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ABSTRACT Women of reproductive age with a Lactobacillus-dominated vaginal mi-
crobiota have a reduced risk of acquiring and transmitting HIV and a vaginal pH of
~4 due to the presence of ~1% (wt/vol) lactic acid. While lactic acid has potent HIV
virucidal activity in vitro, whether lactic acid present in the vaginal lumen inactivates
HIV has not been investigated. Here we evaluated the anti-HIV-1 activity of native,
minimally diluted cervicovaginal fluid obtained from women of reproductive age
(n � 20) with vaginal microbiota dominated by Lactobacillus spp. Inhibition of
HIVBa-L was significantly associated with the protonated form of lactic acid in cervi-
covaginal fluid. The HIVBa-L inhibitory activity observed in the �3-kDa acidic filtrate
was similar to that of the corresponding untreated native cervicovaginal fluid as well
as that of clarified neat cervicovaginal fluid subjected to protease digestion. These
ex vivo studies indicate that protonated lactic acid is a major anti-HIV-1 metabolite
present in acidic cervicovaginal fluid, suggesting a potential role in reducing HIV
transmission by inactivating virus introduced or shed into the cervicovaginal lumen.

IMPORTANCE The Lactobacillus-dominated vaginal microbiota is associated with a
reduced risk of acquiring and transmitting HIV and other sexually transmitted infec-
tions (STIs). Lactic acid is a major organic acid metabolite produced by lactobacilli
that acidifies the vagina and has been reported to have inhibitory activity in vitro
against bacterial, protozoan, and viral STIs, including HIV infections. However, the
anti-HIV properties of lactic acid in native vaginal lumen fluids of women colonized
with Lactobacillus spp. have not yet been established. Our study, using native cervi-
covaginal fluid from women, found that potent and irreversible anti-HIV-1 activity is
significantly associated with the concentration of the protonated (acidic, uncharged)
form of lactic acid. This work advances our understanding of the mechanisms by
which vaginal microbiota modulate HIV susceptibility and could lead to novel strate-
gies to prevent women from acquiring HIV or transmitting the virus during vaginal
intercourse and vaginal birth.
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Human immunodeficiency virus (HIV) is primarily transmitted by sexual contact and
can establish infection via entry through the genital mucosa (1, 2). Variation in the

probability of HIV acquisition or transmission may be explained in part by differences
in the vaginal microbiota (3). Vaginal colonization with Lactobacillus crispatus is asso-
ciated with reduced risk in women of acquiring HIV (4, 5). HIV-infected women with
microbiota dominated by Lactobacillus spp., particularly L. crispatus, have a lower risk of
HIV genital shedding, which is thought to be associated with reduced HIV transmission
to their sexual partners or neonates during vaginal birth (5–11). In contrast, women
with vaginal microbiota characterized by a high diversity of anaerobes (e.g., Gardnerella,
Prevotella, and Atopobium spp.) and a paucity of vaginal lactobacilli, as exemplified in
cases of bacterial vaginosis (BV) (12), are at higher risk of acquiring HIV from (13, 14) and
transmitting HIV to (15) their male partners. A high relative abundance of Lactobacillus
spp. in the vagina is also associated with a lower risk of developing BV and of acquiring
sexually transmitted infections (STIs), including genital herpes, chlamydia, and gonor-
rhea, and with other more favorable reproductive health outcomes compared to
women lacking Lactobacillus spp. (16, 17).

Vaginal Lactobacillus spp. are thought to help protect against pathogens principally
through the secretion of antimicrobial factors, such as bacteriocins and organic acid
metabolites (16, 18, 19). The major organic acid metabolite produced by Lactobacillus-
dominated microbiota is lactic acid (LA), defined here as the sum of the charged lactate
anion and the protonated lactic acid. Lactobacillus spp. produce L- and D-isomers of
lactic acid, and the ratio of these isomers in the vagina is characteristic of Lactobacillus
spp. colonizing the vagina (20, 21), indicating that the majority of vaginal lactic acid is
produced by lactobacilli (19). When the vagina of a reproduction-age woman is
colonized with Lactobacillus spp., lactic acid levels within the native cervicovaginal fluid
(CVF; i.e., undiluted and containing host cells, bacteria, proteins, and mucin-associated
glycoproteins) average 1.0% � 0.2% (wt/vol) (~110 mM) (22). Lactic acid drives the
acidification of the vagina (20, 21) to a pH of 3.5 � 0.3 (measured under the hypoxic
and hypercapnic conditions of the vaginal lumen) and is the dominant buffer below
pH 4.2 (22). In contrast, women lacking Lactobacillus spp., such as found in those with
BV, have dramatically reduced levels of lactic acid (23–25) and elevated vaginal pH
levels of �4.5 (12). These observations, together with the epidemiological evidence
indicating that a Lactobacillus-dominated microbiota reduces a woman’s risk of acquir-
ing or transmitting HIV (13–15), suggest that lactic acid represents a critical antimicro-
bial defense factor in the vagina.

We and others have previously shown that lactic acid has in vitro inhibitory activity
against bacterial, protozoan, and viral STIs, including HIV (26–32). Our previous in vitro
study demonstrated that lactic acid has broad-spectrum virucidal activity against HIV
type 1 (HIV-1) and type 2 (HIV-2) and against various HIV subtypes as well as against
transmitted/founder strains of HIV-1 (31). Lactic acid at physiological concentrations
and pH potently and rapidly inactivates HIV-1 in a concentration- and pH-dependent
manner (31). HIV-1 inactivation in the presence of lactic acid is dramatically more
potent than in the presence of low pH alone (acidified by HCl) or in the presence of
acetic acid, another organic acid that is small in size and found at higher levels in
the vagina of women with BV (31). Lactic acid is in equilibrium between two states
defined by the presence (protonated lactic acid) or the absence (lactate anion) of a
hydrogen atom on the carboxylic acid as described by Aldunate et al. (16). The
lactate anion, heavily dominant at neutral pH, is devoid of HIV-1 virucidal activity,
suggesting that protonated lactic acid, predominating at pH levels below the
3.86 pKa of lactic acid, mediates HIV-1 inactivation (31). While our in vitro studies
demonstrated that lactic acid at low pH (and thus predominantly protonated) is a
highly potent anti-HIV metabolite, no studies have examined whether protonated
lactic acid inactivates HIV-1 in native CVF.

The present study is designed to assess whether CVF from women of reproductive
age inactivates HIV-1 ex vivo and whether the protonated lactic acid concentration in
CVF is associated with HIV-1 inactivation potency. A strong association would suggest
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that protonated lactic acid in the CVF of women with a Lactobacillus-dominated vaginal
microbiota is capable of inactivating HIV-1 and thus may contribute to protection
against HIV-1 acquisition or transmission during vaginal intercourse and vaginal birth.

RESULTS
Demographic characteristics of study participants. A total of 20 women were

recruited from staff and students at Johns Hopkins University; the majority were young
(mean age � SD, 23 � 2.9; n � 19) (see Table S1 in the supplemental material). Most
of the participants identified as non-Hispanic white (n � 12), with the remainder
identifying as Asian (n � 4), black (n � 1), other (n � 1), and ethnicity data not available
(n � 2) (Table S1). A total of 23 CVF samples were collected, with 3 of the 20 women
(participants 2, 3, and 4) donating 2 samples each (Table S1). Most of the tested CVF
samples (22/23) were assigned a Nugent score of 0 to 3, indicative of Lactobacillus-
dominated microbiota, while one sample (HIV_25) was intermediate (Nugent score of
5) (Table S2). CVF collected on separate days from 2 of 3 women (participants 2 and 4)
(Table S1) with available Nugent scores for both samples were non-BV (Nugent score 0
to 3) (Table S2). HIV_18, the single sample from participant 3 with Nugent data, was also
non-BV (Table S2).

Native CVF has pH-dependent HIV-1 inhibitory activity. To determine the HIV-1
inhibitory activity of native CVF, samples collected using a menstrual Softcup (33) were
incubated with high-titer HIVBa-L (Fig. 1A) or HIVRHPA (Fig. 1B) and assayed for infectivity
using TZM-bl indicator cells. HIVBa-L is a CCR5-using (R5) HIV-1 laboratory strain, and
HIVRHPA is an R5 transmitted/founder strain (34). We observed significantly increased
HIVBa-L infectivity per milliliter in neutralized CVF samples compared to native samples
(P � 0.001, n � 22) (Table 1). Twelve samples showed HIVBa-L infectivity reduced to
levels below the detection limit of the assay, while the majority of the other samples
showed HIVBa-L infectivity that was reduced by 6-fold to 14,000-fold compared to
HIVBa-L infectivity in separate aliquots of the same CVF samples adjusted to pH 7 with
minimal dilution during neutralization. The exceptions were two samples (HIV_12 and
HIV_25) with native pH values of 5.43 and 4.95, respectively, compared to pH �4.5 for
all other samples (Table S2). The Nugent scores for HIV_12 and HIV_25 were 2 and 5,
respectively, differing from the majority of samples with a Nugent score of 0 (Table S2).

We also observed a significant increase in HIVRHPA infectivity per milliliter in neu-
tralized CVF samples compared to native samples (P � 0.001, n � 4) (Table 1). Three of
the four native CVF samples (HIV_17, HIV_21, and HIV_22) showed HIVRHPA infectivity
that was reduced to below the detection limit of the assay compared to the corre-
sponding neutralized CVF sample (Fig. 1B). These same CVF samples also demonstrated
complete inactivation of HIVBa-L (Fig. 1A). A fourth CVF sample (HIV_4), unique to the

FIG 1 Most native, minimally diluted CVF samples fully inactivate HIVBa-L (A) and the transmitted/founder HIVRHPA

strain (B); however, inactivation is lost upon neutralization of CVF. Lines connect HIVBa-L and HIVRHPA infectivity
measurements from native and neutralized aliquots of the same CVF sample. HIV_12 and HIV_25 CVF samples are
indicated. Data represent CVF samples from 22 distinct samples (from n � 20 women) (A) and 4 distinct samples
(from n � 4 women) (B). Note that data points overlay for several samples in panel A.
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HIVRHPA experiments, demonstrated 270-fold inactivation of HIVRHPA (Fig. 1B). Taken
together, these data indicate that native CVF from the majority of women in our cohort
possessed dramatic pH-dependent inhibitory activity against an R5 laboratory strain
and an R5 transmitted/founder strain that was abrogated at neutral pH.

Anti-HIVBa-L activity in CVF is independently associated with percent D�L-
protonated lactic acid but not with percent D�L-lactate anion or pH. To investigate
whether protonated lactic acid contributes to the HIV-1 inhibitory activity of native CVF
ex vivo, we determined the association between anti-HIVBa-L activity in CVF and the
protonated lactic acid levels in the samples (Fig. 2A). Similar levels of HIV-1 inactivation
in the same CVF samples were observed for HIVBa-L and HIVRHPA (Fig. 1). Accordingly,
we performed subsequent experiments with HIVBa-L since we were able to generate
2-fold-higher titers of this virus, providing a greater dynamic range for our experiments.
Since more than half of the samples showed HIVBa-L infectivity that was reduced to
below the detection limit of the assay, we prepared aliquots of the same CVF samples
diluted 1:3, 1:9, and 1:27 with unbuffered 0.9% saline solution to enable quantitation of
HIV-1 infectivity in the samples over a range of titers. We used generalized linear mixed
modeling (GLMM) to estimate the association between the measured level of HIVBa-L

infectivity per milliliter and the percentage of D�L-protonated lactic acid in the CVF
samples (Fig. 2A). Unadjusted (univariable) modeling analyses showed a significant
association for HIVBa-L infectivity per milliliter with percent D�L-protonated lactic acid
[Wald �2

(2) � 107.8, P � 0.001] (Fig. 2A; see also Table 2). The association was such that
an increase in percent D�L-protonated lactic acid resulted in a decrease in the level of
HIVBa-L infectivity per milliliter; however, the more the magnitude of this decrease in
infectivity declined, the greater the percentage of D�L-protonated lactic acid (Fig. 2A).
A 0.1% increase in the proportion of D�L-protonated lactic acid yielded an approxi-
mately 7.6-fold decrease in HIVBa-L infectivity per milliliter, while a 0.5% increase in the
percentage of D�L-protonated lactic acid yielded an approximate 156-fold decrease.
This was calculated by exponentiation of the sum of products from the linear log
incidence rate ratio (b � �22.8) and squared log incidence rate ratio (b � 25.5) at these
levels of percent D�L-protonated lactic acid concentration (Table 2). Anti-HIVBa-L activ-
ity in CVF was also negatively associated with increasing levels of each of the proton-
ated lactic acid isomers with respect to the percentage of D-protonated lactic acid [Wald
�2

(2) � 100.3, P � 0.001] and the percentage of L-protonated lactic acid [Wald �2
(2) �

83.4, P � 0.001]. However, attenuations of these negative effects were also observed for
each of the protonated lactic acid isomers as their levels increased [percent

TABLE 1 Association between HIVBa-L infectivity and HIVRHPA infectivity (in milliliters) in
neutralized CVF relative to native CVF from GLMMa

Virus and CVF category b (SE)b 95% CIc P valued

HIVBa-L

Native Ref
Neutralized 2.59 (0.79) 1.04, 4.14 0.001

HIVRHPA

Native Ref
Neutralized 6.80 (0.76) 5.31, 8.28 �0.001

aData represent generalized linear mixed modeling (GLMM) results generalized through specification of a
Poisson distribution and log-link function from n � 44 data points for HIVBa-L and n � 8 data points for
HIVRHPA. GLMM was used to apply a random intercept (gamma distribution assumed) for data from each
study participant given the repeated HIV-1 infectivity measurement per participant. The (natural) coefficient
is the log incidence rate ratio—an exponentiated coefficient yields the percentage of change for a unit
(percent) increase for a given factor. The effect represents the difference in log incidence values between
study participants’ native and neutralized CVF samples with each participant’s native CVF sample treated as
the reference (Ref).

bData represent log incidence rate ratio (b) values and associated standard errors (SE). Bootstrapped standard
errors (n � 1,000 replications) were estimated to provide correct inferences in the presence of
overdispersion in infectivity in generalized linear modeling.

c95% CI, 95% confidence interval.
dP value, probability value. Statistical significance was determined at a P value of �0.01.

Tyssen et al.

July/August 2018 Volume 3 Issue 4 e00055-18 msphere.asm.org 4

msphere.asm.org


D-protonated lactic acid, Wald �2
(1) � 9.32, P � 0.002; percent L-protonated lactic acid,

Wald �2
(1) � 10.2, P � 0.001] (Fig. 3; see also Table 3). In contrast, our unadjusted

modeling analysis revealed no significant association between HIVBa-L infectivity and
the percentage of D�L-lactate anion [Wald �2

(1) � 1.2, P � 0.280] (Fig. 2B) or pH [Wald
�2

(1) � 2.2, P � 0.139] (Fig. 2C) present in CVF samples (Table 2).
We next determined whether the anti-HIVBa-L activity of D�L-protonated lactic acid

in CVF is independent of pH, of D�L-lactate anion, and of pH and D�L-lactate anion by
performing multivariable analyses and applying three models A, B, and C, respectively
(Table 2). Our generalized linear mixed modeling analyses revealed that percent
D�L-protonated lactic acid remained significantly associated with anti-HIVBa-L in all
three models even accounting for pH and/or the lactate anion [for model A, Wald
�2

(2) � 84.8, P � 0.001; for model B, Wald �2
(2) � 24.9, P � 0.001; for model C, Wald

FIG 2 HIVBa-L inactivation in CVF is significantly associated with percent D�L-protonated lactic acid but
not with percent D�L-lactate anion or with pH. Generalized linear mixed modeling (GLMM) was used to
estimate the association between HIVBa-L infectivity per milliliter and CVF sample percent D�L-protonated
lactic acid (A), percent D�L-lactate anion (B), and pH (C). Observed data from native, minimally diluted,
3-fold diluted, 9-fold diluted, 27-fold diluted, and neutralized CVF samples are depicted by open black
circles and predicted values in filled red circles. Given the discrete (nonnormal) nature of the HIVBa-L

infectivity outcome data, linear modeling was generalized by a Poisson distribution and log-link function.
To account for inherent dependency in the data from repeated measures of HIVBa-L infectivity after CVF
treatment, GLMM analyses specified a participant-specific random intercept effectively modeling the
data corresponding to the heterogeneity between participants in person-specific HIVBa-L infectivity levels
which induce correlation across serial measurements. Modeling data from unadjusted (univariable)
analyses are shown where associations reached statistical significance for infectivity per milliliter versus
percent D�L-protonated lactic acid (P � 0.001) but not versus percent D�L-lactate anion (P � 0.280) or
pH (P � 0.139). Data represent CVF samples from 22 distinct samples (from n � 20 women).
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�2
(2) � 27.7, P � 0.001]. Collectively, these data demonstrate a strong and significant

independent association between HIVBa-L infectivity in CVF and the protonated levels
of D�L-lactic acid.

pH-dependent anti-HIV-1 activity in CVF was predominately seen in the 3-kDa
filtrate and was retained following pepsin digestion. Intrinsic HIV inhibitory activity
in CVF has been ascribed to the presence of cationic antimicrobial peptides (AMPs) that
inhibit early stages of HIV-1 replication (35, 36). Most of these peptides have a
molecular weight (MW) of �3 kDa (36). Thus, to differentiate the AMP HIV-1 inhibitory
activity present in CVF from that of protonated lactic acid, pooled native CVF samples
with high lactic acid levels ranging from 1.4% to 1.7% (wt/vol) were subjected to
centrifugation through a 3-kDa molecular weight cutoff (MWCO) membrane to collect
the �3-kDa filtrate. The smaller (90-Da) lactic acid is expected to partition into the
�3-kDa filtrate, while most of the AMPs would be present in the �3-kDa fraction.

Each of the three sets of pooled native CVF samples inhibited HIVBa-L infectivity to
levels below the detection limit of the assay, representing on average a �7,200-fold
decrease in virus infectivity compared to the corresponding neutralized samples
(Fig. 4A). After incubation in the acidic �3-kDa fraction, infectious HIVBa-L was also
undetectable, representing on average a �2,900-fold decrease in infectivity compared
to the corresponding neutralized filtrate. HIVBa-L infectivity in neutralized CVF filtrate
samples did not dramatically differ from that in native-neutralized CVF (i.e., differed
only ~2.5-fold), indicating that most of the HIVBa-L inhibitory activity in the �3-kDa
fraction was present only at low pH. We also examined the �3-kDa material retained
on the membrane, which was washed and resuspended to the original CVF volume. On
average, only 1.4% of the HIVBa-L inhibitory activity present in native CVF was detected
in this fraction in contrast to 40% in the neutralized CVF filtrate (Fig. 4A). These data
indicate that the anti-HIVBa-L activity of native CVF is due to a low-MW factor(s) in the
acidic �3-kDa fraction.

To further exclude the possibility that the anti-HIVBa-L activity in the �3-kDa CVF
fraction was due to the presence of low-MW peptides, we next performed HIV-1
inhibition studies with pooled native CVF (final pH of 4.15) that was clarified by
centrifugation to obtain “neat” CVF and then subjected to protease digestion followed
by separation of the �3-kDa fraction. We used immobilized pepsin to digest proteins
present in CVF as it is active at low pH, thus obviating the need to alter sample pH.
Protein concentrations were quantified in predigestion and postdigestion CVF samples
as well as in postfiltration CVF samples, and the results confirmed removal of �3-kDa

TABLE 2 Unadjusted and adjusted associations between HIVBa-L infectivity and protonated D�L-lactic acid, D�L-lactate anion and pH
from generalized linear mixed modelinga

Factor

Unadjusted Model Ab Model Bc Model Cd

b (SE)e 95% CIf P valueg b (SE) 95% CI P value b (SE) 95% CI P value b (SE) 95% CI P value

% D�L-protonated
lactic acid

Linear term �22.8 (3.9) �30.6, �15.1 �0.001 �24.6 (4.9) �34.3, �14.9 �0.001 �27.9 (5.6) �39.0, �16.9 �0.001 �26.9 (5.4) �37.7, �16.3 �0.001
Squared term 25.5 (8.7) 8.48, 42.6 0.003 29.1 (10.3) 8.8, 49.4 0.005 33.4 (8.5) 16.8, 50.0 �0.001 31.2 (10.1) 11.4, 51.1 0.002

pH
Linear term 1.38 (0.93) �0.45, 3.20 0.139 �0.14 (0.35) �0.83, 0.54 0.681 0.12 (0.22) �0.30, 0.54 0.589

% D�L-lactate
Linear term �2.59 (2.4) �7.29, 2.11 0.280 0.91 (1.6) 16.4, 16.9 0.573 0.98 (1.5) �1.95, 3.92 0.511

aData represent generalized linear mixed modeling (GLMM) results generalized through specification of a Poisson distribution and log-link function from n � 69 data
points. GLMM was used to apply a random intercept (gamma distribution assumed) for data from each study participant given the repeated HIV-1 infectivity
measurement per participant. HIV infectivity data were subjected to regression for each factor by applying either linear or quadratic functional forms. The (natural)
coefficient is the log incidence rate ratio— exponentiated coefficients yield the percentage of change for a unit (percent) increase for a given factor.

bModel A data represent independent effects for percent D�L-protonated lactic acid and pH.
cModel B data represent independent effects for percent D�L-protonated lactic acid and percent D�L-lactate.
dModel C data represent independent effects for percent D�L-protonated lactic acid, pH, and percent D�L-lactate.
eData represent log incidence rate ratio (b) values and associated standard errors (SE). Bootstrapped standard errors (n � 1,000 replications) were estimated to
provide correct inferences in the presence of overdispersion in infectivity in generalized linear modeling.

f95% CI, 95% confidence interval.
gP value, probability value. Statistical significance was determined at a P value of �0.01.
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proteins as well as pepsin-mediated digestion of proteins (see Fig. S1A in the supple-
mental material). Although there was clear evidence of digestion of peptides compared
to the untreated CVF results, peptides that were �3 kDa in molecular weight were not
completely removed from CVF (Fig. S1B). We found that the �3-kDa protease-treated

FIG 3 HIVBa-L inactivation is significantly associated with both percent D-protonated lactic acid and
percent L-protonated lactic acid. Generalized linear mixed modeling (GLMM) was used to estimate the
association between HIVBa-L infectivity per milliliter and CVF sample percent L-protonated lactic acid (A)
and percent D-protonated lactic acid (B). Observed data from native, minimally diluted, 3-fold diluted,
9-fold diluted, 27-fold diluted, and neutralized CVF samples are depicted by open black circles and
predicted values in filled red circles. Given the discrete (nonnormal) nature of the HIVBa-L infectivity
outcome data, linear modeling was generalized by a Poisson distribution and log-link function. To
account for inherent dependency in the data from repeated measures of HIVBa-L infectivity after CVF
treatment, GLMM analyses specified a participant-specific random intercept effectively modeling the
data corresponding to the heterogeneity between participants in person-specific HIVBa-L infectivity levels
which induce correlation across serial measurements. Modeling data from unadjusted (univariable)
analyses are shown where associations reached statistical significance for infectivity per milliliter versus
percent L-protonated lactic acid (P � 0.001) and percent D-protonated lactic acid (P � 0.001). Data
represent CVF samples from 22 distinct samples (from n � 20 women).

TABLE 3 Associations between HIVBa-L infectivity and D- and L-protonated lactic acid
isomers

Factora b (SE)b 95% CIc P valued

D-Protonated lactic acid
Linear term �40.3 (7.0) �54.0, �26.5 �0.001
Squared term 77.3 (25.3) 27.7, 126.8 0.002

L-Protonated lactic acid
Linear term �52.4 (8.7) �69.4, �35.4 �0.001
Squared term 134.3 (42.1) 51.8, 216.8 0.001

aEffects for each factor represent separate generalized linear mixed modeling (GLMM) analyses from n � 69
data points where infectivity data were subjected to regression for percent D-protonated lactic acid and
percent L-protonated lactic acid applying a quadratic functional form and assuming a Poisson distribution
and log-link function. GLMM was used to apply a random intercept (gamma distribution assumed) for data
from each study participant given the repeated HIV-1 infectivity measurement per participant.

bData represent log incidence rate ratio (b) value and associated standard errors (SE). Bootstrapped standard
errors (n � 1,000 replications) were estimated to provide correct inference in the presence of
overdispersion in infectivity in generalized linear modeling.

c95% CI, 95% confidence interval.
dStatistical significance was determined at a P value of �0.01.
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neat CVF fraction retained most of its anti-HIVBa-L activity compared to the original neat
CVF and that this inhibitory activity was completely abrogated upon neutralization
(Fig. 4B). Taken together with the significant association between HIV-1 inhibitory
activity and protonated lactic acid concentrations, these data indicate that protonated
lactic acid is a major anti-HIV-1 factor present in native and neat CVF.

Vaginal microbiota, anti-HIV-1 activity, and D�L-protonated lactic acid levels.
For a subset of available CVF samples (n � 13), we performed 16S rRNA gene
sequencing to determine the relative abundances of vaginal bacteria. To date, five
major vaginal bacterial communities (i.e., community state types [CST]) have been
identified that are dominated by L. crispatus (CST I), L. gasseri (CST II), L. iners (CST III),
or L. jensenii (CST V) or by a diverse set of strict and facultative anaerobic bacterial
species with low levels of or no Lactobacillus spp. (CST IV-A and IV-B) (37–39). All
samples harbored Lactobacillus spp. and were categorized as CST I, III, or V, with the
majority belonging to CST I (n � 9) (Fig. 5). The average percent D�L-lactic acid in CST
I samples was 1.14 � 0.13, and all of these samples had greater levels of D-lactic acid
than of L-lactic acid (average D:L ratio of 1.75:1) (Table S2) consistent with previous
reports indicating that L. crispatus produces more D-LA (21). CST I samples also showed
strong anti-HIVBa-L activity (Fig. 6A) and high levels of D�L-protonated lactic acid
ranging from 0.23% to 0.59% (wt/vol) (Fig. 6B; see also Table S2). Only one sample,
HIV_17, was dominated by L. iners (CST III), although that sample contained L. crispatus

FIG 4 Anti-HIVBa-L activity was present in the acidic �3-kDa-MW CVF fraction and was retained after
digestion with pepsin. (A) Data represent anti-HIVBa-L activity of pooled native CVF, including unmodified
(Native) activity and activity at neutral pH (Native pH 7), separated into a low-molecular-weight �3-kDa
fraction by centrifugation through a 3-kDa-MWCO membrane at the original acidic pH (Filtrate) or
neutralized pH (Filtrate pH 7) or the �3-kDa retentate that was extensively washed with PBS� and
resuspended in medium to the original native CVF volume (Pellet pH 7). Data represent results from an
individual (n � 1) assay of three separate sets of pooled CVF samples. (B) Anti-HIVBa-L activity of pooled
acidic CVF (pH 4.13, clarified by centrifugation, i.e., supernatant), including unmodified (Neat), neutralized
pH (Neat pH 7), pepsin-digested, and �3-kDa filtrate recovered by centrifugation and tested at the
original acidic pH 4.15 (Pepsin filtrate) or adjusted to neutral pH (Pepsin filtrate pH 7). HIVBa-L infectivity
was normalized to infectivity measured in DMEM-50. The limit of detection was 1.5 � 103 infectious
units/ml. Error bars denote standard deviations from n � 3 independent assays.
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FIG 5 16S rRNA gene sequencing of CVF samples reveals groups with distinct vaginal microbiota, dominated by Lactobacillus crispatus (CST I), L. iners
(CST III), or L. jensenii (CST V). Colored bars indicate the abundance of different bacterial species as a proportion of all species in the sample. CVF sample
numbers (from n � 13 participants) are indicated at the bottom of the heat map.
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at a relative abundance of 22.4% (Fig. 5) and had strong anti-HIVBa-L activity (Fig. 6A),
high levels (0.51% [wt/vol]) of D�L-protonated lactic acid (Fig. 6B), and a D:L-lactic acid
ratio of 1.75:1 (Table S2). Two of the three CST V samples had strong anti-HIVBa-L activity
and D�L-protonated lactic acid levels that were �0.2% (wt/vol), while the third sample
(HIV_25) lacked potent anti-HIVBa-L activity, contained 10-fold-lower levels of D�L-
protonated lactic acid (Fig. 6), and had a pH level of �4.5 (Table S2). That sample was
classified as CST V; however, Bifidobacterium breve and Leptotrichia amnionii were
detected at relative abundances of 25% and 30%, respectively, and a Nugent score of
5 was assigned (Table S2), consistent with a lack of Lactobacillus dominance. These data
demonstrate that CVF samples with a high relative abundance of Lactobacillus spp.,
particularly L. crispatus, also have high levels of protonated lactic acid and of anti-HIV-1
activity.

DISCUSSION

Lactic acid is the major organic acid metabolite produced by vaginal Lactobacillus
spp. and is dramatically depleted in women who are colonized with a diverse set of
strict and facultative anaerobes and are at increased risk of acquiring or transmitting
HIV (16, 17). In this study, we found a strong and highly significant association between
protonated lactic acid levels in native CVF and anti-HIV-1 activity against R5 HIV-1, even
when accounting for lactate anion and low pH. Inactivation of HIV-1 was mediated by
both L- and D-protonated lactic acid. Anti-HIV-1 activity in acidic CVF could be ascribed
to a pH-dependent, protease resistance factor of �3 kDa present in the CVF filtrate,
consistent with lactic acid. CVF samples dominated by Lactobacillus spp. and displaying
the highest anti-HIV-1 activities also had the highest protonated lactic acid levels
(�0.2% [wt/vol]). Collectively, these data indicate that protonated lactic acid in CVF is
biologically active, is a major HIV-1 virucidal factor present in women with acidic CVF,
and may play an important role in modulating HIV transmission or acquisition.

Studies performed by us and others have shown that lactic acid has broad-spectrum
in vitro HIV virucidal activity (31) and that lactic acid inhibits HIV-1 infection in ex vivo
tissue models (40). However, those studies did not assess the anti-HIV-1 activity of lactic
acid present in native, undiluted CVF samples. Previous studies have reported relatively
weak (2-fold to 10-fold) HIV-1 inhibitory activity in cervicovaginal lavage (CVL) fluid (41,
42) or in significantly diluted CVF (36) using the same assay system (HIVBa-L and TZM-bl
cells) compared with the up to 14,000-fold anti-HIVBa-L activity observed in our study.
CVL fluid is significantly diluted vaginal fluid and is usually recovered using 5 to 10 ml
of normal saline solution at neutral pH (a 5-fold to 10-fold dilution, assuming 1 to 2 ml
of native CVF in the vagina) and further diluted by at least 1:4 in medium prior to
addition to HIV target cells (41, 42). Similarly, in another study that used CVF (36), the
vaginal fluid was diluted by at least 20-fold in culture medium before use. Experiments
using CVL or significantly diluted CVF in buffered medium are highly unlikely to detect

FIG 6 Anti-HIVBa-L activity and percent D�L-protonated lactic acid (wt/vol) levels of CVF samples with
distinct vaginal microbiota dominated by Lactobacillus spp. (A) HIVBa-L infectivity after incubation in CVF
samples (HIV_15 to HIV_27) with community state types (CST) dominated by L. crispatus (CST I), L. iners (CST
III), or L. jensenii (CST V). Samples represented below the dotted horizontal line were below the detection
limit of the infectivity assay. (B) Levels of percent D�L-protonated lactic acid in CVF samples (HIV_15 to
HIV_27) categorized as CST (I), CST III, and CST V. Solid horizontal lines represent the means.
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the anti-HIV-1 activity of protonated lactic acid because of dilution well below the 0.3%
(wt/vol) lactic acid (or 0.14% protonated lactic acid) threshold for HIV-1 virucidal activity
(31) and because protonated lactic acid levels would be further decreased due to
neutralization of the original sample acidity (31). In contrast, we incubated high-titer
HIV-1 in native CVF, minimally diluted by the addition of virus, which allowed us to
maximize detection of HIV-1 inhibitory activity in the native fluid.

Our analysis shows a significant association of protonated lactic acid levels with
anti-HIVBa-L activity in CVF that is independent of the lactate anion and pH and that
lactate anion and pH alone are not significantly associated with anti-HIV activity. The
lack of association with lactate anion was expected given that this form of lactic acid
is devoid of anti-HIV-1 activity (31). In contrast, the lack of association of anti-HIV
activity in CVF with pH is surprising given that protonated lactic acid levels dominate
at pH below the pKa of lactic acid and that protonated lactic acid is absolutely required
for HIV-1 inactivation (31). It is likely that a significant association between pH and
anti-HIVBa-L could not be discerned in our study given the weak anti-HIV-1 activity of
low pH and/or the narrow range of pH values in the evaluated samples that limited the
power to detect an association in our data set. In support of the former possibility, our
previous study demonstrated that under identical assay conditions, the presence of
protonated lactic acid results in a 105-fold drop in HIVBa-L infectivity compared to a
29-fold decrease for media acidified to the same pH with HCl (31).

We have previously demonstrated and discussed in detail the implausibility of either
H2O2 or acetic acid playing a significant antimicrobial role in the vagina (19, 30, 43, 44).
While protonated lactic acid inactivates HIV-1 directly (31), the precise mechanism of
action is unknown, although inactivation occurs in the absence of virion disruption and
loss of gp120 (45). Aside from protonated lactic acid, other possible antiviral factors in
CVF are AMPs (35, 36). The main AMPs reported in the lower female reproductive tract
include �-defensins (human neutrophil peptide 1 [HNP1] to HNP4 and human defensin
5 [HD5] and HD6), human �-defensin 1 (HBD1) to HBD5, elafin, secretory leukocyte
protease inhibitor (SLPI), cathelicidin (LL37), calprotectin, cathepsin G, lysozyme, and
lactoferrin (35, 36, 46, 47). However, the role of AMPs in HIV-1 inactivation is contro-
versial (recently reviewed by Cole and Cole) (47). While AMPs can block virus entry (e.g.,
by downmodulating chemokine receptors on target cells as reported for LL-37) (47) or
directly target the HIV particle in vitro (e.g., by lactoferrin and elafin) (36, 48), they can
also enhance HIV-1 infection in vivo through their immune modulatory effects (47).
Further, AMP concentrations shown to elicit anti-HIV-1 effects in vitro (usually in
microgram-per-milliliter quantities) may not represent the lower physiological levels
present in vaginal fluid, as reported for HNPs, HBD-2, and lysozyme (35, 47), and may
actually be cytotoxic to target cells rather than specifically inhibiting HIV-1 (e.g., HNPs)
(47). In contrast, the in vitro anti-HIV activity of LL37 and elafin is at physiological levels
(47). However, while many AMPs are not individually present at anti-HIV levels in CVF,
they can act in concert to inhibit HIV-1 in vitro (36). Regardless, all of the AMPs
mentioned above have molecular weights that are �3 kDa (36, 46, 47) and would not
be expected to be present in the �3-kDa filtrate. Indeed, we were able to demonstrate
that most of the anti-HIV-1 activity was retained in the acidic �3-kDa filtrate of CVF and
persisted even after pepsin digestion, suggesting that HIV-1 inactivation by CVF is
unlikely to be mediated by known AMPs. However, the CVF peptides of �3 kDa in the
filtrate were not completely removed in our experiments (see Fig. S1 in the supple-
mental material). Accordingly, we cannot exclude the possibility that uncharacterized
peptides of �3 kDa, including those derived from AMP proteolysis, contribute to the
anti-HIV-1 observed in our study, particularly in minimally diluted CVF samples. Finally,
apart from AMPs, purified exosomes from vaginal fluid have been reported to inhibit an
early stage of the HIV life cycle (49); however, the activity of exosomes is likely to be
distinct from the pH-dependent anti-HIV-1 activity reported here in native as well as
neat CVF. Furthermore, exosomes would be absent from the �3-kDa filtrate.

While our data indicate that lactobacillus-produced protonated lactic acid is a major
mediator of anti-HIV-1 activity in native CVF, it is possible that different Lactobacillus
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spp. may confer different levels of protection against HIV. Women with L. crispatus-
dominated vaginal microbiota have a lower risk of acquiring HIV from their male
partners (4, 5) than women colonized with L. iners. While the participants in this study
were not selected based on race, most of the women identified as non-Hispanic white
or Asian and all of the CVF samples subjected to 16S rRNA gene sequencing were
dominated by Lactobacillus spp., the majority harboring L. crispatus. The high preva-
lence of Lactobacillus spp. is similar to that seen in our previous study performed using
CVF samples from Johns Hopkins University female participants of reproductive age
and is consistent with the low BV prevalence in this study population (22). Larger
studies of asymptomatic women in distinct geographical regions would be of interest
to determine whether protonated lactic acid has an anti-HIV role in CVF from women
in various countries.

CVF dominated by L. crispatus and L. gasseri produced both D- and L-lactic acid as
previously described for axenic Lactobacillus cultures (21). Axenic cultures of L. iners
produce only L-lactic acid (21). The sole L. iners-dominated CVF sample (HIV_17)
contained both lactic acid isomers, although the D:L-lactic acid ratio (0.79:1) was lower
than in CST I and CST V samples, and the 22.4% relative abundance of L. crispatus
(Fig. 5A) may explain the presence of D-lactic acid in the sample (see Table S2 in the
supplemental material). The majority of characterized microbiota CVF samples had
potent anti-HIV-1 activity except for HIV_25 (Fig. 1), harboring L. jensenii, which also had
lowest levels of D�L-protonated lactic acid (Fig. 5; see also Table S2). The presence of
significant (�50%) proportions of other bacteria, namely, Bifidobacterium breve and
Leptotrichia amnionii, may account for the low protonated lactic acid level and low
anti-HIV-1 activity in this sample. The important anti-HIV-1 role of D�L-protonated lactic
acid is highlighted by the results from sample HIV_12. Unfortunately, the microbiota of
this sample was not characterized by 16S rRNA gene sequencing. However, while
HIV_12 had a Nugent score of 2 and a D�L-lactic acid level of 1.1% (wt/vol) (Tables S1
and S2), which are characteristics consistent with Lactobacillus-dominated microbiota
(22), this sample lacked anti-HIV-1 activity (Fig. 1). Notably, the pH of this sample was
high (pH 5.43) and it had the second-lowest D�L-protonated lactic acid level (only
0.03% [wt/vol]) of all samples analyzed (Table S2). A limitation of our study was that
since most of the samples for which the microbiota was characterized belonged to CST
I, we were unable to determine whether there was a significant difference in the
presence of protonated lactic acid and thus anti-HIV-1 activity in CVF samples domi-
nated with L. crispatus compared to less-protective Lactobacillus spp. in other CSTs.
Future studies in populations with Lactobacillus-dominated vaginal microbiota may be
able to address this issue.

Our findings of a strong association between HIV-1 inactivation by CVF and pro-
tonated lactic acid levels suggest that protonated lactic acid, through its direct anti-
HIV-1 activity, may be responsible in part for reducing the vaginal HIV load observed in
HIV-positive women colonized with Lactobacillus-dominated vaginal microbiota com-
pared to women lacking significant numbers of Lactobacillus spp., such as in cases of
BV (5–11). A reduction of the levels of infectious HIV particles in the vaginal lumen
would be expected to lower the risk of transmission from HIV-positive women to their
male partners or to neonates during birth. In male-to-female transmission, HIV is
deposited by semen, which transiently neutralizes the vagina (43, 50). Seminal plasma,
a surrogate for semen, attenuates the HIV virucidal activity of protonated lactic acid in
vitro, likely due to its strong buffering capacity that increases pH and decreases
protonated lactic acid (31). Thus, whether protonated lactic acid in CVF is able to block
HIV male-to-female transmission depends on whether lactobacilli can maintain vaginal
acidity very near the vaginal epithelial surface and, if acidity is lost, how rapidly
Lactobacillus spp. can reacidify at this site before HIV can reach and infect HIV target
cells (43). The postcoital pH gradient relative to the epithelial surface is unknown. The
rate of acidification by vaginal Lactobacillus spp. is ~0.5 pH units/h and is consistent
with reacidification of the vagina within several hours following coital deposition of
semen (51). The time required for HIV to enter and infect target cells in vagina colonized
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with Lactobacillus spp. is unknown, although vaginal infection of rhesus macaques with
high-titer cell-free simian immunodeficiency virus can be demonstrated within 60 min
of exposure (52). However, macaques rarely have acidic vaginas and do not harbor
Lactobacillus spp., and their vaginal pH is similar to that in women with BV (53, 54).
Additionally, native CVF traps HIV-1 in a pH- and D-lactic acid concentration-dependent
manner, which could further reduce the ability of the virus to enter and infect cells in
the vaginal mucosa, especially in women with a high D:L-lactic acid ratio indicative of
L. crispatus-dominated microbiota (55, 56).

We examined the ability of CVF to inactivate cell-free HIV-1; however, cell-associated
HIV is also present in the cervicovaginal and seminal fluids of infected individuals that
could act as a vehicle to transmit HIV (50). HIV target cells (i.e., human lymphocytes,
monocytes, and macrophages) are immobilized at between pH 5.5 to 6.0 and are killed
when the pH decreases to levels below 5.5 (57). Application of a microbicide, acidified
to pH 3.9 and designed to maintain vaginal acidity in the presence of semen, signifi-
cantly reduced vaginal transmission of cell-associated HIV-1 in the HuPBL-SCID mouse
model (57). Those experiments were performed with an acidifying microbicide that
maintained a low pH but lacked lactic acid (57) and that was thus orders of magnitude
less potent in inactivating cell-free HIV (31). Lactic acid also kills cells, with �0.1% lactic
acid at low pH reported to reduce cell viability by �90% (17). Thus, it is likely that
women with Lactobacillus-dominated vaginal microbiota and high levels of protonated
lactic acid could potentially inactivate both cell-free and cell-associated HIV.

We have shown that protonated lactic acid in acidic, native CVF mediates potent
anti-HIV-1 activity. Protonated lactic acid may confer additional antimicrobial and
immune modulatory effects in the vagina, previously described in in vitro and ex vivo
studies (17, 26–30, 40). For example, protonated lactic acid mediates direct immune
modulatory effects on cervicovaginal epithelial cells that could dampen the genital
inflammation that promotes HIV acquisition (17) and has bactericidal activity against 17
different BV-associated bacterial species without affecting vaginal Lactobacillus spp.
(30). The results of this study may have broader significance for the design of
protonated-lactic-acid-based microbicides or Lactobacillus-based probiotics as adjuncts
to target HIV infections and other STIs (26–29) as well as for strategies to reduce the
prevalence of BV and low-Lactobacillus-species CSTs in women and thereby may
indirectly reduce their risk of acquiring or transmitting HIV (8, 13–15, 30). In addition,
our study data suggest that changing modifiable behaviors and practices that increase
HIV risk in women, including intravaginal cleaning with soap, which elevates the
vaginal pH and disrupts the optimal lactobacillus-dominated vaginal microbiota (58),
may help combat HIV by promoting a high-lactic-acid environment.

MATERIALS AND METHODS
Collection of human CVF. CVF collection was performed as published previously (33, 45, 59, 60).

Briefly, undiluted native CVF was obtained from women who were of reproductive age (18 to 45 years
old) and in good general health by using a self-sampling menstrual collection device (Instead Softcup).
Ethical approval was obtained from the Homewood Institutional Review Board, Johns Hopkins University
(JHU) (approval HIRB00000526), and from the Alfred Ethics Committee (Project 80/13). Informed consent
of participants was obtained after the nature and possible consequences of the study were explained.
Participants inserted the device into the vagina for at least 30 s, removed it, and placed it into a 50-ml
centrifuge tube. Samples were centrifuged at 200 � g for 1 min to collect the secretions. Samples were
collected at random times throughout the menstrual cycle, and cycle phase was estimated based on the
last menstrual period date normalized to a 28-day cycle. No samples were ovulatory (based on visual
observation [i.e., none exhibited spinnbarkeit]), and no samples were bloody or nonuniform in color or
consistency. Donors stated that their last menstrual period had ended at least 3 days prior to donating
and that they had not used vaginal products or participated in intercourse within 24 h prior to donating.
Donor demographics are reported in Table S1 in the supplemental material.

Preparation of CVF aliquots. Native CVF samples were kept on ice immediately after sample
collection until all aliquots were prepared. To provide better sample uniformity across conditions, each
sample was first stirred gently with a pipette tip for 20 s, and aliquots were prepared in 5-�l-to-10-�l
increments using a capillary-tube-positive displacement micropipette (Wiretrol; Drummond Scientific,
Broomall, PA). Native CVF, prepared as 50-�l aliquots, was used to test the following conditions: (i) native
(unmodified) CVF, (ii) neutralized CVF, (iii) 3-fold-diluted CVF (for a subset of samples), (iv) 9-fold-diluted
CVF, and (v) 27-fold-diluted CVF. Precise dilution factors for these samples were calculated based on
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sample weight before and after dilution, taking into account the addition of the viral inoculum (5%
volume). For condition ii, CVF was neutralized (average pH, 7.3 � 0.2; range, 6.9 to 7.6) by incremental
addition of 5 N NaOH (up to 3% volume) and pH was measured using a micro-pH electrode (Microelec-
trodes, Inc., Bedford, NH). For conditions iii, iv, and v, CVF was diluted approximately 3-, 9-, and 27-fold,
respectively, with unbuffered 0.9% saline solution. Pilot studies demonstrated that this dilution range is
sufficient to produce only partial HIV-1 inactivation in most CVF samples. Samples were placed in sterile,
conical-bottom polypropylene tubes (Sarstedt 72.693.105; Sarstedt, Newton, NC) and frozen at �80°C. A
second set of 25-�l aliquots was similarly prepared for pH measurements after addition of virus stock (5%
volume). The pH of all CVF samples was measured in air (i.e., under aerobic and hypocapnic conditions).
Accordingly, the pH values were expected to be marginally higher (by approximately 0.3 pH units) than
the pH values measured in situ (22).

Biochemical characterization of CVF samples. Aliquots of CVF were prepared for biochemical
characterization by diluting native CVF samples 50-fold with unbuffered 0.9% saline solution, gentle
vortex mixing, and centrifuging at 1,000 � g for 2 min to collect “diluted CVF cell-free supernatant,”
which was then stored at �80°C. Prior to use, aliquots were thawed, and serial dilutions were prepared
with unbuffered 0.9% saline solution within the linear range of each assay. Lactic acid levels were
measured using a D-lactic acid/L-lactic acid kit (R-Biopharm, Darmstadt, Germany) following the manu-
facturer’s protocol adapted to a 96-well format. This method measures the concentration of lactate anion
after neutralization of the sample to pH 7 to 9 to calculate the total concentration of lactic acid in the
sample. At pH levels of �7, samples contain the lactate anion and protonated lactic acid, the sum of
which we refer to as lactic acid. The protonated form of lactic acid present in CVF samples was calculated
from the sample pH and lactic acid concentration using the Henderson-Hasselbalch equation as
previously described (22, 35). For these calculations, we made the assumption that the pKa value for lactic
acid in CVF is 3.86. The biochemical characteristics of CVF samples are summarized in Table S2.

Cells. TZM-bl and 293T cells were obtained through the NIH AIDS Research and Reference Reagent
Program and were cultured in DMEM-10 (DMEM containing 10% fetal bovine serum [FBS]) as previously
described (31). Peripheral blood mononuclear cells (PBMCs) were purified from blood bank packs by
Ficoll-Paque density gradient centrifugation from the blood of HIV-seronegative donors obtained from
the Australian Red Cross Blood Service (Melbourne, Australia) as previously published (61). Purified
PBMCs were stimulated for 2 to 4 days with 10 �g/ml phytohemagglutinin (PHA) in RF-10 medium (31)
supplemented with 10 U/ml recombinant human interleukin-2 (hIL-2 [Roche]; Sigma-Aldrich, Castle Hill,
NSW, Australia). All cells were maintained at 37°C in 5% CO2.

Virus strains. HIVBa-L, a CCR5 (R5)-using subtype B laboratory strain of HIV-1 (62), and pRHPA.c/2635,
a molecular clone from a subtype B, R5 transmitted/founder strain from a female subject which had been
acquired heterosexually (34), were obtained through the NIH AIDS Research and Reference Reagent
Program. HIVRHPA was generated from pRHPA.c/2635 by calcium phosphate transfection of 293T cells
(63). HIVBa-L and HIVRHPA were propagated in PHA-stimulated PBMCs as previously published (31) with the
following modifications. At day 3 or 4 postinfection, the supernatant was removed from the HIV-1-
infected PBMCs by centrifugation at 600 � g for 10 min, and PBMCs were replenished with 10 ml of
Opti-MEM (Gibco, Thermo Fisher Scientific, Scoresby, Victoria, Australia) in the absence of FBS and
incubated for a further 3 days at 37°C in 5% CO2. At day 7 postinfection, virus supernatant was clarified
by centrifugation at 2,100 � g for 10 min and concentrated 200-fold using a Vivaspin-20 concentrator
(Sartorius Stedim, Dandenong South, Victoria, Australia) according to the manufacturer’s instructions. FBS
was then added to the viral supernatant to reach a final concentration of 10%, and aliquots were stored
at �80°C. HIVBa-L and HIVRHPA stock titers were determined in TZM-bl cells by counting �-galactosidase-
producing cells as described below.

HIV-1 inhibition assays. The HIV-1 inhibitory activity of CVF samples was assessed using an
infectivity assay. CVF samples were thawed and maintained at 4°C before each sample was spiked with
a virus inoculum equal to 5% of the CVF volume where the titer was 2.0 � 107 infectious units for HIVBa-L

and 1.0 � 107 infectious units for HIVRHPA. Spiked CVF samples were thoroughly mixed for 30 s by the
use of a pipette tip and incubated for 10 min on a 37°C heat block. In parallel, separate wells containing
DMEM-50 (DMEM containing 50% FBS) were included in each assay as a control to determine the virus
titer in the absence of CVF. Following incubation, samples were neutralized by 20-fold dilution in cold
DMEM-DEAE (DMEM-10 supplemented with 25 mM HEPES buffer [Gibco], 10 �g/ml ciprofloxacin, and
20 �g/ml DEAE-dextran [GE Healthcare, Silverwater, NSW, Australia]). Since we have previously shown
that HIV-1 inactivation by protonated lactic acid is both rapid and irreversible (31), this allowed detection
of virucidal activity in the sample. For logistical reasons, diluted samples were divided into aliquots and
stored at �80°C for a maximum of 4 h prior to quantification of infectious HIV-1 using TZM-bl indicator
cells. Our pilot studies confirmed that viral titers in samples subjected to short-term storage at �80°C
(and one freeze-thaw cycle) for up to a day were comparable to those of samples stored at 4°C. Each
neutralized sample was tested for infectious virus quantified by �-galactosidase staining of TZM-bl cells
(64). Six 5-fold dilutions of each neutralized sample were performed in DMEM-DEAE, and the diluted
samples were added in triplicate to wells of 96-well tissue culture plates (Nunclon, Denmark) that were
seeded 24 h prior to infection with 2.0 � 104 cells per well. Following a 2-day incubation at 37°C in 5%
CO2, TZM-bl cells were washed twice in Dulbecco’s phosphate-buffered saline without calcium and
magnesium (PBS�), treated with fixing solution (0.2% glutaraldehyde, 1% formaldehyde, PBS�) for 5 min
at room temperature, and then incubated for 2 h at 37°C in staining solution (400 �g/ml of 5-bromo-
4-chloro-3-indolyl-beta-D-galactopyranoside, 2 mM MgCl2, 4 mM potassium ferrocyanide, 4 mM potas-
sium ferricyanide, PBS�). Mock-infected cells, treated identically to test samples but lacking virus, were
included and used to determine the background. HIV-1 titers were determined by counting blue-colored
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cells (in the range of 0 to 200 blue-forming cells/well and without evidence of cytotoxicity) as visualized
by light microscopy. To accurately quantify levels of infectious HIV-1 present in samples and to minimize
potential confounding effects due to factors, including AMPs, that can either enhance or diminish HIV
levels (36, 47), we calculated the HIV-1 titer from two consecutive dilutions with titers that did not differ
more than 25%. The interassay coefficient of variation (CV) of our HIV-1 inhibition assay, as determined
for HIVBa-L infectivity in DMEM-50, is 17%. This value is in a range similar to that previously reported for
HIV-1 assays in TZM-bl cells (65).

Preparation of CVF filtrate and retentate. Three sets of pooled CVF samples were prepared from
donor samples that individually exhibited low pH. Lactic acid concentrations of samples were quantified
as described above. Aliquots of native and neutralized pooled CVF, prepared as described above, were
set aside. The remaining volumes of the native, pooled CVF samples were filtered through Amicon Ultra
0.5 centrifugal filters (Sigma, St. Louis, MO) with a 3-kDa MWCO at 21,000 � g for 30 min. The resulting
filtrate was divided into two fractions, one of which was neutralized as performed for native CVF. The
retentate was washed twice with PBS� and resuspended to the original volume of the prefiltered CVF.
All aliquots were stored at �80°C until use in HIV-1 inhibition studies.

Preparation of pepsin-treated CVF. Pooled native CVF was prepared as described above and
clarified by centrifugation at 20,800 � g for 30 min at 4°C to recover “neat” CVF supernatant. The pH of
the pooled neat CVF was measured before the CVF was subjected to digestion using pepsin immobilized
on cross-linked agarose beads (Thermo Fisher Scientific). Pepsin beads were prepared by centrifugation
performed three times at 1,000 � g for 3 min in 20 mM sodium acetate at pH 4.2 to remove the
preservative before beads were resuspended directly in pooled neat CVF supernatant at a volume ratio
of 1:4 pepsin/CVF. Pepsin digestion of neat CVF supernatant was performed for 24 h at 37°C with
constant gentle mixing.

Immobilized pepsin was removed by centrifugation at 1,500 � g for 4 min at room temperature, and
the recovered CVF supernatant was filtered through an Amicon Ultra-0.5 Ultracel-3 membrane 3-kDa
concentrator (Merck Millipore, Bayswater, Victoria, Australia) at 15,000 � g for 1 h at 4°C. Bovine serum
albumin (BSA) Fraction V (Sigma-Aldrich, Castle Hill, NSW, Australia), prepared at 10 mg/ml in sterile
water, and DMEM-50 were included as controls. Pre- and post-pepsin digestion and post-3-kDa-filtration
samples were subjected to HIV-1 infectivity analyses, as described above, and protein concentration
determined using Bio-Rad Protein Assay reagent (Bio-Rad, Gladesville, NSW, Australia) and the Micro BCA
Protein Assay (Thermo Fisher Scientific).

Nugent scoring and microbiota analysis. A vaginal smear slide was prepared for Gram staining and
Nugent scoring. Gram-stained slides were viewed under a 100� objective, and Nugent scores were
calculated as described previously (66). For microbiota characterization, 10 �l of native CVF was added
to 90 �l of transfer media (eSwab; BD, Franklin Lakes, NJ) and stored at �80°C. DNA extractions were
performed using a PowerMag microbiome RNA/DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad,
CA), and the reaction mixtures were processed using a Hamilton Microlab Star robotic platform
(Hamilton, Reno, NV). Two controls, comprising a mixture of 24 stool samples and a mixture of 24 vaginal
samples, were included on all sequencing plates with test samples. The taxonomy and community
composition of these controls were compared to data generated from the same controls on all previous
runs and used as a pass/fail in the quality control process. Briefly, CVF samples were pelleted by
centrifugation for 1 min at 4,500 � g and the pellet was mixed with 650 �l of PowerMag lysis solution
containing 2.4% (vol/vol) �-mercaptoethanol. Bacteria were disrupted using a Qiagen TissueLyser and a
96-well glass bead plate at 30 Hz for 20 min followed by centrifugation at 4,500 � g for 6 min and
transfer of the clarified supernatant to a clean plate. PowerMag Inhibitor Removal Solution (150 �l) was
then added to the clarified supernatants, and the reaction mixtures were incubated at 4°C for 5 min. The
plate was centrifuged at 4,500 � g for 6 min, and then 850 �l of each sample was transferred to a fresh
2-ml 96-well plate. A 850-�l volume of PowerMag Binding Solution and 20 �l of PowerMag Magnetic
Bead Solution were added to each sample, and the mixture was homogenized by gentle vortex mixing
for 10 min. Samples were washed three times by placing the plate on a magnetic plate for 5 min to
collect DNA-bound beads at the bottom of the wells and by replacing the supernatant with 500 �l of
ClearMag wash buffer for each wash. Beads were then resuspended in 50 �l of ClearMag RNase-free
water and heated to 65°C for 5 min to separate DNA from the beads. Beads were collected a second time
on the magnetic plate, and the samples containing microbial DNA were transferred to a PowerMag
microplate. The vaginal microbiota composition and structure were characterized as previously pub-
lished (67) by amplification of the V3-V4 regions of the 16S rRNA gene and by sequencing of the
bar-coded amplicons on an Illumina MiSeq instrument using the 300-bp paired-end read protocol as
recommended by the manufacturer (Illumina, San Diego, CA). Sequence analysis and taxonomic assign-
ments were performed using a custom pipeline freely available on GitHub (https://github.com/cwzkevin/
MiSeq16S). CST assignments were performed as previously reported (37).

Statistical modeling of associations between HIV-1 infectivity and protonated lactic acid and
lactate concentrations and pH. Generalized linear mixed modeling (GLMM) was used to estimate the
association between HIV-1 infectivity and CVF sample lactic acid concentration, pH, and neutralization.
Infectivity data below the limit of detection (LOD), defined as 3 times the background (i.e., 6 blue forming
cells), were assigned a value of LOD/2 (68). Given the discrete (nonnormal) nature of the outcome data
in this instance (i.e., HIV-1 infectivity counts per milliliter), GLMM was generalized by a Poisson distribu-
tion and log-link function. To account for the inherent dependency in the data from repeated measure-
ments of HIV-1 infectivity after subsequent CVF sample treatment, GLMM analyses specified a
participant-specific random intercept— effectively modeling the data corresponding to the heterogene-
ity between participants in the person-specific HIV-1 infectivity levels which induce correlation across
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serial measurements. The multilevel structures of the GLMM data were such that study participants
represented level-2 units and their serial HIV-1 infectivity measurements level-1 observations. A gamma
distribution was assumed for the random intercept in all GLMM analyses. Given the restrictive 	equid-
ispersion	 assumption of the Poisson distribution, normal-based bootstrapped standard errors (69) (n �
1,000 replications) were estimated in GLMMs to provide more-conservative inference data that were less
vulnerable to overdispersion. Where bootstrapped standard errors could not be estimated, robust
standard errors were used (70). In terms of the fixed part of GLMM analyses, the functional form of each
association was explored for protonated lactic acid, lactate anion, and pH, with either linear or polyno-
mial (quadratic) effects modeled depending on model fit. Wald chi-square statistics were used to provide
inference in assessing the functional form of associations (likelihood ratio tests could not be estimated
given the nonparametric approach to inference used [bootstrapping]). Model-based postestimation
predicted HIV-1 infectivity counts were produced and plotted for each respective unadjusted model;
predicted HIV-1 infectivity counts were based on the fixed part of the GLMMs and assumed a mean level
of HIV-1 infectivity for the random intercept. Given the number of derivations and subsequent estima-
tions of effect undertaken with respect to protonated lactic acid and lactate anion, statistical significance
was determined conservatively at the 1% level. Stata statistical software package 2013, version 14.2
(StataCorp LP, College Station, TX, USA), was used in all statistical modeling analyses, and GraphPad
PRISM 7 (La Jolla, CA) was used to produce plots and graphs.

Accession number(s). Data from the study have been deposited in the NCBI database (BioProject
identifier [ID] PRJNA430827) (SRP132050). Vagina microbiota sequence read archive (SRA) data for samples
HIV_15 to HIV_27 have been deposited under accession numbers SAMN08428826, SAMN08428827,
SAMN08428828, SAMN08428829, SAMN08428830, SAMN08428831, SAMN08428832, SAMN08428833,
SAMN08428834, SAMN08428835, SAMN08428836, SAMN08428837, and SAMN08428838.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSphere.00055-18.
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