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A B S T R A C T

High-grade serous ovarian cancer (HGSOC) metastasizes when tumor spheroids detach from the primary tumor
and re-attach throughout the peritoneal cavity. Once the cancer cells have implanted in these new sites, the
development of metastatic lesions is dependent on the disaggregation of cancer cells from the spheroids and
subsequent expansion across the collagenous extracellular matrix (ECM). As HGSOC progresses an increase in
alternatively activated macrophages (AAMs) in the surrounding ascites fluid has been observed and AAMs have
been shown to enhance tumor invasion and growth in a wide range of cancers. We hypothesized that soluble
factors from AAMs in the peritoneal microenvironment promote the disaggregation of ovarian cancer spheroids
across the underlying ECM. We determined that co-culture with AAMs significantly increased HGSOC spheroid
spreading across a collagen matrix. Multivariate modeling identified AAM-derived factors that correlated with
enhanced spread of HGSOC spheroids and experimental validation showed that each individual cell line re-
sponded to a distinct AAM-derived factor (FLT3L, leptin, or HB-EGF). Despite this ligand-level heterogeneity, we
determined that the AAM-derived factors utilized a common signaling pathway to induce spheroid spreading:
JAK2/STAT3 activation followed by MMP-9 mediated spreading. Furthermore, immunostaining demonstrated
that FLT3, LEPR, EGFR, and pSTAT3 were upregulated in metastases in HGSOC patients, with substantial pa-
tient-to-patient heterogeneity. These results suggest that inhibiting individual soluble factors will not inhibit
AAM-induced effects across a broad group of patients; instead, the downstream JAK2/STAT3/MMP-9 pathway
should be examined as potential therapeutic targets to slow metastasis in ovarian cancer.

1. Introduction

Nearly 15,000 deaths are due to ovarian cancer in the United States
each year, and 22,240 new patients will have been diagnosed with
ovarian cancer in 2018 alone [1]. High grade serous ovarian cancer
(HGSOC) is the most common form of ovarian cancer [2], with a 5-year
survival rate of less than 30% [1]. HGSOC patients develop metastases
to the omentum, peritoneal wall, and diaphragm, leading to mortality-
associated events such as peritoneal organ adhesion and malfunction,
bowel obstruction, and pleural effusions [3–5]. Understanding the
mechanisms by which these metastases develop could identify ther-
apeutic targets to delay or prevent the metastatic cascade.

HGSOC metastasizes as individual tumor cells and spheroids that

detach from the primary tumor and spread throughout the peritoneal
cavity [6]. Historically it was thought that these spheroids formed
through collisions between individual cells that then adhered to each
other [7,8]. However, recent in vivo experiments with labelled cells
injected into contralateral ovaries found only homotypic spheroids,
suggesting that spheroids formed at the primary tumor site prior to
detachment [9]. While both single cells and spheroids are shed from the
primary tumor, it is believed that spheroids have a survival advantage
over their single cell counterparts as they are disseminated by the
surrounding ascites fluid to form intra-abdominal metastases. In con-
trast to many solid tumors, these new lesions do not tend to be deeply
infiltrating. Instead, once spheroids have attached in a new site, the top
layer of mesothelial cells is lost and the cancer cells expand across the
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underlying extracellular matrix (ECM) [6,10]. The factors that influ-
ence this process are unclear, but may provide therapeutic targets to
slow disease spread. As HGSOC progresses an increase in alternatively
activated macrophages (AAMs) in the surrounding ascites fluid has
been observed [11] and AAMs have been shown to enhance tumor in-
vasion and growth in a wide range of cancers [12,13]. Thus we hy-
pothesized that soluble factors from the AAMs in the peritoneal mi-
croenvironment promote the disaggregation of HGSOC cancer
spheroids across the underlying ECM.

To address this hypothesis we expanded an in vitro model previously
developed in our lab that allows for concentrated dynamic paracrine
signaling [14] to include AAMs, tumor cells, and the underlying ECM.
Briefly, the device consists of a thin ring which separates two cell cul-
ture surfaces and is sized so that the culture media is approximately 8-
fold more concentrated than a comparable transwell experiment. In our
modified system, an ECM gel was composed within the ring, a tumor
cell spheroid was placed on the ECM, and AAMs were present on the
opposing surface. By coupling our in vitro 3D model with multivariate
statistical analysis, we identified soluble factors responsible for the in-
fluence of AAMs on HGSOC spheroid spreading, which act in a het-
erogenous fashion. Our results suggest multiple AAM-derived factors
enhance HGSOC spheroid spreading, and that these diverse factors
funnel through a common downstream signaling pathway.

2. Materials and methods

2.1. Reagents and materials

Unless otherwise stated, all reagents were purchased from
ThermoFisher (Waltham, MA).

2.2. Generation of AAMs

Whole blood from healthy females 18–55 was purchased from Zen
Bio (Durham, NC). Monocytes were enriched using RosetteSep Human
Monocyte Enrichment Cocktail in combination with SepMate 50mL
tubes (STEMCELL Technologies, Seattle, WA). Monocytes were seeded
onto 9×9mm glass coverslips at a density of 500,000 cells/cm2

(405,000 cells per coverslip), and then differentiated into alternatively
activated macrophages (AAMs) as previously described [15]. Briefly,
monocytes were differentiated into macrophages over the course of 5
days in AIMV media supplemented with 1% penicillin–streptomycin
and 20 ng/mL MCSF. Macrophages were subsequently polarized to
AAMs over the course of 2 days in AIMV media supplemented with 1%
penicillin–streptomycin and 2 ng/mL IL-4 and IL-13.

2.3. HGSOC spheroids

HGSOC cell lines OVCAR3 and OV90 were purchased from ATCC,
and OVCA433 was obtained from the NCI 60 panel (NIH, Bethesda,
MD). HGSOC cells were maintained in ovarian cancer media (1:1 (v/v)
ratio of MCDB105:Medium199 (Corning, Corning, NY) supplemented
with 1% penicillin/streptomycin) and 15% heat-inactivated FBS. Prior
to spheroid formation HGSOC cells were stained with 1 μM CellTracker
Red CMTPX. HGSOC cells were then dissociated using TrypLE Select
Enzyme and formed into spheroids over 48 h in ovarian cancer media
supplemented with 0.1% aqueous methylcellulose polymer using the
hanging drop technique with 2000 cells/25 μL droplet [16].

2.4. In vitro micro culture device

In order to model interactions between primary human AAMs and
HGSOC spheroids, an in vitro micro-culture device was used that allows
for the examination of paracrine signaling in a controlled environment
[14]. To construct the microdevice an oval PDMS ring (11×17 x 0.5
mm) was placed in a well of a 24 well plate. The tissue culture plastic

surface of the device was then pretreated with 2% poly(ethyleneimine)
followed by 0.1% glutaraldehyde for 30min as previously described
[17]. A collagen bed was prepared within the microdevice by com-
bining high concentration bovine collagen type I (Advanced Biomatrix,
Carlsbad, CA), 0.1 N NaOH, and 10X PBS for a final concentration of
8mg/mL collagen, 1X PBS, and a pH of 7.4. The hydrogels were al-
lowed to polymerize for an hour in the incubator, then rinsed with
serum-free ovarian cancer media (1:1 (v/v) ratio of MCDB105:Me-
dium199 (Corning) supplemented with 1% penicillin/streptomycin). To
initiate co-culture a HGSOC spheroid was placed on the collagen bed,
the micro-culture device was filled with 40 μL serum-free ovarian
cancer media, and the macrophage-covered glass coverslip was inverted
and placed on top of the PDMS ring (Supplemental Figure 1). The final
ratio of AAMs to HGSOC cells was 405,000 AAMs: 2000 HGSOC cells. A
blank coverslip that had been treated with the monocyte differentiation
protocol was used for HGSOC monoculture controls. Twenty-four hours
after initiating co-culture, 4 μL of serum-free ovarian cancer media was
added to each micro-device to counteract evaporation.

2.5. Quantifying spheroid spreading

HGSOC spheroids were imaged at 0 and 48 h using a Zeiss Axio
Observer. Z1 inverted microscope with an AxioCam 506 mono camera,
Plan-Apochromat 5×0.16-NA air objective, and Zen 2 software
(Zeiss). The total pixel area covered by the spheroid at 0 and 48 h was
calculated using ImageJ software (NIH) and spheroid spreading was
calculated as the fold change of spheroid area at 48 h to spheroid area
at 0 h.

2.6. Assessment of cytokine profiles

Conditioned media was collected from the micro-culture devices
after 48 h. Media samples were centrifuged at 10,000g for 10min and
the supernatant was frozen at −80 °C until assayed. Quantification of
cytokines BDNF, Eotaxin/CCL11, EGF, FGF-2, GM-CSF, GROα/CXCL1,
HGF, NGFβ, LIF, IFNα, IFNγ, IL-1β, IL-1α, IL-1RA, IL-2, IL-4, IL-5, IL-6,
IL-7, IL-8/CXCL8, IL-9, IL-10, IL-12 p70, IL-13, IL-15, IL-17A, IL-18, IL-
21, IL-22, IL-23, IL-27, IL-31, IP-10/CXCL10, MCP-1/CCL2, MIP-1α/
CCL3, MIP-1β/CCL4, RANTES/CCL5, SDF-1α/CXCL12, TNFα, TNFβ/
LTA, PDGF-BB, PLGF, SCF, VEGF-A, VEGF-D within the conditioned
media was performed using a Human Growth Factor 45-Plex
ProcartaPlex Immunoassay. Protein quantification was performed using
a MAGPIX instrument (Luminex Corporation, Madison, WI) and as-
sessed using xPONENT for MAGPIX software. Quantification of cyto-
kines angiogenin, angiopoietin-2, bFGF, HB-EGF, HGF, leptin, PDGF-
BB, and PLGF was performed using a Human Angiogenesis Array
(RayBiotech, Peachtree Corners, GA). Protein quantification was per-
formed using a GenePix 4000B scanner (Molecular Devices, San Jose,
CA) and assessed using GenePix Pro software.

2.7. Partial least squares regression

A PLSR model of HGSOC spheroid spreading was built with soluble
factors in the presence of AAMs as independent variables and spheroid
spreading as the dependent variable [15]. The concentration of soluble
factors and the resultant HGSOC spheroid spreading was quantified in
all three HGSOC lines across four unique AAM donors. PLSR was per-
formed using SimcaP + v.12.0.1 (Umetrics, Malmö, Sweden).

2.8. Interrogating downstream pathways

The PLSR model identified AAM-secreted signaling molecules that
strongly correlated with increased spheroid spreading. In order to de-
termine if the identified factors had a causative role on spheroid
spreading, recombinant versions of the soluble factors in question were
added to HGSOC spheroids in the absence of AAMs and spheroid
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disaggregation was quantified. These studies were performed in all
three HGSOC cell lines by adding 40 μL serum-free ovarian cancer
media± factors at hour 0 followed by 4 μL ovarian cancer
media ± 10X factors at 24 h to combat evaporation. HGSOC spheroids
were cultured with 2 ng/mL FLT3L, 20 ng/mL HB-EGF [18], 5 ng/mL
IL-2, 50 ng/mL IL-6 [19], 20 ng/mL IL-8 [20], or 100 ng/mL leptin
[21]. The concentrations for HB-EGF, IL-6, IL-8, and leptin were chosen
from literature values while FLT3L and IL-2 were chosen from the ED50

values provided by the manufacturer.
Pathways of interest identified from the above experiment were

further investigated by inhibition in the presence of AAMs. FLT3 was
inhibited in OVCAR3 with 40 nM CHMFL-FLT3-122, a selective in-
hibitor of FLT3 that docks into the FLT3 ligand-binding domain and
prevents FLT3L from binding [22]; leptin receptor was inhibited in
OVCA433 with 20 μg/mL mAb398, an antibody that neutralizes human
leptin and prevents it from binding to the leptin receptor [23], and the
receptor for HB-EGF, EGFR, was inhibited in OV90 with 10 μg/mL
mAb225, an antibody that specifically blocks EGF family ligands from
activating EGFR [18]. The STAT3 pathway was inhibited in all three
HGSOC cell lines using 1 μM cucurbitacin I (CCI), a selective JAK2/
STAT3 inhibitor [24]. The MMP-9 pathway was inhibited in all three
HGSOC cell lines using 10 μM AB142180 [18], a selective inhibitor of
MMP-9. After 24 h of culture 10X factors and/or inhibitors were added
in 4 μL to combat evaporation.

2.9. PCR

RNA was isolated from the HGSOC cells in culture using the RNeasy
Fibrous Tissue Mini Kit (Qiagen, Germantown, Maryland) according to
manufacturer's instructions. Samples were homogenized by passing
samples through a 27-gauge needle five times followed by five times
through a 22-gauge needle. cDNA was synthesized and amplified using
the RT2 PreAMP cDNA Synthesis Kit, then assayed using the Epithelial
to Mesenchymal (EMT) RT2 Profiler PCR Array (Qiagen) in a CFX real-
time PCR machine (Bio-Rad, Pleasanton, CA) for a total of 40 cycles,
using Qiagen's Data Analysis Center for analysis. Data are expressed as
fold change, with±2-fold set as the threshold for significance. qRT-
PCR was performed using human primers forMMP9, FLT3, LEPR, EGFR,
and GAPDH (Qiagen).

2.10. Histological analysis

Formalin fixed paraffin embedded samples from women who had
undergone surgical debulking or omentectomy procedures for HGSOC
or non-HGSOC diagnoses were obtained from archived pathology
samples through a protocol approved by the IRB at the University of
Wisconsin - Madison. Five-micron sections were cut and were processed
as previously described [15]. Briefly, slides were deparaffinized, and
rehydrated followed by antigen retrieval with sodium citrate buffer
(Vector Labs, Burlingame, CA) according to manufacturer's instructions.
To investigate receptor levels and STAT3 activity, slides were blocked
in normal blocking serum (Vector Labs) overnight at 4 °C then in-
cubated with primary antibodies diluted in blocking buffer for 2 h at
25 °C [anti-cytokeratin 7 (1:100, 307M− 9, Sigma, St. Louis, MO), anti-
FLT3 (1:100, PA514668), anti-leptin receptor (1:100, PA1-053), anti-
EGFR (1:500, D38B1, Cell Signaling Technologies, Danvers, MA), and
anti-STAT3 (phospho S727, 1:200, ab32143, Abcam)]. After rinsing
with PBS, sections were incubated with secondary antibodies for 1 h at
25 °C (1:500 goat-anti rabbit IgG Alexa Fluor 647, 1:500 goat-anti
mouse IgG Alexa Fluor 488). Autofluorescence was quenched by in-
cubating sections with TrueBlack (VWR, Atlanta, GA) for 15min. Slides
were then counterstained and sealed with ProLong Diamond Antifade
mounting media containing DAPI. Sections were imaged using a Zeiss
Axio Observer. Z1 in conjunction with an AxioCam 506 mono camera
and a Plan-Apochromat 20×0.8-NA air objective. Image analysis was
performed using ImageJ software.

2.11. Confocal imaging and image analysis

For all confocal imaging experiments clear bottom black walled
plates with optical properties similar to glass coverslips were used (μ-
Plate 24 Well Black, IBIDI, Fitchburg, WI). Four hours post-treatment
spheroids were fixed using 10% buffered formalin for an hour at 25 °C,
rinsed with PBS, then permeabilized with 0.25% Triton-X for 45min at
37 °C. Non-specific protein interactions were blocked by incubating
samples in 5% BSA for 24 h at 37 °C, followed by incubation with anti-
STAT3 (phospho S727, 1:500, ab32143, Abcam, Cambridge, MA) for
24 h at 37 °C. Samples were rinsed with PBS and then incubated with
secondary antibody (1:350 goat-anti rabbit IgG Alexa Fluor 647) for
24 h at 37 °C protected from light. After rinsing with PBS, samples were
incubated with DAPI (1:1000) for 45min at 37 °C to visualize cell nu-
clei. Samples were washed with PBS and imaged on a Nikon A1R
confocal laser microscope with a PLAN APO VC 20×0.75-NA objec-
tive. Samples were imaged at the Nyquist optimized step size and
phosphorylated STAT3 median fluorescent intensity (MFI) was calcu-
lated every five microns for each spheroid using ImageJ software. The
edge of the spheroid was defined as the area from the boundary of the
spheroid to four nuclei in from the boundary of the spheroid, and the
center was defined as the remaining area.

2.12. Statistical analysis

Data are presented as mean ± standard deviation of the mean.
Statistical analysis (one-way ANOVA, two-way ANOVA, or t tests when
appropriate) was performed in Prism 7 software (Graph-Pad, San Diego,
CA).

3. Results

3.1. AAMs promote HGSOC spheroid spreading

As HGSOC is associated with substantial variation due to changes in
copy number [25], we examined the effect of AAMs on HGSOC spheroid
spreading in three HGSOC cell lines (OVCAR3, OVCA433, and OV90).
All three lines have a mutation in TP53 and elevated expression of
PARP1 [26], but have different mutations and transcriptional changes
in other pathways such as cell cycle regulation and PI3K [27]. HGSOC
spheroids were imaged at 0 and 48 h in the presence or absence of
AAMs (Fig. 1A). AAM pheneotype was maintained throughout the
duration of co-culture, as validated by CD68 and CD163 im-
munostaining (Supplemental Figure 2). While all three lines formed
compact spheroids, the three HGSOC cell lines spread out in distinct
patterns: OVCAR3 spread uniformly from the center of the spheroid in a
connected sheet, OVCA433 spread as individual cells migrating away
from the spheroid body, and OV90 demonstrated a combination of
collective and individual cell migration. While these modes of
spreading were observed in the absence of AAMs, the extent of
spreading appeared to be accentuated in the presence of AAMs. We
therefore calculated the fold change in area over the 48 h time period to
quantify spreading. While in the absence of AAMs all three HGSOC cell
lines spread slightly (approximately 2-fold), the presence of AAMs re-
sulted in significantly increased spheroid spreading across all three
HGSOC cell lines and multiple unique AAM donors (Fig. 1B). Spheroid
responsiveness to AAMs was the highest for OV90 and the least for
OVCAR3.

3.2. Partial least squares regression (PLSR) identifies AAM-derived soluble
factors that correlate with increased HGSOC spheroid spreading

To determine the AAM-derived factors responsible for increased
spheroid spreading, cytokine concentrations were assessed in condi-
tioned media collected from the micro-culture devices at the end of the
48 h of co-culture (Fig. 2A). Of the 57 soluble factors included in the
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screen 25 were detected, with variability noted between the individual
AAM donors and different HGSOC cell lines. Given the large number of
factors present and the variation observed, we utilized a multivariate
modeling technique to discern key AAM-secreted factors involved in
HGSOC spheroid spreading. Specifically, we used partial least squares
regression (PLSR), a multivariate regression technique that identifies
the co-variation between independent (X, secreted factors) and

dependent (Y, spheroid spreading) observations. To focus this ex-
amination on the variation induced in response to AAMs, we did not
include cytokine levels produced in either tumor spheroid-only or AAM-
only cultures.

A one-component PLSR model (Fig. 2B) was able to capture the
variance in the data (R2Y=0.73) and predict spheroid spreading
during cross-validation (Q2Y= 0.61). Examination of the model scores

Fig. 1. AAMs promote HGSOC spheroid spreading.
(A) Representative images of HGSOC spheroids at
day 0 and day 2 ± AAMs. Scale bar= 500 μm. (B)
Quantification of HGSOC spheroid spreading after
two days±AAMs. Circles represent average values
of 6 micro-culture devices per AAM donor, lines re-
present the average of 5 primary human monocyte
donors± SD; *p < 0.05 vs. - AAMs by paired two-
tailed t-test for each cell line. The dashed line in-
dicates fold change in spheroid area equal to one.

Fig. 2. A one component PLSR model of
HGSOC spheroid spreading identified so-
luble factors of interest. (A) Soluble factors
(Z-score normalized) in the presence of
AAMs. Data are an average of n= 6 micro-
culture devices per AAM donor. Each
column within a cell line represents one
AAM donor. (B) PLSR-predicted spheroid
spreading compared to experimentally-ob-
served spheroid spreading. (C) Scores plot
for principal component 1 separates the
HGSOC cell lines based on responsiveness to
AAMs. (D) VIP> 1 are filled in, and
VIP>1 that were investigated further are
highlighted in blue. (E) Loadings plot for
principal component one showing the li-
gands that vary similar to spheroid
spreading. Ligands with a VIP> 1 are filled
in and ligands that were investigated fur-
ther are highlighted in blue.
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demonstrated that the first component separated the HGSOC cell lines
based on how responsive they were to AAMs (Fig. 2C). A variable im-
portance of projection (VIP) score indicates the importance of that
feature in the model, and a VIP score greater than one indicates that a
protein contributes significantly to the model. Our analysis identified
11 factors with a VIP score greater than one (Fig. 2D). Of those 11
factors, nine projected positively along the principal component, which
correlates with increased spheroid spreading on the loadings plot
(Fig. 2E). Interestingly, IL-6 had the highest VIP and a negative corre-
lation with spreading, despite prior reports implicating IL-6 in HGSOC
metastasis [28]. To examine this unexpected relationship, spheroids
were treated with IL-6 in the absence of AAMs (Supplemental Figure 3).
While exogenous IL-6 did not significantly impact spheroid spreading,
this does not rule out a potential role for IL-6 in the baseline differences
observed. To refine the list of factors associated with AAM-induced
spreading, KEGG (Kyoto Encyclopedia of Genes and Genomes) Pathway
Analysis [29] was utilized to identify five soluble factors (IL-2, FLT3,
leptin, IL-8, and HB-EGF) that have been linked to cancer proliferation,
migration, or invasion and are known to be produced by immune cells
such as macrophages and monocytes.

3.3. Each HGSOC cell line responds to a distinct AAM-derived factor

The PLSR model and KEGG analysis identified five AAM-derived
soluble factors that strongly correlated with increased spheroid
spreading. To experimentally validate this relationship, the five soluble
factors of interest were added to HGSOC spheroids and spheroid
spreading was evaluated in the absence of AAMs. Each individual
HGSOC cell line responded to different soluble cues: FLT3L induced
spreading in the OVCAR3 cell line; leptin or IL-8 induced spreading in
the OVCA433 cell line; HB-EGF induced spreading in the OV90 cell line
(Fig. 3A). The stimulus that elicited the strongest response in each
HGSOC cell line was then further investigated by inhibiting the corre-
sponding receptor in the presence of AAMs (Fig. 3B). Inhibiting the
receptor for FLT3L (FLT3) with CHMFL-FLT3-122 in the presence of
AAMs attenuated OVCAR3 spheroid spreading, inhibiting the receptor
for leptin (LEPR) with mAb398 in the presence of AAMs attenuated
OVCA433 spheroid spreading, and inhibiting the receptor for HB-EGF
(EGFR) with mAb225 in the presence of AAMs attenuated OV90

spheroid spreading. To validate that the AAMs were producing these
ligands, the secretion from spheroids or AAMs in monoculture was
measured. While both tumor spheroids and AAMs produced detectable
levels, the AAMs produced 3–15 fold more than the spheroids
(Supplemental Figure 4). To determine the source for the cell-specificity
for ligands involved in mediating the AAM-induced spreading, the gene
expression of the cognate receptors (FLT3, LEPR, and EGFR) was ex-
amined in all three HGSOC cell lines after 24 h of culture (Fig. 3C). In
the presence of AAMs each HGSOC cell line preferentially up-regulated
one of the three receptors, and the upregulated receptor corresponded
with the AAM-derived factor that elicited a strong spheroid spreading
response. Specifically, OVCAR3 had increased FLT3 and were re-
sponsive to FLT3L, OVCA433 had increased LEPR and were responsive
to leptin, and OV90 had increased EGFR and were responsive to HB-
EGF, suggesting that the preferential sensitivity was due to the het-
erogeneity in receptor expression.

3.4. AAM-derived factors utilize a common signaling pathway, JAK2/
STAT3, to mediate their effect on spheroid spreading

KEGG pathway analysis of FLT3, LEPR, and EGFR downstream
signaling pathways identified the JAK/STAT family as a hub shared by
all three receptors. While leptin and HB-EGF share multiple JAK/STAT
pathways, FLT3 has been directly linked to only the JAK2/STAT3
pathway [30]. Furthermore, the JAK2/STAT3 pathway has been im-
plicated as a mediator of leptin-induced migration in ovarian cancer
cells [21]. Thus, we hypothesized that the JAK2/STAT3 pathway
mediated spheroid spreading of all three HGSOC cell lines in the pre-
sence of these stimuli. To investigate this hypothesis, we first examined
STAT3 activity in HGSOC spheroids in the presence or absence of their
preferred stimuli 4 h post-treatment (Fig. 4A–C). In all three HGSOC cell
lines, pSTAT3 expression significantly increased in the presence of sti-
mulus compared to vehicle control (Veh.) and the pSTAT3 signal was
significantly elevated at the edge of the spheroid compared to the
center in the presence of stimulus (Fig. 4B). Furthermore, in the pre-
sence of stimulus, pSTAT3 localized to the nucleus in the OVCA433 and
OV90 cell lines but not OVCAR3, similar to the weaker sensitivity of the
OVCAR3 cell line to both AAMs and individual stimuli (Fig. 4C). To
directly probe the contribution of STAT3 to spheroid spreading, HGSOC

Fig. 3. Each HGSOC cell line responded to different AAM-
derived factors. (A) HGSOC spheroid spreading after two
days± vehicle control (Veh.) or PLSR-identified factors:
5 ng/mL IL-2, 2 ng/mL FLT3L, 20 ng/mL IL-8, 100 ng/mL
leptin, or 20 ng/mL HB-EGF; n = 6 micro-culture devices,
*p < 0.05 vs. Veh. by one-way ANOVA and t-test with
Bonferroni correction for each cell line. (B) HGSOC spheroid
spreading after two days±AAMs ± inhibitor (Inh.):
OVCAR3 + 40 nM CHMFL-FLT3-122, OVCA433 + 20 μg/
mL mAb398, OV90 + 10 μg/mL mAb225; n = 6 micro-
culture devices, *p < 0.05 vs. - AAMs and p < 0.05
vs. + AAMs by two-way ANOVA and t-test with Bonferroni
correction for each cell line. (C) qRT-PCR analysis of FLT3,
LEPR, and EGFR in response to co-culture with AAMs. Data
are expressed as average ± SD, n = 3 pooled samples of 24
spheroids each, *p < 0.05 vs. -AAMs for each gene within
each HGSOC cell line by two-way ANOVA and t-test with
Bonferroni correction.
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spheroids were incubated with stimulus along with Cucurbitacin I
(CCI), a selective JAK2/STAT3 inhibitor [24]. CCI had no significant
effect on baseline spheroid spreading; in contrast, ligand-induced
spheroid spreading was significantly reduced in all three HGSOC cell
lines (Fig. 4D). These data implicate the JAK2/STAT3 pathway as a
downstream hub responsible for FLT3L, leptin, and HB-EGF induced
spheroid spreading in the OVCAR3, OVCA433, and OV90 cell lines,
respectively.

3.5. AAM-derived factors induce MMP9-mediated spreading via JAK2/
STAT3

STAT3 is a master regulator of gene transcription involved in tumor
cell survival, proliferation, migration, and invasion [31]. In order to

further explore how STAT3 activation was mediating HGSOC spheroid
spreading, expression of genes associated with epithelial to mesench-
ymal transition was examined using a PCR array for the three HGSOC
cell lines in the absence or presence of AAMs (Fig. 5A). Of the 84 genes
assessed only seven were upregulated in the presence of AAMs across
all three HGSOC cell lines (MMP9, RAC1, IL1RN, SPP1, DSP, GSK3B,
VIM). Of these seven genes, MMP9 expression predicts survival in
ovarian cancer patients [32] and is involved in the migration of cells
through and across the ECM [33]. To determine if the increase inMMP9
impacted spheroid spreading we utilized a selective antibody,
AB142180, to inhibit MMP-9 activity. This inhibitor did not sig-
nificantly affect spreading in the absence of stimulus; however,
spheroid spreading in the presence of the cell line-specific stimulus was
significantly reduced for all three cell lines (Fig. 5B). To determine if
the common JAK2/STAT3 pathway was responsible for the increase of
MMP9, we next measured the levels of MMP-9 in conditioned media in
the presence or absence or stimulus and CCI (Fig. 5C). These results
indicate that FLT3L, leptin, and HB-EGF upregulate MMP-9 via STAT3
activation in OVCAR3, OVCA433, and OV90, respectively, ultimately
resulting in HGSOC spheroid spreading (Fig. 5D).

3.6. FLT3, LEPR, EGFR, and pSTAT3 are upregulated in HGSOC patients

To verify that the pathways identified using our in vitro model
translate to HGSOC patients, we analyzed archived pathological sam-
ples. Non-HGSOC samples came from nine patients who had diagnoses
that were either benign or from another tumor type (e.g., granulosa cell
tumor or mucinous ovarian carcinoma) without omental involvement
(Supplemental Table 1). HGSOC samples were from either omental or
peritoneal wall metastases; for a subset of patients archived samples
from both sites were available. Samples were stained for the three re-
ceptors identified above (FLT3, LEPR, and EGFR) as well as pSTAT3 and
counterstained with cytokeratin 7 (CK7), a low molecular weight cy-
tokeratin that stains HGSOC tumor cells [34] (Fig. 6A). To determine if
tumor cells expressed the receptors of interest, the CK7-positive region
was identified and the median fluorescent intensity (MFI) in this region
was quantified. Omental and peritoneal wall tissue from HGSOC pa-
tients expressed significantly higher levels of FLT3, LEPR, and EGFR
compared to omental tissue from non-HGSOC patients (Fig. 6B). There
was no significant difference between the omental and peritoneal wall
tissue for HGSOC patients. Additionally, the percent of pSTAT3 ex-
pressed in the nuclei throughout the tissue, an indicator of pSTAT3
activity, was significantly upregulated in tissue from HGSOC patients
compared to tissue from non-HGSOC patients (Fig. 6C). When the re-
ceptor expression data were analyzed for HGSOC samples alone it was
noted that the majority of samples expressed one of the three receptors
more strongly than the other two receptors, similar to the HGSOC cell
lines examined in vitro (Fig. 6D, Supplemental Figure 5). Interestingly,
the highly expressed receptor was shared between the omentum and
peritoneal wall for only one out of the 12 patients where both sites were
examined (patient 6). Taken together, these patient samples indicate
that the receptors for FLT3L, leptin, and HB-EGF, as well as the shared
downstream STAT3 pathway that regulated tumor spheroid spreading
in vitro, are upregulated in HGSOC patients.

4. Discussion

By coupling an in vitro model of transcoelomic spread of tumor
spheroids with statistical modeling we were able to identify several
macrophage-secreted factors that regulate spreading through a central
signaling pathway. Specifically, our in vitro results demonstrated that
the three HGSOC cell lines examined responded to unique AAM-derived
cytokines (FLT3L, leptin, or HB-EGF). We further demonstrated that
each cytokine activated the JAK2/STAT3 pathway, leading to MMP-9
secretion and HGSOC spheroid spreading. Consistent with this me-
chanism, we observed activation of STAT3 in HGSOC metastases. The

Fig. 4. All three HGSOC cell lines utilized JAK2/STAT3 to mediate AAM-in-
duced spheroid spreading. A–C: HGSOC spheroids were treated with vehicle
control (Veh.) or stimulus (Stim.) and phosphorylated STAT3 (pSTAT3) was
examined via confocal microscopy. (A) Representative images of pSTAT3 ex-
pression in HGSOC spheroids 4 h post-treatment. Scale bar= 50 μm. (B)
Expression of pSTAT3 in HGSOC spheroids at the edge (the area from the
boundary of the spheroid to four nuclei in from the boundary of the spheroid)
and the center (the remaining area of the spheroid). Data are expressed as
average ± SD, n = 3 spheroids per HGSOC cell line, 8 images of a 40 μm z-
stack were analyzed for each spheroid, *p < 0.05 vs. Veh. Center and Veh.
Edge, ∧p < 0.05 vs. Stim. Center. Significance within each cell line determined
by two-way ANOVA and t-test with Bonferroni correction. (C) Proportion of
pSTAT3 present in the nucleus vs. the cytoplasm. Data are expressed as
average ± SD, n = 3 spheroids per HGSOC cell line, 8 images of a 40 μm z-
stack were analyzed for each spheroid, *p < 0.05 vs. Veh. by t-test for each cell
line. (D) HGSOC spheroid spreading after two days with vehicle control (Veh.),
cucurbitacin I (CCI), stimulus: OVCAR3 + 2 ng/mL FLT3L,
OVCA433 + 100 ng/mL leptin, OV90 + 20 ng/mL HB-EGF, or stimulus plus
CCI. Data are expressed as average ± SD, n = 6 micro-culture devices;
*p < 0.05 vs. - AAMs and ∧p < 0.05 vs. + AAMs for each cell line by two-way
ANOVA and t-test with Bonferroni correction.
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preferential sensitivity of the HGSOC cell lines to one cytokine over the
others likely resulted from an upregulation of the corresponding re-
ceptor in the presence of AAMs. While the receptors for FLT3L, leptin,
and HB-EGF were significantly upregulated in HGSOC patient samples
compared to non-HGSOC patient samples, heterogeneity in receptor
expression was observed across HGSOC patient samples, consistent with
the variation between cell lines. Combined, these data indicate that
while HGSOC exhibits heterogeneous response to soluble cues, con-
served downstream pathways such as JAK2/STAT3 could potentially be
targeted for future therapeutic interventions.

AAMs have a vast secretome [35], which makes identification of the
specific factors responsible for cellular behaviors difficult. To approach
this complex problem, we employed PLSR to identify which of the cy-
tokines detected in our co-culture system strongly co-varied with
HGSOC spheroid spreading. PLSR is a statistical modeling approach
that is widely used in the field of systems biology to examine how in-
tracellular signaling cascades affect cellular behavior [36]. As with our
study, many prior PLSR studies have identified multiple variables in the
X matrix that strongly co-vary with the response in the Y matrix. Ex-
perimental validation in these studies often yields a single variable as
playing a causative role [37,38]. In contrast, we identified multiple
soluble factors that were then verified to exhibit a direct causative role
in inducing spheroid spreading on a cell line-specific basis. We suspect
that the multiplicity of responses results from the heterogeneity of
ovarian cancer [26], where even within specific subtypes such as
HGSOC, cell lines from different patients exhibit heterogeneous re-
sponses to growth factor stimulation [39]. Alternatively, we considered
that this multiplicity may reflect that we examined the ligand-response
relationship rather than the signal-response relationship, which we
determined funneled through a common pathway. However, we re-
cently used PLSR to determine that AAM-secreted MIP1β specifically
increased adhesion of HGSOC cell lines to mesothelial cells lining the

peritoneal cavity [15]. There, we were also concerned with the ligand-
response relationship but our response resulted from MIP1β causing the
mesothelial cells to become more permissive to attachment rather than
a direct effect on the HGSOC cells. In our current study MIP1β had a
low VIP score in the PLSR model of spheroid spreading and a unique set
of AAM-derived factors influenced HGSOC spheroid spreading. Taken
together these two studies accentuate the diverse roles AAMs play in
the progression of HGSOC as well as the need for multiple in vitro
models to examine complex multi-step processes such as HGSOC me-
tastasis.

This is the first work to demonstrate that FLT3L, leptin, and HB-EGF
induce spheroid spreading. Leptin and HB-EGF have been previously
implicated in ovarian cancer behavior both in vitro and in patient
samples; in contrast, to our knowledge FLT3L has not been implicated
in ovarian cancer. Consistent with its role as an adipokine, leptin has
been linked to cancer progression in tumor microenvironments that
occur in adipose-rich areas, such as breast cancer [40,41] and ovarian
cancer [21]. In vitro, leptin increases ovarian cancer cell migration and
proliferation, and higher leptin levels in ascites fluid correlate with
worse patient outcome [21]. HB-EGF is known to play a pivotal role in
the progression of ovarian cancer by promoting EMT [42] and AAM-
derived HB-EGF promotes ovarian cancer proliferation [18]. High le-
vels of EGFR are expressed in the majority of ovarian cancers [43];
however, neither expression of EGFR [44] or levels of EGFR [45] have
been demonstrated to be strong prognostic biomarkers. While muta-
tions in the FLT3 gene have been implicated in acute myeloid leukemia
[46], this is the first work to our knowledge to implicate the FLT3
pathway in a solid tumor. Furthermore, this is the first work to de-
monstrate that LEPR and FLT3 are significantly upregulated in tissue
from HGSOC patients. Similar to EGFR these receptors were not con-
stitutively expressed in all HGSOC patients; thus, we expect that LEPR
and FLT3 are also unlikely to be strong prognostic biomarkers in

Fig. 5. AAM-derived factors induce MMP9-mediated spreading via JAK2/STAT3. (A) Scatter plot of gene expression in HGSOC spheroids after two days±AAMs.
Changes greater than 2-fold were considered significant. MMP9 is emphasized for each HGSOC cell line as a larger circle. (B) HGSOC spheroid spreading after two
days± vehicle control (Veh.), AB142180, and stimulus (OVCAR3 + 2 ng/mL FLT3L, OVCA433 + 100 ng/mL leptin, OV90 + 20 ng/mL HB-EGF, Stim). Data are
expressed as average ± SD, n = 6 micro-culture devices per cell line; *p < 0.05 vs. Veh. and ∧p < 0.05 vs. Stim. by for each cell line by two-way ANOVA and t-test
with Bonferroni correction. (C) MMP-9 concentration in conditioned media from HGSOC spheroid spreading after two days± vehicle control (Veh.), cucurbitacin I
(CCI), and stimulus (Stim). Data are expressed as average ± SD, n = 6 micro-culture devices per cell line; *p < 0.05 vs. Veh. and ∧p < 0.05 vs. Stim. for each cell
line by two-way ANOVA and t-test with Bonferroni correction. (D) Schematic of proposed mechanism where AAM-derived FLT3L, leptin, and HB-EGF activate the
JAK2/STAT3 pathway, leading to MMP-9 secretion, which results in increased HGSOC spheroid spreading.
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ovarian cancer.
Through analysis of pathways downstream from FLT3L, leptin, and

HB-EGF, we identified JAK2/STAT3 as a potential node that could
mediate a common effect from these diverse ligands. Leptin and the
receptor for HB-EGF (EGFR) have been previously linked to the JAK2/
STAT3 pathway in breast cancer [47] and FLT3L has been linked to the
JAK2 pathway in leukemia [48]. STAT3 is an established oncogenic
mediator [31] and STAT3 activation in tumor biopsies from ovarian
cancer patients correlated with decreased overall survival [49]. We
further elucidated the role of STAT3 in HGSOC by analyzing the link
between STAT3 activation and MMP-9 mediated spheroid spreading.
STAT3 activation in ovarian cancer cells has been correlated with in-
creased MMP-9 activity [50] and high levels of MMP-9 activity in the
ascites fluid of ovarian cancer patients correlate with reduced overall
patient survival [32]. Additionally, HB-EGF upregulates MMP-9 in
cancer cells through either autocrine [51] or paracrine [18] signaling
feedback loops and leptin increases MMP-9 expression in vascular
progenitor cells [52]. Here, we demonstrate for the first time that
FLT3L directly upregulates MMP-9. While individual components of
this pathway have been previously identified as impacting cancer cell
behavior, our analysis connects them to a conserved response in
ovarian cancer cells.

JAK2, STAT3, and MMP-9 are all being investigated as targets for a
broad range of cancer treatment strategies. Inhibitors of JAKs have

received FDA approval for hematologic malignancies and solid tumors,
have shown promising results in preclinical studies of ovarian cancer,
and are currently in early phase clinical trials of ovarian cancer [28].
The JAK2/STAT3 inhibitor used in our studies, Cucurbitacin I, is a se-
lective inhibitor of JAK2 activating STAT3 and has been demonstrated
to effectively suppress phosphorylated STAT3 in vitro as well as inhibit
STAT3-dependent tumor growth in mouse models of breast cancer,
adenocarcinoma, melanoma, and lung cancer [24,53]. Cucurbitacin I
along with other JAK2/STAT3 inhibitors (i.e., pacritinib and WP1066)
led to on-target inhibition of STAT3 in preclinical models of glio-
blastoma and WP1066 is currently being investigated in a phase I
clinical trial for recurrent glioblastoma [54,55]. As STAT3 exists as both
a diffuse dimer in the cytosol and the nucleus, STAT3 has proven to be a
more difficult target. However, several compounds targeting the ability
of the STAT3 dimer to bind to DNA have been recently developed and
are now in early phase clinical trials [56]. Lastly, a phase 2 trial re-
cently demonstrated that an anti-MMP-9 antibody, Andecaliximab, ef-
fectively neutralized MMP-9 activity in patients with Crohn's disease
[57] and recently completed a phase I study in patients with gastric
solid tumors [58].

In conclusion, AAMs promote HGSOC spheroid spreading in trans-
coelomic metastasis through multiple soluble factors. This hetero-
geneity suggests that moving forward targeting the soluble factors may
not a viable treatment option, particularly when that factor acts on
tumor cells. By identifying the soluble factors responsible for the in-
creased spheroid spreading we were able to tease apart details of the
underlying mechanism and identify a shared downstream pathway.
This approach can be applied to additional steps of the ovarian cancer
metastatic cascade in order to identify targets to slow or halt the spread
of ovarian cancer metastasis.
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and combined with mFOLFOX6 in advanced gastric and gastroesophageal junction
adenocarcinoma: results from a phase I study, Clin. Cancer Res. 24 (2018)
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LIST OF ABBREVIATIONS

HGSOC: high-grade serous ovarian cancer

ECM: extracellular matrix
AAM: alternatively-activated macrophage
PLSR: partial least squares regression
CK7: cytokeratin 7
CCI: cucurbitacin I
MFI: median fluorescent intensity
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