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Abstract

There is an urgent need for more effective strategies to treat ovarian cancer. Elevated cholesterol
levels are associated with a decreased progression free survival time (PFS) while statins are
protective. 27-hydroxycholesterol (27HC), a primary metabolite of cholesterol has been shown to
modulate the activities of the estrogen receptors (ERS) and liver x receptors (LXRs) providing a
potential mechanistic link between cholesterol and ovarian cancer progression. We found that high
expression of CYP27A1, the enzyme responsible for the synthesis of 27HC, was associated with
decreased PFS, while high expression of CYP7B1, responsible for 27HC catabolism, was
associated with increased PFS. However, 27HC decreased the cellular proliferation of various
ovarian cancer cell lines in an LXR dependent manner. Intriguingly, ID8 grafts were unable to
effectively establish in CYP27A1~~ mice, indicating involvement of the host environment.
Tumors from mice treated with 27HC had altered myeloid cell composition, and cells from the
marrow stem cell lineage were found to be responsible for the effects in CYP27A1~/~ mice. While
inhibition of CYP27A1 or immune checkpoint did not significantly alter tumor size, their
combination did, thereby highlighting this axis as a therapeutic target.
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Introduction

It is expected that there will be approximately 22,530 new cases of ovarian cancer diagnosed
in the USA in 2019, accounting for roughly 2.5% of all female cancers (American Cancer
Society). Current therapeutic standard of care includes debulking surgery followed by cycles
of chemotherapy, typically paclitaxel combined with carboplatin. Unfortunately however,
ovarian cancer continues to have an expected 5-year overall survival rate of less than 50%,
accounting for it being responsible for 5% of all cancer-related deaths in women (American
Cancer Society). Poor survival has been attributed to the fact that most women present with
advanced stages of the disease, and both de novo and acquired resistance to existing
chemotherapy regimens. Therefore, there is a sense of urgency to develop novel diagnostic
and therapeutic approaches for this disease.

The majority of ovarian cancers are of epithelial origin, although approximately 2% of cases
are germ cell and 1% are stromal (sex-chord) (American Cancer Society). Epithelial cancers
are further subdivided into serous, endometrioid, mucinous, and clear cell types, with serous
accounting for the majority (~52%). Of the serous tumors, the majority present as high-
grade serous carcinomas. Although the ovary itself was considered as the origin of ovarian
cancer (Meyn and Lim 2017), recent evidence suggests that the fallopian tube (oviduct) is
likely the origin for the majority of high grade serous epithelial cancers that subsequently
spread to the ovaries (Eckert, et al. 2016; Labidi-Galy, et al. 2017).

Although hereditary causes such as mutations in BRCAL or 2 play important causal roles,
they only account for ~20% of cases (Norquist, et al. 2016), with the majority of ovarian
cancer cases appearing to be spontaneous. High grade serous ovarian adenocarcinomas have
been found to predominantly harbor mutations of TP53, with other common mutations
found within NF1, BRCA1, BRCA2, RB1 and CDK12, although at a much lower prevalence
(The Cancer Genome Atlas Research, et al. 2011). Gene breakage events often lead to
common inactivation of RB1, NF1, RAD51 and PTEN (Patch, et al. 2015). Other common
genomic alterations include reversions of BRCAL or 2 mutations, loss of BRCA1 promoter
methylation, promoter fusion associated with increased MDR expression (a multi-drug
efflux pump), and altered miRNA expression, etc (Patch et al. 2015; The Cancer Genome
Atlas Research et al. 2011). Furthermore, enrichment of various T cell populations have
been found to be associated with a positive prognosis (Yang, et al. 2018). It is of significance
therefore, that obesity has been associated with an increased risk of ovarian cancer amongst
women who have not taken hormone replacement therapy (Collaborative Group on
Epidemiological Studies of Ovarian 2012).

Furthermore, amongst ovarian cancer patients, obesity is associated with both decreased
progression free and disease specific survival (PFS and DSS) (Nagle, et al. 2015). While the
associations between obesity and ovarian cancer are likely complex and multifactorial, it is
significant that elevated circulating cholesterol is often observed in obese patients (2010;
Gostynski, et al. 2004; Must, et al. 1999), and a strong association exists between elevated
plasma LDL-cholesterol and decreased PFS and DSS (Li, et al. 2010). Conversely, patients
taking cholesterol lowering drugs (inhibitors of HMGCoA-reductase; statins) have been
found to have significantly increased PFS and DSS (Akinwunmi, et al. 2018; Elmore, et al.
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2008; Habis, et al. 2014; Lavie, et al. 2013). Collectively, these data indicate that cholesterol
likely plays an important role in the pathophysiology of ovarian cancer, and that cholesterol
may be one contributing factor to the associations with obesity and worse prognosis.

Cholesterol is primarily metabolized in the liver by the enzyme CYP7AL in the traditional
bile acid synthesis pathway. However, it can also be metabolized by CYP27A1 in the acidic
bile acid pathway, into 27-hydroxycholesterol (27HC). Intriguingly, several studies have
defined 27HC as a ligand for both the estrogen receptors (ERS) and liver X receptors (LXRS)
(DuSell, et al. 2010; DuSell, et al. 2008; Nelson, et al. 2011; Nelson, et al. 2013; Umetani, et
al. 2007), providing a potential mechanism for the actions of cholesterol. As a primary
metabolite of cholesterol, 27HC is the most abundant oxysterol in circulation, and its plasma
levels are closely associated with those of cholesterol (Karuna, et al. 2011). Indeed, previous
studies have found that 27HC promotes breast tumor growth by functioning as an ER
agonist to induce cellular proliferation (Nelson et al. 2013; Wu, et al. 2013). However, a role
for 27HC in ovarian cancer remains undetermined. Furthermore, unlike in breast cancer, the
involvement of the ERs in the pathophysiology of ovarian cancer are not clear. Anti-
estrogens appear to only be advantageous in the ovarian endometrioid carcinomas, and not
in the more common high-grade serous carcinomas (Lindemann, et al. 2017). Therefore, we
initiated a series of studies to define the potential roles of 27HC in the progression of
ovarian cancer.

Materials and Methods

Survival Analysis

Reagents

Kaplan Meier plots were graphed using Grpahpad Prism 6 with data and statistical analysis
from Kaplan Meier-plotter [Ovarian Cancer] (http://kmplot.com/analysis/index.php?
p=service&cancer=ovar), an online tool for genome-wide validation of survival-associated
biomarkers (Gyorffy, et al. 2010) (Gyorffy, et al. 2012).

Forest plots were generated using R 3.5.0 (RCoreTeam 2018) using the curated OvarianData
package (Ganzfried, et al. 2013; Haibe-Kains, et al. 2012). Databases and patients with
relevant survival information (OS or PFS) were selected and gene expressions were rescaled
to z-score for analysis. survivaland metafor packages were used to calculate hazard ratios
and generate forest plots. R script available upon request.

Data containing progression free survival and tumoral CYP27A1 or CYP7B1 expression
were extracted from the Kaplan-Meier Plotter with auto select best cutoff and follow up
threshold of 5 years. A total of 1435 ovarian cancer patients were available, and they were
split in two cohorts: high and low expression. Progression-free survival curves were plotted,
and significance was calculated using either the Mantel-Cox or Gehan-Breslow-Wilcoxon
test.

HCD (high cholesterol diet, 2% cholesterol and 0.5% sodium cholate) and CD (control diet,
0.5% sodium cholate) were purchased from TestDiet (5SCNY and 5BRW). 27HC and
GW273297X were synthesized by Sai Life (Hyderabad, India). GSK 2033
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(cat#1221277-90-2), sulfamethoxazole (cat#723-46-6) and trimethoprim (cat#738-70-5)
were purchased from Sigma-Aldrich. ICI 182,780 was synthesized by Small Molecule
Incorporated (Beijing, China). LDL cholesterol was purchased from Lee Biosolutions
(lot#W21129, cat#360-10). 17 p-Estradiol (cat#101656) and carboplatin (lot#M9733,
cat#198873) were obtained from MP Biomedicals. Anti-PD-L1 (clone 10F.962,
lot#615416D1, cat#BE0115) and 1gG2b isotype control (Clone LTF-2, cat#BE0090) were
purchased from BioXCell. Flow cytometry antibodies were from BD Pharmingen: CD11b
(Cat #557686), Ly6C (Cat #553104), Ly6G (Cat #551461), CD3 (Cat #555275), CD4 (Cat
#553729), CD8 (Cat #557682), CD44 (Cat#553134), CD69 (Cat#557392). Recombinant
mouse GM-CSF (Cat #P01587) and 1D6 (Cat #P08505) were purchased from Novoprotein.

All cell lines used were obtained and maintained at 37C and 5% CO2. HeyA8 were a gift
from Dr. S. Gaillard (Duke University, now at John Hopkins) and were cultured in RPMI
supplemented with 10% fetal bovine serum (FBS). ES2, PEO4, CaOV3 and IGROV were a
gift from David J Shapiro (University of Illinois Urbana-Champaign). ES2 were cultured in
McCoy’s 5a supplemented with 10% FBS. PEO4 and CaOV3 were cultured in DMEM
supplemented with 10% FBS. IRGOV and OVCAR3 were cultured in RPMI 1640 with 10—
20% FBS. ID8-luc were given by Dr. Robin Bachelder (Duke University Medical School),
and were cultured in DMEM with 4% FBS. Transformed murine oviductal epithelial (MOE)
cells were developed by Dr. Joanna E Burdette (University of Illinois at Chicago) and were
initially cultured in MTEC with L-glutamine, 10%FBS, insulin, EGF, and estradiol, and then
only in MTEC with L-glutamine and 10%FBS (Eddie, et al. 2015).

Animal Models

All animal experiments and procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at University of Illinois. C57BL/6 WT and FVB/NJ mice were
obtained from Charles River or Jackson Laboratories. CYP27A1~/~ mice were bred in
house. Animals were randomized into indicated treatment groups prior to tumor
engraftment.

For tumor establishment, cancer cells (suspended in 15uL media) were mixed with 10uL
matrigel (Fisher, Cat#CB-40234) and orthotopically grafted into the ovary/bursa of one
ovary. For the ID8-luc model, 1x108 cells/mice were orthotopically grafted in C57BL/6 WT
or CYP27A1~~ mice. Tumor growth was monitored over time with in vivo bioluminescence
imaging (IVIS). Final primary tumor weight and peritoneal colonization were measured at
necropsy. For the MOE model, 0.25x10° cells/mice were orthotopically grafted in FVB/NJ
mice. Tumor burden was assessed and measured upon necropsy. Number of colonized
nodules were obtained by counting metastatic nodules on the intestinal epithelium.
Peritoneal spread was measured by weighing metastatic nodules extracted from the
abdominal cavity and peritoneal cavity. For intraperitoneal graft (ip) (Fig. 5G), 107 1D8-luc
cells were injected into the intraperitoneal space. Tumor growth was monitored over time
with /n vivo bioluminescence imaging (IVIS) and tumor burden was assessed upon
necropsy.
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Dietary elevation of cholesterol

Mice were placed on HCD or CD four weeks before tumor engraftment and maintained
throughout.

Proliferation Assay

An optimized number of cells for each cell line was plated in 96-well plate. After 24-hour,
treatment solutions were prepared by dilution of stock with culture media. Cell
concentration at different time points were measured based on DNA content (Hoescht 33342
staining) as previously described (Nelson et al. 2013).

In vivo Treatments

For /n vivo treatments, drugs were solubilized in corresponding vehicles and subsequently
sterile filtered using 0.2 um filter. 27HC was solubilized in 40% 2-hydroxypropyl-f-
cyclodextrin and administrated via daily subcutaneous injection (20 mg/kg). Carboplatin
was solubilized in PBS or 5% dextrose and administrated via intraperitoneal (IP) injection.
For the early stage tumor study, carboplatin was dosed at 16 mg/kg (in PBS), on days 7, 12,
16, 20 and 24. For the advanced stage tumor study, carboplatin was injected at 40mg/kg (in
5% dextrose) every 4 days. CYP27A1 Inhibitor (GW273297X) was dissolved in 10%
ethanol and 90% corn oil and administrated via daily IP injection (100 mg/kg). Anti-PD-L1
or 1gG2b control were diluted to 200 pg/mice with PBS and administered every two days via
IP injection.

Bone Marrow Transplant

Recipient CYP27A1~/~ mice that were between 8-10 months old were selected and
randomized. A week before irradiation, recipient mice were provided with water and wet
food containing sulfamethoxazol (200 mg/5mL) and trimethoprim (40 mg/5ml) and acidified
with hydrochloric acid to pH 2.4 to 3.1. Medicated water and wet food were provided to
animals up to 3 weeks following the irradiation and bone marrow transplant procedures, and
mice were kept on acidified water for 2 months. For irradiation, recipient mice received 12
Gy of radiation (2*6 Gy, approximately 4hrs apart) from a Colbalt 60 source. Donor WT and
CYP27A17~ mice were euthanized, and their bone marrow cells were extracted via fast
extraction method (Amend, et al. 2016). After the 2nd irradiation session, each irradiated
recipient mouse received 1x108 bone marrow cells obtained from donor mice, via retro-
orbital injection. 29 days after bone marrow transplant, ID8-luc cells were grafted into
ovary/bursa area of mice.

Flow Cytometry

Primary tumors were extracted and digested in collagenase A solution. Spleen and lymph
nodes were extracted and mechanically dissociated. Bone marrow cells were obtained via,
traditional flushing or the fast extraction method (Amend et al. 2016). Resulting slurry were
filtered through 70 pm filter and red blood cells were lysed with ACK buffer. Lymph nodes
were not subjected to ACK buffer treatment. Dispensed cells were stained with antibodies
(1:100 dilution) and analyzed by flow cytometry. Specific antibodies and staining strategies
are detailed previously (Baek, et al. 2017; Yu, et al. 2016).
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MDSC in vitro differentiation assay

Bone marrow cells were harvested from mouse tibias and femurs under sterile conditions.
After red blood cell lysis with ACK buffer, 2.5 x 108 cells were plated and cultured in 10
mL of RPMI+10% FBS with 40 ng/mL mouse recombinant GM-CSF (40ng/mL) and 1L-6
(40ng/mL) for 6 days. Vehicle or 27HC treatments were added to culture media. For 6-day
cultures, cytokines and Veh/27HC treatments were refreshed on day 3. Following
incubation, floating and adherent cells were collected and stained for flow analysis.

Gene Expression

RNA was extracted with GeneJet RNA Purification kit (cat#K0731, ThermoFisher) and
reverse-transcribed into cDNA library with iScript™ Reverse Transcription Supermix
(cat#1708841BUN, Biorad). qPCR Primers were designed via Primer-BLAST (https://
www.nchi.nlm.nih.gov/tools/primer-blast/) or PrimerBot (http://primerbot.duhs.duke.edu/).
MRNA expression was investigated with RT-gPCR using iTag Universal SYBR Green
Supermix (cat#1725125, Biorad).

TCGA analysis of CYP27A1 and CD33.

Statistics

Results

Provisional TCGA data from the accessed from c-bioportal in April of 2018. Data from
patients whose gene expression for either CYP27A1 or CD33 were “NaN” were removed
from further analysis, leaving data from 551 patients. Array gene expression was
transformed (2/\€xPression) and parsed into high and low groups, based on median CYP27A1
expression. CD33 expression was plotted based on high or low CYP27AL1 expression, and
significance was tested by a two tailed T test.

Data is presented as mean +/- standard error of the mean, assessed for normal distribution
and natural log transformed as necessary prior to statistical tests. Supplementary Figure 1:
Linear regression analysis was performed, and differences in slope was determined by
ANOVA. Two tailed T tests were used to compare two groups (Figs. 2A-C, 5C, 5F-G, 6,
Supplemental Figs. 4C, 6). For multiple comparisons with a single variable (Figs. 3, 4,
Supplemental Fig 3), one-way ANOVA followed by the Student Newman-Keuls multiple
comparison test was used. For multiple comparisons with two variables (Figs. 2D-F, 5A, B,
7A Supplemental Fig. 5B), two-way ANOVA followed by a Bonferroni multiple comparison
test was used. For proportion testing (Figs. 7B, 8, Supplemental Figs. 5C), a Chai Square
and Fisher’s Exact test was used. Statistical significance was determined as P<0.05, and
indicated with either an asterisk or different letters.

Dietary cholesterol modestly promotes ovarian tumor growth

Retrospective data indicate that circulating LDL-cholesterol is associated with a poor
prognosis (Li et al. 2010), while patients on statins experience an increased progression free
survival time (Akinwunmi et al. 2018; Elmore et al. 2008; Habis et al. 2014; Lavie et al.
2013). Therefore, we first directly tested the impact of elevated dietary cholesterol on
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ovarian tumor growth. Mice were placed on either a control diet (CD, consisting of 0.5%
sodium cholate) or a high cholesterol diet (HCD, 2% cholesterol, 0.5% sodium cholate) for 4
weeks prior to graft and throughout the study. 1D8 cells expressing luciferase were grafted
directly into one ovarian bursal region of the mice. Resulting tumor burden was assessed by
bioluminescent imaging. It is important to note that the HCD was iso-caloric to the CD, and
mice on an HCD did not gain weight to the same extent as mice on a CD, and in fact, lost
weight as the study progressed (Supplemental Fig. 1A). However, the growth rate of total
tumor burden was modestly increased in mice on an HCD (Supplemental Fig. 1B), thereby
providing direct support for the clinical observations implicating cholesterol in the
progression of ovarian cancer.

27HC metabolism is associated with ovarian cancer prognosis

Given our results indicating that cholesterol increases ovarian tumor growth, it was of
interest that the primary metabolite of cholesterol 27HC has been found to actively engage
both the ERs and LXRs, and that 27HC has been shown to promote breast cancer
progression (Baek et al. 2017; Nelson et al. 2013; Wu et al. 2013). Therefore, we speculated
that this oxysterol may also play an important pathophysiological role in ovarian cancer. It
was therefore noteworthy that among patients with optimal debulking surgery, high tumoral
MRNA expression of CYP27A1, the enzyme responsible for the synthesis of 27HC from
cholesterol, is associated with a significant decrease in overall survival (OS) when patients
presented at an early stage (stages 1 and 2), while it was associated with increased OS when
patients presented with later stage disease (stages 3 and 4) (Fig. 1A, B). However, high
CYP27AL1 expression was a poor prognostic marker for PFS, when comparing patients to the
lower quartile of expression (shift in median PFS by more than 9 months, Fig. 1C), as
evaluated by Kaplan Meier Plotter (Gyorffy et al. 2012)).

These analyses include all samples available, which is heavily weighted towards the most
frequent ovarian cancer subtype, high grade serous. Indeed, the same trends were observed
when we restricted our analyses to the serous subtype (Supplemental Fig. 2 A-B). Due to
the limited sample number, analysis of low-grade serous tumors was underpowered to draw
firm conclusions. Curiously, when considered as a continuous variable across several
publicly available datasets, CYP27ALl is not associated with either OS or PFS, indicating
that there may be a certain threshold in terms of CYP27A1 expression and risk of recurrence
(Supplemental Fig. 1 C-D). Conversely, high expression of CYP7B1, the enzyme
responsible for 27HC catabolism, is associated with an increased PFS (increase in median
PFS of 3 months), but not in overall survival (Fig. 2 D-F). When considered as a continuous
variable, across several datasets, CYP7B1 expression was associated with a decreased
overall survival (Supplementary Fig. 2E).

Interestingly, when considered as a continuous variable, the expression of the receptors for
27HC (ERa and LXRa) are associated with a good overall survival (Supplemental Fig. 2).
Likewise, the expression of a known ER target gene, TFF1, was also associated with a better
PFS (Supplemental Fig. 2). However, ABCA1, a known LXR target gene, was associated
with a worse PFS (Supplemental Fig. 2). Overall, these data implicate 27HC in the
pathophysiology of ovarian cancer, although they also indicate nuanced biology in terms of
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cholesterol homeostasis and cancer progression. It is important to note that due to the limits
of publicly available data, our analyses have not controlled for covariates such as tumor
grade, body mass index, circulating cholesterol levels, use of statins or age. All of these
would be expected to impact ovarian cancer progression, and may interact with the 27HC
axis. When assessed independently, tumor grade and age were associated with decreased
OS. However, age was not a prognostic of PFS (Supplemental Fig. 2 G-I). Since CYP27A1
was associated with decreased PFS, it would suggest that this is independent of age.
However, at this time, the data available would be underpowered to parse by quartile and
control for age.

27HC impairs ovarian cancer cellular proliferation; the apparent 27HC paradox

Oxysterols such as 27HC are well known agonists of the LXRs, which engage machinery
involved in cholesterol homeostasis resulting in cholesterol efflux, inhibition of cholesterol
synthesis and decreased uptake (Szanto, et al. 2004). These effects are not conducive to the
cholesterol demand of rapidly proliferating cells and as such, it would be expected that they
would have a growth-inhibitory effect on cancer cells. Indeed, synthetic LXR agonists have
been found to inhibit proliferation of several cancer models including ovarian, breast,
prostate and metastatic melanoma (Lee, et al. 2008; Nelson et al. 2013; Nguyen-Vu, et al.
2013; Pencheva, et al. 2014; Pommier, et al. 2010; Scoles, et al. 2010; Vedin, et al. 2009). In
breast cancer, we found that 27HC stimulated tumor growth due to its actions on the ER,
which could override the effects of LXR activation (Nelson et al. 2013). Although the
majority of ovarian cancer cases exhibit ER positive staining, the most common subtype
(high grade serous) tends not to respond to anti-estrogen therapy (tamoxifen or aromatase
inhibition), nor is ER staining prognostic of outcome in these patients, indicating that the
growth of these tumors is not dependent on ER signaling (Hogdall, et al. 2007; Voutsadakis
2016). Thus, it was not outwardly clear how 27HC would impact the cellular proliferation of
ovarian cancer.

A summary of the expression of key genes within the cell models used in these studies can
be found in Supplemental Table 1. We first evaluated the effect of inhibiting CYP27A1 on
the proliferation of murine ID8 and human HEY A8 cells. As depicted in Fig. 2A and B, no
significant changes in proliferation were observed upon treatment with the small molecule
inhibitor of CYP27A1, GW273297X. Previous studies have found that GW273297X
effectively reduces 27HC levels both /n vitro and in vivo (Baek et al. 2017; Lyons and
Brown 2001; Nelson et al. 2013). In 1D8 cells, siRNA resulted in >60% knockdown of
CYP27A1 mRNA 24h post-transfection and >50% knockdown by the end of the
proliferation assay (8d post-transfection, data not shown). Similar to inhibition with a small
molecule, ID8 proliferation was not significantly altered upon siRNA knockdown of
CYP27AL1 (Fig. 2C). The lack of impact on proliferation when CYP27A1 was either
inhibited or knocked down may indicate that the expression of CYP27A1 and subsequent
production of 27HC are insufficient to induce a phenotype under these circumstances.

Interestingly however, addition of exogenous 27HC dose-dependently decreased cellular
proliferation of several ovarian cancer models, including ID8, MOE, HEY A8 and ES2 (Fig.
2D-F, 3A-D). The dose dependence was also confirmed over a broader range of doses (Fig.
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2G-J). We speculated that the anti-proliferative activity of 27HC was either being mediated
by its ability to bind to the Insig-1:SCAP complex and thus inhibiting SREBP-2 activation
and subsequent cholesterol synthesis and uptake, or through LXR activation and subsequent
cholesterol efflux.

In support of an LXR mediated effect, treatment with the synthetic LXR agonist, GW3965,
also decreased the proliferation of ovarian cancer lines, albeit to a lesser degree than 27HC
(Fig. 3A-D). These effects were not due to overt cytotoxicity of 27HC or GW3965 as cell
viability assessed after overnight treatment was not altered, as determined by the MTT assay
(Fig. 3E). When an active nuclear form of SREBP-2 (nSREBP-2) was expressed there was a
significant induction of known SREBP-2 target genes, as expected (HMGCR, LDLR,
HMGCS, Insig-1 and SQLE; Fig. 3F). Treatment with reported activators of SREBP-2,
haloperidol (Hal) and clozapine (Clo) also resulted in induction of SREBP-2 target genes
(Ferno, et al. 2005). On the other hand, Betulin (Bet), a known inhibitor of SREBP (Tang, et
al. 2011) reduced the expression of SREBP-2 target genes (Fig. 3F). While 27HC modestly
reduced these target genes, they robustly induced known LXR target genes (ABCA1,
ABCG1 and SREBP1-c). This induction was lost when LXRa and p were knocked down
with siRNA (Fig. 3F). Importantly, the antiproliferative effects of 27HC persisted, even in
the presence of nSREBP-2, or in the presence of the SREBP-2 activators, Hal or Clo (Fig.
3G-H). On the other hand, knock-down of the LXRs (70% knockdown of LXRa., 58%
knockdown of LXRp),resulted in the loss of the inhibitory effects of 27HC on proliferation
(Fig. 31). Knockdown of ERa (75% knockdown) had no impact on the effects of 27HC in
this context. These findings were consistent across three ovarian cancer cell lines,
representing both human derived and murine derived: ID8, MOE and HEY A8 (Fig. G-0).
Finally, the anti-proliferative effects of 27HC were attenuated when HEY A8 cells were co-
treated with a small molecule antagonist of LXR (GSK2033, Fig. 3P).

Collectively, although the involvement of SREBP-2 cannot be ruled out, it appears that in
terms of proliferation, the effects of 27HC require the LXRs. Since LXR activation generally
promotes cholesterol efflux, we tested whether the inhibitory effects of 27HC were due to
cholesterol depletion. Indeed, the decrease in proliferation caused by 27HC could be rescued
by addition of exogenous LDL-cholesterol (Fig. 3Q), suggesting that the inhibition of
proliferation was due to the cellular deficiency of cholesterol. The inhibitory effects of 27HC
being mediated through the LXRs is contrary to what has been reported in prostate cancer
where engagement of SREBP was implicated as the mechanism of anti-proliferation
(Alfagih, et al. 2017).

Interestingly, cell lines that express ER appeared resistant to the inhibitory effects of 27HC
(OVCARS3, CaOV3 and PEO4, Supplemental Fig. 3 A-C). In fact, 27HC stimulated the
proliferation of PEO4 cells, a line that highly expresses ERa and is also stimulated by
estradiol. Intriguingly however, when ER signaling was blocked by 1CI 182780
(Fulvestrant), 27HC inhibited proliferation, suggesting that the actions of ER could
overcome those of the LXRs. Regardless, the anti-proliferative properties of 27HC were in
apparent contrast to the human survival data (Fig. 1C, F). Therefore, since the clinical data
supports a role for 27HC in promoting the progression of ovarian cancer, we conclude that
the cancer cell-intrinsic activities of 27HC are unlikely to explain its effects.
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27HC increases peritoneal colonization and imparts chemoresistance

The direct effects of 27HC on ovarian tumor progression were evaluated by treating mice
engrafted with MOE tumors with exogenous 27HC. MOE cells were generated by
overexpressing an activating mutant of KRAS (KRASCG12V) and shRNA to knockdown
PTEN in epithelial cells harvested from the oviduct of FVB mice (Eddie et al. 2015). When
grafted orthotopically, they form large primary tumors and spread throughout the
peritoneum, recapitulating human disease. 27HC did not have a significant effect on the
resulting primary tumor size, however, it did robustly increase the number of peritoneal
nodules found throughout the peritoneal space at an early time-point (Fig. 4). Low dose
carboplatin therapy was not effective in treating the primary tumor. However, 27HC
continued to promote peritoneal colonization even in the presence of this low-dose regimen
of carboplatin, when tumors were assessed at an early stage time-point (Fig. 4B). The
chemoprotective effects of 27HC were also observed at a later stage time-point when a
higher dose of carboplatin was used (Fig. 4D). Evaluation of representative gene expression
is detailed in Supplemental Table 2. These data indicate that (1) the effects of 27HC may be
most apparent at times and sites where the microenvironmental niche or immune-
suppression has not been fully established, and (2) the basal levels of 27HC may be
sufficient to support ovarian tumor progression.

CYP27A1l is required for ovarian tumor growth

Since 27HC generally inhibited cellular proliferation of ovarian cancer cells and exogenous
27HC appeared to impact only the peritoneal spread of tumors, we wanted to evaluate
whether basal concentrations of 27HC acted on the host to facilitate tumor growth.
Therefore, we grafted otherwise unaltered 1D8-luc cells into the ovarian bursal region of
either wildtype mice or CYP27A17~ mice. Strikingly, while grafts were initially present to
similar degrees as determined by bioluminescent imaging, those tumors grown in
CYP27A17~ mice quickly regressed to the point where at necropsy tumors were no longer
detected, while large tumors were found in wildtype mice (Fig. 5A, Supplemental Fig. 4).
Evaluation of representative gene expression is detailed in Supplemental Table 2. Given
these striking results, we repeated this study in a second cohort of mice, obtaining similar
results, in that ID8 grafts failed to thrive in CYP27A1~/~ mice, as confirmed by
bioluminescent imaging, visually, and by tumor weight (Fig. 5B-F). Using a common
approach to model colonization of disseminated ovarian cancer cells, we grafted 1D8 cells
intraperitoneally and followed total tumor burden through time. Recapitulating the results
obtained when cells were grafted into the ovarian bursa region, total tumor burden was
significantly reduced in mice lacking the expression of CYP27A1, 49 days post
intraperitoneal injection of ID8 cells (Fig. 5G, Supplemental Fig. 5). In order to determine
whether the product of CYP27A1, 27HC, was mediating these effects, we again grafted 1D8
cells into the ovarian bursa of CYP27A1~/~ mice, but chronically treated these mice with
exogenous 27HC. Indeed, lack of 27HC was deemed to be the reason for this observed
phenotype, at least in part, since treatment of CYP27A1~/~ mice with exogenous 27HC was
able to maintain tumors, and its subsequent withdrawal resulted in tumor regression (Fig.
5H). However, the significantly smaller size of tumors grown in CYP27A17~ mice
supplemented with 27HC suggests either (1) 27HC is only a contributing factor, and other
metabolites of CYP27AL1 are also important for tumor establishment and growth, and/or (2)
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global and early loss of CYP27AL results in permanent developmental defects that can only
be partially rescued by exogenous 27HC. These data strongly suggest that CYP27A1 and its
product, 27HC are required for the establishment of a hospitable tumor microenvironment.

27HC alters abundance of tumoral myeloid immune cells

It has been appreciated for several years now that different myeloid cell populations within
the tumor microenvironment, promote tumor progression (Sica, et al. 2008). Specific to
ovarian cancer, it has been shown that increased myeloid cell infiltration is associated with
higher grade (111 and 1V) tumors as well as decreased survival (Fialova, et al. 2013; Milne, et
al. 2012). Given our results indicating that the expression of CYP27A1 was required to
sustain ovarian tumors, as well as previous reports indicating that CYP27A1 is highly
expressed in myeloid immune cells (He and Nelson 2017; Nelson et al. 2013), we therefore
investigated whether CYP27A1 loss or exogenous 27HC altered tumoral myeloid cell
abundance. Specifically, tumors in CYP27A1~/~ mice had fewer CD11B+ cells, a general
myeloid cell marker (Fig. 6A). Unfortunately, due to lack of tumor development and thus
limited material for flow cytometry, further staining of myeloid cell subtypes could not be
done with confidence due to the small number of events. However, analysis of tumors from
27HC treated mice did reveal differences in several immune populations. Of note, 27HC
treatment resulted in an increased presence of monocytic myeloid derived suppressor cells
(M-MDSC) (CD11B+, Ly6C+, IA/IE-; Fig. 6B). Other myeloid populations were also
altered: a small population of immature macrophages (CD11B+, Ly6C+, IA/IE+) were
increased by 27HC, while antigen-presenting macrophages (CD11B+, Ly6C-, IA/IE+) were
decreased (Fig. 6C,D). On the other hand, upon analysis of spleens isolated from
CYP27A17"~ mice of Fig. 5A, we observed decreased M-MDSCs and increased antigen-
presenting macrophages (Supplementary Fig. 4C). Although tumoral cytotoxic CD8* T cells
were not significantly altered, CD4* T cells were decreased by 27HC and a very small
population of less well defined CD4*, CD8" double positive cells were also decreased (Fig
6E—G). Correspondingly, in the lymph nodes of CYP27A1~/~ mice from Fig. 5A, we
observed similar level of CD8+ T cells and increased CD4+ T cells, compared to
CYP27A1*"* mice (not shown).

Interestingly, while it has previously been demonstrated that 27HC increases neutrophils
(same markers as granulocytic myeloid derived suppressor cells MDSCs) in metastatic
breast cancer (Baek et al. 2017), we did not find evidence of this population at any
significant levels within the tumors of ID8 or MOE models. Analysis of immune tissues
from cancer-naive mice revealed that M-MDSCs were elevated within the bone marrow and
peritoneal lymph nodes of CYP27A1~/~ mice, although there was no change in this
population within the spleen (Supplementary Fig. 6). Increased M-MDSCs observed in
CYP27A1~~ mice is opposite to what would have been expected given the increased
presence of M-MDSCs in the tumors of mice treated with 27HC, suggesting that the
presence of tumors is required to provide the right environmental cues for 27HC to increase
M-MDSCs. Other populations in naive mice were also modestly altered in CYP27A1-/-
mice (Supplementary Fig. 6)
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Given the increased abundance of myeloid cells and in particular M-MDSCs, we
hypothesized that 27HC may enhance their differentiation from bone marrow precursors.
Therefore, we differentiated bone marrow derived cells with GM-CSF and IL6 in the
presence or absence of 27HC. Indeed, 27HC increased the proportions of Ly6C+ M-MDSCs
compared to vehicle (Fig. 6H). In order to establish the human relevance of our preclinical
findings, we accessed microarray expression TCGA data (Provisional Ovarian Serous
Cystadenocarcinoma set). Data from 551 patients were parsed based on the median
expression of CYP27AL. It was found that the expression of a human M-MDSC marker,
CD33, was significantly higher in patients with high CYP27A1 expression (and thus
expected to be increased local 27HC), thereby highlighting the clinical significance of our
results (Fig. 61).

CYP27A1 expression within bone marrow derived cells required to support ovarian tumors

In order to specifically test whether a myeloid cell component was involved in the failure of
tumors to thrive in CYP27A1~/~ mice, we performed an experiment where bone marrow
from either wildtype or CYP27A1~/~ mice was transplanted into lethally irradiated
CYP27A17~ mice. Subsequently, after a time period allowing for complete regeneration of
the bone marrow derived cell repertoire, 1D8 cells were grafted. In strong support of the
hypothesis that CYP27A1 expression within myeloid cells is required for an environment
facilitative of ovarian cancer, we found that tumors grew far more robustly in CYP27A17/~
mice that had received marrow from wildtype mice (Fig. 7A). Peritoneal colonization was
also more apparent in mice that had received wildtype marrow (Fig. 7B).

Combined inhibition of CYP27A1 and immune checkpoint results in decreased tumor

growth

Our evidence strongly suggests that myeloid expression of CYP27A1 was required to create
a microenvironment hospitable for the growth of ovarian cancer. MDSCs have the capacity
to suppress the acquired immune system in both checkpoint dependent and independent
mechanisms. Our data indicating that 27HC treatment altered T cell populations is
supportive of this notion. On the other hand, although the success of immune checkpoint
inhibitor therapy in certain cancers has revolutionized how we think about cancer immune-
therapy, and while some ovarian cancer patients show remarkable response, the majority do
not display significant clinical benefit (Gaillard, et al. 2016; Hamanishi, et al. 2016). Both
myeloid cell and T cell infiltration have been reported as prognostic factors associated with
checkpoint inhibitor success. Therefore, we hypothesized that inhibition of CYP27A1 and
thus M-MDSCs may enhance the therapeutic potential of checkpoint inhibitors. MOE cells
were grafted into the bursa/ovary of mice and allowed to establish for 7 days. Based on a
pilot study, the mean tumor size at this point would be ~25mg. Mice were then treated with a
small molecule inhibitor of CYP27A1, GW273297X, anti-PD-L1 (a-PD-L1) or both.
GW273297X at this dose has been shown to significantly reduce circulating 27HC
concentrations (Baek et al. 2017; Nelson et al. 2013). a-PD-L1 was dosed intraperitoneally
every 2 days, a strategy previously shown to stably disrupt this checkpoint (Kleffel, et al.
2015; Lau, et al. 2017). Intriguingly, while neither single treatment with GW273297X nor
a-PD-L1 significantly altered tumor size, their combined treatment significantly reduced
primary tumor burden (Fig. 8). Further work will be required to elucidate the precise
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pharmacologic nature of this interaction between checkpoint inhibition and inhibition of
CYP27AL.
Discussion

Patients diagnosed with ovarian cancer continue to have a very poor survival rate. This is in
part due to de novo and acquired resistance to current standard of care. Furthermore, despite
the great potential of immune-therapy, ovarian cancer patients typically do not respond to
checkpoint inhibition. On top of these shortcomings, ovarian cancer has a microenvironment
and mechanism of metastasis (peritoneal colonization) unique to other solid tumors, with
cells being able to disseminate directly into the peritoneal space in addition to entering the
blood stream (Barbolina, et al. 2009; Pradeep, et al. 2014; van Baal, et al. 2018). Therefore,
there is significant need to better understand the ovarian cancer microenvironment as well as
develop modulators that improve the efficacy of treatment.

In this regard, it was intriguing that obesity is associated with decreased PFS and DSS. In
this context, a common comorbidity of obesity, elevated LDL-cholesterol, is also a poor
prognostic marker (Li et al. 2010). On the other hand, statin therapy is associated with
increased survival (Akinwunmi et al. 2018; Elmore et al. 2008; Habis et al. 2014; Lavie et
al. 2013). In our preclinical murine model, a dietary increase in cholesterol modestly
increased ovarian tumor growth, supporting the retrospective data implicating cholesterol in
the pathophysiology of ovarian cancer. However, the observed modest increase would
suggest that basal cholesterol levels are sufficient to promote tumor progression, a notion
supported by retrospective data indicating that statin therapy increases PFS. While statins are
fairly well tolerated and effectively reduce circulating cholesterol, evidence from
atherosclerosis and breast cancer indicates that tissues distal from the liver upregulate
HMGCoA-reductase (Bjarnadottir, et al. 2013). Since the target tissue of statins is the liver,
and most statins circulate at concentrations far below the ECsg for HMGCoA-reductase, the
upregulation of this enzyme likely results in a local supply of cholesterol, thereby potentially
limiting the therapeutic efficacy of this target, at least with respect to cancer (Nelson 2017).
Therefore, pursuit of downstream targets of cholesterol action are warranted. Being a
primary metabolite of cholesterol that circulates at concentrations approaching its ECsgq for
both the ERs and LXRs, 27HC represents one such potential target (He and Nelson 2017). A
role for 27HC in ovarian cancer progression was supported by data indicating that the
expression of enzymes responsible for the synthesis and catabolism of 27HC are associated
with differences in survival (Fig. 1).

Given the clinical data in support of a pathological role for 27HC in ovarian cancer, it was
somewhat counterintuitive that this metabolite inhibited cell proliferation. The dependence
of these effects on LXR was contrary to what has been found in 22RV1 prostate cancer cells
where SREBP2 overexpression could partially rescue the effects of 27HC (Alfagih et al.
2017), indicating that either of the mechanisms are dependent on the cellular context or that
SREBP?2 is able to attenuate the actions of LXR. Regardless, the associations of 27HC
related enzymes and ovarian cancer outcomes prompted us to interrogate the potential role
of 27HC in regulating the tumor microenvironment. The regression of ID8 tumors in
CYP27A17~ mice in a 27HC dependent manner, coupled with the ability of ID8 grafts to
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grow in CYP27A1~/~ who had received wildtype bone marrow transplants strongly support
this concept. Addition of exogenous 27HC did not have striking effects on the primary
tumor, but did increase peritoneal colonization and confer some resistance to carboplatin.
Collectively, this indicates that even basal levels of 27HC are sufficient to support ovarian
tumor growth, and that extra-ovarian sites of colonization or tumors that are not as well
established are most influenced by 27HC.

We further found that 27HC promoted the differentiation of M-MDSCs and mice treated
with 27HC had increased M-MDSCs within their tumors, indicating that these cells are
likely mediators of this effect. Highlighting the likely clinical significance of our findings,
we found that CYP27A1 expression was correlated with the expression of a human MDSC
marker (CD33, Fig. 61). Interestingly, we have recently found that 27HC increases the
presence of polymorphonuclear neutrophils (PMNs) at the metastatic sites of breast cancer
(Baek et al. 2017). The markers used to identify this population are the same used for
granulocytic (G)-MDSCs (CD11B*, Ly6G*). Immune depletion experiments found that the
presence of PMNs was critical for the pro-metastatic effects of 27HC in breast cancer.
However, we did not find significant tumoral infiltration of PMNs in either of our murine
models of ovarian cancer (ID8 or MOE), regardless of 27HC treatment. Thus, the
microenvironmental context is likely important with respect to the actions of 27HC.

The fact that 27HC is a ligand for both the ERs and LXRs coupled with the observed
increased differentiation of M-MDSCs in the presence of 27HC is intriguing given recent
reports that an ER agonist (estradiol) increases MDSC infiltration of ovarian tumors and that
synthetic LXR agonists (GW3965 and RGX-104) can reprogram MDSCs to activate the
tumor immune response (Svoronos, et al. 2017; Tavazoie, et al. 2018). This would suggest
that 27HC may be working as either an ER agonist or LXR antagonist or both. However,
both 27HC and GW3965 induce ABCAL, a classic LXR target gene within myeloid cells,
suggesting that it is an LXR agonist. Therefore, future work will be required to elucidate the
precise receptor-mediated contributions to the M-MDSC effects by 27HC.

MDSCs can function in several ways to facilitate cancer progression, including
angiogenesis, immune suppression and secretion of cytokines that can serve to protect
ovarian cancer cells from apoptosis, ultimately conveying chemotherapy resistance (Castells,
et al. 2012; Kryczek, et al. 2007; Kryczek, et al. 2006; Robinson-Smith, et al. 2007). This is
one potential mechanism for the observed resistance to carboplatin observed in mice treated
with 27HC. Furthermore, M-MDSCs are known to suppress anti-tumor immunity in addition
to other pro-tumorigenic roles (Kong, et al. 2013). We have observed decreases in CD4* T
cell infiltrate in tumors from mice treated with 27HC, suggesting that 27HC actively
suppresses anti-cancer immunity. Although this mechanism remains to be formally tested,
the rejection of tumor grafts in CYP27A1~/~ mice, coupled with the sensitization of immune
checkpoint inhibition by an inhibitor of CYP27A1, are highly suggestive that the acquired
immune system is involved.

The paradoxical nature of 27HC both inhibiting cellular proliferation, but at the same time
promoting a microenvironment conducive to ovarian cancer establishment and growth, may
be reflected in our analysis of patient data. More specifically, it was found that CYP27A1
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expression was a poor prognostic in terms of overall survival in patients who were diagnosed
with early stage ovarian cancer, while its expression was good prognostic for patients with
late stage disease (Fig. 1). This could indicate that at early stages, the M-MDSC promoting
activities of 27HC are dominant, while after the tumor has established and already created a
suitable microenvironment, the anti-proliferative effects of 27HC become more apparent.
This notion is supported by our observations that it is the basal concentrations of 27HC that
appear to be required for tumor establishment and growth, and that addition of exogenous
27HC had minimal impact on tumor growth. Future work will be required to further
elucidate this paradox.

In summary, while elevating dietary cholesterol or treating with exogenous 27HC modestly
increases the progression of ovarian tumors, their basal levels in normo-cholesterolemic
mice are likely already sufficient to support tumor growth. However, ovarian tumors fail to
thrive in mice lacking CYP27A1, the enzyme responsible for the synthesis of 27HC, likely
due to the improper differentiation and/or function of M-MDSCs. This opens up the
possibility of targeting this axis in conjunction with immune-therapy. Preclinical data
indicating the sensitization of tumors to a-PD-L1 by an inhibitor of CYP27A1 inhibitor and
strongly supports this approach.

Supplementary Material
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Figure 1: Enzymes responsible for 27HC synthesis and catabolism are implicated in overall and
progression free survival of ovarian cancer patients.

Data and statistical analysis were obtained with Kaplan-Meier Plotter, an online tool for
genome-wide validation of survival-associated biomarkers, which curated TCGA, GEO and
EGA databases. Among ovarian cancer patients with optimal debulking: (A) Elevated
expression of CYP27AL (upper quartile), the enzyme responsible for 27HC synthesis, is
associated with poor overall survival among patients diagnosed with early stage disease
(stages 1 and 2) (n=102). (B) Elevated expression of CYP27AL1 (upper tertile) within
patients diagnosed with advanced stage disease (stages 3 and 4) is slightly protective
(n=595). (C) Very low CYP27AL expression (lower quartile) is protective against cancer
recurrence (n=696). (D-E) Elevated expression of CYP7B1 (lower tertile), the enzyme
responsible for 27HC catabolism is not associated with overall survival among patients
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diagnosed with either (D) early stage disease (stages 1 and 2, n=102) or (E) advanced stage
disease (stages 3 and 4, n=595). (F) Among all ovarian cancer patients, elevated expression
of CYP7BL1 (upper 57%) is associated with an increased progression free survival time. For
this analysis (F) the auto-calculated best cutoff was selected with follow up threshold of 5
years. (n=1435). P values as determined by the Mantel-Cox or Gehan-Breslow-Wilcoxon
test are as indicated in the figure.
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Figure 2: 27HC displays anti-proliferative activity in ovarian cancer cells.
(A, B) Inhibition of CYP27A1 with the small molecule inhibitor GW273297X (GWX,

10uM) does not significantly alter the proliferation of ID8 or HEY A8 ovarian cancer cells
in vitro. Cells were treated for 6 days with either vehicle or GWX prior to assessment of
total DNA by Hoescht 33342 staining. (C) siRNA mediated knockdown of CYP27A1 does
not significantly alter the proliferation of 1D8 cells in vitro. (D-F) Treatment with exogenous
27HC at indicated doses significantly decreases proliferation of ID8, MOE or HEY A8 cells
in vitro. (G-J) Dose response curves of 27HC at indicated doses on inhibition of 1D8, MOE,
HEY A8 or ES2 proliferation. Non-linear regression was used to fit the curve. Statistics for:
A-C unpaired T test. D-F two-way ANOVA followed by Bonferroni T test, asterisks
indicating significant differences from vehicle (P<0.05).
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Figure 3: 27HC decreases ovarian cancer cell proliferation via activation of the LXRs and
subsequent cholesterol efflux.

(A-D) Similar to 27HC, a synthetic LXR agonist, GW3965, also decreases proliferation of
ID8, MOE, HEY A8 and ES2 cells. (E) 27HC or GW3965 do not significantly alter cell
viability as assessed by an MTT assay. (F) Heat map indicating gene expression changes of
ID8 cells as assessed by quantitative PCR (QPCR). Left Panel 1D8 cells were transfected
with a control vector, or one encoding a constitutively active nuclear SREBP-2 form (nSR2,
nSREBP-2), and treated with either vehicle or 27HC (V, 27). Middle Panel. 1D8 cells were
treated with the SREBP-2 activators haloperidol (H, Hal), clozapine (C, Clo), or the inhibitor
Betulin (B, Bet), in the presence or absence of 27HC. Right Panel. 1D8 cells were
transfected with control SiRNA (SiC), siRNA against LXRa/B (siLXR), or siRNA against
ERa (SIER), and then treated with either vehicle or 27HC. A scale for the heat map is
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located on the far right. Classic SREBP-2 target genes include HMGCR, LDLR, HMGCS,
Insig-1 and SQLE. Classic LXR target genes include ABCA1, ABCG1 and SREBP-1c). (G-
1) Proliferation of 1D8 cells under the same experimental conditions as described for (F),
indicates that the effects of 27HC depend on the expression of the LXRs. (J-L and M-O)
Parallel experiments were performed on MOE and HEY A8 cells respectively, yielding
similar results. (P) Inhibition of proliferation by 27HC is attenuated by co-treatment with the
LXR antagonist GSK2033 in HEY A8 cells. (Q) Inhibition of proliferation by 27HC is
attenuated by supplementation with exogenous LDL-cholesterol. One-way ANOVA
followed by student Newman-Keul’s test was used for statistical analysis, with different
letters indicating significant differences between groups (P<0.05, as in a is different than b,
but ab is not different from either a or b).
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Figure 4: 27HC increases peritoneal spread of ovarian cancer and imparts resistance to
carboplatin.

(A) Primary tumor weight of MOE grafts at an early stage, being treated with a low dose of
carboplatin (16mg/kg every 4 days). (B) Relative peritoneal nodules resulting from MOE
tumors in (A). (C) Primary tumor weight of MOE grafts at a late stage, being treated with a
higher dose of carboplatin (40mg/kg every 4 days). (D) Relative peritoneal spread resulting
from MOE tumors in (C). Different letters denote statistical significance (P<0.05, one-way
ANOVA followed by student Newman-Keuls test).
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Figure 5: Tumors fail to thrive in mice lacking CYP27A1.
(A) Luciferase tagged D8 murine ovarian cancer cells (ID8-luc) were orthotopically grafted

into the anterior left ovary/bursa area of C57BL/6 mice at Day 0. Tumor growth was
monitored with bioluminescent imaging. A representative image of these mice is depicted in
Supplemental Fig. 4. (B) The experiment in (A) was repeated in a separate cohort of mice,
yielding similar results. (C) Tumor burden at Day 61 as assessed by bioluminescent
imaging, from the experiment in (B). (D) Representative images of luciferase expression at
Day 61, from the experiment in (B). (E) Representative images of tumor ovary (left side),
uterus and control ovary (right side) at the end of the experiment (Day 63), from the
experiment in (B). (F) Primary tumor weight at experiment endpoint (Day 63), from the
experiment in (B). (G) ID8 grafts fail to thrive when introduced by intraperitoneal (i.p.)
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injection. 1D8 cells were injected into the peritoneal space and followed through time by
bioluminescent imaging. Bioluminescence at day 49 post-graft is depicted here. The
corresponding time course is included in Supplemental Fig. 5. (H) CYP27A1~/~ mice were
supplemented with 27HC (20mg/kg/day) starting 5 days prior to tumor engraftment. At Day
0, ID8-luc murine ovarian cancer cells were grafted into one ovary/bursa of the mice. At day
74, mice were randomized into two groups with the 27HC group continuing to receive 27HC
while 27HC Withdraw group received vehicle instead. The final tumor mass was determined
at day 99. Statistical analysis for A and B was performed with two-way ANOVA followed
by a Bonferroni multiple comparison test or student T-test. Two tailed T tests were used for
C, and F-H. Asterisks indicate statistical significance (P<0.05).
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Figure 6: 27HC alters immune cell populations within ovarian tumors and promotes the
differentiation of M-MDSCs.

(A) Tumors grown in wildtype mice had significantly more CD11B+ myeloid cells
compared to ovarian tissue from CYP27A17/~ mice. (B-G) 27HC treatment resulted in
alterations of the indicated immune cell populations. (H) 27HC stimulated the /n vitro
differentiation of M-MDSCs from bone marrow progenitors in the presence of IL6 and GM-
CSF. (I) Microarray expression data for 551 ovarian cancer patients was accessed and parsed
based on median expression of CYP27A1, into low and high groups. Expression of CD33, a
human marker of M-MDSCs was plotted. Asterisks indicate statistical significance (P<0.05).
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Figure 7: Wildtype bone marrow transplant is sufficient to allow 1D8 tumors to grow in
CYP27A17"" mice.

CYP27A17~ mice were irradiated and transplanted with wildtype (+/+) or CYP27A17/~
bone marrow. After allowing sufficient time for donor bone marrow to reconstitute all cell
lineages, luciferase tagged ID8 murine ovarian cancer cells (ID8-luc) were orthotopically
grafted into one ovary/bursa of mice. (A) Tumor growth was monitored by bioluminescent
imaging throughout the study, and (B) peritoneal colonization was assessed at necropsy (day
74). Statistical analysis was performed with two-way ANOVA with Bonferroni multiple
comparison test (A) or Fisher’s Exact Test (B). Asterisks indicate statistical significance
(P<0.05).
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Figure 8: CYP27A1 inhibition in combination with immune checkpoint inhibition reduces
primary tumor volume.

MOE murine ovarian cancer cells were orthotopically grafted into one ovary/bursa of
FVB/N mice on Day 0. Starting from Day 7, mice were treated intraperitoneally with Veh or
100mg/kg CYP27AL1 Inhibitor (GW273297X) daily. 1gG2b control or 200ug Anti-PDL1
were injected intraperitoneally on days 10, 12, 14, 16, 18, 20, 22. A waterfall plot is
presented here, with each mouse represented by a bar. The grey line indicates the chosen
cutoff indicating a positive response (tumors less than 300mg). A Fisher’s Exact Test was
used to determine whether there were differences in response as assessed by tumors less than
300mg.
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