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Abstract

Background: Recent data suggest that Bruton’s tyrosine kinase (BTK) is an emerging
therapeutic target in IgE receptor (IgER)-cross-linked basophils.

Methods: We examined the effects of four BTK inhibitors (ibrutinib, dasatinib, AVL-
292, and CNX-774) on IgE-dependent activation and histamine release in blood
basophils obtained from allergic patients (n=11) and nonallergic donors (n=5). In
addition, we examined the effects of these drugs on the growth of the human baso-
phil cell line KU812 and the human mast cell line HMC-1.

Results: All four BTK blockers were found to inhibit anti-IgE-induced histamine
release from basophils in nonallergic subjects and allergen-induced histamine libera-
tion from basophils in allergic donors. Drug effects on allergen-induced histamine
release were dose dependent, with ICsy values ranging between 0.001 and
0.5 umol/L, and the following rank order of potency: ibrutinib>AVL-292>dasati-
nib>CNX-774. The basophil-targeting effect of ibrutinib was confirmed by demon-
strating that IgE-dependent histamine release in ex vivo blood basophils is largely
suppressed in a leukemia patient treated with ibrutinib. Dasatinib and ibrutinib were
also found to counteract anti-IgE-induced and allergen-induced upregulation of
CD13, CDé63, CD164, and CD203c on basophils, whereas AVL-292 and CNX-774
showed no significant effects. Whereas dasatinib and CNX-774 were found to inhi-
bit the growth of HMC-1 cells and KU812 cells, no substantial effects were seen
with ibrutinib or AVL-292.

Conclusions: BTK-targeting drugs are potent inhibitors of IgE-dependent histamine
release in human basophils. The clinical value of BTK inhibition in the context of

allergic diseases remains to be determined.
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1 | INTRODUCTION

Basophils (BA) and mast cells (MC) are major effector cells of anaphy-
lactic reactions in patients suffering from IgE-dependent allergies.>
Both cell types produce a number of biologically active mediators,
including histamine, lipid mediators, and cytokines, and both cell types
express high-affinity receptors for immunoglobulin E (IgE).1"® Once
activated by IgE receptor (IgER) cross-linking or other stimuli, BA and
MC liberate their proinflammatory substances, which leads to allergic
inflammation and the clinical symptoms of anaphylaxis.*® The ability
of BA and MC to respond to IgE-dependent stimuli (allergens) is
dependent on genetic background factors, various signal transduction
molecules, and the presence of activating cytokines.””” The type and
severity of an IgE-dependent (anaphylactic) reaction depends on addi-
tional variables, including the source and configuration of the allergen,
organ-specific factors, and the numbers of BA and MC involved in the
reaction.'®** BA and MC may increase in number in various immuno-
logic diseases, in certain types of (chronic) infectious diseases, and in
distinct hematologic neoplasms. Likewise, in patients with systemic
mastocytosis (SM), the numbers of MC increase substantially in vari-
ous organs.>*?1% When these patients are suffering from a concomi-
tant IgE-dependent allergy, anaphylactic reactions may be severe or
even life-threatening.*2*3

IgER-dependent activation of BA and MC is accompanied by an
increase in certain cell surface antigens, including CDé63 and
CD203c, and by activation of numerous downstream signaling path-
ways and molecules, including LYN, SYK, RAS, MAP kinases, PI3
kinase (PI3K), mTOR, and protein kinase C.441527 The Bruton's tyr-
osine kinase (BTK) has been identified as another important down-
stream target in IgER-cross-linked BA.27-3! In particular, it has been
described that IgER cross-linking in BA is followed by phosphoryla-
tion of SYK and that SYK, once activated, is capable of phosphory-
lating BTK.2”-31 |n addition, it has been described that BTK inhibition
is associated with reduced mediator release in human BA.52

The aims of this study were to explore whether BTK can serve as a
therapeutic target in BA and MC and whether the BTK blockers cur-
rently used in clinical trials are able to suppress allergen-induced (IgER-
dependent) activation and histamine release. In addition, we examined
the effects of these drugs on growth of BA and MC. The results of our
study show that BTK inhibition by ibrutinib is a potent approach to sup-
press allergen-induced histamine release and activation in human BA.

2 | MATERIAL AND METHODS

2.1 | Monoclonal antibodies (mAb) and other
reagents

The anti-IgE mAb E124.2.8 (Dg2), the fluorescein isothiocyanate
(FITC)-labeled mAb CLB-gran12 (CDé63), and phycoerythrin (PE)-con-
jugated mAb 97A6 (CD203c) were purchased from Immunotech (Mar-
seille, France), and human IgE from Merck Millipore (Billerica, MA,
USA). A detailed description of mAb is listed in Table S1. The BTK
inhibitors ibrutinib (PCI-32765), AVL-292, and CNX-774 were

purchased from Selleck Chemicals (Riverside, CA, USA), dasatinib from
ChemieTek (Indianapolis, IN, USA), and the SYK inhibitor P505-15
from Axon Medchem (Groningen, the Netherlands). Table S2 shows
the target profiles of the kinase blockers used in this study. Stock
solutions of drugs were prepared by dissolving in dimethyl sulfoxide
(DMSO) (Merck, Darmstadt, Germany). The recombinant (r) allergens
rDer p 2 and rPhl p 5 were obtained from Biomay (Vienna, Austria).
Histamine release buffer (HRB) and histamine radioimmunoassay
(RIA) kit were purchased from Immunotech, and RPMI 1640 medium,
Iscove’s modified Dulbecco’s medium (IMDM), and fetal calf serum
(FCS) from Thermo Fisher Scientific (Waltham, MA, USA).

2.2 | Isolation of blood BA

Peripheral blood was obtained from 5 healthy individuals and 11
patients allergic to Der p 2 and/or Phl p 5. Patients were diagnosed
according to standard diagnostic procedures and their molecular IgE
reactivity profiles were determined by ISAC (immuno-solid-phase
allergen chip) technology.3® The patients’ characteristics are shown
in Table S3. Informed consent was obtained in each case. The study
was approved by the ethics committee of the Medical University of
Vienna (EK1641/2014) and conducted in accordance with the Decla-
ration of Helsinki. Peripheral blood was collected in heparin-contain-
ing tubes. BA were enriched by dextran sedimentation (histamine
release experiments) or were recovered together with mononuclear
cells (MNC) after centrifugation over Ficoll (immunostaining experi-
ments) as described.®* The percentage of BA ranged from 0.1% to
1.5% in dextran preparations, and from 0.3% to 2% in MNC. Cell
viability was >90% as assessed by trypan blue exclusion test.

2.3 | Cell lines

The human MC line HMC-1 was kindly provided by Dr. J.H. Butterfield
(Mayo Clinic, Rochester, MN, USA). Two subclones were used, HMC-
1.1 expressing KIT V560G and HMC-1.2 expressing KIT V560G and KIT
D816V.2>3¢ HMC-1 cells were grown in IMDM with 10% FCS, alpha-
thioglycerol (Sigma), and antibiotics. The human BA cell line KU812 was
kindly provided by Dr. K. Kishi (Kumamoto University, Kumamoto,
Japan) and cultured in RPMI 1640 medium with 10% FCS.%”

2.4 | Histamine release assay

The histamine release assay was performed on dextran-enriched BA
n=11)
described.'®383 Dextran-enriched BA were incubated in the pres-

(healthy donors, n=5; allergic donors, essentially as
ence or absence of various concentrations of targeted drugs (dasa-
tinib, ibrutinib, AVL-292, CNX-774, P505-15) (0.001-1 pmol/L) for
30 minutes at 37°C, and thereafter incubated with anti-IgE antibody
E124.2.8 (1 pg/mL) in HRB at 37°C for another 30 minutes. Drug-
exposed BA from allergic patients were incubated with recombinant
Der p 2 and Phl p 5 (each 1 ug/mL) or control buffer (HRB) for
30 minutes. In select experiments, BA were preincubated with ibruti-

nib (1.0 umol/L) and then exposed to Der p 2 (0.001-10 pg/mL).
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After incubation, cells were centrifuged at 4°C, and the cell-free
supernatants and total suspensions recovered and analyzed for his-
tamine content by RIA. Histamine release was calculated and
expressed as percentage of total histamine. All experiments were
performed in triplicates. In a separate set of experiments, anti-IgE-
induced histamine release from BA was examined in a patient with
chronic lymphocytic leukemia (CLL) treated with ibrutinib (280 mg/
day per os). In this experiment, BA were obtained before treatment
with ibrutinib and 14 days after the start of therapy. ex vivo
obtained BA were incubated in HRB in the absence or presence of
anti-IgE antibody E-124.2.8 (0.001-10 pg/mL) at 37°C for 30 min-
utes. Then, histamine release was measured as described above.

2.5 | Antibody staining experiments and flow
cytometry

Whole-blood cells were incubated with various tyrosine kinase inhibi-
tors (TKI: dasatinib, ibrutinib, AVL-292, CNX-774, and P505-15) (0.001-
10 umol/L) at 37°C for 30 minutes. Then, cells were washed and incu-
bated with anti-IgE mAb E124.2.8 (1 pg/mL) or allergens (1 pg/mL)
together with fluorochrome-labeled mAb against CD13, CDé63, CD164,
or CD203c for 15 minutes. Thereafter, cells were subjected to erythro-
cyte lysis and analyzed by multicolor flow cytometry on a FACSCalibur
as described.’®384° BA were identified as CD203c-positive cells. The
anti-IgE-induced or allergen-induced upregulation of CD13, CDé63,
CD164, and CD203c on BA was calculated from mean fluorescence
intensities (MFI) obtained with stimulated (MFlg;,) and unstimulated
(MFleoniron) cells, and expressed as stimulation index, SI (MFlgm:
MFleontro)- 2384 To explore drug effects on baseline expression of
CD63 and/or CD203c in HMC-1 and KU812, cells were incubated with
dasatinib, ibrutinib, AVL-292, CNX-774, P505-15 (each 0.01-10 umol/
L), or control medium at 37°C for 24 hours. Then, expression of CD63
and CD203c was analyzed on a FACSCalibur. All staining reactions were
controlled by isotype-matched antibodies. For staining of cytoplasmic
molecules, HMC-1 and KU812 cells were incubated in dasatinib, ibruti-
nib, AVL-292, CNX-774, P505-15 (0.1-10 umol/L), or control medium
at 37°C for 4 hours. Then, cells were permeabilized by methanol
(—20°C, 15 minutes) and incubated with mAb against pBTK, pSYK,
pAKT, pSé, pSTATS, or active caspase 3 for 30 minutes.*® Thereafter,
cells were washed and analyzed on a FACSCalibur. In a separate set of
experiments, BA-containing MNC were incubated with TKI (dasatinib,
ibrutinib, AVL-292, CNX-774, P505-15; 0.1-10 pmol/L) at 37°C for
15 minutes. Then, cells were washed and incubated with anti-IgE for
another 15 minutes. For the detection of intracellular pBTK and pSYK,
intact cells were first incubated with an APC-labeled mAb against
CD203c or a PE-labeled mAb against CD203c for 15 minutes, washed,

.39 Thereafter, cells were stained

and then permeabilized with methano
with an Alexa Fluoré647-conjugated antibody against pBTK or a PE-
labeled mAb against pSYK (30 minutes). Expression of intracellular tar-
gets in CD203c” BA was quantified by multicolor flow cytometry on a
FACSCalibur as reported.*® Apoptosis was measured in drug-exposed
cells by combined AnnexinV/propidium iodide (PI) staining following a

published protocol.244° For cell cycle studies, drug-exposed cells were

resuspended in 500 pL permeabilization buffer. Then, 40 uL Pl was
added and cell cycle distribution was analyzed on a FACSCalibur as

described previously.**

2.6 | Measurement of *H-thymidine uptake

HMC-1 cells and KU812 cells were incubated in control medium or
in various concentrations of ibrutinib, AVL-292, CNX-774, or P505-
15 (range: 0.001-10 pmol/L) or dasatinib (0.000001-10 pumol/L) at
37°C for 48 hours. Thereafter, 0.5 pCi 3H—thymidine was added
(37°C, 16 hours). Cells were then harvested on filter membranes in a
Filtermate 196 harvester (Perkin Elmer, Waltham, MA, USA). Filters
were air-dried, and the bound radioactivity was counted in a f-coun-
ter (MicroBeta? 2450 Microplate Counter; Perkin Elmer). All experi-

ments were performed in triplicates.

2.7 | Statistical analysis

To determine the level of significance in drug incubation experiments,
histamine release experiments and surface staining experiments in BA
and human cell lines, the paired Student’s t test was applied. In case of
multiple comparisons, the Bonferroni correction was performed. A P
value of <0.05 was considered to indicate statistical significance.

3 | RESULTS

3.1 | Effects of targeted drugs on IgER downstream
signaling molecules

To study drug effects on BTK activation and to explore the speci-
ficity of these effects, we examined the phosphorylation status of
various IgER downstream signaling molecules in drug-exposed and
IgER-cross-linked BA as well as in untreated or drug-exposed cell
lines (HMC-1.1, HMC-1.2, KU812). We found that dasatinib, ibruti-
nib, AVL-292, and CNX-774 counteract anti-IgE-induced expression
of pBTK in BA (Figure 1A). In addition, the SYK inhibitor P505-15
was found to block expression of pBTK in BA (Figure 1A). These
drugs were also found to block pBTK expression in unstimulated
HMC-1.1, HMC-1.2, and KU812 cells (Figure 1B). In control experi-
ments, P505-15 also decreased expression of pSYK in IgER-cross-
linked BA (not shown). We also found that ibrutinib as well as the
other BTK blockers applied suppress expression of pSYK, pAKT, pSé,
and pSTAT5 in HMC-1 and KU812 cells (Fig. S1). Of all drugs
applied, dasatinib was found to exert most potent effects on expres-
sion of pBTK and BTK downstream kinase targets, thereby confirm-
ing the broad target interaction profile of this drug.>®

3.2 | Ibrutinib inhibits IgE-dependent histamine
release in BA

The BTK blocker ibrutinib is already used in clinical practice and exhi-
bits a favorable toxicity profile. In this study, ibrutinib was found to

inhibit IgE-dependent histamine release in BA obtained from healthy



SMILJKOVIC ET AL

3 1669
Allergy s 2 W] LEYJ—

Anti-IgE (1 pg/mL)

A 120 4 T 1
c
.% 100 -
£% w0
= J
5
O 60 A
Eu—
5}
EB* 40
x<
) 20 1
a
0+ d
9 8 2228 goN FIIX 222 wow
O O tEEE {8/ KRk EEE =T
R o DD R 0w W
3338 Jdd XXX Tmmw 999
EEL S>> ZZ22Z ®wwan DLWOLW
288 244 oy JE&§g oon
ddd 2244 a4 Jdd
=== SEE =22 dJdd ===
RN [=l-~] 00 = © 00
EEE EEE EEE Q29¢ EEE
33 i 2 5535 EEE 233
o TTOo oo 233 wvo
8 T 8 T = + wmvroe o v
s v
B
120 - HMC-1.1 120 - HMC-1.2
£ c
9 100 4 o 100
g s 85
2 80 ©2 80
=
gt ¥
o o 60 4 © 0 60 1
c's 5
= 40 = o 40 -
= K=
-
o 20 1 m 20 A
a o
o g o o0 oo < < n 0w
¥ o < o0
8 2440 aSgq it L0489 BA0 [5] == - R R ~~~ == s - =
EEE & EER £ E & EECE GRS [l i EEE TR
e S BT DD === 1 W S5 5 DD oL === 0 0 Wn
=T J4dd X X X W ®© © o oo 33 3 Jdd xX X X © © © o oo
R sl e === Z2ZZ wann 0 W = e ==>2> zZ2ZzZZ ] 0 10 1o
2288 <« oo sas oaOn 8028 Q9SS GoOo &ss oon
d ddd Jag S5 224 g2<d 222 gg92 oL S=s
280 ©2090 Boo === FRER S0 0 000 BG50o === R
EEE EEE EEE [ER=N- EEE EEE EEE EEE RN EEE
333 333 555 EEE i3i3 333 333 555 EEE 333
- o b~ oo 242 O bt ) =g oo At il —
o e o L3 - - ;FE o = 1= - =] - - - ;‘-‘D_ o
120 - Kug12
c
-] 100
nw=
]
® < 804
BE
© O 60
L%
= 40
v
=
m 20 1
o
0
o aoo oo < < < aaa0 0 0w
c cEEc QQR ERE EEE S9N
==k Dt ) =1 0 v W
333 = dd XXX W © © o oo
T 555 ZZZ R 0 0 W0
24020 Ca- ey OO © © [Ny - Ny . B
Jdd Jdd ™ i)
sSs= =55 d=22 2949 333
©c 0o c oo oo ===
EEE EEE EEE oo EEE
8.8 5 3133 555 EEE 433
- o - o oo <33 - o
c v o v - - A= o -
s *

FIGURE 1 Effects of ibrutinib on expression of pBTK in primary activated human basophils (BA), HMC-1 cells, and KU812 cells. (A) BA-
containing mononuclear cells (MNC) were incubated in control medium (Co) or in medium containing dasatinib, ibrutinib, AVL-292, CNX-774,
or P505-15 (each 0.1-10 pmol/L) at 37°C for 15 minutes. Then, cells were incubated with anti-IgE at 37°C for 15 minutes and incubated with
a PE-labeled mAb against CD203c for 15 minutes. Then, cells were permeabilized and stained with an antibody against phosphorylated (p)
BTK (pBTK) (phosphorylation site: Y223) as described in the text. Expression of intracellular targets was quantified by multicolor flow
cytometry on a FACSCalibur. BA were identified as CD203c-positive cells. Results show the mean fluorescence intensity (MFI) of pBTK
expression (% of control) and represent mean+SD from three independent experiments. Asterisk (*) P<0.05 by Student’s t test with Bonferroni
correction. (B) HMC-1.1 cells (upper left panel), HMC-1.2 cells (upper right panel), and KU812 cells (lower panel) were incubated with control
medium (Co) or medium containing ibrutinib, AVL-292, CNX-774, dasatinib, or P505-15 (0.1-10 pumol/L) at 37°C for 4 hours. Thereafter, cells
were permeabilized and stained with an antibody against pBTK (Y223). Expression of phosphorylated (p) signaling molecules in HMC-1 and
KU812 cells was determined by flow cytometry. Results show MFI values expressed as percentage of control and represent the mean+SD
from three independent experiments. Asterisk (*): P<0.05 by Student’s t test with Bonferroni correction
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FIGURE 2 Effects of ibrutinib on IgE-mediated histamine release in human basophils. Basophils (BA) obtained from three nonallergic donors
(A) or patients allergic to Der p 2 (n=3) or Phl p 5 (n=3) (B) were preincubated in control medium (Co) or various concentrations of ibrutinib
(0.001-1 umol/L) at 37°C for 30 minutes. Then, cells were exposed to anti-IgE (1 pg/mL; nonallergic donors) or recombinant allergens (1
ug/mL of rDer p 2 or rPhl p 5; allergic patients) at 37°C for 30 minutes. After centrifugation, histamine concentrations were determined in
supernatants and cell lysates. Histamine release is expressed as percentage of total histamine. Results show the percentage of control and
represent mean+SD of three independent experiments. Asterisk (*): P<0.05 by Student's t test. (C) BA from two patients allergic to Der p 2
(left and right panel) were incubated in control medium (Co) or 1 pumol/L ibrutinib at 37°C for 30 minutes. Then, cells were incubated in
histamine release buffer (HRB) in the absence or presence of rDer p 2 (0.001-10 pg/mL) at 37°C for 30 minutes. After incubation, cells were
centrifuged at 4°C and cell-free supernatants and cell suspensions analyzed for histamine content. Histamine release is expressed as
percentage of total histamine. Results represent the mean4SD of triplicates. (D) Left panel: BA from a patient with chronic lymphocytic
leukemia (CLL) were incubated in control medium (Co) or 1 pumol/L ibrutinib at 37°C for 30 minutes. Thereafter, cells were incubated in HRB in
the absence or presence of anti-IgE (0.001-10 pg/mL) at 37°C for 30 minutes. After incubation, cells were centrifuged at 4°C and cell-free
supernatants and cell suspensions analyzed for histamine content. Histamine release is expressed as percentage of total histamine. Results
represent the mean+SD of triplicates. Right panel: In the same patient with CLL, BA were obtained before therapy with ibrutinib
(pretreatment; M-M) and 14 days after treatment with 280 mg/day ibrutinib (post-treatment; @-@®). Cells were incubated in HRB in the
absence or presence of anti-IgE antibody E-124.2.8 (0.001-10 pg/mL) for 30 minutes. Then, histamine release was measured as described
above. Histamine release is expressed as percentage of total histamine. Results represent the mean+SD of triplicates.

donors (Figure 2A, Table S4) as well as allergen-induced histamine is followed by downregulation of IgE-dependent histamine release in
secretion in BA of allergic patients (Figure 2B, Table S3). The effects BA (Figure 2D). These data show that ibrutinib is a potent inhibitor
of ibrutinib were dose dependent, with ICsq values ranging between of IgE-dependent secretion of histamine in BA.

0.003 and 0.03 pmol/L (0.01+0.01 pmol/L) in healthy donors
(Table S4) and between 0.003 and 0.023 pmol/L (0.014+0.01 pmol/L)
in allergic patients (Table S3). The inhibitory effects of ibrutinib
(1 umol/L) were seen at all allergen concentrations applied (Fig-

3.3 | Effects of other BTK-targeting drugs on
IgE-dependent histamine release

ure 2C). We also examined ex vivo BA obtained from a patient before In a next step, we confirmed the value of BTK as a potential drug
and during treatment with ibrutinib, and found that ibrutinib therapy target by applying other BTK blockers. In these experiments,
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AVL-292 and CNX-774 were found to counteract IgE-mediated and
allergen-induced histamine release in IgER-cross-linked BA in a dose-
dependent manner (Figure 3A,B). A summary of ICsq values obtained
with BTK inhibitors is shown in Table S4 (nonallergic individuals) and
Table S5 (Der p 2- and Phl p 5-allergic donors). Dasatinib was also
applied as positive control and found to block allergen-induced his-
tamine release at higher concentrations (Figure 3C), confirming our
previous results.®® However, at lower concentrations, dasatinib even
promotes histamine release.®® Of all drugs tested, ibrutinib was

found to be the most potent inhibitor of allergen-induced histamine
release in human BA (Table S5).

3.4 | Effects of ibrutinib on IgE-dependent
upregulation of CD13, CD63, CD164, and CD203c
on BA

IgER-dependent activation of BA is accompanied by an increased
expression of activation-linked cell surface antigens.>2! In this
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FIGURE 4 Effects of ibrutinib on expression of activation-linked cell surface antigens on human blood basophils. Basophils (BA) obtained
from three nonallergic donors (A), three patients allergic to Der p 2 (B), and three allergic to Phl p 5 (C) were preincubated in control medium
(Co) or in medium containing various concentrations of ibrutinib (0.001-10 umol/L) at 37°C for 30 minutes. Then, cells were exposed to anti-
IgE antibody E-124.2.8 (1 pg/mL; healthy donors) or recombinant allergens (1 pg/mL of rDer p 2 or rPhl p 5; allergic patients) for another

15 minutes (37°C). Thereafter, cells were stained with monoclonal antibodies against CD13, CD63, CD164, or CD203c and analyzed by
multicolor flow cytometry as described in the text. BA were defined as CD203c" cells. Anti-IgE- or allergen-induced upregulation of CD
antigens was determined from mean fluorescence intensities (MFI) obtained with stimulated (MFIstim) and unstimulated (MFlcontrol) cells and
expressed as stimulation index (SI=MFIstim: MFlcontrol). Results show Sl values and represent the mean+SD from three donors in each
experiment. Asterisk (*): P<0.05 by Student’s t test with Bonferroni correction

study, we found that ibrutinib dose dependently inhibits anti-
IgE-induced upregulation of CD13, CDé63, CD164, and CD203c on
normal human BA, with ICso values ranging between 0.1 and
0.5 umol/L (Figure 4A). In addition, ibrutinib was found to inhibit
allergen-induced upregulation of CD13, CD63, CD164, and CD203c
on BA obtained from allergic patients, with similar ICso values
(0.1-0.5 pumol/L) (Figure 4B,C). Dasatinib was also found to inhibit
IgE-mediated upregulation of CD63 and CD203c on BA, confirming
previous data.®® Unexpectedly, however, AVL-292 and CNX-774 did

not modulate IgE-dependent upregulation of activation-linked cell

surface antigens on BA (not shown).

3.5 | Effects of BTK-targeting drugs on
proliferation in basophil and mast cell lines

As proliferation of normal and neoplastic MC is triggered by KIT
activation and BTK may also serve as KIT downstream target, we

examined the effects of ibrutinib and other BTK blockers on
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proliferation of human BA and MC lines. As determined by *H-thy-
midine uptake, ibrutinib, AVL-292, and P505-15 showed no signifi-
cant effects on proliferation of HMC-1.1, HMC-1.2, and KU812 cells
unless high concentrations (>1 pumol/L) were applied (Figure 5A,B,E
and Table 1). However, unexpectedly, CNX-774 was found to coun-
teract proliferation of HMC-1.1 and HMC-1.2 cells at relatively low
concentrations (ICso in HMC-1.2: 0.1-0.5 umol/L) (Figure 5C and
Table 1). Dasatinib, a TKI known to block wild-type KIT and KIT
D816V, was found to inhibit growth of HMC-1 and KU812 cells in a
dose-dependent manner. ICso values obtained with KU812
(0.0007 pmol/L) and HMC-1.1 cells were lower compared to that
obtained with HMC-1.2 cells (1.45 pumol/L) (Figure 5D and Table 1).

3.6 | Effects of CNX-774 on cell cycle distribution
and apoptosis in human BA and MC lines

We also examined CNX-774-exposed HMC-1 and KU812 cells for
alterations in cell cycle distribution and signs of apoptosis. In these
experiments, CNX-774 was found to exhibit no effect on cell cycle
progression in the three cell lines tested (Fig. S2A). CNX-774
induced an increase in apoptotic cells as determined by staining for
AnnexinV/PIl and active caspase-3 in the three cell lines examined
(Fig. S2B). However, this effect of CNX-774 was only seen at rela-
tively high concentrations. Dasatinib also induced apoptosis in all

three cell lines examined (not shown), confirming previous studies.*!

4 | DISCUSSION

Allergen-induced and IgE-dependent activation of BA and MC and
the consecutive release of vascular and proinflammatory mediators
from these cells are key events in allergic reactions.*® However,
although several relevant signaling molecules and pathways down-
stream of the IgER have been identified and many different drugs
are available, little is known about the effects of these agents on
BA. We describe that the BTK blocker ibrutinib is a most potent
inhibitor of allergen-induced activation and histamine release in
human BA. In addition, we show that other irreversible BTK block-
ers, including dasatinib,*? also inhibit allergen-induced (IgE-depen-
dent) histamine release. The effects of these BTK inhibitors were
dose dose-dependent and occurred at pharmacological concentra-
tions which may have clinical implications and may pave the way to
the development of new antiallergic treatment concepts in patients
with IgE-dependent allergies.

Recent data suggest that ibrutinib blocks IgE-dependent activa-
tion and histamine release in normal blood BA.32 In the present
study, we were able to confirm this effect of ibrutinib. In addition,
our data show that ibrutinib is also a potent inhibitor of allergen-
induced activation and histamine release in BA obtained from aller-
gic donors. The ICso values in normal BA (nonallergic donors) and
allergen-exposed BA obtained from patients allergic to Der p 2 and
Phl p 5 were comparable and were found to be within a pharmaco-
logically meaningful range, suggesting that the drug may indeed be
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able to block histamine secretion in patients with IgE-dependent
allergies. This hypothesis was confirmed by studies on ex vivo BA
obtained from a CLL patient receiving ibrutinib. In this experiment,
IgE-dependent histamine release in ex vivo obtained BA was almost
completely suppressed during therapy compared to pretreatment
results.

A number of previous and more recent data suggest that BTK is
an essential IgER downstream regulator of activation and mediator
secretion in BA and MC.32 It has also been described that BTK is
downstream of SYK and upstream of several other major kinase tar-
gets relevant to IgE-dependent activation of BA and MC.** How-
ever, the exact routes in the signaling cascades downstream of BTK
in BA and MC are currently unknown. In the present study, we con-
firmed that ibrutinib downregulates phosphorylation and thus activa-
tion of BTK in IgER-cross-linked BA. However, we also found that
ibrutinib blocks the activity (phosphorylation) of several other down-
stream kinases, including AKT, S6, and STAT5. As ibrutinib is known
to recognize also several other kinase targets, such as LYN, FYN,
SRC, and ITK, it may well be that some of the inhibitory effects of
ibrutinib were not exerted through BTK but via suppression of other
target kinases.*® An alternative explanation would be that some of
these targets are activated by BTK in BA and that the ibrutinib-
induced effects on these additional targets were (in part) mediated
through BTK inhibition. It is generally appreciated that ibrutinib is
not recognizing SYK. Correspondingly, ibrutinib did not block phos-
phorylation of SYK in BA in our study. By contrast, the SYK inhibitor
P505-15 was found to block phosphorylation of SYK in BA and to
suppress histamine release, confirming our previous results.** As
BTK is downstream of SYK, we also examined the effects of P505-
15 on BTK activation. Indeed, as expected, P505-15 was found to
suppress BTK activation in BA. Whether P505-15 blocks histamine
secretion through BTK disruption or also in a BTK-independent man-
ner remains unknown. We also applied other BTK inhibitors in order
to confirm the role of BTK in IgE-dependent activation and his-
tamine secretion. All BTK blockers examined, including dasatinib,
were found to suppress IgE-dependent histamine secretion in BA.
With regard to dasatinib, these results confirm our previous
data.’®*? However, of all drugs tested, the most potent blocker of
allergen-induced histamine secretion in BA appears to be ibrutinib.

Recent data suggest that ibrutinib inhibits IgE-dependent upregu-
lation of CD63 and CD203c on normal BA.%2 In the current study,
we confirmed this drug effect. In addition, we were able to show
that ibrutinib blocks allergen-induced upregulation of CD63 and
CD203c in BA obtained from patients allergic to Der p 2 and/or Phl
p5, with comparable ICsq values. In addition, we found that ibrutinib
inhibits IgE-dependent upregulation of CD13 and CD164 on BA.
Unexpectedly, however, the other BTK inhibitors tested did not
counteract upregulation of CD13, CD63, CD164, or CD203c on BA.
From these data, one could speculate that the effects of ibrutinib on
IgE-dependent upregulation of these activation antigens were medi-
ated by other (additional) drug targets in BA. Alternatively, the inhi-
bitory effects of the other drugs on BTK activation were too weak
to result in downregulation of these CD molecules.
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FIGURE 5 Effects of ibrutinib, AVL-292, and CNX-774 on proliferation in HMC-1 cells and KU812 cells. HMC-1.1 cells, HMC-1.2 cells, and
KU812 cells were cultured in control medium (Co), control medium containing DMSO 1:1000 (DMSO), or with increasing concentrations of
ibrutinib (0.001-10 pmol/L) (A), AVL-292 (0.001-10 pmol/L) (B), CNX-774 (0.001-10 pmol/L) (C), dasatinib (0.000001-10 umol/L) (D), or P505-
15 (0.001-10 pmol/L) (E) at 37°C for 48 hours. Thereafter, *H-thymidine uptake was measured. Results show the percentage of *H-thymidine
uptake compared to control (Co) and represent the mean+SD of three independent experiments in each cell line. Asterisk (*): P<0.05 by
Student'’s t test after Bonferroni correction
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TABLE 1 Effects of various targeted drugs on proliferation of
HMC-1 cells and KU812 cells

Inhibitory effects of drugs on proliferation (ICso, pmol/L)

Cell lines  Ibrutinib  AVL-292 CNX-774 Dasatinib  P505-15
HMC-1.1 445 6.91 2.82 0.005 2.70
HMC-12 9.04 2.73 0.38 1.45 3.03
Ku812 2.98 4.42 1-5 0.0007 6.10

HMC-1 cells and KU812 cells were incubated in increasing concentra-
tions of drugs (range for tested compounds: 0.001-10 pmol/L; range for
dasatinib on KU812 cells: 0.001-10 nmol/L) at 37°C for 48 hours. Prolif-
eration was measured by analyzing 3H-thymidine uptake. Results are
expressed as inhibitory concentration producing 50% inhibition (ICsg).

The severity of an allergic reaction may not only depend on the
type of allergen, IgE levels, cytokine exposure, and the microenviron-
ment but also on the total number of effector cells involved in the
reaction.'?* Conditions with high numbers of BA and MC include
chronic inflammation, certain neoplastic states, and specific neo-
plasms, including basophilic leukemias and mastocytosis. In these
patients, BA and MC progenitors have a significant proliferative
potential.>'213 We were therefore interested to learn whether ibru-
tinib and/or the other drugs tested would exert effects on growth of
human BA and MC. To address this point, human BA and MC lines
were employed. We found that dasatinib and CNX-774 inhibit
growth of HMC-1.1 cells and KU812 cells at relatively low drug con-
centrations. In HMC-1.2 cells, both drugs were also effective, but
the concentrations required to block cell growth were rather high.
This phenomenon may be explained by the fact that HMC-1.2 cells
display KIT D816V and that KIT D816V downstream pathways lead
to resistance. In the case of dasatinib, KIT D816V itself may be
responsible for the weaker effect of the drug in HMC-1.2 cells com-
pared to HMC-1.1 cells lacking KIT D816V. The other drugs tested
did not exert substantial effects on growth and proliferation of
KU812 cells or HMC-1 cells, suggesting that BTK is no relevant
mediator of proliferation of BA and MC progenitors.

In summary, our data show that ibrutinib is a most potent inhibi-
tor of allergen-induced (IgE-dependent) activation and histamine
release in human BA and MC. The effects of the drug were seen in
normal BA as well as in allergen-exposed BA obtained from patients
allergic to Der p 2 or Phl p 5, with meaningful ICso values. More-
over, we found that other BTK blockers also counteract mediator
secretion in BA. These effects may have clinical implications and
may provide a basis for the development of new treatment concepts

in IgE-dependent allergies.
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