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IMMUNOTHERAPY

PD-L1 checkpoint blockade promotes regulatory T cell
activity that underlies therapy resistance
Mandy van Gulijk1,2*, Anneloes van Krimpen1,2†, Sjoerd Schetters3†, Mike Eterman1,2,
Marit van Elsas4, Joanne Mankor1,2, Larissa Klaase1, Marjolein de Bruijn1, Menno van Nimwegen1,
Tim van Tienhoven1, Wilfred van Ijcken5, Louis Boon6, Johan van der Schoot7, Martijn Verdoes7,8,
Ferenc Scheeren9, Sjoerd H. van der Burg4, Bart N. Lambrecht1,3,10, Ralph Stadhouders1,11,
Floris Dammeijer1,2*‡, Joachim Aerts1,2*‡, Thorbald van Hall4*‡

Despite the clinical success of immune checkpoint blockade (ICB), in certain cancer types, most patients with
cancer do not respond well. Furthermore, in patients for whom ICB is initially successful, this is often short-lived
because of the development of resistance to ICB. The mechanisms underlying primary or secondary ICB resis-
tance are incompletely understood. Here, we identified preferential activation and enhanced suppressive capac-
ity of regulatory T cells (Treg cells) in αPD-L1 therapy–resistant solid tumor–bearing mice. Treg cell depletion
reversed resistance to αPD-L1 with concomitant expansion of effector T cells. Moreover, we found that
tumor-infiltrating Treg cells in human patients with skin cancer, and in patients with non–small cell lung
cancer, up-regulated a suppressive transcriptional gene program after ICB treatment, which correlated with
lack of treatment response. αPD-1/PD-L1–induced PD-1+ Treg cell activation was also seen in peripheral blood
of patients with lung cancer and mesothelioma, especially in nonresponders. Together, these data reveal that
treatment with αPD-1 and αPD-L1 unleashes the immunosuppressive role of Treg cells, resulting in therapy re-
sistance, suggesting that Treg cell targeting is an important adjunct strategy to enhance therapeutic efficacy.
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INTRODUCTION
Immune checkpoint blockade (ICB) using inhibitors to pro-
grammed cell death protein 1 or programmed death-ligand 1
(αPD-1/PD-L1) has revolutionized cancer therapy by unleashing
T cell–mediated antitumor immunity, resulting in clinical respons-
es in multiple cancer types, includingmelanoma and non–small cell
lung cancer (NSCLC) (1). However, most patients with certain
tumor types, including mesothelioma and small cell lung cancer
(SCLC), do not experience durable clinical benefit from αPD-1/
PD-L1 therapy for reasons largely unknown (2–4). Therefore, iden-
tification of the mechanisms responsible for therapy resistance
remains essential to further boost efficacy of ICB therapy.

Regulatory T cells (Treg cells) represent a major barrier to suc-
cessful antitumor immunity because they are potent suppressors
of effector T cells in the tumor microenvironment (TME) and lym-
phoid organs (5). Accordingly, the high abundance of Treg cells rel-
ative to effector T cells in the TME is associated with poor

prognostic outcomes in multiple solid cancers (6, 7). In contrast,
the absence of Treg cells or genetic/pharmacological depletion of
Treg cells results in improved antitumor immunity and delayed
tumor growth in multiple murine models (8–10). Treg cells exert
these immunosuppressive effects through multiple contact-depen-
dent and soluble signaling mechanisms. These mechanisms include
the scavenging of interleukin-2 (IL-2) through constitutive expres-
sion of the high affinity IL-2 receptor, containing the CD25 subunit;
secretion of immunosuppressive molecules such as IL-10; and ex-
pression of inhibitory cell surface receptors like cytotoxic T-lym-
phocyte–associated protein 4 (CTLA-4) that impair effective
costimulation of effector T cells by antigen-presenting cells
(APCs) (5, 11, 12). Besides CTLA-4, Treg cells express high levels
of PD-1, but the functional consequence of αPD-1/PD-L1 therapy
in this context remains incompletely understood (13–15). Recently,
increased PD-1 expression in tumor-infiltrating Treg cells compared
with CD8+ T cells before αPD-1 treatment accurately predicted re-
sistance to αPD-1/PD-L1 therapy and correlated with hyperprog-
ressive disease (HPD) in patients with gastric cancer (16, 17).
However, whether αPD-1/PD-L1 treatment–mediated activation
of Treg cells occurs beyond the rare phenomenon and is involved
in therapy resistance remains largely unknown. Therefore, identify-
ing the role and site of action of αPD-1/PD-L1 treatment on Treg
cells in the context of αPD-1/PD-L1 resistance could guide identi-
fication of targets aimed at rewiring Treg cells and thus improve
αPD-1/PD-L1 therapy efficacy.

In the present study, we found that αPD-L1 treatment preferen-
tially activated Treg cells in therapy-resistant tumor models but not
effector T cells in both the TME and secondary lymphoid organs.
αPD-L1 increased the suppressive capacity of Treg cells, whereas Treg
cell depletion, in turn, sensitized both primary and secondary resis-
tant tumor models to αPD-L1 treatment. Analysis of single-cell
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RNA sequencing (scRNA-seq) data of Treg cells isolated from tumor
biopsies before and after αPD-1 treatment revealed elevated expres-
sion of immune suppressive genes after αPD-1 treatment, specifi-
cally in nonresponding patients. PD-1+ Treg cells in peripheral
blood of patients with SCLC, NSCLC, and mesothelioma showed
increased proliferation after αPD-1/PD-L1 treatment, specifically
in nonresponding patients. These results indicate that Treg cells
are not mere bystanders but can be activated by αPD-1/PD-L1 treat-
ment that associates with therapy resistance. This offers insights in
the mechanisms underlying αPD-1/PD-L1 resistance and provides
avenues for αPD-1/PD-L1 ICB biomarker and combination immu-
notherapy discovery.

RESULTS
αPD-L1 treament induces preferential activation and
proliferation of Treg cells in therapy-resistant murine
tumor models
To gain insight into the mechanisms responsible for ICB resistance,
we studied the intraperitoneal AE17-OVA mesothelioma tumor
model that is refractory to αPD-L1 therapy, because αPD-L1 treat-
ment did not prolong survival, even when initiated early at day 5
(Fig. 1, A and B). T cell phenotype and activation status were mea-
sured in tumor-draining lymph nodes (mediastinal lymph node;
TDLNs), non-TDLNs (inguinal LNs), spleen, blood, and tumor at
several time points before and after αPD-L1 treatment (Fig. 1C).
CD8+ T cells were only marginally activated after treatment in
these tissues, with minor temporal up-regulation of costimulatory
(e.g., 4-1BB, CD25, ICOS, and OX40) and coinhibitory markers
(e.g., CD39, NKG2A, PD-1, LAG3, TIGIT, and CTLA-4) (Fig. 1D
and figs. S1 and S2A). The same pattern was observed for the pro-
liferation marker Ki67, which did not increase after αPD-L1 treat-
ment in total CD8+ T cells or ovalbumin (OVA)–specific CD8+ T
cells (fig. S2B). CD4+ T cells, however, displayed a more activated
phenotype after treatment, including sustained expression of Ki67
and the exhaustion-program driver TOX. When discriminating
between CD4–T helper (CD4-TH) cells and Treg cells on the basis
of FoxP3 expression (fig. S2, C and D), the observed effect could
largely be assigned to αPD-L1–induced activation of Treg cells
with induction of CTLA-4, Ki67, PD-1, and TOX 3 days after treat-
ment (day 13). Proliferation was more profoundly induced in Treg
cells after αPD-L1 treatment compared with CD8+ T cells in the
AE17-OVA model, whereas the opposite was observed in the
αPD-L1–responsive MC38 tumor model (Fig. 1, E and F). Inclusion
of a second therapy-responsive model (mesothelioma; AC29) and
therapy-resistant model (melanoma; B16F10) showed the same
pattern, with stronger induced proliferation in CD8+ T cells or
Treg cells in the responsive and resistant tumor models, respectively
(Fig. 1G). Because checkpoint blockade may also affect immunity
via myeloid cells, we examined alterations in these subsets after
αPD-L1 treatment (18). αPD-L1 treatment appeared to have
effects on myeloid cells that were less substantial compared with
Treg cells (fig. S3). Together, these results indicate that αPD-L1
could activate Treg cells in the setting of primary therapy
unresponsiveness.

αPD-L1 treatment amplifies the immunosuppressive
phenotype and activity of Treg cells
To comprehensively examine the effect of αPD-L1 treatment on Treg
cell phenotype, we investigated a wide variety of markers associated
with the immunosuppressive function of Treg cells in TDLN, non-
TDLN, spleen, blood, and tumormaterial 3 days after αPD-L1 treat-
ment. In the spleen, expression levels of key molecules associated
with suppressive capacity of Treg cells (ICOS, CTLA4, CD39, and
PD-1) were significantly elevated in αPD-L1–treated mice com-
pared with those given isotype treatment (Fig. 2A). This coincided
with a tended increase in absolute Treg cell numbers, whereas this
was not observed for CD4-TH cells or CD8+ T cells (fig. S4A).
The pattern of enhanced expression of key suppressive molecules
was also apparent in TDLNs, non-TDLNs, blood, and tumors,
despite already higher basal expression levels on intratumoral Treg
cells (fig. S4B). We further assessed the effects of αPD-L1 treatment
on tumor-derived Treg cells in an unbiased manner by performing
RNA sequencing. Pathway analysis of genes differentially expressed
in αPD-L1–treated PD-1+ Treg cells versus isotype-treated PD-1+
Treg cells revealed enrichment for genes involved in T cell activation
and apoptosis, whereas these pathways were not enriched in PD-1−

Treg cells or CD4-TH cells (Fig. 2B and fig. S5A). More specifically,
αPD-L1–treated PD-1+ Treg cells showed enhanced expression of
key signature genes related to suppressive function such as Il10,
Tigit, and Icos but also Fgl2, Tsc1, and Ets1, which were previously
reported to mediate Treg cell–suppressive activity (19–23) (Fig. 2C
and fig. S5B). The up-regulation of genes related to suppressive
function was less robust in PD-1− Treg cells and CD4-TH cells, in-
dicating a greater effect on the PD-1+ subpopulation (fig. S5C). In
addition, αPD-L1 treatment induced a proapoptotic gene signature
specifically in PD-1+ Treg cells because antiapoptotic genes, includ-
ing Bcl2, were down-regulated, whereas proapoptotic genes, such as
Bcl2l11 (encoding for BIM), were up-regulated (Fig. 2C and fig.
S5B). The decreased Bcl2/BIM ratio was confirmed at the protein
level and coincided with increased expression of activated caspase
3 (fig. S5D). Ki67 expression was higher in Bcl2− Treg cells com-
pared with their Bcl2+ counterparts (fig. S5E). These data are in
line with a recent report showing apoptotic Treg cells to be superior
in mediating immunosuppression compared with nonapoptotic
Treg cells (24). Therefore, these data indicate that Treg cells, in par-
ticular PD-1+ Treg cells, acquire a more immunosuppressive tran-
scriptional signature after treatment.

Next, we examined whether αPD-L1–treated Treg cells were also
functionally more suppressive. To this end, we isolated Treg cells
from tumors and spleens by flow sorting from tumor-bearing
FoxP3RFP reporter mice treated with either isotype or αPD-L1.
Treg cells were subsequently cultured with naïve prelabeled respond-
er CD8+ T cells in the presence of αCD3 monoclonal antibody and
mitomycin-treated APCs (Fig. 2D and fig. S5F). Whereas CD8+ T
cells proliferated vigorously in the absence of Treg cells, this prolif-
eration was reduced by addition of isotype-treated Treg cells. αPD-
L1 treatment resulted in tumor-derived Treg cells with significantly
more potent suppressive function than after isotype treatment
(Fig. 2D). This αPD-L1–induced suppression was more marked in
tumor-derived Treg cells compared with spleen-derived Treg cells
(fig. S5F). Together, these data show that αPD-L1 treatment increas-
es the suppressive capacity of Treg cells in vivo.
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Fig. 1. αPD-L1 treatment specifically induces rapid activation of Treg cells with marginal activation of CD8+ T cells and CD4-TH cells in a therapy-resistant
mesothelioma murine model. (A and B) Experimental setup (n = 3 to 7 mice per group) with mice being treated with systemic isotype or αPD-L1 antibodies intraper-
itoneally starting from day 5, 10, or 15 onwards and monitored for survival. Log rank tests were used to determine statistical significance. ns, not significant. (C) Exper-
imental setup (n = 5 or 6 mice per group) with mice being treated with systemic isotype or αPD-L1 antibodies intraperitoneally at day 10 and euthanized at different time
points before and after isotype and αPD-L1 treatment. (D) Protein expression of costimulatory, coinhibitory, and transcription factors were compared between isotype-
and αPD-L1–treated mice at each indicated time point (days after tumor inoculation) by flow cytometry and displayed in heatmaps. Differences in percentage positive
compared with day 0 (tumor-free mice) for each marker are displayed for spleen. (E and F) Representative histograms and quantification displaying Ki67 expression in
spleen and tumor for CD4-TH cells (orange), CD8

+ T cells (blue), and Treg cells (green) of isotype- (−) and αPD-L1–(+) treated AE17-OVA tumor–bearing mice (d13) (E) and
MC38 tumor–bearing mice (d9) (F). (G) Bar graphs displaying differences in Ki67 expression in treated mice versus untreated mice for the AC29 mesothelioma (n = 7) and
MC38 colon adenocarcinoma (n = 5 to 7; responsivemodels) and the AE17-OVAmesothelioma (n = 6) and B16F10melanomamodel (n = 8; resistant models) in peripheral
blood at day 13, 3 days after treatment. Means and SEMs are shown, and unpaired t tests were performed, indicating statistical significance. *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.
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Fig. 2. αPD-L1 treatment enhances suppressive phenotype and capacity of Treg cells. (A) Experimental setup (n = 3 to 6 mice per group) of AE17-OVA–bearing mice
treated with isotype or αPD-L1 antibodies intraperitoneally at day 10 and euthanized at day 13 (left). Expression of markers associated with suppressive capacity of Treg
cells were assessed by flow cytometry and compared between isotype- and αPD-L1–treated mice in spleen (right). (B) Venn diagrams depicting overlap of genes (PD-1+

Treg cells, PD-1
− Treg cells, and CD4-TH cells) and pathway analysis (PD-1

+ Treg cells) of down-regulated (blue) or up-regulated (red) DEGs in αPD-L1 versus isotype treat-
ment (n = 2 to 3mice). Number in corners indicate the number of DEGs. (C) Heatmaps displaying DEGs in αPD-L1–treated versus isotype-treated PD-1+ Treg cells (shown as
z scores of RPKM levels with row min-max based on all three T cell subsets) associated with suppressive function and apoptosis. (D) Experimental setup of AE17-OVA–
bearing FoxP3RFP reporter mice treated with either isotype or αPD-L1 antibodies intraperitoneally at days 10 and 14 and euthanized at day 17. RFP+CD4+ T cells were
sorted from tumors and cultured for 3 days with labeled naïve CD8+ T cells, mitomycin-irradiated T cell–depleted splenocytes (APCs), and soluble αCD3 for 3 days.
Proliferation of naïve CD8+ T cells was assessed with different Treg:Tresp ratios with Treg cells from either isotype or αPD-L1–treated mice (n = 8 to 12) and depicted in
histograms. Percent suppression was calculated as described in Materials and Methods. Means and SEMs are shown, and unpaired t tests were performed, indicating
statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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PD-1 exerts an important function in modulating Treg cell
phenotype after αPD-L1 treatment
To pinpoint whether the effect of αPD-L1 treatment is directly me-
diated via PD-1 expressed on Treg cells, we performed a bone
marrow chimera experiment, in which sublethally irradiated
C57BL/6-CD45.1.2 recipient mice were reconstituted with a 1:1
mix of PD-1WT CD45.1 and PD-1KO CD45.2 donor bone marrow
cells, allowing for donor reconstitution to be tracked and quantified
using allele-specific CD45 antibodies. After reconstitution, recipi-
ent mice were inoculated with AE17-OVA tumor cells and treated
with either isotype or αPD-L1 (Fig. 3, A and B). This setup allowed
us to assess within the same animal whether αPD-L1 treatment en-
hanced Treg cell proliferation by direct PD-1 uncoupling in Treg cells
or via Treg cell–independent effects of αPD-L1 treatment. In accor-
dance with our previous observations, basal levels of Ki67 expres-
sion were elevated in PD-1KO Treg cells as compared with PD-1wt

Treg cells in isotype-treated animals (Fig. 3, B and C). αPD-L1 treat-
ment significantly increased Treg cell proliferation in PD-1WT Treg
cells (up to 2- to 3-fold), and this appeared to be less in PD-1KO
Treg cells (1- to 1.5-fold), pointing to an important cell-intrinsic
role for PD-1 on Treg cells in modulating Treg cell phenotype.

Systemic depletion of Treg cells reverts αPD-L1 resistance
and improves immunotherapy efficacy
Although αPD-L1 treatment induced a more activated and immune
suppressive phenotype of Treg cells in the therapy-resistant AE17-
OVAmurine tumor model, it remained unclear whether this active-
ly promoted therapy resistance. To this end, we treated FoxP3DTR

mice with diphtheria toxin (DT) to deplete Treg cells, followed by

isotype or αPD-L1 treatment (Fig. 4A). DT treatment alone resulted
in decreased tumor burden.When Treg cell depletion was combined
with αPD-L1 treatment, tumor burden was further reduced to near
absence that was accompanied by an overt increase in memory
tumor-infiltrating lymphocytes (TILs), demonstrating that Treg
cells are involved in therapy resistance (Fig. 4B). As a more transla-
tional approach, we then systemically depleted Treg cells using an
Fc-optimized αCD25 antibody in the therapy-resistant AE17-
OVA tumor model (8, 25) (Fig. 4C). First, we could confirm that
αCD25 treatment effectively decreased Treg cells at multiple sites in-
cluding secondary lymphoid organs and especially tumors rapidly
after treatment, resulting in enhanced CD8+ T cell/Treg cell ratios
(Fig. 4D and fig. S6, A and B). Second, αCD25 treatment before
αPD-L1 treatment led to a synergistic induction of CD8+ and
CD4-TH cell proliferation and activation in peripheral blood after
immunotherapy, which was also observed in the therapy-resistant
B16F10 tumor model (Fig. 4, E to G, and fig. S6C). Last, Treg cell
depletion sensitized AE17-OVA tumors for αPD-L1 treatment as
observed by prolonged survival and decreased tumor weight (day
17), although all mice eventually succumbed because of progressive
tumor growth (Fig. 4H). A similar effect was induced in the B16F10
model, with half of the mice showing prolonged survival and
delayed tumor growth (Fig. 4I and fig. S6D). Although MC38-
bearing mice were initially responsive to αPD-L1 treatment with
reduced tumor growth (Fig. 4J, inset), mice eventually relapsed
because of acquired resistance and did not show prolonged survival.
Combination treatment, however, induced long-term survival in
most of the mice (Fig. 4J). Whether αPD-L1 treatment exacerbates
Treg cell induced immunosuppression in this model as compared

Fig. 3. PD-1 exerts an important function in mediating αPD-L1–induced effects on Treg cells. (A) Experimental design with sublethally irradiated CD45.1.2 recipient
mice being reconstituted with CD45.1 PD-1WT and (purple) CD45.2 PD-1KO (green) bonemarrow cells followed by AE17-OVA inoculation and treatment with either isotype
(n = 5) or αPD-L1 (n = 6). Mice were euthanized at day 13, and proliferation of PD-1WT and PD-1KO Treg cells was evaluated in multiple tissues. (B) Proportions of CD45.1/
CD45.2 Treg cell populations and their level of proliferation, as depicted in histograms of intracellular Ki67 levels, at day 13 in spleen (3 days after treatment). (C) Percentage
of Treg cells (PD-1

WT and PD-1KO) positive for Ki67 after isotype or αPD-L1 treatment in multiple tissues at day 13. Means and SEMs are shown, and unpaired t tests were
performed, indicating statistical significance. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 4. αPD-L1 therapy resis-
tance is reverted by Treg cell de-
pletion by improving antitumor
immunity and survival. (A) Ex-
perimental design where wild-
type or DEREG mice (n = 7 to 16
mice per group) were treated with
DT followed by either isotype or
αPD-L1 treatment at days 10, 13,
and 17. Mice were euthanized at
day 20. (B) Bar graphs displaying
tumor weights (left) and the per-
centage of memory CD8+ T cells
infiltrating the tumor (right) for
the different treatment groups at
day 17. (C) Experimental design
during which mice bearing AE17-
OVA tumors (n = 8 to 10 per group)
were treated with isotype or
αCD25 mIgG2a Treg cell–depleting
antibody at days 7 and 9 followed
by αPD-L1 treatment at day 10. (D)
Mice were euthanized at day 13 to
assess Treg cell frequencies in
TDLNs, non-TDLNs, spleen, blood,
and tumors. (E) Immunothera-
peutic protocol of αPD-L1 treat-
ment at days 10, 13, and 17 in the
presence of Treg cell–depleting
antibody at days 7 and 9. Periph-
eral blood was isolated from the
tail vein at days 13 and 17, and
mice were monitored for survival.
(F) Representative flow cytometry
plots displaying level of prolifera-
tion (Ki67) for different treatment
groups in CD4-TH cells and CD8

+ T
cells in peripheral blood at day 17.
(G) Quantification of level of pro-
liferation (Ki67), PD-1 expression,
and expression of TNFα and IFN-γ
at days 13 and 17 for both CD4-TH
cells and CD8+ T cells in peripheral
blood. (H) Kaplan-Meier curves of
the experiment in E showing
tumor survival and bar graphs
displaying tumor weights at day
17 (n = 7 per group). (I) Kaplan-
Meier curves of checkpoint-resis-
tant B16F10-bearing mice treated
with the same protocol as AE17-
OVA–bearing mice in (E). (J)
Kaplan-Meier curves of check-
point-sensitive MC38-bearing
mice treated with αCD25 mIgG2a
at days 5 and 7 and αPD-L1 treat-
ment at days 5, 8, and 11 (n = 8 to 10 per group). Log rank tests were used to determine statistical significance. Chi-square test was performed to assess the association of
treatment and survival at day 61. Tumors were measured for 14 days after inoculation in mice treated with isotype and αPD-L1. Means and SEMs are shown, and for
comparisons between two groups, unpaired t test was used. For comparisons betweenmultiple groups, one-way (G and H) or two-way (B) ANOVAwas usedwithmultiple-
comparison tests.*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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with the primary resistant models remains to be investigated. These
data show that Treg cells are involved in both primary and secondary
therapy resistance to αPD-L1 treatment in preclinical solid mouse
tumor models.

Treg cell activation in patient tumor biopsies and peripheral
blood after ICB treatment is associatedwith poor treatment
response
Although we observed robust treatment-induced augmentation of
Treg cell effector functions in preclinical murine models, effects of
αPD-1/PD-L1 treatment on Treg cells in a clinical setting and its as-
sociation with treatment response remain unclear. We therefore as-
sessed the effects of αPD-1 treatment on tumor-infiltrating Treg cells
in publicly available scRNA-seq data from site-matched tumor bi-
opsies of responding and nonresponding patients with nonmelano-
ma skin cancer (BCC) or NSCLC before and after αPD-1 treatment
(Fig. 5A) (26, 27). Phenotypically similar Treg cells were extracted
from these datasets, and gene expression was compared before treat-
ment and after treatment in both responders and nonresponders
(table S1 and fig. S7, A and B). Nonresponding patients with BCC
and NSCLC shared 64 up-regulated genes in Treg cells after treat-
ment as compared with before treatment, including PDCD1 encod-
ing PD-1, whereas little to no overlap was seen for responding
patients after treatment or in pretreatment comparisons (Fig. 5B
and fig. S7, C to F). Pathway enrichment analysis of the differentially
expressed genes (DEGs) up-regulated after treatment revealed genes
significantly associated with (the regulation of) cell activation and
apoptosis, specifically in nonresponding patients with BCC and
NSCLC (Fig. 5C). In agreement, a gene set enrichment analysis
(GSEA) showed significant enrichment of genes involved in the
“Negative regulation of α/β T-cell activation” pathway among
genes up-regulated after treatment only in nonresponders (Fig. 5,
C and D). When comparing Treg cell transcriptomes after treatment
between responding and nonresponding patients with BCC and
NSCLC, we observed a shared signature of treatment-induced
genes involved in cell activation and enhanced suppressive capacity
of Treg cells (Fig. 5, E to H). These included genes related to Treg
cell–mediated suppression (e.g., PDCD1, CTLA4, HAVCR2, and
CD38), T cell receptor signaling (e.g., JUN/FOS and LAT), and
the cell cycle (MKI67), which were expressed at higher average
levels and at greater frequencies in Treg cells from nonresponders
(Fig. 5, H and I). Only a few genes were up-regulated in responders
after treatment, showing no overlap between both tumor types and
no functional links with Treg cell activation or suppressive capacity
(fig. S7, G and H). Together, these data suggest that αPD-1 treat-
ment induces an immunosuppressive activation program specifi-
cally in Treg cells from nonresponding patients.

To assess whether differences in the Treg cell phenotype at base-
line could be linked to therapy resistance, we compared nonres-
ponding and responding patients before treatment for both tumor
types. BCC and NSCLC Treg cells showed fewer overlapping gene
expression signatures before treatment as compared with after treat-
ment (80 DEGs versus 776 DEGs, respectively; see Fig. 5E and fig.
S8, A to D), suggesting that shared therapy resistance mechanisms
could be acquired during treatment or are more tumor specific at
baseline. Pathway enrichment analysis of the (largely unique) pre-
treatment DEGs from both tumor types did indicate a more activat-
ed Treg cell phenotype specifically in nonresponding patients with
BCC and NSCLC (fig. S8B). These data suggest that Treg cells are

already more activated at baseline in patients who subsequently ex-
perience therapy resistance after αPD-1 treatment.

To further explore whether ICB-induced Treg cell activation and
proliferation is related to clinical therapy efficacy, we characterized
Treg cells in paired pre- and posttreatment peripheral blood samples
of three independent cohorts: αPD-L1–resistant patients with stage
IV SCLC, patients with mesothelioma, and patients with stage IV
NSCLC (table S2). Advanced SCLC tumors bear among the
highest tumor mutational burdens but are considered largely refrac-
tory to αPD-(L)1 monotherapy, with only limited additional benefit
when combined with first-line combination chemotherapy (28, 29).
For all three tumor types, we observed a greater increase in prolif-
eration after αPD-1/PD-L1–containing treatment in PD-1+ Treg
cells but not in PD-1− Treg cells, suggesting a direct effect of treat-
ment via PD-1 on Treg cells (Fig. 6A). Because we could dissect re-
sponding (R), including complete responses and partial responses,
and nonresponding patients (NR) for NSCLC and mesothelioma,
we examined whether the impact of αPD-1/PD-L1 treatment in
PD-1+ Treg cells correlated with response to treatment in these
patient cohorts. We detected significantly enhanced levels of prolif-
eration after treatment in PD-1+ Treg cells but not in PD-1− Treg cells
in nonresponding patients with NSCLC and mesothelioma (Fig. 6,
B and C and fig. S9, A and B). This effect appeared to be enriched in
nonresponding patients because PD-1+ Treg cells proliferated less
robustly in patients with clinical response to αPD-1/PD-L1 treat-
ment. No clear correlations with response were found in the PD-
1+ and PD-1− effector CD4+ and CD8+ T cell populations (fig.
S9, C to H). These data indicate that αPD-1/PD-L1 treatment
affects PD-1+ Treg cell proliferation in patients with cancer and
that this associates with resistance to αPD-1/PD-L1 therapy.

DISCUSSION
In this study, we show that Treg cells are not just exerting their
known immunosuppressive role in cancer as a default characteristic
but that this suppression is itself regulated by cell-intrinsic PD-1 en-
gagement. Clinical use of αPD-1/PD-L1 unleashes this form of reg-
ulation, leading to enhanced Treg cell immunosuppression and
underlying therapy resistance. The data underline the importance
of rational combination immunotherapy designs to specifically
induce effector antitumor T cell populations without concomitant
immune suppression through ICB-activated Treg cells.

Recently, Kamada et al. reported that increased Treg cell activity
after αPD-1 treatment in patients with gastric cancer was associated
with HPD (17). In addition, Kumagai et al. demonstrated that the
balance of PD-1 expression on CD8+ T cells and Treg cells before
treatment in the TME predicted immunotherapy efficacy in
NSCLC and gastric cancer. We elaborated on these findings,
showing that the undesirable effect of αPD-1/PD-L1 treatment on
Treg cells could be more widespread, as evidenced by a significant
subset of nonresponding patients showing increased Treg cell prolif-
eration after αPD-1/PD-L1 treatment. A small subset of responding
patients displayed increased PD-1+ Treg cell proliferation, not nec-
essarily in parallel with increased effector T cell proliferation, sug-
gesting that alternative mechanisms underlying αPD-1/PD-L1
response are at play, as documented by others (30).

In addition to enhanced expression of genes related to immuno-
suppression by Treg cells after treatment, we show that Treg cells also
acquire a more proapoptotic gene expression program. These data
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Fig. 5. Treg cells in the TME of αPD-1–resistant patients with cancer up-regulate a transcriptional program linked to enhanced immunosuppression after treat-
ment. (A) Predefined Treg cell clusters were isolated from published BCC and NSCLC tumor scRNA-seq datasets in which biopsies were taken before (pre) and after (post)
treatment with anti–PD-1 therapy (pembrolizumab). Patients were classified as either responders or nonresponders on the basis of RECIST v1.1. (B) Venn diagrams dis-
playing overlap in genes up-regulated after treatment (as compared with pretreatment samples) from comparisons of Treg cells in either nonresponder (left) or responder
(right) patients with BCC and NSCLC. Genes of interest in the overlap are highlighted. (C) Pathway enrichment analysis displaying overlap in biological pathways asso-
ciated (P < 0.05) with significantly up-regulated genes after versus before treatment in BCC and NSCLC Treg cells [input genes are shown in (B), separated by therapy
response (NR = nonresponder, R = responder)]. Strength of association is visualized by a Z-score of the−log10-transformed P values. (D) GSEA plots (including genes with
an absolute log2 fold change > 0.5) comparing Treg cell transcriptomes before versus after treatment of nonresponders (top) and responders (bottom) from BCC and
NSCLC for the “Negative regulation of alpha/beta T-cell activation” pathway (GO:0046636). (E) Donut plot of up- and down-regulated genes comparing responder with
nonresponder patients after treatment. The arrows indicate the number of up-regulated genes per indicated patient group. Venn diagrams display the overlap in up-
regulated genes between the BCC and NSCLC datasets of responders and nonresponders. (F) Pathway enrichment analysis of genes up-regulated in nonresponders
compared with responders after treatment that are shared between the BCC and NSCLC datasets. The association strength of pathways is displayed by −log10-trans-
formed P values. (G) Hierarchically clustered heatmap displaying scaled expression levels of genes included in the “Cell activation” pathway (GO:0001775). (H) Hierar-
chically clustered heatmaps showing scaled expression levels for selected genes relevant for the indicated biological functions. (I) Percentage of positive cells (i.e.,
displaying a transcript count > 0) for selected genes. (B and C and E to I) Adjusted P value (FDR) < 0.05 and absolute log2 fold change > 0.5. BCC, basal cell carcinoma.
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confirm earlier findings in a graft-versus-host disease model dem-
onstrating superior immunosuppressive activity after PD-1 block-
ade by apoptotic Treg cells compared with their nonapoptotic
counterparts (24). Apoptotic Treg cells abolished αPD-L1 efficacy
in various tumor models (24, 31). However, data obtained in
claudin-low murine breast cancer, commonly linked to triple-neg-
ative breast cancer, suggest that αPD-1 treatment can promote the
survival of Treg cells (32). Factors such as timing, tumor model, and
antibody used could account for this discrepancy. Future efforts
should confirm whether, upon excess stimulation, Treg cells
benefit from an apoptotic phenotype and whether reverting Treg
cell apoptosis could improve the efficacy of αPD-1/PD-L1 therapy.

Our data indicate that PD-1 exerts an important function in di-
rectly modulating Treg cell phenotype after αPD-L1 treatment.
These findings align with recent data showing PD-1–deficient Treg
cells to be superior immunosuppressors compared with their wild-
type counterparts (17, 33–35). The direct effect mitigated via PD-1
expressed on Treg cells appeared not to be exclusive, and it is tempt-
ing to speculate that besides direct effects, indirect effects mediated
via mechanisms such as the modulation of APCs are also at play.
Future research in αPD-1/PD-L1–resistant tumor–bearing mice
and in models with a Treg cell–specific PD-1 deficiency could
shed further light on this hypothesis. However, because genetic de-
letion of PD-1 on Treg cells will likely mimic αPD-1/PD-L1

antibody–mediated Treg cell activation, therapeutic efficacy may
already be compromised.

How PD-1 blockade could affect downstream receptor signaling
in Treg cells remains incompletely understood. In line with its
impact on effector T cells, PD-1 signaling in Treg cells decreased
phosphatidylinositol 3-kinase (PI3K)–AKT signaling, whereas anti-
body-mediated blockade or genetic ablation enhanced suppressive
capacity in amurine tumormodel (16). These data are in sharp con-
trast with data derived from an autoimmune encephalomyelitis
model where PD-1 deficiency in Treg cells resulted in diminished
PI3K-AKT signaling, whereas an AKT activator reduced suppres-
sive activity (34). These contrasting effects of PD-1 signaling in
Treg cells may be explained by different disease settings or specific
rewiring of Treg cells depending on the metabolic milieu. For
example, lactic acid in the TME is important for Treg cell immune
suppressive function and the resultant efficacy of αCTLA4 therapy
(36–39). Therefore, context-specific adjustments in Treg cells may
profoundly influence the net effect of PD-1 signaling on Treg cells.

Our temporal analysis across multiple organs indicates that
αPD-1/PD-L1–mediated effects on Treg cells are systemically medi-
ated. Others have previously indicated the importance of peripheral
lymphoid tissues in generating effective αPD-1/PD-L1 efficacy, and
we have recently demonstrated a critical role for TDLNs in gener-
ating progenitor exhausted T cells after ICB that subsequently seed
the tumor (40–42). Treg cells in the TDLN have already been shown

Fig. 6. Increased proliferation of PD-1+ Treg cells in peripheral blood after αPD-1/αPD-L1 treatment is associated with therapy resistance. (A) Level of proliferation
(Ki67) was assessed in PD-1+ and PD-1− Treg cells at baseline (V1) and 2 weeks after the start of αPD-1/PD-L1 treatment (V2) in peripheral blood of patients with SCLC,
NSCLC, andmesothelioma. Increased proliferation after treatment start was determined in PD-1+ and PD-1− Treg cells and expressed as fold change in nonresponding (NR)
and responding (R) patients with NSCLC (B) and patients with mesothelioma (C). Means and SEMs are shown, and paired t tests were performed, indicating statistical
significance. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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to mediate a role in antitumor immunity by restraining tumor in-
vasion in patients with breast cancer, whereas Treg cells in tumors
were dysfunctional (43). In the context of αPD-1/PD-L1 resistance,
durable therapy resistance may therefore not only depend on αPD-
1/PD-L1–mediated activation of Treg cells in the TME but also on
activation of Treg cells in peripheral lymphoid tissues, including the
TDLN, that are recruited to the tumor. Selective PD-L1 blockade or
Treg cell depletion in TDLNs could provide clues to the location and
mechanisms of Treg cell–mediated T cell suppression.

To date, clinical efficacy of manipulation of Treg cell number or
function by CD25-directed antibodies is restricted. Development of
novel CD25-depleting antibodies that preserves CD25 signaling in
the effector T cell compartment offers opportunities (44). In addi-
tion, the discovery and clinical investigation of targets increased by
checkpoint blockade, such as TIGIT, or recently identified Treg cells
targets, including endoglin, MCT1, and BATF, could offer avenues
in attenuating ICB-mediated Treg cell activation (45–47). However,
not all nonresponding patients showed increased Treg cell activity
after treatment, indicating that other resistance mechanisms are
in play and that careful selection of eligible patients is essential.

Although wewere able to show activation of Treg cells upon αPD-
L1 treatment inmousemodels of primary and acquired resistance to
therapy, we did not selectively ablate PD-1 on Treg cells to determine
a direct causal relation of this inhibitory molecule with therapy re-
sistance. Furthermore, the responses of Treg in patients with cancer
under treatment were measured retrospectively and would ideally
be taken from cancer lesions instead of peripheral blood.

In summary, our findings implicate αPD-1/PD-L1–mediated ac-
tivation of Treg cells as an important mediator of therapy resistance.
These data offer avenues for further research into the underlying
mechanisms, identification of biomarkers, and treatment-induced
Treg cell–specific targets that could reverse αPD-1/PD-L1 resistance.

MATERIALS AND METHODS
Study design
The objective of this study was to investigate the effect of ICB using
αPD-1/PD-L1 on Treg cells and the association with treatment resis-
tance. To investigate this, we used various mouse solid tumor
models treated with ICB alone or in combination with Treg-deplet-
ing agents αCD25 and DT in the case of DEREG mice. Impact on
tumor outgrowth was measured together with in vitro suppression
assays, flow cytometry profiling of TME, and RNA sequencing.
Patient-derived peripheral blood mononuclear cells (PBMCs) on
ICB treatment were analyzed by flow cytometry, and publicly avail-
able scRNA-seq data were reanalyzed from site-matched tumor bi-
opsies for clinical relevance. The sample size and number of
biological replicates are indicated in each of the figure legends.
No data were excluded from the study. In all in vivo experiments
shown in the study, animals were randomized and assigned to ex-
perimental groups on the basis of sex and age. Tumor measure-
ments were performed by a researcher blinded to each animal’s
treatment group. Sampling replicates are indicated in figure
legends. Data collection in all mouse experiments was performed
until the humane or experimental end point was reached, predeter-
mined and approved by the national central committee of animal
experiments (CCD). Data are reported according to Animal Re-
search: Reporting of In Vivo Experiments (ARRIVE) guidelines.

Mouse models
In general, female 8- to 12-week-old C57BL/6 mice were purchased
from Envigo. For the RNA sequencing experiment and the in vitro
suppression assay, 10- to 12-week-old female and male FoxP3RFP
reporter mice were used that were obtained by in-house breeding
of GATIR mice (Gata3 knock-in reporter mice) (48) and
FoxP3RFP mice (49). Female andmale DEREGmice were purchased
from the Jackson Laboratory (catalog no. 032050), bred in-house
(IRC VIB, Ghent, Belgium), and used for experiments at 7 to 14
weeks of age. For the bone marrow chimera experiments, donor
female and male 8-week-old PD-1KO mice were purchased from
the Jackson Laboratory (catalog no. 028276), bred in-house
[Center for Inflammation Research (IRC) of the Flemish Institute
of Biotechnology (VIB), Ghent, Belgium], and used in experiments
at 14 weeks of age. In experiments where both female andmale mice
were used, the experimental treatment groups were sex-balanced.
For the mixed chimera experiments, bone marrow from donors
was sex-matched with the recipients. All mice were housed under
specific pathogen–free conditions in individually ventilated cages
at the animal care facility of the Erasmus MC, Rotterdam, Nether-
lands or at the animal facility at the IRC, Ghent University, Belgium.
All mouse experiments were controlled by the animal welfare com-
mittee (IvD) of the Erasmus MC and approved by the CCD under
the permit number AVD101002017867. Experiments performed at
the IRC, Belgium were approved under national license LA1400019.

Mouse tumor cell lines
The OVA-transfected AE17 tumor cell line was provided by
D. J. Nelson (Curtin University, Perth, Australia). The AC29 meso-
thelioma cell line was derived from tumors induced by crocidolite
asbestos into CBA/J mice and was provided by B. W. S. Robinson
(Queen Elizabeth II Medical Centre, Nedlands, Australia). The
AE17-OVA and AC29 cell lines were cultured in RPMI-1640
medium containing Hepes (25 mmol/liter), Glutamax, gentamicin
(50 mg/ml; all obtained from Gibco), geneticin (50 mg/ml; Gibco),
and either 5% fetal bovine serum (FBS) (Capricorn Scientific) for
AC29 tumor cells or 10% FBS for AE17-OVA tumor cells in a hu-
midified atmosphere and at 5% CO2 air. The MC38 and B16F10
tumor cell lines were cultured in IMDM medium (Gibco) contain-
ing L-glutamine, Hepes (25 mmol/liter), gentamicin (50 mg/ml),
and 8% FBS. Authentication of the cell lines was performed by
short tandem microsatellite repeat analysis or by antigen-specific
T cell recognition.

SCLC, NSCLC, and mesothelioma patient cohorts
Patients with advanced malignant pleural mesothelioma, stage IV
SCLC, and stage IV NSCLC in this study were enrolled in the MUL-
TOMAB study (Netherlands Trial Registry: NTR7015; local ethics
board study number MEC16–011). The study was approved by the
institutional review board of the Netherlands Cancer Institute and
in accordance with the Declaration of Helsinki. All patients provid-
ed written informed consent before enrollment. In the case of
NSCLC, patients with adenocarcinoma harboring an actionable
driver mutation (EGFR, no NTRK, ROS, RET, MET of BRAF
were present in this study) were excluded because these respond dif-
ferently to αPD-1 therapy (50, 51). Mutations in the KRAS onco-
gene were permitted. In summary, 21 patients with stage IV
NSCLC and 15 patients with mesothelioma were treated with
either nivolumab (240-mg flat dose every 2 weeks) or
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pembrolizumab (200 mg every 2 weeks). Response to PD-(L)1 in-
hibitors was evaluated according to Response Evaluation Criteria in
Solid Tumors (RECIST) criteria (version 1.1), and modified
RECIST-criteria were used for pleural malignant mesothelioma
(52). All patients received at least one CT scan every 6 weeks in
total to assess true disease progression and pseudoprogression fol-
lowed by response or ongoing response. For NSCLC, responders
were defined as having a radiological response (partial response ac-
cording to RECIST) after 6 weeks, whereas for mesothelioma, pa-
tients with either radiological response after 6 weeks or stable
disease for longer than 12 months were classified as a responder.
Clinical and pathological characteristics of all patients are summa-
rized in table S1.

In vivo tumor inoculation
For tumor inoculation, mice were intraperitoneally injected with
AE17-OVA (3.05) or AC29 (106) in 300 μl of phosphate-buffered
saline (PBS) or subcutaneously with MC38 (5.05) or B16F10
(1.05) tumor cells in 200 μl of PBS. Subsequently, mice were ran-
domly assigned to experimental groups. Mice with established in-
traperitoneal tumors were euthanized at indicated time points for
immune cell profiling or when profoundly ill according to the
body condition score for therapy efficacy experiments. For subcuta-
neous tumors, mice were euthanized at indicated time points for
immune cell profiling or when the tumor reached a volume of
1500 mm3 for therapy efficacy experiments.

In vivo treatments
αPD-L1 treatment
Micewith establishedmesothelioma (AE17-OVA) were treated with
either 200 μg of isotype (clone 2A3, BioXCell) or 200 μg of αPD-L1
(clone MIH5) in 300 μl of PBS intraperitoneally (i.p.) at indicated
time points. For mice with established subcutaneous MC38 tumors
(colon carcinoma–derived), mice were treated with isotype (clone
MPC-11, BioXCell) or 200 μg of αPD-L1 (clone 10F.9G2, BioXCell)
in 100 μl of PBS intraperitoneally (i.p.) at days 5, 8, and 11.
DT treatment
Treg cells were depleted in DEREG mice using intraperitoneal injec-
tions of 1 μg of DT (Enzo Life Sciences; BML-G135–0001) at days 8,
9, and 12.
αCD25 treatment
Treg cells were depleted using intraperitoneal injections of 200 μg of
αCD25-mIgG2a PC-61.5.3 [AE17-OVA: Absolute Antibody;
MC38: isotype-switched PC-61 hybridoma by CRISPR/HDR engi-
neering (25)] at days 7 and 9 for the AE17-OVAmodel and at days 5
and 7 for MC38 model. As a control, mice were treated with isotype
[AE17-OVA: anti-hapten 4-hydroxy-3-nitrophenyl acetyl clone
B1–8 (Absolute Antibody); MC38: clone C1.18.4 (BioXCell].

Preparation of single-cell suspensions from mouse tissues
Single-cell suspensions were generated from isolated blood, spleen,
non-TDLN, TDLN, bone marrow, and tumor tissue of mice from
each group as previously reported (53). Briefly, blood was collected
in EDTA tubes (Microvette CB300, Sarstedt), after which the
volume was determined. Subsequently, collected blood was lysed
by erythrocyte lysis using osmotic lysis buffer (8.3% NH4Cl, 1%
KHCO3, and 0.04% Na2EDTA in Milli-Q). Single-cell suspensions
of non-TDLNs, TDLNs, bone marrow, and spleens were generated
by mechanically dispersing the lymph nodes through a 100-μm

nylon mesh cell strainer (BD Biosciences) followed by osmotic
lysis of erythrocytes in the case of spleens. Tumors were collected,
weighed in a microbalance, and dissociated using a validated tumor
dissociation system (Miltenyi Biotec) according to protocol. After
dissociation, cell suspensions were filtered through a 100-μm
nylon mesh cell strainer.

In vitro suppression assay
For in vitro suppression assays with tumor-derived Treg cells, AE17-
OVA–bearing mice were treated with isotype or αPD-L1 at days 10
and 13. At day 17, mice were euthanized, and CD4+RFP+ cells were
sorted from AE17-OVA tumors. Splenic CD4+CD25+RFP+ cells
were sorted at day 13, 3 days after treatment with either isotype
or αPD-L1 at day 10. Splenic naïve CD8+ T cells from wild-type
mice (responder cells, Tresp) were isolated using negative magnetic
labeling (Miltenyi) and were labeled with CellTrace Far Red Cell
Proliferation dye (Thermo Fisher Scientific). For APCs, wild-type
splenocytes were T cell–depleted (CD90.2 microbeads; Miltenyi
Biotec) and treated with mitomycin-c (Sigma-Aldrich) to prevent
the proliferation of APCs, which could influence the readout of
the assay. Responder cells (1 × 104), APCs (16.7 × 103), and titrated
numbers of Treg cells were activated with anti-CD3 (0.5 μg/ml; BD
Biosciences) in a 96-well round bottom plate with 200 μl of IMDM
supplemented with gentamycin (50mg/ml), 50mMβ-ME, and 10%
fetal calf serum (FCS) for 3 days. Suppression was calculated as pre-
viously described (54). Briefly, cells were acquired by BD Sym-
phony, and the division index of responder cells was analyzed
using FlowJo on the basis of the division of CellTrace FarRed. Sup-
pression was then calculated with the formula % Suppression = (1 −
DITreg cells/DICtrl) × 100% (DITreg cells stands for the division
index of responder cells with Treg cells, and DICtrl stands for the
division index of responder cells activated without Treg cells).

RNA sequencing
RNA was isolated from sorted tumor-derived Treg cells. Tumor-
derived Treg cells were isolated from AE17-OVA tumor–bearing
FoxP3RFP mice treated with isotype or with αPD-L1 3 days after
treatment at day 10. For the isolation of Treg cells, tumor samples
were stained with antibodies listed in table S3 and subsequently
sorted using a FACSAria III sorter with a purity ≥ 98% (number
of sorted PD-1+/− Treg cells ranged between 900 and 7000 cells).
RNA was isolated using the RNeasy Micro kit (Qiagen) according
to the manufacturer’s instruction. Library preparation was based on
the Smart-seq2 protocol (55). Samples were sequenced in accor-
dance with the Illumina TruSeq Rapid v2 protocol on an Illumina
HiSeq 2500 to obtain 50-bp single-end reads. Reads were aligned to
the mm10 (GRCm38) mouse genome using HISAT2 (56). To iden-
tify DEGs, DESeq2 was used as implemented in HOMER (57, 58),
and read alignment was performed to the murine genome mm10
(GRCm38). Sample scaling and statistical analysis were performed
using the R package DESeq2. DEGs were determined by >1.0 abso-
lute log2 fold change and an adjusted P value < 0.05. Standard reads
per kilobase per million (RPKM) values were used as an absolute
measure of gene expression. Genes with an RPKM < 1 in 50% of
replicates in one condition were excluded. To assess sample
quality, principal components analysis was conducted on using
log-transformed RPKM values using the prcomp function from
the ggfortify (0.4.11) package in R (executed from R Studio
v1.1.383). K-means clustering was performed using Past3 software.
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Heatmaps were produced using the web-based tool Morpheus
(https://software.broadinstitute.org/morpheus). Pathway enrich-
ment was performed using the web-based tool Metascape (59).

Bone marrow chimeras
CD45.1.2 host mice were administered a single total body gamma
radiation of 8 Gy. Donor CD45.1 wild-type mice and CD45.2 PD-
1KO mice were euthanized by cervical dislocation, and femurs were
harvested and collected in RPMI. Bonemarrow cells were isolated in
a sterile environment by flushing the femur with a 20-G needle
using PBS and 2% FBS. Red blood cells were lysed using RBC
lysis buffer (eBioscience; 00-4333-57) and washed using PBS. Har-
vested cells were filtered through a 40-μm cell filter and counted.
Donor mixes were prepared by mixing CD45.1 and CD45.2 cells
in a 1:1 ratio in sterile PBS. From both CD45.1 and CD45.2 bone
marrow cells, 3.0 × 106 were transplanted via the tail vein in a
total volume of 100 μl. After 8 weeks of reconstitution, transplanted
hosts were bled via the tail vein to confirm chimerism and assess
circulating lymphocyte populations. On the same day, host mice
were intraperitoneally injected with AE17-OVA tumor cells. Host
mice were treated with either isotype or αPD-L1 10 days after
tumor inoculation and euthanized at day 13, and bone marrow,
spleen, blood, non-TDLNs, TDLNs, and tumors were harvested
for characterization of Treg cells.

Reanalysis of scRNA-seq data
scRNA-seq data analysis
Publicly available scRNA-seq data were analyzed using the Seurat
(4.0.0) package. Predefined Treg cell clusters were isolated and pro-
cessed for downstream analysis. We excluded cells in which fewer
than 500 genes were detected and those that had a mitochondrial
DNA content greater than 10%. Next, we used a zero-inflated neg-
ative binomial model implemented by the DESingle package
(v1.10.0) in R to identify DEGs (60). Genes with an absolute log2
fold change > 0.5 and an adjusted P value [false discovery rate
(FDR)] < 0.05 were deemed significantly differentially expressed.
scRNA-seq data visualization
Violin plots were generated using log-normalized counts with a
scaling factor of 10.000 using the Seurat package. Unweighted
pathway enrichment analysis was performed using the web-based
tool Metascape (59). Weighted pathway enrichment analysis was
performed via GSEA using the ClusterProfiler (v3.18.1) package
in R. Genes with an absolute log2 fold change > 0.5 were included
in the analysis. Genesets included in “biological process” were se-
lected from MsigDB (http://software.broadinstitute.org/gsea/
msigdb). GSEA was run with a minimum geneset size of 10 and
nPermSimple = 100.000. GSEA plots were superimposed in
Adobe Illustrator and plotted with the normalized enrichment
score (NES) and P value. Heatmaps were created using the R
package Pheatmap (v1.0.12) using the normalized mean expression
per cell as calculated by DESingle.

Patient-derived peripheral blood processing
Peripheral blood was collected at day 1 of cycle 1 (before start of
therapy; baseline) and at day 1 of cycle 2. About 50 ml of blood
was collected in EDTA tubes, and PBMCs were isolated by
density gradient centrifugation using Ficoll-hypaque (GE Health-
care). Cells were cryopreserved in 10% dimethylsulfoxide (Sigma-
Aldrich), 40% FCS, and RPMI for later reconstitution and analysis.

Flow cytometry
Murine samples
For cell surface staining, single cells were stained with antibodies for
30 min at 4°C. After this incubation period, cells were washed with
fluorescence-activated cell sorting (FACS) buffer (0.05% NaN3 and
2% bovine serum albumin in PBS), followed by a PBS wash, and
stained for viability using fixable LIVE/DEAD aqua cell stain
(Thermo Fisher Scientific, 1:200) at 4°C for 15 min. After two
washing steps with PBS and FACS buffer, cells were fixated and per-
meabilized with Foxp3 / Transcription Factor Staining Buffer Set
(Thermo Fisher Scientific) to stain nuclear factors. Intranuclear an-
tibodies were incubated for 60min at 4°C. A fixed number of count-
ing beads (Polysciences Inc.) was added to the samples derived from
blood before acquisition of the data to determine the absolute
number of cells. Data were acquired using a FACSymphony flow cy-
tometer equipped with four lasers and FACSDiva software (v.8.0.2)
after compensation with UltraComp Compensation beads (Thermo
Fisher Scientific). Acquired data were analyzed using a licensed
version of Flowjo (v.10.4.2). A list of antibodies used can be
found in table S3.
Human samples
To assess PD-1 expression in peripheral blood isolated from ICB-
treated patients by flow cytometry, cells were preincubated with
either nivolumab or pembrolizumab (depending on in vivo treat-
ment) for 20 min at 4°C (61). Subsequently, cells were stained
with a biotinylated αIgG4 antibody (Sigma-Aldrich, 1:100) that spe-
cifically binds to nivolumab and pembrolizumab. Last, cells were
incubated with streptavidin that specifically binds to the αIgG4 an-
tibody. Extracellular staining with other antibodies of interest, fix-
ation and permeabilization, and subsequent intracellular staining
was according to the protocol for murine samples. Data were ac-
quired using a FACSymphony flow cytometer equipped with four
lasers and FACSDiva software (v.8.0.2) after compensation with Ul-
traComp Compensation beads (Thermo Fisher Scientific). Ac-
quired data were analyzed using a licensed version of
Flowjo (v.10.4.2).

Statistical analysis
Data are expressed as means with the SEM. Comparisons between
two groups with independent samples were performed using un-
paired t test, whereas the paired t test was used to compare paired
samples (see figure legends). In the case of multiple comparisons,
one-way or two-way analysis of variance (ANOVA) was used with
Šidák’s post-test or Tukey’s post-test, respectively. Survival data
were plotted as Kaplan-Meier survival curves using the log-rank
test to determine statistical significance. A P value of 0.05 and
below was considered significant (*), and P < 0.01(**) and P <
0.001 (***) were considered highly significant. Statistical approaches
were verified per figure. All DEG analyses were Benjamini-Hoch-
berg–corrected for FDR (FDR < 0.05). Data were analyzed using
GraphPad Prism software (Graphpad, V5.01 and V8.0).

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Tables S1 to S3
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