"3\) Journal of
<@ QD Experimental
\,99 Medicine

ARTICLE

PD-1 regulates tumor-infiltrating CD8* T cells in
both a cell-intrinsic and a cell-extrinsic fashion

Kristen E. Pauken®?*@®, Samuel C. Markson¥?3*@®, Thomas S. Conway™?®, Vikram R. Juneja¥>*@®, Osmaan Shahid*>*@®, Kelly P. Burke®>*®,
Jared H. Rowe'’@®, Thao H. Nguyen?®, Jenna L. Collier»?®, Jaclyn M.L. Walsh'233@®, Megan E. Fung"2@®, Jacob M. Luber>>°®, Alison E. Ringel°®,
Jason M. Schenkel™2@®, Gordon ). Freeman®®, Marcia C. Haigis'°®, Meromit Singer®>*@®, and Arlene H. Sharpe>12@®

Although PD-1 inhibitors are FDA-approved for over 25 different cancers, the mechanisms contributing to response remain
incompletely understood. To investigate how PD-1-deleted CD8* T cells influence PD-1-expressing CD8* T cells in the same
tumor microenvironment, we developed an inducible PD-1 knockout (KO) model in which PD-1 is deleted on ~50% of cells.
PD-1 deletion beginning at day 7 after implantation of MC38 tumor cells led to robust tumor control. Remarkably, PD-1-
expressing CD8* T cells in the tumor had increased functionality similar to PD-1 KO CD8* T cells. Using single-cell RNA-seq and
TCR-seq, we found that the major transcriptional changes following PD-1 deletion were shared by PD-1 KO and PD-1-
expressing CD8* T cells, although PD-1 KO clones preferentially expanded. These data suggest PD-1 inhibitors not only exert
cell-intrinsic effects but also may promote increased T cell function through non-cell-autonomous mechanisms, which has
important implications for design of PD-1-based cancer immunotherapies.

Introduction

Immunotherapy represents a major paradigm shift in cancer
treatment, aiming to boost the immune response to malignant
cells rather than directly targeting the cancer itself. Tumors
hijack a number of immunosuppressive mechanisms to evade
host immunity, including the programmed death (PD)-1 path-
way (Sharma and Allison, 2015a; Sharpe and Pauken, 2018;
Topalian et al., 2016; Vesely et al., 2022). PD-1 (CD279, encoded
by the Pdcdl gene) is a co-inhibitory receptor (IR) expressed on
all T cells during initial activation. PD-1 expression remains high
and sustained during chronic infection and in many cancers due
to persistent antigen stimulation. PD-1is a key mediator of T cell
dysfunction during chronic infection and cancer, as blockade of
the pathway improves effector functions in exhausted CD8*
T cells (referred to as Tgx) and causes a decrease in viral load or
tumor burden (Sharma and Allison, 2015a; Sharpe and Pauken,

2018; Topalian et al., 2016; Vesely et al., 2022). Inhibitors of the
PD-1 pathway have revolutionized clinical cancer care, and are
now approved by the U.S. Food and Drug Administration for use
in over 25 cancers (Pauken et al., 2021b; Ribas and Wolchok,
2018; Sharma and Allison, 2015b; Topalian et al., 2020; Vesely
et al., 2022). Despite these promising results, most patients fail
to show long-term clinical benefit, highlighting the need for a
better mechanistic understanding of how PD-1 pathway block-
ade improves antitumor immunity.

Engagement of PD-1 by its ligands PD-L1 (B7-H1; CD274) or
PD-L2 (B7-DC; CD273) induces inhibitory signals in T cells,
countering the positive signals delivered through the T cell re-
ceptor (TCR) and CD28 and diminishing effector functions (Hui
et al., 2017; Kamphorst et al., 2017; Latchman et al., 2001; Parry
et al., 2005; Sharpe and Pauken, 2018; Yokosuka et al., 2012;
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Zinselmeyer et al., 2013). One mechanism by which PD-1 works
is through direct cell-intrinsic inhibition of T cell signaling.
Mechanistically, PD-1 ligation can (1) antagonize the TCR and
CD28 through recruitment of phosphatases, (2) attenuate the
PI3K/AKT/mTOR pathway, (3) modulate Ras signaling, and (4)
induce BATF expression, culminating in changes that reduce
T cell proliferation and effector functions (Patsoukis et al., 2020;
Pauken and Wherry, 2015). Adoptive transfer studies of mixed
wild-type (WT) and PD-1 knockout (KO) CD8* T cells into mice
followed by infection with acute lymphocytic choriomeningitis
virus (LCMV), chronic LCMV, or acute influenza virus have
further demonstrated a cell-intrinsic role of PD-1 in regulating
CD8* T cell functions (Kalia et al., 2021; Odorizzi et al., 2015;
Pauken et al., 2020). In chronic LCMYV infection, PD-1 KO CD8*
T cells showed increased expansion and effector potential early
in infection but undergo more severe contraction and become
more terminally exhausted than WT CD8* T cells (Odorizzi et al.,
2015), providing mechanistic insight into how PD-1 can regulate
CD8* Tgx cells.

While these studies demonstrated a clear cell-intrinsic role of
PD-1in regulating CD8* T cell functions, whether the protective
anticancer effects that occur following PD-1 inhibition are solely
dependent on cell-intrinsic consequences remains unclear. PD-1
deletion or blockade also may exert cell-extrinsic effects,
i.e., affecting WT cells proximal to cells with inhibited or deleted
PD-1. It is well established that PD-1 blockade can result in en-
hanced CD8* T cell functionality in the tumor microenviron-
ment (TME) (Sharma and Allison, 2015a; Sharpe and Pauken,
2018; Topalian et al., 2016; Vesely et al., 2022), with production
of effector molecules (e.g., IFNy, TNFa, and IL-2) that can have
broad acting effects both locally and systemically, orchestrating
a potent antipathogen or antitumor state in some settings (Iijima
and Iwasaki, 2014; Rosato et al., 2019; Schenkel et al., 2014).
These effector molecules can impact a number of different cell
types, fundamentally changing the response of the entire tissue
microenvironment (lijima and Iwasaki, 2014; Rosato et al., 2019;
Schenkel et al., 2014). Clinically, patients who respond better to
checkpoint blockade (either PD-1 or CTLA-4 inhibitors) often
show increased evidence of IFNy responses in the TME and tu-
mor clearance, and defects in IFNy signaling can be associated
with poor clinical outcomes (Ayers et al., 2017; Gao et al., 2016;
Gocher et al., 2022; Grasso et al., 2020; Shin et al., 2017; Zaretsky
et al., 2016). Consequently, there is significant potential for loss
of PD-1 signaling to exert cell-extrinsic effects that contribute to
productive antitumor immunity. These effects could be additive
or synergistic with the cell-intrinsic changes downstream of
PD-1.

In this study, we sought to determine whether cell-extrinsic
consequences of PD-11loss contribute to the improved antitumor
CD8* T cell responses observed following PD-1 deletion. We
developed a mouse model where PD-1 could be inducibly deleted
on ~50% of the CD8* T cells (referred to as inducible PD-1de-
mice), allowing us to interrogate cell-intrinsic versus cell-
extrinsic effects of PD-1 deletion by comparing CD8* tumor-
infiltrating lymphocytes (TILs) that deleted PD-1 (referred to as
PD-1¥°) with CD8* T cells expressing high levels of PD-1 (re-
ferred to as PD-1") in the same TME in a polyclonal T cell
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repertoire. We used the MC38 colon adenocarcinoma tumor
model for these studies, since MC38 tumors subcutaneously
implanted in the flank are highly responsive to PD-1 immuno-
therapy as a single agent (Juneja et al., 2017; Woo et al., 2012).
Using single-cell RNA sequencing (scRNA-seq) and scTCR-seq,
we found that the major unique cell-intrinsic change following
PD-1 deletion in this model was increased T cell clonal expan-
sion. Remarkably, PD-1t and PD-1¥° CD8* TILs in the same TME
showed similar transcriptional and functional changes, indi-
cating that cell-extrinsic changes following PD-1 deletion can
substantially reshape the antitumor response to improve func-
tionality of CD8* T cells still expressing PD-1. Both PD-1% and PD-
1¥0 CD8* TILs in the inducible PD-1¢¢- mouse showed increased
enrichment for transcriptional signatures associated with more
terminal exhaustion compared with PD-1¥! CD8* TILs in WT
control mice, suggesting that a cell-intrinsic loss of PD-1 signals
isnot required to promote transition to the terminally exhausted
state. These data suggest that inhibition or deletion of PD-1 can
have a broader impact than previously appreciated by inducing
a more potent antitumor state that feeds back onto PD-1-
expressing T cells to improve their function.

Results

PD-1 deletion selectively on CD8* T cells is sufficient to
promote antitumor immunity against MC38 tumors

To interrogate mechanisms by which loss of PD-1 promotes
protective antitumor immune responses, we used the MC38
mouse colon adenocarcinoma tumor model because MC38 tu-
mors are highly sensitive to PD-1 blockade with anti-PD-1 or
anti-PD-L1, and rapidly controlled in germline PD-1 KO mice
when implanted subcutaneously in the flank (Juneja et al., 2017;
Raghavan et al., 2021; Woo et al., 2012). We first determined
whether selective deletion of PD-1 only in CD8* T cells was
sufficient for the protective antitumor effects observed in
germline PD-1 KO mice (Juneja et al., 2017). We bred mice con-
taining a loxP-flanked Pdcdl allele (termed PD-17f) (Tan et al.,
2021) to mice expressing Cre recombinase under the control of a
CD8-specific promoter (termed E8i-Cre) (Maekawa et al., 2008)
to permanently delete PD-1 on CD8* T cells (referred to as CD8-
CrePOS PD-17/f, Fig. 1 A). CD8* TILs in MC38 tumors of CD8-CreP©S
PD-17f mice lacked PD-1 protein expression, while the frequen-
cies of PD-1* CD4* Foxp3* and CD4* Foxp3~ cells were compa-
rable to levels observed in CD8-CreNEG PD-1/f control mice
(Fig. 1, B and C). In contrast, the PD-1 protein was absent on both
CD8* and CD4* TIL (both Foxp3* and Foxp3-) in the germline
PD-1¥© (referred to as global PD-1¥°) where PD-1is deleted on all
cells (Fig. 1, B and C).

We next compared tumor growth to assess the impact on the
antitumor immune response. As expected, CD8-CreNEG PD-1/f
mice failed to control MC38 tumors (Fig. 1 D). Consistent with
our previous work (Juneja et al.,, 2017), global PD-1¥° rapidly
controlled MC38 tumors, with 100% of the mice routinely
clearing their tumors (Fig. 1 D). CD8-Cre?°S PD-1f mice, which
only lacked PD-1 on CD8* T cells, also showed robust tumor
control compared with CD8-CreNEG PD-17f mice, with 70% of
mice clearing tumors (Fig. 1 D). These data suggest that selective
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Figure 1. PD-1 expressed by CD8* T cells is largely sufficient for protective antitumor immunity against subcutaneous MC38. (A) Schematic for
germline deletion of PD-1 selectively on CD8* T cells (using the E8i-CreP°S PD-17f mouse) or on all cells (using the global PD-1%° mouse). E8i-CreNES PD-17f mice
were included as a WT control. Schematic created using https://BioRender.com. (B) Representative flow cytometry contour plots showing PD-1 (y axis) versus
CD8a (x axis) expression. Plots are gated on CD45* CD3* TILs at day 11 after implantation of MC38 tumor cells into WT (E8i-CreN®¢ PD-1f), CD8 conditional
PD-1KO (E8i-CrePs PD-17f), and PD-1 germline KO (global PD-1%°). (C) Quantification of the flow cytometry in B, showing the frequency PD-1* of CD8" T cells,
CD4* FoxP3- T cells (conventional CD4* T cells), and CD4* Foxp3* (Tregs) from MC38 tumors at day 11 after tumor cell implantation. Data shown are from one
representative experiment with n = 4-8 mice per group. Data are representative of two independent experiments with at least three mice per group comparing
all three mouse strains (CD8-CreNEG PD-1%/f, CD8-CrePOS PD-17/f, and global PD-1%°), and an additional four independent experiments comparing CD8-CreNEG
PD-17fand CD8-CrePS PD-17f mice. A two-way ANOVA was performed with Tukey’s multiple comparisons test. A P value for all comparisons is marked with
“¥**" P < 0.0001. For comparisons labeled as not significant (ns): CD8* T cells, P = 0.9906; CD4* FoxP3~ T cells, P = 0.6966; CD4* FoxP3* T cells, P = 0.2088.
(D) Tumor growth curves in WT control (E8i-CreNES PD-17f), CD8 conditional PD-1 KO (E8i-CreP©s PD-17f), and PD-1 germline KO (global PD-1%°) mice, showing
tumor volume (mm?3) over time (days) after implantation of MC38 tumor cells subcutaneously in the flank. Data shown are from one representative experiment
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with n = 5-10 mice per group. Data are representative of three independent experiments with at least four mice per group. A one-way ANOVA (Kruskal-Wallis
test) with Dunn’s multiple comparisons was performed for the day 23 time point (endpoint for CD8-CreNEG PD-1%f). CD8-CreNES PD-17f versus CD8-CrePOS PD-
17f, P = 0.0136*; CD8-CrePOS PD-17f versus global PD-1%°, P = 0.8391; CD8-CreNES PD-17f versus global PD-1X0, P = 0.0021**. (E-J) Analysis of TIL from MC38
tumors at days 11-13 after tumor cell implantation in CD8-CreNE6 PD-17Fand CD8-CreP°S PD-17f mice using flow cytometry. (E) Frequency of CD8" T cells (left,
P < 0.0001***) and Treg cells (right, P = 0.0027**) of total CD45* cells. (F) Number of CD8* T cells (left, not significant, P = 0.0630) and Treg cells (right, not
significant, P = 0.0514) per milligram of tumor. (G) Ratio of CD8" T cells to Treg cells in the tumor, P < 0.0001***, (H) Frequency (left, P = 0.0190*) and number
per milligram (right, P = 0.0089**) of CD8" T cells expressing granzyme B protein (abbreviated “GzmB”). (1) Frequency of IFNy-producing CD8* T cells following
ex vivo stimulation with PMA and ionomycin, P = 0.0006***. (J) Frequency (left, not significant, P = 0.2351) and number per milligram (right, not significant, P =
0.6842) of CD8* T cells expressing Ki-67 protein. Data shown in E-] are from two experiments combined for a total of n = 10 CD8-CreNE6 PD-17fand n = 10 CD8-
CreP0s PD-1%f, For E-, significance was determined using an unpaired t test if both groups were normally distributed, or the Mann-Whitney test if both groups

were not normally distributed. Representative of 2-7 total experiments with at least three mice per group per experiment.

loss of PD-1 on CD8* T cells is largely sufficient to promote an-
titumor immunity against MC38 tumors. Consistent with the
improved tumor control, there were an increase in the fre-
quency of CD8* T cells as a percentage of CD45* cells, and a trend
toward increased numbers of CD8* T cells per milligram of tu-
mor (Fig. 1, E and F). There was a concomitant decrease in the
frequency of regulatory T (Treg) cells of CD45* cells, and a trend
toward decreased numbers of Treg per milligram of tumor
(Fig. 1, E and F). Importantly, the CD8/Treg ratio was increased
in CD8-CrePS PD-17f mice compared with CD8-CreNE¢ PD-1/f
control mice, suggesting a shift toward a more proinflammatory
TME (Fig. 1 G). Moreover, there was an increased frequency and
number per milligram of tumor of granzyme B-expressing CD8*
TILs in CD8-CreP°8 PD-1f/f mice compared with CD8-CreNEG
PD-17f control mice (Fig. 1 H), as well as an increase in IFNy-
producing CD8* TILs (Fig. 11I). It should be noted that there
was no difference in the frequency of Ki-67* CD8* TILs be-
tween groups, though there was a trend toward increased
numbers of Ki-67* CD8* TILs in the CD8-Cref©3 PD-1¢f mice
that did not reach significance (Fig. 1]). Collectively, these
data demonstrate that PD-1 deletion on CD8* T cells is suffi-
cient for the protective effects following PD-1 loss in MC38
tumors and highlight the importance of understanding how
PD-1 regulates this cell type.

Inducible deletion of PD-1 on about 50% of cells leads to robust
tumor control, providing a means to analyze the cell-intrinsic
versus cell-extrinsic effects of PD-1 deletion in the TME

We next asked whether the protective effects of PD-1 deletion in
MC38 tumors were due to the ability of PD-1 to suppress T cell
functions in a cell-autonomous manner, or whether loss of PD-1
signals could induce broader changes in the TME that could
promote the functions of neighboring CD8* T cells. To address
this question, we developed an inducible PD-1 KO mouse model
where the timing and extent of PD-1 deletion could be controlled.
We bred PD-1ff mice to CreERT2 mice, in which the Cre re-
combinase gene is fused to the estrogen receptor (CreERT2)
under the control of the human ubiquitin promoter (Ruzankina
etal.,, 2007), allowing inducible deletion of PD-1 on all cell types
upon tamoxifen administration (Fig. 2 A) (UBC-CreERT2* PD-17/f
mice, referred to as inducible PD-19¢- mice). This model has the
advantage that the timing of deletion can be controlled (unlike a
germline, noninducible PD-1K0), allowing T cell development to
progress normally, and deletion at therapeutically relevant time
points. This model mimics the use of PD-1 inhibitors, where
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antibodies are given systemically and can block any cell actively
expressing PD-1 (Raghavan et al., 2021).

Five doses of tamoxifen resulted in about 40% deletion of PD-1
on splenic CD8* T cells, with upregulation of the PD-1 protein in
about 60% of splenic CD8* T cells from inducible PD-19¢ mice
after in vitro stimulation with anti-CD3 and anti-CD28 (Fig. 2 B).
In contrast, in UBC-CreERT2- PD-1f control mice (referred to as
WT control), about 95% of splenic CD8* T cells upregulated PD-1
following in vitro stimulation (Fig. 2 B). In MC38 tumors, about
85% of CD8* TILs express the PD-1 protein in WT control mice,
whereas in inducible PD-19¢! mice, only about 40% of CD8* TILs
express the PD-1 protein (Fig. 2, C and D). There also was a 50-
60% reduction in the frequency of PD-1* cells in the CD4* TIL
compartment on both Foxp3* and Foxp3~ CD4* T cells (Fig. 2 D),
as expected due to the ubiquitous expression of CreERT2. Im-
portantly, the PD-1% CD8* TILs in inducible PD-19¢! mice showed
similar levels of PD-1 phosphorylation on the immune receptor
tyrosine-based switch motif (ITSM) motif (see Materials and
methods) (Bu et al., 2021) as CD8* TILs in WT control mice, in-
dicating that PD-1"f CD8* TILs in inducible PD-19 mice can
signal through PD-1 (Fig. 2 E).

We also examined the impact of PD-1 deletion on tumor
growth using this 5-dose tamoxifen regimen that led to PD-1
deletion in ~50% of cells. Administration of tamoxifen prior to,
early (days 0-5), or later after tumor implantation (days 7-11)
resulted in robust tumor control in inducible PD-19¢ mice, while
WT control mice failed to control tumors (Fig. 2, F-H). Consis-
tent with superior tumor growth control, the CD8/Treg ratio
increased in the inducible PD-19¢ compared with the WT control
mice following deletion of PD-1 from days 7 to 11 (Fig. 2 I), sug-
gesting that PD-1 deletion resulted in improved antitumor im-
munity in this setting. Thus, the inducible PD-19 mouse
provides a model for analyzing the cell-intrinsic versus cell-
extrinsic effects of PD-1 deletion by comparing CD8* TILs that
have deleted PD-1 with PD-1-expressing CD8" T cells that still
express the PD-1 protein and can respond to PD-1 signals within
the same TME.

Deletion of PD-1 induces a potent antitumor state in MC38
tumors associated with transcriptional signatures of IFN
stimulation, effector functions, and exhaustion in CD8* TILs
To examine how deletion of PD-1 in ~50% of cells affected the
biology of CD8* TILs in this setting of protective antitumor im-
munity, we implanted MC38 tumor cells, administered tamox-
ifen from days 7 to 11 to induce PD-1 deletion, and performed
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Figure 2. Development of an inducible PD-1 deletion model to study PD-1-sufficient and PD-1-deleted CD8" T cells in the same TME. (A) Schematic
forinducible PD-1 deletion. Mice containing loxP-flanked Pdcd1 alleles (PD-17) and expressing either one copy of UBC-CreERT2 (UBC-CreERT2* PD-17f, referred
to as “inducible PD-19¢"" mouse) or no copies of UBC-CreERT2 (UBC-CreERT2- PD-1%f, referred to as “WT control” mouse) received daily tamoxifen (1 mg/
mouse/day) i.p. from days 7 to 11 (unless otherwise indicated) after MC38 tumor cell implantation to delete exons 2-4 of Pdcd1. The schematic was created with
https://BioRender.com. (B) Percentage of splenic CD8* T cells expressing PD-1 protein following 24 h in vitro stimulation with anti-CD3 and anti-CD28. Data
shown are one experiment with n = 11 WT control and n = 7 inducible PD-19¢" mice. Data are representative of three independent experiments with at least n = 3
WT control and at least n = 5 inducible PD-19¢" per group. An unpaired t test was performed not assuming normal distribution (Mann-Whitney test), P <
0.0001***,(C) Representative flow cytometry contour plots showing PD-1 (x axis) by CD8a expression (y axis) on CD8* T cells in MC38 tumors harvested at day
17. Full gating strategy was based on size, singlets, live, CD45*, CD8" cells. (D) Quantification of the frequency of CD8* T cells, CD4* Foxp3~ T cells, and CD4*
Foxp3* T cells expressing PD-1in MC38 tumors in WT control mice versus inducible PD-19¢"- mice shown in C. Data shown are one representative experiment
with n = 6 WT control mice and n = 10 inducible PD-19¢" mice. Data are representative of five experiments with at least five mice per group. Normality was
determined using the Shapiro-Wilk test, and significance was assessed using a one-way ANOVA with Tukey’s multiple comparisons tests. Asterisks (***)
indicate P < 0.0001 for each pairwise comparison indicated in this figure. (E) Quantification of the levels of PD-1 phosphorylation in CD8* TILs in MC38 tumors
at day 17 after tumor cellimplantation. Phospho-PD-1 levels were determined using an antibody that specifically detects the phosphorylated ITSM motif of PD-1
by flow cytometry as described previously (Bu et al., 2021). Data shown are one experiment with n = 5 mice per group and representative of two independent
experiments with three to five mice per group. A one-way ANOVA was performed with Tukey’s multiple comparisons test. WT control PD-1° versus PD-1", P <
0.0001***; inducible PD-1%° PD-1'° versus PD-1%, P = 0.0045**. (F-H) Tumor growth curves showing tumor volume (mm3) over time (days) after subcu-
taneous injection of MC38 tumor cells. Arrows indicate the timing of tamoxifen administration to induce PD-1 deletion. Tamoxifen was administered (F) prior to
tumor cellinjection (n =9 WT and n = 11inducible PD-19¢t), (G) at days 0-5 after tumor cell injection (n = 6 WT and n = 9 inducible PD-19), or (H) days 7-11 after
tumor cell injection (n = 12 per genotype). Data in F-H are from one representative experiment each. F and G are each representative of two independent
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experiments with at least n = 6 per group. H is representative of three experiments with at least n = 3 WT control and at least n = 5 inducible PD-14¢" mice per
group. Significance was assessed using the Mann-Whitney unpaired t test at the endpoint for the WT control. (F) Day 27, P = 0.0019**.(G) Day 32, P = 0.0182*.
(H) Day 31, P = 0.0011**. (1) CD8/Treg ratio in MC38 tumors at day 17 after tumor cell implantation. Data shown are from two experiments combined with n = 15
(WT control) and n = 17 (inducible PD-19¢"). Data are representative of three independent experiments with at least five mice per group. Significance was
assessed using an unpaired t test, P = 0.0020**. In A-I, WT control refers to UBC-CreERT2- PD-17* mice, and inducible PD-19¢" refers to UBC-CreERT2* PD-

17 mice.

droplet-based (using 10X Genomics) scRNA-seq with paired
TCR-seq (scTCR-seq) at days 16-17. For all cells, we also deter-
mined PD-1 protein status (e.g., PD-1% or PD-11°) by either FACS-
based sorting based on detection of PD-1 using a fluorescently
conjugated antibody prior to 10X or performing Cellular index-
ing of transcriptomes and epitopes by sequencing (CITE-seq) to
detect the PD-1 protein computationally (Fig. S1, A-F; see Ma-
terials and methods). We chose this timing for PD-1 deletion to
recapitulate the timing associated with the response to thera-
peutic blockade using monoclonal antibodies (Juneja et al., 2017).

We first determined how loss of PD-1 impacted the global
CD8* TIL population regardless of the PD-1 protein status by
comparing total CD8* TILs in inducible PD-19¢! mice with WT
control mice (Fig. 3 A). We used Leiden clustering to broadly
characterize the differences in CD8* TILs between these two
genotypes (n = 15,729 cells). Previous work established that
MC38 tumors contain CD8* TILs with diverse transcriptional
phenotypes including several exhausted-like subpopulations
(Bhatt et al., 2021; Pauken et al., 2021a; Wei et al., 2017). In our
dataset, we identified eight major transcriptionally defined
clusters, which were manually annotated for functional associ-
ation based on significantly upregulated genes per cluster, dis-
tribution of key lineage-defining markers, enrichment for key
signatures from the literature (e.g., cell cycle, response to IFN,
exhaustion), and the co-expression of multiple IRs (see Materials
and methods, Fig. 3 B; Fig. S2, A-D; and Tables S and S2). These
clusters included transcriptional profiles associated with IFN-
stimulated Tgx (Cluster 0 including Isgl5, Ifitl, Bst2, Mxl, Statl,
Uspl8, and Cxcr6 and Gzmk), quiescent/progenitor-like T cells
(Cluster 1 including KIf2, Tcf7, Bcl2, Sell, and Lefl), “immune-
suppressed”/glycolytic Tex cells (Cluster 2 including Tnfrsfl8,
Tnfrsf9, Bhlhe40, Ccr7, Ccr8, Nrpl, and Hifla, which have been
associated with an immune-suppressed phenotype in tumors
[Nelson et al., 2019; Schietinger et al., 2012; Watkins et al., 2021;
Waugh et al., 2016], and Gapdh, Enol, Aldoa, and Ldha, which
have been associated with glycolysis), terminally exhausted-like
Tex cells (Cluster 3 including Lag3, Havcr2, Prfl, Gzmb, Tigit, Ccld,
and Cxcré6), intermediate exhausted-like Tex cells (Cluster 4 in-
cluding transcripts associated with ribosomal proteins [Rps/Rpl
genes], Pdcdl, Bhlhe40, Tigit, Nr4a2, Irf8), cycling T cells (Cluster
5 including Tubbs, Cdkn3, Hmgbl, Kif23, Top2a, and Mki67), cy-
totoxic Tex (Cluster 6 including Prfl, Gzmc, Gzme, Gzmd, Gzmb,
and Gzmf), and an effector-like Tgx population (Cluster 8 in-
cluding Xcll, Ccl3, Tnfsfi4, Ccld, Ccli, Cd160, and Ifng) (Fig. 3 B, Fig.
S2 A, and Table S1). We also observed a population that appeared
to contain non-T cells (Cluster 7 including Cdi4, Cd68, Csflr, Ad-
grel), which was likely due to a low level of contamination during
sorting, and we excluded this cluster from downstream analyses
that were focused on CD8* TILs.

Pauken et al.

PD-1 loss drives protective cell-extrinsic effects

We next examined the distribution of CD8* TILs from WT
control versus inducible PD-19¢ mice across these transcrip-
tional clusters (Fig. 3, C and D). CD8* TILs from the inducible
PD-19¢l mice occupied largely distinct areas of the Uniform
Manifold Approximation and Projection (UMAP) compared with
CD8"* TILs from WT control mice (Fig. 3 C). Consistent with this
observation, principal component analysis (PCA) revealed the
second PC (PC2) to clearly differentiate between CD8* TILs from
the inducible PD-19¢ and WT control (variance explained by
PC1 = 2.197323% and PC2 = 1.159362%, Cohen’s D effect size for
PC1 = 0.082 and PC2 = 1.691, Fig. S3 A), indicating a substantial
difference in the transcriptional landscape between inducible
PD-19¢l and WT control mice. Quantification of each genotype
across the clusters showed that Cluster 2 (immune-suppressed/
glycolytic Tgx) was the most prominent cluster in CD8* TILs
from WT control mice (45.99% of CD8" TILs), while Cluster 3
(Tex, terminal) was the most prominent cluster in CD8* TILs
from inducible PD-19¢" mice (43.73% of CD8* TILs) (Fig. 3 D and
Fig. S3 B). Between genotypes, CD8* TILs from the inducible PD-
14¢l- showed significantly enriched Cluster 3 (Tgx, terminal, P = 0,
Fisher’s exact test), Cluster O (IFN-stimulated Tgx, Fisher’s exact
test, P = 1.36 x 10739), and Cluster 4 (Tgy, intermediate, Fisher’s
exact test, P = 3.26 x 107"") compared with WT control, while the
WT control showed a significant increase in Cluster 2 (immune-
suppressed/glycolytic Tex, P = 5.36 x 107282, Fisher's exact test),
Cluster 1 (quiescent/Progenitor-like T cells, P = 1.42 x 107%), and
Cluster 5 (cycling T cells, Fisher's exact test, P = 7.31 x 10-%) (Fig.
S3 B). These results were consistent across individual mice (Fig.
S3 B). In accordance with this finding, differential gene ex-
pression analysis showed that CD8* TILs from inducible PD-1d¢-
mice had elevated levels of cytotoxic and/or effector molecules,
IRs, and signs of IFN stimulation, including Gzmb, Gzmk, Havcr2,
Icos, Ccl4, Ccl5, Statl, Bst2, and Uspl8 (Table S3).

We next performed two types of analyses to assess pathways
and transcriptional modules that were differentially expressed
following PD-1 deletion. First, pathway analysis using Gene Set
Enrichment Analysis (GSEA) showed elevated response to IFNa,
IFNy, and inflammation in CD8* TILs from inducible PD-1de.
mice compared with WT control mice (Fig. S3 C and Table S4).
Second, dissection of the multi-layered transcriptional programs
present in the single-cell data using a type of topic modeling
known as latent Dirichlet allocation (LDA) (Bielecki et al., 2021;
Dey etal., 2017; Pritchard et al., 2000) also showed gene modules
(called topics) associated with IFN stimulation/exhaustion, cy-
totoxicity and/or effector functions, and IRs elevated in CD8*
TILs from inducible PD-19¢! mice (Fig. 3 E, Fig. S3 D, and Table
S5). Conversely, topics associated with quiescence and glycolytic
metabolism were preferentially enriched in CD8* TILs from WT
control mice (Fig. 3 E, Fig. S3 D, and Table S5). Collectively, these
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Figure 3. Protective antitumor immunity following genetic deletion of PD-1 is associated with transcriptional signatures of IFN stimulation, ef-
fector activity, and terminal exhaustion in CD8* TILs in MC38 tumors. (A) Schematic of study design for interrogating mechanisms by which PD-1 loss
promotes the development of protective immunity in CD8* TILs in MC38 tumors, and for determining which changes are dependent on a cell-intrinsic loss of
PD-1 versus cell-extrinsic consequences of PD-1 loss (e.g., changes in function in CD8* TILs still expressing PD-1). The data in this figure compare total CD8*
TILs in inducible PD-19¢! mice (UBC-CreERT2* PD-17f) versus WT control mice (UBC-CreERT2- PD-17f) to define the impact of PD-1 deletion on the global CD8*
TIL population. (B) Clustering and UMAP visualization of CD8* T cells (n = 15,729 cells) sorted from MC38 tumors from inducible PD-19¢" versus WT control mice
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at days 16-17 after tumor implantation. Colors denote transcriptional clusters, labeled with functional annotations (see Materials and methods). A full list of
upregulated genes per cluster can be found in Table S1. (C) UMAP visualization of CD8* TILs from WT (n = 4,394 cells) versus inducible PD-19 mice (n = 3,785
cells). (D) Stacked bar plots showing the frequency of each population belonging to each functional cluster. The legend for the colors used in the bars is shared
with the legend for the clusters in B. Cluster 7 was excluded from the bar plot since it likely contained non-T cells. Clusters are indicated in order from left to
right, with Cluster O being the left-most cluster, and Cluster 8 being the right-most cluster. P values and ¢ coefficients showing the enrichment of cells across all
clusters between the WT TME and inducible PD-14¢" TME can be found in Fig. S3 B. (E) Bar plot showing the enrichment of different topics in CD8* TILs from
WT control versus inducible PD-14¢" mice. The functional annotations for the top five ranked topics in each direction are indicated. A full list of topics and top 50
genes by weight in each topic can be found in Table S5. (F) Heat map showing the Cohen’s D effect size of the top 5 differentially enriched topics in each
direction in the MC38 dataset (up in CD8* TILs from WT control mice, and up in CD8* TILs from inducible PD-19¢" mice), and the enrichment of these topics in
patient cohorts where scRNA-seq data were available on CD8* TILs pre- and postcheckpoint blockade (either anti-PD-1 or anti-PD-1 plus anti-CTLA-4) (Bassez
et al, 2021; Liu et al,, 2022; Prakadan et al., 2021; Yost et al., 2019). (G) Pie chart showing the distribution of clone sizes in CD8* TILs from WT control versus
inducible PD-1¢! mice. Each pie represents data from an individual mouse. Also indicated is the Simpson Index (abbreviated as “SI” in the figure) for each
sample. For analyses in B, shown are cells from two independent experiments (Exp 1+ Exp 2). For analyses in C-G, shown are cells from one independent
experiment (Exp 2) where total CD8* TILs were sorted regardless of PD-1 protein status in order to define the broad differences between CD8* TILs in inducible
PD-14¢! versus WT control mice, representing n = 2 mice per genotype. “WT TME” refers to CD8* TILs that were isolated from WT control (UBC-CreERT2- PD-
1) mice, and “PD-19¢" TME” refers to CD8* TILs that were isolated from inducible PD-19¢" (UBC-CreERT2* PD-1%) mice. Schematics/images in A and F were
created with https://BioRender.com. Abbreviations, Supp.: Suppressed, Prog.: Progenitor-like, Tex: T exhausted cell, Eff. function: Effector functions, LMD:

leptomemingeal disease, Breast: breast cancer, NSCLC: non-small cell lung cancer, BCC: basal cell carcinoma, SCC: squamous cell carcinoma.

data suggest that changes in the IFN response and effector
functions in CD8* TILs are mechanisms associated with pro-
tective antitumor immunity following PD-1 deletion in MC38
tumors.

To determine the generalizability of our findings, we com-
pared our results with (a) CD8* TILs from mice with MC38 or
CT26 tumors that received therapeutic PD-1blockade (e.g., anti-
PD-1), and (b) CD8* TILs from patients with diverse types of
cancer following checkpoint blockade. In mice, we performed
differential gene expression analysis between CD8* TILs from
anti-PD-1-treated versus isotype control-treated mice to gen-
erate gene modules that were upregulated or downregulated in
anti-PD-1-treated CD8* TILs from Kumar et al. (2022). In both
MC38 and CT26, the upregulated genes following anti-PD-1
treatment showed a significant enrichment in the CD8* TILs
from the inducible PD-19¢! mice in our dataset, and the down-
regulated genes showed a significant enrichment in the CD8*
TILs from the WT control mice in our dataset (Fig. S3 E).
Moreover, the differentially expressed genes in our dataset
correlated with the differentially expressed genes in both CD8*
TILs from MC38 (Kendall’s T correlation = 0.15, P = 4.8 x 107192)
and CT26 (Kendall’s T = 0.21, P = 1.7 x 10-294) (Table Sé).

Next, we compared enrichment of the most elevated topics in
CD8* TILs from mice (the top 5in WT control and the top 5 in the
inducible PD-14¢!, providing 10 topics in total) with those in CD8*
TILs from five cohorts of cancer patients that received check-
point inhibitors (e.g., anti-PD-1 [pembrolizumab, cemiplimab]
and/or anti-PD-1 plus anti-CTLA-4 [ipilimumab plus nivolu-
mab]) (Bassez et al., 2021; Liu et al., 2022; Prakadan et al., 2021;
Yost et al., 2019). These cohorts represented diverse cancer types
including squamous cell carcinoma, basal cell carcinoma, breast
cancer, leptomeningeal disease resulting from metastasis mostly
from breast cancer, and non-small-cell lung cancer. These
studies were selected because they had pre- and postcheckpoint
blockade samples from site-matched tumor tissue. Though there
was variability across datasets, there was concordance between
our findings from the topics upregulated in CD8* TILs from in-
ducible PD-14¢l' mice and some of these human datasets, partic-
ularly with enrichment of topics associated with increased IFN
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stimulation and effector functions following checkpoint block-
ade (Fig. 3 F and Table S7). These data suggest that there are
conserved transcriptional changes in CD8* TILs following PD-1
genetic deletion and antibody blockade in mice, and between
PD-1 genetic deletion and antibody blockade in humans, high-
lighting the utility of this model to study mechanisms of PD-1-
blockade-induced protective antitumor immunity.

Lastly, we evaluated cell cycle and clonal expansion in CD8*
TILs between the two genotypes, since increased clonal expan-
sion is often associated with responses to PD-1 blockade both in
preclinical models such as LCMV clone 13 and in cancer patients
(Barber et al., 2006; Odorizzi et al., 2015; Pauken et al., 2016;
Valpione et al., 2020; Wu et al., 2020). To assess a functional
readout of the degree of cell division that had occurred, we
quantified expansion using the paired scTCR-seq data obtained
from each cell along with the scRNA-seq. Because of the high
level of TCR diversity in the preimmune T cell repertoire, when
the same TCR sequence is observed multiple times in the same
host it is generally inferred that clonal expansion has occurred
(Pauken et al., 2022). Consequently, the TCR can serve as a
molecular barcode to track individual clones through activation,
differentiation, and migration across tissues (Pauken et al.,
2022). The Simpson indices of CD8* TIL repertoires from in-
ducible PD-1¥° mice were greater than from WT control mice
(inducible PD-19¢-; Mouse 5 = 0.0709, Mouse 6 = 0.034, WT
control; Mouse 3 = 0.028, Mouse 4 = 0.0271, Fig. 3 G), indicating
lower diversity in the inducible PD-19¢ mice and consequently
more clonal expansion; i.e., a small number of T cell clones have
preferentially expanded. Collectively, these data support a
model where genetic loss of PD-1 results in significant tran-
scriptional changes including IFN stimulation, effector func-
tions, exhaustion, and increased clonal expansion, associated
with protective antitumor immunity in MC38 tumors.

Development of a computational method to detect deletion of
the Pdcd1 gene

We next evaluated the relative contribution of CD8* T cell-
autonomous versus non-cell-autonomous effects on CD8* TILs
following PD-1 loss. To do this, we compared bona fide PD-1X°
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CD8* TILs to PD-1H CD8* TILs with an intact Pdedl locus in the
same TME. However, one challenge in our model is that the
inducible PD-19¢!" mice lack a reporter to distinguish cells that
had deleted PD-1 from cells that expressed low levels of the PD-1
protein but had not deleted PD-1. While most CD8* TILs in MC38
tumors express high levels of PD-1 (referred to as PD-1%, ~85%),
there is a population of CD8* TILs in MC38 that is low for the
PD-1 protein (referred to as PD-1'°, ~15%), and this population
differs substantially in terms of phenotype and function com-
pared with the PD-1"! population (the PD-1%° population is more
quiescent, while the PD-1"! population is more activated and/or
exhausted, Fig. S4, A-D and Table S8). Thus, though the popu-
lation of PD-1%° CD8* TILs is small in WT MC38 tumors, due to
the lack of PD-1 surface expression, this population would be
sorted into our group containing true PD-1X° cells. The presence
of these contaminating PD-1° CD8* TILs could confound our
analyses because it is so different from PD-1%! TILs in the WT
tumor setting (Fig. 4 A, Fig. S4, A-D, and Table S8). To circum-
vent this issue, we developed a computational method to detect
deletion of the relevant exons in the Pdcdl transcript in the
scRNA-seq dataset and used this approach to identify and ex-
clude contaminating PD-1%° cells from the true PD-1¥° popula-
tion (Fig. 4 A).

To develop a computational tool to classify CD8* TILs as
“PD-1-deleted” or “PD-1-non-deleted,” we first examined whether
deletion of the relevant exons in the Pdcdl transcript could be
detected in the scRNA-seq dataset (Fig. 4 A). In the PD-17f mouse,
the Pdcdl locus contains loxP sites upstream of exon 2 and
downstream of exon 4, so when Cre is present, we expect deletion
of exons 2-4. We hypothesized that accumulation of reads at the
different exons of Pdcdl could be used to distinguish CD8* TILs
that had truly deleted exons 2-4 of the Pdcdl gene (PD-1¥°) from
WT PD-1% CD8* TILs within the population of PD-1* CD8* TILs in
inducible PD-19¢! mice. To establish a ground truth of the expected
read distribution between PD-1° and PD-1"! CD8* TILs, we ex-
amined read distribution in the WT TME. In PD-1*° CD8* TILs in
WT control mice, there were very few reads at any of the exons of
the Pdcdl locus, consistent with these cells being low for both Pdcdl
transcript and PD-1 protein (Fig. 4, B and C). Conversely, in PD-1*
CD8* TILs in WT control mice, there were significant numbers of
reads detected at exons 1 and 2 (Fig. 4, B and C). Compared with
the WT TME, the total PD-1° CD8* TIL population in the inducible
PD-1%! mice showed few reads at exon 2, but significant read
accumulation at exons 1and 5 (Fig. 4, B and C). Conversely, PD-1*
CD§* TILs in inducible PD-19 mice and PD-1¥! in the WT control
mice showed similar reads, with significant read accumulation at
exons 1 and 2, and less detected at exon 5 than the PD-1%° cells in
the same TME (Fig. 4, B and C). There was minimal detection of
exons 3 and 4 in any sample (Fig. 4, B and C). We speculate the
reads accumulated at exon 5 in the KO because exons 2-4 were
deleted, bringing exon 5 in close proximity to exon 1. This finding
demonstrated that deletion of the Pdcdllocus can be detected at the
transcript level, highlighting the utility of quantifying read dis-
tribution across individual exons as a method to detect gene
deletion.

We next sought to classify individual cells as being “predicted
Pdcdl KO” or “predicted Pdcdl non-KO (or WT)” based on read
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distribution across the Pdcdl exons. To do this, we used logistic
regression to train a classifier to predict protein PD-1 status
based on the read distribution across the five exons of the Pdcdl
locus. The classifier’s training features were set to be the dis-
tribution of reads across the five exons of Pdcdl (Fig. 4 D). This
model of transcript-based prediction performed extremely well
at predicting a cell to be high or low for the PD-1 protein (area
under the curve [AUC] = 0.93, Fig. 4 E). In brief, cells predicted to
be PD-1 protein-positive had a much larger percentage of reads
mapping to exon 2, whereas cells predicted to be PD-1 protein-
negative and therefore deleted for the Pdcdl locus had a much
larger percentage mapping to exon 5 (Fig. 4 D, note linear pre-
dictor function). As expected, the PD-1'° CD8* TIL compartment
in the inducible PD-1%¢" mice did contain a small population of
CD8"* T cells that were predicted to be non-KO PD-1%° (e.g., PD-1
protein-negative and PdcdI"'T) rather than predicted to be PD-
1¥0 (e.g., PD-1 protein-negative and Pdcdi®°) (Fig. 4, F and G).
The predicted non-KO PD-1'° CD8* TILs showed elevated ex-
pression of genes associated with quiescence (e.g., Tcf7, Sell, KIf2,
Malatl, Zfp3612), whereas predicted PD-1¥° CD8* TILs showed
elevated expression of genes associated with exhaustion and/or
activation (e.g., Havcr2, Lag3, Lgalsl, Irf8) (Fig. 4 H and Table S9).
We did observe a small population of cells in the inducible PD-
19el. TME that was predicted to be Pdcdi®© but also was PD-1
protein-positive (Fig. 4 F, upper right quadrant). These cells may
have recently deleted the Pdcdl locus but have not lost the PD-1
protein yet, or may have been a technical artifact. In order to be
as stringent as possible, we selectively compared CD8* TILs in
the inducible PD-1¢ mice that were both positive for the PD-1
protein and had predicted to be non-KO for the Pdcdl locus
(Fig. 4 F, lower right quadrant, annotated as PD-1%) with CD8*
TILs that were both negative for the PD-1 protein and predicted
to be KO based on the absence of reads at exon 2 and the presence
of reads at exons 1 and/or 5 (Fig. 4 F, upper left quadrant, an-
notated to as PD-1X0) (See Materials and methods).

PD-1 deletion on some CD8* TILs can induce a potent
antitumor state and improves functions in CD8* TILs still
expressing PD-1

Using this novel computational approach to distinguish PD-1X°©
from non-KO cells, we compared PD-1X° CD8* TILs and PD-1%
CD8* TILs in inducible PD-1¢¢! mice with PD-1"! and PD-1%° CD8*
TILs in WT control mice (Fig. 5 A). We sought to determine
whether the transcriptional changes observed in the CD8* TILs
following PD-1 deletion were largely due to a cell-intrinsic loss of
PD-1, or whether deletion of PD-1 from a proportion of the cells
could impact the transcriptional and functional status of CD8*
T cells still expressing PD-1. We first examined the distribution
of the transcriptomes of PD-1%! and PD-1° CD8* TILs in WT
control versus PD-1% and PD-1X° CD8* TILs in inducible PD-1d¢k
mice (day 16-17) following deletion of PD-1 from days 7 to 11 using
UMAPs (Fig. 5 B and Fig. S1, A-F). In WT control mice, the PD-1M
and PD-1t° CD8* TIL populations occupied largely distinct areas
of the UMAP (Fig. 5 B), consistent with the phenotypic and
functional differences observed between these two populations
(Fig. S4, A-D). In contrast, the PD-1%! and PD-1¥° TIL populations
from inducible PD-1¢¢l mice showed a remarkably high degree of
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Figure 4. Development of a computational method to identify T cells that had deleted Pdcd1. (A) Schematic for hypothetical cell types (based on PD-1
protein and transcript expression) present in tumors from WT and inducible PD-19¢" mice, and the development of a computational method to distinguish true
PD-1¥ (e.g., cells that have no PD-1 protein and a deletion of the Pdcdl gene) from PD-1%° (e.g,, cells that have no PD-1 protein but an intact Pdcdl gene) in the
single-cell dataset. (B) Integrative Genomics Viewer tracks showing the mapping of reads to the individual exons of the Pdcd1 gene in the scRNA-seq dataset.
Samples divided by genotype and PD-1 protein status as indicated in this figure. The locations of the five exons and loxP sites are indicated. (C) Contour plots
showing detection of exon 2 and exon 5in CD8" TILs in the scRNA-seq dataset. Plots split up by genotype (WT versus inducible PD-19¢) and PD-1 protein status.
(D) Logistic regression plot indicating the trained classification model with a solid blue line, with the 95% confidence interval indicated with translucent green
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shading. Horizontal axis indicates the linear predictor function of the logistic regression, and vertical axis indicates the PD-1 protein status (based on FACS-
based sorting or CITE-seq) with random vertical noise added for visibility of overlapping points. (E) ROC curve plot indicating the logistic regression model
accuracy for predicting KO status, where PD-1 status (based on FACS-based sorting or CITE-seq) is taken as ground truth. AUC/ROC is indicated (AUC = 0.93).
(F) Heat map for the confusion matrix showing the number of cells predicted to be KO based on transcript versus non-KO, compared with whether the cell was
PD-1 protein-positive or protein-negative (based on FACS-based sorting or CITE-seq). Shown are only cells from the inducible PD-1d¢t TME. (G) UMAP plot
showing the distribution of CD8* TILs from the inducible PD-19¢" mice that were low for the PD-1 protein (e.g., PD-1%° based on FACS-based sorting or CITE-seq)
and either predicted to be KO based on the distribution of reads across the five exons (left, shown in black) or predicted to be non-KO (also referred to as WT)
(right, shown in black). Gray dots indicate the rest of the cells in the dataset that do not fit that definition. (H) Volcano plot showing differential gene expression
between PD-1'° CD8* TILs from inducible PD-19¢" mice (based on protein expression) that were predicted to be Pdcd1*® or PdcdI™T based on transcript in-
formation. Select genes are highlighted. Full list of differentially expressed genes can be found in Table S9. For B-H, shown are cells from two independent

experiments representing four mice per genotype. The schematic in A was created with https://BioRender.com.

similarity in terms of distribution on the UMAP (Fig. 5 B). Both
PD-1"! and PD-1¥° CD8* TILs from inducible PD-19¢" mice dif-
fered substantially from PD-1'° and PD-1%! CD8* TILs from WT
control mice, occupying very different transcriptional space
than the populations from WT controls (Fig. 5 B). Consistent
with the distribution of the four samples across the UMAP, we
observed that when applying PCA to the gene expression pro-
files, the difference in PCl scores between PD-1° and PD-1Hi
CD8* TIL in the WT was large (Cohen’s D effect size [CDES]: =
-1.446, P = 0), whereas the difference between the PCl scores for
the PD-1%! and PD-1X0 in the inducible PD-1¥C TIL was much
more modest (CDES = -0.085, P = 0.0037) (Fig. 5 C). These re-
sults were consistent across mice and experimental replicates
(Fig. S5 A). Additionally, the differences between the PC2-PC10
scores for the PD-11! and PD-1X© in the inducible PD-19¢ TIL
were modest (Fig. S5 B). These differences indicate that many of
the transcriptional changes occurring after deletion are similar
in PD-1¥C and PD-1%i CD8* TILs, suggesting that the changes in
the antitumor immune response brought about by PD-1 deletion
in a proportion of cells are sufficient to affect the differentiation
of other CD8* T cells in the TME; i.e., PD-1 deletion can modulate
functions in a cell-extrinsic manner.

We next quantified the frequency of cells in each transcrip-
tional cluster in the CD8* TILs from WT control (PD-1%! versus
PD-1%°) and inducible PD-19¢: (PD-1¥ versus PD-1¥°) mice.
Consistent with the distribution of the samples within the UMAP
(Fig. 5 B), the PD-1%° and PD-1"! CD8* TILs in WT control mice
showed a very different distribution across the transcriptional
clusters, while the PD-1" and PD-1XC CD8* TILs in inducible
PD-1%¢l mice showed very similar distribution across the tran-
scriptional clusters (Fig. 5 D and Fig. S5, C-E). Relative to the
other groups, PD-1%° CD8* TILs in the WT TME were most over-
represented in Cluster 1 (“quiescent-like/progenitor T cells,” Phi
coefficient for the PD-1° CD8* TIL group = 0.82882 versus
-0.28705, -0.1886, and -0.19909 for the other three groups, P =
0) (Fig. 5 D and Fig. S5, C-E), while the PD-1*{ CD8* TILs in the
WT TME were most over-represented in Cluster 2 (immune-
suppressed/glycolytic Tex, Phi coefficient for the PD-1* CD8*
TIL group = 0.40041 versus -0.18052, -0.17238, and -0.14847 for
the other three groups, P = 0) (Fig. 5 D and Fig. S5, C-E). In
contrast, in inducible PD-19¢! mice, PD-1Hi and PD-1X° CD8* TILs
both showed over-representation in Tgx Cluster 3 (“Tgx, termi-
nal,” Phi coefficient = 0.30572 and P = 1.039 x 10~247 for PD-1KO,
and Phi coefficient = 0.15286 and P = 1.5181 x 107%° for PD-1t!
versus Phi coefficients of -0.1671 and -0.26253 for the other
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groups) and Cluster O (“IFN-stimulated Tgx,” Phi coefficient =
0.24896 and P = 3.8104 x 107168 for PD-1X°, and Phi coefficient =
0.25874 and P = 4.4752 x 107176 for PD-1H! [versus Phi coefficients
of -0.13757 and -0.3212 for the other groups]) (Fig. 5 D and Fig.
S5, C-E). This distribution of cells across the clusters suggested
that PD-1"! CD8* TILs in inducible PD-19! mice differed sub-
stantially from PD-1%! CD8* TILs in WT control mice. Indeed,
differential gene expression analysis showed that PD-1t CD8*
TILs in inducible PD-19¢ mice showed elevated genes associated
with IFN stimulation (e.g., Ifit3, Ifitl, Bst2, Isgl5, Isg20, Statl,
Uspl8), as well as elevated genes associated with cytotoxicity
and/or complement activation (e.g., Gzmb, Gzmk) compared with
PD-1Hi CD8* TILs in WT control mice (Fig. 5 E and Table S10).
Collectively, these data indicate that loss of PD-1 results in
transcriptional features associated with increased terminal ex-
haustion and response to IFN stimulation within CD8"* TILs, and
that these changes occur in both PD-1¥° and PD-1i CD8* TILs in
inducible PD-14¢! mice.

To validate these findings, we compared granzyme B protein
expression in CD8* TILs from inducible PD-19 versus WT
control mice by flow cytometry. PD-1* CD8* TILs in WT control
mice had higher expression of granzyme B than PD-1*° CD8* TILs
(Fig. 5 F), as expected based on previous studies showing that
PD-1%° CD8* Tgx are generally more quiescent and/or less acti-
vated than PD-1"! CD8* Tgx in both chronic infection and tumors
(Fig. S4, A-D) (Blackburn et al., 2008; He et al., 2016; Im et al.,
2016; Kurtulus et al., 2019; Miller et al., 2019; Paley et al., 2012). A
higher frequency of PD-1'° CD8* TILs in inducible PD-1¥° mice
(which is enriched for PD-1¥°) expressed granzyme B compared
with PD-1"and PD-1%° CD8* TILs in WT control mice (Fig. 5 F), in
accordance with previous work showing that PD-1loss results in
increased levels of granzyme B (Juneja et al., 2017; Kurtulus et al.,
2019; Odorizzi et al., 2015). Consistent with our scRNA-seq data,
granzyme B protein levels were comparable between the PD-1H!
and PD-1% TIL populations in inducible PD-19¢" mice (Fig. 5 F),
suggesting that PD-1t CD8* TILs show improved functionality in
the presence of PD-1¥0 CD8* TILs. Collectively, these data sup-
port a model where deletion of PD-1 promotes substantial
transcriptional reprogramming in the TME and increased cy-
totoxicity in CD8* TILs, but a cell-intrinsic deletion of PD-1is not
required for these effects. Rather, PD-1 deletion on some of the
CD8* TILs can induce a potent antitumor state that improves the
functionality of CD8* TILs still expressing PD-1, allowing PD-1H!
CD8* TILs to become productive contributors to the antitumor
response.
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Figure 5. Deletion of PD-1 induces a potent antitumor state and improves functionality in both PD-1%° and PD-1" CD8* TILs. (A) Schematic of the
experimental design for interrogating the CD8* T cell-intrinsic versus T cell-extrinsic changes following PD-1 deletion. In this figure, a combination of PD-1
protein expression, transcript information, and logistic regression (see Materials and methods) was used to determine whether a CD8" TIL is PD-1° (based on
predicted deletion of the Pdcdl locus and a lack of PD-1 protein) or PD-1" (based on the presence of an intact Pdcd1 locus and the presence of PD-1 protein) in
the inducible PD-19¢t TME. PD-1K versus PD-1"" CD8* TILs in the inducible PD-1¢! TME are compared to define the cell-intrinsic effect of PD-1 deletion, and
PD-1"CD8* TILs in the inducible PD-14¢! TME are compared with PD-1" CD8* TILs in the WT TME to define the cell-extrinsic effect. The schematic was created
with https://BioRender.com. (B) UMAP visualization of CD8* T cells (n = 15,729) sorted from MC38 tumors of WT control versus inducible PD-19¢" mice at days
16-17 after tumor implantation. In each UMAP, the color indicates the cells of the given sample (for WT control: PD-1 protein status, and for inducible PD-14!:
both PD-1 protein status and transcript-based prediction for being non-KO or KO) and the cells in the remaining three samples are shown in gray. (C) Violin plots
showing the PC1 scores for cells from B. (D) Stacked bar plots showing the frequency of each sample as indicated in the figure belonging to each transcriptional
cluster shown in Fig. 3 B. Colors denote transcriptional clusters, labeled with functional annotations (see Materials and methods). A full list of upregulated genes
per cluster can be found in Table S1. Clusters are indicated in order from left to right, with Cluster O being the left-most cluster, and Cluster 8 being the right-
most cluster. P values generated using Fisher’s exact test for all groups across all clusters can be found in Fig. S5 D, and the associated ¢ coefficients can be
found in Fig. S5 E. (E) Differentially expressed (DE) genes between PD-1% CD8* TiLs in the WT TME and PD-1% CD8* TiLs in the inducible PD-19%" TME.
Individual genes of interest are indicated on the plot. The entire list of differentially expressed genes can be found in Table S10. Analyses in B-E include all cells
combined from two independent experiments, representing n = 4 mice per genotype. WT TME refers to CD8* TILs taken from UBC-CreERT2- PD-17f mice, and
PD-14el TME refers to CD8* TILs taken from UBC-CreERT2* PD-17f mice. PD-1%© and PD-1"" labels on CD8* TILs were determined as described in Fig. 4 and
Materials and methods. (F) Frequency of granzyme B* PD-1% and PD-1-° CD8* T cells in MC38 tumors from WT and inducible PD-19¢! mice at day 17 after tumor
cell implantation assessed using flow cytometry. Data in F are from two experiments combined with n = 15 WT control and n = 17 inducible PD-19¢! mice. Data
are representative of at least four independent experiments with at least five mice per group. Normality was determined using both the D’Agostino-Pearson
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test and Shapiro-Wilk tests, and all groups were considered normally distributed. Significance was assessed using a one-way ANOVA with Tukey’s multiple
comparisons tests. WT TME PD-1*° versus WT TME PD-1", P = 0.0044**; WT TME PD-1%° versus PD-1X0 TME PD-1%°, P < 0.0001***; WT TME PD-1%° versus
PD-1KO TME PD-1, P < 0.0001***; WT TME PD-1" versus PD-1X° TME PD-1'°, P = 0.0182*; WT TME PD-1" versus PD-1X° TME PD-1, P = 0.0153*; PD-1°
TME PD-1% versus PD-1%C TME PD-1", P > 0.9999, ns. All mice received tamoxifen daily from days 7 to 11 i.p. https://BioRender.com.

Cell-intrinsic loss of PD-1 drives increased clonal expansion of
PD-1X° CD8* TILs, but PD-1 influences the degree of T cell
exhaustion in both a cell-intrinsic and a cell-extrinsic fashion
Given that PD-1 CD8* TILs exhibited similar function to PD-1X°
TILs in the inducible PD-19¢! mice, we next determined how the
PD-1¥C differed from PD-1% TILs to understand cell-intrinsic
consequences of PD-1 loss (Fig. 6 A). Differential gene expres-
sion analysis showed elevated Gzmk in PD-1X° CD8* TILs, and
Ifitml, Ifitm2, and other granzymes (e.g., Gzmf, Gzmd, Gzme) in
the PD-1H! CD8* TILs (Fig. 6 B and Table S11). We also examined
the specific impact of PD-1 deletion on clonal expansion, since
previous work has shown a critical role of PD-1in regulating cell
cycle (Latchman et al., 2001; Patsoukis et al., 2012; Sharpe and
Pauken, 2018), and we had noted an increase in clonal expansion
of total CD8* TILs from inducible PD-19¢- versus WT control mice
(Fig. 3 G). To evaluate differences between PD-1% and PD-1¥°
CD8* TILs, we utilized the TCR sequence to group cells into
clones based on sharing of the exact TCR sequence on both the
alpha chain and the beta chain. Cells were classified as having
shared clonotypes if the same TCR sequence was present in both
groups within each genotype (i.e., in inducible PD-1d¢, PD-1¥0
versus PD-1%! groups, and in WT control, PD-1%! versus PD-11°
groups). Selecting on the shared clonotypes, we then quantified
clonal expansion on a clone-by-clone basis. In the WT control
mice, the PD-1%° group was significantly less expanded than the
PD-1"! group (Fig. 6 C, P = 4.1 x 10-%). In the inducible PD-1d¢!
mice, the TILs that were predicted to be PD-1%° (e.g., non-KO
and/or no Pdcdl transcript) were less expanded on a clone-by-
clone basis than either their PD-1"! counterparts or their PD-1¥0
counterparts (data not shown). Conversely, the PD-1¥° clones
were significantly more expanded than the matching PD-1H
clones in the inducible PD-14¢" mice (Fig. 6 C, P = 8.9 x 10~°). This
finding suggests that despite transcriptional similarities, PD-1
deletion is associated with a greater degree of cell division.
Moreover, there was a significant correlation between the
fraction of PD-1XC CD8* TILs within a clone and the size of the
given clone (Fig. 6 D, KT. corr. = 0.41, P = 1.52 x 1077), with larger
clones containing a larger fraction of PD-1X© cells. Consequently,
while the transcriptional changes between PD-1%! and PD-1X0
CD8* TILs were subtle compared with the larger differences
between total CD8* TILs in inducible PD-19¢! versus WT control
mice, these data suggest that a major cell-intrinsic change fol-
lowing deletion of PD-1 is increased cell division.

We also evaluated how PD-1 deletion affected exhausted T cell
subsets in PD-1¥° versus PD-11i CD8* TILs. It is well established
that there are multiple subsets of CD8* Tk, with a more
“progenitor-like” or quiescent subpopulation expressing high
levels of TCF-1 and low levels of IRs including TIM-3, as well as a
more “terminally exhausted” population expressing low levels of
TCF-1 and high levels of many other IRs including TIM-3 (He
etal., 2016; Im et al., 2016; Miller et al., 2019; Sade-Feldman et al.,
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2018). As expected, in the WT TME, flow cytometry analyses for
TCF-1 and TIM-3 showed that PD-1° CD8* TILs were signifi-
cantly enriched for the progenitor-like subset, while the PD-1H
CD8* TIL population was significantly enriched for the termi-
nally exhausted subset (Fig. 6 E). Previous work has shown that
loss of PD-1 signaling resulted in a population-level conversion of
the progenitor-like subset to the more terminally exhausted
subset (Im et al., 2016; Miller et al., 2019; Odorizzi et al., 2015;
Pauken et al., 2016). We therefore hypothesized that a cell-
intrinsic loss of PD-1 would preferentially drive the conversion
of the progenitor pool to more differentiated exhausted subsets.
Indeed, flow cytometry studies revealed PD-1*° CD8* TILs in
inducible PD-14¢! mice (which are enriched for PD-1¥°) trended
toward having a lower frequency of TCF-1* TIM-3- cells com-
pared with PD-1% CD8* TILs in WT control mice (38.69% in the
WT TME and 10.73% in the PD-1¥° TME). Moreover, PD-1% and
PD-1%° CD8* TILs in the inducible PD-19¢: TME showed no sig-
nificant difference in the frequency of TCF-1* TIM-3- cells,
whereas the PD-1% and PD-1'° CD8* TILs in the WT TME did
show a significant difference in the frequency of TCF-1* TIM-3-
cells (Fig. 6 E). Conversely, the PD-1%° CD8* TILs in the PD-1d¢!
TME showed a significant increase in the frequency of TIM-3*
TCF-1 cells compared with the PD-1° CD8* TILs in the WT TME,
and these levels were comparable between the PD-1% and PD-1%°
CD8"* TILs in the inducible PD-19¢ TME (Fig. 6 E). These data
suggest that PD-1 deletion causes a conversion of TCF-1* pro-
genitor cells to TIM-3* TCF-1~ cells, consistent with previous
reports (Im et al., 2016; Miller et al., 2019; Odorizzi et al., 2015;
Pauken et al., 2016; Prakadan et al., 2021).

While these data support a model wherein PD-1 deletion
precipitates the conversion of the progenitor subset into the
terminally exhausted subset, this analysis was limited to a few
lineage-defining markers. We used our scRNA-seq data to fur-
ther examine how PD-1 deletion affected transcriptional sig-
natures associated with multiple different exhausted CD8* T cell
subsets defined in the literature (Beltra et al., 2020; Hudson
et al., 2019; Im et al., 2016; Kurtulus et al., 2019; Miller et al.,
2019; Pauken et al.,, 2016), including signatures not only of the
progenitor and terminally exhausted subsets, but also of addi-
tional subsets that have been identified as intermediate between
the progenitor and terminal subsets (Table S2). In WT mice, the
PD-1% population was enriched for the progenitor-like or naive-
like populations as expected, while the PD-1H! population was
preferentially enriched for signatures associated with cycling
populations (Beltra et al., 2020; Miller et al., 2019) (Fig. 6 F).
Consistent with expectations based on previous work (Im et al.,
2016; Miller et al., 2019; Odorizzi et al., 2015; Pauken et al., 2016),
PD-1X0 cells displayed enrichment in signatures associated with
the more differentiated and/or more exhausted subpopulations,
including the terminal Ty population, as well as intermediate
Tex or transitory Tgx populations (Fig. 6 F). Notably, the PD-1M

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230542

620z JequiedeQ L0 uo 3senb Aq ypd-z1G0£20Z Wel/099.v61/27S0£2028/01/22z/4pd-alomnie/wal/Bio sseidni//:dpy woly pepeojumoq

13 of 25


https://BioRender.com

A Analysis:
UBC-CreERT2NEG PD-1 scRNA seq ( \
WT TME .
No PD-1 Deletion (t d WT ; Questions -
° sistien {tamme ) WT TME PD-1t° PD-11 How does gene
e > Sort expression differ?
CD8* TILs <>
. . How does
Tumors progress - Failed Immunity Compare clonal expansion
scTCR seq compare within
UBC-CreERT2P%S PD-1 PD-1%. TME _moR pr_»Idel. TME matched clones?
PD-1 deleted on approx. 50% of cells s . . PD-1t° PD-1¥° PD-1" How do cell
S rt PD-1 protein/transcript P ( e
g)—’ !}CDS? TiLs (to assign KQ/non-KO) vs. extrinsic effects
= ol S of PD-1
Tumors clear - Protective Immunity I el Compare loss impact
? Tex cell subsets?

B DE Genes C
PD-1%- TME: PD-1% vs. PD-1¥°TILs

O

Within Clones: % PD-1K°
CD8* TILs in PD-1%" TME

Clone Sizes of Matching Clones
CD8* TlLs in WT TME vs. PD-19" TME

©
| - % KT corr: 0.41
801 : — : ~ 2 40]™ -
E | s B 5 E 22N
3 60 | G © £ 0.8 / [ .2
1 = c
S 4oltmTiizr . Gzmk P P S o o g,. o *
g Ifitm2- | gos g 3 [ PR P
" 20{ Gzrf de 2 2 0 04 o
E—sze Tap1 < 0a s = 0w > X . o °
szd PD-1te PD-1Hi PD-1%0 PD-1H E °
-0.50 -0.25 0.00 0.25 0.50 WT TME PD-1¢ TME o 2 4
Log Fold Change w log,(clone size)
Up in PD-1M TILs Up in PD-1K°TILs
E Progenitor Tex Terminally Exhausted Tex F Tex Subset Signature Analysis
o Im_CXCRS5"*
ns o -Hudson_Stem-like
- 60+ * ns 1007 e ns ‘Kurtulus_CD62L*
~ ns = ] -Pauken_naive
o o g0 m -Miller_ProgenitorTEx
5 & ‘ [ ‘Beltra_TexProg1
= 5 80 Miller_Proliferating
'g IE ‘Beltra_TExProg2
= O | = ‘Beltra_TexInt
b 20 = ] 5 40 o '.‘ -Kurtulus_Slamf7"CX3CR1*
e = 2 ‘Miller_Effector-like
S E 20+ Miller_Terminal TEx
X Ii]~°\° ‘Beltra_TexTerm
| T : 0 T 1 | — ‘Pauken_LCMV_TEx
PD-1 PD-1" PD-1 PD-1M PD-1 PD-1" PD-1t PD-1Hi ‘Im_CXCRS5-
WT TME PD-1% TME WT TME PD-1%! TME "Kurtulus_Slamf7"CX3CR1-
T ‘Hudson_Transitory
F1.0 ‘Hudson_Exhausted
Standardized 0.5 PD-1-PD-1% PD-1*°PD-1
Module Score 605 WT TME PD-1% TME

Figure 6. Cell-intrinsic loss of PD-1 drives increased clonal expansion of PD-1X° CD8* TILs compared with PD-1" CD8* TiLs. (A) Schematic of the
experimental design for interrogating the CD8* T cell-intrinsic changes following PD-1 deletion. PD-1%C versus PD-1"" CD8* TILs in the inducible PD-19¢" TME
are compared head to head to define the cell-intrinsic effect of PD-1 deletion. The schematic was created with https://BioRender.com. (B) Differentially
expressed (DE) genes between PD-1" and PD-1%° CD8* TiLs in the inducible PD-19¢" TME. Individual genes of interest are indicated on the plot. The entire list of
differentially expressed genes can be found in Table S11. (C) Quantification of the number of cells within each clonotype, separated by CD8* TILs in the WT TME
(left) and inducible PD-14¢- TME (right). Cells with a shared TCR sequence are shown as a dot, with lines connecting the dots containing the cells with the same
TCR sequence between groups. CDES refers to Cohen’s D effect size. Significance was determined used a paired t test. Asterisks (***) indicate P < 0.0001. Exact
P values are as follows: WT TME PD-1%° versus PD-1", P = 4.1 x 10-5; CDES = -0.93. PD-1%° TME PD-1X° versus PD-1", P = 8.9 x 10-% CDES = 0.59. (D)
Scatterplot showing the correlation between the fraction of TILs in each clone within the inducible PD-1¢! mice that are PD-1% (y axis) versus the size of the
clone (x axis). Asterisks (***) indicate P < 0.0001. Exact P values are as follows: KT correlation = 0.41, P = 1.52 x 10~7. P value was calculated using the Kendall
tau test. (E) Frequency of TCF-1* TIM-3- (progenitor Tgx) and TIM-3* TCF-1- (terminal Tex) subpopulations within the PD-14 or PD-1t° CD8* TIL populations in

Pauken et al. Journal of Experimental Medicine

PD-1 loss drives protective cell-extrinsic effects https://doi.org/10.1084/jem.20230542

620z JequiedeQ L0 uo 3senb Aq ypd-z1G0£20Z Wel/099.v61/27S0£2028/01/22z/4pd-alomnie/wal/Bio sseidni//:dpy woly pepeojumoq

14 of 25


https://BioRender.com

22 JEM
QD D
;’Q'U

MC38 tumors from WT versus inducible PD-19¢ mice assessed using flow cytometry. Full gating strategy was size, singlets, live, CD45*, CD8a*, and either PD-
1Hior PD-1%. Significance was assessed using the Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparisons test. Progenitor Tex (left graph): WT TME
PD-1% versus WT TME PD-1", P < 0.0001***; WT TME PD-1'° versus PD-19¢. TME PD-1'° P = 0.1150 ns; WT TME PD-1%° versus PD-19¢" TME PD-1, P <
0.0001***; WT TME PD-1" versus PD-14¢- TME PD-1'°, P = 0.0104*; WT TME PD-1 versus PD-14¢t TME PD-1%, P > 0.9999, ns; PD-19¢! TME PD-1% versus PD-
19e TME PD-1M, P = 0.0886, ns. Terminal Tex (right graph): WT TME PD-1° versus WT TME PD-1", P < 0.0001***; WT TME PD-1'° versus PD-19¢- TME PD-1'°,
P = 0.0008***; WT TME PD-1%° versus PD-1¢" TME PD-1", P = 0.0003***; WT TME PD-1" versus PD-14¢: TME PD-1%°, P > 0.9999, ns; WT TME PD-1" versus
PD-1del TME PD-1", P > 0.9999, ns; PD-1d¢l TME PD-1%° versus PD-19¢" TME PD-1", P > 0.9999, ns. Data shown in E are combined from two representative
experiments for a total of n = 14 WT control and n = 12 inducible PD-19¢ mice. (F) Heat map showing average Z score for select signatures from the literature in
cells separated by genotype (WT versus inducible PD-19) and PD-1 status (PD-1%° or PD-1") in the WT TME, or PD-1%° versus PD-1"in the inducible PD-1d¢t
TME. Signatures obtained or derived from Beltra et al. (2020), Hudson et al. (2019), Im et al. (2016), Kurtulus et al. (2019), Miller et al. (2019), Pauken et al.
(2016). List of gene signatures can be found in Table S2. Analyses in B include cells from two independent experiments (Exp 1 + Exp 2), representing n = 4 mice
per genotype. Analyses in C and D include cells from one independent experiment (Exp 2 only), representing n = 2 mice per genotype. WT TME refers to CD8*
TILs taken from UBC-CreERT2- PD-17f mice, and PD-14el TME refers to CD8* TILs taken from UBC-CreERT2* PD-17f mice. PD-1K° and PD-1" labels on CD8*
TILs from the inducible PD-19 mice were determined as described in Fig. 4 and Materials and methods. All mice received tamoxifen daily from days 7 to 111i.p.
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CD8* TILs in the inducible PD-19¢ mice showed enrichment for
the same signatures as PD-1¥° (Fig. 6 F), indicating that acqui-
sition of a transcriptional state associated with more differen-
tiated exhausted T cell subsets is not dependent on a CD8* T cell-
intrinsic loss of PD-1 signaling. Thus, PD-1 can influence the
degree of T cell exhaustion in the TME in both a cell-intrinsic and
a cell-extrinsic fashion.

Discussion

Decades of evidence support the notion that following PD-1 en-
gagement, cell-intrinsic changes downstream of PD-1 signaling
are important for mediating inhibition of T cell functions.
However, within the context of the TME, whether the protective
effects of PD-1 inhibition are due exclusively to cell-intrinsic
changes remains unclear. To elucidate the contributions of the
cell-intrinsic and cell-extrinsic effects driving tumor clearance
following disrupted PD-1 signaling, we devised an inducible,
competitive chimera approach, enabling a head-to-head com-
parison of PD-1* with PD-1XC CD8* T cells in the same TME.
Using the precision of comparing the same T cell clones (based
on matching TCR sequences) between PD-1%i and PD-1¥° groups,
we determined that CD8* T cells that had lost PD-1 expanded
more than CD8* T cells that had not lost PD-1, consistent with
previous reports showing that PD-1 signaling directly inhibits
cell cycle (Patsoukis et al., 2020). However, we also observed a
notable contribution of cell-extrinsic effects to the phenotype
observed following PD-1 deletion. In the inducible PD-14¢ TME,
PD-1%i and PD-1¥C CD8* TILs showed similar levels of cytotox-
icity and exhaustion. These results demonstrate that the pro-
tective effects that occur following PD-1 deletion are not solely
restricted to cells with intrinsic loss of PD-1 signaling, and
highlight a role of cell-extrinsic remodeling following PD-1 loss
promoting antitumor immunity.

Our study suggests loss of PD-1 on some cells can induce a
broader change in the TME that feeds back onto PD-1t CD8*
T cells, allowing those cells to undergo similar transcriptional
and functional changes as their PD-1X° counterparts. The precise
cellular mechanisms driving the cell-extrinsic improvements in
PD-1H CD8* T cell functionality are unclear. Previous work has
shown that the effector cytokines that CD8* T cells produce,
including IFNy, TNFa, and IL-2, can have profound effects on
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antiviral and antitumor immunity, including direct effects on
CD8" T cell functions, other leukocyte populations (e.g., den-
dritic cells, natural killer cells, B cells), and nonleukocyte pop-
ulations (e.g., vascular endothelial cells, tumor cells) (Iijima and
Iwasaki, 2014; Rosato et al., 2019; Schenkel et al., 2014). We
speculate that deletion of PD-1 in some CD8* TILs results in
improved functionality of those cells in a cell-intrinsic manner,
including production of inflammatory cytokines, and that these
cytokines can feed back on other immune populations in the
TME to improve functionality of PD-1%! CD8* TILs. Here, CD8*
TILs from the inducible PD-19¢ TME showed elevated signs of
response to IFN compared with the WT TME, pointing to a role of
IFN (either TypeIor Type II) in the mechanism of response. This
hypothesis is consistent with work showing that elevated IFNy
in the TME is associated with better responses to checkpoint
blockade in patients (Ayers et al., 2017; Gao et al., 2016; Gocher
et al., 2022; Grasso et al., 2020; Shin et al., 2017; Zaretsky et al.,
2016). Mechanistically, whether the cell-extrinsic effects of PD-1
deletion are being driven by soluble factors, and whether those
soluble factors are acting directly on PD-1%! CD8* TIL or whether
there are other cell types involved in this process, is not clear.
For example, dendritic cell function could be modulated or there
could be increased tumor cell killing, causing an increase in
antigen presentation to PD-1% CD8* TILs. Future studies parsing
out the precise mechanisms contributing to the cell-extrinsic
effects following PD-1 loss, including soluble factors such as
IFNYy, versus the impact of PD-1%0 CD8* T cells on other cell types
including dendritic cells and/or Treg cells will be important for
identifying potential areas of therapeutic synergy with PD-1
inhibitors.

The CD8* T cell pool in tumors can be comprised of both tu-
mor antigen-specific T cells that recognize cognate antigen in
the tumor, and nontumor antigen-specific or “bystander” T cells
that have specificities to other antigens (Meier et al., 2022). Our
study demonstrated, through precise TCR matching, that on a
clone-by-clone basis, the PD-1¥° CD8* TILs expanded more in
the inducible PD-19¢l: TME than the PD-1Hi cells. However, we did
not perform a comprehensive analysis of the behavior of known
antigen-specific CD8* T cell populations in this setting. Future
studies are needed to determine whether PD-1 deletion has a
preferential effect on tumor antigen-specific populations, and/
or influences nontumor antigen-specific or bystander CD8*
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T cells in the tumor. Additionally, existing data suggest that PD-1
inhibitors can act in part by promoting the migration of less
exhausted CD8* T cell clones from the periphery into the tumor
(Fairfax et al., 2020; Liu et al., 2022; Pauken et al., 2022; Wu
et al., 2020; Yost et al., 2019; Zhang et al., 2020). Investigating
how partial deletion of PD-1 affects the migration of tumor-
specific T cells from the periphery into the tumor, as well as
the impact of these recently recruited populations, would be
valuable future studies.

Our work using the CD8 conditional PD-1KO mouse (E8i-Cre)
aligns with findings by others (Homet Moreno et al., 2016),
demonstrating that PD-1blockade on CD8* T cells is sufficient for
protective immunity in subcutaneous MC38 tumors. A notable
advantage of the inducible PD-19¢ mouse (UBC-CreERT?2) is its
ability to ubiquitously delete PD-1 on all PD-1-expressing cell
types. Both Treg (CD4* FoxP3*) and conventional CD4* (CD4*
FoxP3-) T cells express PD-1 in these tumors (albeit a lower
frequency of the populations compared with CD8* T cells,
Fig. 2 D). Interestingly, we found no significant impact on either
Treg or conventional CD4* T cell populations in MC38 tumors in
the inducible PD-19¢! mouse at the time point examined (data not
shown). We speculate that the lack of effect on the CD4* T cell
compartment may be due to the dominant role of CD8* T cells in
this model, potentially reflecting the absence of suitable CD4*
T cell neoantigens in WT MC38 tumors. Additional work
examining how PD-1loss affects the phenotype and function
of Treg and T follicular helper cells in models where tertiary
lymphoid structure development is important for effective
antitumor immunity would be of high interest to the field
(Schumacher and Thommen, 2022). We also observed a
minimal impact on the overall distribution of key macro-
phage and dendritic cell (DC) populations in this model (data
not shown). It should be noted that one limitation in this
study is the use of genetic PD-1 KO rather than anti-PD-1 or
anti-PD-L1antibodies. However, our transcriptional analyses
revealed that the key changes in the CD8* T cell compartment
in total CD8* TILs isolated from the inducible PD-19¢ mouse
mirrored those from mice with either MC38 or CT26 treated
with anti-PD-1 antibodies (Fig. S3 E and Table S6) (Kumar
et al., 2022).

Another limitation of the current study is the use of subcu-
taneous MC38 colon adenocarcinoma as a primary tumor model.
MC38 was chosen due to its exquisite sensitivity to PD-1 in-
hibitors as a single agent, which enabled us to dissect mecha-
nisms of response effectively. By comparing the changes in CD8*
TILs following PD-1 deletion with publicly available datasets
using PD-1 blockade, we demonstrated that the global effects of
PD-1 modulation on total CD8* T cells were consistent between
MC38 and CT26 (Kumar et al., 2022) tumor models. Further-
more, we provided evidence that the transcriptional changes
observed in CD8* TILs in MC38 mice were also present in CD8*
TILs from PD-1-responsive human cancers, with the strongest
associations found in a dataset from patients with leptomenin-
geal disease, predominantly metastatic from breast cancer
(Prakadan et al., 2021). However, other patient cohorts showed
less of a correlation with our data, highlighting how differences
in cancer type and/or disease stage can shape transcriptional
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changes in CD8* TILs. Consequently, it remains unclear how
PD-1 nonresponsive tumors would react to partial loss of PD-1.
Additional studies are needed to explore how conserved these
mechanisms are across diverse tumor types with varying de-
grees of responsiveness to PD-1 inhibitors.

In summary, our studies indicate that PD-1 deletion can en-
hance antitumor immunity through both direct cell-intrinsic
effects and indirect cell-extrinsic effects in the TME. The ob-
servation that perturbing PD-1 on some cells can elicit broader
changes in the TME that result in improved functionality of
PD-1i CD8* T cells has important implications for PD-1-based
cancer immunotherapy. Identifying the mediators responsible
for the increased function of PD-1% CD8* T cells in the inducible
PD-19l TME could reveal targets for potential combination
therapies. These findings also have important implications for
treatment of adverse events associated with PD-1 blockade,
suggesting that PD-1 blockade may induce widespread tissue
changes that can affect cells irrespective of their PD-1 expression
status.

Materials and methods

Mice

All mice used were on the C57BL/6 genetic background. WT
C57BL/6 (JAX stock number 000664), B6.Cg-Tg(UBC-cre/ER-
T2)IEjb/] (UBCC/ERT2) (JAX stock number 007001, transgenic
mice that express a Cre-ERT2 fusion gene under the control of
the human ubiquitin C [UBC] promoter) (Ruzankina et al.,
2007), and C57BL/6-Tg(Cd8a-cre)lltan/] (JAX stock number
008766, which has a Cre-IRES-GFP cassette under the control of
the CD8a E8i enhancer to enable deletion in CD8* T cells but not
CD4* T cells) (Maekawa et al., 2008) mice were purchased from
The Jackson Laboratory. Germline PD-17/~ mice (Keir et al,,
2007) have been previously described. Mice containing a loxP-
flanked Pdcd1 allele (termed PD-17f mice) were generated in our
laboratory by inserting loxP sites upstream of exon 2 and
downstream of exon 4, allowing deletion of exons 2, 3, and 4 that
encode the IgV domain, transmembrane domain, and the first
cytoplasmic exon of PD-1, and have previously been described
(Tan et al., 2021). PD-17f mice were bred with the aforemen-
tioned Cre strains to generate mouse strains that lack PD-1 con-
stitutively on CD8" T cells (E8i-CreF°S PD-17) or inducibly lack
PD-1 on all cells (UBC-CreERT2POS PD-1f/f), CrePOS PD-1/f mice
refer to mice that are heterozygous for Cre (contain one copy).
CreNEC mice used for all indicated experiments were littermate
controls from the breeding that generated CreP®S mice; mice
were bred that were heterozygous for Cre (Cre?©3/NEG PD-1f/f) or
have no copies of Cre (CreNEG/NEG PD-1f/f) to generate these lit-
termate controls. The mice used for inducible PD-19¢! experi-
ments (both UBC-CreERT2POS PD-1f and UBC-CreERT2NEG
PD-17f littermate controls) also contained a Foxp3-GFP reporter
(Bettelli et al., 2006) to label regulatory T cells. Tumor cells were
implanted into mice between 6 and 10 wk of age. All mice were
maintained in specific pathogen-free facilities at Harvard Med-
ical School under standard housing, husbandry, and diet con-
ditions in accordance with Institutional Animal Care and Use
Committee (IACUC) and National Institutes of Health (NIH)

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230542

620z JequiedeQ L0 uo 3senb Aq ypd-z1G0£20Z Wel/099.v61/27S0£2028/01/22z/4pd-alomnie/wal/Bio sseidni//:dpy woly pepeojumoq

16 of 25



guidelines. Animal protocols were approved by the IACUC at
Harvard Medical School.

Tumor cell lines and tamoxifen administration

MC38 colon adenocarcinoma cells (a gift from D. Vignali, Uni-
versity of Pittsburgh School of Medicine, Pittsburgh, PA, USA)
were cultured in a 37°C incubator with 5% CO, in DMEM sup-
plemented with 10% FBS and 100 U penicillin and 100 pg
streptomycin. Cells were harvested at passages 2-3 after thaw,
and mice anesthetized with 2.5% 2,2,2,-tribromoethanol (Aver-
tin) were injected subcutaneously in the flank with 1 x 10%-2.5 x
105 MC38 tumor cells. Starting at 7 days after tumor cell im-
plantation, tumors were measured every 2-3 days (length x
width) with calipers, and mice were sacrificed when tumors
reached 2 cm® volume or became ulcerated, or when they de-
veloped a body condition of >2 in accordance with IACUC
guidelines. Tumor volume was determined using the formula
0.5 x D x d®, where D is the major axis, and d is the minor axis.
Unless otherwise indicated in the figure legends, tumors were
harvested from mice between days 16 and 18 after tumor
implantation.

Tamoxifen was administered to both WT control mice
(e.g., UBC-CreERT2- PD-17f mice) and inducible PD-19¢" mice
(UBC-CreERT2* PD-17f mice) for all experiments utilizing the
inducible PD-19l mice. Tamoxifen binding to ERT2 induces
translocation of the CreERT2 complex to the nucleus to delete the
loxP-flanked region of Pdcdl. To prepare tamoxifen solution for
injection, tamoxifen (Sigma-Aldrich) was dissolved in ethanol,
diluted 1:20 in sunflower oil, and sonicated for 60 min. Doses of
1 mg per mouse of tamoxifen were administered i.p. daily for
5 days. Unless otherwise indicated in the figure legends, tamoxi-
fen was administered from days 7 to 11 after tumor implantation.

Lymphocyte isolation from mouse tissues

Tumors were dissected and mechanically disaggregated. For
flow cytometry experiments, a gentleMACS (Miltenyi) was used
for disaggregation, whereas for scRNA-seq, scissors were used to
mince the tumors. The dissociated tissue was digested with
collagenase type I (400 U/ml; Worthington Biochemical) for 20-
30 min at 37°C. Samples were then filtered (70 um) and subjected
to a discontinuous Percoll gradient (40%/70%) to enrich
lymphocytes.

Spleens were dissected and mechanically disaggregated. Red
blood cells were lysed using ACK lysis buffer (Gibco). In vitro
stimulations of splenocytes were performed by incubating total
splenocytes with 4 pg/ml anti-CD3 (clone 145-2Cl1; BioXCell)
and 4 pg/ml anti-CD28 (clone 37.51; BioXCell) in a 37°C incubator
with 5% CO, for 24 h prior to analysis of PD-1 expression using
flow cytometry.

Flow cytometry and cell sorting

Single-cell suspensions were generated as described above and
labeled with LIVE/DEAD Fixable Near-IR Cell Stain (Thermo
Fisher Scientific) in PBS. Cells were preincubated with TruStain
Fc Receptor Block (anti-mouse CD16/CD32, clone 93; BioLegend),
then labeled with extracellular antibodies in PBS supplemented
with 2% FBS including: CD3 (clone 145-2C11) and CD8a. (clone 53-
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6.7) (from BD); CD45.2 (clone 104), PD-1 (clone RMPI-30), CD44
(IM7), Tim-3 (clone RMT3-23), and CD62L (clone MEL-14) (from
BioLegend). For phospho-PD-1 analysis, cells were fixed with
intracellular fixation buffer (eBioscience) and then stained with
anti-phospho-PD-1 (clone 6G12, BV421) (Bu et al., 2021). For all
other intracellular analyses, cells were fixed and permeabilized
with the Foxp3/Transcription Factor Staining kit (eBioscience)
and then stained with anti-Foxp3 (FJK-16; eBioscience), anti-Ki-
67 (B56; BD), anti-granzyme B (GBL1; BioLegend), and/or anti-
TCF-1 (C63DY; Cell Signaling).

For CITE-seq experiments, labeling with Feature Barcoding
antibodies was performed in PBS supplemented with 2% BSA
and 0.01% Tween. Each sample was individually labeled with a
Hashtag antibody (Mouse 3 was labeled with C0301_TotalSeqC,
Mouse 4 was labeled with C0302_TotalSeqC, Mouse 5 was la-
beled with C0303_TotalSeqC, and Mouse 6 was labeled with
C0304_TotalSeqC). This was done in case samples needed to be
pooled prior to loading onto the 10X Chromium Controller.
However, samples did not get pooled, and each sample was run
on its own channel. For detection of PD-1 using CITE-seq, cells
were labeled with a biotinylated PD-1 antibody (clone RPMI-30),
washed, and subsequently labeled with the CITE-seq antibody
C0971_TotalSeqC Streptavidin (BioLegend). Samples were ac-
quired on an LSR II (BD Biosciences) or Symphony (BD Bio-
sciences) and analyzed with FlowJo software (TreeStar), or
sorted on a FACSAria (BD Biosciences).

Quantification and statistical analysis (of non-sequencing-
based data)

Statistical analyses for flow cytometry data were performed with
Prism software (GraphPad), and P values of <0.05 were con-
sidered statistically significant. Normality was determined prior
to performing statistical analyses using the D’Agostino-Pearson
omnibus normality tests and the Shapiro-Wilk normality tests.
If all groups were normally distributed, then the Gaussian dis-
tribution was assumed when selecting statistical tests. If any
group was not normally distributed, then the Gaussian distri-
bution was not assumed when selecting statistical tests. We
performed t tests on analyses containing only two groups. For
unpaired observations, an unpaired t test was used if data were
normally distributed, and a Mann-Whitney test was used if data
were not normally distributed. For paired observations, a paired
t test was used if data were normally distributed, and a Wilcoxon
matched-pairs signed rank test was used if the data were not
normally distributed. If analyses contained more than two
groups, one-way ANOVAs with posttest comparisons were
performed. If data were normally distributed, an ordinary one-
way ANOVA was performed. If data were not normally distrib-
uted, a Kruskal-Wallis test was performed. For multiple com-
parisons tests, the mean rank of each column was compared with
the mean rank of every other column. The specific statistical test
used for each plot is indicated in the figure legends. Asterisks
indicating significance in each figure are defined in the Figure
Legends, and exact P values are given when exact p values could
be calculated (e.g., P = 0.0004). If an exact P value could not be
calculated, the approximation was give (e.g., P < 0.0001). Sta-
tistical tests used for computational analyses are indicated in the
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corresponding figure legends and Materials and methods
sections.

scRNA-seq of mouse samples

scRNA-seq data for CD8* T cells from inducible PD-19¢! mice
(e.g., UBC-CreERT2* PD-17f) versus WT control mice (e.g., UBC-
CreERT2- PD-17f) were generated from two independent
experiments. In both experiments, MC38 tumor cells were im-
planted into mice subcutaneously in the flank on day 0. All mice
(both WT control and inducible PD-1¢1) were given daily ta-
moxifen treatment from days 7 to 11 after tumor cell implanta-
tion as described above. CD8" T cells were sorted from
dissociated MC38 tumor tissue at days 16-17 after tumor cell
implantation (5-6 days after last tamoxifen dose). In the first
experiment, cells were sorted based on both CD8a expression
and PD-1 protein expression, and CD8* PD-1! or CD8* PD-1t°
TILs from inducible PD-19! or WT control mice were run on
separate 10X channels, providing roughly equal ratios of PD-11!
and PD-1% cells in each genotype. Two mice of each genotype
were pooled for the first experiment (Fig. S1). In the second
experiment, total CD8* TILs were sorted (not based on PD-1
protein levels), and PD-1 protein expression was detected after
sequencing using CITE-seq to detect PD-1. CD8* TILs from in-
dividual mice were loaded onto separate 10X channels instead of
pooling mice, and two mice for each genotype were run on
separate channels (Fig. S1). For both experiments, we performed
scRNA-seq and TCR sequencing using the 5’ 10X platform (10X
Genomics). For the second experiment, we also detected Feature
Barcodes to determine PD-1 protein expression using CITE-seq.
Gene expression and TCR libraries for mouse samples were
generated using the Chromium Single Cell 5’ Library and V(D)]
Reagent Kit (10X Genomics) according to the manufacturer’s
recommendations. For samples requiring Feature Barcoding li-
braries to detect TotalSeqC antibodies (from BioLegend), the
Chromium Single Cell 5’ Feature Barcode Library Kit (10X
Genomics) was used according to the manufacturer’s recom-
mendations. Following sorting as described above, ~10,000-
12,000 cells per sample were loaded onto each channel of the
Chromium Chip, and manufacturer’s recommendations were
followed with an assumed targeted cell recovery of 2,001-
6,000 cells. Libraries were sequenced on a NextSeq sequencer
(Illumina) by the Dana-Farber Cancer Institute Sequencing
Core. Based on the recommendations provided by 10X Ge-
nomics, gene expression libraries and Feature Barcoding li-
braries were sequenced using 26 x 8 x 91 bp parameters, and
TCR libraries were sequenced using the 150 x 8 x 150 bp pa-
rameters. A minimum of 20,000 reads per cell for gene ex-
pression libraries and 5,000 reads per cell for TCR and
Feature Barcoding libraries were sequenced based on the
approximate number of cells expected.

Demultiplexing and Read Processing for scRNA-seq data

Raw reads (fastgs) were aligned to the GRCm38/mm10 genome
using the Ensembl 84 annotations. These annotations (Mus_
musculus.GRCm38.84.gtf) were then filtered (Mus_mus-
culus.GRCm38.84.filtered.gtf) using the cellranger v3.0.2
command:
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cellranger mkgtf Mus_musculus.GRCm38.84.gtf’ Mus_musculus.
GRCm38.84.filtered.gtf

--attribute = gene_biotype:protein_coding
--attribute = gene_biotype:lincRNA
--attribute = gene_biotype:antisense
--attribute = gene_biotype:IG_LV_gene
--attribute = gene_biotype:IG_V_gene
--attribute = gene_biotype:IG_V_pseudogene
--attribute = gene_biotype:IG_D_gene
--attribute = gene_biotype:IG_]_gene
--attribute = gene_biotype:IG_]_pseudogene
--attribute = gene_biotype:IG_C_gene
--attribute = gene_biotype:IG_C_pseudogene
--attribute = gene_biotype:TR_V_gene
--attribute = gene_biotype:TR_V_pseudogene
--attribute = gene_biotype:TR_D_gene
--attribute = gene_biotype:TR_]_gene
--attribute = gene_biotype:TR_]_pseudogene
--attribute = gene_biotype:TR_C_gene

A cellranger-compatible gene expression reference was then
generated from the resultant “gtf” file with the command “cell-
ranger mkref,” and a cellranger-compatible vdj reference was
similarly created with the command “cellranger mkvdjref.” Raw
gene expression reads were then generated using the cellranger
v3.0.2 command “cellranger count” command, using the fol-
lowing feature reference:

id,name,read,pattern,sequence,feature_type
C0971,C0971_TotalSeqC,R2,5PNNNNNNNNNN (BC)NNNNNN
NNN,5'-ATGCGATCAGACCGA-3’,Antibody Capture
Hash1,C0301_TotalSeqB,R2,5PNNNNNNNNNN(BC)NNNNNN
NNN,5'-ACCCACCAGTAAGAC-3',Antibody Capture
Hash2,C0302_TotalSeqB,R2,5PNNNNNNNNNN(BC)NNNNNN
NNN,5’'-GGTCGAGAGCATTCA-3’,Antibody Capture
Hash3,C0303_TotalSeqB,R2,5PNNNNNNNNNN (BC)NNNNNN
NNN,5’-CTTGCCGCATGTCAT-3’,Antibody Capture
Hash4,C0304_TotalSeqB,R2,5PNNNNNNNNNN(BC)NNNNNN
NNN,5'-AAAGCATTCTTCACG-3',Antibody Capture

Gene expression quantification (“counts” matrices) was
generated with the command cellranger count with the corre-
sponding reference created as described above. Single-cell V(D)]
rearrangements were obtained using the command “cellranger
vdj,” with the vdj reference described above.

Computational processing of gene expression data from
scRNA-seq

All analyses were conducted using Python version 3.7.4 and
Scanpy version 1.5.1 with additional utilization of the pandas
v1.0.3, anndata v0.7.3, matplotlib v3.2.1, seaborn 0.10.1, numpy
v1.18.4, and scipy v1.4.1 packages. All count matrices were
combined using anndata’s concatenate function. Filtering was
first done by removing cells that expressed <500 genes and re-
moving genes that were expressed in <1% of cells. Cells were
removed if their gene expression consisted of >5% mitochondrial
genes, which were genes that began with “mt-.” Finally, cells
were removed based on the expression of housekeeping genes,
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with cells passing the filtering criteria if they had expression >0
for more than half of the genes in the list. This list is provided in
Table S12.

Data were normalized to 10,000 counts per cell using the
default Scanpy function “normalize_per_cell” and were subse-
quently logarithmized using log(1+X), where X is the gene count,
and “log” is the natural logarithm. Variable genes were found
using the scanpy function “highly_variable_genes” with the
min_mean parameter set to 0.0125, max_mean set to 3, and
min_disp set to 0.5.

The cells from the CITE-seq experiment (Exp 2) were labeled
as either PD-1%! or PD-1%° based on PD-1 protein expression. The
data were twice transformed according to log,(1+X), where X is
the protein count, and a bimodal distribution was observed. Any
cell with PD-1 expression >2.5 was labeled as PD-1*. All other
cells were labeled as PD-1%° (see Fig. S1 D).

GSEA

GSEA was performed as described in Subramanian et al. (2005)
using the “preranked” approach, as implemented in the
panopticon v0.4 function panopticon.analysis.get_enrichment_
score, with arguments “presorted,” “use_fgsea,” “re-
turn_es_curve,” and “return_pvalue” set to “True.” Gene rank-
ings were determined with the panopticon v0.4 function
panopticon.analysis.get_cluster_differential_expression, which
computes the common language effect size between groups for
each gene. For computing GSEA P values, fgsea v1.30.0 was used,
with R v4.4.2.

Co-expression analysis of IRs

For the scRNA-seq data, co-expression of multiple IRs was de-
termined based on positive expression (nonzeros detected for
counts) of known co-IR genes. The IRs included were Havcr2
(encoding Tim-3), Lag3 (encoding LAG-3), Tigit (encoding TI-
GIT), Cdi60 (encoding CD160), and Ctla4 (encoding CTLA-4). We
intentionally excluded Pdcdl since some cells were from WT
control mice, and some cells were from inducible PD-19¢ mice,
and we did not want to bias the distribution of IRs by including
it. For IR co-expression analysis by flow cytometry using protein
data, Boolean gating was used in FlowJo (TreeStar) software to
determine the number of proteins expressed by each cell. Here,
antibodies were used to detect protein levels of Tim-3, LAG-3,
CD160, and TIGIT.

Topic modeling

Topic modeling was performed using the Python package lda
v3.0.2 with 1,500 iterations. Filtering was done as previously
mentioned. All TCR genes (genes that begin with “Tra,” “Trb,”
“Trd,” or “Trg”) and any genes that were expressed in >98% of all
cells were removed prior to topic modeling. The non-normalized
count matrix was used to generate topics.

PCA and Leiden clustering

PCA was performed on log(TP10k+1) counts, as implemented
in the panopticon v0.3 function panopticon.analysis.gener-
ate_incremental_pca. Leiden clusters were generated using the
Leiden algorithm (Traag et al., 2019) applied to the 50-principal-

Pauken et al.

PD-1 loss drives protective cell-extrinsic effects

22 JEM
QD D
03'-

component transformation of the normalized counts, as im-
plemented in the python “leidenalg” package v0.8.9, and called
via the panopticon v0.3 function “panopticon.analysis.gener-
ate_clustering,” with options n_clustering_iterations = 1,
first_round_leiden = True, optimized_leiden = False, lei-
den_nneighbors = 40, leiden_iterations = 100.

Functional annotations of scRNA-seq data

Assignment of functional annotations to Leiden clusters was
performed using a combination of upregulated genes per cluster,
enrichment of key signatures from the literature, and other
metrics that have been used in the literature for defining cell
states. First, we broadly sought to label clusters as being
“exhausted-like,” which are indicated with the “Tgx” designa-
tion. To do this, we examined two key parameters. The first was
the co-expression of multiple IR transcripts, since greater
numbers of IRs are associated with more severe exhaustion and
more terminally differentiated Tpx subsets (Blackburn et al.,
2009; He et al., 2016; Im et al., 2016; Paley et al., 2012). For all
of the clusters except Cluster 1, the majority of cells expressed 3
or more IR transcripts (Fig. S2, B and C), consistent with the
notion that many of the CD8* TILs in MC38 are exhausted-like.
Additionally, we examined enrichment of an exhaustion signa-
ture derived from LCMV clone 13 (Pauken et al., 2016), since
LCMV clone 13 is commonly used as a gold standard model for
exhaustion. Again, all clusters except Cluster 1 and Cluster 5
showed reasonably high enrichment for this exhaustion signa-
ture (Fig. S2 D). Lastly, we examined Tox expression, since the
transcription factor TOX has been associated with exhaustion
(Alfei et al., 2019; Khan et al., 2019; Scott et al., 2019; Yao et al.,
2019). We observed the highest levels of Tox expression in
Clusters 2, 3, 4, and 5 (Fig. S2 A), suggesting that on the spectrum
of exhaustion, these clusters would be the most exhausted.
Taken together, we gave Clusters 0, 2, 3, 4, 6, 7, and 8 Tgx
designations.

To characterize the heterogeneity of exhausted T cell pop-
ulations within our dataset, we took into consideration enrich-
ment of signatures associated with different Tgx populations, as
well as other signatures associated with key biological functions
(e.g., IFN stimulation, cell cycle, glycolysis, oxidative phospho-
rylation). Additionally, we considered key genes of interest
upregulated in different clusters (Table S1) or topics (Table S5),
including Sell, Tcf7, Lefl, Ccr7, Il7r, Siprl, KIf2, Cxcr3, Klrgl, Cx3crl,
Slpr5, Tnf, Ifng, Il2ra, Gzmb, Prfl, Mki67, Slamfé, Pdcdl, Lag3, Tigit,
Cd160, Havcr2, Ctla4, Bst2, Irfl, Irf2, Irf7, Mxl, Ccré, Rorc, Cxcre,
Itgae, cd69, Tbx21, and Eomes.

Cluster O, designated IFN-stimulated Tgx, showed the ele-
vated expression of key genes associated with IFN stimulation,
including Isgl5, Ifitl, Bst2, Mxl, Statl, Uspl8 (Table S1 and Fig. S2
A). This cluster also showed the strongest enrichment for the
HALLMARK IFNy response, HALLMARK IFNa response, Gene
Ontology “Response to IFN,” and HALLMARK inflammatory
response signatures (Fig. S2 D and Table S2).

Cluster 1, designated as quiescent-like/progenitor-like T cells
(abbreviated "Quiescent/Prog. T cells" in figures), showed ele-
vated expression of key genes associated with either quiescence
or the progenitor-like Tgx subset including Tcf7, Sell, Lefl, Kif2,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230542

620z JequiedeQ L0 uo 3senb Aq ypd-z1G0£20Z Wel/099.v61/27S0£2028/01/22z/4pd-alomnie/wal/Bio sseidni//:dpy woly pepeojumoq

19 of 25



and Slamf6 (Table S1 and Fig. S2 A). Cluster 1 also showed an
enrichment in signatures from the literature associated with the
Progenitor Tex phenotype, including the Progenitor Tgx signa-
ture from Miller et al. (2019), the stemlike signature (CD101-
Tim3") from Hudson et al. (2019), the Tgx Progl signature de-
rived from Beltra et al. (2020), the CD62LFOS Slamf7NEG
CX3CRINES signature from Kurtulus et al. (2019), a signature
derived from CXCR5* cells from Im et al. (2016), and a naive
signature derived from Pauken et al. (2016) (Fig. S2 D and
Table S2).

Cluster 2, designated as immune-suppressed/glycolytic Tex
(abbreviated "Immune Supp./Glycolytic Tex" in figures), showed
elevated expression of key genes associated with the immune-
suppressed phenotype described in Nelson et al. (2019),
Schietinger et al. (2012), Watkins et al. (2021), Waugh et al.
(2016), as well as genes associated with glycolysis. Genes as-
sociated with the immune-suppressed phenotype include
Tnfrsfl8, Tnfrsf9, Bhlhe40, Ccr7, Ccr8, Nrpl, and Hifla, and genes
associated with glycolysis include Gapdh, Enol, Aldoa, and
Ldha (Table S1 and Fig. S2 A). Cluster 2 also showed enrich-
ment for a signature associated with glycolysis (Fig. S2 D),
though not to the same extent as the highly proliferative
cluster, Cluster 5 (cycling).

Clusters 3, 4, 6, and 8 are all designated as Tgx subsets, with
names reflective of uniquely upregulated genes for each cluster.
Cluster 3 most closely resembles the “terminal Tgx” subset de-
scribed by others (Beltra et al., 2020; He et al., 2016; Hudson
et al,, 2019; Im et al., 2016; Miller et al., 2019; Paley et al., 2012),
expressing high levels of transcripts including Lag3, Havcr2, Prfl,
Gzmb, Tigit, Ccl4, and Cxcr6 (Table S1and Fig. S2 A) and showing
enrichment of the terminally exhausted gene signatures (Fig.
S2 D). These signatures included the terminal Tgx from Miller
et al. (2019), terminal Tgx (CD101* Tim-3*) subset from Hudson
etal. (2019), the “Tgx_Term” subset from Beltra et al. (2020), and
the CD62L- Slamf7" CX3CR1- subset from Kurtulus et al. (2019).
Cluster 6 was designated “Tgx, cytotoxic” because of the ex-
pression of transcripts including Prfl, Gzmc, Gzme, Gzmd, Gzmb,
Gzmf (Tables S1 and S2; and Fig. S2 A), as well as an enrichment
in a “cytotoxicity” gene signature (Fig. S2 D). Cluster 8 was
designated as “Tgx, effector-like” due to the expression of tran-
scripts including Xcll, Ccl3, Tnfsfl4, Ccl4, Ccll, Cd160, and Ifng
(Table S and Fig. S2 A). Cluster 4 was designated “Tgy, inter-
mediate.” This cluster expressed transcripts associated with ri-
bosomal proteins (Rps/Rpl genes), Pdcdl, Bhlhe40, Tigit, Nr4a2,
and Irf8 (Table S1 and Fig. S2 A). It also appeared exhausted-like
due to enrichment of the exhaustion signature from LCMV
(Pauken et al., 2016) (Fig. S2 D) and co-expression of multiple
IRs, but did not show as strong of an enrichment for the termi-
nally exhausted gene signature as Cluster 3 (Fig. S2 D).

Cluster 5 was designated “cycling” due to the high expression
of a number of transcripts associated with cell cycle (e.g., Tubbs,
Cdkn3, Hmgbl, Kif23, Top2a, and Mki67) (Table S1) and a strong
enrichment for the cell cycle signature from Kowalczyk et al.
(2015) (Fig. S2 D and Table S2). This cluster also showed a
strong enrichment in the HALLMARK signatures “E2F Targets,”
“G2M checkpoint,” “MTORCI signaling,” and “DNA repair,” all
consistent with these cells being in active cell cycle (Fig. S2 D).
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Lastly, Cluster 7 appeared to contain non-T cells (Cdi4, Cdés,
Csflr, Adgrel) (Table S1 and Fig. S2 A), which was likely due to a
low level of contamination from sorting. This cluster was ex-
cluded from all downstream analyses.

Comparison of scRNA-seq data from MC38 with patient
datasets

Five human datasets were selected that contained donor-
matched pre- and post-PD-1 blockade-treated scRNA data.
These studies included patients with leptomeningeal disease
(multiple different primary histologies, posttreatment samples
21-30 days from initial treatment), triple-negative breast cancer
(posttreatment samples 7-11 days from initial treatment), lung
cancer (posttreatment samples 42-233 days from initial treat-
ment), basal cell carcinoma (posttreatment samples 21-121 days
from initial treatment), and squamous cell carcinoma (post-
treatment samples 21-49 days from initial treatment) (Bassez
et al., 2021; Liu et al., 2022; Prakadan et al., 2021; Yost et al.,
2019). For samples from the lung cancer dataset, where patients
contributed multiple posttreatment samples, only the post-
treatment sample taken most recently after initial therapy was
considered. Topics generated as above were projected onto these
human data first by matching mouse to human orthologs, then
computing cell-by-cell topic loading with the “transform”
method of the LDA object from the lda python package.

Single-cell TCR and clonal analysis

Only cells that had at least one detected alpha chain and one
detected beta chain annotated, and no more than two detected
alpha or two detected beta chains, were included in the analyses
incorporating TCR data. Cells were defined as belonging to the
same clone if they had an exact sequence match for both the
alpha and the beta chain (or chains, for clones with multiple
detected). Clone size was determined by counting the number of
cells with a given TCR.

Exon-specific Pdcdl counts and the logistic regression model
for KO prediction

To quantify the contribution of reads to individual exons of the
Pdcdl transcript, we generated count matrices using the cell-
ranger count command, with a custom gene annotation file (gtf)
with the Pdcdl gene replaced by separate “genes” for the five
exons, which we labeled Pdcdl-exon 1, Pdcdl-exon 2, Pdcdl-exon
3, Pdcdl-exon 4, and Pdcdl-exon 5. This custom gene annotation
was created from the filtered gtf file created as described
above, using the panopticon v0.3 command “panopticon create-
split-exon-gtf Mus_musculus.GRCm38.84.filtered.gtf Mus_
musculus.GRCm38.84.filtered.splitPdcdl.gtf Pdcdl.” A new,
cellranger-compatible reference was then created with this
output gtf, as described above, and quantification of counts for
each gene was obtained through the cellranger count command,
also as above. These raw exon-specific counts were then used to
construct a predictive model for protein status (as measured via
flow cytometry in Experiment 1, CITE-seq in Experiment 2). This
was done by computing a logistic regression model (using the
sklearn.linear_model_LogisticRegression class, with random_
state = 0, fit_intercept = False), and regressing the normalized

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230542

620z JequiedeQ L0 uo 3senb Aq ypd-z1G0£20Z Wel/099.v61/27S0£2028/01/22z/4pd-alomnie/wal/Bio sseidni//:dpy woly pepeojumoq

20 of 25



(by dividing raw Pdcdl exon counts by the per-cell sum over all
Pdcdl exon counts) Pdcdl exon counts from cells from inducible
PD-14¢l mice (Mouse 1, Mouse 5, Mouse 6) with at least one Pdcdl
exon count against the cells’ protein PD-1 status. Prediction
was performed using the sklearn.linear model.LogisticRe-
gression.predict method, which classifies a cell as being Pdcdl
non-KO or KO on the transcript level based on whether the re-
gression score (predicting the probability of PD-1 protein posi-
tivity) is greater than or lesser than 0.5, respectively. Thereafter,
cells that were denoted as “PD-1*"” or “PD-1X°,” except where
otherwise specified, are those in which both the predicted
transcript expression and actual protein expression were in
agreement (e.g., PD-1%! = PdcdWT and PD-1 protein-positive, and
PD-1¥° = PdcdiX© and PD-1 protein-negative). AUC/ROC (re-
ceiver operating characteristic curve) scores between the
transcript-based prediction and protein status were computed
using the sklearn.metrics.roc_auc_score function.

It should be noted that the logistic regression algorithm was
trained on all cells from the inducible PD-14¢! mice (Mouse 1, 5,
and 6) combined. When using all cells, we got an accuracy of
92%. However, we also tested the strength of the model if we had
a testing set versus validation set. For this, we did a random
cross-validation (60% training, 40% testing), and still got
mean accuracy of 92% (std of 3.8%). If we train on Mouse 1, we
get accuracies of 86% and 90% on Mouse 5 and Mouse 6, re-
spectively. If we train only on Mouse 5, we get accuracies of
95% and 90% on Mouse 1 and Mouse 6, respectively. If we
train only on Mouse 6, we get accuracies of 95% and 86% on
Mouse 1 and Mouse 5, respectively. Therefore, we are con-
fident in the ability of the logistic regression to perform on
this dataset.

Statistics and visualizations related to TCR repertoires

The Simpson Index was calculated without replacement, as
implemented in the panopticon v0.3 function panopticon.
analysis.simpson. Pie charts and stacked bar charts indicating
the relative contribution of T cell clonotypes to a single sample’s
TCR repertoire were created with the panopticon v0.3 function
panopticon.visualization.repertoire plot, with the option “pie”
set to be True or False, respectively.

Statistics and visualization related to gene expression
Differential expression was computed using the log fold change
defined as the difference of the arithmetic mean of log,(TP10k+1)
expression values between groups, and P values were computed
via the two-sided Mann-Whitney U test, as implemented in
scipy.stats.mannwhitneyu. Volcano plots were generated using
the panopticon v0.3 function panopticon.visualization.volcano.
Wherever relevant, PCA was computed using the sklearn func-
tion sklearn.decomposition.PCA. Wherever relevant, module
scores were computed with the panopticon v0.3 function
“panopticon.analysis.generate_masked_module_score.”

Online supplemental material

There are five supplemental figures supporting the findings in
the main figures of this paper. All supplemental figures provide
further details on the single-cell dataset of CD8* TILs isolated
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from WT versus inducible PD-19¢ mice. Fig. S1 details the ex-
perimental design for the scRNA-seq experiments and relevant
details for each experiment. Included are the frequency of PD-1*
cells in each sample by flow cytometry and/or scRNA-seq,
the numbers of cells recovered from each experiment, and the
distribution of each sample in the UMAP. Fig. S2 shows the ex-
pression of select transcripts, co-expression of IRs, and enrich-
ment of key signatures across the different transcriptional
clusters in the single-cell dataset. Fig. S3 shows transcriptional
differences between total CD8* TILs in WT versus inducible
PD-19! mice and comparison with changes in anti-PD-1-treated
mice. Also shown is the enrichment of genes from different
topics in the UMAP. Fig. S4 provides a comparison of pheno-
typic, functional, and transcriptional features between PD-1H
and PD-1'° CD8* TILs in MC38 tumors in WT control mice. Fig.
S5 shows a quantification of principal components and cluster
enrichments between PD-1% and PD-1%° CD8* TILs in WT mice
and PD-1"! and PD-1XC CD8* TILs in inducible PD-19¢: mice.
There are 12 supplemental tables supporting the findings in the
main figures of this paper. Table S1 provides a list of upregulated
genes for each cluster in the CD8* T cell single-cell dataset from
MC38 tumors from inducible PD-19¢! mice (e.g., UBC-CreERT2*
PD-17fmice) versus WT control mice (e.g., UBC-CreERT2- PD-17/f
mice). Table S2 provides the gene signatures from or derived
from the literature on exhausted CD8* T cell subsets and/or
different biological properties that were used in this study. Table
S3 shows differentially expressed genes between CD8* TILs from
inducible PD-19¢ mice (e.g., UBC-CreERT2* PD-17f mice) versus
WT control mice (e.g., UBC-CreERT2- PD-17f mice). Table S4
details pathway analysis between CD8* TILs from inducible PD-
19l mice (e.g., UBC-CreERT2* PD-1/f mice) versus WT control
mice (e.g., UBC-CreERT2~ PD-17f mice). Table S5 shows the top
50 genes by weight for topic modeling (18 topic set) in MC38
tumors from inducible PD-14¢! mice (e.g., UBC-CreERT2* PD-17/f
mice) versus WT control mice (e.g., UBC-CreERT2- PD-17mice),
as well as the corresponding weights for the genes in each topic.
Table S6 provides a comparison of differentially expressed genes
between CD8* TILs from mice with MC38 or CT26 tumors
treated with anti-PD-1 from Kumar et al. (2022) and CD8* TILs
from inducible PD-19¢" mice versus control. Table S7 shows the
common language effect sizes for the genes in CD8* TILs from
MC38 tumors in inducible PD-1%¢!' versus WT control mice
compared with the posttreatment versus pretreatment com-
parison in select patient datasets. Table S8 shows the differen-
tially expressed genes between PD-1% and PD-1%° CD8* TILs in
WT control mice (e.g., UBC-CreERT2- PD-17f mice). Table S9
shows the differentially expressed genes between predicted PD-
1% but non-KO (e.g., PD-1%° Pdcd1WT) and predicted PD-1¥° (e.g.,
PD-1% Pdcdi¥®) CD8* TILs in inducible PD-19¢! mice (e.g., UBC-
CreERT2* PD-17f mice). Table S10 shows the differentially ex-
pressed genes between PD-1H! CD8* TILs in WT control mice
(e.g., UBC-CreERT2- PD-17f mice) and PD-1"! CD8* TILs in in-
ducible PD-1%! mice (e.g., UBC-CreERT2* PD-17f mice). Table S11
shows the differentially expressed genes between PD-1%! and
PD-1¥° CD8* TILs in inducible PD-19¢" mice (e.g., UBC-CreERT2*
PD-17fmice). Table S12 is a list of the housekeeping genes used to
filter cells in the single-cell dataset.
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Data availability

The sequencing data from CD8* T cells from MC38 tumors in
inducible PD-19¢! versus WT control mice generated during this
study have been deposited to the National Center for Biotech-
nology Information Gene Expression Omnibus database (Ac-
cession number GSE290839; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE290839). The panopticon package is
available on GitHub at https://github.com/scyrusm/panopticon.
Raw and processed scRNA and TCR data are available on the
single-cell portal: https://singlecell.broadinstitute.org/single_
cell/study/SCP1744/loss-of-pd-1-signals-improves-cd8-til-
function-in-a-cell-intrinsic-and-cell-extrinsic-manner. The other
data and materials that support the findings presented in this
study are available from the corresponding author (A.H. Sharpe)
upon request.
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Figure S1. Generation of scRNA-seq and paired TCR-seq data on CD8* TILs from MC38 tumors in inducible PD-19 mice. (A) Schematic of the ex-
perimental design for the scRNA-seq experiments. For Experiment (Exp) 1, roughly equal numbers of PD-1" and PD-1t° CD8* TiLs were sorted from UBC-
CreERT2* PD-17* mice (referred to as inducible PD-1%! mice) or UBC-CreERT2" PD-1%f mice (referred to as WT control mice) on day 17 (following administration
of tamoxifen from days 7 to 11) and loaded onto the 10X Chromium Controller. Two mice were pooled for each genotype. For Experiment 2, total CD8* TILs were
sorted from UBC-CreERT2* PD-17f mice or UBC-CreERT2~ PD-17f mice on day 16 (following administration of tamoxifen from days 7 to 11) and loaded onto the
10X Chromium Controller, and PD-1 protein status was determined computationally by detection of PD-1 using CITE-seq. One mouse per genotype was run per
channel, and two channels (so two mice) were run per genotype. Schematic was created with https://BioRender.com. (B) Flow cytometry contour plots
showing the frequency of PD-1""and PD-1-° CD8* TlLs in each of the samples that were loaded on the 10X Chromium Controller. An aliquot of each sample was
subjected to fluorescent-based PD-1 protein analysis using flow cytometry to confirm expected frequencies of PD-1% and PD-1%. (C) Sample details from 10X
runs. (D) Representative histograms of distribution of counts for PD-1 CITE-seq (Feature Barcode detection). Shown is one mouse of each genotype from
Experiment 2 (Mouse 3 = WT control, Mouse 5 = inducible PD-1¢¢!), representative of both mice in each genotype in this experiment. A threshold was set (shown
in the dotted line) to classify cells as PD-1" or PD-1'°, with anything above that threshold was set as PD-1", and anything below that threshold was PD-1%. (E)
Distribution of each sample based on genotype (WT versus inducible PD-19¢") and PD-1 protein status in Experiment 1 (Mouse 1 and Mouse 2). (F) Distribution of
each sample based on genotype (WT versus inducible PD-19¢") and PD-1 protein status in Experiment 2 (Mouse 3-6). Plots split based on whether cells were
classified as PD-1 protein high or low based on the threshold set in Fig. S1 D.
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Figure S2. Expression of select transcripts, IR co-expression, and enrichment of key signatures in the scRNA-seq data from CD8* TILs from MC38
tumors. (A) Heat map showing Z scores of manually curated genes grouped by biological properties across the eight clusters shown in Fig. 3 B. (B) Co-
expression analysis showing distribution of cells expressing 0, 1, 2, 3, 4, or 5 IRs based on transcript levels (transcripts included were Havcr2, Lag3, Tigit, Cd160,
and Ctla4.) A cell was determined to be positive for each individual IR if it expressed any count greater than zero. (C) Quantification of IR transcript co-
expression shown in B separated by cluster. (D) Enrichment of key gene signatures associated with exhausted CD8* T cell subsets and/or different biological
properties (e.g., response to IFN, cell cycle, glycolysis, oxidative phosphorylation). Dot size is proportional to the min-max normalized expression values.
Signatures used can be found in Table S2. For the plots in A-D, shown are all cells combined from two independent experiments, representing n = 4 mice per
genotype.
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Figure S3. Transcriptional differences between total CD8* TILs in WT versus inducible PD-19¢" mice and comparison with changes in anti-PD-1-
treated mice. (A) Joint plot showing the first two principal components of gene expression and distribution of CD8* TILs in the WT versus inducible PD-1det
TME. Effect size (Cohen’s D, referred to as CDES) between groups is indicated. PC1 CDES = 0.082; PC2 CDES = 1.691. (B) Heat map showing the proportion of
cells in each cluster between CD8* TILs in WT control and inducible PD-19¢" mice. Indicated are the raw cell counts (in the box), P values, and phi (¢) coefficient
(effect sizes) (next to the box). P values were calculated using Fisher’s exact test. The color indicates the proportion of cells in each cluster, normalized by
columns. On the left is a plot of all cells from experiment (Exp) 2 grouped based on genotype (WT versus inducible PD-1%¢" mice, two mice per group). On the
right is a plot of the cells from Exp 2 broken up by individual mouse, showing that the individual mice reproduce the pattern seen in the combined dataset.
(C) GSEA of HALLMARK gene sets comparing CD8* TILs in WT control and inducible PD-19¢- mice. Shown are only the top 10 significantly different gene sets
between groups. Full names of each pathway, enrichment scores, and P values can be found in Table S4. (D) UMAPs of the topic weights for each topic. Full list
of top 50 genes per topic can be found in Table S5. (E) Violin plots showing module scores in the scRNA-seq data generated from CD8* TILs from WT control and
inducible PD-19! mice. Modules shown are signatures of upregulated and downregulated genes generated from scRNA-seq from CD8* TILs from mice that
received anti-PD-1 treatment. Modules derived from Kumar et al. (2022). (Top) Modules shown are differentially expressed genes from CD8* TILs from mice
with MC38 tumors treated with anti-PD-1 versus isotype control-treated mice (harvested at day 13). The left plot shows the module of genes downregulated in
anti-PD-1-treated compared with isotype control (P = 7.22 x 107195 CDES = 0.48), and the right plot shows the module of genes upregulated in anti-PD-1-
treated compared with isotype control (P = 6.99 x 10-28%; CDES = -0.89). (Bottom) Modules shown are differentially expressed genes from CD8* TILs from mice
with CT26 tumors treated with anti-PD-1 versus isotype control-treated mice (harvested at day 17). The left plot shows the module of genes downregulated in
anti-PD-1-treated mice compared with isotype control (P = 6.06 x 10-238; CDES = 0.76), and the right plot shows the module of genes upregulated in anti-PD-1-
treated mice compared with isotype control (P = 0; CDES = -1.42). P values were calculated using a two-sided Mann-Whitney U test. Plots in A-C and E include
cells from one independent experiment, representing n = 2 mice per genotype. Plots in D include cells from two independent experiments, representing n = 4
mice per genotype. Asterisks (***) indicate P < 0.0001. Exact P values listed in each panel.
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Figure S4. PD-1M and PD-1'° CD8* TiLs are phenotypically, functionally, and transcriptionally distinct in MC38 tumors in WT control mice.
(A) Representative flow cytometry contour plots gated on CD8* T cells in MC38 tumors in WT C57BL/6 mice at day 21 after tumor cell implantation. Full gating
strategy is size, singlets, live, CD45*%, CD8" cells. PD-1 is shown on the x axis, and each individual marker shown on the y axis is indicated above the plot.
(B) Quantification of the flow cytometry data shown in A, showing the percentage of PD-1" or PD-1'° CD8" T cells expressing each indicated marker. Data are
shown from three experiments combined for all markers except granzyme B, which is from two experiments combined. For all markers except granzyme B, n =
17 mice. For granzyme B, n = 7 mice. Significance was assessed using a paired t test. PD-1° versus PD-1":: CD62L, P < 0.0001***; TCF-1, P < 0.0001***; Ki-67,
P < 0.0001***; granzyme B, P = 0.0015**; TIM-3, P < 0.0001***, (C) (Top) Quantification of IR transcript co-expression separated by sample (showing PD-1
and PD-1% cells in WT control [UBC-CreERT2- PD-17f] mice), showing the frequency of CD8* TILs co-expressing the select number of IR transcripts (ranging
from 0 to 5 IRs expressed/co-expressed). IR transcripts included in the analysis were Havcr2 (encoding TIM-3), Lag3 (encoding LAG-3), Tigit (encoding TIGIT),
Cd160 (encoding CD160), and Ctla4 (encoding CTLA-4). (Bottom) Pie charts of protein data (using flow cytometry) showing the frequency of PD-1" or PD-1'°
CD8* T cells co-expressing IR proteins from MC38 tumors in WT C57BL/6 mice. Flow cytometry data shown are from two experiments with n = 10 mice in total.
IR proteins included were TIM-3, LAG-3, TIGIT, and CD160. (D) Volcano plot showing differentially expressed genes between PD-1" and PD-1-° CD8* TiLs in WT
control (UBC-CreERT2" PD-17f) mice. Individual genes of interest are indicated on the plot. The entire list of differentially expressed genes can be found in Table
S8. For the scRNA-seq plots in C and D, shown are all cells combined from two independent experiments, representing n = 4 mice per genotype.
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Figure S5. Quantification of principal components and cluster enrichments between PD-1" and PD-1-° CD8* TILs in WT mice and PD-1"! and PD-1X°
CD8* TILs in inducible PD-19¢" mice. (A) Violin plots showing principal component 1 scores for each mouse individually for both experiment (Exp) 1 and Exp
2 (M2+M3+M4 = WT TME, M1+M5+M6 = inducible PD-19¢! TME), split up by PD-1 status (PD-1" versus PD-1%° in the WT TME, and PD-1%C versus PD-1" in the
inducible PD-19¢! TME). Shown are the CDES and Mann-Whitney P value for each mouse. In the WT TME, M2: P = 0 and CDES = -1.91; M3: P = 5.9 x 10-#8 and
CDES = -1.40; M4: P = 1.4 x 10-3* and CDES = -1.69. In the inducible PD-1d¢ TME, M1: P = 0.00089 and CDES = -0.13; M5: P = 0.075 and CDES = -0.09; M6: P =
0.00032 and CDES = -0.20. (B) Violin plots showing the scores for principal components 2-10. Violins are colored by genotype and PD-1 status according to the
Legend in the bottom right corner. Indicated above each pair within a genotype (e.g., PD-1" versus PD-1%° or PD-1%© versus PD-1") is the CDES. (C-E) Heat
maps showing the proportion of cells in each cluster between CD8* TlLs in inducible PD-1¢! (PD-1%C and PD-1") and WT control (PD-1" and PD-1'°) mice.
Values in each box indicated the raw cell counts (C), P values (D), and phi coefficient (E). Color indicates the proportion of cells in each cluster, normalized by
columns. P values were calculated using Fisher’s exact test. (A-E) includes all cells from Exp 1+2 (containing four mice in total per group) grouped based on the
genotype (WT versus inducible PD-19¢! mice).
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Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, Table S7, Table S8, Table S9, Table S10, Table S11, and
Table S12. Table S1 shows upregulated genes for each cluster in the CD8* T cell single-cell dataset from MC38 tumors from inducible
PD-1%! mice (e.g., UBC-CreERT2* PD-17f mice) versus WT control mice (e.g., UBC-CreERT2- PD-1/f mice). Table S2 shows gene
signatures from or derived from the literature on exhausted CD8" T cell subsets and/or different biological properties. Table S3
shows differentially expressed genes between CD8* TiLs from inducible PD-19¢! mice (e.g., UBC-CreERT2* PD-17/f mice) versus WT
control mice (e.g., UBC-CreERT2" PD-17f mice) (Experiment [Exp] 2 only). Table S4 shows pathway analysis between CD8* TILs from
inducible PD-19¢ mice (e.g., UBC-CreERT2* PD-17f mice) versus WT control mice (e.g., UBC-CreERT2- PD-1f mice) (Exp 2 only).
Table S5 shows top 50 genes by weight for topic modeling (18 topic set) in MC38 tumors from inducible PD-14¢! mice (e.g., UBC-
CreERT2* PD-17f mice) versus WT control mice (e.g., UBC-CreERT2- PD-17/f mice), as well as the corresponding weights for the genes
in each topic. Table S6 shows comparison of differentially expressed genes between CD8* TILs from mice with MC38 or CT26 tumors
treated with anti-PD-1 (from Kumar et al. [2022]) and CD8* TILs from inducible PD-19¢" mice versus control (from Exp 2 only). Table
S7 shows common language effect sizes for the genes in CD8* TILs from MC38 tumors in inducible PD-19¢! versus WT control mice
compared with the posttreatment versus pretreatment comparison in select patient datasets. Table S8 shows differentially
expressed genes between PD-1" and PD-1'° CD8"* TiLs in WT control mice (e.g., UBC-CreERT2- PD-1f/f mice). Table S9 shows
differentially expressed genes between predicted PD-1° but non-KO (e.g., PD-1'° Pdcd1"T) and predicted PD-1X° (e.g., PD-1'°
Pdcd1%©) CD8* TILs in inducible PD-14¢" mice (e.g., UBC-CreERT2* PD-17/f mice). Table S10 shows differentially expressed genes
between PD-1" CD8"* TILs in WT control mice (e.g., UBC-CreERT2" PD-17f mice) and PD-1" CD8* TiLs in inducible PD-19¢- mice (e.g.,
UBC-CreERT2* PD-17/f mice). Table S11 shows differentially expressed genes between PD-1" and PD-1%° CD8" TILs in inducible PD-
19l mice (e.g., UBC-CreERT2* PD-17f mice). Table S12 shows housekeeping gene list used to filter cells in the single-cell dataset.
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