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T cell-mediated killing in chronic lymphocytic leukemia
Gioia Boncompagni1,9, Vanessa Tatangelo1,9, Ludovica Lopresti1, Cristina Ulivieri 1, Nagaja Capitani 1, Carmela Tangredi1,
Francesca Finetti 1, Giuseppe Marotta2, Federica Frezzato3,4, Andrea Visentin 3,4, Sara Ciofini5, Alessandro Gozzetti5,
Monica Bocchia5, Diego Calzada-Fraile6,7, Noa B. Martin Cofreces6,7,8, Livio Trentin 3,4, Laura Patrussi 1,10✉ and
Cosima T. Baldari 1,10✉

© The Author(s) 2024

The tumor microenvironment (TME) plays a central role in the pathogenesis of chronic lymphocytic leukemia (CLL), contributing to
disease progression and chemoresistance. Leukemic cells shape the TME into a pro-survival and immunosuppressive niche through
contact-dependent and contact-independent interactions with the cellular components of the TME. Immune synapse (IS) formation
is defective in CLL. Here we asked whether soluble factors released by CLL cells contribute to their protection from cytotoxic T cell
(CTL)-mediated killing by interfering with this process. We found that healthy CTLs cultured in media conditioned by leukemic cells
from CLL patients or Eμ-TCL1 mice upregulate the exhaustion marker PD-1 and become unable to form functional ISs and kill target
cells. These defects were more pronounced when media were conditioned by leukemic cells lacking p66Shc, a proapoptotic
adapter whose deficiency has been implicated in disease aggressiveness both in CLL and in the Eμ-TCL1 mouse model. Multiplex
ELISA assays showed that leukemic cells from Eμ-TCL1 mice secrete abnormally elevated amounts of CCL22, CCL24, IL-9 and IL-10,
which are further upregulated in the absence of p66Shc. Among these, IL-9 and IL-10 were also overexpressed in leukemic cells
from CLL patients, where they inversely correlated with residual p66Shc. Using neutralizing antibodies or the recombinant
cytokines we show that IL-9, but not IL-10, mediates both the enhancement in PD-1 expression and the suppression of effector
functions in healthy CTLs. Our results demonstrate that IL-9 secreted by leukemic cells negatively modulates the anti-tumor
immune abilities of CTLs, highlighting a new suppressive mechanism and a novel potential therapeutical target in CLL.
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INTRODUCTION
To escape immune surveillance, neoplastic B cells of hematolo-
gic malignancies implement strategies that shape T lymphocytes
of the tumor microenvironment (TME) toward an exhausted
phenotype, characterized by increased expression of exhaustion
markers and inability to produce adequate levels of immune-
activating cytokines, which both contribute to T-cell dysfunc-
tions [1]. T-cell suppression strategies are exploited by tumor
cells of chronic lymphocytic leukemia (CLL), the most common
leukemia in Western countries. CLL is characterized by the
accumulation of mature B cells in peripheral blood and
lymphoid organs [2]. Despite a bias of T lymphocytes toward
the CD8+ phenotype in CLL patients [3, 4], the killing activity of
cytotoxic T lymphocytes (CTLs), the CD8+ effector T cells
specialized to eliminate tumor cells [5, 6], is defective, mainly
as the result of high and sustained expression of inhibitory
receptors such as Programmed cell Death protein (PD)-1,

Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) and Lymphocyte-
activation gene 3 (LAG-3) [7, 8].
The complex mechanisms exploited by T cells to counteract

tumor development rely on architectural changes occurring early
after antigen recognition that lead to the polarization of receptors,
adhesion molecules, cytoskeletal components and organelles
toward the T cell/APC contact area to form a highly organized
signaling and secretory platform known as the immune synapse
(IS) [9, 10]. IS formation is a key prerequisite for target cell killing
by CTLs [11]. CLL cells disable CTLs through interactions mediated
by immunosuppressive surface ligands such as the PD-1 ligand
(PD-L1) which, by activating the inhibitory cognate receptors on
CTLs, hamper IS formation and polarized lytic granule secretion of
into the synaptic cleft to allow for selective tumor cell killing
[7, 12].
Within the TME, CLL cells secrete cytokines and chemokines

which sustain and fuel pro-tumorigenic loops [13–15], as
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exemplified by Interleukin (IL)-10, that suppresses the ability of
monocytes/macrophages to produce TNF-α [16], and IL-9, released
by CLL cells from patients with aggressive disease, that stimulates
stromal cells to secrete homing chemokines, which in turn
contribute to attract CLL cells to the pro-survival lymphoid niche

[15, 17]. Moreover, IL-9 blockade in the CLL mouse model Eμ-TCL1
decreases leukemic cell invasiveness and disease burden [15, 17],
suggesting a role for IL-9 in CLL pathogenesis.
The CLL cell secretome, as well as its implication in CTL

suppression, is still largely unknown. The characterization of
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CLL-secreted factors as indirect inhibitors of IS formation might
help in developing therapeutic approaches to reactivate anti-
tumoral CTL activities in CLL. Here, we hypothesize that soluble
factors released by CLL cells mediate CTL disabling. We show that
IL-9 secreted by CLL cells from patients with aggressive disease
contributes to suppress IS formation and cytotoxic functions of
CTLs by enhancing PD-1 expression. Hence, leukemic cell-derived
IL-9 concurs to CLL pathogenesis by altering the killing ability
of CTLs.

RESULTS
Soluble factors released by CLL cells enhance PD-1 expression
in CTLs and suppress their ability to assemble functional ISs
CTLs from CLL patients show an exhausted phenotype, with
impaired ability to form the IS and kill target cells [3, 12].
Accordingly, we observed enhanced expression of the exhaustion
markers PD-1, CTLA-4 and LAG-3 in CD8+ cells from CLL patients
compared to healthy CD8+ cells (Supplementary Fig. 1A, B). We
asked whether the CLL cell secretome participates in CTL
exhaustion. CD8+ cells immunopurified from healthy donors were
differentiated to CTLs [18] and cultured for 48 h in the presence of
complete culture medium alone or media conditioned by either
healthy B cells or leukemic cells from CLL patients (experimental
workflow in Fig. 1A). Under these experimental conditions healthy
CD8+ cells acquired the surface expression of the activation
markers CD69 and CD25 (Supplementary Fig. 1C) and showed an
exhausted phenotype, with enhanced expression of PD-1, CTLA-4
and LAG-3 (Supplementary Fig. 1D–F). Of note, the expression of
PD-1 was significantly enhanced in healthy CTLs cultured in CLL
cell-conditioned media compared to CTLs cultured in healthy B
cell-conditioned media, but not that of CTLA-4 and LAG-3 (Fig. 1B,
C, Supplementary Fig. 1D–F), indicating that leukemic cells
indirectly suppress CTL function by releasing soluble factors that
promote their exhaustion by enhancing PD-1 expression.
CLL cells suppress the ability of T cells to form functional ISs

through cell-to-cell inhibitory contacts [3, 4]. The contact-
independent enhancement in PD-1 expression in CTLs cultured
in conditioned media of CLL cells suggests that soluble CLL-
derived factors may also contribute to the IS abnormalities.
Healthy CD8+ cells were cultured for 48 h in the presence of
healthy B cell- or CLL cell-conditioned media and conjugated with
Raji cells pulsed with a mixture of the Staphylococcal enterotoxins
A, B and E (SAgs). CLL cell-conditioned media significantly
impaired IS assembly, as shown by the decreased frequency of

conjugates displaying tyrosine phosphoprotein (pTyr), TCR/CD3
and F-actin staining at the CTL/APC interface and the impairment
in their synaptic accumulation (Fig. 1D–F). Additionally, centro-
some polarization, which is essential for lytic granule delivery to
the target cell, was impaired under these conditions, as assessed
by measuring the frequency of conjugates displaying centrosome
localization beneath the IS membrane and its distance from the IS
center (Fig. 1G).
IS suppression was also observed in conjugates of healthy CTLs

cultured in vitro in CLL supernatants and allogeneic CLL cells
(Supplementary Fig. 2). The IS defects were significantly more
pronounced when the conjugation assays were performed using
CD8+ cells from CLL patients and allogeneic CLL cells (Supple-
mentary Fig. 2), suggesting that in vivo CD8+ cell conditioning
exacerbates their inability to form the IS, likely through the
combination of indirect mechanisms, mediated by CLL-derived
soluble factors, and direct interactions involving multiple surface
receptor-ligand inhibitory pairs [12].
To test the outcome of these defects on CTL-mediated killing,

healthy donor CD8+ cells were activated in the presence of
healthy or leukemic B cell-conditioned media. After 7 days CTLs
were incubated with CFSE-labeled SAg-pulsed Raji cells for 4 h,
followed by propidium iodide staining and flow cytometric
analysis. Consistent with the IS defects, CLL-conditioned media
suppressed the ability of CTLs to kill target cells (Fig. 1H).
Moreover, they significantly impaired CTL degranulation, as
assessed by measuring the percentage of CD8+ cells expressing
at their surface the lytic granule marker LAMP-1 (Fig. 1I) [18].
By counteracting TCR-dependent signaling, PD-1 prevents CTLs

from forming functional ISs [1, 19]. To assess whether PD-1
overexpression induced in healthy CTLs by CLL-conditioned media
is causal to their IS assembly defects, PD-1 neutralizing antibodies
were added to CTLs cultured as in Fig. 1A, immediately prior to
conjugate formation with SAg-pulsed Raji cells. PD-1 neutraliza-
tion reverted the IS-suppressive effect of CLL cell-conditioned
media (Fig. 1L). Hence, leukemic cells indirectly control CTL
exhaustion by secreting soluble factors that enhance PD-1
expression, which in turn impairs the ability of CTLs to form
functional ISs and kill target cells.

The p66Shc expression defect in CLL cells contributes to their
soluble PD1-elevating and IS-disrupting activity
CLL cells have a profound defect in the expression of the pro-oxidant
adapter p66Shc, with the lowest levels in leukemic cells from patients
with unfavorable prognosis [20]. This defect, which translates into a

Fig. 1 Soluble factors released by CLL cells enhance PD-1 expression on CTLs and suppress their ability to form functional ISs. AWorkflow
for CTL generation from CD8+ cells purified from buffy coats of healthy donors and their treatment with media conditioned by either healthy
B cells or B cells purified from CLL patients. RT-PCR analysis of mRNA (B) and flow cytometric analysis of surface (C) expression of PD-1 in CD8+

cells purified from buffy coats, stimulated with anti-CD3/CD28 mAb-coated beads + IL-2 for 48 h (CTLs), in the presence of conditioned media.
A representative flow cytometric histogram is shown (n buffy coats from healthy donors = 9, Mann-Whitney Rank Sum test).
Immunofluorescence analysis of pTyr (D), F-actin (E), CD3ζ. (F), and PCNT (G) in CTLs activated as in (A-C), mixed with Raji cells (APCs)
either unpulsed or pulsed with a combination of SEA, SEB, and SEE (SAgs), and incubated for 15min at 37 °C. Data are expressed as % of 15-
min SAg-specific conjugates harboring staining at the IS ( ≥ 50 cells/sample, n independent experiments = 3, one-way ANOVA test).
Representative images (medial optical sections) of the T cell:APC conjugates are shown. Scale bar, 5 μm. Right panels. Relative fluorescence
intensity of pTyr (D), F-actin (E), and CD3ζ (F) at the IS (recruitment index, RI; 10 cells/sample, n independent experiments = 3, one-way ANOVA
test). G right panel. Measurement of the distance (μm) of the centrosome (PCNT) from the CTL:APC contact in conjugates formed as above (10
cells/sample, n independent experiments = 3, one-way ANOVA test). H Flow cytometric analysis of target cell killing by CTLs cultured for
7 days in conditioned media, using SAg-loaded CFSE-labeled Raji cells as targets at an E:T cell ratio 2.5:1, 5:1 and 10:1. Cells were cocultured for
4 h and stained with propidium iodide prior to processing for flow cytometry. Analyses were carried out gating on CFSE+/PI+ cells. The
histogram shows the percentage (%) of target cells lysed (n ≥ 3, two-way ANOVA test) I. Flow cytometric analysis of degranulation of CTLs
cultured for 7 days as in (H), then cocultured with CFSE-stained SAg-loaded Raji cells for 4 h. The histogram shows the percentage (%) of
LAMP1+ CTLs, measured gating on the CSFE-negative population (n independent experiments ≥ 3, two-way ANOVA test).
L Immunofluorescence analysis of pTyr, F-actin, CD3ζ, and PCNT in CTLs activated for 48 h in the presence of conditioned media, mixed
with SAg-loaded Raji cells (APCs), and incubated for 15min at 37 °C. Immediately before mixing the cells, either isotype control (iso Ab) or anti-
PD-1 (PD-1 Ab) antibodies were added to CTLs. Data are expressed as % of 15-min SAg-specific conjugates harboring pTyr, F-actin, CD3ζ, and
PCNT staining at the IS ( ≥ 50 cells/sample, n independent experiments = 3, one-way ANOVA test). Data are expressed as mean ± SD.
****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05.
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redox imbalance [21, 22], impinges on the expression of a number of
CLL-critical genes, including genes encoding lymphoid homing and
egress receptors, and cytokines such as IL-9 [17]. Since T cells from
poor prognosis patients show higher PD-1 levels compared to
favorable prognosis patients [12], we asked whether the p66Shc
defect in CLL cells may impact on the expression of the soluble
factors that promote PD-1 expression in CTLs.
The mRNA levels of p66Shc in CLL cells inversely correlated with

PD-1 mRNA and surface expression in patient-matched CD8+ cells
(Fig. 2A). This inverse correlation was also observed when healthy
CTLs were cultured in media conditioned by CLL cells with different
levels of residual p66Shc (Fig. 2B), suggesting the existence of an
indirect p66Shc-dependent mechanism through which CLL cells
regulate PD-1 expression in CTLs. To test this hypothesis, we
reconstituted p66Shc expression in CLL cells by transient nucleofec-
tion (Fig. 2C). Media conditioned by CLL transfectants were used to
culture healthy CTLs. p66Shc reconstitution reverted the PD-1-
enhancing (Fig. 2D, E) and IS-suppressive (Fig. 2F) activities of CLL-
conditioned media on CTLs. Hence the p66Shc defect in CLL cells

modulates their secretome to promote PD-1 elevation and CTL
suppression.

p66Shc deficiency in leukemic cells from Eμ-TCL1 mice
enhances their soluble PD1-elevating activity on CD8+ cells
In agreement with a previous report [23], we found PD-1 over-
expressed in CD8+ cells isolated from lymph nodes of Eμ-TCL1 mice,
the mouse model of CLL [24], compared to their wild-type
counterparts (Fig. 3A, B). PD-1 expression increased during disease
progression, as assessed by flow cytometric analysis of CD8+ cells
from Eμ-TCL1 mice with either mild (20–39% leukemic cells in PB,
1–2 × 107 WBC/ml PB) or overt (>40% leukemic cells in PB, >2 × 107

WBC/ml PB) leukemia (Fig. 3C, Supplementary Fig. 3A). PD-1 mRNA
and surface expression directly correlated with the percentage of
circulating leukemic cells (Fig. 3D).
We previously reported that a p66Shc expression defect in

leukemic cells from Eμ-TCL1 mice, that becomes more pronounced
during disease progression (Supplementary Fig. 3B) [25], contributes
to disease development and aggressiveness [17, 20, 25]. Consistent

Fig. 2 PD-1 overexpression induced in CTLs by CLL culture supernatants is caused by p66Shc deficiency. A Correlation between either
surface (MFI) or mRNA levels of PD-1 in CD8+ cells isolated from CLL patients and the mRNA levels of p66Shc in B cells purified from the
respective CLL patients (n CLL patients ≥ 10). B Correlation between either surface (MFI) or mRNA levels of PD-1 in healthy CTLs activated for
48 h in media conditioned by CLL-B cells, and the mRNA levels of p66Shc in B cells purified from the respective CLL patients used to generate
conditioned media (n= 9). C qRT-PCR analysis of p66Shc mRNA in B cells purified from CLL patients (n= 8) and transfected with either empty
(CLL/vect) or p66Shc-encoding (CLL/p66) vectors (paired t test). D, E qRT-PCR analysis of mRNA (E) and flow cytometric analysis of surface (F)
expression of PD-1 in CTLs from healthy donors (n= 8), activated for 48 h in the presence of media conditioned by CLL B cell transfectants.
Representative flow cytometric histograms are shown (paired t test). F Immunofluorescence analysis of pTyr, F-actin, CD3ζ, and PCNT in CTLs
activated in media conditioned by CLL-B cell transfectants, mixed with SAg-loaded Raji cells (APCs), and incubated for 15 min at 37 °C. Data
are expressed as % of 15-min SAg-specific conjugates harboring pTyr, F-actin, CD3ζ, and PCNT staining at the IS ( ≥50 cells/sample, n
independent experiments= 3, one-way ANOVA test). Data are expressed as mean ± SD. ****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05.
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with the data obtained in CLL cells, PD-1 mRNA and surface
expression in CD8+ cells inversely correlated with the levels of
residual p66Shc mRNA in leukemic Eμ-TCL1 cells (Fig. 3E).
We asked whether the suppressive activity of CLL cell-conditioned

media was reproduced in Eμ-TCL1 mice. PD-1 expression was
enhanced in lymph node CD8+ cells purified from wild-type mice
cultured in Eμ-TCL1 cell-conditioned media (Fig. 3F) (same experi-
mental workflow as for human CD8+ cells, Fig. 1A), indicating that,
similar to human CLL, leukemic cells promote bystander CD8+ cell
exhaustion in Eμ-TCL1 mice through a contact-independent

mechanism. In support of this notion, adoptively transferred CD8+

cells purified from spleens of OT-1 mice that express a CLL-irrelevant
TCR in our model showed enhanced PD-1 expression in Eμ-TCL1
mice with overt leukemia compared to wild-type mice (Supplemen-
tary Fig. 4).
PD-1 expression further increased in healthy splenic CD8+ cells

cultured in media conditioned by leukemic cells from Eμ-TCL1/
p66Shc−/− mice (Fig. 3F), which develop an aggressive disease [25].
Similar results were obtained using organotypic cultures from
spleens of wild-type mice, a system that recapitulates the key

Fig. 3 p66Shc deficiency in Eμ-TCL1 mice enhances the ability of leukemic cells to enhance PD-1 expression in CD8+ cells. qRT-PCR
analysis of mRNA (A) and flow cytometric analysis of surface (B) expression of PD-1 in CD8+ cells isolated from lymph nodes of either wild-
type (n= 10) or Eμ-TCL1 (n= 18) mice. Representative flow cytometric histograms are shown (Mann Whitney Rank Sum test). C. mRNA
expression of PD-1 in CD8+ cells from lymph nodes of Eμ-TCL1 shown in (A) were subgrouped, according to disease stage, in mild leukemia
(20-39% leukemic cells in PB, 1-2 × 107 WBC/ml PB, n Eμ-TCL1 mice = 10) and overt leukemia (>40% leukemic cells in PB, >2 × 107 WBC/ml PB,
n Eμ-TCL1 mice = 8). (Mann Whitney Rank Sum test). D. Correlation between surface (MFI) or mRNA levels of PD-1 in CD8+ cells isolated from
lymph nodes of Eμ-TCL1 mice and the percentage of leukemic cells in peripheral blood of the same mouse. E Correlation between surface
(MFI) or mRNA levels of PD-1 in CD8+ cells isolated from lymph nodes of wild-type mice cultured in the presence of media conditioned by
splenic B cells from Eμ-TCL1 mice, and the mRNA levels p66Shc in Eμ-TCL1 cells used to generate conditioned media (n wild-type mice= 18).
F qRT-PCR analysis of PD-1 mRNA in CD8+ cells isolated from spleens of wild-type mice (n= 10), cultured in the presence of media
conditioned by splenic B cells from either wild-type, Eμ-TCL1 or Eμ-TCL1/p66−/− mice (n independent experiments ≥5; one-way ANOVA). G.
Flow cytometric analysis of PD-1+CD8+ cells in 220 μm-thick slices from spleens of wild-type mice (n= 10), cultured as in (F) (n independent
experiments ≥5; one-way ANOVA). Data are expressed as mean ± SD. ****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05.
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physiological features of lymphoid organs [26], cultured in media
conditioned by B cells from wild-type, Eμ-TCL1 or Eμ-TCL1/p66Shc−/−

mice (Fig. 3G). Hence, leukemic cells from Eμ-TCL1 mice indirectly
suppress CD8+ cell functions by secreting soluble factors that
enhance PD-1 expression in a p66Shc-dependent manner.

p66Shc deficiency impinges on the cytokine landscape of
CLL cells
CLL cell-derived IL-9 promotes the secretion of homing chemo-
kines by stromal cells of the TME [17]. To identify leukemic cell-
derived soluble factors with potential CTL-suppressive activity, we
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first quantified a panel of cytokines and chemokines released in
media conditioned by splenic B cells from wild-type, Eμ-TCL1 or
Eμ-TCL1/p66−/− mice by Multiplex ELISA. We identified soluble
factors whose amounts were significantly increased in media
conditioned by leukemic cells compared to their wild-type
counterparts (Fig. 4A, Supplementary Table 1), and selected the
top candidates based on their significantly higher amounts in Eμ-
TCL1 cell- vs wild-type B cell-conditioned media, and Eμ-TCL1/
p66−/− cell- vs Eμ-TCL1 cell-conditioned media. Moreover, we
established a threshold of 100 ng/ml in media conditioned by
wild-type cells. Among all soluble factors tested, only CCL22,
CCL24, IL-9 and IL-10 met all our criteria. Of these, CCL22 and IL-9
were previously shown to be overexpressed by leukemic cells
isolated from spleens of Eμ-TCL1/p66Shc−/− compared to Eμ-TCL1
mice (Fig. 4B, Supplementary Table 2 and [17]).
To translate these findings to the context of CLL, we

quantified the selected candidates in healthy and CLL cells by
qRT-PCR. The levels of CCL24, IL-9 and IL-10 mRNAs were
significantly higher in CLL cells compared to healthy B cells,
while CCL22 expression was comparable to healthy B cells (Fig.
4C). As previously reported [17], the IL-9 mRNA levels inversely
correlated with the p66Shc mRNA levels (Fig. 4D). This also
applied to IL-10, but not to CCL22 or CCL24 (Fig. 4D). Moreover,
p66Shc reconstitution in CLL cells by transient nucleofection led
to a decrease in the mRNA of IL-9
(Fig. 4E and [17]) and IL-10, but not of CCL22 or CCL24 (Fig. 4E).

IL-9 secreted by leukemic cells from CLL patients promotes
PD-1 expression in CTLs
Based on these results, we assessed IL-9 and IL-10 as potential
p66Shc-dependent, CTL-suppressive soluble factors produced by
CLL cells. We quantified surface PD-1 in healthy CTLs cultured with
healthy or leukemic B cell-conditioned media, in the presence of
anti-IL-9 or anti-IL-10 neutralizing antibodies. Anti-IL-9 (Fig. 5A) but
not anti-IL-10 (Fig. 5B) antibodies impaired the PD-1-elevating
activity of CLL cell supernatants in healthy CTLs. These data were
confirmed using recombinant IL-9 that, as opposed to recombi-
nant IL-10, enhanced surface PD-1 expression in healthy CTLs
cultured in healthy B cell-conditioned media (Fig. 5A, B). These
data indicate that IL-9, but not IL-10, mediates the PD-1-elevating
ability of leukemic cells on healthy CTLs.
We correlated PD-1 expression on CD8+ cells with IL-9

expression in CLL cells. PD-1 expression on CD8+ cells directly
correlated with IL-9 expression in patient-matched leukemic cells
(Fig. 5C, Supplementary Table 3). The heat map shown in Fig. 5D,
which correlates PD-1 expression in CD8+ cells with both IL-9 and
p66Shc expression in patient-matched leukemic cells, highlighted
a strong correlation among the three markers, with PD-1
expression on CD8+ cells directly correlated with IL-9 but inversely
correlated with p66Shc expression in leukemic cells (Fig. 5D,
Supplementary Table 3). PD-1 expression was higher in CD8+ cells
from patients with unmutated IGHV genes (U-CLL), a marker of
early relapse after fixed-duration therapy (Fig. 5E), and express the

lowest p66Shc levels, compared to patients with mutated IGHV
genes (M-CLL) (Supplementary Table 3) [20, 27]. These results
highlight a new mechanism exploited by CLL cells to disable the
tumor-suppressive activity of CTLs involving IL-9 secretion into the
TME to enhance PD-1 expression in CTLs.

IL-9 secreted by leukemic cells from CLL patients impairs IS
formation in CTLs
CLL cells suppress the ability of activated CD8+ cells to assemble
the IS through direct interaction of surface inhibitory receptor/
ligand axes (Fig. 1L) [12]. To test the hypothesis that leukemic
cell-derived IL-9 contributes to the assembly of dysfunctional ISs
by modulating PD-1 expression in CTLs, healthy CD8+ cells were
cultured with healthy B cell or CLL cell-conditioned media in the
presence of either isotype control or anti-IL-9 neutralizing
antibodies prior to conjugate formation. Anti-IL-9 antibodies
counteracted the suppressive activities of leukemic cell super-
natants on IS formation (Fig. 6A–D, left panels). Consistent with
these findings, recombinant IL-9 added to healthy B cell-
conditioned media impaired IS formation, an effect that was
not observed in the presence of neutralizing anti-IL-9 antibodies
(Fig. 6A-D), Consistent with the IS defects (Fig. 6A–D), the
suppressive activity of the CLL supernatants on CTL-mediated
killing and degranulation were neutralized by anti-IL-9 anti-
bodies (Fig. 6E, F). Moreover, recombinant IL-9 reproduced the
suppressive activities of CLL supernatants (Fig. 6E, F). Collec-
tively, these results demonstrate that CLL cell-derived IL-9
impairs IS formation and effector functions of CTLs by
promoting PD-1 expression in CTLs.

In vivo IL-9 blockade in Eμ-TCL1/p66−/− mice normalizes PD-1
expression in CD8+ cells
To validate the role of IL-9 in PD-1 overexpression in CD8+ cells in
vivo, we carried out IL-9-blockade experiments in the aggressive
CLL Eμ-TCL1/p66Shc−/− mouse model [17, 25]. Mice with overt
disease were intraperitoneally administered anti-IL-9 or isotype-
control mAbs twice a week for 4 weeks (Fig. 7A) [17]. Flow
cytometry analysis of PD-1+CD8+ splenocytes demonstrated that
IL-9 blockade resulted in a reduction in PD1 expression and
frequency of PD-1+CD8+ cells compared to isotype control (Fig. 7B).
Enhanced surface PD-1 expression in CD8+ cells was also observed
in in vitro experiments where organotypic spleen cultures from
wild-type mice were cultured for 48 h in media conditioned by
leukemic cells from Eμ-TCL1/p66Shc−/− mice (Fig. 7C), that were
enriched in IL-9 (Fig. 7D). A similar PD-1 enhancement was obtained
when wild-type spleen slices were cultured in media conditioned
by wild-type B cells, where IL-9 is barely detectable (Fig. 7D), in the
presence of recombinant IL-9 (Fig. 7C). Anti-IL-9 antibodies
neutralized the enhancement in PD-1 expression induced both by
Eμ-TCL1/p66Shc−/− leukemic cell supernatants and by wild-type B
cell supernatants added with IL-9 (Fig. 7C), indicating that leukemic
cell-derived, IL-9-rich supernatants can shape the splenic micro-
environment to a pro-tumoral one.

Fig. 4 p66Shc deficiency impinges on the cytokine landscape of leukemic cells in Eμ-TCL1 mice and CLL. A Heat map of the amounts of
cytokines and chemokines in the culture supernatants of B cells isolated from spleens of wild-type mice (WT; n= 40), or leukemic cells purified
from spleens of Eμ-TCL1 (TCL1; n= 40) or Eμ-TCL1/p66−/− (TCL1/p66−/−; n= 40) mice and quantified by Multiplex ELISA. B Heat map of
transcripts from Affymetrix array analysis showing differential expression patterns between leukemic Eμ-TCL1 (TCL1, n= 3) and Eμ-TCL1/
p66Shc−/− (TCL1/p66−/−, n= 3) cells. Differential expression criteria: p-value < 0.05, estimated fold change > 2. Upregulated and
downregulated transcripts are shown in red and green, respectively. C. qRT-PCR analysis of mRNA expression of CCL22, CCL24, IL-9 and
IL-10 in B cells purified from peripheral blood of healthy donors (n ≥ 6) or CLL patients (n ≥ 45) (Mann Whitney Rak Sum test). D Correlation
between mRNA levels of CCL22, CCL24, IL-9 or IL-10 and p66Shc mRNA levels in the respective CLL patients (n ≥ 31). E qRT-PCR analysis of
mRNA expression of CCL22, CCL24, IL-9 and IL-10 in B cells purified from CLL patients (n= 9) and transiently nucleofected with either empty
(vect) or with p66Shc-expressing (p66Shc) vectors (Wilcoxon test). Data are expressed as mean ± SD. ****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01;
*p ≤ 0.05.
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Ex vivo and in vivo inhibition of BTK enhances IL-9 expression
in leukemic cells from CLL patients
Treatment of CLL patients with BTK inhibitors relieves T cell
exhaustion by downregulating PD-1 expression [28, 29]. We
hypothesized that this could partly or completely account for the
enhanced release of IL-9 in the TME by leukemic cells. To test this
hypothesis, IL-9 secreted in media conditioned by CLL cells treated
in vitro for 48 h with the BTK inhibitor Ibrutinib was quantified by
ELISA. Ibrutinib treatment decreased IL-9 release by CLL cells (Fig.
7E). Moreover, IL-9 expression was reduced in 4 CLL patients
showing a significant response to second line Ibrutinib treatment
(range follow-up 26.2 ± 7.3 months) (Fig. 7F, Supplementary Table
4), suggesting that the response of CLL patients to BTK inhibitors
results, at least in part, from the normalization of IL-9 release by
leukemic cells.

DISCUSSION
During their growth, tumors develop mechanisms for harnes-
sing immune responses. CTLs are subjected to these suppres-
sive actions, as demonstrated by impairment in their anti-
tumoral functions [1]. Direct inhibitory receptor/ligand axes
contribute to CTL suppression by inhibiting TCR-dependent
signaling pathways [1]. Here we identify a new cell contact-
independent mechanism of CLL cell escape from CTL-mediated
killing.

Abnormal IL-9 secretion by leukemic cells of CLL patients
[17, 30–32] and Eμ-TCL1 mice [17] correlates with aggressive
disease hallmarks, such as unmutated IGHV, low p66Shc levels
[15, 17], and lower overall survival [17]. The pro-tumoral activity of
IL-9 involves its ability to promote homing chemokine secretion
by stromal cells of lymphoid organs [15, 17], thereby attracting
CLL cells to the pro-survival lymphoid niche. Here we found that
IL-9 secreted by CLL cells also participates in their escape from
CTL-mediated killing by hampering IS formation in CTLs. Abnormal
serum IL-9 levels in CLL patients are also associated to
uncontrolled secretion by Th-9 cells [32], suggesting that CLL
and Th-9 cells potentially cooperate to shape the TME by
suppressing CTLs.
CLL cells secrete both anti-tumoral and pro-tumoral cyto-

kines [13]. IL-15 has a frank anti-tumoral activity, as witnessed
by enhanced in vitro antibody-dependent cytotoxicity against
CLL cells [33]. Moreover, low IL-27 serum levels in CLL patients
have been related to the development of aggressive disease
and decreased anti-leukemic cytotoxicity of CD8+ cells [34].
Conversely, increased IL-6 in CLL sera correlates with a
repressed functional profile of circulating CTLs [35, 36].
Whether IL-6 participates directly in CTL suppression in CLL
has not been assessed to date. Of note, we show that Eμ-TCL1
and wild-type B cells secrete comparable and very low IL-6
amounts, ruling out leukemic cells as the source of IL-6 in CLL
sera. On the other hand, our data highlight IL-9, which is

Fig. 5 IL-9 secreted by CLL cells promotes PD-1 expression in CTLs. A, B Flow cytometric analysis of surface PD-1 in CD8+ cells purified from
buffy coats, stimulated with anti-CD3/CD28 mAb-coated beads + IL-2 for 48 h (CTLs), and cultured in conditioned media in the presence of
either control (iso Ab), anti-IL-9 (IL-9 Ab, A) or anti-IL-10 (IL-10 Ab, B) antibodies and/or recombinant IL-9 (rIL-9) (A), or recombinant IL-10 (rIL-
10) (B) (n buffy coats from healthy donors = 4; one-way ANOVA). C Correlation between surface PD-1 (MFI) in CD8+ cells isolated from CLL
patients and IL-9 mRNA in leukemic cells isolated from the respective CLL patients (n= 18). D Spearman r correlation index between surface
PD-1 (MFI) in CD8+ cells isolated from CLL patients and IL-9 and p66Shc mRNA in CLL cells from the respective CLL patients (n= 18). E Flow
cytometric analysis of surface PD-1 in CD8+ cells isolated from peripheral blood of CLL patients, grouped in M-CLL (n= 10) and U-CLL (n= 8)
patients according to the IGHV mutational status. Data are expressed as mean ± SD. ****p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05.
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overexpressed in CLL patients with aggressive disease pre-
sentation [17, 30, 32], as a key pro-tumoral cytokine that
shapes the TME not only to promote leukemic cell accumula-
tion and survival [17], but also to help them evade elimination
by CTLs.

PD-1 is almost absent in resting T cells while it is a hallmark of
effector T cells [1, 37, 38]. Several stimuli upregulate PD-1
expression, the most important being TCR-mediated signaling,
which activates transcription factors implicated in PD-1 expres-
sion, including nuclear factor of activated T cells 1 (NFATC1)

G. Boncompagni et al.

9

Cell Death and Disease          (2024) 15:144 



[39, 40], NF-κB [41], and T-bet [40]. Cytokines such as IL-10 [42]
and TGF-β [42, 43] have been also found to promote PD-1
expression. Here we show that IL-9 secreted by leukemic cells
from CLL patients with aggressive disease presentation
enhances PD-1 expression in healthy CTLs, thereby contributing
to shift them to the exhausted and disabled phenotype. Our
results suggest that agents targeting IL-9, such as anti-IL-9
neutralizing antibodies, are plausible partners for combination
therapies with immune checkpoint inhibitors to reverse the
state of exhaustion and reinvigorate protective immune
responses in CLL. In support of this notion, suppression of IL-
10 expression has been shown to enhance anti-tumor T cell

immunity in combination with PD-L1 blockade in a preclinical
mouse model [44]. Of note, while in vivo IL-10 suppression alone
increased the frequency of CD8+ cells displaying effector
markers, it did not affect PD-1 upregulation [44], consistent
with our findings.
Despite the accumulation of PD1+CD8+ cells in peripheral

lymphoid organs of CLL patients, PD-1/PD-L1 blockade alone has
shown limited clinical efficacy, with the exception of the most
aggressive disease development, Richter’s transformation [45],
suggesting that the neutralization of the PD-1 inhibitory signaling
axis may not be sufficient to reactivate the CTL anti-tumoral
functions, and pointing out the relevant implication of exhaustion

Fig. 6 IL-9 secreted by CLL cells suppresses IS formation and effector functions in CTLs. Left panels. Immunofluorescence analysis of pTyr
(A), F-actin (B), CD3ζ (C), and PCNT (D) in CTLs activated for 48 h in the presence of conditioned media, with the addition of either control (iso
Ab), anti-IL-9 (IL-9 Ab) or recombinant IL-9 (rIL-9), mixed with Raji cells (APCs) either unpulsed or pulsed with a combination of SAgs, and
incubated for 15min at 37 °C. Data are expressed as % of 15-min SAg-specific conjugates harboring staining at the IS (≥50 cells/sample, n
independent experiments ≥3, one-way ANOVA test). Representative images (medial optical sections) of the T cell:APC conjugates are shown.
Scale bar, 5 μm. Right panels. Relative fluorescence intensity of pTyr (A), F-actin (B), and CD3ζ (C) at the IS (recruitment index, RI; 10 cells/
sample, n independent experiments ≥3, one-way ANOVA test). D Right panel. Measurement of the distance (μm) of the centrosome (PCNT)
from the CTL:APC contact in conjugates formed as above (10 cells/sample, n independent experiments = 3, one-way ANOVA test). E Flow
cytometric analysis of target cell killing by CTLs cultured for 7 days in conditioned media, with the addition of either control (iso Ab), anti-IL-9
(IL-9 Ab) or recombinant IL-9 (rIL-9), using SAg-loaded Raji cells as targets at an E:T cell ratio 2.5:1, 5:1 and 10:1. Cells were cocultured for 4 h
and stained with propidium iodide prior to processing for flow cytometry. Analyses were carried out gating on CFSE+PI+ cells. The histogram
shows the percentage (%) of target cells lysed (n independent experiments = 5, two-way ANOVA test). F Flow cytometric analysis of
degranulation of CTLs cultured for 7 days as in (E), then cocultured with CFSE-stained Raji cells loaded with SAg at an E:T cell ratio 2.5:1, 5:1
and 10:1 for 4 h. The histogram shows the percentage (%) of LAMP1+ CTLs, measured gating on the CSFE-negative population (n= 6, two-way
ANOVA test). Data are expressed as mean ± SD. ****, p ≤ 0.0001; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05.

Fig. 7 In vivo IL-9 blockade in Eμ-TCL1/p66−/− mice normalizes PD-1 expression in CD8+ cells. A Schematic representation of the
experimental design of intraperitoneal injection of wild-type C57BL/6 mice (n= 3) or Eμ-TCL1/p66Shc−/− mice (n= 6) with overt leukemia
(~40% CD5+CD19+ leukemic cells in PB) with 100 μg of either isotype control (n= 3) or anti-IL-9 (n= 3) antibodies dissolved in 100 μl PBS.
B Flow cytometric analysis of PD-1+CD8+ cells in spleens isolated from either wild type mice injected with PBS (n= 3) or Eμ-TCL1/p66Shc−/−

mice (n= 6) injected with anti-IL-9 (IL-9 Ab, n= 3) or isotype (iso Ab, n= 3) mAb. Data are expressed as MFI of PD-1 in CD8+-gated cells (left)
and as % PD-1+CD8+ cells (right) (RM one-way ANOVA). C Flow cytometric analysis of PD-1+CD8+ cells in 220 μm-thick slices obtained from
spleens of wild-type mice (n= 3) and cultured for 48 h in the presence of conditioned media, with the addition of either control (iso Ab), anti-
IL-9 (IL-9 Ab) or recombinant IL-9 (rIL-9) (n independent experiments ≥3; one-way ANOVA). D Quantification by ELISA of IL-9 released in media
conditioned by splenic B cells from either wild-type (n= 6) or Eμ-TCL1/p66−/− (n= 6) mice. Mann Whitney Rank Sum test. E. Quantification by
ELISA of IL-9 released in the culture supernatants of leukemic cells isolated from peripheral blood of CLL patients (n= 13) and treated in vitro
for 48 h with either DMSO or 10 μM Ibrutinib. Paired t test. F qRT-PCR analysis of mRNA expression of IL-9 in leukemic cells isolated from
peripheral blood of CLL patients (n= 4) who received 420mg Ibrutinib once a day. Blood samples were collected on the starting day of
Ibrutinib treatment (before Ibrutinib) and at follow-up of Ibrutinib treatment (follow-up Ibrutinib; range follow-up 26.2 ± 7.3 months). Paired t
test. Data are expressed as mean ± SD. ****p ≤ 0.0001; **p ≤ 0.01; *p ≤ 0.05.
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molecules other than PD-1, such as CTLA-4 and LAG-3 [8, 46, 47],
in restraining CTL functions. Our results showing a recovery of the
ability of isolated exhausted CTLs to form functional ISs in the
presence of neutralizing anti-PD-1 antibodies underscore the
crucial role of PD-1 in the suppression of anti-tumor CTL activities
in the complex context of the TME. Moreover, CTLA-4 and LAG-3
expression was not further increased by conditioned media from
CLL cells, ruling them out as mediators of soluble factor-mediated
CTL exhaustion in CLL. Nevertheless, a role for other inhibitory
receptor/ligand axes, including both membrane-bound and
soluble immune checkpoint molecules such as sCTLA-4 (soluble
CTLA-4) and sPD-1 (soluble PD-1) [48], cannot be excluded.
The finding that the p66Shc expression defect in CLL cells

impinges on their ability to suppress CTLs further witnesses to the
key role of this adapter in leukemic cell shaping of the TME to their
advantage. p66Shc is a molecular adapter that promotes
apoptosis through an adapter-independent pro-oxidant activity
[21, 22], which contributes to the intrinsic apoptosis defects and
chemoresistance of CLL cells [17, 25, 27]. The ROS-elevating, gene-
modulating activity of p66Shc also indirectly favors leukemic cell
survival by setting an imbalance between the homing and egress
receptors that coordinate lymphocyte trafficking, promoting their
accumulation in the pro-survival lymphoid niche [49, 50]. Here we
show that p66Shc deletion in Eμ-TCL1 mice also affects the
expression of CLL-critical cytokines such as IL-9 and IL-10 by
leukemic cells, which also applies to the p66Shc-deficient CLL
cells. This highlights the ramifications in the outcome of the
p66Shc defect in CLL cells on strategic processes that participate
in their survival.
In summary, our data highlight a crosstalk between leukemic

cells and CTLs in CLL that indirectly suppresses the killing activity
of CTLs, supporting leukemic cell escape from immunosurveillance
and thus contributing to CLL pathogenesis.

METHODS
CLL patients, healthy donors, mice and cell lines
CLL diagnosis and mutational IGHV status were assessed as reported
[25, 51, 52]. PB samples were collected from 96 treatment-naive CLL
patients (>95% leukemic CD5+CD19+/CD19+ cells) and 4 CLL patients
subjected to Ibrutinib treatment (Supplementary Table 4). Healthy control
B cells were purified from 119 buffy coats as described [53]. Transfections
were previously described [49, 52]. Non-randomized non-blinded experi-
ments were carried out on cells isolated from Eμ-TCL1, Eμ-TCL1/p66Shc−/−

mice [24, 52], OT-1 mice [54, 55] and parental C57BL/6J mice. Disease
development and overt leukemia achievement were assessed as reported
[25]. In vivo treatment of Eμ-TCL1/p66Shc−/− leukemic mice with anti-IL-9
or isotype ctr antibodies was reported [17]. The Raji B lymphoblastoid cell
line was previously described [56].

Conditioned supernatants and multiplex assays
Conditioned supernatants were generated and stored as reported [17].
Viability of healthy B cells and CLL cells used to generate conditioned
supernatants was consistently >65% at 48 h versus ~85% immediately
after purification (Supplementary Fig. 5). Mouse cytokines and chemokines
were quantified by Bio-Plex Chemokine Panel Multiplex assay (BioRad).
Data were acquired and analyzed using Luminex-Magpix (BioRad).

Purification, activation and conditioning of CD8+ cells
CD8+ cells isolated from mouse lymph nodes by immunomagnetic
sorting were incubated for 48 h in conditioned supernatants. 0.5 ng/ml
recombinant IL-9 and 0.1 ng/ml control or anti-IL-9 mAbs (Supplemen-
tary Table 5) were added to culture media. CD8+ cells isolated from PB of
healthy donors were stimulated with anti-CD3/CD28 beads and 50 U/ml
IL-2 and cultured in conditioned media. 20 ng/ml recombinant IL-9,
0.5 ng/ml recombinant IL-10, 0.1 ng/ml isotype control, or 1 ng/ml anti-
IL-9 or anti-IL10 mAbs, were added to culture media. 48 h after
activation, beads were removed and CTLs collected. For cytotoxicity
and degranulation assays, CTLs were expanded for additional 3 days
with IL-2, and collected at day 7.

IS formation and immunofluorescence
Conjugates between CTLs and superantigen (SAg)-pulsed Raji B cells were
carried out as detailed in Supplementary Methods [18]. Briefly, Raji cells were
loaded with SAgs, mixed with CTLs (1:1.5 APC:CTL ratio) and incubated for
15min at 37 °C. Anti-PD1 mAbs were added during conjugate formation.
Samples were seeded onto poly-L-lysine-coated slides, fixed, permeabilized,
stained with antibodies (listed in Supplementary Table 5) and mounted with
90% glycerol/PBS. Confocal microscopy was carried out on a Zeiss LSM700
microscope. Images were processed with Zen 2009 image software and
analyzed using ImageJ (version 1.53a). Scoring of conjugates positive for IS
markers and recruitment indexes were calculated as reported [18].

Degranulation and cytotoxicity assays
For degranulation assays, 0.025 × 106 Raji B cells stained with
carboxyfluorescein diacetate succinimidyl ester (CFSE) were loaded with
SAgs and mixed with CTLs in the presence of anti-CD107a mAb for 1 h.
Cells were then incubated 3 h at 37 °C with monensin, washed, and
analyzed by flow cytometry. For cytotoxicity assays, CFSE-stained Raji cells
were mixed with CTLs for 4 h at 37 °C. Cells were stained with propidium
iodide and analyzed by flow cytometry.

CLL cell Ibrutinib treatments and ELISA assays
Freshly isolated leukemic B cells purified from peripheral blood of 13 CLL
patients were treated with 10 μM Ibrutinib for 48 h. DMSO was used as
control. Samples were centrifuged and supernatants stored at −80 °C. IL-9
was quantified by ELISA (Raybiotech).

Organotypic culture of spleen slices
Vibratome-generated 220-μm spleen slices [26] were cultured at 37 °C for
48 h in conditioned media, as described [17].

Transfer of OT-1 splenocytes in recipient mice
20 × 106 OT-1 splenocytes/200 μl PBS were injected in the tail vein of either
C57BL/6 or Eμ-TCL1 recipient mice with overt leukemia. 72 h post-transfer
mice were euthanized, spleens were mechanically dispersed and the
percentage of CD8+CD45.1+PD-1+ cells was quantified by flow cytometry.
A detailed description of the experimental protocol is reported in
Supplementary Methods.

RNA purification, gene expression profiling, qRT-PCR
RNA was extracted and retrotranscribed as described [26, 49]. qRT-PCRs
(Supplementary Table 6) were performed and analyzed as described [49]. The
relative gene transcript abundance was determined on triplicate samples
using the ddCt method and normalized to either HPRT1 (human-derived
samples) or GAPDH (mouse-derived samples). RNA from mouse-derived
leukemic cells was subjected to gene array profile analysis as described [17].

Flow cytometry and viability assays
Leukemic cell immunophenotyping was performed as described [25].
Spleen slices were disgregated on 70-μm cell strainers (BioSigma). Cell
viability was measured by flow cytometric analysis of 1 × 106 B cells co-
stained with FITC-labeled Annexin V and Propidium iodide. Flow cytometry
was performed using Guava Easy-Cyte cytometer (Millipore).

Statistical analyses
One-way and two-way ANOVA tests with post-hoc Tukey correction and
multiple comparisons were used to compare multiple groups. Mann-
Whitney rank-sum and paired t-tests were performed to determine the
significance of the differences between two groups. Power and sample size
estimations were performed using G*Power. Statistical analyses were
performed using GraphPad Prism. P values < 0.05 were considered
significant. Sample size, determined on the basis of previous experience
in the laboratory, and replicate number for each experimental group/
condition are indicated in the figure legends.
Extended Methods are described in the Online Supplementary Material.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request. Microarray data are available
at EMBL-EBI database under accession number E-MTAB-9761.
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