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ABSTRACT The vaginal microbiome composition in humans is categorized based
upon the degree to which one of four species of Lactobacillus is dominant (Lactobacillus
crispatus, community state type I [CST I], Lactobacillus gasseri, CST II, Lactobacillus iners,
CST III, and Lactobacillus jensenii, CST V). Women with a vaginal microbiome not domi-
nated by one of the four Lactobacillus species tend to have a more diverse microbiome,
CST IV. CSTs I, II, III, and V are common in North America and Europe and are associated
with lower incidences of some pathogens, such as human immunodeficiency virus (HIV),
human papillomavirus (HPV), and Gardnerella vaginalis. As a result, therapeutic interven-
tions to change the composition of the vaginal microbiomes are under development.
However, Homo sapiens is the only mammalian species which has high frequencies
of Lactobacillus-dominated vaginal microbiomes. Here, we treated female nonhuman pri-
mates (NHPs) with regimens of metronidazole and high levels of L. crispatus to deter-
mine how well these animals could be colonized with L. crispatus, how this influenced
the immunological milieu, and how Lactobacillus treatment influenced or was influenced
by the endogenous vaginal microbiome. We find that NHPs can transiently be colonized
with L. crispatus, that beta diversity and not the number of doses of L. crispatus or pre-
treatment with metronidazole predicts subsequent L. crispatus colonization, that L.
crispatus does not alter the local immunological milieu, and that the vaginal microbiome
composition was resilient, normalizing by 4 weeks after our manipulations. Overall, this
study suggests these animals are not amenable to long-term L. crispatus colonization.

IMPORTANCE NHPs have proven to be invaluable animal models for the study of many
human infectious diseases. The use of NHPs to study the effect of the microbiome on
disease transmission and susceptibility is limited due to differences between the native
microbiomes of humans and NHPs. In particular, Lactobacillus dominance of the vaginal
microbiome is unique to humans and remains an important risk factor in reproductive
health. By assessing the extent to which NHPs can be colonized with exogenously
applied L. crispatus to resemble a human vaginal microbiome and examining the effects
on the vaginal microenvironment, we highlight the utility of NHPs in analysis of vaginal
microbiome manipulations in the context of human disease.
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The composition of the human vaginal microbiome is categorized into community
state types (CSTs) based on the abundance of particular Lactobacillus species (1, 2).

Lactobacillus-dominant vaginal microbiomes are of low alpha diversity and are domi-
nated by one of four particular species: Lactobacillus crispatus (CST I), Lactobacillus gas-
seri (CST II), Lactobacillus iners (CST III), or Lactobacillus jensenii (CST V). Women with
vaginal microbiomes comprised of more diverse bacteria are classified into a separate
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CST (CST IV). CST IV has higher proportions of anaerobic bacteria, including Gardnerella
vaginalis, Prevotella spp., Mobiluncus spp., and several Clostridium species. Due to high
species and within-species diversity, this CST can be further divided into several dis-
tinct CSTs by some analyses (2).

CSTs have been implicated in numerous diseases. Women with the polymicrobial
CST IV are at higher risk of developing bacterial vaginosis (BV) than women with CST I
(1, 3). Additionally, epidemiological data indicate that women with Lactobacillus-defi-
cient vaginal microbiomes acquire some sexually transmitted infections (STIs), includ-
ing human immunodeficiency virus (HIV), at higher rates than those with Lactobacillus-
dominant CSTs (4). The mechanisms by which Lactobacillusmay protect against vaginal
dysbiosis and infection are both host and microbe directed. Lactobacilli may promote
vaginal health either directly, through beneficial effects of Lactobacillus-derived metab-
olites on epithelial cells, or indirectly, by inhibiting the growth or virulence of patho-
genic species (5). Lactobacilli have been categorized as probiotics in multiple micro-
biome compartments, including the gastrointestinal tract, oral mucosa, and female
genital tract (FGT), and vaginally derived lactobacilli have been shown to inhibit the
growth of pathogenic bacteria like G. vaginalis, Atopobium vaginae, and other anaero-
bic vaginitis-causing bacteria through production of bacteriocin and lactic acid (5).
Relative to Lactobacillus-dominant CSTs, the Lactobacillus-deficient CST IV is associated
with elevated levels of proinflammatory cytokines in the vaginal milieu and increased
HIV target cell numbers in the FGT relative to these parameters for L. crispatus-domi-
nated CST I (4). Furthermore, it has been shown that members of the polymicrobial
CST IV metabolize tenofovir, an antiretroviral drug that can be formulated as a microbi-
cide in a topical gel and used to prevent HIV acquisition (6).

Given these trends, there have been efforts to develop probiotic therapeutics to
treat recurrent BV and establish Lactobacillus dominance in the FGT. The traditional
standard of care for BV is a 5-day course of intravaginal metronidazole gel, though
there is a high rate of BV recurrence with this therapy. Recently, a phase II-b clinical
trial for an intravaginal live biotherapeutic containing Lactobacillus crispatus strain
CTV-05 (Lactin-V; Osel, Inc.) showed significant reduction in risk of BV recurrence at
24 weeks in women treated with a metronidazole-probiotic combination relative to
the reduction with a metronidazole and placebo control (7).

Animal models are useful for conducting controlled, longitudinal, invasive experiments
with pathogen challenge. Indeed, pigtail macaques (PTM) have been considered for compari-
son of adolescent and adult vaginal microbiomes and their influence on simian immunodefi-
ciency virus (SIV) susceptibility (8). However, Lactobacillus dominance of the FGT does not
occur naturally in other mammalian species, including nonhuman primates (NHPs) (9–11).
Given the importance of a Lactobacillus-dominant microbiome for female health, there has
been interest in understanding the mechanisms surrounding the establishment of
Lactobacillus nondominance and in developing a Lactobacillus-dominant NHP model.
Cervicovaginal lavage samples from PTM have been used to study the effect of antiviral com-
pounds on native Lactobacillus spp. (12). Furthermore, FGTs of rhesus macaques (RM) have
been experimentally colonized with L. jensenii transformed to express antiviral compounds
and then challenged with intravaginal simian-human immunodeficiency virus (SHIV) (13–16).
Although Lactobacillus colonization in NHPs has shown some efficacy, the use of NHPs to
study the female vaginal microbiome is complicated given that some NHP species, including
RM, have evolved to menstruate seasonally (17, 18), whereas others, such as African green
monkeys (AGM), menstruate year-round (19). Although PTM cycle more regularly, it remains
unclear what effect these differing menstrual patterns may have on long-term colonization
(20, 21). While RM and AGM have proven to be invaluable animal models in the study of HIV
transmission and disease progression, the prospect of establishing a human-typical micro-
biome in these NHPs in the context of SIV infection remains understudied.

Here, we assess the degree to which hosts that are susceptible and nonsusceptible
to progressive SIV infection, RM and AGM, respectively (22), could be colonized
by L. crispatus strain MV-3A-US, whether L. crispatus colonization influenced the
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immunological milieu or pH, and whether the composition of the vaginal microbiome
was dramatically altered by attempts at L. crispatus colonization. Our results show that
both RM and AGM are resistant to long-term vaginal colonization by L. crispatus and
the benefits that would be imparted by said colonization. These findings suggest that
NHP models of vaginal microbiome manipulations and susceptibility to SIV acquisition
would be difficult to use to robustly and reliably unravel the therapeutic efficacy of
Lactobacillus-based interventions.

RESULTS
Study design and steady-state vaginal microbiome analysis in NHPs. To assess

native levels of L. crispatus in NHPs, vaginal swab samples were collected weekly from
four animals for the duration of three menstrual cycles prior to any metronidazole or
Lactobacillus administration. DNA was extracted and analyzed via quantitative PCR (qPCR)
using primers targeting either L. crispatus DNA or total bacterial DNA (Pan16S). The rela-
tive levels of L. crispatus were determined using the change in cycle threshold (DCT)
between the two amplicons. While L. crispatus levels fluctuated throughout the monitor-
ing period, the average DCT (L. crispatus, Pan16S) remained high (mean6 standard devia-
tion, 18.8 6 4.7), indicating stable but very low L. crispatus levels, approximately 1:106 of
all bacteria. These low levels of L. crispatus were not influenced by the animals’ menstrual
cycles (Fig. 1A). Thus, none of the animals in the study would be assigned to CST I.

To understand if any of the animals in our cohort were heavily colonized with other spe-
cies of Lactobacillus and to determine which bacterial taxa were frequent, we performed 16S
sequencing of DNA isolated from vaginal swabs of the animals obtained prior to therapeutic
interventions (Fig. 1B). The vaginal microbiomes of the NHPs in this study were predominantly
composed of members of Firmicutes (37%) and Bacteroidales (30%) (Fig. 1B). Actinobacteria
(17%) and Fusobacteria (13%) were also present at high abundances. Additionally,
Campylobacterales were present at low levels (2%), and very low abundances of Treponema
(0.2%), Synergistaceae (0.1%), and Proteobacteria (0.5%) were detected. Mobiluncus and
Gardnerella, members of Actinobacteria associated with BV in humans, made up 15% and 1%
of the RM vaginal microbiome, respectively. Importantly, Lactobacillus spp. make up only 0.1%
of total bacteria in the RM vagina (0.4% of Firmicutes, 8% of Bacilli, and 9% of Lactobacillales)
(Fig. 1B). Thus, none of the NHPs in our cohort were naturally colonized with any species of
Lactobacillus, and their vaginal microbiomes would be best characterized as CST IV.

To assess the stability of the vaginal microbiome, we conducted weighted UniFrac
analysis paired with principle component analysis of the total vaginal microbiome for
the four individuals monitored through three menstrual cycles. The vaginal micro-
biome did not appear to shift significantly throughout the monitoring period within
individuals, but there were substantial differences between some individuals (Fig. 1C).

To validate our qPCR assay for quantifying the relative levels of L. crispatus and to
assess whether the Lactobacillus present in the 16S-quantified microbiome was L. crisp-
atus or another Lactobacillus species, we compared the relative abundance of
Lactobacillus as measured by 16S sequencing to the relative level of L. crispatus
detected by qPCR. Before metronidazole or Lactobacillus administration, there was a
weak yet significant correlation between the level of L. crispatus and the log relative
abundance of Lactobacillus (Fig. 1D), indicating that although L. crispatus is present in
the vaginal microbiome of NHPs, there are likely other Lactobacillus species present.

The unpredictability of menstrual cycle periodicity can complicate the experimental
timing of intravaginal SIV challenge studies (23, 24). Hormonal drugs like medroxypro-
gesterone can be administered to artificially synchronize menstrual cycles of study ani-
mals. However, such hormonal treatment thins epithelial barriers in the female repro-
ductive tract and seems to decrease levels of Lactobacillus (25, 26). Though the NHP
menstrual cycles observed in this study were less consistent than those of most
women (26 to 34 days [27]), the majority of animals included in the study cycled every
20 to 60 days (Fig. 1D), with a mean of 41.3 6 20.0 days. The AGM menstruated more
sporadically during the monitoring period, likely due to their advanced age (Table 1).
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Thus, the seasonal menstrual cycling of RM seems to be less pronounced after the ani-
mals are put into climate-controlled environments, in agreement with documented
observations (17, 18). To minimize potential effects of menstruation on the durability
of L. crispatus colonization, we administered metronidazole (if applicable) and L. crispa-
tus treatments at 8 and 13 days, respectively, after the onset of menses for each animal,
thus allowing 1 week for menstruation to cease before treatment and 2 to 3 weeks
between treatment and the next menses.

NHPs can be transiently colonized with Lactobacillus crispatus. We sought next
to determine whether therapeutic interventions could lead to the NHP vaginal micro-
biome becoming L. crispatus dominant. Thirteen female RM and four female AGM were
randomized into one of four treatment groups (Table 1). Therapeutic interventions
were initiated 1 week after observed menstruation, and Lactobacillus colonization
attempts were performed 2 weeks after menstruation (Fig. 2A). Group A received

FIG 1 Vaginal microbiomes of NHPs at baseline have low levels of Lactobacillus. (A) Relative levels of L. crispatus in vaginal swab samples of NHPs
longitudinally through three menstrual cycles prior to any treatment (RH05N005, RHZG81, RHZG49, and RH06N005) and at one baseline time point for
all animals, measured by qPCR. Dashed red line represents the mean DCT for all data points shown. (B) Taxonomic composition of NHP vaginal
microbiome determined by 16S amplicon sequencing at baseline averaged across all animals. Higher-order taxonomic classifications are collapsed
where only one genus is represented. (C) Principal-component analysis of weighted UniFrac distances of vaginal microbiota of four RM longitudinally
through three menstrual cycles. Symbol size by elapsed time. (D) Correlation of log relative abundances of Lactobacillus detected by 16S amplicon
sequencing and relative levels of L. crispatus detected by qPCR. Correlation coefficient and P value based on Spearman’s rank-order correlation. (E)
Days between observed menses for NHPs. Dashed red line represents the mean. Error bars represent standard deviations. Colors correspond to
assigned treatment groups (A, blue; B, red; C, green; D, purple), and shapes represent individuals as listed in Table 1. Open points represent AGM.
Closed points represent RM.
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pretreatment with vaginal metronidazole, as this therapy is a common treatment for
BV and common among women with vaginal microbiomes in CST IV. These animals
were then treated for 5 consecutive days with 1 � 1011 CFU of L. crispatus. Animals in
group B received pretreatment with metronidazole, followed by only one dose of
1 � 1011 CFU of L. crispatus. Animals in group C received 5 consecutive doses of
1 � 1011 CFU of L. crispatus without pretreatment with metronidazole, and group D
received only one dose of 1 � 1011 CFU of L. crispatus (Fig. 2A).

We measured the levels of L. crispatus relative to the total amount of bacteria cap-
tured longitudinally in the animals in each treatment group, using a species-specific
quantitative PCR for L. crispatus and a qPCR for DNA encoding 16S ribosomal DNA,
respectively (Fig. 2B). While metronidazole treatment itself led to a statistically signifi-
cant increase in the relative abundance of endogenous L. crispatus, indicated by the
lower DCT, high numbers of exogenously applied live L. crispatus were incapable of sig-
nificantly and routinely increasing the relative abundance of L. crispatus beyond 1
week (Fig. 2B). While five total animals became fairly dominantly colonized by L. crispa-
tus 1 week after administration, they were not in the same treatment groups, and only
two animals maintained fairly durable colonization with L. crispatus. One of these was
assigned to group B, while the other was assigned to group D (Fig. 2B). These data
demonstrate that we were unsuccessful at consistent and durable alteration of the
vaginal microbiome in NHPs from a CST IV to a CST I. However, the correlation between
the relative abundance of L. crispatus detected by qPCR using species-specific primers
and the relative abundance of Lactobacillus as determined by 16S amplicon sequenc-
ing was substantially stronger after administration of L. crispatus than before treatment
(Fig. 1C and 2C). This correlation held if only samples from rhesus macaques were used
(data not shown).

With the high level of lactic acid production by Lactobacillus, we next sought to
examine how or whether our attempts at Lactobacillus colonization led to any altera-
tion in the vaginal pH. Even though metronidazole alone led to an increase in the rela-
tive abundance of L. crispatus, there was no significant reduction in pH after metroni-
dazole treatment (Fig. 2D). Indeed, no pH reduction was observed at any time point, in
any group of animals. Moreover, the pH approached 4—often observed in women
with Lactobacillus-dominated CSTs (2)—in only 1 animal in group B and in the second
week of treatment (Fig. 2D). As the animal with the most-sustained L. crispatus coloni-
zation (RHHZB) had the lowest pH at 4 weeks after treatment, we wondered if pH

TABLE 1 Summary of study cohort group assignments and animal weights and ages

Group Treatment Animal Common namea Wt (kg) Age (yr) Symbol, colorb

A Metronidazole, 5 doses L. crispatus AG26c AGM 2.9 14 *, blue
RH37073 RM 9.9 14 n, blue
RH06M RM 5.5 7 ~, blue
RHZG41 RM 6 12 l, blue
RH05N005 RM 8.5 15 l, blue

B Metronidazole, 1 dose L. crispatus AGY682d AGM 4.6 17 *, red
RHHZB RM 4.7 5 n, red
RHMEJ RM 7.4 9 ~, red
RHZG81 8.5 12 l, red

C 5 doses L. crispatus AG11c AGM 2.5 18 *, green
RHM22 RM 6.3 8 n, green
RHF64 RM 7.9 14 ~, green
RHZG49 RM 9 12 l, green

D 1 dose L. crispatus AG1c AGM 2.5 18 *, purple
RH0E4 RM 4.9 7 n, purple
RHZH31 RM 10.7 11 ~, purple
RH06N005 RM 6.4 14 l, purple

aAGM, African green monkey; RM, rhesus macaque (Macaca mulatta).
bThe symbols and colors are those used in the figures and described in the legend to Fig. 1.
cChlorocebus pygerythrus.
dChlorocebus sabaeus.
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might be related to the level of L. crispatus colonization. However, when we compared
pH values to relative abundances of L. crispatus as measured by qPCR, no significant
association was observed (Fig. 2E). Thus, our attempts at colonization with L. crispatus
did not dramatically decrease vaginal pH.

Given the proinflammatory immunological milieu associated with CST IV, we measured
how cytokine levels were influenced by our therapeutic interventions. We used cytokine
bead arrays to measure 23 individual analytes in our longitudinal vaginal swab samples; of
these, 15 were routinely detectable (Fig. 2F). Of the 15 detectable cytokines, the proinflam-
matory markers interleukin-18 (IL-18), IL-1 receptor alpha, and IL-8 were present at the
highest levels. None of these levels were altered in any group of animals when longitudinal
samples were studied (Fig. 2F). Given that the degree to which animals were colonized
with L. crispatus was not consistently different among the treatment groups, we separated
the animals into terciles based upon the relative abundances of L. crispatus and performed
principal-component analysis (PCA) of all analyte data from our cytokine bead array

FIG 2 NHPs can be transiently colonized with L. crispatus without altering pH or inflammation. (A) Study design. Animals were assigned to group A, B, C,
or D receiving 1 or 5 doses of L. crispatus with or without metronidazole pretreatment. Lactobacillus dose was administered on the 13th day after observed
menstruation. Vaginal swabs were collected immediately before each treatment and weekly for 4 weeks beginning 7 days after the final Lactobacillus dose.
(B) Levels of L. crispatus DNA relative to total bacterial DNA present in vaginal swabs longitudinally after treatment. (C) Correlation of log relative
abundances of Lactobacillus detected by 16S amplicon sequencing and relative levels of L. crispatus detected by qPCR. (D) Longitudinal vaginal pH values.
(E) Correlation of vaginal pH values and relative levels of L. crispatus across all animals and time points sampled. (F) Longitudinal concentrations of
inflammatory cytokines in vaginal swabs measured by cytokine bead array. (G) Principal-component analysis based on weighted UniFrac analysis of
concentrations of 15 analytes measured by cytokine bead array, stratified by relative levels of L. crispatus. Ellipse represents 99% confidence interval (CI)
of centroid. (B, D, F) Lines represent group mean values, error bars represent standard deviations. Colors and shapes are as in Fig. 1 and Table 1. Differences
between time points were determined by paired Wilcox rank sum test. (C, E) Correlations were determined by Spearman’s rank-order correlation test.

Langner et al.

Volume 9 Issue 3 e01074-21 MicrobiolSpectrum.asm.org 6

https://www.MicrobiolSpectrum.asm.org


analysis to understand whether L. crispatus levels influenced the immunological milieu
(Fig. 2G). From this analysis, it is clear that the analytes we measured were not influenced
by the relative abundance of L. crispatus.

L. crispatus colonization does not alter the vaginal microbiome composition.
We next conducted 16S amplicon sequencing of DNA extracted from vaginal swab
samples to determine the microbiome composition to the genus level (Fig. 3). In ani-
mals treated with metronidazole (groups A and B), Bacteroidetes and Fusobacteria were
substantially reduced by the antibiotic treatment, while Firmicutes and Actinobacteria

FIG 3 NHPs were not durably colonized with L. crispatus, although microbiome composition was altered. (A) Relative
abundances of bacterial taxa longitudinally for individual animals before and after treatment, measured by 16S
sequencing. Primary taxon color is by phylum, shading is by family. (B and C) Significantly differentially abundant taxa at
week 4 relative to pretreatment for animals pretreated with metronidazole (groups A and B) (B) and for animals without
metronidazole pretreatment (groups C and D) (C). Significance level was Padjusted = 0.05 with Benjamini-Hochberg
correction for multiple comparisons.
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increased in relative abundance (Fig. 3A). The increase in the relative abundance of
Firmicutes after metronidazole treatment was not sustained after Lactobacillus adminis-
tration, indicating that endogenous L. crispatus did not substantially recolonize the
vaginal environment after metronidazole treatment. In animals receiving no antibiotic
pretreatment (groups C and D), the administration of Lactobacillus did not appear to
drastically affect the composition of the microbiome, with the levels of bacterial phyla
remaining fairly constant longitudinally. Thus, Lactobacillus treatment alone is insuffi-
cient to significantly alter the vaginal microbiome from CST IV-like to CST I in NHPs.

The composition of vaginal microbiota differed substantially at the phylum
level between the two NHP species we included in our analyses (Fig. 3A). At
baseline, AGM vaginal microbiomes contained higher levels of Actinobacteria
and Proteobacteria than RM, with a lower abundance of Bacteroidetes. While
Actinobacteria, Bacteroidetes, Firmicutes, and Fusobacteria were present in both
AGM and RM, the predominant bacterial genera in AGM and RM appeared to be
of different taxonomic families. Additionally, the abundance of Proteobacteria in
AGM increased after treatment with metronidazole and/or Lactobacillus, while
Proteobacteria were present only in trace amounts in RM.

To investigate changes in the vaginal microbiome at the genus level, we assessed taxa
that were differentially abundant pretreatment relative to 4 weeks after Lactobacillus treat-
ment in animals with (Fig. 3B) and without (Fig. 3C) metronidazole pretreatment. In group A
and B animals that received metronidazole pretreatment, members of Firmicutes were more
abundant 4 weeks after Lactobacillus treatment than at baseline relative to their levels in ani-
mals in groups C and D that did not receive metronidazole. Indeed, three ASVs that were
more abundant after treatment in groups A and B were assigned to the genus Lactobacillus.
Moreover, members of Actinobacteria, Bacteroidetes, Fusobacteria, Proteobacteria, and even
some Firmicuteswere reduced in the week 4 microbiome relative to the baseline in both met-
ronidazole-treated and untreated animals (Fig. 3B and C). Thus, even though the NHPs did
not develop CST I, their vaginal microbiomes were influenced by our treatment modalities.

In humans, vaginal CSTs dominated by Lactobacillus spp. tend to have lower over-
all diversity than Lactobacillus-deficient CSTs (1). Therefore, it was of interest to deter-
mine whether L. crispatus treatment and transient colonization by L. crispatus
affected alpha diversity in the NHP FGT (Fig. 4A). Longitudinally, alpha diversity
decreased after metronidazole treatment in groups A and B by both the Simpson
and Shannon diversity indices, rebounding 1 to 2 weeks after Lactobacillus adminis-
tration (Fig. 4A). Lactobacillus treatment alone in groups C and D did not significantly
affect alpha diversity by either index (Fig. 4A).

To further assess whether Lactobacillus colonization altered the microbial profile
and identify variation in vaginal microbiomes, we conducted a weighted UniFrac dis-
tance analysis paired with principal-component analysis (Fig. 4B). As already observed
(Fig. 3A), the NHP species differences between AGM and RM accounted for most of the
variation across the vaginal microbiomes we studied. The vaginal microbiome of RM in
groups A and B receiving metronidazole pretreatment showed temporal separation
between samples obtained premetronidazole and for 2 weeks postmetronidazole
treatment, with samples obtained at later time points clustering nearer to baseline
samples. The microbial profiles of animals in groups C and D did not separate longitu-
dinally, indicating that Lactobacillus treatment did not significantly alter the vaginal mi-
crobial composition, consistent with our other analyses.

Because the success of L. crispatus colonization was variable among individuals
and not dependent on treatment group (Fig. 2B), we wondered whether features
of the microbiome at baseline were predictive of the degree to which an animal
would be able to be colonized with L. crispatus. We therefore explored the relation-
ship between the alpha and beta diversities of the vaginal microbiome at baseline
and the maximum level of L. crispatus colonization achieved. Peak L. crispatus levels
occurred at week 1 for all animals except RH06N005 and RHZH31, for which L. crisp-
atus peaked at week 2. The Shannon diversity index of the baseline microbiome
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correlated significantly with the minimum DCT measured, though the strength of
the correlation was weaker for the Simpson diversity index (Fig. 4C and data not
shown). The position on axis 1 of the weighted UniFrac principal-component analysis
(PCA) of the baseline microbiome was also significantly correlated with the DCT at peak L.

FIG 4 Microbiome composition is altered by L. crispatus and predicts degree of colonization. (A) Alpha diversities of vaginal
microbiota longitudinally assessed by Simpson, Shannon, and Observed diversity indices. Error bars represent standard
deviations. (B) Principal-component analysis of weighted UniFrac distances of vaginal microbiota faceted by treatment group.
Time points are distinguished by size. (C) Correlation of Shannon diversity index value before treatment with the peak level of
L. crispatus attained per individual. (D) Correlation of position on weighted UniFrac axis 1 before treatment with the peak level
of L. crispatus attained per individual. Colors and shapes are as in Fig. 1 and Table 1. Differences between time points were
determined by paired Wilcox rank sum test. Correlations were determined by Spearman’s rank-order correlation test.
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crispatus abundance (Fig. 4D), even if only rhesus macaques were used to perform the
analysis (data not shown). These data indicate that the composition of the vaginal micro-
biome at baseline may contribute to the ability of L. crispatus to colonize the FGT in NHPs,
more so than which treatment modality was employed.

Finally, we sought to determine whether prior exposure to L. crispatus might influ-
ence subsequent attempts at L. crispatus colonization. RHZG41, initially in group A,
achieved a transient but significant colonization with L. crispatus and was chosen for a
second attempt at colonization. Seven months after the initial colonization, this animal
was recolonized with the same treatment regimen (Fig. 5). L. crispatus was detected at
low levels at baseline immediately before colonization, as well as before recolonization
(Fig. 5). While L. crispatus accounted for the vast majority of bacterial DNA from vaginal
swabs at week 2 in the first colonization, the relative abundance of L. crispatus at the
same time point during recolonization was approximately 3 orders of magnitude
lower. Additionally, the relative abundance of L. crispatus at week 3 was lower in the

FIG 5 Real-time PCR amplification curves of vagina swab samples from two colonization attempts for
RHZG41. Solid line, Pan16S primers. Dashed line, L. crispatus-specific primers.
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recolonization attempt than in the first colonization attempt (Fig. 5). Thus, any individ-
ual animal’s proclivity to L. crispatus colonization is not necessarily consistent across
multiple colonization attempts.

DISCUSSION

Here, we attempted to change the vaginal microbiome of NHPs from CST IV to CST I
with high doses of L. crispatus with or without metronidazole pretreatment. The majority
of the animals we treated did not achieve CST I, and the ability to achieve CST I depended
on the composition of the vaginal microbiome prior to treatment more than on the indi-
vidual treatment modalities we employed. While we found some transient colonization of
the vaginal microbiome with L. crispatus in NHPs, we found no decrease in vaginal inflam-
mation or pH. Overall, these data suggest that neither RM nor AGM are amendable to
long-term Lactobacillus dominance in the vaginal microbiome.

CSTs I, II, III, and V, dominated by L. crispatus, L. gasseri, L. iners, and L. jensenii,
respectively, have only been observed in humans. Though there are reports of signifi-
cant levels of Lactobacillus in some NHP cohorts (15), the vaginal microbiomes of NHPs
do not approach the levels of Lactobacillus dominance observed in humans and more
frequently resemble the high-diversity Lactobacillus-deficient CST IV (9, 10). Moreover,
the proportions of women with Lactobacillus-dominated CSTs vary both with geogra-
phy and ethnicity, with CSTs I, II, III, and V found in nearly 90% of North American white
women and only 60% of Black and Hispanic North American women (1). In a large pro-
spective cohort study of South African women, only 40% of participants had
Lactobacillus-dominated vaginal microbiomes (4). High-diversity Lactobacillus-deficient
communities are associated with increased inflammation in the FGT and with an
increased incidence of BV (4, 28). Furthermore, CST IV has been linked to an increased
rate of susceptibility to HIV acquisition, likely explained by the inflammatory milieu
associated with CST IV microbes (4). Lactobacillus-dominated CSTs, especially the L.
crispatus-dominated CST I, reduce vaginal inflammation and provide protection against
STIs, including HIV, through decreased pH and secretion of bacteriocins (5).

Given the adverse health outcomes associated with CST IV and the protective
effects of Lactobacillus species, especially L. crispatus, there have been efforts to shift
the vaginal microbiota of women from CST IV to CST I by using a combination of anti-
biotics and exogenously applied probiotics or live biotherapeutics (29). Typically, met-
ronidazole antibiotic gel is used in the treatment of BV because of its targeted effects
on anaerobes (30). However, BV recurrence is common among antibiotic-treated indi-
viduals (7, 31). Live L. crispatus biotherapeutics used in conjunction with metronidazole
can reduce the recurrence of BV and CST IV microbiota (7), although how L. crispatus
probiotics might influence HIV susceptibility is unknown.

NHPs have been an invaluable animal model for infectious disease research and in
understanding host-pathogen-microbiome interactions. Our data indicate that the
vaginal microbiome of NHPs is naturally deficient in Lactobacillus spp. and is resistant
to long-term colonization by exogenously applied L. crispatus, highlighting the coevo-
lution of the microbiome with the host. We saw that following metronidazole treat-
ment, the relative abundance of Firmicutes, in particular Lactobacillus, increased signifi-
cantly. However, endogenous and exogenously applied Lactobacillus bacteria were
unable to repopulate that space at a higher abundance than before treatment.

Vaginal pH is considered an important indicator of vaginal health. Women with
Lactobacillus-deficient BV-associated CSTs tend to have higher vaginal pH values than
women with Lactobacillus-dominated CSTs, and having a vaginal pH of .4.5 is one of
the Amsel criteria used clinically to diagnose BV (32). In humans, the production of lac-
tic acid by lactobacilli lowers pH, inhibiting the outgrowth of pathogenic bacteria and
possibly inhibiting viral infection (1, 33). Unlike in humans, in our attempts at coloniza-
tion of NHPs, we did not see a significant reduction in pH after administering L. crispa-
tus and the level of L. crispatus did not correlate with vaginal pH, even if only rhesus
macaques were included in the analysis.
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Lactobacillus species, including L. crispatus, utilize glycogen as a food source, and the
scarcity of Lactobacillus in the FGT of NHPs correlates with low levels of glycogen in the va-
gina (34, 35). Glycogen in the vagina is broken down by a-amylase of host or microbial ori-
gin and is metabolized by lactic acid-producing microbes like Lactobacillus. It is possible that
supplementing vaginal glycogen during and after L. crispatus administration might increase
the degree to which the FGT is colonized by L. crispatus in both humans and NHPs.

Lactobacillus dominance has so far only been observed in humans. Furthermore,
Lactobacillus-dominant CSTs I, II, III, and V occur more frequently in women of European or
North American or Asian descent than in women of African or Hispanic descent, including
those living in North America (1, 4). Moreover, the vaginal microbiome of an individual is
dynamic and fluctuates with age, often changing during puberty or menopause (36).
Though cultural norms and sanitation, such as use of feminine hygiene products, may play
a role in determining the composition of the vaginal microbiome, more studies are needed
to understand behavioral, environmental, or genetic factors that may influence the vaginal
microbiome and reproductive health (36). While NHP models are useful for studies of
human reproductive systems, further work is needed to understand why the vaginal micro-
biome compartment in NHPs does not maintain the high levels of Lactobacillus found in
humans. The data we present here provide a framework for future studies.

MATERIALS ANDMETHODS
Animals. Thirteen female rhesus macaques (Macaca mulatta) and four female African green mon-

keys (Chlorocebus pygerythrus and Chlorocebus sabaeus) were assigned to one of four treatment groups
(Table 1). Group A received a 5-day course of metronidazole followed by 5 days (doses) of L. crispatus
treatment (4 RM and 1 AGM). Group B received metronidazole with 1 dose of L. crispatus (4 RM and 1
AGM). Group C received 5 daily doses of L. crispatus treatment without metronidazole pretreatment (4
RM and 1 AGM). Group D received 1 dose of L. crispatus treatment without metronidazole pretreatment
(4 RM and 1 AGM). Animals were monitored for menstruation, and treatments were timed such that
Lactobacillus treatment was initiated 13 days after onset of menses.

The National Institute of Allergy and Infectious Diseases (NIAID) animal care and use committee, as
part of the National Institutes of Health (NIH) intramural research program, approved all experimental
procedures pertaining to the animals (protocol LVD 26E). The animals in this study were housed and
cared for at the NIH animal center, under the supervision of the Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited division of veterinary resources and as
recommended by the office of animal care and use nonhuman primate management plan. Care at this
facility met the standards set forth by the Animal Welfare Act and animal welfare regulations (37), U.S.
Fish and Wildlife Service regulations (38), and the Guide for the Care and Use of Laboratory Animals (39).
The physical conditions of the animals were monitored daily. Animals in this study were exempt from
contact social housing due to scientific justification according to the NIAID/NIH institutional animal care
and use committee (IACUC) protocol and were housed in noncontact, social housing where the primary
enclosures consisted of stainless-steel primate caging. The animals were provided continuous access to
water and offered commercial monkey biscuits twice daily, as well as fresh produce, eggs, and bread
products and a foraging mixture consisting of raisins, nuts, and rice. Enrichment to stimulate foraging
and play activity was provided in the form of food puzzles, toys, cage furniture, and mirrors.

Lactobacillus crispatus. Lactobacillus crispatus strain MV-3A-US was obtained from BEI resources as a
glycerol stock, and cultures were maintained in Mann Rogosa Sharpe (MRS) medium (Teknova) by passaging
every 3 to 4 days and incubating at 37°C without agitation. For vaginal administration, 200 ml MRS was inocu-
lated with 1 ml of 24-h-old L. crispatus culture in an Erlenmeyer flask and incubated for 24 h at 37°C without
shaking to approximately 1 � 109 CFU/ml at the end of the log phase of growth, according to predetermined
bacterial growth curves. Bacterial concentrations were verified by plating 50 ml of 10-fold serial dilutions of
culture on MRS agar plates using a spot plate method and counting CFU after 48 h of incubation at 37°C. The
culture was mixed and then centrifuged at 1,000 � g for 10 min. Bacterial pellets containing 1 � 1011 CFU
were resuspended in 1 ml 3% (wt/vol) hydroxyethyl cellulose (HEC; Aldrich) in PBS and 1 ml fresh MRS broth.
HEC has previously been used as a placebo in the assessment of vaginal microbicide gels (40).

Bacterial suspensions were administered intravaginally using a 3-ml syringe. L. crispatus administra-
tion occurred once daily for 5 days or 1 day according to the treatment groupings. For animals in metro-
nidazole-treated groups, metronidazole vaginal gel, 0.75% (Upsher-Smith) was administered using the
provided applicator once daily for 5 days immediately prior to L. crispatus administration. The hind quar-
ters were elevated for 15 min after administration of metronidazole or L. crispatus. The vaginal inflamma-
tory milieu was sampled weekly (Fig. 1) by inserting a polyester-tipped swab (Fisher, Waltham, MA) into
the vagina and swirling. The swab tip was cut from the stem into a 1.5-ml tube containing 300 ml sterile
saline (McKesson, Irving, TX) and frozen at 280°C. For microbiome sampling, two additional vaginal
swab samples were collected using the same procedure and the swabs placed into 1.5-ml Precellys
tubes containing homogenization beads (Bertin Corp., Rockville, MD) and frozen at 280°C. Vaginal pH
was measured by inserting colorimetric pH test strips (MicroEssential Laboratory, Brooklyn, NY) into the
vagina and then comparing to the color chart.
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Microbiome analysis. Total DNA was extracted from vaginal swabs using a modified PowerFecal kit
(Qiagen). Seven hundred fifty microliters of PowerBead solution and 60 ml of C1 solution were added to
Precellys tubes containing vaginal swabs, and tubes were incubated for 10 min at 65°C. Mechanical homoge-
nization was carried out using a Precellys 24 homogenizer (Bertin Corp., Rockville, MD), with 6 cycles of 30 s
at 5,000 � g and 30 s of rest between cycles. The PowerFecal kit protocol was then followed. Extracted DNA
was quantified by spectrophotometer (DeNovix, Wilmington, DE) and stored at280°C.

The proportion of L. crispatus in the vaginal microbiome was determined through quantitative PCR
(qPCR) using primers specifically targeting L. crispatus and universal 16S primers. Each reaction mixture
contained SYBR green master mix (Applied Biosystems) at a final concentration of 1� and forward and
reverse primers targeting either L. crispatus (forward, 59-AGCGAGCGGAACTAACAGATTTAC-39, and
reverse, 59-AGCTGATCATGCGATCTGCTT-39) (41) or the universal 16S sequence (785F 59-GGACTACG
GATTAGATACCCTGGTAGTCC-39, 919R 59-CTTGTGCGGGTCCCCGTCAAT-39) (42) at a final concentration of
500 nM per reaction mixture volume. Two microliters of DNA template was used per 20-ml reaction mix-
ture volume. Measurement was assessed in triplicate on the Applied Biosystems StepOnePlus real-time
PCR system with StepOne software (Thermo Fisher Scientific), using the following cycling parameters:
95°C for 10 min, 40 cycles of 95°C for 15 s, 60°C for 60 s, and 72°C for 20 s.

Dual-index amplification and sequencing was performed on extracted DNA using the Illumina MiSeq
platform with universal primers spanning the V4 region (515F to 806R) of the bacterial 16S rRNA as pre-
viously described (43). Illumina FASTQ files were demultiplexed with a custom R script. Paired-end
FASTQ reads were filtered and processed using the dada2 package (version 1.18.0) in R (version 4.0.3).
Before filtering, 14.2 million reads were included in 156 samples with an average of 91,000 reads per
sample. After filtering and quality trimming, 9.2 million reads were included across all samples with an
average of 59,000 reads per sample. Reads were binned into amplicon sequence variants (ASVs), and tax-
onomies were annotated with the SILVA taxonomic framework (release 132) and analyzed using the
PhyloSeq (version 1.34.0) and DESeq packages (version 1.30.1) in R. FASTQ files and metadata are avail-
able in the NCBI Sequence Read Archive (accession number PRJNA734441).

Cytokine bead array. Vaginal swabs frozen in saline were thawed and vortexed for 2 min and then
centrifuged with the polyester tip up for 1 min at 1,000 � g to extract all fluids from the polyester-tipped
swabs. The dry swab tips were discarded, and the fluids were centrifuged again for 1 min at 1,000 � g to
pellet debris. Supernatant was transferred to a new tube and stored at 220°C. Undiluted extracts were
analyzed using the nonhuman primate cytokine magnetic bead panel (Luminex; EMD Millipore, Billerica,
MA) and the BioPlex 200 system (Bio-Rad, Hercules, CA) in technical duplicates. Only analytes that were
in range for .70% of samples were included in downstream analyses.

Statistical analysis. Paired Wilcox rank sum tests were carried out using the Benjamini-Hochberg
correction for multiple comparisons where applicable (R, version 4.0.3). Spearman’s correlation coeffi-
cient was used to assess linear relationships between variables. Weighted UniFrac and alpha diversity
analyses were conducted using the PhyloSeq package (version 1.34.0) in R. Differentially abundant taxa
were assessed using the DESeq package (version 1.30.1) in R, with significance defined as an adjusted P
value of,0.05 with Benjamini-Hochberg correction for multiple comparisons.

Data availability. The study generated amplicon sequence data that have been deposited to SRA
under PRJNA734441.
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