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Approved therapies that target the B-cell receptor (BCR) signaling pathway, such as ibrutinib and

idelalisib, are known to show activity in chronic lymphocytic leukemia (CLL) via their direct

effects on crucial survival pathways in malignant B cells. However, these therapies also have

effects on T cells in CLL by mediating toxicity and possibly controlling disease. By focusing on

the effects of BCR signaling inhibitors on the T-cell compartment, wemay gain new insights into

thecomprehensivebiologicaloutcomesofsystemic treatment to furtherunderstandmechanisms

of drug efficacy, predict the toxicity or adverse events, and identify novel combinatorial

therapies.Here,wereviewT-cellabnormalities inpreclinicalmodelsandpatientsamples,finding

that CLL T cells orchestrate immune dysfunction and immune-related complications. We then

continue to address the effects of clinically available small molecule BCR signaling inhibitors on

the immune cells, especially T cells, in the context of concomitant immune-mediated adverse

events and implications for future treatment strategies. Our review suggests potentially novel

mechanisms of action related to BCR inhibitors, providing a rationale to extend their use to

other cancers and autoimmune disorders.

Introduction

Chronic lymphocytic leukemia (CLL) is characterized by clonal CD51 B-cell accumulation.1 These
malignant B cells depend on constitutive B-cell receptor (BCR) signaling for survival signals. On BCR
ligation, adaptor proteins SYK and LYN become phosphorylated and initiate formation of a central
signalosome that includes Bruton’s tyrosine kinase (BTK) and phospholipase C (PLC)-g2 molecules.
BTK is a Tec-family kinase crucial for signal transduction through phosphorylation of PLC-g2.2 The
phosphatidylinositol 3 kinase (PI3K) d subunit also contributes to malignant cell survival by recruiting
signaling proteins to the cell membrane. Among those recruited are BTK and AKT, facilitating
downstream activation of nuclear factor-kB and inhibition of proapoptotic pathways.3

Components of the BCR signaling pathway are attractive therapeutic targets in CLL and other B-cell
malignancies.4 Selective inhibitors of BTK and PI3Kd (such as ibrutinib and idelalisib, respectively) have
gained attention for significant clinical activity in patients with CLL with relapsed or refractory (R/R)
disease.5 Because of pathway homology, BCR inhibitors also inhibit T-cell signaling and activation.6 The
effects of BCR inhibitors on T cells need to be considered to fully understand mechanisms of efficacy
and occurrence of adverse events. In this review, we highlight the importance of T-cell biology in relation
to CLL development and discuss its possible role in treatment efficacy and the occurrence of adverse
events after current treatments.

T-cell abnormalities in patients with CLL

Investigators have widely reported immune defects, including T-cell dysfunction, occurring alongside
CLL development in patients. Abnormal T cells act in collaboration with the CLL microenvironment to
support the growth of malignant B cells. In addition, T-cell abnormalities are evidence of mechanisms
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of tumor immune-surveillance escape. Effects of T-cell changes
on CLL have emerged, including imbalance in T-cell subsets,
exhausted phenotypes, dysregulation of co-inhibitory molecules,
increase in suppressive numbers and phenotypes, abnormal
cytokine secretion, and immune synapse and cytotoxicity defects.7

Here, we review studies that support the possibility of targeting
the tumor microenvironment (TME) by exploiting CLL T-cell
defects.8

Imbalance of T-cell subsets

Overall changes in T-cell ratios have consistently been described in
human CLL.9 One such description is inverted CD4-to-CD8 ratio
being attributed to the expansion of CD81 T cells in circulation,
accompanied by Th2 preponderance and preferential expression of
Th2-type chemokine receptors on T cells.10,11 The findings of all the
experiments mentioned here are referenced in comparison with
normal counterparts. CD41 T cells accumulate in lymphoid tissue and
associate with CLL B cells to provide survival signals12 and to drive
malignant progression. Interestingly, T-cell ratios may differ between
niches.13 Evidence suggests CD81 expansion in CLL may be related
to a CLL-specific adaptive immune response. Next-generation
sequencing of CLL T cells has documented clonal architecture and
provided evidence that antigen drive could underlie expansion in a
CLL-specific context.14 Another theory postulated that chronic viral
infection is a likely culprit for inducing T-cell changes in patients with
CLL.15 However, T-cell defects have not been shown to correlate with
cytomegalovirus-positive or cytomegalovirus-negative status in pa-
tients with CLL. Subsequent studies did not find functional impairment
in cytomegalovirus-specific CD81 T cells.16,17

Another description of T-cell imbalance is the observation that
expansion of CD41FoxP31 regulatory T cells (Tregs) is characteristic
of changes in T-cell ratios in CLL. These changes have been correlated
with progression and prognostic markers such as IgVHmutation status
and CD38 expression. Increases in CD81CD25HIFOXP31 cells have
also been correlated with progression.18 After effective treatment, Treg
decreases indicate a mutualistic relation between Tregs and malignant
B cells necessary for immune homeostasis in CLL.19,20 Interestingly,
Tregs are not the only suppressive population involved, as myeloid-
derived suppressor cells (MDSCs) are also implicated in CLL
progression.21 Evidence indicated that low T-helper 17 (Th17) numbers,
interleukin-171 (IL-171) cytotoxic T-cell numbers, and decreased IL-17
expression levels are correlated with poor prognoses.22 Increased
Th17 with lenalidomide may have a protective role against CLL
progression.23 In contrast, induction of Th17 cells and associated
cytokines may increase the possibility of complications such as
autoimmune cytopenias. Accordingly, increased Th17 cells have
been detected in patients experiencing autoimmune cytopenias,
with a decreased Treg-to-Th17 ratio.24 Although still unconfirmed, it
is suspected that IL-10 secretion by malignant B cells may modulate
Treg/Th17 differentiation.22,23,25

Terminally differentiated and exhausted T cells

Patients with CLL have been shown to have decreased naive T cells
and a shift toward the CD81 effector memory phenotype.26-28 The
accumulation of terminal memory in CLL may be a result of chronic
antigen stimulation. Peptide-specific effector memory T cells recog-
nizing the cytoskeletal proteins vimentin and cofilin-1 have been
detected in patient samples, establishing possible autoantigens
recognized by CLL B cells.29 In patients with CLL, exhausted T cells

classically exhibit defective effector function, express inhibitory
receptors, and proliferate poorly in response to chronic infection.30

CLL T cells extensively upregulate exhaustion markers PD-1, CD244,
CD160, and intracellular CTLA-4, translating to defective proliferation
and cytotoxicity.31,32 Furthermore, an increase of T-effector cells in
patients with CLL correlated with lowered PD-1 expression and
better prognoses.33

T-cell function

Differentially expressed genes in CD41 CLL T cells occur in cell
growth, differentiation, proliferation, survival, cytoskeleton formation,
and vesicle trafficking pathways.34 These changes predict Th2
differentiation consistent with the data mentioned here. In CD81

CLL T cells, differentially expressed genes are involved in cytoskeleton
formation, intracellular transport, vesicle trafficking, and cytotoxicity.
CLL B cells have been found to induce similar changes in normal
CD41 and CD81 T cells after ex vivo coculture in a contact-dependent
manner, suggesting a reciprocal interaction.34

Subsequent functional analyses confirmed predicted defects.35

When CLL T cells form impaired immune synapses with antigen-
presenting cells (APCs), activation function is reduced. It has been
proposed that degranulation of cytotoxic T lymphocytes (CTLs) is a
regulatory mechanism of evasion used by malignant B cells to
interfere with immune synapse formation.36 Further, abnormal
cytoskeleton formation and vesicle packaging contributed toward
defective cytotoxic response. Immunomodulation with lenalidomide
improved immune synapse formation between CLL T cells and
B cells, validating the concept of targeting T-cell dysfunction in the
CLL TME.35 Cytokine profiles have also illustrated CLL-induced T-cell
dysfunction. Increased IL-10 and IL-6 secretion by CLL B cells
affords protection from CTLs,37 and increased IL-4 production by
circulating CD41 T cells reiterates Th2 differentiation.13 IFN-g and
TNF-a secretion by CLL T cells also provides extrinsic survival signals
as part of the TME.

With improved understanding of the TME, novel targets continue to
emerge. CD41 CLL T cells were shown to internalize vesicles
containing miR-363 secreted by CLL B cells, and silencing of miR-363
prevented T-cell alteration.38 Genome-wide analyses comparing
CD81 CLL T cells with normal CD81 T cells identified differentially
methylated immune-regulatory genes, including PD-1 promoter,
KLRG1, and CCR6, confirming epigenetic reprogramming in CLL.11

We previously demonstrated that treatment of CTLs from patients with
CLL with hypomethylating agent 5-aza-2-deoxycytidine caused a
potentially beneficial Th1 polarization through demethylation of Th1-
specific promoters.39 In a later study, the epigenetic modifiers 5-aza-2-
deoxycytidine and LAQ824 effectively restored immunogenicity in CLL
cell lines and primary CLL patient cells.40 The combination treatment
simultaneously improved T-cell activation and APC function of CLL
B cells.

Lessons from preclinical CLL models

Mouse models are advantageous for investigating CLL immunobi-
ology. Examining the CLL T-cell compartment has resulted in novel
mechanisms for CLL progression and interest in immunothera-
peutic strategies.41-43 To study the dependence of CLL B cells on
immune subsets, carboxyfluorescein succinimidyl ester-labeled
human CLL cells were injected into NSG mice alongside various
immune components, such as CD341 progenitor cells, mesen-
chymal stromal cells, or mature APCs.44 Data demonstrated that
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T cells activated by allogeneic APCs were required for leukemic
cell survival and proliferation. Administration of anti-CD3 or anti-
CD4 antibodies consistently reduced leukemic growth. Another
study proved that blockade of B-cell maturation is imposed by
TME signals in CLL.45 These findings relate to the efficacy of CLL
therapies that function to eliminate autologous T-cell support for
leukemic cells or improve T-cell immune surveillance to augment
response to CLL antigens.

Immunological studies in euTCL1 transgenic mice46 confirmed that
leukemic B cells impaired T-cell function, which could be reversed
by lenalidomide treatment. In an accelerated euTCL1 model, T-cell
alterations induced by disease progression were found to be
antigen-driven and clonally skewed.42 McClanahan et al investi-
gated CLL T-cell function in aging and accelerated euTCL1
models.43 CD81 T-cell proliferation was increased in the spleen,
in contrast to previous data reported from peripheral blood of
late-stage patients with CLL. EuTCL1 B and T cells upregulated
expression of PD-L1/PD-L2 and PD-1, respectively, to produce
T-cell dysfunction. Other inhibitory receptors, KLRG-1, 2B4, and
LAG-3, also showed CLL-induced upregulation. Interestingly,
PD-11 euTCL1 T cells exhibited heterogeneous functionality.
Investigations of T-cell function in the spleen indicated that immune
synapse formation was increased at 6 months but impaired at
12 months, indicating overcompensation during early-stage dis-
ease. Considering these data, the authors speculated that T-cell
exhaustion is not irreversible in CLL.43

Gassner et al also reported that euTCL1-derived T cells exhibited
exhaustion.47 CD41 T cells upregulated PD-1 and LAG-3 expression
in periphery and lymphoid tissues, and CD81 T cells upregulated
LAG-3 expression. PD-L1 expression was modestly increased
in CLL B cells from periphery tissue, but was significantly
increased in CLL cells from lymph nodes, implying a TME effect.
To investigate whether blocking the PD-1/PD-L1 axis in CLL
has therapeutic potential, euTCL1 mice were engrafted with a
mixture of fluorescently labeled syngeneic leukemic cells, some of
which had been treated ex vivo with PD-L1 blocking antibody.
These experiments implied that PD-1/PD-L1 blockade could
reactivate the CTL response within the euTCL1 transgenic
recipients to target malignant cells; however, overall survival was
not reported.47

Together, these exciting reports reiterate previously established
trends in human CLL and provide evidence that CLL T cells can be
targeted with the intention of improving prognoses.48

Effect of BCR signaling inhibitors on T cells

and other immune subsets, and future

therapeutic implications

Although frontline therapy with chemoimmunotherapy is still appro-
priate for younger patients with CLL with mutated IgVH, it is often not
well-tolerated in the older population.49,50 Alternative drugs ibrutinib
and idelalisib have been developed to meet the needs of these
patients. To date, ibrutinib is approved as both a frontline and R/R
CLL patient therapy, whereas idelalisib is approved for R/R patients in
combination with rituximab.51

Although consequences of the BCR signaling blockade are well-
characterized in the targeted malignant B cell, BCR inhibitors,
including ibrutinib, idelalisib, and others, can interact with multiple

immune cell types, especially T cells. How these drugs interact with
immune deficiency occurring in CLL is currently unknown; however,
the complex interaction of immune cells in this environment, as
illustrated in Figure 1, makes the effects of BCR inhibitors in
immune subsets especially interesting.

PI3K inhibitors and toxicity

PI3Kd shows higher intrinsic activity in leukemic B cells compared
with normal B cells and can be therapeutically targeted in CLL.
Idelalisib (targeting PI3Kd) and duvelisib (also known as IPI-145,
targeting PI3Kg/d) have both demonstrated clinical responses
attributed to their direct effects on malignant B cells’ dependence
on intrinsic and extrinsic survival signals.52,53 Nevertheless, their
reported toxicities are a cause for concern. Although data from early
idelalisib CLL trials in R/R patients reported only 3% occurrence
of serious adverse event (SAE) diarrhea, a subsequent trial in
treatment-naive patients reported a 42.2% occurrence of diarrhea
or colitis SAEs, followed by high discontinuation rates. Other SAEs
reported included hepatotoxicity and pneumonitis.54-56 Grade 3/4
diarrhea and hepatotoxicity were reported in clinical trials with
duvelisib57 and the pan-PI3K inhibitor pilaralisib.58 These data
indicate that this toxicity pattern may be a class effect of PI3K
inhibitors.

T cells represent a secondary target cell population for PI3K
inhibitors because of their dependence on PI3Kd and PI3Kg
isoforms for different signaling pathways. Early in vitro studies
reported no cytotoxic properties of idelalisib against normal
CD31 T cells, but described a reduction of inflammatory and anti-
apoptotic cytokines.59 Recently, preliminary studies have rein-
vestigated PI3K inhibitors in specific T-cell subsets to determine
culprits with a role in autoimmune toxicity. Matos et al reported
that patients who received idelalisib showed decreased Treg
number and function. Tregs in patients experiencing autoimmune
toxicities showed decreased expression of the functional markers
GITR, T-bet, CXCR3, granzyme-B, and TIM-3. Tregs also down-
regulated prosurvival BCL-2 and increased proapoptotic
CD95.60 Our group subsequently described the differential
effect of TGR-120261,62 in normal human T cells and murine
CLL T cells compared with idelalisib and duvelisib.63,64 Treg
numbers and function were depleted by all 3 inhibitors, but were
maintained closer to normal levels after TGR-1202 treatment.
These data are of relevance to determining why this inhibitor
causes fewer incidences of SAEs in patients. Further, Deng
et al recently reported a previously unknown off-target effect of
TGR-1202. TGR-1202 silenced c-myc translation in leukemia and
lymphoma cells through inhibition of casein kinase 1 e (CK1«).65 The
effect of this inhibition on T cells is currently unknown.

PI3K inhibition in immune subsets

Class I PI3-kinases are composed of a regulatory (p85 or p55)
and a catalytic (class IA p110 a, b, d, or class IB g) subunit. On
recruitment of subunits to the membrane at phosphorylated
YXXM motifs, PI3K signaling is initiated, which acts downstream
to control varied cellular functions, such as growth, proliferation,
and apoptosis. Although a and b subunits are ubiquitously
expressed, d and g are mainly expressed by leukocytes.66 At this
time, relative expression of the 4 class I PI3K catalytic subunit
isoforms in immune cell types has not been comprehensively
characterized.
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Data previously reported from genetically silenced mouse models
might be useful in predicting the modulation of immune subsets by
PI3K inhibitors. The PI3Kd-inactive mouse model showed normal
thymic development and T-subset ratios, but T cells exhibited reduced
CD44 expression, indicating a role for the d subunit in the differen-
tiation of effector and/or memory T cells. PI3Kd-inactive T cells
exhibited diminished proliferation and IL-2 production poststimulation.
PI3Kd-inactive mice developed mild inflammatory bowel disease
characterized by intestinal leukocyte infiltration, which was thought to
result from dysfunctional Tregs.67 Impairment of the T-cell-mediated
immune response has been partly explained by the recent discovery
that PI3Kd promotes CD41 T-cell interactions with APCs through
LFA-1 binding to ICAM-1.65 In addition, PI3Kd-inactive Tregs pro-
duced less IL-10 and expressed lower levels of CD381, correlating to
defective suppressive function.68 PI3Kd-inactive Tregs were incapable
of protecting against a model of induced colitis. RAG-knockout (KO)/
PI3Kd inactive mice receiving CD41 T cells developed severe colitis,
showing increased percentages of IFN-g- and IL-17A-producing
lamina propia CD41 T cells compared with RAG-KO mice.69 Despite
overall reduced inflammatory T-cell response, PI3Kd-inactive mice

exhibited improved resistance to bacterial infections, possibly as a
result of reduced Treg expansion and tissue homing.70,71

Investigations with PI3Kg-inactive or PI3Kg-KO mice have also
highlighted roles for this catalytic isoform in T-cell development,
trafficking, activation, and Th1 and Th17 responses. Unlike PI3Kd,
PI3Kg has been linked to chemokine-receptor signaling through
G-protein-coupled receptors, but not T-cell receptors (TCRs). The
tumor-reactive CD81 effector T-cell population is of interest because
of its involvement in antitumor immunity.72 Murine PI3Kg-KO CD81

effector T cells displayed impaired migration after viral challenge,73

suggesting g could regulate tumor-reactive CD81 effector T cells.
PI3Kg is also involved in the regulation of dendritic cell (DC), neutrophil,
and monocyte migration.74 Further, studies of PI3Kg/d double KO
mice showed dramatic reductions in T cells in peripheral blood, lymph
nodes, and spleen alongside symptoms of lymphopenia.75 Functionally,
Tregs of g-KO/d-inactive mice were deficient in suppressive assays
and expressed low levels of GITR and FoxP3. It was noted that
lymphopenia is associated with autoimmunity; however, a secondary
factor is necessary to induce autoimmune disease, such as dysfunc-
tional Tregs or local tissue inflammation.76
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Figure 1. The complex interplay of immune subsets in chronic lymphocytic leukemia that may be affected by B-cell receptor signaling inhibitors. BCR signaling

inhibitors, such as ibrutinib, idelalisib, and others, act directly on the malignant B cell. However, recent research demonstrates that BCR inhibitors act on various immune cell

types within the CLL microenvironment that control immune dysfunction and immune-related serious adverse events occurring in patients. Novel mechanisms of action for B-cell

receptor inhibitors characterized in these immune cells may lead to repurposing of the drug for use in other cancers or autoimmune conditions.
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Although there is now evidence that peripheral Treg function is
compromised after PI3Kd or g/d genetic inactivation, experiments
using PI3K inhibitors to interrogate Treg function in vitro have
reported variable results, likely because of the context of dosing and
stimulation. Tregs derived from normal human peripheral blood
mononuclear cells were selectively spared by PI3Ka, PI3Kd, or MEK
inhibitors when compared with CD41 CD252 (Tcon) and CD81

(Teff) subsets.77 Tregs retained closer to normal levels of pro-
liferation, activation, and suppressive capacity after anti-CD3/CD28
stimulation in the presence of these inhibitors. Most interestingly,
PI3Kd and PI3Ka protein expression levels were lower in Tregs than
in Tcons. This is consistent with observations that PI3K signaling
inhibition can differentially affect Tregs vs Tcon or Teff and suggests
protein expression of the PI3K catalytic isoforms should be
quantified and compared among immune subsets. Thus far, the
clinical application of PI3K inhibitors resembles the PI3Kd-inactive
mouse model, as peripheral Treg numbers and functions are
compromised in patients after PI3K inhibitor treatments.

Abu-Eid et al showed that PI3K-Akt pathway inhibition decreased
Treg infiltration of the TC-1 tumor and enhanced the antitumor
effects of tumor-specific vaccinations.78 In another study, Ali et al
found that both genetic and pharmacological inactivation of PI3Kd
in Tregs conferred resistance to solid tumor growth (4T1, EL4, and
LLC) in mice. Although PI3Kd blockade weakened the cytotoxic
T-cell response, Treg-mediated immune suppression was over-
ridden and an antitumor effect was achieved. PI3Kd may be more
essential for Treg response than effector T-cell response,79 and
PI3Kd blockade may reinvigorate adaptive antitumor responses,
implying additional mechanisms for PI3K inhibitor efficacy against
hematological and solid malignancies.

Alongside Tregs, other immune subsets have been implicated in PI3K-
mediated antitumor immunity. It was found that PI3K inhibition could
relieve immunosuppression to augment the use of Toll-like receptor
(TLR) agonist for improving antitumor immunity in combination with DC
vaccines.80 In a comprehensive analysis using inhibitors of all class I
PI3K catalytic isoforms, class I PI3K inhibition in DCs suppressed IL-10
and TGF-b secretion. However, PI3K inhibition did not hinder pro-
inflammatory induction of IL-12 and IL-1B after TLR5 ligand (flagellin)
treatment. The combination of pathogen-derived flagellin with pan-PI3K
inhibition suppressed tumor growth in subcutaneous B16, CT26, and
LLC solid tumor models, with and without DC vaccines. Here, it was
demonstrated that both DC and tumor-infiltrating lymphocyte pop-
ulations were functionally modulated by PI3Ki treatment, and that both
were involved in the antitumor response.

Ibrutinib in T cells and other immune cells

Although ibrutinib is known for its clinical success as an irreversible
BTK inhibitor, it is also the first clinically available inhibitor of inducible
T-cell kinase (ITK). ITK is expressed in T cells and belongs to the Tec
kinase family. It is a major player in TCR signaling, activating PLC-g
and downstream NFAT, nuclear factor-kB, MAPK pathway, calcium
mobilization, cytoskeleton reorganization, and synapse formation and
adhesion.81 Gomez-Rodriguez et al demonstrated the importance of
ITK in regulating Th17/Treg lineage differentiation.82 Considering
the immunomodulatory effects of ITK inhibition, it is possible for
ibrutinib to be repurposed for use in other contexts.

Dubovsky et al explored the effects of ibrutinib in T cells using
healthy human T cells, T cells of patients with CLL, Jurkat T cells,

and mouse models.83 This study established that ibrutinib
treatment irreversibly inhibited ITK to decrease downstream
activation in Th2 cells, but not Th1 or CD81 T cells, as a result of
compensation by redundant resting lymphocyte kinase. Ibrutinib-
treated CLL T cells exhibited Th1 skewing via T-bet upregulation
and JunB downregulation. Systemic treatment confirmed these
effects in euTCL1 mice. These data imply that ibrutinib may
function through a 2-pronged approach to target malignant
B cells directly, while reinvigorating a beneficial inflammatory
T-cell response in CLL. Using mouse models of leishmaniasis,
leukemia, and listeriosis, this study highlighted the therapeutic
potential of ibrutinib in other diseases involving disproportionate
polarization of Th2 immunity.

Other studies have explored the effects of ibrutinib on the CLL
immune microenvironment. Niemann et al reported decreased T-cell
activation, proliferation, and PD-1 expression in patients with CLL
after ibrutinib therapy.84 Consistent with prior findings in ITK
knockout mice, the authors demonstrated reduced proliferation of
circulating Th17 cells in these patients and inhibition of Th17
differentiation in ex vivo assays. In addition, ibrutinib treatment
disrupted CLL–macrophage interactions in bone marrow speci-
mens. Yin et al described an increase in TCR diversity in patients
with CLL after 1 year of ibrutinib therapy.85 Using next-generation
sequencing, this paper demonstrated that pretherapy TCRb clones
decreased, whereas the number of productive, unique clones
increased during treatment. TCR diversity was positively correlated
with clinical efficacy and lower infection rates. In CLL mouse
models, Chen et al determined that ibrutinib treatment deregulated
B-cell surface membrane CXCR4 expression and signaling,
disrupted the homing of B-CLL cells to lymphoid tissue, and
ultimately contributed to improved survival via this novel mecha-
nism.86 The effect of ibrutinib on CLL T cell migration and homing,
however, is yet to be studied.

In a pioneering work, Sagiv-Barfi et al harnessed the immuno-
modulatory capacity of ibrutinib in combination with an immune
checkpoint blockade (anti-PD-L1 antibody) to treat hematological
malignancies without intrinsic sensitivity to ibrutinib and solid
tumors without BTK expression.87 In ibrutinib-insensitive PD-L11

A20 lymphoma established in mice, combining ibrutinib with
anti-PD-L1 synergistically delayed tumor growth and prolonged
survival. Tumor-specific T cells were detected in mice treated with
the combination. This result was recapitulated in ibrutinib-
insensitive J558 myeloma and 4T1 (breast cancer) with appre-
ciably fewer metastatic lesions. Similar results were seen with
CT26 (colon cancer) tumor growth, with detection of T cells
specific to the CT26 tumor antigen. The cured mice displayed
long-term memory to CT26 antigens. Ibrutinib may therefore
enhance response to T-cell therapies.

In a simultaneous study, Sagiv-Barfi et al explored the concept of
repurposing ibrutinib by combining intratumoral vaccine with
ibrutinib treatment in a mouse model of subcutaneous lym-
phoma.88 Intratumoral administration of CpG activated local
natural killer cells, macrophages, and DCs through TLR9 agonist
activity, resulting in local tumor regression but not systemic
antitumor response. Systemic administration of ibrutinib alone
caused mild tumor growth delay at all sites. In contrast, combining
CpG and ibrutinib resulted in complete and permanent tumor
regression at all sites. This effect was found to be CD41 and
CD81 T-cell dependent. Infused T cells that had been pretreated
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with the combination prevented the outgrowth of tumors in new
recipient mice.

The full extent of the immunomodulatory properties of ibrutinib
remains unclear. Although natural killer T cells and mast cells also
express ITK, their responses to ibrutinib treatment are not yet
known. Natarajan et al identified that ibrutinib treatment decreased
expression of MHCII and CD86 but increased expression of CD80
on DCs. Ibrutinib-treated DCs also promoted T-cell proliferation
and enhanced IL-17 cytokine production in coculture via TLR4-
modulated activation.89 In addition, in a report from Stiff et al on the
effects of ibrutinib treatment on MDSCs, which express BTK,
ibrutinib inhibited BTK phosphorylation.90 Together with reduced
cell migration and inhibition of in vitro MDSC generation, ibrutinib
treatment also reduced MDSCs in spleen and EMT6 murine
mammary tumors. Further, ibrutinib treatment reduced MDSCs
in a melanoma model in a BTK-dependent fashion. These data
potentiate alternative modes of action for ibrutinib in previously
unexplored immune cell types.

Acalabrutinib is a more selective BTK inhibitor than ibrutinib,
demonstrating on par antitumor efficacy in CLL, both in preclinical
models and patient trials.91,92 Preliminary comparison of patients
treated with ibrutinib or acalabrutinib suggests the immunomodu-
latory capacity of acalabrutinib is differentiated from that of ibrutinib,
likely because of fewer off-target effects on Tec-family kinases,
including ITK. Ibrutinib, but not acalabrutinib, increased absolute
numbers of CD41 and CD81 T cells enriched for effector memory
subsets over naive and central memory subsets. Acalabrutinib did
not change Treg-to-CD4 ratio or activation-induced cell death. Both
treatment groups did, however, exhibit reduced PD-1 and CTLA-4
expression in CD41 and CD81 T cells.

Conclusions

CLL T-cell dysregulation trends have been well described, showing
that altered subset ratios and gene expression and function are
necessary for and supportive of malignant progression. In addition
to supporting malignant B cells directly, CLL T cells orchestrate
immune dysfunction and immune-related SAEs. Immunomodulatory
agents, monoclonal antibodies, and epigenetic modifiers targeting
CLL T-cell dysfunction have yielded promising preclinical results.
Clinically administered BCR inhibitors also display immunomodu-
latory properties, affecting a wide range of immune cell categories.
Emerging data describing the immunomodulatory capacity of BCR
inhibitors predict feasible combination strategies for ibrutinib with
other immunomodulatory agents in CLL, such as lenalidomide or
histone deacetylase inhibitors. In addition, the modulation of T cells
by ibrutinib or PI3K inhibitors could augment antitumor responses
from checkpoint blockade in CLL, such as with anti-PD-L1 antibody.
Our review of the effect of BCR inhibitors on T cells and other
immune compartments suggests potentially novel mechanisms of
action, providing a rationale to extend their use to other cancers and
autoimmune disorders.
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