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Abstract

Ibrutinib is a bruton’s tyrosine kinase (BTK) inhibitor approved for the treatment 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 effector 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 antibodies targeting PD-1/PD-L1 axis
in vivo improved CD8" T-cell effector function and control of CLL. In sum, these data
emphasize the strong immunomodulatory effects of ibrutinib and the therapeutic

potential of its combination with immune checkpoint blockade in CLL.



Article summary

The BTK inhibitor ibrutinib which is used to treat CLL patients is known to impact not
only on malignant B-cells, but also to target ITK in T-cells, which might contribute to
treatment effects. Here, we show that ibrutinib blocks effector T-cell expansion and
function in vitro and in a CLL mouse model, which could be amended by combining

ibrutinib with PD-1 or PD-L1 antibody treatment.



Introduction

Within the last decade, a new era of therapeutic opportunities for patients with chronic
lymphocytic leukemia (CLL) has begun.(1) 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.(2, 3) lbrutinib 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 B-cell receptor (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.(4, 5)

In addition to pro-survival pathways in malignant cells, like BCR signaling, T-cells
represent an attractive therapeutic target in CLL. T-cells expand along with the disease
course in patients and mouse models of CLL.(6, 7) Our recent work has demonstrated a
non-redundant role of CD8" T-cells in suppressing CLL progression in an IFNy-
dependent manner.(8) Yet, chronic exposure to tumor-derived antigens in secondary
lymphoid organs leads to their continuous activation, upregulation of inhibitory
receptors, such as PD-1, and ultimately exhaustion.(8) Therefore, targeting inhibitory
receptors, such as PD-1 and Lag3, offered novel opportunities of therapeutic
reactivation of adaptive anti-tumor immunity by immune checkpoint blockade.(9, 10)
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.(11)



Besides its direct cytotoxic activity against malignant B-cells, ibrutinib also exerts
immunomodulatory effects (reviewed by Maharaj et al.).(12) Ibrutinib-mediated inhibition
of STATS3 results in decreased expression of immunosuppressive molecules, such as
PD-L1 and IL-10, by CLL cells.(13) Gunderson and colleagues have demonstrated that
BTK inhibition in tumor-associated myeloid cells reprograms them towards M1-like
immunostimulatory phenotypes resulting in enhanced anti-tumoral T-cell activity.(14) In
addition to modulating BTK-expressing cells in the microenvironment, 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).(15, 16) In a preclinical study, ITK inhibition by ibrutinib
was shown to impair Fc receptor-mediated NK-cell functions and to antagonize
cytotoxicity of rituximab.(16) However, NK-cell-mediated cellular cytotoxicity was
significantly recovered 12 hours after ibrutinib has been removed, which may be
attributed to turnover of ITK.(17) Inhibition of ITK by ibrutinib was further shown to
modulate TCR signaling in CD4" T-cells and enhance Thl response in vitro.(15) In
addition, a reduced number or percentage of regulatory T-cells in peripheral blood of
ibrutinib-treated patients was reported.(18, 19) Interestingly, ibrutinib was recently
approved for the treatment of refractory chronic graft-versus-host-disease (cGVHD)
after allogeneic hematopoietic stem cell transplantation, indicating its potent
immunomodulatory effect in vivo.(20)

The strong immunomodulatory activity of ibrutinib encouraged several pre-clinical and
clinical studies assessing its potential combination with other immunotherapeutic drugs,
primarily immune checkpoint blockade.(21) 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 and colleagues observed an increase in CD4" and CD8" T-cell
numbers in ibrutinib-treated patients,(19) a drop in T-cell numbers, activation, and
proliferation were reported in another patient cohort.(22) Moreover, it was suggested
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.(15) Yet, this
change in Thl polarization could not be confirmed in a cohort of ibrutinib-treated
patients.(19) Thus, in this study we utilized the Ep-TCL1 adoptive transfer (TCL1 AT)
model of CLL to monitor CD8" T-cell differentiation and function under ibrutinib
treatment. Thereby, 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 combining ibrutinib with anti(o)PD-L1 antibody
durvalumab for treatment of B-cell ymphoma and CLL patients (https://clinicaltrials.gov:

NCT02401048 and NCT02733042).



Methods

Mouse models

Ep-TCL1 (TCL1) mice on C57BL/6 background were kindly provided by Dr. Carlo Croce
(Ohio State University).(23) C57BL/6 wildtype (WT) mice were purchased from Charles
River Laboratories (Sulzfeld, Germany), and Nr4a1®™" mice(24) were kindly provided by
Dr. Markus Feuerer (DKFZ, Heidelberg).

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.(9, 25) Briefly, 1-2 x 10’ leukemic TCL1 splenocytes (CD5'CD19" content of
purified cells was typically above 90%) were transplanted by intraperitoneal (i.p.)
injection into 2-3 months 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. lbrutinib (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.(26) For PD-1/PD-L1 blockade,



mice were injected i.p. with 0.2 mg of aPD-1 (clone: RMP1-14), aPD-L1 (clone:
10F.9G2), or rat IgG2a isotype control antibody (clone: 2A3; both from BioXcell, West

Lebanon, NH) 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 supplement and described before.(8, 27) Gating strategies
are depicted in the Supplementary Information and antibodies are listed in
Supplementary Table 1.

Cytokine release, granzyme B production and degranulation capacity of CD8" T-cells
were assayed as previously described with minor modifications outlined in the
supplement.(9)

Human PB mononuclear cells (PBMCs) or mouse splenocytes were pre-treated for 30
minutes with ibrutinib, CC-292 or ACP-196 (Selleckchem, Munich, Germany), then
stimulated with 1 pg/ml aCD3 antibodies (clone HIT3a or 145-2C11, respectively) in 96-
well round-bottom microtiter plates at a density of 2 x 10°/ml and incubated at 37°C and
5% CO, until analyzed by flow cytometry. For assessment of proliferation, cells were
stained with 5 yM carboxyfluoresceinsuccinimidyl ester (CFSE; eBioscience) prior to

drug treatment and stimulation as previously described.(28)



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 analysed using Prism 5.04 GraphPad software. Statistical
tests of data were one-way ANOVA followed by multiple comparison test or unpaired
Student’s t-test with Welch approximation to account for unequal variances. When
appropriate, paired Student’s t-test was used. Values of p < 0.05 were considered to be

statistically significant. All graphs show means + SEM, 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, we utilized the TCL1 AT model
of CLL.(9, 25) We transplanted C57BL/6 WT mice with TCL1 splenocytes, and after 2
weeks mice were assigned to treatment with ibrutinib or vehicle according to tumor load
in PB. In line with published data,(29) ibrutinib treatment resulted in a significant
decrease in CLL development in comparison to vehicle-treated mice, as evident by a
decrease in CD5'CD19" cell counts in PB and decreased splenomegaly and
hepatomegaly (Figure 1A-B). Moreover, CLL cell proliferation was significantly reduced,
as measured by Ki-67 staining (Figure 1C), confirming efficient cytotoxic activity of the
drug.

We then evaluated the effect of ibrutinib on anti-tumoral CD8" T-cells. We have recently
shown that CLL development in TCL1 mice induces the differentiation of an anti-
tumoral, oligoclonal effector CD8" T-cell population that controls tumor development in
an IFNy-dependent manner.(8) Accordingly, we analyzed the splenic CD8" T-cell
composition using CD44 and CD127, which divide CD8" T-cells into CD127"CD44""
naive, CD127"CD44" memory, and CD127°“CD44"™™" effector subsets (Figure 1D). As
expected, CLL development induced a sizable expansion of CD127"°"CD44" effector T-
cells in vehicle-treated mice in comparison to untransplanted WT controls (Figure 1D-
E). Of interest, the percentage and absolute numbers of the effector population were
lower in ibrutinib-treated mice (Figure 1D-E). This was accompanied by decreased

expression of activation markers like CD69 and CD137 on CD8" T-cells (Figure 1F),
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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).(30) 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 effector population, activation 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 (Suppl. Figure 1A).

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 treatment,
ibrutinib successfully suppressed CLL development during that time. Nonetheless, mice
continuously receiving ibrutinib succumbed to full-blown leukemia at week 4 post
treatment exhibiting similar disease load to vehicle group at week 3 (Suppl. Figure 1B).
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 percentage and
numbers, accompanied by a significant drop in activation marker expression and
proliferation in the latter group (Suppl. Figure 1C-E). This suggests that the observed
differences in CD8" T-cells in ibrutinib- vs vehicle-treated mice were not secondary to

changes in tumor load.
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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 (Figure 2A). As T-cell inhibitory
receptors are mainly induced upon activation of tumor-reactive T-cells,(31) 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 following 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-cell 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 analysis on the minor effector or PD-1" population in ibrutinib-treated
mice (Suppl. Figure 2A-F). In sum, these data indicate that in vivo ibrutinib treatment
alters activation, effector differentiation and function of CD8" T-cells in the TCL1 AT

model.
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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 ibrutinib can indirectly impact T-cells through BTK inhibition in CLL
cells or other antigen presenting cells in the microenvironment, 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 different BTK inhibitors on TCR signaling
using a reporter mouse line for Nr4al, an immediate target of TCR activation.(24)
Splenocytes from Nr4al-GFP mice were pre-treated with ibrutinib or DMSO as control
and then stimulated with aCD3 for 6 hours. We primarily 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.(15) aCD3 stimulation resulted in
a rapid increase of the Nr4al-GFP signal in CD8" T-cells in DMSO controls (Figure 3A).
Interestingly, ibrutinib treatment resulted in a 15% decrease in the Nr4al-GFP MFI at
100 nM and abrogation of Nr4al-GFP induction in most of the cells at a concentration of
1 pM (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
ICs0 values of 24 and 1,000 nM, respectively, compared to that of 4.9 nM of
ibrutinib.(32) Interestingly, we observed that the decrease in Nr4al-GFP and CD69
signals was less pronounced 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
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response to aCD3 stimulation (Figure 3B, Suppl. Figure 3A-C). In addition, CFSE
dilution assays showed that ibrutinib, but not ACP-196, inhibited CD8" T-cell
proliferation (Suppl. Figure 3D). Similar to murine splenocytes, treatment of human
PMBCs with ibrutinib resulted in a dose-dependent decrease in proliferation of CD8" T-
cells in response to aCD3 stimulation (Figure 3C). Collectively, these data suggest that
ibrutinib can modulate 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.(33) 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 aCD3 plus aCD28. The addition of
aCD28 antibody had no impact on the drop of Nr4al-GFP signal after ibrutinib
treatment (Figure 4A), which goes in line with previous work demonstrating that Nr4al
induction by TCR stimulation is independent of CD28 co-stimulation and remains intact
in Cd28" mice.(24) Interestingly, CD28 co-stimulation completely abolished the
inhibition of activation 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 antibody to
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human CD8" T-cells (Figure 4C), confirming that strong co-stimulatory signals can

circumvent the TCR inhibitory effects of ibrutinib.

Blocking 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 «CD28 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 primary target of PD-1 blockade,(34, 35) we reasoned that
blocking 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 Suppl. Figure 4, all
treatment groups had comparable tumor load at the start of the treatment. Consistent
with our previous work, blocking PD-1/PD-L1 axis by aPD-L1 resulted in delayed CLL
development in PB, spleen and bone marrow (BM) (Figure 5A-C). The effects were
more pronounced for aPD-L1 compared to aPD-1 treatment, which is likely due to the
additional effects of aPD-L1 antibodies on tumor-associated myeloid cells, as shown by
us and others.(9, 36) Interestingly, combination of ibrutinib with PD-1 or PD-L1 blocking
antibodies resulted in enhanced disease control in PB, spleen and BM, which was most
pronounced in the aPD-L1/ibrutinib combination (Figure 5A-C), confirming a therapeutic

efficacy of this combination.

Blocking PD-1/PD-L1 axis expands the effector population and enhances the

functional capacity of CD8" T-cells
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We then examined the effect of PD-1/PD-L1 combination 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 activation, proliferation and functional capacities of CD8" T-cells (Figure 6A-
D). Interestingly, combination of ibrutinib with aPD-1 resulted in a significant increase in
effector CD8" T-cell percentages (Figure 6A), which was accompanied 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-D). The
increase in degranulation capacity and IFNy production was also observed when
focusing the analysis on the CD8" effector T-cell population (Suppl. Figure 5A-B).
Collectively, these data show that blocking PD-1/PD-L1 pathway can improve CD8" T-

cell function and enhance CLL control after ibrutinib treatment.
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Discussion

Ibrutinib is approved as successful inhibitor of BTK for treatment of CLL and other B-cell
lymphomas. In addition, it is also the first clinically available inhibitor of ITK.(15) ITK is
expressed in T-cells in which it is, as a major player in TCR signaling, responsible for
calcium mobilization, cytoskeleton reorganization, synapse formation and adhesion.(37)
Deletion or inhibition of ITK in CD8" T-cells results in their decreased expansion,
delayed expression of cytolytic effector molecules, and defective degranulation upon
TCR activation.(38) This leads to a global defect in the cytolysis of pathogens, and as a
consequence, to reduced viral clearance. In line with this, dramatic in vivo
immunomodulation by ibrutinib has led to its approval for the treatment of refractory
cGVHD,(20) but the mechanisms underlying this clinical efficacy are poorly understood.

So far, modulating effects of ibrutinib on the differentiation of CD4" T-cells, like Thi,
Th2, Th17 and Treg cells, were described.(15, 19, 22) 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 in
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.(39) But as these drugs might have different
efficacies in patients, extrapolating clinical effects from these pre-clinical observations
has to be done with caution. 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
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reduced expression of inhibitory receptors, like PD-1, in CLL patients after 8 to 20
weeks of treatment with ibrutinib.(19) The results of this study suggest that this may be
due to diminished activation-induced cell death of T-cells through ITK inhibition. As our
data demonstrate that inhibition of ITK by ibrutinib decreases TCR signaling and
thereby activation of T-cells, a consequence of that is not only reduced functional
properties, as we show, but also diminished activation-induced cell death, confirming
what was observed by Long et al. in CLL patients.(19) A further study documented that
ibrutinib decreases CD8 T-cell proliferation and activation in patients 8 weeks after
treatment start.(22) Yet, these results have been largely viewed as a sign of favourable
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 one year of treatment with ibrutinib,
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.(40) 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 constructed, supportive microenvironmental
network in CLL, which presumably contributes to the therapeutic success of this
drug.(41) 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
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supported by our previous results as well as published data of others showing that T-
cell expansion and exhaustion positively correlates with tumor load and is
predominantly happening in secondary lymphoid organs.(7-9) Along this 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.(42) 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 now clearly show that this observation is due to a
commonly used stimulation protocol for T-cells in vitro in which aCD3 and oCD28
antibodies are combined as stimuli. Co-stimulation of CD8" T-cells with «CD28 was also
used by Dubovsky et al. who describe that ibrutinib does not affect TCR signaling and
function of these cells.(15) This observation was in contrast to results obtained in ITK-
deficient mice which show impaired TCR-dependent signaling and CD8" T-cell effector
function in response to viral infections.(43) 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.(33) In line with our findings, stimulation of ITK-deficient
CD8" T-cells with «CD3 only leads to impaired expansion and activity.(43)

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 clinical 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 suppression and perturbation of both innate
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and adaptive immunity, and therefore an increased susceptibility to infections is likely to
be caused by the disease.(44) Only more recently, with the approval of ibrutinib as first-
line therapy for CLL, high rates of infectious complications in patients on ibrutinib
monotherapy and in combination with other drugs are observed.(45) However, in
comparison to the severe effects chemotherapy has on the immune system of patients,
ibrutinib is reasonable tolerated, and by monitoring the impact of ibrutinib on patients’
immune status, or by preventing immunosuppressive adverse effects by rational
combination treatment approaches with drugs that improve T-cell effector function,
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.(46, 47) Most
adverse events (AEs) 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 favourable pharmacokinetic properties and
improved toxicity profile than ibrutinib. Considering however the short history of
acalabrutinib treatment compared to ibrutinib and the lack of a head-to-head
comparison of the two drugs in CLL patients, it remains unclear whether the long-term
immune side effects of the drugs are comparable.

Of interest, the immunomodulatory effect of ibrutinib can be even of therapeutic
advantage as shown in patients with relapsed CLL after allogeneic hematopoietic stem
cell transplantation, in which ibrutinib was tolerable and effective.(48)

Our data in the TCL1 AT model show that combining ibrutinib with immune checkpoint

blockade leads to enhanced CD8" T-cell function and reduced CLL progression. Both
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oPD-1 and oPD-L1 treatment improved the therapeutic effect of ibrutinib, with better
results observed with aPD-L1. As PD-L1 is expressed by CLL and myeloid cells in this
model,(25) this antibody has a broader activity compared to aPD-1. Besides blocking
the interaction with PD-1, aPD-L1, but not aPD-1 antibodies, were shown to modulate
myeloid cell subsets within the tumor microenvironment via activating Fcy receptors.(36)
Furthermore, blocking PD-L1 directly on tumor cells dampens their glycolysis, leaving
more available glucose in the extracellular tumor milieu for T-cells, which enhances their
activity.(49)

Testing the combination of ibrutinib with immune checkpoint blockade in the mouse
model allowed us to monitor tumor load in all organs affected by disease. In line with
observations in CLL patients, ibrutinib as single-agent was not able to reduce malignant
cells in the BM, which explains why patients and mice relapse if therapy is discontinued.
Interestingly, if combined with aPD-1 or oPD-L1, tumor control in the BM was as
efficient as in spleen and blood, suggesting that the combination of ibrutinib with
checkpoint blockade might be able to eradicate CLL cells more efficiently leading

eventually to a cure of patients.
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Figure legends

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
two 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" 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 of 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" effector cells from control, vehicle- or ibrutinib-treated mice (n=4). F) Flow
cytometric analysis of CD69 and CD137, G) T-bet and Eomes, and H) Ki-67 expression
on CD8" T-cells from control, vehicle- or ibrutinib-treated mice (n=4).

Results are representative of at least 2 independent experiments. Graphs show means

+ SEM. **p<0.01, ***p<0.001

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

two weeks assigned to treatment with ibrutinib (0.16 mg/mL) or vehicle control in
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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 means + SEM. *p<0.05, **p<0.01, **p<0.001; nMFI = normalized median

fluorescence intensity

Figure 3: Ibrutinib modulates T-cell receptor signaling in CD8" T-cells in vitro

A) Splenocytes from Nr4al®™

transgenic mice (n=3) were pretreated with different
concentrations of ibrutinib, ACP-196, CC-292 or DMSO for 30 minutes, and then
stimulated with CD3 antibody for 6 hours. Nr4al-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. The relative percentages of Nr4al-GFP- or CD69-
positive cells are depicted on the right. B) Splenocytes from C57BL/6 mice (n=3) were
pretreated with different concentrations of ibrutinib or DMSO for 30 minutes and then
stimulated with oCD3 antibody. CD25, CD44 and CD137 expression was analyzed by
flow cytometry in viable, 7-AAD-negative, single CD8" T-cells after 24 hours. C) PBMCs
from healthy donors (n=5) were labeled with 5 yM CFSE, pretreated with different
concentrations of ibrutinib or DMSO for 30 minutes and then stimulated with oCD3

antibody. Proliferation as measured by CFSE dilution after 72 hours was analyzed by

flow cytometry in viable, 7-AAD-negative, single CD8" T-cells.
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Graphs show means = SEM. *p<0.05, **p<0.01, **p<0.001; MFI = median fluorescence

intensity

Figure 4: Strong co-stimulatory signals can rescue CD8" T-cells from inhibitory
effects of ibrutinib in vitro

A) Left panel: splenocytes from Nr4al®" transgenic mice (n=3) were pretreated with
different concentrations of ibrutinib or DMSO for 30 minutes, and then stimulated with
either aCD3 or a.CD3 plus aCD28 antibodies for 6 hours. Nr4al-GFP, expression was
analyzed by flow cytometry in viable, 7-aminoactinomycin D (7-AAD)-negative, single
CD8" T-cells. Middle and right panel: splenocytes from C57BL/6 mice (n=4) were
pretreated with different concentrations of ibrutinib or DMSO for 30 minutes and then
stimulated with either aCD3 or aCD3 plus oCD28 antibodies. CD25, and CD44
expression were analyzed by flow cytometry in CD8" T-cells after 24 hours. B)
Splenocytes from C57BL/6 mice (n=4) were labeled with CFSE, pretreated with different
concentrations of ibrutinib or DMSO for 30 minutes and then stimulated with aCD3 or
oCD3 plus aCD28 antibodies. Proliferation as measured by CFSE dilution after 48
hours was analyzed by flow cytometry in viable, 7-AAD-negative, single CD8" T-cells.
C) PBMCs from healthy donors (n=3) were labeled with CFSE, pretreated with different
concentrations of ibrutinib or DMSO for 30 minutes and then stimulated with aCD3 or
oCD3 plus aCD28 antibodies. Proliferation as measured by CFSE dilution after 72
hours was analyzed by flow cytometry in viable, 7-AAD-negative, single CD8" T-cells.

Graphs show means £ SEM. MFI = median fluorescence intensity

28



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
two 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" 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 means + SEM. *p<0.05, *p<0.01, **p<0.001

Figure 6: Blocking 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
two 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-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
surface, and D) IFNy production (n=4).

Graphs show means + SEM. *p<0.05, ***p<0.001
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Supplementary Material and Methods

Flow cytometry and functional testing

After preparation of single cell suspensions as described before,(1) cells were incubated
with recommended dilutions of antibodies against cell surface proteins in PBS
containing 0.1% fixable viability dye (eBioscience, Frankfurt am Main, Germany) for 30
minutes at 4°C. Cells were fixed using IC fixation buffer (eBioscience), washed and
stored at 4°C in the dark until analyzed by flow cytometry.

For labelling of cells in whole blood, 50-100 pl of PB were stained with antibodies
specific for surface molecules for 30 minutes at 4°C, followed by incubation for 10
minutes with 2 ml of 1X BD FACS™ lysing solution (BD Biosciences, Heidelberg,
Germany) to remove erythrocytes. After centrifugation, supernatants were carefully
aspirated and pelleted cells were resuspended in 150 pl of 1X BD FACSLysing solution.
50 ul of 123count eBeads™ (eBioscience, Frankfurt am Main, Germany) were directly
added before data acquisition. Absolute cell numbers in blood were calculated
according to the formula: absolute count (cells/uL) = (cell count x bead volume x bead
concentration) / (bead Count x cell Volume).

For transcription factor staining, cells were fixed after surface molecule staining with
FoxP3 fixation/permeabilization buffer (eBioscience) for 30 minutes at room
temperature, followed by permeabilization with 1X permeabilization buffer (eBioscience)
and staining with antibodies against transcription factors or IL-10 in 1X permeabilization

buffer for 30 minutes at room temperature. After washing twice with 1X permeabilization



buffer, cells were resuspended in a final volume of 200 ul 1X permeabilization buffer
and stored at 4°C in the dark until analyzed by flow cytometry.

Cytokine release, granzyme B production and degranulation capacity of CD8" T-cells
were assayed as previously described with minor modifications.(2) Cells were
resuspended in complete medium (DMEM supplemented with 10% FSC, 10 mM
HEPES, 1 mM sodium pyruvate, 0.1% B-mercaptoethanol, 100 U/ml penicillin, and 100
ug/ml streptomycin), and seeded at a density of 3x10° cells/200 pl. Cells were incubated
in cell stimulation cocktail in the presence of protein transport inhibitor cocktail (both
from eBioscience) for 6 hours at 37 °C/ 5% CO2 Degranulation capacity of T-cells was
measured by adding fluorochrome-conjugated anti-CD107a antibody (eBioscience) to
the culture as previously described.(3) Afterwards, cells were washed, stained for
surface proteins and fixed using IC fixation buffer (eBioscience). After washing with 1X
permeabilization buffer, cells were stained with fluorescently labelled antibodies against
intracellular proteins for 30 min at room temperature in the dark, washed and analyzed
by flow cytometry.

For all flow cytometric measurement, data acquisition was done using BD LSRII or BD
FACSCanto flow cytometer (BD Biosciences). Median Fluorescence Intensity (MFI) was
recorded and normalized by subtracting the MFI of the respective fluorescence-minus-
one (FMO) control. Data analysis was performed using Flowdo X 10.0.7 software

(FlowJo, Ashland, OR, USA).
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Supplementary Table 1: List of flow cytometry antibodies

Mouse antibodies
anti-mouse CD107a (LAMP-1)
anti-mouse CD19
anti-mouse CD19
anti-mouse CD3e
anti-Mouse CD3e
anti-mouse CD4
anti-mouse CD4
anti-mouse CD44
anti-mouse CD45
anti-mouse CD5
anti-mouse CD69
anti-mouse CD8a
anti-mouse CD127
Anti-mouse CD137
anti-mouse CD62L
anti-mouse CD25
anti-mouse Granzyme B
anti-mouse IFNg
anti-mouse GITR
anti-mouse Lag3
anti-mouse PD-1
anti-mouse CD244
anti-mouse Ki67
anti-mouse Eomes
anti-T-bet

Clone
eBiolD4B
eBiolD3
6D5
145-2C11
500A2
GK1.5
RM4-5
IM7
30F-11
53-7.3
H1.2F3
53-6.7
A7R34
17B5
MEL-14
PC-61
NGZB
XMG1.2
YGL 386
eBioC9B7W
RMP1-30
m2B4 (B6)458.1
SolA15
Danllmag
4B10

Supplier
eBioscience
eBioscience
Biolegend
eBioscience
BD
Biolegend
eBioscience
eBioscience
Biolegend
BD
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
Biolegend
eBioscience
eBioscience
Biolegend
eBioscience
Biolegend
Biolegend
eBioscience
eBioscience
Biolegend
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Supplementary 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 later assigned to
treatment with ibrutinib (0.16 mg/mL) or vehicle control in drinking water. A) Treatment started
when all mice reached the leukemic threshold (5,000 CLL cells/ul of blood). Graph shows the impact
of the treatment on CD8* T-cell effector population, activation and proliferation. B-E) Vehicle- and
ibrutinib-treated mice were sacrificed after 3 and 4 weeks of treatment, respectively, when mice
reached disease end-stage. B) Spleen and liver weight of vehicle- or ibrutinib-treated mice (n=5). C)
Flow cytometric analysis of splenic CD3*CD8* T-cell subsets from vehicle- or ibrutinib-treated mice
(n=5-6). D) Absolute numbers of splenic CD8* effector cells from vehicle- or ibrutinib-treated mice
(n=5-6) were assessed by flow cytometry. E) Flow cytometric analysis of Ki-67 expression in CD8* T-
cells from vehicle- or ibrutinib-treated mice (n=5-6).

Graphs show means + SEM. *p<0.05 , **p<0.01, ***p<0.001, ns = not significant
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Supplementary Figure 2: lbrutinib modulates CD8* T-cell function in the TCL1 adoptive
transfer model

C57BL/6 mice were transplanted with splenocytes from leukemic TCL1 mice, and after two
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-C) Cytotoxic function of CD8* effector T-
cells, and D-F) of PD-1*CD8* T-cells was assessed by flow cytometric analysis of degranulation
capacity, as measured by CD107a expression on the cell surface, GzmA and GzmB expression or
IFNy production (n=4).

Graphs show means + SEM. *p<0.05, **p<0.01, ns = not significant; nMFI = normalized median

fluorescence intensity
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Supplementary Figure 3: Ibrutinib modulates T-cell receptor signaling in CD8* T-cells

A-C) Splenocytes from C57BL/6 mice (n=4) were pretreated with different concentrations of
ibrutinib, ACP-196 or DMSO for 30 minutes and then stimulated with anti-CD3 antibody. CD25,
CD44 and CD137 expression were analyzed by flow cytometry in viable, 7-AAD-negative, single
CD8* T-cells after 24 hours. D) Splenocytes from C57BL/6 mice (n=4) were labeled with 5 uM
CFSE, pretreated with 1 uM of ibrutinib, ACP-196 or DMSO for 30 minutes, and then stimulated
with anti-CD3 antibody. Proliferation as measured by CFSE dilution after 48 hours was analyzed
by flow cytometry in viable, 7-AAD-negative, single CD8* T-cells.

Graphs show means * SEM. *p<0.05; MFI= median fluorescence intensity
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Supplementary Figure 4: 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 two
weeks assigned to treatment with isotype antibody plus vehicle (control), aPD-1, aPD-L1,
ibrutinib, ibrutinib + aPD-1, or ibrutinib + aPD-L1. Graph shows the absolute numbers of

CD5*CD19* CLL cells in peripheral blood prior to treatment.
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Supplementary Figure 5: Blocking 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 two
weeks assigned to treatment with isotype antibody plus vehicle (control), aPD-1, ibrutinib, or
ibrutinib + aPD-1. Mice were sacrificed after 4 weeks of treatment. Cytotoxic function of CD8*
effector T-cells was assessed by flow cytometric analysis of A) degranulation capacity, as
measured by CD107a expression on the cell surface, and B) IFNy production (n=4).

Graphs show means + SEM. **p<0.01, ***p<0.001



