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SUMMARY
T cell exhaustion limits anti-tumor immunity and responses to immunotherapy. Here, we explored the
microenvironmental signals regulating T cell exhaustion using a model of chronic lymphocytic leukemia
(CLL). Single-cell analyses identified a subset of PD-1hi, functionally impaired CD8+ T cells that accumulated
in secondary lymphoid organs during disease progression and a functionally competent PD-1int subset. Fre-
quencies of PD-1int TCF-1+ CD8+ T cells decreased upon Il10rb or Stat3 deletion, leading to accumulation of
PD-1hi cells and accelerated tumor progression. Mechanistically, inhibition of IL-10R signaling altered chro-
matin accessibility and disrupted cooperativity between the transcription factors NFAT and AP-1, promoting
a distinct NFAT-associated program. Low IL10 expression or loss of IL-10R-STAT3 signaling correlated with
increased frequencies of exhaustedCD8+ T cells and poor survival in CLL and in breast cancer patients. Thus,
balance between PD-1hi, exhausted CD8+ T cells and functional PD-1int TCF-1+ CD8+ T cells is regulated by
cell-intrinsic IL-10R signaling, with implications for immunotherapy.
INTRODUCTION

Immune checkpoint blockade by targeting the receptor-pro-

grammed death protein 1 (PD-1) and its ligand PD-L1 is an effec-

tive strategy for the treatment of multiple tumor entities (Hamid

et al., 2013; Topalian et al., 2015; Topalian et al., 2012).

Increased expression of PD-1 and other inhibitory receptors

including LAG3, CD244, and TIM-3 on CD8+ T cells is one of

the hallmarks of exhaustion, a differentiation program in CD8+

T cells initially described in the course of chronic viral infection

(Wherry et al., 2007). T cell exhaustion is characterized by the

progressive loss of cytokine production and cytotoxic abilities

of T cells (Wherry, 2011; Wherry et al., 2007). Analogous to
chronic viral infections, persistent antigenic stimulation also

drives tumor-specific T cells to this dysfunctional state (Jiang

et al., 2015; Pauken and Wherry, 2015). There is considerable

heterogeneity within the exhausted CD8+ T cell population in

chronic infections, including a progenitor or memory-like cell

pool that gives rise to terminally exhausted cells. These precur-

sor cells are defined by intermediate PD-1 expression (PD-1int)

and expression of the transcription factor (TF) TCF-1 (encoded

by Tcf7). This T cell subset confers response to immune check-

point blockade (Blackburn et al., 2008; Im et al., 2016; Paley

et al., 2012; Utzschneider et al., 2016).

In vitro and in vivo data imply that the maintenance or loss of

function of chronically activated CD8+ T cells is highly dependent
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Figure 1. CD8+ T cells in human and murine CLL exhibit heterogeneous PD-1 expression associated with distinct functional capacities

(A) Splenic CD8+ effector T cells (defined as CD127lo CD44int-hi) from TCL1 AT mice were classified into PD-1lo, PD-1int, and PD-1hi subsets. Representative

contour plot is depicted.

(B) Relative abundance of PD-1lo, PD-1int, and PD-1hi subsets in paired blood and spleen samples of TCL1 AT mice (n = 5).

(legend continued on next page)
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on the cellular microenvironment and the associated cytokine

signals. Of particular interest is the role of interleukin-10 (IL-10)

in this context. IL-10 is a potent regulatory cytokine that is indis-

pensable for maintenance of self-tolerance and limiting tissue

damage during inflammation (Moore et al., 2001; O’Garra and

Vieira, 2007). In chronic viral infections, IL-10 impedes viral clear-

ance and promotes persistence of infection (Brooks et al., 2006;

Ejrnaes et al., 2006; Parish et al., 2014). The impact of IL-10 in

anti-tumor immunity is not clear. IL-10 can impair anti-tumor ac-

tivity and promote T cell exhaustion in mammary carcinoma and

B-16 melanoma models, respectively (Ruffell et al., 2014; Sa-

want et al., 2019). However, IL-10 or IL-10 receptor (IL-10R) defi-

ciency are associated with poor immune surveillance and

increased tumor incidence in skin squamous carcinoma and

lymphoma patients (Mumm et al., 2011; Neven et al., 2013).

Moreover, IL-10 supplementation leads to an enhanced sys-

temic immune activation and CD8+ T cell invigoration in patients

with advanced solid tumors (Naing et al., 2018; Qiao et al., 2019).

The reason for the divergent reports about the influence of IL-10

on anti-tumor immunity in different settings remains elusive.

Because IL-10R is widely expressed by multiple immune cells,

IL-10 can impact various cell types, such as antigen-presenting

cells and CD8+ T cells, plausibly resulting in different immune

outcomes at different concentrations. High concentrations of

IL-10 delivered therapeutically can directly stimulate CD8+

T cell cytotoxicity and proliferation, in contrast to the immuno-

suppressive nature of IL-10 at low concentrations (Blazar et al.,

1998; Emmerich et al., 2012; Groux et al., 1998). Yet, the direct

impact of endogenous concentrations of IL-10 on CD8+ T cell

exhaustion in tumors is not fully clear.

Here we examined this phenomenon using chronic lympho-

cytic leukemia (CLL), a malignancy of mature CD5+ B cells that

is characterized by high IL-10 expression (DiLillo et al., 2013;

Hanna et al., 2016; Zenz et al., 2010). CD8+ T cells in CLL

comprise an anti-tumor effector population that undergoes

exhaustion in a tissue-specific manner; whereas CD8+ T cells

in peripheral blood (PB) retain functional capacities, their coun-

terparts in secondary lymphoid organs show increased PD-1

expression and impaired function (Hanna et al., 2019). In the pre-

sent study, we analyzed the T cell compartment in different tis-

sue sites of CLL patients and the Em-TCL1 mouse model of

CLL. We identified two distinct populations of PD-1+ CD8+

T cells: one exhausted and the other functional. IL-10R-STAT3

signaling controlled the balance between these subtypes by
(C) Representative contour plots of the expression of CD69, CD137, GITR, LAG3,

percentages of positive cells.

(D) Percentage of GzmB+, IFNg+, and TNFa+ cells in PD-1int (green) and PD-1hi (

(E–H) Single-cell RNA-seq was performed on PD-1+ CD8+ T cells from a TCL1 A

density plot of the expression of Pdcd1, Lag3, Tcf7, and Gzmb. (G) Dot plot of the

chemokines and receptors, and transcription factors in the 6 different clusters. (

(I) Representative contour plot of the expression of TCF-1 in PD-1int and PD-1hi CD

KLRG1+, CD101+, TIM-3+, GzmB+, IFNg+, and TNFa+ cells out of PD-1int TCF-1+

(J) Paired blood and lymph node samples of CLL patients were analyzed for relat

CD8+ effector-memory (EM) T cells (n = 6). Representative contour plots and fre

(K–O) PD-1int and PD-1hi subsets within the CD8+ EM T cell population in lymph no

BET, (M) EOMES, and the production of (N) GZMB, and (O) IFNg upon ex vivo st

Each symbol represents an individual mouse or patient, and statistical significanc

with Welch approximation in (D), or one-way ANOVA with Tukey’s multiple comp

SSC, side scatter; FMO, fluorescence minus one; nMFI, normalized median fluo
limiting excessive activation of CD8+ T cells and the transition to-

ward the dysfunctional PD-1hi state with deregulated T cell re-

ceptor (TCR) signaling and an aberrant chromatin landscape.

These results have implications for our understating of T cell

exhaustion in tumors and the design of T cell-based cancer

immunotherapies.

RESULTS

CD8+ T cells in human and murine CLL exhibit
heterogeneous PD-1 expression associated with
distinct functional capacities
Adoptive transfer of malignant B cells of Em-TCL1 mice (TCL1

AT) into syngeneic wild-type (WT) mice leads to the rapid devel-

opment of a CLL-like malignancy of mature B cells (Bichi et al.,

2002; Hanna et al., 2016; Hofbauer et al., 2011). As seen in pa-

tients with CLL, disease development in TCL1 AT mice is asso-

ciated with the expansion of an oligoclonal CD8+ effector T cell

population with anti-tumor activity (Hanna et al., 2019). Single-

cell RNA-sequencing (scRNA-seq) of splenic CD8+ T cells of

these mice identified, in addition to naive and memory cell

subsets, a clonally expanded effector population with high

expression of Ifng, Gzmb, Gzmk, and Prf1 (Figures S1A–S1D).

Expression of Pdcd1 (encoding PD-1) was exclusive to these

effector cells, indicating that PD-1 expression faithfully marked

oligoclonal CD8+ effector T cells. Using flow cytometry, we

confirmed the protein expression of PD-1 on CD8+ effector

T cells defined by low CD127 expression and intermediate to

high CD44 expression (Figure S1E) (Hanna et al., 2019). We iden-

tified two distinct effector cell subsets with either intermediate

(PD-1int) or high (PD-1hi) PD-1 expression (Figure 1A). The minor

low PD-1 expression (PD-1lo) population exhibited a marker pro-

file more similar to memory than effector cells (Figure S1F), and

therefore, we did not focus on this population in our further ana-

lyses. We detected a higher proportion of the PD-1hi subset in

the spleen compared to PB, which was mainly composed of

PD-1int cells (Figure 1B). Phenotypic analyses showed that PD-

1hi cells had higher expression of activation markers and costi-

mulatory molecules like CD69, CD137 (4-1BB), and GITR (Fig-

ures 1C and S1G). Moreover, they showed stronger expression

of exhaustion markers like LAG3, CD244, and TIGIT (Figures

1C and S1H), which are induced in chronically activated T cells

(Wherry et al., 2007). We further observed differences in the

expression of two key TFs that regulate long-term maintenance
CD244, and TIGIT in PD-1int (green) and PD-1hi (red) subsets. Numbers depict

red) CD8+ effector T cells (n = 4) from TCL1 AT mice after ex vivo stimulation.

T mouse. (E) UMAP plot showing 6 clusters of PD-1+ CD8+ T cells. (F) UMAP

expression of inhibitory receptors, cell surface receptors, effector molecules,

H) Pseudotime trajectory across the 6 clusters of PD-1+ CD8+ T cells.

8+ effector T cells (left panel) and frequency of Ly108+ CD39�, Ly108�CD39+,

, PD-1int TCF-1�, and PD-1hi CD8+ effector T cells (right panel).

ive abundance of PD-1lo, PD-1int, and PD-1hi subsets within CD45RO+ CCR7�

quencies of subsets are depicted.

des of CLL patients (n = 6) were analyzed for the expression of (K) CD69, (L) T-

imulation. Representative histograms and quantification of data are depicted.

e was tested by paired t test in (B), (J), (K), (L), (M), (N), and (O), unpaired t test

arison test in (I). *p < 0.05, **p < 0.01, ***p < 0.001. Bars indicate mean ± SEM.

rescence intensity; ns, not significant.
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of a CD8+ T cell progenitor population in chronic viral infections

(Paley et al., 2012; Quigley et al., 2010; Shin et al., 2009), with a

higher expression of T-bet in PD-1int compared to PD-1hi cells

(Figure S1I) and a vice versa expression pattern of Eomesoder-

min (Eomes) (Figure S1I). We then tested the functional capacity

of the two PD-1+ CD8+ T cell subsets in response to ex vivo re-

stimulation with phorbol myristate acetate (PMA) and ionomycin.

PD-1int cells had superior degranulation capacity in this setting,

as measured by CD107a presentation on the cell surface (Fig-

ure S1J), and produced more GzmB than PD-1hi cells (Figures

1D and S1K). Moreover, PD-1int cells produced more IFNg and

TNFa upon restimulation than PD-1hi cells (Figures 1D and

S1K). Yet, no consistent differences in proliferation were de-

tected between the two subsets as measured by Ki-67 staining

(Figure S1L).

To assess the validity of using PD-1 expression for defining

functionally distinct CD8+ effector subsets, we sorted PD-1int

and PD-1hi CD8+ T cells, as well as naive and memory CD8+

T cells, from the spleens of TCL1 AT mice and performed bulk

gene expression profiling (GEP) and sequencing of the TCR-

beta chain (Figure S2A for sorting strategy). First, we confirmed

that PD-1int and PD-1hi effector cells were both clonally

expanded T cell populations with a low Shannon diversity index

of TCR clonotypes, in contrast to the polyclonal naive and mem-

ory T cells (Figures S2B and S2C). Second, unsupervised clus-

tering and principal component analysis (PCA) of GEP data iden-

tified the four T cell populations as being distinct, with PD-1int

and PD-1hi cells showing greater similarity to each other as

compared to naive and memory cells (Figures S2D–S2F). In

line with our phenotypic analysis, PD-1hi cells showed high

expression of multiple exhaustion marker genes (Cd244, Tigit,

Lag3, Havcr2, and Ctla4) in comparison to PD-1int cells (Fig-

ure S2G). Accordingly, gene set enrichment analysis (GSEA) re-

vealed similarities of PD-1hi cells to exhausted CD8+ T cells in

chronic infections, whereas PD-1int cells resembled memory

T cells that develop following acute viral infections (Figures

S2H–S2J, Table S1) (West et al., 2011; Wherry et al., 2007).

Further, PD-1int cells showed a higher transcript expression of

key memory T cell TFs such as Tcf7, Lef1, and Bcl6, and were

transcriptionally similar to TCF-1+ memory-like CD8+ T cells,

which sustain the immune response during chronic viral infec-

tions (Figures S2G and S2K) (Utzschneider et al., 2016). Finally,

our GEP data was highly accordant with data of intratumoral

PD-1int and PD-1hi CD8+ T cells from patients with non-small

cell lung cancer (Figure S2L) (Thommen et al., 2018).

To further analyze the distinct nature of different effector cell

subsets, we sorted PD-1+ CD8+ T cells from a TCL1 AT spleen

sample and performed scRNA-seq. We identified six cell clus-

ters that presented with inversely correlated transcript expres-

sion of Pdcd1 and Tcf7 (Figures 1E and 1F). PD-1hi cells were

the most distinct, with the lowest gene expression of Tcf7 and

a strong expression of inhibitory receptors. Inversely, clusters

with the lowest Pdcd1 and highest Tcf7 expression had a mem-

ory-like phenotype with high gene expression of Sell, Ccr7, and

Lef1. In addition, we detected two clusters of intermediate

Pdcd1 and low to intermediate Tcf7 expression. The data further

revealed a small cluster of cells that express many IFN response

genes. Gene expression of effector molecules was highest in

PD-1int TCF-1lo and PD-1hi clusters, with the latter expressing
4 Immunity 54, 1–17, December 14, 2021
more transcripts of TFs that drive terminal differentiation, such

as Batf, Tox, and Eomes (Figure 1G). Pseudotime analysis of

our scRNA-seq data further positioned the cell clusters along a

trajectory that starts with the two PD-1lo clusters, proceeds via

the two PD-1int subsets, and ends with the PD-1hi cluster (Fig-

ure 1H), indicating that the PD-1int subsets represent precursor

cells of the terminally exhausted PD-1hi cells.

Flow cytometry analyses confirmed that TCF-1 protein

expression was restricted to a subset of PD-1int cells while

completely absent in the PD-1hi population (Figure 1I). In line

with the phenotype of a memory-like precursor population

described before (Beltra et al., 2020; Hudson et al., 2019), PD-

1int TCF-1+ cells were positive for Ly108 (Figures 1I and S2M).

Both PD-1int TCF-1+ and PD-1int TCF-1� cells showed lower

expression of exhaustion markers CD39, CD101, and TIM-3,

compared to PD-1hi cells. Functionally, PD-1int TCF-1+ cells pro-

duced more IFNg and TNFa, but not GzmB, upon ex vivo restim-

ulation than TCF-1� cells (Figure 1I). Yet, PD-1int TCF-1� cells

were still proficient in IFNg and GzmB production, suggesting

intact effector function and cytotoxic capacity upon restimula-

tion. Taken together, these data indicate that PD-1int cells

comprise both a TCF-1+ memory-like precursor subset and

TCF-1� cytotoxic effector cells, while PD-1hi cells represent a

terminally differentiated, exhausted T cell population with poor

response upon restimulation.

We then evaluated whether similar PD-1+ T cell subsets were

detectable in patients with CLL and focused our analysis on

effector-memory T cells, which exhibit the highest expression

of PD-1 (Hanna et al., 2019). In line with our data from the

TCL1 AT model, we detected an enrichment of PD-1hi cells in

disease-affected lymph nodes (LNs) of CLL patients, whereas

in PB, PD-1int cells represented the most frequent cell type in

most patients (Figure 1J). The PD-1hi population in LNs con-

tained more cells expressing the activation marker CD69

compared to PD-1int counterparts (Figure 1K). Moreover, PD-

1hi cells expressed less T-BET and more EOMES (Figures 1L

and 1M) and had lower GZMB production compared to PD-1int

cells (Figure 1N). PD-1hi cells in LNs from CLL patients

comprised a higher percentage of IFNg+ cells compared to

PD-1int cells (Figure 1O), indicating that PD-1hi cells in CLL pa-

tients retained some functional activity, a feature of exhausted

tumor-infiltrating T cells observed in other cancer entities (Li

et al., 2019; Miller et al., 2019).

In sum, these data indicate that increased T cell activation in

secondary lymphoid organs drives the accumulation of PD-1hi,

exhausted T cells in human and murine CLL.

Blocking IL-10 receptor impairs the maintenance of PD-
1int TCF-1+ CD8+ T cells and accelerates CLL
progression
We next investigated the signals that regulate the balance be-

tween PD-1int and PD-1hi T cell subsets. PD-1int cells expressed

more Ifnar2, Il18r1, and Il10rb transcripts compared to PD-1hi

cells (Figure S2G), suggesting a potential involvement of inflam-

matory mediators in modulating the PD-1int cell subset. We

focused on IL-10 because CLL development is associated with

increased serum concentrations of IL-10 (DiLillo et al., 2013;

Hanna et al., 2016). IL-10-GFP reporter mice (Kamanaka et al.,

2006) showed induction of IL-10 in multiple cell types in the
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Figure 2. Blocking IL-10 receptor impairs the maintenance of PD-1int TCF-1+ CD8+ T cells and accelerates CLL progression

(A) Schematic diagram of aIL-10R-blocking antibody treatment in TCL1 AT mice. Analyses of T and CLL cells were performed 15 days after treatment start.

(B) Representative contour plots, relative abundance, and absolute numbers of PD-1lo, PD-1int, and PD-1hi CD8+ effector (Eff) T cells in spleen of isotype antibody-

and aIL-10R-treated mice.

(C) Representative contour plots, relative abundance, and absolute numbers of PD-1int TCF-1+, PD-1int TCF-1�, and PD-1hi CD8+ effector T cells.

(D) Percentage of of Ly108+ CD39�, Ly108� CD39+, KLRG1+, TIM-3+, and CD244+ cells out of PD-1+ CD8+ effector T cells.

(E) Percentage of GzmB+, IFNg+, and TNFa+ PD-1+ CD8+ effector T cells upon ex vivo stimulation.

(F–G) (F) Absolute number of CD19+ CD5+ CLL cells in blood and (G) percentage of CLL cells in spleen, BM, and LN of isotype antibody- and aIL-10R-treated

mice. Results are representative of 2 independent experiments. Each symbol represents an individual mouse, and statistical significancewas tested by unpaired t

test with Welch approximation. *p < 0.05, **p < 0.01, ***p < 0.001. Bars indicate mean ± SEM. FMO, fluorescence minus one.
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CLL microenvironment upon TCL1 AT (Figures S3A–S3C). IL-10

was primarily produced by CD4+ T cells (both Foxp3� and

Foxp3+ populations) and CD8+ effector T cells and to a lower

extent produced by conventional dendritic cells and Ly6Clo

monocytes (Figures S3B and S3C). In addition to the increased

IL-10 expression in non-malignant cells in themicroenvironment,

CD5+ CD19+ CLL cells produced IL-10 when stimulated ex vivo

with PMA and ionomycin (Figure S3D), highlighting the multiple

sources and abundance of this cytokine in CLL.

To assess the role of IL-10 in regulating CD8+ T cells in CLL, we

treated CLL-bearing mice with IL-10R-blocking antibodies for

15 days to inhibit IL-10-mediated signaling (Figure 2A). The

CD8+ effector population in the anti(a)-IL-10R-treated mice

was almost exclusively composed of PD-1hi cells, with a 4.1-

fold higher number of PD-1hi cells in aIL-10R-treated versus con-
trol mice (Figure 2B). Accordingly, there were decreased

numbers of PD-1int cells; 0.4-fold less PD-1int cells in aIL-10R-

treated versus control mice. Within the PD-1int subset, there

were less PD-1int TCF-1+ compared to TCF-1� cells, resulting

in reduced numbers of this progenitor population in comparison

to control animals (Figure 2C). Concomitantly, IL-10R blockade

induced aggravated features of exhaustion and terminal differ-

entiation in CD8+ PD-1+ effector T cells, as is evident from the

higher expression of the inhibitory receptors CD39, TIM-3, and

CD244, and decreased abundance of the Ly108+ memory-like

progenitor population (Figure 2D).

Functionally, CD8+ effector T cells from the aIL-10R group

exhibited lower capacity for degranulation (Figure S3E) and

production of GzmB and cytokines (IFNg and TNFa) in

response to PMA and ionomycin stimulation (Figures 2E and
Immunity 54, 1–17, December 14, 2021 5
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S3F). The phenotypic and functional changes in CD8+ T cells

after IL-10R blockade were primarily attributed to their shift to-

ward PD-1hi cells. Nonetheless, lower functional activity was

also observed when focusing the analysis on PD-1int or PD-

1hi cells from aIL-10R-treated and control mice (Figures S3G

and S3H). In line with the general reduction in T cell function

upon IL-10R blockade, we detected higher CLL load in PB,

spleen, bone marrow (BM), and LNs in aIL-10R-treated mice

in comparison to isotype antibody controls (Figures 2F and

2G), indicating a role of IL-10 in controlling CLL progression.

Collectively, these data suggest an important role of IL-10R

signaling in restraining T cell exhaustion by inhibiting the accu-

mulation of PD-1hi cells and maintaining the PD-1int population

that comprises both TCF-1+ memory-like precursor cells and

TCF-1� functional effector cells possessing intact anti-tumor

activity.

Deletion of Il10rb or Stat3 in T cells results in PD-1hi

CD8+ T cell accumulation and tumor progression
We then sought to evaluate whether the above-mentioned ef-

fects were due to intrinsic IL-10R signaling in CD8+ T cells and

to investigate potential downstream signaling molecules that

are involved in IL-10-mediated CD8+ T cell responses. We

focused on signal transducer and activator of transcription 3

(STAT3), which is rapidly phosphorylated and translocated to

the nucleus in response to IL-10 (Finbloom and Winestock,

1995). We transferred CD8+ T cells from Il10rb+/+, Il10rb�/�,
Stat3+/+, and Stat3�/� mice into Rag2�/� mice that were subse-

quently transplanted with malignant B cells from Em-TCL1 mice

(Figure 3A). As previously described (Hanna et al., 2019), WT

CD8+ T cells slowed CLL progression in Rag2�/� mice as

compared to phosphate-buffered saline (PBS)-injected controls

(Figure 3B). Unlike transfer of WT CD8+ T cells, transfer of

Il10rb�/� or Stat3�/� CD8+ T cells resulted in higher tumor load

in PB over time and increased spleen and liver weight (Figures

3B, 3C, and S4A). The growth kinetics of leukemic cells in PB

and hepato-splenomegaly at the end stage were comparable

in mice receiving Il10rb�/� or Stat3�/� CD8+ T cells (Figures

3B, 3C, and S4A). As described before, we observed an increase

in total CD8+ T cell numbers in PB over time along with leukemia

development (Figure S4B) (Hanna et al., 2019), yet onlyminor dif-

ferences in CD8+ T cell counts in PB and spleen between the four

T cell transfer groups (Figures S4B and S4C). Reminiscent of

antibody-mediated IL-10R blockade, Il10rb�/� and Stat3�/�

CD8+ T cells were mostly PD-1hi cells with 4.2- and 5.9-fold

more PD-1hi cells in Il10rb�/� and Stat3�/� versus control

mice, respectively (Figures 3D, S4D, and S4E). Accordingly,

decreased numbers of PD-1int CD8+ T cells were observed,

with 0.4- and 0.7-fold less PD-1int cells in Il10rb�/� and Stat3�/�

versus control mice, respectively. Deletion of Il10rb or Stat3

resulted in lower frequencies of PD-1int TCF-1+ CD8+ T cells (Fig-

ure S4F shows exemplary data of Stat3�/�mice). This correlated

with higher expression of exhaustion markers (CD244, TIGIT,

CD39, CD101, and TIM-3) on Il10rb�/� and Stat3�/� CD8+

T cells compared to respective controls (Figure 3E; Figure S4G

shows exemplary data of Stat3�/� mice). Finally, CD8+ T cells

that lack Il10rb or Stat3 showed inferior functional capacity, as

is evident from lower GzmB and cytokine production in compar-

ison to T cells from WT mice (Figures 3F and S4H). The increase
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in exhaustion marker expression and the drop in functional me-

diators of CD8+ T cells were also observed when focusing the

analysis on the PD-1hi subset (Figures S4I–S4K).

Dysfunction of T cells in CLL is associated with defective im-

mune synapse formation (Ramsay et al., 2008). We therefore

quantified conjugation of tumor-experienced CD8+ T cells with

CLL cells in co-cultures and observed a lower rate of conjugation

and a reduced synapse area of Il10rb�/� compared toWT T cells

(Figures 3G and 3H). Further, accumulation of GzmB at the syn-

apse of CD8+ T cells with CLL cells was impaired in Il10rb�/�

cells (Figure 3I), confirming the relevance of IL-10R signaling

for proper function of CLL-reactive T cells.

To further validate the relevance of IL-10R signaling for anti-

tumor activity of T cells, we sorted tumor-experienced WT or

Il10rb�/� CD8+ PD-1+ T cells from leukemic TCL1 AT mice

and transferred them into naive Rag2�/� mice that were subse-

quently challenged with TCL1 tumor. In line with their signs of

dysfunction, mice transplanted with Il10rb�/� T cells showed

a higher tumor load compared to mice receiving WT T cells

(Figure S4L). Altogether, these results demonstrate that IL-

10R-STAT3 signaling has an important, cell-intrinsic role in

limiting CD8+ T cell exhaustion and maintaining immune control

of CLL.

Blockade or deletion of IL-10R-STAT3 signaling
transiently activates CD8+ T cells prior to inducing their
exhaustion
Subsequently, we investigated the mechanisms by which IL-10

controls the anti-tumoral activity of CD8+ T cells in CLL. The

impaired T cell function after IL-10R blockade could be ex-

plained either by the ability of IL-10 to directly stimulate anti-tu-

moral T cells as previously suggested (Mumm et al., 2011), or,

conversely, by an immunoregulatory role of IL-10 that protects

T cells from activation-induced dysfunction. We deemed the

latter possibility more likely because PD-1int cells, a population

that is lost after IL-10R blockade, appeared less activated

compared to their PD-1hi counterparts (Figure 1C). In line with

this hypothesis, we observed a higher frequency of CD8+

effector T cells expressing activation molecules, such as

CD69, CD137, and GITR, in the aIL-10R group (Figure 4A).

Similar results were observed in Il10rb�/� and Stat3�/� CD8+

T cells adoptively transferred with TCL1 tumors in Rag2�/�

mice (Figure 4B). Accordingly, it seemed plausible that initial

signs of activation preceded the drop in CD8+ T cell function

that happened in vivo after IL-10R blockade. To test this possi-

bility, we treated CLL-bearing mice with aIL-10R antibodies for

5 or 15 days (Figure 4C). In contrast to mice that received contin-

uous treatment for 15 days, blockade of IL-10R for 5 days had no

effect on the frequency of PD-1int and PD-1hi cells (Figure S4M),

or the expression of other inhibitory receptors, such as CD244

(Figure S4N). While prolonged IL-10R blockade resulted in a

considerable drop in T cell function, short-term aIL-10R treat-

ment conversely induced higher cytokine expression (Figure 4D),

indicating that prolonged IL-10R blockade resulted in impair-

ment of T cells following a transient enhancement of their func-

tion. In sum, these data demonstrate a crucial role of IL-10 in

preserving anti-tumor immune response in CLL by protecting

CD8+ T cells from transitioning from an activated into a dysfunc-

tional PD-1hi state.
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Figure 3. Deletion of Il10rb or Stat3 in T cells results in PD-1hi CD8+ T cell accumulation and tumor progression

(A) Schematic diagram of adoptive transfer of CD8+ T cells from Il10rb�/�, Stat3�/�, or control mice into Rag2�/� recipients subsequently transplanted with TCL1

tumor cells.

(B) Absolute numbers of CLL cells in PB over time.

(C) Spleen weight of Rag2�/� mice 5 weeks after TCL1 AT.

(D) Representative contour plots showing PD-1lo, PD-1int, and PD-1hi subsets of CD8+ T cells.

(E) Percentage of CD8+ T cells expressing CD244 and TIGIT.

(F) Percentage of CD8+ T cells producing GzmB, IFNg, and TNFa upon ex vivo stimulation.

(G–I) CLL cells and CD8+ T cells were isolated from spleen 5weeks after TCL1 AT. CLL cells were stained with CMAC (blue), mixedwith T cells, and immobilized to

slides for analysis of intercellular interactions after F-actin and GzmB staining. (G) Quantification of CD8+ T cell:CLL cell conjugates (n = 4) and representative

images. The original magnification is 633 (scale bars: 10 mm). (H) Quantification of immune synapse formation (F-actin area, mm2) and representative medial

optical sections (scale bars: 5 mm) with arrows indicating immune synapse at T cell contact sites with target CLL cells (n = 4). (I) Mean fluorescence intensity (MFI)

of GzmB at all CD8+ T cell contact sites with target CLL cells (n = 4) and representative 3D volume-rendered images of GzmB-expressing CD8+ T cell conjugates

with CLL cells (blue).

Each symbol represents an individual mouse, and statistical significance was tested by one-way ANOVAwith Tukey’s multiple comparison test in (C), (E), and (F),

or unpaired t test in (G), (H), and (I). *p < 0.05, **p < 0.01, ***p < 0.001. Bars indicate mean ± SEM.
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Loss of IL-10R-STAT3 signaling impairs CD8+ T cell
proliferation in tumor-bearing mice
To further elucidate the role of IL-10R signaling in PD-1hi

effector T cells, we performed GEP of flow cytometry-sorted

PD-1hi CD8+ effector T cells from mice treated for 15 days

with control antibody or aIL-10R. This analysis showed a

lower transcript expression of 81 cell cycle-related genes in

aIL-10R-treated mice (Figures 5A and S5A–S5B). Accordingly,

GSEA of these data identified DNA replication, mitotic, and

cell cycle-related pathways to be less abundant upon aIL-

10R treatment (Figures 5B and S5C; Table S1). In line with
these results, IL-10R blockade resulted in lower effector

T cell proliferation, as measured by Ki-67 staining, which

was also evident when focusing the analysis on PD-1hi cells

(Figures 5C and S5D). Furthermore, we detected lower per-

centages of Ki-67+ cells in Il10rb�/� and Stat3�/� CD8+

T cells that were isolated from CLL-bearing Rag2�/� mice

(Figure 5D). Additionally, IL-10 treatment of aCD3/CD28-stim-

ulated CD8+ T cells in vitro resulted in enhanced cell prolifer-

ation, as measured by carboxyfluorescein succinimidyl ester

(CFSE) dilution (Figure S5E). Thus, our data link IL-10R

signaling with enhanced proliferation of activated CD8+
Immunity 54, 1–17, December 14, 2021 7
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Figure 4. Blockade or deletion of IL-10R-STAT3 signaling transiently activates CD8+ T cells prior to inducing their exhaustion

(A) Representative histograms and relative frequency of CD69+, CD137+, and GITR+ cells in splenic CD8+ effector T cells of TCL1 ATmice treated for 15 days with

isotype antibody or aIL-10R (n = 6).

(B) Percentage of CD69+, CD137+, and GITR+ cells in splenic CD8+ T cells from CLL-bearing Rag2�/� mice injected with WT, Il10rb�/� or Stat3�/� CD8+ T cells.

(C) Schematic diagram of short-term (5 days) and long-term (15 days) IL-10R blockade in TCL1 AT mice.

(D) Percentage of GzmB+, IFNg+, and TNFa+ cells in splenic CD8+ effector T cells after short-term or long-term IL-10R blockade in vivo and upon ex vivo

stimulation (n = 4–5). Each symbol represents an individual mouse, and statistical significance was tested by unpaired t test with Welch approximation in (A) and

(D), or one-way ANOVAwith Tukey’s multiple comparison test in (B). *p < 0.05, **p < 0.01, ***p < 0.001. Bars indicate mean ± SEM. FMO, fluorescenceminus one;

ns, not significant.
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T cells in vitro and in vivo, as previously suggested for human

CD8+ memory T cells (Nizzoli et al., 2016).

To confirm these results, we tested whether the lack of IL-10R

signaling confers competitive disadvantage for CD8+ T cells in

the presence of WT counterparts. We transferred a 1:1 mixture

of Il10rb�/� and congenically-labeled WT CD8+ T cells into

Rag2�/� mice that were subsequently transplanted with TCL1

tumor cells (Figure 5E). 5 weeks later, we detected an enrichment

of WT CD8+ T cells and a lower percentage of Ki-67+ cells within

the Il10rb�/� CD8+ T cell population (Figures 5F and 5G), con-

firming the role of IL-10 in maintaining T cell proliferation. This

experimental setup also enabled us to simultaneously compare

WT and Il10rb�/�CD8+ T cells in the same recipients and thereby

to exclude the possibility that the changes in T cell function and

subset distribution in mice transplanted with Il10rb�/� or WT

CD8+ T cells were secondary to differences in tumor load or in-

flammatory milieu. In agreement with our previous results,

Il10rb�/�CD8+ T cells were enriched in the PD-1hi subset and ex-

hibited considerably lower GzmB and cytokine production in

comparison to their co-transferred WT counterparts (Figures

5H and 5I).

IL-10R blockade alters chromatin and reduces DNA
accessibility of AP-1 in CD8+ T cells
As T cell exhaustion is linked to a state-specific epigenetic

landscape (Sen et al., 2016), we explored whether the pheno-

typic and functional changes in CD8+ T cells following IL-10R
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blockade can be explained by changes in chromatin accessi-

bility. Thus, we performed ATAC-seq analysis of PD-1hi cells

from mice treated for 15 days with aIL-10R antibodies and

compared them to PD-1hi and PD-1int cells from control

mice (the almost complete loss of PD-1int cells in aIL-10R-

treated mice hindered their inclusion in this comparison). Un-

supervised clustering and PCA showed that PD-1hi cells from

aIL-10R mice clustered independently of PD-1hi and PD-1int

cells from control mice (Figure 6A). Compared to control

PD-1hi cells, aIL-10R PD-1hi cells showed 3,433 and 2,391

open chromatin regions (OCRs) with significantly higher or

lower accessibility, respectively (Figure 6B). A comparison of

these differential sites to previously published ATAC-seq pro-

files of effector and exhausted CD8+ T cell subsets (Scott-

Browne et al., 2016) revealed similarities of aIL-10R cells

with exhausted CD8+ T cells, but not with functional effector

cells (Figure 6C; depleted OCRs in aIL-10R are reduced and

enriched OCRs are enhanced in exhausted T cells). The

ATAC-seq data further revealed that aIL-10R cells had a pro-

nounced loss of OCRs that are in close proximity to the gene

loci of Tcf7, Tbx21, and Gzmb (Figure S6A). These results

were in line with the observed reduced protein expression of

TCF-1 and GzmB in aIL-10R T cells (Figures 2D, 2E, S3F,

and S3I). Next, we used the GREAT enrichment analysis tool

to interrogate potential pathways affected by IL-10R blockade

in an unbiased manner (McLean et al., 2010). This analysis

strongly suggested TCR signaling as the most downregulated
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Figure 5. Loss of IL-10R-STAT3 signaling

impairs CD8+ T cell proliferation in tumor-

bearing mice

(A–B) Gene expression profiling (GEP) was per-

formed on PD-1hi CD8+ T cells from spleens of

CLL-bearing mice treated for 15 days with isotype

antibody or aIL-10R (n = 3–4). (A) Heatmap of the

top differentially expressed genes with a p value <

0.05 and absolute log2 fold change > 0.5. (B) Top

differential pathways between the two treatment

groups identified by gene set enrichment analysis

(GSEA).

(C) Representative histogram and percentage of

Ki-67+ cells of CD8+ effector T cells in isotype

antibody- and aIL-10R-treated mice (n = 5).

(D) Percentage of Ki-67+ cells of Il10rb�/�,Stat3�/�,
or control CD8+ T cells (n = 5; experiment shown in

Figure 3).

(E) Schematic diagram of adoptive transfer of a 1:1

mixture of CD8+ T cells from congenically-labeled

WT (CD45.1+ CD45.2+) and Il10rb�/� (CD45.1�

CD45.2+) mice into Rag2�/� mice that were sub-

sequently transplanted with TCL1 tumor cells.

(F) Representative contour plot and relative

abundance of WT and Il10rb�/� cells within CD8+

T cells (n = 8).

(G–I) (G) Percentage of Ki-67+ CD8+ T cells, (H)

representative histogram and relative abundance

of PD-1lo, PD-1int, and PD-1hi subsets, and (I)

representative contour plots and relative abun-

dance of GzmB+, IFNg+, and TNFa+ cells upon

ex vivo stimulation of WT and Il10rb�/� CD8+

T cells. Each symbol represents an individual

mouse, and statistical significance was tested by

unpaired t test with Welch approximation in (C)

and (F), one-way ANOVA with Tukey’s multiple

comparison test in (D), or paired t test in (G), (H),

and (I). *p < 0.05, **p < 0.01, ***p < 0.001. Bars

indicate mean ± SEM.
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pathway in T cells from aIL-10R mice (Figure 6D). Accordingly,

key TCR signaling genes, such as Zap70 and Lat, showed a

depletion of multiple OCR peaks in aIL-10R PD-1hi cells (Fig-

ure 6E and data not shown), indicating that IL-10R blockade

results in the dysregulation of TCR signaling. Along this line,

in vitro data showed that IL-10 treatment of TCR-stimulated

CD8+ T cells resulted in higher phosphorylation of TCR down-

stream targets, such as ZAP70 and ERK1/2, compared to

control cells (Figures S6B and S6C).

To elucidate potential TFs affected by IL-10R blockade, we

performed TF motif analysis using Homer. Most of the TFs pre-

dicted by this analysis were known downstream targets of TCR

signaling (Figure 6F, Table S2). To this end, Nur77 and NFAT

were among the most enriched TFs after IL-10R blockade,
whereas several AP-1-family TFs such

as Batf, Fra1 (Fosl1), and JunB were lost

(Figure 6F). Using TF footprint analysis,

we further confirmed increased NFATc1

binding in aIL-10R PD-1hi T cells (Fig-

ure 6G). Enrichment of NFAT and deple-

tion of AP-1 TFs in T cells of aIL-10R-
treated mice suggested that IL-10R blockade induces the loss

of NFAT:AP-1 cooperativity, which has been shown to drive

T cell exhaustion (Martinez et al., 2015). To corroborate this hy-

pothesis, we compared the differential OCRs of aIL-10R cells

to a previously published ATAC-seq profile of a mutant version

of NFAT that cannot interact with AP-1 (NFAT:CA-RIT). Transfec-

tion of this mutant in CD8+ T cells results in a chromatin program

that resembles that of exhausted cells (Scott-Browne et al.,

2016). We observed a concordance of differential OCRs of aIL-

10R cells with those induced in cells transfected with

NFAT:CARIT (Figure 6H). To further validate the dysregulation

of NFAT:AP-1 activity after IL-10R blockade, we quantified pro-

tein expression of c-Jun after PMA and ionomycin stimulation

of WT, Il10rb�/�, and Stat3�/� CD8+ T cells isolated from
Immunity 54, 1–17, December 14, 2021 9
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Figure 6. IL-10R blockade alters chromatin and reduces DNA accessibility of AP-1 in CD8+ T cells

(A) Principal component analysis (PCA) of ATAC-seq profiles of PD-1int and PD-1hi CD8+ T cells from isotype antibody-treated mice, and PD-1hi CD8+ T cells from

aIL-10R-treated mice (n = 3).

(B) Scatterplots of mean ATAC-seq counts per peak (CPM) comparing PD-1hi CD8+ T cells from isotype antibody- and aIL-10R-treated mice.

(C) Boxplots of ATAC-seq counts of effector and exhausted T cells in viral infections (Scott-Browne et al., 2016) at the shared (gray), less (yellow), or more (purple)

accessible regions in PD-1hi aIL-10R- versus isotype antibody-treated controls.

(D–G) (D) GREAT pathway analysis of differentially accessible open chromatin regions (OCRs), (E) representative ATAC-seq tracks for Zap70 locus, (F) enrichment

of transcription factor (TF) binding motifs in OCRs gained (purple) or lost (yellow), and (G) TF footprint for NFATc1 in PD-1hi cells in aIL-10R- versus isotype

antibody-treated controls.

(H) Boxplots of ATAC-seq counts of CD8+ T cells transduced with NFAT-CA-RIT mutant (Scott-Browne et al., 2016) at the shared (gray), less (yellow), or more

(purple) accessible regions in PD-1hi aIL-10R- versus isotype antibody-treated controls.

(I) Percentage of c-Jun expression in response to ex vivo stimulation in Il10rb�/�, Stat3�/�, or control CD8+ T cells (n = 5; experiment shown in Figure 3). Each

symbol in (I) represents an individual mouse, and statistical significance was tested by one-way ANOVAwith Tukey’s multiple comparison test. ***p < 0.001. Bars

indicate mean ± SEM.
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CLL-bearing mice. Accordingly, we observed lower c-Jun

expression in Il10rb�/� and Stat3�/� CD8+ T cells compared to

WT controls (Figure 6I), reminiscent of the depletion of AP-1 mo-

tifs. Altogether, these data show that IL-10R blockade results in

chromatin remodeling and dysregulation of NFAT:AP-1 cooper-

ativity, which has been previously linked to CD8+ T cell dysfunc-

tion (Martinez et al., 2015).
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Loss of IL-10R-STAT3 signaling correlates with poor
survival and CD8+ T cell exhaustion in cancer patients
To validate the relevance of IL-10R-STAT3 signaling in maintain-

ing immune control in cancer patients, we first examined the cor-

relation of IL10 gene expression with survival in a cohort of CLL

patients (n = 73). In contrast to previous studies showing that

high IL-10 serum concentrations are predictive for worse
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Figure 7. Loss of IL-10R-STAT3 signaling correlates with poor survival and CD8+ T cell exhaustion in cancer patients

(A) Time-to-treatment in untreated CLL patients with high or low IL10 gene expression (n = 73).

(B) GSEA of ranked-list of genes (fold change) from the comparison of IL-10R germline-deficient versus control lymphoma patients (Neven et al., 2013) using

signatures of terminally differentiated effector (Sarkar et al., 2008) and exhausted CD8+ T cells (Doering et al., 2012).

(C–H) Single-cell RNA-seq analysis of tumor-infiltrating CD8+ T cells in breast cancer patient BC9 (Azizi et al., 2018). (C) tSNE plot identifying 5 different CD8+ T cell

clusters, including one with high expression of PD-1 (orange). (D) Average expression of genes with higher expression in PD-1hi versus PD-1int CD8+ T cells in

TCL1 AT mice. (E) Dot plot of the expression of exhaustion hallmark genes, TFs, and AP-1 family members. (F) Dot plot of the expression of key STAT3 target

genes. (G) Average expression of genes with higher expression in PD-1hi CD8+ T cells from TCL1 ATmice upon aIL-10R blockade, and (H) Average expression of

genes with higher expression in Stat3�/� versus WT follicular helper T cells (Ray et al., 2014). Statistical significance in (D), (G), and (H) was calculated using a

Kruskal-Wallis test. ***p < 0.001. tSNE, t-distributed stochastic neighbor embedding; Avg. exp., average expression.
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outcomes in CLL (Fayad et al., 2001), high IL10 transcript

expression correlated with longer time-to-treatment in a cohort

of untreated CLL patients (Figure 7A). This was further confirmed

in an independent cohort of untreated CLL patients where IL10

transcript expression was independent of the tumor load, and

higher IL10 expression correlated with longer progression-free

and overall survival independently of the IGHVmutational status,

a strong prognostic marker in CLL, in these samples (Figures

S7A–S7C). We then compared GEP data of lymphoma patients
harboring germline genetic deficiencies in IL-10R (Neven et al.,

2013). In comparison to IL-10R-proficient lymphoma cases,

these tumors were enriched in gene signatures of terminally

differentiated and exhausted CD8+ T cells (Figure 7B). To eval-

uate the relevance of IL-10R-STAT3 signaling in CD8+ T cells in

other human cancers, we utilized published scRNA-seq data of

tumor-infiltrating T cells from three breast cancer patients (Azizi

et al., 2018). Using t-distributed stochastic neighbor embedding

(tSNE) dimensionality reduction of these data, we identified a
Immunity 54, 1–17, December 14, 2021 11
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PD-1hi cell cluster representing 6%–16% of CD8+ T cells in each

patient. These cells showed a specific enrichment in PD-1hi

CD8+ T cell signature genes and presented with high expression

of transcripts encoding exhaustion hallmark genes such as

PDCD1, LAG3, CTLA4, TIGIT, and HAVCR2 (Figures 7C–7E

and S7D–E). The PD-1hi cluster further expressed lower tran-

scripts of TCF7 compared to the other four cell clusters (Figures

7E and S7F). In line with our data from TCL1 ATmice, several AP-

1 family TF genes, such as FOS, FOSB, JUN, and JUNB, were

considerably less abundant in the PD-1hi cluster (Figures 7E

and S7F), and key IL-10R-STAT3 target genes, like SOCS3,

MYC, and CDKN2D, showed lower transcript expression in this

cluster as well (Figures 7F and S7G). The PD-1hi cluster was en-

riched for geneswe identified to be upregulated in CD8+ T cells in

response to IL-10R blockade in leukemic TCL1 AT mice (Figures

7G and S7H). Moreover, the gene signature of this PD-1hi cell

cluster showed high concordance with a previously published

gene signature of STAT3-deficient follicular helper T cells (Fig-

ures 7H andS7I) (Ray et al., 2014). Altogether, these data confirm

the relevance of IL-10R-STAT3 signaling in preventing CD8+

T cell exhaustion and terminal differentiation in cancer patients.

DISCUSSION

Understanding the heterogeneity of T cells in tumors is

crucial for the design of successful immunotherapies, as

the exhaustion state of T cells determines their potential

for reinvigoration (McLane et al., 2019). Recent studies in

chronic viral infection and cancer identify distinct exhausted

T cell subsets and suggest a hierarchical scheme in which

the TFs TCF-1, T-BET, and TOX coordinate their develop-

ment and dynamics (Beltra et al., 2020; Chen et al., 2019;

Hudson et al., 2019). Prolonged TCR engagement is the

main inducer of a dysfunctional PD-1hi CD8+ T cell subset,

which shows features of terminal differentiation in chronic

infection models (Man et al., 2017). Similarly, T cell dysfunc-

tion is also described in cancer as a dynamic, antigen-

driven process (Schietinger et al., 2016). The functionally

distinct PD-1hi and PD-1int TCF1+ CD8+ T cell subsets we

identified in CLL are highly similar to respective cell subsets

in solid tumors. Thus, the mechanistic insights we gain here

are likely of relevance for immune escape in cancer in

general.

IL-10 mediates T cell exhaustion in chronic viral infections

(Brooks et al., 2006; Ejrnaes et al., 2006; Parish et al., 2014).

But IL-10 also enhances the activity of tumor-resident CD8+

T cells and their effective control of tumor growth in several

tumor mouse models (Emmerich et al., 2012; Guo et al.,

2021). Given our current results, the contradicting effects of

IL-10 in different disease models can be explained by its

divergent impact on different stages of T cell activation. Snell

et al. (2018) show that the outcome of T cell stimulation in

chronic infections is time-dependent, as cells primed at early

stages of infection receive strong TCR signals and undergo

terminal differentiation, while weaker TCR stimulation at later

stages induces less differentiated memory-like T cells.

Because we observed enhanced activation of CD8+ T cells

upon IL-10R blockade, we conclude that IL-10 limits exces-

sive T cell stimulation, most likely because of its ability to
12 Immunity 54, 1–17, December 14, 2021
decrease TCR sensitivity to antigens (Smith et al., 2018),

and thereby induces a T cell state that resembles memory

cells. While transient blockade of IL-10R-STAT3 signaling

increased T cell function, prolonged loss of this signaling

pathway altered chromatin accessibility of T cells and pro-

moted activity of NFAT, a key downstream mediator of TCR

signaling. When acting together with AP-1, NFAT induces

full T cell activation, yet when functioning alone, it promotes

T cell anergy and exhaustion (Martinez et al., 2015). Our

ATAC-seq data indicated that IL-10R signaling maintains

NFAT:AP-1 cooperativity and thereby prevents terminal

exhaustion of CD8+ T cells. The maintenance of the precursor

memory-like PD-1int TCF-1+ population by IL-10 represents

another feature that these cells share with memory T cells.

IL-10 signaling promotes memory CD8+ T cell maturation in

acute infections as it shields them from the surrounding in-

flammatory milieu and thus rescues them from activation-

induced terminal differentiation (Cui et al., 2011; Foulds

et al., 2006; Laidlaw et al., 2015). A similar immunoregulatory

role exists for PD-1, as its genetic deletion results in uncon-

trolled activation and loss of the TCF-1+ progenitor subset,

leading to deteriorated function and subsequent apoptosis

of virus-specific CD8+ T cells (Chen et al., 2019; Odorizzi

et al., 2015). Conversely, persistent activation of CD8+

T cells by TCR or inflammatory signals, such as IFNa and

IL-2, promotes T cell exhaustion and the loss of TCF-1+ pro-

genitor cells (Liu et al., 2021; Wu et al., 2016). Taken together,

these observations support the view that the differentiation

program acquired by T cells in chronic conditions, including

upregulation of immunosuppressive molecules, is evolution-

arily designed to maintain adequate antigen control without

causing excessive tissue damage or compromising the endur-

ance of antigen-specific T cells (Speiser et al., 2014). Accord-

ingly, immunoregulatory players, such as IL-10 and PD-1,

have a seemingly opposite role in the long-term preservation

of immune responses to chronic antigens.

CD8+ T cells mount anti-tumor activity in murine models of

CLL (Hanna et al., 2019), and immune checkpoint blockade

and other immunotherapeutic approaches lead to a substantial

improvement in disease control in mice (Hanna et al., 2021;

McClanahan et al., 2015; Sadik et al., 2020). Objective re-

sponses to aPD-1 or chimeric antigen receptor (CAR) T cell ther-

apy are, however, observed only in a fraction of CLL patients

(Ding et al., 2017; Porter et al., 2015) whereas the majority

show resistance to these treatments (Ding et al., 2017; Fraietta

et al., 2018). While this resistance is multifactorial and still re-

quires thorough investigation, our current data suggest that

modulating the IL-10R-STAT3 pathway can enhance the efficacy

of immunotherapy in CLL. Stable forms of IL-10 elicit anti-tu-

moral immune responses in mouse models and cancer patients

(Guo et al., 2021; Mumm et al., 2011; Naing et al., 2016; Qiao

et al., 2019), and these responses in patients correlate with sys-

temic and intratumoral CD8+ T cell activation (Naing et al., 2018).

This goes in line with our observation that high IL10 gene expres-

sion correlated with improved outcome in patients with CLL,

which confirms results of a previous study (Sjöberg et al.,

1996). But the fact that CLL cells themselves are a major source

of IL-10 raises the question of whether systemic application of

IL-10 is an appropriate treatment approach in this malignancy.
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Alternatively, targeted approaches with cytokine-antibody con-

jugates that deliver IL-10 specifically to CD8+ T cells or geneti-

cally modified T cells (e.g., CAR T cells) with enhanced IL-10R-

STAT3 activity seem to be a more promising strategy. Along

this line, a beneficial role of STAT3 signaling in increasing the

durability and success rate of CAR T cell therapy in CLL is sug-

gested (Fraietta et al., 2018).

Altogether, the current study suggests that combination stra-

tegies involving IL-10 can enhance the efficacy of immuno-

therapy in CLL and beyond in other cancer types.

Limitations of the study
A major conceptual question that remains open is why IL-10

acts, on the one side, as an immunosuppressive cytokine and,

on the other side, maintains anti-tumor immunity. We speculate

that this is due to the divergent role of IL-10 in modulating T cell

activity at different stages of an immune response, being first a

driver and later a break to avoid excessive immune-mediated tis-

sue damage. Considering this and also the tightly regulated

expression and broad source of IL-10 during immune responses,

it will be challenging to exploit the IL-10R-STAT3 pathway ther-

apeutically. Unraveling the molecular link between STAT3 and

the activity of NFAT:AP-1 will be of importance to overcome

this challenge. In addition, an in-depth characterization of the im-

mune microenvironment in cancer, e.g., by scRNA-seq, will help

to better understand and predict which patients likely benefit

from IL-10-based therapeutic approaches.
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Sadik, A., Somarribas Patterson, L.F., Özt€urk, S., Mohapatra, S.R., Panitz, V.,

Secker, P.F., Pf€ander, P., Loth, S., Salem, H., Prentzell, M.T., et al. (2020). IL4I1

Is a Metabolic Immune Checkpoint that Activates the AHR and Promotes

Tumor Progression. Cell 182, 1252–1270.e34.

Sarkar, S., Kalia, V., Haining, W.N., Konieczny, B.T., Subramaniam, S., and

Ahmed, R. (2008). Functional and genomic profiling of effector CD8 T cell sub-

sets with distinct memory fates. J. Exp. Med. 205, 625–640.

Sawant, D.V., Yano, H., Chikina,M., Zhang, Q., Liao,M., Liu, C., Callahan, D.J.,

Sun, Z., Sun, T., Tabib, T., et al. (2019). Adaptive plasticity of IL-10+ and IL-35+

Treg cells cooperatively promotes tumor T cell exhaustion. Nat. Immunol. 20,

724–735.

Schietinger, A., Philip, M., Krisnawan, V.E., Chiu, E.Y., Delrow, J.J., Basom,

R.S., Lauer, P., Brockstedt, D.G., Knoblaugh, S.E., H€ammerling, G.J., et al.

(2016). Tumor-Specific T Cell Dysfunction Is a Dynamic Antigen-Driven

Differentiation Program Initiated Early during Tumorigenesis. Immunity 45,

389–401.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Polyclonal-Monoclonal Diversity (PMD)

package

Afzal et al., 2019 N/A

Trimmomatic version 0.36 Bolger et al., 2014 http://www.usadellab.org/cms/?

page=trimmomatic

bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

rmdup of SAMtools version 1.3 Li et al., 2009 https://sourceforge.net/projects/samtools/

files/samtools/1.3.1/

‘‘annotatePeaks.pl’’ - HOMER software Heinz et al., 2010 http://homer.ucsd.edu/homer/ngs/

annotation.html

Ngs.plot Shen et al., 2014 https://github.com/shenlab-sinai/ngsplot

Centipede Pique-Regi et al., 2011 https://rajanil.github.io/msCentipede/

robust multichip average (RMA) algorithm

using aroma.affymetrix

Bengtsson et al., 2008 http://www.aroma-project.org/

STAR version 2.3.0 Dobin et al., 2013 http://code.google.com/p/rna-star/

MACS2 version 2.1.1 Zhang et al., 2008 https://github.com/taoliu/MACS/

R packages: ggplot2 and Heatmap3. Wickham et al., 2009

Zhao et al., 2014

https://cran.r-project.org/web/packages/

ggplot2/index.html

https://cran.r-project.org/web/packages/

heatmap3/index.html

Other

Info to clinical trial Stilgenbauer et al., 2009 NCT00274976
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Martina

Seiffert (m.seiffert@dkfz.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Microarray and ATAC-seq datasets are available on Gene Expression Omnibus (GEO) under the accession numbers GSE102601 and

GSE102602.

Single-cell RNA-seq data is available on European Nucleotide Archive (ENA) under the accession numbers PRJEB47247 and

ERP131514.

The code for microarray and ATAC-seq analysis is available from https://gitlab.com/dkfzmurat/il10-in-T-cells.

Raw data fastq files of RNA-seq data of CLL patients can be downloaded fromEuropeanGenome-Phenome Archive (EGA), acces-

sion EGAS0000100174. Processed count tables and survival data are accessible through the Bioconductor package BloodCancer-

MultiOmics2017 as described previously (Dietrich et al., 2018).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples
Peripheral blood (PB) and lymph node (LN) samples were obtained from CLL patients after informed consent and according to the

declaration of Helsinki. All CLL cases used in this study matched the standard diagnostic criteria for CLL. Peripheral blood mono-

nuclear cells (PBMCs) were isolated on a Ficoll density gradient (1.077 g/mL) by collecting the interphase cells after centrifugation

at 1,000 g for 20min. Primary cells from LNswere resuspended in RPMI 1640 (Life Technologies) culturemedium and flushed through

a fine needle to obtain single cell suspensions (Montraveta et al., 2016). Clinical information of patients is provided in Table S3.

Mice and tumor models
C57BL/6 wild-type (WT) and Il10rbtm1Agt (Il10rb�/�) mice were purchased from Charles River Laboratories (Sulzfeld, Germany) and

Jackson laboratories (Bar Harbor, ME), respectively. Congenic CD45.1+ CD45.2+ andRag2�/�mice (Shinkai et al., 1992) on C57BL/6
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background were acquired from the central animal facility of the German Cancer Research Center (DKFZ Heidelberg). Em-TCL1

(TCL1) on C57BL/6 background,Cd4Cre x Stat3flox/flox (Stat3�/�) and IL-10 reporter (FIR x tiger) mice were previously described (Bichi

et al., 2002; Kamanaka et al., 2006; Takeda et al., 1998).

Adoptive transfer of TCL1 tumors was performed as previously described (Hanna et al., 2016; McClanahan et al., 2015). Briefly,

malignant B cells were enriched from splenocytes of TCL1 mice using EasySep Mouse Pan-B Cell Isolation Kit (StemCell Technol-

ogies, Inc., Cologne, Germany), or by depletion of T cells usingmouse CD90.2microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-

many), according to the respective manufacturer’s protocol. The CD5+CD19+ content of purified cells was typically above 95%, as

measured by flow cytometry. 1-4x107 malignant TCL1 splenocytes were transplanted by intravenous (i.v.) or intraperitoneal (i.p.) in-

jection into 2-3-months-old C57BL/6WT or transgenic females. For CD8+ T cell transfer experiments, CD8+ T cells were purified from

spleens of Il10rb+/+, Il10rb�/�, Stat3flox/flox (Stat3+/+) or Cd4Cre x Stat3flox/flox (Stat3�/�) mice using EasySepMouse CD8+ T Cell Isola-

tion Kit (StemCell Technologies). Rag2�/� mice were transplanted with 5x106 CD8+ T cells or PBS, and after 1 day, mice were trans-

planted with T cell depleted malignant TCL1 splenocytes. In the CD8+ T cell co-transfer experiment, CD8+ T cells from Il10rb�/� and

congenic CD45.1/CD45.2 mice were mixed in 1:1 ratio. Rag2�/� mice were transplanted with 1x106 mixed CD8+ T cells, and after

1 day, mice were transplanted with T cell depleted malignant TCL1 splenocytes.

For theCD8+T cell re-transplantationexperiment, splenic PD-1+CD8+Tcellswere isolated from leukemicWTand IL10rb�/�miceand

transplanted intoRag2�/�miceprior tumor cell injection.More specifically, splenocytes from leukemicWTand IL10rb�/�micewere en-

riched forCD8+Tcells using theEasySepMouseCD8+TCell IsolationKit (StemCell Technologies).Next,DAPI-/Lin-/TCRb+/CD8+/PD-1+

cells were = sorted by flow cytometry, and 5x104 PD-1+ CD8+ T cells from either leukemic WT or leukemic IL10rb�/� mice were i.v. in-

jected into 7-week-old Rag2�/� mice. Sorted PD-1+ CD8+ T cells from one donor mouse were injected into one or two Rag2�/� mice,

depending on the number of sorted PD-1+ CD8+ T cells. One day after T cell injection, 5x105 malignant TCL1 cells were i.v. injected

intoRag2�/�mice. Prior tomalignant cell transplantation, splenocytes from leukemicTCL1ATmicewereenriched forBcells bynegative

depletion of unwanted cells using the EasysepMouse Pan-BCell Isolation Kit according tomanufacturer’s instructions. Tumor progres-

sionwasmonitored in PB andmicewere sacrificed 5.5weeks aftermalignant cell injection. Spleenswere dissected and tumor loadwas

analyzed.

All animal experiments were carried out according to governmental and institutional guidelines and authorized by the local author-

ities (Regierungspr€asidium Karlsruhe, permit numbers: G-36/14, G-123/14, G-16/15, G-53/15, and G-98/16).

METHOD DETAILS

Antibody treatment
For IL-10Rblockade experiments,micewere first transplantedwith TCL1 leukemia cells. After 3weeks,micewere assigned to different

treatment arms according to the percentage of CD5+CD19+ (CLL) cells out of CD45+ cells in PB. Subsequently, mice were injected i.p.

with 1mg of aIL-10R (clone: 1B1.3A) or rat IgG1 isotype control antibody (clone: HRPN), followed by subsequent doses of 0.5mg every

3 days for another 2 weeks. All antibodies for in vivo experiments were acquired from BioXcell (West Lebanon, NH).

Collection of tissue samples and preparation of cell suspensions
Mice were euthanized by increasing concentrations of carbon dioxide (CO2). PB was drawn from the submandibular vein or via car-

diac puncture and collected in ethylenediaminetetraacetic acid (EDTA)-coated tubes (Sarstedt, N€umbrecht, Germany). Single-cell

suspensions from spleens, bone marrow (BM) and inguinal LNs were prepared as previously described (Hanna et al., 2016; McCla-

nahan et al., 2015). BM cells were flushed from femurs with 5 mL of phosphate-buffered saline (PBS)/5% fetal calf serum (FCS).

Spleen single-cell suspensions were generated by using the gentleMACS tissue dissociator with Gentle MACS tubes C (Miltenyi Bio-

tec). Single cell suspensions from LNswere prepared by grinding the tissue through 70 mmcell strainers (BDBiosciences, Heidelberg,

Germany). Erythrocytes were lysed by using Red blood cell lysis buffer (Mitenyi Biotec).

Flow cytometry
After preparations of single-cell suspensions, cells were incubated with recommended dilutions of antibodies against cell surface

proteins in PBS containing 0.1% fixable viability dye (eBioscience, Frankfurt am Main, Germany) for 30 min at 4�C. Cells were fixed

using IC fixation buffer (eBioscience), washed and stored at 4�C in the dark until analyzed by flow cytometry.

For transcription factor and IL-10 intracellular staining, cells were fixed after surface molecule staining with Foxp3 fixation/perme-

abilization buffer (eBioscience) for 30 min at room temperature, followed by permeabilization with 1X permeabilization buffer (eBio-

science) and then staining with antibodies against transcription factors in 1X permeabilization buffer for 30 min at room temperature.

After washing twice with 1X permeabilization buffer, cells were resuspended in a final volume of 200 ml 1X permeabilization buffer and

stored at 4�C in the dark until analyzed by flow cytometry.

For labeling of cells in whole blood, 50-100 ml of PB were stained with antibodies specific for surface molecules for 30 min at 4�C,
followed by incubation for 10 min with 2 mL of 1x BD FACS lysing solution (BD Biosciences) to remove erythrocytes. After centrifu-

gation, supernatants were carefully aspirated, and pelleted cells were resuspended in 150 ml of 1x BD FACSLysing solution. 50 ml of

123count eBeads (eBioscience) were directly added before data acquisition. Absolute cell numbers in bloodwere calculated accord-

ing to the formula: absolute count (cells/mL) = (cell count x bead volume x bead concentration)/ (bead Count x cell Volume).
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For all flow cytometric measurement, data acquisition was done using BD LSRII or BD FACSCanto flow cytometer (BD Biosci-

ences). Median Fluorescence Intensity (MFI) was recorded and normalized by subtracting the MFI of the respective fluorescence-

minus-one (FMO) control. Data analysis was performed using FlowJo X 10.0.7 software (FlowJo, Ashland, OR, USA). Gating strate-

gies are depicted in the supplementary information.

For cell sorting, splenocytes were enriched for CD8+ T cells using EasySep Mouse CD8+ T Cell Isolation Kit (Stem Cell Technol-

ogies). Cells were stained for cell surface proteins. CD8+ T cells were defined as DAPI- Lin- (CD19- CD11b- NK1.1-) TCRb+ CD8+,

and different T cell subsets were sorted in PBSwith 5%FCS using BD FACSAria II (BD Biosciences) running with FACSDiva Software

(BD Biosciences). Purity of sorted cells was typically above 95%.

Analysis of functional capacity of CD8+ T cells ex vivo
Cytokine release, granzyme B production and degranulation capacity of CD8+ T cells were assayed, as previously described (Hanna

et al., 2019; McClanahan et al., 2015). Cells were resuspended in complete medium (DMEM supplemented with 10% FSC, 10 mM

HEPES, 1 mM sodium pyruvate, 0.1% b-mercaptoethanol, 100 U/mL penicillin, and 100 mg/mL streptomycin), and seeded at a den-

sity of 3x106 cells/ 200 ml. Cells were incubated in cell stimulation cocktail in the presence of protein transport inhibitor cocktail (both

from eBioscience) for 6 h at 37�C/ 5% CO2. Degranulation capacity of T cells was measured by adding fluorochrome-conjugated

CD107a antibody (eBioscience) to the culture, as previously described (Betts et al., 2003). Afterward, cells were washed, stained

for surface proteins and fixed using IC fixation buffer (eBioscience). After washing with 1X permeabilization buffer, cells were stained

with fluorescently labeled antibodies against intracellular proteins for 30 min at room temperature in the dark, washed and analyzed

by flow cytometry.

CD8+ T cell:CLL cell conjugation and immunological synapse assays
Immune cells were isolated from splenocytes of leukemic Rag2�/� mice, previously injected with IL10rb�/� or WT CD8+ T cells and

CD5+ CD19+ TCL1 tumor cells. Purified B cells (CD19+ negativemagnetic isolation) were stained with CMAC blue (ThermoFisher Sci-

entific), following the manufacturer’s instructions and pulsed with 2 mg/mL of staphylococcal superantigens (sAgs; SEA and SEB;

Sigma-Aldrich) for 30 min at 37�C. Purified T cells (negative magnetic isolation) were pooled with target B cells at equal numbers

(5x105 cells), centrifuged at 250 g for 5 min, and incubated at 37�C for further 10 min. Cell conjugates were transferred onto poly-

L-lysine-coated slides (ThermoFisher Scientific) using a cell concentrator (Cytofuge 2) and fixed for 15 min at room temperature

with 3% methanol-free formaldehyde (ThermoFisher Scientific) in PBS, permeabilized with 0.3% Triton X-100 (Sigma-Aldrich) in

PBS for 5 min and incubated for 10 min with 5% donkey serum (Sigma-Aldrich) in PBS (blocking solution). Primary (anti-mouse gran-

zyme B, Cell Signaling) and secondary antibodies (donkey anti-rabbit Alexa Fluor 647) were applied sequentially for 45 min at 4�C in

5%goat serum in PBS. F-actin was stainedwith rhodamine-phalloidin (ThermoFisher Scientific) following themanufacturer’s instruc-

tions. After washing, slides were sealed with coverslips using mounting solution (FluorSaveTM reagent; Merck Millipore). The spec-

ificity of staining was optimized and controlled by using appropriate dilutions of isotype-control, primary antibodies and subsequent

fluorescent secondary antibodies. Background staining using antibodies alone was compared with positively stained cells and was

not visible when using identical acquisition settings. Medial optical section images (or Z stacks for 3D volume images) were captured

with a high-sensitivity A1R confocal microscope (with gallium arsenide phosphide, GaAsP detector) using a 63X/1.40 oil objective

with NIS-elements imaging software (Nikon). Detectors were set to detect an optimal signal below saturation limits. Fluorescence

was acquired sequentially to prevent passage of fluorescence from other channels (DU4 sequential acquisition). Image sets to be

compared were acquired during the same session using identical acquisition settings. Blinded confocal images were analyzed using

NIS-Elements image analysis software (Nikon). CD8+ T cell:CLL cell conjugates were identified only when CD8+ cells (F-actin staining

only) were in direct contact interaction with target CLL cells (blue fluorescent channel). For % conjugated T cell analysis, all T cells

were scored per sample image for the number of F-actin (red)+ T cells forming conjugates with CLL cells (CMAC blue) and the per-

centage calculated (n = 8 images per sample). Tomeasure CD8+ T cell immune synapse formation (area), the Region of Interest (ROIs)

analysis tool was used to measure the total area (mm2) of F-actin (n = 50 T cell conjugates per sample) or mean fluorescence intensity

(MFI) of granzyme B (n = 30 T cell conjugates per sample) accumulated at all CD8+ T cell contact sites and immune synapses with

target tumor CLL cells. Data were analyzed using GraphPad Prism software.

Analysis of TCR activity and T cell proliferation of CD8+ T cells ex vivo
CD8+ T cells from splenocytes of C57BL/6 mice were isolated using EasySep Mouse CD8+ T Cell Isolation Kit (StemCell Technolo-

gies). 2x104 cells were seeded in aCD3-coatedwells (1 mg/mL) and cultured for 2-3 days in the presence of recombinant IL-10 (150U/

mL). Consequently, cells were harvested and stained for flow cytometry analysis. For proliferation assessment, CD8+ T cells were

labeled with CFSE (5 mM) prior seeding, and CFSE dilution was analyzed by flow cytometry. For measurement of pZAP70 and

pERK1/2 proteins, cultured CD8+ T cells were re-stimulated with aCD3 (10 mg/mL) for 1, 2, 5, 10 and 30 min prior direct cell fixation

and analysis by flow cytometry.

Microarray data analysis of CD8+ T cells
Total ribonucleic acid (RNA) was extracted from sorted cells using the RNeasy� Micro kit (QIAGEN, Hilden, Germany) according to

manufacturer’s protocol. The laboratory work was done in the Genomics and Proteomics Core Facility at the German Cancer

Research Center, Heidelberg, Germany (DKFZ). Biotin-labeled ss-cDNA samples for hybridization on GeneChip Mouse Gene
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2.0 ST Arrays (Affymetrix) were prepared according to Affymetrix’s recommended sample labeling procedure as described in the

Gene Chip WT Pico Reagent Kit guide. In brief, 500 pg total RNA was used for complementary DNA (cDNA) synthesis, followed by

a low cycle PCR amplification and in vitro transcription step to synthesize cRNA according to the Affymetrix� GeneChip� WT Pico

Reagent Kit. Quality of cRNA was controlled using the RNA Nano Chip Assay on an Agilent 2100 Bioanalyzer and spectrophoto-

metrically quantified (NanoDrop). 20 mg of cRNA was then converted to sense-strand DNA (ss-cDNA). After fragmentation and ter-

minal labeling, 5.5 mg of biotinylated ss-cDNA were hybridized for 17 h at 45�C on Affymetrix Mouse Gene 2.0 ST Arrays. Micro-

array scanning was done using an Affymetrix GeneChip� Scanner 3000 according to GeneChip� Expression Wash, Stain and

Scan Manual for Cartridge Arrays. Two microarray datasets were generated for i) CD8+ T cell subtypes (naive, memory, PD-1int

and PD-1hi effector), and ii) aIL10R treatment of PD-1hi effector CD8+ T cells. Both datasets were independently processed

with Affymetrix Power Tools (APT, http://media.affymetrix.com/support/developer/powertools/changelog/index.html) using

Robust Microarray Analysis (RMA) approach for the normalization (Irizarry et al., 2003). Log2-transformed transcript-level gene

expression was calculated for ‘meta’ probe sets. Quality control (QC) of the samples was carried out by examining ‘average

raw intensity signal’ (‘pm_mean’) or ‘mean absolute deviation of the residuals’ (‘all_probeset_mad_residual_mean’). As similarly

described in Lockstone (2011), ‘detected above background’ (DABG) measure was used to filter ‘meta’ probe sets if called as

‘detected’ (P value < 0.05) in at least 50% of the samples in any of the experimental groups. For the two microarray datasets

of CD8+ T cell subtypes and aIL10R treatment, 32,114 and 30,267 ‘meta’ probe sets were retained out of 33,793 main ‘meta’

probe sets (linked with 20,263 Entrez genes), respectively. Hierarchical clustering was applied in an unsupervised fashion (Pear-

son’s correlation coefficient, average-linkage) to assess whether replicates of the same experimental groups cluster together.

From the microarray dataset of aIL10R treatment, the sample ‘PD-1hi isotype rep1’ was identified as an outlier by considering

the QC metrics (e.g., ‘pm_mean’, ‘all_probeset_mad_residual_mean’) together with the unsupervised clustering. The sample

‘PD-1hi isotype rep1’ was removed from further analysis. Limma package (Smyth, 2004) (v3.30.13, from Bioconductor) (Gentleman

et al., 2004) facilitated the analysis of differential expression between the comparisons of i) CD8+ T cell subtypes (PD-1hi versus

PD-1int) and ii) PD-1hi aIL10R treatment versus PD-1hi isotype (FDR adjusted P value < 0.05 and absolute fold change > 0.5). Func-

tional enrichment analysis was carried out on the fold change ranked list of genes using ‘Gene set enrichment analysis’ (GSEA,

pre-ranked) (Subramanian et al., 2005) with the latest mSigDb database version 6 (Liberzon et al., 2011). GSEA was limited to

‘meta’ probe sets associated with a gene symbol. Human orthologs of the ‘meta’ probe sets were retrieved from Ensembl (Yates

et al., 2016) using R package BiomaRt (v2.30.0) (Durinck et al., 2009). In case of multiple probe sets per gene, the ‘meta’ probe set

with the highest variance was kept for genes represented by multiple probe sets. Visualization of the cell cycle from KEGG path-

ways (Kanehisa and Goto, 2000) was accomplished with R package: Pathview (v 1.14.0) (Luo and Brouwer, 2013).

Single-cell RNA-seq of CD3+ T cells and PD-1+ CD8+ T cells from splenocytes of TCL1 AT mouse model
Three TCL1 AT mouse spleen samples were processed for scRNA-seq. CD3+ T cells from two samples were defined as DAPI- CD45+

CD19- CD3+ and sorted by flow cytometry. scRNA-seq and TCR-seq libraries were generated using the Chromium Next GEM Single

Cell V(D)J Solution (v1.1 Chemistry) from 10x Genomics following the manufacturer’s instructions. GEX libraries were sequenced on a

NovaSeq 6000 machine (Illumina), and V(D)J-enriched libraries were sequenced on a NextSeq 550 (Illumina).

CD8+ PD-1+ T cells from one murine sample were defined as DAPI- Lin- (CD19- CD11b- NK1.1-) TCRb+ CD8+ PD-1+ and sorted by

flow cytometry. A scRNA-seq library was constructed using the 10x Genomics Single-Cell 30 Gel Bead and Library V2 kit and

sequenced on a HiSeq 4000 machine (Illumina).

Single-cell RNA-seq data processing and analysis
Raw reads in fastq format were aligned to themm10mouse reference genome using the Cell Ranger pipeline (10x Genomics). Sparse

count matrices for each sample were generated as output files. For data normalization, scaling and dimensionality reduction and cell

clustering, the Seurat v4 toolkit was used (Butler et al., 2018; Stuart et al., 2019). Cells with low-quality data were removed based on

the number of genes expressed andmitochondrial gene content: cells with < 200 genes and potential doublets with > 3,000 genes, as

well as cells with > 10% mitochondrial genes were removed. In addition, genes present in < 2 cells were excluded for downstream

analysis. Hereafter, the two mouse datasets were analyzed using a similar workflow. Each dataset was transformed and normalized

utilizing SCTransform. Per default the 3,000most variable genes from each sample were identified for principal component (PC) anal-

ysis via RunPCA function. Sixteen PCswere considered for further cell clustering. Using the FindNeighbors function, a shared nearest

neighbor graph (SNN) was created, and a hierarchical clustering using Louvain algorithm was generated with the resolution param-

eter set to 0.5-0.7. Non-linear dimensional reduction using UMAP was performed in order to visualize the datasets. Finally, FindAll-

Markers function using the non-parametric Wilcoxon rank sum test identified differentially expressed genes for each cluster, with an

adjusted (Bonferroni correction) p-value of 0.05 set for considering significance.

Computational separation of CD3+ T cells into CD8+ and CD4+ cells
Computational separation of CD8+ and CD4+ T cells was carried out in order to perform a re-clustering on only CD8+ T cells. Cell

separation was based on a calculation of pairwise distances between gene counts and centroids of the 3,000 most variable genes

between CD4+ and CD8+ specific clusters.
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V(D)J T cell analysis
V(D)J transcripts from single cells were aligned and counted using the CellRanger pipeline. Non-productive, as well as productive

rearrangements were evaluated. Two or more cells containing the same a- and b-chain CDR3 consensus nucleotide sequences

were considered as expanded cell clones. The Seurat workflow was used for the mapping of the TCR information into the single-

cell UMAP.

Single-cell trajectory analysis
Single-cell trajectory analysis was inferred using the Monocle 3 software (Qiu et al., 2017). The Seurat object created for previous

analysis was converted tomonocle 3 object using seurat-wrappers. Pseudotime inference was performed on the UMAP created pre-

viously by Seurat using the learn_graph function. The node within the PD-1lo TCF-1hi cell cluster in the trajectory was selected as the

root node and visualized as a pseudotime trajectory on the UMAP.

Single-cell RNA-seq analysis of breast cancer samples
Single-cell RNA-seq data of T cells from 3 breast cancer patients was retrieved fromGEO database (accession number: GSE114724)

(Azizi et al., 2018). Data analysis was done using Seurat package in R (Butler et al., 2018). Patient samples were analyzed indepen-

dently to avoid batch effects. Gene count tables were generated using Read10X followed by CreateSeuratObject function with log-

arithmic normalization of the data. To remove doublets, we excluded cells with high UMI counts (more than 15,000-20,000 UMIs

based on the sample). Dimensionality reduction and clustering was performed on variable genes defined using the FindVariable-

Genes function in Seurat. After performing principal component analysis using RunPCA function, cell clustering was done using

FindClusters followed by creating t-stochastic neighborhood embedding (tSNE) for data visualization using RunTSNE function.

We then focused our analysis on CD8+ T cells, thus we removed clusters with high expression of CD4 or FOXP3, or low expression

of CD8A. Steps of normalizing the data, selecting variable genes, performing PCA, and creating a tSNE were repeated as before.

Average expression of gene signatures per cell was calculated and plotted using the DotPlot function of the Seurat package.

Bulk TCR-sequencing
Total RNA isolated from T cell subsets was used for TCR sequencing byRACEPCR, as previously describedwithminormodifications

(Ruggiero et al., 2015). Briefly, RNA quality was assessed with the Agilent Bioanalyzer. RACE PCR was performed on up to 250 ng

RNA by first strand cDNA synthesis using the SMARTScribe reverse transcriptase (Takara). Therefore, RNA was preincubated with a

primer annealing to the constant region of the TCR beta chain gene (50- CAATCTCTGCTTTTGATG-30) at 72�C for 4 min and at 42�C
for 2 min followed by incubation at 42�C for 60 min in presence of a template-switch oligo containing a 12 bp sample specific bar-

code. Two nested exponential PCRs were subsequently performed using 5 mL of the single-stranded cDNA or 2 mL of the first expo-

nential PCR product, respectively. During second exponential PCR, barcodedmegaprimers were used to create libraries suitable for

MiSeq sequencing. Libraries were purified with 0.65x Ampure XP beads (Beckman Coulter) and pooled for multiplex paired-end

sequencing (R1 = 450 bp; R2 = 50 bp) on the MiSeq platform (Illumina).

Raw sequence reads were sorted according to their barcodes and TCR clonotypes were extracted from deep sequencing data by

MiXCR software (Bolotin et al., 2015). Resulting clonotypes were filtered for nonfunctional sequences and replicates were pooled

using VDJtools (Shugay et al., 2015). Shannon diversity indices (Shannon, 1997) were calculated using Polyclonal-Monoclonal Diver-

sity (PMD) package (Afzal et al., 2019).

ATAC-seq library construction
Sorted T cell populations were incubated for 30 min at 37�C with 2.5 ml Tn5 transposase and 12.5 ml TD buffer (Nextera DNA Library

Preparation Kit; Illumina) in the presence of 0.125% Igepal CA-630 (Sigma-Aldrich) in a volume of 20 ml. The reaction was stopped

with EDTA (final conc. 9 mM; Invitrogen) on ice for 5 min. Barcodes were added by 13-14 PCR cycles conducted with the previously

described PCR conditions (Buenrostro et al., 2013) in the presence of 1x NEBNext High-Fidelity 2X PCR Master Mix (New England

Biolabs) and custom Nextera i5 and i7 index primers (Table S4) in a final concentration of 0.5 mM, before ATAC-seq libraries were

purified with 1.4x Ampure XP beads (Beckman Coulter) and sequenced 100 bp paired-end on Illumina HiSeq 4000.

ATAC-seq data analysis
Sequenced ATAC-seq reads were trimmed using Trimmomatic version 0.36 to remove adaptor sequences.(Bolger et al., 2014)

Trimmed reads were mapped to the mouse genome (mm9) with bowtie2 using the options ‘‘–very- sensitive -X 2000.’’(Langmead

and Salzberg, 2012). Reads overlapping regions contained in the ENCODE blacklist (https://sites.google.com/site/anshulkundaje/

projects/blacklists) and reads mapping to the mitochondrial genome were discarded. All reads from duplicated fragments were

removed with rmdup of SAMtools version 1.3 (Li et al., 2009). Peaks were called using MACS2 version 2.1.1 (Zhang et al., 2008)

with the parameters ‘‘–nomodel -shift �10–extsize 28–broad.’’ To represent the 29 bp region originally occupied by the Tn5 trans-

posase (Adey et al., 2010), all ATAC-seq reads were shifted to be positioned at the cutting site of the Tn5 transposase for all down-

stream analysis. R package, DiffBind (Ross-Innes et al., 2012) was employed to quantify ATAC-seq signal for MACS-called peaks

and to identify differentially accessible sites between aIL10R-treated and untreated PD-1hi effector CD8+ T cells with the default

method of DESeq2 (Love et al., 2014). ATAC-seq peaks were annotated with the annotatePeak function from the R package ChIP-

seeker (Yu et al., 2015) by setting the transcriptional start site region from �1500 to 1500 and using the Bioconductor annotation
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package TxDb.Mmusculus.UCSC.mm9.knownGene (Carlson and Maintainer, 2015). Plots were generated using ggplot2 (Wickham

et al., 2009) and Heatmap3 (Zhao et al., 2014) R packages.

ATAC-seq footprinting
Sequencing reads of same subpopulations fromdifferent individuals were combined for the footprinting analysis and collapsed to the

base of the original position of the transposase. Genomic location of motifs which were found to be enriched in peaks with differential

ATAC-seq signal were identified with ‘‘annotatePeaks.pl’’ of the HOMER software in the corresponding peak set (Heinz et al., 2010).

Ngs.plot (Shen et al., 2014) was used to obtain normalized read coverage over 100 bins and to generate average profile plots for

indicated regions around the center of the motif. Normalized reads generated by ngs.plot were multiplied by 500 for better visuali-

zation in heatmap and ordered according to the posterior probability score calculated by Centipede from the ATAC-seq reads, the

motif conservation score from HOMER and the PWM score (Pique-Regi et al., 2011).

Correlation of IL-10 expression with patient outcome
IL10 gene expressionwas derived fromRNA-seq data of 123 untreated CLL patients (Dietrich et al., 2018). Briefly, RNA fromCLL cells

was extracted using the RNeasy mini kit (QIAGEN) according to themanufacturer’s protocol. RNA quantification was performed on a

Qubit 2.0 Flourometer. Quality was assessed on an Agilent 2100 Bioanalyzer. An RNA integrity number (RIN) of at least 8 was

required. RNA-seq libraries were prepared according to the manufacturer’s protocol (Illumina TruSeq RNA sample preparation

v2). Sequencing was performed on Illumina HiSeq 2000 machines with 2–3 samples multiplexed per lane. The RNA-seq reads

were demultiplexed and aligned to the human reference genome (GRCh 37.1 / hg 19) using STAR version 2.3.0 (Dobin et al.,

2013) with default parameters. Read counts per gene were obtained with htseq-count using the default mode union. Differential

expression calling was performed using DESeq2 (Love et al., 2014). Cox regression modeling was performed to assess the impact

of IL10mRNA expression on time to next treatment which was dichotomized at median expression of IL10 and plotted using the Ka-

plan-Meier method.

In an independent cohort of 73 relapsed/refractory CLL patients, IL10 transcript expression was derived from a gene expression

profiling series conducted on PBMCs from patients enrolled on a multicenter phase 2 trial (NCT00274976) (Stilgenbauer et al., 2009).

Specimen were collected at enrolment on the trial and before application of therapy. Ficoll density gradient (1.077 g/mL) centrifuga-

tion at 1,000 g for 20min was used to select PBMCs. Extraction of mRNA for expression profiling was done by using the Allprep DNA/

RNA mini kit (QIAGEN). Quality control on purity, concentration and RNA integrity was performed using the Agilent 2100 Bioanalyzer

with the RNA 6000 Nano LabChip (Agilent Technologies) and the 2100 Expert Software. Specimen used for gene expression profiling

had an RIN of at least 7.0. Expression profiling was conducted on the Affymetrix GeneChip� Human Exon 1.0 ST Array (Affymetrix,

Santa Clara, CA, USA). According to themanufacturer’s protocol instructions, 250 ng RNA per specimen were amplified, transcribed

to cDNA, fragmented and subsequently labeled with Biotin. Array hybridization in the Affymetrix GeneChip� Hybridization Oven 640

was performed at 45�C for 16-18 h, arrayswere subsequently washed in the Fluidics Station 450 and scanned on theGeneChip scan-

ner 3000 7G. Raw Affymetrix Human Exon array data files have been preprocessed by the robust multichip average (RMA) algorithm

using aroma.affymetrix. Gene expression valueswere summarized on the transcript level using the ‘core’ probe set definition accord-

ing to Affymetrix (Bengtsson et al., 2008). Progression-free survival (PFS) and overall survival (OS) was compared for patients with

high and low IL10 expression, dichotomized at median expression of IL10.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data were analyzed using Prism 5.04 GraphPad software. Comparisons of two different sample groups were performed using un-

paired t test with Welch approximation to account for unequal variances, unless otherwise indicated. Paired t test was used when

comparing two cell populations within the same sample. One-way ANOVA analysis followed by Tukey’s multiple comparison test

or Kruskal-Wallis test were used for multiple group comparisons. Correlation between two parameters was calculated using Spear-

man’s rank correlation coefficient. Values of p < 0.05 were considered to be statistically significant. All graphs show means ± SEM,

unless otherwise indicated.
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