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The relationship among microbiome, immunity and cervical cancer has been
targeted by several studies, yet many questions remain unanswered. We
characterized herein the virome and bacteriome from cervical samples and
correlated these findings with innate immunity gene expression in a Brazilian
convenience sample of HPV-infected (HPV+) and uninfected (HPV-) women. For
this purpose, innate immune gene expression data were correlated to
metagenomic information. Correlation analysis showed that interferon (IFN) is
able to differentially modulate pattern recognition receptors (PRRs) expression
based on HPV status. Virome analysis indicated that HPV infection correlates to
the presence of Anellovirus (AV) and seven complete HPV genomes were
assembled. Bacteriome results unveiled that vaginal community state types
(CST) distribution was independent of HPV or AV status, although bacterial
phyla distribution differed between groups. Furthermore, TLR3 and IFNaR2
levels were higher in the Lactobacillus no iners-dominated mucosa and we
detected correlations among RIG-like receptors (RLR) associated genes and
abundance of specific anaerobic bacteria. Collectively, our data show an
intriguing connection between HPV and AV infections that could foster
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cervical cancer development. Besides that, TLR3 and IFNaoR2 seem to create a
protective milieu in healthy cervical mucosa (L. no iners-dominated), and RLRs,
known to recognize viral RNA, were correlated to anaerobic bacteria suggesting
that they might be related to dysbiosis.

KEYWORDS

microbiome and dysbiosis, innate immunity recognition, virome analysis, human
papilloma virus (HPV), squamous intraepithelial lesion of the cervix, RIG-I-like
receptor family, toll-like receptors (TLR), anellovirus

1 Introduction

Cervical cancer is the fourth most prevalent type of female tumor
worldwide and the third most common cancer among Brazilian
women (1, 2). Human papillomavirus (HPV) infection is necessary
for cervical cancer development but other factors such as viral
persistence, immunodeficiency and smoking are also associated with
the disease (1, 3, 4). Moreover, cervical mucosa immune regulation
and local microbiota also play pivotal roles in this process (5).

The female reproductive tract (FRT) has several protective
components, including antimicrobial peptides (AMPs - small
proteins released by different cell types with antimicrobial activity),
and immune and epithelial cells (6). Besides acting as a physical barrier,
epithelial cells express a wide repertory of pattern recognition receptors
(PRRs), such as Toll-like receptors (TLRs) and RIG-like receptors
(RLRs), responsible for recognizing conserved pathogen-associated
molecular patterns (PAMPs) like nucleic acids and
lipopolysaccharides from bacteria, fungi or viruses. TLRs are
transmembrane receptors found in cell surface and intracellular
membranes, that recognize LPS (TLR4) or nucleic acids (TLR3,
TLR7, TLR8 and TLRY), while three receptors comprise the
cytoplasmic RLR family — RIG-I, MDA5 and LGP2 - responsible for
recognizing nucleic acids, especially non-self RNA forms (7). The
pathways activated by these receptors are regulated at several levels,
for instance, RIG-I activity is positively regulated by TRIM25 (8) while
RNF125 mediated ubiquitination of both RIG-I and MDAD5 results in
their degradation (9). Once activated, both TLRs and RLRs, via
different adaptor proteins, lead to engagement of transcription factors
such as NF«xB, IRF3, IRF7 that regulate cytokine and IFN production
(6, 10). Pathogens impair these innate responses in several ways,
including by handling ubiquitination machinery. In high-risk HPV
(hr-HPV) infection, e.g, UCHLI de-ubiquitinates TRAF3 and NEMO
(adaptor proteins of TLRs and RLRs pathway), impairing cytokines and
IFN-I production (11). These genes and cytokines are differentially
expressed when comparing cervical cells from HPV-infected (HPV+)
and uninfected (HPV-) women and may have important roles in HPV
persistence or clearance and in susceptibility to STIs such as HIV
infection (12-15). Furthermore, several studies suggest important roles
of PRR expression and host microbiota in health and disease at
mucosal sites (16-18), but little is known about the FRT.

Women’s vaginal bacteria are grouped based on community
composition into five “community state types” (CSTs): CST I, IL, III,
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IV and V, dominated by Lactobacillus crispatus, L. gasseri, L. iners,
anaerobic bacteria (Gardnerella, Megasphera, Sneathia and
Prevotella) and L. jensenii, respectively (3, 19). A healthy vaginal
environment is dominated by Lactobacillus and shows low bacterial
diversity (CSTs L, II or V), while a decreased concentration of
Lactobacillus other than L. iners, increased diversity and anaerobic
dominance typify a transitional mucosa (CST III-dominated) or
dysbiosis (CST IV-dominated), the latter also known as bacterial
vaginosis (BV) state (3, 15, 20). BV is commonly found in women of
black (African) and Hispanic ethnicities and is also influenced by
smoking and sexual activity (19, 21-24). Several studies associate
CST II or IV and increasing microbiome diversity with HPV
infection, cervical intraepithelial neoplasia (CIN), invasive cervical
cancer (3, 25, 26) and HIV infection (27).

An initial characterization of the vaginal bacteriome of Brazilian
women indicates that women under reproductive age analyzed in
the study grouped into the five CSTs. Nevertheless, a predominance
of CST IIT (36.5%), CST I (30.5%) and CST IV (27.4%) was found.
In this population, factors like smoking, number of partners,
demographic region of origin and vaginal douching were risk
factors for dysbiosis, while ethnicity, educational level and
condom use had no impact on CST dominance (28). Besides
bacteria, the vaginal microbiota is also composed of a viral
community able to infect either eukaryotic or prokaryotic cells.
Several studies suggest that the host virome has an important role in
innate and adaptative mucosal immunity and is linked to the
development of BV, infertility, and adverse pregnancy outcomes
such as prematurity and intrauterine growth restriction (29-31).
Despite its importance, vaginal virome data are still scarce and
further studies are required as they might contribute to the
understanding of this complex system and how its components
relate to each other in health and disease. To contribute to this
understanding, herein we characterized the virome and bacteriome
from cervical samples and correlated these findings with innate
immunity gene expression. Although our sample size is limited, we
obtained significant correlations when comparing HPV-infected or
uninfected women. Virome data indicated that HPV infection is
correlated to the presence of Anellovirus. Also, bacteriome results
suggested that phyla distribution is different depending on HPV
and Anellovirus status. When gene expression was assessed, we
observed that type I IFN expression is correlated to TLR9
expression in HPV+ women, while it is correlated to TLR4
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expression in HPV- samples. Moreover, when bacteriome data were
assessed in conjunction with gene expression data, TLR3 and
IFNoR2 levels were higher in the Lactobacillus no iners-
dominated mucosa and we also detected correlations among RIG-
I, MDA5, TRIM25, RNF125 and abundance of specific
anaerobic bacteria.

2 Material and methods

2.1 Study patients, sample collection and
ethical statements

Study participants were enrolled at Instituto de Ginecologia
(IG), Universidade Federal do Rio de Janeiro (UFR]), Brazil. This
was a convenience sampling from studies of characterization of
sexually transmitted infections (32) and cervical immunity analysis
(12). During medical consultation in the cervical pathology and
colposcopy outpatient clinic or in the gynecology ambulatory, we
collected cervical epithelial cells with one cell scraper and two
endocervical cytobrushes; 4 ml of whole blood was also collected
from each woman. All material was used to diagnose STIs and
perform other experiments as previously described (12, 32). In this
study, we included cervical cells of a total of 22 women above 18
years of age who tested negative for chlamydia, trichomoniasis,
syphilis, gonorrhea, HIV and HBV, and that had their innate
immune genes previously quantified. They were classified as
healthy women (HPV- n = 11; HPV-negative without cervical
lesions) or HPV+ (n = 11; high-risk HPV-positive with high-
grade squamous intraepithelial lesions (HSIL)) based on Sanger
sequencing (12). Briefly, nested polymerase chain reaction (PCR) of
gDNA was performed (My9/Myl1 primers followed by GP5+/GP6
+ primers) and PCR product purified and sequenced by Sanger
method. Sequences were compared to HPV sequences available in
the GeneBank database (NCBI, NIH, Bethesda, USA) and the HPV
type was assigned. The study was approved by the Ethical
Committee of Instituto de Puericultura e Pediatria Martagao
Gesteira, UFR] (approval number: 49035215.4.0000.5264).

2.2 Circular DNA enrichment, sequencing
and virome analysis

Total genomic DNA (gDNA) was extracted from cervical
epithelial cells with the HiYield"" Genomic DNA Mini Kit
(Blood/Bacteria/Cultured Cells) (Real Genomics, Taiwan).
Circular DNA was enriched by rolling circle amplification (RCA)
with the Hlustra TempliPhi Amplification kit (GE Healthcare Life
Sciences, Piscataway, NJ, USA). We prepared sequencing libraries
using two nanograms of purified RCA product and the Nextera XT
DNA Sample Preparation kit (Illumina Inc., San Diego, CA, USA).
One HPV- patient was excluded from downstream analyses due to
lack of sufficient gDNA. Samples were sequenced in an Illumina
MiSeq platform (2 x 100 nt reads).

Reads with Phred quality score below 28 were trimmed with
Sickle (33) and the remaining was mapped to the human reference
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genome hgl9 using BWA (34) to remove human reads. Non-
human reads were compared to viral sequences using BLASTX
(35) and the virus protein database from RefSeq. Hits with an e-
value below 0.01 were submitted to the BLASTX against the
GenBank’s non-redundant database. Reads were classified as
virus/non-virus and the virus family was defined according to the
most similar sequence found in the database. Retroviridae virus
family was excluded to avoid biased analysis since most reads from
this family were removed during the disposal of human reads. Virus
relative abundance was calculated by dividing the number of reads
assigned to each virus family per the total of trimmed reads
submitted to BLASTX. Reads were also assembled to HPV
reference genomes obtained from PAVE database (http://
pave.niaid.nih.gov) using Geneious R11 (Biomatters, Auckland,
New Zealand) and the consensus sequences representing the HPV
complete genomes were extracted.

2.3 Bacterial community state
type characterization

Total gDNA from cervical cells of 21 patients (10 HPV- and 11
HPV+) were used to PCR-amplify the 16S rRNA gene variable V3-
V4 regions, generating an amplicon of ~460 bp, with the 16S
Metagenomic Sequencing Library Preparation kit (Illumina, Inc.).
PCR reactions were carried out using 1X Taq PCR buffer (minus
Mg), 1.5 mM MgCl,, 0.2 mM dNTP mix, 0.2 uM each primer, 1.5 U
Taq Platinum polymerase (Invitrogen, Carlsbad, CA, USA),
~12.5ng of template and final volume was adjusted with RNase/
DNase free water (Life Technologies, Carlsbad, CA). The cycling
conditions carried out were recommended by the manufacturer of
the 168 library. PCR products were visualized by electrophoresis in
1.5% agarose gels and bands of the expected size were purified with
the Illustra GFX PCR DNA and Gel Band Purification Kit (Merck
KGaA, Darmstadt, Germany). Five microliters of purified 16S
rRNA PCR products were then used along with Nextera XT DNA
Sample Preparation kit (Illumina, Inc.) to prepare sequencing
libraries with distinct barcodes each one. Libraries were diluted to
a final concentration of 10 pM and samples were sequenced in an
Mumina MiSeq platform (2 x 100 nt reads).

The BCL2FastQ2 Conversion Software (version 2.18, Illumina,
Inc.) was used to demultiplex data and convert BCL files to FASTQ
file formats. Reads were subjected to FastQC (Babraham
Bioinformatics, Cambridge, CBE) for quality analysis, were
denoised, filtered and joined using the Divisive Amplicon
Denoising Algorithm DADA2 (36) using QIIME2 (37).
Taxonomic classification was performed using the q2-feature-
classifier QIIME2 plugin and the Greengenes Database (38), and
bacterial taxonomic were defined by amplicon sequence variants
(ASV) analysis in QIIME2.

Unsupervised hierarchical clustering based on Bray-Curtis
dissimilarity and average linkage was applied to define clusters
according to abundance and taxa diversity of each sample. The
clusters found were associated with vaginal microbiome CSTs
classified in previous studies (19). Clusterization, diversity
analyses and plots were carried out using the R environment.
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2.4 Gene expression

Gene expression analyses were carried out as previously
described (12). Briefly, total mRNA was extracted from cervical
cells and used as template for cDNA synthesis. We prepared
customized Tagman array plates, except for IFNy which we
designed primers and used SYBR Green to measure gene
expression levels. Reactions were performed in 7500 Fast Real-
Time PCR System (Applied Biosystems). Here we selected the
following genes to study: RNF125, UCHL1 (seven HPV+ and
seven HPV- patients were assessed); TLR3, TLR4, TLR7, TLRY,
DDX58 (RIG-I), IFIHI (MDAS5), IFNA2, IFNBI, IFNAR?2,
TRIM25, (11 HPV+ and 11 HPV-); IFNG (10 HPV+ and eight
HPV- patients). TLR3, TLR4, TL7 and TLR9 are receptors of TLR
family; DDX58 (RIG-I), IFIH1 (MDAS5) belong to RLR family and
are regulated by TRIM25 and RNF125; UCHLI negatively regulate
TLR and RLR pathways; IENo2, IFNB1 are IFN-I that interact with
IFNoR2 amplifying innate immune response; and IFNY is the type
II IEN (IFN-II) mainly produced in adaptative immune response.
GAPDH was used as housekeeping gene and relative expression
calculated using the 24" formula.

2.5 Statistical analysis

Sociodemographic data have been summarized with absolute
and relative frequency for categorical variables and with mean and
standard deviation (SD) or median and interquartile range for
numerical variables. Differences between groups were calculated
in IBM SPSS Statistics for Windows, version 25.0 (IBM
Corporation, Armonk, NY). For categorical variables we used chi-
square or Fisher exact test; for numerical variables we used Mann-
Whitney U test to compare two groups and Kruskal-Wallis test,
with Dunn’s multiple comparisons as a post-hoc test to compare
three groups. Odds ratio (OR) was calculated using the free online
statistical software MedCalc [https://www.medcalc.org/calc/
odds_ratio.php]. Correlation analyses were carried out by

TABLE 1 Sociodemographic characterization of studied patients.

Characteristics (n) Overall (22)
Age, mean (SD) 41.7 (12.8)
Married (%) 13 (59.1)
High school education or more (%) 13 (59.1)
Actual or past smoker (%) 10 (45.5)
Tobacco load® (SD) 23.0 (35.3)
Previous STI® (%) 9 (40.9)
Condom use (%) 4 (18.2)
Hormonal contraceptive use (%) 5(22.7)
Age of first sexual intercourse, mean (SD) 16.3 (3.4)
No. lifetime partners, mean (SD) 5.1 (6.9)

10.3389/fimmu.2023.1147950

Spearman’s correlation in SPSS (IBM Corporation), where r
corresponds to correlation coefficient. Degrees of correlation were
adapted from Schober and colleagues (39) as follow: 0.7 < r <I -
strong correlation; 0.4< r < 0.7 - moderate correlation; and r < 0.4 -
weak correlation.

To compare gene expression levels according to anellovirus
status we used Mann-Whitney U test in SPSS (IBM Corporation),
and according to CSTs we used Kruskall-Wallis test in GraphPad
Prim 9 (GraphPad, California, USA).

3 Results

3.1 Patient sociodemographic
characteristics

Patients were grouped based on their HPV status into HPV-
and HPV+ women. HPV+ women were older, but in both groups
the number of married, high school educated and smokers or past
smokers were similar (Table 1). Approximately a quarter of the
women used condom and/or hormonal contraceptive methods, and
although data did not reach statistical significance, HPV+ women
had their first sexual intercourse at a younger age, met more
partners in life and had a history of previous STIs (Table 1). In
order to evaluate if demographic characteristics could affect HPV
outcome, we performed Odds Ratio (OR) analyses. Previous STIs
were considered a risk factor (OR = 7.875, 95% Confidence interval
(CI) = 1.105 - 56.123) and age > 41 yr a protective factor (OR =
0.127, 95% CI = 0.018 - 0.905) for HPV infection.

3.2 HPV impacts IFN-I inducible gene
expression

We evaluated the association between expression of studied
genes and HPV status, classifying expression levels in high or low
based on the median expression of each gene (low < median; high >

HPV+ (11) HPV- (11) p-value
35.6 (9.4) 47.9 (13.0) 0.018*
7 (63.6) 6 (54.5) 1.0

7 (63.6) 6 (54.5) 1.0

5 (45.5) 5 (45.5) 1.0
17.3 (27.6) 28.7 (44.3) 1.0

7 (63.6) 2(18.2) 0.08
3(27.3) 1(9.1) 0586
3(27.3) 2 (18.1) 1.0
14.8 (1.9) 17.7 (4.0) 0.091
7.2 (9.2) 29 (2.1) 0.161

a = multiply the number of cigarettes smoked per day, divided by 20 and multiply by the number of years the person smoked; b = Previous HPV or syphilis; n = absolute number; SD, standard
deviation; Statistical analysis - Mann-Whitney U Test for numerical variables and Exact Fisher test for categorical variables; * = p < 0.05.
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median). We observed associations between HPV+ status with
IFNo2, TLR7, TLR3 and MDA5 expression using Fisher Exact
Test and decided to perform OR analyses. These assessments
indicate that HPV infection is linked to high IFN-I expression
(IFNo2: OR = 38.3,95% CI = 1.8 - 820.2; IFNB1: OR = 12.0, 95% CI
= 1.1 - 128.8) and to low levels of PRRs that recognize RNA
(MDAS5: OR = 0.0368, 95% CI = 0.002 - 0.777; TLR3: OR = 0.022,
95% CI = 0.002 - 0.289; TLR7: OR = 0.026, 95% CI = 0.0012 -
0.558) (Supplementary Table 1).

Besides OR evaluation, the correlations among gene expression
levels were also calculated using Spearman’s correlation and only
the significant results are presented here (Table 2). We observed
that independently of HPV, IFN-0.2, IFN-B1 (type I IFN) and IFN-y
(type II IFN) genes were strongly and positively correlated with
each other, as expected (40) (Table 2). We then assessed genes that
correlated with IFNs, since these cytokines activate several
transcription factors that then activate IFN responsive genes,
changing expression profiles. We found that genes that correlated
with IFNs are different when comparing HPV- and HPV+ samples,
suggesting that these cytokines differentially regulate gene
expression in the two groups. In HPV+, type I IFNs (IFNo2 and
IFNP1) were positively correlated to TLR9 and negatively correlated
to TLR3. In HPV- cervices however, mRNA expression of these
cytokines was positively correlated to TLR4 expression, and IFNf31
mRNA levels were also correlated to MDA5 expression.
Interestingly, IFNY expression was positively correlated to those
of MDA5 and RNF125 only in HPV- samples (Table 2). The
opposite correlation between TLR9 and TLR4 in the two groups
corroborates the idea that several genes involved in innate

TABLE 2 Correlation analysis of gene expression based on HPV status.

HPV-

Parameters

10.3389/fimmu.2023.1147950

immunity are differentially modulated during HPV infection. We
also looked for correlations restricted to each group and found that
the expression of MDA5 and RNF125 are correlated only in HPV-
women, while expression of RIG-I and TLR3 are correlated solely in
the HPV+ group.

3.3 Virome analyses

We enriched circular DNA using RCA to characterize circular
DNA viruses in cervical samples. The total number of reads
obtained per sample after trimming out low-quality reads was
21,535,051 (average: 1,025,479 + 418,145.8). Overall, we detected
two viral families, Papillomaviridae (98.8% of viral reads) and
Anelloviridae (1.2% of viral reads) (Table 3). By next-generation
sequencing (NGS), we detected HPV reads in a total of nine women,
confirming HPV classification based on Sanger sequencing, except
for two patients who had no HPV reads (IG13 and IG33), but whose
HPYV status was confirmed by PCR. Interestingly, patient IG31 was
infected by HPV51 with a deletion of 30 nucleotides in the C-
terminal DNA binding domain of E2. Reads from five samples
assembled seven complete HPV genomes that were classified into
HPV types, lineages and sublineages (Table 3). Three women were
infected by more than one HPV type (IG36, IG62 and 1G63), and
one was infected by eight different HPVs, most of them hr-HPV
types (Table 3).

Anellovirus (AV) reads were detected in seven women (six out
of seven are HPV+) and we decided to group study participants by
status of this viral family (AV- = 14 women; AV+ = 7 women) and

Parameters

IFNo2 x IFNB1 0.955 <0.001 IFNo2 x IFNB1L 0.927 <0.001
IFNo2 x IFNy 0.891 0.001 IFNo2 x [FNy 0.927 <0.001
IFNo2 x TLR4 0.700 0.016 IFNo2 x TLR3 -0.674 0.023
IFNP1 x IFNy 0.903 <0.001 IFNo2 x TLR9 0.636 0.035
IFNBI x TLR4 0.627 0.039 IFNBI x IFNy 0.867 0.001
IFNB1 X MDA5 0.688 0.019 IFNP1 x TLR3 -0.674 0.023
IENY x RNF125 0.829 0.042 IFNpB1 x TLR9 0.682 0.021
IFNy x MDA5 0.632 0.05 RIG-I x IFNoR2 0.645 0.032
MDAS5 x RNF125 0.821 0.023 RIG-I x TLR4 0.755 0.007
TLR4 x TLR9 -0.609 0.047 RIG-I x TLR9 0.618 0.043
TLR9 x TRIM25 0.618 0.043 RIG-I x TRIM25 0.936 <0.001
TLR4 x TLR9 0.836 0.001
TLR4 x TNFa 0.648 0.043
IFNaR2 x TRIM25 0.664 0.026
IFNoR2 x TLR3 0.674 0.023

r = correlation coefficient; Degree of correlation = strong correlation: 0.7 < r <1 or -1 < r < -0.7; moderate correlation: 0.4 < r < 0.7 or -0.7 < r < -0.4; weak correlation: 0 < r < 0.4 or 0.4 < r <0;

negative correlation: r < 0.
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TABLE 3 Patient viral profiles based on Sanger sequencing and next-generation sequencing.

Sample ID HPV type (Sanger) AV* HPV type (no. Reads) - NGS** Full Genome (Sublineage)
1G03 HPV16 259 HPV16 (278) HPV16 (D3)
1G13 ‘ HPV66 ‘
1G19 HPV16 6 HPV16 (30) -
1G21 ‘ HPV31 HPV31 (2) ‘
1G22 HPV16 - HPV16 (388) HPV16 (A1)
1G31 ‘ HPV51 4 HPV51 (541) ‘ HPV51 (Al - del 30nt)
1G32 HPV16 14 HPV16 (1636) HPV16 (A1)
1G33 ‘ HPV31 ‘
1G34* - 3 - -

HPV69 (27360);
HPV51 (1599);
HPVS2 (456);
HPV52 2153;- HPV69 (Ad);
1G36 HPV66 3 o (83)_’ HPV51 (Al);
i HPVS82 (C2
HPV32 (80); )
HPV89 (19);
HPV45 (2)
1G62 HPV53 HPV53 (50);
HPV16 (8)
1G63 HPV16 21 HPV16 (30);
HPV31 (2)

(a), HPV negative sample by Sanger sequencing and NGS; *AV, annelovirus read number based on blastx against full genome in Genbank; ** NGS, as determined with Geneious.

performed OR analyses. First, we observed that being infected by
HPV favors Anellovirus infection (p = 0.043; OR = 10.8, 95% CI =
1.0 - 117.0). In addition, AV+ women had more partners in life
(AV- (median/IQR) = 2.9/2; AV+ = 10/5; p = 0.028) and presented
more HPV reads in NGS analysis (AV- (median/IQR) = 12/0; AV+
= 2638/152; p = 0.002). Nevertheless, no differences in gene
expression were detected between AV- and AV+ women
(Supplementary Figure 1). We also correlated Papillomaviridae
and Anelloviridae read abundance with gene expression levels and
observed a negative correlation between HPV abundance and
UCHLI (r = 0.829, p = 0.042).

3.4 Bacteriome analyses

Total DNA of cervical cells was used as a template to PCR-
amplify variable regions V3 and V4 of the bacterial 16S rRNA gene.
The proportion of phyla were different taking into account HPV
status (p< 0.0001). In HPV- cervices, the predominant phyla were
Firmicutes (74.7%), followed by Actinobacteria (12.7%),
Bacterioidetes (5.1%) and Fusobacteria (5.1%). On the other hand,
in HPV+ samples the same phyla were present, but at different
percentages: Firmicutes (68.3%), Actinobacteria (27.3%),
Fusobacteria (2.5%) and Bacterioidetes (0.7%) (Figure 1A). The
proportion of phyla was also different (p< 0.0001) when comparing
AV- (Firmicutes (65.8%), Actinobateria (27.2%) and Fusobacterium
(3%)) and AV+ samples (Firmicutes (85%), Fusobacterium (6%)
and Bacterioidetes (5.7%)) (Figure 1B).
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We documented the presence of four distinct CSTs based on
bacteriome hierarchical cluster analysis: CST I (L. crispatus
dominant, n = 3; 14.2%), CST III (L. iners dominant, n = 11;
52.4%), CST IV (anaerobic dominant: Garnerella, n = 5; 23.8% and
Sneathia, n = 1; 4.8%) and CST V (L. jensenii dominant, n = 1;
4.8%) (Figure 2). Since our sample size is small, we clustered the
women in three groups: L. no-iners (grouping CST I'and V), L. iners
(CST III) and anaerobic (CST IV). Women within the L. iners group
reported the use of condoms more frequently and had their first
sexual intercourse earlier than women in the anaerobic group (p =
0.049). On the other hand, women within the anaerobic group
smoke/smoked more than L. iners group (p = 0.026). In this sense,
smoking increased the chance of anaerobic cervical dominance
compared with the L. iners group (OR = 22.5,95% CI = 1.6 - 314.6,
p = 0.0207) (Supplementary Table 1). Moreover, anaerobic-
colonized cervices expressed higher levels of TLR3 compared with
the L. iners group (OR = 13.3, 95% CI = 1.1 - 166.4; p = 0.044)
(Supplementary Table 1). We did not find association between
CSTs and HPV or AV infection (Figures 3A, B). However, when we
assessed gene expression in CSTs independent of HPV or AV status,
cervical cells in a L. no-iners dominated mucosa expressed higher
levels of IFNoR2 and TLR3 compared to the L. iners dominated
group (Figures 3C, D).

We carried out correlation analysis comparing viral and
bacterial abundance and observed strong negative correlation
between HPV abundance and the Sphingomonas genus (r =
-0.733, p = 0.039) as well as between AV abundance and
Fusobacterium genus (r = -0.794, p = 0.033), while AV abundance
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square test and were different between groups (p < 0.001).

showed a strong positive correlation with the presence of
Shuttleworthia genus (r = 0.771, p = 0.042). We also performed
correlations between the 61 bacterial genera found in the samples
and the expression of assessed genes. We found 37 moderate
correlations involving 22 genera and 9 innate immunity genes
(Table 4). RLRs (RIG-I and MDAS5) and their regulators
(TRIM25 and RNF125) were involved in 30 of these correlations,
where RIG-I and TRIM25 correlated to 11 genera each, 9 of these
were common to both genes and 2 were common to RIG-I, TRIM25
and MDAS5 (Table 4). Finally, we investigated further correlations
among the 22 bacterial genera identified above and detected 54
correlations (Table 5). Interestingly, genera that correlated with
TLRs, UCHLI1 and type I IFN receptor (IFNoR2) had no more than
three correlations with other genera. On the other hand, genera that
correlated to IFNYy, RLRs and their regulators, correlated with three
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FIGURE 2

Heatmap generated by unsupervised hierarchical clustering analysis
of cervical bacteriomes including HPV and Anellovirus status. CSTs
were defined using clustering based on Bray-Curtis dissimilarity and
average linkage and then grouped based on vaginal health state in:
healthy state — L. no-iners dominated (grouping CSTs | and V);
transitional state — L. iners dominated (CST Ill); and dysbiosis state —
No-Lacto dominated (CST IV). Relative bacterial abundance, HPV
and Anellovirus statuses are color-coded according to the legend at
the left of the Figure. All taxa shown in the graph presented relative
abundance >1%. NA: not available. .
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or more genera and mainly were correlated with each other
(Table 5). Collectively, these data suggest an association between
the mRNA expression of RIG-I, MDA5 and their regulators
(TRIM25 and RNF125) with anaerobic bacterial abundance
and diversity.

4 Discussion

Cervical cancer development is associated with HPV infection,
which progression depends on the cervical milieu. Herein, we tried
to elucidate part of the interplay between host innate immunity and
the microbiome (virome and bacteriome) using a Brazilian
convenience sample. First, we assessed whether social and
immune factors could impact HPV infection and found that IFN-
I expression correlated to that of different innate immunity genes
depending on HPV status. Virome data from cervical samples
revealed two viral families: Papillomaviridae and Anelloviridae
and allowed the assembly of seven complete HPV genome
sequences. The most prevalent HPV was HPV16 (6/11 women).
Some samples were also infected by multiple HPV types.
Bacteriome analysis identified 12 phyla that were differently
distributed depending on HPV or AV presence. Overall,
behavioral factors and innate immune gene expression were
associated to L. iners and anaerobic dominated mucosa.
Expression of RLRs and their regulators correlated to several
genera abundance which in turn, correlated to each other,
suggesting that this receptor family triggers innate immune
signaling that may impact vaginosis.

Known risk factors for cervical cancer development (41, 42)
were confirmed in our samples where the occurrence of previous
STI increased eight times the risk for HPV infection. Higher
expression of IFNo and IFNf and lower levels of MDA5 and
TLR3 were linked to HPV infection. HPV infection changes
expression of several genes linked to innate immune response
(43-46) and our correlation analysis suggest that in the presence
of HPV, the relationship between these genes is altered. Changes in
TLR’s and RLR’s mRNA and protein levels have been assessed in
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other HPV-associated cancer models. In HPV-associated
oropharyngeal squamous cell carcinoma (OPSCC), TLR4 protein
expression was lower while higher levels of TLR9 mRNA were
observed (47). In our study, higher expression of TLR9 mRNA was
found in the HPV+ cervical samples, but no changes in TLR4
expression were seen (12). Overall, in the absence of HPV a negative
correlation between TRL4 and TLRY expression was seen, while a
positive one occurred in HPV+ samples. Taken together, the
correlation analyses between HPV+ and HPV- women reinforces
the idea that regulation of IFNs and PRRs expression during HPV
infection could play a pivotal role in inflammatory process, creating
a favorable environment for HPV persistence, cancer development
and HIV susceptibility, which has been described in the literature by
us and others (12, 48-51). The abundance of HPV was negatively
correlated to UCHLI’s expression contradicting Karim et al. (2013)
(11), who used a primary keratinocyte HPV16 infection model and
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concluded that HPV dampens host innate immunity via
UCHLI induction.

In this study, the number of sexual partners and number of
HPYV reads were correlated to AV reads, reinforcing idea that these
viruses are sexually transmitted (52-54). There was a higher
prevalence of AVs in HPV+ women and literature associate these
coinfections not only in cervix, but also at other sites (53-55). It has
been suggested that coinfection contributes to laryngeal carcinoma
progression (55, 56) and magnifies immune responses (57-59),
creating a microenvironment that favours their establishment and
facilitates tumor development.

Upon bacteriome determination, the studied cervical samples were
classified into three groups: L. no-iners (healthy); L. iners (transitional)
and anaerobic (dysbiosis). In our samples, smoking was the only
behavioral factor linked to CST IV (anaerobic), but a larger sample
size is needed to perform a more robust analysis. The association
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TABLE 4 Correlation analyses between bacterial genera abundance and immune gene expression levels.

RIG-I TRIM25 MDAS5 IFNaR2 IFNy RNF125 TLR4 TLR9 UCHL1
Aerococcus - - - - - -.563* - - —
Bulleidia - 451% - - - - ‘ - - -
Campylobacter 467" - 465* - - - - - _
Corynebacterium - - - - - 661* ‘ - -.496* -
DNF00809 570%* 572%* - - - - - - _
Enterobacter - - - -.479* - = ‘ o - -
Ezakiella - - .585%% - - - - _ _
Fusobacterium 467* 441* 5152 - - = ‘ - - -
Howardella A479% - - - - - - - -
Hydrogenophilus - - - - - = ‘ - -.603** -
Mobiluncus - - 456* - - - - . -
Mycoplasma 561** .566** - - - - ‘ - - -
Paenibacillus -.455% -.480% - - - - - - _
Parvimonas 581%% .502% - - - = ‘ - - -
Peptoniphilus - - - - .503* - - _ _
Prevotella 5614 .600** - - .480* - ‘ - - -
Porphyromonas A470% .480* 567 - - - - - -
Rubrobacter - - - B - - ‘ _ 577+
Shuttleworthia - 446* - - - - - - _
Sneathia 464% 645% - - - = ‘ - - .
Staphylococcus - - - - - .547* - - -
Stenotrophomonas -.607%% -.526% - - - - ‘ -.556%* - -

r = correlation coefficient; -: comparison with non-significative correlation; Spearman Correlation Degree: strong correlation: 0.7 < r <1 or -1 < r < -0.7; moderate correlation: 0.4 <r < 0.7 or -0.7

<r < -0.4; weak correlation: 0 < r < 0.4 or 0.4 < r <0; negative correlation: r < 0. * p < 0.05; ** p < 0.01.

between cervical microbial diversity (CST III and IV) and HPV
infection/cervical dysplasia has been described (3, 25, 26); however,
we did not find this association. Independently of HPV, the cervices
assessed here were dominated by the same bacterial phyla, although at
different proportions in HPV-infected and uninfected women.
Similarly, a Chinese study that analyzed 276 cervical smear samples
found that age and HPV infection were associated with microbiota
structure and diversity (60). When we compared AV+ and AV-
samples, bacterial proportion and phyla were different between the
two groups. The great dominance of Firmicutes and small proportion
of other phyla indicates the dominance of Lactobacillus spp. and low
diversity in AV+ group, opposite to what was observed in the literature,
where AV abundance was associated to non-Lactobacillus (59). Our
data also indicates that a L. no-iners dominated mucosa expressed
higher TLR3 and IFNoR2 than L. iners mucosa. It is known that
different mucosa are colonized by microorganisms that are in close
contact with epithelial cells. In human colon for instance, TLR3 is
concentrated in mature columnar cells that create a luminal barrier
protection surface (61). LPS and Gram-positive bacteria promote
upregulation of TLR3 (61, 62) and IFNf expressions when intestinal
cell lines are exposed simultaneously to B. bifidum and poly(L:C) (61).
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Interestingly, TLR3 seems to be able to discriminate between
commensal and pathogenic bacteria in mice gastrointestinal mucosa,
where it is associated with an anti-inflammatory response after
recognition of commensal bacterial DNA (61, 63). Little is known
about the role of TLR3 in cervix, however it is possible that TLR3 acts
in the maintenance of an anti-inflammatory environment in L. no-
iners dominated mucosa. Concerning the expression of IFNotR2 and its
association with L. no-iners mucosa, no information is available in the
literature. It is possible that this receptor acts synergistically with TLR3
in maintaining a healthy mucosa, but this needs to be further evaluated.

Still in the bacteriome context, we observed that abundance of
certain bacteria genera found in CST IV correlated with others in the
same CST and some genera positively correlated to innate immunity
genes, mainly genes involved in RLR-mediated pathway. We were
surprised with the observations that RLRs and not TLRs expressions
were altered in our samples (64, 65). RLRs are cytoplasmic PAMP
receptors initially characterized as viral RNA sensors (e.g., short and
long dsRNA, 5'-triphosphorylated RNA, ssRNA and poly(:C)) and
their role in DNA and bacterial recognition is emerging (64, 65). For
instance, Salmonella typhimurium and Listeria monocytogenes
nucleic acids can activate a RIG-I-mediated response in non-
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phagocytic and phagocytic cells (66-69). Human microglial cells also
have RIG-I upregulated at protein levels when infected with either N.
meningitidis, S. aureus, or S. pneumoniae. The same effect was
obtained when DNA from these bacteria was used as a PAMP, and
the end result was induction of type I IEN (70). More recently, the
role of RIG-I in LPS-induced innate immune activation has been
shown in endothelial cells. Surprisingly, this activation was
independent of TLR4 LPS detection and was also independent of
RIG-I RNA detection (71). The same group showed that different
endothelial cells can respond to LPS in either a TLR4- or a RIG-I-
dependent manner which resulted in different adhesion molecules
expression (72). In mice, RIG-I depletion caused an alteration in the
gut bacteriome and decreased gut IgA secretion. The latter is crucial
for maintaining immunological homeostasis between intestinal
bacteria and mucosa (18). We find intriguing that expression of
either RIG-I and MDAS or its regulators TRIM25 and RNF125 were
correlated to some bacterial genera abundance, linking the
importance of these PRRs in mucosal homeostasis and wonder if
these proteins exert their function in a similar way in the gut and in
the cervix. In this context, it will be interesting to analyse the mucosa
in RIG-I-deficient female mice.

Taken together, despite the lack of adjustments for multiple
comparisons and lack of control for covariates due to limited
sample size, our data suggest differences in bacterial composition
depending on HPV or AV status. Moreover, correlations between
bacterial genera and immune gene expression were found, linking
RLRs function to dysbiosis. Longitudinal studies and a larger
sample size would further confirm the results presented here and
would allow to determine the causal relationship between bacteria
abundance and innate immunity.
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