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ABSTRACT

he Bruton tyrosine kinase inhibitor ibrutinib has become a leading

therapy against chronic lymphoid leukemia. Recently, ibrutinib

has been associated with the occurrence of invasive fungal infec-
tions, in particular invasive aspergillosis. The mechanisms underlying the
increased susceptibility to fungal infections associated with exposure to
ibrutinib are currently unknown. Innate immunity, in particular polymor-
phonuclear neutrophils, represents the cornerstone of anti-Aspergillus
immunity; however, the potential impact of ibrutinib on neutrophils has
been little studied. Our study investigated the response to Aspergillus
fumigatus and neutrophil function in patients with chronic lymphoid
leukemia or lymphoma, who were undergoing ibrutinib therapy. We
studied the consequences of ibrutinib exposure on the functions and
anti-Aspergillus responses of neutrophils obtained from healthy donors
and 63 blood samples collected at different time points from 32 patients
receiving ibrutinib for lymphoid malignancies. We used both flow
cytometry and video-microscopy approaches to analyze neutrophils’ cell
surface molecule expression, cytokine production, oxidative burst,
chemotaxis and killing activity against Aspergillus. Ibrutinib is associated,
both in vitro and in patients under treatment, with multiple functional
defects in neutrophils, including decreased production of reactive oxygen
species, impairment of their capacity to engulf Aspergillus and inability to
efficiently kill germinating conidia. Our results demonstrate that ibruti-
nib-exposed neutrophils develop significant functional defects that
impair their response against Aspergillus fumigatus, providing a plausible
explanation for the emergence of invasive aspergillosis in ibrutinib-treat-
ed patients.

Introduction

Bruton tyrosine kinase (BTK), a member of the TEC kinase family, plays a key
role in the signaling pathway of the B-cell receptor, which controls B-cell devel-
opment, activation and proliferation. In humans, inactivating BTK mutations are
responsible for a maturation block in early B-cell development at the pro-B-cell
stage which results in a nearly complete absence of B cells and agammaglobuline-
mia, a disease known as X-linked agammaglobulinemia (XLA).! Ibrutinib, a small
covalent BTK inhibitor, has ushered a new era in the therapeutic strategy for
chronic lymphocytic leukemia and displays interesting clinical efficacy in other
types of lymphoid malignancies.” Recently, ibrutinib has been linked to the occur-
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rence of invasive fungal infections, in particular invasive
aspergillosis with an unusually high number of cases
with central nervous system involvement.*® This associ-
ation was somewhat unexpected since invasive fungal
infections do not belong to the spectrum of infections
observed in patients with XLA and patients with chronic
lymphocytic leukemia are considered to be at low-risk of
invasive aspergillosis.®

It has been known for decades that neutrophils repre-
sent the major effectors in the host’s defense mecha-
nisms against Aspergillus.® Quantitative and qualitative
(e.g. NADPH oxidase component deficiency in chronic
granulomatous disease) defects affecting neutrophils are
among the most important risk factors for developing
invasive aspergillosis.”” BTK has been extensively stud-
ied in B cells but data on its role in neutrophils are limit-
ed. Although previous work indicates that BTK is
expressed by neutrophils and plays a role in neutrophil
development and function,” very little is known about
the potential effect of BTK or its inhibition on antifungal
immunity."

This prompted us to test the hypothesis that ibrutinib
administration might impair neutrophil responses
against Aspergillus. We performed in vitro experiments on
neutrophils from healthy donors and analyzed neu-
trophil functions in patients receiving ibrutinib at differ-
ent time points during the course of treatment. Here we
show that ibrutinib treatment is associated with multiple
defects in neutrophil functions, in particular decreased
CD11b surface expression, reduction of reactive oxygen
species (ROS) production and impairment of the cells’
capacity to kill Aspergillus fumigatus.

Methods

Patients

Thirty-three patients from three centers treated with ibrutinib
for a lymphoid malignancy were enrolled in the study (Table 1).
The main indications for ibrutinib treatment were chronic lym-
phocytic leukemia (n=23; 72% of patients) and mantle-cell lym-
phoma (n=4; 12.5% of patients). Patients receiving corticoid ther-
apy or granulocyte colony-stimulating factors were not consid-
ered. Neutrophils were collected from patients just before ibruti-
nib treatment was initiated (MO; n=23) then approximately 1
month (M1; n=22) and 3 months later (M3; n=18). No patient was
neutropenic. Because a complete longitudinal (M0, M1 and M3)
follow up could not be obtained in all patients, the sample size
varies between experiments and time points. No available data
have been subtracted. No cases of invasive aspergillosis were
diagnosed throughout the study.

Neutrophil isolation
Neutrophils were isolated using the dextran-Ficoll method, as
detailed in the Online Supplement.

Stimulation conditions

Whole-blood samples (500 uL) were stimulated for 2 h at 37°C
with either 10° germinating conidia from an Aspergillus fumigatus
sensu stricto clinical isolate or 5 ng/mL bacterial lipopolysaccharide
(LPS) (Sigma Aldrich) or phosphate-buffered saline (PBS) as a con-
trol. Details are provided in the Online Supplement.

Surface molecule expression of neutrophils
For cytometry analysis anti-human antibodies directed against
the following human antigens were used: CD11b, CD14, CD15,

Table 1. Characteristics of patients and blood samples included in the study.

Characteristics Before ibrutinib therapy Month 1 Month 3
Numbers of patients 23 22 18
Mean age in years [range] 69.9 [54-85] 66.9 [41-86] 66.1 [41-84]
Male/female sex 13/10 14/8 177
Disease: n (%) Chronic lymphocytic leukemia 19 18 14
Mantle-cell lymphoma 2 3 2
Other lymphoid malignancies 2 1 2
280 1 2
Dosage of ibrutinib (mg/day) 420 not applicable 17 13
560 4 3
Number of therapeutic lines before ibrutinib: mean [range] 1.8 [1-6] 1.8 [1-6] 1.8 [1-6]
RFC 7 6 b)
Last therapeutic line before R BENDA® 8 6
ibrutinib administration R CHOP* 1 3 1
R MTX ARA-C 2 1 1
Others 5 6 8
< 6 months 4 5 4
Delay between the last therapeutic line 6 months - 12 months 0 1 1
and the start of ibrutinib therapy 12 months - 60 months 12 9 B
> 60 months 7 7 8

Time to ibrutinib initiation: mean / median
[range] (days)
Neutrophil count: mean (cells/uL) [range]

not applicable 34.2/34 [18-62] 105/97 [76-161]

5388 [1180-15 200] 4945 [120-13 800] 3 145 [390-6 470]

Lymphocytes count: mean (cells/uL) [range]

22 890 [590-57 700] 45426 [400-148 226] 37195 [1200-122 930]

*Other lymphoid malignancies included primary central nervous system lymphoma (n=2), diffuse large B-cell lymphoma (n=1), intraocular lymphoma (n=1) and Waldenstrém
macroglobulinemia; "RFC: rituximab-fludarabine-cyclophosphamide; ‘R BENDA: rituximab plus bendamustine; ‘R CHOP: rituximab plus cyclophosphamide, doxorubicin, vin-
cristine, and prednisone or prednisolone; ‘R MTX ARA-C: rituximab plus methotrexate and cytarabine.

Ibrutinib impairs anti-Aspergillus responses -

haematologica | 2020; 105(2) 479 -



I D. Blez et al.

- 480 haematologica | 2020; 105(2)

CD16, CD62L, Dectin 1, TLR2 and TLR4 (BD Biosciences) and
CD66b (Biolegend).

Measurement of neutrophil oxidative burst

Neutrophils contained in 500 uL heparinized whole-blood sam-
ples were incubated with 123-dihydro-rhodamine (Life
Technologies) for 5 min at 37°C, then stimulated with the afore-
mentioned stimuli for 2 h at 37°C.

Intracellular cytokine analysis

Whole-blood samples (500 ul) were stimulated with the
above-mentioned stimuli for 4 h at 37°C. Brefeldin A (Sigma-
Aldrich) was added after 30 min of stimulation. Cells were stained
with membrane antibodies, permeabilized using the Intracellular
Fixation & Permeabilisation Buffer Set (eBioscience) and stained
with the following anti-human antibodies: interleukin (IL)-8, IL-6,
tumor necrosis factor alpha (TNFa) (BD Biosciences) and IL-1f
(R&D Systems). The concentration of IL-8 was determined using
a Duo-Set enyme-linked immunosorbent assay kit from R&D
Systems (Minneapolis, MN, USA).

Video-microscopy experiments

Three thousand Aspergillus fumigatus conidia were seeded in
black, 96-well clear-bottom plates (Greiner) and allowed to germi-
nate. After two washes, 48,000 isolated neutrophils in RPMI
medium and Sytox green (final concentration 2 uM) were added.
Interactions were visualized during 16 h of co-culture at 37°C
using a Zeiss Axio Z1 fluorescent microscope (Carl Zeiss,
Germany). Images were processed and analyzed using Imaris®
software. The chemotaxis assay was performed using IncuCyte®
ClearView 96-Well Chemotaxis Plates. Purified neutrophils
stained by Hoechst (final concentration 10 uM) were placed in the
membrane insert and formyl-methionine-leucyl-phenylalanine
(EMLP), as a chemo-attractant (final concentration 10 uM), was
put in the reservoir plate. More details are given in the Online
Supplement.

Statistical analysis
GraphPad Prism 6 was used for statistical analyses (GraphPad
software, La Jolla, CA, USA).

Ethics

This non-interventional study was performed in accordance
with national regulations regarding the use of human material
from healthy volunteers and patients. The local medical ethics
committee (CPP Ile de France IV) approved the study, which was
conducted in accordance with the principles of the Declaration of
Helsinki. Signed informed consent to participation in the study
was obtained from all patients.

Results

Effect of ibrutinib on CD11b, CD62L and Dectin-1
expression on neutrophils

Neutrophils were gated according to size and granular-
ity by forward versus side scatter (FSC vs. SSC) and iden-
tified as CD66b", CD15*, CD16"%, CD14 cells (Figure
1A). Surface expression of CD11b and CD62L (L-
selectin) was evaluated at baseline then following stimu-
lation by germinating conidia or LPS. In association with
CD18 (B2 integrin), CD11b forms the heterodimeric inte-
grin complement receptor 3 (CR3), also called
macrophage-1 antigen, which is not only involved in the
adhesion and migration of leukocytes but has also been

recognized as a major receptor for B-glucan.” CD11b is
overexpressed at the surface of neutrophils after degran-
ulation as it is contained in secondary and tertiary neu-
trophil granules.” CD62L is involved in transient tether-
ing of the neutrophils to the endothelial surface.
Shedding of CD62L marks activation of neutrophils. As
previously reported," germinating conidia and LPS
induced significant activation of neutrophils, as evi-
denced by an increase in CD11b and a decrease in
CD62L expression (Figure 1B and data not shown).
Expressed as mean fluorescence intensity (MFI), mean
CD11b surface expression of the MO group increased 2-
fold after stimulation with germinating conidia (9,053 vs.
4,414) and by 3-fold after LPS stimulation (13,392 vs.
4,414). CD11b surface expression on unstimulated neu-
trophils decreased after starting ibrutinib treatment
(n=17 patients) in comparison with the expression prior
to treatment initiation (n=17 patients) (Figure 1B).
However, no statistically significant difference was
observed when a paired analysis of eight patients sam-
pled at MO, M1 and M3 was done (Figure 1C). After
stimulating whole blood with germinating conidia, the
increase of CD11b surface expression in M1 patients was
statistically not different from that of the MO group.
Expressed as MFI, mean CD11b surface expression of the
M1 group increased 3.3-fold after germinating conidia
stimulation (6,857 vs. 2,070) and by 6-fold after LPS stim-
ulation (12,394 vs. 2,070). Basal CD62L expression tend-
ed to increase over time with a statistically significant
difference between MO and M3 (Figure 1D) but CD62L
shedding following stimulation by germinating conidia
did not change over time (Figure 1E). Paired analysis of
six patients sampled at M0, M1 and then M3 indicated
no difference over time (Figure 1F). We also analyzed
basal expression of Dectin-1, TLR2 and TLR4, which
play important roles in antifungal defenses.”'® Dectin-1
expression decreased over time but the difference was
not statistically significant. No difference was observed
for TLR2 and TLR4 (Figure 1G and data not shown).
Collectively, these results suggest that neutrophils from
patients receiving ibrutinib slightly altered CD11b sur-
face expression but no other important immune recep-
tors. In addition, ibrutinib-exposed neutrophils seemed
to maintain their ability to trigger a marked response to
Aspergillus and LPS stimuli.

Reactive oxygen species production after Aspergillus
challenge is decreased in patients receiving ibrutinib

As previously reported,” ROS production increased
after 2 h of stimulation by germinating conidia or LPS
plus fIMLP (Figure 2A). ROS production by neutrophils
sampled at M1 was statistically lower for all conditions,
i.e. PBS control, Aspergillus stimulation and LPS stimula-
tion (Figure 2A, B). Expressed as MFI, mean ROS produc-
tion decreased at M1 by 51.5% for the basal PBS condi-
tion (2,333 vs. 1,131; P<0.05), 51% after stimulation with
germinating conidia (9,330 vs. 4,569; P<0.05) and 31.6%
after LPS stimulation (4,008 vs. 2,742; P<0.05) in compar-
ison with M0. The defect in ROS production persisted in
neutrophils at M3. Paired analysis of samples collected at
MO and M1 after stimulation with germinating conidia or
LPS was achievable in 12 and 9 patients, respectively. As
shown in Figure 2C, ROS production decreased markedly
after 1 month of ibrutinib treatment both before and after
stimulation by Aspergillus conidia or LPS.
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Neutrophils from ibrutinib-treated patients fail

to produce interleukin-8 upon Aspergillus stimulation
We evaluated intracellular production of IL-1f, IL-6,

TNFa and IL-8 by neutrophils in whole blood by flow

cytometry. In our experimental conditions, we did not

detect changes in IL-1p, IL-6 or TNFa either before or

after Aspergillus or LPS challenge over time (data not

shown). We next focused on IL-8, a major chemoattractant
for neutrophils. As shown in Figure 3A, the mean per-
centage of IL-8-positive cells increased 4.7-fold (20.1% vs.
4.3%) and 9.7-fold (41.7% vs. 4.3%) after stimulation for
4 h with LPS or germinating conidia, respectively (Figure
3A). The percentage of IL-8-positive cells decreased in the
M1 group in comparison with the MO group for all condi-
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Figure 2. Evolution of reactive oxygen species production by neutrophils during
ibrutinib therapy. (A) Whole-blood neutrophils from a 61-year old man with
chronic lymphoid leukemia were analyzed by flow cytometry for production of
reactive oxygen species (ROS) in the basal condition (red) and after stimulation
with 10° Aspergillus fumigatus germinating conidia (blue) before (upper panel)
and after 62 days of ibrutinib therapy (lower panel). (B) ROS production by neu-
trophils in whole blood collected from patients before ibrutinib therapy, 1 month
after starting ibrutinib treatment and 3 months after initiation of ibrutinib ther-
apy and stimulated with 10° Aspergillus germinating conidia or bacterial
lipopolysaccharide plus formyl-methionine-leucyl-phenylalanine (LPS). Long
bars represent the mean fluorescence intensity (MFI), and short bars represent
the 10-90" percentile. The Kruskal-Wallis test with the Dunn multiple compar-
ison post-test was applied *P<0.05; **P<0.01; ns: non-significant. (C) Paired
analysis of ROS production by neutrophils in 500 uL whole blood from patients
before and after 1 month of ibrutinib therapy under various conditions: (i) no
stimulation (basal level); (i) after stimulation with 10° Aspergillus fumigatus
germinating conidia; or (iii) challenge with bacterial lipopolysaccharide plus
formyl-methionine-leucyl-phenylalanine (LPS). Wilcoxon matched pairs test was
applied; **P<0.01; ***P<0.005
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tions (control, germinating conidia and LPS). and was not
modified when comparing the M1 to M3 group. We next
measured the concentration of IL-8 in whole blood col-
lected from at M0, M1 and M3 and infected for 2 h by A.
fumigatus germinating conidia. These results confirmed
that ibrutinib therapy was related to a decrease of IL-8
production after Aspergillus challenge in the M1 group
(Figure 3B).

Ibrutinib has no effect on neutrophil mobility and
chemotaxis

Because migration to infected sites is a prerequisite to
mounting an efficient anti-fungal response, we tested the
ability of neutrophils to react to the chemoattractant
fMLP (Figure 4A). Percentage of chemotaxis was defined
as the number of neutrophils that reached the pore
against the total number of neutrophils in the surround-
ing area. As shown in Figure 4B, neutrophils derived from
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treated and untreated patients displayed similar capacity
to reach the reservoir containing fMLP, demonstrating
that ibrutinib treatment did not alter the ability of neu-
trophils to migrate and respond to the MLP signal.

Engulfment and killing of Aspergillus fumigatus
by neutrophils are impaired in patients receiving
ibrutinib

Video-microscopy was used to investigate the behavior
of neutrophils and fungi (at the germinating conidia stage)
as well as their interactions. Preliminary experiments
using Aspergillus exposed to voriconazole, an antifungal
drug with fungicidal activity against Aspergillus, indicated
that dying Aspergillus stained transiently with Sytox green
dye. As opposed to human cells, the fluorescence of the
dead fungi was lost after approximately 15-20 min (data
not shown). We therefore determined Aspergillus killing as
the Sytox staining of the fungus and its inability to grow
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further. Because killing germinating conidia requires close
contact, we focused on germinating conidia engulfed by
neutrophils and calculated the percentage of killing as the
number of dying Aspergillus as a proportion of the whole
number of germinating conidia engulfed by neutrophils.
Aspergillus killing proceeds in two steps. First, neu-
trophils engulf i.e. deform and bind firmly to Aspergillus,
next they prevent its growth and ultimately they kill the
fungus 60 to 120 min later (Figure 5A). First, we found
that the proportion of neutrophils that could engulf
Aspergillus decreased after 1 and 3 months of treatment
with ibrutinib (Figure 5B). This defect was restored when
Aspergillus conidia were opsonized by addition of human
autologous serum (Figure 5B). Strikingly, exposure to

ibrutinib was associated with a major impairment of the
ability of neutrophils to kill Aspergillus. The percentage of
germinating conidia killed by neutrophils fell from 50%
at MO to 1% at M1 and 0.8% at M3 (Figure 5C, D).
Opsonization by autologous serum had no effect on the
killing defect (Figure 5D).

Neutrophils exposed to ibrutinib in vitro have altered
responses to Aspergillus

Similar experiments were conducted on neutrophils
obtained from healthy donors. Addition of ibrutinib was
associated with decreased cell surface expression of CD11b
both at baseline (8,143 vs. 4,396; 46% decrease; P<0.05) and
after challenge with germinating conidia (13,298 vs. 9,811;

fMLP

Control

Figure 4. Ibrutinib therapy does not alter neu-
trophil chemotaxis. Neutrophil migration assays
were performed using IncuCyte® ClearView 96-

TO

40
304
204
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Percentage of migration

[MO

M1
n=|

n=

T60

Well Chemotaxis Plates (BioScience). Ten thou-
sand purified neutrophils were aliquoted into
the membrane insert, while formyl-methionine-
leucyl-phenylalanine (fMLP) was added to the
reservoir plate. Migration of neutrophils towards
the reservoir from the insert was observed in
real time over the course of 60 min. The migra-
tion index was defined as the proportion of neu-
trophils migrating into the pore compared with
all neutrophils crossing a square zone of 260 x
260 um centered by the pore of interest. (A) At
the beginning of the experiment (TO), the pres-
ence of fMLP (i) led to migration of neutrophils
towards the pore after 60 minutes (T60) (ii),
whereas the vehicle control has no effect (iii. iv).
(B) Neutrophils collected from patients before
(MO) or after 1 month (M1) and 3 months (M3)
of ibrutinib therapy were submitted to the
chemotaxis assay. Statistical analysis was per-
M3 formed by applying the Kruskall Wallis test with
n= the Dunn multiple comparison post-test. ns:
non-significant.
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Figure 5. Engulfment and killing of Aspergillus fumigatus by neutrophils is impaired in patients receiving ibrutinib. Neutrophil-Aspergillus fumigatus interactions
were tracked in real-time by video-microscopy during co-culture for 16 h. Three thousand Aspergillus fumigatus conidia were first allowed to germinate in a 96-well
plate before 48,000 purified neutrophils were added. For opsonized conditions, autologous serum was added for 15 min and then removed before neutrophils were
added. (A) The time sequence shows elongation of one germinating conidium (black arrows; time: O to 36 min after the start of experiment) before engulfment by a
neutrophil from a patient with lymphoid malignancy prior to ibrutinib therapy (white arrow; time: 45 min). The neutrophil kills the Aspergillus conidium (as indicated
by the fungus stained with Sytox green) after approximately 80 min of close non-discontinuous interactions. Approximately 4 h after killing the fungus, the neutrophil
dies (time: 363 min). (B) Percentage of Aspergillus fumigatus engulfed by neutrophils in patient samples before ibrutinib therapy and 1 or 3 months after the start
of ibrutinib therapy, with or without previous opsonization with autologous serum. The Kruskal-Wallis test with the Dunn multiple comparison post-test were applied;
*P<0.05. (C) Comparison of two different time sequences of a sample from a single patient with chronic lymphoid leukemia before ibrutinib therapy (upper) and after
34 days of ibrutinib therapy (lower). In the sample taken after ibrutinib treatment, the inability of the neutrophil to kill the germinating conidia led to uncontrolled fun-
gal growth. (D) Rate of killing of Aspergillus fumigatus germinating conidia by neutrophils from patients before ibrutinib therapy and 1 or 3 months after the start of
ibrutinib therapy, with or without previous opsonization with autologous serum. The Kruskal-Wallis test with the Dunn multiple comparison post-test were applied;
**P<0.005.
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* 26.2% decrease; P<0.05) (Figure 6A). Interestingly, CD11b Finally, we confirmed the video-microscopy observa-
expression was unmodified after LPS stimulation (17,789 vs.  tions, using blood from healthy donors exposed to 5 uM
15,674; decrease: 11.9%; P=NS), suggesting that the effect ibrutinib for 10 min. Ibrutinib led to a decrease of engulf-
of ibrutinib was specific to the antifungal response path- ment ability and a dramatic impairment of Aspergillus killing
way. Ibrutinib also impaired ROS production in all condi- by neutrophils (Figure 6C, D). Because we found that ibru-
tions, as evidenced by decreases of 68.2% from basal level  tinib markedly impaired ROS production, we examined
(1,205 vs. 383; P<0.005), 58.3% after challenge with germi- whether the inhibition of ROS production by
nating conidia (5,298 vs. 2,209; P<0.005) and 69% after LPS  diphenyleneiodonium (DPI), a NADPH oxidase inhibitor,

stimulation (4,834 vs. 1,500; P<0.005) (Figure 6B). could lead to similar results. DPI caused not only a pre-
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150004
100004 Aspergillus fumigatus. Blood col-
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incubated for 10 min at 37 °C with
5000+ ibrutinib (final concentration of 1
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0 (DMSO) vehicle as a control and
- then stimulated for 2 h before flow
PBS Germlna.tmg LPS cytometry analysis. The long hori-
conidia zontal bars indicate the mean, and
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dard error of the mean. (A)
Expression of surface CD11b on
B *k *% *% neutrophils without stimulation
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v Ibrutinib 5 uM lalanine (fMLP). (B) Reactive oxy-
5000+ gen species (ROS) production by
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% Aspergillus conidia or LPS plus
[0, fMLP. Neutrophils were purified

Germinating from blood collected from five
conidia LPS healthy donors and then incubat-
ed for 10 min with ibrutinib (final
concentration: 5 uM) or DMSO. (C)
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C S — | D nating conidia by neutrophils was
L2 observed in realtime by video-
400 60- — microscopy during co-culture for
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(0] » diphenyleneiodonium (DPI; final
T T Y concentration 5 uM) or DMSO
Ibrutinib Control Ibrutinib before stimulation or neutrophil
5 uM S5pM purification. (E) ROS production by
neutrophils in blood with or with-
out DPI and stimulated for 2 h with
germinating conidia, assessed by
flow cytometry analysis. (F) Rate of
killing of Aspergillus germinating
50- _ conidia by neutrophils isolated
from blood incubated with or with-
40 out DPI determined in real-time by
video-microscopy during a 16 h co-
30 culture. Multiple group analysis
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201 test for paired data with the Dunn
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dictable decrease in ROS in response to germinating coni-
dia, but also decreased killing activity against growing
Aspergillus, in a manner similar to that observed with ibru-
tinib (Figure 6E, F and data not shown). Interestingly, DPI had
no effect on the engulfment process, which suggests that
the inhibitory effect of ibrutinib is not caused by the sole
inhibition of ROS production.

Discussion

Ibrutinib, an irreversible BTK inhibitor, displays signifi-
cant clinical efficacy in some lymphoid malignancies.’
Ibrutinib has, however, recently been associated with the
occurrence of invasive fungal infections, in particular inva-
sive aspergillosis.*® Intriguingly, patients with XLA do not
experience aspergillosis and patients with lymphoid
malignancies are usually considered to be at low risk of
invasive aspergillosis. Consequently, the mechanism
behind the emergence of invasive aspergillosis among
patients receiving ibrutinib has remained unclear. The
association of ibrutinib and fungal infections, in particular
invasive aspergillosis,*® suggested that the drug could have
a detrimental effect on antifungal immune responses."”

Because neutrophils are the cornerstone in the fight
against fungi, the impact of ibrutinib on neutrophil func-
tions had to be evaluated. Neutrophils act against
Aspergillus through different mechanisms, depending on
the stage of life of the fungus. Inhibition of the growth of
resting conidia involves non-oxidative pathways and
CD11b/CD18 recognition while hyphae are destroyed by
oxidative derivatives after recognition by Fc-gamma
receptor or CLR."*"

Analysis of CD11b, which like Dectin-1 is a very
important receptor for f-glucan,” showed conflicting
results. An unpaired comparison between 17 samples
obtained before treatment and 17 samples after approxi-
mately 1 month of ibrutinib indicated that basal levels
were reduced after initiating ibrutinib therapy. This result
was further confirmed in vitro. However, paired analysis
on eight longitudinally followed patients was inconclu-
sive. The reason for this discrepancy is unclear. It might
be due to an inadequate cohort size or to the patients’
heterogeneity in terms of disease stage and treatment
response. Interestingly, both in vivo and in vitro analyses
showed that ibrutinib had no effect on CD11b surface
expression in response to LPS, which suggests that the
defect may be specific to the antifungal response. The C-
type lectin receptor of -glucan Dectin-1 is considered to
be an essential component of the antifungal immune
response. In human neutrophils Dectin-1 neutralization
by monoclonal antibodies leads to an impairment of
binding and phagocytosis of zymosan and diminished
ROS production” although contradictory results have
been published.”” We found a not statistically significant
defect in Dectin-1 surface expression during ibrutinib
therapy. Collectively, our results suggest that ibrutinib
may alter CD11b surface expression on neutrophils from
treated patients but has no effect on other important
immune receptors and has little effect on their upregula-
tion after Aspergillus and LPS stimuli.

ROS production is a major mechanism to kill fungi’® as
exemplified by the phenotype of patients with chronic
granulomatous disease. Neutrophils of these patients dis-
play a profound defect in ROS production caused by

mutations in components of the NADPH oxidase™ and
therefore are unable to kill Aspergillus hyphae.” Mangla et
al. showed that neutrophils from X-linked immunodefi-
cient mice lacking functional Btk had defective produc-
tion of both ROS and nitric oxide after LPS challenge.” In
agreement with these observations, a recent study also
found that superoxide production in neutrophils stimulat-
ed with fMLP was reduced in Btk” mice.” After 1 month
of ibrutinib treatment, we found that neutrophil ROS
decreased by approximately 50% in the presence of
Aspergillus germinating conidia. A similar alteration in
ROS production was also observed when ibrutinib was
added to blood from healthy donors, which indicates that
the impact of ibrutinib is prompt and seems to rule out an
effect occurring during granulopoiesis. In contradiction
with our results, Stadler er al. found no difference in ROS
production by neutrophils challenged with zymosan or
LPS in patients treated with ibrutinib." It should however
be noted that these results were obtained from a cohort
of only six patients, for whom the duration and posology
of ibrutinib therapy were not reported. Moreover,
zymosan is a yeast extract containing p-glucan, the struc-
ture of which differs from that of Aspergillus. Since
CD11b is important for neutrophil ROS production,” one
may hypothesize that reduced CD11b expression after
ibrutinib exposure may affect ROS, although this requires
further investigation.

In human neutrophils, it has been shown that fMLP-
induced IL-8 release is dependent on ROS production.”
IL-8 is a major neutrophil chemoattractant and its levels
have been found to be elevated in the serum and bron-
choalveolar lavage of patients with invasive aspergillo-
sis.” IL-8 production by neutrophils was reduced in sam-
ples from ibrutinib-treated patients upon Aspergillus stim-
ulation. By contrast, the production of other cytokines
did not change upon stimulation or during the course of
ibrutinib therapy. Whether or not defective IL-8 produc-
tion may result in insufficient neutrophil recruitment to
the sites of Aspergillus infection deserves further investiga-
tion, including the use of animal models.

While ibrutinib did not seem to impair neutrophil
chemotaxis, video-microscopy revealed that it reduced
the cells’ ability to interact closely with and engulf
Aspergillus. The molecular mechanism by which ibrutinib
hinders these interactions remains to be determined.
More striking was the dramatic decrease in the ability of
neutrophils to kill Aspergillus when exposed to ibrutinib.
Altogether, given that the oxidative burst is the major
mechanism of killing hyphae,* it is very likely that ibru-
tinib impairs neutrophil killing at least in part through
inhibition of ROS. We observed that in vitro exposure of
neutrophils to the NADPH oxidase inhibitor DPI recapit-
ulated the effect of ibrutinib except it did not impair
Aspergillus engulfment by neutrophils, which suggests
that the effect of ibrutinib on neutrophils extends
beyond that of ROS inhibition and involves different
pathways.

Collectively, our results show that ibrutinib induces
multiple functional defects in neutrophils, which result in
their inability to kill Aspergillus, and provide a first clue to
explain clinical cases. One caveat of our study is that it
was not designed to determine whether the effect of ibru-
tinib is caused by the inhibition of BTK itself. Essentially
known for its key role in B cells, experimental evidence
suggests that BTK is functional in neutrophils. In a Btk-
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deficient mouse model, Fiedler et al. showed that Btk was
important during granulopoiesis and that neutrophils
from Btk” mice lacked granule components important for
their antimicrobial activity, such as elastase, lactoferrin
and myeloperoxidase.” Btk is involved in the activation
of the PLCy2, AKT and p38MAPK pathways in neu-
trophils after stimulation.” Btk is also involved in phos-
phorylation of Myd88 and NF«B activation after TLR2 or
TLR4 engagement.”®” Lionnakis et al. reported that Btk”
mice died after Aspergillus challenge whereas wildtype
animals did not.* However, not all experimental evidence
agrees with such a role for Btk. Indeed, Btk was found by
Honda et al. to be a critical gatekeeper of neutrophil
responses, preventing excessive inflammation through
inhibition of ROS.* More recently Cavaliere et al. con-
cluded that monocyte and neutrophil maturation and
function were unaffected in XLA patients.” Another lim-
itation of our in vitro experiments is that we, as others,"”
used higher concentrations of ibrutinib than those
observed in patients” to compensate for the very short
time of exposure. However, several neutrophil functions,
such as an increase in CD11b expression after LPS chal-
lenge, were unchanged, suggesting that the concentra-
tions used did not lead to a global impairment of the neu-
trophils’ cellular processes.

XLA patients are not particularly susceptible to fungal
infections, unless one considers that alternative mecha-
nisms may develop over time to compensate for BTK
deficiency in humans. At present, whether neutrophil
defects are caused by the sole inhibition of BTK by ibru-
tinib thus remains an open question. Like most kinase
inhibitors, ibrutinib is not highly specific, which raises
the hypothesis that impairment of antifungal activity
may be caused by inhibition of other targets. Further
work is required to unravel the precise molecular mecha-
nisms responsible for the observed neutrophil defects.
The development of a murine model would provide inter-

esting information on the antifungal response dynamics
in vivo, e.g., whether the impact on CD11b alters the neu-
trophils’ ability to reach infected tissues. A comparison
with other BTK inhibitors, in particular acalabrutinib,
which is more selective than ibrutinib, might help to
explore the hypothesis of an off-target effect. Finally, it
should be highlighted that despite these experimental
results, invasive aspergillosis remains a relatively rare
complication. This suggests that ibrutinib exposure is
probably not sufficient by itself in most cases and that
additional environmental and host factors, e.g., TLR or
Dectin polymorphisms, the amount of conidia exposure,
acquired immune defects related to the underlying dis-
ease or previous therapies, are required to enable the
development of a clinical infection.

In conclusion, our study, which demonstrates that expo-
sure to ibrutinib impairs the anti-Aspergillus responses of
neutrophils both i vitro and in vivo, provides the first step in
the road to understanding the relationship between invasive
fungal infections and treatment with ibrutinib. The emer-
gence of invasive aspergillosis in this population may be due
to neutrophil defects in ROS production in response to
fungi, inability of neutrophils to attach firmly to hyphae,
and marked impairment in the neutrophils’ capacity to kill
fungi. Further work is required to unravel the exact mecha-
nisms underlying this effect, in particular whether it is
caused by the inhibition of BTK itself in neutrophils or by an
off-target inhibition of other kinases in neutrophils and/or
other cell types in the microenvironment.
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