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ABSTRACT

brutinib is a Bruton’s tyrosine kinase (BTK) inhibitor approved for the
Itreatment of multiple B-cell malignancies, including chronic lymphocytic

leukemia (CLL). In addition to blocking B-cell receptor signaling and
chemokine receptor-mediated pathways in CLL cells, that are known drivers
of disease, ibrutinib also affects the microenvironment in CLL via targeting
BTK in myeloid cells and IL-2-inducible T-cell kinase (ITK) in T cells. These
non-BTK effects were suggested to contribute to the success of ibrutinib in
CLL. By using the Ep-TCL1 adoptive transfer mouse model of CLL, we
observed that ibrutinib effectively controls leukemia development, but also
results in significantly lower numbers of CD8" effector T cells, with lower
expression of activation markers, as well as impaired proliferation and effec-
tor function. Using CD8" T cells from a T-cell receptor (TCR) reporter
mouse, we verified that this is due to a direct effect of ibrutinib on TCR
activity, and demonstrate that co-stimulation via CD28 overcomes these
effects. Most interestingly, combination of ibrutinib with blocking antibod-
ies targeting PD-1/PD-L1 axis in vivo improved CD8" T-cell effector function
and control of CLL. In summary, these data emphasize the strong
immunomodulatory effects of ibrutinib and the therapeutic potential of its
combination with immune checkpoint blockade in CLL.

Introduction

Within the last decade, a new era of therapeutic opportunities for patients with
chronic lymphocytic leukemia (CLL) has begun.' Treatment responses, also in
patients with relapsed and refractory disease or unfavorable genetic profile, have
dramatically improved with the development and approval of kinase inhibitors that
target B-cell receptor (BCR) signaling, a well-known driver of disease.” Ibrutinib is
an orally bioavailable, irreversible inhibitor of Bruton’s tyrosine kinase (BTK). Both
in vitro and in patients, ibrutinib has been shown to potently inhibit BCR signaling,
prevent lymphocyte adhesion and homing, and inhibit protective effects of the
microenvironment, which yields high response rates and durable remissions in
patients with CLL if applied continuously.*’

In addition to pro-survival pathways in malignant cells, like BCR signaling, T cells
represent an attractive therapeutic target in CLL. In patients and mouse models of
CLL, T cells expand along with the disease course.”” Our recent work has demon-
strated a non-redundant role of CD8" T cells in suppressing CLL progression in an
IFNy-dependent manner.’ Yet chronic exposure to tumor-derived antigens in second-
ary lymphoid organs leads to their continuous activation, upregulation of inhibitory
receptors, such as PD-1, and ultimately exhaustion.® Therefore, targeting inhibitory
receptors, such as PD-1 and Lag3, offered novel opportunities of therapeutic reacti-
vation of adaptive anti-tumor immunity by immune checkpoint blockade.”"
Notably, immune checkpoint blockade showed promising activity in a subgroup of
CLL patients with Richter’s transformation, suggesting that unleashing inhibited T
cells results in better control of leukemia progression." Besides its direct cytotoxic
activity against malignant B cells, ibrutinib also exerts immunomodulatory effects
(reviewed by Maharaj et al.).” Ibrutinib-mediated inhibition of STATS results in
decreased expression of immunosuppressive molecules, such as PD-L1 and IL-10, by
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CLL cells.” Gunderson et al. have demonstrated that BTK
inhibition in tumor-associated myeloid cells reprograms
them towards M1l-like immunostimulatory phenotypes
resulting in enhanced anti-tumoral T-cell activity.”* In addi-
tion to modulating BTK-expressing cells in the microenvi-
ronment, ibrutinib has been shown to impact natural killer
(NK)- and T-cell activity due to its non-BTK effects on IL-
2-inducible T-cell kinase (ITK)."" In a preclinical study,
ITK inhibition by ibrutinib was shown to impair Fc recep-
tor-mediated NK-cell functions and to antagonize cytotox-
icity of rituximab.' However, NK-cell-mediated cellular
cytotoxicity was significantly recovered 12 hours (h) after
ibrutinib has been removed, which may be attributed to
turnover of ITK.” Inhibition of ITK by ibrutinib was fur-
ther shown to modulate TCR signaling in CD4'T cells and
enhance Th1 response in vitro.” In addition, a reduced num-
ber or percentage of regulatory T cells in peripheral blood
of ibrutinib-treated patients was reported.'®" Interestingly,
ibrutinib was recently approved for the treatment of refrac-
tory chronic graft-versus-host-disease (cGvHD) after allo-
geneic hematopoietic stem cell transplantation, indicating
its potent immunomodulatory effect in vivo.”

The strong immunomodulatory activity of ibrutinib
encouraged several pre-clinical and clinical studies assess-
ing its potential combination with other immunotherapeu-
tic drugs, primarily immune checkpoint blockade.” The
success of these immunotherapeutic approaches relies on
enhancing the functional capacities and proliferation of
anti-tumoral CD8" T cells. Despite a large body of evidence
highlighting the immunomodulatory activity of ibrutinib,
its exact impact on CD8" T cells in CLL remains less
defined. While Long et al. observed an increase in CD4*
and CD8* T-cell numbers in ibrutinib-treated patients,” a
drop in T-cell numbers, activation, and proliferation was
reported in another patient cohort.”” Moreover, it was sug-
gested that ibrutinib can enhance anti-tumoral CD8" T-cell
function in CLL patients by fostering a switch of T-helper-
cell polarization towards anti-tumoral Thl cells.”
However, this change in Thl polarization could not be
confirmed in a cohort of ibrutinib-treated patients.” Thus,
in this study, we utilized the Eu-TCL1 adoptive transfer
(TCL1 AT) model of CLL to monitor CD8* T-cell differen-
tiation and function under ibrutinib treatment. Through
this, we observed that this drug reduces the functionality
of CD8" T cells which could be overcome by combining
ibrutinib with immune checkpoint blockade in the TCL1
AT model. The relevance of these findings for therapeutic
applications has to be proven in ongoing clinical trials com-
bining ibrutinib with anti(a)PD-L1 antibody durvalumab
for treatment of B-cell lymphoma and CLL patients. (Trial
registered at clinicaltrials.gov identifiers: NCT02401048 and
NCT02733042).

Methods

Mouse models

Eu-TCL1 (TCL1) mice on C57BL/6 background were kindly
provided by Dr. Carlo Croce (Ohio State University, OH, USA).”
C57BL/6 wild-type (WT) mice were purchased from Charles River
Laboratories (Sulzfeld, Germany), and NrdalGFP mice* were
kindly provided by Dr. Markus Feuerer (DKFZ, Heidelberg,
Germany).

TCL1 tumor cells of C57BL/6N background were propagated
once by adoptive transfer in C57BL/6N mice to ensure having

enough tumor cells from the same donor for all treatment arms.
Adoptive transfer of TCL1 tumors was performed as previously
described.”” Briefly, 1-2x10” leukemic TCL1 splenocytes
(CD5"CD19" content of purified cells was typically above 90%)
were transplanted by intraperitoneal (i.p.) injection into 2-3-
month-old C57BL/6N WT females. All animal experiments were
carried out according to governmental and institutional guidelines
and approved by the local authorities (Regierungsprasidium
Karlsruhe, permit numbers: G-36/14, G-123/14, G-16/15, and G-
53/15).

In vivo treatment

Two to three weeks after tumor cell transplantation, tumor load
in blood (defined as the number of CD5*CD19* CLL cells/uL) was
measured, and mice were assigned to different treatment arms to
achieve comparable tumor load in all groups at baseline prior to
treatment. Ibrutinib (provided by Pharmacyclics LLC, an AbbVie
Company) was administered in drinking water containing sterile
control vehicle (1% HP-B-CD) at a concentration of 0.16 mg/mL,
as previously described.”® For PD-1/PD-L1 blockade, mice were
injected i.p. with 0.2 mg of aPD-1 (clone: RMP1-14), aPD-L1
(clone: 10E9G2), or rat IgG2a isotype control antibody (clone:
2A3; all from BioXcell, West Lebanon, NH, USA) every 3 days for
4 weeks.

Flow cytometry and functional assays

Single cell suspensions from peripheral blood (PB) or lymphoid
tissues were prepared and flow cytometric analyses of cell surface
proteins and transcription factors were performed as detailed in
the Online Supplementary Appendix and described before.>”” Gating
strategies are depicted in the Ounline Supplementary Appendix and
antibodies are listed in Online Supplementary Table S1.

Cytokine release, granzyme B production and degranulation
capacity of CD8" T cells were assayed as previously described
with minor modifications, as outlined in the Online Supplementary
Appendix’®

Human PB mononuclear cells (PBMC) or mouse splenocytes
were pre-treated for 30 minutes (min) with ibrutinib, CC-292 or
ACP-196 (Selleckchem, Munich, Germany), then stimulated with
1 ug/mL aCD3 antibodies (clone HIT3a or 145-2C11, respective-
ly) in 96-well round-bottom microtiter plates at a density of
2x10%mL and incubated at 37°C and 5% CO, until analyzed by
flow cytometry. For assessment of proliferation, cells were stained
with 5 uM carboxyfluoresceinsuccinimidyl ester (CESE;
eBioscience) prior to drug treatment and stimulation as previously
described ”®

Statistical analysis

Sample size was determined based on expected variance of
read-out. No samples or animals were excluded from the analyses.
No randomization or blinding was used in animal studies. Data
were analyzed using Prism 5.04 GraphPad software. Statistical
tests of data were one-way ANOVA followed by multiple com-
parison test or unpaired Student rtest with Welch approximation
to account for unequal variances. When appropriate, paired
Student #-test was used. P<0.05 was considered to be statistically
significant. All graphs show meanssstandard error of mean, unless
otherwise indicated.

Results
Ibrutinib modulates effector CD8* T-cell differentiation

and proliferation in the TCL1 adoptive transfer model
To investigate effects of ibrutinib on CD8" T cells in vivo,
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* we utilized the TCL1 AT model of CLL.”® We transplanted We then evaluated the effect of ibrutinib on anti-
C57BL/6 WT mice with TCL1 splenocytes, and after 2 tumoral CD8 T cells. We have recently shown that CLL
weeks mice were assigned to treatment with ibrutinib or  development in TCL1 mice induces the differentiation of
vehicle according to tumor load in PB. In line with published  an anti-tumoral, oligoclonal effector CD8" T-cell popula-
data,” ibrutinib treatment resulted in a significant decrease  tion that controls tumor development in an IENy-depen-
in CLL development in comparison to vehicle-treated mice, ~dent manner.® Accordingly, we analyzed the splenic CD8*
as evident by a decrease in CD5'CD19" cell counts in PB and ~ T-cell composition using CD44 and CD127, which divide
decreased splenomegaly and hepatomegaly (Figure 1A and  CD8" T cells into CD127"CD44"* naive, CD127"CD44"
B). Moreover, CLL cell proliferation was significantly ~memory, and CD127°*CD44™" effector subsets (Figure
reduced, as measured by Ki-67 staining (Figure 1C), confirm-  1D). As expected, CLL development induced a sizable
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Figure 1. Ibrutinib modulates effector CD8" T-cell differentiation and proliferation in the TCL1 adoptive transfer model. C57BL/6 mice were transplanted with
splenocytes from leukemic TCL1 mice, and after 2 weeks assigned to treatment with ibrutinib (0.16 mg/mL) or vehicle control in drinking water. Mice were sacrificed
after 2 weeks of treatment. Untransplanted C57BL/6 mice (n=3) were used as controls. (A) Absolute numbers of CD5°CD19" chronic lymphocytic leukemia (CLL)
cells in peripheral blood analyzed by flow cytometry, and (B) spleen and liver weight of vehicle- or ibrutinib-treated mice (n=4). (C) Flow cytometric analysis of Ki-67
expression in CD5°CD19* CLL cells in spleen from vehicle- or ibrutinib-treated mice (n=4). (D) Flow cytometric analysis of splenic CD3*CD8" T cells from vehicle- or
ibrutinib-treated mice (n=4). Cell subsets were defined as naive (CD127"CD44""), memory (Mem: CD127"CD44"), and effector (Eff: CD127"°*CD44™") cells. (E)
Absolute numbers of splenic CD8" Eff cells from control, vehicle- or ibrutinib-treated mice (n=4). (F) Flow cytometric analysis of CD69 and CD137, (G) T-bet and Eomes
(FMO: fluorescence minus 1), and (H) Ki-67 expression on CD8" T cells from control, vehicle- or ibrutinib-treated mice (n=4). Results are representative of at least
two independent experiments. Graphs show means+tstandard error of mean. **P<0.01, ***P<0.001.




treated mice in comparison to untransplanted WT con-
trols (Figure 1D and E). Interestingly, the percentage and
absolute numbers of the effector population were lower in
ibrutinib-treated mice (Figure 1D and E). This was accom-
panied by decreased expression of activation markers like
CD69 and CD137 on CD8" T cells (Figure 1F), and
decreased expression of transcription factors that regulate
effector T-cell differentiation, such as T-box transcription
factor T-bet and Eomesodermin (Eomes) (Figure 1G).”
Furthermore, CD8" T-cell proliferation was significantly
lower in ibrutinib- compared to vehicle-treated TCL1
mice, reaching levels similar to non-tumor control mice
(Figure 1H). The drop in the effector population, activa-
tion markers and proliferation of CD8" T cells was also
observed when treatment started at later stages of disease
when all mice had more than 5,000 CLL cells/uL of blood,
the leukemic threshold in CLL patients (Ounline
Supplementary Figure S1A).

We next examined whether the observed changes in
CD8" T cells are caused by a direct impact of ibrutinib on
these cells or rather reflect a secondary normalization of
the T-cell compartment due to the decrease in tumor load.
Thus, we analyzed CD8" T cells in vehicle- and ibrutinib-
treated mice having a similar disease load, as measured by

CLL-cell infiltration in spleen and liver. While the vehicle-
treated mice showed signs of overt leukemia with severe
hepato-splenomegaly after 3 weeks of starting the treat-
ment, ibrutinib successfully suppressed CLL development
during that time. Nonetheless, mice continuously receiv-
ing ibrutinib succumbed to full-blown leukemia at week 4
post treatment exhibiting similar disease load to vehicle
group at week 3 (Omnline Supplementary Figure S1B).
Analysis of the spleen CD8" T-cell compartment of end-
stage vehicle or ibrutinib-treated mice with comparable
tumor load revealed a decrease in effector T-cell percent-
age and numbers, accompanied by a significant drop in
activation marker expression and proliferation in the latter
group (Online Supplementary Figure S1C-E). This suggests
that the observed differences in CD8" T cells in ibrutinib-
versus vehicle-treated mice were not secondary to changes
in tumor load.

Ibrutinib modulates CD8" T-cell function in the TCL1
adoptive transfer model

We next examined the impact of ibrutinib treatment on
the expression of inhibitory receptors like PD-1, CD244
and Lag3 on CD8" T cells. We observed a substantial drop
in the expression of these markers in the ibrutinib cohort
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Figure 2. Ibrutinib modulates CD8" T-cell function in the TCL1 adoptive transfer model. C57BL/6 mice were transplanted with splenocytes from leukemic TCL1 mice,
and after 2 weeks assigned to treatment with ibrutinib (0.16 mg/mL) or vehicle control in drinking water. Mice were sacrificed after 2 weeks of treatment. (A) Flow
cytometric analysis of PD-1, CD244, and Lag3 expression on CD8" T cells from vehicle- or ibrutinib-treated mice (n=4). (B-D) Cytotoxic function of CD8" T cells was
assessed by flow cytometric analysis of (B) degranulation capacity, as measured by CD107a expression on the cell surface, (C) GzmA and GzmB expression or (D)
IFNy production (n=4). Graphs show meanststandard error of mean. *P<0.05, **P<0.01, ***P<0.001. nMFI: normalized median fluorescence intensity.
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(Figure 2A). As T-cell inhibitory receptors are mainly
induced upon activation of tumor-reactive T cells,* we
evaluated whether the drop in their expression reflects an
improvement in T-cell function or is rather a consequence
of the drop in T-cell activation in ibrutinib-treated mice
(Figure 1F). Thus, we analyzed the functional capacities of
CD8" T cells using intracellular flow cytometric staining fol-
lowing mitogen PMA/ionomycin stimulation. CD8" T cells
from ibrutinib-treated mice exhibited lower degranulation
potential, as measured by CD107a presentation on the cell
surface (Figure 2B). Furthermore, granzyme A (GzmA) and
GzmB expression in CD8" T cells significantly dropped in
these mice (Figure 2C). Moreover, production of IFNy was
significantly lower in CD8" T cells from ibrutinib-treated
mice (Figure 2D), collectively indicating poor cytotoxic and
effector function of these cells. The changes in cytokine
production and cytolytic abilities were primarily attributed
to the decrease in the effector CD8" fraction after ibrutinib
treatment. Nonetheless, degranulation capacity, GzmA and
GzmB levels were also decreased when focusing the analy-
sis on the minor effector or PD-1" population in ibrutinib-
treated mice (Online Supplementary Figure S2A-F). In summa-
ry, these data indicate that i vivo ibrutinib treatment alters

activation, effector differentiation and function of CD8* T

cells in the TCL1 AT model.

Ibrutinib modulates T-cell receptor signaling in CD8*
T cells in vitro

We then investigated the mechanisms that control the
above-mentioned changes in T-cell function. While ibruti-
nib can indirectly impact T cells through BTK inhibition in
CLL cells or other antigen-presenting cells in the microen-
vironment, the drug can potentially affect T-cell function
in a direct manner through its off-target effects on ITK. To
examine these possibilities, we tested the effect of differ-
ent BTK inhibitors on TCR signaling using a reporter
mouse line for Nr4a1, an immediate target of TCR activa-
tion.” Splenocytes from Nr4a1-GFP mice were pre-treated
with ibrutinib or dimethyl sulfoxide (DMSO) as control
and then stimulated with aCD?3 for 6 hours (h). We prima-
rily used ibrutinib in a dose range of 100-1,000 nM, which
results in ITK occupancy of up to 50% corresponding to
the level observed in vivo in ibrutinib-treated CLL
patients.” oCD3 stimulation resulted in a rapid increase
of the Nr4a1-GFP signal in CD8" T cells in DMSO controls
(Figure 3A). Interestingly, ibrutinib treatment resulted in a
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Figure 3. Ibrutinib modulates T-cell receptor signaling in CD8" T cells in vitro. (A) Splenocytes from Nr4a1-GFP transgenic mice (n=3) were pretreated with different
concentrations of ibrutinib, ACP-196, CC-292 or DMSO for 30 minutes (min), and then stimulated with «CD3 antibody for 6 hours (h). Nr4a1-GFP (left panels) and
CD69 (right panels) expression was analyzed by flow cytometry in viable, 7-aminoactinomycin D (7-AAD)-negative, single CD8" T cells. (Right) Relative percentages
of Nr4a1-GFP- or CD69-positive cells. FMO: fluorescence minus 1. (B) Splenocytes from C57BL/6 mice (n=3) were pretreated with different concentrations of ibru-
tinib or DMSO for 30 min and then stimulated with a.CD3 antibody. CD25, CD44 and CD137 expression was analyzed by flow cytometry in viable, 7-AAD-negative,
single CD8" T cells after 24 h. (C) Peripheral blood mononuclear cells (PBMC) from healthy donors (n=5) were labeled with 5 uM carboxyfluorescein succinimidyl
ester (CFSE), pretreated with different concentrations of ibrutinib or DMSO for 30 min and then stimulated with «CD3 antibody. Proliferation as measured by CFSE
dilution after 72 h was analyzed by flow cytometry in viable, 7-AAD-negative, single CD8" T cells. Graphs show meanszstandard error of mean. *P<0.05, **P<0.01,
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15% decrease in the Nr4a1-GFP MFI at 100 nM and abro-
gation of Nr4a1-GFP induction in most of the cells at a
concentration of 1 uM (Figure 3A). Similarly, the induction
of early activation marker CD69 was significantly reduced
at a concentration of 100 nM or higher (Figure 3A). We
compared these effects to the more specific BTK
inhibitors, CC-292 and ACP-196, which have ITK IC,, val-
ues of 24 and 1,000 nM, respectively, compared to that of
4.9 nM of ibrutinib.” Interestingly, we observed that the
decrease in Nr4a1-GFP and CD69 signals was less pro-
nounced in CC-292 and was entirely absent upon ACP-
196 treatment (Figure 3A), indicating that these effects are
BTK-independent. In line with these results, ibrutinib, but
not ACP-196 treatment of mouse splenocytes, inhibited
the expression of other activation markers like CD25,
CD44 and CD137 on CD8" T cells in response to aCD3
stimulation (Figure 3B and Ounline Supplementary Figure
S3A-C). In addition, CFSE dilution assays showed that
ibrutinib, but not ACP-196, inhibited CD8" T-cell prolifer-
ation (Online Supplementary Figure S3D). Similar to murine

splenocytes, treatment of human PMBC with ibrutinib
resulted in a dose-dependent decrease in proliferation of
CD8" T cells in response to oCD3 stimulation (Figure 3C).
Collectively, these data suggest that ibrutinib can modu-
late CD8" T-cell response to TCR stimulation in a BTK-
independent manner.

Strong co-stimulatory signals can rescue CD8* T cells
from inhibitory effects of ibrutinib in vitro

We next evaluated potential approaches to unleash
CD8" T cells from ibrutinib’s inhibitory effects. Previous
work has shown that CD28 signaling is intact in the
absence of ITK.*® Thus, we hypothesized that strong
CD28 co-stimulation can hijack ibrutinib inhibitory
effects on CD8* T cells. Therefore, we evaluated the effect
of the drug on murine CD8" T cells stimulated with aCD3
alone or aCD83 plus aCD28. The addition of aCD28 anti-
body had no impact on the drop of Nr4a1-GFP signal after
ibrutinib treatment (Figure 4A), which is in line with pre-
vious work demonstrating that Nr4a1 induction by TCR
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Figure 4. Strong co-stimulatory signals can rescue CD8" T cells from inhibitory effects of ibrutinib in vitro. (A) (Left) Splenocytes from Nr4al1-GFP transgenic mice
(n=3) were pretreated with different concentrations (Conc.) of ibrutinib or dimethyl sulfoxide (DMSO) for 30 minutes (min), and then stimulated with either aCD3 or
aCD3 plus aCD28 antibodies for 6 hours (h). Nr4da1-GFP, expression was analyzed by flow cytometry in viable, 7-aminoactinomycin D (7-AAD)-negative, single CD8"
T cells. (Middle and right panels) Splenocytes from C57BL/6 mice (n=4) were pretreated with different concentrations of ibrutinib or DMSO for 30 min and then stim-
ulated with either aCD3 or aCD3 plus aCD28 antibodies. CD25, and CD44 expression were analyzed by flow cytometry in CD8" T cells after 24 h. (B) Splenocytes
from C57BL/6 mice (n=4) were labeled with carboxyfluorescein succinimidyl ester (CFSE), pretreated with different concentrations of ibrutinib or DMSO for 30 min
and then stimulated with aCD3 or aCD3 plus aCD28 antibodies. Proliferation as measured by CFSE dilution after 48 h was analyzed by flow cytometry in viable, 7-
AAD-negative, single CD8" T cells. (C) Peripheral blood mononuclear cells (PBMC) from healthy donors (n=3) were labeled with CFSE, pretreated with different con-
centrations of ibrutinib or DMSO for 30 min and then stimulated with aCD3 or aCD3 plus aCD28 antibodies. Proliferation as measured by CFSE dilution after 72 h
was analyzed by flow cytometry in viable, 7-AAD-negative, single CD8" T cells. Graphs show meanszstandard error of mean. MFIl: median fluorescence intensity.
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Figure 5. Blocking PD-1/PD-L1 axis enhances the anti-leukemic activity of ibrutinib. C57BL/6 mice were transplanted with splenocytes from leukemic TCL1 mice,
and after 2 weeks assigned to treatment with isotype antibody plus vehicle (control), aPD-1, aPD-L1, ibrutinib, aPD-1 + ibrutinib, or aPD-L1 + ibrutinib. Mice were
sacrificed after 4 weeks of treatment (n=6). (A) Absolute numbers of CD5*CD19" chronic lymphocytic leukemia (CLL) cells in peripheral blood over time analyzed by
flow cytometry, and (B) spleen weight of different treatment arms at the end-point (n=6). (C) Tumor load, defined as percentage of CD5°CD19" CLL cells out of CD45*
cells in bone marrow (BM) (n=4-6). Graphs show meanszstandard error of mean. *P<0.05, **P<0.01, ***P<0.001.

stimulation is independent of CD28 co-stimulation and
remains intact in 428" mice.”* Interestingly, CD28 co-
stimulation completely abolished the inhibition of activa-
tion marker expression that is caused by ibrutinib (Figure
4A). Moreover, CD8" T-cell proliferation was rescued to
normal levels when co-stimulated by aCD28 (Figure 4B).
Similar results were observed by addition of aCD28 anti-
body to human CD8" T cells (Figure 4C), confirming that
strong co-stimulatory signals can circumvent the TCR
inhibitory effects of ibrutinib.

Blocking the PD-1/PD-L1 axis enhances the anti-
leukemic activity of ibrutinib

In the subsequent experiments, we investigated possible
immunomodulatory drugs that can recapitulate the in vitro
effects of aCD28 antibodies and thereby reverse the block
of CD8" T-cell differentiation in the TCL1 AT model. In
light of recent results showing CD28 signaling as the pri-
mary target of PD-1 blockade,™* we reasoned that block-
ing the PD-1/PD-L1 axis can enhance anti-tumoral T-cell
activity and improve therapeutic efficacy of ibrutinib.
Thus, we treated CLL-bearing mice with ibrutinib alone
or in combination with aPD-1 or aPD-L1 antibodies. As
shown in Online Supplementary Figure S4, all treatment
groups had comparable tumor load at the start of the treat-
ment. Consistent with our previous work, blocking the
PD-1/PD-L1 axis by aPD-L1 resulted in delayed CLL
development in PB, spleen and bone marrow (BM) (Figure
S5A-C). The effects were more pronounced for aPD-L1
compared to oPD-1 treatment, which is likely due to the
additional effects of aPD-L1 antibodies on tumor-associat-
ed myeloid cells, as shown by us and others.”*®
Interestingly, combination of ibrutinib with PD-1 or PD-
L1 blocking antibodies resulted in enhanced disease con-
trol in PB, spleen and BM, which was most pronounced in
the aPD-L1/ibrutinib combination (Figure 5A-C), confirm-
ing a therapeutic efficacy of this combination.

Blocking the PD-1/PD-L1 axis expands the effector
population and enhances the functional capacity of
CD8' T cells

We then examined the effect of PD-1/PD-L1 combina-
tion with ibrutinib on CD8" T-cell activity. We restricted
our analysis to aPD-1 plus ibrutinib treatment as these
mice had more comparable tumor load to the ibrutinib
single arm (Figure 5A-C), and thereby we could exclude
changes in T cells that are caused by differences in disease
load. In line with our previous data, ibrutinib reduced the
percentage of effector population, and decreased activa-
tion, proliferation and functional capacities of CD8*
T cells (Figure 6A-D). Interestingly, combination of ibruti-
nib with aPD-1 resulted in a significant increase in effector
CD8* T-cell percentages (Figure 6A), which was accompa-
nied by an increase in activation marker expression on
CD8'T cells (Figure 6B). Moreover, CD8" T-cell functional
capacity was improved by the combination treatment, as
shown by a significant increase in degranulation capacity
and IFNy production (Figure 6C and D). The increase in
degranulation capacity and IENy production was also
observed when focusing the analysis on the CD8" effector
T-cell population (Online Supplementary Figure S5A and B).
Collectively, these data show that blocking the PD-1/PD-
L1 pathway can improve CD8" T-cell function and
enhance CLL control after ibrutinib treatment.

Discussion

Ibrutinib has been approved as a successful inhibitor of
BTK for treatment of CLL and other B-cell lymphomas. In
addition, it was also the first clinically available inhibitor
of ITK.® ITK is expressed in T cells in which, as a major
player in TCR signaling, it is responsible for calcium
mobilization, cytoskeleton reorganization, synapse for-
mation and adhesion.” Deletion or inhibition of ITK in
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Figure 6. Blocking the PD-1/PD-L1 axis expands the effector population and enhances the functional capacity of CD8" T cells. C57BL/6 mice were transplanted
with splenocytes from leukemic TCL1 mice, and after 2 weeks assigned to treatment with isotype antibody plus vehicle (control), aPD-1, ibrutinib, or aPD-1 + ibrutinib.
Mice were sacrificed after 4 weeks of treatment. (A) Flow cytometric analysis of splenic CD3*CD8" T cells from different treatment arms (n=4). Cell subsets were
defined as naive (CD127"CD44""), memory (Mem: CD127"CD44"), and effector (Eff: CD127"°“CD44™™") cells. (B) Flow cytometric analysis of CD69 expression. (C
and D) Cytotoxic function of CD8" T cells was assessed by flow cytometric analysis of (C) degranulation capacity, as measured by CD107a expression on the cell sur-
face, and (D) IFNy production (n=4). Graphs show meansztstandard error of mean. *P<0.05, ***P<0.001, ns: not significant.

CD8" T cells results in their decreased expansion, delayed
expression of cytolytic effector molecules, and defective
degranulation upon TCR activation.” This leads to a glob-
al defect in the cytolysis of pathogens, and as a conse-
quence, to reduced viral clearance. In line with this, dra-
matic 1 vivo immunomodulation by ibrutinib has led to its
approval for the treatment of refractory cGvHD,” but the
mechanisms underlying this clinical efficacy are poorly
understood.

So far, modulating effects of ibrutinib on the differenti-
ation of CD4" T cells, like Th1, Th2, Th17 and Treg cells,
have been described.””” In the current study, we
observed a negative impact of ibrutinib on CD8" T-cell
proliferation and function in the TCL1 AT model, which
reduces their phenotype to a level of tumor naive control
mice. As our i vitro data confirmed CD8" T-cell inhibition
by ibrutinib, but not the specific BTK inhibitor ACP-196,
this effect is BTK-independent and most likely mediated
by inhibition of ITK downstream of the TCR. Along this
line, CC-292, an inhibitor with a higher selectivity for
BTK, had a lower impact on T-cell activity in vitro, and has
been previously shown not to impair T-cell function in the
TCL1 AT model.” But as these drugs might have different
efficacies in patients, caution must be exercised when
extrapolating clinical effects from these pre-clinical obser-
vations. Our observations in the TCL1 AT model seem to
be in contrast to published data describing an increase of
CD8" T-cell numbers and their reduced expression of
inhibitory receptors, like PD-1, in CLL patients after 8-20
weeks of treatment with ibrutinib."” The results of this
study suggest that this may be due to diminished activa-
tion-induced cell death of T cells through ITK inhibition.
As our data demonstrate that inhibition of ITK by ibruti-

nib decreases TCR signaling and thereby activation of
T cells, a consequence of that is not only reduced function-
al properties, as we show, but also diminished activation-
induced cell death, confirming the observations of Long
et al. in CLL patients.” A further study documented that
ibrutinib decreases CD8 T-cell proliferation and activation
in patients 8 weeks after treatment start.” However, these
results have been largely viewed as a sign of favorable
immune normalization under ibrutinib treatment, rather
than a direct side effect of the drug. In light of our in vitro
and in vivo results, it is more likely that these findings in
CLL patients are due to the off-target effects of ibrutinib
on ITK. In a further study that investigated T cells in CLL
patients before and after 1 year of treatment with ibruti-
nib, disease-associated, elevated T-cell numbers and
T-cell-related cytokine levels in PB had normalized, and
T-cell repertoire diversity had increased significantly in
treated patients.” Considering the broad effects of BTK
blockade on functional properties of many immune cell
types, these changes in the T-cell compartment might be
due to ibrutinib’s ability to rewire the carefully construct-
ed, supportive microenvironmental network in CLL,
which presumably contributes to the therapeutic success
of this drug.” But as ibrutinib, first-of-all, considerably
redistributes malignant B cells from lymph nodes to blood,
which ultimately results in a reduction of tumor burden,
this suggests that normalization of the T-cell compartment
under ibrutinib treatment is secondary to the effect of the
drug on CLL-cell numbers and their localization. This is
supported by our previous results as well as published
data of others showing that T-cell expansion and exhaus-
tion positively correlates with tumor load and predomi-
nantly occurs in secondary lymphoid organs.”” Along this
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line, enhanced engraftment and efficacy of CLL patient-
derived chimeric antigen receptor (CAR) T cells after more
than 1 year of treatment with ibrutinib can be also
explained by a normalization of T cells associated with a
reduction of exhaustion phenotype, secondary to the
effective control of CLL by the drug.” In this study, the
authors further show that ex vivo treatment of CLL CAR T
cells with ibrutinib does not impact on their proliferation
or function. Our data here clearly show that this observa-
tion is due to a commonly used stimulation protocol for T
cells i vitro in which aCD3 and aCD28 antibodies are
combined as stimuli. Co-stimulation of CD8" T cells with
aCD28 was also used by Dubovsky et al. who describe
that ibrutinib does not affect TCR signaling and function
of these cells.” This observation was in contrast to results
obtained in ITK-deficient mice which show impaired
TCR-dependent signaling and CD8" T-cell effector func-
tion in response to viral infections.” We now show that
inhibition of T-cell activity by ibrutinib can be overcome
by co-stimulatory signaling mediated by CD28, which is
known to be independent of ITK.* In line with our find-
ings, stimulation of ITK-deficient CD8" T cells with aCD3
only leads to impaired expansion and activity.*
Considering our observations that ibrutinib negatively
impacts on the activity of CD8" T cells, one needs to
investigate whether patients under long-term ibrutinib
treatment have reduced adaptive immunity. In early clini-
cal studies and applications of ibrutinib, this was hard to
assess, as treated patients were relapsed and refractory, as
well as high-risk CLL who have a profound immune sup-
pression and perturbation of both innate and adaptive
immunity, and therefore an increased susceptibility to
infections is likely to be caused by the disease.* Only
more recently, with the approval of ibrutinib as first-line
therapy for CLL, have high rates of infectious complica-
tions in patients on ibrutinib monotherapy and in combi-
nation with other drugs been observed.* However, in
comparison to the severe effects chemotherapy has on the
immune system of patients, ibrutinib is reasonably well-
tolerated, and by monitoring the impact of ibrutinib on
patients’ immune status, or by preventing immunosup-
pressive adverse effects by rational combination treatment
approaches with drugs that improve T-cell effector func-
tion, outcome for patients can be even further improved.
Recent data of clinical trials with the highly selective BTK
inhibitor acalabrutinib showed overall response rates of
85% in treatment-naive CLL patients and 94% in
relapsed/refractory cases.” Most adverse events (AE)
observed in these trials were mild or moderate (grade 1-2)
and were most commonly diarrhea and headache. It was
hypothesized that due to its greater selectivity for BTK,
acalabrutinib has favorable pharmacokinetic properties
and an improved toxicity profile than ibrutinib.
Considering, however, the short history of acalabrutinib
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