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Preterm birth (PTB) is defined as delivery before 37 weeks of gestation. Globally, 15 million infants are
born prematurely, putting these children at an increased risk of mortality and lifelong health challenges.
Currently in the U.S., there is only one FDA approved therapy for the prevention of preterm birth. Makena
is an intramuscular progestin injection given to women who have experienced a premature delivery in
the past. Recently, however, Makena failed a confirmatory trial, resulting the Center for Drug
Evaluation and Research’s (CDER) recommendation for the FDA to withdrawal Makena’s approval. This
recommendation would leave clinicians with no therapeutic options for preventing PTB. Here, we outline
recent interdisciplinary efforts involving physicians, pharmacologists, biologists, chemists, and engineers
to understand risk factors associated with PTB, to define mechanisms that contribute to PTB, and to
develop next generation therapies for preventing PTB. These advances have the potential to better iden-
tify women at risk for PTB, prevent the onset of premature labor, and, ultimately, save infant lives.

� 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Parturition is the complicated process by which a fetus is born.
Successful labor requires biological signals that coordinate mater-
nal cervical remodeling and uterine contraction to deliver off-
spring. Birth is preceded by fertilization, implantation, and
development of a fetus and the surrounding gestational tissues.
After an oocyte is fertilized, cells begin dividing until eventual
implantation into the uterine wall via cell invasion into the decidua
(Fig. 1) [1]. These cells differentiate, and form the amnion, chorion,
yolk sac, and placenta (Fig. 1). During gestation, amniotic fluid sur-
rounds and protects the developing fetus within the amnion [1].
Early in pregnancy, the yolk sac, and, later in pregnancy, the chor-
ion and placenta participate in the maternal-fetal exchange of
nutrients and waste [2]. The maternal cervical mucus plug forms
to protect the womb (Fig. 1). As the end of gestation nears, the cer-
vix begins to soften and ripen to prepare for the passage of the
fetus through the vaginal canal. It is then the onset of contractions
that signifies the beginning of labor [1]. During the complicated
processes of gestation and parturition there is the potential for a
number of complications, especially when labor occurs early.

Each year, 15 million infants are born prematurely. Preterm
birth (PTB) is defined as delivery before 37 weeks of gestation,
and is the leading cause of infant mortality and morbidity [3]. In
2020, the PTB rate in the United States (U.S.) was 10.2% [4]. Among
black women in the U.S., the PTB rate was 13.8%, which is higher
than the global PTB rate of 12% [5]. While developed countries
are better equipped to care for preterm infants, it is estimated
Fig. 1. Labeled schem
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that the U.S. spends upwards of $26 billion on healthcare for
preterm infants each year [6]. This estimate does not account
for the potential lifelong impact that premature delivery has
on a developing child, including vision and hearing impair-
ments, asthma, cerebral palsy, and other long-term learning
disabilities, such as attention deficit hyperactivity disorder
(ADHD) and increased anxiety [7–10]. Despite these lasting
impacts, as well as a growing body of research on PTB preven-
tion strategies, there remain very few diagnostic and thera-
peutic options for identifying at-risk pregnancies and
preventing premature deliveries.

The lack of successful treatment options for PTB can be attribu-
ted to the various complicated etiologies of PTB. It is estimated that
20% of PTBs are medically induced for maternal or fetal indications,
such as preeclampsia, gestational diabetes, cholestasis, or
intrauterine growth restriction [1,11]. Approximately 20–30% of
PTB cases are due to preterm premature rupture of membranes
(PPROM) [1]. Inflammation and infection are implicated in 20–
25% of premature deliveries, while 25–30% of all PTBs are consid-
ered spontaneous and unexplained [1]. With an estimated 20–
30% of PPROM and 25–40% of PTBs with an intact membrane being
attributed to infection and inflammation, it is likely that inflamma-
tion and infection account for some of the unexplained cases of PTB
[1,12]. Due to the diversity of PTB causes, identifying women at
risk for PTB has become increasingly difficult, ultimately resulting
in an overall increase in PTB rate over the last several years [5]. For
such a complex and critical issue, interdisciplinary efforts are
needed to better understand the underlying biology of PTB in order
atic of the womb.
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to create novel diagnostics and therapeutics. Here, we review such
recent efforts toward the development of new tools and therapies
for prevention of PTB.
2. Risk factors for PTB

2.1. Predictive markers of PTB risk

In order to effectively prevent PTB, we must first identify
women at risk for delivering prematurely (Fig. 2). Risk factors asso-
ciated with PTB include being of Black or African American race,
being younger than 18 or older than 40 years old, having a low
socioeconomic status, experiencing a lack of prenatal care, smok-
ing tobacco, using narcotics, having urinary or lower genital tract
infection, experiencing high levels of stress, and being diagnosed
with anemia [13–15]. There is still little understanding of how
these factors contribute to the mechanisms that lead to premature
delivery, which is necessary for developing preventative strategies
and treatments.

Preventative measures are most often prescribed to women
with a history of premature delivery, or women who show a sono-
graphic short cervix, indicative of premature cervical ripening in
preparation for delivery [13,16,17]. Several studies have shown
Fig. 2. Risk factors associated with preterm birth include short sonographic cervix, a prev
in cervicovaginal fluid, the use of tobacco and/or narcotics, and high levels of stress durin
preterm birth.
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that women who previously experienced spontaneous PTB were
nearly 5x more likely to deliver prematurely in their second preg-
nancy than women who had delivered at full term in their first
pregnancy [13,18]. However, recurrent PTB only accounts for 10%
of births before 34 weeks of gestation, and fails to identify the
~12% of first-time pregnancies that end in a premature delivery
[19–21]. Sonographic short cervix appears to be a reliable, though
infrequent, marker of PTB risk. As pregnancy progresses, the cervix
begins to remodel, or shorten, as the tissue prepares to dilate [22].
In normal pregnancy, cervical length begins to decrease around
28 weeks, and can be measured via ultrasound imaging [22,23].
A short cervix is defined as a cervical length that is below the
10th percentile at a given gestational age [13,22]. A 1998 study
showed that less than 2% of women had a cervical length shorter
than 15 mm at 23 weeks of gestation [24]. However, women in this
category made up 86% of deliveries before 28 weeks, 58% of deliv-
eries before 32 weeks, and 20% of deliveries before 36 weeks [24].
Factors which lead to premature cervical remodeling are largely
unknown. Genetic and environmental factors and cervical deficien-
cies may predispose a woman to premature delivery, as may
undernourishment during a woman’s pregnancy or during her
own in utero development [13]. It has also been suggested that
infection and inflammation can cause premature cervical remodel-
ing [25]. While short cervix appears to be a useful predictive mar-
ious spontaneous preterm birth, bacterial vaginosis, the presence of fetal fibronectin
g pregnancy. Despite these associations, it remains difficult to predict, and prevent
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ker for PTB risk, more work is needed to identify potential thera-
peutic targets for women with short cervix.

Another quantitative measure that has been evaluated for pre-
dicting PTB risk is fetal fibronectin concentration in cervicovaginal
fluid (CVF) samples. Fibronectin is a protein that plays a role in cell
adhesion by binding cells to collagen or connective tissue [26].
Fetal fibronectin (FFN) is produced by fetal cells at the interface
of the chorion and the uterus and serves to anchor the amnion to
the uterine lining (Fig. 1) [27,28]. As the fetal membranes develop
and bind to the maternal tissues, some fetal fibronectin may leak
into CVF, but once this fusion is complete, FFN levels should drop
and become undetectable by the second trimester [26,28]. It has
been shown that FFN can activate TLR4 and NFjB pathways, lead-
ing to an upregulation of matrix metalloproteinases and
cyclooxygenase-2, which could induce PPROM and PTB [29]. Many
studies have correlated elevated FFN concentrations in CVF to an
increased risk of PTB [27,30]. However, a 2017 study, which mea-
sured FFN levels in the CVF of nearly 10,000 women, concluded
that the positive predictive value for FFN concentration was
<15%, so its use as a screening tool is controversial [31].

As of February 2021, there were 127 ongoing clinical trials
attempting to identify biomarkers of PTB, including cervical length
and various biomolecules in CVF. A 2018 study aimed to use pla-
centa a1 microglobulin (PAMG-1) concentrations in CVF to identify
women at risk for PTB [32]. PAMG-1 is a protein found in amniotic
fluid throughout pregnancy, and its presence in CVF could indicate
a ruptured membrane. While the study results have not been
reported, a systematic review and meta-analysis revealed that
PAMG-1 presence in CVF had a positive predictive value of 76%
when tested within a week of premature delivery [33]. PAMG-1
detection has potential for improved specificity compared to the
current tests that use elevated pH as a marker of amniotic fluid,
which can give false positives with antibiotic treatment, infection,
or the presence of semen [34]. Other studies are considering a
combination of risk factors to identify women with at-risk preg-
nancies [35]. The Evaluation of Fetal Fibronectin with a Quantita-
tive Instrument for the Prediction of Preterm Birth study led to
the development of the QUIPP smart application, which is cur-
rently recruiting participants to use the application to monitor
pregnancies and improve PTB predictions [36–38]. QUIPP takes
into account current symptoms, previous health records, as well
as FFN, cervical length, and CVF samples, and could help to lower
PTB rates by better identifying at-risk pregnancies [36–38].

2.2. The vaginal microbiome and PTB

It is estimated that inflammation and infection account for 20–
25% of PTB. One hypothesis for how inflammation and infection
may establish in the uterine environment is via ascension of bacte-
ria from the vagina. Similar to the mucus layers lining epithelial
surfaces throughout the body, cervicovaginal mucus (CVM) is a
biological barrier comprised of mucin proteins which sterically
and adhesively hinder foreign pathogens from reaching the under-
lying epithelia [39]. CVM is secreted by the endocervical epithe-
lium into the vaginal canal, where it mixes with the vaginal
microbiome. The composition of the vaginal microbiota can impact
the physicochemical barrier function of CVM [40]. Unlike most
other microbial environments in the human body, a ‘‘healthy” vagi-
nal microbial community is characterized by low diversity and an
abundance of Lactobacillus species [41]. Lactobacillus produce lactic
acid, which lowers the pH of CVM to an acidic range (pH < 4.5) that
is hostile to other types of bacteria. Conversely, CVM from women
with bacterial vaginosis (BV) is polymicrobial with a low presence
of Lactobacillus species, resulting in pH > 4.5. BV affects approxi-
mately 30% of women in the United States [42]. Even after treat-
ment, the recurrence rate of BV is greater than 50% [42,43]. The
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overgrowth of gram-negative species in BV is also associated with
increased risk of acquisition and transmission of sexually transmit-
ted infections, pelvic inflammatory disease, urinary tract infec-
tions, and adverse pregnancy outcomes, including PTB [44–46].
Several studies have been published which characterize the vaginal
microbiota over the course of pregnancy [47–51]. Vaginal micro-
bial communities are typically separated into five community state
types (CST) based on their microbial composition: CST I is marked
by a predominance of L. crispatus; CST II by L. gasseri; CST III by L.
iners; CST IV is polymicrobial, and includes samples from women
with BV; and CST V shows a predominance of L. jensenii
[49,50,52]. Many have shown that a predominance of L. crispatus
(CST I) is negatively associated with PTB, but that as microbial
diversity increases (CST IV), both the risk of PTB, and the likelihood
of a sonographic short cervix, increase [48,49,51,53]. Recent stud-
ies have explored the mechanisms that lead to CST I being more
protective, and CST IV being more highly associated with PTB
[54]. As nearly 40% of PTB cases are thought to be caused by uterine
infection [55], it has been posited that vaginal bacteria may be
entering the uterine environment and causing infection and
inflammation. Many in vitro studies have demonstrated that BV-
associated bacteria may diminish cervical barrier function. In
2018, it was demonstrated that both L. iners and G. vaginalis, spe-
cies commonly associated with BV, significantly increased ectocer-
vical and endocervical cell permeability, whereas L. crispatus did
not impact cell permeability [54]. Increased cell permeability was
accompanied by an increase in soluble E-cadherin, indicating a
breakdown of cell tight junctions between cells, and supporting
the hypothesis that BV associated bacteria can break down the cer-
vical barrier [54]. L. crispatus, on the other hand, was shown to pre-
vent microRNA expression that has been associated with cervical
remodeling [54]. In human vaginal secretions, a dominance of L.
iners was correlated with an increase in matrix metalloproteinase
8 (MMP8), as compared to samples dominated by L. crispatus
[56,57]. MMP8 is implicated in cervical remodeling, further linking
L. iners to an increased risk of PTB.

It has also been shown that vaginal species of bacteria may be
more pro- or anti-inflammatory. Mobiluncus mulieris, a species
associated with BV, has been shown to upregulate IL-6 and IL-8 in
ectocervical cells in vitro [53,58], whereas L. crispatus was associ-
ated with increased production of anti-inflammatory cytokines
[41]. Both IL-6 and IL-8 are pro-inflammatory cytokines that, when
present in CVF, have been shown to be highly associated with spon-
taneous PTB. Our group has shown that L. iners and BV bacteria are
associated with a decrease in CVM barrier properties [59]. The CVM
barrier is the first-line defense to potential ascension and intrauter-
ine infection, so barrier degradation by L. iners and BV bacteria has
the potential to contribute to the increased risk of PTB seen in
women with a polymicrobial vaginal bacteria. Several studies have
used antibiotics to treat vaginal dysbiosis to reduce the risk of PTB.
Results from these studies vary, with some demonstrating no
impact of antibiotics on PTB rates [60], some demonstrating a pos-
itive effect of metronidazole or clindamycin [61], and others
demonstrating negative results with treatment [62]. However, high
BV recurrence rates make interpretation of treatment impact on
PTB rates more difficult, particularly when studying the effect of
timing of treatment. Further discussion on BV and pregnancy out-
comes can be found in several thorough reviews [63–66].
3. Current treatments for the prevention of PTB

3.1. Pharmaceutical treatments for PTB prevention

Progesterone, the ‘‘pro-gestation” hormone, consistently
increases over the course of gestation [1]. Progesterone has anti-
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inflammatory properties, helps to prevent uterine contractions,
and protects fetal membranes [1]. For these reasons,
progesterone-based therapies have been widely studied for the
prevention of PTB (Table 1). Currently, the only FDA approved ther-
apy for the prevention of PTB is Makena, an intramuscular injection
of the synthetic progestin hydroxyprogesterone caproate (17-
OHPC) in oil [67–69]. In 2011, the FDA approved Makena for PTB
prevention in women who had previously experienced a sponta-
neous PTB. In 2018, a Makena subcutaneous auto-injector was
approved to improve patient compliance and increase ease of dos-
ing [70]. Since Makena’s initial approval, several studies have been
published reporting mixed results. Most recently, the PROLONG
trial included 1,130 women given weekly intramuscular injections
of 250 mg 17-OHPC. The placebo group included 578 women who
received oil injections weekly. 17-OHPC showed no benefit to
maintaining pregnancy, with 23% of pregnancies in the treatment
group and 22% of pregnancies in the placebo group resulting in
PTB before 37 weeks of gestation. Similarly, there was no differ-
ence between treatment and placebo groups in PTB rates before
35 or 32 weeks [71–73]. Based on these results, the CDER recom-
mended that the FDA withdraw Makena’s approval, which would
leave clinicians with no approved therapies for the prevention of
PTB [72,73].
Table 1
A summary of clinical trials testing the efficacy of progesterone and progestins in preventin
PTB, however, based on the landmark trials listed in this table, it is clear that further work m
action in the context of PTB.

Clinical Trial Objective and Design

Prevention of recurrent preterm delivery by 17
alpha-hydroxyprogesterone caproate (17-
OHPC)

To determine if weekly injected
reduced incidence of PTB for wo
experienced a previous PTB.
Women received either weekly
250 mg of 17-OHPC or placebo f
20 until birth.

PROLONG (Confirmatory Study of 17-OHPC Versus
Vehicle for the Prevention of Preterm Birth in
Women with a Previous Singleton Spontaneous
Preterm Delivery)

To confirm if weekly 17-a-
hydroxyprogesterone caproate (
injections reduce incidence of P
with a previous singleton PTB.
Pregnant women were given a
intramuscular injection of 250 m
in oil.

Oral micronized progesterone for prevention of
preterm birth

To investigate the potential ben
micronized progesterone on red
rates.
Women received twice daily or
progesterone (200 mg total).

The value of oral micronized progesterone in the
prevention of recurrent spontaneous preterm
birth

To investigate the potential ben
micronized progesterone on red
rates.
Women received 100 mg of pro
orally every 6 h from ~14 week
37 weeks of gestation.

Progesterone vaginal gel for the reduction of
recurrent preterm birth

To determine if daily administr
vaginal progesterone gel (90 mg
incidence of PTB in women wit
PTB.

PREGNANT Short Cervix Trial To determine the impact of vag
progesterone administration in
on PTB outcomes for women w
cervix.
Daily vaginal administration of
progesterone) from week ~20 u

OPPTIMUM (Vaginal progesterone prophylaxis for
preterm birth)

To determine the impact of vag
progesterone on PTB and childh
in women with a short cervix, o
PTB.
Daily dose of 200 mg vaginal pr
a soft capsule was administered
24 weeks until 34 weeks of ges
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In addition to intramuscular and subcutaneous routes of admin-
istration, studies have been done to investigate the efficacy of oral
progesterone in preventing PTB [74]. In one study, micronized pro-
gesterone capsules (100 mg progesterone) were taken orally, twice
daily from 20 to 37 weeks of gestation [75]. The study reported a
60% PTB rate (<37 weeks) in the control group, which was signifi-
cantly higher than the 39% PTB rate observed in the oral proges-
terone group. Additionally, there were significantly fewer PTB
between 28 and 31 weeks in the treatment group [75]. A 2017
study included 212 patients with a history of PTB [76]. Half of
the participants received an oral micronized progesterone capsule
every six hours, for a total daily dose of 400 mg of progesterone.
Treatment was stopped at 37 weeks of gestation. Results demon-
strated that oral progesterone resulted in a significant reduction
in PTB rates, from 64% in the placebo group (mean gestational
age at delivery 33.9 ± 2.9 weeks), to 45% PTB in the
progesterone-treated group (mean gestational age at delivery 35.
4 ± 2.7 weeks) [76]. Despite these benefits, oral progesterone has
been associated with mild maternal adverse effects [74]. A larger
study seeking to better understand the potential prophylactic ben-
efit of oral progesterone is ongoing [77].

Vaginal drug delivery is a third route of administration that has
been studied for progesterone supplementation for the prevention
g PTB. Clinically, progesterone is the only FDA approved therapy for the prevention of
ust be done to understand the optimal formulation, and progesterone’s mechanism of

Outcome Citation

17-OHPC
men who had

injections of
romweek 16–

Significant reduction in PTB incidence was found in
17-OHPC injection group for delivery at less than
35 weeks (36.3% incidence vs. 54.9% incidence in
placebo group) and less than 32 weeks (11.4%
incidence vs. 19.6% incidence in placebo group). 17-
OHPC also decreased maternal complications,
including intraventricular hemorrhage.

[69]

17-OHCP)
TB for women

weekly
g 17-OHCP

23.1% of pregnancies in the treatment group resulted
in PTB; 21.9% of pregnancies in the placebo group
resulted in PTB.

[71]

efit of oral
ucing PTB

al

Oral progesterone decreased PTB rates from 60% in
the placebo group, to 39% in the treatment group.

[75]

efit of oral
ucing PTB

gesterone
s until

Oral progesterone decreased PTB rates from 64% in
the placebo group, to 45% in the treatment group.

[76]

ation of
) reduced
h a history of

The treatment group did not differ from the placebo
group in terms of PTB rates; 42% PTB in the
progesterone group and 41% PTB in the placebo group
prior to 37 weeks of gestation.

[79]

inal
mid trimester
ith short

8% gel (90 mg
ntil delivery.

Vaginal progesterone significantly decreased PTB
(8.9% v. 16.1% in the placebo group) with no
differences in adverse outcomes between the two
groups.

[80]

inal
ood outcomes
r previous

ogesterone in
from 22 to

tation.

Vaginal progesterone had no effect on PTB rates (16%
PTB in treatment group v. 18% in placebo group).

[81]
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of PTB. Local vaginal drug administration, further discussed in Sec-
tion 4.3.2, is optimal for targeting the female reproductive tract.
Crinone, an 8% vaginal progesterone gel, is approved by the FDA
for progesterone supplementation for assisted reproductive tech-
nology in women with progesterone deficiency [78]. Several trials
have been conducted to characterize the effect of vaginal proges-
terone on PTB rates. A study published in 2007 revealed that daily
vaginal administration of 8% progesterone gel (90 mg progesterone
daily) had no benefit to decreasing PTB incidence in women who
had a history of spontaneous PTB, with 42% of pregnancies in the
treatment group and 41% of pregnancies in the placebo group
resulting in PTB prior to 37 weeks of gestation [79]. Similarly, there
was no difference in PTB prior to 35, 32, or 28 weeks. Later, how-
ever, the PREGNANT trial demonstrated that daily vaginal adminis-
tration of 8% progesterone gel (90 mg progesterone daily) was
effective in reducing PTB rate in women with a sonographic short
cervix [80]. The PTB rate (<33 weeks) in the vaginal progesterone
group (8.9%) was significantly lower than the PTB rate in the pla-
cebo group (16.1%). Additionally, vaginal progesterone signifi-
cantly delayed PTB before 28 weeks and before 35 weeks of
gestation. However, there were not significant differences in PTB
prevention before 37 weeks of gestation [80]. Despite the prophy-
lactic benefit of vaginal progesterone gel observed in the PREG-
NANT trial, other trials using vaginal progesterone formulations
across different patient populations have not shown a similar ben-
efit. For example, the OPPTIMUM study included women that had
one of several risk factors for PTB, including prior premature deliv-
ery, detectable FFN in their CVF, or sonographic short cervix [81].
The study observed no benefit of daily vaginal soft capsules con-
taining 200 mg of progesterone, with 18% of participants in the pla-
cebo group and 16% in the treatment group experiencing fetal
death or delivery prior to 34 weeks [81]. However, two follow-up
reviews and meta-analyses concluded that the vaginal proges-
terone intervention did significantly reduce the rate of PTB specif-
ically in the women with a sonographic short cervix [82,83].

Further supporting the use of vaginal progesterone for PTB pre-
vention, a 2013 study compared the efficacy of vaginal and intra-
muscular progesterone in preventing PTB in women with a
history of premature delivery [84]. In this study, Group A received
200 mg micronized progesterone tablets dosed vaginally once
daily, while Group B received 100 mg progesterone injected intra-
muscularly every third day [84]. It was found that the difference in
PTB rates between the two groups was not statistically significant
with 20% PTB in the vaginal progesterone group and 27.5% PTB in
the intramuscular progesterone group [84]. While there was no
placebo group in the study, the PTB rates in the treatment groups
were lower than previously published studies enrolling similar
cohorts with a history of premature delivery (~45% PTB). However,
there was a significant difference in the rate of adverse reactions,
with those receiving vaginally delivered micronized progesterone
having a lower incidence of adverse reactions than those receiving
intramuscular progesterone [84]. The reduction in adverse events
may be due to reduced systemic progesterone exposure when
dosed vaginally. The comparison between local and systemic drug
delivery is further discussed in Section 4.3 of this review.

Several recent trials have investigated low dose aspirin as a
tocolytic for the prevention of PTB [85–88]. Aspirin is used for
the prevention of preeclampsia, a condition which is highly associ-
ated with PTB. In a 2018 trial, participants with no history of prior
spontaneous pregnancy loss or confounding comorbidities took a
daily oral dose of 60 mg of aspirin beginning at 13–25 weeks of
gestation until term [85]. Aspirin significantly decreased PTB rates
before 34 weeks of gestation (but not PTB before 37 weeks of ges-
tation) compared to placebo (1.03% v. 2.34%) [85]. Another study
showed that 81 mg of daily aspirin significantly decreased PTB
incidence before 37 weeks of gestation (11.6% v. 13.1% in the pla-
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cebo group) [87]. This held true for comparisons of PTB rates before
28 and 34 weeks of gestation [87]. Additionally, oral aspirin was
shown to reduce perinatal mortality, fetal loss, and PTB before
34 weeks of gestation [87]. While these results are promising,
additional trials are needed to better understand the benefit of
aspirin in the context of PTB prevention in a more diverse popula-
tion [86,88].

In addition to pharmaceutical trials, recent studies have inves-
tigated how diet may impact PTB rates. The ADORE study investi-
gated how docosahexaenoic acid (DHA) supplementation may
reduce early PTBs (<34 weeks) [89]. DHA is a nutrient found in fish
and eggs and is often lacking in the American diet. While results
from this trial have not yet been posted, a previously published
study suggests that populations with higher consumption of DHA
rich foods tend to have an increased average gestational length
[90]. Additional strategies for dietary modifications aimed at
improving pregnancy outcomes have been thoroughly reviewed
elsewhere [91].

3.2. Mechanical interventions for PTB prevention

As discussed in Section 2.1, premature cervical ripening and
cervical insufficiency are risk factors for PTB, which also may be
managed by techniques that involve mechanically supporting the
cervix. Cervical cerclage involves stitching around the cervix to
keep it closed for the duration of normal gestation [92]. This proce-
dure is typically performed around 12 weeks of gestation, with
sutures being removed around 37 weeks of gestation. Cervical cer-
clage relies on the suture reinforcing the tissue and preventing cer-
vical remodeling prior to full term gestation [92]. While cerclage is
associated with a reduced risk of PTB before 37 weeks of gestation,
the approach is associated with increased rates of adverse mater-
nal side effects [16,92]. Critics of this technique cite instances of
cervical manipulation inducing uterine contractions, increased
rates of maternal bleeding, and increased risk of infection [17]. In
addition to the preventative cerclage described above, women pre-
senting with a sonographic short cervix later in pregnancy may be
given an emergency cerclage. Meta-analyses have cited success
[93,94], however, it should be noted that no randomized control
trial has been done to fully evaluate the effectiveness of emergency
cerclage. Building upon the idea of a cervical cerclage, a novel
injectable material was developed to increase cervical tissue vol-
ume and improve cervical mechanical properties [95–97]. Silk
fibroin protein was formulated into a cross-linked hydrogel
designed to mimic the mechanical properties of human cervical
tissue in vivo [96,97]. Human primary cervical cells were exposed
to the silk hydrogel to analyze inflammatory response and meta-
bolic activity, neither of which were significantly impacted. The
silk gel was injected into the cervix of pregnant rats [97] and preg-
nant rabbits [95]. Neither study reported any adverse pregnancy
outcomes as a result of the silk gel, and histology revealed only a
mild foreign body response to the injection [95,97]. Human cervi-
cal tissue was collected after hysterectomy and injected ex vivo
with the silk gel, resulting in tissue bulking without a significant
change in the stress-strain profile of the cervix [96]. This novel for-
mulation improves upon the cervical cerclage by preserving tissue
function with comparable safety and biocompatibility.

Another mechanical intervention is the cervical pessary, a
device inserted that surrounds the cervix and provides additional
mechanical support [95]. Cervical pessaries have been used to treat
genital prolapse for decades, with the first literature report of use
in pregnant women in 1959 [98]. Like cerclage, cervical pessaries
are thought to support the cervix during pregnancy, though with
less risk for adverse outcomes including bleeding and infection
[95]. There have been several different pessary geometries used
for PTB prevention, with the most common being the Arabin pes-
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sary. In its debut study, the pessary performed equivalently as
compared to the cervical cerclage [99]. Two recent studies demon-
strated that mechanical reinforcement via cervical pessary signifi-
cantly decreased rates of PTB in women with sonographic short
cervices and no history of PTB as compared to no treatment
[100,101], and a current study in France is investigating the use
of a ring pessary in conjunction with standard care in patients
who experience resolutive threatened preterm labor [102]. Fur-
thermore, recent engineering efforts have suggested that custom
pessaries, designed based on a patient’s anatomy as seen via ultra-
sound, could help to better understand optimal redistribution of
weight in the uterus and on the cervix [95]. Ultimately, there
may be potential for mechanical interventions to be used in con-
junction with therapies to treat the underlying cause of premature
cervical ripening.
4. Preclinical methods for characterizing and preventing PTB

4.1. Animal models of PTB

Animal models have proven to be useful tools for understanding
human disease, and elucidating mechanisms that contribute to PTB
(Fig. 3). In the last 70 years, investigators have utilized rodents,
rabbits, sheep, and nonhuman primates to recapitulate features
of progesterone withdrawal, premature rupture of membrane,
Fig. 3. Preclinical animal models of PTB have been useful for understanding me
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environmental factors, and inflammation [103]. Animal models
are particularly useful for evaluating and validating therapeutic
targets, optimal routes of administration, and novel formulations
for the prevention of PTB.

Gestation in nonhuman primates shares many characteristics
with human pregnancy. Like humans, primates do not experience
progesterone withdrawal at term, progesterone is produced by
the placenta during late gestation, they typically have singleton
pregnancies, and their gestation is on the time scale of months
[104]. Nonhuman primates have been used to investigate therapies
for preventing PTB, steroids for aiding in fetal development prior to
PTB, and environmental factors that contribute to PTB [105,106].
They have been useful in understanding inflammation in the con-
text of pregnancy, and in identifying potential biomarkers for PTB
[107,108]. Despite these benefits, primates are extremely cost
prohibitive.

Sheep are similar to humans in length of gestation, number of
offspring, and size of offspring, making them useful for studying
pregnancy and development [104,109]. In the 1960s, a study in
sheep identified the fetal hypothalamus-pituitaryadrenal axis as
a key contributor to fetal readiness for birth and timing of parturi-
tion (a phenomenon that does not translate to humans) [110].
Sheep were used to better understand how hormones regulate
labor. In both ruminants and humans, the placenta is the source
of progesterone production in late gestation [104]. However, sheep
experience a progesterone withdrawal that humans do not. More
chanisms of PTB, as well as for testing therapies capable of preventing PTB.
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recently, researchers have used sheep to understand how inflam-
mation and infection can induce premature labor [111], and lambs
have been studied to understand the effect of premature delivery
on offspring [112,113].

Rabbits are easily impregnated, show desirable responses to
infection, and have easily manipulated genomes. In 1990, it was
demonstrated that bacteria could be intra-cervically administered
to pregnant rabbits and result in PTB accompanied by an infiltra-
tion of immune cells [114]. Later, an intrauterine injection of
lipopolysaccharide (LPS), the toxic surface component of the
gram-negative bacteria, was shown to induce contractions and
lead to an upregulation of prostaglandin production [115]. More
recently, LPS directly injected along the uterine horn of rabbits
was shown to induce cerebral palsy phenotypes in offspring which
are born prematurely [116]. This model has been used to evaluate
the efficacy of post-natal treatments to reverse the cerebral palsy
phenotype [117]. Rabbits are ideal for studying postnatal effects
of PTB on offspring, as kits can often survive, despite being deliv-
ered prematurely. However, rabbits are significantly more expen-
sive than rodents, while still exhibiting significant differences to
human gestation and parturition [104].

Mice, with short gestational periods, easily manipulated gen-
omes, and low cost have been used to study PTB since the 1940s
[118]. During murine gestation, progesterone is maintained via the
corpora lutea and declines as parturition approaches [104]. It has
been shown that progesterone metabolizing enzymes are increased
at the time of murine parturition in both the cervix and the uterus
[119–121]. Models of progesterone withdrawal have been used to
study how premature labor differs from term labor in mice.
RU486, or mifepristone, is a competitive progesterone antagonist
that binds ~5x more strongly to the progesterone receptor than
endogenous progesterone [122]. RU486 has been shown to induce
PTB in pregnant dams, within 48 h of a subcutaneous (subQ) injec-
tion [123]. Previous studies demonstrated that the RU486 induced
PTB phenotype was not reversible using exogenous vaginal proges-
terone in rats, suggesting themodelwouldnot be suitable for testing
therapies for the prevention of PTB [124]. However, our group has
shown that by lowering thedose of RU486, vaginal progesterone for-
mulations can be screened for efficacy in PTB prevention [52].

The first model of inflammation-induced PTB in mice used
intraperitoneal (IP) injections of gram negative bacteria to induce
premature delivery [118]. IP endotoxin injections in mice mimic
systemic maternal inflammation, and cause fetal inflammatory
response syndrome [125–128]. In order to cause the intrauterine
inflammation that is more representative of most human cases of
inflammation-induced PTB, heat-killed E. coli was injected distally
into the right uterine horn of pregnant mice [125]. This model
helped to reveal the role of tumor necrosis factor-a, interleukin-
1a and �1b, and cyclooxygenase-2 in inflammation-induced PTB
[125,126]. In 2003, the mouse intrauterine inflammation model
was adjusted, replacing heat-killed E. coli with a single injection
of LPS proximal to the cervix to induce PTB [128]. LPS provided a
more reliable and reproducible PTB induction than heat-killed
E. coli. The single proximal injection (SPI) model has been used in
many studies [128–134] and has led to better understanding of
the roles of platelet-activating factor and toll-like receptor 4
[128], the interleukins [134], chemokines [135], as well as changes
in the cervix and myometrium [123,135–137]. Most previously
published studies have shown that in order to induce 90–100%
PTB, an injection of 250 mg of LPS is required [138], though PTB
responses varies with the bacterial source [139]. It should also be
noted that LPS potency varies between lots, so experiments should
be done using a single lot of LPS to reduce variability in results.
Recently, our group published an adapted model of
inflammation-induced PTB that involves two distal injections,
one given in each horn (double distal injection, DDI) [140]. Using
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the DDI approach, we observed reduced leakage of the injected
fluid out of the vaginal canal and more uniform intrauterine distri-
bution, resulting in increased and more reproducible PTB rates.
Using this double distal injection (DDI) model, we observed 90%
PTB induction with a 20 mg LPS dose [140].

In addition to intrauterine LPS injection models, several studies
have been done to isolate factors which may contribute to PTB. FFN
(discussed as a risk factor for PTB in Section 2.1) was injected into
the uterine horn of mice, causing 78% of dams to deliver prema-
turely [29], highlighting the protein’s biological activity in vivo.
As mentioned in Section 2.2, the vaginal microbiome has been
associated with pregnancy outcomes. To identify the role of speci-
fic vaginal microbes, various studies have investigated how BV-
associated bacteria affect murine female reproductive tract tissues
and pregnancy outcomes [141]. In non-pregnant mice, it has been
shown that G. vaginalis can colonize and recapitulate a BV-like
state in the mouse vagina [142]. In a group of nine dams, vaginal
colonization with G. vaginalis caused 100% PTB within 48 h [54].
While this was not directly compared to a L. crispatus control, the
sugar water control group showed no PTB [54]. G. vaginalis colo-
nization was associated with an increase in IL-6 in both the vaginal
lavage fluid and amniotic fluid from these dams [54]. Similar to
what was observed in the in vitro studies, soluble E-cadherin was
increased in the vaginal lavage fluid from these mice, indicating
that G. vaginalis may disrupt cervical barrier function, allowing
for uterine ascension [54]. More recently, it was demonstrated in
a murine model that vaginally administered E. coli ascended into
the uterine horns of pregnant dams [143]. This study compared
ascension, PTB rates, and cytokine expression for different strains
of E. coli, with the most pathogenic strain inducing 60% PTB induc-
tion. Pups from dams infected with the non-pathogenic strain of
E. coliwere more likely to suffer from neuroinflammation and brain
injury, although this is likely a result of increased fetal death in the
pathogenic cohort [143]. The E. coli ascension model closely mim-
ics the proposed pathway of intrauterine infection from vaginal
bacteria in humans. The various murine models discussed here,
and elsewhere [103,104,144], can be leveraged to probe mecha-
nisms that contribute to PTB or characterize relative treatment effi-
cacy. For example, it may be more appropriate to use the RU486
model when comparing the efficacy of different progesterone for-
mulations, while it may be more informative to use the DDI model
to study compounds with potentially anti-inflammatory action.

Intrauterine inflammation is highly associated with fetal brain
injury [145]. Commonly used PTB models have been adapted to
understand how this intrauterine inflammation can lead to
neuro-deficits in offspring [127,146,147]. Damage from inflamma-
tion takes time, and even instances of intrauterine inflammation
and infection that do not result in PTB can result in fetal brain injury
[127,146,147]. Additionally, therapies that alleviate inflammation
and prevent PTB must also be capable of preventing fetal neurolog-
ical damage. Using lower doses of endotoxin that do not induce PTB,
it has been shown that intrauterine inflammation leads to oligoden-
drocyte and neuronal death and/or activation of microglia and
astrocytes [127,146,147]. Neuroinflammation of this nature has
been highly associated with autism spectrum disorder (ASD) and
periventricular leukomalacia (PVL) in humans, and manifests as
developmental and behavioral delays in pups compared to sham
controls [147]. To quantify these neuro-deficits in mice, many
groups utilize behavior and motor development tests, as well as
histology and sequencing approaches. These studies are discussed
in further detail in several well written reviews [103,127,148].

4.2. New drugs for prevention of PTB

Many preclinical studies have explored therapeutic mechanisms
of clinical and novel drug candidates. Studies have ranged from
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in vitro work investigating myometrial cell contraction [149], to
in vivo drug testing in animal models [150], to modeling techniques
for drug repurposing [151]. As scientists explore new therapies for
the prevention of PTB, it is especially important to evaluate potential
teratogenicity. Fig. 4 gives a summary of drugs and drug delivery for-
mulations used in preclinical studies for the prevention of PTB.
4.2.1. Progesterone
As discussed in Section 3.1, Makena is an intramuscular injec-

tion of the synthetic progestin 17-OHPC. Makena remains the only
FDA approved therapy for the prevention of PTB. However, its
recent performance in confirmatory trials has made its use contro-
versial. Crinone, a vaginal progesterone gel, has failed to gain FDA
approval for the prevention of PTB due to heterogeneous response
rates observed in trials across various populations. One hypothesis
for the lack of success seen in these progesterone-based therapies
is rooted in the differential action of progesterone based on proges-
terone receptor (PR) expression. PRs have two predominant iso-
forms: PRA and PRB [152,153]. PRB is thought to promote the
anti-inflammatory action of progesterone, while PRA promotes
the hormone’s pro-inflammatory action [154]. In human preg-
nancy, endogenous levels of progesterone are constantly increas-
ing until the point of parturition [104]. While humans do not
experience a decline in systemic progesterone concentrations to
trigger labor like many animal species, it is hypothesized that
humans undergo a functional progesterone withdrawal in the
weeks leading up to labor, partially facilitated by the weaker bind-
ing of progesterone to PRA [155]. As pregnancy progresses, PRA
becomes more dominant, and decreases the stability of PRB, lead-
ing to a more pro-labor state [154,155]. PRA has been shown to
increase connexin 43 expression and promote the formation of
gap junctions in immortalized humanmyometrial cells. The forma-
tion of gap junctions leads to contractions, and an increase in con-
nexin 43 in myometrial tissue has been shown to precede labor in
humans [156]. It has also been shown that pro-inflammatory stim-
uli can increase levels of PRA, while concurrently decreasing levels
Fig. 4. A summary of drug candidates and formulations used in recent clinical and pre
mechanisms and optimal formulations to best prevent PTB.
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of PRB [157,158]. Based on these results, groups have devoted
efforts to identifying molecular targets that are capable of promot-
ing the expression and anti-inflammatory action of PRB [152,153].

Selective progesterone receptor modulators (SPRMs) compete
with progesterone for binding to the PR, inducing either agonist
or antagonist activity [152]. Although clinically some SPRMs are
used for pregnancy termination [159], the antagonistic nature of
PRA and PRB suggests isomer targeted SPRMs may show promise
for the prevention of PTB. Some non-steroidal SPRMs have been
shown to inhibit phosphorylation of serine residues 344 and 345
on PRA (pSer344/345-PRA) [160]. PRA phosphorylation leads to a
decrease in the anti-inflammatory properties of progesterone,
and is increased in the laboring myometrium. Recent efforts have
designed compounds to prevent serine-344 and -345 phosphoryla-
tion, thus promoting the anti-inflammatory properties of proges-
terone [152]. Further work should be done to investigate the
potential of SPRM compounds using in vivo models of PTB.

Another class of compounds that has been shown to affect the
PR ratio is histone deacetylase (HDAC) inhibitors. Trichostatin A
(TSA), a pan-HDAC inhibitor, was shown to delay normal labor in
mice when administered as an IP injection [161]. Western blotting
and qRT-PCR were used to quantify acetylation levels and histone
acetyl transferase (HAT) activity in laboring human myometrial
samples ex vivo. After ex vivo exposure TSA, human myometrial
samples showed a measurable decline in both acetylation levels
and HAT activity, which could play a role in maintaining PR func-
tion [161]. More recently, a study showed that in an ex vivo culture,
TSA promoted PRB expression in human myometrial samples
[158]. Based on these results, our group demonstrated that vaginal
administration of TSA in combination with progesterone was able
to prevent inflammation-induced PTB [150]. Further discussion on
these results can be found in Section 4.3.2.
4.2.2. Tocolytics
Term human labor is inherently a pro-inflammatory process,

and thus, intrauterine inflammation triggers premature myome-
clinical PTB prevention studies. Further work should be done to understand drug
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trial contractility [162]. Indeed, while some cervical remodeling is
common in the days and weeks prior to normal term labor [163], it
is the onset of uterine contractions that indicates labor has initi-
ated. Women who present as being in an active state of premature
labor receive off-label tocolytics orally, sublingually, subcuta-
neously, or intravenously to slow contractions. However, these
tocolytic treatments are only administered once active labor has
begun, and typically only delay birth for up to a few days
[164,165]. Tocolytics target the smooth muscle layer of the uterus
(myometrium) to slow contractility and delay delivery. For these
reasons, there is interest in using tocolytics as prevention for
PTB. However, in order for tocolytics to be effective as prophylaxes,
they must suppress myometrial contractions and inflammation to
delay delivery and prevent fetal injury [166]. Cyclooxygenase
(COX) inhibitors block prostaglandin synthesis and inhibit contrac-
tions. Indomethacin is used to stop premature contractions and
prolong gestation on a short timescale (48 h), but may cause
adverse fetal outcomes [167]. Calcium channel blockers relax
smooth muscles and prevent contractions. In the case of PTB,
nifedipine has shown promising efficacy, but with increased
maternal side effects, including nausea and vomiting [168]. Mag-
nesium sulfate (MgSO4) can decrease contractions by preventing
calcium influx into smooth muscle cells and/or binding to calcium
storage sites, thereby decreasing frequency of smooth muscle
depolarization [169]. Additionally, MgSO4 has been shown to pro-
tect against fetal brain injury, including cerebral palsy [170]. While
various studies failed to show the benefit of MgSO4 in decreasing
rates of PTB, both preclinical and clinical studies have shown its
benefit as a neuroprotective agent [171]. Preclinical animal studies
have shown that MgSO4 may help to maintain typical neuronal
morphology in the presence of inflammation [129]. In vitro studies
have shown that MgSO4 can block IL-1b-mediated inflammation in
human umbilical vein endothelial cells [172]. Endothelial cell dys-
function plays a role in both PTB and neonatal brain injury, so these
results support the potential benefit of MgSO4 in the context of
maintaining pregnancy. A 2017 study revealed that both human
and mouse myometrial cells express bitter taste receptors, and that
activation of these receptors can lead to muscle relaxation [173]. In
both human and murine myometrial tissues, the bitter tastant
chloroquine (ChQ) was able to stop ex vivo contractions. Addition-
ally, ChQ significantly prevented inflammation-induced PTB after
an IP injection of LPS, as well as PTB due to progesterone with-
drawal after a subQ injection of RU486 [173]. The novel use of bit-
ter tastants could provide a more targeted approach to PTB
prevention.

4.2.3. Anti-inflammatory agents
Inflammation accounts for 20–25% of premature deliveries, and

thus, there have been numerous preclinical efforts aimed at sup-
pressing inflammation that may lead to PTB [1]. The anti-
inflammatory effects of N,N-dimethylacetamide (DMA), an organic
solvent used as a pharmaceutical excipient, were recently shown in
a murine model of PTB induced via an IP LPS injection [174]. With
an 88% PTB induction rate after an IP LPS injection, systemically
administered DMA prevented PTB in a dose-dependent manner
[174,175]. Treatment with DMAwas shown to suppress infiltration
of inflammatory cells into the placenta, and increase IL-10 for anti-
inflammatory action [175]. The mechanism of action of DMA is
thought to be based on the inhibition of NFjB and bromodomain
proteins [175]. Further work is needed to understand the potential
effect on offspring from dams treated with DMA. Other studies
have investigated the potential repurposing of anti-inflammatory
drugs for the prevention of PTB. Simvastatin is a statin which is
used to lower cholesterol and prevent heart disease [166]. Its
anti-inflammatory and anti-oxidative stress properties have the
potential to be beneficial in the context of PTB. While Simvastatin
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did not significantly reduce PTB induction in a mouse model, it did
significantly downregulate pro-inflammatory cytokine expression
in mouse uterine tissue and in human myometrial cells in vitro
[166]. Melatonin has also been investigated for its ability to pre-
vent PTB and fetal neuro-deficits [176]. The anti-inflammatory
properties of melatonin have been shown to inhibit LPS-induced
fetal death and pre-eclampsia in mice [177]. In a murine model
of inflammation-induced PTB induced via an IP injection of LPS,
pretreatment with an IP injection of melatonin significantly
decreased pro-inflammatory cytokine expression in the myome-
trium, placenta, and fetal brain [176]. PTB, defined as delivery prior
to gestation day 18.5, was significantly prevented by IP melatonin
injection compared to the untreated control group [176]. While
more work needs to be done to better understand this potential
therapy, the preliminary results are promising.

LPS has been shown to induce PTB in various preclinical models,
as discussed in Section 4.1 of this review. LPS stimulates toll-like
receptor 4 (TLR4), and in the context of PTB, TLR4 has been shown
to be a driver of pathways that result in premature delivery [178].
Recent work has shown that TLR4 antagonists have the potential to
suppress the inflammatory response that leads to PTB and fetal
death. Pregnant dams were challenged with an IP injection of
LPS, and IP injection with naloxone prevented PTB in 100% of ani-
mals [179]. While pups were delivered live, naloxone treatment
did not correct the decreased fetal:placental weight ratio (indica-
tive of placental efficiency) observed after LPS challenge [179].
Treatment with IP naloxone was able to rescue PTB caused by
intrauterine E. coli, and significantly decrease placental pro-
inflammatory cytokine expression [179]. Naltrexone, another
TLR4 antagonist, was shown to protect against PTB in a model of
sterile inflammation induced by carbamyl-platelet-activating fac-
tor (cPAF) [180]. cPAF has been shown as a key mediator of PTB,
activating both the myometrium and cervix. Naltrexone modestly
suppressed pro-inflammatory markers in both maternal and fetal
tissues, however it was effective in preventing PTB [180]. Further
supporting the role of TLR4, cPAF induced PTB in wild-type mice,
but not in TLR4-knockout mice [180]. Rosiglitazone, a peroxisome
proliferator-activated receptor c (PPARc) agonist, was shown to
impact the TLR4 pathway by downregulating the pro-
inflammatory cytokines expressed as a result of TLR4 activation
[181,182]. Using rosiglitazone to activate PPARc reduced PTB rates
in mice, induced via IP LPS [181]. PPARc is essential for proper pla-
cental function, and in humans, PPARc expression was shown to
differ between children born at term and those born prematurely
[183,184]. The potential of TLR4 targeting for the prevention of
PTB is promising, however further studies must be done to under-
stand the effect of these treatments on fetal health and neurologi-
cal development.

4.2.4. High throughput screening for PTB prophylaxes
Various tools have been utilized to identify potential therapeu-

tics for PTB prevention. Computational drug repositioning uses
data on known therapies to identify new potential uses [151].
High-throughput screening utilizes gene expression profiles to
identify drug candidates that may be able to reverse gene expres-
sion associated with PTB [151]. Publicly available in vitro gene
expression profiles of various human cell lines in response to drug
treatment have been utilized to identify potential therapies for
PTB. Lansoprazole was identified, and in a murine model of
inflammation-induced PTB induced by IP LPS on gestation day
12.5, an IP injection of lansoprazole showed a significant increase
in fetal viability compared to the control group [151]. As more
datasets become publicly available, including those characterizing
epigenetic changes in murine tissue during term and preterm labor
[185], computational approaches may be increasingly useful in aid-
ing drug discovery efforts. Another computational approach
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included screening drugs for action in labor specific pathways
using automated systems. In a screen of 2,727 small molecules,
potent Ca2+-release inhibitors were identified as potential thera-
pies to prevent uterine contractions. Top candidates were chosen
based on their ability to effectively inhibit contractions in murine
myometrial tissue ex vivo [186]. High-throughput and computa-
tional screening techniques will continue to be useful in identify-
ing repurposed and novel therapies for prevention of PTB.

4.3. New delivery systems for prevention of PTB

Drugs can only exert their therapeutic effect if they reach the
intended site of action at therapeutically relevant concentrations.
While the oral and systemic routes are the most common
approaches for drug administration, drugs encounter numerous
biological barriers before reaching the intended site of action in
the reproductive tract [187]. For this reason, researchers have
developed novel nanomedicine-based drug delivery systems for
more targeted and sustained drug delivery. In addition, various
routes of administration have been explored in combination with
drug delivery systems to further enhance drug accumulation in
the reproductive tract, thereby increasing therapeutic efficacy
while minimizing off-target side effects.

4.3.1. Systemic therapies for PTB prevention
Systemic therapies are administered for a variety of indications.

Makena, for example, is given clinically as an intramuscular injec-
tion. In these cases, free drug entering systemic circulation must
Fig. 5. Drug administration during pregnancy is altered due to changes in maternal
formulations, and dosing regimens for PTB prevention.
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travel through ~10,000 miles of vasculature before reaching the
intended site of action [188]. This often leads to low drug concen-
trations in target cells and tissues, as well as undesirable systemic
side effects. Additionally, the biodistribution and clearance of sys-
temically administered therapies are altered during pregnancy
(Fig. 5) [189]. These physiological changes impact the way that a
drug is absorbed into, distributed throughout, metabolized within,
and eliminated from the body. During pregnancy, drug absorption
is impacted by gastric emptying and small intestine motility,
resulting in a decrease in peak plasma concentration, as well as a
reduction in the time at which peak plasma concentration occurs
[190]. Vomiting and nausea are common during pregnancy, which
is a practical consideration regarding oral drug absorption that
may require careful scheduling on a patient-by-patient basis
[190]. During pregnancy, total body water can increase up to 8 L,
increasing the volume of distribution for hydrophilic drugs, which
can affect plasma concentrations [190]. The increase in water
induces hemodilution, decreasing the total plasma concentration
of albumin bound drugs [189]. This decrease, in conjunction with
placental hormones that displace drugs from protein binding sites,
creates a rise in active drug concentration that would normally be
albumin bound [190]. However, an increase in estrogen and pro-
gesterone induce the production of cytochrome P450 (CYP)
enzymes, promoting a higher rate of drug metabolism [190].
Increased metabolism and clearance could cause subtherapeutic
concentrations [189]. It is critical to take pregnancy-related
changes into consideration in the development of novel therapies
for PTB prevention. For more detailed reviews of routes of drug
physiology. These changes must be taken into account when considering drugs,
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administration and pharmacokinetics in pregnancy, please see the
related articles in this special issue.

In order to avoid challenges associated with systemically
administered therapies, groups have engineered targeted drug
delivery platforms to enhance drug uptake in the female reproduc-
tive tract. Targeted liposomes have been used to systemically deliver
tocolytics to the uterus (Fig. 6) [149]. In this study, liposomes were
formulated with 1,2-distearoyl-sn-glycero-2-phosphocholine (DSPC)
and cholesterol, with 1,2-distearoyl-sn-glycero-3-phospho-ethanola
mine-N-[maleimide (polyethylene glycol)-2000] (DSPE-PEG(2000)
maleimide) as a coupling lipid. Liposomes were functionalized with
an oxytocin receptor antibody to target the myometrium. Particles
were loaded with tocolytics, including nifedipine, salbutamol, indo-
methacin, and rolipram. The liposomes were 200 nm in size, with
approximately 4 mg/mL drug loading. Targeted liposomes dimin-
ished contractions in human myometrial tissue ex vivo [149]. In vivo,
targeted liposomes were shown to selectively target the uterus,
whereas the non-targeted liposomes did not. Additionally,
indomethacin-loaded targeted liposomes significantly decreased
PTB induced via IP LPS in mice [149]. Further work should be done
to investigate the use of targeted liposomes to deliver other thera-
peutics, as well as their ability to prevent premature deliver in more
robust models of PTB.

Exosomes are cell-derived nanoparticles that carry enzymes,
immune signals, and nucleic acids between cells and tissues.
Recently, work has been done to characterize exosomes, under-
stand their biological function, and to engineer semi-synthetic exo-
somes as drug delivery vehicles based on their high
biocompatibility. In the context of PTB, it was recently shown that
circulating exosomes isolated from E18 dams induced PTB when
injected into E15 dams [191]. This suggests that exosomes play
an important role in maintaining pregnancy and signaling for the
timing of parturition. In a follow-up study, HEK293T cells were
transfected to produce exosomes ranging in size from 30 to
150 nm and containing an NFjB-inhibitor, super-repressor (SR)
IjB [192]. In a mouse model of IP LPS injection on E15, systemic
administration of the SRIjB exosomes delayed preterm labor by
Fig. 6. (A) Schematic of oxytocin receptor targeted liposome structure. (B) Fluorescent
liposomes were transported to the liver, whereas systemically delivered oxytocin recep
mouse uterine tissue after systemic administration of (C) oxytocin receptor (OTR)-target
OTR-targeted SAL-loaded liposomes. The effects of the OTR-targeted SAL-loaded liposo
permission from Paul, et al. [149]
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~36 h [192]. More work should be done to understand where exo-
somes are produced, how their signaling contributes to birth out-
comes, and the optimal route of administration for the most
successful birth outcomes.

Hydroxyl polyamidoamine (PAMAM) dendrimers have been
delivered intravenously for the prevention of PTB and fetal neuro-
logical deficits. Dendrimers are monodisperse, soluble, flexible
nanoparticles with a hyperbranched structure that allows for con-
jugation of therapeutic and imaging agents [193,194]. Dendrimers
have been successfully used to treat a variety of disease indica-
tions, improving drug stability and reducing toxicity [195–197].
PAMAM dendrimers are taken up by activated macrophages and
have been shown to reduce inflammation in a rabbit model of cere-
bral palsy [116,198]. Building upon this work, a dendrimer-N-
acetyl-L-cysteine (DNAC) conjugate was tested in a murine model
of PTB induced via SPI of LPS. DNAC was shown to localize in the
uterus and placenta (Fig. 7) and provided a modest reduction in
PTB rates [198]. Importantly, DNAC treated animals showed signif-
icant suppression of CD8+ T cells in the placenta and significantly
improved markers of neurodevelopment via phenotypic behavioral
analyses as compared to the LPS only group [198]. DNAC is cur-
rently undergoing clinical trials for post-natal treatment of child-
hood chronic adrenoleukodystrophy, and the preclinical work
described here suggests that DNAC could be have benefits in the
perinatal period, as well. Additional work is being done utilizing
dendrimers as a targeted delivery vehicle for intra-amniotic drug
administration [199]. For further information describing therapies
for maternal and neonatal health, see a related article describing
targeted drug delivery approaches in this special issue.

4.3.2. Vaginally administered formulations
Vaginal drug delivery is optimal for targeting the female repro-

ductive tract [200]. Local delivery can increase drug concentration
in local tissue, while decreasing unwanted, off-target side effects
[200]. However, as discussed in Section 2.2, the vaginal mucus
environment serves as a primary barrier to unwanted pathogens
and infections, simultaneously acting as a barrier for effective vagi-
detection of in vivo liposome biodistribution. Systemically delivered non-targeted
tor-targeted liposomes were transported to the uterus. (C-E) Contraction traces for
ed, drug-free liposomes, (D) salbutamol (SAL) loaded non-targeted liposomes, or (E)
mes was reversed after tissue washing and contractions resumed. Reprinted with



Fig. 7. Ex vivo fluorescent imaging and immunohistochemistry to monitor trafficking of Cy5-labeled dendrimer (DCy5). On embryonic day 17 (E17), pregnant CD-1 dams
were given intrauterine injections of LPS or PBS. DCy5 (10 mg/kg) was administered intraperitoneally 1 h later. After 6 h, uterus and embryos were isolated, imaged to
monitor the fluorescent signal from DCy5, and prepared for histochemical verification. (A) Histochemistry confirmed the presence of DCy5 in the maternal side of the
placenta. (D) DCy5 was present in the fetal tissue of the placenta, but was restricted to the yolk sac membranes. The presence of DCy5 in the yolk sac increased with LPS
exposure. Images are 40 � magnifications, and scale bars represent 50 lm. Reprinted with permission from Lei, et al. [198]
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nal drug delivery. CVM pore structure, further discussed in several
other reviews [39,200], sterically hinders large particles (300–
500 nm) and prevents them from reaching the underlying epithe-
lium. Additionally, mucin proteins are decorated with electrostatic
and hydrophobic regions that lead to adhesive interaction with
virions and charged particles. Our group and others have devel-
oped nanoparticle coatings engineered to be non-adhesive to
mucus (mucoinert) to improve drug delivery to mucosal surfaces
[201]. Furthermore, the physiology and structure of the vaginal
epithelial surface limits effective drug delivery [201,202]. Our
group has previously demonstrated that water absorption induced
by hypotonic vehicles increases the distribution of mucoinert
nanoparticles over the vaginal and ectoocervical epithelia for
enhanced drug absorption [52,203]. We have demonstrated that,
in order to effectively penetrate the vaginal mucus barrier, parti-
cles should be ~200 nm in size, have a net neutral surface charge
(f-potential), and be delivered hypotonically.

Mucoinert nanosuspensions are a promising drug delivery plat-
form, allowing for both tissue targeting and optimized local deliv-
ery of hydrophobic drugs. Our group has utilized nanosuspension
(NS) technology to vaginally deliver hydrophobic drugs to dams
in several preclinical PTB models. A bead-based wet milling
approach was used to mill hydrophobic drugs in the presence of
Poloxamer 407 in water [52]. Poloxamer 407 is a block copolymer
comprised of a hydrophobic polypropylene glycol core, with
hydrophilic polyethylene glycol (PEG) arms. During the wet milling
process, the hydrophobic core of the polymer is adsorbed onto the
hydrophobic drug, and the NS are stabilized in solution by the
hydrophilic PEG arms of the polymer. Wet milling is a scalable
approach to NS formulation, and is tunable to optimize size and
particle surface coating [52,204]. We used the wet milling
approach to develop a mucoinert progesterone NS formulation
~250 nm in size with a f-potential of �2 mV and an osmolality
of ~20 mOsm/kg [52]. The formulation contained 80 mg/mL pro-
gesterone in water with 2% Poloxamer 407. We first tested this for-
mulation in a murine model of progesterone withdrawal via RU486
subQ injection [52]. In this study, we compared equivalent daily
vaginal doses of Crinone gel (8% micronized progesterone) and
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our engineered mucoinert progesterone NS. We observed that
the progesterone NS was more effective than Crinone gel in pre-
venting PTB due to subQ RU486 injection [52]. When investigating
drug uptake in the female reproductive tract, we observed the NS
delivered significantly more drug to the cervix and uterine tissue
than Crinone (Fig. 8). Increased drug absorption provided by the
NS was attributed to being small enough to fit through the pore
size of mucus, avoiding adhesive interactions with mucus proteins,
and the use of a hypotonic vehicle to increase drug distribution and
uptake in the vagina. We further compared markers of cervical
remodeling and uterine contractions, and demonstrated that both
the NS and Crinone groups decreased gene expression related to
cervical remodeling, compared to that observed in the RU486
group [52]. Similarly, both treatments were able to prevent colla-
gen remodeling, as observed in the RU486 group. However, when
measuring relative gene expression of inflammatory cytokines in
the myometrium, the Crinone gel caused an increase in IL-6, IL-
1b, and COX-2 expression. We hypothesize that this was due to
the hypertonic gel formulation that causes tissue injury, which also
explains histological observations of decreased mucus production
and cell apoptosis in cervical tissue from the Crinone group
(Fig. 9) [52]. Together, this suggests that Crinone was not opti-
mized for vaginal drug absorption, retention, and safety
[201,202,205,206], which could contribute to limited and varied
efficacy in clinical trials.

In recent work, we sought to prevent inflammation-induced
PTB in our DDI model [140,150]. Previous studies had reported a
modest delay of PTB using systemic progesterone administration
in the context of inflammation. We hypothesized that a vaginal
progesterone NS would increase drug levels in the female repro-
ductive tract, and be able to effectively reduce the incidence of
PTB in the DDI model [52]. However, we observed that proges-
terone alone failed to prevent PTB (Fig. 10) [150]. As discussed in
Section 4.2.2, we hypothesized that this lack of efficacy could be
attributed to the differential action of progesterone mediated by
the progesterone receptors. HDAC inhibitors have been shown to
promote a decreased PRA/PRB ratio, indicative of an anti-
inflammatory state. Thus, we formulated trichostatin A (TSA) and



Fig. 8. Area under the curve (AUC) in plasma, cervix, proximal uterus, and distal uterus for up to 6 h (AUC0–6) and over 24 h (AUClast) after a single vaginal dose of Crinone gel
(‘‘Gel”, black bars) or an equivalent dose of progesterone nanosuspension (‘‘NS”, white bars) administered to healthy pregnant mice on embryonic day 15 (E15). Data is
presented as average ± SE for n = 4–5 mice per time point. * p < .05, ** p < .01, *** p < .001. Reprinted with permission from Hoang, et al. [52]
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suberoylanilide hydroxamic acid (SAHA) into muco-inert NS [150].
Both formulations were ~200 nm in size, had a net neutral f-
potential, and were delivered in a hypotonic solution. We observed
that, when dosed vaginally along with progesterone,
inflammation-induced PTB was significantly prevented, resulting
203
in live, neurotypical offspring. Interestingly, we did not see a sim-
ilar prevention when the same drug combination was adminis-
tered via intraperitoneal injection [150]. Furthermore, we
observed that the same concentration of drug that prevented PTB
in our murine model was able to prevent contractions in an



Fig. 9. Cervical tissue sections stained with (A) mucicarmine to visualize mucus and (B) hematoxylin & eosin (H&E) to examine cell/tissue histology. 12 h after vaginal gel
(Crinone) dosing, there was a marked decrease in the amount of secreted mucus and evidence of cell apoptosis (marked in images with black arrowheads). The cervical
changes observed with vaginal gel treatment were not evident in healthy E15 mice, RU-486 treated E15 mice injection, healthy E19 mice, or in NS treated E15 mice. Images
are representative of n = 6 total mice from 2 replicates (mucicarmine) and n = 3 mice (H&E) per group. Scale bars = 50 lm. Reprinted with permission from Hoang, et al. [52]
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Fig. 10. (A) In an adapted model of inflammation induced PTB, neither Crinone nor Makena were able to prevent PTB. (B) In the same model, a combination of vaginal
nanosuspensions of progesterone and trichostatin A were able to prevent PTB, whereas an intraperitoneal injection of the same drugs did not prevent PTB. (C) In an in vitro
model, the same concentrations of progesterone and trichostatin A that prevented PTB in mice, prevented human myometrial cell contractions. Reprinted with permission
from Zierden, et al. [150]
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in vitro model of human myometrial cell contraction (Fig. 10)
[150]. By more effectively delivering drug to the female reproduc-
tive tract, we were able to highlight a potential mechanism of PTB
involving the action of progesterone in vivo. Vaginally delivered
nanomedicines may be useful for better understanding drug action
in the context of pregnancy and PTB in future studies.

To remove the need for daily vaginal progesterone administra-
tion, an ethylene-vinyl acetate ring was developed to release sim-
ilar daily amounts of progesterone as contained in vaginal gels (4
or 8 mg) [207]. The vaginal ring, which was inserted in the sheep
vagina for two weeks, maintained similar progesterone blood
levels as once-daily administrations of Crinone 8% progesterone
gel (90 mg) or Prometrium progesterone tablets (200 mg) [207].
There were no visible signs of irritation or inflammation as a result
of the vaginal ring [207]. A solid self-nanoemulsifying vaginal
tablet containing medium chain triglycerides and Kolliphor HS15
was developed to provide sustained release of 17-OHPC [208].
While the tablet provided increased dissolution of 17-OHPC com-
pared to free drug in simulated vaginal fluid, it did not prevent
PTB in a murine model of inflammation-induced PTB via IP injec-
tion of LPS on gestation day 15.5 [208]. As discussed above, proges-
terone receptor expression could play a role in the therapeutic
effect of progestins in the context of inflammation. Sphingosine
kinase (SphK) inhibitors were formulated as a similar solid self-
nanoemulsifying vaginal tablet formulation for prevention of PTB
[209]. Previous studies showed that inhibition of SphK via systemic
injection led to significant prevention of PTB induced via an IP
injection of LPS in mice [210]. In the same murine model, the SphK
inhibitor vaginal tablet significantly prevented PTB [210]. Future
studies should seek to analyze changes to cervical and myometrial
gene expression as a result of the SphK formulations. Electrospun
nanofibers have been used for vaginal drug administration due to
their high surface-area to volume ratio, the tunability of drug
release, and their ease of mass production [211,212]. Progesterone
loaded nanofibers made of polyethylene glycol and car-
boxymethylcellulose were engineered using pressurized gyration
for a maximum drug loading of 25% by weight. Analysis of the
release profile compared to Cyclogest, a progesterone loaded pes-
sary, revealed progesterone release over a time period of hours,
which was comparable to Cyclogest [213]. Further studies are
needed to determine the therapeutic potential of vaginal proges-
terone nanofibers.

5. Conclusions and future perspectives

Preterm birth (PTB) is a global issue, yet screening tools and
prophylactic treatment options are limited. It was recently recom-
mended that the FDA withdraw the approval of the only product
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approved for PTB prevention. Over the last several decades, multi-
disciplinary efforts have led to the development of animal models
of PTB, in vitro and computational drug screening approaches, and
novel nanomedicine-based formulations for PTB prevention. Drug
formulation and the route of administration are key components
that require further attention in both preclinical and clinical PTB
studies. Our group has recently highlighted the need for drug deliv-
ery that effectively targets the female reproductive tract while also
preserving the homeostasis of the vaginal environment. Enhancing
drug delivery to target cells and tissues allows for better character-
ization of molecular mechanisms that may contribute to PTB.
Future studies should continue to employ rationally designed for-
mulations that enhance pharmacokinetics and pharmacodynamics
of novel therapeutics, while paying close attention to safety and
off-target side effects. Through continued collaborative efforts,
the scientific community will surely make an impact on preterm
birth and gestational outcomes.
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