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Memory-like CD8+ T cells
lacking PD-1 adapt to persistent
stimulation by reducing TCR
signal transduction rather than
increasing exhaustion
Mélanie Charmoy1†, Julia M. Maier1†, Tania Wyss2,
Vijaykumar Chennupati 1‡, Catherine Sabatel1‡,
Laurie Bonneaux1, Alexandre Dumez1, Romain Veber1,
Greta Guarda3 and Werner Held1*

1Department of Fundamental Oncology, University of Lausanne, Lausanne, Switzerland, 2Translational
Data Science Facility, AGORA Cancer Research Center, Swiss Institute of Bioinformatics.,
Lausanne, Switzerland, 3Institute for Research in Biomedicine, Università della Svizzera Italiana,
Bellinzona, Switzerland
CD8+ T cells respond to persistent stimulation during chronic viral infection by
stably expressing co-inhibitory receptors and other exhaustion-related
molecules. Here we addressed how memory-like CD8+ T (TML) cells, which
sustain the immune response to chronic infection thanks to their stem-like
properties, adapt to chronic stimulation when they cannot express the co-
inhibitory receptor PD-1. We found an increased initial generation and stable
long-term persistence of TML cells lacking PD-1 during chronic viral infection.
However, these cells had a reduced ability regenerate upon acute restimulation
in the context of a recall response. Mechanistically, the lack of PD-1-mediated
inhibition was not compensated by an increased expression of other co-
inhibitory receptors or exhaustion related molecules. Rather, the absence of
PD-1 resulted in a reduced capacity of the TCR to activate TML cells and to
express stemness genes including Myb and Klf4. Similar albeit weaker effects on
TML cells were noted when PD-1 engagement was transiently interrupted due to
anti-PD-L1 treatment. Thus, stem-like CD8+ T cells responding to chronic viral
infection adapt to the absence of PD-1-dependent co-inhibitory signals by
further reducing TCR-mediated activation signaling, likely to prevent excessive
or prolonged stimulation of these cells.
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CD8 T cells, chronic viral infection, exhaustion, lymphocytic choriomeningitis virus
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Introduction

Persistent activation reduces the capacity of CD8+ T cells to
proliferate and exert effector functions, including cell-mediated
killing and production of IFNg and TNFa. A hallmark of these
so-called exhausted CD8+ T cells is the upregulation of co-
inhibitory receptors including PD-1, Lag3 and Tim3 (1, 2). PD-1
plays a critical and non-redundant role in protecting mice against
excessive CD8+ T cell-mediated immunopathology (3, 4). PD-1
expression is induced in response to T cell activation (5) and is
constitutively expressed when T cell receptor (TCR) stimulation
persists (6). Engagement of PD-1 by its ligands PD-L1 or PD-L2
results in the recruitment of phosphatases, including SHP2, to the
cytoplasmic tail and this counteracts positive signaling events
triggered by the TCR including the phosphorylation of CD3z,
ZAP-70, PKCq, PI3K, RAS and CD28 (7–9), which are essential
for proper T cell activation, proliferation and effector responses.
Indeed, interrupting PD-1/PD-L1 interaction during chronic viral
infection, is suf�cient to increase TCR signaling (as judged by Nr4a1
upregulation), to improve the lysis of antigen-bearing target cells,
the production of cytokines and to mediate a limited expansion of
virus-speci�c CD8+ T cells in vivo (3, 10), demonstrating that PD-1
provides central and non-redundant inhibitory signals to CD8+ T
cells persistently exposed to antigen. In addition, chronic
stimulation alters TCR downstream signaling. NFATc1 is
transcriptionally upregulated, whereas Fos, which is part of the
AP-1 dimer, is downregulated (11). In the relative absence of AP-1,
partner-less NFAT binds regulatory regions of coinhibitory
receptor genes, including Pdcd1 (PD-1) and Havcr2 (Tim3) (12).
Persistent NFAT activation further upregulates TOX, which
orchestrates the upregulation of co-inhibitory receptors and thus
the exhaustion program and ensures the survival of chronically
stimulated T cells (13-15).

Whether and how CD8+ T cells cope with chronic stimulation
when they cannot express the co-inhibitory receptor PD-1 has
remained incompletely understood. Wild-type recipient mice
adoptively transferred with a high dose of virus-speci�c PD-1 KO
CD8+ T cells die around day 10 post infection with an LCMV strain
causing chronic infection, while mice receiving a low dose survive
long-term. In the latter case, virus-speci�c PD-1 KO CD8+ T cells
expand considerably more than wild type and are maintained at
higher numbers for an extended period of time. However, their
presence does not signi�cantly reduce viremia or increase morbidity
during chronic viral infection (16), suggesting that these cells do not
exhibit increased functionality. These observations raise the
question of how CD8+ T cells adapt to chronic stimulation when
they cannot express PD-1.

Studies addressing the impact of PD-1 de�ciency have
investigated effects on the entire population of virus-speci�c
CD8+ T cells (16). However, more recent studies revealed that
virus-speci�c CD8+ T cells are heterogenous and that a
subpopulation, so called memory-like CD8+ T (TML) cells (also
termed progenitor exhausted T cells), which have stem cell-like
properties, are essential to sustain the CD8+ T cells response to
chronic infection (17, 18). TML cells, which display features of
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central memory cells (Tcf1, Id3, CD62L, CCR7) combined with that
of exhausted cells (Tox, PD-1, Lag-3), continuously produce more
differentiated or exhausted (TEX) cells, that lack Tcf1 but acquire
cytolytic effector potential (GzmB) and additional inhibitory
receptors including Tim3. TML stemness is also evident based on
their capacity to expand and self-renew or differentiate in response
to inhibitory receptor blockade or recall stimulation (17, 18). These
�ndings raise the additional question regarding the importance of
PD-1 in the generation, maintenance and/or function of TML cells.

Here we show an increased initial generation and stable long-
term persistence of TML cells lacking PD-1 during chronic viral
infection. Although their maintenance upon retransfer into
chronically infected mice was normal, PD-1 KO TML cells had a
reduced capacity to regenerate in response to acute recall
stimulation. The absence of PD-1 was not compensated by an
increased expression of other inhibitory receptors or exhaustion
related genes. Rather, the TCR of PD-1 KO TML cells had a reduced
capacity to activate these cells. Corresponding although weaker
effects were noted when TML cells derived from chronically infected
mice that had been subjected to PD-L1 blockade. Thus, PD-1
preserves the ability of TML cells to regenerate in response
to rechallenge.
Results

Increased generation and relatively stable
long-term persistence of PD-1 KO TML
cells during chronic viral infection

To address the impact of PD-1-de�ciency on chronically
stimulated memory-like CD8+ T (TML) cells we transferred wild
type (WT) or Pdcd1-/- (PD-1 KO) CD8+ T cells expressing a TCR
speci�c for the LCMV epitope gp33-41 (P14 cells) (CD45.2) into
TCRb (Vb5) transgenic mice (CD45.1), followed by infection with
LCMV clone 13 (cl13), which causes chronic infection (Figure 1A,
Supplementary Figure S1A). Vb5 mice show a reduced endogenous
T cell response to LCMV and, similar to CD4-depleted B6 mice,
have higher LCMV cl13 titers than C57BL/6 mice (6). Vb5 mice
adoptively transferred with 5000 PD-1 KO P14 cells died around
d12 post infection (p.i.), but survived when transferred with 5000
WT P14 cells or with 500 PD-1 KO P14 cells. Gated P14 cells
present in the spleen were analyzed on d8 (Supplementary Figure
S1B) or d28 p.i. (Figures 1A-F).

At the acute phase of LCMV cl13 infection (d8 p.i.), PD-1 KO
P14 cells had expanded around 6-fold more than WT P14 cells, with
corresponding increases among PD-1 KO TML (Ly108+ Tim3- or
Tcf1+ GzmB-) and TEX cells (Ly108- or Tcf1- GzmB+)
(Supplementary Figure S1B). At d28 p.i., recipient spleens
harbored 2.4-fold more PD-1 KO compared to WT P14 cells
(Figure 1B), in agreement with (16). The abundance of PD-1 KO
TML cells was increased 4-fold, while that of PD-1 KO TEX cells was
increased 2-fold (Figures 1C, D). Despite the increased abundance
of PD-1 KO P14 cells, virus titers in the kidney were not different
compared to mice transferred with WT P14 cells (Figure 1E),
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indicating that chronic phase PD-1 KO cells were not more effective
in suppressing virus infection than WT cells. PD-1 KO TML cells
showed enhanced cycling and comparable survival on d8 but
comparable cycling and reduced survival on d28 p.i .
(Supplementary Figures S1C, D), explaining the increased initial
generation of PD-1 KO TML cells and suggesting that their long-
term survival may be reduced.
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To compare the �tness of WT and PD-1 KO TML cells in the
same infectious and in�ammatory environment, we transferred a
mix of naïve WT P14 (CD45.1/2) and PD-1 KO P14 cells (CD45.2)
(49.8% KO cells) (both expressing a Tcf7GFP reporter) into Vb5
recipients (CD45.1) (Figure 1F, Supplementary Figures S2A, B). At
d8 p.i. the mix was skewed around 4-fold in favor of PD-1 KO P14
cells with corresponding skews for PD-1 KO TML (Tcf7GFP+) and
FIGURE 1 (Continued)
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FIGURE 1 (Continued)

Increased generation and stable persistence of PD-1 KO TML cells during chronic viral infection. (A– D) Naïve WT or PD-1 KO P14 cells (CD45.2)
(500 cells), were injected into Vb5 mice (CD45.1), which were then infected with LCMV cl13 and analyzed at d28 post infection (p.i.). (B) Abundance
of WT or PD-1 KO P14 cells (CD45.2+) among gated CD8+ T cells in the spleen of chronically infected mice at d28 p.i. (C, D) Gated P14 cells were
analyzed for the presence of (C) Ly108+ Tim3- TML versus Ly108- TEX cells or (D) Tcf1+ TML vs Tcf1- GzmB+ TEX cells. (E) Virus titers (plaque forming
units (PFU)) in the kidney at d28 p.i. (F– I) PD-1 KO (CD45.2) and WT Tcf7GFP+ P14 (CD45.1/2) cells were mixed (250 cells each) prior to transfer into
Vb5 mice (CD45.1) and infection LCMV cl13. (G) The spleens of mice were analyzed 27 days later and gated P14 cells were analyzed for the
contribution of PD-1 KO cells (CD45.2). The bar graph indicates the ratio of PD-1 KO to WT cells (H). P14 cells were analyzed for Tcf7GFP expression
and (I) gated Tcf7GFP+ (TML) and Tcf7GFP- P14 cells (TEX) were analyzed for the contribution of PD-1 KO cells. (J– N) PD-1 KO (CD45.2) and WT
Tcf7GFP P14 (CD45.1/2) cells were mixed (Input: 42.4% KO) prior to transfer into Vb5 mice (CD45.1) and infection with LCMV cl13. (J) At the
indicated time points p.i, gated WT and PD-1 KO P14 cells present in the blood were analyzed for (K) Tcf7GFP versus Cx3Cr1 expression. (L) Gated
Tcf7GFP+ TML and Tcf7GFP- Cx3cr1+ trans TEX or Tcf7GFP- Cx3cr1- term TEX P14 cells were analyzed for the contribution of PD-1 KO cells. (M) Gated
PD-1 KO P14 cells present in the spleen at d234 p.i. were analyzed for (N) Tcf7GFP versus Cx3Cr1 expression. Data in (B– E) derive from 4–5 mice
per group and are representative of at least n=4 independent experiments. Data in (F– I) derive from 4–5 mice per group and are representative of
n=3–4 independent experiments. Data in (J– N) derive from 5–10 mice time point. Bar graphs show means (± SD). Statistics: (B– E) Unpaired two-
tailed t-test (between WT versus PD-1KO subsets). (F– I) Paired two-tailed t-test. (J– N) Paired t-test was used to determine statistically signi�cant
differences in the contribution of PD-1 KO cells between the d20 and d234 p.i. Signi�cance (*p<0.05, **p<0.01, ns=not signi�cant p>0.05).
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TEX cells (Tcf7GFP-) (Supplementary Figures S2C–E). At d28 p.i., the
mix was skewed further in favor of PD-1 KO P14 cells (13-fold)
whereby PD-1 KO TML and TEX cells (Tcf7GFP-) were 26-fold and 7-
fold more abundant, respectively, than the corresponding WT
subpopulations (Figures 1G–I). Thus, PD-1 KO TML cells were
considerably more competitive than WT TML cells.

To see whether the increased competitiveness of PD-1 KO TML

cells was durable, we followed the relative presence of WT and PD-1
KO cells in the blood of chronically infected mice over an extended
period of time. In agreement with the analyses of the spleen, d20 p.i.
blood borne PD-1 KO TML cells were considerably skewed towards
KO TML cells (85.9% KO) compared to input (42.4% KO)
(Figure 1J). The elevated contribution of PD-1 KO cells remained
stable until d234 p.i, although occasional mice showed a drop at late
stages (Figure 1J, L). Separating P14 cells into TML (Tcf7GFP

+Cx3cr1-), transitory TEX (trans TEX: Tcf7GFP-Cx3cr1+) and
terminal TEX (term TEX: Tcf7GFP-Cx3cr1-) subsets (19) revealed a
stably elevated contribution of PD-1 KO cells to the TML and the
trans TEX but a reduced contribution to the term TEX compartment
(Figure 1K). The observations in the blood were con�rmed in the
spleen upon sacri�ce at d234 p.i. (Figure 1M, N). The phenotypic
analysis revealed the emergence of P14 cells with a Tcf7GFP+Cx3cr1+

phenotype around d100 p.i. that gradually expanded over time
(Figures 1J–N). This new subset was observed both in the blood and
the spleen among both WT and PD-1 KO P14 cells, and was skewed
towards PD-1 KO cells similar to TML cells. Thus, following an
increased generation, PD-1 KO TML cells were maintained at high
levels for extended periods of time although their ability to generate
term TEX cells started to decline at late stages of the infection.
Chronic phase PD-1 KO TML cells have
reduced self-renewal capacity in response
to recall stimulation

The increased presence of PD-1 KO TML cells prompted us to
compare their stemness to that of WT TML cells. We �rst assessed
stemness using retransfers of TML cells into infection-time matched
secondary recipients. WT and PD-1 KO TML cells (derived from
Frontiers in Immunology 04
straight transfers) were isolated at d28 p.i., mixed and adoptively
transferred into chronically infected secondary Vb5 recipients
(Supplementary Figure S3A). Twenty-eight days later (d28 + 28),
the contribution of PD-1 KO cells (94.0% KO) to the P14
compartment was considerably increased compared to the input
(51% KO) (Supplementary Figure S3B). While the contribution of
PD-1 KO cells to the TML compartment (53% KO) was similar to
input (51% KO), the contributions of KO cells to the trans TEX

(80.3%) and term TEX compartments (95.8%) were increased
(Supplementary Figures S3C, D). Although their generation was
increased, PD-1 KO TML cells had a normal self-renewal but an
increased capacity to yield more differentiated TEX cells.

We next tested the capacity of PD-1 KO TML cells to respond to
an acute challenge during recall stimulation. To this end, TML cells
(CD45.2) from LCMV cl13 infected Vb5 mice (straight transfers)
were �ow sorted and equal numbers of cells were transferred into
naïve secondary Vb5 recipients (CD45.1) that were then
infected with LCMV Arm, which causes acute resolved
infection (Figure 2A).

PD-1 KO TML cells (Ly108+) isolated at d8 post LCMV cl13
infection yielded on average 8.9-fold more P14 progeny than WT
TML cells in response to recall stimulation (d8 + 8) (Figure 2B).
Separation of the progeny based on differential Tcf1 and GzmB
expression revealed that the abundance of PD-1 KO Tcf1+ GzmB-

and Tcf1- GzmB+ progeny was increased 8.8-fold and 9.5-fold,
respectively (Figure 2C). Thus, d8 PD-1 KO TML cells had an
increased recall expansion, self-renewal and differentiation capacity
compared to WT TML cells. In contrast, PD-1 KO TML cells isolated
on d28 p.i. yielded on average 2.8-fold fewer P14 progeny than WT
TML cells (Figure 2D) whereby secondary Tcf1+ GzmB- cells were
reduced 5.7-fold and secondary Tcf1- GzmB+ cells were reduced
2.6-fold (Figure 2E). PD-1 KO and WT TEX cells (Ly108-)
essentially failed to expand (Figures 2D, E), showing that PD-1
expression does not explain why TEX cells do not expand in
response to recall stimulation. Thus, chronic phase PD-1 KO TML

cells had reduced recall expansion and regeneration capacity
compared to WT TML cells.

We sought to con�rm the reduced recall response using mixed
PD-1 KO and WT TML cells that derived from the same
frontiersin.org
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environment (Figure 2F). At d28 p.i., the mix of �ow sorted WT and
PD-1 KO TML cells (Tcf7GFP+) was skewed 50-fold in favor of PD-1
KO TML cells (1.8% WT) (Figure 2G). Following the recall response
(d28 + 8), the output skew was reduced to 18-fold in favor of PD-1
KO P14 cells (5.5% WT) (Figure 2H). The Tcf7GFP+ and Tcf7GFP-

progeny were skewed 22-fold and 15-fold, respectively, in favor of
Frontiers in Immunology 05
PD-1 KO cells (3.3% WT and 5.6% WT) (Figure 2I). As the mix had
skewed back 2-3-fold towards WT cells, these data con�rmed the
reduced recall expansion and self-renewal capacity of chronic phase
PD-1 KO TML cells.

It was possible that PD-1 limited the expansion of WT but not
of PD-1 KO TML cells during recall stimulation and, consequently,
FIGURE 2 (Continued)
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FIGURE 2 (Continued)

Reduced self-renewal of PD-1 KO TML cells in response to recall stimulation. (A– C) WT or PD-1 KO P14 cells (500) (CD45.2) were injected into Vb5
mice (CD45.1), which were then infected with LCMV cl13. At d8 post infection (p.i.), Ly108+ TML cells (CD45.2) were �ow sorted and equal numbers
of cells were transferred into new Vb5 mice that were infected with LCMV Arm and analysed 8 days later (d8 + 8). (B) Gated CD8+ T cells were
analyzed for the presence of WT and PD-1 KO P14 cells (CD45.2+) at d8 + 8 and (C) gated P14 cells were analyzed for the presence Tcf1+ and Tcf1-

GzmB+ P14 cells at d8 + 8. (D, E) WT P14 (5000 cells) or PD-1 KO P14 cells (CD45.2) (500 cells), were injected into Vb5 mice (CD45.1), which were
then infected with LCMV cl13. At d28 p.i., Ly108+ TML and Ly108- TEX cells (CD45.2) cells were �ow sorted and equal numbers of cells were
transferred into new Vb5 mice that were infected with LCMV Arm. Secondary recipients were analysed 8 days later (d28 + 8). (D) Gated CD8+ T
cells were analyzed for the presence of WT and PD-1 KO P14 cells (CD45.2+) at d28 + 8 (E) Gated P14 cells were analyzed for the expression of
Tcf1 versus GzmB d28 + 8. (F– I) WT Tcf7GFP P14 (CD45.1/2) and PD-1 KO Tcf7GFP P14 cells (CD45.2) were mixed in equal proportions and
transferred into Vb5 mice (CD45.1) that were then infected with LCMV cl13. At d28 p.i., the mix of WT and PD-1 KO Tcf7GFP+ TML cells was �ow
sorted and transferred into secondary Vb5 hosts that were infected with LCMV Arm. Secondary Vb5 hosts were treated with isotype control (iso) or
anti-PD-1 mAb and analyzed 8 days later (d28 + 8). (G) Gated TML cells (Tcf7GFP+ P14) at d28 p.i. were analysed for the relative presence of WT and
PD-1 KO cells. (H) Contribution of WT and PD-1 KO cells to the P14 compartment at d8 of the recall response (d28 + 8). (I) Gated P14 cells at d28
+ 8 were separated into Tcf7GFP+ and Tcf7GFP- cells and analyzed for the presence of WT and PD-1 KO P14 cells. Bar graphs in (H, I) show the ratio
of PD-1 KO to WT P14 cells at d0, d28 and at d28 + 8 in the presence of isotype (iso) or anti-PD-1 (aPD-1) Ab. Data in (B– C, G– I) are compiled
from n=2 independent experiments with a total of n=10 mice per group. Data in (D, E) are compiled from n=3 independent experiments with a
total of n=14 mice per group. All bar graphs show means (± SD). Statistics in (B– E) Unpaired two-tailed t-test, in (H, I) One-way ANOVA with
Tukey’s correction. Signi�cance (*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001, ns=not signi�cant p>0.05).

Charmoy et al. 10.3389/fimmu.2026.1743170
that the extent of the skew back towards WT cells was
underestimated. When the recall response was performed in the
presence of a blocking PD-1 antibody, the skew at d28 + 8 was
further reduced to 5-fold in favor of PD-1 KO cells (16.8% WT),
compared to the 50-fold skew of the input at d28 (1.8% WT)
(Figure 2H). The Tcf7GFP+ and Tcf7GFP- progeny were skewed 8-fold
and 5-fold, respectively, in favor of PD-1 KO cells (12.5% WT and
16.4% WT) (Figure 2I). These data con�rmed that chronic phase
PD-1 KO TML cells had reduced recall expansion and regeneration
capacity compared to WT TML cells.
PD-1 KO TML cells do not have increased
exhaustion features

To begin to address the basis of the reduced self-renewal in
response to restimulation and how TML cells adapted to the lack of
PD-1-derived signals, WT and PD-1 KO TML (Ly108+ Tim3-) and
TEX (Ly108-) P14 cells were �ow sorted on d28 p.i. and subjected to
bulk RNAseq. (The experiment further included P14 subsets from
chronically infected mice subjected to PD-L1 blockade (see later)).
Principal component analysis (PCA) of the 13’303 retained genes
showed that PD-1 KO TML and WT TML cells clustered separately
from TEX cells (Figure 3A). In agreement with these data, PD-1 KO
and WT TML cells differed by n=430 genes while PD-1 KO and WT
TEX differed by n=604 genes (Supplementary Table S1). Notable
genes differentially expressed between PD-1 KO and WT TML cells
included Sell (encoding CD62L), CD69 and CD127 (IL7Ra)
(Supplementary Table S1). Flow cytometry con�rmed that PD-1
KO TML cells contained smaller subsets of CD62L+ and CD69+ cells,
while the expression level of CD127 was slightly increased
(Figure 3B). We next addressed whether the PD-1-de�ciency was
compensated by increases in other exhaustion features. However, if
anything, PD-1 KO TML cells were less enriched in an exhaustion
gene signature (20) compared to WT TML cells (Figure 3C). Indeed,
several exhaustion-associated genes, including Tox, Lag3, Ctla4 and
Nr4a2 were expressed at equal or lower levels by PD-1 KO
Frontiers in Immunology 06
compared to WT TML cells (Figure 3D), which was con�rmed for
Lag3 and TOX by �ow cytometry (Figure 3E). In contrast, PD-1 KO
TEX cells did have an increased exhaustion signature score
(Figure 3C), over-expressed certain exhaustion genes (Lag3,
Havcr2 (TIM3), Cd244) and expressed more Lag3 and TIM3
compared to WT TEX cells (Figure 3E, Supplementary Figure
S4A). Further separation of TEX cells into trans (Ly108- Cx3cr1+)
and term TEX cells (Ly108- CX3CR1-) showed that PD-1 KO TEX

cells contained an expanded term and a reduced trans TEX

compartment (Supplementary Figures S4B, C). As term TEX cells
display increased exhaustion features compared to trans TEX cells
(19), we quanti�ed the expression of exhaustion markers in the two
TEX subpopulations. Indeed, WT and PD-1 KO trans or term TEX

cells did not differ in their expression of Lag3 or TOX
(Supplementary Figure S4D). The increased exhaustion attributes
of PD-1 KO cells noted before (16) are thus explained at least in part
by a distinct population composition. We conclude that TML cells
did not compensate PD-1-de�ciency via the upregulation of other
exhaustion-associated molecules.
PD-1 KO TML cells have reduced
constitutive expression of NFkB and NFAT
gene signatures

To identify transcriptional changes indicative of a functional
adaptation of PD-1 KO TML cells, we subjected differentially
expressed genes to gene set enrichment analyses (GSEA) against
the Pathway Interaction Database (PID) and the Hallmark gene
signatures (H) (MsigDB). While no gene signatures were
upregulated, the Hallmark TNFA_via_NFkB (referred to as NFkB
signature hereafter) pathway was the most downregulated signature
in PD-1 KO relative to WT TML cells (Figure 4A). The top 4
downregulated pathways further included the “PID_AP1” and
“PID_NFAT” signatures (Figure 4A) (Supplementary Table S2),
key signaling pathways downstream of the TCR, indicating globally
frontiersin.org
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reduced TCR signaling in PD-1 KO TML cells. Corresponding data
were obtained for TEX cells (Supplementary Figure S5A)
(Supplementary Table S2). In agreement with reduced TCR
signaling, PD-1KO TML cells had a reduced overlap with the
PID_CD8_TCR downstream pathway (Figure 4A) and Nr4a1
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(Nur77) and Nr4a3, which report the strength and the duration
of TCR signaling (21, 22) were both reduced in PD-1 KO compared
to WT TML as well as in TEX cells (Figure 4B). These data suggested
that TML cells, which cannot express PD-1, have globally reduced
TCR downstream signaling independent of changes in exhaustion.
FIGURE 3

PD-1 KO TML cells do not increase an exhaustion signature. (A, C, D) WT P14 (5000 cells) or PD-1 KO P14 cells (CD45.2) (500 cells) were injected
into Vb5 mice (CD45.1), which were then infected with LCMV cl13. One group of mice receiving WT P14 cells were treated with anti-PD-L1 on d24,
d28 and d32 p.i. Ly108+ (TML) and Ly108- (TEX) P14 cells were �ow sorted on d36 p.i. and total cellular RNA was subjected to bulk RNA sequencing.
(A) Principal Component Analysis (PCA) based on all genes expressed in naïve wild type (WT TN) or PD-1 KO P14 cells (KO TN), WT TML, KO TML, TML

cells from anti-PD-L1 treated mice (aPD-L1 TML), WT TEX, KO TEX or aPD-L1 TEX. Each dot represents a biological replicate. (B) Gated P14 cells were
divided into TML (Ly108+) and TEX cells (Ly108-) and analyzed for the expression of the indicated memory associated receptors relative to CD8+ T
cells from the Vb5 host (grey �ll). (C) Signi�cance of gene set enrichment analysis of PD-1 KO TML or TEX cells (versus the corresponding WT subset)
relative to an exhaustion gene signature (20). The broken line indicates the limit of statistical signi�cance (-log10 (adjusted p-value) =1.3 i.e. p<0.05).
(D) Heat map indicating the expression (in log2(counts per million)) of selected exhaustion associated genes based on the bulk RNAseq analysis.
(E) Gated P14 cells were divided into TML (Ly108+) and TEX cells (Ly108-) and analyzed for the indicated exhaustion markers relative to the CD8+ T
cells from the Vb5 host (grey �ll). Data in (A, C, D) derive from two biological replicates per population. Data in (B, E) derive from 4–5 mice per
group and are representative of n=2–3 independent experiments. Bar graphs show means (± SD). Statistics: Unpaired two-tailed t-test (between WT
versus PD-1KO subsets) whereby *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns, not signi�cant p>0.05).
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Reduced TCR-mediated induction of NFkB
and NFAT gene signatures in PD-1 KO TML
cells

To con�rm and extend the above �ndings we next addressed the
transcriptional response of PD-1 KO cells to acute TCR
Frontiers in Immunology 08
restimulation. WT and PD-1 KO P14 cells were isolated from
chronically infected mice (WT cl13 and KO cl13) or from LCMV
immune mice (WT Arm). The cells were either rested or reactivated
with antibodies to CD3 and CD28 (aCD3/28) in vitro (in the
absence of other cells or PD-1 engagement) for 4h before analysis
by single cell RNA sequencing (scRNAseq). Unsupervised
FIGURE 4 (Continued)
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