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Graft-versus-host disease (GVHD) is a major complication of hematopoietic stem cell
transplantation (HCT). The tyrosine kinase SYK contributes to both acute and chronic GVHD
development, making it an attractive target for GVHD prevention. Entospletinib (ENTO) is a
second-generation highly selective SYK inhibitor with a high safety profile. Potential utility of ENTO
as GVHD prophylaxis in patients was examined using a preclinical mouse model of eye and skin
GVHD and ENTO-compounded chow. We found that early SYK inhibition improved blood immune
cell reconstitution in GVHD mice and prolonged survival, with 60% of mice surviving to day +120
compared with 10% of mice treated with placebo. Compared with mice receiving placebo, mice
receiving ENTO had dramatic improvements in clinical eye scores, alopecia scores, and skin scores.
Infiltrating SYK" cells expressing B220 or F4/80, resembling SYK* cells found in lichenoid skin
lesions of chronic GVHD patients, were abundant in the skin of placebo mice but were rare in ENTO-
treated mice. Thus, ENTO given early after HCT safely prevented GVHD.

Introduction

Graft-versus-host disease (GVHD) is a common, debilitating, and frequently lethal complication in patients
receiving allogeneic hematopoietic stem cell transplantation (HCT). GVHD manifests clinically in both
acute (1, 2) and chronic (3-6) forms (aGVHD and cGVHD, respectively). While cGVHD development is
reliant on inciting events early after HCT, distinct pathobiology and clinical manifestations evolve in the
late period after HCT (1, 2, 5, 7-12). Skin, eye, and mouth manifestations are common at the onset of
c¢GVHD and are often controllable with corticosteroid-based immunosuppression (4, 13). In cases in which
cGVHD becomes refractory to first-line corticosteroid-containing regimens, some of the most devastating
disease manifestations include skin sclerosis, severe ocular keratopathy, bronchiolitis obliterans (BO) syn-
drome, and fibrotic changes of the gastrointestinal tract, liver, and genitalia (3—6). Data suggest that once
refractory cGVHD occurs, outcomes are poor, with a median life span of <5 years (14). Strikingly, the odds
of responding to immunosuppressive therapies after refractory cGVHD develops are <20% (14, 15). Thus,
effective therapeutic agents for GVHD prevention, especially cGVHD, are urgently needed.

The ultimate goal in HCT is to induce robust graft-versus-leukemia (GVL) effects while averting GVHD
(11, 16, 17). Rates and severity of both aGVHD and cGVHD remain unacceptably high in HCT patients,
despite use of standard immunosuppressive agents. Total depletion of T cells may come with risk of cancer
relapse related to decreased GVL (18). Likewise, while B cells are key players in cGVHD pathogenesis
(19-21), global abrogation of B cells is associated with worsened cGVHD in patients who do not subse-
quently recover an adequate peripheral B cell compartment (22, 23). This is potentially because high levels
of the antiapoptotic protein B cell-activating factor (BAFF) may drive the survival and effector function of
pathogenic B cells (24-26). BAFF is known to act synergistically with the most proximal kinase in the B cell
antigen receptor (BCR) signaling cascade, SYK (27). Pharmacologic blockade of SYK with the inhibitor
fostamatinib and genetic blockade of SYK each reduced established lung pathology in the BO mouse mod-
el of cGVHD (28). B cells isolated from patients with active cGVHD have significantly enhanced signaling
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through SYK, along with its downstream adapter BLNK (29, 30), and cGVHD B cells, but not T cells, were
preferentially killed by fostamatinib (28). Thus, we and others have hypothesized that aberrantly activated
B cells can be eradicated preferentially in cGVHD using small-molecule inhibitors of BCR signaling (31).
The role of aberrant B cell signaling in the pathogenesis of cGVHD has been elucidated in recent years (17,
20, 21, 24, 32), and mechanisms of B cell-mediated pathology are being actively investigated. Pathogenic
alloantibody (alloAb) production against host tissues disrupts recipient thymic epithelial cells in mice (19).
Importantly, BO is dependent on alloAb production and germinal center B cells for disease development
(20, 28). Likewise, alloAbs have been recently demonstrated to exacerbate cGVHD of the skin in mice (19),
and fostamatinib administration has shown efficacy in a model of sclerodermatous cGVHD (33).

Several small-molecule inhibitors of lymphocyte signaling are currently being tested in clinical trials for
treatment of new onset or refractory cGVHD (https://www.clinicaltrials.gov/; NCT02337517, NCT02611063,
NCT02759731, NCT02841995, NCT02959944, NCT02997280, NCT03112603, NCT03415867,
NCT03474679, NCT03584516, and NCT03616184) (1, 3, 9, 34). Despite strong rationale to employ these and
similar agents early after HCT, few are being examined as prophylactic agents outside of phase I trials. In part,
this is because of concern regarding potential effects on immune cell recovery. In addition to B cell signaling,
fostamatinib blocked T cell activation and signaling in a mouse model of aGVHD (35). SYK is also known
to mediate signaling through high-affinity Fc receptors of innate immune cells, with potential implications for
antibody-dependent cellular cytotoxicity mediated by macrophages, NK cells, and neutrophils, as well as baso-
phil/mast cell degranulation (27, 36, 37). In addition to T cells and B cells, macrophages are known to play a
key role in GVHD pathogenesis, particularly cGVHD. In mouse models of cGVHD involving the skin, it was
recently demonstrated that fibrosis is associated with the infiltration of the dermis by F4/80* macrophages that
depend on colony-stimulating factor 1 receptor (CSF-1R) activation, with the exacerbation of cutaneous fibro-
sis and macrophage infiltration upon treatment of mice with CSF-1 (38). Targeting these infiltrating CSF-1R—
dependent macrophages with an anti-CSF-1R monoclonal antibody significantly reduced cutaneous cGVHD
in mice (38), but agents to eradicate macrophages have not yet been developed in clinical HCT.

Whether administration of an agent early after HCT that blocks immune cell signaling and GVHD
genesis also potentially hinders robust immune cell recovery remains unknown. Thus, we carried out a pre-
clinical study to evaluate the efficacy of entospletinib (ENTO), a second-generation SYK inhibitor with a
superior target selectivity profile over that of fostamatinib (39—41), on the clinical aspects of GVHD. Our
study was feasible and informative because of (a) the availability of chow formulated with ENTO that reli-
ably blocks in vitro SYK autophosphorylation and (b) the ability to characterize and track prominent, clin-
ical ocular and skin manifestations of GVHD in mice. We found that, when administered before signs of
disease, ENTO effectively mitigated ocular and skin GVHD and significantly improved survival, compared
with placebo. Along with improved disease, ENTO-treated mice had fewer SYK* cells in the skin, and this
was associated with significantly increased lymphocyte and monocyte blood counts. Our study supports
the potential implementation of ENTO as part of a prophylactic arsenal that specifically targets molecules
critical for GVHD pathogenesis.

Results

Orally administered ENTO provided robust SYK target pharmacodynamic coverage following HCT in mice. Female
BALB/c recipient mice were lethally irradiated (8.5 Gy) and transplanted i.v. with 1 X 107 T cell-depleted
C57BL/6 bone marrow (BM) cells alone as controls (BM only) or with 1 x 107 T cell-depleted C57BL/6 BM
cells plus 1 x 10 C57BL/6 splenocytes to induce GVHD (+Spl) (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/jci.insight.122430DS1). Starting on day +12
after HCT, recipient mice were fed only chow formulated with ENTO at a concentration of 0.06% or 0.02%
or placebo chow. Seven days after ENTO or placebo chow was started (day +19 after HCT), plasma samples
were obtained from different, randomly selected mice at 8-hour intervals over a 24-hour period for pharma-
codynamic studies. The mean ENTO plasma concentration was approximately 3-fold higher (3.48 uM) for
mice receiving 0.6% drug compared with a mean of 1.33 uM for mice receiving 0.02% drug (Figure 1A). An
estimate of the SYK pharmacodynamic effect was made by extrapolating the plasma concentration of ENTO
to that required to inhibit autophosphorylation of SYK upon in vitro treatment of mouse whole-blood samples
with pervanadate, as described previously (41). The ENTO plasma concentrations shown in Figure 1A ranged
near the estimated therapeutic range of the ENTO EC, and EC, values, with SYK target inhibition (peak cov-
erage/average coverage) of 85%/66% for the 0.06% dose and 62%/32% for the 0.02% dose. Mice in all groups

https://doi.org/10.1172/jci.insight.122430 2


https://doi.org/10.1172/jci.insight.122430
https://insight.jci.org/articles/view/122430#sd
https://doi.org/10.1172/jci.insight.122430DS1

RESEARCH ARTICLE

Ag B ;
= o
= ECp (3.3 uM) ot Sy o o
s%  Jecououm e 3
o
(8]
+@® S
EMN L Y 348 UM = 2
[%) ¥ (]
© * <
[e}
0 2 % s
L D e T (@)
. . - . T r P '\e\e ) '\O '\O
Fo o\o o\o
8PM 4AM 12PM 8PM 4AM 12PM Q® ‘</Q.0‘° & @i& @i&
ENTO 0.02% ENTO 0.06% BM only +Spl
C 4% BM only/Placebo -o- +Spl/Placebo

© BM only/ENTO 0.06% & +Spl/ENTO 0.02%
-@- +Spl/ENTO 0.06%

100

907

801

% of initial body weight

0590 20 30 40 50 60 70 80 90 100 110 120
Day post HCT

Figure 1. Orally administered ENTO reaches expected therapeutic range as assessed in pharmacokinetic studies. (A)

7 days after ENTO initiation, representative mice from HCT groups fed either 0.02% ENTO or 0.06% ENTO were bled at
8-hour intervals over a 24-hour period, and plasma was assessed for ENTO levels (performed by Agilux Laboratories Inc.).
Each symbol represents an individual mouse (blue, 0.02% dose; red, 0.06% dose). Error bars represent the mean + SD.
Average ENTO levels for each dose over the entire 24-hour time period are indicated by the colored dashed lines (0.02%
ENTO, blue; 0.06% ENTO, red). Calculated EC,, and EC,, values derived from a standardized in vitro SYK inhibition assay
(41) are as indicated by the gray dashed lines. 0.02% ENTO groups consisted of +Spl mice only. 0.06% ENTO groups con-
sisted of both +Spl mice (asterisks) and BM-only mice (crosses). (B) Bars indicate the median + range chow consumption
per mouse (grams/day) in each HCT group over the first 7 days following ENTO initiation. Each symbol represents the
average values for mice housed in an individual cage, with 2 cages per group in the study. (C) All mice in each HCT group
(n =9-10 mice/group at day 0) were weighed over time on the days indicated by symbols in each graph. Values represent
mean + SEM percentage of body weight on the day indicated compared with the weight on the day that HCT was per-
formed (day 0). ENTO administration was initiated on day +12. The arrow indicates the time (day +54) after which only 1
mouse in the +Spl/placebo group remained alive, and so no further weight tracking is shown for this group.

were observed to consume their chow in normal daily amounts, as assessed during the first 7 days following
ENTO/placebo initiation (Figure 1B). Notably, the approximately 15% loss in body weight characteristic of
c¢GVHD mouse models was evident in all 3 GVHD (+Spl) groups (Figure 1C). Regardless, the fact that ENTO
plasma levels reached the expected therapeutic range in both GVHD and BM-only control mice (Figure 1A)
and chow consumption was normal in ENTO-treated GVHD mice following drug initiation (Figure 1B) indi-
cated that ENTO uptake was not impaired in the context of reduced weight. ENTO itself had no negative
effect on body mass, as ENTO-treated BM-only control mice maintained their weight at levels nearly identical
to that of placebo-treated BM-only control mice (Figure 1C).

ENTO blocked development of clinical eye disease and alopecia in GVHD mice. Mice in each HCT group were
followed over time for clinical signs of GVHD, including eye and skin findings. By the end of the first month
after HCT, most mice in the placebo-treated GVHD (+Spl) group developed obvious clinical ocular disease
and ruffled facial fur (Figure 2A and data not shown). In collaboration with investigators at the Duke Uni-
versity Eye Center, we employed previously validated microscopic examinations and obtained eye scores,

insight.jci.org  https://doi.org/10.1172/jci.insight.122430 3


https://doi.org/10.1172/jci.insight.122430

. RESEARCH ARTICLE

A Placebo  ENTO 0.06

*kkk

w
N
&

Hkkk Fkkk Figure 2. ENTO improves clinical eye scores in
+Spl mice. (A) Representative images of the

eye regions of mice from each HCT and ENTO/
placebo treatment group on day +33. (B and C) 4
weeks following transplant, all mice in each HCT
group (n = 9-10/group) were evaluated for vari-
ous clinical manifestations of eye pathology and
scored in a masked fashion by an expert inves-
tigator specializing in models of eye disease in
the mouse. Age-matched normal BALB/c mice (n
= 5) were included as reference healthy controls.
dekekk Hekekk (C) For chemosis, eyelid edema, conjunctival red-

- a N
o [6)] o

Cumulative eye score
(9]

Chemosis
N w E S ()] » ~

-

Fkkk ness, and tearing, graded scoring by biomicrosco-
py for each eye ranged from 0 (not detectable) to
3.0 (most severe) as follows: 0, none; 0.25-1.0,
mild; 1.25-2.0, moderate; and 2.25-3.0, severe.
Blepharitis and mucoid discharge were scored
as either being absent (scored as 0) or present
(scored as 1). Each symbol in a particular graph
represents the sum clinical scores of the right
plus left eye of a single mouse. (B) Cumulative
eye scores represent the sum of the follow-

Conjunctival redness

N W DA OO N O

Eyelid edema

*kkk

ing individual scores: chemosis, conjunctival
redness, eyelid edema, and tearing. Each symbol
represents an individual mouse. Bars indicate
the median + range. Statistical analysis was per-
formed by 1-way ANOVA with Tukey’s multiple
comparisons test (GraphPad Prism). *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

ededek *kkk *kkk

Blepharitis

*kk%k

*kk%k

Mucoid discharge

as described previously (42, 43). Our expert eye investigator was ‘“masked” to all treatment groups. Nor-
mal, age-matched female BALB/c mice not receiving HCT were also included in the masked analysis as
healthy controls. Cumulative eye scores (as defined in the legend for Figure 2B) were dramatically greater for
placebo-treated GVHD mice relative to either ENTO-treated GVHD group (P < 0.0001, Figure 2B). Place-
bo-treated GVHD mice had significantly higher pathologic eye scores for individual components of the eye
score, including more severe chemosis, conjunctival redness, eyelid edema, tearing, blepharitis, and mucoid
discharge, relative to either of the ENTO-treated GVHD groups (P < 0.0001 for all comparisons, Figure
2C). Tearing was also significantly greater in the +Spl/placebo group compared with either ENTO-treated
GVHD group (P < 0.05 for 0.02% ENTO; P < 0.01 for 0.06% ENTO, Figure 2C). In our transplant model,
BM-only control mice may receive a small number of residual T cells in the depleted BM product; this pos-
sibly accounts for placebo-treated BM-only control mice also having ocular manifestations compared with
ENTO-treated BM-only control mice, as detectable by expert analysis under the microscope but not evident
with the naked eye (Figure 2, B and C). Nevertheless, these findings were markedly less severe and some were
absent in placebo-treated BM-only control mice compared with placebo-treated GVHD mice (Figure 2, B
and C). Importantly, these masked clinical eye findings were consistent with those in a second, independent
HCT experiment in which the donor T cell dose was reduced by one-fifth (a “four-fifths optimal” T cell dose,
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Figure 3. ENTO ameliorates alopecia in +Spl mice. (A) Images showing the coat status of representative mice from
each +Spl treatment group at day +40. (B) All mice in each HCT group (n = 9-10/group) were evaluated in a masked
fashion for severity of alopecia on day +31 and day +40. Scores for individual mice were defined as follows: 0.5, ruffling
of fur; 1, area of hair loss <1cm?; 2, area of hair loss from 1-3 cm?; 3, area of hair loss between 15% and 30% of body
surface; 4, area of hair loss between 30% and 50% of body surface; and 5, area of hair loss >50% of body surface. Each
symbol represents an individual mouse. Bars indicate the median + range. Statistical analysis was performed by 1-way
ANOVA with Tukey's multiple comparisons test (GraphPad Prism). ****P < 0.0001.

Supplemental Figure 2). As expected, combined clinical eye scores revealed an overall greater severity in HCT
experiment 1 (optimal T cell dose, Figure 2) versus HCT experiment 2 (reduced T cell dose, Supplemental
Figure 2). Nevertheless, ENTO treatment of GVHD mice significantly reduced eye score severity in both
independent experiments.

Alopecia became readily apparent in most placebo-treated GVHD mice upon gross inspection by 1
month after HCT (Figure 3A). Mice were scored for alopecia severity by an investigator trained to assess
GVHD skin findings who was masked to disease and treatment groups. The degree of alopecia was striking
in placebo-treated GVHD mice compared with ENTO-treated GVHD mice at either dosage (P < 0.0001),
with increasing severity from day +31 to day +40 (Figure 3B). By contrast, ENTO-treated GVHD mice
remained generally free from alopecia development, except for mild alopecia observed in several mice in
the ENTO-treated GVHD group receiving 0.02% drug (Figure 3B), suggesting an observable dose-depen-
dent effect of this SYK inhibitor.

ENTO improved immune cell reconstitution in GVHD mice. Patients with superior HCT outcomes
without GVHD generally experience robust immune cell recovery after HCT (23-26, 32, 44-47),
which may be critical to the establishment of long-term immune tolerance (23, 25, 26, 32). To deter-
mine whether ENTO had an effect on immune cell reconstitution in our GVHD model, flow cytome-
try analysis of peripheral blood was performed to assess leukocyte frequency and the number in mice
from all groups on day +28 (Figure 4A) and day +42 (Figure 4B) following HCT (16 days and 30 days
after the initiation of ENTO, respectively). Remarkably, monocytes, B cells and T cells each recovered
in significantly greater frequencies and numbers in ENTO-treated GVHD mice compared with place-
bo-treated GVHD mice at both time points. The frequencies and numbers of monocytes and T and
B cells in GVHD mice was always statistically significant in the 0.06% ENTO group when compared
with placebo-treated GVHD mice. Cell numbers either reached significance or trended higher at the
0.02% ENTO dose. MHC haplotype analysis by flow cytometry revealed that blood lymphocytes in all
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Figure 4. ENTO improves immune cell reconstitution in +Spl mice. Blood was obtained from representative mice in each HCT group on day +28 (n = 5, A)
and day +42 (n = 5-6, B), and flow cytometry analysis performed to evaluate monocyte, B cell, and T cell frequencies and numbers. Each symbol represents
an individual mouse. Bars indicate the median + range. Statistical analysis was performed by 1-way ANOVA with Tukey's multiple comparisons test (Graph-
Pad Prism). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All mice in each HCT group (n = 9-10/group) are represented either on day +28 or on day +42.

3 GVHD groups were fully donor-derived (C57BL/6, H2-Kb*; Supplemental Figure 3). In the BM-on-
ly groups, B cells were also completely donor derived. Typical of mouse allo-HCT, some recipient
T cells (BALB/c, H2-Kd*) remained in the BM-only groups, although the majority were also donor
derived (Supplemental Figure 3). Thus, ENTO treatment was associated with increased blood immune
cell recovery in GVHD mice.

ENTO promoted peripheral immune homeostasis by significantly decreasing pathological B and T cells and increas-
ing Tregs. We previously demonstrated that pathogenic B cells are reliant on increased activation through
SYK (28, 30), and others have shown that B cells drive pathogenic CD4" T cells in mice with cGVHD man-
ifestations (48). To address whether ENTO affected specific peripheral immune cell populations, we used
flow cytometry to thoroughly phenotype the peripheral lymphocyte compartment in 5 GVHD group sple-
nocyte samples taken at time of humane or study endpoint that could be compared with 5 control group
samples. In humans and mice, antigen-activated B cells in the periphery can be identified by expression of
the surface proteins CD27 and GL7, respectively (24, 26, 32). Therefore, we used GL7 to identify activated

insight.jci.org  https://doi.org/10.1172/jci.insight.122430 6


https://doi.org/10.1172/jci.insight.122430
https://insight.jci.org/articles/view/122430#sd
https://insight.jci.org/articles/view/122430#sd

. RESEARCH ARTICLE

insight.jci.org

A BM only, BM only, +Spl, +Spl, +Spl,
Placebo ENTO 0.06% Placebo ENTO 0.02%  ENTO 0.06%
T 1 10% Wl 1% o 29% o 11%)|
N~ o o o o
-
O m3 il mz ™ 3 4 5 Vm: el 3 4 5 m3 el 3 4 5 m3 el 3 " 4 i 5
By A T T AR AR
T 04% || 04% | ' 26%)| 1.1%
<{‘ o 0 o 0d o
=

o

o

o

GL7* (% of B220%) @
= N Cé) H O

o o

O O

« &
S rﬁ\° 2 ol
<& QS < QQ)

+Spl

Figure 5. ENTO reduces activated B cells and Th2 cells in +Spl GVHD mice. (A) Representative flow cytometry plots
showing gating strategies for GL7 expression by activated B cells and IL-4 expression by Th2 cells in splenocytes har-
vested from experimental mice and kept viably frozen until the time of analysis. To identify activated B cells, freshly
thawed splenocytes were stained with B220 and GL7. To identify Th2 cells, splenocytes were cultured for 5 hours in
medium in the presence of PMA and ionomycin and then surface stained for CD4, followed by intracellular staining
for IL-4 (utilizing a Mouse BD Biosciences Th1/Th2/Th17 Phenotyping Kit). (B) Splenocytes from mice in all treatment
groups (n = 5 each) analyzed for the subsets described in A. Bars indicate the median + range. Statistical analysis was
performed by 1-way ANOVA with Tukey’s multiple comparisons test (GraphPad Prism). *P < 0.05; **P < 0.01.

B cells in our GVHD model. We found that the activated GL7* B cell subset was significantly increased
in placebo-treated +Spl GVHD mice compared with placebo-treated control mice without GVHD (Figure
5), supporting previous studies showing increased activated B cells in the cGVHD condition in mice and
humans (5, 19, 20, 23-26, 28, 31, 32, 49-52). Importantly, we observed a significant decrease in the propor-
tion of GL7* B cells in ENTO-treated GVHD mice compared with placebo-treated GVHD mice (Figure
5). As with GL7* B cells, the proportion of the IL-4-producing Th2 subset was also significantly increased
in placebo-treated +Spl GVHD mice compared with placebo-treated BM-only control mice (Figure 5), and
we also found a significant, concomitant decrease in Th2 cells in ENTO-treated +Spl GVHD mice (Fig-
ure 5). This is an interesting observation, since Th2 cells have a potential role in the propagation of both
aGVHD and cGVHD (53-55). Thus, we found significant decreases in potentially pathologic B and T cells
after ENTO treatment that associated with attenuation of GVHD.

We also examined additional important T cell subsets that have been associated with GVHD patho-
genesis (56), including Tregs and Th1, Th17, and T follicular helper (Tfh) cells, in 5 GVHD group spleno-
cyte samples taken at the time of humane or study endpoint that could be compared with 5 control group
samples. These T cell subsets can be identified by the expression of well-defined transcription factors or
cytokines (Figure 6A and Supplemental Figure 4). Tregs have previously been shown to attenuate disease
in this mouse model (57). We observed a significant decrease in the frequency of Foxp3* Tregs in place-
bo-treated +Spl GVHD mice compared with placebo-treated BM-only control mice (Figure 6), support-
ing the idea that a paucity of Tregs plays a role in cGVHD pathogenesis (44, 47, 58—62). Remarkably,
the frequency of Tregs was significantly increased or bordered significance in the ENTO-treated GVHD
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Figure 6. ENTO enhanced Tregs in +Spl GVHD mice. (A) Representative flow cytometry plots showing gating strategies for Foxp3 expression, cyto-
kine production, and CXCR5 expression for the Treg, Th1, Th17, and Tfh subsets. To detect Tregs, splenocytes were surface stained for CD4, followed
by intracellular staining for Foxp3. To detect Th1 and Th17 cells, splenocytes were cultured in the presence of PMA and ionomycin for 5 hours and
then stained for surface CD4 and stained intracellularly for IFN-y or IL-17 (utilizing a Mouse BD Biosciences Th1/Th2/Th17 Phenotyping Kit). To
detect Tfh cells, splenocytes were surface stained for CD4 and CXCRS5. (B) Splenocytes from mice in all treatment groups (n = 5 each) analyzed for
the subsets described in A. Bars indicate the median * range. Statistical analysis was performed by 1-way ANOVA with Tukey’s multiple compari-
sons test (GraphPad Prism). *P < 0.05; **P < 0.01; ***P < 0.001.
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groups compared with that in placebo-treated GVHD mice (Figure 6). We also found that the proportion
of IL-17-producing Th17 cells was significantly increased in placebo-treated GVHD mice compared with
that in placebo-treated control mice (Figure 6B), but there was no significant decrease in the proportion
of Th17 cells with ENTO treatment. There was also no significant difference in IFN-y—producing Thl
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cells among experimental groups (Figure 6B). Assessment of CXCRS5* Tfh cells revealed no significant
difference among +Spl GVHD groups, although, notably, BM-only mice receiving ENTO treatment had a
significant reduction in the frequency of Tth cells compared with BM-only mice receiving placebo (Figure
6B). Together, these data show that the peripheral T cell compartment is influenced by ENTO. The mech-
anism underpinning these changes in T cells is likely indirect and requires further study.

Finally, because SYK is expressed in myeloid lineage cells and we found that monocytes recovered
more readily in GVHD mice receiving ENTO (Figure 4), we examined myeloid subsets (Supplemental Fig-
ure 5). Monocytic myeloid-derived suppressor cells (M-MDSCs) are a unique myeloid subset with regulato-
ry properties, identified phenotypically in mice as CD11b*Ly6-C¥Ly6-G~ (63). Interestingly, the frequency
of M-MDSCs was significantly higher in placebo-treated +Spl GVHD mice compared with that in place-
bo-treated BM-only control mice (Supplemental Figure 5), suggesting that M-MDSCs may be generally
increased within the myeloid lineage in response to the cGVHD condition. We found that the frequency of
M-MDSCs was similar between all 3 +Spl GVHD treatment groups (Supplemental Figure 5), suggesting
this cell population was not affected by ENTO.

ENTO prolonged the survival of GVHD mice. Mice were closely monitored from the time of HCT for a
total of 120 days and sacrificed if predefined, Institutional Animal Care and Use Committee—approved
humane endpoint criteria were reached. ENTO-treated GVHD mice had a significant increase in life span
compared with placebo-treated GVHD mice, with 60% (6 of 10) surviving in each ENTO group versus
10% (1 of 10) surviving in the placebo group (Figure 7A, top). Survival curves were similar for ENTO-treat-
ed GVHD groups at either drug dose (Figure 7A, bottom left), demonstrating a remarkable effect of ENTO
on survival. Importantly, ENTO itself did not negatively effect survival, as life spans were similar for both
BM-only groups (Figure 7A, bottom right).

A single surviving mouse in the placebo-treated GVHD group at day +120 did not reach humane
endpoint criteria, enabling study endpoint assessment of abnormal tissues surrounding the ears and eyes
(Figure 7B, top). Eyelid hyperplasia was apparent in this mouse compared with representative mice from
each ENTO-treated GVHD group and both BM-only groups, as assessed by Masson’s trichrome staining
of eyelid sections after the mice were sacrificed on day +120 (Figure 7B, bottom).

The reduced survival rate of placebo-treated GVHD mice was likely due to the cGVHD condition
rather than a higher rate of infections, since no mice manifested gross or histopathological evidence of
infection and mice in all groups maintained natural IgM antibodies in their plasma reactive against vaccinia
virus (VV; Supplemental Figure 6). We utilized VV as our model pathogen since it was shown previously by
Zinkernagel’s group that natural IgM antibodies in mice are required to prevent the spread of VV and other
pathogens to vital organs (64). Notably, with the exception of one outlier, natural IgM levels trended higher
in ENTO-treated GVHD mice compared with those in placebo-treated GVHD mice (Supplemental Figure
6), likely reflecting the significantly increased B cell frequencies and numbers observed in ENTO-treated
GVHD mice (Figure 4).

ENTO improved pathological skin scores and reduced the presence of dermal SYK* cells in GVHD mice. To
determine whether skin GVHD was attenuated by ENTO, histopathological analysis was performed
in a masked fashion by an expert from the Duke Department of Pathology who specializes in trans-
plant-related diseases, including GVHD. Prominent pathological skin findings occurring in place-
bo-treated GVHD mice were less evident in ENTO-treated GVHD mice. Specifically, dermal thickening
caused by increased collagen abundance along with a paucity of hair follicles, each occurring in pla-
cebo-treated GVHD mice, were normalized in ENTO-treated GVHD mice (Figure 8A, stars indicate
areas of dense collagen; arrows indicate normal hair follicle structures). Clinical dermis scores, defined
as GVHD-associated increases in collagen density on a relative scale (detailed in the legend for Figure
8), were significantly less severe in the ENTO 0.02% GVHD group, and scores trended toward lesser
severity in the ENTO 0.06% GVHD group compared with placebo-treated GVHD mice (Figure 8B).
Likewise, follicle scores, defined as a paucity in the number of hair follicles per defined area (detailed
in the legend for Figure 8), were significantly improved in both groups of ENTO-treated GVHD mice
compared with placebo-treated GVHD mice (Figure 8B). Epidermis and inflammation skin scores were
also either significantly improved or trended toward normalcy in ENTO-treated GVHD mice (Figure
8B). Total skin scores (the 4 criteria described above combined), which highlight individual mice with
multiple pathologic skin symptoms, were also significantly reduced in both groups of ENTO-treated
GVHD mice compared with placebo-treated GVHD mice (Figure 8B).
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Figure 7. ENTO prolongs the survival of +Spl
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Immunohistochemical analysis of SYK expression in the skin revealed an abundance of SYK™* cells that
localized to the dermal and subdermal regions of placebo-treated GVHD mice (Figure 9A, brown cells).
By contrast, SYK" cells were generally absent in ENTO-treated GVHD mice at either dosage (Figure 9A).
BM-only group mice (both placebo and ENTO treated) also lacked these SYK" cells in the skin (data not
shown). Interestingly, these cells closely resembled SYK" cells localizing to lichenoid skin lesions of cGVHD
patients, where B cells can also be found in these relatively nucleated cell rich lesions (Supplemental Figure
7). Immunohistochemical analysis of serial skin sections from placebo-treated GVHD mice revealed that
SYK* cells were either B220" or F4/80* (Figure 9B, top, and data not shown), indicating the capacity of both
B cells and macrophages, respectively, to reside at these inflammatory sites in the skin. Some B220* B cells
in the skin had the morphology of plasmablasts/plasma cells with eccentric nuclei (Figure 9B, bottom left),
and F4/80" macrophages had a typical, relatively large morphologic appearance (Figure 9B, bottom right).

ENTO induces a greater rate of apoptosis in B cells from HCT patients with active cGVHD compared with patients
without cGVHD. It was previously shown that the exposure of B cells isolated from HCT patients with active
c¢GVHD to fostamatinib for 48 hours induced significantly greater apoptosis compared with fostamatinib
exposure of B cells isolated from patients with no cGVHD (28). To test whether ENTO preferentially affect-
ed B cells from patients with active cGVHD, purified B cells were treated ex vivo with ENTO for 48 hours.
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Figure 8. ENTO reduces skin GVHD in +Spl mice.
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Significantly higher levels of apoptosis were found in ENTO-treated active cGVHD B cells compared with
ENTO-treated B cells from HCT patients without cGVHD (Figure 10A). This effect was prominent at con-
centrations within the range of the ENTO IC, value (Figure 10B). Interestingly, at this concentration range,
increased apoptosis by ENTO in the active cGVHD setting was selective to B cells, as the effect was not
observed in either T cells or monocytes (Figure 10C). These data suggest that SYK inhibition by ENTO may
favor the elimination of hyperactivated, potentially pathogenic B cells through apoptosis.

Discussion

In this study, oral administration of the SYK inhibitor ENTO to mice early after HCT blocked development
of clinical manifestations of eye and skin GVHD and enhanced survival. ENTO binds within the kinase
domain of SYK, occupying the ATP binding pocket and inhibiting the capacity of SYK to phosphorylate
downstream substrates on regulatory tyrosines (41). We found that proportions of peripheral GL7* B cells
and Th2 cells increased in GVHD and these were significantly decreased after early treatment with ENTO.
The clinical improvement in mice was also associated with decreases in SYK* B cells and macrophages in
lesional tissues. Remarkably, these significant decreases in the proportions of cells known to be involved
in GVHD pathogenesis was accompanied by an associated improvement in immune cell recovery and
homeostasis after ENTO treatment in GVHD mice.
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Figure 9. Dermal SYK* cells are prevalent in +Spl/placebo mice and absent in +Spl/ENTO mice. Immunohistochem-
istry was performed on FFPE skin sections obtained from the upper backs of mice from the indicated HCT treatment
groups. (A) Skin sections from 2 representative mice from each treatment group stained with anti-SYK Ab (brown)
and counterstained with hematoxylin (blue), as described in the Methods section. Scale bar: 115 um. (B) Top: Serial
skin sections from a representative +Spl/placebo mouse were stained with anti-SYK Ab, anti-B220 Ab, or anti-F4/80
Ab. Scale bar: 115 um. Images in the bottom row are shown to highlight the morphology of representative cells
staining positive for B220 (left 2 images) or F4/80 (2 right images), enlarged from images in the top row. Each panel
on the bottom row represents a width of 42 um.

ENTO has also demonstrated efficacy and an acceptable safety profile in a phase II clinical trial for
the treatment of CLL and other non-Hodgkin lymphoma patients, without adverse effects on immune sup-
pression in patients (65), but how it affects immune recovery after HCT was unknown prior to our studies
described herein. SYK is expressed in multiple immune cell types that may contribute to cGVHD patho-
genesis after HCT, including monocytes/macrophages, B cells, neutrophils, basophils, and mast cells (41).
Thus, multiple cell types expressing SYK may be important for ENTO efficacy in mitigating cGVHD. The
mechanism(s) by which specific SYK inhibition may be efficacious in treating cGVHD, while not inducing
global immune suppression in any particular cell lineage expressing SYK, is important and intriguing.
Maintenance of immune homeostasis in the presence of ENTO treatment does in fact appear to be the
case, as no adverse infectious events or lymphopenia were observed in healthy volunteers in a multiple
ascending-dose study of ENTO to evaluate safety, pharmacokinetics, and pharmacodynamics (66). Despite
the fact that monocytes, B cells, and T cells each have clear roles in cGVHD pathogenesis, each of these
subsets occurred in significantly greater frequencies and numbers in ENTO-treated GVHD mice compared
with placebo-treated GVHD mice (Figure 4). This improved immune cell reconstitution with ENTO com-
pared with other agents may relate in part to its known target selectivity profile. Bioassays assessing the
activity of ENTO in side-by-side comparisons with another SYK inhibitor, fostamatinib (R406), showed
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Figure 10. Syk inhibition by ENTO selectively augments the apoptosis of B cells from patients with active cGVHD.

(A) PBMCs from patients with active cGVHD (n = 3, white circles) or no cGVHD (n = 3, black circles) were cultured for 48
hours in the presence of 2-fold increasing concentrations of ENTO ranging from 0.0078 to 1 uM. The cells were then har-
vested and analyzed by flow cytometry for the frequency of apoptotic B cells (CD19*Annexin V* 7-AAD"). B cell apoptosis
at each concentration is represented as the following ratio: %Annexin V*/7-AAD" B cells (ENTO treated)/%Annexin
V*/7-AAD" B cells (untreated). Values are shown as mean with range. Statistical analysis comparing the ratios of apop-
totic B cells between the active and inactive cGVHD groups was performed using a 2-tailed, unpaired Student’s t test
(GraphPad Prism). (B) Graphic display and curve fit analysis with determination of the IC, for ENTO apoptosis-inducing
activity in active cGVHD B cells was performed using GraphPad Prism software on the active cGVHD B cell data in A.
Values are shown as mean + SEM. (C) The frequency of B cells, T cells, and monocytes from active cGVHD patients (n

= 3) undergoing apoptosis in the presence of ENTO, across the concentration range described in A, that was above the
frequency of apoptotic cells for each population treated with vehicle alone. Values are shown as mean + SD. Statistical
analysis was performed by 1-way ANOVA with Tukey’s multiple comparisons test (GraphPad Prism). *P < 0.05; **P <
0.01; ***P < 0.001.

some striking differences between these agents. In TF-1 cells stimulated with EPO, for example, where
JAK2-mediated phosphorylation of STATS is the readout, the EC,; for R406 inhibitory activity toward
JAK2 was 35-fold less than that of ENTO (39). Likewise, in MV4-11 cells, which undergo FLT3-dependent
proliferation, the EC, for R406 inhibitory activity toward FLT3 was 33-fold less than that of ENTO (39).
Similar results were observed for other kinases, including c-Kit, RET, and KDR. Furthermore, in other
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bioassays using BCR-stimulated primary B cells and B cell lines, where the readouts included SYK-depen-
dent BLNK phosphorylation, proliferation, and CD86 expression, the EC,; for ENTO inhibitory activity
toward SYK was always lower than that of R406 by 2- to 4-fold (39). Collectively, our data and the known
superior selectivity and concentration profile of ENTO for SYK provide insight into various clinical aspects
of cGVHD that are dependent on SYK activity and that may be safely averted in patients if treated early
after transplant with ENTO.

Recent studies have defined a role for B cells in the pathogenesis of cGVHD, both in humans and in mouse
models of the disease (17, 19-21, 24, 32). Paradoxically, patients who do not go on to develop cGVHD recover
B cell numbers faster within the first year following HCT compared with patients that develop cGVHD, who
have persistently low B cell numbers (25, 26, 32). Likewise, patients who recover B cells in greater numbers
after completing regimens of B cell depletion therapy with rituximab have a significantly reduced incidence
of cGVHD recurrence or severity of disease (23). This apparent paradox between greater B cell numbers and
diminished cGVHD appears to be explained by the fact that, in an allogeneic environment where donor B cell
numbers remain low, high levels of the B cell survival factor BAFF cause alloantigen-activated (alloAg-acti-
vated) CD27* B cells to survive and, as a consequence, produce pathogenic alloAbs, act as alloAg-presenting
cells, or both (24-26, 32). In addition, IL-10-producing regulatory B cell numbers are significantly reduced in
patients with active cGVHD (67), suggesting that a certain level of regulatory B cells may be optimal to sup-
press potentially pathogenic T cells and to maintain immune tolerance. Therefore, therapeutics that suppress or
eliminate alloAg-activated B cells but that do not eliminate normal B cells may be highly efficacious in cGVHD
treatment. The possibility that ENTO may selectively target pathogenic B cells in patients with cGVHD
remains intriguing, since this would potentially eliminate destructive B cells in favor of B cells that would func-
tion in normal humoral immune responses against bacteria, fungi, and viruses that commonly cause morbidity
and mortality in cGVHD. In support of this, ENTO reduced the frequency of activated GL7* B cells in the
spleens of GVHD mice when compared with GVHD mice receiving placebo (Figure 5). Also supporting this
concept, ENTO induced a greater level of apoptosis of B cells from HCT patients with active cGVHD com-
pared with HCT patients with no cGVHD (Figure 10). Furthermore, ENTO-treated mice harbored natural
IgM antibodies reactive with VV as model pathogen (Supplemental Figure 6). These antibodies are critical in
providing natural protective immunity to common pathogens (64), and no apparent infections occurred in any
ENTO-treated mice in our studies. This further suggests that ENTO may target pathogenic, hyperactivated
B cells for apoptosis, while sparing more quiescent B cells that can participate in normal immune responses.

In addition to attenuation of an activated B cell subset, we also found that peripheral T cell homeosta-
sis improved after ENTO. The frequency of Tregs was enhanced in GVHD mice receiving ENTO (Figure
6), while the frequency of Th2 cells was decreased (Figure 5) compared with GVHD mice receiving pla-
cebo. We believe this was an indirect effect, since we know that ENTO has a 30-fold greater selectivity for
SYK than for its closest tyrosine kinase ortholog that is primarily restricted to T cells, ZAP-70 (41). In fact,
in DiscoverX KINOMEscan assays designed to evaluate the specificity of small-molecule inhibitors under
development toward >350 kinases, only 1 kinase fell within 10-fold selectivity relative to SYK selectivity
by ENTO (TNK1, 8-fold less selectivity, refs. 39, 41). By contrast, in these same assays comparing ENTO
and R406 (fostamatinib) side by side, 36 kinases fell within 10-fold selectivity by R406 when compared
with SYK, and, remarkably, one-third of these kinases exhibited even greater selectivity by R406 than for
SYK itself (39). Thus, the high selectivity and affinity of ENTO for SYK suggests that the observed effects
in our mouse model are due to SYK blockade and not significant off-target effects toward other kinases.
The mechanisms by which ENTO likely indirectly affects the peripheral T cell compartment represent an
interesting avenue for exploration in future studies.

Collectively, our observations further support existing evidence that immune homeostasis is beneficial not
only in maintaining GVL responses and preventing initial disease relapse, but also in improving the likelihood
that cGVHD will not occur (23, 25, 26, 32, 46, 47). By contrast, in HCT patients with a lymphopenic envi-
ronment, pathogenic immune cells of various lineages may emerge as a consequence of constant exposure
to alloAg and cytokines such as BAFF that are more abundant on a per cell basis, resulting in cGVHD (25,
26, 32, 46). Furthermore, it is likely that these pathogenic immune cells emerge more rapidly in some HCT
patients due to intrinsic signaling defects that are exacerbated due to continual exposure of developing cells
to AlloAg and cytokines. Examples of this scenario in cGVHD include a paucity in Tregs and regulatory B
cells (46, 60, 62, 67, 68), an increase in M2-like macrophages that express CSF-1R and invade the skin causing
fibrosis (38), and B cells that have dysregulated expression of the key transcription factors IRF4 and IRFS,
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causing heightened signaling through NOTCH2, which synergizes with the BCR to induce abnormally high
proliferative responses to limiting amounts of antigen (52). Emerging evidence suggests that some of these
intrinsic defects that drive immune cell pathogenicity can be corrected pharmacologically, steering developing
immune cells down either regulatory pathways or more mature functional pathways (3, 9, 45, 47, 52, 69).

Agents that temper pathogenic immune cell responses by altering signaling pathways without broad
killing and elimination of immune cells have the potential to prevent GVHD by establishing normal
immune homeostasis, tolerance, and functionality. Our findings, along with the known safety profile of
ENTO (41, 66), suggest we may now have another important tool for GVHD prophylaxis.

Methods

HCT. BALB/c recipient mice (The Jackson Laboratory) were lethally irradiated with 8.5 Gy using a Cesi-
um 137 irradiator (Duke University). On the same day, irradiated mice were transplanted with 1 x 10’ T
cell-depleted C57BL/6 mouse (The Jackson Laboratory) BM cells alone (control HCT groups, i.e., BM
only) or with 1 x 107 T cell-depleted C57BL/6 BM cells plus 1 x 10°® C57BL/6 splenocytes (cGVHD
groups, i.e., +Spl), according to the following methods. Cells were isolated from the BM (bilateral femurs
and tibias) and spleens of C57BL/6 donor mice in RPMI-1640 medium (MilliporeSigma) under sterile
conditions, and red blood cells were lysed using ACK buffer (Gibco). T cells were then depleted from
the BM by incubation for 60 minutes at 4°C with purified anti-Thy1.2 antibody (1 ug per 107 cells, clone
30-H12, no azide/low endotoxin, BD Biosciences), followed by incubation for 60 minutes at 37°C in Cyto-
toxicity Medium (Cedarlane) containing a 1:10 dilution of LowTox-M Rabbit Complement (Cedarlane)
according to the manufacturer’s instructions. T cell-depleted BM cells and splenocytes were washed, fil-
tered, and maintained in RPMI-1640 medium prior to injection. T cell-depleted BM cells alone (1 x 107
per mouse in 200 pl volume) or T cell-depleted BM cells plus splenocytes (1 X 107 plus 1 x 108, respectively,
per mouse in 200 pl volume) were injected via lateral tail vein using a sterile syringe with a 31-gauge needle.
Mice were housed in a specific pathogen—free barrier facility at Duke University.

ENTO (GS-9973) administration. On day +12 following HCT, recipient mice were started on Purina Rodent
Chow 5001 formulated with ENTO at a concentration of 0.06% or 0.02% or with placebo (Research Diets
Inc.). Each chow formulation also contained an inert dye introduced by the manufacturer for identification
purposes. During the first week of administration, chow in each treatment group was weighed prior to feeding
and after 1, 3, and 6 days, with the average chow consumption per mouse calculated at each time point.

Blood sampling. To obtain plasma for pharmacokinetic studies and blood cells for flow cytometry analy-
sis, mice were bled from the orbital sinus using a sterile syringe with 31-gauge needle for a total maximum
volume of 50 ul per blood draw, and the blood was transferred immediately to heparinized tubes. The same
mouse was never bled more than once within any 1-week period. Plasma was isolated by an initial centrif-
ugation step at 300 g for 5 minutes to remove cells, followed by a second centrifugation step at 8,000 g for
5 minutes to remove any remaining insoluble debris. Plasma samples were stored at —80°C until used for
pharmacodynamic studies.

Flow cytometry analysis. To determine blood cell frequencies and numbers, an equivalent volume of
whole blood from each mouse was washed in DPBS and the red blood cells were lysed with ACK buffer
(Gibco) for 10 minutes at room temperature. The cells were then washed with DPBS twice, followed by
initial staining using a Zombie Aqua Fixable Viability Kit (BioLegend) to detect dead cells, along with
TruStain fcX (BioLegend) to block Fc receptor binding of antibodies. The cells were then stained with a
combination of fluorochrome-conjugated antibodies against mouse CD19 (clone 6D5, BioLegend), CD3
(clone 17A2, BioLegend), H-2Kb (clone AF6-88.5, BioLegend), and H-2Kd (clone SF1-1.1, BioLegend)
for 30 minutes on ice in DPBS containing 2% FBS. The cells were washed and resuspended in DPBS
containing 2% FBS along with a fixed volume of CountBright Absolute Counting Beads (Thermo Fisher
Scientific) to enable cell enumeration during analysis. In some experiments, 7-AAD (BD Biosciences) was
also used as a cell viability dye to detect dead cells. Cells were analyzed on a 3-laser BD FACSCanto flow
cytometer (BD Immunocytometry Systems) followed by further analysis using the FlowJo vX software
package. B cells and T cells were identified by CD19 and CD3 expression, respectively, for cells with the
forward scatter (FSC) and side scatter (SSC) properties of lymphocytes. Monocytes were identified by their
distinct FSC and SSC properties along with additional negative staining for lymphocyte markers.

To assess spleen cell subsets in unstimulated cells, viably frozen splenocytes were thawed and
washed with DPBS, followed by initial staining using a Zombie Aqua Fixable Viability Kit (BioLegend)
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to detect dead cells, along with TruStain fcX (BioLegend) to block Fc receptor binding of antibodies.
To assess activated B cells, Tth cells, and MDSCs, splenocytes were then stained with a combination
of fluorochrome-conjugated antibodies against mouse B220 (clone RA3-6B2, BioLegend), GL7 (clone
GL7, BioLegend), CD11b (clone M1/70, BD Biosciences), Ly6-C (clone HK1.4, BioLegend), Ly6-G
(clone RB6-8C5, Thermo Fisher Scientific), CD4 (clone RM4-5, BD Biosciences), and CXCRS5 (clone
L138D7, BioLegend). To assess Tregs, splenocytes were surface stained using fluorochrome-conjugated
CD4 antibody (clone GK1.5, BioLegend), fixed and permeabilized using an eBioscience Foxp3/Tran-
scription Factor Staining Buffer Set (Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions, and then stained intracellularly using a fluorochrome-conjugated FoxP3 antibody (clone MF-14,
BioLegend). To detect intracellular cytokines for assessing Th1, Th2, and Th17 cells, splenocytes were
cultured for 5 hours in the presence of 50 ng/ml PMA and 1 ug/ml ionomycin in RPMI-1640 medium
supplemented with 10% FBS, 55 uM 2-mercaptoethanol, and BD GolgiStop Protein Transport Inhib-
itor (BD Biosciences) at the manufacturer’s recommended dilution. The cells were then harvested and
washed in DPBS, followed by initial staining using a Zombie Aqua Fixable Viability Kit (BioLegend)
to detect dead cells, along with TruStain fcX (BioLegend) to block Fc receptor binding of antibodies.
The cells were then fixed, permeabilized, and stained using a Mouse Th1/Th2/Th17 Phenotyping Kit
(catalog 560758, BD Biosciences) according to the manufacturer’s instructions. All above cell samples
were analyzed on a 3-laser BD FACSCanto flow cytometer, followed by further analysis using the Flow-
Jo vX software package.

To assess apoptosis of human B cells, T cells, and monocytes, PBMCs were cultured for 48 hours in
RPMI-1640 medium containing 10% FBS and 55 pM 2-mercaptoethanol, along with various concentra-
tions of ENTO, and then harvested, pelleted, and resuspended in wash buffer (PBS containing 2% FBS)
containing Fc block (Human TruStain FcX, BioLegend) at the concentration recommended by the man-
ufacturer. Following a 15-minute incubation on ice, the cells were stained with fluorochrome-conjugated
antibodies against human CD19 (clone HIB19, BioLegend), CD3 (clone SK7, BioLegend), and CD14
(clone RMO52, Beckman-Coulter) for an additional 30 minutes. The cells were then washed in cold PBS,
followed by a second wash with Annexin V Binding Buffer (Annexin V Apoptosis Detection Kit, eBiosci-
ence) according to the manufacturer’s instructions. The cells were then resuspended in Annexin V Bind-
ing Buffer containing fluorochrome-conjugated Annexin V and incubated in the dark for 15 minutes at
room temperature. Finally, the cells were washed with cold Annexin V Binding Buffer, resuspended in cold
Annexin V Binding Buffer containing 7-AAD (BD Biosciences), kept on ice, and analyzed immediately
on a FACSCanto flow cytometer. Flow cytometry data files were analyzed using FlowJo vX software to
identify subsets and determine the frequencies of apoptotic cells based on Annexin V and 7-AAD staining.

Clinical eye score assessment. Mice were evaluated for various clinical manifestations of eye patholo-
gy by an expert masked investigator from the Duke Eye Center specializing in models of eye disease in
the mouse. Various eye disease criteria were assessed by biomicroscopy, as described previously (42),
and were scored using a validated, graded scoring system as follows and as described in the legend for
Figure 2. For chemosis, eyelid edema, conjunctival redness, and tearing, scores for each eye ranged
from 0 (not detectable) to 3.0 (most severe) as follows: 0, none; 0.25-1.0, mild; 1.25-2.0, moderate;
and 2.25-3.0, severe. Blepharitis and mucoid discharge were scored as either being absent (scored as 0)
or present (scored as 1). A clinical score for each criteria in an individual mouse was then determined
by summing the masked scores for both eyes (right plus left).

Clinical skin score assessment. Mice were evaluated for various clinical manifestations of skin GVHD
by an expert masked investigator from the Duke Department of Pathology. Various skin disease crite-
ria were scored as follows and as also described in the legend for Figure 8: dermis (0, normal; 1, mild
increased collagen density; 2, marked increased collagen density); hair follicles (0, normal number of
approximately 5 per linear millimeter; 1, between 1 and 5 follicles per linear millimeter; 2, <1 follicle per
linear millimeter); epidermis (0, normal; 1, interface damage in <20% of section with occasional necrotic
keratinocytes; 2, widespread interface damage [>20% of section]); and inflammation (0, none; 1, focal
infiltrates; 2, widespread infiltrates).

Histochemistry and immunohistochemistry. For mice, tissues were procured following natural death or
euthanasia and fixed in 4% paraformaldehyde in PBS (Santa Cruz Biotechnology) and then processed as
described below by the Duke Department of Pathology Research Histology Core on a fee-for-service basis.
Paraffin-embedded sections (5 um) were prepared and then stained with H&E and Masson’s trichrome
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according to the Research Histology Core’s standard procedures. For detection of SYK, sections were
stained with rabbit monoclonal Ab specific for mouse/human SYK (clone D3Z1E, Cell Signaling Technol-
ogy) followed by colorimetric detection with peroxidase-conjugated anti-rabbit IgG Ab and counterstain-
ing with hematoxylin, according to the Research Histology Core’s standard procedures. For detection of
F4/80, sections were stained with rat monoclonal Ab specific for mouse F4/80 (clone Cl:A3-1, Bio-Rad),
followed by colorimetric detection with peroxidase-conjugated anti-rat IgG Ab and counterstaining with
hematoxylin, according to the Research Histology Core’s standard procedures.

For human ¢cGVHD patients, FFPE biopsies from lichenoid skin lesions were sectioned (5 um) and
then stained with rabbit monoclonal Ab specific for human/mouse SYK (clone D3Z1E, Cell Signaling
Technology) or with mouse monoclonal Ab specific for human CD19 (clone CD19, Biocare Medical),
followed by colorimetric detection with peroxidase-conjugated anti-rabbit or anti-mouse IgG Ab and coun-
terstaining with hematoxylin, all according to the Research Histology Core’s standard procedures.

Natural IgM antibody ELISA. ELISA plate wells were coated overnight at 4°C with 1 x 10° pfu/ml VV
(Western Reserve strain) in coating buffer (0.1 M NaHCO,, pH 9.6). Wells were then washed 3 times with
DPBS containing 0.05% Tween 20, blocked for 2 hours with DPBS containing 10% FBS, washed again
3 times with DPBS containing 0.05% Tween 20, and then incubated for 2 hours at room temperature
with plasma samples diluted at 2-fold serial dilutions in DPBS containing 2% FBS. The wells were then
washed 5 times with DPBS containing 0.05% Tween 20 and incubated for 1 hour at room temperature with
HRP-conjugated goat anti-mouse IgM secondary antibody (catalog 1020-05, SouthernBiotech). The wells
were washed 5 times with DPBS containing 0.05% Tween 20 and then developed using a TMB substrate
kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. The reaction was stopped with
2 M sulfuric acid, and the absorbance was read at 450 nm.

Statistics. Statistical significance among experimental groups was determined using 1-way ANOVA with
Tukey’s multiple comparisons test, log-rank test, or unpaired 2-tailed Student’s ¢ test (all with GraphPad
Prism, version 7), as detailed in the figure legends. P values of less than 0.05 were considered significant.

Study approval. All procedures in mice were performed under a protocol approved by the Duke Univer-
sity Institutional Animal Care and Use Committee. Clinical sample protocols for patient blood and skin
biopsy samples were approved by the Institutional Review Board at Duke University.
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