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SUMMARY

The PD-1 pathway regulates dysfunctional T cells in chronic infection and cancer, but the role of
this pathway during acute infection remains less clear. Here, we demonstrate that PD-1 signals are
needed for optimal memory. Mice deficient in the PD-1 pathway exhibit impaired CD8" T cell
memory following acute influenza infection, including reduced virus-specific CD8* T cell
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numbers and compromised recall responses. PD-1 blockade during priming leads to similar
differences early post-infection but without the defect in memory formation, suggesting that
timing and/or duration of PD-1 blockade could be tailored to modulate host responses. Our studies
reveal a role for PD-1 as an integrator of CD8* T cell signals that promotes CD8* T cell memory
formation and suggest PD-1 continues to fine-tune CD8* T cells after they migrate into
nonlymphoid tissues. These findings have important implications for PD-1-based immunotherapy,
in which PD-1 inhibition may influence memory responses in patients.
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In Brief

The role of PD-1 in memory development is poorly understood. Here, Pauken et al. show that
constitutive loss of PD-1 during acute infection causes overactivation of CD8" T cells during the
effector phase and impairs memory and recall responses. These data indicate PD-1 is required for
optimal memory.

INTRODUCTION

The development of effector and memory CD8" T cells requires coordinated signals from
the T cell receptor (TCR) (signal 1), costimulation (signal 2), and inflammation (signal 3)
(Curtsinger et al., 1999). The quantity and quality of the three signals can affect CD8" T cell
activation, but how such signals regulate memory CD8* T cell differentiation remains
incompletely understood (Chang et al., 2014). Signal 2 encompasses many costimulatory
and coinhibitory pathways. Costimulatory signals such as CD28 and inducible T cell
costimulator (ICOS or CD278) augment T cell survival, function, and metabolic activity and
sustain T cell responses (Francisco et al., 2010; Chen and Flies, 2013). Conversely,
coinhibitory receptors such as cytotoxic T lymphocyte associated protein-4 (CTLA-4 or
CD152) and programmed death-1 (PD-1 or CD279) dampen these positive signals. The
importance of signal 2 has been highlighted by the application of antibodies blocking
coinhibitory receptors for treating cancer and chronic infections (Barber et al., 2006; Day et
al., 2006; Brahmer et al., 2012; Topalian et al., 2012, 2015; Page et al., 2014; Sharpe and
Pauken, 2018). PD-1 pathway blockade has been approved by the U.S. Food and Drug
Administration (FDA) for at least 20 types of tumors, including melanoma, non-small cell
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lung cancer, renal cell carcinoma, Hodgkin’s lymphoma, bladder cancer, and microsatellite
instability high or mismatch-repair-deficient solid tumors, and this number continues to
grow (Sharpe and Pauken, 2018; Pardoll, 2012; Topalian et al., 2015). Considering the
increasing use of PD-1 checkpoint blockade alone or in combination with other therapies
(Chen and Mellman, 2017), an understanding of how the PD-1 pathway regulates
immunological memory has significant therapeutic relevance. However, how this pathway
regulates CD8" memory T cell differentiation, function, and survival remains poorly
understood.

In addition to the well-established role of the PD-1 pathway in regulating exhausted CD8* T
cells, PD-1 is expressed by all T cells during activation (Sharpe and Pauken, 2018).
Consequently, PD-1 is critically positioned to shape the ensuing effector response and, by
extension, the memory response. Previous work showed that a lack of PD-1:programmed
death ligand (PD-L) signals during some primary infections resulted in more robust effector
T cell responses (Frebel et al., 2012; Odorizzi et al., 2015; Ahn et al., 2018) and enhanced
CD8* T cell memory and/or skewed T cells toward a central memory phenotype (Allie et al.,
2011; Ahn et al., 2018). In addition, the secondary expansion of unhelped memory CD8" T
cells was increased by PD-1 blockade (Fuse et al., 2009). However, these studies focused
mainly on early time points during memory development, and further work is needed to fully
understand how the timing and/or duration of loss of PD-1 signals affect memory responses.
For example, other studies have shown that loss of PD-1 signals during acute infection can
reduce, rather than augment, effector and/or memory T cell responses (Rowe et al., 2008;
Talay et al., 2009; Yao et al., 2009; Xu et al., 2013). Consequently, additional studies are
needed to clarify how the PD-1 pathway shapes the development of effector and memory
CDS8™* T cells following acute infections.

Here we examined the role of the PD-1 pathway in effector and memory CD8* T cell
differentiation during influenza virus infection using mice lacking PD-1 (PD-1 knockout
[KQ]) or both ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC) (PD-L1/L2 double knockout
[DKOY]), or experiencing PD-1 pathway blockade. Lack of PD-1:PD-L signals in the whole
animal led to compromised CD8" T cell memory, including reduced cell numbers and
impaired secondary responses. There were major cell-intrinsic alterations in CD8* T cell
memory, because PD-1 KO CD8™ T cells transferred into wild-type (WT) mice exhibited
similar defects in memory formation. PD-1 mediates these effects by controlling key
transcriptional pathways involved in the durability of CD8" T cell memory, signaling, and
cell cycle. Importantly, blocking the PD-1 pathway only during the priming and effector
phase of infection induced phenotypic changes in CD8* T cells similar to those seen in PD-
L1/L2 DKO mice at day 8 post-infection (p.i.) but did not result in the severe memory defect
observed in mice with constitutive PD-1 deficiency. These data demonstrate a role for PD-1
in tempering the strength of initial activation to promote optimal CD8* T cell memory
formation and highlight the importance of timing and/or duration of loss of PD-1 signals in
regulating memory formation.
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RESULTS

Increased Proliferation and Death of CD8" T Cells without PD-1 Signaling

To investigate the role of the PD-1 pathway during acute H3N2 influenza virus X31
infection in mice, we first assessed the expression of PD-1, PD-L1, and PD-L2 on both
hematopoietic and non-hematopoietic cells in the lung during the first 12 days p.i. We used a
strain of X31 engineered to express the GP33_41 epitope from lymphocytic choriomeningitis
virus (LCMV) (called X31-GP33) to allow tracking of DPGP33_4;* CD8* T cells (Laidlaw
etal., 2013). PD-L1 and PD-L2 expression increased substantially during X31-GP33
infection on hematopoietic antigen-presenting cells (APCs), including dendritic cells (DCs),
macro phages, and B cells, and PD-L1 and PD-L2 were expressed on some non-
hematopoietic cells, such as epithelial cells (Figure S1). Expression of PD-L1 and PD-L2
peaked between day 3 and day 6 p.i. on lung APCs and EpCAM™* lung epithelial cells
(Figures S1B-S1F). PD-L1, but not PD-L2, was expressed on CD31* lung endothelial cells
and peaked between day 3 and day 8 p.i.; PD-L1 remained significantly elevated even at day
12 p.i. on alveolar macrophages and lung endothelial cells (Figures S1B, S1D, and S1E).
PD-1 was rapidly upregulated on CD4* and CD8" T cells in the lung, with high levels of
expression maintained at day 12 p.i. (Figure S2A). Upregulation of PD-1 was also observed
on splenic CD4* and CD8* T cells, albeit to a lesser extent than in the lung (Figures S2A
and S2B). Thus, dynamic changes in PD-1, PD-L1, and PD-L2 expression occur in the
respiratory tract during influenza infection, suggesting that the PD-1 pathway may regulate
CD8™* T cell effector and/or memory responses in this setting.

To investigate the impact of the PD-1 pathway on the generation of effector T cell responses,
WT or PD-L1/L2 DKO mice were infected with X31-GP33 and virus-specific CD8* T cells
were examined from day 8 to day 10 p.i. Although all mice had similar frequencies of
influenza-specific CD8* T cells in the lung, there was a significant increase in the absolute
number of virus-specific CD8* T cells in PD-L1/L2 DKO mice for all three epitopes
examined (DPNP3gg_374, DPPA224 273, and DPGP33_41) (Figure 1A). This finding suggested
that loss of PD-1 did not alter immunodominance during the effector phase of the response
but rather affected the magnitude of the CD8* T cell response in the lung. At day 10 p.i.,
there were no significant differences in CD8* T cell functionality or quality of cytokine-
producing cells in the lungs following ex vivo stimulation with NP3gg_374 peptide (Figure
S3A). However, the increase in absolute number of virus-specific CD8* T cells at these early
time points corresponded with better viral control: PD-1 KO and PD-L1/L2 DKO mice lost
less weight during primary X31-GP33 infection and contained less viral RNA per nanogram
(ng) of lung than WT control mice (Figures S3B and S3C). Collectively, these data suggest
that effector responses were enhanced during primary X31-GP33 infection in PD-1
pathway-deficient mice.

To begin to investigate the mechanisms responsible for the quantitative differences in
effector CD8* T cells generated in the absence of PD-1 pathway signals, we performed
microarray analysis of DPPAyy4 33 and DPGP33_41 CD8* T cells from the lungs of WT and
PD-L1/L2 DKO mice at day 8 p.i. Gene set enrichment analysis (GSEA) using Gene
Ontology (GO) (Ashburner et al., 2000; Subramanian et al., 2005) revealed that most
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significantly enriched pathways (p < 0.001, false discovery rate [FDR] < 0.001) were related
to cell division (Figures 1B and 1C; Figure S2C). Unexpectedly, WT cells were enriched for
cell-cycle pathways, whereas PD-L1/L.2 DKO cells appeared to be exiting cell cycle (Figure
1C). We further analyzed three representative pathways enriched in the WT cells: mitosis,
spindle assembly, and DNA replication. Among those genes upregulated in WT relative to
PD-L1/L2 DKO CD8* T cells, most were members of these pathways (Figure S2C). Flow
cytometric analysis supported this phenotype. At day 8 p.i., a lower frequency of virus-
specific CD8* T cells expressed Ki-67 in the lung of PD-L1/L2 DKO mice compared with
WT mice, but a higher frequency expressed Ki-67 in the spleen in PD-L1/L2 DKO mice
(Figure 1D). These data suggest that virus-specific CD8" T cells in PD-L1/L2 DKO mice
had started to exit the cell cycle in the lung and proliferated more in the secondary lymphoid
organs, whereas the WT CD8* T cells were at an earlier phase of the response in which the
cells that had proliferated recently trafficked to the lung and the cells were still entering the
cycle in the spleen. This finding was consistent with the increased numbers of virus-specific
CD8* T cells observed in PD-L1/L2 DKO in the lung compared with WT mice at day 10
(Figure 1A). Concomitantly, a higher frequency of virus-specific CD8* T cells in the lung
also showed active caspase staining (with Fluorochrome Inhibitor of Caspases [FLICA]
reagent) in PD-L1/L.2 DKO mice (Figure 1D), suggesting that these cells were more
susceptible to death than their WT counterparts. The decrease in proliferation and increase
in cell death in the absence of PD-1 signals in the lung at day 8 p.i. led to a more significant
contraction of influenza-specific CD8* T cells at day 15 p.i. for the subdominant epitopes
(DPPA,24_233 and DPGP3341) (Figure 1E). These data suggest a link between PD-1:PD-L
deficiency and cell cycle during early activation of virus-specific CD8* T cells in the lung
during influenza infection, and early excessive proliferation correlated with increased cell
death during the contraction phase in PD-L1/L.2 DKO mice.

Impaired Virus-Specific CD8* T Cell Memory in Mice Lacking PD-1 Signaling

We hypothesized that these early changes in PD-L1/L2 DKO mice would affect the
formation of CD8" T cell memory responses. To test this hypothesis, we first assessed the
ratio of PD-L1/L.2 DKO:WT virus-specific CD8" T cells in the lung over time following
X31-GP33 infection (Figure 2A). From day 8 to day 10 p.i., all three influenza epitopes
showed a higher number in PD-L1/L2 DKO compared with WT, consistent with increased
effector expansion (Figures 1A and 2A). However, at day 15 and later, PD-L1/L2 DKO
showed a greater contraction of the DPPAy4 233 and DPGP33_4; epitopes (Figure 2A)
compared with WT control mice. The immunodominant (DPNP3gs_374) CD8* T cell
response displayed slower kinetics in this deterioration (Figure 2A) but eventually (day 35*
p.i.) showed the same trend as the subdominant epitopes, with WT outnumbering the DKO
CD8™ T cells (Figure 2A). Thus, PD-1 pathway deficiency led to an initial increase in virus-
specific CD8* T cells that eroded over time.

Consistent with the steeper decline of influenza-specific CD8* T cells in DKO during the
contraction phase of influenza, the frequencies and numbers of virus-specific CD8* T cells
were reduced in the lungs of PD-L1/L.2 DKO and PD-1 KO mice compared with WT at day
60" p.i. (Figures 2B and 2C). Although the magnitude of the difference was greater for the
subdominant (DPPA,,4_533) than the immunodominant (DPNP5g6_374) response, both
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responses showed impaired memory formation (Figures 2B and 2C). A similar decrease in
CDS8™ T cell frequencies was observed in the spleen, mediastinal (lung draining) lymph node
(dLN), and bone marrow (Figure S4A). In addition, lower frequencies of cytokine-producing
CD8™* T cells were detected at day 60" p.i. following ex vivo peptide stimulation in PD-
L1/L2 DKO and PD-1 KO mice (Figure 2D), indicating a qualitative defect in the memory
response in these mice.

To test whether PD-1:PD-L interactions during primary viral infection affected secondary
responses, we rechallenged X31-GP33-immune mice with the heterotypic strain of influenza
PRS8, which also expressed the DP’GP33_4; epitope from LCMV (called PR8-GP33) (Mueller
et al., 2010). Because neutralizing antibodies do not cross-react between these viruses,
memory CD8* T cells play a central role in protective immunity (Liang et al., 1994; Flynn et
al., 1998; Mueller et al., 2010). PD-L1/L2 DKO mice had significantly increased viral titers
in the lung 3.5 days following rechallenge (Figure 2E) and lost more weight than WT mice
(Figure 2F). Lower frequencies and total numbers of influenza-specific, as well as cytokine-
producing, CD8* T cells (Figure 2G; Figure S4B) were also observed in the lung at day 3.5
post-rechallenge in PD-L1/L.2 DKO mice compared with WT mice. However, by day 7 after
rechallenge, CD8* T cell responses in the lungs were comparable in WT and PD-L1/L2
DKO mice and the virus was cleared in the PD-L1/L2 DKO mice (Figures S4C-S4F).
Similar defects in viral control were observed in PD-1 KO mice (Figures 2E and 2F). Thus,
PD-1 pathway deficiency resulted in compromised memory CD8* T cells that failed to
mount optimal recall responses. This defect manifested as delayed viral clearance and
increased weight loss (Figures 2E and 2F; Figure S4C). Altogether, these data indicate a key
role for the PD-1 pathway in regulating the development of optimal CD8* T cell memory.

Cell-Intrinsic Regulation of CD8* T Cell Memory Differentiation by PD-1

The compromised CD8* T cell memory responses in PD-1 pathway-deficient mice could
result from CD8* T cell-intrinsic functions of PD-1 or extrinsic effects. Because PD-1
pathway-deficient mice cleared primary X31-GP33 virus infection more rapidly than WT
mice (Figure S3C), and previous work identified a critical role for antigen in the
development and maintenance of CD8* T cell memory in the lung (Jelley-Gibbs et al., 2005;
Zammit et al., 2006; Lee et al., 2011; McMaster et al., 2018), the altered CD8* T cell
dynamics in this setting could be related to enhanced clearance of influenza infection during
primary infection. To circumvent these issues and to interrogate CD8* T cell-intrinsic
mechanisms of PD-1-mediated regulation, we cotransferred equal numbers of WT and PD-1
KO P14 TCR transgenic CD8* T cells (recognizing the DPGP33 41 epitope) into WT mice
followed by infection with X31-GP33 virus. This approach did not alter viral load at day 8
p.i. compared with mice without P14 cells (Figure S5A) and enabled direct comparison of
WT and PD-1 KO CD8* T cells in the same environment while controlling for precursor
frequency, TCR repertoire, viral control, and influenza pathogenesis. Consistent with
findings in germline KO mice, the frequency and numbers of PD-1 KO P14 cells were
significantly higher than WT P14 cells in the lung and spleen at day 7 p.i. (Figure 3A), with
similar trends in the blood and dLN (Figure S5B). The higher frequency of PD-1 KO P14
cells during primary X31-GP33 virus infection was associated with increased
bromodeoxyuridine (BrdU) incorporation in the spleen and dLN, but not the lung (Figure
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3B), indicating that PD-1 regulates CD8* T cell proliferation in a cell-intrinsic manner in
secondary lymphoid organs.

Similar to global PD-1 pathway KO mice, PD-1 KO P14 cells in WT mice were more prone
to cell death in the lung, as shown by increased FLICA staining at day 10 p.i. (Figure S5C).
PD-1 KO P14 cells also underwent a more progressive contraction and were less abundant
than WT P14 cells in the lung and spleen after 3 months (Figure 3C; Figure S5D).
Moreover, PD-1 KO memory P14 cells showed significantly reduced interferon gamma
(IFNy) and tumor necrosis factor alpha (TNF-a) coproduction and a decreased amount of
IFN-y made per cell compared with WT cells (Figure 3D; Figure S5E). Hence, although the
kinetics differed, these results were consistent with the quantitative and qualitative memory
attrition observed in the global KO mice. There were significant, albeit small, differences in
KLRG1, CD127, and CD122 expression in lung at days 8, 20, and 30 p.i. (Figures 3E and
3F). However, these changes were subtle compared with the quantitative (Figure 3C) and
qualitative (Figure 3D) defects in memory formation observed. These data highlight the
importance of functional readouts to determine residual memory capacity during acute
infection. Considering this, we assessed the per-cell capacity of WT versus PD-1 KO P14
memory cells to mount a productive recall response following re-challenge with PR8-GP33.
Here, PD-1 KO P14 memory cells displayed substantially impaired secondary expansion
compared with WT P14 cells in the same mice (Figure 3G). These results point to a key cell-
intrinsic function for PD-1 signals in regulating CD8" T cell proliferation and survival
during the acute phase of infection and subsequent optimal CD8" T cell memory formation.

Although PD-1 KO P14 cells showed a similar memory defect in WT hosts as virus-specific
CD8* T cells in intact PD-1 pathway KO mice, we did note a difference in the kinetics of the
quantitative memory defect. This difference could result from variations in cell-extrinsic
factors such as viral control (Figures S3C and S5A) or cell-intrinsic factors such as the
resting state of naive T cell populations in these mice. To evaluate this issue, we examined
CD8* T cell function in the steady state of unmanipulated PD-L1/L2 DKO and PD-1 KO
mice and compared this to PD-1 KO P14 cells (Figure S6). There were no significant
differences in the numbers of CD8* T cells in the spleen or dLNs of WT versus PD-L1/L2
DKO or PD-1 KO mice, and most T cells displayed a naive phenotype (Figures S6A and
S6B; data not shown). Both PD-L1/L2 DKO and PD-1 KO mice showed a subtle but
significant increase in frequencies of CD44M3h CD8* T cells, and this effect was more
pronounced in PD-1 KO mice (Figures S6A and S6B). Moreover, most markers of recent
activation (including CD69, CD25, Ki-67, and KLRG1) were uniformly low in both PD-
L1/L2 DKO and PD-1 KO mice and comparable to WT mice, suggesting no ongoing
activation of CD8* T cells in the steady state (Figures S6C and S6D). However, in
unimmunized PD-1 KO mice (but not PD-L1/L2 DKO mice), both CD441%W and CD44high
CD8" T cells showed increased CXCR3 expression compared with WT mice (Figures S6E—
S6G). Restricting TCR specificity eliminated this effect, because CXCR3 expression was
similar in PD-1 KO P14 cells and WT P14 cells, as were levels of other activation markers,
including Ki-67, Tim-3, and CD160 (Figure S6H). Considering the similar defects in
memory CD8* T cell responses in intact PD-1 KO and PD-L1/L2 DKO mice, and in PD-1
KO P14 CD8* T cells transferred into WT mice, and that elevated CXCR3 expression only
is seen in non-TCR transgenic PD-1 KO mice, we think it is unlikely that elevated CXCR3
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expression in the PD-1 KO mouse influences the memory phenotype observed during acute
influenza infection.

PD-1 Restrains CD8" T Cell Effector and Memory Responses to Multiple Acute Respiratory

Infections

To investigate whether PD-1 plays a similar role on CD8* T cells during other acute
respiratory infections, we cotransferred equal numbers of WT and PD-1 KO P14 cells into
WT mice followed by intranasal infection with LCMV Armstrong, vaccinia virus-GP33
(VV-GP33) or influenza virus (PR8-GP33). All viruses were administered intranasally to
investigate the role of PD-1 in regulating memory CD8* T cell formation in the lung. PD-1
deficiency resulted in increased frequency of P14 cells in the blood during the effector phase
in all infections (Figure 4A). However, substantial attrition of virus-specific CD8* T cell
responses occurred over time (Figure 4A). The fold contraction of the PD-1 KO P14
population after the effector phase was substantially greater in each infection, indicating less
efficient per-cell memory formation in the absence of PD-1 (Figure 4B). At day 100* p.i.,
PD-1 KO P14 cells produced less IFNy and TNF-a compared with WT P14 cells, with the
most significant results observed during VV-GP33 and PR8-GP33 infections (Figures 4C
and 4D). Thus, PD-1 can restrain early expansion of virus-specific CD8* T cells during
multiple acute respiratory infections, profoundly affecting memory responses.

Temporally Restricting PD-1 Pathway Deficiency to the Priming Phase of Infection Does
Not Result in the Memory Defect Observed in Constitutive PD-1 Pathway-Deficient Mice

The results described earlier with constitutive PD-1 pathway deficiency suggested that
absence of PD-1 signaling impaired memory formation. We next asked whether temporal
loss of PD-1 signaling during the priming and effector phase of infection resulted in a
similar memory defect. We administered anti-PD-1 blocking antibody to WT B6 mice early
during X31-GP33 infection (day —1 through 8), and compared effector (day 8 p.i.) and
memory (day 60™ p.i.) responses to isotype control (Rat Immunoglobulin (1g)G2a)-treated
WT B6 mice or PD-L1/L2 DKO mice as controls. During the effector phase (day 8 p.i.),
significant differences in the frequency and number of DPGP33 41" CD8" T cells in the lung
were not observed (data not shown). Phenotypically, both PD-L1/L2 DKO mice and anti-
PD-1-treated mice showed a significant decrease in the frequency of KLRG1* CD127~
DPGP33_41* T cells in the lung at day 8 p.i. (Figure 5A), suggesting that blockade of PD-1
had effects similar to genetic PD-1 pathway deficiency during the effector phase. These
phenotypic differences were not sustained at the memory time point (Figure 5B). There were
no differences in CD127* KLRG1~ (Figures 5A and 5B) DPGP33_4,* CD8* T cells at either
time point. At day 60%, there was a quantitative defect in memory observed in PD-L1/L2
DKO that was not seen in anti-PD-1-treated mice (Figure 5C). Collectively, these data
suggest that restricting PD-1 pathway deficiency to the priming stage of influenza led to
similar phenotypic changes during the effector phase but did not result in the same memory
defect observed in the absence of PD-1 signals.
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DISCUSSION

PD-1 is expressed by all T cells during activation, positioning this pathway to play an
essential role in shaping quantitative and qualitative aspects of CD8" T cell responses early
during differentiation. It is well established that TCR signal strength in the acute phase of an
immune response and the formation of self-renewing central memory T cells are inversely
correlated, with stronger TCR signals leading to less central memory formation (Wherry et
al., 2003; Badovinac et al., 2007; Sarkar et al., 2007; Buchholz et al., 2013; Gerlach et al.,
2013; Knudson et al., 2013). Because PD-1 can modulate TCR (Yokosuka et al., 2012;
Zinselmeyer et al., 2013; Freeman et al., 2000; Parry et al., 2005; Butte et al., 2007) and
CD28 signaling (Hui et al., 2017; Kamphorst et al., 2017), with PD-1 loss resulting in
stronger TCR stimulation, we hypothesized that PD-1 KO mice would have defects in the
formation of durable memory responses during acute infection. Here we found that complete
PD-1 deficiency indeed resulted in the development of suboptimal memory CD8" T cells
that lacked long-term stability and responded poorly to rechallenge. These defects were
associated with early excessive proliferation of effector CD8* T cells and increased cell
death. The PD-1 pathway regulated this process, at least partly, by controlling expression of
cell-cycle genes and other pathways. In contrast, transient PD-1 blockade during the priming
and effector stage failed to result in the same memory defect as constitutive PD-1 pathway
deficiency, suggesting that the timing and/or duration of PD-1 loss was critical for
determining the effects on memory CD8* T cells. Collectively, these findings suggest the
PD-1 pathway acts as a key regulator of effector and memory CD8* T cell responses during
acute viral infection.

The complex interplay between TCR signaling, costimulation, and coinhibition at different
stages of differentiation (e.g., effector, memory, and exhaustion) and in different anatomical
locations (e.g., secondary lymphoid organs versus non lymphoid tissues) likely influences
the effects of PD-1 on T cell responses (Sharpe and Pauken, 2018). Influenza virus infection
provides an excellent model for studying the role of PD-1 in regulating CD8* T cell
differentiation, because this model shares key features with common human infections,
including localized rather than systemic antigen and viral replication in a mucosal tissue.
One interesting aspect of influenza infection is that although replicating virus is only
detectable for ~7-10 days, complexes of peptide and major histocompatibility complex
(MHC) can persist for ~30 days or more (Zammit et al., 2006; Kim et al., 2010). Although
antigen presentation in this setting may be more prolonged than during other acute infection
models like LCMV Armstrong, influenza virus infection still results in the development of
bona fide memory CD8* T cells that mount effective secondary responses that are protective
upon rechallenge (Wu et al., 2014; Laidlaw et al., 2014; Kreijtz et al., 2007), a feature that
distinguishes influenza from chronic infections like LCMV clone 13 (Blackburn et al.,
2008). Similar to influenza infection, numerous other models used for studying memory T
cells have some degree of prolonged antigen presentation, including intranasal infection with
vesicular stomatitis virus (VSV) (Turner et al., 2007) or Sendai virus (Takamura et al.,
2010), implying that persistent antigen presentation may be a feature of intranasal infections
in general. Moreover, local antigen recognition is critical for the generation of lung memory
CD8* T cells (Lee et al., 2011; McMaster et al., 2018; Zammit et al., 2006; Jelley-Gibbs et
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al., 2005). Considering that the lung is a site of many clinically relevant human infections, as
well as tumors, it is important to understand the dynamics of CD8* T cell biology, antigen
persistence, and the role of PD-1 in this location.

Previous work showed that PD-1 inhibits cell-cycle progression through the G, phase /n
vitro by modulating key cell-cycle regulators in CD4* T cells (Latchman et al., 2001,
Patsoukis et al., 2012). PD-1 also can inhibit phosphatidylinositol 3-kinase (PI13K)/Akt
signaling (Parry et al., 2005; Yokosuka et al., 2012). Our transcriptional profiling data
showed less T cell proliferation in the lungs of a whole-body KO setting compared with the
WT setting at day 8 p.i. We speculate that differences in the kinetics of expansion contribute
to the transcriptional profiles observed here; CD8* T cell proliferation had already peaked in
the lungs of the PD-1 pathway KO mice and these cells were beginning to exit cell cycle,
whereas the WT CD8* T cells were still in the peak proliferative phase at day 8 p.i. In the
P14 chimera setting, PD-1 KO P14 cells incorporated significantly more BrdU within the
first 7 days p.i. than WT P14 cells, suggesting that the PD-1 KO cells were undergoing more
or faster cell cycles during that early phase. Similarly, the CD8* T cells in the spleen of PD-
L1/L2 DKO showed a higher frequency of Ki-67* cells at day 8 p.i. compared with WT
CDS8™* T cells. Our transcriptional data suggest that PD-1 pathway deficiency resulted in T
cells that were responding with faster kinetics and that had already proliferated at the time of
analysis, whereas control WT T cells were still proliferating. Thus, our data indicate that
CD8* T cells responding in the genetic absence of PD-1 pathway signals were able to
rapidly proliferate but that this occurs earlier compared with WT T cells.

PD-1 deficiency resulted in impaired virus-specific memory CD8* T cell responses for all
epitopes examined, but there were temporal differences in the erosion of the responses to
dominant and subdominant epitopes. During influenza virus infection, CD8* T cells specific
for different epitopes receive qualitatively different signals that affect memory CD8* T cell
responses (Ballesteros-Tato et al., 2014). D’NP3g6_374" CD8* T cells encounter antigen on
CDA40-licensed DCs later than DPPA,24_233" CD8* T cells, leading to sustained CD25
expression, better responses to interleukin-2 (IL-2), and the ability to dominate secondary
responses. The differences in these responses may explain temporal differences in the effects
of PD-1 deficiency on CD8* T cell differentiation of the immunodominant CD8* T cell
response (DPNP3g6_374) compared with the subdominant responses (D°PA224 233" and
DPGP33_41%). Although the subdominant responses showed more rapid contraction in PD-1
pathway-deficient mice, ultimately the DPNP3gg_3747 CD8" T cell response contracted more
compared with WT mice, consistent with the notion of PD-1 signals modulating CD8" T cell
memory formation. However, the timing of contraction and the severity of the memory
defect following PD-1 loss may be multifactorial depending on TCR affinity, access to
antigen, costimulation, and/or growth factors in the tissue microenvironment. Consistent
with this notion, the virus-specific CD8* T cell population in lung contracted more
dramatically in intact PD-1 pathway KO mice compared with the P14 mixed chimera setting
in which WT and PD-1 KO CD8* T cells were present in the same WT mice. These
differences between the two settings may reflect changes in cell-extrinsic factors such as
viral burden between the two models.
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Our studies suggest that the PD-1 pathway regulates CD8* T cell responses to infection in
several ways. Previous work showed that antibody blockade or genetic deletion of the PD-1
pathway enhanced early virus-specific effector CD8" T cell responses to respiratory
infection (Erickson et al., 2012), consistent with the enhanced effector responses observed
here. Our work extends these findings by showing that early augmented effector responses
without PD-1 signals result in subsequent defects in CD8* T cell memory in the absence of
PD-1 signals. The continued contraction of PD-1 KO CD8* T cells likely points to a defect
in memory maintenance, which would be consistent with the role of antigen in the long-term
maintenance of memory T cells in the lung (Jelley-Gibbs et al., 2005; Zammit et al., 2006;
Lee etal., 2011; McMaster et al., 2018) and continued regulation by PD-1 during later
stages of the memory response. Moreover, selective PD-1 blockade only during the early
stages of infection (day —1 to 8 p.i.) did not result in the same memory defect observed in
the genetic KO setting, suggesting that the PD-1 pathway may continue to function as an
integrator of signals required for memory T cell maintenance after the initial priming and
effector stages of the immune response. Additional studies are needed to define how the
timing and/or duration of PD-1 loss affect the effector and memory stages of CD8* T cell
differentiation. Lastly, further studies are needed to determine whether the results obtained
here using respiratory infections are broadly applicable to other types of infections, as well
as tumors, or whether these findings are specific to the lung microenvironment.

In summary, our findings reveal that a key function of PD-1 is to temper excessive T cell
proliferation and facilitate the development of optimal CD8* T cell memory. Although our
studies have defined a CD8* T cell memory defect in global PD-1 pathway KO mice,
selective PD-1 pathway disruption only during the priming and effector phase did not show
the same memory defect, suggesting that the timing and/or duration of PD-1 blockade
during CD8* T cell differentiation can critically influence outcomes. Thus, targeting the
PD-1 pathway during different stages of an immune response may result in distinct effects
on CD8* T cell differentiation, recall responses, and/or memory maintenance. These
concepts may be of interest in the cancer setting, in which the timing, duration, and/or
sequence of PD-1 blockade relative to other therapies may influence patient outcomes.
Control of cell cycle and apoptosis likely contributes to how PD-1:PD-L signals influence
CD8* T cell memory. Future work clarifying the mechanisms by which PD-1 contributes to
effector versus memory differentiation during both infection and cancer will be important
for determining how to optimally administer PD-1 blocking agents alone and with other
therapies to achieve durable improved immunity.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Arlene H. Sharpe
(Arlene_Sharpe@hms.harvard.edu).

Materials Availability—This study did not generate new unique reagents.
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Data and Code Availability—The microarray data generated during this study are
available on GEO. The accession number for the microarray data reported in this paper is
GEO: GSE149425. This study did not generate unique code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—For primary infections, 6-12 week old mice were utilized. Wild-type (WT) C57BL/6
mice were purchased from the Jackson Laboratory (stock number 000664). PD-1 KO and
PD-L1/L2 DKO have been described (Keir et al., 2006, 2007), and are available from the
Jackson Laboratory (stock numbers 028276 and 32239-JAX, respectively). For primary
infections of intact WT, PD-1 KO, and PD-L1/L2 DKO mice male or female mice were
utilized. Age and gender matched mice were used for all experiments. To generate PD-1 KO
P14 mice, PD-1 KO mice were crossed to P14 TCR transgenic mice (Pircher et al., 1989).
Ly5.2* or Ly5.2*Ly5.1* PD-1 KO and WT P14 cells were isolated from the blood and
transferred i.v. into WT C57BL/6 mice (Ly5.2%) at a 1:1 ratio (500 cells each) at least one
day prior to infection. Female P14 TCR transgenic mice were used as donors, and WT
female mice were used for recipients. For naive mouse studies, female WT, PD-1 KO, and
PD-L1/L2 DKO mice between 8-12 weeks of age and female WT and PD-1 KO P14
between 16-21 weeks of age were utilized. All mice were maintained in specific pathogen-
free facilities at Harvard Medical School or the University of Pennsylvania and maintained
under standard housing, husbandry, and diet conditions according to Institutional Animal
Care and Use Committee and NIH guidelines. All experimental procedures performed had
been approved by the Institutional Animal Care and Use Committee at each institution.

Viral infections and antibody treatments—Viruses were administered via the
intranasal (i.n.) route to generate respiratory infections. Most studies utilized primary
influenza X31 expressing the GP33_41 epitope from LCMV (X31-GP33, 1.6x10° TCIDsp)
(Laidlaw et al., 2013). In some studies, primary LCMV Armstrong (104 PFU), vaccinia
virus-expressing GP33_41 from LCMV (VV-GP33, 10 PFU) (Rodriguez et al., 1998), or
influenza strain PR8 expressing the GP33_41 epitope from LCMV (PR8-GP33, 0.3 LD50)
(Mueller et al., 2010) were used and delivered via the i.n. route. For re-challenge
experiments (secondary PR8-GP33 challenge), mice were infected i.n. with PR8-GP33 (10
LDsgg) at > 35 days after primary infection. Recombinant influenza strains containing the
LCMV GP33_4;1 epitope were provided by Dr. Richard Webby (St. Jude Children’s Research
Hospital, Memphis, TN) (Laidlaw et al., 2013; Mueller et al., 2010). Viral titers in lungs
were determined by quantitative real-time PCR as described (Laidlaw et al., 2013). For /n
vivo antibody blockade experiments, WT C57BL/6 mice were given 200 g per mouse per
injection of rat anti-PD-1 (clone 29F.1A12) or isotype control antibody (Rat 1gG2a, clone
2A3 from BioXCell) on days -1, 2, and 5 p.i. and analyzed at day 8 p.i., or on days -1, 2, 5,
and 8 p.i. and analyzed at day 60* p.i.

METHOD DETAILS

Isolation of Lymphocytes and Flow Cytometry—Lymphocytes were isolated from
spleen, lung and lung draining LNs as described (Laidlaw et al., 2013). Single cell
suspensions were stained with fluorescently labeled antibodies specific to: CD8a. (clone 53—
6.7), CD44 (clone IM7), IFNy (clone XMG1.2), TNFa (clone MP6-XT22), CD127 (clone
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SB/199 or A7r34), CD122 (clone TM-B1), CXCR3 (clone CXCR3-173), Tim-3 (clone
RMT3-23), CD160 (clone 7H1), CD25 (clone PC61), CD69 (clone H1.2F3), CD62L
(MEL-14), TCR Va2 (B20.1), CD45.1 (clone A20), CD45.2 (clone 104), PD-1 (clone
RMP1-30), PD-L1 (clone 10F.9G2), PD-L2 (clone TY25), CD11b (clone M1/70), CD11c
(clone N418), CD19 (clone 6D5), CD4 (clone GK1.5), CD326 or Ep-CAM (clone G8.8),
and CD31 (clone 390) purchased from BioLegend, Ki-67 (clone B56), CD3 (clone 145-
2C11), CD8a. (clone 53-6.7), and CD62L (clone MEL-14) from BD Biosciences, CD4
(RM4-5) and KLRG1 (clone 2F1) from Thermo Fisher Scientific, and KLRGL1 (clone 2F1)
from Abcam and Southern Biotech. Intracellular staining for Ki-67 was performed following
permeabilization with the eBioscience Foxp3/transcription factor fixation/permeabilization
kit according to manufacturer’s instructions (Thermo Fisher Scientific). Poly-caspase
analysis was performed with the FLICA Vybrant FAM Assay Kit according to
manufacturer’s instructions (Thermo Fisher Scientific). Dead cell exclusion was performed
by live/dead fluorescent reactive dye (Thermo Fisher Scientific) staining according to
manufacturer’s instructions. H-2 DPGP33_s1, D°NP3g6_374, and DPPAy,4 533 biotinylated
monomers were either made as described (Wherry et al., 2003) or obtained from the
National Institutes of Health (NIH) tetramer core facility, conjugated to Streptavidin-R-
Phycoerythrin or Streptavidin-Allophycocyanin (Thermo Fisher Scientific) in house to make
tetramers as recommended by the NIH tetramer core facility, and used as recommended. For
intracellular cytokine staining (ICS), single cell suspensions from spleens or lungs, which
included T cells as well as APCs from the same animal, were incubated with 0.5 pg/ml
influenza NP3gg_374 Or GP33_41 peptide (Genscript) or no peptide for 5 hours at 37°C in the
presence of GolgiPlug (BD Biosciences), surface stained, fixed/permeabilized, and
intracellularly stained using the Cytofix/Cytoperm kit (BD Biosciences) as directed by the
manufacturer. For BrdU detection, animals were treated with 2 mg of BrdU (Sigma-Aldrich)
i.p. 12-24 hours prior to analysis. BrdU incorporation was assessed by the BrdU Flow Kit
per manufacturer’s instructions (BD Biosciences). Data were acquired on a LSR Il or
Symphony flow cytometer (BD) and analyzed using FlowJo software (Tree Star).

Gene Expression Microarray—CD8" T cells specific for the subdominant (GP33_41,
PA224 233) influenza epitopes were sorted from the lungs of WT and PD-L1/L2 DKO mice
on d8 following X31-GP33 infection. For the microarray, RNA was extracted using
RNAdvance tissue isolation kit (Agencourt) and amplified using the WT-Ovation One Direct
System (NUGEN). Fragmented and labeled cDNA was hybridized to Affymetrix
Mouse430_2 microarray. Microarray data were processed and analyzed as described
previously (Haining et al., 2008; Subramanian et al., 2005).

QUANTIFICATION AND STATISTICAL ANALYSIS

All non-microarray data were analyzed for statistical significance using GraphPad Prism
software. Statistical details of experiments (including the statistical tests used, number of
animals in each experiment, number of times experiments have been replicated, and
precision measures) can be found in the Figure Legends. Statistical tests performed included
Student’s t tests, one way ANOVA, or two way ANOVA. P values < 0.05 were considered
significant. Asterisks in the figure legends indicating significance correspond to: * p < 0.05,
**p<0.01, *** p <0.001.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Early loss of PD-1 leads to overactivation of CD8* T cells during acute
infection

Mice constitutively lacking PD-1 or PD-L develop impaired CD8* T cell
memory

Cell-intrinsic PD-1 signals suppress effector cell expansion and promote
memory

Timing of PD-1 blockade determines impact on memory generation
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Figure 1. Altered Effector CD8* T Cell Expansion and Contraction in the Absence of PD-1
(A) Frequencies (left) and numbers (right) of indicated tetramer* CD8* T cells in the lungs

of WT and PD-L1/L2 DKO mice at day 10 after X31-GP33 infection. (B) Significantly
enriched (FDR < 0.01) gene sets in WT CD8* T cells clustered based on gene member

overlap and annotated for the biological states/processes they represent. (C) Representative
GO terms enriched in microarray data from DPGP33 41" and DPPA,24 233 CD8* T cells
from lungs of WT versus PD-L1/L2 DKO mice at day 8 p.i. (D) Flow cytometric analysis of
Ki-67 expression by DPNP3gg_3747 CD8" T cells from the spleen (top) and lung (middle) of
WT and PD-L1/L2 DKO mice at day 8 p.i. Numbers indicate the fraction of Ki-67*
DPNP366_3747 CD8* T cells. Representative plots are shown on the left, and a summary of
Ki-67* cells is shown on the right. Bottom, FLICA staining on DPNP3g_374* lung CD8* T
cells from WT and PD-L1/L2 DKO mice at day 8 p.i. Numbers indicate the fraction of
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FLICA* DPNP3g6_3747 CD8* T cells based on unstained controls. Representative plots are
shown on the left, and a summary of numbers is shown on the right. (E) Frequencies (left)
and numbers (right) of indicated tetramer* CD8* T cells in the lungs of WT and PD-L1/L2
DKO mice at day 15 after X31-GP33 infection. Data are representative of 2-3 independent
experiments with 4-5 mice per group and represented as mean + SEM. Significance was
assessed using Student’s t test; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. GP,
DPGP33_41 tetramer; PA, DPPA2y4 33 tetramer; NP, DPNP3gg_374 tetramer. See Figures S1—
S3 for supporting data.
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Figure 2. CD8" T Cell Memory Is Impaired in PD-1 Pathway-Deficient Mice
(A) Ratio of numbers of influenza-specific CD8* T cells in the lungs of PD-L1/L2 DKO and

WT mice over time after X31-GP33 infection. The log, fold change of the ratio of DKO to
WT cells was plotted over time. Here, a value of zero indicates a 1:1 ratio of DKO to WT, a
value greater than zero indicates more DKO than WT, and a value less than zero indicates
more WT than DKO. (B and C) Representative plots (left) show the frequency of
DPPA,24_2337 CD8* T cells in the lungs of X31-GP33-infected WT or PD-L1/L2 DKO mice
(B) and WT or PD-1 KO mice (C) at day 60* p.i. Numbers on plots indicate the percentages
of DPPA,,4_233* cells of the CD8* population. Percentages and numbers of DPPA2o4 933"
and DPNP3gg_374" T cells are summarized on the right. (D) Summary of frequencies of
cytokine-producing CD8" CD44* T cells from the lungs of WT, PD-L1/L2 DKO, and PD-1
KO mice at day 60" p.i. stimulated ex vivo with NP3ge_374 peptide. (E) Influenza viral titers
in the lung at day 3.5 p.i. after PR8-GP33 challenge in mice that had been infected with
X31-GP33 at least 60 days before challenge. (F) Weight loss in WT, PD-L1/L2 DKO, and
PD-1 KO X31-GP33-immune mice (day 60*) following rechallenge with PR8-GP33. (G)
Frequencies of tetramer+ CD8+ T cells (left) and cytokine-producing CD8* CD44* T cells
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(right) following stimulation ex vivo with NP3gg_374 peptide in lungs of X31-GP33-immune
WT and PD-L1/L2 DKO mice at day 3.5 following rechallenge with PR8-GP33. Data are
representative of 3-5 independent experiments with 4-5 mice per group and represented as
mean + SEM. Significance was assessed using Student’s t test; ns, not significant; *p < 0.05,
**p < 0.01, ***p < 0.001. See Figure S4 for supporting data.
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Figure 3. Cell-Intrinsic Defect in CD8* T Cell Memory in the Absence of PD-1
(A) (top) Representative plots of WT (black) and PD-1 KO (red) P14 cells in the lung and

spleen 7 days after X31-GP33 infection. Numbers indicate frequencies of P14 cells as
percentages of CD8* T cells (top). Summaries of frequencies and numbers of P14 cells
(bottom). (B) Flow cytometric analysis of BrdU incorporation by WT and PD-1 KO P14
cells at day 7 p.i. Numbers indicate the fraction of BrdU* P14 cells. Representative plots
from the spleen (left). Summary of BrdU* P14 cells in the indicated organs (right). (C)
Longitudinal analysis of WT and PD-1 KO P14 cell numbers in the lung during primary
X31-GP33 infection. (D) Representative plots of intracellular cytokine staining for IFNy
and TNF-a (left) in WT and PD-1 KO P14 cells from spleen (top) and lung (bottom) at day
47+ p.i. and quantification (right). (E and F) Longitudinal analysis of KLRG1 and CD127
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(E) and CD122 (F) expression on transferred PD-1 KO and WT P14 cells on days 8, 20, and
30 p.i. in the lung. (G) Representative plots of WT and PD-1 KO P14 cells at day 35 p.i.
with X31-GP33 (day 35, left) and 7 days after rechallenge with PR8-GP33 (day 42 after
primary infection, right). Numbers indicate frequencies of P14 cells as percentages of CD8+
T cells. A summary of numbers of P14 cells pre- and post-rechallenge is shown (right).
Numbers above the bars indicate the fold change between day 35 and day 42 (7 days after
rechallenge). Data are representative of 3—4 independent experiments with 4-6 mice per
group and represented as mean + SEM. Significance was assessed using Student’s t test; ns,
not significant; *p < 0.05, **p < 0.01, ***p < 0.001. See Figures S5 and S6 for supporting
data.
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Figure 4. Cell-Intrinsic Defect in PD-1-Deficient CD8* T Cell Memory Is Observed in Multiple
Intranasal Infections

(A) Frequencies of WT and PD-1 KO P14 cells in mixed chimeras in the peripheral blood
following primary intranasal infections with LCMV Armstrong, VV-GP33, or PR8-GP33.
(B) Individual bars show fold changes in frequencies of WT and PD-1 KO P14 cells
between day 8-10 and day 100+ from mice in (A). Numbers above bar graphs indicate the
difference in ratios observed in WT versus PD-1 KO P14 cells. (C and D) Representative
plots (C) and summary (D) of frequencies of IFN-y* TNF-a* P14 cells at day 100+ p.i.
Summary data (D) in the spleen (left) and lung (right) are shown. Data are representative of
2 independent experiments with 4-5 mice per group and represented as mean + SEM.
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Significance was assessed using Student’s t test; ns, not significant; *p < 0.05, **p < 0.01,
***p < 0.001. Arm, LCMV Armstrong; PR8, PR8-GP33.
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Figure 5. Transient Early Blockade of the PD-1 Pathway Does Not Result in the Same Memory
Defects as Permanent PD-1 Loss

WT B6 mice were treated with anti-PD-1 antibody (clone 29F.1A12) or isotype control
antibody (rat 19G2a) on days -1, 2, and 5 and harvested on day 8 p.i., or treated on days -1,
2, 5, and 8 and harvested on day 60+ p.i. PD-L1/L2 DKO mice were included as a control.
(A and B) Representative plots (left) and summary (right) of KLRG1 and CD127 expression
on DPGP33_41* CD8* T cells in the lung at day 8 (A) or day 60* (B) p.i. (C) Representative
plots showing GP and CD44 staining in the lung on day 60" p.i. Numbers on plots indicate
the frequencies of DPGP33 41+ cells of the CD8* population (left). Summary of frequencies
(of the CD8* population, middle) and numbers (right) of DPGP33_4;* T cells in the lung.
Data from day 8 p.i. are representative of 2 independent experiments, and data from day 60*
are pooled from 2 independent experiments with 3-8 mice per group. Data are represented
as mean + SEM. Significance was assessed using ANOVA (Kruskal-Wallis test) followed by
Dunn’s multiple comparison test; ns, not significant; *p < 0.05, ***p < 0.001.
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