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The highly selective Bruton tyrosine kinase inhibitor

acalabrutinib leaves macrophage phagocytosis intact

Treatment of chronic lymphocytic leukemia (CLL), has
been transformed by the Bruton tyrosine kinase inhibitor
(BTKi) ibrutinib (IBR). Although BTKi treatment mobilizes
CLL cells from lymphoid organs into the circulation,
where they are highly susceptible to clearance by anti-
CD20 monoclonal antibodies (mAb),? randomized clinical
trials showed no advantage of adding the anti-CD20 mAb
rituximab to IBR for treatment of CLL.%® IBR inhibition of
antibody-dependent cellular phagocytosis (ADCP) by
splenic and liver macrophages, the principal mechanism
of action of anti-CD20 mAb,* might explain this result.
Macrophage ADCP requires immunoglobulin Fcy receptors
(FcR) binding to mAb-opsonized target cells. Because FcR
signaling may involve BTK,®* BTKi could prevent the thera-
peutic effects of anti-CD20 mAb. Indeed, studies have
found that IBR decreases ADCP in vitro.®” In contrast, the
highly selective BTKi acalabrutinib (ACALA) with fewer off-
targets than IBR ( ~5 vs. >20)%° does not significantly de-
crease in vitro ADCP..” We hypothesized that suppression
of ADCP by IBR is mediated by off-target inhibition unique
to IBR. (Figure 1A). ACALA also causes less lymphocytosis
than IBR,° leading to the hypothesis that IBR, but not
ACALA, inhibits phagocytosis of apoptotic cells (effer-
ocytosis)" by a more generalizable off-target effect on
phagocytosis. In order to test these hypotheses, we
measured human monocyte-derived macrophage (hMDM)
phagocytic engulfment and processing of CLL cell targets
in vitro."™

Human specimen collection and usage was conducted
with written informed consent after approval of the Uni-
versity of Rochester Research Subjects Review Board ac-
cording to the ethical guidelines of the Declaration of
Helsinki. We examined the effect of IBR or ACALA on
hMDM ADCP of anti-CD20 mAb opsonized CLL cells in real
time using live cell time-lapse video imaging that visual-
izes phagocytic engulfments as “voids” in Cell Tracker
Deep Red (CTDR, Thermo Fisher Scientific)-labeled hMDM
(Online Supplementary Figure S1).? Images of 10 ug/mL ri-
tuximab-mediated ADCP of CLL cells by CTDR-labeled
hMDM (20:1 CLL:hMDM ratio) with or without IBR or ACALA
were captured every 4 minutes (min) over 2.8 hours (h) in
18 replicate experiments. In order to enable detection of
off-target effects, the range of BTKi concentrations (serial
dilutions from 0.41-100 uM) was chosen to encompass and
span above the mean clinical peak free drug concentra-
tion (C__ is ~0.5 uM and ~1.2 uM for IBR and ACALA, re-
spectively™). Imaging showed a visually apparent
reduction in ADCP after 60 min with IBR but not ACALA
(Figure 1B). Further examples of ADCP time-lapse images

and videos of IBR or ACALA treatment with combined
CTDR and Phase channels or CTDR channel alone are
available in data sharing statement (Supplementary Figure
DST; Supplementary Videos DS5 to 8). ADCP engulfment
events were quantified by void index and graphically dis-
played as previously described.” Rituximab alone caused
the ADCP void index to rapidly increase and approach
maximum by 1 h, which is the initial engorgement phase
observed during ADCP kinetics (0 uM, Figure 1C; Online
Supplementary Figure S2A).° IBR exhibits a concentration-
dependent inhibition of ADCP from 0.41-100 uM during this
phase, while ACALA only inhibited at the highest 100 uM
concentration (Figure 1C; Online Supplementary Figure
S2A). In order to analyze this kinetic inhibition, ADCP was
summarized as area under the curve (AUC) in the first
hour of treatment. Serial dilutions of each drug compared
to untreated showed that IBR significantly inhibited ADCP
at all measured concentrations (0.41-100 uM, P<0.05; Fig-
ure 1D). In contrast, ACALA did not significantly inhibit
ADCP at concentrations <100 uM (P>0.05; Figure 1D).
Moreover, comparison of relative ACALA versus IBR in-
hibition as a ratio showed significantly higher inhibition by
IBR at all measured drug concentrations (0.41-100 uM,
P<0.01; Figure 1E), which may be slightly overestimated
due to an unexpected increase in ADCP at low ACALA con-
centrations (Figure 1C). These results confirm and extend
previous studies using indirect or semi-quantitative single
time point observations that suggest that IBR but not
ACALA inhibits ADCP.5™* Because ACALA is a more selec-
tive inhibitor of BTK, these data imply that BTK inhibition
is not responsible for the decreased ADCP measured in
hMDM treated with IBR. Inhibition of ADCP by IBR is likely
the result of IBR-specific off-target effects (Figure 1A).

In order to determine if IBR specific off-target effects
broadly alter phagocytosis, we studied the effect of IBR
and ACALA on hMDM efferocytosis, an antibody-indepen-
dent form of phagocytosis that does not involve BTK (Fig-
ure 1A)." Initial measurements of efferocytosis were done
by flow cytometry at a single time point. Treatment of
hMDM with IBR or ACALA at concentrations ranging from
1.25-10 uM showed no significant effect of either drug on
the percentage of hMDM efferocytosis (P>0.05; Figure 2A).
In order to determine if either drug had any effects on the
kinetics of efferocytosis, we used the live cell time-lapse
video imaging approach using pHrodo Red-labeled apop-
totic CLL cells as targets for phagocytosis by CTDR-la-
beled hMDM (20:1 CLL:hMDM ratio) either untreated or
with IBR or ACALA (2-fold serial dilutions from 10-1.25 uM).
Images of duplicate or triplicate wells for each drug con-
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Figure 1. Bruton tyrosine kinase inhibitor effects on phagocytosis and antibody-dependent cellular phagocytosis measurements.
(A) Schematic of ibrutinib (IBR) or acalabrutinib (ACALA) inhibition of phagocytosis (antibody-dependent cellular phagocytosis
[ADCP] or efferocytosis) shows ADCP (left) proceeding via target cell antigen (Ag) binding to antibody (Ab) with the Fc portion
binding to the Fc receptor (FCR) on the macrophage, resulting in FcR signaling via BTK and/or other molecules that may be off-
targets inhibited by IBR and/or ACALA. Efferocytosis (right) proceeds via phosphatidylserine (PS) exposure on apoptotic cell sur-
faces that are bound by macrophage PS receptors (PS R), resulting in signaling via potential off-target molecules. Both pathways
lead to common phagocytic machinery and subsequent phagolysosomal processing via potential off-target molecules. IBR off-
target inhibition affects FcR-mediated signaling and downstream phagolysosomal processing (gold rectangles). (B) Representative
time-lapse video images (~8% subsection of full field of view of the CTDR channel) of anti-CD20 mAb-mediated ADCP of chronic
lymphocytic leukemia (CLL) cells by human monocyte-derived macrophage (hMDM) visually show phagocytic engulfment voids
at 60 minutes (min) with 0.0, 1.2 and 33 uM of IBR (top) or ACALA (bottom), but with less voids at 33 uM IBR. Duplicate 0.0 uM
image (+ Voids) highlights voids with yellow spots. Scale bar =25 uM. Images of all drug concentrations are available in the data
sharing statement (Supplementary Figure DST). (C) Phagocytic engulfments were measured by phagocytic void index (means
(n=18) + standard error) every 4 min and plotted for IBR (left) and ACALA (right) at indicated drug concentrations for the first 1.0
h of ADCP. (D) ADCP measured by AUC of each void index curve (1.0 h) was calculated via the trapezoidal rule, log -transformed,
and modeled as a function of drug concentration, dose and their interaction. All hypothesis tests were performed at the 2-sided
0.05 level using SAS 9.4 (SAS Institute, Inc. Cary, NC, USA). Means and associated 95% confidence intervals (Cl) of mixed model-
based contrasts of each concentration with untreated (0 uM) shows relative ADCP (*P<0.05, **P<0.01, ***P<0.001). Dotted line
marks no change relative to 0 uM with values below indicating inhibition. (E) The difference between ACALA and IBR was assessed
by mixed model-based contrasts with means and associated 95% CI shown for each concentration (**P<0.01, ***P<0.001). Dotted
line marks drug equivalence with values above indicating more inhibition of ADCP by IBR than ACALA.

centration were collected every 4 min over 2.8 h in seven
replicate experiments. Efferocytosis was visible with no
apparent differences after drug treatment (2.5 uM or 10
uM, 60 min; Figure 2B). Further examples of efferocytosis
time-lapse images and videos with IBR or ACALA treat-
ment are available in data sharing information (Supple-
mentary Figure DS3; Supplementary Videos DS9, DSI0,
DS13 and DS74). Quantitation of engulfments by void index
indicate that IBR and ACALA did not alter engulfment kin-
etics across all drug concentrations (1.25-10 uM; Figure
2B; Online Supplementary Figure S2B). Quantitation by
AUC of the void index plot over the first 1 h showed no
significant difference between untreated and treatment
with any concentration of either drug (P>0.05; Figure 2D).
Because IBR or ACALA did not inhibit efferocytosis, these

data suggest that BTK and off-target molecules inhibited
by IBR are not involved in initial signaling mediated by the
receptors for apoptotic cells in efferocytosis or common
downstream phagocytosis pathway signaling (Figure 1A).
This lack of effect of IBR and ACALA on apoptotic cell
phagocytosis in vitro suggests that inhibition of effer-
ocytosis does not cause the greater lymphocytosis seen
clinically with IBR treatment," and provided an opportun-
ity to study the effects of IBR or ACALA on downstream
phagolysosomal processing.

Phagosomes with internalized cargo transition to acidi-
fied phagolysosomes for processing.” The kinetics of this
process can be measured by target cells labeled with
pH-sensitive dyes, such as pHrodo Red, which increase
in intensity with decreasing pH."? Efferocytosis by hMDM
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Figure 2. BTK inhibitors have little effect on efferocytosis. (A) Percent human monocyte-derived macrophage (hMDM) that en-
gulfed eFluor670+ apoptotic chronic lymphocytic leukemia (CLL) cells after treatment with 0-10 uM drug is shown after 1 hour
(h) by flow cytometry with no significant change for ibrutinib (IBR) or acalabrutinib (ACALA) (mean [n=4] + standard error). Cyto-
cholasin D (CytoD) prevents phagocytosis and serves as a control. (B) Representative time-lapse video images (~8% subsection
of full field of view of the CTDR channel) of efferocytosis show no visual decrease in phagocytic engulfment voids following
treatment (0.0, 2.5, 10 uM) with IBR (top) or ACALA (bottom). Duplicate 0.0 uM image (+ Voids) highlights voids with yellow spots.
Scale bar =25 uM. Images of all drug concentrations are available in data sharing statement (Supplementary Figure DS3). (C) Ef-
ferocytosis phagocytic engulfments were measured by phagocytic void index (means [n=7] + standard error) every 4 minutes
(min) and plotted for IBR (left) and ACALA (right) at indicated drug concentrations for the first 1.0 h of efferocytosis. (D) Effer-
ocytosis, as measured by the area under the curve (AUC) of the 1t h of each void index curve, was calculated and modeled as in
Figure 1D. Means and associated 95% confidence intervals (CI) of mixed model-based contrasts of each concentration with un-
treated are shown. Dotted line indicates no change relative to O uM. There was insufficient evidence of any difference from un-

treated (P>0.05).

of pHrodo Red-labeled apoptotic CLL cells produces a
readily visualized increase in dye intensity after 2 h that
colocalizes with phagocytic voids (Figure 3A). Effects of
IBR or ACALA drug treatment on this change in dye in-
tensity were not easily visualized on inspection as illus-
trated in representative 2.5 uM and 10 uM images (Figure
3A). Further examples of IBR or ACALA treated phagoly-
sosomal processing time-lapse images and videos are
available in the data sharing statement (Supplementary
Figure DS4; Supplementary Videos DS11, DS12, DS15 and
DS16). In order to quantitate pHrodo Red dye intensity
levels normalized to macrophage number, the dye inten-
sity index was calculated and plotted over time (Figure
3B; Online Supplementary Figure S2C).*" The kinetics of
the dye intensity index demonstrated the expected delay
relative to the void index (Figure 2C; Online Supplemen-

tary Figure S2B), because phagolysosomal processing oc-
curs after phagocytic engulfments.”? Higher concentra-
tions of IBR but not ACALA exhibited a decrease in the
dye index relative to untreated (Figure 3B; Online Sup-
plementary Figure S2C). For phagolysosomal processing,
the AUC was calculated for 2 h and the drug concentra-
tion curves were analyzed. Compared to untreated, there
was a progressive decrease in phagolysosomal process-
ing with increasing IBR but not ACALA concentrations,
which was significant at 10 uM (P=0.008; Figure 3C).
When comparing the effects of ACALA versus IBR, there
was a progressive increase in this ratio with increased
drug concentration that was significant at 10 uM
(P=0.0002; Figure 3D). Since ACALA had no effect on
phagolysosomal processing, these results suggest that
BTK signaling is not essential for this process and that
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Figure 3. Phagolysosomal processing is inhibited by ibrutinib, but not by acalabrutinib. Live cell time-lapse video imaging of ef-
ferocytosis was collected as in Figure 2. (A) In order to illustrate the appearance of pHrodo Red dye intensity, time-lapse video
images of the combined Cell Tracker Deep Red (CTDR) and pHrodo Red channels (CTDR + pHrodo) or pHrodo Red channel alone
(pHrodo) from the representative well and drug concentrations in Figure 2 are shown for untreated (0 and 120 minutes [min])
and ibrutinib (IBR) (left) or acalabrutinib (ACALA) (right) treatment (120 min). Scale bar =25 uM. Images of all drug concentrations
are available in data sharing statement (Supplementary Figure DS4). (B) Live cell time-lapse high-content microscopy imaging
collected from experiments shown in Figure 2 was measured by dye intensity index to assess phagolysosomal processing. Ef-
ferocytosis dye intensity index time course over 2.0 hours is shown for IBR (left) and ACALA (right) with drug concentrations in-
dicated. The mean of 6 experiments for each time-point measured in duplicate or triplicate is shown with positive standard
error bars. (C) Phagolysosomal processing during efferocytosis as measured by area under the curve (AUC) of the first 2 hours of
each dye intensity curve, was modeled as a function of drug concentration, dose and their interaction. Means and associated
95% confidence intervals (Cl) of mixed model-based contrasts of each concentration with untreated are shown. Dotted line in-
dicates no change relative to 0 uM. Significant difference from untreated was only observed at 10 uM IBR concentration (**P<0.01).
(D) Mixed model-based contrasts were built to assess the difference between drugs at every concentration. Means and associated
95% ClI are shown. Dotted line indicates drug equivalence. Values above dotted line indicate more inhibition of efferocytosis by
ibrutinib than acalabrutinib. Significant difference between drugs was only seen at 10 uM drug concentration (***P<0.001).

IBR effects are mediated by off-target inhibition (Figure
1A). IBR obstruction of phagolysosomal processing could
result in delay of upstream phagocytosis. Future studies
will be needed to study IBR-inhibited off-target(s) in
phagocytosis.
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