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Bacterial and cytokine mixtures predict
the length of gestation and are associated
with miRNA expression in the cervix

Aim: Bacterial vaginosis may lead to preterm birth through epigenetic programming
of the inflammatory response, specifically via miRNA expression. Methods: We
quantified bacterial 16S rRNA, cytokine mRNA and 800 miRNA from cervical swabs
obtained from 80 women at 16-19 weeks’ gestation. We generated bacterial and
cytokine indices using weighted quantile sum regression and examined associations
with miRNA and gestational age at delivery. Results & discussion: Each decile of the
bacterial and cytokine indices was associated with shorter gestations (p < 0.005).
The bacterial index was associated with miR-494, 371a, 4286, 185, 320e, 888 and 23a
(p < 0.05). miR-494 remained significant after false discovery rate correction (q < 0.1).
The cytokine index was associated with 27 miRNAs (p < 0.05; g < 0.01). Conclusion:
Future investigation into the role of bacterial vaginosis- and inflammation-associated

miRNA and preterm birth is warranted.
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Over 15 million infants are born preterm
(<37 weeks of gestation) each year world-
wide [1]. Over 1 million of those infants die,
and survivors are at risk for a multitude of
adverse sequelae including lung disease and
neurodevelopmental disability [2]. With the
exception of the modest efficacy of proges-
terone administration [3] and cerclage/pes-
sary placement (45], efforts to prevent pre-
term birth by treating modifiable risk factors
have not succeeded [2]. Progress in preventing
preterm birth is stalled in part by a lack of
understanding of the molecular mechanisms
underlying spontaneous preterm birth.
Bacterial vaginosis (BV) is a strong risk
factor for preterm birth [6]. BV is the most
common infection of the vagina in women
of reproductive age [7]. BV is caused by an
imbalance of the normal bacterial flora with
a preponderance of Gardnerella, Mobiluncus,
Mycoplasma and anaerobic species [8]. Preg-
nant women with BV have 40-200%

increased risk of preterm birth compared
with women without BV [9,10]. However, sev-
eral randomized controlled trials of antibiotic
therapy for BV in pregnancy have not led to
reductions in preterm birth risk [6.11]. These
trials have questioned the causal relationship
between BV and preterm birth; however, it
is possible that molecular events are under-
way, and that treatment with antibiotics does
not disrupt that cascade. The mechanism by
which BV may lead to preterm birth is not
well understood but is thought to be due to
inflammatory pathways including elevation
of cytokine levels induced by dysbiosis [12]
that can lead to preterm labor [13-15]. BV may
lead to local tissue programming through
epigenetic processes. miRNAs represent one
form of epigenetic gene regulation. miRNAs
are short (20-24 nucleotides) noncoding
RNA sequences that regulate gene expres-
sion and translation [16]. Several miRNAs are
more abundant in inflammatory states 17].
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Additionally, the miR-200 family of miRNAs regu-
lates contraction-associated genes in labor and deliv-
ery [18]. It follows that miRNAs may be involved in
early spontaneous parturition. With respect to preterm
delivery, two studies have shown that differentially
expressed miRNAs in the cervix are associated with
preterm birth and shorter gestation [1920]. In a previ-
ous study, we showed the levels of six miRNA (miR-21,
miR-30e, miR-142, miR-148b, miR-29b and miR-223)
measured in the cervix mid-pregnancy were associated
with shorter subsequent gestations [20], three of which
replicated previous investigators’ findings (miR-223,
miR-30e and miR-148b) [1921].

Extending this work, our hypothesis was that a
higher abundance of organisms that can cause BV
(analyzed as a mixture) as well as a mixture of cyto-
kines would be associated with both altered miRNA
expression and shorter gestation. We quantified the
abundance of miRNAs, cytokine mRNA abundance,
candidate organism rRNA in the second trimester,
4-5 months prior to delivery. Given the concurrent
presence of multiple bacterial species as well as the cor-
related expression of cytokines, we selected a rigorous
modeling approach, weighted quantile sum (WQS)
regression, which accounts for correlation among the
components of a mixture [22]. This approach reduces
the dimensionality of complex correlated data into
individual indices that can be used in regression mod-
els to predict gestational age at delivery and miRNA
levels.

Materials & methods

Study design

We studied 80 Mexican women ages 18—40 years par-
ticipating in the PROGRESS birth cohort in Mexico
City [23]. These women provided written informed
consent for an additional cervical swab during preg-
nancy thereby participating in the PROGRESS Cervix
Study. Full details of enrollment for the parent cohort
and subcohort are published elsewhere [20.24]. Briefly,
women in their second trimester were recruited
between 2007 and 2011 through the Mexican social
security system (Instituto Mexicano del Seguro Social).
The parent cohort consists of 1054 mothers enrolled in
the second trimester. Because the PROGRESS Cervix
Study was developed after the majority of recruitment
had occurred, only the last 100 women enrolled in the
parent cohort were approached. Eighty agreed to par-
ticipate and provided written informed consent for an
obstetrician to obtain a cervical swab mid-pregnancy
(16-19 weeks gestation). The Institutional Review
Boards of the participating institutions approved this
study. All 80 samples were analyzed for cytokine
mRNA expression and bacterial 16S rRNA profiling.

For funding reasons, 60 (75%) of the 80 samples col-
lected were randomly selected for miRNA profiling
analysis.

Participant data collection

Demographics and birth outcomes were collected as
part of the parent study, including maternal age, parity,
second trimester BMI, household smoke exposure and
years of education. No participants reported smoking
during pregnancy. Gestational age was calculated in
units of ‘weeks’ starting with the maternally reported
last menstrual period to the date of delivery. The
Capurro method (i.e., an infant physical exam) was
used as a secondary confirmatory estimate of gestational
age [25]. When the gestational age estimates differed
by >3 weeks, the Capurro method-derived estimate
replaced the last menstrual period estimate (n = 3) [20].

Cervical sample collection & extraction

Cervical cells were collected using a standard Pap
smear protocol, wherein a cotton swab was used to
collect cells from the endocervix just within external
os. The sample was immediately placed in RNALater
(Qiagen, CA, USA) and the specimen was frozen at
-80°C until subsequent analysis. Total RNA was
extracted using the Exiqon miRCURY kit (Exiqon,
MA, USA) according to the manufacturer’s protocol.
A cleanup step was then performed using an Amicon
Ulera 0.5 ml clean up kit (EMD Millipore, MA, USA).
Total mRNA was quantified using a NanoPhotometer
P-300 (Implent GmbH, CA, USA).

NanoString nCounter assay for mRNA

& 16S rRNA expression

Bacterial 16S rRNA abundance and cytokine mRNA
were quantified using the NanoString nCounter sys-
tem (NanoString Technologies, WA, USA). This
method enables multiplexed direct digital counting
of 16S rRNA, mRNA and miRNA molecules [26].
Bacterial 16S rRNA was assessed simultaneously
for the following organisms: Bacteroides spp.,
Gardnerella vaginalis, Mycoplasma spp., Ureaplasma
urealyticum and Mobiluncus spp. Cytokines assessed
on the gene expression panel included /22, IL6, IL8
and TNF. The raw count data from the 80 samples
were normalized using the NanoStringNorm R pack-
age [27]. The data were background-corrected using
the mean plus two standard deviations of the negative
controls included on the platform, and positive con-
trol normalized using the geometric mean of the posi-
tive controls to account for assay to assay variability.
To account for variation in initial RNA concentra-
tions, the data were normalized using two housekeep-
ing genes with consistent expression in the cervical
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samples: HPRT1 and TUBB. After normalization,
probes that were below the LOD were assigned
an imputed value of the probe-specific minimum
detected expression level divided by two.

NanoString nCounter assay for miRNA
expression

miRNA expression was assessed using the NanoString
nCounter system (NanoString Technologies). This
platform measured a total of 800 probes that were avail-
able for analysis at the time of this study, and included
both endogenous human-associated miRNAs as well
as viral miRNAs that are expressed in human cells [28-
30]. We performed a feasibility pilot with ten initial
samples, including two technical replicates, which
we previously reported showed strong correlation
(r=0.98) [20].

The raw count data from the 60 samples were nor-
malized using the NanoStringNorm R package [27]. As
previously reported, data were background-corrected
by subtracting the mean of the six negative controls
included on the platform, and normalized using the
geometric mean of the ten probes with the lowest coef-
ficients of variation — which were used to calculate a
scaling factor as suggested by the package guidelines.
A priori we required that probes be detectable in at
least 60% of the samples. This resulted in 74 probes
that were included in the analyses. Individual probes
with expression levels below the LOD were assigned
a value equal to the probe-specific LOD (minimum
expression level measured for a specific miRNA). We
report the proportion of samples below detect for each
miRNA in the results. We also performed a sensitiv-
ity analyses that excluded probes below the LOD. The
distributions of miRNA expression and model residu-
als showed that our selection of a linear model was
appropriate for these data.

Bacterial/cytokine mixture WQS index

We created two indices to account for mixtures using
the normalized expression of the five bacteria and four
cytokines using WQS regression. To satisfy linear
model assumptions, bacterial and cytokine expression
levels were log, transformed. Developed by our team,
WQS regression [31,32] estimates a weighted sum (here,
across microbe or cytokine expression levels) of quan-
tiles most associated with a given health outcome and
performs inference on the regression coefficient that
characterizes the association between the outcome and
this weighted sum. Details of the WQS model are pre-
sented in the Supplementary Material. We then applied
the indices developed with respect to gestational age at
delivery in a separate model with a different dependent
variable (miRNA expression).

Bacteria, cytokines & miRNA in the cervix Research Article

Statistical analysis

To examine the association between the bacterial and
cytokine indices, and subsequent gestational age at
delivery, we used linear regression models. To satisfy
linear model assumptions, we applied the untrans-
formed WQS index and gestational age (in completed
weeks of gestation) since each was normally distributed.
We chose covariates @ priori and included maternal age
and BMI during the second trimester, education, par-
ity and smoke exposure inside the home. Both adjusted
and unadjusted regression models were performed to
examine the association between the WQS indices and
subsequent gestational age at delivery. The reported
B-coefficients represent the change in gestational age
(weeks) per decile of the index. Estimates are converted
to days per decile by multiplying the B by 7. We also
examined the individual bacteria and cytokine levels
and gestational age at delivery using models adjusted
for the same covariates. The reported B-coefficients
represent the change in gestational age (weeks) per fold
change (doubling or halvings) in mRNA or 16S rRNA
expression.

To examine the association between the WQS indi-
ces and miRNA expression, we used linear regression
models. We used separate models to estimate the mean
doubling of expression (log, unit increase) of each
miRNA associated with a decile increase in the WQS
index. We included the same set of @ priori covariates as
above. Both adjusted and unadjusted regression mod-
els were performed to examine the association between
the bacterial mixture index and the 74 probes™ log -
transformed miRNA expression levels. The reported
B-coefficients represent the fold change (doubling or
halvings) in miRNA expression per decile increment
of the index. Because expression data are convention-
ally interpreted in log, we present the B-coefficients
that are easily interpreted in doublings or halvings.
To transform from fold change into raw expression
change, the B-coefficients can be back transformed
using the antilog of 2. For example, the equation
(2% - 1) x 10 yields the percent change in raw miRNA
expression per decile of the index. p-values and Storey’s
false discovery rate (FDR) q-values were calculated
to estimate significance for the miRNAs to address
multiple testing [33]; p < 0.05 was considered statisti-
cally significant. MiRNAs with an FDR g-value <0.1
that met these requirements in the adjusted model
were retained for downstream target prediction and
pathways enrichment analyses.

Prediction of miRNA targets, functional
pathway & network enrichment analysis
To predict downstream mRNA targets, the set of
miRNAs for each index, which passed p < 0.05 and FDR
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g-value <0.1 in the adjusted models, were uploaded into
the Ingenuity Pathway Analysis (IPA) tool (Ingenuity®
Systems, CA, USA). Putative miRNA-mRNA rela-
tionships were identified using the IPA microRNA
Target Filter, based on a knowledgebase of predicted
and experimentally observed relationships. We selected
for either the experimentally observed or highly pre-
dicted miRNA-mRNA relationships, and the result-
ing target gene list was analyzed for functional network
and pathway analysis. Details of functional pathway
and network enrichment analyses are presented in the
Supplementary Material.

Selected miRNA-mRNA relationships

To confirm miRNA-mRNA relationships, we applied
the linear regression models, adjusting for an identical
set of covariates as above. For each of the top miRNAs
identified as associated with bacterial or cytokine indi-
ces, we used separate models to estimate the mean dou-
bling of expression (log, unit increase) of each miRNA
associated with a fold change or doubling of individual
bacterial/cytokine components of each index.

Results

Characteristics of the cervix study

The study demographics are presented in Table 1.
Four women (5%) were lost to follow-up. The mean
(standard deviation) gestational age at delivery of
the remaining 76 women was 38 (1.3) weeks and
ranged between 34 and 42 weeks. Four women (5%)
delivered preterm at <37 weeks gestation. Descrip-
tive statistics of the five candidate bacteria and four
cytokines are shown in Table 2. Gardnerella vaginalis
was detected in the majority of samples, followed by
Bacteroides, U. wurealyticum, Mobiluncus and Myco-
plasma (detected in only six samples). The 16S rRNA
counts of several species were significantly correlated
(Supplementary Table 1).

Among the cytokines with measured mRNA expres-
sion, /L-8 was detected in 79 (99%) samples, followed
by T'NF in 74 (93%), and IL-6 in 24 (30%) samples.
IL-2 was detected in just eight samples (10%). Exam-
ining the pairwise correlations, only 7NF and IL-8
expressions were strongly correlated (r= 0.7, p < 0.0001)
(Supplementary Table 1). Notably, both 7NF and 7L-8
were also positively correlated with Bacteroides and
G. vaginalis (p < 0.0001), whereas 7NF, but not /L-8,
was also positively correlated with Mobiluncus (r > 0.7;
p < 0.0001) and U. urealyticum.

The relative weights derived from the WQS regres-
sion of the individual components in the bacterial
and cytokine indices are shown in Table 3. The bac-
terial index gave higher weights to the contributions
of U. urealyticum, G. vaginalis and Mycoplasma. The

cytokine index gave higher weights to the contribu-
tions of 7NF, IL-8 and IL-6. The bacterial and cyto-
kine indices were correlated with one another with a
Spearman’s rank correlation of 0.60 (p < 0.0001).

Bacterial & cytokine indices were both
associated with shorter gestation

In adjusted models, the bacterial index was associated
with shorter gestation (Figure 1A; Table 4). Specifi-
cally, per decile increment of the bacterial index gesta-
tions was 0.23 weeks (95% CI: 0.08, 0.4) (1.6 days)
shorter. This estimate corresponds to an approximately
5.3-day gestational age difference when compar-
ing the 25th to 75th percentiles (interquartile range)
of the index. Compared with the individual bacteria,
the bacterial index yielded the greatest statistical sig-
nificance with respect to gestational age at delivery
(Table 4). Unadjusted results were similar and are shown
in Supplementary Material (Supplementary Table 2).

In adjusted models, the cytokine index was associ-
ated with shorter gestation (Figure 1B; Table 4). Specifi-
cally, per decile increase in the cytokine index gestations
was 0.24 weeks (95% CI: 0.08-0.4) (1.7 days) shorter
(p = 0.003). This estimate corresponds to an approxi-
mately 4.6-day gestational age difference when com-
paring the 25th to 75th percentiles (interquartile range)
of the index. Compared with the individual cytokines,
the cytokine index yielded the greatest statistical signif-
icance with respect to gestational age at delivery than
all but one cytokine, IL-8 (Table 4). Unadjusted results
were similar and are shown in Supplementary Material
(Supplementary Table 3).

Bacterial index was associated with seven
miRNAs

We identified seven miRNAs including miRs 494,
371a, 4286, 185, 888, 320¢ and 23a (p < 0.05) that
were significantly associated with the bacterial index
(Table 5). Notably, miRs 494, 185 and 320e were nega-
tively associated with the bacterial index. Meaning
that, for example, per decile increment of the bacterial
index there was a 0.35 decrease (0.35 halvings or 22%
decrease in raw expression) in miR-494 expression
(Supplementary Figure 1A). Whereas miRs 371a, 4286,
888 and 23a were positively associated with the index.

Bacteria-associated miRNA (miR-494) has
known & predicted mRNA targets

Only miR-494 passed a stringent FDR correction
(g-value < 0.1), and was retained for subsequent mRNA
target and pathway analyses. MiRNA target analysis
showed that miR-494 had six experimentally observed
mRNA targets including FGF16, HMOX1, KIT, PTEN,
SCN3A and VSNLI, as well as 576 highly predicted
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Table 1. Maternal demographics for 80 pregnant women participating in the PROGRESS cervix

study.

Education

<12 years

>12 years
Smoke in home
No

Yes

Parity
Multiparous

Nulliparous

Maternal age (years)
Maternal BMI (kg/m?)

Gestational age at delivery (weeks)?

SD: Standard deviation.

fFour individuals were lost to follow-up at delivery and information on gestational age is not available.

n (%)

22 (27.5)
58 (72.5)

57 (71)
23 (29)

50 (62.5)

30 (37.5)

Mean = SD (range)
28.0 £ 5.7 (18-41)
26.8 = 4.5 (18-43)
38.4 + 1.3 (34-42)

targets (data not shown; PTEN is annotated as both
experimentally observed and highly predicted). Pathway
analysis showed that the 581 experimentally observed
and highly predicted downstream mRNA targets of
miR-494 were enriched for canonical pathways includ-
ing molecular mechanisms of cancer (p = 9.3 x 10°); and
AMP-activated protein kinase signaling (p = 3.9 x 10°).
Interestingly, miR-494 is downregulated in tissue from
cervical squamous cell carcinoma [34].

Cytokine index was associated with 27 miRNAs
We identified 27 miRNAs including miRs 494,
142, 223, 15a, 25, 23a, 4454, 93, 193b, 15b, 16, 21,

30e, 29b, 1234, 514b, 19b, 125b, 222, 148a, 374a,
191, 29a, 148b, 548aa, let-7g and 1277 (p < 0.05;
q < 0.1) that were significantly associated with the
WQS cytokine index (Table 6). Once again, miR-494
was negatively associated with the cytokine index
(Supplementary Figure 1B), whereas miR-142 and
miR-223 among others were positively associated with
the index. Pathway analysis of the 27 miRNAs identi-
fied two significantly associated networks of miRNAs:
cancer, organismal injury and abnormalities, and repro-
ductive system disease (p = 1 x 10?°); and inflamma-
tory response, endocrine system disorders and gastroin-
testinal disease (p = 1 x 10"%). Interestingly, the most

Table 2. Descriptive statistics of the abundance of five candidate bacteria and four cytokines

measured in the cervix during pregnancy.

Bacteroides 66 (83)
Gardnerella vaginalis 72 (90)
Mobiluncus 38 (48)
Mycoplasma 6 (8)
Ureaplasma urealyticum 66 (83)
Cytokines

-2 8(10)
IL-6 24 (30)
IL-8 79 (99)
TNF 74 (93)

SD: Standard deviation.

Bacterial species/genus Samples with detected RNA n (%) Average = SD (range) Log, expression count

7.0 +4.7 (0.01-18.1)
14.3 + 6.1 (6.2-25.2)
8.2 +4.7(0.5-22.7)
3.7+2.6 (0.5-7.7)
10.6 + 5.2 (1.0-23.0)

2.2 +1.3(0.01-3.5)
4.8 +2.7(0.4-10.7)
15.8 £ 2.4 (10.8-22.0)
7.0 + 2.5 (2.15-13.1)
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®

Gestational aget (weeks)

Table 3. Estimated weights for individual components of the weighted quantile sum bacterial and

cytokine indices associated with gestational age at delivery (n = 76).

Bacterial WQS index
Bacterial species/genus
Bacteroides
Gardnerella vaginalis
Mobiluncus
Mycoplasma
Ureaplasma urealyticum
Cytokine WQS index
Cytokine

IL-2

IL-6

IL-8

TNF

WQS: Weighted quantile sum.

Weight
0.05

0.25
<0.00001
0.20
0.49

Weight
0.12
0.23
0.33
0.33

significantly associated disease was early-stage invasive
cervical cancer (overlap p = 1.6 x 10""), wherein nine
cytokine index-associated miRNAs share sequence
homology with miRNAs previously altered in cervical
carcinoma tissue (miRs-142, 19b, 92a, 21, 16, 17, 29b,
30c and let-7a) [35].

Cytokine-associated miRNAs have known
mRNA targets

Together, the cytokine-associated miRNAs targeted
7190 highly predicted or experimentally observed

mRNAs. When restricted to only experimentally
observed miRNA-mRNA relationships, we found
that 17 miRNAs target 653 mRNAs. Notably, among
the experimentally observed relationships annotated
in IPA, miR-93 and miR-21 are known to target
T'NF, and miR-191 is known to target /L-6. Pathway
analysis of the 653 predicted mRNA targets identi-
fied several significant networks of related molecules
(Supplementary Table 4). The top three networks
included neurological disease, cardiovascular diseases
and organismal injury and abnormalities (p = 1 x 10

42+ 42

41+ 41
* * ?

40 - . % 40-
o

39 E 59
5

38 < 38
g

37 0 374
o

36 * * 9 36
(O]

35 * 35

. T T T T T T — 1 =

10 20 30 40 50 60 70 80 90 10

Bacterial index

20 30 40 50 60 70 80 90 100

Cytokine index

Figure 1. Shorter gestational age is associated with each exposure index. (A and B) Association of the bacterial and cytokine indices
with gestational age at delivery (n = 76).
'Gestational age is adjusted for maternal age, BMI, education, smoke exposure and parity.
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Table 4. Adjusted linear regression estimates' (B-values and 95% Cls) per decile of the respective

indices, or individual bacterium or cytokine expression with gestational age at delivery.

WQS indices B-value (95% CI) p-value
WQS bacterial index -0.23 (-0.40 to -0.083) 0.002
WQS cytokine index -0.24 (-0.40 to -0.084) 0.003
Bacterial species/genus

Bacteroides -0.05 (-0.11-0.008) 0.09
Gardnerella vaginalis -0.05 (-0.10 to -0.002) 0.04
Mobiluncus -0.03 (-0.08-0.03) 0.4
Mycoplasma -0.12 (-0.40-0.15) 0.4
Ureaplasma urealyticum -0.07 (-0.12 to -0.02) 0.004
Cytokine

IL-2 -0.26 (-0.63-0.12) 0.18
IL-6 -0.14 (-0.26 to -0.03) 0.01
IL-8 -0.20 (-0.32 to -0.08) 0.001
TNF -0.15 (-0.27-0.03) 0.01

Bs derived from the individual regressions represent shorter gestation per log, expression of 16S bacterial rRNA or cytokine mRNA whereas
Bs in the regressions using the WQS indices are per decile of the index.

WQS: Weighted quantile sum.

#); cell death and survival, cell cycle and cancer
(p =1 x 10%); and cell death and survival, cellular
growth and proliferation and hereditary disorder
(p=1x107).

Selected miRNA-mRNA relationships

Last, given the direct link between miRNA regula-
tion of mRNA expression, we examined the adjusted
regressions of the nine candidate microbes or cyto-
kines with the most differentially expressed miRNA:
miR-494 (Figure 2; Supplementary Table 5). MiR-494
was negatively associated with seven of the candidate
cytokines/organisms: [L-6, IL-8, TNF, Bacteroides,
U. wrealyticum, G. vaginalis and Mobiluncus. The

miRNA-mRNA relationship with the strongest
magnitude of association was miR-494 with 7L-8.
Wherein, per doubling of miR-494 expression there
was a 0.36 decrease (0.36 halvings or 22% decrease
in raw expression) in /L-8 expression. We examined
the levels of individual cytokines with the top three
other identified miRNAs, miR-142, 223 and 15a
(Figure 3; Supplementary Table 6). /L-8 had the greatest
magnitude and was positively associated with all three

miRNAs.

Discussion
We found that a mixture of bacteria and a mixture of
cytokines obtained from the cervix between 16 and

Table 5. Seven miRNAs associated with the bacterial mixture index (p < 0.05).

miRNA Samples with B-value (95% CI) p-value FDR g-value
miRNA detected
n (%)
miR-494 56 (100) -0.35 (-0.57 to -0.14) 0.001 0.1
miR-720" 56 (100) -0.25 (-0.44 t0 -0.06) 0.01 0.3
miR-371a-3p 56 (100) 0.10 (0.02-0.18) 0.01 0.3
miR-4286 50 (89) 0.34 (0.04-0.63) 0.03 0.4
miR-185-5p 55 (98) -0.22 (-0.42 to -0.01) 0.04 0.4
miR-320e 55 (98) -0.19 (-0.38 to -0.00) 0.04 0.4
miR-888-5p 56 (100) 0.11 (0.00-0.22) 0.04 0.4
miR-23a-3p 53 (95) 0.22 (0.00-0.43) 0.048 0.5
'miR-720 is no longer annotated as a miRNA
FDR: False discovery rate.
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Table 6. Twenty-seven miRNAs associated with the cytokine mixture (p < 0.05).

miRNA

miR-494
miR-142-3p
miR-223-3p
miR-720"
miR-15a-5p
miR-25-3p
miR-23a-3p
miR-4454
miR-93-5p
miR-193b-3p
miR-15b-5p
miR-16-5p
miR-21-5p
miR-30e-5p
miR-29b-3p
miR-1234
miR-514b-5p
miR-19b-3p
miR-125b-5p
miR-222-3p
miR-148a-3p
miR-374a-5p
miR-191-5p
miR-29a-3p
miR-148b-3p
miR-548aa
let-7g-5p
miR-1277-3p

Samples with miRNA
detected n (%)

B-value (95% CI)

56 (100) -0.48 (-0.68 to0 -0.29)
55 (98) 0.60 (0.34-0.86)

55 (98) 0.65 (0.36-0.93)

56 (100) -0.39 (-0.56 to -0.21)
52 (93) 0.55 (0.29-0.80)

56 (100) 0.22 (0.10-0.34)

53 (95) 0.35 (0.15-0.55)

56 (100) -0.44 (-0.71 to -0.16)
51 (91) 0.52 (0.19-0.85)

48 (86) -0.63 (-1.03 t0 -0.23)
52 (93) 0.41 (0.14-0.67)

56 (100) 0.46 (0.16-0.76)

46 (82) 0.47 (0.16-0.79)

49 (88) 0.36 (0.12-0.61)

51 (91) 0.42 (0.14-0.7)

47 (84) -0.35 (-0.60 to -0.10)
56 (100) -0.12 (-0.20 to -0.03)
42 (75) 0.44 (0.11-0.77)

51 (91) -0.21 (-0.37 to -0.05)
56 (100) 0.10 (0.03-0.18)

48 (86) 0.46 (0.08-0.84)

45 (80) 0.45 (0.08-0.82)

55 (98) 0.35 (0.05-0.66)

53 (95) 0.34 (0.04-0.65)

34 (61) 0.24 (0.02-0.45)

44 (79) -0.38 (-0.74 to0 -0.03)
53 (95) 0.30 (0.02-0.58)

36 (64) -0.22 (-0.43 to -0.01)

"miR-720 is no longer annotated as a miRNA.
FDR: False discovery rate.

p-value FDR g-value
1.3 x 10® 5.7 x 10
6.6 x 10°¢ 0.0001
7.6 x 106 0.0001
1.2 x 10° 0.0001
2.3 x 10 0.0001
0.0005 0.003
0.0005 0.003
0.002 0.008
0.002 0.008
0.002 0.008
0.003 0.009
0.003 0.009
0.003 0.009
0.003 0.009
0.003 0.009
0.005 0.01
0.006 0.02
0.009 0.02
0.009 0.02
0.009 0.02
0.02 0.04
0.02 0.04
0.02 0.04
0.03 0.05
0.03 0.05
0.03 0.05
0.03 0.05
0.04 0.06

19 weeks of gestation were both associated with lower
gestational age at delivery and with the expression of
several miRNAs. Four of these miRNAs (miR-223,
miR-30e, miR-148b and miR-93) we and others have
shown to be predictive of gestational age at delivery
or preterm birth [1920]. Additionally, miR-223 is asso-
ciated with spontaneous term labor [21]. Identifying
new predictors of preterm birth, timing of delivery
and potential molecular mediators between well-
established risk factors for preterm birth is critical to
moving the field of preterm birth prevention forward.
Our study builds on previous investigations demon-
strating that both BV [10] and proinflammatory cyto-

kines [13] predict shorter gestations. Our study demon-
strates that differential abundance of microorganisms
detected using molecular techniques, may be associ-
ated with the length of gestation. Culture-based stud-
ies have demonstrated that women heavily colonized
with anaerobic bacteria are at higher risk of delivering
preterm (36]. However, few studies have used sequence-
based techniques to evaluate the role of colonization of
the genitourinary tract and preterm birth. Romero ez a/.
recently reported in a nested case—control study of
18 spontaneous preterm cases (<34 weeks of gestation)
and 72 term controls that maternal vaginal microbiota
during pregnancy did not differ with respect to taxa
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Figure 2. Estimates of association of individual bacteria and cytokines with miR-494, adjusted for maternal age,
BMI, education, smoke exposure and parity. Estimates (95% Cls) derived from the individual regressions represent
the fold change in miR-494 expression per doubling of bacterial 16S rRNA or cytokine mRNA expression.

or relative abundance of bacterial communities [37].
Our study differs from this one in several respects.
First, we used a targeted, hypothesis-driven approach
to ascertain the burden of known pathogenic bacte-
ria and inflammatory cytokines selected a priori. We
selected five of the most common organisms implicated
in BV [7]. We analyzed proinflammatory cytokines pre-
viously studied with respect to BV [38-40], although we
recognize that other proinflammatory cytokines may
play a role. The cytokines we measured are not tissue
specific and although we sampled the cervix may have
come from vaginal or vascular sources. We did not
ascertain the abundance of potentially beneficial com-

mensal organisms such as lactobacillus, which would
be an important future direction for understanding
the regulation of both cytokine and miRNA expres-
sion. Last, given the low prevalence of participants who
delivered preterm (5%), we did not examine sponta-
neous preterm birth in a case—control study design.
Instead we analyzed gestational age at delivery as a con-
tinuous outcome, a study design which benefits from
improved power. Further, it should be noted that all of
our participants were >34 weeks of gestation.

One of the most common culture-based BV classifi-
cation methods is the Nugent score, a Gram stain-based
arithmetic equation for which BV classified as ‘BV-posi-

miR-142-3p miR-223-3p miR-15a-5p
L2 * ! ' * *
IL6 —— —— ——
IL8 —— —— ——
TNF —— —— ———
I 1 I 1 I 1

Estimate (95% CI)

T T T
-0.5 0.0 0.5 1.0 15| -05 0.0 0.5
Estimate (95% CI)

T T T
1.0 1.5 | -0.5 0.0 0.5 1.0 1.5
Estimate (95% CI)

Figure 3. Estimates of association of individual cytokines with miR-142, 223 and 15a, adjusted for maternal age,
BMI, education, smoke exposure and parity. Estimates (95% Cls) derived from the individual regressions represent
the fold change in miRNA expression per doubling of cytokine mRNA expression.
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tive’, ‘intermediate’” or ‘BV-negative’ [41]. In our study we
did not quantify BV clinically but measured 16S rRNA
for organisms known to be associated with BV. More-
over, our study was prospective, meaning that the bac-
teria/cytokine measurement was conducted in the early
second trimester, 4—5 months before labor. This sug-
gests that the bacterial flora present early in pregnancy
may create low-grade inflammation that increases the
probability of early labor induction. Because we used
a mixtures statistical approach, we did not make a
priori hypotheses that individual bacterial species pre-
dict earlier labor, but instead treated the overall flora as
the predictor. We believe this is a major strength over
approaches that treat each species independently. We
developed our indices using WQS regression to create
potentially informative composite measures of organ-
isms and cytokines. WQS regression applies weights to
the individual components of the mixtures according
to the strength of their association with shorter gesta-
tions. Thus, our findings that such indices were associ-
ated with shorter gestations were not surprising given
that many of the individual components were associ-
ated with shorter gestations. The findings indicate that
among the individual components of the two mixtures,
U. urealyticum and IL-8 were most strongly associated
with shorter gestations. Note that the effect estimates
for bacterial 16S rRNA quantification and cytokine
mRNA expression cannot be compared directly. Despite
being the current gold standard for organism identifi-
cation, sequence-based detection of 16S rRNA cannot
differentiate between viable and unviable organisms nor
can it account for organisms with multiple copies of the
16S rRNA gene [42]. Nevertheless, compared with the
clinical standard for diagnosis of BV, the Nugent Gram
strain-based method, which is in fact an arithmetically
derived index of mixed bacterial morphotypes, our use
of 16S rRNA quantification in this study is appropriate
given our novel statistical approach. Despite the reli-
ability and specificity of the Nugent score but moderate
sensitivity [43], new methods propose to improve clini-
cal diagnosis of BV by including real-time quantitative
PCR-based techniques [44.45]. Our statistical approach
herein is novel in that we then used those bacterial and
cytokine indices as independent variables to model
associations with miRNAs in the cervix. In doing so,
we identified miRNAs that might be important in elu-
cidating mechanisms by which vaginal dysbiosis and
inflammation could lead to preterm birth.

Most notably, miR-494 was the top-identified
miRNA for both the bacterial and cytokine indices. Pre-
vious evidence shows that miR-494 is directly upregu-
lated by TINF, and both molecules contribute to apopto-
sis signaling [46.47]. [ vitro evidence that antagomir-494
can prevent TNF-induced apoptosis [46] suggests that

miR-494 may be a promising therapeutic target in the
inflammartory cascade that leads to preterm birth. Addi-
tionally, we found several cytokine index-associated
miRNAs that have been shown to have pathophysi-
ologic roles in prior studies. First, miR-15a/16 regulates
macrophage phagocytosis after bacterial infection [48].
Second, inflammation triggers specific miRNA pro-
files in human macrophages and supernatants [49].
miR-223  regulates = macrophages/inflammatory
response by suppressing proinflammatory activation of
macrophages [50].

Our study has several strengths. We used a novel sta-
tistical approach to address correlated mixtures of expo-
sures of bacteria, cytokines and miRNA. We also ana-
lyzed miRNA from a target tissue critical to labor (the
cervix), whereas many epigenetic studies use surrogate
tissues such as blood or buccal swabs and thus may have
limited relevance to the health outcome of interest. Our
study also has several limitations. Our study was nested
in a larger cohort designed to answer questions about
metal exposures and neurodevelopment. We had no data
to ascertain whether a woman had clinical BV during
her pregnancy, nor did we have data on antibiotic use
during pregnancy. We did not have ultrasound measures
of gestational age, nor detailed data as to why a woman
delivered early. Ideally WQS techniques are developed
in one cohort and applied to another. Our sample size
was too small to divide our data and there are no current
analogous cohorts to replicate our findings. However, we
did apply our weighted indices to individual-dependent
variables (miRNA) after their derivation based on gesta-
tional age at delivery, implying their potential utility as
composite biomarkers. We did not have enough RNA
to analyze miRNAs using a second platform and thus
our findings may only be generalizable to other stud-
ies that would use the NanoString platform. Addition-
ally, although we performed technical replicates for the
miRNA 0], we did not analyze technical replicates
for the bacteria or cytokine RNA due to limited RNA
yields. Last, due to the simultaneous collection of all
three types of RNA, it is not possible to discern whether
bacterial RNA induced changes to cytokine RNA and
miRNA or whether miRNA alters a woman’s suscepti-
bility to colonization. Longitudinal sampling would be
required to determine the order of events.

A paradox in the field of preterm birth prevention
has been the tight correlation between BV and preterm
birth but the failure of BV treatment to prevent pre-
term bircth. While antibiotic therapy successfully treats
BV, in several large randomized trials no reduction in
preterm birth risk was observed among women treated
in the second or third trimesters versus untreated [6,11].
Preterm delivery was reduced only among a subgroup of
women with a previous preterm birth who had a clinical
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diagnosis of BV in the current pregnancy. Several poten-
tial explanations exist, one is that removing the organ-
isms does not interrupt the cascade of pathophysiologic
events either associated with or caused by BV. Another
is that BV itself is not a causative agent, but is merely
the marker of a different upstream cause that coinciden-
tally induces BV. For example, the microbiome would
be affected by alterations in stress level, diet or metabo-
lism, which may induce altered flora, and could predis-
pose to BV [s1]. If the altered factor or dietary constitu-
ent is the true cause of prematurity, treating BV would
not reduce risk. We know that antibiotics do not pre-
vent preterm labor or premature rupture of membranes
that lead to preterm birth, despite a significant decline
in Nugent score [52]. Other explanations as to why treat-
ing BV does not prevent preterm birth are possible. One
is that some other factor that is highly associated with
BV causes preterm birth (confounding). The second is
that BV causes changes to the local genitourinary tract
that persist after treatment of BV. In other words, there
is a set of events that leads to preterm birth that are
immutable once antibiotic therapy is started, which
would explain why antibiotics do not interrupt this
cascade. Our data support considering miRNA expres-
sion as one potential mediator between a local environ-
mental factor (BV) and eatlier delivery. Our analysis of
tissue-specific epigenetic signals (cervical miRNA) sup-
ports a biologically plausible possibility that traditional
risk factors, in this case BV, may lead to earlier delivery
through local tissue programming. Future work explor-
ing epigenetic factors that result from other well-known
preterm risk factors including smoking or prior sponta-
neous preterm birth is warranted. The discovery of new
biomarkers of preterm birth risk is critical to preterm
birth prevention because of the potential for better tar-
geting of prevention strategies such as progesterone or

Bacteria, cytokines & miRNA in the cervix Research Article

cerclage and management of high-risk patients to con-
nect them to tertiary delivery centers. New biomarkers
can also shed light on potential new therapeutic targets
that could potentially interrupt the cellular cascade that
leads to preterm birth.

Conclusion

Our findings suggest that a mixture of cervical bacteria
and cytokines in pregnancy are associated with shorter
gestation and miRNA expression. Our work suggests
that investigation into the role of miRNA in mediat-
ing bacterial/inflammation-associated preterm birth is
warranted. Such discoveries could lead to interventions
targeting the molecular cascade that results in preterm

birth.
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Executive summary

expression of IL-2, IL-6, IL.-8 and TNF.

exposure inside the home.

(p <0.05; g <0.01).

e Whether bacterial vaginosis (BV) may lead to shorter gestations through epigenetic programming of the
inflammatory response, specifically via miRNA expression, is unknown.

e We quantified bacterial 165 rRNA, cytokine mRNA and 800 miRNA from cervical swabs obtained from
80 women at 16-19 weeks’ gestation using the Nanostring nCounter Analysis System.

e We then developed an index to analyze the mixture of five microbes that contribute to BV using a weighted
quantile sum approach. We also created an inflammatory cytokine index to analyze the mixture of mRNA

e Using linear regression models, we examined associations of these indices with each miRNA and with
gestational age at delivery. Models were adjusted for maternal age and BMI, education, parity and smoke

e Each decile of the bacterial and cytokine indices was associated with shorter gestations (p < 0.005). The
bacterial index was associated with miR-494, 371a, 4286, 185, 320e, 888 and 23a (p < 0.05). miR-494 remained
significant after false discovery rate correction (q < 0.1). The cytokine index was associated with 27 miRNAs

e A mixture of bacteria and a mixture of cytokines obtained from the cervix between 16 and 19 weeks of gestation
were both associated with lower gestational age at delivery and with the expression of several miRNAs.
e Future investigation into the role of BV- and inflammation-associated miRNA and preterm birth is warranted.
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