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literature suggests that NF-kB promotes expression of proinflamma-
tory cytokines whereas HIF1o. and HIF20. are the transcription factors
involved in immunosuppressive M® differentiation and suppression
of T-cell function (27-30). Hence, we determined whether genetic
deletion of Syk affects the phosphorylation of p65 RelA or stability of
hypoxic HIF1o or HIF20. In consistent with ATAC-seq results, we
found that deletion of Syk kinase stimulated and sustained p65 RelA
phosphorylation, and destabilized hypoxic HIF1ae and HIF2ao. (Fig. 2F
and G). Together, these results suggest that in addition to PI3Ky (6),
Syk is another molecular switch that controls immunosuppression or
immune activation.

Syk kinase inhibits CD8" T-cell recruitment and activation

To investigate whether the deletion of M® Syk promotes the
adaptive immune response, we evaluated the recruitment and
activation of CD8" T cells that play an important role in antitumor
immune responses. Flow cytometric analysis of LLC tumors
demonstrate that recruitment of total CD8" T cells increased in
SykMEXO tumors (Fig. 3A and B), without significantly altering
T-cell recruitment in the spleen (Supplementary Fig. S3A and S3B).

Figure 2.

To validate that M® Syk inhibits adaptive immune responses,
TAMs isolated from SykM“ T and SykM“X© were mixed in 1:1
ratio with LLC tumor cells and were adoptively transferred into
different Syk™“VT and Syk™<*° mice (Supplementary Fig. S3C).
WT M®s adoptively transferred into Syk™“ ™" and Syk™“*° mice
showed increase in tumor growth, whereas adoptive transfer of KO
M®s suppressed tumor growth in SykMS ™™ and Syk™<X° mice
(Fig. 3C). In addition, Syk inhibition did not reduce tumor growth
in CD8-depleted mice, suggesting that Syk inhibition reduces tumor
growth by recruiting and activating CD8" T cells (Fig. 3D). More-
over, we found that CD90" T cells isolated from Sylk™<X° LLC
tumors expressed significantly more Ifng and Gzmb as compared
with that from WT tumors (Fig. 3E), suggesting that deletion of Syk
kinase activates T-cell-mediated antitumor immune response
in vivo. RNA-seq analysis performed on LLC tumors implanted
in Syk™“X© tumors showed an increase in Prf, Gzm, Klrel and
several other genes that are involved in activation of cytotoxic
T cells (Fig. 3F). We did not observe any difference in the
proliferative capacity of T cells between SykM“ ™' and SykM<*©
animals (Supplementary Fig. S4D). Taken together, our results

Syk kinase promotes M® polarization and immune suppression. A, RTPCR analysis of cDNAs reflecting TAMs isolated from LLC tumors grown in SykM““T and
SykMC’KO animals (n = 3), Student t test. B, Arginase (left) and nitrite production (right) was assayed in the TAMs isolated from the tumors (n = 3). C, Heatmap of
immune related mRNA expression in Syk™“™WT versus SykM“K° TAMs isolated from LLC tumors implanted in these mice (n = 3). D, MHC Il expression on SykM““Tand
SykMEHKO TAMs gated on CD11b*F4/80" population (n = 4). E, Differential enrichment heatmap of Log, fold change for immune-related transcription factor-binding
motifs in open chromatin segments, found via ATAC-seq, of cre and flox M®s exposed to IL4 and LPS. Blue-colored cells represent higher enrichment in flox
(Syk™“WT mice and red-colored cells represent higher enrichment in cre (Syk™“%®) mice. F, Immunoblotting of p-p65 (pRelA), p-65 (RelA), in LPS or IL4 stimulated
BMDMs from SykMSWT versus Syk™™*© mice. G, Western blot analysis of nuclear extracts for HIF1o. or HIF20 from Syk™cWT versus Syk™“° BMDMs incubated under
hypoxic conditions (1% O,). All experiments were performed 2 to 3 times. Graphs in A, B and D represent mean + SEM, where *, P< 0.05; **, P< 0.01; ***, P< 0.0001,
analyzed by t test.
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demonstrate that Syk kinase inhibition in M®s indirectly promotes
cytotoxic-adaptive immune responses in the tumor.

Pharmacologic inhibition of Syk kinase blocks tumor growth,
immunosuppression and increases CD8" T-cell activation

Given that the conditional deletion of Syk kinase inhibits tumor
growth and intratumoral immunosuppression, we speculated that
pharmacologic inhibitors of Syk could similarly inhibit tumor growth
and induce an antitumor response. To test this, we used commercially
available specific Syk kinase inhibitor, Fostamatinib (R788; ref. 31).
Tumor growth and metastasis were significantly suppressed in the
mice treated with Syk inhibitor compared with vehicle-treated tumors
(Fig. 4A). Importantly, R788 had no effect on viability of LLC cells
(Supplementary Fig. S4). Pharmacologic blockade of Syk kinase
significantly inhibited expression of immunosuppressive genes and
increased expression of immunostimulatory genes in TAMs purified
from LLC tumors (Fig. 4B). Moreover, R788-treated LLC tumors
showed increased infiltration of CD8" T cells with no significant
reduction in number of regulatory T cells (Fig. 4D). Interestingly, we
observed increased CD44"CD62L" effector T cells (gated on CD8™T
cells) and cytotoxic T cells in R788-treated tumors (Fig. 4E and F), and
these findings are not due to differences in T-cell proliferation as we
observed no effect of R788 on T-cell proliferation ex vivo (Supple-
mentary Fig. S5A).
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To determine whether Syk suppresses antitumor adaptive immune
response in vivo, we injected B16-OVA cells in C57BL/6 mice and
characterized OVA-specific CD8" T cells, in R788-treated tumors.
Using H-2K" tetramers containing the OVA protein-derived peptide
SIINFEKL, we found that R788 treatment significantly blocked tumor
growth and increased OVA-specific CD8" T cells in the tumor
draining lymph nodes (Supplementary Fig. S5B and S5C). These
results provide evidence that Syk kinase suppress the antigen-
specific adaptive immune response in the TME in vivo.

To explore the possibility that Syk inhibitors might synergize with
T-cell check point inhibitors, we determined the effect of R788 in
combination with anti-PDLI in B16 melanoma cells. Both anti-PDL1
and R788 substantially inhibited B16-OVA tumor growth. Although
the combination of R788 and anti-PDL1 showed no significant
additive effect on Syk inhibition (Supplementary Fig. S5B) in resistant
B16 model, but CD44" and CD62L" effector T cells were significantly
increased in the combination treated group compared with mono-
therapy-treated groups (Supplementary Fig. SSC-S5E). Although, the
combination of R788 and anti-PDL1 did not work well in B16 model,
further in vivo synergistic studies are ongoing in our laboratory to
explore the efficacy of this combination regimen in other cancer
models. Taken together, these results validate Syk as an immuno-
oncology drug candidate with equivalent in vivo activity compared
anti-PDL1 blockade in this immune competent model.
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Syk kinase inhibits CD8™ T-cell recruitment and activation. A and B, Flow cytometric representation of percentage of CD4 1 and CD8™ T cells (gated on CD3 ™ cells; A,
left) and quantification of these cells (A, right) and CD3* cells (B) in the LLC tumors implanted in Syk™“™"T and Syk™“° mice. (n = 3, * indicates P < 0.05, t test) C,
Tumor volumes of LLC tumors implanted in Syk™“™"T and Syk™“™© animals adoptively transferred with TAMs from Syk™“"T and Syk™“ animals. Data were
analyzed by one-way ANOVA using Tukey multiple comparisons, **, P < 0.01 compared with Syk™“™"T. D, LLC tumor volume from Syk™“™"T and Syk™“*® mice
treated with anti-CD8 or isotype control antibodies (n = 5). E, mRNA expression of Ifng and Gzmb in LLC tumors implanted in Syk™<™T and Syk™“° mice (n =5,
* indicates P < 0.05, t test). F, Heatmap of log, fold differences from sample wise mean expression for selected T-cell activation genes that were differentially
expressed in LLC tumors from Syk™“WT versus Syk™“*° mice conditions (n = 2). Graphs in A-E represent mean =+ SEM.
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Figure 4.

Pharmacological inhibition of Syk kinase inhibits tumor growth and promotes CD8" T-cell recruitment and activation. A, Tumor volume of LLC inoculated
subcutaneously in WT mice treated with 40 mg/kg R788 (n = 6). B, Relative mRNA expression of TAMs from LLC tumors grown in WT animals and treated with R788.
** P<0.01and *, P<0.05, t test C. FACS quantification of percentage of CD4" and CD8™ T cells (gated on CD3™" T cells) in R788-treated LLC tumors (n =3, P< 0.05,
ttest). D, Flow cytometric representation of CD4FoxP3™" regulatory T cells in the LLC tumors treated with R788. E, FACS analysis of CD44"CD62L~ effector T cells
(gated on CD8™ T cells) in R788-treated tumors (n = 3), **, P < 0.05, t test. F, In vitro tumor cell cytotoxicity induced by T cells isolated from R788-treated tumors

(n = 3), ***, P < 0.001, two-way ANOVA using Bonferroni test.

Syk and PI13Ky two molecular targets in TAMs: /n silico design of
SRX3207, a novel dual Syk/PI3K inhibitory chemotype

The concept of combinatorial therapeutics recently emerged
as effective strategy to synergistically activate antitumor immuni-
ty (18, 32-34). Our laboratory has developed a drug discovery
paradigm that uses computational methods to engineer a single
chemotype to inhibit two separate targets in one small molecule
and demonstrated proof of concept for greater antitumor efficacy
in vivo (18, 34). Herein, we apply this technology to two immuno-
oncology targets, PI3K (6) and Syk kinase (data presented in this
article).

We used multiple X-ray crystallographic datasets in the form of
PDB files of Syk, ZAP70, PI3K/p110c. and PI3K/p110y (PDB 4XG9,
1U59, 4JPS and 4XZ4, respectively) to engineer a small-molecule
chemotype that will contain two distinct “warheads” within the
thienopyranone scaffold (35) to bind to the ATP binding pockets of
PI3K isoforms and Syk kinase. Fig. 5A shows the docking of
SRX3188 in Syk active site that showed that this inhibitor is engaged
via hydrogen-bond interactions with the amide and carbonyl
groups of Ala451, the sulfur atom of methionine Met450, and the
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hydroxyl group and Arg498, whereas the azetidine nitrogen is
making a charge interaction with the carboxylate group of Asp512
in the same way the co-crystallized inhibitor in 4XG9 is observed,
confirming the expected binding mode and necessary hydrogen-
bond interactions. When modeling SRX3188 in ZAP70 it was
observed that, contrary to staurosporine which in the crystal
structure of ZAP70 is found to make 2 key hydrogen bond inter-
actions with Glu415 and Ala417, SRX3188 does not manifest this
interaction predicting no affinity toward ZAP70, a tyrosine kinase
homologous to Syk.

Modeling of SRX3188 in PI3K/p110a indicates that the TP core
of SRX3188 binds as expected establishing a hydrogen bond interac-
tion between the morpholine group and Val815, the pyrazole ring
forming a - T-shaped interaction with Trp780, and the azetidine
nitrogen is making a charge interaction with the carboxylate group
of Glu798 (Fig. 5B). Modeling of SRX3188 in PI3K/p110y also
showed an expected hydrogen bond interaction between the morpho-
line group and Val882, and the predicted m-n T-shaped interaction of
the pyrazole ring with Trp812 also observed with PI3K/pl110c
(Fig. 5C). It was also predicted the hydroxyl group of the azetidine
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In silico design of dual Syk/PI3 kinase inhibitory chemotype. A-C, SRX3188 docked in the catalytic site of Syk kinase (A) or PI3Ko. (B) or PI3Ky (C). D, Enzymatic

inhibition profile (ICsp) of SRX3188 and SRX3207 against different targets. E, Chem
of SRX3207 in mouse plasma (E) and pharmacokinetic parameters of SRX3207

group occupies a region where no additional interactions are engaged
with this kinase.

Because the proximity of the hydroxyl group of the azetidine group
to the Syk's backbone and the nonfavorable electrostatic microenvi-
ronment surrounding the hydroxyl group were a concern, the hydrox-
yl group was removed leading to the design and synthesis of SRX3207.
In silico docking studies of SRX3207 against Syk indicated this analog
would bind to Syk in the same way as SRX3188 does. Similarly, docking
results of SRX3207 against PI3K/p110a. and PI3K/pl10y indicate
similar binding modes while exhibiting no affinity toward ZAP70.
The final chemotype designed was synthesized and tested in cell free
systems for potency against Syk, ZAP70 and PI3K isoforms p1100,
p110B, p110y and p1103 (Fig. 5D). The first-generation chemotype,
SRX3188 had excellent Syk inhibitory activity (ICs, of 20 nmol/L) but
poor PI3K inhibitory potency. Extensive modeling of the p110c and
p110y crystal structures (PDB 4]JPS and PDB 4XZ4, respectively)
enabled a structure activity relation analysis (SAR) to develop the
second-generation prototype inhibitor, SRX3207 with potent Syk (30
nmol/L) and acceptable PI3K inhibitory properties in vitro. Fig. 5D
shows the chemical structure of SRX3188 and SRX3207.

Pharmacokinetic and pharmacodynamics properties of
SRX3207

Results in Fig. 5E show that SRX3207 is a dual Syk kinase/PI3K
inhibitor that hits both targets in the same molecule at nmol/L potency

AACRJournals.org

ical structures of SRX3188 and SRX3207. F and G, Mean concentration time course
in mouse (F) following 5mg/kg IV and 15 mg/kg PO administration.

with minimal off-target effects (Fig. 5E, Supplementary Table S1).
Supplementary Figure S6A shows that both SRX3188 and SRX3207
potently blocks phosphorylation of Syk at 348 site and Y525/526 site
that are required for complete activation of Syk, described in detail in
next section. Moreover, SRX3207, is able to block p-AKT at 10 pmol/L
concentration (Supplementary Fig. S6A). Finally, we profiled SRX3207
against a library of 468 known kinases that demonstrated a selectivity
index (SI) of 0.079 (Supplementary Fig. S6B) documenting a high-level
selectivity of this in silico engineered dual inhibitory compound.
SRX3207 has selectivity score of 8 that is defined as number of kinases
hit by the molecule with scores less than 1 [S (1); ref. 36)]. Because of
both the high potency and excellent kinase selectivity of SRX3207 an
oral prototype formulation of SRX3207 was prepared using Pharma-
tek's Hot Rod formulations to be used in preliminary in vivo studies.
Preliminary pharmacokinetic studies in mice via both the intravenous
and oral route indicated a half-life of about 5 hours but with a low
bioavailability of only around 2% (Fig. 5F and G). Despite this being a
nonoptimized formulation the oral administration of this prototype
formulation of SRX3207 yielded significant antitumor activity (Fig. 6).
Additional ADME studies indicate SRX3207 has sufficient solubility in
water (43 wmol/L) relative to its target potencies but suffers from a
metabolic liability with a CLint (UL/min/mg protein) of 74. Further
studies are in progress to optimize the prototype SRX3207 molecule
from an ADME standpoint while preserving the desired potencies on
the Syk and PI3K target enzymes. In the meantime, the proof-of-
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SRX3207 increases antitumor immune response. A and B, Show tumor volume (A) and Kaplan-Meier survival data (B) of LLC inoculated subcutaneously in WT
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of cDNAs reflecting TAMs isolated from LLC tumors grown in WT animals and treated with SRX3207.***, P<0.001; **, P<0.01;and *, P< 0.05, t test. D, Quantification
of CD4™ and CD8™ T cells in the LLC tumors treated with SRX3207 (n = 3, *, P < 0.05, t test). E, /n vitro tumor cell cytotoxicity induced by T cells isolated from
SRX3207-treated tumors (n = 3), two-way ANOVA using Bonferroni test. F, Tumor volume of LLC tumors implanted in Syk™“™*® mice and treated with R788, IPI549
or SRX3207 data was analyzed by one-way ANOVA using Tukey multiple comparison tests (n = 5). G, Schematic representation of Syk, PI3Ky, HIF1/20. axis in the

control over tumor immunosuppression.

concept benefits from having a single molecule with both Syk and PI3K
inhibition properties are illustrated with the prototype molecule
SRX3207.

SRX3207 blocks tumor immunosuppression and increases
antitumor immunity

We next determined whether SRX3207 blocks immunosuppres-
sive M® polarization. Interestingly, we found that SRX3207 potent-
ly blocks immunosuppressive gene expression effectively at very low
dose compared with commercially available p110y inhibitor (IPI-
549) or Syk inhibitor (R488) alone (Supplementary Fig. S6C and
S6D). Moreover, SRX3207 at 10 mg/kg dose blocked tumor growth
and increased survival effectively as compared with IPI549 and
R788-treated groups at similar doses without toxicity (Fig. 6A
and B; Supplementary S7A). Furthermore, it reduced immunosup-
pressive M® polarization and increased infiltration and cytotoxicity
of CD8™ T cells in LLC tumors and increased expression of Ifng and
Gzmb in SRX3207 treated LLC tumors (Fig. 6C-E; Supplementary
S7B). Most notably, SRX3207 did not affect T-cell proliferation
(Supplementary Fig. S7C). Moreover, administration of SRX3207
did not block CT26 tumor growth in NSG mice but blocked tumor
growth in Balb/c mice suggesting that SRX3207 blocks tumor
growth due to its effect on immune compartment (Supplementary
Fig. S7D and S7E). Moreover, depleting M®s with anti-CSF1R
(CD115) antibody treatment alone significantly blocked LLC tumor
growth, but the combination with R788 or SRX3207 had no additive
effects (Supplementary Fig. S7F). Taken together, these results
validate the efficacy of this novel dual Syk/PI3K inhibitor in
blocking immunosuppression and activating the adaptive immune
response and opened new opportunities to explore it in combina-
tion with check point inhibitors.
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0431-Syk-p1107 axis in M®s controls HIF1a stability under
hypoxia, immunosuppression, and tumor immunity

In M®s, Syk kinase is known to be activated upon binding to
phosphorylated ITAMs of Fc gamma receptor, or by binding to the
cytoplasmic domains of integrin adhesion receptors, most notably 3,
and [3; integrin (9). Our results in Supplementary Fig. S8A show that
only of}; integrin can maximally activate Syk at Y348 site in M®s
isolated from the TME (Supplementary Fig. S8A), and BMDMs
isolated from 0,;Y991A mice are defective in phosphorylating Syk at
Y348 site (Supplementary Fig. S8B). These results suggest that Syk is
phosphorylated downstream of o,f3; integrin and mediates tumor
growth and immunosuppression. Interestingly, Fig. 6F illustrates that
administration of R788 did not show additive reduction in tumor
growth in Syk™“X° mice, whereas IP1549 or SRX3207 significantly
decreased tumor growth in the SykM©®© mice. These results suggest
that Syk and p110y are two separate molecular entities that promote
tumor growth and their simultaneous inhibition with single
molecule is good strategy to reduce tumor growth and immunosup-
pression. Our published results (17) and data presented here have
shown that genetic or pharmacologic deletion of pl10y and/or
Syk results in hypoxic degradation of HIF1/2c and this effect is
completely blocked by MG132, a proteasome inhibitor (Supplemen-
tary Fig. S8C). Figure 6G shows the schematic of Syk and p110y
regulation on tumor immunosuppression.

Discussion

TAMs are reported as the most abundant immune cells in the TME
of solid tumors, where they release immunosuppressive factors that
inhibit T-cell-mediated antitumor immune response (37). Therapeu-
tic approaches that are aimed at blocking tumor immunosuppression

MOLECULAR CANCER THERAPEUTICS

Downloaded from mct.aacrjournals.org on December 3, 2020. © 2020 American Association for Cancer Research.


http://mct.aacrjournals.org/

Published OnlineFirst January 23, 2020; DOI: 10.1158/1535-7163.MCT-19-0947

by inhibiting M® polarization have shown great efficacy in murine
cancer models (38, 39) and open new and effective strategies to treat
cancer.

In this report, we focused on two major immuno-oncology targets,
namely Syk kinase (reported in this article) and PI3Ky (6, 17). We
provided several lines of evidence to prove that inhibition of Syk kinase
is associated with reduction of tumor growth, M®-mediated immu-
nosuppression and activation of adaptive immune responses in TME
(Figs. 1-4). Although recent study has shown the efficacy of Syk
inhibitor in solid tumors (40), but the role of M®s in activating
adaptive immune responses has never been reported. Our results have
shown that Syk kinase is minimally expressed in T cells and inhibition
of this kinase increases infiltration and activation of CD8™ T cells with
reduction in percentage of CD4" T cells, which can be explained by
reduction in the number of immunosuppressive CD4" regulatory T
cells (Treg). Our initial preliminary results have shown decrease in
number of Tregs in R788-treated tumors but the results did not reach
to significance (Fig. 4D). Recent studies have shown that similar to
dendritic cells, M®s can also prime CD8* T cells to generate cytotoxic
effector cells in vivo (41). Our results in Figs. 2 and 3 clearly provide
evidence that Syk kinase inhibition in M®s indirectly promotes
cytotoxic adaptive immune responses and represents a major
immune-oncology target.

Herein, we describe the in silico design and synthesis of a novel dual
Syk-PI3K inhibitor, SRX3207 that potently inhibited Syk and PI3K
signaling and augmented the antitumor immune response in lung
carcinoma tumor model with no toxicity (Fig. 6). Taken in con-
text (16, 17, 42), the results presented here elucidate the mechanistic
interconnection of integrin a4, p110y, Syk, HIF axis in M®s. In
addition, data provided in Fig. 6F provide the rationale to target both
Syk and p110y with single molecule for effective antitumor immunity
and to explore SRX3207 in combination with checkpoint inhibitors in
cancers driven by M®-mediated immunosuppression.
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