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ABSTRACT

The microbiome, which refers to the microbiota within a host and their collective genomes, has recently been demonstrated to play
a critical role in cancer progression, metastasis, and therapeutic response. The microbiome is known to affect host immunity, but its
influence on human papilloma virus (HPV) gynecologic malignancies remains limited and poorly understood. To date, studies have
largely focused on the cervicovaginal microbiome; however, there is growing evidence that the gut microbiome may interact and
substantially affect therapeutic response in gynecologic cancers. Importantly, new developments in microbiome sequencing and
advanced bioinformatics technologies have enabled rapid advances in our understanding of the gut and local tumor microbiota. In
this review, we examine the evidence supporting the role of the microbiome in HPV-associated cervical intraepithelial neoplasia
(CIN) and cervical cancer, explore characteristics that influence and shape the host microbiota that impact HPV-driven
carcinogenesis, and highlight potential approaches and considerations for future and ongoing research of the microbiome’s effect
on HPV-associated cancer.
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INTRODUCTION

Persistent exposure to human papilloma virus (HPV) is
the well-established antecedent to many gynecologic
cancers.?! HPV is considered to be responsible for
99.7% of cervical cancers, up to 70% of squamous cell
carcinomas of the vulva, and 60% of squamous cell
carcinomas of the vagina.®! Additionally, there appears
to be a high prevalence of HPV DNA in ovarian cancer
cases, although the precise role of HPV in ovarian cancer
remains unknown.” ! Because most microbiome studies
exploring HPV-related gynecologic cancers have reported
on cervical dysplasia and cervical cancer, these will be
the main focus of this review (Fig. 1).

HPV 16 and 18 are responsible for most HPV-related
gynecologic cancers.®! It is thought that host-dependent
immunologic status and HPV-induced immune evasion

are responsible for a persistent HPV infection and thus a
predisposition to cancer.”) However, a persistent HPV
infection alone is inadequate for cancer formation.
Factors unique to the individual mucosal sites such as
epithelial surface integrity, immune regulation, and the
local microbiota play an important role in HPV carcino-
genesis.*® Additionally, HPV carcinogenesis is contin-
gent on the patient’s immune system’s ability to
recognize tumor antigens and clear an oncogenic HPV
infection.””! High-risk HPV downregulates interferon
signaling, which favors HPV persistence and the devel-
opment of precursor lesions.”'°! HPV integration into
the host cellular genome permits permanent expression
of viral oncoproteins, stimulating cell transformation
into cancerous cells. HPV infects mature mucocutaneous
epithelial cells, producing viral particles that initiate the
production of oncoproteins E6 and E7. These oncopro-
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Figure 1.—The gut and cervicovaginal microbiome of cervical cancer and cervical dysplasia. CIN: cervical intraepithelial neoplasia; LSIL: low grade squamous
intraepithelial lesions; HSIL: high grade squamous intraepith elial lesions; spp: species; HPV: human papilloma virus.

teins cause a disruption in normal cell-cycle control by
interfering with cell death and promoting continued cell
proliferation and uncontrolled cell division—ultimately
leading to genetic damage.'*'! Given that host-depen-
dent immunologic status and HPV-induced immune
evasion are responsible for a persistent HPV infection,
the gut and local tumor microbiome has drawn atten-
tion. The microbiome has been purported to modify host
immunity by regulating several immunologic pathways,
thereby affecting patients’ risk of various cancers and
their treatment outcomes.''>3! A more diverse, abun-
dant gut microbiota, with a distinct composition, is
believed to enhance the immune response by priming
the activation of antitumor T cells.'* In this review, we
assess the evidence for the role of the gut and tumor
microbiota in HPV gynecologic cancers and highlight
potential approaches and considerations for future and
ongoing research into the relationship between the
microbiome and HPV-related cancer.

METHODS

A systematic literature search was conducted in
PubMed to find relevant studies published up to
December 1, 2019. The following combination of search
keywords was used: [vaginal (OR) cervical (OR) cervico-
vaginal (OR) gut (OR) gastrointestinal] (AND) [dysplasia
(OR) cancer (OR) neoplasia (OR) carcinoma (OR) malig-
nancy (OR) CIN] (AND) [microbiome (OR) microbiota].
Inclusion criteria were used to eliminate inappropriate
publications and to identify studies to be reviewed. The

inclusion criteria for accepting articles included the use
of those that used gram staining, 16S ribosomal RNA
(rRNA) amplicon sequencing, whole-genome shotgun
sequencing, or metagenomic sequencing. With applica-
tion of inclusion criteria, and after examining titles and
abstracts of all identified articles, our search yielded nine
studies with potential relevance for the study topic and
for inclusion in this review.

Cervicovaginal Microbiome Factors in
Cervical Intraepithelial Neoplasia (CIN)

A state of cervicovaginal polybacterial dysbiosis and
chronic local inflammation encourages the perseverance
of HPV,!">! which ultimately promotes the development
of cervical dysplasia and carcinogenesis.''®?!! As shown
in the Table 1, the role of the cervicovaginal microbiome
in HPV-driven diseases has been broadly studied in CIN
and cervical cancer. Persistent HPV infections are
thought to trigger an innate immune response, resulting
in the suppression of infected cervicovaginal mucosal
cells.?>?% " Cervicovaginal dysbiotic states lead to an
altered metabolic profile and reduced cervicovaginal
barrier function. This dysbiotic state is associated with
an increased acquisition of high-risk HPV, cervical
dysplasia, and ultimately, cervical cancer.**?3 One of
the first studies to report this phenomena characterized
the CIN microbiota using laboratory culture. This study
reported on the presence of “abnormal vaginal flora,”
which future studies would later corroborate with 16S
tRNA analysis.!*! This focus on exploring the relative
abundance of bacteria in the cervicovaginal epithelium
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Table 1.—Summary of articles discussing the microbiome and HPV gynecologic cancer

Microbial

Author Participants Analysis

Key Bacterial Organisms

Comments

Studies on the Cervicovaginal Microbiome and CIN
Guijon et al*® CIN positive (n = 106) Culture, gram

Mycoplasma hominis

HPV, abnormal vaginal flora, and M. hominis,

Control (n = 79) staining significantly associated with CIN.
Piyathilake et al** CIN3 (7 = 132) V4 16S rRNA Lactobacillus iners a-and B-diversity was not significantly associated
CIN2 (n = 208) with disease status. L. iners abundance was
CIN1 (n = 90) associated with increased disease severity.
Klein et al®® LSIL (n = 72) V4 16S rRNA  Mycoplasmatales, Increased a-diversity was associated with HSIL
HSIL (n = 50) Pseudomonadales, and HPV. Brush samples from HSIL patients

Control (n = 23)

Fusobacteria, Staphylococcus

revealed unique associations with
Mycoplasmatales, Pseudomonadales, and
Staphylococcus.

Studies on the Cervicovaginal Microbiome, CIN, and Cervical Cancer

Mitra et al*® LSIL (n = 52) V1-V2 16S rRNA Lactobacillus spp., Lactobacillus
HSIL (n = 92) crispatus, Sneathia
CC (n=Y5) sanguinegens
Control (n = 20)

Mitra et al®? CIN2 (n = 87) V1-V2 16S rRNA Lactobacillus spp., Megasphaera,

Prevotella timonensis,
Gardnerella vaginalis

Audirac-Chalifour HPV— control (n = 10) V3-V4 16S tRNA Lactobacillus iners, Sneathia spp.,
Fusobacterium spp.

et al®’ HPV+ control (n = 10)
SIL HPV+ (1 = 4)

CC HPV+ (n = 8)

Laniewski et al*®  Control (n = 51) V4 16S rRNA
LSIL (n = 12)
HSIL (n = 27)
CC (n = 10)

Kwon et al*® CIN (n = 17) Whole-genome
CC (n=12) sequencing

Control (n = 18)

Studies on the Gut (Fecal) Microbiome and Cervical Cancer

Wang et al>® ICC (n = 8) V4 16S rRNA
Control (n = 5)
Sims et al*! ICC (n = 42) V4 16S rRNA

Control (n = 46) Dialister

Lactobacillus spp., Sneathia spp.

Alkaliphilus, Pseudothermotoga,
Wolbachia, Lactobacillus,
Staphylococcus, Candidatus
Endolissoclinum

Proteobacteria, Parabacteroides,
Escherichia-Shigella, Roseburia

Prevotella, Porphyromonas,

Lactobacillus depletion, high diversity and species
richness was associated with increasing disease
severity and high-risk HPV positivity.

Lactobacillus-dominant microbiome at baseline is
more likely to have regression of CIN2 at 12
months. Lactobacillus spp. depletion and
presence of specific anaerobic taxa including
Megasphaera, Prevotella timonensis, and
Gardnerella vaginalis are associated with CIN2
persistence and slower regression.

Increased a-diversity in CC and SIL with unique
B-diversities at every stage of CC. All four study
groups were dominated by a single distinct
population of bacteria: L. crispatus, L. iners,
Sneathia spp., and Fusobacterium spp. were
dominant in HPV-negative samples, HPV-
positive samples, SIL samples, and CC samples,
respectively.

Decreased abundance of Lactobacillus spp. and
increased microbiome diversity was associated
with increasing severity of cervical neoplasm
and CC.

Diversity was not significantly associated with
disease status. CC and CIN were each
significantly enriched with bacteria unique to
the other disease status.

Increased a-diversity (NS) and differing p-diversity
of gut microbiome in CC versus control. Seven
genera differentiated significantly in relative
abundance between CC and controls.

Increased a-diversity and differing p-diversity in
CC versus control. CC patients exhibited
significantly enriched Prevotella, Porphyromonas,
and Dialister when compared to age, race, and
BMI-matched controls.

CC: cervical cancer; HSIL: high-grade squamous intraepithelial lesion; ICC: invasive cervical cancer; LSIL: low-grade squamous intraepithelial lesion;

SIL: squamous intraepithelial lesion.

eventually led to the concept and assignment of
community-state types (CSTs) based on the richness of
Lactobacilli species.'"> 3! The depletion of specific Lacto-
bacilli species—for example Lactobacillus crispatus, Lacto-
bacillus gasseri, or Lactobacillus jensenii—has been
associated with a predisposition toward bacterial vagi-
nosis and other proinflammatory states, consequently

leading to DNA cell damage and potentially carcinogenic
changes.'?>27-32I The most unique CSTs found in women
with CIN were CSTs characterized by Lactobacillus
depletion, anaerobic bacteria predominance, and Lacto-
bacillus iners dominance.””’ An increase in vaginal
microbiome diversity and richness is associated with
increased acquisition of HPV infection and persistence as
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well as higher CIN severity.*3-3%! Additionally, multiple
studies reported the bacteria Sneathia to be significantly
enriched in CIN samples, although our understanding of
its pathogenic or protective role remains somewhat
lacking. 237!

The most common type of cervicovaginal dysbiosis
(defined as a cervicovaginal microbiome not dominated
by Lactobacilli) is bacterial vaginosis.®® Bacterial vagi-
nosis is characterized by a persistent decrease in
Lactobacilli and an increase in fastidious anaerobes.*?!
Lactobacillus species seem to serve largely as protective
organisms, with some exceptions. L. iners is the most
commonly reported Lactobacillus-dominated CST detect-
ed in women diagnosed with CIN.*?I The role of this
bacteria in cervicovaginal health is uncertain, since it
can be identified in normal conditions as well as in states
of vaginal dysbiosis, such as bacterial vaginosis.** L.
iners is believed to have more complex nutritional
requirements and variable morphology than do other
Lactobacillus species. Additionally, in contrast to other
Lactobacilli, L. iners has an unusually small genome,
suggestive of a symbiotic or parasitic lifestyle.***°! These
characteristics have led some to suggest that L. iners may
have clonal variants that in some cases promote health
and in other cases are associated with dysbiosis and a
predisposition to disease.*”!

Conversely, L. crispatus dominance has been strongly
associated with a healthy cervicovaginal microbiome.
In African women, Borgdorff et al.*!! found an L.
crispatus—dominated vaginal microbiota to be associated
with a lower prevalence of HPV, HIV, HSV-2, and
bacterial sexually transmitted infections (Neisseria gon-
orrhoeae, Chlamydia trachomatis, and Trichomonas vagi-
nalis). Interestingly, Gajer et al.l*?! found that vaginal
communities dominated by L. crispatus can convert to a
community state dominated by L. iners or to a
community state characterized by a small abundance
of either L. crispatus or L. iners.®®! This finding suggests
that Lactobacilli CSTs are likely to transition to CSTs
characteristic of CIN patients. This likely depends
largely on a particular Lactobacilli species’ ability to
adapt to a variety of pH environments. This association
between bacterial vaginosis and CIN has been exten-
sively studied.[*3! Studies suggest that a decreased
abundance of lactic acid-producing Lactobacilli result-
ing in abnormally high vaginal pH (> 4.5) can cause
bacterial overgrowth and a decrease in protective flora,
thereby resulting in weakened defense mechanisms to
fend off viral infections such as HPV.*! Additionally,
bacterial vaginosis is associated with increased levels of
proinflammatory cytokines such as IL-1p and decreased
levels of the anti-inflammatory molecule SLPI (i.e.,
secretory leukocyte protease inhibitor), supporting the
theory that immune changes associated with bacterial
vaginosis can result in an increased susceptibility to
HPV and the development of high-grade cervical
dysplasia.[**!

Cervicovaginal Microbiome Factors in
Cervical Cancer

Limited studies of women with cervical cancer have
found the cervicovaginal microbiota to have increased
overall bacterial diversity, increased predominance of
Fusobacterium species, and decreased abundance of
Lactobacillus species. As in women with CIN, the
cervicovaginal microbiome in cervical cancer patients
resembles that of women with bacterial vaginosis.”!
Although found in both CIN and cervical cancer,
Fusobacterium predominance was more commonly ob-
served in cervical cancer patients and was shown to be
correlated with a cytokine pattern of increased levels of
IL-4 and TGF-B1 mRNA, suggesting a local immunosup-
pression state and supporting the concept of microbiota
immune system modification.*”? Another study using
shotgun metagenomic sequencing found that the cervi-
cal microbiome community compositions and their
metagenomics profiles differed between patients with
cervical cancer and individuals without cancer, but the
researchers cautioned that larger additional whole-
genome shotgun studies are required to confirm these
associations.!*>!

Gut Microbiome Factors in Invasive Cervical
Cancer

A review by Chase et al.”™' pointed out a lack of
research involving the association between the gut
microbiome and gynecologic cancers. Table 1 provides
a summary of cervical cancer-related gut microbiome
studies. The gut microbiome is proposed to affect host
immunity by modifying various immunologic pathways,
thus impacting carcinogenesis and treatment outcomes
in various malignancies.!*’~*°]

Two recently published studies have explored the
relationship between the gut microbiome and cervical
cancer. Wang et al.’®! compared the gut microbiome
between eight women with cervical cancer and five
healthy women. Women with cervical cancer had a
higher gut microbiota a-diversity (the number of distinct
species present and whether distinct species are evenly
represented), although this difference was not statisti-
cally significant. The researchers reported a difference in
B-diversity (differences in taxonomic abundance profiles
between different samples) between cervical cancer
patients and the control group. The researchers also
reported significant differences in several taxa between
cervical cancer patients and controls, chiefly that
members of the phylum Proteobacteria were higher in
cervical cancer patients.®” In a larger analysis of the gut
microbiome in cervical cancer patients versus women
without cervical cancer, our group observed a statistically
significant higher oc-diversit?r in cervical cancer patients
than in healthy controls.®!! We also observed a statisti-
cally significant difference in p-diversity between women
with cervical cancer and women without cervical cancer,
confirming compositional differences in the gut micro-
biota between these two groups. Our ongoing studies

[46]



76 Sims et al: HPV-associated CIN and cervical cancer and the microbiome

suggest that both the cervical and gut microbiomes are
associated with treatment response and outcomes in
cervical cancers.5%>3!

CONCLUSION AND FUTURE DIRECTIONS

There is growing evidence of the role of the cervico-
vaginal and gut microbiota in HPV gynecologic malig-
nancies. Future studies are needed to investigate how the
microbiome affects the immune response and response
to therapy in HPV-related gynecologic cancers and to
examine whether manipulation of microbiota can
improve response to therapy in preclinical models. Such
research will require distinct considerations that vary
among different diseases and patient populations.
Further elucidation of the underlying degree of cervico-
vaginal and gut microbiome dysbiosis with current
advances in microbiome sequencing technologies might
influence how these sites may be amenable to modula-
tion.

Advances in microbiome sequencing technologies and
bioinformatics have fueled advances in our understand-
ing of the human microbiome!®**%); 16S ribosomal RNA
(rRNA) amplicon sequencing is the most common
method used. This method sequences a specific 30S
ribosome subunit of the human microbiome that is
unique to prokaryotes and has regions that vary greatly
between different species of bacteria and clusters the
identified bacteria into operational taxonomic
units.">¢! This technique can be used to quantify
diversity metrics such as a-diversity and p-diversity.
Additionally, this method can give the relative abun-
dance of specific bacterial taxa and provide genus-level
identification.!®® In contrast, whole-genome shotgun
sequencing, or metagenomic sequencing, involves deci-
phering and sequencing broad regions of the entire

. . . [12,57]
genomes of all microbes in a given sample. Whereas
16S rRNA sequencing has inherent disadvantages,
including the inability to provide species-level identifi-
cation, metagenomic sequencing has the enhanced
ability to provide deeper resolution and allows for
superior species-level identification, understanding into
genome functionality and structure, and the ability to
identify all microbes (including viruses, fungi, protozoa,
and archaea) in a given sample. Given the substantially
higher cost in terms of both time and money associated
with metagenomic sequencing, however, future investi-
gations must use whole-genome shotgun sequencing in
conjunction with the more cost-effective 16S rRNA
method as a complementary approach in order to fully
to investigate the role of the human microbiome in HPV
carcinogenesis.’” Ultimately, through these new ap-
proaches and with validation in preclinical models, the
integration of these data will produce actionable strate-
gies geared toward targeting and manipulating the
microbiome in order to improve HPV gynecologic cancer
therapy.

We are only beginning to understand the microbiome
and its role in gynecologic health and disease. Questions
still remain regarding how microbial dysbiosis fits in
relation to the many known and established risk factors
associated with HPV-driven gynecologic malignancies.
Current evidence indicates that an impaired microbiota
can directly affect immunity by affecting a variety of
immunologic pathways. Owing to the vastness of the
metagenome, future investigation will focus on mecha-
nistic studies that describe the relationship between the
microbiota and the immune response to HPV infection,
clearance, and carcinogenesis. We are a long way from
completely understanding associations between the
microbiota, HVP, and gynecologic cancer, but the human
microbiota offers new opportunities to implement
strategies that could forever change response to cancer
therapy through various mechanisms. The microbiome
therefore continues to merit a special focus in order to
improve our understanding of its role in HPV-related
gynecologic cancer.
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