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Abstract

Somatic or germline mutations in the tuberous sclerosis complex (TSC) tumor suppressor genes
are associated closely with the pathogenesis of lymphangioleiomyomatosis (LAM), a rare and
progressive neoplastic disease that predominantly affects women in their childbearing years.
Serum levels of the lymphangiogeneic growth factor VEGF-D are elevated significantly in LAM.
However, there are gaps in knowledge regarding VEGF-D dysregulation and its cellular origin in
LAM. Here we show that increased expression and activation of the tyrosine kinase Syk in TSC2-
deficient cells and pulmonary nodules from LAM patients contributes to tumor growth. Syk kinase
inhibitors blocked Syk signaling and exhibited potent anti-proliferative activities in TSC2-
deficient cells and an immunodeficient mouse xenograft model of LAM. In TSC2-deficient cells,
Syk signaling increased expression of monocyte chemoattractant protein MCP-1, which in
peripheral blood mononuclear cells (PBMC) stimulated production of VEGF-D. In clinical
isolates of PBMC from LAM patients, VEGF-D expression was elevated. Further, levels of
VEGF-D and MCP-1 in patient sera correlated positively with each other. Our results illuminate
the basis for LAM growth and demonstrate the therapeutic potential of targeting Syk in this and
other settings driven by TSC genetic mutation.
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Introduction

Tuberous sclerosis complex (TSC), an inheritable disorder resulting from mutations in either
the 7SCI or TSC2gene, is associated with benign tumors in multiple tissues, cognitive
impairment, seizures and skin abnormalities (1). TSC deficiency causes aberrant activation
of the mammalian target of rapamycin complex 1 (mMTORCL) signaling and thereby results
in excessive protein synthesis and uncontrolled cell proliferation (2). Up to 30% of women
with TSC develop lymphangioleiomyomatosis (LAM), a rare and progressive neoplastic
disease that predominantly affects women in their childbearing years and ranks as the third
leading cause of TSC-related death (3,4). Other than TSC-associated LAM (TSC-LAM),
there is a separate form of the disease with a distinct clinical entity called sporadic LAM (S-
LAM), which is caused by somatic rather than germ line mutations in TSC genes (5). Lung
lesions from LAM patients are characterized by excessive growth of smooth muscle-like
cells (LAM cells) and cyst formation, leading to gradual airflow obstruction and potentially
death from respiratory failure within two decades (4).

It is estimated that up to 3,500 patients worldwide and 1,400 patients in the US have been
diagnosed with LAM and that up to a quarter million women may have LAM (6).
Significant efforts have been made over the past two decades to identify, develop and
implement effective therapeutic strategies to combat this potentially fatal disease. Based on
its ability to inhibit mTORC1 activation of downstream kinases, sirolimus (rapamycin) has
become an established treatment for LAM (7,8). Rapamycin has been shown to suppress
75CZ-null xenograft tumor growth in animal models (9,10). Correspondingly, rapamycin
treatment leads to shrinkage of angiomyolipomas (AMLSs) (11) and lymphangioleiomyomas
(12), reduction of chylous effusions (13) and preservation of lung function in patients with
LAM (7). Rapamycin decreases serum levels of vascular endothelial growth factor (VEGF)-
D, which is elevated in the majority of LAM patients and has been widely used as a
diagnostic biomarker (14,15). However, the mechanism for its upregulation is not fully
known. While LAM cells are generally thought to be the source of VEGF-D (16), we have
previously shown that silencing 75CZ2in human lung fibroblasts does not lead to increases
in VEGF-D levels (17), suggesting that 7SC2-deficient cells may not be the direct source of
excessive VEGF-D in LAM.

It should be noted, however, that more than half of LAM patients enrolled in the Multicenter
International Lymphangioleiomyomatosis Efficacy and Safety of Sirolimus (MILES) clinical
trial did not exhibit enhanced or stabilized lung function during the rapamycin treatment
phase (7), and as such, it is absolutely imperative to evaluate new therapies that may expand
options for patients with LAM and other malignancies characterized by activation of the
mTORC1 pathway who are unresponsive or intolerant to rapamycin treatment. The
identification of elevated Src kinase activity in LAM cells has led to an ongoing clinical trial
evaluating the therapeutic efficacy of a Src inhibitor (Saracatinib) in LAM patients (18).
Similar to Src kinase, spleen tyrosine kinase (Syk) is a non-receptor tyrosine kinase and a
key component of both innate and adaptive immunity. Syk also contributes to the initiation
and metastatic progression of multiple types of solid tumors. For instance, Syk plays a role
in breast cancer invasive cell growth (19) and acts as an oncogenic driver in small cell lung
cancer (20). In addition, upregulated Syk expression corresponds with metastasis of both
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prostate cancer (21) and squamous cell carcinomas of the head and neck (22). More
intriguingly, studies have shown that Syk regulates mTORC1 activation in acute myeloid
leukemia and lymphoma (23,24). Taken together, the aberrant expression of Syk in various
malignancies and the association between Syk and mTORC1 prompt us to hypothesize that
Syk may be tightly involved in LAM pathogenesis.

In the present study, we found deregulated Syk expression and activation in 75C2- deficient
cells and in LAM lung lesions. We also determined the therapeutic efficacy of clinically
relevant Syk inhibitors in curbing 7SC2-null tumor progression. Furthermore, we identified
a unique cascade of Syk-dependent signals between 75C2-deficient cells and peripheral
blood mononuclear cells (PBMCs) that eventually induced VEGF-D expression. Given these
collective findings, Syk could be a therapeutic target for the treatment of LAM and other
diseases associated with mutations in the TSC genes.

Materials and Methods

Human studies

All human subjects gave their written informed consent. Human samples were acquired
under protocols approved by the National Heart, Lung, and Blood Institute Institutional
Review Board (Protocol 95-H-0186)

Lung tissues—Pulmonary parenchyma from subjects with LAM (n=6) was fixed in 10%
neutral buffered formalin and subsequently embedded with paraffin.

Clinical features of patient cohort—Serum was collected from 27 LAM patients for a
total of 200 visits before (80 visits) and after (120 visits) sirolimus treatment. The diagnosis
of LAM was confirmed by histopathology or the presence of cystic disease by computed
tomography scan plus TSC, AMLs, high vascular endothelial growth factor D (VEGF-D)
levels, and/or LLMs. Three of the patients have LAM-TSC; the rest have sporadic LAM.
There are 2 Asian, 1 white Hispanic/Latino, and 24 white not Hispanic/Latino patients. Age
and visit information are in Supplementary Table S1.

Luminex analysis of serum samples—MCP-1 and VEGF-D were measured in serum
(dilution 1:2) using magnetic bead-based multiplex screening assays from R&D Systems
(Minneapolis, MN) on a Luminex 1S100 instrument (Luminex Corp, Austin, TX). Data were
analyzed using Bio-Plex Manager Pro 6.1 analysis software (Bio-Rad, Hercules, CA). If a
measurement exceeded or fell below the limit of detection, either the upper or lower limit of
detection was substituted.

Peripheral blood mononuclear cells—20 ml of blood samples were collected from
healthy volunteers (n=16) and subjects with LAM (n=22). Peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll-Paque Plus (GE Healthcare, Pittsburgh, PA) gradient
centrifugation. Characteristics of healthy volunteers and LAM subjects whose PBMCs were
studied are summarized in Supplementary Table S2.
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Cells were incubated at 37°C in a humidified 5% CO, atmosphere. 7SCZ-null ELT3 cells,
first isolated in 1995, were derived from the Eker rat uterine leiomyoma as previously
described (25). Cells were generously provided by Dr. Cheryl Walker, and authenticated by
the study team by Western blotting for Tuberin. ELT3-V cells (vector) or ELT3-T (75C2
addback) cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). 75C2-null ELT3-V cells and 7SC2-reexpressing ELT3-
T cells are denoted as 7SCZ and 7SCZ2*, respectively. Cells were serum-starved overnight
before they were treated with R406 (1uM) (Selleckchem, Houston, TX), rapamycin (20 nM)
(LC Laboratories, Woburn, MA) or Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis,
MO) as control vehicle for the indicated times. PBMCs were isolated, seeded and incubated
with recombinant human MCP-1 (10 ng/ml, R&D Systems) for 24h.

RNA Interference

Sequences for rat Syk and Stat3 siRNA were designed using an online siRNA selection
program (26) and were synthesized by Sigma-Aldrich. Please refer to Supplementary Table
S3 for siRNA sequences. 75CZ cells were transfected with siRNA for targeted gene
suppression or with MISSION siRNA Universal Negative Control (Sigma-Aldrich). Cells
were transfected with 1 nmol/L siRNA using Lipofectamine RNAIMAX (Thermo Fisher
Scientific, Cambridge, MA).

Animal studies

All animal experimental procedures were approved by the Institutional Animal Care and Use
Committee at Brigham and Women’s Hospital. The mouse xenograft tumor model was
established as previously described (9,10). 2.5 x 108 75C2 cells (ELT3-V) were
subcutaneously injected bilaterally into the flank and shoulder of female immunodeficient
C.B17 scid mice (Taconic, Hudson, NY). When tumor surface area reached 40 mm?2, mice
were randomly assigned to one of the following treatments through intraperitoneal injection:
1) Vehicle control (n = 5 mice, three divided doses at three-hour intervals per day); 2) R788
(n =5 mice, 80mg/kg, three divided doses at three-hour intervals per day) (Selleckchem);
and 3) Rapamycin (n = 4 mice, 3 mg/kg, three times per week). The dose, frequency and
route of drug administration were chosen on the basis of published studies (9,27). Mice
underwent 12 days of designated treatment and were then sacrificed. Prior to the treatment
phase, tumors were measured with a Vernier caliper three times per week, while during the
treatment phase these measurements were recorded daily. Tumor surface area was calculated
as follows: ¢ x (Major diameter/2) x (Minor diameter/2). After tumors were excised, final
tumor volume was calculated as follows: (4/3) x = x (Length/2) x (Width/2) x (Height/2).

Immunohistochemistry and immunofluorescence

Formalin-fixed, paraffin-embedded tissue sections were deparaffinized in xylene and
rehydrated through a graded series of ethanol, followed by antigen retrieval with citrate
buffer (pH 6.0) for 20 min at 95°C. Sections were incubated with a primary antibody or an
isotype control in a humidified chamber overnight at 4°C. Please refer to Supplementary
Table S4 for a complete list of antibodies. 1) For immunohistochemistry: Sections were

Cancer Res. Author manuscript; available in PMC 2018 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuietal.

Page 5

incubated with appropriate secondary antibodies using a HRP-DAB Cell & Tissue Staining
Kit (R&D Systems) according to manufacturer’s instructions; 2) For immunofluorescence:
Sections were incubated in Alexa Fluor conjugated secondary antibodies (Thermo Fisher
Scientific) for 1 h at room temperature in the dark. Slides were then mounted using
mounting medium containing 4,6-diamidino-2-phenylindole-2-HCI (DAPI) (Vector
Laboratories Inc., Burlingame, CA). To detect /n vivo cell apoptosis, terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed
using the In Situ Cell Death Detection Kit, TMR red (Roche Applied Science, Branford, CT)
according to the manufacturer’s recommendations.

RNA Extraction and Real-Time Polymerase Chain Reaction (RT-PCR)

RT-PCR was performed as described in supplementary Material and Methods. Please refer to
Table S5 for a list of primer sequences.

Statistical analysis

Results

Data are presented as mean + standard error of the mean (SEM). Two-tailed Student #test
was used to compare two groups. Variables with more than two factors were evaluated by
one-way analysis of variance (ANOVA) followed by the Tukey post hoc test. Mixed effects
models were used to incorporate the within and between subject variability as well as the
repeated measurements assessing the effect of rapamycin before and after treatment.
Correlation coefficients between two variables were calculated with Pearson correlation test.
Analyses were performed by using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA)
and SAS (Information Technology Services, lowa City, I1A). £< 0.05 was considered
significant.

Deregulated Syk expression and activation are identified in TSC2-deficient cells

Since we hypothesize that Syk is a critical kinase involved in LAM pathogenesis, we first
sought to determine whether Syk expression is TSC2-dependent. We used the 75C2-
deficient ELT-3 cell line derived from a uterine leiomyoma in an Eker rat with a germ line
mutation in 75CZ2 gene (28). Real-time PCR analysis showed that Syk expression was
upregulated almost four-fold in 7SCZ cells (ELT3-V) compared to 75C2* cells (ELT3-T)
(Fig. 1A). Western blot analysis verified the elevated Syk expression in the absence of
tuberin (the protein encoded by 75C2gene) and revealed that 75CZ cells exhibited
increased phosphorylation of Syk at Tyr525/526 (Fig. 1B), which is pivotal for Syk
activation and its downstream signal transduction (29). As expected, 75CZ2 deficiency led to
mTORC1 hyperactivation characterized by increased presence of phospho-p70S6 kinase,
which was almost completely abolished by rapamycin treatment. Notably, we found that
treatment with rapamycin yielded a concomitant reduction of both phospho-Syk and total
Syk expression (Fig. 1B), suggesting that Syk is mTORC1-dependent.

Consistent with published data (30), we confirmed that treatment with R406 (a Syk
inhibitor) effectively blocked Syk phosphorylation in 75C2-deficient cells, but did not
modulate total Syk expression (Fig.1C). Since Syk has been reported to play a significant
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role in mMTORC1 activation in hematopoietic malignancies (23,24), we queried whether Syk
inhibition could affect mTOR signaling in 75CZ2-deficient cells as well. As anticipated, we
found that R406 decreased the levels of phospho-p70S6 kinase in 75CZ cells (Fig.1C). To
corroborate these findings, we transfected 7SCZ cells with Syk siRNA and found that
knocking down Syk expression dampened mTORC1 activity, similar to the effects of R406
(Fig. 1D). Taken together, our data suggest that the Syk and mTORC1 pathways are
reciprocally regulated.

Syk inhibition reduces proliferation of TSC2-deficient cells in vitro

75C2 deficiency and the constitutive activation of mMTORCL signaling induce uncontrolled
cell growth, a distinctive characteristic in LAM (2). To determine whether the abnormal
proliferation of 75CZ cells is Syk-dependent, we treated these cells with either R406 or
rapamycin and monitored cell density at different time points. R406 was as effective as
rapamycin in diminishing cell proliferation (Fig.2A). Correspondingly, 7SCZ2 cells treated
with either R406 or rapamycin exhibited a substantial increase in the percentage of G1-
phase cells accompanied by a reduced fraction of cells in S phase, indicating that R406 and
rapamyecin induced G1 cell cycle arrest (Fig. 2B and Supplementary Fig.S1). The anti-
proliferative effects of R406 and rapamycin were further corroborated by Western blot
analysis, which revealed that both treatments were associated with decreased proliferating
cell nuclear antigen (PCNA) expression in 75CZ2 cells, although neither treatment activated
caspase-3 (Fig. 2C).

Syk inhibition suppresses TSC2-null xenograft tumor development in vivo

Based on the anti-proliferative effects of R406 /n vitro, we evaluated the activity of R788,
the prodrug of R406, in an immunodeficient mouse model bearing subcutaneous 7SC2-null
ELT-3 xenograft tumors (9,10). As expected, 7SC2-null xenograft tumors treated with
control grew progressively. In contrast, both R788 and rapamycin treatment resulted in a
striking and persistent decrease in tumor area (Fig. 3A). After twelve days of treatment,
R788 significantly reduced xenograft tumor burden to a similar degree as rapamycin,
evidenced by the volume of the excised tumors (Fig.3B and C). In agreement with our
observations in 7SCZ cells in vitro, Western blot analysis of tumor homogenates showed
that expressions of phospho-Syk and phospho-p70S6 kinase were similarly decreased in
R788- and rapamycin-treated groups compared to controls, while total Syk protein
expression was only reduced in the rapamycin-treated group (Fig. 3D and Supplementary
Fig.S2). In addition, we found reduced immunostaining of PCNA in the tumors of R788-
and rapamycin-treated animals (Fig 3E). Nonetheless, quantification of TUNEL staining
showed no difference in the percentage of positively labeled cells among all experimental
conditions (Fig. 3F), indicating that tumor shrinkage after treatment was not caused by
induction of apoptosis. Thus, these data demonstrate that 7.5C2-null xenograft tumor growth
is Syk-dependent /n vivo and provide further rationale to test the efficacy of Syk inhibitors in
future clinical trials.

Syk regulates MCP-1 expression via Stat3 signaling in TSC2-deficient cells

Loss of functional 75C2in embryonic fibroblasts has been described to mediate increased
monocyte chemoattractant protein (MCP)-1 production (31). In the current study, we made a
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similar observation that 7SC2 deficiency led to upregulation of MCP-1 gene expression
(Supplementary Fig. S3). In order to evaluate whether Syk signaling is involved in this
pathological process, we treated 7SC2 and 7SC2* cells with R406 and analyzed the levels
of MCP-1 in cell culture supernatants. We found that increased MCP-1 secretion from
75CZ cells was markedly attenuated by pharmacological blockade of Syk kinase activity
(Fig. 4A). To further confirm the role of Syk in the induction of MCP-1, we silenced Syk
using siRNA in 75C2 cells and observed a dramatic reduction in MCP-1 production
compared to control siRNA (Fig. 4B).

Considering that Syk regulates signal transducer and activator of transcription (Stat) 3 and
Stat3-dependent signaling transduction is prominently associated with the induction of
MCP-1(32,33), we next set out to explore whether the Stat3 pathway interconnects aberrant
Syk activation and the eventual MCP-1 overexpression. Consistent with previous findings
(34), we observed that 7SCZ cells displayed elevated phosphorylation of Stat3 (Fig.4C).
Treatment with R406 abrogated Stat3 activation but did not affect total Stat3 expression.
Furthermore, siRNA-mediated silencing of Stat3 resulted in decreased MCP-1 levels in cell
culture supernatants from 7SCZ2 cells (Fig. 4D and E). These data collectively indicate that
Syk regulates MCP-1 production through Stat3 signaling in 7SC2-deficient cells.

MCP-1 upregulates VEGF-D expression in peripheral blood mononuclear cells

VEGF-D is elevated in the sera of ~70% of patients with LAM (14,15). The prevailing view
holds that LAM cells are the fundamental source of increased VEGF-D production (15),
although the exact cellular origin of increased VEGF-D has not been completely established.
Interestingly, we found that levels of VEGF-D gene expression were comparable between
T7SCZ and TSC2' ELT-3 cells (Fig. 5A), suggesting that 7SC2 deficiency might not directly
upregulate VEGF-D. Since MCP-1 is overexpressed in 7SCZ cells, we hypothesized that
increased amounts of MCP-1 recruit PBMCs, culminating in excessive VEGF-D production.
Indeed, we found that incubation of LAM patient-derived PBMCs with exogenous MCP-1
resulted in a ~2.5 fold increase in VEGF-D gene expression (Fig. 5B). Considering that
PBMCs can differentiate into tumor-associated macrophages (TAMSs), which constitute a
predominant source of cellular infiltrates around solid tumors (35), we next examined the
presence of CD68" TAMs in 75C2-null xenograft tumors. 7SCZ2-null xenografts were
associated with accumulation of CD68* macrophages near the tumor edges. Treatment with
R788 or rapamycin resulted in a remarkable reduction in CD68* macrophage density (Fig.
5C). In addition, we found a significant decrease in rat MCP-1 expression in tumors treated
with R788 or rapamycin (Fig. 5D, left panel). Consistent with our /n7 vitro data, we did not
observe changes in rat VEGF-D expression among all groups (Fig.5D, middle panel) but
found that R788 and rapamycin led to downregulation of mouse VEGF-D (Fig 5D, right
panel) in tumors. Further statistical analysis showed that rat MCP-1 levels correlated with
the presence of CD68* cells (r=0.76, p=0.0017) (Fig. 5E, left panel), which in turn
correlated with mouse VEGF-D levels (r=0.9, p<0.0001) (Fig. 5E, middle panel). A positive
correlation also existed when rat MCP-1 levels were plotted against mouse VEGF-D levels
(r=0.76, p=0.0015) (Fig. 5E, right panel). Taken together, these data suggest an association
between MCP-1, TAM infiltration, and VEGF-D production.
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Aberrant Syk signaling is evident in LAM patients

To determine whether our /n vitro and in vivo results were consistent with findings in LAM
patients, we first performed immunohistochemical staining for Syk expression and activation
in LAM lungs. While unaffected areas in LAM lungs exhibited minimal phospho- and total
Syk immunoreactivity, abundant phospho- and total Syk staining was detected in LAM
nodules (Fig. 6A).

To validate the downstream effects of Syk activation, we measured levels of MCP-1 and
VEGF-D in sera from 27 LAM patients before and after treatment with sirolimus. Patients
had an average follow-up of 3.8 years before sirolimus therapy (covering 80 visits) and 3.4
years after sirolimus therapy (120 visits). We found that when we corrected for factors
previously shown to influence rate of decline (36), rapamycin reduced the rate of change in
the forced expiratory volume in 1 second (FEV1) (p<0.001) and in diffusion capacity in
carbon monoxide (p<0.001). MCP-1 levels were significantly different before and after
sirolimus treatment (p=0.010), as were VEGF-D levels (p<0.001). Notably, we found that
MCP-1 was a significant predictor of VEGF-D regardless of sirolimus treatment (p<0.05;
correlation r=0.346) (Fig. 6B).

Based on the strong positive correlation between density of TAMs and mouse VEGF-D
expressions in xenograft tumors, we investigated if PBMCs could be a potential source of
VEGF-D in LAM. We collected PBMCs from women with LAM and healthy controls (table
S1), and we detected a six-fold increase in VEGF-D mRNA expression in the PBMCs of
LAM subjects compared to those of healthy controls (Fig. 6C). Similar to our findings /n
vitro and in xenograft tumors, these data collectively suggest that Syk activation led to
increased MCP-1 production, which triggered overexpression of VEGF-D from PBMCs.
Our results also demonstrated that PBMCs could potentially contribute to increased VEGF-
D levels in LAM.

Discussion

After its original discovery in 1988, Syk was initially investigated almost exclusively in
hematopoietic cells because of its key functions in immunoreceptor signaling. Subsequent
studies show that Syk can also be detected in non-hematopoietic cells, such as bronchial
epithelial cells (37) and vascular smooth muscle cells (38). In the present study, we
demonstrate for the first time that there is an aberrant increase in the expression and
activation of Syk in 7SC2deficient cells as well as in pulmonary nodules from LAM
patients. Furthermore, treatment with rapamycin reduces Syk expression and activity,
indicating that Syk signaling is mTORC1-dependent. We also provide compelling evidence
that Syk inhibitors (R406 and R788) effectively block Syk signaling and elicit potent anti-
proliferative activities in 75C2-deficient cells /n vitroand in an immunodeficient mouse
xenograft tumor model, indicating a pivotal role of Syk signaling in 7SC2-deficient tumor
growth and suggesting the therapeutic potential of targeting Syk in LAM. The beneficial
effects of R788 (fostamatinib disodium), a prodrug of the biologically active compound
R406, have been demonstrated in experimental models of lymphoma (39) and rheumatoid
arthritis (40). The overwhelming success in the preclinical phase has laid the foundation for
several clinical trials evaluating R788’s effects and safety profile in autoimmune diseases
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(41,42). Collectively, these properties render Syk inhibition an attractive alternative in LAM
treatment and an ideal candidate for personalized therapy.

Interestingly, protein expression analysis shows that Syk inhibitors R406 and R788 reduced
the level of phospho-p70S6 kinase, a hallmark of mTORCL activation, in 7SCZ-deficient
cells /n vitroand in xenograft tumors. Correspondingly, siRNA-mediated knockdown of Syk
diminished phospho-p70S6 kinase in 75CZ2-deficient cells, indicating that the modulation of
mTORC1 signaling by Syk inhibitors is less likely due to an off-target effect attributed to
nearly all tyrosine kinase inhibitors. Our findings suggest that the Syk pathway is not only a
downstream target of mTORCL signaling, but also engages to regulate mTORC1 activity in
a reciprocal manner, which is consistent with previous studies describing the indispensable
role of Syk in mTORC1 signaling in lymphoma and acute myeloid leukemia (23,24). This
feedback loop -with Syk both upstream and downstream of the mTORC1 pathway- makes it
challenging to separate the effects of Syk on TSC2 null cells independent of its effects on
mMTORCL1. Nevertheless, it is important to acknowledge that Syk kinase activity is the
principal but not the only target for Syk inhibitors. An /in vitro pharmacological profiling
reveals that R406 inhibits crucial kinases in vascular endothelial growth factor receptor
(VEGFR) signaling, including VEGFR1 and VEGFR2 (43). Interestingly, it was reported
that an inhibitor of VEGFR signaling (axitinib) restrained 75C2-null tumor development in
a mouse model of LAM (44), indicating that signaling pathways besides mTORC1 could
also contribute to LAM pathogenesis. In light of the multifactorial aspects of LAM, we see
tremendous potential in utilizing a multi-target compound such as a Syk inhibitor for LAM
treatment.

LAM has been labeled as “a low grade, destructive, metastasizing neoplasm” (45). Similar
to cancer, LAM generates a proinflammatory environment (46). In fact, 7SC2-deficiency has
been directly associated with elevated levels of MCP-1 (31), a potent chemotactic factor for
monocytes, although the exact underlying mechanisms of this phenomenon remain to be
elucidated. Here, we employed a combination of pharmacological and genetic manipulations
to define the signaling pathways and discovered that Syk mediates increased production of
MCP-1 in 75C2-deficient cells through a Stat3-dependent mechanism. Our findings further
extend previous reports that Syk directly activates Stat3 (32) and Stat3 mediates MCP-1
production (33).

Serum VEGF-D concentration is elevated in most LAM patients and has been confirmed to
be a reliable diagnostic and prognostic biomarker of LAM (14,15). Previous investigations
have also shown that VEGF-D contributes to LAM cell proliferation /n vitro (47) and
correlates with lymphatic involvement (14). Despite intense research efforts and major
advances in the understanding of VEGF-D biology, the origin of excessive VEGF-D in LAM
patients’ sera remains enigmatic. Traditionally, LAM cells are considered as the major
source for elevated VEGF-D levels based on the evidence that VEGF-D immunostaining is
present in LAM cells (15). Notably, LAM cells also express VEGFR3 (47), a receptor for
VEGF-D, and therefore it is difficult to ascertain whether VEGF-D originates within LAM
cells or if the observed VEGF-D immunostaining may be in part due to ligand-receptor
complex internalization. Here, we provide evidence that endogenous VEGF-D is not directly
modulated by 75CZ2 deficiency and mTORCL1 activation /n vitroand in mouse xenograft
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tumors. These data suggest the possibility that cellular sources of VEGF-D other than LAM
cells may exist in the LAM microenvironment and be sensitive to the effect of rapamycin.
Remarkably, we also found that VEGF-D expression is elevated in PBMCs from LAM
patients and could be further enhanced by exogenous MCP-1 stimulation. These findings
suggest that PBMCs could be the missing link between aberrant MCP-1 production from
7SC-2 deficient cells and increased VEGF-D concentration in peripheral blood. The direct
role of PBMCs in VEGF-D production was further substantiated in the mouse xenograft
tumor model. Quantification of TAM immunostaining and real-time PCR analysis of tumor
homogenates suggest that TAM infiltration correlates with gene expressions of rat MCP-1
and mouse VEGF-D. Furthermore, we found that the gene expression of rat MCP-1 also
correlates with that of mouse VEGF-D. Considering that TAMs predominantly differentiate
from PBMC-derived monocytes and produce an abundant amount of VEGF-D (48), our
findings support a two-step mechanism: 1) In 7SC2-deficient cells (primary LAM lesions),
activation of mMTORC1 and Syk signaling induces MCP-1 overproduction via a Stat3-
dependent manner; and 2) MCP-1 recruits and activates PBMCs, leading to increased
VEGF-D expression (Fig. 7). Taken together, our study extends a recent report that proposes
alternative sources of VEGF-D in LAM (47), and we demonstrate for the first time that
PBMCs indeed participate in VEGF-D production.

Consistent with results from the MILES trial (7), the present study demonstrates that
rapamycin treatment effectively preserved lung function and decreased levels of serum
VEGF-D in LAM patients. By distinction, we also found that rapamycin led to a reduction
in serum MCP-1 levels, which positively correlated with the decline in serum VEGF-D
concentrations. Of particular relevance to the current findings, elevated levels of MCP-1
were previously detected in the bronchoalveolar lavage fluid (BALF) from LAM patients
(49). The cumulative findings of the current and the prior study provide an additional
argument for the crucial role of MCP-1 in LAM pathogenesis. Moreover, the changes of
MCP-1 in LAM suggest that it could also be a feasible target for therapeutic modulation and
could be utilized to predict the course of the disease. Future studies are required to
determine the sensitivity and specificity of MCP-1 as a LAM biomarker.

In conclusion, we delineate a novel cascade of Syk-dependent signals and demonstrate that
Syk inhibition is a potential therapy for patients with LAM and perhaps other manifestations
of TSC who are intolerant, allergic or unresponsive to conventional mTOR inhibitors. Syk
inhibitors may also be particularly useful for LAM patients awaiting lung transplant, since
most transplant programs require patients to stop taking mTOR inhibitors due to concerns
regarding impaired wound healing (50). Furthermore, we provide mechanistic insight of how
cells of the immune system are linked to the aberrant regulation of VEGF-D in LAM. In
view of the favorable safety profile of Syk inhibitors, evaluating their therapeutic efficacy in
patients with LAM, other manifestations of TSC and malignancies characterized by
activation of the mTORC1 pathway seems well warranted.
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Fig. 1. TSC2-deficient cells display deregulated Syk expression and activation
(A) Real-time PCR analysis of rat Syk mRNA in 75CZ2 cells compared to 7SC2* cells.

Results were expressed as the fold change relative to 75CZ2 cells. Data represent means +
SEM of three independent experiments. * £< 0.05, by Student’s ¢ttest. (B) 7SCZ2 and
7SC2* cells were treated with either control vehicle (DMSO) or rapamycin (20 nM) for 24
h. (C) 7SCZ and TSCZ" cells were treated with either control vehicle (DMSO) or R406
(1uM) for 24 h. (D) 75CZ cells were transfected with control siRNA (Ct) or Syk siRNA for
48 h. (B to D) Equal amounts of protein from whole cell lysates were analyzed by Western
blot using antibodies against Tuberin, Phospho-Syk, Syk, Phospho-p70 S6 Kinase and p70
S6 Kinase. B-actin was used as a loading control. All experiments were repeated at least
three times.
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Fig.2. Inhibition of Syk suppresses growth of TSC2-deficient cellsthrough induction of cell cycle
arrest

75CZ cells were treated with DMSO (vehicle control), R406 (1uM) or rapamycin (20 nM).
(A) Effects of R406 and rapamycin on cell proliferative capacity. Cell proliferation was
determined at the indicated time points after treatment. (B) Effects of R406 and rapamycin
on cell cycle distribution. Cells were harvested 24h after treatment. Results were expressed
as a percentage of cells in G1, S and G2/M phases. Data represent mean + SEM of at least
three independent experiments. NS, not significant, *£< 0.05, **P< 0.01, ***P< 0.001
(versus DMSO), by one-way ANOVA. (C) Cells were collected 24 h after treatment. Equal
amounts of protein from whole cell lysates were analyzed by Western blot using antibodies
against PCNA, cleaved caspase-3, and caspase 3. f-actin was used as a loading control. All
experiments were repeated at least three times.
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Fig.3. Syk inhibition impairs TSC2-null xenogr aft tumor development
Female CB17-SCID mice were inoculated with 75CZ cells subcutaneously. Mice were

treated with control vehicle (n=5), R788 (n=5), or rapamycin (n=4) through intraperitoneal
injection after tumor surface area reached 40 mm2. (A) Tumor surface area was measured
daily with a caliper and tumor growth curve was plotted. Results were expressed as a
percentage of baseline tumor surface area before treatment. (B) Mice were sacrificed 12
days after the initial treatment. Representative gross appearance of mice bearing xenograft
tumors and excised tumors is displayed. Scale bars: 1 cm. (C) Volume of the excised tumors.
(D) Equal amounts of protein from tumor homogenates were analyzed by Western blot using
antibodies against Phospho-Syk, Syk, Phospho-p70 S6 Kinase and p70 S6 Kinase. p-actin
was used as a loading control. (E) Left panel: representative images of PCNA (red)
immunofluorescence staining in tumor tissue. Right panel: percentage of PCNA-positive
cells. (F) Left panels: representative images of TUNEL (red) staining in tumor tissue. Right
panel: percentage of TUNEL-positive cells. Nuclei were counterstained with DAPI (blue).
Scale bars: 50 pm (E and F). Data are presented as the mean £ SEM. NS, not significant, *P
<0.05, **P<0.01, ***P< 0.001 (versus control), by one-way ANOVA.
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Fig.4. Aberrant Syk activation induces M CP-1 overexpression via Stat3 signaling in TSC2-

deficient cells

(A) 75C2 and TSCZ2* cells were treated with either control vehicle (DMSO) or R406 (1uM)
for 24 h. (B) 7SCZ cells were transfected with control SiRNA (Ct) or Syk siRNA for 48 h.
(A and B) Levels of MCP-1 in cell culture supernatants were determined by enzyme-linked

immunosorbent assay (ELISA). Data represent means + SEM of three independent

experiments. ***P< 0.001 (versus 7SCZ cells treated with DMSO), by one-way ANOVA
(A); * P<0.05, by Student’s ttest (B). (C) 7SCZ and 7SCZ2* cells were treated with either
control vehicle (DMSQO) or R406 (1uM) for 24 h. (D) 7SCZ cells were transfected with
control siRNA (Ct) or Stat3 siRNA for 48 h. (C and D) Equal amounts of protein from
whole cell lysates were analyzed by Western blot using antibodies against Phospho-Stat3
and Stat3. p-actin was used as a loading control. (E) 75CZ cells were transfected with
control siRNA (Ct) or Stat3 siRNA for 48 h. Levels of MCP-1 in cell culture supernatants
were determined by ELISA. Data represent means + SEM of three independent experiments.

* P<0.05, by Student’s #test.
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Fig.5. MCP-1 stimulates VEGF-D expression in peripheral blood mononuclear cells
(A) Real-time PCR analysis of rat VEGF-D mRNA in 7SC2 cells compared to 7SCZ2* cells.

Results were expressed as the fold change relative to 75CZ cells. (B) Real-time PCR
analysis of human VEGF-D mRNA in human peripheral blood mononuclear cells (PBMCs).
PBMCs from four LAM subjects were isolated, seeded and stimulated with recombinant
human MCP-1 (10 ng/ml) for 24 h. Results were expressed as the fold change relative to
PBMCs treated with control vehicle. (A and B) Data represent means + SEM of three
independent experiments. NS, not significant, * £< 0.05, by Student’s ftest. (C) Left
panels: Representative images of CD68 (green) immunofluorescence staining on 7SC2-null
tumor edges. Nuclei were counterstained with DAPI (blue). Scale bars: 50 um. Right panel:
percentage of CD68-positive cells. (D) Real-time PCR analysis of rat MCP-1(left panel), rat
VEGF-D (middle panel) and mouse VEGF-D (right panel) mMRNA in tumor homogenates.
(C and D) Data are presented as the mean £ SEM. NS, not significant, **£< 0.01, ***p<
0.001 (versus control), by one-way ANOVA. (E) Correlation between percentage of CD68-
positive cells, rat MCP-1 mRNA expression and mouse VEGF-D mRNA expression in
tumors. Correlation coefficients between two variables were calculated with Pearson
correlation test.
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Fig. 6. Aberrant increase of Syk activation and expression isidentified in LAM
(A) Representative immunohistochemical staining of LAM lungs. From left to right:

immunoreactivity for phospho-Syk and total Syk visualized with diaminobenzidine (DAB)
is observed in LAM lung nodules. Absence of immunoreactivity with nonimmune 1gG in the
LAM lung. (n=6 LAM patients). Scale bars: 500 um (upper panels), 50 um (lower panels).
(B) Serum was collected from 27 LAM patients for a total of 200 visits before (80 visits, Y-
axis on the left) and after (120 visits, Y-axis on the right) sirolimus treatment. MCP-1 and
VEGF-D were measured in serum using magnetic bead-based multiplex screening assays.
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Correlation coefficients between levels of MCP-1 and VEGF-D were calculated with
Pearson correlation test. (C) Real-time PCR analysis of human VEGF-D mRNA in human
peripheral blood mononuclear cells (PBMCs) from healthy volunteers as control (n=16) and
LAM patients (n=22). Results were expressed as the fold change relative to healthy control
subjects. Data represent means = SEM. **£ < 0.01, by Student’s ftest.
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Fig.7. Schematic illustration depictstheroles of Syk signaling in VEGF-D overexpression and
TSC2-null tumor growth

In 7SC2-deficient cells, activation of mMTORCL1 and Syk signaling induces MCP-1
overproduction via a Stat3-dependent manner. Subsequently, MCP-1 recruits and activates
peripheral blood mononuclear cells (PBMCs), leading to increased VEGF-D expression. In
contrast, treatment with Syk inhibitors impairs proliferation of 7SC2-deficient cells and
decreases production of MCP-1. As a result, VEGF-D expression is reduced in PBMCs.
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