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Abstract

PD-1*TCF-1* stem-like CD8 T cells act as critical resource cells for maintaining T cell immunity
in chronic viral infections and cancer. In addition, they provide the proliferative burst of effector
CD8 T cells after PD-1 directed immunotherapy. An important unanswered question is whether
the numbers of these stem-like progenitor cells are diminished in this process of enhanced

effector differentiation. We have addressed this question using the mouse model of chronic LCMV
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infection. We found that treatment of chronically infected mice with either aPD-1 or aPD-L1
not only increased effector cell differentiation from the virus-specific stem-like CD8 T cells, but
also increases their proliferation so their numbers were maintained. This increased self-renewal
of LCMV-specific stem-like CD8 T cells was mTOR-dependent. We did microscopy studies

to better understand the division of these progenitor cells after PD-1 blockade and found that

an individual dividing cell could give rise to a differentiated TCF-1~ daughter cell alongside a
self-renewing TCF-1* sister cell. This asymmetric division also helps in preserving the number of
stem-like cells. We then examined whether the gene expression program and functionality of the
PD-1*TCF-1* stem-like CD8 T cells were modified after the PD-1 blockade. We found that the
stem-like CD8 T cells retained their transcriptional program and also their /7 vivo functionality
in terms of responding to viral infection and to repeat PD-1 blockade. Taken together, our results
demonstrate that PD-1 blockade does not deplete the stem-like population despite increasing
effector differentiation. These findings have implications for PD-1 directed immunotherapy in
humans.

One Sentence Summary:

PD-1 regulates not only effector differentiation from PD-1*TCF-1* stem-like CD8 T cells but also
their self-renewal.

INTRODUCTION

It is now well established that antigen-specific PD-1*TCF-1* stem-like CD8 T cells play

a major role in sustaining CD8 T cell responses during chronic viral infections and cancer
(1-6). These quiescent stem-like CD8 T cells, also referred to as precursors of exhausted
CD8 T cells, do not express effector molecules and reside in lymphoid tissues where they
undergo a slow self-renewal and can also proliferate and differentiate into effector CD8 T
cells that eventually get exhausted (7-14). Most importantly, PD-1 directed immunotherapy
acts specifically on this subset of cells—inducing a proliferative burst that accelerates their
differentiation into effectors (12—-14). This substantial increase in the numbers of effector
CD8 T cells emerging from the stem-like cells after removing the PD-1 brake, combined
with PD-1 blockade at the target site, results in efficient killing of virally-infected or tumor
cells (14-18). PD-1 is now the leading immune check point inhibitor and PD-1 directed
immunotherapy is approved for the treatment of several different cancers (19-24).

A critical question that is not well understood is what happens to the numbers of
PD-1*TCF-1* stem-like CD8 T cells after PD-1 therapy? It is not known if there is a

loss of the pool of these progenitor cells as they undergo increased effector differentiation.
Moreover, we also do not know if the gene expression program or functionality of the
stem-like CD8 T cells is changed after PD-1 directed immunotherapy. We have addressed
these questions in this study and investigated the impact of PD-1 therapy on virus-specific
TCF-1* stem-like CD8 T cells during chronic LCMV infection of mice (25-27).
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Virus-specific stem-like CD8 T cell numbers are maintained following PD-1 blockade

Mice chronically infected with LCMV (>day 45) were treated with aPD-1 or aPD-L1
antibody for two weeks and then examined for CD8 T cell responses in the spleen (Fig. S1
and S2A). As in earlier studies, PD-1 blockade resulted in an increase in the percentage and
numbers of PD-1* and LCMV-specific CD8 T cells, based on staining with H-2D°GP33 and
H-2DPGP276 tetramers (Fig. S2B, C, and D) (28). Also consistent with previous studies,
the largest increase both in terms of the percentage and total numbers was seen in the
PD-1*Tim-3*CX3CR1*CD101" transitory effector CD8 T cells that are derived from the
stem-like CD8 T cells (Fig. S2E, F, and G) (14, 15). Consequently, there was a decrease in
the percentage of the PD-1*TCF-1* stem-like CD8 T cells (Fig. 1B-G). However, there was
no decrease in the total numbers of these progenitor cells (Fig. 1H, I, and J). In fact, there
was an increase in the numbers of the TCF-1* stem-like cells after PD-1 blockade; this was
seen for total PD-1* progenitor cells and for LCMV-specific GP33* and GP276* progenitor
CD8 T cells (Fig. 1H, I, and J). This was surprising, and may not have been observed in
previous studies where quantitation of the stem-like CD8 T cell subset after PD-1 blockade
had not been performed extensively. The data shown in Figure 1 are based on a large number
of mice (n=54 to 75), thus providing good statistical significance. An increase in TCF-1*
stem-like cells was generally observed across multiple independent experiments (Fig. S3).
In a few experiments, the increase in the number of progenitor CD8 T cells did not reach
statistical significance, but in these instances, there was still no trend towards a decrease in
their numbers. We also examined the stem-like CD8 T cell response after PD-1 blockade

in the LCMV Clone 13 chronic infection model without transient CD4 T cell depletion and
saw the same results; the numbers of stem-like cells increased, or were at least maintained,
following PD-1 blockade in both GP276™ and GP33™ populations (Fig. S4). Ultimately,

we found that stem-like CD8 T cells were not only maintained at day 14 following PD-1
blockade, but their population also remained stable for another 8 weeks in the absence of
further treatment (Fig. 2).

Virus-specific stem-like CD8 T cells increase their self-renewal following PD-1 blockade

As stem-like CD8 T cells did not decrease in numbers while PD-1 blockade was actively
recruiting them to differentiate, we hypothesized that PD-1 blockade may contribute to their
maintenance by increasing their proliferation. To address this, we examined the proliferation
of stem-like CD8 T cells at days 8 and 14 after PD-1 blockade. After 8 days of treatment,
the total number of stem-like CD8 T cells was significantly higher as compared to the
untreated group (£=0.0039 among PD-1* stem-like cells; Fig. S5D), and we found that

this expanded compartment also expressed higher levels of Ki67 (Fig. 3). There was an
increase in the percentage and numbers of Ki67*PD-1*TCF-1* CD8 T cells at day 8 after
PD-1 blockade (Fig. 3A, D, and G). The same pattern was seen with LCMV-specific
PD-1*TCF-1* stem-like CD8 T cells (Fig. 3B-C, E-F, and H-1). At day 14 after PD-1
blockade, the percentage of Ki67* stem-like CD8 T cells had returned to baseline levels
(Fig. 3D-F), but the total numbers of proliferating cells were still higher (Fig. 3G-I). These
results show that PD-1 blockade not only promotes the differentiation of stem-like CD8

T cells into effector cells but it also increases the proliferation and self-renewal of the
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stem-like cells themselves. This ensures that the numbers of these critical resource CD8 T
cells are maintained following PD-1 blockade.

MTOR signaling is needed for increased proliferation and self-renewal of virus-specific
stem-like CD8 T cells after PD-1 blockade

Earlier studies have shown that mTOR signaling is required for effector CD8 T cell
proliferation and differentiation from the stem-like CD8 T cells following PD-1 blockade
during chronic LCMV infection (29, 30). So, we next asked if mTOR signaling was also
needed for increased self-renewal of virus-specific stem-like CD8 T cells after blockade of
the PD-1 inhibitory pathway. We administered rapamycin to chronically infected mice daily
for a period of 8 days or 14 days, in combination with aPD-L1 antibody treatment (Fig.
4A). Control mice received sham treatment during the same time period. Following aPD-L1
treatment, the number of stem-like CD8 T cells increased, as previously shown, but the
addition of rapamycin abrogated this effect, limiting their numbers to pre-treatment levels
(Fig. 4B and S6). Examination on day 8 showed that the absolute number of proliferating
Ki67*TCF-1* stem-like CD8 T cells was also reduced following the addition of rapamycin
(Figs. 4C and S7). Thus, mTOR signaling is needed for stem-like cells’ increased self-
renewal and the PD-1 inhibitory pathway also regulates this process.

Stem-like CD8 T cells can undergo asymmetric division to maintain their numbers

We investigated whether stem-like CD8 T cells might be programmed to undergo cellular
divisions that promote maintenance of their numbers following PD-1 blockade. Specifically,
we sought to determine whether stem-like CD8 T cells might utilize asymmetric cell
division to allocate a differentiated daughter cell alongside another self-renewing, stem-like
sibling cell. Thus, we performed immunofluorescence microscopy on dividing progenitor
cells from untreated and aPD-L1-treated mice at day 8 post-treatment (Fig. 5A). Confocal
microscopy of singlet CD8 T cells revealed readily detectable expression of PD-1 and
TCF-1 (Fig. 5B). Conjoined sibling pairs undergoing cytokinesis were identified by the
presence of a tubulin bridge connecting two adjacent cell bodies (Fig. 5C). We analyzed
PD-1*CD8* conjoined sibling cell pairs that contained at least one TCF-1" cell and
observed both concordant division (two TCF-1 positive daughters) and discordant division
(one TCF-1 positive daughter and one TCF-1 negative daughter) indicating self-renewal
versus differentiation, respectively (Fig. 5D). Both types of division were detectable in
untreated and aPD-L1-treated stem-like cells. Of note, concordant TCF-1~ daughters were
also present and may represent progeny from either a TCF-1* or TCF-1" parent. Altogether,
these results suggest that stem-like progenitor CD8 T cells can achieve their own self-
renewal alongside continued production of differentiated effector cells through asymmetric
cell division, either during steady-state or under conditions of enhanced effector output
following PD-1 blockade.

The transcriptional program of stem-like CD8 T cells is conserved following PD-1 blockade

We next investigated whether stem-like CD8 T cells undergo functional or transcriptional
changes following an extensive proliferative history, as after PD-1 therapy. Previous
studies have demonstrated transcriptional and epigenetic stability of exhausted CD8 T cells
following immunotherapy (31, 32), but we sought to study the effect of PD-1 blockade on
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the stem-like progenitor population specifically. To do this, we sorted stem-like CD8 T cells
and the more differentiated Tim-3* CD8 T cells from LCMV chronically infected mice that
had been treated with aPD-1 antibody for 14 days or from chronically infected mice that
had received no treatment (Fig. S8A). RNA-sequencing (RNA-seq) analysis was done on
these sorted CD8 T cell subsets from the two groups of mice. We found that the treated
stem-like CD8 T cells were transcriptionally almost identical to untreated stem-like cells.
Using principal component analysis (PCA), we compared the subsets and treatment groups:
sorted stem-like cells clustered together tightly along both PC1 and PC2—regardless of prior
treatment (Fig. S8B). A heatmap of selected genes also showed minimal to no changes in the
stem-like CD8 T cells after PD-1 blockade (Fig. S8C). We further confirmed these findings
by doing single cell RNA-seq (SCRNA-seq) on LCMV GP33 tetramer sorted CD8 T cells
from untreated or PD-1 treated chronically infected mice (Fig. S8D, E, and F). This dataset
was originally generated by Hashimoto et al., but we performed additional analyses on the
stem-like compartment (17). At day 14 post-treatment, the frequency of proliferating Ki67*
cells by flow cytometry had essentially returned to baseline (Fig. 3). Therefore, closer to

the peak of proliferation, we may have uncovered more heterogeneity in gene expression
between the treatment groups, for example, among cell cycle or metabolic genes. Thus, our
data are consistent with the transcriptional programming of stem-like cells being conserved
following PD-1 therapy, and after several rounds of cell proliferation.

Virus-specific stem-like CD8 T cells retain their functionality after PD-1 blockade

We next asked whether the functionality of stem-like CD8 T cells remained intact after the
first cycle of PD-1 therapy. To address this question we examined whether the virus-specific
PD-1*TCF-1*stem-like CD8 T cells retained the ability to proliferate and differentiate
following a viral challenge and whether they could respond efficiently to a second round of
PD-1 blockade.

In the first set of experiments, we transferred stem-like cells from untreated or cycle 1
aPD-1-treated chronically infected mice into naive recipients and challenged these mice
with LCMV Clone 13 (Fig. 6A). Robust proliferation of donor stem-like CD8 T cells was
observed in the blood between days 0 and 14 post-infection, with equivalent expansion of
untreated stem-like cells and PD-1 treated stem-like cells (Fig. 6B, right). As expected,
there was minimal expansion of the more differentiated Tim-3"PD-1* CD8 T cells (Fig.

6B, left). A similar pattern was seen in the spleen, liver, and lungs at day 14 after

infection, with stem-like CD8 T cells from both groups of mice expanding equally well (Fig.
6C-I1). Phenotypically, donor stem-like cells underwent classical differentiation to become
Tim-3*TCF-1", while a small proportion remained Tim-3"TCF-1* (Fig. 6J). Thus, no defect
was observed in the proliferative capacity of cycle 1-treated versus untreated stem-like cells
in any tissue examined.

As aPD-1 treatment did not dampen the magnitude of proliferation or the differentiation

of stem-like CD8 T cells in response to Clone 13 challenge, we next investigated whether
aPD-1-treated stem-like cells responded to secondary PD-1 blockade. We isolated cycle 1
aPD-1-treated stem-like cells, transferred them into infection-matched, untreated recipients,
and treated them with a second round of aPD-1 (or isotype control) (Fig. 7A). We found that
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cycle 1-treated stem-like cells were able to mount a robust proliferative response following
an additional cycle of PD-1 blockade, as compared to the cycle 1-treated stem-like cells
that did not receive a second round of therapy—nby both frequency and total number of

cells in the PBMC, spleen, liver, and lungs (Fig. 7B-G). Responses were equivalent to those
from cycle 1 blockade alone (Fig. S9). Furthermore, cycle 1-treated stem-like cells retained
their capacity to seed a pool of Tim-3*TCF-1~ effector cells without becoming depleted
themselves (Fig. 7H and I, as shown by the arrow).

DISCUSSION

These studies using the mouse model of chronic LCMV infection have addressed a critical
and unanswered question about what happens to the numbers and function of PD-1*TCF-1*
stem-like CD8 T cells after PD-1 therapy. It is now well established that PD-1 blockade
increases the proliferation and differentiation of stem-like CD8 T cells into effector cells
(12-14) and a potential concern was whether this accelerated differentiation would lead

to a loss of the stem-like CD8 T cells. Our study now shows that PD-1 blockade also
increases the self-renewal of virus-specific stem-like CD8 T cells thereby compensating for
any potential loss and preventing the depletion of this important precursor population (Fig.
8). We also show that the transcriptional signature and functionality of the stem-like CD8 T
cells are retained after PD-1 blockade.

We found that stem-like cells can undergo asymmetric cell division. By microscopy,
PD-1*TCF-1* stem-like CD8 T cells were able to produce a differentiated TCF-1 negative
daughter cell alongside a self-renewing TCF-1 positive sibling cell. This would allow

the number of stem-like cells to be maintained, whilst the number of effector cells is
simultaneously increasing following PD-1 blockade. This asymmetric cell division of the
PD-1* stem-like CD8 T cells was seen in both untreated chronically infected mice and after
PD-1 blockade. This is a simple and elegant mechanism for maintaining the numbers of
stem-like CD8 T cells during chronic infection.

The PD-1 inhibitory receptor negatively regulates TCR signaling and also signaling by
costimulatory molecules (33-35). The major effect of PD-1 blockade is increased generation
of effector CD8 T cells from the stem-like CD8 T cells. It is interesting that our studies

now show that the self-renewal of the stem-like CD8 T cells is also regulated by the

PD-1 inhibitory pathway. In other words, PD-1 is playing a role in regulating two types

of proliferation; proliferation resulting in differentiation into effectors and also proliferation
associated with self-renewal of the stem-like CD8 T cells. We found that mTOR signaling is
required for the proliferation of stem-like cells following PD-1 blockade. Previously, Ando
et al. used rapamycin to demonstrate the requirement of mTOR signaling in the generation
of effector-like CD8 T cells following PD-1 blockade (29). Thus, both types of proliferation
are mTOR dependent. Several different signals including TCR and costimulation can
activate the mTOR pathway (36—38). Future studies are needed to study the signals that
regulate effector differentiation versus self-renewal of the stem-like CD8 T cells after PD-1
directed immunotherapy. An interesting study in this issue of Science Immunology shows
that CD28 co-stimulation plays a role in both effector differentiation and self-renewal of
stem-like CD8 T cells during chronic LCMV infection and in tumor models (39).
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Finally, we show that stem-like CD8 T cells remain transcriptionally and functionally intact
following PD-1 blockade. After two weeks of PD-1 therapy, the stem-like CD8 T cells
maintain their stemness at the transcriptional level and can respond to viral infection and a
second cycle of PD-1 therapy. However, it needs to be determined if this will hold up when
PD-1 therapy is continued for extended periods of time.

In conclusion, our studies have addressed a key question about the potential loss of the
PD-1*TCF-1* stem-like CD8 T cells following PD-1 blockade. Our studies show that this
is prevented by increased self-renewal of these cells and also by the ability of these cells to
undergo asymmetric division thus maintaining their numbers. It will be important to extend
these studies to other model systems and to see if this increased self-renewal is also seen in
human chronic infections and cancer after PD-1 therapy.

MATERIALS AND METHODS
Study Design

The objective of this study was to investigate the effect of PD-1 blockade on maintenance
and functionality of the stem-like CD8 T cell population. For this, we evaluated (i) the
number, (ii) the gene expression profile, and (iii) the /n vivo proliferative capacity of
stem-like cells from chronically infected mice after PD-1 therapy. These studies were
complemented by further analysis of the mechanisms underlying increased proliferation
and self-renewal in the setting of PD-1 therapy. We performed experiments using rapamycin,
an inhibitor of the mTOR pathway, to evaluate the role of MTOR signaling during stem-like
cells’ proliferation. Additionally, we examined cellular divisions by immunofluorescent
microscopy to evaluate the role of asymmetric division in maintaining the stem-like
population. All mouse experiments were performed with 3- to 12 biological replicates per
experimental group. All experiments were repeated at least twice unless otherwise stated.

Mice and viruses.

LCMV infections were performed as previously described (12). All animal experiments
were performed in accordance with the Emory University Institutional Animal Care and

Use Committee. C57BL/6J and CD45.1 congenic female mice were purchased from Jackson
Laboratory. For chronic infections, 6-8 week old mice were injected intraperitoneally (i.p.)
with 300 g of the CD4 T cell-depleting antibody GK1.5 (Bio X Cell) one day before and
one day after intravenous (i.v.) injection with 2 x 10% pfu LCMV Clone 13. One experiment
was also performed without this transient CD4 depletion (Fig. S3, as indicated in the figure
legend).

PD-1 blockade.

LCMV chronically infected mice (>45 days post-infection) received either PD-1 blockade
or no treatment. Mice that received PD-1 blockade were injected i.p. with either 200pg of
mouse anti-mouse aPD-1 (332.8H3, clone 2203, mouse IgG1 with D265A mutation in the
Fc portion) or 200ug of rat anti-mouse aPD-L1 (clone 10F.9G2; in house). Control mice
received 200pg of isotype control in PBS or no injection. Mice were injected every 3 days
and sacrificed 8 or 14 days after the first dose.

Sci Immunol. Author manuscript; available in PMC 2024 August 25.
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Administration of rapamycin.

Rapamycin (Wyeth) was administered to mice i.p. daily for 8 days or 2 weeks. The daily
dose of rapamycin was 600 pg kg~ (blood levels; 40-100 ng mlI~1), diluted in 1% Tween 80
and 2% ethanol in Phosal 50 PG (40). Control mice received daily sham treatment (injection
of the buffer without rapamycin).

Cell isolation.

Spleens were isolated from mice and smashed through 70um nylon cell strainers to remove
clumps. Cells were spun down at 2,000 RPM for 10 minutes, and the supernatant was
removed. After resuspending the pellet, cells were incubated at room temperature with 1

ml of Ammonium-Chloride-Potassium (Ack) lysis buffer for 2 minutes in order to lyse the
RBCs. After incubation, an additional 35 ml of RPMI + 5% FBS was added to dilute the
Ack lysis buffer, and the cells were spun down at 2,000 RPM for 10 minutes. The resulting
cell pellet was resuspended in PBS + 2% FBS + 0.5mM EDTA and cells were transferred
to a 96-well round-bottom plate for staining. For lungs, tissue was incubated at 37°C with
Collagenase-I prior to straining. For both the liver and lungs, lymphocytes were isolated via
Percoll gradient.

Flow cytometry.

Surface staining was performed by incubating cells with fluorochrome-conjugated
antibodies against CD8 (clone 53-6.7; PerCP-eFluor 710 from eBioscience; BUV395 or
BUV737 from BD Bioscience), CD4 (clone GK1.5; APC-Cy7 from Biolegend; BUV661
from BD Bioscience), CD19 (clone 1D3; APC-Cy7 from Biolegend; BUV661 from BD
Bioscience), PD-1 (clone 29F.1A12; PE and BV785 from Biolegend), CD44 (clone IM7,;
APC-R700 from Biolegend; BUV737 from BD Bioscience), Tim-3 (clone RMT3-23;
BV421 from Biolegend), CD101 (clone Moushil01; PE-Cy7 from eBioscience), CX3CR1
(clone SA011F11; BV605 from Biolegend), CD45.1 (clone A20; BUV395 from BD
Bioscience), and CD45.2 (clone 104; FITC from Biolegend). Cells were incubated on ice for
30 minutes in PBS + 2% FBS + 0.5mM EDTA. Ki67 (clone B56; FITC, BV711, or BUV395
from BD Bioscience) and TCF-1 (clone C63D9 from Cell Signaling Technology, followed
by goat anti-rabbit AF488 secondary from Invitrogen) were stained intracellularly with the
eBioscience Foxp3/Transcription Factor Fixation/Permeabilization Kit (ThermoFisher). For
detecting LCMV-specific CD8 T cell responses, peptides bound to major histocompatibility
complex (pPMHC) tetramers were prepared against LCMV GP33 and LCMV GP276
proteins, as described previously (41, 42). Cell viability was determined with the Live/Dead
fixable aqua or near IR dead cell stain kit (Invitrogen). Samples were acquired on an LSR |1
or Symphony flow cytometer (BD Bioscience) and data were analyzed with FlowJo software
(TreeStar).

Bulk RNA-sequencing and analysis.
PD-1*Tim-3*CD73" (terminally-differentiated) and PD-1*Tim-3"CD73* (stem-like) CD8 T
cells were sorted using Fluorescence-Activated Cell Sorting (FACS) on day 14 following
aPD-1 blockade or isotype treatment. The following fluorochrome-conjugated antibodies
were used for the sort: CD4 (clone GK1.4; APC-Cy7 from Biolegend), CD19 (clone
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1D3; APC-Cy7 from Biolegend), CD8 (clone 53-6.7; APC from Biolegend), PD-1 (clone
RMP1-30; PE from Biolegend), Tim-3 (clone 215008; Alexa Fluor 488 from R and D
systems), and CD73 (clone TY/11.8; PE-Cy7 from Biolegend). Naive CD44!°CD62L" CD8
T cells from uninfected mice were also isolated by FACS using CD44 (clone IM7; FITC
from BD Bioscience) and CD62L (clone MEL-14; PE from Biolegend). Samples were
sorted on a FACSAria Il (BD Bioscience). After sorting, RNA was isolated from each
sample using the All-Prep DNA/RNA Micro Kit (Qiagen) and then submitted to the Emory
Yerkes Nonhuman Primate Genomics Core. Reads from RNA-seq were aligned to the mm10
genome [accessed through Ensembl (43)] with STAR version 2.7. The DESeq?2 package
[v1.32.0 (44)] was used to detect differentially expressed genes and plots were made with
ggplot2 or GraphPad Prism.

Single cell RNA-sequencing and analysis.

scRNA-seq data was obtained from Hashimoto et al., deposited at GEO under accession
code GSE206739 (17). In their study, mice infected with LCMV Clone 13 for >45 days were
treated with aPD-L1 or left untreated. On day 14 post-treatment, mice were sacrificed and
GP33* CD8" T cells were magnetically enriched and then sorted on a FACS Aria Il (BD
Bioscience). The initial study included additional treatment groups, but we only re-analyzed
the sequencing from the naive, untreated, and aPD-L1 groups. The Yerkes Nonhuman
Primate Genomics Core generated a single cell gene expression library, and this data was
aligned using CellRanger version 4 (10X Genomics). Outlier cells with high numbers of
reads originating from mitochondrial genes and presumed doublets were excluded from

the dataset. Genes encoded on mitochondrial chromosomes were also excluded from
analysis. Data was normalized and scaled using the Seurat package [v4.0.4 (45-48)] and
plots were made with ggplot2 or GraphPad Prism. Shared nearest neighbor clustering was
performed in Seurat with 200 neighbors, 6 principal components (1-7, excluding principal
component 4, which was primarily based on ribosomal genes), and a resolution of 0.8.
UMAP dimensionality reduction was performed with identical parameters and a minimum
distance of 2. A phylogenetic tree was also created with identical parameters, using Seurat’s
BuildClusterTree. For analysis of the stem-like cluster individually, prior clustering was used
to generate a new data object, on which additional UMAP dimensionality reduction was
performed (with 500 neighbors, principal components 1-7 [excluding 4], a resolution of 0.9,
and a minimum distance of 1).

Adoptive transfer experiments.

For the transfer followed by LCMV challenge: Mice infected with LCMV Clone 13 (as
above) for >45 days were injected i.p. with aPD-1 or IgG1 isotype control in PBS.
Injections were given every 3 days and mice were sacrificed on day 14 and pooled into
aPD-1-treated or isotype-treated groups. CD8 T cells in the samples were purified with

the EasySep Mouse CD8 T Cell Isolation Kit (StemCell Technologies), then two CD8

T cell subsets were sorted from each treatment group using FACS: PD-1*Tim-3*CD73~
(terminally-differentiated) and PD-1*Tim-3"CD73" (stem-like). Cells were reconstituted in
RPMI and 2-2.5 x 10% sorted cells from each group were transferred i.v. into uninfected,
age-matched CD45.1* recipients. On the next day, the recipients were challenged with 2

x 108 pfu LCMV Clone 13, i.v. Recipients were bled one week post-transfer, and then
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sacrificed 2 weeks post-transfer, at which time cells were isolated from the spleen, liver,
lung, and PBMC, and stained as above.

For the transfer followed by secondary PD-1 blockade: Mice infected with LCMV Clone

13 (as above) for >45 days were injected with aPD-1 every 3 days. On day 14, mice were
sacrificed and isolated splenocytes were pooled, purified with the EasySep Mouse CD8 T
Cell Isolation Kit (StemCell Technologies), and sorted using FACS into a pure population
of PD-1*Tim-3"CD73* stem-like CD8 T cells. Sorted cells were reconstituted in RPMI and
1 x 10° cells were transferred i.v. into infection-matched CD45.1* recipients. Recipients
were then treated with a second cycle of aPD-1 therapy and sacrificed 2 weeks later. At this
time, cells were isolated from the spleen, liver, lung, and PBMC, and stained as above. In
some experiments, isotype-treated donor stem-like CD8 T cells were also isolated, sorted,
and transferred, treated with a secondary blockade.

Confocal immunofluorescent microscopy.

Chronically infected mice (>45 days post-infection) received no treatment or aPD-L1 every
3 days for 3 doses. On day 8, mice were sacrificed and isolated splenocytes were purified
with the EasySep Mouse CD8 T Cell Isolation Kit (StemCell Technologies). Purified CD8 T
cells were shipped overnight on ice in RPMI with 10% FBS to Columbia University Irving
Medical Center for immunofluorescence staining as previously described (49). Briefly,
50,000 cells were transferred to each coverslip (ThermoFisher) coated with poly-I-lysine
(Sigma-Aldrich) and allowed to adhere at 37°C before 4% paraformaldehyde fixation
(Electron Microscopy Sciences), quenching with 50mM NH4CI (Sigma-Aldrich) in PBS
and 0.1% triton X-100 in PBS (Sigma-Aldrich), then blocking overnight with blocking
buffer comprised of 0.25% fish skin gelatin (Sigma-Aldrich) and 0.01% saponin (Sigma-
Aldrich) in PBS. The following day, cells were stained with rat anti-beta-tubulin (clone
YOL1/34; ThermoFisher supplier Novus Biologicals), mouse anti-PD-1 (332.8H3, clone
2203; in house), and rabbit anti-TCF-1 (C63D9; Cell Signaling Technology) for 1 hour at
room temperature, followed by blocking buffer washes. Subsequently, secondary antibody
staining with goat anti-rat 488 (ThermoFisher), goat anti-mouse 568 (ThermoFisher),

and goat anti-rabbit 647 (ThermoFisher) was performed for 1 hour at room temperature,
followed by blocking buffer washes and water rinses. ProLong Diamond Antifade Mountant
with DAPI (ThermoFisher) was used to mount stained cells to frosted microscope slides
(ThermoFisher) overnight. Nail polish was used to seal coverslips to microscope slides the
following day.

Images were collected at the Confocal and Specialized Microscopy Shared Resource of

the Herbert Irving Comprehensive Cancer Center at Columbia University. Z-stacked images
were acquired on a Nikon Ti Eclipse laser-scanning inverted confocal microscope 60x/1.49
Apo TIRF oil lens (Nikon) with 405nm, 488nm, 561nm, and 638nm lasers. Transmitted
light and some tubulin images were from a single-z plane. Other tubulin images, DAPI,
PD-1, and TCF-1 were displayed by creating a maximum projection image from a z-stack
summary. Image analysis was performed by Fiji V2.3.0/1.53f (National Institutes of Health).
Sibling cells undergoing cytokinesis exhibited a cytoplasmic cleft between cell bodies under
transmitted light, with a defined tubulin bridge within the cleft, plus dual nuclei DAPI
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staining. Assessment of sibling status was performed blinded to the staining of TCF-1.
Comparative quantitation of TCF-1 between sibling cells was calculated by taking the
(fluorescence of daughter 1 — fluorescence of daughter 2)/ (fluorescence of daughter 1 +
fluorescence of daughter 2), with values over 0.2 considered asymmetric. Sibling pairs were
verified by tubulin bridge. Sibling pairs with PD-1 intensity in the top 75" percentile were
considered PD-1*.

Statistical analysis.

All experiments were analyzed using Prism 9 (GraphPad Software). Statistical differences
were assessed using unpaired two-tailed t tests, one-way ANOVA with Tukey’s test for
multiple comparisons, or two-way ANOVA with Sidak’s or Dunnett’s tests for multiple
comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PD-1 blockade decreases the frequency of virus-specific stem-like CD8 T cells but their
numbersincrease.

(A) LCMV chronically infected mice were treated with aPD-1 or aPD-L1 every 3 days
for 2 weeks. CD8 T cell responses were analyzed on day 14. (B-D) Representative flow
plots showing expression of TCF-1 and Tim-3 on total PD-1*, GP276*, and GP33* CD8 T
cells with and without aPD-1/L1 treatment. (E-G) Frequency of TCF-1*Tim-3~ stem-like
cells among the LCMV-specific CD8 T cell populations indicated above each plot. (H-J)
Absolute number of stem-like cells among the LCMV-specific populations indicated above

Sci Immunol. Author manuscript; available in PMC 2024 August 25.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gill et al.

Page 17

each plot. Dotted lines indicate the limit of detection. The number of mice in each plot is
shown in the bottom left corner and values are from 12 independent experiments. Individual
data points represent individual mice; bars represent mean + SEM. Statistical significance in
(E-J) was determined using unpaired two-tailed t tests; *, £< 0.05; **, < 0.01; ***, P<
0.001; ****; £<0.0001; ns, non-significant.
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Fig. 2. Virus-specific stem-like CD8 T cells are maintained up to 8 weeksfollowing initial PD-1
blockade.

(A) LCMV chronically infected mice were treated with aPD-1 every 3 days for 2 weeks.
Following treatment cessation, CD8 T cell responses were analyzed at weeks 2, 4, 6, 8,
and 10. (B-D) Absolute number of stem-like cells among the LCMV-specific populations
indicated above each plot. Data points represent means from 3 pooled experiments + SEM;
n=3-5 mice per group per timepoint; *, < 0.05; **, P£<0.01; ***, P<0.001; ****; p<
0.0001; ns, non-significant.
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Fig. 3. Increased proliferation and self-renewal of virus-specific stem-like CD8 T cells after PD-1

blockade.

(A-C) Representative flow plots showing expression of TCF-1 and Ki67 on total PD-1*,
GP276, and GP33* CD8 T cells on day 8 post-PD-1 blockade. (D-I) Frequency and
absolute number of stem-like PD-1*, GP276", or GP33* CD8 T cells that were proliferating
(Ki67%) on days 8 and 14 post-blockade. Individual data points represent individual mice;
bars represent mean + SEM; 4-7 independent experiments per group, n=3-5 mice per
experiment. Statistical significance (D-1) was calculated using one-way ANOVA with
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Tukey'’s test for multiple comparisons; *, £< 0.05; **, P< 0.01; ***, P<0.001; ****;
P<0.0001; ns, non-significant.

Sci Immunol. Author manuscript; available in PMC 2024 August 25.

Page 20



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gill et al.

Page 21

A 1 ? 1 |81 1 I‘il4
3 Isotype
s> 2 R Analyze stem-like
) aPD-L1 CD8 T cell responses
Chronic LCMV 3. JALLIaLERLtng |
>d45 aPD-L1
Rapamycin
B
PD-1* GP276* GP33*
ns
* ns ns
106 *% 106 *% 1086 *
o ] ”
o 8 .... *% k%
RS BT gl
o| T 3p3 [ a 2 o 3¢
< & 1 ! = & o [*9 o
| 81044 |° o) 8 104 sd oo
—— 3 . —— - L X
Tl 0 %) » o] |8 ee
k=S . * I+ = .
103+ 103 o
102-— | 1 102-— T T
< N < N A
\){\ QO/\’ (Q\)\ 0{\ Qol\v' 6\")0
R oQo 2 \‘}Qo
o o
il il
& &
c PD-1* GP33*
ns ns
106 *kk 106 —ns 106
1 = 3 k%
3 *kk 3 * 3 |
c| 5105 = 105 ou = 105~ *k
g £ = £ :
- Q ) 1 . oA .
a| = & ) .
0] 0 104 W 104 U 104 ®
5 + 3 + X L]
0| ~ N~ | r~
i=] © © 1 © ] : LI
X 103 X 193 X103
5 - 3+ E| + i o
1 o s
102 1021 . 102-L- 1.2 | le®
o AT
& @
&
R
\"Q-
=
o
&

Fig. 4. mTOR signaling regulates proliferation of virus-specific stem-like CD8 T cells after PD-1

therapy.
(A) Rapamycin was administered to mice daily in combination with aPD-L1 for 8 or 14

days. Control mice received sham treatment during the same time period. (B) Absolute
number of stem-like CD8 T cells in the spleen among total PD-1*, GP276", and GP33*
CD8 T cells following 2 week treatment with isotype, aPD-L1, or aPD-L1 in combination
with rapamycin (C) Absolute number of proliferating (Ki67*) stem-like CD8 T cells among
the total LCMV-specific populations indicated above each plot on day 8 post-treatment.
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(B) and (C) each show values from 3 independent experiments, n=3-5 mice per group, per
experiment. Individual data points represent individual mice, and bars indicate group means.
Statistical significance (B and C) was calculated using one-way ANOVA with Tukey’s test
for multiple comparisons; *, P< 0.05; **, £<0.01; ***, P<0.001; ****; £<0.0001; ns,
non-significant.
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Fig. 5. Asymmetric division can sustain the stem-like CD8 T cell population.

(A) LCMV chronically infected mice were treated with or without aPD-L1 every 3

days. CD8 T cells were isolated from spleens by magnetic purification on day 8 and
immunofluorescence confocal microscopy was performed. (B) Representative photos of
singlet CD8 T cells following aPD-L1 treatment were captured on 60X lens with 2X
scanning zoom (0.1um/pixel). Merged fluorescence of PD-1 and TCF-1 are shown. Scale
bar is 10um. (C) Conjoined CD8*PD-1* sibling pairs were captured on 60X lens with 4X
scanning zoom (0.05 um/pixel). Representative conjoined sibling cell pair illustrating bridge
between sibling cells marked by arrows in (I-to-r) brightfield and merge of brightfield with
single z-slice tubulin (BF/TB). (D) CD8*PD-1* sibling pairs from aPD-L1-treated mice
illustrating TCF-1 concordant (+/+; top) and TCF-1 discordant (+/-; bottom) divisions. (-/

Tub. Stack Brightfield BF/TB
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-) sibling pairs were also observed but are not shown. Representative images displaying
(I-to-r), brightfield merge with single z-slice tubulin (bridges marked by arrows), DAPI,
PD-1, and TCF-1 staining (n=14 doublets imaged per group). Scale bars are 2.5um. (B) and
(C) each show representative images from a total of 3 independent experiments.
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Fig. 6. Stem-like CD8 T cellsthat have received cycle 1 PD-1 therapy can robustly proliferatein
responseto viral challenge.

(A) Stem-like (PD-1*Tim-3"CD73%) and Tim-3* (PD-1*Tim-3*CD73") CD8 T cells were
each sorted from isotype or cycle 1 aPD-1-treated CD45.2* donor mice. These subsets
were transferred into naive CD45.1* recipients that were challenged with LCMV Clone
13 (2 x 10° pfu, i.v.) the next day. Donor CD8 T cell responses were analyzed on day

14 post-challenge. (B) Expansion of donor cells among PBMC at day 14 post-challenge.
Dotted line indicates the limit of detection based on 5% estimated take of donor cells
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within the recipient. (C) Frequency of donor (CD45.2*) and recipient (CD45.1") CD8 T
cells in the spleen. Treatment of the donor cells prior to transfer is shown above each plot.
Frequency (D-F) or absolute number (G-1) of donor CD8 T cells within the spleen, liver, or
lung. (J) Phenotype of donor CD8 T cells based on Tim-3 and TCF-1 expression. Colored
arrows indicate the direction of differentiation. Two independent transfer experiments

were performed, each with n=2-4 mice per group. In all plots, individual data points
represent individual mice; bars represent mean £ SEM. Two-way Statistical significance
was determined by ANOVA with Sidak’s test for multiple comparisons (B) or one-way
ANOVA with Tukey’s test for multiple comparisons (D-1); *, P< 0.05; **, P<0.01; ***, P
<0.001; ****; P<0.0001; ns, non-significant.
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Fig. 7. Stem-like CD8 T cellsthat have received cycle 1 PD-1 therapy can respond to an
additional cycle.

(A) Stem-like CD8 T cells were sorted from cycle 1 aPD-1-treated CD45.2* donor mice.
These cells were transferred into infection-matched CD45.1* recipients that were then
treated with an additional round of aPD-1. Donor CD8 T cell responses were analyzed on
day 14. (B-E) Absolute number of donor (CD45.2*) CD8 T cells within the PBMC, spleen,
liver, or lung at day 14 post-secondary PD-1 blockade. (F) Frequency of donor (CD45.2%)
and recipient (CD45.1*) CD8 T cells as a proportion of transferred cells following the
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recipient’s treatment (aPD-1 or isotype). (G) Frequency of donor CD8 T cells following
the recipient’s treatment (H) Phenotype of the donor CD8 T cell population after additional
treatment, based on Tim-3 and TCF-1 expression. Colored arrow indicates the direction of
differentiation. (1) Absolute number of Tim-3*TCF-1~ and Tim-3"TCF-1* donor CD8 T
cells after additional treatment. Two independent transfer experiments were performed, each
with n=2-4 mice per group. In all plots, individual data points represent individual mice;
bars represent mean £ SEM. Statistical significance in (B-E, G, and I) was determined using
unpaired two-tailed t tests; *, £< 0.05; **, £<0.01; ***, P<0.001; ****; £<0.0001; ns,
non-significant.
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Fig. 8. CD8T cdll differentiation during chronic infection and after PD-1 blockade.
At steady state during chronic infection, stem-like CD8 T cells undergo slow self-renewal

and steadily turn over into transitory effector CD8 T cells. These cells sustain the antiviral
response, but gradually become exhausted. Following PD-1 blockade, stem-like CD8 T cells
undergo a proliferative burst to increase the pool of effector cells, but they also increase their
self-renewal, ensuring that they are not depleted.
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