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BACKGROUND. Ibrutinib has been shown to have immunomodulatory effects by inhibiting Bruton'’s tyrosine kinase (BTK)
and IL-2-inducible T cell kinase (ITK). The relative importance of inhibiting these 2 kinases has not been examined despite its

METHODS. Peripheral blood mononuclear cells from chronic lymphocytic leukemia (CLL) patients on clinical trials of ibrutinib
(BTK/ITK inhibitor; n = 19) or acalabrutinib (selective BTK inhibitor; n = 13) were collected serially. T cell phenotype, immune
function, and CLL cell immunosuppressive capacity were evaluated.

RESULTS. Ibrutinib markedly increased CD4* and CD8* T cell numbers in CLL patients. This effect was more prominent in
effector/effector memory subsets and was not observed with acalabrutinib. Ex vivo studies demonstrated that this may
be due to diminished activation-induced cell death through ITK inhibition. PD-1and CTLA-4 expression was significantly
markedly reduced in T cells by both agents. While the number of Treg cells remained unchanged, the ratio of these

to conventional CD4* T cells was reduced with ibrutinib, but not acalabrutinib. Both agents reduced expression of the
immunosuppressive molecules CD200 and BTLA as well as IL-10 production by CLL cells.

CONCLUSIONS. Ibrutinib treatment increased the in vivo persistence of activated T cells, decreased the Treg/CD4* T cell ratio,
and diminished the immune-suppressive properties of CLL cells through BTK-dependent and -independent mechanisms.
These features provide a strong rationale for combination immunotherapy approaches with ibrutinib in CLL and other cancers.

TRIAL REGISTRATION. ClinicalTrials.gov NCT01589302 and NCT02029443. Samples described here were collected

Introduction

Chronic lymphocytic leukemia (CLL) patients are characterized by
a profound immune suppression and perturbation of both innate as
well as adaptive immunity (1), highlighted by increased susceptibil-
ity to infections, autoimmune conditions, and a higher incidence
of secondary malignancies. In addition to global immunosuppres-
sion, CLL cells also evade immune destruction, owing to tumor-
specific immune suppression via multiple mechanisms includ-
ing expression of the immunosuppressive molecules CD200,
HLA-G, and programmed death ligand 1 (PD-L1), among others
(2-4). Malignant CLL B cells also phenotypically and functionally
recapitulate the B10 and B10Pro regulatory B (Breg) cell types that
produce IL-10, a major immunosuppressive cytokine (5). In addi-
tion to direct tumor immunosuppressive effects, CLL cells can
also increase the number of regulatory T (Treg) cells that dimin-
ish cellular immune responses (6, 7). Moreover, CLL cells can
induce IDOMCD14'*HLA-DRP myeloid-derived suppressor cells
(MDSCs), which inhibit T cell responses both directly and indirectly
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through promoting Treg cell induction and expansion (8). Col-
lectively, these observations highlight the importance of immune
interactions in CLL and make this disease an ideal model to study
systemic tumor-mediated immune suppression.

Ithas been well established that the T cell compartment in CLL
patients is dysfunctional. CLL T cell subsets are skewed toward a
terminally differentiated phenotype, with significant reduction in
naive T cells and expansion of effector memory/effector T cells
(9). CLL patient T cells also demonstrate features of pseudo-
exhaustion, with significant upregulation of checkpoint mole-
cules and exhaustion markers such as programmed death 1 (PD-
1), CTLA-4, CD160, CD244, and CD57 (9, 10). These phenotypic
changes are closely associated with profound functional defects
including reduced cytotoxic capacity of CD8* T cells and defective
immunologic synapse formation (9). A shift in the balance between
Thi, Th2, and Th17 immune subsets in CLL patients may also be
an important factor in driving disease progression, and the T cell
response in CLL patients is skewed toward Th2 polarization (11).
Studies in CLL patients have also shown that a decrease in IL-17-
producing T cells is associated with Treg cell expansion and disease
progression (12-14), while increased Th17 cell numbers correlate
with improved overall survival (15). To date, success in therapeuti-
cally enhancing cell-mediated immunity in CLL has been limited.
Lenalidomide has favorable immune-modulating properties in T
cells in CLL patients via downregulation of the lymphoid transcrip-
tion factor IKZF1 through a cereblon-dependent mechanism, and
can promote durable, sustained complete remissions in 50% or
more of patients receiving this treatment (16). However, lenalido-
mide in this setting also can produce significant morbidity and
sometimes fatal outcome from early-onset tumor flare.

New to the field of B cell cancer therapy are agents that irrevers-
ibly target Bruton’s tyrosine kinase (BTK) such as ibrutinib, which
yields high response rates and durable remissions in patients with
CLL. Although data in humans are lacking, multiple reports docu-
ment the T cell effects of ibrutinib in mouse models (17-21). Our
group recently reported that ibrutinib irreversibly inhibits IL-2-
inducible T cell kinase (ITK), leading to enhanced Th1 response in
vitro and in vivo (21). In a CLL mouse model of bacterial infection,
ibrutinib treatment led to a more than 2-fold increase in expansion
of Th1 pathogen-specific T cells and corresponding suppression of
Th2 immunity (21). Ibrutinib treatment also leads to a shift in mac-
rophages toward a Thl-supportive phenotype and increases CD8*
T cell tumor infiltration in a mouse model of pancreatic cancer (22).

Recently, our group demonstrated that T cells isolated from CLL
patients prior to starting ibrutinib expand ex vivo chimeric antigen
receptor (CAR) T cells poorly, whereas those derived during treat-
ment expand significantly better (23). Ruella et al. also reported that
addition of ibrutinib to anti-CD19 CAR T cells improves responses
against mantle cell lymphoma (24). Furthermore, it has been
reported that in mouse lymphoma models ibrutinib enhances T
cell-dependent antitumor immune responses and further potenti-
ates the efficacy of immune checkpoint blockade (17, 18). Immune
modulatory effects have been preliminarily reported with the BTK
inhibitor acalabrutinib (ACP-196), which also demonstrates prom-
ising clinical activity in CLL (25). However, unlike ibrutinib, acala-
brutinib lacks inhibitory activity against the BTK-related kinase ITK.
Clinically, this raises the question of whether more selective BTK
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inhibition will promote effective immune modulation and avoid
the off-target effects observed with ibrutinib.

Here, we comprehensively studied the effects of ibrutinib on
T cells in vivo and the ability of this agent to modulate the immu-
nosuppressive capacity of CLL cells, and compared the results to
those achieved with acalabrutinib. Our results indicate that while
both agents diminish tumor-mediated immune suppressive mole-
cules, ibrutinib has unique immune-modulating capability in pro-
moting expansion of chronically activated T cells by diminishing
activation-induced cell death.

Results

Ibrutinib treatment increases numbers of both CD4* and CD8" T cells
via a BTK-independent mechanism. We analyzed serial samples
from 19 CLL patients who received ibrutinib treatment on a serial
blood procurement study, OSU-0025. Not all experiments were
performed on each patient’s serial sample; therefore, the actual n
for each experiment was less than 19. We first evaluated the abso-
lute numbers of T cells of various subsets in CLL patients during
the course of ibrutinib therapy. As shown in Figure 1A (1 =18), a
significant increase in total CD4* and CD8* T cell numbers was
observed following ibrutinib treatment (approximately 3-fold
by 8 weeks, or the beginning of cycle 3; P < 0.01 for both CD4*
and CD8" T cells). Both CD4* and CD8" T cells were further cat-
egorized into naive (CD45RA'CCR7"), central memory (T-CM;
CD45RA CCRY7"), effector memory (T-EM; CD45RA CCR7"), and
CD45RA" effector memory T (T-EMRA) cells (CD45RA*CCR7)
(Figure 1A). The T-EMRA cell subset is considered to consist of
more terminally differentiated effector memory/effector T cells
(26). Among the different T cell subsets, the increase in total cell
number was most prominent in the T-EMRA and T-EM compart-
ments, whereas in the naive and T-CM subsets, the increase was
more modest and not significant at several time points examined.
For example, CD4* T-EMRA cell numbers increased by more than
3-fold (from 0.055 x 10% to 0.18 x 10%/ul) 8 weeks into treatment
(beginning of cycle 3), while naive T and CD4" T-CM cell num-
bers increased by about 2-fold at the same time point (from 0.065
x 10° to 0.147 x 10%/pl for naive CD4" T cells). This same pattern
coincides with the frequencies of different T cell subsets, where
the proportion of both CD4* and CD8* T-EM cells was modestly
increased by cycle 6 of ibrutinib treatment (Supplemental Fig-
ure 1A; supplemental material available online with this article;
https://doi.org/10.1172/JCI89756DS1). For example, the mean
proportion of CD4* T-EMRA cells increased from 5.1% to 7.3%
(P < 0.05). In contrast, the proportion of naive and T-CM subsets
was modestly but significantly reduced by cycle 6 of treatment
in both CD4* and CD8" T cells (P = 0.006 for CD8" T-CM cells
and P=0.001 for CD4* T-CM cells; Supplemental Figure 1A). The
reduced frequencies of both CD4* and CD8" T-CM subsets after
ibrutinib treatment appears to be a result of a dilution effect from
preferential expansion of the T-EM and T-EMRA subsets as shown
in Figure 1A, versus loss of these cells during treatment.

One concern is that the increase in the circulating T cell num-
bers after ibrutinib treatment may merely reflect the release of T
cells from the secondary lymphoid organs as opposed to true T
cell expansion. To address this, we treated CLL-engrafted mice
with ibrutinib and monitored peripheral blood T cell numbers
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Figure 1. Ibrutinib but not acalabrutinib treatment of CLL patients increases total T cell numbers. (A) Absolute numbers of CD8* (upper panel) and CD4*
(lower panel) T cells before and during ibrutinib treatment (n = 18). (B) Absolute numbers of CD8* (upper panel) and CD4* (lower panel) T cells before and
during acalabrutinib treatment (n = 12). Each cycle is 4 weeks. Cycle 3 indicates samples obtained after 2 cycles (8 weeks into treatment), and cycle 6 indi-
cates samples obtained after 5 cycles (20 weeks into treatment). T cells were differentiated into subsets based on expression of CCR7 and CD45RA: naive
T cells (CCR7*CD45RA*), central memory T cells (CCR7*CD45RA"), effector memory T cells (CCR7-CD45RA"), and more differentiated effector memory T cells
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(T-EMRA; CCR7-CD45RA"). Differences were assessed using linear mixed-effects models. NS, not significant.

before starting ibrutinib, and 2 days and 4 days after starting
ibrutinib (Supplemental Figure 7). These time points correspond
to the period when CLL cell numbers were transiently increased
in peripheral blood after ibrutinib treatment (27). If ibrutinib
causes translocation of T cells from secondary lymphoid organs
to peripheral circulation like it does to CLL cells, we would notice
an increase in T cell numbers in peripheral blood. However, we
found no significant change in circulating T cell numbers before
and after ibrutinib treatment, as shown in Supplemental Figure 7.
Furthermore, we went on to question if ibrutinib can enhance the
expansion of activated antigen-specific T cells using a mouse leu-
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kemia model. As shown in Supplemental Figure 8, we found that
ibrutinib increased the number of tumor antigen-specific T cells
in a secondary lymphoid organ (spleen) by approximately 2-fold.
To further examine if this effect on T cells was dependent or
independent of BTK inhibition, we also examined similar param-
eters in CLL patients treated with acalabrutinib, a more selec-
tive BTK inhibitor that does not target other ibrutinib substrates
such as ITK (25). Interestingly, we did not find similar increases
in the cell numbers after acalabrutinib treatment (Figure 1B,
n=12). The frequency of CD4*and CD8* T cells trended up by cycle
6, which reflects the decrease in absolute lymphocyte count with
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Figure 2. Ibrutinib treat-

ment does not affect total
numbers of stem memory T
cells. (A) Gating strategy for
stem memory T cells. Naive
CD4* T cells (CCR7*CD45RA")
expressing CD62L were selected
for further analysis. Of these,
CD95*CD122" cells were defined
as stem memory T cells. (B)
Left: Representative plots
showing stem memory T cells
in samples from a healthy
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Figure 3. Treatment with BTK inhibitors significantly reduces PD-1-expressing cells in CD8* T cell populations. Percentages of PD-1* cells among differ-
ent subsets of CD8* T cells from CLL patients before and during treatment with (A) ibrutinib (n = 17) or (B) acalabrutinib (n = 10). Differences were assessed

using linear mixed-effects models. NS, not significant.

acalabrutinib (Supplemental Figure 1B). Given that activated ITK-
deficient T cells in murine systems have diminished activation-
induced cell death (AICD) (28, 29), we hypothesized that the ITK
inhibitory activity of ibrutinib, but not acalabrutinib, may explain
this observation. We therefore examined the influence of these 2
agents on T cells ex vivo with extended activation. As shown in
Supplemental Figure 2, A-C, activated T cells treated with ibruti-
nib exhibited a dose-dependent decrease in AICD. Upregulation
of FAS ligand (FASL) by activated T cells and suicide by FAS-FASL
interaction have been found to be an important mechanism for
AICD (30). Moreover, ITK inhibition has been reported to impair
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AICD by reducing the upregulation of FASL (29). Here, we found
that the upregulation of FASL expression in activated T cells after
restimulation was indeed decreased by ibrutinib treatment (Sup-
plemental Figure 2C), suggesting that ibrutinib ameliorates AICD
by decreasing TCR activation-induced FASL upregulation. In con-
trast, we did not observe a similar protective effect against AICD
with acalabrutinib at these same concentrations.

It has been reported that NK cells can also undergo apoptosis
following activation via cytokine receptors (31). Ibrutinib targets
such as ITK and BTK also play an important role in NK cell func-
tion and signaling processes (32, 33). Therefore, we investigated if
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Figure 4. Treatment with BTK inhibitors
significantly reduces the frequency of T cells
expressing intracellular CTLA-4. Percentages of
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ibrutinib can also ameliorate AICD of NK cells utilizing an estab-
lished assay system in which NK cells are costimulated with IL-2/
IL-12 or IL-15/IL-12. Here, we found a similar protection by ibruti-
nib, but not acalabrutinib (Supplemental Figures 2 and 9).
Ibrutinib treatment does not compromise stem memory T cells
localized in the naive T cell compartment. We next analyzed stem
memory T (TSCM) cells, the long-lasting memory T cells that
share many surface marker profiles with naive T cells. We further
differentiated TSCM from naive T cells by staining for CD122 and
CD95, as shown in Figure 2A. Interestingly, we found that CLL
patients have more (>10%) TSCM cells within the naive T cell gate
(Figure 2B). This differs from healthy donors, who usually have less
than approximately 1%-2% of TSCM cells among the naive T cell
gate (34). T-bet and eomesodermin are established Th1 differen-
tiation markers (35). As expected, we found that few naive T cells
from healthy donors express these markers (Figure 2B). However,
a significant percentage of naive T cells (more than 10% naive
CD4" cells) from CLL patients express T-bet or eomesodermin.
Therefore, a significant percentage of naive (CCR7*CD45RAY)
T cells from CLL patients are not bona fide naive T cells, but
rather TSCM cells. We found that in patients receiving ibrutinib,
the absolute number of TSCM cells was increased by cycle 3 and
was not significantly changed by cycle 6 (Figure 2C, n =15).
Frequencies of PD-1- and CTLA-4-positive T cells are significantly
reduced after ibrutinib treatment. A key feature of T cells from CLL
patients is the high percentage of cells expressing checkpoint inhibi-
tor molecules such as PD-1 (Supplemental Figure 6). As ibrutinib
rescues AICD of T cells, it is possible that these rescued cells may
express a higher level of exhaustion markers that would suggest
less immunologic potential. We therefore examined these markers
in different T cell subsets before and after ibrutinib treatment. We
found no significant changes in CD244, CD160, or CD57 after ibru-
tinib treatment (data not shown). However, the percentages of PD-1-

positive cells among total CD8* (Figure 3A, n = 17) and total CD4*
(Supplemental Figure 3A, n=17) T cells were significantly reduced.
The decrease in PD-1was statistically significant by cycle 3 for CD8*
T cells (P = 0.001), and by cycle 6 for both CD4* (P = 0.001) and
CD8" (P<0.001) T cells. We also noticed that although PD-1 positiv-
ity was reduced in all the T cell subsets among both CD4* and CD8*
T cells, the reduction was most dramatic in the T-CM compartment
(Figure 3A and Supplemental Figure 3A). CD27 was downregulated
in the more differentiated effector T and T-EM cells, prompting us
to further differentiate the T-EM and T-EMRA cells into CD27* ver-
sus CD27 populations. We did not find significant differences in the
distributions of CD27* and CD27" T cell subsets. However, for CD4*
T cells, the CD27* T-EM and T-EMRA cells showed a statistically
significant reduction in PD-1 after ibrutinib treatment (P < 0.001),
while their CD27" counterparts did not (Supplemental Figure 3).

In our serial samples we were able to detect CTLA-4 expression
by intracellular staining (Figure 4A and Supplemental Figure 4A,
n = 18). We again detected a significant reduction in intracellular
CTLA-4" cells among both CD4" T cells (Figure 4A; P < 0.001 for
both cycle 3and cycle 6) and CD8* T cells (Supplemental Figure 4A;
P <0.01 for both cycle 3 and cycle 6), with the reduction being more
dramatic in CD4"* T cells. Cells from patients treated with acalabru-
tinib showed similar patterns of change in PD-1 expression (Figure
3B and Supplemental Figure 3B, n = 10). Acalabrutinib treatment
also reduced CTLA-4 expression on T cells (Figure 4B and Supple-
mental Figure 4B, n = 9), suggesting that ibrutinib affects PD-1 and
CTLA-4 expression in T cells indirectly by inhibiting BTK.

Ibrutinib treatment does not significantly change T cell polariza-
tion. We previously reported that ibrutinib enhances Thl polariza-
tion in vitro and in vivo in murine models. To study T cell polar-
ization in human CLL patients, we restimulated peripheral blood
mononuclear cells (PBMCs) from ibrutinib-treated patients with
PMA/ionomycin and assessed their cytokine production pro-
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Figure 5. Ibrutinib treatment does not affect T cell production of Th1 or Th2 cytokines but moderately increases frequency of Th17 cells. PBMCs from CLL
patients before and during treatment with (A) ibrutinib (n = 15) or (B) acalabrutinib (n = 11) were stimulated with PMA/ionomycin for 5 hours. Production of
IFN-y, TNF, IL-2, IL-4, and IL-17 was detected by intracellular cytokine staining. Percentages of cytokine-producing cells are shown. Differences were assessed

using linear mixed-effects models. NS, not significant.

file (representative dot plots shown in Supplemental Figure 5). As
shown in Figure 5A (n = 15), ibrutinib treatment did not alter Thl
(IFN-y), Th2 (IL-4), and ThO (IL-2 and TNF) cytokine expression
profiles. However, there was a noticeable increase in the percentage
of cells producing IL-17 in patients who received ibrutinib treatment
(P = 0.008, Figure 5A). In contrast, acalabrutinib-treated patients
did not have a posttreatment change in the frequency of IL-17-
producing cells (Figure 5B, n=11). These results indicate that inhibi-
tion of non-BTK targets such as ITK play a key role in the expansion
of Th17 cells. The average percentage of IFN-y*, IL-4*, and TNF*
cells showed a decreasing trend after treatment with acalabrutinib
(Figure 5B) compared with ibrutinib (Figure 5A), indicating a BTK-
but not ITK-dependent mechanism.

Ibrutinib decreases the Treg/CD4* T cell ratio but not absolute
number of CD25'Foxp3* Treg cells. In vitro experiments have shown
enhanced differentiation toward Foxp3* Treg cells by ITK-deficient
conventional CD4* T cells (36). Therefore, we sought to determine
how ibrutinib treatment in human CLL patients affects Treg cells in
vivo. Treg cells were identified as CD4*CD25"Foxp3* cells (Figure
6A). We found an approximately 2-fold reduction in the percentage
of CD25'Foxp3* Treg cells among CD4" T cells by cycle 3 (P < 0.001)
that persisted to cycle 6 (P < 0.001) of ibrutinib treatment (Figure 6B,
n = 18). However, this reduction in the Treg/CD4" T cell ratio was
associated with an increase in the absolute number of CD4* T cells
and the total number of Treg cells remained unchanged (Figure 6B).
In acalabrutinib-treated patients, the number of CD4*CD25'Foxp3*
Treg cells and the Treg/CD4" T cell ratio was not significantly
changed (Figure 6C, n=11).
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Ibrutinib downregulates immunosuppressive molecules CD200
and BTLA on CLL cells. CLL cells have been reported to express a
variety of immunosuppressive ligands; we therefore evaluated the
expression levels of these immunosuppressive molecules in CLL
cells before and after ibrutinib treatment. The surface expression
of PD-L1, HLA-G, and CD276 was low in general, and we did not
detect a significant change in their expression in CLL cells after
ibrutinib treatment (data not shown). However, CD200 expres-
sion was significantly reduced as early as cycle 3 of ibrutinib treat-
ment, and this reduction persisted through cycle 6 (P < 0.001 for
both; Figure 7A, n = 18). BTLA expression was not significantly
changed in T cell subsets (data not shown), while significant
reduction in CLL cells was observed (P < 0.001 for both, n = 16).
Similar reductions were observed in samples from patients treated
with acalabrutinib (Figure 7B, n = 12), indicating a BTK-dependent
mechanism for these changes.

The capacity of CLL cells to make IL-10 after prolonged BIOPro
conditioning is impaired after ibrutinib treatment. It has been
reported that CLL cells share phenotypic and functional fea-
tures with Breg cells and can produce IL-10 after in vitro stim-
ulation under B10 (5-hour stimulation) or B10Pro (48-hour
stimulation) conditions (5). Activation through the BCR, TLRs,
and CD40 is required for production of IL-10 by B cells or CLL
cells (37). As BTK is involved in signal transduction of all these
receptors (38, 39), we hypothesized that BTK inhibition may
affect IL-10 production in CLL cells. We detected significant
IL-10 production by CLL cells after a brief in vitro stimula-
tion under B10 conditions in less than half of the CLL patient
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Table 1. Clinical characteristics of the studied patients

Characteristics Value
Age at diagnosis

Mean (SD) 54 (11.5)
Median 53
Age at starting ibrutinib

Mean (SD) 64 (8.6)
Median 64
Male sex N

Rai stage at ibrutinib treatment

0-2 1

3 1

4 17
Number of prior therapies

0 0

1 6

2 4

3-4 4

5 or more 5
Prior allogeneic transplant 2
Cytogenetics

Del(13q) 3
Del(11g) 9
Del(17q) 4
Trisomy 12 0
Complex karyotype 8
IgVH mutation status, unmutated, 14,5,0
mutated, unknown

Bone marrow involvement at the time 88.1(70-99)
of ibrutinib therapy: % (range)

ALC (baseline before ibrutinib)

Mean (SD) 46.5 (40.1)
Median 299
ALC (cycle 3 day 1)

Mean (SD) 122.6 (66.9)
Median 991
ALC (cycle 6 day 1)

Mean (SD) 60.9 (52.9)
Median 476

samples, in agreement with previous reports (5), and we did not
detect significant changes in the frequency of these rare malig-
nant B10 cells after ibrutinib treatment (Figure 8, A and B,
n = 13). However, by stimulating cells under B10Pro conditions,
we were able to induce IL-10 production by CLL cells from
most of the samples tested. Interestingly, after ibrutinib treat-
ment, CLL cells showed a dramatically reduced capacity to
secrete IL-10 after being stimulated under B10Pro conditions
(P < 0.001). This reduction was observed as early as cycle 3 of
ibrutinib treatment, when the majority of the patients studied still
showed transient lymphocytosis (Figure 8B, n = 18). Samples from
patients treated with acalabrutinib showed similar results (Figure
8C, n =10 for B10 conditions, n = 12 for BIOPro condition), indi-
cating that the reduced capacity of CLL cells to make IL-10 fol-
lowing ibrutinib treatment is from BTK inhibition.

CLINICAL MEDICINE

Discussion

Numerous studies in mice have reported the favorable immune-
modulating effect of ibrutinib that likely occurs through mul-
tiple mechanisms (17-21). Here, in what we believe is the first
comprehensive human study of ibrutinib’s effects on T cells, we
identified significant increases in both CD4* and CD8* T cell
numbers following ibrutinib treatment in CLL patients. These
T cells, while increased in number following ibrutinib treat-
ment, lack the typical immunophenotypic features of CLL-
exhausted T cells, as evidenced by significantly lower PD-1
and intracellular CTLA-4 expression. Unlike other immune-
modulating agents such as IL-2 that expand Treg cells, ibruti-
nib in fact decreases the Treg/CD4" T cell ratio by selectively
expanding conventional T cells. Separate from the favorable
effects on T cells, ibrutinib also modulates the expression of
several immune-suppressive molecules on/in CLL cells includ-
ing CD200, BTLA4, and IL-10. Acalabrutinib is a second-
generation, selective BTK inhibitor. As shown in Supplemen-
tal Table 1, while ibrutinib has comparable IC50 for BTK and
ITK, acalabrutinib has virtually no affinity for ITK (25, 40). Our
pharmacologic studies in patients clearly differentiate ibrutinib
from the more selective BTK inhibitor acalabrutinib in its abil-
ity to inhibit AICD via ITK inhibition. Collectively, this and pre-
vious studies show that ibrutinib represents a potentially novel
T cell immune-modulating agent, and our data clearly differen-
tiate it from other immunotherapeutics used in cancer.

The remarkable finding of our work is the notable increase of
both CD4* and CD8* T cells in patients receiving ibrutinib. This T
cell expansion is unlikely to be caused by BTK inhibition, as we did
not observe increased T cell numbers in patients treated with the
more selective BTK inhibitor acalabrutinib that lacks ITK inhibitory
activity. While discerning the mechanism of T cell expansion in vivo
in CLL patients is not possible, we provide evidence that ibrutinib
treatment of activated T cells diminishes AICD by targeting ITK, a
finding also reported in murine models of ITK deficiency (29). ITK
has been demonstrated to be involved in TCR-induced upregula-
tion of FASL and AICD of T cells (28, 29). In vitro, ITK-deficient T
cells have been found to have impaired proliferation (41), whereas
in vivo, activated ITK”" T cells survived to a much greater degree
than normal T cells, leading to a greater accumulation (28). Target-
ing ITK with kinase inhibitors showed a similar pattern. In vitro,
ITK inhibitors inhibit IL-2 secretion and T cell proliferation (42),
whereas in vivo the ITK inhibitor was found to reduce AICD, lead-
ing to a 2- to 3-fold increase in activated T cell numbers (29).

In contrast to our findings, Niemann et al. (43) recently reported
that ibrutinib treatment led to a decrease in circulating T cell num-
bers in CLL patients that paralleled the progressive decrease of CLL
tumor burden and normalization of T cell counts in most patients.
This difference might be best explained by the impact of CLL tumor
burden. It has been postulated that CLL cells promote chronic stim-
ulation of T cells and lead to an exhaustion phenotype by inducing a
CLL-specific immune response, or by modifying the T cell response
to chronic infections including cytomegalovirus (CMV) (10, 44). In
either case, CLL cells cause chronic activation of T cells, and it is
the activated T cells, but not resting T cells, that are susceptible to
AICD and can be rescued by ibrutinib. Therefore, this effect on T
cell numbers by ibrutinib is likely only to be seen in patients who
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still have significant tumor burden, since those patients who have
achieved remission will no longer have CLL-induced aberrant
activation of T cells. To more selectively study the direct impact
of BTK inhibition on T cells, we selected earlier time points (8 and
20 weeks into treatment) and studied patients with persistent lym-
phocytosis (absolute lymphocyte counts at cycle 1 and cycle 6 are
comparable; Table 1) to address this confounding factor. Consis-
tent with this hypothesis, in mouse models, our group reported that
ibrutinib strongly increased the number of activated T cells during
listeria infection (21), while it has no significant impact on the rest-
ing T cell populations from healthy noninfected mice. Furthermore,
in ibrutinib-treated patients, we found that the increase in T cell
numbers was most prominent in the effector T and T-EM cells com-
pared with the resting naive T and T-CM cells. As a side note, it is
possible that some of the changes in T cell populations are due to
redistribution rather than expansion, as has been observed in HIV
patients after institution of antiretroviral therapy (45). However, the
durable effects we observed make it unlikely that all the effects that
we describe here are due to redistribution. Moreover, our animal
experiments (Supplemental Figures 7 and 8, and ref. 21) provided
evidence that ibrutinib treatment did lead to a bona fide increase in
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Figure 6. Ibrutinib treatment of CLL patients leads to a reduced fre-
quency, but not reduced absolute number, of CD4‘CD25* Foxp3* Treg
cells. (A) Representative plots showing CD25 and intranuclear Foxp3 stain-
ing in CD4*CD3* (upper panel) and CD8*CD3" (lower panel) T cells. (B and C)
Percentages (left) and absolute numbers (right) of CD25*Foxp3* regulatory
T cells among total CD4* T cells before and during treatment with (B) ibru-
tinib (n = 18) or (C) acalabrutinib (n = 11). Differences were assessed using
linear mixed-effects models. NS, not significant.

the numbers of activated antigen-specific T cells in secondary lym-
phoid organs, while it did not cause significant translocation of T
cells from secondary lymphoid organs to the peripheral circulation.

We found that ibrutinib treatment leads to preferential expan-
sion of more differentiated T cell subsets (e.g., T-EM and EMRA),
but it does not have a deleterious effect on the absolute number
of naive T and T-CM cells. This is another feature that is desired
for cancer immunotherapy. In contrast, although IL-2 is able to
increase effector cell proliferation it also compromises the per-
sistence of the less differentiated memory T cells, and therefore
has a deleterious effect on the long-term persistence of antitumor
immunity (46). We also demonstrated that ibrutinib treatment
does not compromise the total numbers of the TSCM cells, which
represent the earliest and long-lasting memory T cells. The self-
renewal capacity and long-term survival of these cells make them
an ideal vehicle for cancer immunotherapy. Furthermore, while
T cells from CLL patients demonstrate features of exhaustion
similar to those exposed to chronic stimulation by viral infections
(44) and ibrutinib preferentially increases the number of these
exhausted T cells from AICD, we did not see enrichment of such
cells. Instead, we detected diminished PD-1 surface and intracel-
lular CTLA-4 expression.

Previous work from our group and others demonstrated in
vivo Th1 skewing (21, 22) with ibrutinib treatment in murine mod-
els. Here, we observed no significant changes in the percentage
of T cells expressing intracellular Th1 (IFN-y) or Th2 (IL-4) cyto-
kines in CLL patients treated with ibrutinib. However, we found a
moderate increase in the frequency of T cells capable of produc-
ing IL-17 (Th17 cells). Ibrutinib has also been recently found to
enhance IL-17 responses indirectly by modulating the function of
antigen-presenting cells such as dendritic cells (47). In vivo, Th17
cells have been found to undergo FAS-mediated AICD (48), a pro-
cess that could also be blocked by ITK inhibition. Our findings
suggest that the net effect of ibrutinib treatment in CLL patients is
the increased percentage of Th17 cells. There is accumulating evi-
dence that a Th17 response may play a role in CLL pathogenesis.
Decreased frequency of Th17 cells has been found to be associated
with Treg cell expansion and disease progression in CLL patients
(12-14). In contrast, elevated Th17 cells in CLL patients is associ-
ated with improved survival (15).

The influence of ibrutinib in CLL patients also has direct
positive influence on the immunosuppressive capacity of the
primary tumor cells. In this study, we confirmed that CD200
and BTLA are significantly downregulated on the surface of
CLL cells as early as cycle 3 of ibrutinib treatment. While the
function of BTLA on CLL cells is uncertain, CD200 regulates
both innate and adaptive immunity and plays a key role in both
tumor-specific and global immune suppression in CLL patients
(4). Moreover, CD200 expression on tumor cells has been found
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Figure 7. Ibrutinib and acalabrutinib treatment of CLL patients reduces
CD200 and BTLA expression in CLL cells. Left panels: CD200 expres-
sion level as measured in mean fluorescence intensity (MFI) on CLL cells
(CD19*CD5*) before and during treatment with (A) ibrutinib (n = 18) or (B)
acalabrutinib (n = 12). Right panels: BTLA expression level as measured in
MFI on CLL cells before and during treatment with (A) ibrutinib (n = 16) or
(B) acalabrutinib (n = 12). Differences were assessed using linear mixed-
effects models.

to promote the expansion of Treg cells, and CD200 blockade
significantly decreases Treg cell numbers (6, 7, 49). Ibrutinib
treatment of CLL patients dramatically reduced the frequency of
malignant B10Pro cells, which can express IL-10 after prolonged
in vitro stimulation, and similar findings with acalabrutinib sug-
gest this is a BTK-dependent effect. To induce IL-10 expression
in B10/B10Pro cells, stimulation via BCR, TLR4/9, and CD40L
are required (5). BTK is involved in signaling transduction of all
these receptors (39, 50, 51). Recently, it was found that the che-
mokine CXCL12 enhances IL-10 production in CLL cells via the
CXCR4/STAT3 pathway (38), and BTK inhibition was reported
to impair CXCR4 surface expression and signaling in CLL cells
(52). In support of this, mice with BTK deficiency (XID mice)
showed a more severe reduction in the numbers of Bla cells (53),
which are also CD5* B cells and are enriched with B10 (~30%)
and B10Pro (30%-40%) cells (53). Therefore, BTK inhibition
may reduce the frequency of B10Pro-like CLL cells via 2 mutu-
ally nonexclusive mechanisms: by directly inhibiting the IL-10
production in CLL cells, and /or by selectively depleting BLOPro-
like CLL cells. IL-10 is a major immunosuppressive cytokine that
can be produced by multiple cell types. Surprisingly, it has been
found that B cells are actually a dominant source of IL-10 in vivo
in both naive and immune system-activated mice (54). Secre-
tion of IL-10 by CLL cells could be triggered by infections or host
inflammatory responses in CLL. Given the significantly elevated
number of malignant B cells in CLL patients, production of IL-10
by even a small fraction of the tumor cells could cause significant
immune suppression (5). Endogenous B10/Breg cells were shown
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to inhibit CD20 mAb-induced lymphoma regression by secret-
ing IL-10 and inhibiting mAb-mediated monocyte activation
(55). CLL cell IL-10 production was also found to significantly
inhibit monocyte activation (5). Therefore, by reducing the IL-10
production by CLL cells, ibrutinib treatment could lead to relief
of CLL-induced immune suppression. Moreover, as B10/B10Pro
cells share many phenotypic and functional features with CLL
cells, it is possible that ibrutinib treatment also depletes these
immunosuppressive cells or impairs their function.

Our study includes comparative data from CLL patient samples
obtained at matched time points during treatments with either
an irreversible ITK/BTK inhibitor or more selective BTK inhibi-
tor. Although descriptive, these experiments identify effects such
as expansion of effector T cells, increased proportion of Thi7-
producing cells, and distinct changes in CTLA-4 intracellular
expression between CD4" and CD8"* subsets that are likely attrib-
utable to alternative, non-BTK targets such as ITK that are inhib-
ited by ibrutinib but not acalabrutinib. We also provide in vitro
evidence that ibrutinib but not acalabrutinib prevents AICD of
activated T cells and NK cells. In contrast, decreased expression of
surface PD-1 on CD4* and CD8" T cells and intracellular CTLA-4
on CD4' T cells was observed with both agents, implicating BTK as
an indirect factor in this change. This may be through modulation
of immune-suppressive molecules (CD200, IL-10, and others) on
CLL tumor cells, which are impacted by both agents, and further
studies to understand these effects are ongoing. Due to the smaller
sample size for acalabrutinib-treated patients available for analysis,
some of the negative findings on acalabrutinib were underpow-
ered. For example, there is also a trend towards a decrease in the
percentage of Treg cells after acalabrutinib treatment, and with
increased sample size, this could be a statistically significant differ-
ence — albeit more modest compared with the difference observed
in ibrutinib-treated samples. Nonetheless, our data presented here
identify ibrutinib and acalabrutinib as distinctly different immune-
modulating agents. Despite potential added toxicity with ibrutinib
due to alternative target inhibition, our data show improved immune
modulation in vivo with this agent compared with acalabrutinib
and support its use in combination with other immune therapies.

In summary, by studying CLL patients treated with ibrutinib, we
have identified its superior immunomodulatory effects by virtue of
being a less specific inhibitor of BTK. Ibrutinib induces significant
increases in T cell numbers that are not achieved by a more selec-
tive BTK inhibitor. The underlying mechanism is likely to be ITK
inhibition that leads to the rescue of chronically stimulated T cells
from AICD. Our data therefore provide support for ibrutinib therapy
as an ideal cellular immune-modulating agent for CLL and poten-
tially other types of hematologic and solid cancers. For example,
ibrutinib can be incorporated as part of cellular immune therapy.
In vivo persistence and expansion of antigen-specific T cells is the
most critical determining factor for the success of adoptive immu-
notherapy with tumor-infiltrating lymphocytes (TILs) and chimeric
antigen receptor (CAR) T cells (56). Expanding such cells with sys-
temic administration of IL-2 is toxic and may have deleterious effect
on the long-term persistence of antitumor immunity (46). IL-2 also
leads to preferential expansion of Treg cells (57). Preconditioning
with lymphocyte depletion enhances homeostatic proliferation and
depletes host Treg cells. However, it also carries along significant
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Figure 8. Ability of CLL cells to produce IL-10 is impaired with BTK inhibi-
tor treatment. PBMCs from CLL patients were collected before and during
treatment with ibrutinib (A-C) and acalabrutinib (D). Cells were stimulated
in vitro with CpG and PMA/ionomycin for 5 hours (B10 conditions) or with
CpG/CDA40L for 48 hours, with PMA/ionomycin added for the last 5 hours
(B10Pro conditions). IL-10 production was detected by intracellular cytokine
staining. All events were gated on CLL cells (CD19*CD5*CD3"). (A) Represen-
tative flow cytometry plots of IL-10 expression in CLL cells under B10 condi-
tions (top) and B10Pro conditions (bottom). (B) CLL samples were collected
at baseline and at the beginning of cycles 3 and 6 (8 and 20 weeks, respec-
tively) after starting ibrutinib treatment. Graphs show the percentages

of IL-10 producing CLL cells after in vitro incubation under B10 conditions
(left; n = 13) and B10Pro conditions (right; n = 18). (C) PBMCs were collected
from CLL patients at baseline and at the beginning of cycles 3 and 6 (8

and 20 weeks, respectively) after starting acalabrutinib treatment. Graphs
show the percentages of IL-10-producing CLL cells after in vitro incubation
under B10 conditions (left; n = 10) and B10Pro conditions (right; n = 12). Dif-
ferences were assessed using linear mixed-effects models.

toxicities, and Treg cells can out-proliferate conventional T cells
in the lymphopenic environment (58). Low persistence of infused
T cells may also be a result of T cell exhaustion (46), and ongoing
clinical trials are investigating immune checkpoint blockade to
boost the persistence of tumor-specific T cells. Of note, checkpoint
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blockade of CTLA-4 has been found to expand functional Treg cells
(59). Ibrutinib enhances persistence/expansion of activated T cells
and shows the following desirable qualities: (a) it has no deleteri-
ous effects on the T-CM or naive T cells, (b) it does not cause col-
lateral expansion of the Treg cells, and (c) it partially reverses the
exhausted T cell phenotype by reducing the expression of PD-1 and
CTLA-4. Together, these findings provide further rationale for use
of ibrutinib as an adjuvant for expansion of TILs or CAR-T cells, as
our recent data demonstrated (23).

Methods

Detailed protocols are provided in the supplemental methods.

Patient samples. All patients provided written informed consent to
provide material as part of an IRB-approved trial. Blood samples were
collected before treatment and at completion of 2 months (cycle 3 day
1) and 5 months (cycle 6 day 1) of ibrutinib or acalabrutinib treatment
from CLL patients enrolled in our blood collection study OSU-0025
that allows serial collection of samples at a monthly interval in leu-
kemia patients. Samples described here are from NCT01589302 and
NCT02029443 (clinicaltrials.gov). PBMCs were isolated from blood
samples by density gradient centrifugation using Ficoll. PBMCs were
then washed twice, resuspended in freezing medium containing 10%
DMSO, and were stored in a liquid N, cryopreservation system. Patient
characteristics are shown in Table 1. Details of patient information are
shown in Supplemental Table 2.

Mice, cell line, and antibodies. All animal experiments were carried
out under protocols approved by The Ohio State University Institutional
Laboratory Animal Care and Use Committee. TCL-1-transgenic mice
(on the C57BL/6 background) used for these experiments have been
previously described (21). Breeding pairs were provided to our group
as a gift from Carlo M. Croce (The Ohio State University). OT-1 TCR-
transgenic mice were purchased from The Jackson Laboratory. C1498-
OVA is a murine myeloid leukemia cell line (H-2°, C57BL/6 background)
expressing the experimental surrogate antigen ovalbumin. It was pro-
vided by Bruce R. Blazar (University of Minnesota, Minneapolis, Min-
nesota, USA). All antibodies used are listed in Supplemental Table 3.

Statistics. Separate linear mixed-effects models were used to assess
differences (cycles 3 and 6 vs. baseline) in cell number and percentage as
well as mean fluorescence intensity (MFI) among the different subsets
for patients treated with ibrutinib and acalabrutinib. Absolute cell num-
ber and MFI data were first log-transformed to reduce skewness and sta-
bilize variances. An initial analysis was performed based on 17 patients
treated with ibrutinib and 9 patients treated with acalabrutinib. Later,
an additional 2 patients with ibrutinib and 4 patients with acalabrutinib
were added to the original cohorts and the analysis was repeated. Results
are shown for the updated data with a total of 19 ibrutinib patients and 13
acalabrutinib patients. A comparison of the original and updated results is
provided in Supplemental Table 4. Not all experiments were performed
on each patient’s serial sample; therefore, the actual n for each experi-
ment was less than 19 and 13 for ibrutinib- and acalabrutinib-treated
patients, respectively. All clinical-sample analyses were performed using
SAS/STAT software, version 9.4 of the SAS System for Windows (SAS
Institute Inc.). For the in vitro and animal experiments described Supple-
mental Figures 2, 7, and 8, a 2-tailed Student’s ¢ test was used. A P value
less than 0.05 was considered significant for all the experiments.

Study approval. The studies on human samples were reviewed and
approved by The Ohio State University IRBs. All subjects provided appro-



The Journal of Clinical Investigation

priate prior informed consent to participate in the study. The respective
studies on C57BL/6 WT, TCL-1-transgenic, and OT-1-transgenic animals
were reviewed and approved by the IACUC at The Ohio State University.
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