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Abstract

Inhibiting PD-1:PD-L1 signaling has transformed therapeutic immune restoration. CD4* T cells
sustain immunity in chronic infections and cancer, yet little is known about how PD-1 signaling
modulates CD4* helper T (Tw) cell responses or the ability to restore CD4* Ty-mediated
immunity by checkpoint blockade. We demonstrate that PD-1:PD-L1 specifically suppressed
CD4* Tyl cell amplification, prevents CD4* Tl cytokine production and abolishes CD4*
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cytotoxic killing capacity during chronic infection in mice. Inhibiting PD-L1 rapidly restored
these functions, while simultaneously amplifying and activating Ty1-like T regulatory cells,
demonstrating a system-wide CD4-Ty1 recalibration. This effect coincided with decreased

T cell antigen receptor signaling, and re-directed type | interferon (IFN) signaling networks
towards dominant IFN-y-mediated responses. Mechanistically, PD-L1 blockade specifically
targeted defined populations with pre-established, but actively suppressed proliferative potential,
with limited impact on minimally cycling TCF-1* follicular helper T cells, despite high PD-1
expression. Thus, CD4™ T cells require unique differentiation and functional states to be targets of
PD-L1-directed suppression and therapeutic restoration.

Robust effector T cell responses are critical to the resolution of viral infection and

when compromised, chronic infection ensues. At the onset of what will become a

chronic viral infection, sustained antigen signaling remodels the immune environment,
driving the production of immunosuppressive cytokines and the expression of multiple
inhibitory receptors/ligands that further potentiate viral persistence (for example, IL-10,
PD-1, PD-L1, Tim3). This immunosuppressive program diminishes CD8 T cell function
(termed T cell exhaustion) and maintains virus-specific T cells in an attenuated functional
and distinct epigenetic state that is unable to eliminate infectionl. Characteristics of
cellular and molecular exhaustion are also observed in T cells during cancer, indicating a
conserved program of T cell dysfunction in response to chronic antigen stimulation. Further
exacerbating cell-intrinsic CD8 T cell dysfunction in chronic infection is the progressive
loss of virus-specific CD4* type 1 helper T cells (Ty1) and the reciprocal accumulation
of B cell helping CD4* follicular helper T cells (Tgy) as virus persists2=. Although the
exhausted state of CD8 T cells is relatively well-defined, the cellular and molecular changes
that comprise CD4* T cell functional alterations in chronic infection and cancer are little
understood. Further adding to this complexity is the multiple Ty differentiation states that
CD4* T cells progress toward, leading to the unique requirement to consider functional
changes in molecular programs within the context of specific Ty differentiation states.
CD4* TH1 cell help is critical to sustain CD8 T cells during viral persistence, and the
progressive CD4* Tw1 loss promotes CD8 T cell exhaustion and defective viral control®.
Therapeutically, transfer of virus-specific CD4* Tyl cells in the middle of an established
chronic infection increased antiviral CD8 T cell numbers and function to enable viral
control®. Thus, the loss of CD4* Ti1 cells is a critical mechanism promoting CD8 T

cell dysfunction, and enhancing this distinct virus-specific CD4* helper T cell subset can
overcome CD8 T cell exhaustion to increase immune control of chronic infections.

Immunotherapy that blocks inhibitory receptors/ligands to reverse T cell exhaustion and
enhance immune function has spurred a revolution in treating chronic disease. Among
the most successful of these immunotherapies has been the blockade of the PD-1:PD-

L1 (PD-1/L1) pathway. PD-1/L1 blockade enhances CD8 T cell function in many viral
infections, including chronic lymphocytic choriomeningitis virus (LCMV), HIV, HCV; in
numerous preclinical cancer models, and has been particularly successful in a subset of
cancer patientsl. Because CD8 T cells are critical effectors of viral and tumor clearance,
the bulk of the work studying the effects of anti-PD-1/L1 therapy has focused on their
role. Indeed, a distinct TCF-1* memory-like CD8 T cell subset has been identified as
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the specific CD8 T cell population targeted by the PD-1/L1-blocking therapy”=13. Yet, in
certain instances, patients respond to anti-PD-1/ L1 blockade independent of CD8 T cell
responsesl413, indicating that many cell types are likely responding to and affecting the

outcome of this therapy than previously recognized.

PD-1 can be highly expressed on activated CD4* T cells, suggesting that these T cells may
also be responsive to PD-1/L1-blocking therapies. Although blocking PD-1/L1 is not widely
considered to target CD4* T cells1®, increasing evidence in patients suggests that, at least in
some instances, CD4* T cells can respond to this therapyl417. The reason underlying these
discrepancies in how or why CD4* T cells may (or may not) respond to PD-1/L1-blocking
immunotherapy is unclear, but may be explained by differences in precursor CD4* helper

T cell populations. For instance, if anti-PD-1/L1 specifically targets distinct types of CD4*
helper T cell subsets, the therapy will likely be effective only in cases in which these
specific helper T cell subsets are present pretreatment. Yet to date, a precise role of PD-1/L1
blockade in restoring CD4™ T cell responses and the potential for differential helper T cell
subset targeting remains unclear.

Virus-specific CD4* T cell heterogeneity during chronic infection.

To investigate how exhausted CD4* T cells are affected by anti-PD-L1 therapy during
chronic viral infection, LCMV-glycoprotein (GP)g1_go-specific CD4* T cell antigen receptor
(TCR) transgenic (SMARTA) T cells were adoptively transferred into naive mice that

were subsequently infected 1 day later with LCMV clone 13 (CI13) to generate a

chronic infection. The SMARTA T cells, all expressing the same TCR, functionally and
phenotypically recapitulate host-derived endogenous GPg;_gg-specific CD4* T cells218.19,
and are used to control for inherent differences in strength of TCR signaling in the total
population. Twenty-five days after infection, mice were treated with either anti-PD-L1-
blocking antibody or isotype control antibody and were continued on this treatment regimen
every 3 days. SMARTA cells were analyzed after the first and third treatments and co-
clustered based on time-of-flight mass cytometric (CyTOF) staining (Extended Data Fig. 1a
and Supplementary Tables 1 and 2). PD-L1 blockade did not alter viral titers following one
treatment, but in this experiment decreased viral titers were observed after three treatments
(Extended Data Fig. 2a). All the CD4* SMARTA T cells are primed early after infection?°,
are activated throughout infection and exhibited high PD-1 expression at the start of the
treatment. Analysis revealed that the SMARTA T cells formed ten distinct clusters that could
be broadly grouped into those that expressed the transcription factor TCF-1 (c1-5, ¢7 and
¢10) and those that did not (c6, c8 and c9) (Fig. 1a,b). TCF-1 drives expression of the Ty
transcriptional regulator Bcl-6 (refs. 21:22) and is absent in T1 cells. Consistent with this,
TCF-1-negative 6, c8 and c9 had very low expression of Bcl-6 and expressed multiple

Th1 cell-associated proteins. In ¢8 and 9, these included GzmB, Eomes, as well as Tim3
and CD39 (inhibitory receptors that are highly expressed on Ty1 cells), whereas c6 had
high expression of T-bet (a transcription factor driving Ty 1 differentiation) and SLAMF1
(an activation marker defining Tyl cells in LCMV infection). Of the Tyl clusters, ¢8 was
unique in that it expressed the Tl chemokine receptor CX3CR1 and appeared to be more
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terminally differentiated with a higher proportion of cells expressing Tim3 and GzmB, and
the highest expression of CD80 and Lag3 (Fig. 1a). Thus, c6, ¢8 and c9 were residual Ty1
clusters sustained during chronic viral infection, with c6 a potentially less-differentiated Ty1
population and ¢8 the most terminally differentiated.

Of the TCF-1* clusters, c2 exhibited the highest expression of Bcl-6, CXCR5, ICOS,

Helios and was uniquely positive for CD69, suggesting the most differentiated Tgy cells
(Fig. 1a, b). Although all the CD4* SMARTA cells were activated and expressed high

levels of PD-1, the Tgy ¢2 along with the Tl clusters expressed the highest levels of

PD-1, suggesting that these clusters were the most highly activated. The other TCF-1*
clusters c1, ¢3, c4, ¢5, c7 and ¢10 expressed IL-7Ra (CD127), and potentially signify

less antigen-engaged, less terminally differentiated cells. Even among the less-differentiated/
less-activated CD127*TCF-1* clusters, substantial heterogeneity existed suggestive of
hybrid Ty1/Tgn cells. For instance, c1, ¢4, ¢5 and c7 had high TCF-1 expression, but
simultaneously expressed T-bet and some SLAMF1. Cluster 10, on the other hand, appeared
to favor neither the Tyl or Tgy lineages and had the highest expression of CD127, likely
being the least differentiated of all the clusters. Thus, extensive heterogeneity exists amongst
CD4* T cells during chronic viral infection, and in addition to Tyl and Ty, multiple hybrid
clusters emerge that have characteristics of both Ty1 and Tgp cells.

PD-L1 blockade restores virus-specific CD4* Ty1 cells.

PD-L1 blockade increased the proportions of the Tyl clusters (6, 8, 9), and drove a smaller
increase in the proportion of ¢3, while decreasing the proportion of the TCF-1" intermediate
c4 (Fig. 1a and Extended Data Fig. 2b). The overall number of SMARTA T cells was
elevated (p = 0.06) following the initial treatment (Extended Data Fig. 2c), primarily as a
result of the increased Tyl clusters, and to a lesser extent from an increase in ¢3 and c1

(a transitional cluster associating next to the Ty1 cells in UMAP space) (Fig. 1c). Gating

on endogenous Foxp3—, PD-1*CD4* T cells revealed that the Ty1, but not TCF-1* cells
were also increased following anti-PD-L1 treatment, confirming that this was not an epitope,
TCR or transgenic specific effect (Extended Data Fig. 2d). Unlike Tyl cells, the proportion
and absolute number of the most differentiated Try c2 was largely unaffected by PD-L1
blockade at this early timepoint, despite the high levels of PD-1 expression (Fig. 1a—c

and Extended Data Fig. 2b). Direct comparison within the same mouse further revealed
that the fold changes were significantly higher in the Tyl cells following PD-L1 blockade
compared with the small increases observed in the Tgy cluster (Fig. 1d). Functionally,
anti-PD-L1 blockade increased IFN-y-producing virus-specific CD4* T cells, as well as the
amount of IFN-y produced per cell, while simultaneously increasing virus-specific CD4* T
cells producing IL-10 (Fig. 1e and Extended Data Fig. 2e), suggesting a negative feedback
inhibition induced by the enhanced stimulation, but also consistent with observations that
IL-10 production is specifically produced by Tw1 cells during chronic viral infectionZ3, On
the other hand, there was no difference in the proportion or numbers of TNF-producing
virus-specific CD4* T cells (Fig. 1e and Extended Data Fig. 2e), indicating that not all
cytokines were enhanced by blocking PD-L1. PD-1-deficient virus-specific CD4* T cells
also exhibited significantly increased Tyl differentiation by both proportion and number,
as well as enhanced IFN-y production, with only minimal effects on Tgy numbers (Fig.
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1f), thus demonstrating the CD4* T cell-intrinsic nature of PD-1 signaling is to inhibit T1
expansion and function throughout chronic viral infection.

After three anti-PD-L1 treatments (8 days after the initiation of treatment and 33 days after
infection), there was a numerical increase in the majority of CD4* SMARTA T cell clusters
in the PD-L1 blocked mice, corresponding to the maintenance of these cells between these
treatments (Extended Data Fig. 2f). Further, the number of IFN-y and IL-10 expressing
cells remained elevated following three anti-PD-L1 treatments (Fig. 1g). PD-L1 blockade
also increased numbers of CD4* Ty1 SMARTA cells in the liver and lungs following three
treatments, and although Bcl-6hi Tgy populations were not present in these nonlymphoid
organs, the population of Bcl-6lo TCF-1* cells was less responsive to PD-L1 blockade
(Extended Data Fig. 2g). Thus, anti-PD-L1 specifically increases the proportion and number
of virus-specific CD4* Ty1 cells in both lymphoid and nonlymphoid organs.

Blocking PD-L1 targets precycling CD4* Tyl populations.

To determine the origin of the increased Tyl cells following PD-L1 blockade, we examined
the trajectory of virus-specific CD4* T cells following anti-PD-L1 treatment. Overlaying the
UMARP clusters onto a diffusion pseudotime map?# revealed three tips (T), which form the
most distant endpoints of each branch and indicate the beginning or end of a differentiation
state (Fig. 2a and Extended Data Fig. 3a). T1 was a Tgpy cell in ¢2; T2 was a cell from

the most differentiated T ¢8; and T3 was a cell in the immature/transitional SLAMF1*
Ty €6. Pseudotime diffusion analysis identified two branches that mapped from the central
SLAMF1* Th1 cell T3 root, where it could either progress towards the Ty fate (as nor
mally occurs during chronic viral infection as Ti1 cells convert to Tg)?2, or towards

more differentiated T2 clusters. To identify which of these directions was favored by
PD-L1 blockade, we overlaid changes in cell number following anti-PD-L1 treatment onto
the diffusion pseudotime map. Blocking PD-L1 rapidly increased both the proportion and
numbers of the clusters on the branch towards the highly differentiated Ty1 c8 in T2 (Fig.
2a), suggesting that anti-PD-L1 diverts CD4" T cells from the normal Tgy differentiation
branch in chronic infection and can push less-committed T1 cells towards the differentiated
Tyl lineage.

PD-L1 blockade rapidly increased the proportion and the number of Ki67* (that is, cycling)
virus-specific CD4™ T cells (Fig. 2b and Extended Data Fig. 3b). The vast majority of

Ki67* cells in the isotype-treated group (representing pretherapy) were in the Tyl ¢6 and
c8, and the T1-associating c1 (Fig. 2c). Critical for these analyses, the SMARTA cells were
not clustered using Ki67 to prevent algorithmic clustering of cycling cells (Supplementary
Table 2). Although the frequency of Ki67* cells increased following PD-L1 blockade (Fig.
2b), the distribution of clusters that expressed Ki67 was generally unchanged (Fig. 2c).

The exception to this was the Tyl ¢9, which exhibited low Ki67 expression in isotype-
treated mice, but was robustly induced by anti-PD-L1 treatment (Fig. 2¢). The increase

in c9 is consistent with the pseudotime trajectory analysis indicating that activated cells

in ¢6 progress through c9 toward the most differentiated population of Tyl cells in c8.
Conversely, ¢8 started out with the highest frequency of Ki67* cycling cells and this was
then maintained following anti-PD-L1 therapy. Whereas the frequency of Ki67" cells in Tgy
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c2 and intermediates ¢4 and c5 were also enhanced upon PD-L1 blockade (Fig. 2¢), the
proportion of these cells remained small, and did not lead to an increase in the absolute
numbers of those clusters, as was observed for the Tyl clusters (Fig. 1c).

The majority of Ki67* cells in both isotype and anti-PD-L1 treated mice similarly expressed
Th1 proteins CD39, T-bet and SLAMFL1, and largely failed to express CD69 (Fig. 2d),

a protein specifically on the c2 Tgy. Further, the Ki67* SMARTA cells in both isotype

and anti-PD-L1 treated mice exhibited highly overlapping protein expression patterns with
each other, and were more similar to each other than to their respective Ki67-negative cells
(Fig. 2e and Extended Data Fig. 3c), further suggesting anti-PD-L1 blockade preferentially
expands pretreatment cycling clusters. Even early in infection (day 10 after LCMV-CI13
infection), Ki67 was predominantly confined on to the Tyl c4, c6, whereas the majority

of TCF-1* clusters, and particularly the most differentiated Ty subset c1, expressed less
Ki67 (Extended Data Fig. 3d). Thus, PD-1 limits the expansion of the most proliferative
CD4* Tyl cell subset throughout chronic infection, and blocking PD-L1 overcomes these
constraints.

PD-L1 blockade targets Tyl-phenotype T regulatory cells.

Foxp3* Teq cells comprise approximately 20% of total CD4™ T cells during chronic

viral infection and can differentiate into different Th-like subsets to suppress antiviral
responses?>. Importantly, SMARTA cells in LCMV infection do not become Tigq cells?,
although in other infections virus-specific CD4" T cells potentially could. The frequency
of Tyeg cells rapidly increased after the first anti-PD-L1 treatment compared with isotype-
treated mice and PhenoGraph clustering revealed eight distinct clusters that again broadly
categorized into TCF-1* (c1, c3, ¢4, ¢7, ¢8) and TCF-1-negative (c2, c5, c6) populations,
with the TCF-1-negative Tyeq Cells expressing T-bet to both higher levels and in a larger
proportion of cells (Fig. 3a,b and Supplementary Table 3). PD-L1 blockade did not
numerically affect the TCF-17 clusters, but increased the TCF-1-negative, T1-like c2,

¢5, ¢6 (Fig. 3b,c and Extended Data Fig. 4a,b). Although all Tyeq cells were gated based

on Foxp3 positivity (Extended Data Fig. 1b), Foxp3 expression itself, along with Ty1-
associated inhibitory receptors CD39 and Tim3, as well as activation markers CD27, CD44
and SLAMF1 were all enriched in the T1-phenotype clusters (Fig. 3b). These Tyl clusters
also had the highest expression and contained the majority of ICOS*, CTLA4" and PD-1"*
cells, demonstrating heightened activation of the Ty1-phenotype Tyeq cells during chronic
infection.

PD-L1 blockade also rapidly increased the expression of multiple activation/inhibitory
proteins (including CTLA4, ICOS, CD80, CD86, SLAMF1) on the Ty1-phenotype clusters
compared with isotype treatment (Fig. 3d). Although anti-PD-L1 therapy did not bolster
the number of TCF-1* Treg Cells, it did increase their expression of proteins such as PD-1,
Helios, SLAMF1, ICOS and CTLA4 on multiple clusters (Fig. 3d), indicating that these
populations were also being affected by the therapy. The inhibitory receptor CTLA4 was
upregulated on multiple Tyeq cell clusters following anti-PD-L1 (c2-5, ¢8), but it had much
lower/nondetectable expression on the virus-specific CD4* T cells. Treg cell depletion led
to increased numbers of CD4* Th1 cells, but not Tgy cells, with a particular restoration
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of GzmB*CD4* TH1 cells (Extended Data Fig. 4c), indicating that consistent with their
activated T1-phentoype, Treg cells in the chronic infection preferentially suppress Tyl
responses.

At baseline and following PD-L1 blockade, a higher proportion of Tyeq cells expressed Ki67
than did the virus-specific CD4* T cells (Fig. 3e). PhenoGraph clustering was performed in
the absence of Ki67 (Supplementary Table 3), and again, the Ki67* cycling cell clusters at
the onset of therapy were predominantly confined to the Ty1-like Tyeq cells (c2, c5) (Fig.
3f). The cycling clusters that were present pretherapy (that is, in isotype-treated mice) were
generally also the ones that were expanded by anti-PD-L1, and although an increase in the
frequency of Ki67* cells also occurred in Teq clusters ¢3, ¢6 and c8 (Fig. 3f), only the
Th1-like c2, ¢5 and c6 were increased numerically (Fig. 3c and Extended Data Fig. 4a).
Comparison of the Ki67* cells in isotype and anti-PD-L1 conditions showed that cycling
Treg Cells exhibited similar protein expression patterns, with the vast majority of Ki67* Tyq
cells expressing T-bet, ICOS and CTLA4, and high CD39, whereas the majority of the
cycling cells in both conditions failed to express TCF-1 and CD69 (Fig. 3g). The similar
overall protein expression patterns by cycling cells in isotype- and anti-PD-L1 treated mice
suggested that specific pre-established populations of cycling virus-specific CD4* T1 cells
and Ty1-like Tyeq cells are specifically expanded by PD-L1 blockade.

Following the third anti-PD-L1 treatment, the number of total and Ty1-phenotype Teq
cells had contracted to the same level as in isotype-treated mice (Fig. 3h and Extended
Data Fig. 4d). Yet, PD-L1 blockade continued to drive higher levels of activation proteins,
particularly in Th1-like ¢2, ¢5 and c6, whereas the TCF-1* Treg cells appeared to be

only minimally changed (Extended Data Fig. 4e). Despite the contraction, the Ty1-like

c2 and c5 still comprised the majority of the Ki67* cells in both isotype and anti-PD-L1
groups, although the proportions of Ki67* cells within these T1 clusters were no longer
significantly elevated in response to PD-L1 blockade (Extended Data Fig. 4f). Like the
cycling virus-specific CD4* T cell populations, the Ki67* cells following the first and
third anti-PD-L1 treatments had concordant protein expression patterns both between time
points, and between isotype and anti-PD-L1 treatment (Fig. 3i and Extended Data Fig. 49),
indicating that like the virus-specific CD4* T cells, the Ty1-like Treg cells are targeted by
PD-1/PD-L1 to limit their expansion and activation state.

Treg cells in nonlymphoid organs (the liver and lung) increased following three anti-PD-L1
treatments, at a time when Tq cell amplification in the spleen had returned to baseline
(Fig. 4a). To determine whether this increase was the result of local proliferation versus

an influx of Tyeq cells from the lymphoid organs, we treated mice just before and then
during anti-PD-L1 treatment with the drug FTY720 (fingolimod) to prevent cell emigration
from lymphoid tissue. FTY720 treatment reduced Tyeq cells in the isotype conditions (Fig.
4b), suggesting that ongoing Tyeq cells in the lung and liver during chronic infection are
replenished by homing from lymphoid organs. Yet, even with FTY720 treatment, PD-L1
blockade expanded the number of Tyeq cells in the liver and lung (Fig. 4b). Further, PD-L1
blockade increased Tyeq cell infiltration into the liver and lung tissue parenchyma, and within
the spleen from the red pulp to the white pulp?® (Fig. 4c). Thus, PD-L1 blockade expands
Treg cells directly in nonlymphoid organs, and functions to amplify Tyeq presence within
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the tissue parenchyma of these organs, where they are potentially positioned to interact and
suppress effector T cells.

Gene expression changes by virus-specific CD4* T cells following PD-L1 blockade.

We next performed single-cell RNA-sequencing (sScCRNA-seq) on SMARTA T cells
following isotype or anti-PD-L1 treatment. Analysis was performed after the third antibody
treatment to allow for network redistributions to take hold, while viral titers were not yet
decreased by PD-L1 blockade in this particular experiment (Extended Data Fig. 5a). Cell-
cycle genes were regressed out before clustering (akin to clustering CyTOF data without
Ki67). Of the eight clusters that emerged, only c2 and c3 increased following anti-PD-L1
blockade and these were characterized by expression of Ty1-cell genes, including /fngr,
Ifng, Gzmb, Ccl5, Selplg (encoding PSGL1) and Nkg7 (Fig. 5a—c). ¢3 was a highly
differentiated Tyl cluster (corresponding to ¢9 and some of ¢8 in the CyTOF analysis

Fig. 1), and exclusively expressed Prdm1 (encoding Blimp1) and had the majority of Gzmb
expression (Fig. 5¢). 7c¢f7 (encoding TCF-1) was widely expressed by most clusters, but was
largely absent from c¢3 and only present in the proportion of c2 that lacked Gzmb expression
(Fig. 5¢), suggesting c2 is a transitional population containing cells further differentiating to
Tnl, akin to ¢l and c6 in the CyTOF clustering. All clusters were activated, although cO was
the least differentiated cluster, expressing //7ra (CD127), Tcf7and Ccr7, characteristic of
more quiescent cells (Fig. 5b,c). ¢5 was comprised of bona fide Tgy cells expressing Asc/2,
Bcl-6and Cxcr5, whereas ¢1 was composed of cells expressing Tgy-associated genes, but
not their lineage-defining transcription factors, thus we defined these as less-differentiated
TrR. €7 expressed high amounts of IFN-stimulated genes (ISGs), and seemed to encompass
both Tyl and Tgy cells, indicating clustering was driven by the ISG signature and not a
specific differentiation program. ¢6 had high expression of the genes Xc/1, Slamf7, Tnfrsf9
and Crfam, and appeared to be a hybrid between Tyl and Tgy, expressing molecules such as
Gzmk and Runx3, but also Tcf7, SostdcI and Bcl-6.

When all the clusters were combined, there were 461 significantly differentially expressed
genes (DEG) following PD-L1 blockade (adjusted £ < 0.05) (Supplementary Table 4).
However, none increased more than twofold, and only Rps18-ps3, (ribosomal protein

S18 pseudogene 3), and three predicted genes (Gm6133, Gm98433, GmZ2000) reached
twofold decreases upon blockade, indicating that at the population level the cells were
transcriptionally similar following therapy. Of the DEG in the total SMARTA cell
population, there was an overall increase in Tyl signature genes following PD-L1 blockade,
including kg7, Ccl5, Selplg and Lgals3, which was accompanied by a global decrease in
Trn signature genes including Sostdc1, Tnfsf8 (encoding CD30L), Tcf7, Izumolr(encoding
for JUNO), //21 and CD40Ig (Fig. 5d, Extended Data Fig. 5b). The decreased Tgy signature
gene expression also occurred within the Ty and Tep-like clusters, suggesting that despite
a lack of expansion, the nature of these cells was also being fundamentally altered
(Supplementary Table 4). Along with the diminished Tgy gene expression, PD-L1 blockade
decreased //21 production (a factor critical for control of chronic viral infection19:27.28),
which was produced by both Ty1 and Ty in isotype conditions and now had only minimal
residual expression in Tgy phenotype cells (Fig. 5d). Although the decreased Tgy gene
signature was evident across all SMARTA cell clusters following PD-L1 blockade, the
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increase in Tyl driving genes was largest in ¢2 (the transitional Tyl cluster) and in some
cases the less-differentiated, centrally located c0. c2 itself expressed 64 DEG in anti-PD-L1
versus isotype treatment, with more than twofold increased expression of T1-associated
genes, including Plac8, (placenta specific 8) Ct/aZa (cytotoxic T lymphocyte-associated
protein 2 alpha), K/rdZ (Killer cell lectin like receptor D1) and Ly6c2, as well as Nkg7

and Lgals3 (encoding galectin3) (Fig. 5e and Extended Data Fig. 5b). c0 and c1 expressed
140 and 68 DEG respectively, whereas clusters 3—7 expressed fewer than 40 DEG each
(Supplementary Table 4). Many of the DEG in c0 and c1 were ribosomal proteins that were
downregulated upon PD-L1 blockade. TH1 genes were also upregulated in these clusters
upon PD-L1 blockade (particularly c0) with genes such as Nkg7, Cc/5increased in c0 and
cl, and genes such as Sostdcl, Tnfsf8(encoding CD30L), 7nfrsf4 (encoding OX40) and
1121 decreased in c0 (Supplementary Table 4). In addition, anti-PD-L1 therapy increased
/l7raand Bel2 expression in c0, suggesting enhanced cell survival of this less-differentiated
population that likely were precursors to Tyl cells. Thus, not only were Tyl clusters
enhanced by proportion and number by PD-L1 blockade, but there was a system-wide
recalibration towards the Tyl differentiation state.

To analyze the transcriptional programs pushing the transition of the Tyl cells, we
compared the genes differentially regulated from the transitional Tyl c2 with the terminally
differentiated Tyl ¢3. Compared with c2, c3 exhibited increased expression of multiple

Tnl defining and modulating genes, including increased expression of /fngand multiple
inhibitory receptors, including Lag3, Pdcdl and Entpdl (encoding CD39) (Fig. 5f and
Extended Data Fig. 5c). Further, c3 was the only cluster that produced //10 (Extended Data
Fig. 5¢), indicating feedback inhibition by the most terminally differentiated Ty1 cells.
PD-L1 blockade itself did not directly enhance these genes in ¢3 compared with isotype,
indicating instead that PD-L1 directed the less-differentiated T1 cells down a terminal
differentiation pathway leading up to c3. The expression of transcription factor 7ox (which
drives CD8 T cell exhaustion?®-31), Fomes (which associates with exhausted CD8 T cells32)
and Marfwhich can drive //10 expression33 were increased in ¢3 compared with c2 (Fig.

5f), indicating that the transcriptional transformations associated with CD8 T cell exhaustion
underlay the transition to CD4" Ty1 terminal differentiation during chronic infection.

Network profiling reveals global transcriptional changes.

We next measured putative upstream regulators of DEGs in total cells, and focused on

the Tyl c2 and c3, as well as the Tgy ¢5, to understand how blocking PD-L1 modified

the downstream Tyl and Ty cell transcriptional programs. Upstream regulator analysis
predicted PD-L1 blockade-induced activation of central Ty1 differentiation networks (for
example, Thx21, 1d2, Tet2, IRF4), and inhibition of Ty driving cytokine networks

(IL6, IL27, IL21, STAT3) (Fig. 6a). These occurred in conjunction with the predicted
downregulation of Tgy-associated regulators CD40lg and CD28 in ¢5, and the predicted
activation of multiple upstream regulators for networks that control cellular proliferation (for
example, Myc, Mycn, Itk, Ccnd1l), particularly in c2. Chronic IFN-I signaling suppresses
antiviral CD4* T cell proliferation and function in chronic viral infection34:35, and multiple
IFN-1 related upstream regulators (IFN-a/, IFN-a1/ IFN-a.13, IFN-a2, IFN-aR1, JAK1/2)
were predicted to be inhibited upon PD-L1 blockade in both Th1 and Tgy clusters, whereas
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regulation through the SOCS1 network, an inhibitor of IFN-I signaling, was predicted

to be elevated in the transitional Ty1 population c2, as well as the Ty population 5.

In line with diminished IFN-1 mediated regulation, PD-L1 blockade decreased expression
of numerous ISGs, such as /RF7and OAS1a, while reciprocally elevating Ty1-driving
ISGs, such as Cc/5and /fngr (Fig. 6b and Extended Data Fig. 6a). Unexpected with the
increased cycling and activation states of virus-specific CD4* Th1 cells following PD-L1
blockade, TCR signaling (TCR, CD3, NR4A1 (encoding Nur77)) and multiple key immune-
activating signaling pathways induced by TCR signaling (NFATC, RICTOR, NFKB) were
predicted to be inhibited by PD-L1 blockade. Deeper examination revealed downregulation
of many TCR-stimulated transcription factors by PD-L1 blockade (Fig. 6¢), corresponding
to a global diminution of TCR signaling strength when PD-L1 is inhibited. Only a few
TCR-driven transcription factors were increased following PD-L1 blockade, particularly in
the transitional TH1 c2, and these were specifically associated with Ty1-fate determination
and included Prdm1 and K/f2, as well as 7sc22d3 which is stimulated by IL-10 (Fig. 6c).
Further, Nur77 protein expression, which is directly associated with the strength of TCR
signaling36, was decreased rapidly (and before decrease in viral titers) in virus-specific
CD4* T cells from anti-PD-L1 treated compared with isotype-treated mice (Fig. 6d and
Extended Data Fig. 6b). Both heightened and chronic TCR signaling promote conversion of
Tyl to Tey cells237, suggesting that blocking PD-L1 reduces TCR signaling networks to
re-establish Tyl programming.

To further probe anti-PD-L1 mediated changes in transcription factor activity and their
downstream target gene networks, we used the algorithm SCENIC (single-cell regulatory
network interference and clustering)38. SCENIC identifies each transcription factor and its
direct binding targets in the same cell (termed regulons) based on coexpression profiles

and cis-regulatory motif enrichment. Quantification of the fold change in average regulon
activity indicated that the decreased expression by scRNA-seq of multiple transcription
factors involved in TCR signaling following PD-L1 blockade corresponded to a similar
decrease in their target RNAs (regulons), including regulons driven by Fos, Jun, Nfatcl,
Maf and Relb (Fig. 6e). The Tgy ¢5 had a generally higher activity score for many of

these regulons than the Tyl clusters during chronic infection, consistent with strong TCR
signaling driving the Try phenotype. Yet, even in this Tgy ¢5, target regulons driven by Fos,
Hifla and Nfatc1 were significantly decreased upon anti-PD-L1 therapy. Although £omes
RNA was decreased following PD-L1 blockade, its target regulons remained elevated in c2
and c3, suggesting a delay in the transcriptional decrease in its expression and the functional
activity of the protein. Conversely, the increased expression of Prdm1 following PD-L1
blockade was mirrored in increased expression of its target regulons, further corroborating
the re-enforcement of T1-like genes programing.

Pathway analysis of the individual cell clusters indicated enrichment of pathways involved
in positive regulation of translation, RNA splicing, cell cycling and cellular metabolic
processes when PD-L1 was inhibited (Extended Data Fig. 6¢), indicating metabolic
reprogramming of virus-specific CD4™ T cells. Corresponding to the overall virus-specific
CD4* T cell survival observed following PD-L1 blockade, stress response pathways such
as “response to cold’, and pathways of negative regulation of apoptosis were increased
across most of the clusters. Specifically, within the less-differentiated CD4* TH1 ¢2, but not
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the terminally differentiated Tl ¢3, PD-L1 blockade amplified multiple pathways involved
in DNA replication and cell-cycle progression, further indicating cell-intrinsic modulation
of cell-cycle machinery fueling expansion of the Ty1 ¢2 population and c3 arising from
these cells. Conversely, following PD-L1 blockade, c3 was enriched for pathways of Tyl
functional activity, regulation of lymphocyte migration, leukocyte-mediated cytotoxicity and
decreased STAT3 signaling (STAT3 is known to inhibit T1 differentiation3®) (Fig. 6f).
Like the widespread inhibition of upstream regulation by IFN-I, the pathway “response to
Interferon-alphd’ was one of the few pathways downregulated in ¢2 and c3 of the anti-PD-
L1 treated group (Fig. 6f). Conversely, both c2 and ¢3 had increased signatures of IFN-y
activation and signaling, indicating a switch from chronic IFN-I toward IFN-vy signaling in
response to PD-L1 blockade. Both c2 and ¢3 had gene signatures associated with CD8 T
cell effector function following anti-PD-L1 therapy (c2 up in “effector vs exhausted CD8

T cells’; ¢3 up in “leukocyte-mediated cytotoxicity”) (Fig. 6f), suggesting the molecular
acquisition of a gene signature pushed toward CD8 T cell effector functions.

PD-L1 blockade drives a CTL gene signature and resurrects CD4* killing capacity.

The increased signatures of CD8 T cell effector functions and IFN-y signaling suggested
that the TH1 may acquire cytolytic function when PD-L1 signals are inhibited. Indeed,
multiple cytotoxic mediators including Nkg7, Runx3 (the transcription factor that drives
cytotoxic function in CD8 T cells), Gzmb, Gzmk;, Fasl, CtlaZa, Kird1 and Klrk1 (encoding
NKG2D) were preferentially expressed in Tyl clusters 2 and 3 (Fig. 7a and Extended Data
Fig. 7), and were increased in expression and/or by proportion upon PD-L1 blockade. (Fig.
7b). By contrast, the non-TH1 clusters lacked or had minimal expression of these cytotoxic
mediators and failed to upregulate them (Fig. 7a and Extended Data Fig. 7), suggesting the
cytotoxic signature was localized to the Ty1 cells. To directly test whether PD-L1 blockade-
induced changes in virus-specific CD4* T cell cytolytic function, we performed an in vivo
CD4" cytotoxic T lymphocyte (CTL) assay. To ensure killing was mediated by CD4* T cells
and was CD8" T cell independent, we used Bo-microglobulin (,M) deficient splenocytes
(that is, lacking MHC class | expression) as target cells. The splenocytes were labeled

with LCMV-GPg_gg peptide (the SMARTA epitope) or an irrelevant peptide (OVA323-339)
and then coinjected into LCMV-CI13 infected mice after the third anti-PD-L1 treatment.
Naive mice demonstrated no specific killing of MHC 11 target cells compared with
OVA323_339 labeled cells (Fig. 7¢). Mice acutely infected with LCMV-Armstrong exhibited
approximately 55% specific killing of transferred LCMV-GPg1_gg labeled MHC 11" target
cells, whereas this killing was completely abolished in chronically infected isotype-treated
mice. Interestingly, PD-L1 blockade completely restored CD4* T cell mediated killing to
levels observed in the acutely infected mice. The CD4*-mediated killing was MHC class |1
dependent, as target cells that lacked MHC class 1l failed to be killed within the same mice
(Fig. 7c). Thus, anti-PD-L1 enhances CD4™" cytotoxic gene networks and restores CD4* T
cell mediated killing during chronic infection, identifying a new mechanism of action of
PD-L1 blockade therapy to restore immune function.
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Discussion

To date, the role of PD-L1 blockade to restore exhausted antigen-specific CD4* T cells has
been unclear. Our data now demonstrate that anti-PD-L1 therapy in chronic viral infection
specifically and cell-intrinsically enhances Tyl subsets. Indeed, as chronic viral infection
persists, Tyl cells are gradually lost, exasperating CD8 T cell dysfunction?6. In addition
to conventional virus-specific CD4" T cells, we identify that T1-phenotype Treg cells

are highly responsive to PD-L1 blockade, through expansion, upregulation of suppressive
factors and migration into nonlymphoid tissue. Ty1-phenotype Tieq cells specifically limit
Tl responses??, and consistent with this, we observed that Treg cell depletion during
chronic infection preferentially increased Tl cells, with minimal effect on Tgy cells.

The rapid increase in Tyeq cells by blocking PD-L1 likely reflects feedback inhibition to
prevent excessive immunopathology, but likely also explains how they impede CD8 T

cell restoration following PD-L1 blockade in chronic infection*L. Thus, while restoring
virus-specific CD4* Th1 cells, PD-L1 blockade simultaneously releases counter-measures to
cull back this response. PD-L1 blockade did not indiscriminately target CD4* T cells, but
instead the pre-established cycling capacity of specific populations was a major determinant
of responding cells, with only limited incorporation of noncycling ones into the therapeutic
response. In this way, PD-L1 specifically acts to limit cellular proliferation and makes the
highly proliferative T1 subsets the prime target in chronic virus infection. Thus, in cases
when CD4™ T cells fail to respond to PD-1/L1 blockade therapies, pre-existing cycling
antigen-specific subsets may not be present. Yet, it is important to point out that in other
disease states where different CD4" Ty subsets are highly proliferative, these too may be
targeted.

TCF-1* memory-like CD8 T cells rapidly proliferate and have been shown to be the primary
target of PD-L1 blockade”13. On the other hand, the TCF-1* CD4* T cells were only
minimally affected by therapy during chronic infection, suggesting that TCF-1*CD4* and
CD8* T cells may function at different ends of the spectrum in response to PD-L1 blockade.
CD4* Ty can respond to immunotherapy in some cancers, particularly breast cancer4?,
although these therapies often incorporate anti-CTLA4 which can expand CD4* T cells6,
enhance Tgy cells*3 and indirectly alter CD4* T cell responses through modulation of Treg
cells*445, Anti-PD-1-mediated tuberculosis reactivation in cancer patients exhibits increased
Mitb-specific CD4™ Th1, but not TH17 cells, suggesting that Tl cells can indeed respond to
anti-PD-1 therapy in contexts other than viral infection#6. Thus, based on these dichotomies,
it will be important to further uncover the basis for disease-specific CD4* Ty restoration by
PD-L1 blockade and how they contribute to disease control (or exasperation).

Considering that PD-1 functions to attenuate TCR signaling®’, it was unexpected that
blocking PD-L1 would decrease TCR signaling and downregulate expression of multiple
transcription factors and their target genes. However, increased TCR signaling can potentiate
CD8 T cell exhaustion® and pushes virus-specific CD4* T cell differentiation toward

Ten2. Not all transcription factors were decreased following PD-L1 blockade, with specific
increases in transcription factors associated with Tyl programming and differentiation.
Thus, blocking PD-L1 and decreasing TCR signaling likely enables the cells to reroute
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toward Tl amplification and functions; and paradoxically, the decrease in chronic TCR
signaling favors restoration of CD4* Ty1 cells.

Combined with diminishing CD4* T1 responses, we identify the loss of CTL capacity

as a CD4™ T cell dysfunction during chronic infection and demonstrate that CD4* CTL
transcriptional networks and killing capacity are completely restored by blocking PD-L1.

In this way, not only can anti-PD-L1 enhance CD4* Ty1 cell help for CD8 T cells, but

may also facilitate killing of infected MHC 11" cells. CD4* T cells with CTL function

have recently been identified in various cancers that can target MHC 11* tumors, including
melanoma and bladder cancer#849. Thus, it is interesting to speculate that anti-PD-1/L1
restoration of cytolytic CD4* T cell function may be a mechanism of action of these
therapies towards MHC 11* tumors, and may at least partially drive the high response rates
to anti-PD-1 therapy in Hodgkin’s lymphoma (a B cell tumor) where the tumors are often
largely MHC | negative and response rates are correlated with MHC class Il expression14.15,
Although the ability of PD-L1 blockade to restore CD8 CTL killing during chronic viral
infection undoubtedly accounts for much of the therapy’s efficacy in lowering viral titers, we
postulate that CD4* CTL killing complements and likely further enhances the cytotoxicity
potential of anti-PD-L1 therapy, particularly through targeting of virus-infected MHC 11*
antigen presenting cell (APC) populations. Thus, these data high-light that the suppression
of CD4" CTL killing is a CD4™ T cell dysfunction during chronic infection regulated by
PD-L1, and that blocking PD-L1 reprograms and functionally restores CD4* CTL killer
cells. Ultimately, these mechanisms have important implications for multiple therapeutic
contexts of anti-PD-L1 therapy.

All mice used for experiments were between 6 and 10 weeks old at the initiation of the
experiment. Female C57BL/6 mice (CD45.2%) were purchased from the Princess Margaret
Cancer Center (PMCC) or The Jackson Laboratory. LCMV-GPg;_gg-specific CD4* TCR
transgenic (SMARTA; CD45.1%) mice have been described previously!® and were bred at
PMCC. Pdcd1~'~ mice were purchased from The Jackson Laboratory and subsequently
crossed to SMARTA mice to generate PD-17/~ SMARTA mice. These mice were then

bred at PMCC. B,M~'~ mice and Foxp3PTR mice were purchased from The Jackson
Laboratory. All mice were housed under specific pathogen-free conditions. Mice were sex
and age matched for experiments. Mouse handling conformed to the experimental protocols
approved by the OCI Animal Care Committee at PMCC/University Health Network. No
statistical tests were used to predetermine sample sizes. Because the models are well
established, sample sizes were chosen based on previous studies of our own and by others in
the field>%>1, Group numbers in each experiment are described in the figure legends.

LCMV infection and T cell adoptive transfer.

Mice were infected i.v. via the retro-orbital sinus with 2 x 108 plaque-forming units (p.f.u.)
of LCMV-CI13. 2 x 10° p.f.u. of LCMV-Armstrong was injected intraperitoneally (i.p.) into
mice as a control for the in vivo CTL assay. Virus stocks were prepared and viral titers were
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quantified as described previouslyl8. LCMV-specific CD4* SMARTA T cells were isolated
from the spleens of transgenic mice by negative selection (StemCell Technologies). Then
3,000 CD45.1* SMARTA cells (donors) were transferred i.v. into the retro-orbital sinus of
naive CD45.2* C57BL/6 mice (recipients) that were then infected with LCMV-CI13 one day
later.

In vivo antibody administration.

For in vivo PD-L1 blockade experiments, 250 pg of anti-PD-L1 (10 F.9G2) or isotype
control (LTF-2) antibody (BioXcell) was administered i.p. beginning 25 days after cell
transfer, and then every 3 days thereafter, as described in the figure legends. Allocation of
infected mice to treatment groups was random. Mice were killed 60 h following the first
antibody treatment or one day after the third antibody treatment. In some experiments mice
were injected i.v. with 3 ug of Thy1.2 fluorescein isothiocyanate antibody and killed 5 min
later to examine intravascular versus extravascular localization of cells in the various organs.

FTY720 treatment and Treg cell depletion.

FTY720 was reconstituted in saline and i.p. injected into mice at a dose of 1 mg kg™ daily
starting 1 day before the first anti-PD-L1 treatment (that is, day 24 after infection) until the
time of death. For Tyeq depletion mice were injected with 50 g kg1 of diphtheria toxin at
days 23 and 24 after LCMV-CI13 infection and then every 3 days (day 27 and day 30) until
mice were killed on day 33.

Time-of-flight mass cytometry.

The CyTOF antibody panel is listed in Supplementary Table 1. Purified unconjugated
antibodies were labeled with metal tags at the SickKids-UHN Flow and Mass Cytometry
Facility using the MaxPar Antibody Labeling Kit from Fluidigm. Directly conjugated
antibodies were purchased from Fluidigm. All working antibody concentrations were
determined by titration.

For staining, single-cell suspensions from individual samples were first stained for 15

min at room temperature (20 °C) with antibodies that did not perform well after fixation.
The samples were then washed with PBS and pulsed with 12.5 pM cisplatin (BioVision)

in PBS for 1 min at room temperature (20 °C) before quenching with CyTOF staining
media (Mg*/Ca* HBSS containing 2% fetal bovine serum (FBS) (Multicell), 10 mM
HEPES (pH 7.3; Corning), and FBS underlay. Cells were then fixed for 12 min at rom
temperature (20 °C) with transcription factor fixative (eBiosciences) and permeabilized, and
individual samples were barcoded before being combined using the 20-Plex Pd Barcoding
Kit according to the manufacturer’s instructions (Fluidigm). Combined samples were
resuspended in staining media containing metal-tagged surface antibodies (Supplementary
Table 1) and Fc block for 30 min at 4 °C. Cells were then permeabilized and stained

with metal-tagged intracellular antibodies using the Foxp3 Transcription Factor Staining
Kit (eBiosciences) according to the manufacturer’s instructions. Cells were then incubated
overnight in PBS (Multicell) containing 0.3% (w/v) saponin, 1.6% (v/v) paraformaldehyde
(Polysciences Inc.) and 1 nM iridium (Fluidigm). Cells were then washed and kept in PBS
with 1.6% paraformaldehyde in 4 °C for approximately 1 week until acquisition. Cells
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were analyzed on a Helios or Helios2 mass cytometer (Fluidigm) at Sick Kids-UHN Flow
and Mass Cytometry Facility. EQ Four Element Calibration Beads (Fluidigm) were used
to normalize signal intensity over time on CyTOF software version 6.7. FCS files were
manually de-barcoded and analyzed using Cytobank 6.2 (Cytobank, Inc).

Heatmaps were plotted in R using the viridis color package and the gplots package. Arcsinh-
transformed median of spectral indices (MSI) values were used to generate the heatmaps.
Naive cell data in heatmaps were obtained from clustering total CD4* T cells from the same
experiments as the virus-specific T cells and graphing MSIs of the naive cluster defined as
PD-1-neg, CD44lo, TCF-1hi and CD127hi. The R implementation of UMAP (k= 100) and
the PhenoGraph algorithm®2 were used for cluster analysis of arcsinh-transformed CyTOF
data. Arcsinh cofactors were manually determined by staining intensity. Marker channels
used to cluster each of the cell populations can be found in Supplementary Tables 2 and

3. For clustering, equal sampling of cells was performed on each of the time points based

on the lowest common denominator of all groups before clustering. Owing to lower overall
numbers of SMARTAs, all cells were used for clustering and the numbers displayed in
UMAPs were balanced to accurately display the data. Differential states and differential
abundance of clusters were calculated using the limma and edgeR tests respectively, through
the “diffcyt” R package and plotted using ggplot2 (ref. 33). The R package “destiny”24 was
used to make diffusion maps and do the pseudotime analyses of SMARTA cells.

Flow cytometry and intracellular cytokine staining.

Single-cell suspensions were prepared from organs and were stained ex vivo using
antibodies to CD4 (GK1.5), CD45.1 (A20), SLAMF1 (TC15-12F12.2), CXCR5 (2G8) and
B220 (RA3-6B2), all purchased from BioLegend. Staining for Ki67 (35/Ki-67 RUO) (BD
Biosciences) and Nur77 (12.14) (eBiosciences) was performed as directed using the Foxp3
Transcription Factor Staining Kit (eBiosciences). Samples were run on a FACS Verse or

a FACS Lyric (BD Biosciences) and data analyzed using Flow Jo software (v.9 or v.10;
Treestar).

For cytokine quantification, splenocytes were restimulated for 5 h at 37 °C with 5 ug

ml~1 of MHC class Il-restricted LCMV peptide GPg;.g in the presence of 50 U mI~2
recombinant murine 1L-2 and 1 mg ml~1 brefeldin A (Sigma). Following the 5 h in vitro
restimulation, cells were stained with the fixable viability stain zombie aqua (BioLegend),
extracellularly stained as above with CD4*, CD45.1%, and then fixed, permeabilized
(BioLegend cytokine staining kit) and stained with IFN-y (XMG1.2), TNF-a (MP6-XT22)
and IL-10 (JES5-16E3) (BioLegend).

Single-cell RNA-sequencing.

SMARTAT cells were transferred into naive mice that were infected with LCMV-CI13 a
day later. Anti-PD-L1-blocking antibody or isotype control antibody was administered i.p.
beginning 25 days after infection and subsequently on day 28 and day 31 for a total of
three treatments. Mice were Killed following the third treatment (day 33 post infection) and
splenocytes from four anti-PD-L1 treated mice or four isotype-treated mice were separately
pooled and B cell depleted with anti-CD19 beads (Miltenyi). Single-cell suspensions were
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then stained for virus-specific SMARTA T cells using CD4 and CD45.1 and FACSorted

on a Moflo Astrios (Beckman Coulter) or a BD FACSAria Fusion cell sorter (Schematic

for Sort is shown in Extended Data Fig. 8). Sorted anti-PD-L1 treated and isotype-treated
SMARTA cells were then washed twice with PBS + 0.04% BSA and mixed with 10x
Genomics Chromium single-cell RNA master mix and loaded onto a 10x chromium chip
according to the manufacturer’s protocol to obtain single-cell complementary DNA (cDNA).
Library generation was performed following the Chromium Single Cell 3’ Reagents Kits

v.2 User Guide: CG00052 Rev B. Each library was sequenced on the Illumina HiSeq 2500
platform to achieve an average of 50,000 reads per cell. Sequencing was done at the Princess
Margaret Genomics Center. Plasma LCMV titers were measured to confirm that virus was
not decreased at the time of death.

For the anti-PD-L1 and isotype-treated SMARTA samples raw sequencing data was
processed using Cell Ranger (v.1.3.1, 10x Genomics) to generate expression matrix of
RNAs (gene-level counts) for each cell in each sample. Cell Ranger identified 965 cells for
the isotype sample and 1,743 cells for the anti-PD-L1 sample. All subsequent downstream
analysis was performed in the R statistical programming language using the Seurat (v.3.1.0)
package®4. For various quality control steps involving cell filtering, normalization and
removal of technical variation, we merged both samples into a single Seurat object. In

total, 179 low-quality cells were filtered out using selected threshold for nUMI = 500,
nGene = 200 and <2,500, log1g(GenesPerUMI) > 0.80, mitochondrial ratio < 5 and genes
with zero counts. The final dataset used for analysis consisted of 2,529 cells (965 cells

for isotype and 1,618 cells for anti-PD-L 1) and 10,575 genes. The SCTransform function
was used to normalize data and regress out factors related to mitochondrial and cell-cycle
genes. To identify clusters, we performed an integrated analysis of the cells from isotype and
anti-PD-L1 samples using 3,000 highly variable genes and the first 30 principal components.
Eight clusters were identified at resolution 0.4. Differential expression analyses for the eight
clusters were performed using the MAST function in the Seurat package. Cluster 2 volcano
plot was made using the R package Enhancedvolcano.

Predicted upstream regulator analysis of differentially expressed genes was

performed by Ingenuity Pathway Analysis software (Qiagen). Gene Set

Enrichment Analysis was performed®®:56 on the Enrichment Map gene

set “Mouse_GOBP_AllPathways_no_GO_iea_August_01_2017_symbol.gmt”>’ and
ImmuneSigDB5%58 using DE genes preranked by Pvalue between anti-PD-L1 and isotype
treatments on total cells and in each individual cluster. ImmuneSigDB gene lists were
converted from human genes to orthologous mouse genes using Ensembl BioMart®°.

The SCENIC R package (v.1.2.4)38 was used to assess regulon activity on a cellular

level. A regulon is formed of a transcription factor (TF) and its putative direct targets.
Briefly, SCENIC defines coexpressed modules based on TF and gene coexpression using the
GENIE3 R package (v.1.12.0). Regulons are then defined by excluding indirect targets from
the coexpressed modules based on enrichment of DNA TF-binding motifs in targets using
the RcisTarget R package (v.1.10.0).
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Finally, a regulon activity score (RAS) is calculated for each regulon using the AUCell R
package (v.1.13.1) based on the enrichment of a regulon for genes located at the top of a
list of all genes ranked by their expression in decreasing order. SCENIC was run on 7,669
genes having at least 75 (3 UMI x 25 (1%) cells) counts per cell, expressed in at least

1% of isotype and anti-PD-L1 treated cells, and available in the mm10 mouse RcisTarget
database. SCENIC identified 158 regulons in 2,494 cells out of 3,514 coexpressed modules,
of which 107 regulons were active in more than 1% of isotype and anti-PD-L1 treated

cells. Regulon RAS average was calculated for cells in each Seurat cluster in isotype and
anti-PD-L1 treated groups. The zscores are then calculated by regulon (row normalized).
Heatmaps were generated using the pheatmap R package (v.1.0.12).

Bulk RNA-sequencing of CD4" Tyl and Tgy cells during acute LCMV-Armstrong infection.

SMARTA T cells were transferred into naive mice that were infected i.p. with 2 x 105
p.f.u. of LCMV-Armstrong a day later. Seven days after infection, mice were killed and
splenocytes from ten mice each pooled into three groups for separate replicates and B cell
depleted with anti-CD19 beads (Miltenyi). Single-cell suspensions were then stained for
virus-specific CD4* Tyl and Tgy SMARTA cells using CD4*, CD45.1*, SLAMF1 and
CXCR5, and FACSorted on a Moflo Astrios (Beckman Coulter) directly into RLT buffer
(Qiagen). RNA was isolated using a single-cell RNA purification kit (Norgen Biotech)
according to manufacturer’s instructions. SMART-Seq v.4 Ultra Low Input RNA Kit for
Sequencing (Clontech) was used per manufacturer’s instructions for amplification of RNA
and subsequent cDNA synthesis. All samples proceeded through NexteraXT DNA Library
Preparation (Illumina) using NexteraXT Index Kit V1 or V2 Set A (Illumina) following
manufacturer’s instructions. A portion of this library pool was sent for sequencing on an
Illumina NextSeq HighOutput, single read at the Princess Margaret Genomics Centre. An
average of 400 x 108 reads were obtained per pool, with an average of 40M reads/sample
across the entire data set.

Illumina reads were aligned to the Mus musculus GRCm38 genome build 88 (ref. 60)

using HISAT? (ref. 81). Alignments were compressed and sorted using SAMtools2. The
alignments were quantified using HTSeq®3-5 to obtain gene counts. Differential analysis
was conducted using edgeR%465 with modified code from the rnaseq.wiki protocol®®. Low-
count genes were excluded from the analysis if at least three samples did not have at least
one count per million reads mapped (CPM) for that gene. Gene counts were normalized
using Trimmed Mean of M values normalization®°:58.:67, Figure was plotted in R using the
ggplot2 package®®.

In vivo CTL assay.

Splenocytes from naive B,M knockout (B,M~~) mice were isolated for target cells and
pulsed with either 5 pg ml~1 of LCMV-specific GPg;.gg peptide or a nonspecific peptide
(OVA323.339) and then respectively labeled with either Tag-it violet proliferation dye
(BioLegend) or carboxyfluorescein succinimidyl ester (Sigma). GPg1.gp and OVA323.33
labeled B,M~/~ splenocytes were mixed at a ratio of 1:1 and 2 million cells were injected
into either naive mice, mice infected for 9 days with LCMV-Armstrong, or mice infected
with LCMV-CI13 that had been administered either their third anti-PD-L1 or isotype

Nat Immunol. Author manuscript; available in PMC 2023 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snell et al.

Page 18

antibody treatment a day earlier (treatment schedule described above). Eighteen hours
after target cell transfer, mice were killed and the ratio of specific (Tag-it) to nonspecific
(carboxyfluorescein succinimidyl ester) killing of B220* target cells (MHC Il positive) or
CD4™ target cells (MHC Il negative) was subsequently analyzed by flow cytometry in the
spleen. The percentage of specific killing was determined by the following equation: [1 -
(ratio of Gp66 to OVA)] x100.

Data exclusion and blinding.

No data was excluded from this study. On some occasions, SMARTA cells were not detected
in recipient mice at the experimental time point, and these were excluded from the analysis
(that is, if there are no SMARTA cells, we cannot phenotype or analyze them). Note, this
occurred in both isotype- and anti-PD-L1 treated mice, indicating it is not a result of a
specific treatment. Data collection and analysis were not performed blind to the conditions
of the experiments.

Statistical analysis.

All statistical parameters are described in the figure legends. Student’s #tests (two-tailed,
unpaired) or one-way ANOVA (two-tailed, unpaired) were performed using GraphPad Prism
v.6 (GraphPad Software). Data distribution was assumed to be normal but this was not
formally tested. As a result, individual data distribution (individual data points) are shown.
In the line and bar graphs the error bars indicate standard deviation (s.d.). In the box and
whisker plots the box represents the median and upper and lower quartiles and the whiskers
the minimum and maximum values.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data
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Fig. 1|. PD-L 1 blockade specifically amplifies and functionally enhances CD4* TH1 cells.
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Fig. 7 |. PD-L 1 blockade restores vir us-specific CD4* CTL function.
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