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Targeted therapies of malignancies currently consist of therapeutic monoclonal antibodies and small molecule
kinase inhibitors. The combination of these novel agents raises the issue of potential antagonisms. We evaluated the
potential effect of 4 kinase inhibitors, including the Bruton tyrosine kinase inhibitor ibrutinib, and 3 PI3K inhibitors
idelalisib, NVP-BEZ235 and LY294002, on the effects of the 3 monoclonal antibodies, rituximab and obinutuzumab
(directed against CD20) and trastuzumab (directed against HER2). We found that ibrutinib potently inhibits antibody-
dependent cell-mediated cytotoxicity exerted by all antibodies, with a 50% inhibitory concentration of 0.2 microM for
trastuzumab, 0.5 microM for rituximab and 2 microM for obinutuzumab, suggesting a lesser effect in combination with
obinutuzumab than with rituximab. The 4 kinase inhibitors were found to inhibit phagocytosis by fresh human
neutrophils, as well as antibody-dependent cellular phagocytosis induced by the 3 antibodies. Conversely co-
administration of ibrutinib with rituximab, obinutuzumab or trastuzumab did not demonstrate any inhibitory effect of
ibrutinib in vivo in murine xenograft models. In conclusion, some kinase inhibitors, in particular, ibrutinib, are likely to
exert inhibitory effects on innate immune cells. However, these effects do not compromise the antitumor activity of

monoclonal antibodies in vivo in the models that were evaluated.

Introduction

Targeted therapies of malignancies aim to exploit molecu-
lar specificities of tumor cells and spare normal tissues. Tar-
gets  typically antigens  for
immunotherapeutic approaches and intracellular proteins for

include  cell  surface
small molecule inhibitors. The number of approved targeted
therapies is increasing rapidly, and novel candidates in clini-
cal trials are one of the fastest growing segments in pharma-
cology.! In spite of this progress targeted therapy is generally
used in combination with other agents, including conven-
tional chemotherapeutics. Improving therapeutic efficacy
while improving tolerance represents a strong incentive to
combine targeted agents, with reduced use of cytotoxic
agents.”” These novel approaches raise the issue of the addi-
tivity, synergism or antagonism of combined targeted thera-
pies. An example of antagonism between 2 biotherapeutic
proteins, erythropoietin and trastuzumab, that was caused by
conflicting effects on signalization pathways was reported by
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Lymphoid malignancies represent a field of choice to explore
this hypothesis given the availability of targeted therapies with
different mechanisms of action in these diseases. Recent literature
data has raised the issue that small molecule targeted therapies
such as Bruton tyrosine kinase inhibitors may be antagonistic
with therapeutic monoclonal antibodies. Kohrt et al. studied the
effect of ibrutinib on natural killer (NK) cell cytokine secretion,
degranulation and cytotoxicity in antibody-dependent cell-medi-
ated cytotoxicity (ADCC) assays in CD20 and HER2 positive
models.” Ibrutinib was found to be inhibitory in vitro at low con-
centrations (0.1 and 1 microM), and to inhibit the antitumor
activity of rituximab and trastuzumab on xenografts in vivo when
administered concurrently with the antibodies.

In order to investigate the potential synergism or antagonism
of targeted therapies, we evaluated the potential effects of 4
kinase inhibitors, ibrutinib (PCI-32765; Bruton tyrosine kinase
inhibitor),® and the PI3-kinase inhibitors: idelalisib (CAL-101;
PI3Kdelta selective inhibitor),”® NVP-BEZ235 (dual pan PI3K/
mTOR competitive inhibitor)” and LY294002 (pan PI3K inhibi-

tor), on the biological properties of 3 monoclonal antibodies,
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trastuzumab, which targets HER2, and rituximab and obinutu-
zumab, which target CD20.'°

Results

Effect of kinase inhibitors on ADCC

The 4 kinase inhibitors ibrutinib (PCI-32765), idelalisib
(CAL-101), NVP-BEZ235 and LY294002 were first tested at a
concentration of 10 microM in in vitro ADCC assays involving
trastuzumab, rituximab and obinutuzumab. As shown in
Figure 1, at 10 microM, ibrutinib had the strongest inhibitory

effect on the 3 antibodies, while idelalisib and NVP-BEZ235
had a less pronounced effect and LY294002 had no effect. The
inhibitory effects of ibrutinib, idelalisib and NVP-BEZ235 were
confirmed using peripheral blood mononuclear cells or freshly
isolated NK cells obtained from healthy donors (Fig. S1). A dose
response study (Fig. 2) confirmed a strong inhibitory effect of
ibrutinib at high concentrations, with a 50% inhibitory effect of
0.2 microM for trastuzumab, 0.5 microM for rituximab and 2
microM for obinutuzumab. The inhibitory effect of ibrutinib
was thus more pronounced with rituximab than with obinutuzu-
mab. Idelalisib, NVP-BEZ235 and LY294002 also displayed a
dose-dependent inhibition of ADCC for trastuzumab, with the
half maximal inhibitory concentrations
(IC50) of 5 microM, 25 microM and

80 - r p = l 70 microM, respectively (Fig. S2).
Z Therefore, all kinase inhibitors tested
'% 60 - showed an inhibition of ADCC, with
5 ibrutinib displaying the strongest inhib-
A T 40 4 i i itory effect. Furthermore the effect of
5 ibrutinib was similar under hypoxic or
£ 20 i normoxic conditions (Fig. S3).
a
Or——"—— I : ' Effect of kinase inhibitors on
ADCP and phagocytic properties
> 100 . - = . Fresh human neutrophils were tested
2 80 - for their ability to perform antibody-
g dependent  cellular  phagocytosis
B % 60 (ADCP) against BT474 or RL targets
£ a0 - in the presence of trastuzumab and rit-
] uximab or obinutuzumab, respectively.
& 20 - i - As shown in Figure 3, all of the kinase
g L inhibitors tested inhibited ADCP to
some degree. The most powerful inhi-
100 - . bition was observed with idelalisib in
s - the case of trastuzumab, and with ibru-
S 80 tinib in the case of rituximab and obi-
g nutuzumab. Preincubation experiments
C 2 s performed with ibrutinib showed that
.E 40 - inhibition of ADCP could be observed
8 both when target BT474 cells or neu-
£ 20 - . ; S
a ﬁ trophils were preincubated with ibruti-
01— - - - — - - = - - nib (Fig. S4). Evaluation of the effect
Targatosils . - i i ; i of .ki.nase inhibitors on the phagocyt.ic
Antibody + + + + + + activity of normal human neutrophils
NK-92-CD16 - + *+ + + + found a significant effect for all com-
:g:rgn;?b ) + + pounds tested, the most potent being
NVP-BEZ235 - - - + - ibrutinib in this setting (Flg 4)
LY294002 - - - - - +
Lack of effect in the in vivo setting
Immunodeficient SCID mice bear-
Figure 1. Effect of kir\ase. inhibitors ibrut'!nib, idelalisib, NVP-BEZ235, and LY29400.2 on the ADCC effect ing established RL lymphoma xeno-
of trastuzumab (A), rituximab (B) and obinutuzumab (C). ADCC was performed using NK-92-CD16 cells A K
as effectors and BT474 cells (trastuzumab) or RL cells (rituximab and obinutuzumab) as target cells, grafts  were treated with either
with the corresponding antibody at 1 pg/mL final. The effector : target (E:T) ratio = 5:1 for trastuzu- rituximab alone or obinutuzumab alone
mab or 2:1 for rituximab and obinutuzumab. Ibrutinib, idelalisib, NVP-BEZ235 or LY294002 were added or in combination with ibrutinib.
simultaneously at 10 wM final. Means =+ SD of 3 independent experiments are shown. *P < 0.05; **P < SCID mice bearing established BT474
L breast carcinoma xenografts were
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treated with trastuzumab alone or in

40 -
combination with ibrutinib. As shown z
in Figure 5, ibrutinib itself had no 2 30
inhibitory effect per se, and did not E
modify the antitumor activity of the A Z 20
antibodies in these models. Obinutu- €
zumab had a more potent antitumor £ 10 4
activity than rituximab, as previously = L
described."! g
100
P
Discussion ‘g’ 80 -
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Combining  different  targeted B z
agents to increase antitumor efficacy is E
currently being explored in multiple g
clinical trials. In this study, we exam- &

ined the potential impact of ibrutinib, 0
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a recently approved Bruton tyrosine

kinase inhibitor, and 3 PI3K inhibi- 1501

tors, idelalisib, NVP-BEZ235, and £

LY294002 on the effect of antibodies § 100 -
targeted against HER2 (trastuzumab) C E

and CD20 (rituximab and obinutuzu- o

mab). Our results showed that ibruti- E =

nib demonstrated strong inhibitory &

potency in in vitro ADCC assays with 0 -

all 3 antibodies, which is coherent

with the previous findings by Kohrt ;2;?;[:;:"3 :
et al.” We also showed that PI3K NK-92-CD16 -
inhibitors idelalisib, NVP-BEZ-235 Ibrutinib (uM) =

IIII-.;

+ + - + + +
+ + - + + +
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and LY294002 could potentially

inhibit in vitro ADCC for anti-HER2
and anti-CD20 antibodies, but at
higher concentrations than ibrutinib.
The relative lack of effect of
LY294002 in the inhibition of ADCC

Figure 2. Dose response effect of ibrutinib on ADCC effect of trastuzumab (A), rituximab (B) and obinu-
tuzumab (C). ADCC was performed using NK-92-CD16 cells as effectors and BT474 cells (trastuzumab) or
RL cells (rituximab and obinutuzumab) as target cells, with the corresponding antibody at 1 wg/mL final,
in the presence of indicated concentrations of ibrutinib. E:T = 5:1 for trastuzumab and E:T = 2:1 for ritux-
imab and obinutuzumab. A representative experiment is shown.

may be due to its lower inhibitory

potency, which was reported to be

much less than NVP-BEZ-235."% As

antibody-mediated cellular destruc-

tion has been suggested to be a major mechanism of action of sev-
eral therapeutic monoclonal antibodies in the clinic, this
observation raises the issue of potential antagonism between these
2 types of targeted therapies. Conversely, in vivo studies did not
show any negative impact of ibrutinib on the effect of rituximab
or obinutuzumab in a human NHL xenograft model or of trastu-
zumab in a human breast cancer model. This apparently contra-
dictory observation may be due to several factors, such as 1) the
concentrations of ibrutinib obtained in vivo are too low to inhibit
ADCC and ADCP, 2) murine effectors may be less sensitive to
ibrutinib than human effectors, or 3) antibody-mediated apopto-
tic signaling remains unaffected or is enhanced by ibrutinib. It is
worth noting that in the studies by Kohrt et al.,” ibrutinib was
administered twice daily, while in our settings, ibrutinib was only
administered once daily with the same dose per injection.
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Therefore, the plasma concentrations of ibrutinib in mice in
Kohrt's study were likely to be maintained at higher levels than
those in our studies. This could explain the different effects of
ibrutinib in vivo observed in Kohrt’s study and in our study. Of
note, it has been reported that rituximab induces tumor cell apo-
ptosis through inhibition or BCR signaling, which might con-
tribute to an additive effect of rituximab and ibrutinib on
lymphoma cells."?

Ibrutinib has been evaluated as a single agent for the treatment
of different lymphoid malignancies.14'16 In a Phase 2 trial, Wang
et al. showed that ibrutinib has durable single-agent efficacy in
relapsed or refractory mantle-cell lymphoma.'® In a Phase 1b/2
study, Byrd et al. treated 85 patients having relapsed chronic
lymphocytic leukemia with a once daily dose of 420 or 840 mg
and observed a 75% progression-free survival rate at 26 months
with predominantly grade 1 and 2 toxicities and notably minimal
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g mL (870 nanoM). After repeated dosing
4 at 840 mg/day, the Cmax value
o observed on day 8 was 221 ng/mL (500
A 8% nanoM) (2055520rig15000Clin-
®27 PharmR.pdf). Advani etal. reported
14 I . I I I peak plasma concentrations in the 250—
0 - m . - . - - N . 300 nanoM range in patients receiving
560 mg."” Kohrt et al. studied concen-
80 trations of ibrutinib up to 1 microM in
‘ vitro and observed a significant dose-
o B ‘ response effect. The effects of ibrutinib
B § 40 that we have reported are mostly
* ‘ observed at the relatively high concen-
20 . .
- . . I tration of .10.n.11.cr01\./[, although some
0 i - - i degree of inhibition is observed at the
lower concentration of 1 microM.
80 Thus, the relevance of these observa-
50 tions in terms of concentrations that can
8 be obtained in patients receiving ibruti-
C g 40 . nib requires confirmation, in particular
= 36 given the prolonged exposure expected
. m - l - I - - Ln patients. .Furthermore, 1bru.t1n1b is
ighly protein bound (>97% in man,
Neutrophils L T + o+ >99% in mice) and the effect observed
Target cells + + + + + + + + + + - . . .
Antibody * + + + £ in vitro in 10% serum may not be repre-
sentative of the situation in vivo.

: Ibrutinib ldelalisib  NVP-BEZ235  LY294002 Another finding in our studies is that
all of the kinase inhibitors tested in this
study inhibited the phagocytic activity

Figure 3. Effect of tyrosine kinaée ir.1hibitors ibrutin!b, idelalisib, NVP-BEZ235, and LY294002. on the of fresh human neutrophils, 2s well as
ADCP effect of trastuzumab (A), rituximab (B) and obinutuzumab (C). ADCP was performed using neu- .

trophils as effectors and BT474 cells (trastuzumab) or RL cells (rituximab and obinutuzumab) as target a.nt.lbody—dependent cellular pbagolcyto—
cells, with the corresponding antibody at 1 wg/mL final. The effector : target (E:T) ratio = 5:1 for trastu- sis induced by monoclonal antibodies to
zumab or 2:1 for rituximab and obinutuzumab. Ibrutinib, idelalisib, NVP-BEZ235 or LY294002 were some degree. Chang et al. previously
used at 10 pM final. reported that ibrutinib inhibited mono-

hematological toxicity."” A recent Phase 3 study of 391 patients
chronic lymphoid leukemia indicated that ibrutinib significantly
improved progression-free survival, overall survival and response
rate compared with ofatumumab.'® Several trials are currently
evaluating the combination of ibrutinib and rituximab. The
Phase 3 HELIOS trial (trial registration: EudraCT No. 2012-
000600-15; UTN No. U1111-1135-3745) will determine
whether adding ibrutinib to a bendamustine/rituximab combina-
tion is beneficial in relapsed/refractory patients with chronic lym-
phocytic leukemia or small lymphocytic leukemia.'” Likewise,
idelalisib has been evaluated in a Phase 3 trial for its efficacy and
safety when used in combination with rituximab in patients with
relapsed chronic lymphocytic leukemia. Furman et al. recently
reported that the combination of idelalisib and rituximab signifi-
cantly improved progression-free survival, response rate, and
overall survival compared with placebo and rituximab.'®

An important question in studies such as ours concerns the
relevance of the concentrations used for in vitro studies. Of inter-
est, after a single exposure to 12.5 mg/kg of ibrutinib, Cmax val-
ues in patients have been reported to be in the order of 383 ng/

www.tandfonline.com
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cytes, macrophages and mast cells.”’
While the clinical relevance of this
observation remains to be determined, these results suggest that
targeted therapies may have an effect on innate immune cells.
Granulocytes have been shown to be involved in the antitumor
activity of antibodies.”"** As these novel therapies are oral agents
likely to be administered over prolonged periods, it will be
important to determine their potential impact on normal leuko-
cytes, with possible consequences on the phagocytosis of micro-
organisms or senescent cells. In conclusion, our findings raise the
possibility that ibrutinib and possibly other kinase inhibitors may
have unexpected effects on innate immune cells. Given the
numerous roles of these cells on local immune control, it should
prove to be fascinating to dissect the complex effects of kinase
inhibitors on microenvironmental control of neoplasia.

Materials and Methods
Reagents and cell lines

RL, a human non-Hodgkin’s lymphoma line derived from a
patient with follicular lymphoma, and BT474, a human HER2+
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Figure 4. Effect of tyrosine kinase inhibitors ibrutinib, idelalisib, NVP-
BEZ235, and LY294002 on phagocytic activity of normal human neutro-
phils. Phagocytic activity was evaluated using the FagoFlowEx® Kit after
the stimulation of neutrophils with E. coli bacteria, in the presence of
10 M of ibrutinib, idelalisib, NVP-BEZ235 or LY294002. Phorbol 12-myr-
istate 13-acetate (PMA) was used as positive control. Median fluores-
cence intensity (MFI) is reported. Means £+ SD of 2 independent
experiments are shown.

breast adenocarcinoma line, were obtained from ATCC. Cells
were cultured in complete RPMI medium (RPMI supplemented
with 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL peni-
cillin and 100 pg/mL streptomycin). Ibrutinib (PCI-32765) was
purchased from Euromedex (ref S2680), idelalisib (CAL-101)
from Santa Cruz Biotechnology (ref sc-364453), NVP-BEZ235
from Interchim (ref LZR660) and LY294002 from Sigma-
Aldrich (ref 19908). Antibodies were provided by Roche/
Glycart.

Retroviral transduction of NK-92 cells

NK-92, the human NK cell line generously provided by Con-
kwest, was grown in complete RPMI culture medium. NK-
92-CD16 cells were obtained by transduction of pMX/CD16
plasmid®® using retroviral supernatant. Transient retroviral
supernatants were produced by CaCl, precipitation (Invitrogen)
with 15 pg pMX/CD16 plasmid using Phoenix-Ampho cells.
The conditioned medium was collected 24-48 h post-transfec-
tion, filtered through 0.45-wm pore-size filters and kept at
—80°C until use. The viral titer was determined by the transduc-
tion of Jurkat T cells (10° cells per well in 6-well plates) with
serial dilutions. Retroviral supernatant titers were typically 1-5
x 10° TU (Infectious Units)/mL. The NK-92 cell line was seeded
at 10° cells into 6-well plates and exposed to 2 x 2 mL of retrovi-
ral supernatant by spinoculation (2400 g, 1.5 h, 32°C) in the
presence of 4 pg/mL polybrene (Sigma-Aldrich) to generate the
NK-92-CD16 cells. The culture medium was changed 24 h
post-infection. Transduction efficiencies were assessed 5 d later
by flow cytometry after staining with the CD16 PE-conjugated
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mouse anti-CD16 antibody (clone 3G8) (Beckman Coulter).
NK-92-CD16 cells were selected for higher CD16 expression by
cell sorter flow cytometry using anti-CD16 antibody (Beckman
Coulter). Purity was >95%.

Purification of neutrophils and NK cells

Effector neutrophils were obtained from the bloods of healthy
donors obtained through the local blood bank with written con-
sent. Neutrophils were separated from peripheral blood mononu-
clear cells by Ficoll (Pancoll human, P04-60500, PAN Biotech)
followed by gradient separation on dextran (8906, Sigma-
Aldrich) and red blood cell lysis (BD Pharm lyse, 555899, BD
Biosciences). NK cells were purified with NK cell isolation kit
(130-092-657, Miltenyi) according to the manufacturer’s
instructions.

Antibody-dependent cell-mediated cytotoxicity

Target cells (RL or BT474) were labeled with 12.5 M cal-
cein-AM (Sigma-Aldrich) for 30 min at 37°C and added at 10°
cells/0.5 mL/well. NK-92-CD16 cells were added at 5 x 10°
cells/0.5 mL/well (effector : target (E:T) ratio = 5:1) for BT474
and 2 x 10 cells/0.5 mL/well (E:T ratio = 2:1) for RL. All anti-
bodies were at a final concentration of 1 pg/mL final. After 4 h
of incubation at 37°C, the supernatants in each well were har-
vested and measured for the fluorescence signals at 485/535 nm.
Triton X100 (Sigma-Aldrich) was added in control wells to esti-
mate total cell lysis. Cytotoxicity was calculated as percent cyto-
toxicity = (experimental lysis — spontaneous lysis) / (maximal
lysis — spontaneous lysis) x 100.

Antibody-dependent cellular phagocytosis

Antibody-dependent cellular phagocytosis mediated by neu-
trophils is evaluated through fluorescence transfer from a target
cell to an effector cells. Effector neutrophils were obtained from
the blood of healthy donors as described in the Supplement.
Briefly, target cells were stained with PKH67 (Sigma-Aldrich) as
recommended by the manufacturer and co-incubated at an E:T
ratio of 5:1 for BT474 and 2:1 for RL cells overnight at 37°C in
the presence or absence of monoclonal antibodies. After incuba-
tion, acquisition was performed on a LSRII flow cytometer, and
evaluation of phagocytosis was performed through PKH67 fluo-
rescence transfer from target cells to effector cells. Gating of
phagocytosing neutrophils was performed using anti-CD45 APC
(340910, BD Biosciences) or anti-CD15 APC antibodies
(551376, BD PharMingen).

Phagocytosis studies

Phagocytic activity of normal human peripheral blood leuko-
cytes was assessed by measuring production of ROS with Fag-
oFlowEx® Kit (Exbio Diagnostics) as recommended by the
provider.

In vivo studies

All animal procedures were performed in accordance with the
European Union Directive (86/609/EEC). Experiments were
performed under individual permit and in animal care facilities
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Figure 5. In vivo effect of combinations of antibodies with ibrutinib: (A) combination of rituximab and
obinutuzumab with ibrutinib; (B) combination of trastuzumab with ibrutinib. The human follicular line
RL (Fig. 5A) and the human breast cancer line BT474 (Fig. 5B) were grown as subcutaneous xeno-
grafts in SCID mice. Treatment with antibodies (rituximab 30 mg/kg/week, obinutuzumab 30 mg/kg/
week, trastuzumab 25 mg/kg/week) and ibrutinib (25 mg/kg/day, 5 d a week) was initiated when
tumor volume reached 100 mm>. Medians £+ SEM are shown (n = 10 mice/group). *P < 0.05;
*#*p < 0.01.

accredited by the French Ministry of Research and Education.

The study was approved by the local animal ethical committee.

This study was conducted using SCID CB17 mice bearing publisher’s website.
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