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Abstract 
 
Chronic lymphocytic leukemia (CLL) cells are highly dependent on interactions with the immunosuppressive tumor micro-
environment (TME) for survival and proliferation. In the search for novel treatments, pro-inflammatory cytokines have 
emerged as candidates to reactivate the immune system. Among those, interleukin 27 (IL-27) has recently gained attention, 
but its effects differ among malignancies. Here, we utilized the Eμ-TCL1 and EBI3 knock-out mouse models as well as 
clinical samples from patients to investigate the role of IL-27 in CLL. Characterization of murine leukemic spleens revealed 
that the absence of IL-27 leads to enhanced CLL development and a more immunosuppressive TME in transgenic mice. 
Gene-profiling of T-cell subsets from EBI3 knock-out highlighted transcriptional changes in the CD8+ T-cell population 
associated with T-cell activation, proliferation, and cytotoxicity. We also observed an increased anti-tumor activity of CD8+ 
T cells in the presence of IL-27 ex vivo with murine and clinical samples. Notably, IL-27 treatment led to the reactivation 
of autologous T cells from CLL patients. Finally, we detected a decrease in IL-27 serum levels during CLL development in 
both pre-clinical and patient samples. Altogether, we demonstrated that IL-27 has a strong anti-tumorigenic role in CLL 
and postulate this cytokine as a promising treatment or adjuvant for this malignancy.  
 

Introduction 
Chronic lymphocytic leukemia (CLL) is the most frequent 
type of adult leukemia in the USA and Europe, affecting 
mainly older adults.1 Clinically, CLL is defined as a B-cell 
hematological malignancy characterized by accumulation 
of abnormal, monoclonal, B lymphocytes in the peripheral 
blood (PB) and secondary lymphoid organs.2 
Current treatments against CLL do not have a curative po-
tential, and a significant percentage of patients do not re-
spond or become resistant.3 Consequently, there is a 
pressing need for the development of novel therapies for 
advanced and aggressive CLL, which unfortunately remains 
an incurable disease. CLL cells are highly dependent on in-
teractions with surrounding non-malignant cells for sur-
vival and proliferation.4,5 In fact, they spontaneously 

undergo apoptosis in monoculture, but co-culture with ac-
cessory cells significantly extends their survival.6-8 Given 
the pivotal role of the tumor microenvironment (TME) in 
CLL, an increasing number of studies are focusing on the 
identification of micro-environmental signals that could 
play a role in the pathogenesis of this disease.  
Interleukin 27 (IL-27) is a heterodimeric cytokine composed 
of two non-covalently linked subunits: IL-27p28 (P28) and 
Epstein-Barr-virus-induced molecule 3 (EBI3).9 IL-27 is pro-
duced by activated antigen presenting cells (APC) and it 
signals through a heterodimeric receptor (IL-27R) that com-
prises the gp130 and WSX-1 subunits, both essential for ef-
ficient signaling.10 IL-27 was initially characterized as being 
pro-inflammatory, given its ability to promote Th1 immun-
ity. Nevertheless, it was later reported that IL-27 exerts a 
potent inhibitory role during Th2, Th17 and regulatory T-cell 
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(Treg) differentiation. Hence, IL-27 mediates a wide range 
of functions involved in T-cell-mediated immunity.11  
Not surprisingly, IL-27 is known to have pleotropic func-
tions in the setting of cancer development in relationship 
to the biological context and experimental models con-
sidered. Most existing evidence refers to the anti-tumor ac-
tivities of this cytokine.12 IL-27 has been reported to hinder 
tumor development and progression mainly by modulating 
the immune landscape surrounding the malignant cells.13 
While most evidence points towards the upregulation of 
Th1 and Cytotoxic T lymphocyte (CTL) responses as the 
main anti-tumor contribution of IL-27 to the TME,14-16 other 
reports suggest that IL-27 can also mediate natural killer 
(NK) cell responses and inhibit M2 macrophage 
polarization.17,18 On the other hand, a few studies indicate 
that IL-27 might also contribute to tumorigenesis in spe-
cific settings. For example, elevated IL-27 serum levels are 
associated with poor prognosis and disease progression in 
some malignancies such as gastroesophageal cancer, mel-
anoma and adult acute myeloid leukemia (AML).19-21 Addi-
tionally, IL-27 was found to modulate transcriptional 
programs and induce the expression of immune-regulatory 
molecules such as PD-L1 and IDO in human ovarian cancer 
cells in vitro.22,23  
Given the dynamic nature of cytokine biology, and consist-
ent with a rather variable role in cancer biology, the role of 
IL-27 and its mechanism of action must be carefully inves-
tigated in each malignancy. With this background, we asked 
whether IL-27 has an effect in the development and pro-
gression of CLL. Here, we describe a strong anti-tumori-
genic role of IL-27 in CLL in distinct preclinical mouse 
models and patient samples. First, we show that the gen-
etic depletion of the IL-27 subunit Ebi3 leads to a strongly 
enhanced CLL development and a more immunosuppress-
ive TME using two in vivo approaches. Secondly, we eluci-
date a mechanism by which IL-27 enhances CD8+ T-cell 
anti-tumor immunity in CLL. Moreover, we measured lower 
plasma levels of IL-27 concomitant with CLL development 
in mice and patients. We functionally validate the enhanced 
anti-tumor ability of CD8+ T cells in the presence of IL-27 
both in murine and human samples. Finally, we show that 
IL-27 neutralization recapitulates the enhanced leukemic 
progression observed in the transgenic mouse models. 

Methods  
Additional information regarding the materials and 
methods used in this publication can be found in the Online 
Supplementary Appendix.  

Patient samples 
All experiments involving the use of human samples were 
conducted in accordance with the declaration of Helsinki 

and approved by the appropriate local Ethics Committee: 
the Jules Bordet Institute Ethics Committee (Belgium), The 
Comité National d'Ethique de Recherche (Luxembourg), and 
the University of Saarland (Germany). 
PB samples were obtained from CLL patients and from 
age-matched healthy donors following informed consent. 
PB mononuclear cells (PBMC) were isolated from whole 
blood by density gradient centrifugation using the Leuco-
Sep™ Separation Medium (Greiner Bio-One) as described  
in the manufacturer’s protocol.  

Animal experiments 
All animal experiments were performed under specific pa-
thogen-free conditions with the approval of the Luxem-
bourg Ministry of Agriculture in accordance with the 
guidelines from the European Union. Ebi3-/- (RRID: 
IMSR_JAX:008701) and FoxP3YFP/Cre (RRID: IMSR_JAX:016959) 
mice were purchased from the Jackson Laboratory (Bar 
Harbour, ME); and C57BL/6 (MGI: 3028467, RRID: 
IMSR_JAX:000664) from Janvier Labs (France). Eµ-TCL1 
mice (on C57BL/6 background; MGI: 3527221) were kindly 
provided by Pr. Carlo Croce and Pr. John Byrd (OSU, OH). 
The Eμ-TCL1 Ebi3-/- strain was generated in-house by 
crossing Ebi3-/- mice with Eμ-TCL1, together with FoxP3YFP/Cre 
Ebi3-/- mice, obtained by breeding FoxP3YFP/Cre and Ebi3-/- 
mice for several generations. Rag2-/- mice were held at 
specific pathogen-free conditions at the central animal fa-
cility of the German Cancer Research Centre (DKFZ). 

Flow cytometry 
Single-cell suspensions were stained with cell-surface 
antibodies (30 minutes [min], 4 °C) and washed twice with 
FACS buffer. Dead cell discrimination was performed using 
Zombie dye (Biolegend), resuspended in PBS (20 min, 4 °C). 
For the staining of intracellular proteins, surface-stained 
cells were fixed (30 min, room temperature) with eBio-
scienceTM Foxp3/Transcription Factor Staining Buffer Set 
(ThermoFisher Scientific). After additional washing steps, 
cells were permeabilized using eBioscienceTM Permeabiliza-
tion Buffer (ThermoFisher Scientific) and stained with the 
intracellular antibody mix (30 min, 4°C). Samples were 
stored at 4°C in dark conditions until acquisition. Anti-
bodies used for flow cytometry are listed in the Online Sup-
plementary Table S1.  

Statistical analyses 
Sample size was determined based on expected variance 
of read-out. No samples or animals were excluded from 
the analyses. Statistical analysis was performed using 
GraphPad Prism software (version 9.1.2; RRID: SCR_002798). 
Data are displayed as mean ± standard error of mean 
(SEM). For the percentage of CLL cells in PB over time, we 
performed two-way ANOVA followed by multiple compari-
son test. The unpaired t test was used for the rest of the 
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figures. A P value lower than 0.05 was considered statis-
tically significant. Significance displayed in each figure is 
explained in figure legends. 

Results 
EBI3 depletion promotes leukemia development and 
induces an enhanced immunosuppressive tumor 
microenvironment.  
In order to investigate the role of IL-27 in CLL development, 
we used Ebi3-/- mice, defective in the production of the 
heterodimeric IL-27. First, we validated the specific deletion 
of the Ebi3 subunit in murine splenocytes via quantitative 
polymerase chain reaction (qPCR), and confirmed the suit-
ability of the models for further analyses (Online Supple-
mentary Figure S1A). We adoptively transferred (AT) Ebi3-/- 
mice and Ebi3+/+ mice (wild-type [WT], used as controls) 
with two independent clones of CLL cells obtained from 

the spleen of leukemic Eμ-TCL1 mice. We then followed up 
leukemia development in the PB of recipient mice using 
flow cytometry (FC), which led to the observation of a 
strikingly enhanced tumor development in the absence of 
Ebi3 (Figure 1A; Online Supplementary Figure S1B). Consist-
ently, we observed an increased number of splenocytes 
and spleen weight in mice lacking Ebi3 (Figure 1B). Then, 
we sorted multiple immune cell subsets from leukemic 
mice and we identified dendritic cells and monocytes as 
the main producers of IL-27 in leukemic mice, as they ex-
pressed high levels of both subunits Ebi3EBI3 and p28 (On-
line Supplementary Figure S1C). After, we characterized the 
immune landscape in the splenic CLL TME, focusing on T 
cells as main mediators of the anti-tumor immune re-
sponse in vivo.24 We found an increased number of CD8+ ef-
fector T cells and CD4+ conventional T cells (Tconv) in mice 
lacking EBI3, while the Treg number remained stable (On-
line Supplementary Figure S1D). Moreover, Ebi3-/- mice pres-
ented more effector (CD62L- CD44+) and memory (CD62L+ 

Continued on following page.
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CD44+) CD8+ T cells, concomitant to a decrease in the fre-
quency of naive cells (CD62L+ CD44-) (Figure 1C). In addi-
tion, we observed an increased frequency in Ki-67+ CD8+ T 
cells in Ebi3-/- mice (Figure 1D). It is known that some im-
mune checkpoints (IC) are expressed by activated CD8+ T 
cells, but only terminally exhausted cells co-express sev-
eral IC.25 Here, we observed an increased percentage of 
TIGIT+ and PD1hi in CD8+ T cells lacking EBI3, while no dif-
ferences were observed in the frequency of PD1int cells (Fig-
ure 1E). In order to analyze the functional status of CD8+ T 
cells, we performed hierarchical clustering of CD8+ T cells 
based on marker expression. Seven CD8+ T-cell clusters (C) 
were identified based on CD44, Ki-67, PD1, IFN-γ, TIGIT and 
CD62L (Online Supplementary Figure S1E). In the absence 
of Ebi3, there was a decrease in naïve CD8+ T cells (C1) to-
gether with an increase in memory T cells (Tmem, C3) and 
effector T cells (Teff) showing high IC and Ki-67 expression 
(Online Supplementary Figure S1F), suggesting an exhausted 
phenotype. Moreover, activated Tregs (aTregs, CD62L- CD44+) 
are more abundant in leukemic Ebi3-/- mice (Figure 1F, left 
panel) and display higher levels of TIGIT and KLRG1 along 
with increased Ki-67 positivity (Figure 1F, right panel), thus 
exhibiting enhanced immunosuppression and proliferation. 
As observed for CD8+ T cells, the proportion of antigen-ex-
perienced CD4+ Tconv was also increased in Ebi3-/- mice 
(Online Supplementary Figure S1G). Clustering of CD4+ T 
cells revealed the presence of nine clusters (Online Sup-
plementary Figure S1H, I), showing that activated and im-
munosuppressive Tregs were expanded in absence of Ebi3. 
Altogether, these findings suggest an anti-tumor role of 
EBI3 during CLL development, as its depletion enhances 
tumor growth, promotes CD8+ T-cell exhaustion and in-
creases Treg immunosuppressive phenotype. 
In parallel, we deeply characterized the immune landscape 
in Ebi3+/+ and Ebi3-/- mice to confirm that the aforemen-
tioned differences in CLL growth were not due to major in-
trinsic differences between the transgenic strains. We used 
Foxp3YFP/Cre mice to analyze T cells and Tregs. As expected, 
immunophenotyping of Foxp3YFP/Cre and Foxp3YFP/Cre Ebi3-/- 
splenocytes did not reveal any major difference between 
Ebi3+/+ and Ebi3-/- mice. We found no statistical differences 
in the frequency of T cells, NK cells, NK-T cells or myeloid 
cells between groups (Online Supplementary Figure S2A). 

Moreover, the analysis of the myeloid cell compartment 
showed no differences in the frequency of neutrophils, 
dendritic cells, monocytes nor macrophages (Online Sup-
plementary Figure S2B). Only a slight increase/decrease in 
the frequencies of CD8+ T cells and CD4+ Tconv cells, re-
spectively, was observed, with no differences for Tregs (On-
line Supplementary Figure S2C). In order to evaluate T-cell 
functionality between phenotypes, we isolated splenic 
CD4+ and CD8+ T cells and analyzed IC and cytokines ex-
pression following ex vivo stimulation for 4 hours (h). We 
neither observed any difference in the frequency of indi-
cated IC and cytokines in CD8+ T cells, CD4+ Tconv cells, 
nor in Tregs (Online Supplementary Figure S2D-F). These 
results indicate that Ebi3 depletion does not drastically im-
pact immune cells distribution, effector cytokine secretion 
and IC expression in T cells, pointing towards a fundamen-
tal role of IL-27 in the tumor context rather than in physio-
logical conditions. 

EBI3 depletion in transgenic Eµ-TCL1 mice affects mice 
survival 
In order to better understand the role of EBI3 during CLL 
development, we crossed the Eμ-TCL1 mouse model (re-
ferred as T mice) with Ebi3-/- mice to generate the Eμ-TCL1 
Ebi3-/- mouse model (referred as TE mice) that sponta-
neously develop CLL in the absence IL-27 production. As 
opposed to the TCL1 AT model, TE mice lack Ebi3 ex-
pression in all cell types, including CLL cells. We observed 
a shorter survival for TE mice (median survival of 302 vs. 
351 days; Figure 2A) and an increased percentage and 
number of CLL cells in the PB at an earlier time point, al-
though not statistically significant (Figure 2B; Online Sup-
plementary Figure S3A). The analysis of the splenic TME 
following euthanasia indicated, despite a similar tumor load 
(Online Supplementary Figure S3B, C), an increased fre-
quency of CD8+ T cells among total T cells in leukemic TE 
mice (Figure 2C left panel), as well as an increase in TIGIT+ 
CD8+ T cells (Figure 2C right panel). Clustering analysis 
identified six clusters based on CD44, Ki-67, PD1, KLRG1, 
TIGIT and CD62L expression in CD8+ T cells, as well as an 
enrichment in proliferative Ki67+ CD8+ T cells (C6) (Figure 
2D; Online Supplementary Figure S3D, E). In addition, a gen-
eral increase in CD8+ T-cell subpopulations expressing sev-

Figure 1. EBI3 depletion promotes leukemia development and induces an enhanced immunosuppressive tumor microenvironment. 
(A) Two cohorts of recipient Ebi3-/- and control (Ctrl) mice were injected with splenocytes isolated from leukemic Eμ-TCL1 mice. 
Two weeks after adoptive transfer (AT), mice were bled weekly to monitor chronic lymphocytic leukemia (CLL) development in 
peripheral blood (PB). Percentages of neoplastic CD5+ CD19+ cells were detected in PB by flow cytometry (FC); (N=18 for control 
[Ctrl] and N=19 for Ebi3-/-, two-way ANOVA). (B-F). For the second cohort, splenic tumor microenvironment (TME) was character-
ized by FC (N=9 for Ctrl and N=10 for Ebi3-/-). (B) Number of CD5+ CD19+ CLL cells in the spleen (left), and spleen weight (right) 
in Ebi3-/- compared to Ctrl mice. (C) Frequency of naive (CD62L+ CD44-), effector (CD62L- CD44+) or memory (CD62L+ CD44+) CD8+ 
T cells. (D) Percentage of proliferative Ki-67+ cells among CD8+ T cells in the spleen of Ctrl and Ebi3-/- mice. (E) Frequency of the 
indicated populations in Ctrl and Ebi3-/- CD8+ T cells. (F) Representative flow cytometry plot (left) depicting the gating strategy 
used to discriminate activated regulatory T cells (aTregs, CD62Lhi CD44lo) from resting regulatory T cells (rTregs, CD62Llo CD44hi). 
Number of rTregs and aTregs in spleens (middle). Frequency of the indicated populations in Ctrl and Ebi3-/- Tregs (right). Unpaired 
t test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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eral IC was observed in TE mice compared with their Ebi3+/+ 
counterparts (clusters C1-C4) (Online Supplementary Figure 
S3E), pointing towards a more exhausted phenotype of 

CD8+ T cells in TE mice. Additionally, we observed a de-
crease in CD4+ T-cell percentage in leukemic mice lacking 
Ebi3 compared to Ebi3+/+ controls (Online Supplementary 

Figure 2. EBI3 depletion in transgenic Eµ-TCL1 mice affects mice survival. (A) Transgenic Eμ-TCL1 mice were crossed with Ebi3-/- 
mice to obtain leukemic mice deficient in interleukin 27 (IL-27). Starting at 6 months after birth, mice were bled every month to 
evaluate peripheral disease development (T=Eμ-TCL1 mice; TE=Eμ-TCL1 Ebi3-/- mice). Mouse survival was compared between groups 
(survival curve analysis). (B) Percentages of neoplastic CD5+ CD19+ cells were detected by flow cytometry (FC) in peripheral blood 
(PB) (N=17 for T mice and N=14 for TE mice, two-way ANOVA test). (C-E) Leukemic T and TE mice were euthanized and their sple-
nocytes were analyzed using FC. (C) Percentage of CD8+ T cells in control (Ctrl) and Ebi3-/- CD3+ T cells and frequency of indicated 
populations among T and TE CD8+ T cells (N=6 for T group and N=6 for TE group). (D) Percentages of CD8+ T-cell clusters distribution 
in T and TE mice. (E) Percentage of conventional T-cell (Tconv) and regulatory T-cell (Tregs) populations among CD4+ T cells (left) 
and frequency of indicated cell populations among Tregs (right). (F) Leukemic Eμ-TCL1 mice and Eμ-TCL1 Ebi3-/- mice were euthan-
ized, and chronic lymphocytic leukemia (CLL) cells were isolated from splenocytes. Isolated CLL cells were adoptively transferred 
into wild-type (WT) mice. Recipient mice were bled weekly to evaluate peripheral disease development. Percentages of neoplastic 
CD5+ CD19+ cells were detected in PB by FC (N=12 mice divided in 6 groups. Each group of 2 animals received 1 independent CLL 
clone coming from diseased T or TE mice). Unpaired t test, *P<0.05, **P<0.01.

A B

C D

E

F

Haematologica | 108 November 2023 

3015

ARTICLE - Role of IL-27 in CLL G. Pagano et al.



Figure S3F). More precisely, TE mice exhibited a decreased 
proportion of CD4+ Tconv together with increased frequency 
of Tregs (Figure 2E left panel), which were more immuno-
suppressive, as highlighted by higher expression of CD44, 
CD73 and CTLA4 in the absence of Ebi3 (Figure 2E right 
panel). Unsupervised clustering revealed eight CD4+ T-cell 
clusters (Online Supplementary Figure S3G, I). Of particular 
relevance, a cluster representing highly immunosuppress-
ive Tregs (C1) was enriched in Ebi3-deficient leukemic mice. 
Immunophenotyping of T and TE CLL cells showed that the 
expression of immunosuppressive cytokines, major histo-
compatibility complex molecules, activation markers, and 
IC remained unchanged; suggesting that EBI3 depletion in 
CLL cells does not play a role in the observed phenotype 
(Online Supplementary Figure S3J). 
In order to investigate whether the effects of Ebi3 depletion 
observed in vivo were mediated by cells of the TME or by 
CLL cells, we depleted Ebi3 exclusively in CLL cells. For this 
purpose, we isolated CLL cells from spleens of diseased T 
and TE mice and injected them in recipient control Ebi3+/+ 
mice. In this experimental setting, we could not observe any 
difference in tumor growth in mice injected with Ebi3-/- leu-
kemic cells (Figure 2F). Altogether our results indicate that 
EBI3 depletion in cells of the TME and not in CLL cells fa-
vors CLL progression by impacting T-cell-mediated immun-
ity. 

Specific T-cell-EBI3 depletion promotes leukemia 
development 
As the AT of EBI3-depleted CLL cells did not impact tumor 
growth (Figure 2F) while substantial changes in T cells were 
observed upon EBI3 depletion in the AT model and Eμ-TCL1 
model (Figures 1C, D and 2C), we proceeded to specifically 
investigate the impact of Ebi3-/- CD3+ T cells on CLL devel-
opment. We used Rag2-/- mice, deficient in producing ma-
ture T and B cells. CD3+ T cells were isolated from the 

spleen of Ebi3-/- and Ebi3+/+ mice and intravenously injected 
in recipient Rag2-/- mice. Recipient mice were subsequently 
adoptively transferred with Eμ-TCL1 leukemic cells (Figure 
3A). Monitoring of leukemic growth in the PB revealed that 
Rag2-/- mice injected with Ebi3-/- T cells showed an en-
hanced CLL development compared to mice injected with 
the WT counterpart (Figure 3A). Importantly, the differences 
observed between the two groups were not due to a vari-
ation in the T-cell number throughout the experiment (On-
line Supplementary Figure S4A). Consistently, 
post-euthanasia analysis of the leukemic spleens showed 
an increase in the percentage of CLL cells in the Ebi3-/- 
group (Figure 3B). Regarding T cells, we did not observe any 
difference in the frequency of subpopulations (Figure 3C). 
Nonetheless, unsupervised analysis identified nine clusters 
of CD8+ T cells (Online Supplementary Figure S4B), and re-
vealed the expansion of activated/exhausted CD8+ T cells 
in the mice injected with Ebi3-/- CD3+ T cells (Figure 3D; On-
line Supplementary Figure S4C). In addition, we identified 
an increased frequency of Tregs within the CD4+ T-cell 
population (Figure 3E) and a higher percentage of CD25+ and 
KLRG1+ Tregs (Figure 3F), indicating an enhanced immuno-
suppressive ability of Tregs in absence of EBI3. Moreover, 
unsupervised clustering analysis of analyzing CD4+ T cells 
identified an accumulation of activated and immunosup-
pressive Tregs (C2) in recipient mice injected with Ebi3-/- T 
cells (Online Supplementary Figure S4D, E). 

CD8+ T cells from Ebi3-/- mice have altered expression of 
genes involved in activation and functionality 
As our data demonstrates that IL-27 controls CLL devel-
opment in a T-cell-mediated mechanism in vivo, we pro-
ceeded to investigate the transcriptional differences 
between T cells from Ebi3+/+ and Ebi3-/- mice after ex vivo 
activation (Figure 4A; Online Supplementary Figure S5A). 
Among the upregulated genes in CD8+ T cells, we ident-

Continued on following page.
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ified Profilin-1 (Pfn1) (Figure 4B), an actin-binding protein 
and a negative regulator of effector T-cell-mediated cyto-
toxicity.26 Amidst the downregulated genes, we found sev-
eral transmembrane transporters known to mediate T-cell 
activation27 (Slc2a8 and Slc7a5; Figure 4C, D). An ontology 
analysis indicated a reprograming of crucial functions as 
translation initiation and rRNA processing (Online Supple-
mentary Figure S5B). We also compared the gene ex-
pression profile of Ebi3-/- CD8+ T cells with transcriptional 
signatures of four CD8+ T-cell subsets showing different 
degrees of exhaustion and dysfunctionality previously 
published.28 We observed that Ebi3-/- CD8+ T cells present 
similarities with progenitor CD8+ exhausted T cells (TexProg) 
but also with more terminally exhausted cells (Texterm; On-
line Supplementary Figure S5C, D). Indeed, looking at the 
third component of the PCA, explaining 13% of the varia-
bility, indicated that Ebi3-/- T cells and Texterm present simi-
lar gene expression profiles (Online Supplementary Figure 
S5D right panel). Therefore, we selected genes described 
to mirror T-cell activation and exhaustion and we ob-
served that Ebi3-/- T cells clustered between progenitor 
and terminally exhausted T cells (Figure 4E). The ex-
pression of these marker genes also showed differences 
between Ebi3+/+ and Ebi3-/- T cells, mostly for Tox, Tbet, 
Il7r, Ccr1 and Pfn1 (Figure 4F). Regarding CD4+ Tconv and 
Treg compartments, gene expression analysis revealed no 

differences between groups (Online Supplementary Figure 
S5E-F), suggesting that, in absence of Ebi3, effector CD8+ 
T cells are the major T-cell population affected and ap-
pear less functional when activated in vitro. 

Ebi3-/- CD8+ T cells present impacted cytotoxic activity 
while IL-27 enhances their potential both in murine and 
human settings  
In order to functionally characterize Ebi3-/- and Ebi3+/+ 
CD8+ T cells and validate the gene expression data, we 
performed ex vivo activation of CD3+ T cells for 3 days and 
analyzed CD8+ T cells by FC and confocal microscopy (Fig-
ure 5A). In line with previous findings, after 3 days, we 
could observe a decrease in TOX abundance in Ebi3-/- CD8+ 
T cells (Figure 5B left panel). Very interestingly, we could 
not observe any difference in cytokine production be-
tween the two conditions after 3 days of activation (On-
line Supplementary Figure S6A), whereas after 6 days, 
Ebi3-/- CD8+ T cells presented decreased production of IL-
2 and IFN-γ compared to WT cells (Figure 5B right panel). 
Clustering analysis of CD8+ T cells co-expressing different 
cytokines (C3) appeared significantly reduced (Figure 5C; 
Online Supplementary Figure S6B-D), confirming that in 
the absence of Ebi3, CD8+ T cells are less polyfunctional. 
After 6 days of activation, we quantified Profilin1 protein 
level in CD8+ T cells by immunofluorescence. As expected, 

Figure 3. Specific T-cell-EBI3 depletion promotes leukemia development. (A) Control (Ctrl) and Ebi3-/- mice were euthanized, 
and CD3+ T cells were isolated from the splenocytes. Recipient Rag2-/- mice were injected with either Ctrl (N=10) or Ebi3-/- CD3+ 

T cells (N=10) and subsequently injected with splenocytes derived from leukemic Eμ-TCL1 mice. Experimental mice were bled 
weekly to evaluate peripheral disease development. Number of circulating neoplastic CD5+ CD19+ cells is shown in the 2 groups 
(two-way ANOVA test). (B) Percentage of chronic lymphocytic leukemia (CLL) cells in the spleen of recipient Rag2-/- mice. (C) 
Percentages of CD8+, conventional T cells (Tconv), and regulatory T cells (Tregs) among the injected Ctrl and Ebi3-/- CD3+ T cells. 
(D) Percentages of CD8+ T cells in clusters identified in spleens of recipient Rag2-/- mice. (E, F) Frequency of Tregs and of CD25+ 

and KLRG1+ Tregs in the spleen of recipient Rag2-/- mice. Unpaired t test, *P<0.05, ****P<0.0001.
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Figure 4. CD8+ T cells from Ebi3-/- mice have altered expression of genes involved in activation and functionality. (A) Foxp3YFP/Cre 

and Foxp3YFP/Cre Ebi3-/- mice (N=3 per group) were euthanized at 8 weeks of age and CD3+ T cells were isolated from the spleno-
cytes. T cells were activated for 72 hours, sorted into CD8+ T cells, CD4+ conventional T cells (Tconv), and regulatory T cells 
(Tregs) (YFP+) by flow cytometry (FC), and subjected to RNA sequencing (RNAseq). (B) Volcano plot depicting differentially ex-
pressed genes (DEG) between control (Ctrl) and Ebi3-/- CD8+ T cells. (C, D) Heatmap and score of transmembrane transporters in 
Ctrl and Ebi3-/- CD8+ T cells. (E) Heatmap depicting the similarity of Ebi3-/- CD8+ T cells with the subset of proliferating progenitor 
exhausted T cells described in 43. (F) Expression profiles of single genes in CD8+ T cells from Ctrl and Ebi3-/- mice. Unpaired t 
test, *P<0.05, **P<0.01.
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the analysis revealed an increase in Profilin1 in Ebi3-/- CD8+ 
T cells (Figure 5D). In order to assess if IL-27 could indeed 
affect the cytotoxic capabilities of CD8+ T cells, we per-
formed a cytotoxic assay with WT or Ebi3-/- CD8+ T cells 
treated with IL-27 for 48 h (Figure 5E), and super antigen 
(sAg)-loaded Eμ-TCL1 CLL cells as target cells. We noted 
an increased cytotoxic ability of CD8+ T cells in the pres-
ence of IL-27 (Figure 5E, Online Supplementary Figure 
S6E). In order to inspect whether the effect of IL-27 on 
CD8+ T cells was conserved in human cells, first, we puri-
fied and activated T cells from PBMC of four healthy do-
nors, and then cultured them in the presence or absence 
of IL-27 for 6 days (Online Supplementary Figure S6F). T 
cells were co-cultured with target cells for 30 h and the 
killing efficiency of CD8+ T cells during co-culture was 
quantified. In line with previous results, we observed a 
decrease in the percentage of live target cells, translated 
into an increased killing efficiency of human CD8+ T cells 
in the presence of IL-27 for all donors (Online Supplemen-
tary Figure S6G, H). Finally, we isolated T cells and CLL 
cells from CLL patients, and performed a killing assay in 
the absence or presence of IL-27. Again, we confirmed the 
positive effect of IL-27 on the cytotoxic activity of CLL pa-
tients’ T cells (Figure 5F). 

IL-27 level is reduced in the blood of leukemic mice and 
chronic lymphocytic leukemia patients and IL-27 
neutralization enhances chronic lymphocytic leukemia 
development 
In order to better understand the role of IL-27 in CLL, we 
quantified IL-27 in the serum of leukemic mice and of 
CLL patients by ezyme-linked immunosorbant assay 
(Figure 6A, B). Leukemic mice presented a decreased 
level of IL-27 in serum during leukemia progression (Fig-
ure 6A). Similar findings were made in CLL patients, 
where IL-27 concentration was decreased compared to 
healthy control individuals (HC) (Figure 6B), in line with 
the anti-tumor role of IL-27 in CLL development. In ad-
dition, the analysis of several publicly available gene ex-
pression datasets revealed a lower EBI3 expression in 
different immune populations between CLL patients and 
HC (Online Supplementary Figure S7A) and between leu-
kemic Eμ-TCL1 and WT mice (Online Supplementary Fig-
ure S7B). Since a number of studies indicate that IL-27 
exerts a direct inhibitory effect on malignant cells,29 we 
assessed whether IL-27 can also have a direct anti-tumor 
effect on CLL cells. Thus, we treated both patient and 
mouse CLL samples ex vivo for 48 h with different con-
centrations of human and murine IL-27 respectively (25 
and 50 ng/mL) (Online Supplementary Figure S7C, F). As-
sessment of viability and expression of key immunosup-
pressive markers indicated that neither the apoptosis 
rate nor the expression of markers were significantly al-
tered, suggesting that Il-27 treatment does not impact 

the viability and the phenotype of murine and human 
CLL cells. 
In order to support our results on Ebi3 genetic deletion 
and confirm the implication of IL-27 in CLL progression, 
we depleted IL-27 in vivo in C57BL/6 mice before injecting 
TCL1 cells (Figure 6C). Monitoring leukemic growth in the 
PB revealed an increase in CLL in mice depleted for IL-27, 
consistent with a higher number of CLL cells in the spleen 
following euthanasia (Figure 6D). Despite not observing 
differences in the frequency of CD8+ T cells between 
groups (Online Supplementary Figure S8A), conventional 
and clustering analyses confirmed the enrichment of pro-
liferative and activated CD8+ T cells (Ki-67+ CD44hi) (Figure 
6E; Online Supplementary Figure S8D-E), similarly to the 
adoptive transfer in Ebi3-/- mice (Figure 1D). Moreover, we 
observed a significant decrease in the percentage of CD4+ 
T cells (Online Supplementary Figure S8E), even though 
the frequencies of Tconv and Tregs within the CD4+ T-cell 
compartment were unaltered between the two groups 
(Online Supplementary Figure S8F). Analysis of CD4+ T 
cells confirmed the increased immunosuppressive and 
activated phenotype of Tregs in the absence of IL-27 in 
recipient mice (C2) (Online Supplementary Figure S8G, H). 
Importantly, Tregs appeared more suppressive and prolif-
erative in IL-27-depleted mice, as demonstrated by the 
increased percentage of KLRG1 and Ki 67-expressing Tregs 
(Figure 6F). 

Discussion 
Given the pleiotropic function of IL-27 in the tumorigen-
esis of multiple solid and hematologic malignancies, we 
investigated the role of this cytokine in the development 
and progression of CLL. Using a wide range of mouse 
models and patient samples, we demonstrated that IL-
27 has an anti-tumoral role in CLL pathobiology. More-
over, we explored the microenvironment, cellular, and 
transcriptional mediators responsible for this observa-
tion. 
A number of studies have previously assessed the role of 
IL-27 in CLL using a variety of cell lines and clinical 
samples.30-32 Nevertheless, the existing research remains 
contradictory and inconclusive. Here, using adoptive 
transfer of TCL1 leukemia cells in C57BL/6 as well as 
transgenic mouse models, we demonstrate for the first 
time that the lack of IL-27 results in a much faster CLL 
development and earlier death. Additionally, CD8+ T cells 
are known to be dysfunctional in CLL.33,34 Phenotypic 
characterization of the splenic immune subsets revealed 
an increasingly immunosuppressive TME in the absence 
of IL-27, suggesting that this cytokine has a role in modu-
lating the anti-tumor response in CLL. 
In line with the varying effects of IL-27 reported in the lit-
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erature, the serum levels of this cytokine have been 
found to be either significantly elevated or decreased in 
a wide range of malignancies,19,35,36 contributing to disease 
progression or control respectively. In consonance with 
our previous findings, our data revealed a significant and 
consistent decrease of IL-27 serum levels as CLL prog-
resses in both murine and patient samples. This obser-
vation highlights both the involvement of this cytokine in 
CLL development as well as further supports its anti-
tumor role in this malignancy.  
Even though the EBI3 subunit is shared by IL-35, EBI3-defi-
cient C57BL/6 mice are often used to investigate the role 
of IL-27 as they reportedly result in a dominant IL-27-defi-
cient phenotype due to the higher expression of IL-27 and 
the wider range of cells producing the cytokine. This is evi-
denced by the presence of functional Tregs expressing high 
levels of IL-10.11 Nevertheless, the interpretation of data ob-
tained from knock-out mouse models of cytokine subunits 
or their receptors is often complicated due to the promis-
cuous usage of chains among the different members of 
each family. In order to overcome this source of variability, 
we further validated the role of IL-27 by neutralizing this 
cytokine in an in vivo leukemia model. 
Previous studies reported a direct anti-tumor role of IL-
27 in several tumors, including hematological malig-
nancies such as pediatric AML and CLL.30,37 Nonetheless, 
our data indicated that there are no significant changes 
in the viability or phenotype of murine and patient CLL 
cells, both in vivo and following in vitro treatment with 
IL-27. Alternatively, we provided evidence that T cells are 
the main mediators in the observed enhanced CLL de-
velopment in the absence of IL-27, as CD3+ T cells con-
trolled CLL development more efficiently in the presence 
of this cytokine. 
The T-cell compartment has a critical function in anti-
tumor immunity, and has been widely reported to show 
a significant functional impairment in CLL.38 Using gene 
expression analysis, we identified transcriptional changes 
in CD8+ T cells in the presence or absence of IL-27. Inter-
estingly, we detected a decreased expression of trans-
porters key in T-cell activation, proliferation, and 
cytotoxicity, most notably SLC7a5, which could poten-

tially contribute to the altered T-cell activity described in 
the IL-27-depleted environment. Moreover, the expression 
of profilin-1 was dramatically increased in this setting. 
This actin binding protein plays a pivotal role in cyto-
skeleton remodeling, and has been shown to severely 
hinder CTL-mediated cell killing by disrupting the forma-
tion of the T-cell cytolytic synapse.38 Altogether, these re-
sults suggest that the progressively decreasing levels of 
IL-27 in CLL patients leads to dysfunctional T-cell dy-
namics through different mechanisms, including the 
downregulation of important metabolic pathways and the 
inability to mount an appropriate immune response due 
to the lack of a functional lytic immune synapse. Further 
research must investigate the mechanisms behind the 
suggested mediators of T-cell dysfunction in the absence 
of IL-27.  
A number of studies suggest that the immune enhancing 
properties of IL-27 lead to a potent anti-tumor response 
through the upregulation of Th1 and CTL responses.39,40 

Here, we show that IL-27 enhances the cytotoxicity of CD8+ 
T cells in mice and in humans. These observations are con-
sistent with previous reports in the literature suggesting 
that IL-27 acts on CD8+ T cells through the activation of 
STAT1 and induces the T-bet and EOMES transcription fac-
tors, which are in turn critical for induction of effector mol-
ecules, and hence, the anti-tumor immune response.15,41,42 
Of particular relevance, we demonstrate that IL-27 is able 
to partially restore the anti-tumor ability of CLL patient-
derived T cells against autologous leukemic cells, emphas-
izing the potential clinical prospects of this approach in the 
treatment of CLL.  
Here we identified IL-27 as a relevant mediator in CLL pa-
thogenesis, highlighting its correlation with disease pro-
gression and suggesting a potential role as disease 
biomarker. Collectively, our data unveiled a novel mech-
anism by which IL-27 promotes anti-tumor immunity in 
CLL by enhancing CD8+ T-cell cytotoxicity, and estab-
lished this cytokine as a promising immunotherapeutic 
agent in CLL. Further research should assess its efficacy 
in a pre-clinical setting in combination with other existing 
treatments, such as chemotherapy and immunotherapy 
agents, paving the path towards an affordable and effec-

Figure 5. Ebi3-/- CD8+ T cells present impacted cytotoxic activity while IL-27 enhances their potential both in murine and human. 
(A) Control (Ctrl) and Ebi3-/- mice (N=3 per group) were euthanized at 8 weeks and CD3+ T cells were isolated from splenocytes. 
T cells were activated in vitro for 6 days and analyzed after 3 days by flow cytometry (FC) and after 6 days by FC and confocal 
microscopy. (B) Mean fluorescence intensity (MFI) of TOX after 3 days of activation and frequency of cells expressing the selected 
markers after 6 days of activation in Ctrl vs. Ebi3-/- CD8+ T cells. (C) Percentages of CD8+ T cells in clusters of wild-type (WT) vs. 
Ebi3-/- CD8+ T cells. (D) Detection and quantification of Profilin1 (red) between Ctrl vs. Ebi3-/- activated CD8+ T cells (green) after 
6 days of activation (scale bar, 5μm). (E) In vitro cytotoxic assay. CD3+ T cells were isolated from Ctrl mice (N=6) and incubated 
with or without interleukin-27 (IL-27) for 48 hours (h) (left). TCL1-derived chronic lymphocytic leukemia (CLL) cells loaded with 
the super-antigen (sAg) were co-cultured with T cells for 4 h and stained to investigate cytotoxicity efficiency by FC (right). (F) 
Patient-derived CLL cells cytotoxicity assay (left panel). Peripheral blood mononucelar cells (PBMC) were isolated from CLL pa-
tient PB. One fraction was enriched in CD3+ T cells, and these cells were then activated in the presence or absence of IL-27. 
Antigen-pulsed CLL cells were co-cultured for 4 h with previously activated autologous CD3+ T cells. The cytotoxicity efficiency 
was measured by FC (right panel). Unpaired t test, *P<0.05, **P<0.01, ****P<0.0001.
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tive personalized medicine regimen for the treatment of 
CLL. 
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