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ABSTRACT
Diffuse large B-cell lymphoma (DLBCL) is an aggressive malignancy arising from germinal center or post- 
germinal center B-cells that retain many of the properties of normal B-cells. Here we show that a subset of 
DLBCL express the cytokine IL-10 and its receptor. The genetic ablation of IL-10 receptor signaling 
abrogates the autocrine STAT3 phosphorylation triggered by tumor cell-intrinsic IL-10 expression and 
impairs growth of DLBCL cell lines in subcutaneous and orthotopic xenotransplantation models. 
Furthermore, we demonstrate using an immunocompetent Myc-driven model of DLBCL that neutraliza-
tion of IL-10 signaling reduces tumor growth, which can be attributed to reduced Treg infiltration, 
stronger intratumoral effector T-cell responses, and restored tumor-specific MHCII expression. The effects 
of IL-10R neutralization were phenocopied by the genetic ablation of IL-10 signaling in the Treg compart-
ment and could be reversed by MHCII blockade. The BTK inhibitor ibrutinib effectively blocked tumor cell- 
intrinsic IL-10 expression and tumor growth in this Myc-driven model. Tumors from patients with high IL- 
10RA expression are infiltrated by higher numbers of Tregs than IL-10RAlow patients. Finally, we show in 16 
cases of DLBCL derived from transplant patients on immunosuppressive therapy that IL-10RA expression 
is less common in this cohort, and Treg infiltration is not observed.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common 
B-cell malignancy and accounts for approximately 35% of 
newly diagnosed adult B-cell lymphoma cases worldwide and 
for almost 30% of lymphoma-associated mortality. The two 
main molecular subtypes were initially classified as germinal 
center B-cell like (GCB) DLBCL and activated B-cell like 
(ABC) DLBCL based on their gene expression profiles; these 
subtypes have more recently been further stratified into four to 
five distinct subsets according to their mutation patterns, 
somatic copy number alterations, and structural variants.1– 

4DLBCL originates from antigen-activated B-cells that are 
arrested at distinct maturation stages of the germinal center 
(GC) reaction. DLBCL cells are known to hijack various path-
ways essential for normal B-cell development and maturation, 
and rely especially on transcription factors, signaling molecules 
and enzymes required for proliferation and differentiation 
during the GC reaction.5 Examples include MYC, BCL-6, 
NF-кB, FoxP1 and STAT3, all of which are expressed at distinct 
stages of the GC reaction, and are aberrantly over-expressed or 
chronically activated in specific subsets of DLBCL.5–7 The 
standard first-line therapy regimen for DLBCL, R-CHOP, con-
sists of a combination of chemotherapeutic and cytotoxic 
agents with the anti-CD20 monoclonal antibody rituximab. 
Although the majority of patients on R-CHOP are cured, 

over a third will develop recurrent or refractory, and ultimately 
fatal disease for which targeted therapies are not yet 
available.8,9

Constitutive activation of the transcription factor signal 
transducer and activator of transcription (STAT) 3 is linked 
to a particularly poor prognosis in DLBCL patients.10–13 We 
have shown recently that a constitutively active IL-6/STAT3 
signaling axis is a critical driver of, and negative prognostic 
factor in DLBCL.10 Several cytokines activate STAT3 in addi-
tion to IL-6; these include type I interferons, EGF and IL-10/ 
IL-22 family cytokines.14 STAT3 was recently shown to coun-
teract, rather than promote type I interferon signaling in ABC- 
DLBCL15 and EGF fails to activate STAT3 in vitro in DLBCL 
cell lines.16 We thus focused here on IL-10 as it is well known to 
activate STAT3 in vitro in DLBCL, high serum levels of IL-10 
correlate strongly with poor survival,16 and the loci encoding 
both chains of the IL-10 receptor (IL10RA and IL10RB) are 
amplified in a substantial fraction (21 and 10%, respectively) of 
DLBCL.17 High IL-10 expression of is believed to be one of the 
consequences of the particularly detrimental co-occurrence of 
activating mutations in MYD88 and components of the B-cell 
receptor signaling axis, such as CD79A, CD79B and 
CARD11.18,19 IL-10 dimerizes and binds to the hetero-tetra-
meric IL-10R complex composed of two ligand-binding IL- 
10RA and two accessory IL-10RB subunits. We show here
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that the expression of IL-10 and its receptor is strongly biased 
toward the ABC-DLBCL subtype, and is linked to o-occurring 
MYD88/CARD11 or MYD88/CD79A/B mutations. 
Constitutive IL-10/IL-10R expression correlates tightly with 
STAT3 activation, and antibody-mediated neutralization, or 
genetically engineered loss of IL-10 signaling abrogates lym-
phoma growth in genetic, serial transplantation and xenotrans-
plantation models of DLBCL through a combination of 
lymphoma cell-intrinsic as well as -extrinsic mechanisms.

Materials and methods

Cell culture

We used 13 DLBCL cell lines including six of the GCB subtype 
(SU-DHL4-4, SU-DHL5, SU-DHL6, SU-DHL8, SU-DHL10, 
and SU-DHL16), six of the ABC subtype (HBL-1, OCI-Ly3, 
OCI-Ly10, SU-DHL2, RIVA and U-2932) and one unclassified 
DLBCL cell line (RC-K8) that have been previously described.-
10,20,21 Treatments with IL-10 and IL-6, anti-IL-10RA and anti- 
IL-6R antibody and the BTK inhibitor ibrutinib are described 
in the supplemental methods, as are procedures assessing pro-
liferation, apoptosis and cell viability, cytokine production by 
ELISA, and Western blotting. The construction of IL-10R 
knock-out cell lines through a lentiviral approach, and the 
analysis of TCGA RNA-Seq and whole exome sequencing 
data is also described in detail in the supplement.

Animal experimentation

M-CSFh;IL-3/GM-CSFh;hSIRPAtg;TPOh;Rag2–γc−IL-6h 

(MISTRG6) mice22 as well as NSG mice were obtained from a 
local repository. For the subcutaneous and orthotopic xeno-
transplantation models, 1 × 107 OCI-Ly3 or HBL-1 cells were 
injected subcutaneously into both flanks, or intravenously into 
6-8 weeks old mixed-gender NSG and MISTRG6 mice. For 
patient-derived xenograft transplantation, primary DLBCL 
cells (obtained from the Clinic of Hematology-Oncology at 
the University of Zürich) were transplanted by i.v. injection 
(1 × 106 cells) to MISTRG6 mice as previously described.10 

Ethical approval for work with primary DLBCL cells was 
obtained from the Ethical Commission of the Canton of 
Zurich (KEK-ZH-Nr. 2009–0062/1). IL-10 in serum was 
assessed using a human IL-10 ELISA kit (BD Biosciences). 
For the syngeneic serial transplantation model of Myc-expres-
sing lymphoma cells, 1 × 106 cryopreserved splenic tumor cells 
were injected intravenously into 6-8 weeks old mixed-gender 
mice; all host strains are described in the supplement. Anti- 
mouse IL-10RA (1B1.3A), anti-mouse MHCII (M5/114), anti- 
mouse PD-L1 (10 F.9G2), and isotype control antibodies were 
purchased from BioXCell. Mice were administered an initial 
500 µg dose i.p. on the day of tumor cell injection, followed by 
twice weekly injections of 300 µg. Mice were monitored for 
disease symptoms including enlarged lymph nodes, weight 
loss, and hind leg paralysis. Ibrutinib was administered twice 
weekly at 25 mg/kg via oral gavage. For longitudinal monitor-
ing of Myc-transgenic mice, mice were immunized i.p. at 14- 
day intervals with 10% sheep red blood cells (Innovative 
Research) and monitored for clinical symptoms and enlarged 

lymph nodes. All flow cytometry, immunohistochemistry, 
qRT-PCR procedures and primer sequences are described in 
the supplemental methods. All animal studies were reviewed 
and approved by the Zurich Cantonal Veterinary Office 
(licenses 235/2015, 132/2019 with their amendments, to A.M.).

Immunohistochemistry of DLBCL patient cohorts

DLBCL patient cohorts were stained for IL-10RA utilizing the 
Cell Signaling antibody clone D3A7 mAb9145 at 1:50 dilution, 
for FoxP3 using the Abcam clone ab20034 at 1:50 dilution and 
for the IL-6R subunit gp130 using the Abcam polyclonal anti-
body ab170257 at 1:200 dilution. Cut-offs were determined as 
described previously.23 For co-immunofluorescence micro-
scopy, cryosections from two patients were stained for CD4 
using the Abcam monoclonal antibody ab133616 (clone 
EPR6855), and for Foxp3 using the Santa Cruz antibody (sc- 
53876) (clone 2A11 G9), each at 1:100 dilution. Images were 
recorded using a Leica DM6 B Microscope. Informed consent 
was obtained from all subjects, and all experiments using 
human material conformed to the principles set out in the 
WMA Declaration of Helsinki and the Department of Health 
and Human Services Belmont Report.

Statistics

All statistical analyses were performed using GraphPad Prism 
software. Graphs represent means plus standard deviation of at 
least two independent experiments, and statistical analysis was 
performed using two-tailed Mann–Whitney test, or one-way 
ANOVA (in the case of normal data distribution) or by non- 
parametric ANOVA (Kruskal–Wallis test, in the case of non- 
normal data distribution) with Tukey’s multiple comparisons 
correction.

Results

STAT3 is a driver of experimentally induced 
lymphomagenesis and positively correlates with IL-10 
receptor expression in ABC-DLBCL patients

To address experimentally whether Stat3 contributes to lym-
phomagenesis, we took advantage of Eµ-Myc mice, which 
harbor a transgene allowing for c-Myc expression under the 
immunoglobulin heavy chain enhancer and develop lympho-
mas in the lymph nodes and spleen.24 Murine Myc-driven 
lymphomas are positive for the B-cell markers CD19 and 
CD20, and express intermediate levels of CD45; they are 
further positive for the activation marker CD44 and the 
ABC-DLBCL markers CD138 and MUM1/IRF4, and negative 
for the GCB-DLBCL marker BCL-6 (Supplementary Fig. S1a). 
Approximately 90% of lymphoma cells are positive for Ki67, 
and all cells express high levels of BCL-2; in contrast to normal 
B-cells, only very few lymphoma cells express IgD 
(Supplementary Fig. S1a). The resulting immunophenotype is 
most consistent with a diagnosis of DLBCL of the ABC 
subtype.25 Eµ-Myc mice were crossed with Aid-Cre x Stat3fl/fl 

mice to generate a triple composite strain that allows for GC B- 
cell-specific ablation of Stat3 upon immunization with sheep
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red blood cells (SRBCs). All Stat3wt/wt mice developed lympho-
mas and had to be euthanized within 100 days, whereas the 
majority of Stat3fl/fl littermates were still alive at this time point 
(Figure 1a). Heterozygous Stat3fl/wt mice showed an 

intermediate phenotype (Figure 1a). The spleen and lymph 
node weights recorded at the study endpoint confirmed the 
critical role of Stat3 expression in GC B-cells in Myc-induced 
lymphomagenesis (Figure 1b,c).

Figure 1. STAT3 promotes experimentally induced lymphomagenesis and germinal center B-cell proliferation and is activated in IL-10RA-expressing ABC- 
DLBCL patients. a-c, Disease-specific mortality and lymphoma burden of cohorts of 8–25 mice each of the indicated genotypes (n is indicated in the figure). Mice were 
immunized every two weeks i.v. with sheep red blood cells to induce AID-Cre expression. Pooled weights of the axillary and inguinal lymph nodes are shown in b, and 
spleen weights are shown in c for all mice of the study. d-f, Mice of the indicated genotypes were immunized once i.v. with sheep red blood cells and assessed 10 days 
later for their lymph node weights (combined axillary and inguinal; d) and by flow cytometry of splenocytes for their frequencies of GC B-cells (e) and centroblasts (f). g, 
h, 122 DLBCL cases were stained for IL-10RA and pSTAT3; G reports the number of pSTAT3+ cells per mm2 of all 102 IL-10RA+ and 20 IL-10RA− cases. Representative 
stainings of IL-10RA and pSTAT3 are shown in h; scale bar, 100 µm. Ii, Correlation of STAT3 with IL10 and IL10RA expression, respectively, plotted for 206 DLBCL patients 
for whom RNA-seq-based transcriptomic data is available via TCGA. The color codes and symbols indicate genetic subtype as assigned by Schmitz et al.4 Data in a-c are 
pooled from four cohorts of littermates; data in d-f are pooled from three independent studies. Horizontal lines indicate medians throughout. Statistical comparisons 
were performed either by one-way ANOVA (in the case of normal data distribution) or by non-parametric ANOVA (Kruskal–Wallis test, in the case of non-normal data 
distribution) with Tukey’s multiple comparisons correction, or by log rank test (in i). n is indicated in each figure panel. ns, not significant, *p < .05, **p < .01, ***p < .005, 
****p < .0001.
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To examine whether the loss of Stat3 predisposes to GC B-cell 
hyperproliferation, we immunized the above-mentioned Aid-Cre 
x Stat3fl/fl mice (not expressing Myc) with a single dose of SRBCs 
to induce GCs and Aid-Cre expression. SRBC immunization 
resulted in larger inguinal and axillary lymph nodes and an 
increase of splenic CD19+CD95+CD38low GC B-cell frequencies 
and CXCR4hiCD86low centroblast frequencies in Stat3wt/wt and 
Stat3fl/wt mice as determined by flow cytometry; these effects were 
reduced in Stat3fl/fl mice (Figure 1d-f). Centrocyte frequencies 
were unchanged (Supplementary Fig. S1b). Spleens of Stat3fl/fl 

mice exhibited fewer GCs than the other two genotypes, and 
individual GCs were smaller as assessed by staining spleen sec-
tions for the proliferation marker Ki67 (Supplementary Fig. S1c- 
f). The combined results implicate Stat3 in driving the hyperpro-
liferation of murine GC B-cells in a cell-intrinsic manner.

Activation of the IL-10 receptor (IL-10R) is known to drive 
STAT3 phosphorylation upon binding of the ligand to its dimeric 
receptor. We therefore asked whether the genetic loss of IL-10R 
signaling in Aid-Cre x Il10rfl/fl mice, or blockade of IL-10 signaling 
by a neutralizing antibody to IL-10R would phenocopy the effects 
of Stat3 ablation in the germinal center compartment. This was 
indeed the case, as the lymph nodes of Aid-Cre x Il10rfl/fl mice 
were much smaller than those of their wild type littermates after 
immunization, and IL-10R neutralization also reduced lymph 
node sizes to base line (non-immunized) levels (Supplementary 
Fig. S1g,h). We next asked whether IL-10R expression correlates 
with phosphorylated STAT3 in patients. We stained tissue micro-
arrays containing 122 well-annotated DLBCL cases with available 
information for the expression of gp130,10 which also signals via 
STAT3, to study the expression of IL-10Rα chain (IL-10RA) and 
pSTAT3. 91 of the 122 cases originated from a published historic 
cohort,26,27 and 31 were from a prospective clinical trial cohort 
that has additionally been characterized for 68 recurrently 
mutated genes in DLBCL.28 Of the 122 cases, 13 (10.6%) expressed 
gp130, 13 (10.6%) expressed IL-10RA, and 89 (73%) expressed 
both receptors (Supplementary Fig. S1i); only 7 (5.7%) were 
negative for both. The correlation between both receptors was 
statistically significant (Rho = 0.247, p = .018). The expression of 
IL-10RA was more common in the ABC-DLBCL subtype, which 
accounted for 74% of IL-10R-positive, but only 58% of IL-10R- 
negative cases. IL-10RA expression correlated with STAT3 phos-
phorylation (Rho = 0.258, p = .005); the mean pSTAT3-positivity 
in the 102 IL-10R-positive DLBCL patients was 16.64 ± 24.99 cells 
per mm2, whereas this number was 1.57 ± 2.28 cells per mm2 in 
the 20 IL-10R-negative DLBCL patients (p = .027; Figure 1g,h). 
The expression of STAT3 further correlated well with the expres-
sion of both IL10RA and IL10 in a transcriptomic dataset of 206 
DLBCL patients available through the Cancer Genome Atlas 
(TCGA)4 (Figure 1i). The combined results implicate STAT3 in 
driving DLBCL pathogenesis in a Myc-driven experimental 
model, and are consistent with the hypothesis that IL-10 signaling 
contributes to STAT3 activation in this malignancy.

IL-10 is expressed by IL-10R-positive ABC-DLBCL cell lines 
in a BTK-dependent manner

We next examined the expression of IL-10 and its receptor in a 
panel of 13 DLBCL cell lines. Of six ABC-DLBCL cell lines, all 
were at least moderately positive for IL-10RA as determined by 

flow cytometry; in contrast, the majority (i.e. five of six) of GCB- 
DLBCL cell lines and one unclassified DLBCL cell line (RC-K8) 
were all negative (Figure 2a,b). IL-10RA expression at the tran-
script level largely confirmed the surface expression of IL-10RA 
(Figure 2c). Six of the seven IL-10RA-expressing cell lines were 
also positive for its ligand IL-10 as determined by ELISA and qRT- 
PCR (Figure 2d,e). We were able to link IL-10/IL-10RA expres-
sion to two types of mutational patterns, i.e. inactivating SOCS1 
mutations on the one hand, and MYD88 mutations on the other; 
in some cell lines, the MYD88 mutations co-occurred with either 
CARD11, CD79A or CD79B mutations (Figure 2d), which results 
in chronic active B-cell receptor signaling. Indeed, blocking BCR 
signaling with the Bruton’s tyrosine kinase (BTK) inhibitor ibru-
tinib prevented IL-10 expression by cell lines with co-occurring 
MYD88/CD79B or MYD88/CD79A (HBL-1, OCI-Ly10), or a 
TNFAIP3 mutation (U2932) but not MYD88/CARD11 (OCI- 
Ly3) or single MYD88 (SU-DHL2) or SOCS1 (SU-DHL5) muta-
tions (Figure 2f). We next used the combined transcriptomic and 
exome sequencing TCGA data of the 206 patients mentioned 
above to examine at a larger scale the expression of IL10RA and 
of IL10 in the context of mutational landscape and gene expres-
sion subtype. Interestingly, we found IL10 transcript levels to be 
highest in ABC-DLBCL cases assigned to the “MCD” genetic 
subtype of DLBCL (Figure 2g,h), which features co-occurrence 
of MYD88L265P and CD79B mutations, and an ABC-DLBCL gene 
expression signature.4 The lowest IL10 expression was observed in 
the “EZB” subtype (Figure 2g,h), which is characterized by trans-
locations juxtaposing BCL2 to the IGH enhancer in combination 
with frequent mutations in the chromatin modifier EZH2.4 

Intermediate IL10 expression was observed in the two remaining 
subtypes, “BN2” and “N1”. High IL10 expression was more tightly 
linked to “MCD” genetic subtype than to ABC-DLBCL gene 
expression subgroup, as non-“MCD” ABC-DLBCL cases did not 
stand out as particularly IL10-high (Supplementary Fig. S2a). The 
expression of IL10RA was also lowest in the “EZB” subtype, but 
comparable in the other three genetic subtypes (Figure 2g,h); an 
enrichment was clearly seen within the highest relative to the 
lowest quartile of IL10- and IL10R-expressing cases for the 
ABC-DLBCL gene expression subtype (Figure 2h, 
Supplementary Fig. S2b). In summary, the expression of both 
the cytokine and the unique chain of its receptor is highly variable 
in DLBCL, strongly biased toward the ABC subtype of the disease, 
and highest in cases with co-occurring MYD88 and CD79B muta-
tions and -in the case of IL-10- can be effectively suppressed by 
BTK inhibition.

Endogenous IL-10 expression drives constitutive STAT3 
phosphorylation

As we had observed a strong positive correlation between IL- 
10RA expression and STAT3 phosphorylation in our cohort of 
122 patients (Figure 1g,h), we subjected our cell lines to 
pSTAT3 Western blotting. All IL-10-expressing, but none of 
the IL-10-negative cell lines were at least modestly positive for 
pSTAT3 (Tyr705) at steady state (Figure 3a,b; examples: HBL- 
1, OCI-Ly10, SU-DHL2); in these IL-10-expressing, as well as 
two cell lines with surface expression of IL-10RA but no endo-
genous IL-10 expression (RIVA, SU-DHL16), exogenously 
added recombinant IL-10 induced STAT3 phosphorylation
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(Figure 3a,b). Moreover, IL-10 was more efficient than IL-6 at 
inducing STAT3 phosphorylation (Supplementary Fig. S3a,b) 
in two cell lines, SU-DHL5 and OCI-Ly3, that express both 

cytokine receptors (Figure 2a and shown previously).10 

Conversely, the neutralization of endogenously expressed IL- 
10 by a specific antibody reduced STAT3 phosphorylation

Figure 2. IL-10 expression is highest in ABC-DLBCL with co-occurring MYD88/BCR mutations and can be blocked by BTK inhibition. a-c, IL-10RA expression was 
assessed by flow cytometry (a,b) and at the transcript level by qRT–PCR (c), normalized to RPLP32, for a panel of 13 DLBCL cell lines. ABC- and GCB-DLBCL cell lines are 
color-coded in red and green; RC-K8 is depicted in gray, as it shares features with both subtypes; bold labeling indicates the IL-10RA-positive cell lines in a. b shows the 
means + SD of at least two and up to three independent measurements, except for HBL-1 and OCI-Ly10, which were analyzed only once. d,e, IL-10 production of the 
indicated cell lines (color code as in a-c) as quantified by ELISA and normalized to cell number (shown per 1,000 cells, d), and by qRT–PCR, normalized to RPLP32 (e). n.d., 
not detectable. The mutational status of the indicated genes is shown below the bar graphs in d; + indicates that the gene is mutated; ? indicates that the SOCS1 status 
of the SU-DHL8 cell line is a matter of debate. f, IL-10 production of the indicated cell lines, as assessed by ELISA after 48 hours of incubation with or without 0.01 µM 
ibrutinib. Pooled data from two to three sets of samples/experiments are shown in c-f. g, IL10 and IL10RA gene expression of 206 DLBCL cases, stratified based on 
genetic subtype as assigned by Schmitz et al.4 h, Co-oncoplots showing the mutational landscape of IL10hi and IL10low (left panels), as well as IL10RAhi and IL10RAlow 

(right panels) DLBCL cases (highest and lowest quartile, respectively, representing ~50 cases each, cases sorted by decreasing expression of the gene of interest). Nine 
genes with most variants between the lowest and highest quartiles are shown; color codes indicate genetic and gene expression subtypes and type of mutation. Note 
that a missense mutation is a non-synonymous mutation that changes a codon, and a nonstop mutation is a type of missense mutation but occurs specifically within the 
stop codon. p-values (*p < .05, **p < .01, ***p < .005, determined by log-rank test) next to gene symbols indicate that that gene is significantly differentially affected by 
mutations in the lowest vs. highest quartile of IL10/IL10RA expression. See also Supplementary Fig. S2 for comprehensive oncoplots of all 206 patients.
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(Figure 3c); IL-10R blockade was even more efficient than IL- 
6R blockade at reducing STAT3 phosphorylation 
(Supplementary Fig. S3c,d). The genetic ablation of IL10RA 
in two IL-10R-positive cell lines by genome editing also 
strongly reduced STAT3 phosphorylation (Figure 3d,e). The 
combined results suggest that STAT3 activation is linked to IL- 
10R expression in DLBCL cell lines, and that a subset of 
(mainly ABC-) DLBCLs produce IL-10 to maintain high levels 
of pSTAT3.

IL-10 signaling is essential for lymphoma growth in vivo

Having generated DLBCL cell lines that lack IL-10R signaling due 
to IL10RA genetic ablation, we asked whether this manipulation 
impaired their growth and survival in vitro and in vivo. No growth 
defects were observed in two IL-10RAKO cell lines relative to their 
parental lines as judged by cell counts over time, cell viability and 
apoptosis (Supplementary Fig. S4a-c). The addition of recombi-
nant IL-10 did not increase viability (Supplementary Fig. S4a,b). 
Although one of two commercially available IL-10-neutralizing 
antibodies reduced cell viability, this effect was observed with both 
IL-10RA-proficient and -deficient cells (Supplementary Fig. S4d), 
which makes the results difficult to interpret. The proliferation of 
IL-10RA-proficient and -deficient cells was comparable as judged 
by CFSE dilution and competitive proliferation assay 
(Supplementary Fig. S4e,f).

We next asked whether IL-10 signaling is essential for in 
vivo growth. To this end, we subcutaneously transplanted IL- 
10RA-proficient and -deficient OCI-Ly3 and HBL-1 cells onto 
the flanks of immunocompromised NSG and MISTRG6 mice; 
IL-10RA-proficient tumors were substantially heavier and lar-
ger than those formed by IL-10RA-deficient cells of both cell 
lines (Figure 4a-c). The same difference was observed in an 
orthotopic model of engraftment in the spleen and bone mar-
row of MISTRG6 mice (Figure 4d,e). Given the cell-intrinsic 
relevance of active IL-10/IL-10R/STAT3 signaling in vivo, we 
asked whether this pathway could be exploited for treatment 
purposes. An extensive drug screen failed to reveal differences 
between the genotypes (Supplementary Fig. S4g). Similarly, no 
major transcriptional differences between IL-10RA-proficient 
and -deficient HBL-1 and OCI-Ly3 cells were detected by RNA 
sequencing (Supplementary Fig. S4h); not unexpectedly, how-
ever, we found that numerous known STAT3 target genes -as 
identified by ChIP-seq and other methods29,30- were down-
regulated in both cell lines upon IL-10RA loss (Supplementary 
Fig. S4i), lending further support to the notion that IL-10 
signals via STAT3 in this setting. Interestingly, alternative 
STATs that have been described in the literature as down-
stream of IL-10 signaling, such as STAT1, STAT5 and 
STAT6,31 were up- rather than downregulated in both IL- 
10RA-deficient cell lines (Supplementary Fig. S4i), arguing 
against a major role of these STATs in lymphoma engraftment

Figure 3. IL-10 induces STAT3 phosphorylation in IL-10RA-positive DLBCL cell lines. a,b, STAT3 phosphorylation as determined by Western blotting of the 
indicated ABC-DLBCL and GCB-DLBCL cell lines, with and without 2 hours of exposure to 30 ng/mL hIL-10. A representative Western blot is shown in a, and the 
densitometric quantification of pSTAT3/STAT3, normalized to tubulin, of one to three Western blots per cell line is shown as means + SD in b. c, STAT3 phosphorylation 
as assessed by Western blotting and quantified by densitometry, of two representative ABC-DLBCL cell lines, with or without 2 hours of exposure to 10 µg/mL IL-10RA- 
neutralizing antibody (clone 37607). d,e, Genetic deletion of IL10RA by CRISPR/Cas9 in the two indicated ABC-DLBCL cell lines results in loss of IL-10RA expression as 
determined by flow cytometry (d) and in reduced STAT3 phosphorylation as assessed by Western blotting (e) (WT, wild type; KO, IL-10RAKO). Data are representative of 
two clones per cell line, generated with two different single guide RNAs.
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and growth. These combined results suggest that the IL-10/IL- 
10R/STAT3 axis, while essential in vivo, is not relevant for in 
vitro growth of DLBCL cells, at least under the investigated 
conditions.

Antibody-mediated neutralization of IL-10 signaling 
reduces lymphoma growth in a serial transplantation 
model

Having shown in xenotransplantation models that IL-10 sig-
naling cell-autonomously boosts tumor growth, we turned to a 
syngeneic serial transplantation model of Myc-driven lympho-
magenesis that allowed us to determine both cell-intrinsic and 
-extrinsic effects of IL-10 signaling on tumor growth. To this 
end, splenic lymphoma cells from Myc-transgenic mice were 
transplanted into immunocompetent wild type recipients. IL- 
10R neutralization strongly reduced lymph node weights and 
the frequencies of CD19+ CD45int tumor B-cells in the lymph 
nodes (Figure 5a,b); tumor B-cells could be readily distin-
guished from normal B-cells by their intermediate CD45 
expression and strongly positive Ki67 staining (Figure 5b, 
Supplementary Fig. S5a,b). IL-10R neutralization increased 
the lymph node frequencies of TCRα/β+ T-cells, equally affect-
ing CD4+ and CD8+ T-cell populations (Figure 5c,d, 
Supplementary Fig. S5c). Among CD4+ and CD8+ T-cells, 
TNF-α-producing, activated cells were somewhat increased as 
a result of IL-10R neutralization (Supplementary Fig. S5d); in 
contrast, FoxP3+ regulatory T-cells (Tregs), which represent a 
major component of the lymphoma microenvironment, were 
reduced under IL-10R neutralization (Figure 5e, 

Supplementary Fig. S5c). Treg depletion by diphtheria toxin 
(DT) administration to Foxp3-iDTR-transgenic mice phe-
nocopied the effects of IL-10R neutralization, and the latter 
failed to further improve tumor control in the absence of Tregs 
(Figure 5f, Supplementary Fig. S5e). The reduction in the 
tumor burden of Treg-depleted mice coincided with strongly 
increased intratumoral CD4+ and CD8+ T-cell frequencies 
(Figure 5g, Supplementary Fig. S5f). We also asked whether 
the adoptive transfer of 100.000 flow cytometrically sorted 
intratumoral Tregs into tumor-bearing recipients would 
further compromise lymphoma immunity and boost tumor 
growth; this was not the case (Figure 5f,g, Supplementary Fig. 
S5e,f). Tregs in the tumor microenvironment expressed the 
surface marker Neuropilin-1, attesting to their thymic origin 
(Supplementary Fig. S5g).

When staining tumor B-cells for the expression of various sur-
face markers, we found that surface MHCII expression differed as a 
function of Treg presence (Figure 5h). As this piece of circumstan-
tial evidence pointed to the restoration of MHCII expression as a 
possible mechanism underlying improved lymphoma control due 
to IL-10 neutralization, we combined IL-10R neutralization with 
MHCII blockade using a specific antibody. Indeed, MHCII block-
ade completely reversed the effects of IL-10R neutralization and 
restored lymph node and spleen weights, and the lymphoma burden 
back to isotype control levels (Figure 5i,j, Supplementary Fig. S5h). 
The increase in both the intratumoral CD4+ and CD8+ T-cell 
frequencies observed upon IL-10R neutralization was reduced 
upon simultaneous MHCII blockade (Figure 5k, Supplementary 
Fig. S5i). IL-10R neutralization was approximately as efficient as, 
but not synergistic with checkpoint inhibition using a PD-L1

Figure 4. The IL-10 signaling axis is essential for lymphoma growth in vivo in xenotransplantation models. a-c, NSG and MISTRG6 mice were subcutaneously 
injected with 1 × 107 IL-10RA-proficient and -deficient OCI-Ly3 (a) or HBL-1 cells (b) on each flank at 6–8 weeks of age; tumor weights were determined at the study end 
point (5–6 weeks for NSG and 3 weeks for MISTRG6 mice). Data are pooled from two to four independent studies per graph, except for OCI-Ly3 in MISTRG6, which was 
done only once. The image in c shows tumors from MISTRG6 mice. d,e, MISTRG6 mice were intravenously injected with 1 × 107 IL-10RA-proficient or -deficient HBL-1 
cells at 6 weeks of age; the lymphoma burden was quantified in the spleen (SP, d) and bone marrow (BM, e) by flow cytometric staining for hCD45 and by ZsGreen 
expression at the study endpoint (5 weeks post injection). Data in d and e are pooled from three independent experiments. Horizontal lines indicate medians. *p < .05, 
***p < .005, ****p < .001, as determined by Mann-Whitney test.
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Figure 5. Neutralization of IL-10R signaling reduces the lymphoma burden in a syngeneic transplantation model and reduces the intratumoral frequencies 
of regulatory T-cells. a-e, C57BL/6 mice were intravenously injected with 1 Mio >90% pure lymphoma cells isolated from the spleens of Eµ-Myc-transgenic donors, and 
examined at the study endpoint (10–15 days post injection) with respect to their lymph node weights and the frequencies and surface marker expression of various 
lymph node leukocyte populations by flow cytometry. An initial dose of 500 µg anti-IL-10RA neutralizing or control IgG antibody was i.p. injected shortly before tumor 
cell inoculation, followed by twice weekly injections of 300 µg antibody. Control mice did not receive tumor cells. (a) Combined axillary and inguinal lymph node 
weights of anti-IL-10RA- or control IgG antibody-treated mice. (b) Tumor B-cell frequencies in axillary and inguinal lymph node preparations as determined by staining 
for CD19 and CD45, of the mice shown in A, alongside representative FACS plots of one mouse per group. The Ki67 signal of the tumor B-cells is shown as well. See 
suppl. Figure 5a for the complete gating strategy. (c,d) Frequencies of TCRβ+ T-cells, of CD4+ T-cells and of CD8+ T-cells among all leukocytes, as determined by flow 
cytometry. See suppl. Figure 5c for the gating strategy. (e) Frequencies of FoxP3+ Tregs among all CD4+ T-cells, as determined by intracellular staining for FoxP3; 
representative FACS plots of one mouse per group are shown alongside the summary plot for all mice. f,g, Frequencies of tumor B-cells and of CD4+ T-cells in axillary 
and inguinal lymph node preparations as determined by staining for CD19, CD4 and CD45, of anti-IL-10R- or control IgG antibody-treated WT and Foxp3-iDTR mice. Mice 
received twice weekly i.p. doses of 20 ng/g diphtheria toxin (DT) to deplete Tregs, starting from one day before tumor cell injection. Treg depletion efficiency was >90%. 
Four mice were each injected i.v. with 100ʹ000 Tregs that had been sorted from the tumors of Foxp3-iDTR mice based on their GFP expression, on day four post tumor 
cell transplantation. h, MHCII expression as determined by flow cytometry, of a subset of the mice shown in a-e. A representative histogram of the MHCII signal of two 
representative mice is shown alongside the summary plot of all mice. i-k, C57BL/6 mice were intravenously injected with 1 Mio >90% pure lymphoma cells and 
examined at the study endpoint (10–15 days post injection) with respect to their lymph node weights (i), tumor B-cell frequencies (j) and CD4+/CD8+ T-cell frequencies 
(k). An initial dose of 500 µg anti-IL-10RA neutralizing and/or MHCII-blocking or control IgG antibody was i.p. injected shortly before tumor cell inoculation, followed by
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blocking antibody (Supplementary Fig. S5j), indicating that IL-10R 
and PD-L1 blockade act in the same pathway to boost T-cell 
immunity to Myc-driven lymphomagenesis. The combined data 
suggest that tumor-derived IL-10 serves to recruit Tregs and to 
thereby suppress tumor immunity.

IL-10 acting cell-intrinsically on Tregs drives the 
accumulation and proliferation of Tregs in the lymphoma 
microenvironment
To examine whether the accumulation of Tregs in the lym-
phoma microenvironment and their suppressive activity on 
lymphoma control are Treg-intrinsically controlled by IL-10, 
we ablated the Il10r gene in the Treg compartment by creating 
Foxp3-Cre x Il10rfl/fl mice. Upon injection of Myc-expressing 
lymphoma cells, Foxp3-Cre x Il10rfl/fl mice controlled their 
tumors more efficiently than their Cre-negative littermates 
(Figure 6a,b). Improved tumor control coincided with higher 
frequencies of intratumoral cytokine-producing CD4+ and 
CD8+ T-cells and fewer Tregs (Supplementary Fig. S6a,b). To 
characterize the tumor-infiltrating Tregs of Foxp3-Cre x Il10rfl/ 

f l mice and their WT littermates in more detail, we designed a 
24-parameter panel for use in spectral flow cytometry (of 
which 17 markers are expressed on T-cells) and applied it to 
a group of mice that was representative of the overall pheno-
type of this strain (Supplementary Fig. S6c-e). Differential 
expression of canonical naïve/memory and Treg markers 
(FoxP3, CD4, CD44, CD62L) allowed us to separate Tregs 
(naïve and activated) from conventional T-cells (naïve, 
CD62LlowCD44low, effector memory and central memory), 
and to examine not only the abundance of each subset, but 
also the expression in each subset of various activation, exhaus-
tion and stem-like markers (Supplementary Fig. S6f). The T- 
cell compartment of tumor-bearing lymph nodes differed from 
that of non-tumor bearing lymph nodes, with major shifts 
observed from naïve and central memory T-conventional 
cells and naïve Tregs (the dominant populations in control 
lymph nodes) toward CD62LlowCD44low conventional T-cells 
and activated Tregs (Figure 6c,d). The differences between 
Foxp3-Cre x Il10rfl/fl mice and their WT littermates were 
quantitative rather than qualitative (Figure 6d,e); the expres-
sion of the examined markers clearly segregated Tregs from 
tumor-bearing and control lymph nodes, but did not reveal 
dramatic differences resulting from Il10r ablation (Figure 6e). 
The combined data suggest that IL-10 drives the proliferation 
and accumulation of activated intratumoral Tregs, but does not 
affect their immunophenotype. As our cell culture experimen-
tation had shown IL-10 production by lymphoma B-cells to be 
driven by BTK signaling, we treated lymphoma-bearing mice 
with twice-weekly oral doses of ibrutinib. This treatment 
impaired lymphoma growth as evidenced by reduced lymph 
node and spleen weights (Figure 6f); the tumors of mice under 
ibrutinib showed lower frequencies of intratumoral Tregs 

(Figure 6g). The IL-10 expression of lymphoma cells was 
completely blocked by ibrutinib (Figure 6h). Similarly, IL-10 
expression was reduced by ibrutinib in a patient-derived ortho-
topic xenotransplantation model of lymphoma10 using primary 
cells from a DLBCL patient (Supplementary Fig. S6g). The 
combined results suggest that ibrutinib acts at least in part by 
favorably affecting the composition of the lymphoma micro-
environment by blocking IL-10 expression.

IL-10RA expression correlates with Treg infiltration in 
DLBCL

Having obtained experimental evidence for a functional role of IL- 
10 in Treg recruitment or retention in the lymphoma microenvir-
onment, we asked whether IL-10RA expression – as a surrogate 
marker of IL-10 expression – would correlate with Treg infiltration 
in our cohort of DLBCL patients. Interestingly, of 82 patients on the 
TMA that were evaluable for their FoxP3 reactivity, cases that 
expressed IL-10RA had a somewhat higher density of FoxP3+ 

Tregs than the tumors that showed little or no IL-10RA expression 
(Figure 7a,b). FoxP3+ Tregs were positive for CD4 as assessed by co- 
immuno-fluorescence microscopy (Supplementary Fig. S7). We 
next asked whether the ability to express IL-10RA (and, by exten-
sion, also IL-10) and to recruit Tregs through IL-10 is a hallmark of 
DLBCL arising in immunocompetent relative to immunocompro-
mised individuals. To this end, we stained a cohort of 16 cases of 
monomorphic post-transplant lymphoproliferative disorders 
(PTLD) with a phenotype of DLBCL that had all been diagnosed 
in solid organ transplant recipients on immunosuppressive 
treatment32 for IL-10RA and FoxP3. None of the 16 DLBCL from 
immunodeficient patients had any evidence of presence of FoxP3- 
positive Tregs (Figure 7b), and a smaller fraction of cases (7/16; 
44%) expressed IL-10RA compared to immunocompetent patients 
(114/146; 78%) (Figure 7c,d). IL-10RA expression did not differ in 
ABC- and GCB-DLBCL of this cohort (Figure 7c), which was 
unexpected given the clear ABC-DLBCL bias observed in our cell 
lines (Figure 2a,b), in the TCGA data (Figure 2g,h), and in our 
other, independent cohort of 122 patients (in which the ABC- 
DLBCL subtype accounted for 74% of IL-10R-positive, but only 
58% of IL-10R-negative cases). The combined data provide circum-
stantial evidence from human patient cohorts for the hypothesis 
that the expression of a functional IL-10/IL-10R axis serves to escape 
T-cell-driven immune control and may involve the recruitment 
and/or local maintenance of Tregs.

Discussion

In this work, we demonstrate that (1) the expression of IL-10 
and IL-10R is a hallmark of DLBCL and strongly correlated 
with STAT3 phosphorylation and with MYD88/BCR muta-
tions in DLBCL cell lines and DLBCL patients, that (2) IL-10 
signaling is cell-intrinsically required for DLBCL growth in

twice weekly injections of 300 µg antibody. Control mice did not receive tumor cells. Data in a-e are pooled from four independent experiments; data in f,g are pooled 
from one to six experiments, Treg transfer was only performed once. Data in hare from three experiments and data in i-k are from two experiments; note that several 
mice were lost to follow-up by flow cytometry. Horizontal lines indicate medians. Statistical comparisons were performed either by one-way ANOVA (in the case of 
normal data distribution) or by non-parametric ANOVA (Kruskal–Wallis test, in the case of non-normal data distribution) with Tukey’s multiple comparisons correction. 
ns, not significant, *p < .05, **p < .01 ***p < .005, ****p < .001.
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Figure 6. Genetic ablation of Treg-intrinsic IL-10 signaling reduces lymphoma growth. a-e, Foxp3-Cre x Il10rfl/fl mice and their Foxp3-Cre x Il10rwt/wt 

littermates were intravenously injected with 1 Mio >90% pure lymphoma cells isolated from the spleens of Eµ-Myc-transgenic donors, and examined at the study 
endpoint (10–15 days post injection) with respect to their lymph node and spleen weights (a) and tumor B-cell frequencies (b); control mice did not receive tumor cells. 
A subset of mice was subjected to multi-dimensional flow cytometry using a panel of 24 intracellular and surface markers that allowed the identification and 
quantification of the six indicated conventional and regulatory T-cell populations. A UMAP showing the FlowSOM-guided manual metaclustering of the six indicated 
CD4+ T-cell subsets is shown for four mice per group, and for all three experimental groups in c, along with the quantification of the six T-cell populations in d. The 
heatmap in E shows the median marker expression (value range: 0–1) of Tregs in each experimental group. Data in a and b are pooled from three studies; data in c-e are 
from one study. f-h, C57BL/6 mice were intravenously injected with 1 Mio lymphoma cells, and examined at the study endpoint (10–15 days post injection) with respect 
to their lymph node weights (f) and intratumoral Treg frequencies (g). Mice were treated orally with twice weekly doses of ibrutinib (25 mg/kg body weight) from day 4 
post tumor cell injection onwards. IL-10 expression was analyzed by qRT-PCR of sorted tumor or normal B-cells, and normalized to GAPDH. Two pooled studies are 
shown in f and g; data in h are from one study. Statistical comparisons were performed either by one-way ANOVA (in the case of normal data distribution) or by non- 
parametric ANOVA (Kruskal–Wallis test, in the case of non-normal data distribution) with Tukey’s multiple comparisons correction. ns, not significant, *p < .05, **p < .01 
***p < .005, ****p < .001.
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ectopic and orthotopic xenotransplantation models and that 
(3) the tumor-cell-intrinsic expression of IL-10 serves the addi-
tional purpose of suppressing immunity through a mechanism 
likely involving the recruitment or local retention of regulatory 
T-cells. Having identified a subset of ABC-DLBCL cell lines 
with co-occurring MYD88/BCR mutations as expressing the 
largest quantities of IL-10 among all of our 13 cell lines, we 
queried the available TCGA data published by Schmitz et al. to 
extract common mutational signatures of IL-10-positive 
DLBCL cases. This analysis indeed confirmed that the top IL- 
10-expressing quartile of cases (and especially the top 15 cases) 

is strongly enriched for the MCD subtype exhibiting co-occur-
ring MYD88/CD79B mutations. In cell lines with the MYD88/ 
CD79B combination, we found the expression of IL-10 to be 
dependent on BCR/BTK signaling.

Constitutive STAT3 phosphorylation, which is one of the stron-
gest negative prognostic factors in DLBCL,10–12 is tightly linked to 
IL-10 expression. pSTAT3 is correlated with IL-10RA expression in 
DLBCL patients in our cohort, and STAT3 knock-down by RNAi 
was shown previously to reduce ABC-DLBCL proliferation.33,34 We 
show here in various xenotransplantation models that the genetic 
ablation of IL10RA efficiently prevents lymphoma engraftment and

Figure 7. IL-10RA expression and Treg infiltration are more pronounced in DLBCL from immunocompetent relative to immunosuppressed patients. a,b, IL- 
10RA and FoxP3 expression, as determined by immunohistochemistry of 146 immunocompetent and 16 immunosuppressed DLBCL patients. Representative pairs of 
stainings are shown in a for two immunocompetent cases, of whom one was IL-10RA−FoxP3− and one was IL-10RA+FoxP3+ (scale bar, 100 µm). FoxP3+ cells/mm2 are 
shown in b for all patients; each symbol represents one patient. c, Fraction (in %) of IL-10RA-positive among all cases in an immunocompetent (left panel) and an 
immunosuppressed (right panel) DLBCL patient cohort, as determined by immunohistochemistry. Positivity was further stratified by gene expression subtype (ABC, 
GCB) that was assigned based on the Hans classification. d, Representative pairs of stainings for IL-10RA and FoxP3, performed on two immunosuppressed cases, of 
whom one was IL-10RA−FoxP3− and one was IL-10RA+FoxP3− (scale bar, 100 µm).
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growth, at least of DLBCL cell lines. It is a clear limitation of this 
study that we faced technical difficulties in genetically manipulating 
primary DLBCL cells, and therefore could not confirm their IL-10 
dependence in patient-derived xenograft settings. Furthermore, the 
genetic ablation of Stat3 in GC B-cells delays lymphomagenesis in a 
genetic lymphoma model that is driven by Myc, and prevents or 
reduces GC B-cell hyper-proliferation, a very early pre-malignant 
event in lymphomagenesis; both findings support a cell-intrinsic 
role for STAT3 in DLBCL pathogenesis.

In addition to the now well-established autocrine activity of IL- 
10, our data from syngeneic lymphoma transplantation models 
indicate that there is a second, tumor cell-extrinsic benefit associated 
with IL-10 production within the tumor microenvironment. IL-10R 
neutralization with a suitable antibody strongly reduced the lym-
phoma burden in lymph nodes, spleen and bone marrow, which 
coincided with stronger intratumoral CD4+ and CD8+ T-cell 
responses, a reduction of intratumoral Tregs and an increase in 
tumor-cell-specific MHCII expression. Tregs rely on IL-10 signaling 
for their maintenance of FoxP3 expression, survival and suppressive 
activity,35.36 Indeed, the specific ablation of IL-10 signaling in the 
Treg compartment phenocopied the effects of IL-10R neutraliza-
tion, confirming that Tregs represent a relevant cellular target of 
tumor-derived IL-10. Staining of our DLBCL tissue microarray for 
Tregs confirmed that IL-10RA-positive DLBCL cases are infiltrated 
by FoxP3+ Tregs, whereas this is less the case in IL-10RA-negative 
DLBCLs. IL-10 emerges from this work as an attractive target in IL- 
10-expressing DLBCL subtypes; however, IL-10’s pleiotropic func-
tions, and the recently presented clinical evidence suggesting that 
systemic administration of pegylated IL-10 may have beneficial 
effects on tumor immune control of solid tumors,37 preclude clinical 
testing of IL-10 antibodies in DLBCL patients. Instead, we propose 
that ibrutinib should be considered in patients with IL-10-expres-
sing DLBCL, and possibly combined with other targeted therapies.

We propose here that tumor cell-intrinsically produced IL-10 
provides the signal that drives Treg differentiation and recruitment. 
Circumstantial evidence for this model comes from DLBCL arising 
in immunosuppressed patients, whose tumors are largely devoid of 
Tregs and less likely to express IL-10RA. Our previous work con-
ducted on the same cohort of DLBCL patients has revealed that 
DLBCLs from immunosuppressed patients exhibit fewer driver 
mutations, and lack mutations in the immune escape pathways 
listed above, such as B2M mutations.38 Interestingly, we found no 
mutations in either MYD88 nor CD79B or CARD11 in any of the 16 
patients, further supporting the idea that high levels of IL-10 (due to 
constitutive BCR activation) are more relevant in immunocompe-
tent than in immunodeficient hosts. In summary, we show here that 
the IL-10 production that is a hallmark of a particularly aggressive 
subset of DLBCL serves two purposes, boosting tumor cell prolif-
eration via STAT3 activation on the one hand, and promoting 
immune escape via Treg recruitment on the other.
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