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Dasatinib-induced spleen contraction leads to transient
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m The tyrosine kinase inhibitor dasatinib is approved for Philadelphia chromosome-positive

. leukemia, including chronic myeloid leukemia (CML). Although effective and well tolerated,
* By Pr°m°t'”9_ stromal patients typically exhibit a transient lymphocytosis after dasatinib uptake. To date, the
ol cpr.ﬂractlllty, underlying physiological process linking dasatinib to lymphocytosis remains unknown.
dasatinib leads to a . . o
T Here, we used a small rodent model to examine the mechanism of dasatinib-induced
lymphocytes from the lymphocytosis, fo?us%ng on lymphocyte trafﬁckl.ng into and out of secondary lymphc.nd
spleen. organs. Our data indicate that lymphocyte homing to lymph nodes and spleen remained
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. unaffected by dasatinib treatment. In contrast, dasatinib promoted lymphocyte egress from
* Dasatinib-induced

spleen resizing and
lymphocyte
mobilization open new
possibilities for clinical
applications.

spleen with kinetics consistent with the observed lymphocytosis. Unexpectedly, dasatinib-
induced lymphocyte egress occurred independently of canonical sphingosine-1-phosphate—
mediated egress signals; instead, dasatinib treatment led to a decrease in spleen size,
concomitant with increased splenic stromal cell contractility, as measured by myosin light
chain phosphorylation. Accordingly, dasatinib-induced lymphocytosis was partially
reversed by pharmacological inhibition of the contraction-promoting factor Rho-rho
associated kinase. Finally, we uncovered a decrease in spleen size in patients with CML who
showed lymphocytosis immediately after dasatinib treatment, and this reduction was
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proportional to the magnitude of lymphocytosis and dasatinib plasma levels. In summary,
our work provides evidence that dasatinib-induced lymphocytosis is a consequence of drug-
induced contractility of splenic stromal cells.

Introduction
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Chronic myeloid leukemia (CML) is characterized by the t(9;22) translocation, which results in the
generation of the Philadelphia chromosome (Ph*) that encodes the oncogenic fusion protein
BCR-ABL1. Dasatinib (BMS-354825, Bristol Myers Squibb) is a dual BCR-ABL/SRC inhibitor
approved as the first-line treatment for adults and children with Ph* CML and for patients with Ph*
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acute lymphoblastic leukemia (ALL) in combination with chemo-
therapy.' Dasatinib is also being used as maintenance therapy
after hematopoietic stem cell transplantation for patients with
high-risk Ph* ALL.°> Moreover, the future immunotherapeutic strat-
egy of Ph™ ALL foresees the use of dasatinib in combination with
monoclonal antibodies such as blinatumomab.®” Among many off-
targets beyond the BCR-ABL core network, dasatinib inhibits the
activities of the platelet-derived growth factor receptor (PDGFR),
EphA2, c-KIT, and kinases involved in cytoskeleton and chromatin
remodeling and in lymphocyte activation.® Because of its broad
spectrum, the therapeutic potential of dasatinib alone or in com-
bination with other drugs is an exciting field of research. Proposed
therapeutic uses of dasatinib include the treatment of solid
tumors®'® and T-cell lymphomas associated with the deregulation
of T-cell receptor downstream pathways, that is, angioimmuno-
blastic T-cell lymphoma.'® Importantly, dasatinib seems to enhance
the antitumor activity of chimeric antigen receptor (CAR) T cells by
inhibiting their exhaustion driven by sustained tonic signaling."”
Recent publications proposed the use of dasatinib to control the
activity and secondary effects associated with bispecific antibodies
and CAR T cells,'®?° in particular the life-threatening cytokine
release syndrome. Indeed, a clinical trial is exploring the safety of
combining CAR T-cell immunotherapy with dasatinib for B-cell
malignancies (#NCT04603872).

Given its widening spectrum of applications in hematopoietic
malignancies, it is of clinical relevance to fully characterize the
impact of dasatinib treatment on the immune system of patients. In
that respect, 1 of the most striking side effects of dasatinib in
patients with CML or ALL (as well as healthy individuals) is an
absolute leukocytosis, including a rapid rise in the number of
circulating lymphocytes. This lymphocytosis peaks within the first
1 to 2 hours after oral drug intake and resolves spontaneously
~4 hours later, mirroring the short plasma half-life of dasatinib (4-6
hours).?" In a previous study, we confirmed that dasatinib-induced
lymphocytosis was already present in most patients with CML after
the first intake of dasatinib; lymphocytosis majorly comprised of an
increased proportion of effector T cells and memory B cells, in
addition to monocytes and other lymphocyte subsets, such as
natural killer (NK) cells.”” Lymphocytosis positively correlates with
the response to treatment,”®** perhaps by promoting or restoring
the function of leukemia-specific cytotoxic cells.”® These observa-
tions raise the possibility of using dasatinib as a mobilizing and
enhancer agent to treat other diseases, such as viral infections,
including HIV-1 infection.?® Yet, to date, the physiological process
underlying dasatinib-induced lymphocytosis remains unclear.

The number of circulating lymphocytes is determined by the bal-
ance of (1) lymphocyte production in primary lymphoid organs; (2)
their homing to secondary lymphoid organs (SLOs), such as spleen
and lymph nodes (LNs), and, to a lesser extent, nonlymphoid
organs; (3) their egress from these organs back to the blood; and
(4) lymphocyte apoptosis. Given the rapid onset of lymphocytosis
after dasatinib treatment, an effect on either lymphocyte homing
and/or egress represents the most likely scenario. Homing into and
egress out of SLOs are mediated by specialized chemokine and
adhesion receptor molecules: CD62L, CCR?7 (for T and B cells),
CXCR4 and CXCRS5 (for B cells), and LFA-1/VLA-4 integrins are
key mediators of lymphocyte trafficking to LNs and spleen, whereas
the sphingosine-1-phosphate receptor 1 (S1PR1) mediates
lymphocyte egress from those organs. It is also conceivable that
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dasatinib causes lymphocytosis in an indirect manner, for example, by
affecting the stromal compartment of SLOs, which is composed of
distinct subsets of CD45™~ stromal cells including CD31* podoplanin
(PDPN)-negative blood endothelial cells (BECs), CD31~ PDPN*
fibroblastic reticular cells (FRCs), and CD31* PDPN* lymphatic
endothelial cells (LECs; in LNs). In this context, a characteristic feature
of FRCs and other lymphoid stromal cells is their ability to contract
and expand, which enables them to rapidly adapt lymphoid organ size
during infections.>”*® A central module of the cellular rheostat that
regulates cellular contractility is the Rho-Rho-associated kinase
(ROCK)-myosin light chain (MLC) axis. Upon activation of this
cascade, MLC becomes phosphorylated to form pMLC, which results
in increased contractility of the actomyosin cytoskeleton by activating
nonmuscle myosin lIA.%° Whereas these aforementioned publications
have focused mostly on LNs, little is known about the behavior of
stromal cells from the spleen during infections.

Here, we used a mouse model of dasatinib-induced lymphocytosis
in combination with adoptive transfer of congenic reporter lym-
phocytes to examine the impact of drug treatment on homing into
versus egress out of SLOs. Our data suggest that dasatinib does
not affect the homing of lymphocytes to the spleen and LNs. In
contrast, dasatinib treatment led to an S1PR1-independent
lymphocyte egress from the spleen. This was accompanied by a
decrease in spleen but not LN size and an increase in the splenic
stromal cell contractility, as measured by elevated pMLC levels in
various stromal cell subsets. Accordingly, dasatinib-induced
lymphocytosis was partially reversed by inhibition of the
contraction-promoting factor ROCK. Finally, we confirmed a
reduction in spleen size after dasatinib treatment in patients with
CML. In summary, our work provides insight into the mechanism
underlying dasatinib-induced lymphocytosis, which further allows
the mapping of the immunomodulatory effects caused by this drug.

Methods

Protocols for cell isolation and transfer and cell culture conditions
as well as other general reagents used throughout the experiments
are specified in supplemental Methods.

Mice

Male and female C57BL/6J mice, between 6 and 20 weeks old,
from an in-house—bred colony or purchased from Janvier
(AD Horst) were used in this study. CX3CR1 transgenic mice with
green fluorescent protein (CX3CR19%*) have been described
previously.?° All animals were maintained either at the University of
Bern or the University of Fribourg (Switzerland). All animal work
was approved by the Cantonal Committees for Animal Experi-
mentation and conducted in accordance with federal guidelines.

Flow cytometry

Acquisition of the samples was performed using a BD FACSCanto
Il or a BD FACSLyric flow cytometry system, and data were
analyzed using either FlowJo or Infinicyt software (version 2.0;
Cytognos SL). The list of monoclonal antibodies and the gating
strategies are specified in supplemental Methods.

Flow chamber assays

Murine T cells were pretreated with 100 nM dasatinib or dimethyl
sulfoxide (DMSO) for 2 hours at 37°C and allowed to migrate in a
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customized flow chamber (kind gift from Ruth Lyck) coated
with rmlICAM-1/Fc (7.7 pg/mL, R&D Systems) and 2 uM CCL21
under shear flow conditions, as previously described.>' T-cell
migration was recorded using an EC Plan Neofluar x10/NA0.3
objective coupled with a monochrome Charged Coupled Device
(CCD) camera (AxioCam MRm Rev, Carl Zeiss). Time-lapse videos
were recorded, 1 frame every 12 seconds (AxioVision, Carl Zeiss).
Analysis was performed using Imaris software (Bitplane). The track
speed is the average cellular velocity between the start and end of
a track of a given cell.

Confocal microscopy

FRCs and spleens were imaged using a 4-laser (405 nm, 488 nm,
568 nm, and 647 nm) Leica SP5 spectral confocal scanning
microscope fitted with a HyD detector (Leica Biosystems) and a
PlanApo N 63x/1.40 NA oil microscope objective. Images were
acquired with the LAS AF software (Leica) and analyzed using
FUI (National Institutes of Health). The detailed protocols are
described in supplemental Methods.

Human samples

Fourteen patients with CML in current deep molecular response
who were undergoing long-term treatment with dasatinib (median,
5.3 years) were recruited for this study, which was approved by the
ethics committee of La Princesa University Hospital (register
number 4294) in 2021. Informed consent was obtained from each
participant. An echograph and a blood test were performed before
and ~60 to 90 minutes after (median, 85 minutes) dasatinib intake.
The examination was done using an Aplio ultrawideband convex
transducer ultrasound (Canon; Tochigi, Japan). Preintake and
postintake matching ultrasounds were performed by the same
radiologist. Most patients were invited to participate a second time,
to confirm results, and the first and second ultrasounds were
performed by different radiologists, who remained blinded to the
predicted outcome. The prolate ellipsoid formula was used to
calculate the spleen volume (volume = length x width X thick-
ness x 0.52). A hemogram and immunophenotype test were per-
formed with EDTA-anticoagulated blood samples. Plasma from
these patients were frozen and used for later dasatinib level
determinations with a fully validated high-performance liquid chro-
matography triple quadrupole mass spectrometry method.>”

Statistical analysis

Variables were described based on their mean and standard
deviation. Normality was tested with a D'Agostino-Pearson test.
Analyses were performed using GraphPad Prism software. For
each experiment, the test is specified in the corresponding figure
legend. P < 0.05 was considered statistically significant.

Results

Dasatinib induces lymphocytosis without affecting
lymphocyte homing

To establish a model for dasatinib-induced leukocytosis, we treated
C57BL/6 mice with dasatinib (50 mg/kg) and determined blood
leukocyte counts 2 hours later using flow cytometry (Figure 1A).
Dasatinib treatment caused an increase in total circulating leuko-
cytes, particularly in CD4"/CD8* T cells and B220" B cells
(Figure 1B). We also observed a nonsignificant trend in augmented
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circulating neutrophils, monocytes, and NK cell numbers, in line
with previous observations.”

In specific-pathogen-free (SPF) facility—housed C57BL/6 mice, most
circulating lymphocytes display a naive (CD62L* CCR7* CD44"%)
phenotype and use the lymph and blood circulation systems to traffic
between distinct SLOs.>** We hypothesized that dasatinib-treated
lymphocytosis might stem from either an impaired trafficking of
blood-borne lymphocytes to SLOs, leading to their accumulation in
blood, and/or an increased egress from SLOs. We therefore
addressed the impact of dasatinib on lymphocyte homing. Ex vivo
dasatinib treatment did not alter the expression of the chemokine
receptors CCR7, CXCR4, and CXCRS5, which bind lymphoid tissue—
expressed chemokines, in B cells (supplemental Figure 1A) or T cells
(data not shown). Furthermore, dasatinib exposure had no effect on
the expression of the adhesion molecule CD62L required for initial
attachment to high endothelial venules (HEVs) of LNs (supplemental
Figure 1A) and did not induce lymphocyte apoptosis at the concen-
trations used (supplemental Figure 1B).

After CD62L-mediated rolling, lymphocytes crawl on CCL21- and
ICAM-1-presenting HEVs under shear forces exerted by the blood
flow before transmigrating into the LN parenchyme.®* To address
whether dasatinib can impair this process, we took advantage of a
reductionist flow chamber model, in which naive T cells migrate on
an ICAM-1- and CCL21-coated surface under physiological shear
flow conditions, resembling their interactions with HEVs. Quantifi-
cation of their dynamic behavior failed to uncover significant differ-
ences between control and dasatinib-treated T lymphocytes during
shear-induced detachment or on crawling frequency and speed,
under these conditions (Figure 1C; supplemental Video 1).

To address the impact of dasatinib on in vivo lymphocyte homing,
we treated fluorescently labeled T and B cells isolated from SLOs
of C57BL/6 donor mice with DMSO or dasatinib for 2 hours before
adoptive transfer. To control for a potential rapid reversal of
dasatinib owing to its washing out after the transfer, we used
control as well as 5 or 50 mg/kg dasatinib-treated C57BL/6 mice
as recipients. Furthermore, we limited the homing window to
20 minutes after injection before isolating SLOs for flow cytometry
analysis of transferred populations (Figure 1D). Similar ratios of
DMSO and dasatinib-treated lymphocytes were recovered in
peripheral and mesenteric LNs as well as in the spleen and blood
of both types of recipients: those treated with the control and those
with dasatinib (Figure 1E). Taken together, our data suggest that
dasatinib causes lymphocytosis in a mouse model without impair-
ing the homing capacity of lymphocytes.

Dasatinib promotes rapid lymphocyte egress from
spleen

We examined whether dasatinib-induced lymphocytosis was linked
to lymphocyte egress from SLOs. Given the natural variations in
SLO cell numbers in individual mice, we adoptively transferred
equal numbers of fluorescently labeled reporter-lymphocyte pop-
ulations into untreated C57BL/6 recipient mice and allowed these
cells to seed the SLO network of their hosts for 24 to 48 hours,
when an equilibrium between homing and egress becomes
established. On the day of the experiment (day 0), the recipients
were treated with DMSO or dasatinib (50 mg/kg), or left untreated
(for reference), and numbers of total and adoptively transferred
CD4", CD8*, and B220™ cells in SLOs were determined at 2 and
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Figure 1. Dasatinib induces lymphocytosis without altering homing to SLOs. (A) Lymphocytosis assay in C57BL/6J mice. (B) Blood obtained 2 hours after the

administration of DMSO (vehicle) or 50 mg/kg dasatinib (Dasa) was immunophenotyped to quantify leukocyte subpopulations by flow cytometry; n = 5 mice per group from

2 independent experiments. Boxplots depict 25th and 75th percentiles and the median, and the whiskers show fifth and 95th percentiles. Analyzed by Kruskal-Wallis test and

Dunn multiple comparisons test. (C) Effect of dasatinib on adhesion and crawling of murine lymphocytes under shear flow. Detachment rate (percentage of detached cells after

5 minutes of high shear; mean + standard deviation) (left). Proportion of crawling and stationary cells (middle). Speed of crawling cells (right). n = 3; analyzed by Mann-Whitney

U test. (D) Experimental layout for in vivo homing assay. (E) Ratio of dasatinib-treated and control (DMSO-treated) lymphocytes recovered for each organ. Red lines indicate the

mean. A ratio of 1 indicates equal recovery. n = 3 independent experiments; analyzed by 1-sample t test. *P < .05; **P <.01; ***P < .001. CFSE, carboxyfluorescein diacetate

succinimidyl ester; mLN, mesenteric LN; pLN, peripheral LN.

6 hours after treatment (Figure 2A). In addition, we administered
anti-CD62L monoclonal antibodies to determine egress from LNs.
Our data uncovered that, as compared with recipients treated with
DMSO, dasatinib treatment induced a significant reduction of
reporter B-cell numbers in spleen as early as 2 hours after treat-
ment (Figure 2B-C). Similarly, a decrease in reporter CD4* and
CD8* T-cell numbers was observed (Figure 2B-C). A comparable
but slightly delayed trend for dasatinib-induced cell number
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decrease was observed for endogenous B- and T-cell populations
(Figure 2B-C). A parallel examination of dasatinib-treated periph-
eral LNs, which included brachial and inguinal LNs, revealed a
decline in reporter CD4*, CD8%, and B220* cell counts as
compared with DMSO-treated LNs, although this was less pro-
nounced for endogenous cells (not shown). Taken together, these
data suggest that dasatinib promotes the egress of lymphocytes
from spleen and, to a lesser extent, from LNs.
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d-ajo11B/S8OUBAPEPOO|q/38U sUOReolIqNdyse//:d)y Woly papeojumoq

-6.2600-220C-APE EPO0|Q/S6.950Z/8L¥T/ | LI LIP

20z aunf go uo 3sanb Aq ypd-urew:



\ Flow cytometry:
: 24-48h 20r6h solation of CFSE* and
/;ﬁ I SLO and blood - endogenous
. - Lymphocytes
+ anti-CD62L
+
CFSE +DMSO or
T and B cells + Dasa
B C
B220* CD4+ CcDhs* B220* CD4+ CcDhs8*
1004 — 10° 4 10° 4 . 150 - 150 A 150
] = S **
= . - =
& 105-;! - L@ Ze i 8 100 furmemunss LT[ E— 100 4----
o - 4 4 1=
; - 10 10 i = i j
. =
10 5 50 1um 50 - 50 -
[
()
108 —e 108 ————3 108 - — ——
Oh 2h 6h Oh 2h  6h Oh 2h  6h 2h 6h 2h 6h 2h 6h
1084 —— 107 4 107 4 = 150 1 150 A 150 -
o L —_= ‘g **
g - ] S 100 4-mmmmee 100 1par-oz-: 100-‘- -----
S 107 4= - L - ] S [ ]
2 - ‘ - 1 B & E
"y T - l g 50 50 A 50 -
=2
S
=
109 —  10° — 100l = e ——
Oh 2h 6h Oh 2h 6h Oh 2h 6h 2h 6h 2h 6h 2h 6h
Untreated [l DMSO M Dasa
Flow cytometry:
24-48h O/N 20r6h . +
) B Isolation of CFSE™ and
> ’ ‘ SLO and blood endogenous
s » . 2 Lymphocytes
CFSE* FTY720 + anti-CD62L
T and B cells + DMSO or
+ Dasa
E
B220* CD4+ CcD8* B220* CD4+ CD8*
150 A 150 A 150 4 = 150 A s 150 4 - 150 A
E * kkkk *% *kk * *k §
§ 100 4-qemmnnme 100 t-mmmmmmee 100 F-d-m-nmme S 100 4 k--mm- 1oo-i ----- 100-. -----
5 £
S ]
T 50 50 50 - S 50 i 50 - 50 -
& j =
S =2
0 B L — ol—— —
2h 6h 2h 6h 2h 6h 2h 6h 2h 6h 2h 6h

Figure 2. Dasatinib promotes lymphocyte egress from the spleen in a S1PR1-independent manner. (A) Experimental layout for egress assay. (B) Number of
CFSE™* or endogenous B and T cells recovered from spleens of mice untreated or treated for 2 or 6 hours with DMSO or 50 mg/kg dasatinib. (C) Percentage of CFSE™ or
endogenous cells recovered from spleens of dasatinib-treated mice normalized to DMSO-treated recipients (dotted line). n = 4 to 6 mice per group from 2 independent
experiments; analyzed by 1-sample t test. (D) Experimental layout for egress assay in the presence of the S1PR1 agonist FTY720 (2 mg/kg). (E) Percentage of CFSE* or
endogenous cells normalized to DMSO-treated mice (dotted line). n = 6 mice per group from 3 independent experiments; analyzed by 1-sample ¢ test. *P < .05; **P < .01;

***P < .001. Boxplots depict 25th and 75th percentiles and the median, and the whiskers show fifth and 95th percentiles. O/N, overnight.
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To examine whether dasatinib treatment could also trigger the
release of T cells from nonlymphoid tissues, we assessed whether
dasatinib administration altered the frequency of CX3CR1* CD8™*
T cells, which participate in the surveillance of nonlymphoid
tissue.’® To generate CX3CR1* CD8" T cells in sufficient
numbers for a quantitative analysis, we adoptively transferred
CX3CR19"*-expressing OT-l T cells into C57BL/6 recipients,
which were subsequently challenged with lymphocytic choriome-
ningitis virus—ovalbumin, a replication-competent, attenuated lym-
phocytic choriomeningitis virus strain.>® At >30 days after infection,
we treated recipients with DMSO or dasatinib (560 mg/kg) and
quantified the number of circulating CX3CR19™* CD8" T cells 2
hours later via flow cytometry analyses of blood samples. Dasatinib
treatment did not increase the number of CX3CR19%* CDg*
T cells as compared with control-treated recipients (supplemental
Figure 2). This observation suggests that a substantial proportion
of the dasatinib-induced increase in circulating lymphocytes is
indeed derived from spleen and potentially other SLOs, rather than
nonlymphoid organs.

Dasatinib-induced lymphocyte egress from spleen
occurs independently of S1P1 signaling

We analyzed the mechanism underlying lymphocyte egress in more
detail, focusing on the spleen as a major reservoir for lymphocytes.
Because physiological lymphocyte egress from the spleen to the
blood requires S1P,*” and given the many off-target effects of
dasatinib, we examined whether increased S1P responsiveness
might precipitate T- and B-cell egress from the spleen. To address
this point, we administered the functional S1PR1 antagonist
FTY720 to mice that had received a fluorescently labeled
lymphocyte reporter population. On the next day, we treated
recipient mice with dasatinib or DMSO as control and examined
reporter cell numbers as described earlier (Figure 2D). Although
FTY720 treatment led to lymphopenia, confirming its efficacy
(supplemental Figure 3), we again observed a decrease in
endogenous and reporter cell numbers in spleen after dasatinib
treatment (Figure 2E). These findings suggest that the mechanism
of dasatinib-induced lymphocytosis occurs independently of the
S1P-S1PR1 signaling axis.

Dasatinib causes a reduction in the spleen size

Given that the spleen is a dynamic organ, which can rapidly adapt
its size during inflammation or physical exercise,*® we determined
whether dasatinib treatment affected organ size for mechanically
driven lymphocyte egress. To mimic the daily uptake of medication
in patients, we assessed the impact of dasatinib on the spleen and
LN size after consecutive treatments. We treated C57BL/6 mice
for 1, 2, or 3 days with dasatinib or DMSO and examined SLO size
2 hours after drug administration on a given day (Figure 3A) before
processing them either for flow cytometry analysis of CD4", CD8™,
and B-cell numbers or for confocal microscopy. Already starting
with the first dose of dasatinib, spleens showed a trend toward

smaller sizes, and this trend became statistically significant after the
third dose (Figure 3B). Flow cytometry analysis helped confirm a
decrease in the number of endogenous cells accompanied by a
transient lymphocytosis after each individual treatment (Figure 3C).
In contrast, LN sizes were not altered by dasatinib treatment (not
shown), consistent with only mild changes in the number of
endogenous lymphocytes in LNs (Figure 3C). Similarly, kidney
sizes, as reference organ sizes, were unaffected by dasatinib
treatment (not shown). Despite the decrease in size, the overall
microenvironmental organization with clearly distinguishable B- and
T-cell zones remained intact in dasatinib-treated spleens
(Figure 3D). Taken together, these results suggest that dasatinib
causes a decrease in spleen size, which correlates with a redis-
tribution of lymphocytes to the circulation.

Dasatinib increases spleen stromal cell pMLC levels
in a ROCK-dependent manner

Dasatinib treatment leads to an increase in actomyosin contractility
in human endothelial cells,®® and SLO stromal cells can rapidly
regulate their contractility via a ROCK-pMLC pathway.?’ Given the
rapid onset of spleen size reduction, we hypothesized that dasati-
nib might alter the contractility of splenic stromal cells. To deter-
mine whether the rapid decrease in spleen size correlates with
altered actomyosin contractility, we used flow cytometry to assess
stromal pMLC levels in the spleen and LNs at 2 hours after DMSO
or dasatinib treatment (Figure 4A). In the CD45™ live singlet stro-
mal cell populations, we examined BECs, LECs, FRCs, CD31~
PDPN* CD157* MAACAM™ marginal reticular cells (MRCs), T-cell
zone reticular cells (TRCs) defined as CD31~ PDPN*™ CD157*
MAdCAM™ in LNs or CD31~ PDPN* VCAM-1* in the spleen,
and CD31~ PDPN* CD157~ MAdCAM™ medullary reticular cells
(MedRCs in LNs) (supplemental Figure 4). Furthermore,
we examined CD31~ PDPN~ VCAM-1* and VCAM-1~ spleen
stromal cell subsets, which may include both white and red pulp
fibroblasts. In all spleen stromal cell subsets, we observed a ten-
dency toward increased pMLC levels after dasatinib treatment,
which reached statistical significance for BECs and TRCs. In
contrast, LN stromal cells did not show increased pMLC levels
after dasatinib treatment as compared with after DMSO (control)
treatment (Figure 4B-C). Interestingly, LN MRC and TRC pop-
ulations showed higher baseline pMLC levels than their splenic
counterparts (Figure 4D).

Y27632 inhibits ROCK activity and has been experimentally used
to lower cell contractility in cultured FRCs.?” To examine whether
Y27632 also reduced dasatinib-induced increases in pMLC levels,
we used a murine FRC line and quantified their pMLC content via
confocal microscopy, after the addition of dasatinib and/or
Y27632. As predicted, Y27632 treatment resulted in cell
spreading, accompanied by strongly reduced pMLC signal. In the
presence of dasatinib, pMLC levels remained low in Y27632-
treated FRCs as compared with control-treated FRCs,

Figure 3 (continued) normalized to that of the control mice (dotted line). n = 4 to 6 mice per group from 2 independent experiments; analyzed by 1-sample t test. (D)

Representative confocal images from spleens of DMSO- or dasatinib-treated mice stained for B cells, T cells, or alpha-smooth muscle actin®™ (a-SMA¥) cells. The proportional area

with respect to the total surface of the section was quantified with FIJI (4',6-diamidino-2-phenylindole [DAPI] staining represents 100%). Data pooled from at least 2 sections per

mouse and a minimum of 3 mice per group. Scale bars represent 500 pm. Analyzed using analysis of variance followed by Tukey multiple comparison test. *P <.05; **P <.01;
*P <.05; **P <.001; ****P < .0001. Boxplots depict 25th and 75th percentiles and the median, and the whiskers show fifth and 95th percentiles.

2424 MARCOS-JIMENEZ et al

13 JUNE 2023 . VOLUME 7, NUMBER 11 @ blood advances

20z dunr g0 uo 1s8nb Aq Jpd-ulew-6/2600-2Z0Z-APE EPO0|Q/S6.9G02/8 1 1Z/L L/ L/1Pd-0[oie/saoueApepoo|q/ieu"suonealigndyse;/:dny wouy papeojumod



A gated on live singlet B
Ter119™ CD45" cells

" BEC FRC
é LN Spleen § LN Spleen
=3 =
£ 2
£ E E
S 2 B
= S g
2 g E
() S =
o = L B L i B B | L L B
o 10°10*10° 0 10°10* 10° o 10°10*10° o 10°10* 10°
pMLC pMLC
e e e
~10° 0 10° 10 10° —— DMSO —— Dasa
PERCP/Cy5.5-CD31
C LN Spleen D
25 4 2.5
* 20000 o
o 201 2.0 - *
£
S 15 154 ﬁ i = 15000
3 = HN
=] < 10000 l
AT 1111 BERUE = LS .
=
0.5 0.5 5000
0.0 4 0.0 4 0
000000 O 0 O s x BEC MRC TRC
EFEE «‘2;\ 5y FE &C’@Qv@\@‘
N L
X >
on S
Y27632 Y27632 + Dasa —

Phalloidin

200 A P
° o
150 4 &
100 +
50 4 r %
0 i I —
Il DMSO
M Dasa
Y27632
M Y27632 + Dasa

Flow cytometry:
2h CFSE" and

—_ > Isolation of
SLO and blood —>  endogenous

pMLC intenstiy/area

pMLC

Merge +DAPI

Lymphocytes
CFSE* + DMSO or
T and B cells + Dasa
+/- Y27632
H Spleen Blood

B220* cb4* cps* B220* Ccb4* cps*
= 200 200 200 104 = ow 10 . 104, .
- * E
S 150 150 150 = 8 8 8
=) i 3 6 6 6 M Dasa
= 100 -i ------- 100 -i" RN Nl 5\2 4 4 4 M Dasa + Y27
% 50 50 50 o 24T 5 Rl ¥ i 2 i
S o 0 0 0 0 0

Figure 4.

€ blood advances 13 June 2023 - voLuME 7, NUMBER 11 DASATINIB, SPLEEN CONTRACTION, AND LYMPHOCYTOSIS 2425

d-ajo11B/S8OUBAPEPOO|q/38U sUOReolIqNdyse//:d)y Woly papeojumoq

-6.2600-220C-APE EPO0|Q/S6.950Z/8L¥T/ | LI LIP

20z aunf go uo 3sanb Aq ypd-urew:



suggesting that dasatinib acts upstream of ROCK to induce
contraction (Figure 4E-F).

These data allowed us to examine whether Y27632 reversed the
dasatinib-induced egress of a reporter population from spleen
in vivo (Figure 4G). Indeed, coadministration of Y27632 reduced
lymphocyte egress from the spleen, resulting in a similar recovery of
reporter B and T cells from the spleen as that in recipients treated
with DMSO (Figure 4H). Similarly, Y27632 treatment partially
reverted dasatinib-induced lymphocytosis (Figure 4H). In summary,
our data support a model in which dasatinib treatment leads to
spleen contraction and release of lymphocytes into the blood,
which is partially reversed by blocking ROCK activity.

Dasatinib induces rapid reduction of spleen sizes in
patients with CML

To investigate whether the data obtained in our preclinical rodent
model were reproducible in a clinical setting, we recruited a
homogenous cohort of patients with CML (n = 14) in deep
molecular response on chronic treatment with dasatinib (median,
5.3 years) in order to measure their spleens by ultrasound, before
and after medication. The absence of splenomegaly at the time of
analysis minimized the possibility of incorrectly attributing the
decrease in spleen size within 1 hour after drug intake to a
reduction in tumor burden. Total white blood cell and lymphocytes
counts (including B cells, CD4 and CD8 T cells, and NK cells) were
significantly increased in posttreatment samples, and the increase
correlated with dasatinib concentration in plasma (Figure 5A;
supplemental Figure 5A). In contrast, no changes in hematocrit,
hemoglobin (Hb), or erythrocytes were observed (supplemental
Figure 5B). A parallel ultrasound analysis of spleen uncovered a
significant decrease of the 3 axis' (caudal, transverse, and ante-
roposterior) lengths after dasatinib treatment in most patients,
which translated into a highly significant decrease in the total vol-
ume (Figure 5B). Importantly, the fold change in lymphocyte counts
before and after dasatinib intake correlated with the percentage of
the spleen volume reduction observed (Figure 5C; supplemental
Figure 5C). Furthermore, we found a significant correlation
between the plasma concentration of dasatinib and the level of the
caudal axis (CA) reduction, which is the most robust readout by
ultrasound (Figure 5C). Nonetheless, dasatinib dosage did not
correlate with the percentage of volume or CA reduction, probably
reflecting interpatient variability due to dose-to-weight ratio,
because clinicians do not adjust the dose based on this parameter
(supplemental Figure 5D).The percentage of volume change was
negatively correlated with the duration of dasatinib treatment
(Figure 5C), suggesting the development of some degree
of tolerance to this effect after years of daily intake. In contrast,

long-term treatment was not associated with smaller spleen vol-
umes or CA lengths (supplemental Figure 5E). In summary, our
proof-of-concept study lends support to the hypothesis that
dasatinib-triggered  spleen  contraction causes transient
lymphocytosis.

Discussion

Tyrosine kinase inhibitors (TKls) are widely used in the clinics to
treat hematologic cancers, including CML, ALL, chronic lympho-
cytic leukemia, and some B-cell ymphomas. Based on vast clinical
experience, links between TKIs' side effects (in addition to the
effects on their specific targets) and patient prognosis are
becoming increasingly appreciated. Because the degree of
lymphocytosis caused by dasatinib has been associated with a
better response in patients with CML, it is critical to understand the
interference of dasatinib with the normal physiology of the human
immune system and how this contributes to the cure of different
malignancies. Here, we have determined the impact of dasatinib on
noncancer cells in a preclinical small rodent model and patients
with CML in deep molecular response. Our data suggest that
dasatinib-induced lymphocytosis is mainly exerted via an indirect
effect on stromal cell contractility in the spleen.

The number of circulating lymphocytes are determined by the homing
and egress of lymphocytes into and out of SLOs. Our initial hypoth-
esis was that dasatinib directly affects the homing capacity of lym-
phocytes because TKls are able to impair lymphocyte homing to
LNs.*° In this context, lymphocytosis has been described for other
TKis, such as ibrutinib and idelalisib. The generally accepted mecha-
nism for ibrutinib-induced B-cell lymphocytosis is a direct inhibition of
adhesion and chemotaxis of malignant B cells to their survival niches,
leading to their egress to the blood.”"** For idelalisib, a decreased
expression of CD62L on the leukemic cells, which contributes to a
reduced homing capacity of these cells, has also been proposed.*®
Here, we did not find evidence for impaired recruitment of blood-
borne lymphocytes to SLOs in the presence of dasatinib. Similarly,
the microenvironmental organization of T- and B-cell compartments of
dasatinib-treated organs remained preserved.

In contrast, our data show that dasatinib enhanced the egress from
the spleen. Lymphocyte egress from LNs and the spleen is a tightly
regulated process in which the balance between CCR7 and S1PR1
signaling plays a major role.***® Given that the treatment with the
egress inhibitor FTY720 did not reverse the effect of dasatinib, the
effect of dasatinib on lymphocyte egress most likely reflects a
mechanical contraction of the organ. SLOs are highly plastic and have
evolved to rapidly adapt their size to accommodate increasing
numbers of leukocytes during inflammation, and to return to

Figure 4. Dasatinib increases spleen stromal cell pMLC levels in a ROCK-dependent manner. (A) Flow cytometry gating strategy for the main stromal cells analyzed after
2-hour treatment with dasatinib (50 mg/kg) or DMSO. (B) Representative example of pMLC expression in BECs and FRCs. (C) Ratio of pMLC expression of stromal cell
subpopulations from LNs and spleens of dasatinib- and control-treated mice. Analyzed by 1-sample t test. (D) Mean fluorescence intensity (MFI) of pMLC from BECs, marginal
reticular cells (MRCs), and TRCs recovered from LNs and spleens of DMSO-treated mice. n = 5 mice per group from 4 independent experiments. (E) Representative confocal
images of subconfluent FRCs cultured on 20 pg/mL of fibronectin and treated for 2 hours with DMSO, 100 nM dasatinib, 20 pM Y27632, or both inhibitors. Scale bars represent
100 pm. (F) Intensity of pMLC staining quantified by FlJI and normalized to the cell area. Each dot represents a cell. n = 3; analyzed by Kruskal-Wallis test. *P < .05; **P <.01;
***P <L ,001; ***P < .0001. (G) Experimental layout for egress assay in combination with Y27632. (H) Percentage of CFSE* B cells and CD4*/CD8* T cells recovered from the
spleens, normalized to DMSO-treated mice (dotted line) (left). FC of CFSE™ B cells and CD4*/CD8" T cells in blood of mice treated with dasatinib (50 mg/kg) alone, or dasatinib
and Y27632 (10 mg/kg), normalized to DMSO-treated mice (dotted line) (right). n = 9 mice per group, from 3 independent experiments; analyzed by 1-sample t test. *P < .05;
*P<.01; **P<.001; ***P < .0001. Boxplots depict 25th and 75th percentiles and the median, and the whiskers show fifth and 95th percentiles. DN, CD31 PDPN double
negative stromal cells; SPL, spleen.
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Figure 5. Dasatinib induces rapid reduction in spleen size in patients with CML. (A) A blood sample was withdrawn before and 1 hour after dasatinib intake and white
blood cell (WBC) and lymphocyte numbers were quantified and correlated to dasatinib plasma concentration. (B) Quantification of the spleen volume (Vol), caudal (length),
anteroposterior (width), and transverse (thickness) axes (upper row) before and after dasatinib intake. The lower row shows the percentage of change for each parameter.

(C) Correlations between the FC of lymphocytes before and after dasatinib intake and the change of spleen volume shown as percentage of reduction, the change of CA shown
as percentage of reduction and dasatinib plasma concentration, and between the change of spleen volume and years on dasatinib therapy. n = 26 determinations from 14 patients
at different time points; analyzed by paired t test, Wilcoxon paired ¢ test, and/or Pearson correlation coefficient, as appropriate. *P < .05; **P < .01; *P <.05; **P < .001;
P <0001,
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steady-state volume after clearance of infection. The mechanopro-
perties of tissues, which are influenced by contractility of the acto-
myosin cytoskeleton, are gaining increased attention in research.
Previous work from our group showed that dasatinib causes ROCK
activation in human umbilical endothelial cells, which in turn, increases
the phosphorylation of MLC. This triggers activation of the nonmuscle
myosin Il, leading to actomyosin cytoskeleton contraction.®® Although
we only observed a minor increase in pMLC levels after dasatinib
treatment in a cultured FRC line, we hypothesize that their adhesion to
2-dimensional tissue culture plates restricts substantial contraction. In
turn, the 3-dimensional in vivo sponge-like stromal cell architecture of
spleen might be more susceptible to contraction. Supporting this
notion, a-SMA™* FRCs that populate lymphoid tissue are contractile
cells.?” In rodents and humans, splenic fibroblasts present in the red
pulp as well as cells of the splenic capsule and trabeculae also
express a-SMA.*” A coordinated contraction of these cells represents
a mechanism to explain transient lymphocytosis and spleen shrinkage.
In line with this, systemic treatment with dasatinib caused enhanced
levels of pMLC on different stromal cells populations from the spleen,
including TRCs and BECs. In contrast, we did not observe a reduc-
tion in cell numbers or size of LNs. Several factors might play a role:
firstly, the high baseline contractility of LN stromal cells may render
these cells less susceptible to dasatinib-triggered contraction; and
secondly, the LN volume is small compared with the larger spleen, and
the collagen capsule may be comparably less flexible. Furthermore,
the large number of lymphocytes that dasatinib mobilizes from the
spleen into blood might trigger an increased influx into LNs, coun-
teracting dasatinib-induced egress.

Spleen volume changes have previously been described in mam-
mals as a mechanism through which to release erythrocytes for
oxygen supply during physical activity such as diving and
running.”®® In this case, spleen contraction is mediated by
G-protein—coupled adrenergic receptors, which, upon binding to
their agonists, induce smooth muscle contraction. In humans, it is
well described that the adrenaline response leads to spleen
contraction, but whether it represents a reservoir of Hb has
remained debatable.® Our data demonstrate that most patients
show a reduction in spleen volume after dasatinib intake,
concomitant with an increase in peripheral blood lymphocyte
counts. Although no changes in Hb, hematocrit, or erythrocyte
levels were found 1 hour after dasatinib intake, a cathecolamine-
induced spleen reduction cannot be excluded, because those
parameters are reported to revert in shorter time spans.*® Thus, an
indirect effect of dasatinib on adrenergic regulation of lymphoid
tissue irrigation and a direct effect on FRC contractility might have
contributed to our observations. For example, a recent study
reported an effect of catecholamine in LNs, inducing local hypoxia
that translates into activation of calcium (Ca?") signaling and ulti-
mately leads to a decrease in lymphocyte motility.*° In the future, it
would be worth exploring whether dasatinib-induced changes
in the concentration of cytoplasmic free Ca®* could lead to
Ca®*-calmodulin—triggered activation of the MLC kinase in FRCs.
Another limitation of this study is that we did not examine in detail
how dasatinib affects lymphocyte trafficking in skin- and gut-
draining lymphoid tissue, and how dasatinib-induced spleen
shrinkage affects local prosurvival niches of malignant cells. Like-
wise, we believe that it would be of interest to validate these
findings in a larger cohort of newly diagnosed patients at baseline
and during early follow-up to correlate the results with the outcome.

2428 MARCOS-JIMENEZ et al

In summary, our data support a model underlying dasatinib-induced
lymphocytosis via the induction of spleen shrinkage in a preclinical
rodent model and in human participants. To our knowledge, this
work provides novel insights that could be used in the future to
better control the dasatinib-induced mobilization of both healthy
and malignant lymphocytes. Given that daily mobilization of anti-
tumor T cells may represent a common mechanism of dasatinib-
induced immunosurveillance for different hematologic neoplasias,
these observations are of clinical and translational relevance.
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