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ARTICLE INFO ABSTRACT

Keywords: Ibrutinib is a tyrosine kinase inhibitor used in the treatment of a variety of lymphoid malignancies, including
CLL chronic lymphocytic leukemia (CLL). Drugs inhibiting B-cell-receptor (BCR)-associated kinases, including BTK

Nefltro_Phﬂs inhibitors, act on B cells and on a wide spectrum of tissues and cells, including innate immunity cells. Thus,
Oxidative burst alterations in the Bruton’s tyrosine kinase (BTK) kinase function could lead to an impairment of innate immune
mio cells functions and to an increased infectious risk in patients receiving BTK inhibitors. We analyzed in vivo
LF neutrophils oxidative burst, neutrophils granules release and cytokine production in relapsed/refractory CLL

patients treated over time with ibrutinib as single-agent. We observed a dramatic reduction of neutrophils
oxidative burst, Fc gamma receptors (FcyRs)-mediated degranulation and IL-8 plasma levels already after the
first forty-eight hours of therapy with ibrutinib. However, ibrutinib treatment did not alter the surface expression
of CD11b nor cytokine and proteinases release not mediated by FcyRs engagement. After three weeks, oxidative
burst was still impaired, while degranulation and IL-8 levels were restored. In a group of CLL patients who
survived for more than three years, all processes triggered by FcyRs completely recovered except the release of
neutrophil elastase (NE) and IL-8. In conclusion, during the initial phases of ibrutinib therapy, the reduction of
IL-8, NE, myeloperoxidase (MPO) levels and oxidative burst negatively impacted on mechanisms involved in
neutrophils microbicidal activity.

1. Introduction and an increased frequency of monocytes and NK cells [5-8].
Treatments with chemotherapeutic agents and anti-CD20 antibody
significantly improved the outcome of CLL patients [9,10]. Since the

role of BCR as pivotal factor for CLL cells survival [11], numerous

CLL, the most common hematologic malignancy in adults among
western countries, is characterized by accumulation of mature clonal B

lymphocytes in blood, lymph nodes and bone marrow [1-3].

CLL is characterized by several abnormalities in the adaptive and
innate immune system associated with an increased risk of bacterial
and fungal infections accountable for a high morbidity and mortality
[3,4]. Several studies on CLL have described a reduction of complement
proteins, an impair killing of non opsonized bacteria, a reduction in
C5a-induced chemotaxis, a deficiency in myeloperoxidase production

studies have focused on treaments inhibiting BTK, a tyrosine kinase
downstream BCR. Activation of BTK by a variety of receptors, such as
BCR and FcyRs, results in proliferation, differentiation and survival of B
cells and in maturation, recruitment and activation of neutrophils,
monocytes and dendritic cells [12,13]. BTK has become a target for
anti-B cell leukemia therapies in that it is essential for activation of
several pathways involved in CLL cells survival, including AKT, ERK

Abbreviations: CLL, chronic lymphocytic leukemia; BTK, Bruton's tyrosine kinase; NE, neutrophils elastase; MPO, myeloperoxidase; LF, lactoferrin; HC, healthy
controls; MFI, mean fluorescence intensity; ROS, reactive oxygen species; IL-8, interleukin-8; TNF-a, tumor necrosis factor
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and NF-kB pathways [14,15]. Given the broad effects of BCR-associated
kinases in many tissues, studies using BTK inhibitors need to consider
their effects in a rather wide spectrum of tissues and cells, instead of
focusing on B cells only [16].

Ibrutinib (PCI-32765) is an orally bioavailable enzyme inhibitor
able to irreversibly bind BTK and to suppress numerous pathways in-
volved in tumor progression [17-21].

The infection risks associated to BTK inhibition remained poorly
defined. Several reports described opportunistic infections in patients
under ibrutinib [22], suggesting possible alterations of the innate im-
munity [23,24]. Our study analyzed in vivo the early and the late effects
of ibrutinib-based therapy on neutrophils functions in relapsed/re-
fractory and in naive CLL patients. We showed a marked reduction of
neutrophils killing functions mediated by FcyRs in the early phases of
treatment and the recovery of these functions after a long-lasting period
of treatment.

2. Material and methods
2.1. Patients and healthy controls

Ten CLL patients (6 males and 4 females; age range of 71-82 years;
mean age: 74 = 4.9 years) and twelve healthy controls (HC) (7 males
and 5 females; age range 26-65 years; mean age 41.6 + 13.4 years)
were included in the study. CLL diagnosis was made according to in-
ternational criteria [25]. Patients with CLL were classified according to
the Binet staging system [26,27]. In all CLL patients ibrutinib therapy
was administered at the standard dose of 420 mg/daily [28]. No pa-
tients were on antibiotic at the time of the present study and in the
previous three months. All but one patient (indicated as naive) were
previously treated with other anti-leukemic agents (Supplementary
Table 1). Patients included in this study were treated with ibrutinib
within the Named Patient Program between April 2014 and January
2015. Before the start of ibrutinib therapy, all but one patients (9/10)
were previously treated with a median number of three treatments
(range 1-6). The median time from last chemo-immunotherapy was six
months (range 1-72).

During the first 4-6 weeks of therapy with ibrutinib, all but two
patients were on low dose steroids. The reasons for steroid treatment
were thrombocytopenia in four patients, Chronic Obstructive
Pulmonary Disease (COPD) in two patients and ulcerative colitis in one
patient (Supplementary Table 1).

Laboratory informations are provided in Supplementary Table 2.
The study was approved by the Ethics Committee of the Sapienza
University of Rome and performed in accordance with the Declaration
of Helsinki. All participants gave written informed consent prior to
inclusion.

2.2. Blood samples preparation

Heparinized whole blood samples were collected from twelve HC
and ten CLL patients the day before the starting of ibrutinib therapy and
during ibrutinib therapy at time points: after forty-eight hours, three
weeks and forty months after the initiation of therapy. Total peripheral
blood neutrophils count were determined from blood cell counts and
white blood cell differentials. For evaluating circulating cells by flow
cytometry without the harm of cell loss related to the density gradient
centrifugation procedure, peripheral red blood cells were lysed using
lysing buffer (Becton Dickinson Biosciences, Franklin Lakes, NJ).

2.3. Neutrophils oxidative burst

The leukocyte oxidative burst was analyzed by using the PHAGO-
BURST assay (Glycotope Biotechnology, Heidelberg, Germany), ac-
cording to the manufacturers instructions. In addition, we also per-
formed the oxidative burst by using non-opsonized Escherichia coli (E.
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coli) as control, in order to exclude FcyRs-independent phagocytosis.
The oxidation leads to fluorescence detected by flow cytometry.

2.4. Neutrophils elastase, myeloperoxidase and lactoferrin assays

The NE was quantified by Human neutrophils Elastase Platinum
ELISA kit (Affymetrix eBioscience, Cambridge, England), the MPO was
quantified by Human Myeloperoxidase ELISA kit (Cohesion
Biosciences, London, United Kingdom) and the LF was quantified by
Human Lactoferrin ELISA kit (Immunology Consultants Laboratory, Inc,
Portland, Oregon) on plasma collected from unstimulated and stimu-
lated blood samples diluted and tested in duplicates according to the
manufacturers instructions. Concentrations were expressed as ng/ml.

2.5. IL-8 and TNF-a plasma assays

IL-8 and TNF-a were measured by using a commercially available
ELISA kits (4A Biotech Co, Beijing, China) on plasma samples collected
from unstimulated and stimulated blood samples according to the
manufacturers' instructions. Concentrations were expressed as pg/ml.

2.6. Neutrophils stimulation by Escherichia coli

One hundred pl of whole blood were added to 20 pl of pre-cooled
opsonized whole E. coli at a concentration of 1-2 x 10°/ml in order to
avoid artifacts due to isolation procedure. Samples were incubated in
water bath for 20 min at 37 °C.

2.7. Analysis of CD11b expression

The expression of CD11b was evaluated on neutrophils from ery-
throcytes-lysed whole blood samples, performing a staining at 4 °C for
30 min. Samples were washed, suspended in ice cold PBS and analyzed
by a 4-color flow cytometry single platform. Neutrophils were identi-
fied by forward scatter (FSC) and side scatter (SSC) characteristics after
gating on CD15 positive events. In parallel, an isotype control (IgGq,
BD) was acquired to exclude autofluorescence background. Results
were expressed as geometric Mean Fluorescence Intensity (MFI) within
the defined population.

2.8. Flow cytometry analysis

Flow cytometric analysis was done with a FACSCalibur instrument
(Becton Dickinson Biosciences) using CellQuest (Becton Dickinson
Biosciences) and FlowJo (TreeStar, Ashland, Ore) software. The cyt-
ometer stability and sensitivity were checked before each acquisition
session by using microbeads designed to control the efficiency, the
coefficient of variation of scatter and fluorescence signals and the time
delay calibration (Nile Red Fluorescent particles and Calibrate APC
Beads, all from Becton Dickinson Biosciences). 30.000 events were
counted per sample.

2.9. Statistical analysis

All data are showed as mean value * standard deviation (SD). Data
were analyzed using the Mann-Whitney U test for unpaired two groups
or by paired Wilcoxon test. Correlations were calculated by means of
linear regression analysis. Data were analyzed with StatView 5.0.1
software (SAS Institute, Cary, NC). A p value equal or less than 0.05 was
considered as statistically significant.
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3.1. Ibrutinib inhibits neutrophils oxidative burst in the early phases of
treatment

During phagocytosis and in response to soluble agonists, neutrophils
generate reactive oxygen species (ROS). This functional response,
termed oxidative burst, contributes to host defense, but it can also re-
sult in collateral damage of host tissues. Since in vitro studies showed
that ibrutinib altered the functions of innate immune cells in CLL [29],
we analyzed blood samples stimulated in vitro with E. coli from CLL
patients who received in vivo the first treatment with ibrutinib in order
to investigate the effects on neutrophils functions.

Before ibrutinib CLL patients showed a similar E. coli-induced oxi-
dative burst compared to HC (p = 0.4). Ibrutinib administration in-
duced a significantly decrease (p = 0.01) of oxidative burst already
after forty-eight hours of treatment. Moreover, after three weeks, the
oxidative burst remained low, indicating a peristent inhibitory effect
during the early phases of treatment (Fig. 1, Supplementary Table 3).
We confirmed this finding also in newly diagnosed untreated CLL pa-
tient (naive-CLL) who received ibrutinib as a first-line treatment.

3.2. Ibrutinib therapy impaired FcyRs-mediated neutrophils degranulation

Activated neutrophils secrete granules containing a number of
serine proteases including (NE), (MPO) and (LF). NE and MPO are
stored in primary granules and released during degranulation, exerting
an anti-bacterial activity but also collateral damage to host tissue
[30,31]. Also LF, stored in secondary granules, exerts antimicrobial,
anti-inflammatory and immunomodulatory activities on innate and
acquired immune system and anti-carcinogenic activity able to mod-
ulate cytokines production [32].

We evaluated the NE, MPO and LF plasma concentration in CLL
patients treated with ibrutinib over time. In unstimulated conditions,
before ibrutinib administration CLL patients showed a reduced NE
(p = 0.003), MPO (p = 0.01) and LF (p = 0.01) plasma levels compared

enrolled HC were younger than patients. Forty-eight hours after the first
dose of ibrutinib, NE, MPO and LF plasma levels were still low, while
three weeks later MPO (p = 0.02) and LF (p = 0.02) plasma levels
slightly increased (Fig. 2C-F).

In order to estimate the efficiency of FcyRs activation during ibru-
tinib therapy, we evaluated the release of these proteinases after in vitro
stimulation with opsonized E. coli. In stimulated conditions, before
ibrutinib administration NE plasma levels were similar in CLL and HC,
while MPO levels were lower in CLL (p = 0.04). Forty-eight hours after
the first dose of ibrutinib, in stimulated conditions we observed a sig-
nificant decrease of NE (p = 0.01) and MPO (p = 0.04) plasma levels.
After three weeks of ibrutinib therapy in stimulated conditions, NE
(p = 0.01) and MPO (p = 0.04) plasma levels returned to those ob-
served before treatment (Fig. 2A-D), suggesting a transient inhibition of
FcyRs-mediated neutrophils degranulation. In stimulated conditions, LF
plasma levels remained unchanged at each time point analyzed
(Fig. 2E-F). All data are reported in Supplementary Table 3. A similar
trend of NE, MPO and LF released in unstimulated and E. coli stimulated
conditions was also found in the naive CLL patient treated with ibru-
tinib as first-line agent.

3.3. Ibrutinib therapy altered IL-8 plasma levels following E. coli stimulation
but not affect TNF-a plasma levels

IL-8 promotes neutrophils recruitment, degranulation and killing
activity [33]. IL-8 plasma levels of CLL patients in unstimulated con-
ditions remained unchanged at each time point analyzed. After forty-
eight hours from the beginning of therapy, IL-8 levels decreased on
plasma stimulated (p = 0.02), while after three weeks it returned to the
levels observed before ibrutinib treatment (p = 0.03). Ibrutinib reduced
IL-8 plasma levels after E. coli stimulation similarly to that observed for
NE and MPO (Fig. 3A-B).

Also TNF-a triggers several neutrophils functions, including oxida-
tive burst [34]. We found a similar TNF-a plasma levels in CLL and HC
at each time points analyzed (Fig. 3C). Although we found a dramatic
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Fig. 2. Ibrutinib therapy affects primary and secondary
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collapse of oxidative burst after ibrutinib administration, this ob-
servation suggests the independence of oxidative burst reduction from
TNF-a. All data are reported in Supplementary Table 3.

3.4. Ibrutinib therapy did not affect neutrophils CD11b expression

Since CD11b is a neutrophils activation marker [35-37], the ana-
lysis of its expression provides information on the activation status of
neutrophils. To further analyze the early ibrutinib-mediated effects on
neutrophils, we analyzed the CD11b expression on unstimulated and

stimulated CD15™" cells. We found a similar CD11b expression in CLL
patients and HC for each time point analyzed, suggesting that ibrutinib
might not alter the expression of those receptor involved in neutrophils
activation (Fig. 4, Supplementary Table 3).

3.5. Late effects of ibrutinib therapy
We evaluated the long-lasting therapy effects in a group of six pa-

tients survived for more than three years from the beginning of therapy.
After forty months of ibrutinib treatment, NE, MPO, LF and IL-8 plasma
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Fig. 3. Ibrutinib therapy alters IL-8 plasma levels
following E. coli stimulation and it does not affect
TNF-a plasma levels. (A) IL-8 plasma concentration in
unstimulated conditions in CLL was similar to HC at
each time point. In E. coli stimulated samples, IL-8
plasma concentration was reduced forty-eight hours
after the beginning of therapy (*p = 0.02). IL-8 con-
centration increased after three weeks of treatment
(**p = 0.03). (B) The trend of IL-8 plasma levels in
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as p value.
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levels and CD11b expression in unstimulated conditions increased,
reached values similar to those found in HC. The effects of long-lasting
therapy on the FcyRs-mediated processes induced by opsonized E. coli
were more variable. Oxidative burst, LF and MPO increased reaching
values similar to those found in HC, while NE and IL-8 released re-
mained low. All data are reported in Supplementary Table 3. These
results suggest that in the long-term period the effects of BTK phar-
macologic inhibition on FcyRs-mediated processes were mostly re-
verted.

3.6. Correlations between neutrophils count and degranulation

Before treatment, NE, MPO and LF plasma levels and neutrophils
count were positively related (NE: R = 0.76, p = 0.018; MPO:
R = 0.72, p = 0.03). However, this correlation was lost after ibrutinib
administration, showing that the NE and MPO plasma concentrations
were not related to the neutrophils count, while LF levels remained
related the neutrophils count.

4. Discussion

Ibrutinib, a first-in-class inhibitor of BTK that binds covalently the
Cys-481 in the ATP-binding domain of the kinase, is effective in the
treatment of CLL [15]. BTK is expressed in B cell lineages and in
myeloid cells, such as monocytes and neutrophils where it is involved in
the FcyRs signaling [13]. Therefore, alterations in BTK functions could
lead to an impairment of innate immune cells functions, increasing the
infectious risk [4]. Nevertheless, we have previously described a well-
preserved neutrophils killing ability in X-linked agammaglobulinemia
(XLA) [38], a primary immune deficiency caused by BTK mutations.
This observation suggested that the lack of BTK could be compensated
by the activation of redundant pathways following the FcyRs activation.
However, our results in relapsed/refractory CLL patients treated with
ibrutinib as single agent showed that the pharmacological inhibition of
BTK did not recapitulate the observations made in XLA [38]. Indeed, we
observed a dramatic reduction of neutrophils oxidative burst after the
first forty-eight hours of ibrutinib therapy. The oxidative burst re-
mained at low level up to three weeks of therapy indicating a persistent
inhibition. The same effect was observed also in a naive CLL patient,
confirming the inhibition of neutrophils functions. Our data are in line
with Stadler et al [39] that showed a reduced TREM-1-mediated oxi-
dative burst in patients with recurrent B-cell non-Hodgkin lymphomas
receiving ibrutinib. Differently from the lack of BTK in XLA, the im-
pairment of FcyRs-mediated processes induced by ibrutinib might be
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Fig. 5. Schematic representation of ibrutinib blockage on FcyRs signaling
pathway. Opsonized bacteria engage FcyRs and trigger their activation. BTK
activation induces an increase of intracellular calcium concentration leading to
oxidative burst, degranulation and cytokine production. Ibrutinib, by inhibiting
BTK, causes an impairment of cellular responses after FcyRs activation. SYK is
also directly involved in PLCy activation. The initial inhibitory effect exerted by
ibrutinib might be compensated over time by Btk-independent pathways that
restore neutrophil functions.

due to an initial inefficiency of BTK-independent pathways (Fig. 5). In
addition, since ibrutinib inhibits several other kinases, the off-target
effects on non-BTK Tec family proteins may alter the neutrophils
functions [40]. Consistently, it has been observed that acalabrutinib, a
more specific inhibitor of BTK, has a limited impact on FcyRs-mediated
processes [41], even if in the Ascendent trial presented at the 2019 EHA
meeting, infections were also reported in a relevant proportion of pa-
tients treated with acalabrutinib as a single agent.

The reduced phagocytosis-mediated ROS production observed in
our study is in line with Ferrarini et al [42] and Da Roit et al [43] that
demonstrated how ibrutinib reduced monocytes and neutrophils pha-
gocytosis. On the contrary, when the phagocytic step was avoided using
PMA (phorboll2-myristate 13-acetate), a potent NADPH oxidase in-
ducer that interact directly with protein kinase C (PKC), the inhibition
was no longer evident [42].

Similarly to the oxidative burst, the release of NE and MPO induced
by opsonized E. coli appeared reduced after forty-eight hours of
therapy, confirming that ibrutinib exerted a depressive effect on FcyRs-
mediated processes. Moreover, the amount of NE and MPO did not
correlate with neutrophil counts suggesting that all these effects were
not due to a reduction of neutrophil counts. Our results showed that
ibrutinib induced a rapid reduction of FcyRs-mediated IL-8 production,
a cytokine responsible of a series of physiological responses such as
migration, phagocytosis, increase of intracellular Ca*, degranulation
and ROS production [44,45]. ROS, in turn, increase IL-8 secretion
leading to a worsening of oxidative stress, therefore ibrutinib might
impaired this positive feedback. However, after three weeks of ibrutinib
therapy, the IL-8, NE and MPO release was restored suggesting an in-
creased efficiency of alternative pathways that bypass BTK inhibition
(Fig. 5). In order to verify the late influence of therapy on neutrophils
functions, we evaluated the ibrutinib effects in six CLL patients survived
for more than three years. Most FcyRs-mediated processes, as the oxi-
dative burst, MPO and LF degranulation were completely recovered.
Thus, it seems that patients could receive extended treatment with
minimal negative effects on innate immunity.

5. Conclusions

Taken together our data suggest that during the first phases of
treatment, the inhibition of BTK suppresses FcyRs-mediated neutrophils
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functions, potentially in a clinically relevant way. This neutrophils
impairment might represent an additional infectious risk in CLL pa-
tients receiving ibrutinib beyond the impairment of B-cell responses.
Anyway, during the late fases of treatment we observed an improve-
ment in neutrophils functions, suggesting a reduction of infectious risk.
Our results are consistent with the observation that infectious compli-
cations appear to occur more frequently during the early part of
treatment and decline over time during ibrutinib therapy [27,46,47].
Reasons for the decrease in infections morbidity over time are poten-
tially related to several factors and the improvement of neutrophilic
activity can be one of them.

Considering that ibrutinib is a potent inhibitor of key pathways in
neutrophils activities, further studies on a greater cohort of patients are
needed to determine the immunologic consequences of prolonged BTK
inhibition, since that a limitation of this study was the low number of
CLL patients recruited.
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