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Although there has been significant progress in prevention and treatment of cervical
cancer, this malignancy is still a leading cause of cancer death for women. Anti-
angiogenesis and immunotherapy approaches have been providing survival benefits,
however, response rates and durability of response need to be improved. There is
a clear need for combination therapies that increase effectiveness of these agents
and further improve patient outcome. Previous studies have largely focused on gene
expression and molecular pathways in untreated cervix cancer. The goal of this study
was to evaluate cancer-specific molecular pathways and their correlation with tumor
immune profile in recurrent cervical cancer. Tumor and adjacent normal tissues were
used to identify potential combination therapy targets. We found that DNA damage
repair pathway genes were significantly overexpressed in the tumor. Based on our
results and other recent investigations, we suggest that combination immune checkpoint
and PARP inhibitor therapy is a high priority consideration for patients with recurrent,
previously treated cervical cancer. We also show that multiple epithelial-mesenchymal
transition-related genes, including MAP2K4, ID2, JAK1, FGF2, PIK3R1, AKT3, FGF13,
and STAT3 may be potential targets. Interestingly, high-throughput analysis of Cancer
Genome Atlas data identified distinct targets, including Fatty acid synthase FASN and
Matrix Metallopeptidase 1 MMP1 as novel, promising combination therapy partners.

Keywords: cervical, cancer, retrospective analysis, gene expression profile, immunohistochemistry, combination
therapies

INTRODUCTION

Despite effective screening and preventative vaccines, there will be an estimated 13,240 new
cases of cervical cancer and 4,170 deaths estimated in 2018 in the United States, with cervical
cancer accounting for the second leading cause of cancer death for women age 20 to 39 years
(1). Unfortunately, women who present with advanced stage and metastatic disease have a poor
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prognosis and limited therapeutic options. Response rates to
current therapies range from 35 to 50% with a median survival
of less than 2 years (2, 3). Biologic therapy targeting the vascular
endothelial growth factor (VEGF) has shown the most recent
success in the treatment of cervical cancer and is now used
in combination with chemotherapy as the standard of care in
the treatment of recurrent and metastatic disease. While anti-
angiogenesis therapies have shown an incremental improvement
in survival, there remains a high clinical demand for novel
treatment strategies in this disease site. At this time, there are
no other targeted therapies approved in the treatment of cervical
cancer according to clinicaltrials.gov.

Immunotherapy presents an additional rational approach
for the treatment of cervical cancer given the molecular
underpinnings of this human papilloma virus (HPV)
related disease. Impaired local cellular immunity results in
persistent infection with high risk HPV and expression of viral
oncoproteins E6 and E7. Expression of these oncoproteins
in turn leads to downstream genomic instability through
interactions with the well described tumor suppressor genes
p53 and retinoblastoma (pRb). The loss of cell cycle regulation
allows for an increased mutational burden and malignant
transformation from cervical intraepithelial neoplasia to invasive
carcinoma (4). An increased mutational burden is a source
of targetable neoantigens that can be detected in most cervix
tumors (5). Cervical cancer, as well as other HPV related diseases,
also present a unique viral antigen for T-cells to identify tumor
cells from self and serve as ideal candidates for immunotherapy
from a biologic standpoint. In contrast, previous studies have
also demonstrated that immune checkpoint pathways, including
PD-1 /PD-L1 are activated during chronic viral infections to
combat T-cell responses to viral antigens. Yang and colleagues
evaluated this in cervical intraepithelial neoplasia and showed
that upregulation of the PD-1/PD-L1 pathway was associated
with HPV positivity and progression of precancerous lesions
(6). In addition, diffuse PD-L1 expression has been associated
with worse disease specific survival in this patient population
(7).

Multiple trials evaluating various immunotherapy strategies
are currently underway in both the upfront and recurrent
setting, however immune checkpoint blockade has been the
most widely studied in cervical cancer to date (clinicaltrials.gov)
and the majority of trials have evaluated this strategy in
the single agent setting. While initial studies have shown
activity of checkpoint blockade in cervical cancer, response
rates thus far are disappointing and range from 17 to
27% (8, 9). Despite these low response rates pembrolizumab
recently gained FDA approval for patients with recurrent
or metastatic cervical cancer with disease progression on
or after chemotherapy whose tumors express PD-L1. The
current therapeutic landscape highlights the need for: (a)
rationale combination therapies with the potential to provide
improved responses, and (b) identification of molecularly defined
subgroups who may benefit from immunotherapy. Our objective
was to identify immune related as well as other potentially
targetable cancer pathways in recurrent cervical cancer in an
effort to identify rational combination therapies that should

be prioritized in developmental therapeutics for cervical cancer
(10).

RESULTS

Clinical Characteristics

Twenty-eight patients were treated for recurrent cervical cancer
with a pelvic exenteration at MD Anderson Cancer Center from
1994 to 2004. We focused our investigation on this population,
because it represents the population with the greatest unmet
need in this disease (i.e., patients with recurrent disease following
primary treatment with surgery and/or chemoradiation). The
majority of patients initially presented with squamous histology
(n = 19, 67.9%) and locally advanced disease (n = 17, 60.7%)
Nineteen patients were treated with primary chemoradiation
(67.9%), 2 were treated with a radical hysterectomy (7.1%),
and 7 (25.0%) were treated with both a hysterectomy and
chemoradiation. Seven patients (25.0%) were alive with no

TABLE 1 | Clinical characteristics of patients.

Clinical characteristics N (%)
N =28

RACE

White 17 (60.7)
African American 2(7.1)
Hispanic 8 (28.6)
Asian 1(3.6)
STAGE

1A2 1(3.6)
IB1 8 (28.6)
B2 5(17.8)
A 0(0)
1B 6(21.4)
A 1(3.6)
B 4(14.3)
IVA 1(3.6)
Unknown 2(7.1)
GRADE

1 3(10.7)
2 11 (39.3)
3 11 (39.3)
Unknown 3(10.7)
HISTOLOGY

Squamous cell carcinoma 19 (67.9)
Adenocarcinoma 9(32.1)
PRIMARY TREATMENT

Radical hysterectomy 2(7.1)
Primary chemoradiation 19 (67.9)
Hysterectomy and 7 (25.0)
Chemoradiation

DISEASE STATUS AT LAST FOLLOW-UP

Alive, No evidence of 7 (25.0)
disease 1(3.6)
Alive with disease 16 (67.1)
Dead with disease 4 (14.3)

Dead of unknown cause
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disease as of last follow-up and 16 (57.1%) had died as a result
of recurrent disease (Table 1).

Nanostring Expression Analysis Identifies

Immune Alterations in Cervix Tumors

We have performed a NanoString expression analysis using
the Cancer Immune genes code set (n 730 genes) to
compare tumor and adjacent normal tissue in the patient
cohort described in Table 1. Figure 1A shows the differentially
expressed genes, after Bonferroni correction for multiple tests.
Interestingly, only cyclin-dependent kinase 1 (CDK1) showed
overexpression in the tumor. Genes that were expressed at a
lower level in the tumor included IL11RA, NFATC4, MEF2C,
MAP2K4, MAP3K7, CD34, STAT5B, ICAM2, TFE3, ATF2,
FAS, ITCH, CCL14, IL6ST, and IL6R. Low expression of the
ITCH gene was also associated with significantly (p < 0.01)
shorter progression-free survival (PFS) (Figure 1B). We next
sought to identify immune related genes expressed in the
tumor that correlated with survival. We identified CD58
(lymphocyte function-associated antigen 3 - LFA-3) cell adhesion

molecule and macrophage marker, and PSEN1 (presenelin 1),
a chemoresistance-associated gene, were significantly associated
with improved progression free survival (PFS; Figures 1C, D).
The p-values from Kaplan-Meier analyses of all genes can be
found in Supplementary Table 1.

Cancer Pathways Show More Dominant
Alterations Compared to Immune Genes

In order to identify cancer-related pathways that may serve as
potential targets for therapeutic intervention, we performed a
NanoString study using the Cancer Pathways code set which
is composed of 730 genes. In this analysis we identified 423
genes that were differentially expressed at p < 0.05 level.
Out of these, 148 were significant after Bonferroni correction
(Figure 2A). A notable observation was the significantly higher
expression of DNA damage repair pathway genes, in particular
those involved in homologous recombination and mismatch
repair pathways) in tumor tissues (Figure2A, e.g., BRCAI,
BRCA2, BRIP1, FANCA, FANCG, FANCC, RAD51, XRCC4,
MSH2, MSH6, MCM7, MCM4, PCNA). Our findings are
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FIGURE 1 | Immune-related gene expression alterations in cervical cancer. Over- and under-expressed immune-related genes in cervix tumors compared to adjacent
normal tissue are shown in (A). Association between progression-free survival (PFS) and gene expression is displayed for ITCH (B), CD58 (C), and PSEN1 (D). High
expression (above median) is depicted with red color, while low expression (below median) is green.
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FIGURE 2 | Cancer pathway-associated genes show diverse alterations in cervical cancer. Cervix tumor and adjacent normal tissue expression comparisons are
shown in (A) for genes in the NanoString Cancer Pathways code set. Progression-free survival (PFS) associations for selected genes in the NanoString panel, DUSP6
(B), CACNA1G (C), and FOS (D) are displayed comparing high (above median) and low (below median).

especially intriguing, because it was recently shown that
HPV E6 and E7 oncogenes increase the abundance of HR
proteins and enhance their ability to form DNA repair foci.
However, ironically, E6 and E7 interfere with the ability
of the HR pathway to complete double-strand break (DSB)
repair, resulting in homologous recombination deficiency (HRD)
(11).

In addition, Ingenuity Pathway Analysis revealed that
25 out of these are in the “Regulation of the Epithelial-
Mesenchymal Transition Pathway” (MAP2K4, ID2, JAKI,
FGF2, PIK3R1, SOS2, FGF13, TGFBR2, BRAE FGFI0,
FGF18, HGEF, WNT7B, AKT3, FGF7, PDGFRB, JAG2,
FGFR1, STAT3, TCF7L1, APC, CDHI, TGFB3, PDGEFD,
and FZD7). This pathway appeared to be suppressed in
tumor cell compared to adjacent normal tissue. A few
selected PFS associations are shown for DUSP6 (Figure 2B),
CACNAI1G (Figure 2C), and FOS (Figure 2D). The p-values
from Kaplan-Meier analyses are provided for all genes in
Supplementary Table 2. These expression and
differences clearly show that multiple oncogenic pathways
are active.

survival

Immunohistochemistry Analysis Indicates

PFS Associations

In addition to gene expression level comparisons, we
also analyzed PFS associations with protein level by
immunohistochemistry (IHC). We found that higher CD8+
density and mean membrane PD1 level were associated with
better survival (p < 0.05) both in adjacent non-tumor and in
tumor (Figure 3). FoxP3+ phenotype density did not show
a statistically significant association with PFS. The PD-L1
expression PFS-association was also not significant, possibly due
to the high variation in expression in tumors.

Immunologic Features of Cervical Cancer
Are Associated With Targetable Molecular
Pathways

We next sought to correlate the immunologic features on cervical
tumor microenvironment with gene expression levels to gain
additional insight into the potential interactions between the
immune and cancer pathways. We performed an unbiased
correlation analysis of tumor immune phenotype (as revealed
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FIGURE 3 | Immunohistochemistry analysis of tumors and adjacent non-tumors. Kaplan-Meier plots are applied to analyze PFS associations in non-tumor and tumor
for CD8+ phenotype density (counts/me) and mean membrane PD1 and PD-L1 expression. High (red) is the above median density/expression group, low (green) is
below median.

by IHC) and gene expression (using Nanostring) (Figure 4).
One of the notable observations in this analysis was the
negative correlation between STAT3 expression with CD8+
phenotype density. This is important because STAT3 can be over-
expressed and constitutively-activated in cervical cancer (12),
and decreasing its expression may help to increase CD8+ cell
infiltration to the tumor. Another important observation is that
macrophage marker CD68+ phenotype density was found to be
associated with multiple markers in the tumor including STAT3,
ABL1, CDHI1, MAK3K1, MAP2K1, MAP2K4, TTK, IKBKB,
ILIRAP, NOTCHI, ITGB4, and JAK1.

TCGA Analysis Reveals Potential

Combination Therapies

While the main focus of our study was the immune and
molecular phenotype of recurrent cervical cancer, the availability
of the Cancer Genome Atlas (TCGA) cervix cancer data provided
an opportunity to correlate gene expression and survival
in untreated cervical cancer samples (used in TCGA). We
performed this analysis using the high-throughput architecture
which we developed earlier (13). The association of overall
survival and gene expression was determined for gene pairs using
the following four groups: (1-high-high group): the expression
of both genes is above median expression; (2-high-low group):
the expression of the first gene is above while the second gene
is below median expression; (3-low-high group) the expression
of the first gene is below and the expression of the second is
above median expression; and (4-low-low group) the expression
of both genes is below median expression levels. Figure 5A
shows the gene pairs where high expression of both genes of
a potential combination is associated with shorter or longer

median survival than low expression of the same genes. One
of the most interesting combination we identified is Fatty acid
synthase FASN and Matrix Metallopeptidase 1 MMP1. Low
expression of either of these genes is associated with significantly
longer overall survival (Figures 5B,C), however, when both genes
have low expression (Figure 5D), median survival is much more
improved (p < 0.0001). We have also performed a similar analysis
focusing on the EMT genes identified above. Figure 5E shows
the gene pairs with significant overall survival association, and
the JAKI - LOXL2 (Figure 5F) and JAK1 - RAB2A (Figure 5G)
combinations are also shown using Kaplan-Meier plots.

DISCUSSION

Immunotherapy can take many forms including therapeutic
vaccines, adoptive transfer of autologous tumor-infiltrating
T lymphocytes (TILs), chimeric antigen receptor (CAR)-
engineered T-cells, and immune checkpoint blockade. Optimal
immunotherapies as well as targeted therapies usually require
target overexpression in the tumor compared to normal tissues
(14). To identify such targets, we performed gene expression and
IHC analyses of tumor and adjacent normal tissues of 28 cervical
cancer patients.

Our NanoString Cancer Immune expression analysis
identified multiple immune alterations in cervix tumors, but
most of the genes with significantly altered expression were
under-expressed in the tumor, making them unattractive
targets. However, CDK1 was over-expressed, and may be a
potential combination therapy target. In addition to this gene,
our NanoString Cancer Pathways analysis provided a number
of promising target candidates. Several DNA damage repair
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H

pathway genes were overexpressed in the tumor. In particular
there was an overabundance of genes in the BRCA-Fanconi
Anemia and homologous recombination pathways. These
findings along with a previous report that HPV E6 and E7
oncogenes increase the abundance of HR while producing
functional homologous recombination deficiency (HRD)
(11), support the clinical investigation of poly (ADP-ribose)
polymerase inhibitors (PARPi) alone or in combination with
other therapies in recurrent cervical cancer. In fact a phase I
study of paclitaxel, cisplatin, and the PARPi veliparib in the
treatment of persistent or recurrent carcinoma of the cervix
found this combination safe and feasible (15). Another study
of rucaparib and bevacizumab combination in patients with
recurrent cervical cancer is currently ongoing (NCT03476798).
Considering both the immune and gene expression profiling
data provided by our study we feel that combination immune
checkpoint and PARPi therapy is a high priority consideration in
patients with recurrent previously treated cervical cancer.

Furthermore, epithelial-mesenchymal transition (EMT) was
one of the top pathways associated with these differentially
expressed genes. Although EMT has been shown to be targetable
in cervical cancer, the regulation of EMT is not well known
(16). Out of the 25 genes identified in our study, multiple have
been implicated in cancer and may be targetable, including
MAP2K4 in prostate cancer (17), ID2 in glioma (18), JAK1 in
multiple cancer types (19), FGF2 to address resistance to anti-
VEGF therapy (20), PIK3R1 and AKT3 using PI3K/AKT/mTOR
inhibitors (21), FGF13 which mediates resistance to platinum
therapy in cervical cancer (22), and STAT3 which has also been
proposed as a target in cervical cancer (23).

Our THC analyses clearly indicate immune activity in cervix
cancer, however, cytotoxic T cell density was found to be
lower in tumors compared to a relatively high density in
adjacent normal tissues. FoxP3+ regulatory T cells (Tregs)
may be partially responsible for an immune-suppressive tumor
microenvironment, however, our results indicate that Tregs

Frontiers in Immunology | www.frontiersin.org

September 2018 | Volume 9 | Article 2102


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Roszik et al.

Novel Targets for Cervical Cancer Therapy

>

T C1IWWNO0
TO A AZEmB>IUEENMO =z
= T W o> )
s} [\ &
—

WAV >
W 7
N

~Ir—

OS low-low / high-high
-
7.238

>

0.107

000

C5 0P Z 5 WA S X000~ T

—Z.
CO

w0
gﬂEN
O

w
1.0

H

FASN low

1
L

L
L

FASN high

L

0S
0.0 02 04 06 08 10

0S
00 02 04 06 08

MMP1 high

!

MMP1 low 0 FASN low - MMP1 low

]

50

N
S
o
o

50 100

m
<)
<
o
2
-
]
M

(ON]
00 02 04 06 08

p < 0.001

150 200

p < 0.0001

50 100 150 200
Months

100
Months

o

1.0

OS low-low /
high-high

—
0.163 5.634

CDH1
FGFR1

L

L

0S
00 02 04 06 08

JAK1 high - LOXL2 high

(2]
1.0

p < 0.0001 p < 0.0001

0s
00 02 04 06 08

JAK1 high - RAB2A high

A0
o
m
~
L

o

50
TGFBR2

50 100 150 200
Months

100 150 200

Months

o

FIGURE 5 | Potential targets for combination therapies. Median overall survival ratio of low-low (both below median) and high-high (both above median) expression of
gene pairs is depicted as shown by the color legend (A), only p < 0.0001 associations where median expression >5 TPM). Kaplan-Meier plots show the difference
between high and low expression for FASN (B) and MMP1 (C) alone, and in combination (D). (E) Displays the overall survival ratio analysis results for the EMT genes
(shown in rows) identified by our Ingenuity Pathway Analysis. The JAK1 - LOXL2 (F) and JAK1 - RAB2A (G) combination survival analyses are shown as examples.

are also excluded from tumors to adjacent areas. CD68+
macrophages were present in high quantities in both tumor
and adjacent non-tumor tissues. We also showed that CD68+
phenotype density was inversely associated with NOTCHI
expression. Notchl-activating agents have been proposed earlier
(24), and based on our results this may be considered together
with targeting macrophages in the tumor. We also identified
some PD-L1 protein expression, which may be a useful marker

for a subset of patients for immune checkpoint inhibitor therapy
(25). Interestingly, PD-L1 gene expression may also be associated
with higher neoantigen burden and expression of HPV master
regulators (5).

In addition, our TCGA-based high-throughput combination
therapy prediction identified Fatty acid synthase (FASN) and
Matrix Metallopeptidase 1 (MMP1) as a promising target
candidate pair. FASN inhibitors have shown promising results
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for therapy of breast cancer (26) and orthotopic tongue
oral squamous cell carcinoma (27). MMPI is overexpressed
in cervical cancer, and knockdown of MMPI reduced the
proliferation and migration of cervical cancer cells, while
expression of epithelial marker E-cadherin increased and
expression of mesenchymal marker Vimentin decreased (28).
These and our results suggest that a combined FASN and MMP1
inhibition may be beneficial for cervical cancer patients.

We would like to acknowledge some of the limitations of this
study. This study was retrospective and performed on a small
but relevant patient population in that all patients had recurrent
disease and had received prior radiation representing the at
need population. Despite this limitation, these findings present
an opportunity to rationally approach future combination
immunotherapy trials in the treatment of recurrent cervical
cancer.

METHODS

Patient Sample Preparations

Following institutional review board approval (PA15-0286),
patients were identified retrospectively through a departmental
database (MDA 2008-0095). All women with a diagnosis of
squamous cell carcinoma or adenocarcinoma of the cervix who
underwent a pelvic exenteration procedure at The University
of Texas MD Anderson Cancer Center from 1994 to 2004
were included. Clinical and pathologic data were abstracted
from the medical record. Formalin-fixed, paraffin-embedded
tumor samples were identified and specimens were reviewed
for pathologic diagnosis and dissected if necessary to ensure
that >90% of the sample represented tumor. The normal

tissue was directly adjacent to the tumor on the same
slide.

Nanostring Analyses

NanoString was performed using the nCounter® PanCancer
Immune Profiling panel (XT-CSO-HIP1-12) composed of
770 immune response genes and the nCounter® PanCancer
pathways panel (XT-CSO-PATHI1-12) comprised of 770 genes
from 13 canonical cancer associated pathways (NanoString
Technologies). RNA was extracted using the Highpure miRNA
isolation kit (Roche) from FFPE blocks, following initial
confirmation of tumor presence and content by two pathologists
by H&E. For gene expression studies, 1 g of RNA was used
as per manufacturer’s instructions (NanoString Technologies).
All samples included in this study passed a quality check
before the NanoString analysis. Raw NanoString results were
normalized using standard NanoString housekeeping genes
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