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SUMMARY
Immune checkpoint therapy (ICT) has the power to eradicate cancer, but the mechanisms that determine
effective therapy-induced immune responses are not fully understood. Here, using high-dimensional sin-
gle-cell profiling, we interrogate whether the landscape of T cell states in the peripheral blood predict re-
sponses to combinatorial targeting of the OX40 costimulatory and PD-1 inhibitory pathways. Single-cell
RNA sequencing andmass cytometry expose systemic and dynamic activation states of therapy-responsive
CD4+ and CD8+ T cells in tumor-bearing mice with expression of distinct natural killer (NK) cell receptors,
granzymes, and chemokines/chemokine receptors. Moreover, similar NK cell receptor-expressing CD8+

T cells are also detected in the blood of immunotherapy-responsive cancer patients. Targeting the NK cell
and chemokine receptors in tumor-bearingmice shows the functional importance of these receptors for ther-
apy-induced anti-tumor immunity. These findings provide a better understanding of ICT and highlight the use
and targeting of dynamic biomarkers on T cells to improve cancer immunotherapy.
INTRODUCTION

Immunotherapy has become an important treatment option for

cancer patients but is only effective in a minority of patients.

Therefore, a deeper understanding of factors governing immune

responses upon immunotherapy is required to extend clinical ef-

ficacy to the majority of patients.1 Many studies have focused on

characterizing intratumoral CD8+ T cells,2 but system-wide

profiling studies have demonstrated that systemic anti-tumor im-

mune responses are essential for immunotherapeutic efficacy.3

A comprehensive description of how effective cancer immuno-

therapy affects T cell states in the blood circulation is currently

lacking.
Cell Re
This is an open access article und
Spontaneous regression of solid tumors is generally positively

correlated with T cells infiltrating the tumor tissue.4 Expression of

inhibitory molecules, including PD-1 and CTLA-4, on these

T cells, however, is associated with impaired function, such as

diminution of the cytotoxic and proliferative potential.5 More-

over, T cell costimulation is often diminished in tumor settings,6

leading to suboptimal T cell activation. To counteract cancer-

associated T cell inhibition, successful immunotherapies called

immune checkpoint therapy (ICT), were developed that block

PD-1 and CTLA-4.7,8 Immune checkpoint blockade currently

provides a recognized treatment option for several cancer

types.1,9 However, response rates are still low, immune-related

adverse events occur frequently, and long-term survival can
ports Medicine 4, 100939, March 21, 2023 ª 2023 The Author(s). 1
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Figure 1. Transcriptional profiling identifies therapy-responsive T cell subsets in the blood circulation

(A) Schematic of the immune checkpoint therapy (ICT) regimen strategy. Mice were challenged s.c. with MC-38 or HCmel12 syngenic tumors and treated with

different ICTs.

(B) MC-38 and HCmel12 tumor growth (mean ± SEM) and survival curves of untreated and anti-OX40/CpG-, anti-PD-L1-, and anti-OX40/CpG plus anti-PD-L1

(PDOX)-treated wild-type mice. Data were combined from two replicate experiments (n = 8–16 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001.

(C) tSNE scRNA-seq plot visualizing six transcriptional clusters of blood T cells from day 18 tumor-bearing mice that were untreated or received ICT.

(D) Combined t-SNE scRNA-seq plot of blood T cells color coded for the untreated and ICT groups.

(E) tSNE scRNA-seq plots of blood T cells color coded for the untreated group and each ICT group individually.

(legend continued on next page)
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only be achieved in a minority of patients,10 which warrants

determination of the probability of a clinical response and devel-

opment of more efficacious treatment options. In this respect, a

better understanding of the cellular and molecular mechanisms

that mediate tumor rejection could support the design of optimal

treatment modalities.11 Moreover, predictive biomarkers related

to effective therapy are highly desired, especially in light of

numerous clinical trials with novel (combinatorial) immunothera-

peutic approaches that are ongoing.12–14 In addition, methods

directly targeting costimulatory receptors, such as members of

the tumor necrosis factor receptor (TNFR) superfamily (e.g.,

CD27, CD134 [OX40], and CD137 [4-1BB]) expressed on tu-

mor-specific T cells, have been developed and shown potential

by itself and combined with immune checkpoint blockade.15,16

However, knowledge to support rational application of combina-

torial ICT is lacking.

Emerging single-cell technologies, such as single-cell RNA

sequencing (scRNA-seq) and high-dimensional flow and mass

cytometry, have provided unprecedented insight into the hetero-

geneity of the tumor micro-environment (TME) and its modula-

tion by immunotherapy.17–21 For example, these single-cell

technologies highlight the identification of intratumoral T cells

with different states of functionalities, ranging from cytotoxic to

dysfunctional,22 and the existence of biomarkers in CD8+

T cells that are associated with responsive tumor regression.23

Predictive biomarkers in patients treated with ICT, such PD-1

and CTLA-4 blockade, have also been investigated in the sys-

temic circulation, showing key roles of T cells,24–33 natural killer

(NK) cells,34 and monocytes.35,36

Here, we performed deep profiling of the systemic T cell

response induced by immunotherapeutic regimens built on

driving agonist signals via OX40-mediated costimulation in

conjunction with blocking of the inhibitory PD-1-PD-L1 pathway.

The additive effects of combination therapy over monotherapy

were assessed by studying the transcriptional and proteomic

changes of therapy-responsive T cell populations in tumor-

bearing mice using two complementary high-dimensional sin-

gle-cell profiling techniques: scRNA-seq20 and mass cytome-

try.37 We found that combined ICT elicited the most profound

impact on effector T cell states in the blood, characterized by dy-

namic kinetics and upregulation of specific biomarkers, including

NK cell markers, cytotoxic molecules, and chemokine receptors.

System-wide analysis revealed that therapy-responsive T cells

were not limited to the blood but connected to other key immune

compartments like the spleen, bonemarrow, and tumor-draining

lymph nodes. Analysis of human peripheral blood mononuclear

cells obtained shortly after PD-1 therapy revealed similar effector

T cell states in the blood that correlatedwith the clinical response

rate. The identified biomarkers were functionally associated and

implicated in treatment efficacy. This study reveals dynamic

cellular changes occurring during effective ICT and the role of a
(F) Heatmap displaying scaled expression values of discriminative genes per clu

(G) tSNE scRNA-seq plots displaying gene expression of Cd4, Cd8, Id2, Lgals1,

(H) Stacked bar graphs representing the percentage of cells from the untreated

(I) Volcano plots showing significant gene expression related to Id2 expression in

origin according to their treatment.

See also Figure S1.
set of biomarkers connected to the cytotoxic potential of CD8+

T cells, which are instrumental in tumor immunity and could be

used to assess the level of immunotherapy efficiency.

RESULTS

Identification of circulating immunotherapy-responsive
T cell subsets by single-cell transcriptional profiling
To examine whether stimulating costimulatory receptors can

improve PD-(L)1 checkpoint blockade, we challenged wild-

type mice with syngeneic MC-38 tumors, which represents an

ICT-sensitive colorectal cancer model. Tumor-bearing mice

were subsequently treated with anti-PD-L1 antibodies, blocking

the inhibitory PD-1/PD-L1 pathway, and with agonistic anti-

bodies targeting the costimulatory receptor OX40 (Figure 1A).

Blockade of the PD-1/PD-L1 axis resulted in delayed tumor

outgrowth (Figure 1B), whereas anti-OX40 treatment did not

delay tumor outgrowth (Figures S1A and S1B). Of note, addition

of the TLR9 ligand CpG augmented the anti-tumoral activity of

anti-OX40 (Figures S1A and S1B), which is in line with a previous

report.38 On the other hand, CpG supplementation did not

improve PD-L1 blockade (Figures S1C and S1D). Strikingly, the

combination of PD-L1 blockade and anti-OX40/CpG treatment,

referred to hereafter as PDOX, cured themajority of mice bearing

MC-38 tumors (Figure 1B). This combination of immunothera-

peutics was also most effective against established syngeneic

HCmel12 melanoma tumors (Figure 1B).

On day 18 post MC-38 tumor challenge, the percentage of

CD8+ and CD4+ T cells within the circulating leukocytes in blood

and spleen increased after PDOX treatment compared with no

treatment and anti-PD-L1 treatment (Figure S1E). The percent-

age of NK cells in the blood, however, remained similar but

decreased in the spleen after PDOX treatment, while NK T cell

percentages remained similar in the blood and spleen after any

ICT. To identify the circulating T cell subsets associated with

effective checkpoint therapy, we isolated CD4+ and CD8+

T cells from the peripheral blood on day 18 post MC-38 tumor

challenge of treated (anti-PD-L1, anti-OX40/CpG, and PDOX)

and untreated mice. Per condition, more than 1,000 cells were

analyzed by scRNA-seq with a coverage of 60,000 reads per

cell. The subpopulation structure of the circulating T cells was

defined by pooling data from the different treatment groups, rep-

resenting 5,600 cells in total, and using Seurat package analysis

to identify transcriptional clusters. Six distinct T cell clusters

could be identified, consisting of three CD4+ and three CD8+

T cell clusters (Figures 1C–1F). Two clusters (CD4-T3 and

CD8-T3) were over-represented in the PDOX group

(Figures 1D–1H), and both of these T3 clusters were character-

ized by expression of Id2 and Lgals1 transcripts encoding for

the transcription factor ID2 and Galectin-1, respectively

(Figures 1F and 1G). Other gene transcripts over-represented
ster.

Klrg1, Klrc1, Klrk1, Cxcr3, Gzma, Gzmk, Gzmb, and Ly6a.

and ICT groups present in the six transcriptional clusters.

CD4+ and CD8+ T cells. Stacked bar graphs indicate the percentage of the cell
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in the CD4-T3 and CD8-T3 clusters were Cxcr3 (coding for the

chemokine receptor CXCR3) and Ly6a (coding for Sca-1) (Fig-

ure 1G). Transcripts linked to NK cell receptors and cytotoxicity,

including Klrk1 (coding for NKG2D protein), Klrc1 (coding for

NKG2A), Klrg1 (coding for KLRG1), and Gzma, Gzmb, and

Gzmk (coding for Granzyme A, B, and K, respectively) were

mostly enriched in CD8-T3 (Figure 1G).

Expression of ID2 as well as killer cell lectin receptor (KLR)

family members are linked to cytotoxic effector CD8+ T cell dif-

ferentiation, but their interconnectivity is unknown.39–41 To gain

more insight into this connection of the Id2+, Klkr1+, and Klrc1+

subsets within the T3 clusters, the transcriptional profiles of

these subsets within the CD8+ and CD4+ T cell lineages were

analyzed independently (Figures 1I and S1F). Upregulation of

Id2 transcripts in CD8+ T cells was associated with increased

expression of Klrk1, Klrc1, Klrg1, Nkg7, Gzma, Gzmb, Gzmk,

Zeb2, Lgals1, Cxcr3, Cxcr6, Cd48, Ctsd, Itgb1, and Ahnak. The

CD4+ Id2+ cells correspondingly upregulated Lgals1, Cxcr3,

Cxcr6, Itgb1, and Ahnak and in addition upregulated Lgals3,

Ly6a, Ccr2, Capg, Crip1, Ifitm2, Ikzf2, and Rora. Transcripts of

Dapl1, Lef1, Lyz2, Igfbp4, and Plac8 were consistently downre-

gulated in CD8+ and CD4+ Id2+ T cells (Figure 1I). In the CD8+

and CD4+ T cell lineages, Klrk1+ and Klrc1+ cells showed highly

similar expression (Figure S1F). Moreover, up- and downregu-

lated transcripts were also shared with Id2+ cells, including

Lgals1, Gzma, Gzmb, Zeb2, Cxcr6, Ahnak, Ccr2, Nkg7, Dapl1,

and Igfbp4, which underscores the strong relationship between

the KLR family, granzymes, and chemokines (Figure S1F). Alto-

gether, these data indicate that combination therapy targeting

OX40 and PD-L1 promotes expression of molecules associated

with cytotoxicity and migration in responding CD8+ and CD4+

T cell subsets residing in the blood circulation.

Circulating therapy-responsive T cell subsets display
effector cell properties with increased cytotoxic and
migratory capacity
To validate the association of the Id2 transcripts with transcripts

of the Klr genes in subsets of the Id2+ cells at the protein level,

the KLR family members and other effector T cell markers

were co-stained with ID2 in circulating T cells obtained from tu-

mor-challenged PDOX-treated mice. Within the ID2+CD8+

T cells, expression of KLRG1, NKG2A, andNKG2Dwas substan-

tial, whereas ID2�CD8+ T cells lacked expression of these KLR

family members. ID2+CD4+ T cells also expressed KLRG1 and

NKG2A, albeit to a lesser extent as ID2+CD8+ T cells.

ID2�CD4+ T cells were devoid of KLRG1 or NKG2A, while

NKG2D was absent on ID2+CD4+ and ID2�CD4+ T cells

(Figures 2A and S2A).

To further characterize the total ID2+ subset in CD4+ and CD8+

T cells, we examined other surface markers associated with NK

cell receptors on effector T cells, including the O-glycan form of

CD43 (sialoforine), which is known as a CD43 isoform expressed

transiently by effector T cells.42 This activation-associated isoform

of CD43 is generated by posttranslational glycosylation; hence,

this form cannot be distinctively identified in scRNA analysis.

However, the glycosylated form of CD43 can be visualized by

the 1B11 antibody clone, while the antibody clone S11 recognizes

CD43 regardless of glycosylation and reacts with virtually all
4 Cell Reports Medicine 4, 100939, March 21, 2023
T cells, activated or not (Figure S2B). Strikingly, the majority of

ID2+CD8+ T cells expressed the hyperglycosylated CD431B11 iso-

form, in contrast to ID2�CD8+ T cells, and similar results were

found for ID2+CD4+ and ID2�CD4+ T cells (Figure 2A).

As expected from the connection with ID2 expression,

CD431B11-expressing CD8+ and CD4+ T cells were significantly

increased upon PDOX treatment in the blood of MC-38- and

HCmel12-challenged mice (Figures 2B and S2C). Cell-surface

expression of NKG2A, NKG2D, and KLRG1 on peripheral blood

T cells showed substantial overlap with CD431B11 expression

(Figure 2C). Accordingly, expression of NKG2A, NKG2D, and

KLRG1 was increased on CD431B11+ CD8+ T cells, and KLRG1

and NKG2A expression was increased on CD431B11+ CD4+

T cells compared with their CD431B11� counterparts (Fig-

ure S2D). In line with the gene expression levels, CXCR3 and

Ly6A (Sca-1) expression was increased on CD431B11+ CD8+

and CD4+ T cells (Figure S2D). Furthermore, blood-circulating

CD431B11-expressing CD8+ but not CD4+ T cells from PDOX-

treated mice expressed high levels of granzyme B (Figure 2D).

Strikingly, tumor-specific CD8+ T cells recognizing the neo-

epitope ASMTNMELM from Adpgk, expressed by MC-38 tu-

mors,43 and the tumor antigens Trp2 and M8, expressed by

HCmel12 tumors, were increased in the blood circulation, and

these tumor-specific T cells highly expressed CD431B11

(Figures 2E, S2E, and S2F).

To define and cross-validate the transcriptional signature of

the circulating CD431B11+ T cell subsets, we performed bulk

mRNA sequencing on fluorescence-activated cell-sorted

CD431B11� and CD431B11+ CD8+ and CD431B11� and CD431B11+

CD4+ T cells from MC-38 tumor-challenged mice that were

treated with PDOX. Definitely, as also detected by scRNA-seq,

the circulating CD431B11+CD8+ and CD431B11+CD4+ T cells

had upregulated and downregulated genes analogous to the

genes identified in the CD4-T3 and/or CD8-T3 clusters (e.g.,

Id2, Lgals1, Klrc1, Klrg1, Klrk1, Ly6a, Cxcr3, Cxcr6, Ccr2,

Gzma, Gzmb, and Gzmk) (Figures 2F and S2G). Thus, the circu-

lating PDOX therapy-responsive T cell subsets display induction

of a transcriptional program that regulates the cytotoxic and

migratory capacity.

Dynamic induction of therapy-responsive T cell subsets
To gain insight into the dynamics of the therapy-responsive T cell

subsets, we longitudinally followed the CD431B11+, NKG2A+, and

KLRG1+ T cell subsets in the blood circulation of ICT-treated

MC-38 tumor-bearing mice. Anti-OX40/CpG treatment, but not

anti-PD-L1 treatment, increased theCD431B11+CD8+ T cell subset

on day 13 post tumor challenge (6 days after the start of the anti-

OX40/CpG treatment), while at later time points these treatments

resulted in a comparable increase compared with untreated

mice. PDOX treatment elicited a much stronger increase in

CD431B11+CD8+ T cells on day 13 compared with anti-OX40/

CpG and anti-PD-L1 treatment, and this increase was even more

pronounced on day 18 (Figure 3A). On day 25 post tumor chal-

lenge, the percentage of CD431B11+CD8+ T cells was decreased

but still higher than in anti-OX40/CpG- and anti-PD-L1-treated

mice. As projected based on the expression profile, the

NKG2A+CD8+ and KLRG1+CD8+ T cell subsets showed similar

kinetics (Figure3A). PDOX treatment also induced thehighest level
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Figure 2. Circulating therapy-responsive T cell subsets display effector cell properties with increased cytotoxic and migratory capacity

(A) Representative histogram plots of NKG2A, NKG2D, KLRG1, and CD431B11 expression on gated ID2�CD8+ or ID2+CD8+ and gated ID2�CD4+ or ID2+CD4+

T cell populations residing in the blood circulation of MC-38-challenged PDOX-treated mice. Numbers indicate average mean fluorescence intensity.

(B) Percentage of CD431B11+ cells within the total CD8+ and CD4+ T cell population in the blood of untreated and ICT-treated groups.

(C) tSNE plots of flow cytometric data visualizing NKG2A, NKG2D, KLRG1, and CD431B11 expression (red) on CD8+ and CD4+ T cells in the blood from untreated

and PDOX-treated groups. The blue/red tSNE plot indicates cell origin for CD8+ and CD4+ T cells of the untreated and PDOX-treated group, respectively.

(D) Representative histograms (left) and quantification of fluorescence intensity (right) of granzyme B expression in blood circulating CD431B11�CD8+ and

CD431B11+CD8+ and CD431B11�CD4+ and CD431B11+CD4+ T cell populations of MC-38-challenged PDOX-treated mice.

(E) Percentage of Adpgk-specific CD8+ T cells in the blood of untreated and ICT-treated groups.

(F) Heatmaps of RNA-seq data of sorted CD431B11�CD8+ and CD431B11+CD8+ and CD431B11�CD4+and CD431B11+CD4+ T cells (n = 2 individual mice per subset)

from spleens isolated from wild-type mice challenged with MC-38 and treated with PDOX. Scaled expression values of discriminating genes are displayed.

Data (A)–(F) are were collected frommice on day 18 post tumor challenge. The p values in (B) and (E) were calculated by ANOVA and in (D) by unpaired Student’s t

test; *p < 0.05, **p < 0.01, ***p < 0.001. Data in (B) and (E) are presented asmean ± SEM, and each dot in (B), (D), and (E) represents an individual mouse. Data (A)–

(E) are representative of 2–3 independent experiments. See also Figure S2.
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Figure 3. Dynamic induction of therapy-responsive T cell subsets in the blood circulation

(A and B) Kinetics of the CD431B11+, NKG2A+, and KLRG1+ cells of CD8+ T cells (A) and CD431B11+ cells of CD4+ T cells (B) in the blood circulation after challenge

with MC-38 tumor cells and treated or not treated with different ICTs (anti-PD-L1, anti-OX40, or PDOX).

(C) Kinetics of the CD431B11+ cells of CD8+ and CD4+ T cells after mock challenge (saline) and treated similarly as in (A) and (B).

(D) Ranking of the percentage CD431B11+ cells of CD8+ T cells in blood (on day 13 post tumor challenge) for each individual MC-38-bearing mouse (left panel) or

HCmel12-bearing mouse (right panel). An asterisk indicates correlation with tumor-free mice.

The p values in (A–C) were calculated by ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001. Data in (A)–(C) are presented as mean ± SEM Data shown in (A)–(D) are

representative of 2–3 independent experiments.
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of circulating CD431B11+ CD4+ T cells on day 13 and day 18 post

tumor challenge compared with other treatment groups (anti-

OX40/CpG and anti-PD-L1) and untreated mice (Figure 3B).

To dissect the influence of the tumor on the dynamics of

CD431B11+CD8+ and CD431B11+CD4+ T cells, we treated non-tu-

mor-bearing mice (mock challenged) with anti-OX40/CpG, anti-

PD-L1, or PDOX. While induction of CD431B11+ T cells induced

by the single therapies in the blood circulation were comparable

between tumor-bearing and non-tumor-bearing mice, PDOX

treatment amplified the response in tumor-bearing mice,

indicating that tumor antigens and/or tumor-associated inflam-

mation drives the synergy between anti-OX40/CpG and anti-

PD-L1 blockade (Figure 3C).

A correlation between the level of CD431B11+ CD8+ T cells

circulating in the blood and MC-38 and HCmel12 tumor survival

could be established (Figure 3D). Together, these data indicate

that the therapy-elicited effector T cells, identified by the activa-

tion markers CD431B11, NKG2A, and KLRG1, are characterized

by dynamic expansion/contraction kinetics resembling those

of vaccine- or infection-provoked T cell responses.

System-wide induction of immunotherapy-responsive
T cell subsets
To interrogate whether the PDOX therapy-responsive effector

T cell states were elicited system wide and whether these were
6 Cell Reports Medicine 4, 100939, March 21, 2023
interconnected, we assessed the phenotype of ICT-induced

T cell states in lymphoid tissues on day 18 post MC-38 tumor

challenge by CyTOF mass cytometry with 34 cell-surface

markers, which allowed identification of T cell signatures in

depth (Figure 4A). The marker panel included markers for

effector T cell activation, differentiation, and migration, such as

CD431B11, NKG2A, KLRG1, CXCR3, and CD62L and the ectoen-

zymes CD38 and CD39 (Figure 4B). Viable CD4+ and CD8+

T cells were analyzed by hierarchical stochastic neighbor

embedding (HSNE) using Cytosplore44 and Cytofast.45,46 We

selected clusters based on the significant difference (p < 0.05)

and abundance (>1%). Remarkably, in the blood compartment,

all CD8+ and CD4+ T cell clusters that were significantly higher in

PDOX-treated mice expressed CD431B11 (Figures 4C and S3).

Two of the four CD431B11+CD8+ T cell clusters were most abun-

dant in the PDOX-treated group compared with all other groups

and co-expressed KLRG1, CD38, CD39, PD-1, or LAG-3 (blood

cluster CD8-5) or co-expressed the same markers and

NKG2A and ICOS (CD278) (blood cluster CD8-11). Three

CD431B11+CD4+ T cell clusters, which were more abundant in

the PDOX-treated group compared with all other groups, co-ex-

pressed CXCR3 and ICOS and differentially expressed PD-1,

CD38, and CD39. In the spleen, one CD8+ T cell cluster express-

ing CD431B11 (spleen CD8-13) was most abundant in PDOX-

treated mice, and, similar to blood cluster CD8-5, these cells
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co-expressed KLRG1, CD38, CD39, PD-1, and LAG-3. Four

splenic CD4+ T cell clusters expressing CD431B11 were higher

in PDOX-treated mice and highly similar to the CD431B11-ex-

pressing CD4+ T cells in the blood. In the tumor-draining lymph

node (tdLN) and bone marrow, significantly higher frequencies

of CD431B11+CD4+ T cells but not CD431B11+CD8+ T cells in

the PDOX treated mice were detected, and these cells differen-

tially expressed ICOS, CD38, CD39, and KLRG1 (Figures 4C and

S3). Thus, besides also residing in the blood circulation in

other lymphoid compartments, CD8+ and CD4+ T cell clusters

expressing CD431B11 and co-expressing NK cell receptors, che-

mokine receptors, and ectoenzymes are elicited that are con-

nected to effective immunotherapy.

To determine the correlation between the identified therapy-

responsive T cell clusters across all lymphoid tissues via an un-

biased approach, correlation analyses were performed system

wide (Figures 4D and S3). The therapy-responsive CD4+ and

CD8+ T cell clusters in the blood are closely related to those in

the spleen (r > 0.70), and blood CD4+ T cell clusters are also con-

nected to the bone marrow CD4+ T cell clusters. Moreover,

lymph node CD4+ T cell cluster 7 relates to splenic CD4+ T cell

clusters. Together, these data show an interconnectivity be-

tween therapy-responsive T cell clusters residing in different

lymphoid tissues, indicating induction of system-wide effects

of ICT enabling efficient tumor immunity.

Identification of NK cell receptors expressing CD8+

T cell subsets in the blood circulation of PD-1 therapy-
responsive patients
To determine whether corresponding therapy-responsive T cell

subsets could be identified in the blood circulation of patients

receiving ICT, we evaluated anti-PD-1-responding and non-re-

sponding patients with melanoma or non-small cell lung cancer

(NSCLC) by mass cytometry (Figures 5A and S4A–S4C). Periph-

eral bloodwas collected before and 2weeks after treatment, and

peripheral bloodmononuclear cells (PBMCs) were stained with a

panel of antibodies that incorporated detection of NK cell recep-

tors expressed by activated human CD8+ T cells; i.e., KLRB1,

KLRG1, and CD56 (Figure 5B). Data analysis by Cytosplore re-

vealed distinct CD8+ T cell clusters that were increased in the

anti-PD-1 responding group compared with the anti-PD-1 non-

responders (Figures 5B–5D and S4C–S4F). These clusters ex-

pressed KLRG1, CD29, and CD44 and exclusively expressed

KLRB1, CD56, or CD45RO. It is also worth noting that an addi-

tional CD8+ T cell cluster, also expressing the NK cell receptors

KLRG1 and KLRB1, was elevated in 4 of 8 PD-1 responders

(Figures S4D–S4F). To validate these observations, we
Figure 4. Systemic induction of therapy-responsive T cell subsets upo

(A) Schematic of the mass cytometry analysis of blood lymphocytes and lympho

(B) tSNE plots of blood T cells isolated from tumor-bearing untreated and ICT-

intensity of cell-surface markers measured by CyTOF mass cytometry.

(C) Heatmaps of selected T cell clusters in the blood, bone marrow, spleen, and

formedmarker expression is displayed by a rainbow scale. Bar graphs indicate th

represented as mean ± SEM, and each dot represents an individual mouse. The

(D) Network graph showing interconnectivity betweenCD4 (circle) and CD8 (squar

nodes (red), and bone marrow (green). Highly correlated clusters (Pearson rho >

Data shown in (B)–(D) were collected from mice on day 18 post tumor challenge
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performed FlowSOM clustering and projected these on opt-

SNE dimensionality reduction plots (Figures S5A and S5B).

Corroborating the Cytosplore-based data analysis, identical

CD8+ T cell clusters were identified (i.e., positive for KLRG1,

CD44, CD29, and CD56 or KLRB1) that were increased in the

blood of PD-1-treated patients (Figures S5C and S5D).

Next, we evaluated the survival and correlation of the therapy-

responsive gene signatures and marker genes discovered here

in large cohorts of patients with skin cutaneous melanoma using

Gene Expression Profiling Interactive Analysis.47,48 Higher

expression of the gene signatures of clusters 2, 7, and 8 were

related to better survival (Figure 5E). Higher expression of the

KLR family members (KLRB1, KLRG1, KLRC1, and KLRK1),

granzymes (GZMB and GZMK), as well as CXCR3 and ID2 also

associated with a higher survival rate (Figure S5E). Correlation

analysis of these genes indicated a strong association of the

granzyme family with the KLR family members and with CD8

(Figures 5F and S5F). Moreover, non-biased protein interaction

analysis confirmed the connection between the therapy-respon-

sive markers, indicating an underlying transcriptional program

(Figure 5G). Thus, comparable with the findings in experimental

settings, effective ICT in patients correlates with increases in

CD8+ T cell subsets characterized by programming for cytotoxic

effector function.

Expansion of functional therapy-responsive CD8 T cell
subsets in the TME and draining lymph nodes
We next analyzed the therapy-responsive T cells in the TME of

MC-38-challengedmice. Because PDOX treatment is very effec-

tive, treatment started at later time points (around day 10 with

anti-OX40/CpG followed by PD-L1 blockade) to obtain sufficient

tumor material for analysis. Compared with untreated animals,

PDOX treatment increased the percentage of leukocytes in the

TME, which was mainly caused by an increase in CD8+ T cells,

and this correlated with an increase in tumor-specific CD8+

T cells (Figures 6A and S6A). In the TME of HCmel12-challenged

mice, similar data were obtained (Figure S6B). Detection of CD8+

T cells by immunofluorescence showed that PDOX treatment

promoted higher numbers of tumor-infiltrating CD8+ T cells (Fig-

ure 6B). The increase in CD8+ T cells coincided with a decrease

in FOXP3+CD4+ regulatory T (Treg) cells; hence, the CD8+/Treg

ratio was profoundly increased in the TME because of PDOX

treatment (Figure 6A). The Treg cells in the peripheral blood

were, however, relatively increased by the PDOX treatment.

OX40 expression was not detected on intratumoral Treg cells

upon PDOX therapy (Figure S6C), which can be attributed to

obstruction of the injected anti-OX40 antibody and/or depletion
n effective ICT

id tissues.

treated (anti-PD-L1, anti-OX40/CpG, PDOX) mice, visualizing the expression

lymph nodes of untreated and ICT-treated mice. The level of ArcSinh5-trans-

e abundance and significant differences of the selected T cell clusters. Data are

p values were calculated by ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001.

e) T cell clusters in different compartments: blood (blue), spleen (orange), lymph

0.8) are connected by lines, and cluster IDs are indicated.

. See also Figure S3.
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Figure 5. Identification of NK cell receptor-expressing CD8+ T cell subsets in the blood circulation of PD-1 therapy-responsive patients
(A) Data-level tSNE plots of CD8+ T cells showing sample origin (left, including responding patients [red] and non-responding patients [blue]), a density map

(center), and cluster partitions with numbering (right). See also Figures S4 and S5.

(B) Expression intensity of specific cell surface markers. Color indication: blue, low expression; yellow, high expression.

(C) Heatmaps of clusters 2, 7, and 8 displaying median marker expression values of a selection of markers. Color indication: blue, low expression; red, high

expression.

(D) Percentage of cells in clusters 2, 7, and 8 within the total CD8+ T cell pool. Data are from samples collected 2 week post PD-1 therapy and represented as

mean ± SEM. Circles represent individual samples of non-responder melanoma (light gray), responder melanoma (light blue), non-responder lung cancer (dark

gray), and responder lung cancer (dark blue) patients. The p values were calculated by Mann-Whitney U test.

(legend continued on next page)
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of OX40high-expressing Treg cells.49,50 Like CD8+ T cells, helper

CD4+ T cells (FOXP3�) were significantly increased in the TME

(Figures 6A and S6A).

To assess the effector phenotype and potential of the tu-

mor-infiltrated T cells, cell-surface expression, proliferation,

granzyme expression, and cytokine production were evalu-

ated. In untreated and PDOX-treated mice, the majority of tu-

mor-infiltrated CD8+ T cells expressed CD431B11, NKG2A,

and/or KLRG1 (Figure S6D). The percentage of CD8+ T cells

lacking any of these markers was decreased by PDOX treat-

ment (p = 0.02, Mann-Whitney U test), indicating more acti-

vated CD8+ T cells in the TME. CD431B11 and KLRG1 were

also expressed by CD4+ T cells in the TME, and PDOX therapy

mainly elevated CD431B11+CD4+ T cells (Figure S6A). More-

over, the proliferation marker Ki-67 was abundantly expressed

by tumor-infiltrating CD8+ T cells expressing CD431B11,

KLRG1, and NKG2A, whereas PDOX therapy only significantly

increased KLRG1/Ki-67 double-positive cells (Figures 6C and

S6E). Co-staining of Ki-67 with CD431B11, KLRG1, and NKG2A

of blood circulating CD8+ T cells, however, indicated a partic-

ular increase in Ki-67-co-expressing cells after PDOX therapy,

suggesting that such marker combinations could be used as

robust biomarkers (Figures 6C and S6E). A higher increase

in Ki-67+CD431B11+ and Ki-67+CD431B11+ co-expression after

therapy was also observed within circulating FoxP3�CD4+

T cell subsets compared with tumor-infiltrating FoxP3�CD4+

T cells (Figure S6E). Consistent with increased granzyme B

levels in circulating CD8+ T cells after therapy (Figure 2D),

granzyme B expression in CD431B11+ tumor-infiltrating CD8+

T cells was increased by PDOX treatment (Figure 6D). PDOX

therapy also elicited higher percentages of polyfunctional

cytokine-producing CD8+ and CD4+ T cells (Figures 6E

and S6F).

To better understand local and systemic immune responses,

we compared tdLNs with non-draining lymph nodes (ndLNs).

Here, we noticed that, in untreated animals, the tdLNs were

enlarged compared with ndLNs (Figures 6F and S6G–S6I).

PDOX therapy enhanced the absolute numbers in tdLNs and

ndLNs and in particular increased the magnitude and percent-

ages of CD431B11- and KLRG1-expressing CD8+ and CD4+

T cells in the tdLNs (Figures 6F, S6G, and S6I–S6K). Accord-

ingly, PDOX treatment also enhanced the magnitude of

NKG2A- and NKG2D-expressing CD8+ T cells in tdLNs

(Figures S6G, S6I, and S6J). In line with the increase in cyto-

toxic and cytokine polyfunctional CD8+ T cells, depletion of

CD8+ T cells completely dismantled the efficacy of PDOX treat-

ment (Figure 6G). Depletion of CD4+ T cells, despite being pre-

sent in the TME and having an activated phenotype, did not

impact tumor control in PDOX-treated mice (Figure 6G). Thus,

PDOX-therapy-responsive CD8+ T cells are functionally effec-

tive and proliferate in the peripheral blood, TME, and draining

lymph nodes.
(E) Overall survival plots for high versus low gene signature expression of clust

indicated.

(F) Spearman correlation analysis of therapy-responsive marker genes for SKCM

(G) Protein network analysis of the markers expressed by therapy-responsive T
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Functional receptor expression on therapy-responsive
T cell subsets affects expansion and tumor infiltration
To functionally assess the relevance of the elevated levels of NK

cell receptor expression on therapy-responsive CD8+ T cells, we

targeted NKG2D, which is in contrast to the inhibitory NKG2A

molecule known as a molecule with the capacity to provide cos-

timulatory signals to T cells (Figure 7A).51 Like NKG2A, NKG2D is

also upregulated in the TME (Figure 7B). Blockade of NKG2D

reduced the effectiveness of the PDOX treatment in controlling

tumor outgrowth, whereas NKG2D blockade in untreated

mice had no implication (Figure 7C). This effect of NKG2D

blockade on PDOX treatment was related to a diminution of

NKG2A+CD8+ T cells in the blood circulation and TME (Fig-

ure 7D). Moreover, NK cell depletion did not impact tumor con-

trol of PDOX therapy, indicating that PDOX therapy relates pri-

marily to CD8+ T cell-mediated effects (Figure S7A). We

conclude that NK cell receptor-expressing T cell subsets are

instrumental for PDOX therapeutic efficacy with NKG2D, sup-

porting systemic stimulation of the therapy-responsive effector

CD8+ T cells.

To functionally assess whether CD43 expression is critical for

the efficacy of ICT, we examined PDOX responsiveness in set-

tings of CD43 availability and absence. For this, wild-type mice

and mice deficient in the Spn gene (coding for CD43) were chal-

lenged with MC-38 tumor cells and left untreated or treated with

PDOX (Figures 7E and 7F). Whereas CD43 proficient mice

showed the anticipated therapeutic efficacy of PDOX treatment

upon tumor challenge, mice deficient in CD43 could not control

MC-38 tumor outgrowth despite PDOX treatment (Figure 7G).

Remarkably, CD43 deficiency did not affect the percentage of

NKG2A+CD8+ T cells in the blood but rather resulted in a diminu-

tion of NKG2A+CD8+ T cells in the TME (Figure 7H), indicating

that tumor migration of therapy-responsive T cells is regulated

by CD43, which is in line with the ability of the CD431B11 isoform

to function as a ligand for the cell adhesion molecule E-selectin

(CD62E).52 ID2 expression in tumor-infiltrating CD8+ T cells

was not affected by PDOX treatment in wild-type or CD43-defi-

cient mice (Figure S7B).

To test whether the chemokine receptor CXCR3, expressed

on the CD431B11+T cell subset and known to mediate adhesion

induction,53 was also implicated in tumor migration, we blocked

this chemokine receptor by antibodies provided during PDOX

treatment of tumor-challenged mice (Figure 7I). Obstruction of

CXCR3 resulted in reduced efficacy of PDOX to control tumor

outgrowth (Figure 7J). This effect of CXCR3 blockade was

related to decreased infiltration of CD431B11+CD8+ T cells in

the TME as well as reduced tumor-infiltrating NKG2A+CD8+

T cells and tumor-specific CD8+ T cells, while the

CD431B11+CD8+ and NKG2A+CD8+ T cells were unaffected in

the blood circulation (Figures 7K and S7C). Moreover, CXCR3

blockade prevented NKG2D+CD8+ T cell entry into to the TME

(Figures 7K and 7L). Altogether, we conclude that CD43 and
ers 2, 7, and 8 for skin cutaneous melanoma (SKCM). Log rank p values are

. Spearman correlation coefficient and p values are indicated.

cells. Line thickness indicates strength of support for interaction.



A

B C

D

FE G

Figure 6. Expansion of the therapy-responsive CD8+ T cell subset in the blood circulation, TME, and draining lymph nodes

(A) TME: percentage of leukocytes, CD8+ T cells, M8-specific CD8+ T cells, FOXP3�CD4+ T cells, and FOXP3+CD4+ Treg cell among live cells; CD8+ T cell/Treg

cell ratio and percentage of Treg cells among total CD4+ T cells in the MC-38 tumor microenvironment (TME) of untreated and PDOX treated mice. Blood cir-

culation: percentage of FoxP3+CD4+Treg cells among total CD4+ T cells in the blood of untreated and PDOX-treated mice.

(B) Representative immunofluorescence images of MC-38 tumor-infiltrating CD8+ T cells (red) of untreated and PDOX-treated mice. The bar graph indicates

absolute CD8+ T cell count per square millimeter.

(C) Ki-67 expression versus CD431B11, KLRG1, or NKG2A of CD8+ T cells in the TME and blood of untreated and PDOX-treated mice. Numbers indicate the

average percentage of double-positive cells.

(D) Left: representative flow cytometry plots indicating CD431B11 versus granzyme B expression of MC-38 tumor-infiltrating CD8+ and CD4+ T cells. Numbers

indicate the fluorescence intensity of granzyme B expression in CD431B11+ T cells. Right: median fluorescence intensity of granzyme B expression in

CD431B11+CD8+ and CD431B11+CD4+ T cells of untreated and PDOX-treated animals.

(E) The proportion of single-, double-, and triple-cytokine-producing cells within the tumor-infiltrating CD8+ T cells of untreated and PDOX MC-38 tumor-

challenged mice treated or not treated with PDOX.

(F) Total numbers of CD431B11 and KLRG1-positive CD8+ T cells in non-draining lymph nodes (ndLNs; closed circles) and tumor-draining lymph nodes (tdLNs;

open squares). Lines connect ndLNs and tdLNs from the same mouse.

(G)MC-38 tumor growth of untreated and PDOX-treatedwild-typemice receiving CD8-depleting (yellow/green) and CD4-depleting (blue/purple) antibodies ormock.

Data shown in (A)–(F) were collected from mice on day 20 post tumor challenge (PDOX treatment started on day 10). The p values in (A), (B), and (D)–(F) were

calculated by unpaired Student’s t test and in (G) by ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001. Data in (A), (B), (D), (E), and (G) are presented as mean ± SEM, and

each dot in (A), (B), and (D) represents an individual mouse. Data shown are representative of 2 independent experiments. See also Figure S6.
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Figure 7. Functional expression of NKG2D, CD43, and CXCR3 on therapy-responsive T cell subsets affects expansion and tumor infiltration

(A) Schematic of the strategy. Mice were challenged s.c. with MC-38 tumors and left untreated or treated with PDOX in combination with blocking NKG2D

antibodies.

(B) Representative histograms showing NKG2A and NKG2D expression on MC-38 tumor-infiltrating CD8+ T cells of PDOX-treated and untreated mice.

(legend continued on next page)
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CXCR3 mediate tumor migration of therapy-responsive CD8+

T cells, which is critical for these cells to achieve tumor control.

DISCUSSION

A major challenge for ICT is to overcome the substantial vari-

ability of this therapy through identification of predictive bio-

markers. Ideally, such biomarkers can be interrogated in easily

accessible compartments, such as the peripheral blood, while

accurately reporting therapy responses in the TME. Here, we

demonstrated, in two different murine tumor models, MC-38

(colorectal carcinoma) and HCmel12 (melanoma), that a dy-

namic and systemic T cell response develops upon efficient

immunotherapy, which is characterized by an interconnected

gene signature related to cytotoxicity and migration. Analyses

of peripheral blood samples from PD-1 blockade therapy-

responsive and unresponsive patients highlight the potential

clinical utility of the cytotoxic gene signature consisting of

several NK cell markers expressed by CD8+ T cells.

Combination of a PD-1/PD-L1 pathway antagonist and an

OX40 agonist with CpG was remarkably efficient in eradicating

developing tumors. These data show the possible benefit of us-

ing combinatorial treatment of already used therapeutics in pa-

tients (e.g., anti-OX4054 and anti-PD-L155) and emphasize the

potential of this combination, as has also been observed in

other mouse tumor models.56,57 This harmonizing effect of

the combinatorial treatment was deciphered by complemen-

tary high-dimensional single-cell technology platforms.

scRNA-seq and mass cytometry highlighted functionally dy-

namic CD4+ and CD8+ T cell states that were characterized

by NK cell receptor expression and expression of adhesion/

migration receptors. The kinetics of the therapy-responsive

T cells (i.e., sharp expansion followed by a contraction phase,

which is typical for acute infection) may reflect temporal sys-

temic activation, but T cell activation may be ongoing in the

TME. Although less impressive, this expansion was also

observed following OX40/CpG treatment, while PD-L1

blockade seems to mainly facilitate this T cell expansion in a

combination setting. Additional PD-1 upregulation occurring

following OX40 triggering may thus be efficiently counteracted
(C) MC-38 tumor growth and survival curves of untreated and PDOX-treated mic

(D) Percentage of NKG2A+ cells among blood CD8+ T cells and percentage of NK

mice in combination with blocking NKG2D antibodies.

(E) Schematic of the strategy. Wild-type and Spn�/� mice were challenged s.c. w

(F) Percentage CD431B11+ cells among blood CD8+ T cells of untreated and PDO

(G) MC-38 tumor growth and survival curves of untreated and PDOX-treated WT

(H) Percentage of NKG2A+ cells among blood CD8+ T cells and percentage of NK

WT and Spn�/� mice.

(I) Schematic of the strategy. WT mice were challenged s.c. with MC-38 tumors

antibodies.

(J) MC-38 tumor growth and survival curves of untreated and PDOX-treated mic

(K) Left plots: percentage of NKG2A+ CD8+ T cells among live cells and percenta

T cells in the TME of untreated and PDOX-treated mice in combination with bloc

T cells in the blood of untreated and PDOX-treated mice in combination with blo

(L) Representative flow cytometry plot of NKG2A versus NKG2D expression of tum

CXCR3 antibodies.

Data shown in (B), (D), (F), (H), (K), and (L) were collected frommice on day 18 post

ANOVA or log rank (survival); *p < 0.05, **p < 0.01, ***p < 0.001. Data in (C), (D), (F)

(K) represents an individual mouse. Data shown are representative of 2 independ
and allows T cells to rapidly expand and differentiate to cyto-

toxic effector T cells. Although expression of OX40 on CD4+

T cells is higher compared with CD8+ T cells, this mechanism

is likely to occur in CD4+ and CD8+ T cells because direct trig-

gering of OX40 on CD4+ and CD8+ T cells results in effector

T cell formation.58,59 OX40-activated CD4+ T cells may addi-

tionally help the CD8+ T cells with their expansion and differen-

tiation.60 Nevertheless, we observed that depletion of CD4+

T cells had no effect on tumor control by PDOX treatment,

which could be explained by depleting CD4+ helper T cells

and inhibitory Treg cells. Another mechanism that could poten-

tiate the PDOX combination may be related to intensification in

OX40 expression on responding T cells after targeting of the

PD-1/PD-L1 pathway.61–63 The addition of CpG to OX40 was

synergistic, and this is likely related to enhanced upregulation

of OX40 on T cells because of enhanced cytokine secretion

by macrophages and dendritic cells.38 CpG is also able to up-

regulate costimulatory molecules such as CD70, CD80, and

CD86,64 which may empower OX40-mediated costimulation.65

Although CpG did not enhance PD-L1 blockade in the subcu-

taneous (s.c.) administration setting we used, intratumorally

provided CpG may synergize with blockade of the PD-1-PD-

L1 pathway66 by enhancing dendritic-cell-mediated cross-pre-

sentation of tumor antigens.67 Whether triggering of OX40-

related receptors, such as 4-1BB or CD27, belonging to the

costimulatory members of the TNFR superfamily, has similar ef-

fects as described here remains to be determined.

Our study also indicated that the efficiency of the immunother-

apeutic treatment is mirrored by the induction of peripheral

T cells that could be identified by cell surface markers. The

cell-surface expression of the hyperglycosylated form of CD43

and the NK cell receptors NKG2A, NKG2D, and KLRG1 on

CD8+ T cells was a strong signature for these cells as an indicator

for cytotoxic effector function based on the co-expression with

granzymes. In line with this are findings in the TME of melanoma

patients, where KLRG1 was found to be expressed in the cyto-

toxic T cell compartment.22 Moreover, fate-tracking studies in

mice indicated that KLRG1+ CD8+ T cells display developmental

plasticity and that basically these cells can differentiate into all

memory T cell lineages, which underscores the value of this
e in combination with blocking anti-NKG2D antibodies.

G2A+CD8+ T cells among live cells in the TME of untreated and PDOX-treated

ith MC-38 tumors and left untreated or treated with PDOX.

X-treated wild-type (WT) and Spn�/� mice.

and Spn�/� mice.

G2A+CD8+ T cells among live cells in the TME of untreated and PDOX-treated

and left untreated or treated with PDOX in combination with blocking CXCR3

e in combination with CXCR3-blocking antibodies.

ge of M8-specific CD8+ T cells and percentage of NKG2D+ cells among CD8+

king CXCR3 antibodies. Right plot: percentage of NKG2A+ cells among CD8+

cking CXCR3 antibodies. See also Figure S7.

or-infiltrating CD8+ T cells in PDOX-treated mice in combination with blocking

tumor challenge. The p values in (C), (D), (F)–(H), (J), and (K) were calculated by

–(H), (J), and (K) are presented as mean ± SEM, and each dot in (D), (F), (H), and

ent experiments.
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marker.68 Indeed, KLRG1+CD8+ T cells are excellent predictors

of the effectivity of cancer vaccines.69 The combination of

KLRG1 with the proliferation marker Ki-67 may provide an

even better biomarker for circulating CD8+ T cells responding

to immunotherapy. In the PBMC compartment of patients we

also observed KLRB1 (CD161), which was recently discovered

as a functional marker on human CD8+ T cells in the TME of gli-

oma.70 Besides effects on CD8+ T cells, we also observed sys-

tem-wide expansion and contraction of CD4+ T cells expressing

CD431B11, KLRG1, and CXCR3, which is in line with studies of

human peripheral blood of anti-PD-1-treated patients in

which CXCR3+CD4+ T cells correlated with a positive clinical

outcome.71 Remarkably, transcripts of encoding NK cell recep-

tors (Klrc1, Klrk1, and Klrg1) were observed in CD4+ T cells,

but at the protein level only KLRG1 was found to be highly ex-

pressed, suggesting differential posttranscriptional regulation.

Whether NKG2A and NKG2D, which likely have opposing func-

tions with respect to T cell activation, are both concurrently func-

tional is complex, given that the ligands of these receptors (i.e.,

HLA-E, and MICA/B, ULBP1-6, respectively) can be inducibly

expressed in healthy and cancer tissue.72,73

The blocking studies targeting the NK cell receptor NKG2D

and the chemokine receptor CXCR3, together with the CD43-

deficient setting, identified the importance of simultaneous in-

duction of cytotoxic and migratory properties. CD43 has also

been involved in T cell activation, where its effects could be

either costimulatory or negative regulatory;74–76 it may thus be

determined spatiotemporally when and where CD43 exerts its

pleiotropic effects. Although the combination therapy we used

was already effective, blockade of NKG2A in more resistant tu-

mors, which is known to synergize with PD-1 blockade,77 may

further improve anti-tumoral responses. Another upregulated

molecule upon PDOX treatment that could be targeted to

improve outcome is the costimulatory molecule ICOS, which is

linked to enhancing PD-1-targeted immunotherapy in mice78

but also in responsive patients.79

Additional clinical studies are required to determine the

predictive significance of our findings. Studies with agonistic an-

tibodies targeting costimulatory receptors such as OX40 in com-

bination with CpG and inhibitory immune checkpoint blockade

may be of particular interest. Recent studies already indicated

the correlation between effector/effector-memory CD8+ T cell

responses in the peripheral blood and clinical responses to im-

mune checkpoint blockade.29,32,33 Our work highlights these

studies and additionally proposes that effective combinatorial

therapy is more powerful in induction of such peripheral T cell

responses. Moreover, we show that NK cell receptors and the

chemokine receptor CXCR3 are, besides biomarkers, also func-

tional markers, and the targeting thereof may further improve the

clinical response. Detection and targeting of glycosylated CD43

isoforms in ICT-treated patients may have therapeutic potential

as well.

In conclusion, we provided evidence of an immune signature

that relates to effective immunotherapy. Future studies entailing

a systematic and multicenter cohort of patients with different

cancer types for which a combinatorial anti-TNFR family mem-

ber with anti-PD-1/PD-L1 treatment is approved remains

needed. A prediction signature might then be directly used in
14 Cell Reports Medicine 4, 100939, March 21, 2023
clinical practice to stratify different levels of effectiveness of

treatments.

Limitations of the study
Although the PDOX treatment has been analyzed extensively

here in themousemodels, this treatment was not tested in a clin-

ical trial. In addition, the number of PD-1-treated patients

included in the study is limited, and kinetics of human CD8+

T cell responses were not assessed. Furthermore, it remains un-

clear whether the impact of OX40 agonism can be solely attrib-

uted to enhancing the CD8+ T cells because depletion of CD4+

T cells did not abrogate PDOX efficacy. A direct impact on helper

CD4+ T cells was observed but could have been counteracted by

depletion of Treg cells in the circulation and in the tumor. The

reduction in Treg cells in the tumor after PDOX therapy could

be partly caused by the depletion effect of OX86, which may

enhance the effectiveness of the PDOX therapy.
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45. Beyrend, G., Stam, K., Höllt, T., Ossendorp, F., and Arens, R. (2018). Cy-

tofast: a workflow for visual and quantitative analysis of flow and mass cy-

tometry data to discover immune signatures and correlations. Comput.

Struct. Biotechnol. J. 16, 435–442. https://doi.org/10.1016/j.csbj.2018.

10.004.

46. Beyrend, G., Stam, K., Ossendorp, F., and Arens, R. (2019). Visualization

and quantification of high-dimensional cytometry data using Cytofast and

the upstream clustering methods FlowSOM and Cytosplore. J. Vis. Exp.

https://doi.org/10.3791/60525.

47. Tang, Z., Li, C., Kang, B., Gao, G., Li, C., and Zhang, Z. (2017). GEPIA: a

web server for cancer and normal gene expression profiling and interac-

tive analyses. Nucleic Acids Res. 45, W98–W102. https://doi.org/10.

1093/nar/gkx247.

48. Tang, Z., Kang, B., Li, C., Chen, T., and Zhang, Z. (2019). GEPIA2: an

enhanced web server for large-scale expression profiling and interactive

analysis. Nucleic Acids Res. 47, W556–W560. https://doi.org/10.1093/

nar/gkz430.

49. Bulliard, Y., Jolicoeur, R., Zhang, J., Dranoff, G., Wilson, N.S., and Brog-

don, J.L. (2014). OX40 engagement depletes intratumoral Tregs via acti-

vating FcgRs, leading to antitumor efficacy. Immunol. Cell Biol. 92,

475–480. https://doi.org/10.1038/icb.2014.26.

50. Polesso, F., Sarker, M., Weinberg, A.D., Murray, S.E., and Moran, A.E.

(2019). OX40 agonist tumor immunotherapy does not impact regulatory

T cell suppressive function. J. Immunol. 203, 2011–2019. https://doi.org/

10.4049/jimmunol.1900696.

51. Prajapati, K., Perez, C., Rojas, L.B.P., Burke, B., and Guevara-Patino, J.A.

(2018). Functions of NKG2D in CD8(+) T cells: an opportunity for immuno-

therapy. Cell. Mol. Immunol. 15, 470–479. https://doi.org/10.1038/cmi.

2017.161.

52. Matsumoto, M., Atarashi, K., Umemoto, E., Furukawa, Y., Shigeta, A.,

Miyasaka, M., and Hirata, T. (2005). CD43 functions as a ligand for

E-Selectin on activated T cells. J. Immunol. 175, 8042–8050. https://doi.

org/10.4049/jimmunol.175.12.8042.

53. Piali, L., Weber, C., LaRosa, G., Mackay, C.R., Springer, T.A., Clark-Lewis,

I., and Moser, B. (1998). The chemokine receptor CXCR3 mediates rapid

https://doi.org/10.3389/fimmu.2018.01613
https://doi.org/10.3389/fimmu.2018.01613
https://doi.org/10.1093/intimm/dxx073
https://doi.org/10.1093/intimm/dxx073
https://doi.org/10.1158/1078-0432.Ccr-16-0249
https://doi.org/10.1038/s41586-020-2056-8
https://doi.org/10.1038/s41586-020-2056-8
https://doi.org/10.1038/s41467-017-00608-2
https://doi.org/10.1038/s41467-017-00608-2
https://doi.org/10.1186/1479-5876-10-146
https://doi.org/10.1038/s41467-021-21619-0
https://doi.org/10.1038/s41467-021-21619-0
https://doi.org/10.1038/s41591-019-0734-6
https://doi.org/10.1038/s41591-019-0734-6
https://doi.org/10.1186/s40425-018-0328-8
https://doi.org/10.1186/s40425-018-0328-8
https://doi.org/10.1038/nm.4466
https://doi.org/10.1038/nm.4466
https://doi.org/10.1158/1078-0432.Ccr-15-2412
https://doi.org/10.1158/1078-0432.Ccr-15-2412
https://doi.org/10.1016/j.cell.2016.04.019
https://doi.org/10.1126/scitranslmed.aan4488
https://doi.org/10.1126/scitranslmed.aan4488
https://doi.org/10.1038/ni1403
https://doi.org/10.1084/jem.20171584
https://doi.org/10.1016/j.imbio.2010.09.012
https://doi.org/10.1084/jem.191.7.1241
https://doi.org/10.1038/nature14001
https://doi.org/10.1038/s41467-017-01689-9
https://doi.org/10.1038/s41467-017-01689-9
https://doi.org/10.1016/j.csbj.2018.10.004
https://doi.org/10.1016/j.csbj.2018.10.004
https://doi.org/10.3791/60525
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1038/icb.2014.26
https://doi.org/10.4049/jimmunol.1900696
https://doi.org/10.4049/jimmunol.1900696
https://doi.org/10.1038/cmi.2017.161
https://doi.org/10.1038/cmi.2017.161
https://doi.org/10.4049/jimmunol.175.12.8042
https://doi.org/10.4049/jimmunol.175.12.8042


Article
ll

OPEN ACCESS
and shear-resistant adhesion-induction of effector T lymphocytes by the

chemokines IP10 and Mig. Eur. J. Immunol. 28, 961–972. https://doi.

org/10.1002/(sici)1521-4141.

54. Wang, R., Gao, C., Raymond, M., Dito, G., Kabbabe, D., Shao, X., Hilt, E.,

Sun, Y., Pak, I., Gutierrez, M., et al. (2019). An integrative approach to

inform optimal administration of OX40 agonist antibodies in patients

with advanced solid tumors. Clin. Cancer Res. 25, 6709–6720. https://

doi.org/10.1158/1078-0432.Ccr-19-0526.

55. Brahmer, J.R., Tykodi, S.S., Chow, L.Q.M., Hwu, W.J., Topalian, S.L.,

Hwu, P., Drake, C.G., Camacho, L.H., Kauh, J., Odunsi, K., et al. (2012).

Safety and activity of anti-PD-L1 antibody in patients with advanced can-

cer. N. Engl. J. Med. 366, 2455–2465. https://doi.org/10.1056/

NEJMoa1200694.

56. Messenheimer, D.J., Jensen, S.M., Afentoulis, M.E., Wegmann, K.W.,

Feng, Z., Friedman, D.J., Gough, M.J., Urba, W.J., and Fox, B.A. (2017).

Timing of PD-1 blockade is critical to effective combination immuno-

therapy with anti-OX40. Clin. Cancer Res. 23, 6165–6177. https://doi.

org/10.1158/1078-0432.CCR-16-2677.

57. Ma, Y., Li, J., Wang, H., Chiu, Y., Kingsley, C.V., Fry, D., Delaney, S.N.,

Wei, S.C., Zhang, J., Maitra, A., and Yee, C. (2020). Combination of

PD-1 inhibitor and OX40 agonist induces tumor rejection and immune

memory in mouse models of pancreatic cancer. Gastroenterology 159,

306–319.e12. https://doi.org/10.1053/j.gastro.2020.03.018.

58. Bansal-Pakala, P., Halteman, B.S., Cheng, M.H.Y., and Croft, M. (2004).

Costimulation of CD8 T cell responses by OX40. J. Immunol. 172, 4821–

4825. https://doi.org/10.4049/jimmunol.172.8.4821.

59. Rogers, P.R., Song, J., Gramaglia, I., Killeen, N., and Croft, M. (2001).

OX40 promotes Bcl-xL and Bcl-2 expression and is essential for long-

term survival of CD4 T cells. Immunity 15, 445–455. https://doi.org/10.

1016/s1074-7613(01)00191-1.

60. Ahrends, T., Spanjaard, A., Pilzecker, B., Bąba1a, N., Bovens, A., Xiao, Y.,
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Anti-mouse PD1 (clone 29F.1A12) (159Tb) Fluidigm Cat# 3159024; RRID: AB_2687839

Anti-mouse F4/80 (clone BM8) (174Yb) Thermo Fisher Cat# 14-4801-85; RRID: AB_467559

Anti-mouse KLRG1 (clone 2F1) (162Dy) Thermo Fisher Cat# 16-5893-85; RRID: AB_469132

Anti-mouse Ly6C (clone HK1.4) (165Ho) Thermo Fisher Cat# 16-5932-85; RRID: AB_2573096

Anti-mouse Ly6G (clone 1A8) (141Pr) Fluidigm Cat# 3141008B; RRID: AB_2814678

Anti-mouse MHCII (clone M5/114.15.2) (209Bi) Thermo Fisher Cat# 14-5321-85; RRID: AB_467562

Anti-mouse NKG2A (clone 20d5) (147Sm) Thermo Fisher Cat# 16-5896-85; RRID: AB_657831

Anti-mouse TCRab (clone H57-597) (173Yb) ThermoFisher Cat# 14-5961-85; RRID: AB_467759

Anti-mouse TCRgd (clone eBioGL3) (146ND) Thermo Fisher Cat# 14-5711-82; RRID: AB_467569

Anti-human CD38 (clone HIT2) (172Yb) BioLegend Cat# 303535; RRID:AB_2562819

Anti-human CD45RO (clone UCHL1) (164Dy) Fluidigm Cat# 3164007B; RRID: AB_2811092

Anti-human CD45RA (clone HI100) (166Er) BioLegend Cat# 304143; RRID: AB_2562822

Anti-mouse/human CD44 (clone IM7) (171Yb) Fluidigm Cat# 3171003B; RRID: AB_2895121

(Continued on next page)
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Continued
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Anti-human CD45 (clone HI30) (89Y) Fluidigm Cat# 3089003; RRID: AB_2661851

Anti-human CD49b (clone P1E6-C5) (141Pr) BioLegend Cat# 359302; RRID: AB_2562682

Anti-human CD39 (clone A1) (161Dy) BioLegend Cat# 328221; RRID: AB_2563747

Anti-human HLA-DR (clone L243) (174Yb) Fluidigm Cat# 3174001; RRID: AB_2665397

Anti-human CD29 (clone TS2/16) (173Yb) BioLegend Cat# 303002; RRID: AB_314318

Anti-human CD11b (clone ICRF44) (209Bi) Fluidigm Cat# 3209003; RRID: AB_2687654

Anti-human TCRgd (clone 11F2) (115In) Dianova/Thermo Fisher Cat#; MUB1809P

Anti-human PD-L1 (clone 29E.2A3) (144ND) Fluidigm Cat# 3156026; RRID: AB_2687855

Anti-human CD8a (clone RPA-T8) (146ND) Fluidigm Cat# 3146001; RRID: AB_2687641

Anti-human ICOS (clone C398.4A) (151Eu) Fluidigm Cat#; 3151020B

Anti-human CD103 (clone Ber-ACT8) (152Sm) BioLegend Cat# 350202; RRID: AB_10639864

Anti-human CD49A (clone SR84) (155Gd) BD Biosciences Cat# 559594; RRID: AB_397287

Anti-human CD27 (clone L128) (167Er) Fluidigm Cat# 3167006B; RRID: AB_2811093

Anti-human CD127 (clone A019D5) (168Er) Fluidigm Cat# 3168017B; RRID: AB_2756425

Anti-human CD25 (clone 2A3) (169Tm) Fluidigm Cat# 3169003; RRID: AB_2661806

Anti-human CD3 (clone UCHT1) (170Er) Fluidigm Cat# 3170001B; RRID: AB_2811085

Anti-human CD4 (clone RPA-T4) (176Yb) Fluidigm Cat# 3176010B; RRID: AB_2810247

Anti-human TIGIT (clone MBSA43) (142ND) Thermo Fisher Cat# 16-9500-82; RRID: AB_10718831

Anti-human CXCR5 (clone MAB190) (143ND) RnDsystems Cat# MAB190; RRID: AB_2292654

Anti-human CD62L (clone DREG-56) (147Sm) BioLegend Cat# 304835; RRID: AB_2563758

Anti-human CD69 (clone FN50) (149Sm) BioLegend Cat# 310939; RRID: AB_2562827

Anti-human CD86 (clone IT2.2) (150ND) Fluidigm Cat# 3150020; RRID: AB_2687852

Anti-human CD154/CD40L (clone 24–31) (154Sm) Thermo Fisher Cat# 14-1548-82; RRID: AB_467520

Anti-human CD134/OX40 (clone ACT35) (158Gd) BD Biosciences Cat# 555836; RRID: AB_396159

Anti-human CD161 (clone HP-3G10) (159Tb) Fluidigm Cat# 3159004B; RRID: AB_2756421

Anti-human CD335/NKp46

(clone BAB281) (162Dy)

Fluidigm Cat# 3162021B

Anti-human KLRG1 (clone SA231A2) (163Dy) BioLegend Cat# 367702; RRID: AB_2632728

Anti-human LAG-3 (clone 11C3C65) (165Ho) Fluidigm Cat# 3165037B; RRID: AB_2810971

Anti-human CD20 (clone 2H7) (106Cd) BioLegend Cat# 302343; RRID: AB_2562816

Anti-human CD14 (clone T€uk4) (110Cd) Thermo Fisher Cat# MHCD1400; RRID:AB_10371749

Anti-human CD56 (clone 5.1H11) (111Cd) BioLegend Cat# 362502; RRID: AB_2563558

Anti-human CD150 (clone A12) (112Cd) BioLegend Cat# 306302; RRID: AB_314590

Anti-human CD244 (clone 2–69) (113Cd) BioLegend Cat# 393502; RRID: AB_2728427

Anti-human CD160 (clone BY55) (114Cd) BioLegend Cat# 341202; RRID: AB_2074411

Anti-human CCR6 (clone G034E3) (116Cd) BioLegend Cat# 353427; RRID: AB_2563725

Anti-human CD122 (clone Tu27) (145ND) BioLegend Cat# 339015; RRID: AB_2563712

Anti-human 4-1BB (clone 4B4-1) (148ND) BioLegend Cat# 309802; RRID: AB_314781

Anti-human CXCR6 (clone K041E5) (153Eu) BioLegend Cat# 356002; RRID: AB_2561738

Anti-human NKG2A (clone 131,411) (160Gd) RnDsystems Cat# MAB1059; RRID: AB_2280982

Anti-human PD-1 (clone EH12.2H7) (175Lu) Fluidigm Cat# 3175008; RRID: AB_2687629

MAb anti-mouse NK1.1 (clone PK136) BioXcell BE0036

MAb anti-mouse CD4 (clone GK1.5) BioXcell BE0003-1

MAb anti-mouse CXCR3 (CD183)

(clone CXCR3-173)

BioXcell BE0249

MAb anti-mouse NKG2D

(CD314) (clone CX5)

BioXcell BE0334

MAb anti-mouse CD8a (clone 2.43) BioXcell BE0061

(Continued on next page)
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Continued
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Mab anti-mouse OX40 (clone OX86) OX86 hybridoma culture N/A

Mab anti-mouse PD-L1 (clone MIH5) MIH5 hybridoma culture N/A

rabbit anti-mouse CD8 (clone D4W2Z) Cell signaling 98941T

Goat anti-rabbit AF647 Thermo Fisher Cat# A32733; RRID: AB_2633282

Chemicals, peptides, and recombinant proteins

7AAD Thermo Fisher Cat# A1310

RemelTM PHA Purified ThermoFisher Scientific R30852801

Critical commercial assays

True-NuclearTM Transcription Factor Buffer Set Biolegend 424,401

FOXP3/Transcription factor STaining buffer set eBioscience 00-5523-00

Nucleospin RNA Mini Kit Macherey-Nagel 740,955.50

Zombie AquaTM Fixable Viability Kit Biolegend Cat# 423102

LIVE/DEADTM Fixable Blue dead cell stain kit ThermoFisher L23105

Pan T cell Isolation Kit I N/A N/A

Debris Removal Solution Miltenyi Biotec 130-109-398

Deposited data

CD3+ scRNAseq https://www.ncbi.nlm.nih.gov/geo/ GEO: GSE193699

Experimental models: Cell lines

Mouse: HCmel12 melanoma Obtained from prof. T. T€uting N/A

Mouse: MC38 colon carcinoma Obtained from M.P. Colombo N/A

OX86 hybridoma, anti-mouse

OX40 mAb producing cells

Obtained from prof. M. Croft N/A

MIH5 hybridoma, anti-mouse

PD-L1 mAb producing cells

Obtained from M. Azuma N/A

Experimental models: Organisms/strains

Mouse: C57BL/6JRj Janvier LABS https://janvier-labs.com/en/fiche_

produit/2_c57bl-6jrj_mouse/

Spn�/� mice (Spnem1Lumc) Transgenic Facility Leiden,

this manuscript.

MGI:6360988

Oligonucleotides

CpG (ODN1826) InvivoGen Tlrl-1826

Software and algorithms

FlowJo v10 Tree Star, Inc. www.flowjo.com

Rv4.1.2 and R studio R Consortium https://www.rstudio.com/

OMIQ Omiq Inc (CA, USA) www.omiq.ai

Seurat version 2 R studio https://satijalab.org/seurat/

Cytofast Beyrend et al. 2018 https://rdrr.io/bioc/cytofast/

Cell ranger version 2.1.1 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/

software/downloads/latest

Qlucore Omics Explorer Qlucore https://qlucore.com/omics-explorer

GraphPad Prism V9.3.1 GraphPad Software https://www.graphpad.com/

inForm V.2.4 image analysis software PerkinElmer N/A

Circos Circos http://circos.ca/

Igraph Rstudio https://igraph.org/

Cytosplore Cytosplore https://www.cytosplore.org/

MATLAB (R2016a (9.0.0.341360)) Mathworks https://nl.mathworks.com/products/

matlab.html

Gene Expression Profiling Interactive Analysis GEPIA http://gepia.cancer-pku.cn/

Gene Expression Profiling Interactive Analysis 2 GEPIA2 http://gepia2.cancer-pku.cn/#index

(Continued on next page)
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Other

H-2Kb MuLV p15E Tetramer-KSPWFTTL

(M8, gp70 604-611aa) - APC

LUMC Tetramer Facility N/A

H-2Kb Trp2 Tetramer-SVYDFFVWL - APC LUMC Tetramer Facility N/A

H-2Db ADPGK Tetramer-ASMTNMELM - PE LUMC Tetramer Facility N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Ramon Arens (r.arens@lumc.nl).

Materials availability
Mouse lines generated in this study are available upon request.

Data and code availability
- The scRNA-seq dataset generated here is available in the SRA repository and can be accessed using GEO accession number:

GSE193699 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE193699)

- This paper does not report original code.

- Any additional information required to reanalyse the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies
C57BL/6 female and male mice were obtained from Janvier Laboratories (Le Genest-Saint-Isle, France). At the start of the experi-

ments, mice were 6–8 weeks old. Mice were housed in groups of 2–5 animals in individually ventilated cages (IVC) under specific

pathogen-free (SPF) conditions in the animal facility of Leiden University Medical Center (LUMC, Leiden, The Netherlands). All animal

experiments were approved by the local and national committees of animal experiments under the permit numbers

AVD116002015271, AVD116002015271 and AVD1160020186804, and performed according to the recommendations and guide-

lines set by the LUMC and by the Dutch Act on Animal Experimentation and EU Directive 2010/63/EU. Age and gender-matched

mice were compared and randomly assigned to treatment groups.

Generation of Spn (Cd43) knockout mice
Spn�/�mice (Spnem1Lumc; MGI:6360988) were generated using CRISPR-Cas9-mediated targeting of zygotes, which resulted in dele-

tion of the coding sequence of Exon 2 of the Spn (Cd43) gene. C57BL/6J zygotes were microinjected at embryonic day 2 (E1.5, 2cell

stage), with CRISPR/Cas9RNP complexeswith guide sequences CCTCAATCTCTATGAGCAAC andGGTGCAAGGCCATCTCCAGA

and transferred to pseudo-pregnant recipients (crRNA, tracrRNA and Cas9 obtained from IDT). Mosaic candidates were selected

based on PCRwith primers upstream 50 Crispr and downstream of the 30 Crispr, followed by Sanger sequencing of the PCR product.

One founder animal was selected with a deletion of Chr7: 126,735,256-126,736,568 (GRCm39) encompassing the complete coding

sequence of the gene. The line wasmaintained on a C57BL/J6 background. PCR and sanger sequencing analysis of 5most likely off-

target sites based on CRISPOR.tefor.net scores, showed no Off-targets events (data not shown).

Cancer patient samples
Human peripheral blood mononuclear cells (PBMCs) from melanoma and non-small cell lung cancer (NSCLC) patients treated with

PD-1 antibodies (pembrolizumab or nivolumab) were collected at the AmsterdamUniversity Medical Center, the Netherlands Cancer

Institute and Erasmus MC. PBMCs were isolated and cryopreserved in medium after Ficoll density gradient centrifugation. All sam-

ples were thawed on the same day, stained with the same antibodymixture and subsequently analyzed. Internal PBMC controls were

routinely used to check the reproducibility of the acquisition. Ethical approval was provided by the local medical ethical committees,

and written informed consent was obtained in accordance with the Declaration of Helsinki. Details on tumor type, age, gender and

response to therapy are provided in Figure S4.

Cell lines and tumor challenge models
MC-38 cells were cultured in IMDMmedium (Lonza) supplemented with Fetal Calf Serum (Greiner, 2mM L-glutamine (Gibco), 100 IU/

mL Penicillin/streptomycin (Gibco) and 25 mM 2-mercaptoethanol. Experiments performed with the MC-38 cell line,80 established
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from a tumor arisen from female mice, were performed with female mice. HCmel12 cells were cultured in RPMI supplemented with

8% FCS, 2mM L-glutamine, 10 nm NEAA, Sodium pyruvate, 1mMHEPES and 20 mM 2mercaptoethanol, 100 IU/mL penicillin/strep-

tomycin (Gibco). Experiments performed with HCmel12,81 which originated from a male mouse, were performed in male mice. Hy-

bridoma cells producing anti-OX40, anti-PD-L1, anti-CD4 or anti-CD8 targeting antibodies were cultured in protein-free hybridoma

medium (Gibco) and antibodies were purified using a Protein G column. Cell lines were MAP-tested before the start of the study and

regularly negatively tested for mycoplasma infections. Before injections cells were washed with PBS, trypsinized, washed 3 times

with PBS and then injected in 200 mL PBS, supplemented with 0.2% BSA.

Mice were inoculated in the flank with 0.3 3 106 MC-38 (subcutaneously, 200 mL volume) or with HCmel12 (intradermally, 30 mL

volume) tumor cells. Tumor outgrowth was monitored by caliper-based measurements in three dimensions. When required, mice

were allocated over the different groups such that the average tumor size on the first day of therapy was equal in all of the groups.

Mice were euthanized when tumor size reached >1000 mm3 in volume or when mice lost >20% of their total body weight (relative to

initial body mass). Treatment schedule of experiments are indicated in the respective figures and legends.

Antibody-based interventions in vivo

Antibodies targeting mouse CD8 (clone 2.43), CD4 (clone GK1.5), OX40 (clone OX86) and PD-L1 (clone MIH-5) were purified from

hybridoma cultures. The agonistic OX40 antibodies (150 mg per mouse on day 7 after tumor challenge) were injected subcutaneously

in the flank near the tumor along with CpG (ODN1826) (25 mg per mouse). The blocking anti-PD-L1 antibodies were administered

intraperitoneally (150 mg per mouse on day 10, 13 and 17 after tumor challenge). CD8+ and CD4+ T cell depleting antibodies were

administered intraperitoneally twice weekly (first injection 150 mg/mouse followed by 50 mg/mouse) for 2 weeks starting one day

before tumor challenge. Anti-mouse CXCR3 (clone CXCR3-173), NKG2D (clone CX5) and NK1.1 (clone PK136) antibodies were pur-

chased from Bio X Cell (Lebanon, NH, USA) and administered intraperitoneally (150 mg per mouse on day 7, 10, 13 and 17). Depletion

and blockade of the antibodies was verified by flow cytometry.

METHOD DETAILS

Preparation for cytometry
Peripheral blood was collected from the tail vein. Spleens, tumor-draining and non-tumor draining (inguinal) lymph nodes were

minced through 70 mm cell strainers. Bone marrow cells were extracted from the femurs and tibias by flushing with medium contain-

ing 8% FBS. Erythrocytes were removed from blood and tissues using a hypotonic ammonium chloride lysis buffer for 2 min. Tumors

were obtained after transcardial perfusion with 30mL of PBS/EDTA (2mM), and after mincing incubated with 2.5mg/mLCollagenase

D and DNAse (Roche) for 20 min at 37�C. Single-cell suspensions were obtained by using 70 mm cell strainers (BD Biosciences). All

samples were washed with medium containing 8% FBS before further processing.

Lymph node cell numbers
Tumor-draining and non-draining inguinal lymph nodes were isolated and minced through 70 mm cell strainers. Following a brief red

blood cell lysis the cells were washed and diluted in medium containing 8% FBS. Cell counts were obtained using the CytoSMART

Corning Cell Counter.

Flow cytometry
After the single-cell suspension preparation, samples were washed with staining buffer (PBS with 2% FBS). Mouse Fc-Receptors

were blocked with anti-mouse CD16/32 (clone 2.4G2) and 10% naive mouse serum for 15 min before antibody staining. Following

awash stepwith PBS, live/dead staining was performed using Zombie NIR (Biolegend) for 10min at room temperature. After washing

in staining buffer, cells were stained using combinations of fluorescently labeled antibodies and tetramers for at least 0.5h.MHCclass

I tetramers (Adpgk – H-2Db tetramer containing the ASMTNMELM peptide, M8 – H-2Kb tetramer containing the KSPWFTTL MuLV

p15E peptide, Trp2 - H-2Kb tetramer containing the SVYDFFVWL TRP2 peptidewere all made in house and either labeledwith APCor

PE. Intracellular Granzyme B and ID2 stainings were performed after fixation in True-Nuclear fixation buffer for 45 min at room tem-

perature and permeabilization in True-Nuclear permeabilization buffer. Intracellular cytokine staining was performed after incubation

for 5 hwith Remel PHA Purified (ThermoFisher Scientific) in the presence of 2 mg/mLBrefeldin. Samples were acquired on a BD FACS

LSR Fortessa X-20 4L (BD Biosciences, San Jose, CA, USA) or a 3L Cytek Aurora flow cytometer at the Flow cytometry Core Facility

of Leiden University Medical Center. The data was analyzed using FlowJo v10 (Treestar) software and OMIQ data analysis software.

Cells were first gated on the basis of FSC-A and SSC-A. Next, FSC-A and FSC-H were used to gate single cells and then a fixable

viability stain was used to gate on the live cells. From this population we used the marker CD45 to gate leukocytes.

CyTOF mass cytometry and data analysis
After the single-cell suspension preparation, debris and aggregates were removed using a 100/60/40/30-percent gradient of Percoll

(GE HealthCare) in RPMI 1640 (Lonza), and pelleted single cells in the 40% fraction were resuspended. Approximately 33 106 cells

were stained for each sample. Metal-conjugated antibodies were either purchased from Fluidigm Sciences or antibodies were

conjugated in-house using the MaxPar X8 antibody labeling Kit (Fluidigm Sciences) according to manufactures instructions. For
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all non-cadmium metals or with the Maxpar MCP9 for cadmium metals, and respectively stored in Antibody Stabilization Buffer

(Candor Bioscience GmbH) or HRP-Protector peroxidase stabilizer (Boca Scientific) was used. Samples were incubated with

1 mM Cell-ID intercalator-103Rh to identify dead cells, followed by FcR blockage with mouse serum (2%) and FcR blocking anti-

mouse CD16/32 antibodies (clone 2.4G2, BD Biosciences). Next, the metal-conjugated antibody mix was added, and cells were

incubated overnight up to 48 h with 125 nM Cell-ID Intercalator-Ir in MaxPar Fix and Perm. Prior to acquisition on a Helios mass cy-

tometer (Fluidigm, San Francisco, CA, USA), samples were centrifuged and resuspended in MilliQ and measured directly. Data were

normalized using EQ Four Element Calibration Beads with the reference EQ passport P13H2302. Mouse CyTOF data analysis was

performed by pre-gating live singlet CD45+ cells using FlowJo software (Tree Star), followed by non-supervised clustering based us-

ing the hierarchical tSNE (HSNE) function of Cytosplore with 5 levels. Downstream analysis was performed using Cytofast, a visual-

ization tool previously described and used by our group.45,46,78,82 Briefly, data was transformed using the arcsinh function with a

cofactor of 5. Next, data was clustered by FlowSOM and visualized in heatmaps. To display the data quantitatively the clusters

are displayed in bar graphs. Network graphs were created with the ‘igraph’ package v1.2.11 in R software v4.1.2. Correlations be-

tween cluster frequencies were calculated using the ‘cor’ function from the ‘stats’ package v.4.0.1, using pairwise Pearson

correlations.

For analysis of human CyTOF data by Cytosplore, single, live CD45+ cells of all samples (before and after therapy) were gated and

down sampled to 80.000 leukocytes per sample in FlowJo software (Tree Star). CD45+ cells were sample-tagged, hyperbolic ArcSinh

transformedwith a cofactor of 5, and subjected to dimensionality reduction analysis in Cytosplore. Major immune lineageswere iden-

tified at the overview level of a 4-level hierarchical stochastic neighbor embedding (HSNE) analysis on CD45+ data from all samples

(2.1 3 106 cells) with a default perplexity and iterations (30 and 1000, respectively).44 Clustering of the data was performed by

Gaussian mean shift (GMS) clustering, using a sigma value of 30. Manual merging of clusters based on major lineage markers re-

sulted in 2 major clusters: CD8 positive and CD8 negative (Figure S4). CD8+ T cells (in total 4.4 3 105 cells) were then analyzed in

a data-driven manner using t-distributed stochastic neighbor embedding (tSNE). These cells were GMS clustered using a sigma

value of 19. Based on the dendrogram, clusters that showed high similarity in ArcSinh5-transformedmedian expression of all markers

were merged, resulting in 31 clusters. Quantification of frequencies of clusters in each samples was performed in Graphpad Prism

v9.3.1. For analysis with OMIQ.ai, all samples were down sampled to 4185 CD8 T cells per sample. opt-SNE and FlowSOM

consensusmetaclustering was performed with 24 clusters but on the basis of CD56 expression cluster 16 was split into two clusters,

resulting in 25 clusters in total. opt-SNE was used to perform dimension reduction using default perplexity and iterations (30 andmax

1000 respectively).

Single-cell RNA sequencing and data analysis
To purify mouse T cells from blood, the Pan T Cell Isolation Kit II for mouse (Miltenyi Biotec) was used two consecutive times to reach

>98% T cell purity after red blood cell lysis. A consecutive step to remove debris from the blood was performed by using the Debris

Removal Solution (Miltenyi Biotec) according to the manufacturer protocol. Next, cells were subjected to single-cell-RNA-

sequencing. Droplet-based 30 end massively parallel single-cell RNA sequencing (scRNAseq) was performed by encapsulating

sorted live T cells into droplets and libraries were prepared using Chromium Single Cell 30 Reagent Kits v2 according to manufac-

turer’s protocol (10x Genomics). The generated scRNAseq libraries were sequenced using a Illumina Hiseq4000 by GenomeScan

(Leiden, The Netherlands) with a sequencing depth of at least 50,000 reads per cell.

Downstream analysis was performed using the Seurat R package.83 Briefly, for each sample, mitochondrial, ribosomal and hemo-

globin genes were excluded. Further, cells expressing less than 200 genes, and genes that were expressed in less than 3 cells were

excluded. Next, all samples were pooled together into one dataset, and outlier cells expressing more than 2900 genes were

excluded, which resulted in a dataset of 5260 cells. Next, the dataset was log1p normalized with a scaling factor of 10,000. Next,

the set of 1709 highly variable genes were selected for further analysis. Dataset was preprocessed using principal component anal-

ysis. Using the top 15 principle components, the dataset was clustered using Louvain (graph-based community detection) and visu-

alized using tSNE. Differentially expressed genes were identified between different cell groups, using Wilcoxon rank-sum test with

Bonferroni multiple test correction (adjusted P-value <0.05). Within the CD4+ and CD8+ T cell populations, cells expressing the Id2,

Klrk1 and Klrc1 genes were compared. DE genes were obtained between positive and negative groups of cells expressing these

genes (expression >1 was considered positive, otherwise negative). In the volcano plots the log2 fold change (FC) in gene expression

on the x axis and unadjusted p values on the y axis are illustrated. Black dots represent genes with adjusted P-value >0.05, red dots

represents genes with adjusted P-value <0.05 and absolute average log2 FC < 1, green dots with gene name represent genes with

adjusted P-value <0.05 and absolute average log2 FC > 1.

Bulk RNA sequencing and data analysis
Splenic CD431B11+ and CD431B11� CD8+ T cells from PDOX treated mice were FACS sorted using the BD FACSAria. RNA was iso-

lated using the Nucleospin RNA Mini Kit (Macherey-Nagel) and rRNA-depletion was performed using FastSelect HRM probes (Qia-

gen). Stranded libraries were prepared using Superscript III (Invitrogen) followed by adapter ligation using the Kapa Hyper Prep Kit

(Roche) and UDI-UMI adapters (IDT). Sequencing was performed on the Illumina platformNovaseq6000 byGenomescan. Raw reads

quality control and filtering was performed using Cutadapt v2.4. The filtered reads were aligned to the mouse reference genome

GRCm38 using STAR 2.7.3a. Umitools version 0.5.5 was used to remove UMI detected duplicate sequences. HTseq-count
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v0.11.2 was used to quantify the reads to gene count based on the Ensembl gene annotation version 100. Differential-expression

analysis was performed in Qlucore Omics Explorer (version 3.7), using the trimmed mean of log expression ratios method (TMM).

Immunofluorescence
4 mmFFPE tissue sections were deparaffinized, subjected to heat induced epitope retrieval in citrate (10 mM, pH 6.0), and incubated

with Super-Block (ThermoFisher Scientific) to reduce unspecific antibody binding. Assessment of CD8+ T cell infiltration was per-

formed by indirect immunofluorescence detection with rabbit anti-mouse CD8 antibody (clone D4W2Z, Cell Signaling) and a goat

anti-rabbit Alexa 647-labelled secondary antibody (Thermo Fisher). DAPI was used for nuclear identification. Images were acquired

with the Vectra V.3.0.5 system (PerkinElmer) at 203 magnification. CD8+ T cells in the TME were automatically phenotyped and

counted with inForm V.2.4 image analysis software (PerkinElmer), after manual training and validation of procedures.

Gene expression and protein interaction profiling
Gene Expression Profiling Interactive Analysis47,48 was used to generate the overall survival (Kaplan-Meier) and Spearman correla-

tion data of skin cutaneous melanoma (SKCM). Overall survival of single genes was performed with GEPIA47 (Group cutoff: Median;

Cut-off high value and low value was set to 50%; hazard ratio: Yes; confidence interval: 95%). Using the GEPIA2 computation work-

flow,48 which is based on theUCSCXena project (http://xena.ucsc.edu), we performed survival analysis on gene signatures that were

derived from the mass cytometry data; Gene signature cluster 2: CD45, CD3e, CD8a, KLRG1, KLRB1 (CD161), CD44, and ITGB1

(CD29); Gene signature cluster 7: CD45, CD3e, CD8a, KLRG1, CD44, NCAM1 (CD56), ITGB1; Gene signature cluster 8: CD45,

CD3e, CD8a, KLRG1, CD44 and ITGB1. The search tool for retrieval of interacting genes (STRING) was applied to predict functional

interactions of proteins.84

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival of the differentially treated animals was compared by the Kaplan-Meier method and log rank (Mantel-cox) test. Statistical

analysis was performed using the Mann-Whitney or unpaired two-tailed Student’s t test (for 2 groups) or ANOVA(>2 group compar-

isons). Differences were considered statistically significant at p < 0.05.
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