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PD-1-stimulated T cell subsets are
transcriptionally and functionally distinct

Shalom Lerrer,” Anna S. Tocheva,’? Shoiab Bukhari, Kieran Adam,! and Adam Mor!.3:4.*

SUMMARY

Despite the obvious inhibitory outcome of PD-1 signaling, an additional series of
functions are activated. We have observed that T cells stimulated through the
T cell receptor (TCR) and PD-1 primarily do not proliferate; however, there is a
population of cells that proliferates more than through TCR stimulation alone. In
this study, we performed flow cytometry and RNA sequencing on individual pop-
ulations of T cells and discovered that unlike naive T cells, which were inhibited
following PD-1 ligation, T cells that proliferated more following PD-1 ligation
were associated with effector and central memory phenotypes. We showed
that these populations had different gene expression profiles following PD-1 liga-
tion with PD-L1 compared to PD-L2. The presence of transcriptionally and func-
tionally distinct T cell populations responsive to PD-1 ligation provides new in-
sights into the biology of PD-1 and suggest the use of T cell subset-specific
approaches to improve the clinical outcome of PD-1 blockade.

INTRODUCTION

Immune checkpoint therapy is a promising technique in cancer immune therapy. Using antibodies, this
approach targets immune checkpoints on T cells, such as PD-1, to block the interaction with its ligands
(PD-L1 and PD-L2). High expression of PD-1 ligands on tumor cells represents a hijacking of the immune
checkpoint system, dampening T cell-mediated tumor clearance. Despite the success of PD-1-targeting
checkpoint inhibitors in nearly 30% of patients with a wide array of tumor types, many patients remain un-
responsive to this treatment (Li et al., 2019). Within these patients, mounting clinical evidence suggests that
a significant portion experience an acceleration of disease following treatment (Tay et al., 2020). This ac-
celeration has been termed hyper progressive disease and is estimated to occur in up to 10% of patients
treated with PD-1-targeting therapy. Furthermore, 40% of all patients treated with checkpoint blockade
experience immune-related adverse events, likely due to on-target toxicity of the same intervention
(Postow et al., 2018).

But progress in the field of immune checkpoints now allows for the identification of numerous factors pre-
dictive of responsiveness to PD-1 blockade. While most of these factors, such as mutation burden and
PD-L1 expression, pertain to tumor cells (Lagos et al., 2020), differences in PD-1 signaling demonstrate a
contribution of the T cell compartment (Thommen et al., 2018). Naturally, PD-1 blocking agents require
the expression of PD-1 and the generation of downstream inhibitory signals to function. However, there
is an increased understanding that PD-1 is not universally inhibitory for all T cell functions. Like CTLA-4,
PD-1 can activate individual T cell functions, or even entire distinct T cell subsets (Shitara and Nishikawa,
2018; Tocheva et al., 2020; Riley, 2009; Hui et al., 2017; Patsoukis et al., 2020). More recently, using phos-
phoproteomic and genetic approaches, we showed that not all the pathways downstream of PD-1 were
inhibitory, and some unique cellular functions were clearly stimulated (Tocheva et al., 2020).

Until now, most studies have focused on CD8 T cell-mediated cytotoxicity as the key to understanding
immune checkpoint responsiveness. While cytotoxic CD8 T cells are critically important for an effective
anti-tumor immune response, the contribution of other T cell subsets, including effector and cytotoxic
CD4 subsets, cannot be overlooked. Mounting evidence indicates that systemic CD4 T cell immunity plays
a key role in mediating durable antitumor responses, paving the way for new approaches to target check-
points on peripheral CD4 T cells (Oh et al., 2020). Despite an increasing number of studies focusing on PD-1
signaling in CD4 T cells, its effects remain unclear (Nagasaki et al., 2020).

4')

b

¢? CellPress

OPEN ACCESS

1Columbia Center for
Translational Immunology,
Columbia University Medical
Center, New York, NY 10032,
USA

?Department of Genetics and
Genomic Sciences, Ichan
School of Medicine at Mount
Sinai, New York, NY 10029,
USA

3Division of Rheumatology,
Department of Medicine,
Columbia University Medical
Center, New York, NY 10032,
USA

“Lead contact

*Correspondence:
am5121@cumc.columbia.
edu

https://doi.org/10.1016/j.isci.
2021.103020

oo iScience 24, 103020, September 24, 2021 © 2021 The Authorf(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:am5121@cumc.columbia.edu
mailto:am5121@cumc.columbia.edu
https://doi.org/10.1016/j.isci.2021.103020
https://doi.org/10.1016/j.isci.2021.103020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103020&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

A Bi Bii C
\ A / \ / \ / Unstimulated il
3 aggg PD-L1 100 ':|
a +PD- .
3 aCD3+PD-L2 2 % Naive
aCD3+isotype aCD3+PD-L1 aCD3+PD-L2 E s ; 80 §
2 Efn ‘ 2
e< o
]
2£ Em cm
e 5
Proliferation dye o m.l
0
CCR7
D Ei
Proliferating CD8 T cells Proliferating cells
Naive Ccm EM N
1 1 aCD3 aCD3 aCD3+PD-L1 aCD3+PD-L2
- i ! aCD3+PD-L1 117
& ] p aCD3+PDL2 8 %
® 1 \/ >
E ] g
S 2
Z - q x
<
’ 8
101 103 |0‘ 105

Proliferation dy¢ ———mo—u—-p

F
aCD3
PD-L1/2 T aCD3+PD-L1
mchery JERNETC TN aCD3+PD-L2
“coeo /
N y
- -
N o S &
Percent of proliferating cells
G H
Proliferating CD4 T cells Proliferating CD8 T cells
Naive (o1} EM Naive
190 Raji-Control Raji-Control
- w0 - Raji-PD-L1
L. Raji-PD-L2 [ Raji-PD-L2
Té 5
40 13
5 £
Z \ \ \ 2
0
1l72 H); 10‘ 105 10
P dye
li I Ji _—
Proliferating CD4 T cells Proliferating CD8 T cells
T cells alone T cells alone
Raji-Control Raji-PD-L1 Raji-PD-L2 Raji-Control Raji-PD-L1 Raji-PD-L2
w 7.6 23.4 ™
=3 1 =3
g g
Q Q
g g
wn wn
< <
=) : : a i
o8 7.02 28.9| |5.99 355 © 148 7.
CCR7-PE/D: ——— CCR7-PE/D
lii Raji-Control Jii Raji-Control
7 Raji-PD-L1 3
1% Raji-PD-L2 13 Raji-PD-L2
1a)? 1a]®
]
132 13
[ I I 1 [ I I I I 1
N S © S S N P S ® @
Percent of proliferating CD4 cells Percent of proliferating CD8 cells

iScience 24, 103020, September 24, 2021



iScience ¢? CellPress
OPEN ACCESS

Figure 1. Proliferating T cells following PD-1 ligation express diverse subset markers

(A) A description of the experimental system used for T cell stimulation.

(Bi) Primary human CD8 T cells were stimulated as indicated, with plate bound anti-CD3 and PD-L1 or PD-L2, and proliferation was measured by flow
cytometry using celltrace far red proliferation dye dilution. Arrow indicates the cells that proliferated further.

(Bii) Quantification of the previous experiment, showing the percentage of proliferating cells. n = 4, one-way ANOVA, ***p < 0.001, ns; not significant.
(C) The flow cytometry markers that were used to define the different cell subsets.

(D) CD8 T cells were stimulated as indicated and flow cytometry was used on day 4 to assess proliferation dye intensity and expression of subset specific
markers. Arrows indicate the cell the proliferated further.

(Ei) Dot plot flow analysis of the previous experiment showing the percentages of each subset of T cells in the setting of the different stimulation conditions.
(Eii) Quantification of the percentage of the proliferating cells of same experiments, n = 4, two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ns; not
significant.

(F) A description of the experimental system used for T cell stimulation.

(G and H) Primary human CD3 T cells were stimulated as indicated and flow cytometry was used to asses proliferation and subset distribution.
(i) Dot plot flow analysis of CD4 T cells showing the percentages of each subset of T cells in the setting of the different stimulation conditions.
(i) Quantification of the percentage of the proliferating cells of same experiments, n = 3, two-way ANOVA, ns; not significant.

(Ji) Dot plot flow analysis of CD8 T cells showing the percentages of each subset of T cells in the setting of the different stimulation conditions.
(Jii

Jii) Quantification of the percentage of the proliferating cells of same experiments, n = 3, ns; not significant.

To better understand the precise effects of PD-1 signaling on CD4 T cell function, as well as the possible
heterogeneity among T cell subsets, we used flow cytometry to measure the expression of CD4 T cell-matu-
ration markers associated with different subsets of proliferating cells in the context of PD-1 ligation. These
subsets were sorted and stimulated with PD-L1 or PD-L2, after which RNA sequencing revealed different
transcriptional profiles among different populations of cells.

RESULTS

Proliferating T cells following PD-1 ligation express diverse subset markers

To assess T cell proliferation in the context of PD-1 signaling, we stimulated primary human CD8 T cells,
isolated from healthy volunteers, using wells coated with anti-CD3 antibody, with and without the presence
of recombinant PD-L1 or PD-L2 (Figure 1A). As expected, most of the cells proliferated after stimulation
with anti-CD3 antibody (Figure 1Bi). Interestingly, the addition of PD-L1 or PD-L2 resulted not just in higher
number of inhibited cells (Figure 1Bii), but also in more cells that proliferated even more than after treat-
ment with anti-CD3 alone (Figure 1Bi). To uncover the landscape of these unexpected hyper proliferative
cells, we measured the expression of CD45RA and CCR7, cell maturation markers, associating these cells
with specific T cell subsets (Figure 1C). As shown (Figure 1D), the cells that proliferated more were central
memory (CM) and effector memory (EM) T cells and not the naive T cells. The ability of PD-1 to inhibit pro-
liferation in the naive cells or to accelerate proliferation in the EM cells was more striking in the context of
PD-L2 over PD-L1 (Figures 1Ei and 1Eii). While stimulation with anti-CD3 antibodies alone resulted in tran-
sition of naive cells into CM phenotype, the addition of PD-L1 or PD-L2, surprisingly, resulted in further
maturation and transition of the CM cells toward EM phenotype (Figures 1Ei and 1Eii).

To validate these finding in a more physiological system, we moved from plate bound stimulation into the
primary T cell — Raji B cell conjugate system (Figure 1F) where irradiated Raji B cells that stably express
either PD-L1 or PD-L2 are loaded with staphylococcus enterotoxin E (SEE), cocultured with labeled primary
T cells for four days prior to flow cytometry quantification of proliferation and T cell subset distribution (Fig-
ure 1C). As shown in this assay, both CD4 T cells (Figure 1G) and CD8 T cells (Figure TH) proliferated more in
the context of PD-L1 and PD-L2. Quantification of these experiments failed to show statistically significant
values, likely due to donor variability, although there was a trend toward higher number of CM cells after
treatment with Raji B cells expressing PD-L1 or PD-L2 than after treatment with Raji B cells that express con-
trol plasmid (Figures 1li, 1lii, 1Ji, and 1Jii).

Altogether, these findings suggest possible uncoupling of the ability of PD-1 to affect proliferation and
maturation. We observed differences in the potency of PD-1 to modulate the function of different T cells
subsets and to generate a more comprehensive view of the differential effect of PD-1 signaling on specific
T cell subsets, we transitioned to a transcriptomic approach.

PD-1-stimulated T cell subsets exhibit distinct transcriptional profiles

To better uncover the differential signaling of PD-1 in the different subsets, we sorted CD4 T cells
into naive, CM, and EM cells, stimulated the cells with immobilized anti-CD3+28 antibodies, PD-L1, or
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Figure 2. PD-1 stimulated T cell subsets exhibit distinct transcriptional profiles

(A) Experimental design, highlighting the sorted subsets and the stimulation conditions that preceded the RNA sequencing.

(B) Principal components analysis showing the 35 experimental conditions.

(C) Heatmap showing the expression levels of genes that define naivety and antigen experience in unstimulated cells.

(D) Venn diagrams highlighting the number of the genes that were regulated in each of the experimental conditions. See also Figure S1.

PD-L2, and submitted the 35 samples for RNA sequencing (Figure 2A). The expression levels of PD-1
protein were comparable in all subsets (Figure S1). Principle component analysis confirmed clustering of
the expressed genes, not just of the different subsets but also of the diverse treatment conditions among
the triplicates (Figure 2B). The distribution of the genes into the different subsets was further validated by
the expression levels of naive (naivety markers) and effector (antigen experience markers) genes among the
three donors (Figure 2C). Common to all the subsets, the total number of genes that were differentially ex-
pressed after stimulation with anti-CD3+28 antibodies were significantly higher compared to stimulation
also with PD-L1 or PD-L2 (Figure 2D). Likewise, the expression levels of more genes were altered in the
setting of PD-L1 compared to PD-L2 (Figure 2D). These data suggest that even though PD-L1 and PD-L2
bind to the same receptor on the T cells, the extent of their transcriptome profiles is divergent.
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Figure 3. PD-1 regulates most of the genes affected by the antigen receptor

(A) Venn diagram classifying the groups of genes between stimulation with anti-CD3 and anti-CD28 antibodies to stimulation with anti-CD3, anti-CD28
antibodies, and PD-Ls.

(Bi) Venn diagrams displaying the number of PD-1-regulated DEGs across the three subsets of T cells.

(Bii) Quantification of the previous experiment highlighting the proportion of antigen receptor affected genes that were regulated by either PD-L1 or PD-L2
in each of the T cell subsets.

(Ci) Venn diagrams showing the common and the diverse genes between the different subsets in cell stimulated with anti-CD3 and anti-CD28 antibodies.

(Cii) Comparison between the proportion of PD-1-regulated DEGs out of the genes that were shared between the subsets vs. the genes that were specific to
only one of the subsets.

PD-1 regulates most of the genes affected by the antigen receptor

There are two groups of genes that are regulated by PD-1 signaling. The first group includes the genes that
were initially differently expressed by TCR complex stimulation and subsequently were either upregulated
or downregulated by signaling downstream of the PD-1 receptor. This group of genes signifies the effect of
PD-1 signaling on fine-tuning TCR responses and is labeled as PD-1-regulated DEGs (Figure 3A). The sec-
ond group of genes comprises genes that their expressions were not changed by TCR signaling alone but
were either upregulated or downregulated secondary to costimulation with PD-L1 or PD-L2. This group of
unique genes is termed as PD-1-induced DEGs (Figure 3A). Another group of genes that were not changed
at all by PD-1 signaling are named PD-1-unaffected DEGs (Figure 3A).

Remarkably, more than half of the genes that were initially requlated by the TCR were subsequently modi-
fied by treating the cells with PD-L1 or PD-L2 and this was more evident in the naive and CM cells and to a
lesser extent also in the EM cells (Figures 3Bi and 3Bii). Including all the subsets, 1,129 TCR genes were
downregulated by PD-L1 and 1,574 TCR genes were downregulated by PD-L2. Similarly, 712 genes were
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Figure 4. The effects of PD-1-regulated genes in the different T cell subsets are associated with specific cellular functions
(A) Venn diagram focusing on the PD-1 regulated gene group.
(B-1) Heatmaps showing the relative enrichment of genes that constituted specific functional GO annotated groups.

upregulated by PD-L1 and 1,010 genes were upregulated by PD-L2 (Figures 3Bi and 3Bii). Similar number of
shared genes were either upregulated or downregulated (499 vs. 520) downstream of TCR signaling in all
the subsets together (Pan-subset DEGs; Figure 3Ci). These genes were better represented in the naive and
CM cells (Figure 3Cii). Complementary to that, TCR signaling resulted is higher number of subset-specific
differently expressed genes in the EM cells (Subset-specific DEGs; Figures 3Ci and 3Cii).

Thus, PD-1 signaling had a remarkable effect on modifying TCR regulated transcriptome; the number of
the genes that were differentially regulated among the specific subsets was higher than the number of
genes that were shared, and these numbers were higher for PD-L2 over PD-L1 (Figure 3Cii).

The effects of PD-1-regulated genes in the different T cell subsets are associated with specific
cellular function

To better understand not just the extent of the number of the genes, but the functional meaning of the PD-
1-regulated DEGs in the different T cell subsets, we performed GO enrichment analysis (Zhao et al., 2020)
(Figure 4A). In terms of metabolism, it was mainly in the naive and CM cells where the PD-1-regulated genes
were associated with amino acid metabolic process, ATP generation and proteoglycan biosynthetic pro-
cess (Figure 4B). PD-1 signaling also regulated genes associated with cell cycle regulation, such as DNA
replication and cell cycle phase transition in the naive and CM cells, but less in the EM cells (Figure 4C).
Similar results in the naive and CM cells were observed in T cell activation and differentiation genes
such as those related to TCR activation and CD4 T cell differentiation (Figure 4D) as well as within genes
linked to the production of cytokines such as IL-4, 7, 10, and 12 (Figure 4E). Interestingly, it was the EM cells
that dominated the genes associated with IL-8 and MCP-1 (Figure 4E). Within the same EM cells, PD-1
signaling also regulated genes controlling effector functions, such as cell adhesion and migration (Fig-
ure 4F), but not apoptosis (Figure 4G). Mixed responses among the subsets were observedin genes related
to signaling (Figure 4H) and inflammatory responses (Figure 41) in the context of PD-1.

Altogether, the abilities of PD-1 signaling to modify TCR responses are diverse in the different T cell sub-
sets and are likely context dependent.

PD-1-induced genes are not shared between the different T cell subsets

The genes that were exclusively induced by PD-1 signaling and that were not shared with the TCR signaling (Fig-
ure 5A) offer the opportunity to identify PD-1 pathway that might have translational implications. We discovered
517 genes that were induced upon PD-L1 ligation in all the subsets, compared to 350 genes that were induced
by PD-L2inthe same cells (Figure 5B). In contrast to the PD-1-regulated DEGs (Figure 3Bi), very little overlap was
observed among the PD-1-induced DEGs within the different T cell subsets (Figure 5B). While in the case of the
PD-1-regulated genes, PD-L2 governed PD-L1 interms of the number of affected genes (Figure 3Bii), in the case
of the PD-1-induced genes, it was actually PD-L1 that changed the expression levels of more genes, at least in
the CM and EM cells (Figure 5C). In the naive cells, PD-1-induced DEGs were enriched with genes associated
with T cell migration and chemotaxis (Figure 5D) and in the CM cell there was enrichment of genes connected
with T helper responses and differentiation (Figure 5D). Interestingly, the PD-1-induced genes in the EM cells
were related to IL-4 responses, calcium signaling, and JAK-STAT pathways (Figure 5D).

PD-1 signaling changes the expression levels of genes associated with functional T cell
subsets

To assess the effects of PD-1-ligation on different functional T cell subsets, we analyzed the expression
levels of master transcription factors (TFs) of Th1, Th2, Th17, Th22, Tth (follicular helper), and Treg (regula-
tory) lineages (Figure S2). In the naive cells, PD-1 ligation resulted in higher levels of BCL6, a master TF of
Tfh cells (Figure 6A). Moreover, the levels of other genes associated with Tfh, such as MAF, CXCL13, CD84,
and IL-4 were also elevated (Figure 6A). PD-1 failed to considerably increase the expression of any lineage
specific TF in the CM cells (Figure 6B). However, in EM cells, PD-1 signaling induced higher levels of AHR
and FOXP3, master TFs of Th22, and Treg cells, respectively. Other genes commonly associated with Th22
cells, such as BATF, I1L22, I1L13, and CCL7 were also upregulated in EM cells specifically downstream of PD-1
(Figure 6C). Conversely, the expression of several Treg-associated genes did not show a similar trend of
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Figure 5. PD-1-induced genes are not shared between the different T cell subsets

(A) Venn diagram focusing on the PD-1 induced genes group.

(B) Venn diagrams showing the number of the genes that were induced by either PD-L1 or PD-L2 across the three subsets of T cells.
(C) Venn diagram comparing the number of the genes that were induced between PD-L1 and PD-L2 in each of the T cell subsets.
(D) Heatmap showing the relative enrichment of the PD-1 induced genes and their allocation into selected GO functional groups.

upregulation following PD-1 ligation (Figures 6C and S2). Altogether, it is suggested that PD-1 signaling is
unique not just in antigen experienced subsets but also in functional subsets such as Tth and Th22.

PD-1 signaling-induced STAT1 and STAT2 upregulation correlates with clinical response to
checkpoint blockade

To better understand the implication of the PD-1-induced genes among the different T cell subsets, we per-
formed integrative enrichment analysis using ChEA3 (https://maayanlab.cloud/chea3), a ChlP-seq enrich-
ment analysis tool made of published gene set libraries (Gheorghe et al., 2019; Keenan et al., 2019) (Figures
7Aand7B). These analyses predict that different subset of T cells up regulated similar, but no identical, set of
TF secondary to PD-1 signaling. Intriguingly, the TF were not identical when the same PD-1 was ligated with
either PD-L1 or PD-L2. From this predicative analysis we also learned that STAT1 and STAT2 were more prev-
alentacross all three subsets of T cells, compared to the other TF. Furthermore, we validated the expression
level of STAT1 and STAT2 using our own RNA sequencing data across all the subsets (Figure 7C). Not less
interesting, and unlike the other TF, STAT1, and STAT2 levels increased not just upon TCR ligation, but also
significantly further upon PD-L1 and PD-L2 treatment (Figure 7C).

We hypothesized that since STAT1 and STAT2 expression in T cells were upregulated upon intact PD-1
signaling, this would inversely correlate with clinical outcome and response to immunotherapy. This prem-
ise is supported by the notion that interference to PD-1 signaling is associated with improved T cell anti-
tumor response, whether achieved by low expression of PD-1, altered downstream signaling, or ligand
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Figure 6. PD-1 signaling changes the expression levels of genes associated with functional T cell subsets

(A) Expression levels of genes associated with functional subset of T cells are shown in naive T cells.

(B) Expression levels of genes associated with functional subset of T cells are shown in CM cells.

(C) Expression levels of genes associated with functional subset of T cells are shown in EM cells. See also Figure S2.

binding blockade with checkpoint inhibitors. To test this, we analyzed a publicly available single-cell RNA
sequencing data set (GSE120575) of patients with melanoma that were treated with pembrolizumab, a PD-
1-targeting antibody (Sade-Feldman et al., 2019). The CD4 T cells were identified and further segregated
into those found in the patients that responded, or not, to anti-PD-1 antibodies (Figure 7Di). As shown,
lower expression of both STAT1 and STAT2 were associated with better response to the checkpoint
blockade (Figure 7Dii). Through a meta-analysis of samples included in The Cancer Genome Atlas,
Gene Expression Omnibus, and European Genome-phenome Archive (EGA), we found that 5-year overall
survival of patients with lung adenocarcinoma inversely correlates with STAT1 expression (Figure 7E). This
was more significant when we restricted the analysis to tumor samples where the CD4 T cells were enriched
(p value of 0.024). That is, some patients with lower expression of STAT1in T cells demonstrated increased
overall survival and this inverse correlation is consistent with an inhibitory role in T cells.

DISCUSSION

We have observed distinct instances in which PD-1 ligation leads to inconsistency in inhibiting cell prolif-
eration. We propose that these differences can be attributed to heterogeneity within the stimulated pop-
ulation, wherein a subpopulation of cells may be inhibited, while another is not. Whole population-based
methods of detection will not appreciate these differences. By sorting naive, CM, and EM CD4 T cell sub-
sets first, followed by PD-1 ligation and transcriptome analysis, we are able to associate PD-1 genetic sig-
natures with specific T cell subsets. Our ability to identify T cell subsets that respond differentially to PD-1
ligation is a promising translational path for future studies.

Previously, we have shown that the stimulatory coreceptor CD28 can inhibit T cell adhesion (Strazza et al., 2015),
while the coinhibitory receptor CTLA-4 positively stimulates selected T cell functions (Kloog and Mor, 2014).
Interestingly, CD28 and CTLA-4 bind to the same ligands, CD80 and CD86, resulting in an opposite outcome;
one which is likely to be context-dependent (Greenwald et al., 2005). This dichotomous signaling could be
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Figure 7. PD-1 signaling-induced STAT1 and STAT2 upregulation correlates with clinical response to checkpoint blockade
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(A and B) Upregulated PD-1 induced genes were analyzed using ReMap project data (A) and Mean Rank score (B) to predict specific transcription factors

across the different subset and the experiential conditions that might regulated key genes in the relevant groups.
(C) Heatmap showing the relative expression of key transcription factors through the different experimental conditions.

(D) Curated single cell data was used to calculate the expression of STAT1 and STAT2 among melanoma patients the either responded, or not to PD-1

blockade.

(E) Kaplan Myer plots showing 5-year survival of patient with lung adenocarcinoma in relation to STAT1 expression in the tumor tissue, and in different
immune compartments. See also Figure S3.

explained as a cell-intrinsic process, or as is the case for PD-1, by subset-specific seclusion of the same recep-
tors. For example, CTLA-4 signaling inhibits many pathways in effector T cells, but the same CTLA-4 can clearly
activate other pathways in regulatory T cells (Oyewole-Said et al., 2020). More recently, we have reported that
PD-1 ligation has led to an increased phosphorylation at several tyrosine sites, some of which were clearly asso-
ciated with an activation of cellular functions (Tocheva et al., 2020; Pedoeem et al., 2014). In this context, the
observation of a population of T cells with enhanced proliferation following PD-1 ligation is reasonably predict-
able. In a more recent study, we found inconsistencies in follicular helper T cell proliferation and cytokine
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secretion, in the context of PD-1 ligation (Strazza et al., 2021). With our currently ongoing research, we have
demonstrated PD-1's ability to differently affect cell proliferation, maturation, and diverse transcript signatures
generated by the same PD-1 in different subsets of cells. This has important implications, due to the essential
role proliferation plays in T cell function and immune responses to tumors. Understanding the differences be-
tween the proliferating and nonproliferating populations holds promise for identifying unique PD-1 signaling
mediators that may enhance current therapeutic targeting strategies.

The contribution of specific subsets of T cells in mounting an effective antitumorimmune response is now better
appreciated across the field (Mami-Chouaib et al., 2018; Tanaka and Sakaguchi, 2017). Itis widely accepted that
CD8T cells play a central role in mediating antitumor immunity, by recognizing tumor-associated antigens pre-
sented on MHC-I through their expressed T cell receptors. However, it is also becoming increasingly clear that
CD8 T cell-binding of neocantigens is insufficient for mounting a powerful antitumor response, and immuno-
therapy-induced antitumor responses require the added presence of CD4 T cells (Kennedy and Celis, 2008).
Multiple studies have indicated that CD4 T cells mediate antitumor effects through mechanisms that vary ac-
cording to tumor microenvironments (Ngiow and Young, 2020). In some settings, CD4 T cells became cytotoxic
in the presence of IL-2, orin the absence of regulatory T cells (Zuazo et al., 2020). More recent studies have indi-
cated that cytotoxic CD4 T cells reach up to 25% of all tumor-infiltrating lymphocytes, supporting an essential
role which contributes toward better survival (Maibach et al., 2020). In accordance, our CD4 T cell transcriptomic
data provide a better understanding of these cells in the context of PD-1 signaling and suggests that specific
subsets of CD4 T cells may be promising targets for cancer immunotherapies.

Understanding the populations of T cells that respond differently to PD-1 ligation has implications beyond
proliferation. Even the characterization of PD-1 expression as a marker of T cell exhaustion is complex,
since PD-1 blockade could restore function in some “exhausted” T cells. It has so far been convenient to
classify PD-1 as a T cell function inhibitor. However, the true signaling events underlying the functional con-
sequences of PD-1 ligation are proving to be far more nuanced (Kamada et al., 2019; Xiong et al., 2018).

Naive T cells differentiate in the thymus, and subsequently undergo positive and negative selection. These
cells are immature and, unlike effector cells, have not encountered their cognate antigen within the periph-
ery. They are commonly found within the lymph nodes and in the peripheral circulation. Accordingly, and as
demonstrated in our research, it was predicted that the pathways altered by PD-1 signaling were associ-
ated with T cell differentiation and activation. Peripheral EM cells express CD45RO, but do not express
CCR7 and other lymph-node-homing receptors. Since their primary role is to migrate and expand at the
sites of inflammation, it was fitting that PD-1 affects genes related to adhesion and migration. Likewise,
CMT cells express CD45RO and CCR7 and are commonly found in the lymph nodes, where they commu-
nicate with other immune cells. It is not unexpected that PD-1 signaling in these cells regulates genes
related to interferon and other cytokine signaling.

Our use of PD-1-ligands, rather than antibodies, to engage the PD-1 pathway is one of our work’s strengths.
Through this approach, we were not only able to uncover a more physiological transcriptome but also to
disclose differences between the two known ligands of PD-1, PD-L1, and PD-L2. While the former is ubiqui-
tously expressed in inflamed tissues, the latter is restricted to antigen-presenting cells. PD-L2 binds to PD-1
with a 3-fold stronger affinity, as compared to PD-L1, but we have recently shown that this advantage is not
translated to stronger effector functions (Philips et al., 2020). In the current work, we identify for the first time
the different genes regulated by either PD-L1 or PD-L2. Even though both bind to the same receptor, their
gene signatures are quite diverse. In all subsets, stimulation via PD-L2 led to more powerful inhibition of the
TCR-regulated genes, an observation that, again, cannot be explained by differences in the affinity of these
ligands (Philips et al., 2020). We were surprised to learn that very few PD-1-induced genes were shared be-
tween PD-L1 and PD-L2, suggesting the contribution of other factors to the downstream signaling of PD-1,
such as PD-L1-CD80 (Sugiura et al., 2019) and PD-L2-RGMb interactions (Nie et al., 2018).

STAT1 is a protein involved in cellular responses to interferon signaling (Najjar and Fagard, 2010). Its role in
cancer biology has been the subject of investigations for many years, and according to most published
data, STAT1 supports tumor-suppressing pathways (Zhang and Liu, 2017). However, other studies indicate
that STAT1 could enhance the growth of some tumors. Thus, the roles of STAT1 in tumor biology are com-
plexed and require better understanding (Zhang and Liu, 2017). While most published data focus on STAT1
expression and functions in tumor cells, we were determined to uncover its role in T cells. Having different
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roles in tumor and immune cells could explain the inconsistences regarding its antitumor properties. The
factthat STAT1 expression level in tumor tissue correlates with infiltrating CD4 T cells proportion (Figure S3)
supports a possible contribution of STAT1 not only to the function of the tumor cells, but also to the T cell
compartment. Under these conditions and in association with PD-1 signaling, lower levels of STAT1 were
clearly associated with better survival and an improved response to checkpoint blockade. We would hy-
pothesize that the inhibition of STAT1T with small molecules might sensitize anti-PD-1-resistant tumors,
or even enhance the therapeutic effect of PD-1 blockade (Qu et al., 2017).

Limitations of the study

As with any study, this work is not without limitations, namely the low number of donors for RNA
sequencing. We were able to confirm the expression of STAT1 through available clinical data sets, but a
larger study that will prospectively document the level of key transcription factors in peripheral CD4
T cells is needed. This study focused on CD4 T cells, and an expansion into the CD8 population would
enhance it. It must be noted that single-cell RNA sequencing would lend further power to this study,
and is a promising direction for future studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Ultra-LEAF™ Purified anti-human CD3 BioLegend Cat#300465

(clone UCHT1)

Ultra-LEAF™ Purified anti-human CD28 BioLegend Cat#302934

(clone CD28.2)

Ultra-LEAF™ Purified Mouse IgG1, k Isotype BioLegend Cat#401407

Ctrl (clone MG1-45)

APC/Cyanine7 anti-human CD3 (clone HIT3A) BioLegend Cat#300318

Alexa Fluor® 700 anti-human CD4 BioLegend Cat#300526

(clone RPA-T4)

PE/Cyanine7 anti-human CD8a (clone RPA-T8) BioLegend Cat#301012

Brilliant Violet 605™ anti-human CD45RA BioLegend Cat#304134

(clone HI100)

Alexa Fluor® 488 anti-human CD197 (CCR7) BioLegend Cat#353206

(clone GO43H7)

PE/Dazzle™ 594 anti-human CD197 (CCR7) BioLegend Cat#353236

(clone G043H7)

PerCP/Cyanine5.5 anti-human CD19 (clone BioLegend Cat#302230

HIB19)

Biological Samples

Whole blood of healthy donors New York Blood Center N/A

Chemicals, Peptides, and Recombinant Proteins

Recombinant Human B7-H1 BioLegend Cat#762506

(PD-L1, CD274)-Fc Chimera (carrier-free)

Recombinant Human PD-L2 BioLegend Cat#772508

(B7-DC, CD273)-Fc Chimera (carrier-free)

Staphylococcus Enterotoxin E (SEE) Toxin Technology Cat#ET404

Lymphoprep density gradient STEMCELL Technologies Cat#07851

RosetteSep™ Human T Cell Enrichment STEMCELL Technologies Cat#15061

Cocktail

CFSE Cell Division Tracker Kit BioLegend Cat#423801

CellTrace™ Far Red Cell Proliferation Kit Thermo Fisher Scientific Cat#C34572

Zombie UV™ Fixable Viability Kit BioLegend Cat#423108

CD8 MicroBeads, human
Naive CD4* T Cell Isolation Kit I, human
Memory CD4* T Cell Isolation Kit, human

Miltenyi Biotec
Miltenyi Biotec

Miltenyi Biotec

Cat#130-045-201
Cat#130-094-131
Cat#130-091-893

Deposited Data

bulk RNAseq data
Single-cell RNAseq data

This manuscript
https://doi.org/10.1016/j.cell.2018.10.038

GEO: GSE174860
GEO: GSE120575

Experimental Models: Cell Lines

Raji (ATCC® CCL-86™)

ATCC

ATCC® CCL-86™
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pHR-PD-L1-mCherry Hui et al.Science. 2017 Mar 31; N/A
355(6332):1428-1433

pHR-PD-L2-mCherry Philips et al.J Biol Chem. 2020 Apr 3; 295(14): N/A
4372-4380

pHR-control This manuscript N/A

Software and Algorithms

bulk RNAseq data analysis https://app.basepairtech.com/ N/A

Gene ontology enrichment analysis http://www.pantherdb.org N/A

Transcription factor enrichment analysis https://maayanlab.cloud/chea3 N/A

Single cell RNAseq analysis https://bioturing.com N/A

Survival analysis kmplot.com N/A

Gene expression associations in TCGA http://timer.cistrome.org N/A

GraphPad Prism 9 https://www.graphpad.com N/A

FlowJo 10.1r7 https://www.flowjo.com N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to Lead Contact, Adam
Mor (am5121@cumc.columbia.edu).

Materials availability

The pHR-control vector generated in this study will be made available upon request.

Data and code availability

® RNA-seq data have been deposited at GEO and are publicly available as of the date of publication.
Accession number is listed in the key resources table. Flow cytometry data reported in this paper will
be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human subjects

Whole blood of healthy donors was obtained from the New York Blood Center. The study was approved by
the Institutional Review Board at Columbia University Medical Center and all donors provided informed
consent (AAAB3287). Due to procedural reasons related to the operation of the blood center, the age
and gender identity of the donors are not reported.

Cell culture

Raji cells were grown in RPMI 1640 supplemented with 10% heat inactivated fetal bovine serum and 1%
penicillin — streptomycin. Human primary T cells were grown in enriched media (RPMI 1640, 10% heat in-
activated fetal bovine serum, 1% penicillin - streptomycin, 1X non-essential amino acids, and TmM sodium
pyruvate). All cells were kept at 37°C with 5% COs,.

METHOD DETAILS
General reagents

RPMI 1640 medium, Dulbecco’s PBS, and FBS were purchased from Life Technologies. Staphylococcus
Enterotoxin E (SEE) was acquired from Toxin Technology.
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Isolation of human CD8 T cells and plate bound anti-CD3 proliferation assay

48 well plates (Corning) were coated with either 1.5 pg/mL anti-CD3 (Biolegend) and 5 ng/mL Isotype con-
trol antibody, 1.5 pg/mL anti-CD3 and 5 pg/mL PD-L1 (Biolegend), or 1.5 ng/mL anti-CD3 and 5 ng/mL PD-
L2 (Biolegend) for 16 hours at 4°C. Mononuclear cells were isolated from whole blood of healthy donors by
Lymphoprep density gradient (Stemcell). CD8 T cells were then purified by CD8 Microbeads (Miltenyi).
Prior to stimulation, 5 x 10° cells per condition were stained with 2 uM CellTrace Far Red proliferation
dye (Thermo) for 20 minutes at 37°C protected from light. Excess proliferation dye was neutralized with
warm media, the stained cells were washed in PBS, resuspended in enriched media, and then added to
the appropriate stimulation wells at 0.5 mL per well. Cells were incubated for 4 days at 37°C with 5%
CO,. On day 4 the cells were analyzed for proliferation dye intensity and surface protein expression by
flow cytometry as described below.

Isolation of human CD3 T cells and co-culture with Raji B cells

CD3 T cells were isolated from whole blood of healthy donors by RosetteSep human T cell enrichment
cocktail (Stemcell) and Lymphoprep density gradient (Stemcell). Isolated cells were allowed to rest in en-
riched media for 24 hours and then were stained with 1 uM of the proliferation dye carboxyfluorescein suc-
cinimidyl ester (CFSE; Biolegend) for 20 minutes at 37°C protected from light. Excess CFSE was neutralized
with warm media, the stained cells were washed in PBS, and resuspended in enriched media at 1 x 10% cells/
mL. Raji cells, stably expressing either pHR-control vector, pHR-PD-L1-mCherry vector, or pHR-PD-L2-
mCherry vector, were irradiated (50 Gy) and pre-incubated for 30 minutes with 100pg/ml SEE. CD3
T cells and Raji cells were mixed in a 1:1 ratio (1 x 10° cells each) in 96 U-bottom shaped wells, in a final vol-
ume of 0.2 mL of enriched media. Each experimental condition was plated in several wells which were
pooled together after 4 days of co-culture and analyzed for proliferation dye intensity and surface protein
expression by flow cytometry as described below. pHR-control vector was generated by site-directed
mutagenesis of pHR-PD-L2-mCherry vector.

RNA sequencing and data analysis

Mononuclear cells were isolated from whole blood of healthy donors by Lymphoprep density gradient
(Stemcell). CD4 Naive, CM and EM T cell subsets were isolated by the appropriate microbeads kits (Milte-
nyi), following the manufacturer’s protocols. Isolated cells were allowed to rest in enriched media for 24
hours. The cells were then resuspended at 1 x 10° cells/mL of enriched media containing 1 pg/mL anti-
CD28 (Biolegend) and plated on pre-coated 48 well plates as described earlier with either 5 pg/mL
anti-CD3 and 5 pg/mL Isotype control antibody, 5 pg/mL anti-CD3 and 5 pg/mL PD-L1 (Biolegend), or
5 pg/mL anti-CD3 and 5 pg/mL PD-L2 (Biolegend) for 18 hours at 0.5 mL media per well.

Total RNA was isolated from the stimulated cells using RNeasy Mini Prep (Qiagen). Low input library prep-
aration and sequencing was performed by Genewiz with mRNA enrichment, mRNA fragmentation, random
priming, first and second strand cDNA synthesis, end repair, 5" phosphorylation, dA-tailing, adaptor liga-
tion, PCR enrichment, and paired-end sequencing using lllumina HiSeq 3000, PE 2x150. The RNA-Seq data
was analyzed using Basepair software (https://www.basepairtech.com) with a pipeline that included the
following steps: Reads were aligned to the transcriptome derived from UCSC genome assembly (hg19) us-
ing STAR with default parameters. Read counts for each transcript was measured using feature Counts.
Differentially expressed genes (DEGs) were determined using DESeq2. A cut-off of Log,FC > 2 and
adjusted p-value (corrected for multiple hypotheses testing) < 0.05 was used for defining creating lists
and heatmaps. Significant DEGs are included in heatmaps used to depict Z-scores for each gene (row).
Gene ontology enrichment analysis was performed via Panther web services (http://www.pantherdb.
org). Transcription factor enrichment analysis was generated using on-line tool kit (https://maayanlab.
cloud/chea3) using the ReMap project data (Figure 7A) and the Mean Rank score (Figure 7B). Single cell
RNA sequencing data (GEO: GSE120575) was queried through Bio Turing server (https://bioturing.com).

Flow cytometry

For protein expression analysis following proliferation, CD8 or CD4 T cells were isolated and stimulated as
described above. On day 4 of the proliferation assay cells were collected and stained with the following
antibodies for surface protein expression: CD3 APC-Cy7 (Biolegend), CD4 AF-700 (Biolegend), CD8 PE-
Cy7 (Biolegend), CD45RA BV-605 (Biolegend), CCR7 AF-488 (Biolegend) or CCR7 PE-Dazzle5%4
(Biolegend), and CD19 PerCP-Cy5.5 (Biolegend). Dead cells were excluded from the analysis by using
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Zombie-UV (Biolegend). Doublets and double positive CD4/CD8 cells were removed through sequential
gating. Flow cytometry acquisition was done using the BD LSRII with BD FACSDiva and Cyteck Aurora.
Data was analyzed by FlowJo 10.1r7 and GraphPad Prism 9.

Survival analysis

Kaplan Myer plots showing five-year overall survival of patients were generated with KM-plotter (kmplot.
com) using data from The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO), and European
Genome-phenome Archive (EGA). We compared the survival of patients in the upper vs. lower trident of
STAT1 expression, with or without enrichment of different immune cell types.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs depict mean + SD. Statistical analyses for graphs were performed using ANOVA on GraphPad
Prism 9. * p<0.05, ** p<0.01, *** p<0.001, ns; not significant.
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