) and numbers of LCMV-specific D°GP33+ CD8+ T cells in the
spleen over time. Viral titer data shown are from one independent experiment (n= 3-5 mice per
time point) and are consistent with historical data (Matloubian et al.,1993). Curve showing
numbers of D°GP33+ CD8+ T cells is combined data from 3 independent experiments (n= 12-
15 per time point) with mean and SEM included. b,c, Frequency (b) and numbers (c) of
GP33+ PD-1+ TOX+ TCF-1+ stem-like CD8+ T cellsin the spleen at indicated times post-
acute infection. Graphs b and ¢ show mean + SEM and data are combined from 3 independent
experiments (n= 12-15 mice per time point). d, Expression of indicated markers on GP33+
TCF-1+ CD8+ T cells during course of acute infection. Flow plots are representative of 1 of 3
independent experiments (n=3-5 mice per time point per experiment). e, On day 5 after acute
infection, mice were treated i.v. with 200ug of GP33 peptide on days 5, 7, and 10. After
clearance of infection (day 14), the phenotype of DPGP33+ CD8+ T cells was examined f,
Frequency of DP°GP33+ CD8+ T cells in the spleen. g-i, Frequency and number of DPGP33+
PD-1+ TCF-1+ CD8+ T cells in the spleen. Flow plots shown are representative of 1 of 3
independent experiments (n= 3-5 mice per group). Graphs h and i show mean + SEM and are
combined data from 3 independent experiments (n= 10-13 mice per group). P values
calculated using Mann-Whitney test. ** and **** indicate p values of less than 0.01, and
0.0001, respectively.
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Extended Data Fig. 3
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Extended Data Fig. 3| Peptide immunization to assess role of antigen for stem-like
CD8 T cells during acute infection. a, Frequencies of splenic LCMV-specific DP\GP33+
CD8+ T cells. b, Expression of indicated markers on D°GP33+ TCF-1+ CD8+ T cells.
Graph shows combined data from 3 independent experiments (n= 12-15 per time point).
Flow plots are representative of 1 of 3 independent experiments. (n= 3-5 mice per
group). Statistics calculated using Mann-Whitney test. **** indicates a p value of less
than 0.0001.
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Abstract

In chapter 4, we found that identical populations of stem-like CD8 T cells are
generated early (day 5) after acute and chronic viral infection, indicating that this
important fate decision is made blind to infection outcome, and that the immune system
is equipped a priori for a potential chronic infection. To determine the fate of these early
stem-like CD8 T cells in acute versus chronic infection we performed reciprocal adoptive
transfer experiments. When transferred from chronically infected to acutely infected
mice and examined after viral clearance, early stem-like CD8 T cells downregulated
canonical markers of stem-like CD8+ T cells from chronic infection (PD-1 and TOX) and
adopted features of central memory CD8+ T cells, like CD127 and CD62L expression.
When transferred from acutely to chronically infected mice, early stem-like CD8 T cells
took on the role of chronic resource cells, supplying lymphoid and nonlymphoid tissues
for over a month with virus-specific CD8 T cells. Using scRNA-seq analysis, we found
that the daughter pool of these stem-like donor cells was composed of a similar
spectrum of differentiation states/clusters (stem, effector, terminally differentiated,
dividing) as seen for endogenous GP33-specific CD8 T cells within the same recipient
mice. As chronic infection progressed from the early to the established phases, early
stem-like donor cells transitioned from proliferation to quiescence and upregulated gene
expression for the inhibitory molecule Cd200. PD-L1 blockade resulted in a massive
expansion of early stem-like donor CD8 T cells within chronically infected recipients,
equaling that seen for endogenous virus-specific CD8 T cells within the same mice.
These findings provide insight into the generation and differentiation potential of stem-
like CD8+ T cells, highlighting the ability of these cells to adapt to acute or chronic viral
infection. Furthermore, they raise new questions on the potential importance of stem-
like CD8 T cells for T cell memory and re-emphasize the essential role that these cells

play during chronic viral infection.
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Introduction

Virtually identical populations of stem-like CD8 T cells are generated early after
acute and chronic viral infection and, in both contexts, antigen is required for the
maintenance of cells with this phenotype (Chapters 3 and 4). These observations raise
several intriguing questions regarding the differentiation potential of these early stem-

like CD8 T cells and the importance of infection origin on the fate of these cells.

What happens to stem-like CD8 T cells following clearance of acute infection? One
possibility is that elimination of antigen initiates the death of these cells. Indeed, stem-
like CD8 T cells are essential for continued CD8 T cell immunity during long-term
antigen exposure. Hence, making the survival of stem-like CD8 T cells antigen-
dependent could serve to cull or discontinue the CD8 T cell response once the threat
has been eliminated. A second possibility is that stem-like CD8 T cells give rise to
memory CD8 T cells following antigen clearance. These cells share many phenotypic
and functional qualities with memory CD8 T cells. Addressing this question will both
expand our understanding of the differentiation potential of early stem-like CD8 T cells

and potentially reveal new insights into the cellular origins of CD8 T cell memory.

Is the fate of stem-like CD8 T cells pre-determined by infection origin or can they adapt
their differentiation trajectory based on the outcome of infection? That is, if generated in
an infection destined for rapid clearance (ie LCMV Armstrong) what will happen to these

cells if transferred into mice harboring a chronic viral infection?

To address these questions, we tracked the fate of early stem-like CD8 T cells in
contexts of antigen clearance versus persistence using reciprocal adoptive transfer
experiments. Specifically, we examine if stem-like CD8 T cells generated in a chronic
viral infection can give rise to memory CD8 T cells if transferred into a clearing viral
infection. We then transfer stem-like CD8 T cells from acute infection into mice inflicted
with a life-long infection to assess the ability of these cells to not only sustain an
antigen-specific CD8 T cell response but also reinvigorate it in response to PD-L1

blockade.
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Results

Early day 5 virus-specific stem-like CD8+ T cells from LCMV clone 13-infected mice
acquire the phenotype of central memory CD8+ T cells after transfer into acutely

infected mice

To examine the fate of early stem-like CD8 T cells following viral clearance, we sorted
stem-like and effector P14 cells from clone 13-infected mice at day 5 and transferred
these sorted P14 CD8+ T cell subsets into congenically distinct mice acutely infected
with LCMV Armstrong at day 5. The fate of these adoptively transferred cells was then
analyzed on days 8 and 14 post-transfer, time points when the infection has been fully
resolved. We used Tcf7-YFP reporter P14 cells in this experiment; stem-like cells were
sorted as Tcf7-YFP+ Tim-3- and the effector cells as Tcf7-YFP- Tim-3+ (Fig. 1a and b).
Both donor populations were detectable in the spleens of recipient mice after transfer,
comparable numbers (Extended Data Fig. 1a and b). The transferred donor stem-like
cells retained TCF-1 expression and remained negative for Tim-3 and granzyme B but
there were other striking phenotypic changes in these cells; PD-1 and TOX were almost
completely downregulated and most interestingly, there was upregulation of CD127 and
CD62L. Also of interest is that the donor stem-like cells remained mostly negative for
KLRG1 (Fig. 1c and d). Co-staining of the canonical memory T cells markers (CD127,
KLRG1, CD62L) showed that the donor stem-like cells from clone 13-infected mice were
acquiring markers associated with central memory T cells in the absence of antigen
(Extended Data Fig. 1c-e)°2119-112 Thus, the virus-specific PD-1+ TCF-1+ CD8+ T cells
generated during the early phase of chronic infection can also adapt to an acute
infection and contribute to the pool of central memory CD8+ T cells following antigen

clearance.

The donor effector cell population from clone 13-infected mice also exhibited several
phenotypic changes after transfer into the acutely infected mice (Fig. 1e and f). These
cells downregulated PD-1, TOX, granzyme B, and Tim-3 since antigen is needed to

sustain expression of these molecules but most interestingly, a subset of donor effector
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cells expressed Tcf7-YFP and CD127 in the absence of antigen. The co-staining of
CD127, KLRG1, CD62L, and Tcf7-YFP (Extended Data Fig. 1c-e) shows that the PD-1+
Tim-3+ TOX+ GzmB+, and TCF-1 negative effector CD8+ T cell subset from day 5
clone 13 infection has the capacity to differentiate into the canonical short-lived effector
cell (SLEC) subset (KLRG1+ CD127-)*2 and more importantly also give rise to the
memory precursor effector cell (MPEC)!!® subset that expresses TCF-1 after clearance
of antigen. This is consistent with our previous studies showing de-differentiation of a
subset of effector CD8+ T cells after clearance of an acute viral infection®%110.111,114,115
A recent paper has further confirmed and extended these findings'*¢. These previous
studies examined effector CD8+ T cells generated during an acute infection and
showed that the major pool of both effector and central memory cells emerges by the
process of de-differentiation''”18, We now show in this study that some of the effector
CD8+ T cells generated during the early phase of a chronic infection also have the
capacity to de-differentiate and express TCF-1.

Early day 5 virus-specific stem-like CD8+ T cells from LCMV Armstrong-infected mice

act as chronic resource cells after transfer into chronically infected mice

The studies described above showed that early day 5 stem-like CD8+ T cells generated
during chronic infection can adapt to an acute infection setting and contribute to the pool
of central memory cells (Fig. 1c, d, and Extended Data Fig. 1c-e). We now asked the
reciprocal question of whether day 5 stem-like CD8+ T cells generated during an acute
infection can act as resource cells in a chronic setting. The experimental design of this
acute into chronic transfer is shown in Fig. 2a and b; sorted stem-like and effector P14
CD8+ T cells from LCMV Armstrong-infected mice at day 5 were transferred into mice
infected with LCMV clone 13 at day 5. At day 15 post-clone 13 infection, the donor P14
cell populations were analyzed in the spleen, liver, and lung of recipient mice. We
observed a significantly higher expansion of the transferred donor cells in all three
tissues of mice that received day 5 P14 stem-like cells compared to P14 effectors (Fig.

2c and d). There were also striking changes in the phenotype of the donor stem-like
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cells in the spleen 10 days after transfer into chronically infected mice due to the
generation of effector CD8+ T cells from the transferred donor stem-like cells (Fig. 2e
and f). These progeny effector cells derived from the donor day 5 stem-like cells
expressed effector markers such as granzyme B, CX3CR1, Tim-3, and downregulated
stem-like markers Tcf7-YFP and Slamf6. These progeny effector cells comprised ~90%
of the total P14 cells and the remaining ~10% retained the phenotype of the stem-like
cells. This is important because it shows that the stem-like cells maintain themselves
and differentiate into effector cells. As expected, both the donor stem-like cells and their
effector progeny expressed high levels of PD-1 and TOX. Similar results were seen in
the liver and lung of mice that received the donor stem-like cells and in these non-
lymphoid tissues the frequency of effector cells generated from the donor stem-like cells
was even greater (>98%) (Extended Data Fig. 2a-d). Taken together these results show
that day 5 P14 stem-like cells isolated from acute infection can function efficiently as a
resource cell in the setting of a chronic infection.

In contrast to the efficient expansion and differentiation of the transferred P14 stem-like
cells, the P14 effector cells showed significantly less expansion in all three tissues
(spleen, liver, and lung) and showed minimal to no changes in their phenotypic markers
(Fig. 2c, d, and Extended Data Fig. 3A-D). Even when five times fewer donor stem-like
cells were transferred compared to donor effector cells, the stem-like cells gave rise to
substantially higher numbers of progeny compared to effector donor cells (Extended
Data Fig. 4a and b). Once again, these early (day 5) stem-like cells isolated from
acutely infected mice differentiated into a large percentage of effector cells and also
maintained their stem-like state to continue functioning as a resource cell under

conditions of chronic infection (Extended Data Fig. 4c-f).

Early day 5 virus-specific stem-like CD8+ T cells from acute LCMV sustain CD8 T cell

immunity in mice with a life-long viral infection as chronic resource cells

To determine whether day 5 stem-like CD8 T cells from acute LCMV can maintain the
virus-specific CD8 T cell response in mice harboring a life-long viral infection, stem-like

and effector P14 CD8+ T cells from day 5 LCMV Armstrong-infected mice were
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transferred into separate groups of day 5 LCMV clone 13 mice that were transiently
depleted of CD4 T cells prior to infection. Donor P14 cells were then analyzed in the
spleen, liver, and lungs of recipient mice on days 8, 15, and 35 post-transfer (Fig. 3a, b).
As observed before in the CD4 T cell helped chronic LCMV model (Fig. 2c, d), stem-like
donor cells underwent a much greater initial expansion (day 8 post-transfer) in the
spleens and lungs of recipient mice compared to effector donor cells. Although acute
LCMV stem-like donor cells showed a larger expansion in the presence of CD4 T cells
(Fig. 2c and d), these data show that the superior expansion capacity of stem-like vs.
effector donor cells is not dependent on CD4 T help (Fig. 3c and d). Interestingly, stem-
like and effector donor cells initially showed a comparable frequency and number of
progeny cells in the liver. This may reflect the preferential trafficking of effector donor
cells to the liver, compared to other tissue sites. As chronic LCMV progressed from the
early to established phase of infection, effector donor cells were lost from all tissues
examined in recipient mice. In contrast, stem-like donor cells were maintained in the
spleen, liver, and lungs of recipients throughout chronic LCMV, albeit with a slight
contraction by day 35 post-transfer (Fig. 3c and d). As before (Fig. 2e, and f),
populations of stem-like (TCF-1+ Tim-3-) and effector (TCF-1- Tim-3+) CD8 T cells
could be seen in the spleen, liver, and lungs of stem-like donor recipient mice on day 8
post-transfer. As chronic LCMV progressed to the established phase of infection, stem-
like donor cells sustained the spleen, liver, and lungs with effector CD8 T cells but self-
maintained a population of stem-like CD8 T cells only in the spleen (Fig. 3e).
Interestingly, the presence of small populations of stem-like CD8 T cells in peripheral
tissues early on but not late during chronic LCMV infection matches the same dynamics
exhibited by the endogenous LCMV-specific CD8 T cell response. Moreover, between
the pre-transfer time point (day 5, acute LCMV) and day 35 post-transfer (chronic
LCMV), acute LCMV stem-like donor stem progeny (TCF-1+ Tim-3-) and endogenous
GP33-specific stem-like CD8 T cells from stem-like donor recipients both gradually lost
the expression of the proliferation marker, Ki67 (Fig. 3f). This provides definitive
evidence for the notion observed in chapter 3, that stem-like CD8 T cells first emerge as
rapidly dividing cells before transitioning to quiescence if the viral infection persists long-

term. Together these longitudinal analyses show that early stem-like CD8 T cells from

97



acute LCMV can sustain CD8 T cell immunity via self-maintenance and effector

differentiation following transfer into mice harboring a life-long viral infection.

We next compared the transcriptional signatures of P14 donor cells and endogenous
LCMV-specific GP33+ cells from chronic LCMV mice that previously received (day 5
p.i.) stem-like donor CD8 T cells from day 5 acute LCMV mice. Our goal was to more
comprehensively understand how the progeny of acute LCMV stem-like CD8 T cells
donor cells compare to endogenous LCMV-specific CD8 T cells originating from chronic
LCMV infection. On day 15 post-transfer, stem-like donor P14s (GP33+ CD45.2+) were
sorted from the spleens of chronic LCMV recipients along with endogenous LCMV-
specific (GP33+ CD45.2-) CD8 T cells and analyzed using scRNA-seq (Extended Data
Fig. 5a). Interestingly, both acute LCMV stem-like donor and endogenous GP33+ CD8
T cells gave rise to 4 main cell clusters (stem, effector, terminally differentiated (TD),
dividing) (Extended Data Fig. 5b and c), which were almost completely overlapping
when projected together on a UMAP plot (Extended Data Fig. 5d). As expected for
virus-specific cells isolated from an active viral infection, all clusters derived from stem-
like donor and endogenous GP33+ CD8 T cells expressed Pdcdl and Tox. Stem For
both stem-like donor and endogenous GP33+ cells, the stem cluster was distinguished
from effector, TD, and dividing clusters based on the hallmark gene pattern combining
high expression of Tcf7, Id3, Xcll, Cxcr5, and Slamf6 with the absence of effector
marks like Havcr2, GzmB, and Cd244a. Interestingly, both stem clusters also showed
high expression of the inhibitory molecule, Cd200, coupled with low expression of the
proliferation marker, Miki67 (Extended Data Fig. 5e-h). This aligns with data in chapter 3
(Fig. 3c-e) and chapter 5 (Fig. 3f) showing that as chronic LCMV infection progresses,
stem-like CD8 T cells upregulate inhibitory molecules associated with TGFf3 signaling
and become quiescent. Effector and TD clusters from stem-like donor and endogenous
GP33+ also shared similar gene profiles including high expression of Havcr2 and GzmB
but higher and more uniform expression of Cd244a in cells from the TD cluster
compared to effector (Extended Data Fig. 5e-h). The dividing cluster for both stem-like
donor and endogenous GP33+ cells was distinguished from all other clusters based on

the high expression of Mki67 (Extended Data Fig. 5e-h). Together these data show that
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early stem-like CD8 T cells from acute LCMV infection can give rise to the full spectrum
of transcriptional heterogeneity seen among endogenous virus-specific CD8 T cells

during chronic LCMV infection.

Early day 5 virus-specific stem-like CD8+ T cells from acute LCMV provide the

proliferative burst following PD-1 blockade

A key feature of stem-like CD8 T cells is that they supply the massive expansion of
antigen-specific cells following PD-1 blockade during chronic viral infections and
cancers®®, We next tested the ability of stem-like CD8 T cells from acute LCMV to
respond to PD-L1 blockade following transfer into chronic LCMV mice. As in Fig. 3a and
b, stem-like CD8 T cells were first sorted from day 5 acute LCMV and transferred into
time-matched, chronic LCMV recipients. On day 35 post-transfer, separate groups of
stem-like donor recipient mice were either treated with anti-PD-L1 antibody (aPD-L1) or
were left untreated (Fig. 4a). Both stem-like donor and endogenous GP33+ cells
expanded substantially following PD-L1 blockade. Relative to untreated mice, stem-like
donor and endogenous GP33+ cells gave rise to a similar increase in cell frequencies
and numbers in the spleen, liver (~2-3 fold), and lungs (~6-10 fold) of aPD-L1 mice (Fig.
4b and c¢). Thus, infection origin does not impact the ability of stem-like CD8 T cells to

respond to PD-L1 blockade during chronic viral infection.
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Discussion

Here we address the fate and plasticity of the identical populations of virus-specific
stem-like CD8 T cells that are generated early after acute and chronic viral infection

using reciprocal adoptive transfer experiments.

In the first experiment we transferred day 5 stem-like CD8+ T cells from chronically
infected into acutely infected mice and examined their differentiation after viral
clearance. We found that early stem-like CD8+ T cells downregulated canonical
markers of the chronic stem-like CD8+ T cells and expressed markers (CD127 and
CD62L) associated with central memory CD8+ T cells. This experiment rules out the
notion that continuous TCR signaling is necessary for the survival of stem-like CD8 T
cells. Rather than being lost after viral clearance, stem-like CD8 T cells swap marks of
antigen stimulation (ie PD-1 TOX) for the expression of molecules typical of memory
CD8 T cells (ie CD127). Indeed, this experiment clarifies our observation in chapter 4
(Fig. 5 and Extended Data Fig. 3), regarding the antigen-dependent /oss of the stem-like

CD8 T cell phenotype following clearance of acute LCMV infection.

A large part of the memory pool arises via the de-differentiation of a portion of the initial
effector pool referred to as memory precursor effector cells (MPECs). These cells were
originally identified using the acute LCMV infection model, based on the expression of
CD127 and absence of KLRG1. Follow up studies re-emphasized the point that they do
indeed derive from an effector origin, showing that they arise from a GzmB+ population
of KLRG1- CD25- cells. Our findings that stem-like CD8 T cells can become memory
cells suggest that there also exists a non-effector route to the memory pool. This
statement cannot be made definitively yet as it is unclear whether stem-like CD8 T cells
arise directly from naive cells or from the early de-differentiation of some effector
subset. However, what can be said is that a portion of the memory pool is directly
derived from a non-effector subset. This finding revisits decades old questions regarding
the origins and development of memory CD8 T cells. For example, what is the
quantitative and qualitative contribution of stem-like CD8 T cells to the memory pool?
How do these answers change based on infection/antigen dose? To study memory CD8

T cells in the LCMV model, most experiments were performed by infecting mice
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intraperitoneally at a dose of 2x10° PFU. These studies provided invaluable insight into
the lifestyles of memory CD8 T cells including their origins, development, and protective
capacity/anatomical distribution/lineage relationships of different memory subsets.
However, we show in chapter 4 (Extended Data Fig. 1b-d) that this infection setup leads
to a population of stem-like CD8 T cells comprising a mere 5-10% of LCMV-specific
(GP33+) CD8 T cells on day 5 post-infection. The remaining 90-95% consists of GzmB+
TCF-1- effector subsets like MPECs (GzmB+ KLRG1- TCF-1-) and short-lived effector
cells (SLECs) (GzmB+ KLRG1+ TCF-1-). This suggests that most of what we know
about memory, at least from the LCMV model, is based on studying memory CD8 T
cells that come from effector cells, not stem-like CD8 T cells. This is exemplified by our
findings in this chapter (Fig 1c and Extended Data Fig. 1c and d) where we surprisingly
observed stem donor cells giving rise to between 30 and 75% CDG62L+ cells so soon
after viral clearance. In previous studies, the percentage of CD62L+ cells is <10% just
1-2 weeks after LCMV Armstrong infection. Whether there are differences in the
anatomical distribution, protective capacity, or longevity of effector-vs stem-like cell-
derived memory CD8 T cells is not yet clear. However, the function and molecular
program of stem-like CD8 T cells during infection- which appears almost designed to
support progenitor T cell biology- warrants further investigation into what these cells do

after infection.

In the second and third experiments, we transferred day 5 stem-like cells from

acutely infected mice into chronically infected mice and found that these early stem-like
CD8+ T cells took on all the ‘chronic resource cell’ properties originally defined for stem-
like CD8 T cells in the chronic LCMV infection model. Specifically, they underwent a
much larger expansion compared to their effector donor cell counter parts populating
lymphoid and non-lymphoid tissues with progeny. Despite originating in an acute LCMV
infection destined for clearance, early stem-like donor cells gave rise to the entire
differentiation (exhaustion) pathway defined for chronic antigen exposure: stem->
effector-> terminally differentiated. They also maintained the CD8 T cell response in the
spleen, liver, and lungs of chronically infected animals for over a month after initial
transfer. During this time, they acquired a key feature of chronic resource cells,
quiescence. This observation provides conclusive evidence that stem-like CD8 T cells
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arise early during infection as rapidly dividing cells and progressively stop dividing with
time post-antigen exposure.

Importantly, the reduced proliferation of stem-like cells does not represent senescence
or the inability to expand upon restimulation (exhaustion) observed for terminally
differentiated. These cells retain proliferative potential, as evidenced by the enormous
expansion they can undergo following PD-1 blockade. When their chronically infected
hosts were treated with PD-L1 blocking antibodies, early stem-like donor cells exited
quiescence and underwent a huge proliferative burst equaling that of endogenous
GP33+ CD8 T cells within the same mice. This observation further solidifies the notion
that early stem-like CD8 T cells become bona fide chronic resource cells in the context

of antigen persistence.

Altogether, these data demonstrate the ability of early stem-like CD8 T cells to adapt to
acute or chronic viral infection. Furthermore, it shows that the differentiation trajectory of
early stem-like CD8 T cells is not pre-destined by infection origin. Rather, the
development of early stem-like CD8 T cells is gradually shaped by the progression and
outcome of infection. Ultimately, stem-like CD8 T cells equip the host with adaptability
when challenged; conferring an inherently unforeseeing immune system with the ability
to protect against re-challenge (memory, antigen clears) or control the challenge without

excessive damage to the host (exhaustion, antigen persists).
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Methods

Mice, viral infections, and virus titration

C57BL/6 and CD45.1 B6 mice were purchased from Jackson laboratory. CD45.1/45.1
or CD45.1/45.2 P14 TCR transgenic mice'%® were bred and maintained in house. 6-8
week old mice were used for infections. Tcf7-YFP P14 transgenic mice were provided
as a gift from the Kueh laboratory at the University of Washington. Chronic viral
infections that result in lifelong viremia were performed as follows: mice were transiently
depleted of CD4+ T cells via intraperitoneal injection with 300 ug of a rat anti-mouse
CD4 antibody (clone GK 1.5 from BioXcell) 2 days before infection and again on the day
of infection. Mice were then injected intravenously (i.v.) with 2x108 PFU LCMV clone 13
(Figs. 1, 5, and Extended Data Figs. 1-4, 5). All other figures feature chronic viral
infections that eventually clear from most tissues. These were performed by injecting
2x108 PFU LCMV clone 13 i.v. without transient CD4+ T cell depletion. For acute viral
infections, mice were injected i.v. with 2x108 PFU of LCMV Armstrong. All mice were
used in accordance with the Emory University Institutional Animal Care and Use

Committee Guidelines.

Lymphocyte isolation

Lymphocyte isolation from the blood, spleen, liver, and lungs were performed as
described previously (Wherry’s JV paper). Spleens were dissociated by passing through
a 70 uM cell strainer (Corning). Livers were first perfused with cold PBS prior
homogenization via mechanical disruption. Lungs chopped prior to shaking at 37C in
1.3 mM EDTA in HBSS for 30 mins. They were then treated with 150 U mL"" of
collagenase (Thermo Fisher Scientific) in RPMI 1640 medium containing 5% FBS, 1TmM
MgClzand 1mM CaClz for 60 min at 37C with shaking at 200 rpm. Collogenase-treated
lungs were then homogenized and filtered through a 70uM cell strainer. A 44-67%

Percoll gradient was then used to purify lymphocytes (800g at 20C for 20min).

Reagents and flow cytometry

All antibodies used for flow cytometry were purchased from Biolegend, Thermo Fisher
Scientific, Miltenyi Biotec, Cell Signaling Technology, BD Biosciences, and R&D

Systems. The following antibody/fluorochrome conjugates were used at the following
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dilutions: anti-CD8a PerCp-Cy5.5 (1:200), anti-CD8a BUV395 (1:200), anti-CD8b
PerCp-Cy5.5 (1:200), anti-PD-1 Pe-Cy7 (1:200), anti-PD-1 BV785 (1:200), anti-CD44
Alexa Fluor 700 (1:200), anti-CD44 BUV737 (1:200), anti-CD4 BUV805 (1:200), anti-
CD19 BUV805 (1:200), anti-B220 BV786 (1:200), anti-TCF-1 FITC (1:50), anti-Tim-3
PE (1:25), anti-Tim-3 FITC (1:25), anti-Granzyme B PE-CF594 (1:100), anti-CD73 APC
(1:100), anti-CD73 BV421 (1:100), anti-CD28 PE (1:50), anti-CD28 APC (1:50), anti-
Ki67 BV711 (1:25), anti-CD45.1 BV711 (1:200), anti-CD45.1 BUV563 (1:200), CD45.2
FITC (1:200), CD45.2 Pe-Cy7 (1:200), anti-TOX PE (1:50), anti-TOX APC (1:50), anti-
BCL6 PE (1:50), anti-BCL6 APC (1:50), anti-SLAMF6 APC (1:100), anti-SLAMF6 Pacific
blue (1:100), SLAMF6 BUV496 (1:100), anti-CD226 PE-Texas Red (1:100), anti-
CX3CR1 PE-Cy7 (1:100), anti-CX3CR1 APC-Fire 810 (1:100), anti-KLRG1 PE/Dazzle
594 (1:100), anti-KLRG1 BV605 (1:100), anti-KLRG1 BV421 (1:100), anti-CD127 PE
(1:50), anti-CD127 BV421 (1:50), anti-CD127 BV711 (1:50), anti-CD25 PE (1:100), anti-
CXCR3 PE-Cy7 (1:100), anti-CD27 BV785 (1:100), and anti-CD62L BV605 (1:100).
Endogenous LCMV-specific CD8 T cells were detected using the D’GP33-41 tetramer
(1:100), which was prepared in house. Streptavidin-APC was purchased from (Thermo
Fisher Scientific). Dead cells were excluded using the Live/Dead Fixable Near-IR
(1:250) or Live/Dead Fixable Aqua (1:250) (Thermo Fisher Scientific). For cell surface
staining, antibodies were prepared in PBS supplemented with 2% FBS at indicated
concentrations before being added to cells on ice for 30mins. Cells were then washed
two times. For detecting intracellular proteins (TCF-1, GzmB, TOX, and Bcl6), the
FOXP3 staining buffer set (Thermo Fisher Scientific) was used according to the
manufacturer’s instructions. Samples were acquired on a Canto, LSR Il, the FAC
Symphony A3 (BD Biosciences) system, or the Cytek Aurora spectral analyzer. Data

were analyzed using FlowdJo (v.10.7.1, BD Biosciences).

Cell Sorting and adoptive transfers

For adoptive transfers of sorted CD8 T cell subsets into infected, time-matched
recipients, 2000-4000 Tcf7-YFP P14s (gifted by Hao Yuan Kueh) were first transferred
into naive congenically mismatched recipients prior to infection with 2x108 PFU i.v. of
LCMV Armstrong or clone 13. On day 5, stem-like (CD8+ CD45.2+ TCF7-YFP+ Tim-3-)
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or effector cells (CD8+ CD45.2+ TCF7-YFP- Tim-3+) were FACs sorted from the
spleens of infected mice and 1x108 (or when indicated, 2.5x10%) cells of each were
transferred into time-matched (infection indicated) recipients.

PD-L1 therapy in vivo

To assess the ability of early stem-like CD8 T cells from acute LCMV to respond to PD-
L1 blockade, chronically infected recipient mice (day 35 post-transfer) were either left
untreated or treated intraperitoneally with 200 ug, of rat anti-mouse PD-L1 antibody

(clone 10F.9G2, prepared in house) every 3 days for 12 days total (4 total injections).

scRNA-seq
scRNA-seq libraries were generated using the Chromium Single cell 5’ Library & Gel

Bead Kit (10x Genomics) according to the manufacturer. Early (day 5) stem-like CD8 T
cell donor P14s were transferred from acutely infected to chronically infected mice. On
day 15 post-transfer, stem-like donor P14s (CD45.2+ GP33+), endogenous D°GP33+
CD8 T cells (CD45.2- GP33+), and naive CD44lo CD8 T cells were sorted and captured
into gel beads-in-emulsion. After being reverse transcribed, gel beads-in-emulsion were
disrupted and barcoded cDNA was isolated, pooled, then amplified by PCR for 13
cycles. Amplified cDNA was then fragmented and processed for end repair and A-tailing
before undergoing sample index PCR for 16 cycles. Purified libraries were sequenced
to a depth of 50,000 reads per cell on the HiSeq3000 (lllumina) systems with 26 cycles
for read 1, 8 cycles for index (i7) and 91 cycles for read 2.

Cell Ranger v.3.1 was used to align, filter, and count barcodes as well as unique
molecular identifiers. Further data analyses was performed using Seurat (v.3.0) (Satija,
Nature biotech 2015). Cells with greater than 8% mitochondrial genes were excluded
from analysis. Cells with more than 2,500-5,000 or less than 100-1,000 detected genes
were considered outliers and excluded from downstream analyses. Raw unique
molecular identifier counts were then normalized to unique molecular identifier counts
per million total counts before being log-transformed. Principle component analysis was
performed, and the 10 most statistically significant principal components were used for
uniform manifold approximation and projection (UMAP) analysis. Clusters were
identified using the nearest neighbor algorithm in Seurat and UMAP plots were

105



generated based on selected PCA dimensions. The Seurat function FindAlIMarkers was
used to identify marker genes. Log-normalized data are shown. Gene set scoring was
performed using the VISION R package v.2.1.0, following the scoring algorithm as
described previously (DeTomaso, BMC Bioinformatics 2016). In brief, the expression of
signature genes is weighted based on the predicted dropout probability calculated from
nearest neighbors, and the normalized expression summed for all genes in the gene

set.

Statistical analysis

GraphPad Prism (v.10.0.3) was used for statistical analysis. The difference between
experimental groups was assessed using two-tailed unpaired t-tests or two-tailed
unpaired Mann-Whitney U-tests or one-tailed paired Wilcoxon matched-pairs signed

rank test.
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Fig. 1| Early stem-like CD8+ T cells from chronic viral infection become memory CD8+ T
cells after transfer into acutely infected mice. a,b 2x103 TCF7-YFP reporter P14 CD8+ T
cells were transferred into congenically mismatched naive mice prior to intravenous infection
with 2x10% PFU LCMV clone 13. On day 5 p.i. TCF7-YFP+ Tim-3- (stem) and TCF7-YFP- Tim-
3+ (effect.) P14 CD8+ T cells were isolated from the spleen via FACS and transferred
intravenously into separate groups of congenically distinct, day 5 LCMV Armstrong-infected
recipiens. On days 8 and 15 after transfer, the phenotype of donor cells was analyzed. ¢,
Expression of indicated markers on stem-like donor cells pre- (spleen, day 5 p.i., chronic) and
post-transfer (representative of days 8/15 post-transfer, acute) in the spleen. d, Frequencies of
stem-like donor cells positive for indicated markers pre- and post-transfer. e, Expression of
indicated markers on effector donor cells pre- and post-transfer in the spleen. f, Frequencies of
effector donor cells positive for indicated markers pre- and post-transfer. Flow plots are
representative of 1 of 3 independent experiments. Graphs show data pooled from 3
independent experiments (pre-transfer n=15, post-transfer n= 10-16). P values calculated
using Mann-Whitney test. *** and **** indicate p values of less than 0.001, and 0.0001,
respectively.
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Extended Data Fig. 1
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Extended Data Fig. 1| Adoptive transfer of stem-like and effector CD8+ T cells from day
5 LCMV clone 13 (chronic) mice into day 5 LCMV Armstrong (acute) mice. a,b, Frequency
(a) and numbers (b) of stem-like and effector donor cells recovered from the spleens of LCMV
Armstrong-infected recipients on days 8/15post-transfer. ¢, Expression of CD127, KLRG1,
CD62L and Tcf7-YFP on stem-like donor cells in the spleen pre- (day 5 p.i.,chronic) and post-
transfer (days 8/15 post-transfer, acute). d, Expression of CD127, KLRG1, CD62L and Tcf7/-
YFP on effector donor cells in the spleen pre- (day 5 p.i., chronic) and post-transfer (days 8/15
post-transfer, acute). e, Frequencies of memory precursors (left, KLRG1- CD127+) and
terminal effectors (right, KLRG1+ CD127-) within stem vs effector donor cells post-transfer.
Graphs show data pooled from 3 independent experiments (pre-transfer n=15, post-transfer n=
10-16). P values calculated using Mann-Whitney test. **** indicate p value of less than 0.0001.
Flow plots are representative of 1 of 3 independent experiments.
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Figure. 2
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Fig. 2| Early stem-like CD8+ T cells from acute viral infection become chronic resource
CD8+ T cells after transfer into chronically infected mice. a,b, 2x10° TCF7-YFP reporter
P14 CD8+ T cells were transferred into congenically mismatched naive mice prior to
intravenous infection with 2x10% PFU of LCMV Armstrong (acute). On day 5, TCF7-YFP+ Tim-
3- (stem) and TCF7-YFP- Tim-3+ (effect.) P14 CD8+ T cells were FACS sorted from the spleen
and 1x10° of each were transferred intravenously into separate groups of congenically distinct,
day 5 LCMV clone 13 (chronic) mice. The recovery and phenotype of donor cells was analyzed
10 days later. ¢,d, Frequencies and numbers of stem-like and effector donor cells recovered
from the spleens, livers, and lungs, of chronic LCMV recipient mice post-transfer. e, Expression
of indicated markers on stem-like donor cells pre- (spleen, day 5 p.i., acute) and post-transfer
(spleen, day 15 p.i., chronic). Arrow indicates differentiation trajectory of donor Tim-3- stem-like
cells into Tim-3+ effector cells. f, Frequency of stem-like donor cells positive for indicated
markers pre- and post-transfer in the spleen. Flow plots are representative of 1 independent
experiment. Graphs show data from 1 independent experiment (pre-transfer n=9, post-transfer
n=3). Analysis of D°GP33+ TCF-1- Tim-3+ stem-like CD8+ T cells from a separate
experiment was used to illustrate the pre-transfer expression of CX3CR1.
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Extended Data Fig. 2
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Extended Data Fig. 2| Phenotype of stem-like donor cells in the liver and lung following
transfer from day 5 LCMV Armstrong mice into day 5 LCMV clone 13 mice. a, Expression
of indicated markers on stem-like donor cells pre- (spleen, day 5 p.i., acute) and post-transfer
(liver, day 15 p.i., chronic). Arrow indicates differentiation trajectory of donor Tim-3- stem-like
cells into Tim-3+ effector cells. b, Frequency of stem-like donor cells positive for indicated
markers pre- (spleen) and post-transfer (liver). ¢, Expression of indicated markers on stem-like
donor cells pre- (spleen, day 5 p.i., acute) and post-transfer (lung, day 15 p.i., chronic). Arrow
indicates differentiation trajectory of donor Tim-3- stem-like cells into Tim-3+ effector cells. d,
Frequency of stem-likedonor cells positive for indicated markers pre- (spleen) and post-
transfer (lung). Flow plots are representative of 1 independent experiment. Graphs show data
from 1 independent experiment (pre-transfer n=9, post-transfer n= 3). Analysis of D°GP33+
TCF-1- Tim-3+ stem-like CD8+ T cells from a separate experiment was used to illustrate the
pre-transfer expression of CX3CR1.
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Extended Data Fig. 3
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Extended Data Fig. 3| Phenotype of effector donor cells in the spleen, liver, and lung
following transfer from day 5 LCMV Armstrong mice into day 5 LCMV clone 13 mice. a,
Expression of indicated markers on effector donor cells pre- (spleen, day 5 p.i., acute) and
post-transfer (spleen, day 15 p.i., chronic). b, Frequency of effector donor cells positive for
indicated markers pre- (spleen) and post-transfer (spleen). ¢, Frequency of effector donor cells
positive for indicated markers pre- (spleen) and post-transfer (liver). d, Frequency of effector
donor cells positive for indicated markers pre- (spleen) and post-transfer (lung). Flow plots are

representative of 1 independent experiment. Graphs show data from 1 independent

experiment (pre-transfer n=9, post-transfer n= 3). Analysis of DP"GP33+ TCF-1- Tim-3+ effector
CD8+ T cells from a separate experiment was used to illustrate the pre-transfer expression of

CX3CR1.
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Extended Data Fig. 4
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Extended Data Fig. 4| Transfer of 2x10° stem-like donor cells from day 5 LCMV
Armstrong mice into day 5 LCMV clone 13 mice. a, 2x10° TCF7-YFP reporter P14
CD8+ T cells were transferred into congenically mismatched naive mice prior to
intravenous infection with 2x10% PFU of LCMV Armstrong (acute). On day 5, 2x10°> TCF7-
YFP+ Tim-3- (stem) and 1x10° TCF7-YFP- Tim-3+ (effect.) P14 CD8+ T cells were FACS
sorted from the spleen and transferred intravenously into separate groups of congenically
distinct, day 5 LCMV clone 13 (chronic) mice. The recovery and phenotype of donor cells
was analyzed 10 days later. b, Numbers of stem-likeand effector donor cells recovered
from the spleens of chronic LCMV recipient mice post-transfer. ¢, Expression of indicated
markers on stem-like donor cells pre- (spleen, day 5 p.i., acute) and post-transfer (spleen,
day 15 p.i., chronic). Arrow indicates differentiation trajectory of donor Tim-3- stem-like
cells into Tim-3+ effector cells. d, Frequency of stem-like donor cells positive for
indicated markers pre- and post-transfer in the spleen. e, Frequency of stem-like donor
cells positive for indicated markers pre- (spleen) and post-transfer (liver). f, Frequency of
stem-like donor cells positive for indicated markers pre- (spleen) and post-transfer (lung).
Graph shows data from 1 independent experiment (pre-transfer n=9, post-transfer n=5).
Flow plots are representative of 1 independent experiment. Analysis of D°GP33+ TCF-1+
Tim-3- stem-like CD8+ T cells from a separate experiment was used to illustrate the pre-
transfer expression of CX3CR1.
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Fig. 3| Early stem-like CD8+ T cells from acute viral infection become chronic
resource cells when transferred into mice with a life-long viral infection. a,b, 2x103
TCF7-YFP reporter P14 CD8+ T cells were transferred into congenically mismatched naive
mice prior to intravenous infection with 2x10° PFU of LCMV Armstrong (acute). On day 5,
TCF7-YFP+ Tim-3- (stem) and TCF7-YFP- Tim-3+ (effect.) P14 CD8+ T cells were FACS
sorted from the spleen and 1x10° of each were transferred intravenously into separate
groups of congenically distinct, day 5 LCMV clone 13 (chronic) mice that had received
transient CD4 depletion prior to infection to induce a life-long, chronic infection. The recovery
and phenotype of donor cells was assessed on days 8,15, and 35 post-transfer in the
spleen, liver, and lungs. ¢,d, Frequencies and numbers of stem-like and effector donor cells
recovered from the spleens, livers, and lungs, of chronic LCMV recipient mice at indicated
times post-transfer. e, Expression of TCF-1 and Tim-3 on stem-like donor cells pre-transfer
(spleen, day 5 p.i., acute) and at indicated times post-transfer in the spleens of chronically
infected recipients. Arrow indicates differentiation trajectory of donor Tim-3- stem-like cells
into Tim-3+ effector cells. f, Expression of TCF-1 and Ki-67 on stem-like CD8 T cells derived
from acute stem donor cells (top row) versus endogenous GP33-specific stem-like CD8 T
cells (bottom row) in the spleens of chronic LCMV recipient mice at indicated times post-
transfer. Summary graph on right shows frequencies of Ki67+ stem-like CD8 T cells derived
from stem donor cells (green) or endogenous GP33-specific cells (blue). Pre-transfer
phenotype for stem donor cells is from the spleen of a day 5 acute LCMV mouse. Pre-
transfer phenotype shown for endogenous GP33-specific stem-like cells is from the spleen of
a day 5 chronic LCMV mouse. Flow plots are representative of 1 independent experiment.
Graphs show data from 1 independent experiment (n= 3-6 mice per group per time point).
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Extended Data Fig. 5| scRNA-sequencing of acute LCMV stem-like CD8 T cell
donor cells following transfer into mice with a life-long viral infection. Part of
analysis performed for experiment in figure 3. a, On day 5, TCF7-YFP+ Tim-3- (stem)
P14 CD8+ T cells were FACS sorted from the spleens of acute LCMV mice and 1x10°
cells were transferred intravenously into congenically distinct, day 5 LCMV clone 13
(chronic) mice that had received transient CD4 depletion prior to infection to induce a life-
long viral infection. On day 15 post-transfer, scRNA-seq analysis was performed on stem
donor (CD45.2+ CD45.1-) and endogenous GP33-specific (CD45.2- CD45.1+) CD8 T
cells both isolated from the spleens of stem recipient mice. b-d, Data from stem donor
cells (b), endogenous GP33+ cells (c), and both combined (d) projected onto UMAP plots.
Stem donor and endogenous GP33+ cells both formed four clusters: stem, effector,
terminally differentiated (TD), and dividing. e, Same UMAP as in b showing stem donor
cell clusters. f, Expression of selected genes by stem donor cell clusters. g, Same UMAP
as in ¢ showing endogenous GP33+ cell clusters. h, Expression of selected genes by
endogenous GP33+ cell clusters. Max, maximum.
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Figure. 4
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Fig. 4| Early stem-like CD8+ T cells from acute viral infection can provide the
response to PD-1 blockade in mice with a life-long viral infection. Part of analysis
performed for experiment in figure 3. a, On day 5, TCF7-YFP+ Tim-3- (stem) P14
CD8+ T cells were FACS sorted from the spleens of acute LCMV mice and 1x10° cells
were transferred intravenously into congenically distinct, day 5 LCMV clone 13
(chronic) mice that had received transient CD4 depletion prior to infection to induce a
life-long viral infection. Beginning on day 35 post-transfer, separate groups of stem
recipients were left untreated or given anti-PD-L1 blocking antibody over the course of
12 days (1 Tx/ 3 days). Expansion of stem donor and endogenous GP33+ cells was
then assessed in the spleen, liver, and lungs of stem recipient mice. b, Representative
flow plots from indicated tissues showing frequencies of stem donor (CD45.2+ GP33+)
and endogenous GP33+ (CD45.2-) cells in control (top) versus anti-PD-L1 treated
(bottom) stem recipient mice. ¢, Summary graphs showing numbers of endogenous
GP33+ (blue) and stem donor (green) cells in indicated tissues from control (open
circles) and anti-PD-L1 treated (closed circles) mice. Data shown from 1 experiment
(n= 4-6 mice per group). P values calculated using Mann-Whitney test. *, ** and ****
indicate p values of less than 0.05, 0.01, and 0.0001, respectively.

124



Chapter 6: Discussion (need to add chapter/figure annotations)

Here we document the generation of stem-like CD8 T cells and examine the
plasticity and fate of these cells in acute versus chronic antigen exposure. We found
that virus-specific cells with the phenotypic and transcriptional program of stem-like CD8
T cells from an established chronic infection were present just days into chronic

infection.
Spatiotemporal dynamics of stem-like CD8 T cells during chronic infection

Location is central to immune cell identity and function. CD8 T cell differentiation during
the established phase of chronic LCMV infection is anatomically organized. Stem-like
CD8 T cells primarily found in the splenic white pulp whereas their effector/terminally
differentiated counterparts are located mainly in the splenic red pulp . Intravascular
labeling and imaging revealed that these anatomical commitments are also made early,
with stem-like cells showing a bias for the splenic white pulp relative to effector CD8 T
cells. The anatomical differences between stem-like and TD cells on day 5 was not
owed to the absence of CD4 T cell help as mice with virus-specific CD4 T cells showed
similar differences. We also noted populations of stem-like CD8 T cells in the red pulp,
blood, and liver early during chronic LCMV infection but the importance of this is
unclear. At this stage of infection, the number of virus-infected cells in peripheral tissues
is very high and still rising. It's possible that stem-like CD8 T cells are needed in these
sites early on to help maintain a numerically relevant effector population while naive
cell-derived effectors are still arriving from lymphoid tissues. There is evidence for a
similar phenomenon in certain tumor models where control of the tumor relies on stem-

like CD8 T cells migrating into the tumor and locally generating effector cells’2.

As chronic infection progressed, the numbers of stem-like CD8 T cells in the circulation,
liver, and red pulp declined dramatically. However, a similar decline was not observed in
the white pulp wherein stem-like CD8 T cells remained relatively stable between days 5
and >45. Multiple phenomena could account for these dynamics, including the terminal
differentiation of peripheral site stem-like CD8 T cells but preservation of those in
lymphoid tissues; or the retrograde migration'® of stem-like CD8 T cells from peripheral

tissues back to their respective induction sites of origin. Related to this, we also do not
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know which factors enable stem-like CD8 T cells to access the blood and peripheral

tissues early during chronic LCMV.

CD69 is a known retention factor for T cells to lymphoid tissues . Although an
imperfect marker for resident memory CD8 T cells'?°, CD69 has been shown to promote
the retention of these cells in the skin'?'. CD69 is also associated with the residence of
stem-like CD8 T cells during the late phase of chronic LCMV infection®. Aligning with
this, CD69 expression was associated with the anatomical dynamics of stem-like CD8 T
cells between the early and late stages of chronic infection in our study and in a
previous report®. Stem-like CD8 T cells present in the blood, red pulp, and liver early
(day 5) during chronic infection were all negative for CD69. As infection progressed to
day>45, stem-like CD8 T cells in peripheral compartments, all CD69-, were dramatically
reduced whereas those in the white pulp remained relatively stable were nearly all
CD69+. Interestingly, there was a small fraction of CD69+ stem-like CD8 T cells located
specifically in the white pulp early during infection. Whether these dynamics reflect the
preservation of that subset of CD69+ stem-like cells in the white pulp and loss of CD69-
cells is unclear. As shown in Beltra et al,. phenotypic and functional heterogeneity can
be observed among stem-like CD8 T cells based on CD69 expression. It's possible that
CD69 expression predisposes a subset of stem-like CD8 T cells to be lymphoid-resident
and those that fail to acquire CD69 become migratory. CXCR5, CCR7, and CXCR3 are
other receptors expressed by stem-like CD8 T cells®® and known regulators of CD8 T
cell location'?-128 including stem-like CD8 T cells, that warrant inquiry as potential

mediators of stem-like CD8 T cell positioning during chronic infection.
Paradoxical relationship between stem-like CD8 T cells and antigen

How stem-like CD8 T cells resist antigen-induced terminal differentiation amidst virus-
infected tissues is one of the most intriguing features of these cells. One possibility is
that stem-like CD8 T cells receive less TCR stimulation during chronic infection than
their effector counterparts. Based on the expression of Nur77-GFP%-% TCR signaling
did not differ between stem-like and effector CD8 T cells neither early nor late during
chronic infection. TCF-16067 and TOX5%-70 are important for the generation of stem-like

CD8 T cells while PD-1 regulates the activity of these cells®?81:12%, Using a mixed
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chronic viral infection setup during which antigen exposure for GP33-specific CD8 T
cells is gradually lost as the infection progresses %1%, we found that antigen, but not
the chronic infection environment was crucial for sustaining the expression of PD-1 and
TOX. Interestingly, TCF-1 expression also decreased on virus-specific cells. Bcl-6, a
transcription factor that represses effector differentiation®6-92.93.130 was also lost in the
absence of antigen. Together, these data highlight an important and somewhat
paradoxical feature of the stem-like CD8 T cell program: active resistance to effector

differentiation driven by TCR signaling.
Impact of long-term antigen exposure on stem-like CD8 T cells

Long-term antigen exposure and the chronic infection environment has dramatic effects
on the molecular program and function of CD8 T cells'3-%8%, We used our early and late
comparison to understand the development of stem-like CD8 T cells during chronic
LCMV infection. Early during infection, stem-like CD8 T cells exhibited hallmark features
of rapidly dividing cells: uniform Ki67 expression, large cell size, an enriched mTOR
gene signature, and the co-expression of genes involved in glucose and amino acid
metabolism. As infection progresses to the late phase, these cells stop dividing and

upregulate multiple inhibitory molecules related to TGF-beta signaling’®.

One conceptual takeaway from these observations is that quiescence and elevated
inhibitory molecules, though maybe important for the longevity of stem-like CD8 T cells,
are not necessarily defining features of these cells. Rather, they are features that these
cells can acquire during prolonged antigen exposure and/or in a particular environment.
This is an important insight for three main reasons: firstly, it may be useful for inferring
time of antigen exposure and/or the cytokine milieu for studies of stem-like CD8 T cells
in humans or other difficult to define contexts. Secondly, it dissociates a circumstantial
feature of stem-like CD8 T cells from the dysfunction described by exhaustion.
Established phase stem-like CD8 T cells retain enormous proliferative potential, as
evidenced by PD-1 blockade. Hence, it is more accurate to describe these cells —with
respect to proliferative activity— as quiescent, rather than dysfunctional or exhausted®®.

Thirdly, it highlights the importance of using basic models that enable longitudinal
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analyses of cells in a disease context for distinguishing between traits that are

fundamental to a cell’s ‘identity’ versus circumstantial/contextual.
Stem-like CD8 T cell fate decision is made agnostic to infection outcome

We next show that nearly identical populations of stem-like CD8 T cells are generated
early after acute and chronic LCMV infection; these cells differed in gene expression by
less than 1%; had zero differences in chromatin accessibility; were equally biased for
positioning in the splenic white pulp; and were equally functional. Hence, the generation
of stem-like CD8 T cells is not unique to viral infections destined for chronicity. Nor is it
the result of a secondary differentiation wave occurring later during chronic infection.
These cells arise from one of the earliest differentiation/fate divergence events,
irrespective of infection outcome. This is important because it underscores a concept
that is axiomatic/bordering on too-foolish-to-mention but is easily forgotten: CD8 T cells
are inherently non-prescient. When the host is insulted, the CD8 T cell response (or the
immune system, for that matter) can neither know the nature nor the duration of the
insult ahead of time. The solution evidently evolved by CD8 T cells for this myopia is to
prepare in advance; to generate a precursor cell early on that can sustain the response

long-term, lest the insult persists.
Differential impact of infection origin on early stem-like versus effector CD8 T cells

An interesting observation from our comparison of virus-specific cells during acute
versus chronic LCMV was that infection origin impacted the function of effector but not
stem-like CD8 T cells. Stem-like CD8 T cells from acute and chronic infection were
equally capable of cytokine production and expanding in response to clone 13
challenge. Conversely, effector cells from chronic infection were impaired both in terms
of polyfunctionality (IFNy and TNFa production) and expansion capacity compared to
their counterparts from acute infection. Possible explanations for the different effect of
infection origin on stem-like vs effector cells are elaborated on in the discussion section
of chapter 4. In short, the impaired polyfunctionality of effector CD8 T cells during
chronic infection, compared to stem-like CD8 T cells, may be due to inherent differences
in how these two cell types sense and respond to TCR and environmental signals. An

additional factor is the location of these subsets and the major difference in initial
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antigen exposure that chronic LCMV effector versus stem-like CD8 T cells might have

had prior to transfer.
Early stem-like CD8 T cells become chronic resource cells if infection persists

We next examined the fate of early stem-like CD8 T cells in viral clearance vs.
persistence, and further examined the impact of infection origin on differentiation

potential using reciprocal adoptive transfer experiments.

To determine the fate of early stem-like CD8 T cells in the context of infection
persistence, we transferred day 5 stem-like cells from acutely infected mice

into chronically infected mice and found that these early stem-like CD8+ T cells took on
all the ‘chronic resource cell’ properties originally defined for stem-like CD8 T cells in the
chronic LCMV infection model. Specifically, they underwent a much larger expansion
compared to their effector donor cell counter parts populating lymphoid and non-
lymphoid tissues with progeny. Despite originating in an acute LCMV infection destined
for clearance, early stem-like donor cells gave rise to the entire differentiation
(exhaustion) pathway defined for chronic antigen exposure: stem-> effector-> terminally
differentiated. They also maintained the CD8 T cell response in the spleen, liver, and
lungs of chronically infected animals for over a month after initial transfer. During this
time, they acquired a key feature of chronic resource cells, quiescence. This
observation provides conclusive evidence that stem-like CD8 T cells arise early during
infection as rapidly dividing cells and progressively stop dividing with time post-antigen
exposure.

Importantly, the reduced proliferation of stem-like cells does not represent senescence
or the inability to expand upon restimulation (exhaustion) observed for terminally
differentiated. These cells retain proliferative potential, as evidenced by the enormous
expansion they can undergo following PD-1 blockade. When their chronically infected
hosts were treated with PD-L1 blocking antibodies, early stem-like donor cells exited
quiescence and underwent a huge proliferative burst equaling that of endogenous
GP33+ CD8 T cells within the same mice. This observation further solidifies the notion
that early stem-like CD8 T cells become bona fide chronic resource cells in the context

of antigen persistence.
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Early stem-like CD8 T cells become memory if infection rapidly clears

To determine the fate of early stem-like CD8 T cells following clearance of acute
infection, we transferred day 5 stem-like CD8+ T cells from LCMV clone 13-infected
(chronic) into LCMV Armstrong-infected (acute) mice and examined their

differentiation after viral clearance. One possible outcome was that viral clearance
would trigger the death of early stem-like CD8 T cells (perhaps owing to the cessation of
TCR signaling) since a continuous effector pool was no longer needed. A second
possibility is that stem-like CD8 T cells convert to memory following viral clearance.
Rather than being lost, stem-like CD8 T cells swapped marks of antigen stimulation (ie
PD-1 TOX) for the expression of the survival receptor, CD127, and mark of central
memory CD8 T cells, CD62L. This rules out the notion that continuous TCR signaling is
necessary for the survival of stem-like CD8 T cells and shows that they can become

memory CD8 T cells.
Studying the origins of CD8 T cell memory using LCMV Armstrong

The LCMV Armstrong infection model has provided invaluable insight into the origins of
memory CD8 T cells. A key takeaway from this work is that memory cells arise from the
de-differentiation of specific types of effector cells referred to as memory precursor
effector cells (MPECs), which express CD127 but not KLRG1 92114115 Follow up studies
further showed that early during LCMV Armstrong infection when CD127 is not

expressed by virus-specific cells, MPECs can be identified as GzmB+ KLRG1- CD25-
110,111

The presence of stem-like CD8 T cells during LCMV Armstrong infection was
overlooked by previous studies. This is likely because infections were performed
intraperitoneally using a dose of 2x10° PFU, which results in a virus-specific CD8 T cell
population early on that is comprised almost entirely (~90-95%) of TCF-1- GzmB+
effector cells. The remaining ~5-10% of the population are TCF-1+ GzmB- stem-like
CD8 T cells, which increase as a proportion of the virus-specific CD8 T cell pool as
infection dose increases (Chapter 4, Extended Data Fig. 1b-d). This is important to note
because it suggests that most of what we know about memory, at least from the LCMV

model, is based on studying memory CD8 T cells that come from effector cells, not
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stem-like CD8 T cells.

*Interestingly, the presence of this small population of stem-like CD8 T cells can be inferred in a
2010 Immunity paper from Kalia et al.,"'°. Figure 3a of this paper shows a panel of histograms
depicting the expression of various markers on CD25 hi vs CD25 lo GP33-specific CD8 T cells
analyzed on day 3.5 after acute LCMV infection. If one examines the GzmB histogram using a
magnifying glass, one will notice a small bump of GzmB- cells among CD25 lo cells, consistent

with the stem-like CD8 T cell phenotype.
Future work: stem-like- vs. effector-derived memory CD8 T cells

Our data showing that stem-like CD8 T cells can become memory cells indicates that
there exists both effector- and non-effector differentiation routes to memory. Whether
memory CD8 T cells derived from effector versus stem-like cells differ in biologically
meaningful ways is unclear. Though, it would be surprising if the distinct anatomical,
molecular, and functional characteristics that distinguish stem-like and effector CD8 T
cells during viral infection did not carry over to the memory cells they generate once the
infection is cleared. Consistent with this, 30-75% of the memory cells that arose from
early stem-like CD8 T cells expressed CD62L compared to 0% for effector-derived
memory cells. This suggests that the primary sources of central memory and effector

memory CD8 T cells may be from different origins.

Future work should focus on determining the quantitative and qualitative contributions of
stem-like vs. effector-derived CD8 T cells to the memory pool. Stem-like vs. effector-
derived memory cells may confer different properties to the memory CD8 T cell
compartment. Owing to pre-existing accessibility at effector gene loci inherited from their
parents, effector-derived memory cells may be more capable of rapidly elaborating
effector function compared to stem-like cell-derived memory cells. The ability to quickly
produce anti-viral cytokines and cytotoxic molecules without having to divide first would
be advantageous at barrier sites, like the big toe. The ability of stem-like cell-derived
memory cells to continuously produce effector cells while self-renewing might serve as a
second wave of protection, say if the pathogen overwhelms effector-derived memories

at the big toe and spreads to distant tissues.
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Conclusion

Altogether, these data demonstrate the ability of early stem-like CD8 T cells to adapt to
acute or chronic viral infection. Furthermore, it shows that the differentiation trajectory of
early stem-like CD8 T cells is not pre-destined by infection origin. Rather, the
development of early stem-like CD8 T cells is gradually shaped by the progression and
outcome of infection. Ultimately, stem-like CD8 T cells equip the host with adaptability
when challenged; conferring an inherently unforeseeing immune system with the ability
to protect against re-challenge (memory, antigen clears) or control the challenge without

excessive damage to the host (exhaustion, antigen persists).

Philosophizing on the design of CD8 T cell differentiation and what CD8 T cell memory

and exhaustion really means

Ultimately, it appears that the design of CD8 T cell differentiation for acute versus
chronic viral infection is the same. The host is insulted and a clone specific to that insult
is selected to expand extensively via signals 1, 2, and 3. The goal of this cell division is
to produce two major cell types each of numerically relevant sizes: a stem-like cell and
an effector cell. The goal of the stem-like CD8 T cell is to ensure for the host that the
selected clone is propagated indefinitely. The goal of the effector CD8 T cell is to quickly
rid the host of the insult. Rather than constituting separate lineages, perhaps what we
call CD8 T cell memory and exhaustion simply describe what happens to stem-like and
effector CD8 T cells when the insult is rapidly cleared versus when it persists. If the
insult is cleared, populations of stem-like and effector CD8 T cells live on and continue
to carry out their respective goals. If the insult persists, the initial population of effector

cells is lost and stem-like CD8 T cells serve as the source of new effector cells.
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Figure 1

Chronic LCMV
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Fig. 1| A precursor CD8 T cell that adapts to acute or chronic viral infection. a, Stem-like
CD8T cells arise early after acute and chronic viral infection. If virus persists, they take on the

role of chronic resource cells (top). If virus clears, they become memory CD8 T cells, including
CD62L+ cells.
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