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Objectives: When Lactobacillus spp. dominate the vaginal microbiota of women of reproductive age they
acidify the vagina to pH ,4.0 by producing �1% lactic acid in a nearly racemic mixture of D- and L-isomers.
We determined the HIV virucidal activity of racemic lactic acid, and its D- and L-isomers, compared with
acetic acid and acidity alone (by the addition of HCl).

Methods: HIV-1 and HIV-2 were transiently treated with acids in the absence or presence of human genital
secretions at 378C for different time intervals, then immediately neutralized and residual infectivity determined
in the TZM-bl reporter cell line.

Results: L-lactic acid at 0.3% (w/w) was 17-fold more potent than D-lactic acid in inactivating HIVBa-L. Complete
inactivation of different HIV-1 subtypes and HIV-2 was achieved with ≥0.4% (w/w) L-lactic acid. At a typical
vaginal pH of 3.8, L-lactic acid at 1% (w/w) more potently and rapidly inactivated HIVBa-L and HIV-1 transmitter/
founder strains compared with 1% (w/w) acetic acid and with acidity alone, all adjusted to pH 3.8. A final con-
centration of 1% (w/w) L-lactic acid maximally inactivated HIVBa-L in the presence of cervicovaginal secretions
and seminal plasma. The anti-HIV activity of L-lactic acid was pH dependent, being abrogated at neutral pH,
indicating that its virucidal activity is mediated by protonated lactic acid and not the lactate anion.

Conclusions: L-lactic acid at physiological concentrations demonstrates potent HIV virucidal activity distinct
from acidity alone and greater than acetic acid, suggesting a protective role in the sexual transmission of HIV.
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Introduction
The majority of HIV infections worldwide are transmitted sexual-
ly from infected females to uninfected males, and vice versa. The
probability of HIV acquisition via the female reproductive tract is
lower compared with rectal or parenteral transmission,1 probably
due to antimicrobial defence mechanisms at the endocervix and
the vaginal/ectocervix lumenal surface (vagina), including phys-
ical barriers such as the squamous epithelium and mucous
secretions, innate defence peptides produced by epithelial and
immune cells, and agents produced by commensal bacteria, in-
cluding organic acids and bacteriocins.2 – 6 In addition, factors
present in the vagina that decrease the amount of active HIV
virions shed by infected women may potentially reduce HIV
transmission to men.7 – 10

Studies of the vaginal microbiome of asymptomatic women
of reproductive age reveal five distinct bacterial communities,
the majority of which are dominated by lactobacilli.11,12

However, about one in three women of reproductive age in the
USA13 and about one in two in sub-Saharan Africa14,15 do not
have a lactobacillus-dominated vaginal microbiota that acidifies
the vagina with lactic acid. Thus, many women worldwide with
bacterial vaginosis (BV) and an ‘intermediate’ vaginal microbiota,
as defined by Nugent score,16 have microbial communities that
increase vaginal pH to .4 and are associated with a significantly
increased risk of acquiring sexually transmitted infections
(STIs),13,17 including HIV,18,19 or of transmitting HIV to their
male partners.20 Altogether, the evidence suggests that lactoba-
cilli appear to reduce susceptibility to infections, while BV
appears to increase it.
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Many pathogens are well recognized as being acid suscep-
tible, but only recently has lactic acid, at physiological concentra-
tions, been shown to be highly potent at killing BV-associated
bacteria – all 17 of the most abundant BV-associated species
are potently inactivated at pH 4.5 with 55–111 mM racemic
DL-lactic acid.3,21 – 23 As typically measured aerobically in the
clinic, lactobacilli acidify the vagina to pH �4.2,24 but the
vagina is hypoxic and is partially acidified by 5% systemic CO2

compared with 0% CO2 in air. The most reliable observation of
vaginal pH in vivo, based on radio telemetry from intravaginal
capsules, revealed that lactobacilli lower vaginal pH to �3.7,25

a significantly more microbicidal pH. Lactobacillus-dominated
microbiota are associated with high levels of lactic acid com-
pared with other metabolites26 and acidify the vagina to pH
,4.0 by producing, and maintaining, a vaginal concentration of
�1% (w/v) lactic acid (D. O’Hanlon and R. Cone, Johns Hopkins
University, and T. Moench, ReProtect Inc., unpublished data)
with a nearly racemic mixture of D- and L-isomers.27 Human me-
tabolism produces only the L-isomer, and ,15% of vaginal lactic
acid appears to be produced by anaerobic metabolism of the
vaginal epithelium.23,27,28

Lactic acid is a lipid-soluble membrane-permeant carboxylic
acid (pKa¼3.9) and exists predominantly as the neutral proto-
nated form under acidic conditions and the charged unproto-
nated lactate anion under neutral conditions.23 Glycogen is
thought to be the primary energy source metabolized by lacto-
bacilli in producing lactic acid, and during the reproductive
years human vaginal epithelial cells provide high concentrations
of glycogen to bacteria in the vaginal lumen.29,30 Intriguingly,
women with lactobacillus-dominated vaginas are unique
among mammals in having vaginas strongly acidified with
lactic acid; other species, including non-human primates, have
much less acidic vaginas and low levels of lactobacilli and
lactic acid.31,32

The antimicrobial and HIV virucidal activity of lactobacilli has
often been ascribed to the ability of some species to produce
hydrogen peroxide (H2O2).33 However, more recent studies indi-
cate that H2O2 is unlikely to act as an intravaginal protective
factor: Lactobacilli make only trace amounts of H2O2 in cervi-
covaginal secretions (CVS) under the hypoxic conditions normally
found in the vagina;34 the maximum concentrations of H2O2

found in vaginal fluids, even when potentiated with myeloperox-
idase, failed to inactivate BV organisms, Neisseria gonorrhoeae,
or HSV-2.34 Vaginal secretions diluted 100-fold completely
blocked the microbicidal activity of H2O2, even at 50000 times
its vaginal concentration.23 Lactobacilli are themselves more sus-
ceptible to inactivation by H2O2 than BV organisms,23 and inhib-
ition of N. gonorrhoeae by lactobacilli under anaerobic growth
conditions is mainly due to acidification rather than H2O2.23,34,35

Several previous reports have described the acid sensitivity of
HIV.36 – 40 These studies used HCl, acetic acid, phosphate/citrate
buffers or lactic acid to acidify virus-containing media.
However, a direct comparison of the HIV virucidal activity of
lactic acid compared with other acids found in the vagina has
not been performed. To investigate the potential role of lactic
acid in modulating heterosexual transmission of HIV, we deter-
mined the relative virucidal activities of DL-, L- and D-lactic acid,
and compared the activity of L-lactic against acetic acid and
low pH without an organic acid (acidified with HCl). We also
examined the anti-HIV activity of L-lactic acid against a panel

of HIV strains, including different subtypes and transmitter/
founder strains,41 evaluated the activity in the presence of
genital secretions and determined whether protonated lactic
acid or the lactate anion mediates HIV virucidal activity.

Materials and methods

Cells
The TZM-bl indicator cell line expressing the CD4, CXCR4 and CCR5 recep-
tors and stably integrated with the Escherichia coli b-galactosidase and
firefly luciferase genes under the control of the HIV promoter were
obtained through the NIH AIDS Research and Reference Reagent
Program. TZM-bl cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal
calf serum (FCS; Sigma-Aldrich), 100 U/mL penicillin, 100 mg/mL strepto-
mycin and 2 mM L-glutamine (DMEM-10).42 293T cells (obtained from
Richard Axel, Columbia University) were cultured in DMEM-10 (Invitro-
gen). Phytohaemagglutinin-stimulated human peripheral blood mono-
nuclear cells (PBMCs) from uninfected donors were prepared as
previously described43 with the following modifications: PBMCs were
isolated from blood bank packs supplied by the Australian Red Cross
(South Melbourne) and were resuspended at 2×106 cells/mL in Roswell
Park Memorial Institute medium (1640) supplemented with 10% heat-
inactivated FCS, 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL strep-
tomycin and 20 U/mL recombinant human interleukin 2 (IL-2 medium,
Roche). PBMCs were stimulated in the presence of 10 mg/mL phytohaem-
agglutinin (Sigma-Aldrich) and incubated for 3 days at 378C/5% CO2 in
either silicone-coated Teflon pots (Savillex) or 75 cm2 tissue culture flasks
(Falcon) prior to infection with HIV.

Virus
HIVBa-L, obtained from the NIH AIDS Research and Reference Reagent
Program, is a CCR5 (R5)-using laboratory strain of HIV type 1 (HIV-1) pro-
pagated in human PBMCs and macrophages. HIV-1 clinical isolates
MACS3-LN (subtype B, R5 strain), MACS1-spln (subtype B, dual tropic)
and CB1-br [subtype B, CXCR4 (X4)-using strain] were isolated from
HIV-1 infected individuals44 and provided by Dana Gabuzda (Dana-Farber
Cancer Institute). HIV-1 strains 92RW016 (subtype A, R5 strain), 92BR025
(subtype C, R5 strain), CMU02 (subtype EA, X4 strain), 93BR020 (subtype
F, dual tropic), HIV type 2 (HIV-2, CDC310319, X4 strain), and the molecu-
lar clones pRHPA.c/2635 and pCH058.c/2960 of transmitter/founder
strains RHPA (subtype B, R5 strain isolated from a female subject acquired
heterosexually) and CH058 (subtype B, R5 strain isolated from a male
subject)41,45 were obtained from the NIH AIDS Research and Reference
Reagent Program. Infectious RHPA and CH058 virus were generated
from pRHPA.c/2635 and pCH058.c/2960, respectively, by calcium phos-
phate transfection of 239T cells, as described previously,46 followed by
propagation in human PBMCs.43

Acids
A 30% (w/w) solution of DL-lactic acid was prepared from an 85% (w/w)
stock (Sigma-Aldrich); a 30% (w/w) D-(2)-lactic acid solution was pre-
pared from solid powder (Sigma-Aldrich); a 30% (w/w) sodium
L-lactate solution was prepared from solid powder (Sigma-Aldrich); and
30% (w/w) L-(+)-lactic acid solution (Sigma-Aldrich) was used as pur-
chased. A 30% (w/w) acetic acid solution was prepared by dilution of
glacial acetic acid (17.4 M, 99.5% w/w; Merck); 1 M and 0.1 M HCl were
prepared from a 12 M stock of HCl (Sigma-Aldrich); and 1 M and 0.1 M
NaOH were prepared from solid NaOH (Sigma-Aldrich). Lactic acid stereo-
isomer stock concentrations were confirmed using the D-lactic acid/
L-lactic acid ultraviolet method according to the manufacturer’s
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instructions (Boehringer Mannheim/R-BioPharm), which is based on con-
version of D-lactate or L-lactate by D-lactate dehydrogenase and L-lactate
dehydrogenase, respectively, to pyruvate and NADH. The concentrations
of lactic acid and acetic acid are presented in the text as w/w unless
otherwise specified.

Collection and processing of CVS
and seminal plasma
Human CVS and seminal plasma (SP) were purchased from Lee Biosolu-
tions (St Louis, MO, USA). CVS was supplied undiluted and pooled from
six asymptomatic donors aged between 20 and 40 years. The collection
procedure involved arousal of female donors followed by collection of,
typically, 2 mL of fluid using a spoon-like device, with samples immedi-
ately frozen at 2808C. Donors were negative for HIV-1, HIV-2, syphilis,
hepatitis C and hepatitis B; however, Nugent scores were not determined.
The pH of the CVS was �5.4. SP was prepared from semen obtained from
four donors by masturbation after a minimum of 48 h abstinence from
ejaculation. The pooled semen was liquefied by incubating the sample
containers in a water bath at 378C for 1 h. Liquefied semen was trans-
ferred to a 10 mL centrifuge tube and clarified by centrifugation at
1000 g for 10 min. The SP fraction was aspirated while trapping the
pellet with a plunger at the bottom of the centrifuge tube and frozen
at 2808C.

HIV-1 inactivation studies with no pH adjustment
L-, D- and DL-lactic acid from 30% stocks was applied to PBMC-grown HIV
stocks in IL-2 medium to achieve the desired final acid concentration.
The pH of the medium was recorded at the beginning and end of the in-
cubation using the Aqua-pH pH-mV-Temperature meter v2.2 (TPS Pty Ltd,
Brisbane, Australia) and MI-411-S Micro-combination pH electrode
(Microelectrodes Inc., NH, USA) calibrated according to manufacturers’
instructions. HIV was incubated for 30 min at 378C with continuous
gentle stirring using the Jenway 1103 hotplate stirrer (Bibby Scientific
Ltd, Staffordshire, UK) to avoid exposure of the virus to localized pH
changes. Following incubation the mixture was immediately neutralized
by 10-fold dilution in DMEM-10 containing 25 mM HEPES (DMEM-HEPES)
and the pH adjusted to neutral, if required, with NaOH. The mixture
was then subjected to additional dilutions in DMEM-10 containing
10 mg/mL DEAE-dextran (GE Healthcare) and the viral infectivity deter-
mined in TZM-bl cells.

HIV-1 inactivation time-course study at fixed pH
Carboxylic acids were prepared at twice the final concentration in
DMEM-10 followed by adjustment of the media to pH 3.8 using HCl or
NaOH. DMEM-10 acidified to pH 3.8 with HCl was also prepared to re-
present conditions of acidity alone. To avoid exposure of virus to local
high concentrations of pH, acid was added to the side of the tube,
which was sealed and immediately inverted to mix. An equal volume
of HIV stock in IL-2 medium was added to the acid preparations and
the pH rapidly adjusted back to pH 3.8 with HCl, without allowing the
pH to drop below 3.8. Virus was incubated for different lengths of time
at 378C with continuous gentle stirring. At each timepoint 200 mL of
treated virus was removed and immediately neutralized by 10-fold
dilution in DMEM-HEPES, followed by serial dilution in DMEM-HEPES
containing 10 mg/mL DEAE-dextran and viral infectivity determined in
TZM-bl cells.

HIV-1 inactivation studies with pH adjustment
at a fixed timepoint
Sodium L-lactate and L-, D- and DL-lactic acid were prepared at twice the
final required concentration in DMEM-10 followed by adjustment to the
target pH (3.8, 4.0 or 7.0) using HCl or NaOH. DMEM-10 acidified to pH
4.0 with HCl was also prepared to represent conditions of acidity alone.
An equal volume of HIV-1Ba-L was added to the lactic acid or sodium
lactate preparations and the pH adjusted, where necessary, back to the
target pH. Virus was incubated for 30 min at 378C with continuous
gentle stirring. Dilution with DMEM-HEPES was performed to stop the
treatment and neutralize samples, followed by serial dilution in DMEM-
HEPES containing 10 mg/mL DEAE-dextran and viral infectivity deter-
mined in TZM-bl cells.

HIV-1 inactivation in the presence of CVS
Undiluted CVS (50 mL) was added to tubes, followed by the addition of
L-lactic acid to achieve the desired final concentration, and made up to
60 mL with DMEM-10. To this, 40 mL of HIV-1Ba-L was added and mixed
thoroughly, and the tubes were then incubated for 30 min at 378C. In
parallel, HIV-1Ba-L, in the absence of CVS, was prepared and treated
with L-lactic acid in exactly the same manner as for the HIV-1Ba-L/CVS
samples. After 30 min treatment the pH was measured and samples
were diluted 1:100 in DMEM-HEPES to neutralize the acid and dilute
out cytotoxic effects due to CVS. Samples were serially diluted 10-fold
in DMEM-HEPES containing 10 mg/mL DEAE-dextran and viral infectivity
determined in TZM-bl cells.

HIV-1 inactivation in the presence of SP
For studies performed in the presence of 75% SP, 75 mL of undiluted SP
was added to tubes, followed by the addition of L-lactic acid to achieve
the desired final concentration. To this, HIV-1Ba-L was added to achieve
a final volume of 100 mL and the tubes were mixed thoroughly.
Samples tested in the presence of 12.5% and 25% SP were diluted in
OptiMEM medium (Invitrogen) to achieve the required concentration
prior to the addition of L-lactic acid and virus. Samples were mixed thor-
oughly and the pH measured. The samples were incubated for 30 min at
378C, after which the pH was measured again and the samples diluted
1:10 in DMEM-HEPES to stop the acid treatment and to dilute out cyto-
toxic effects due to SP. Samples were neutralized with NaOH where
required. Each sample was subjected to 10-fold serial dilutions in DMEM-
HEPES containing 10 mg/mL DEAE-dextran and viral infectivity deter-
mined in TZM-bl cells.

Determination of infectious HIV in TZM-bl cells
The infectious titre of HIV stocks prepared by propagation in PBMCs and
the presence of infectious virus following acid treatment was determined
by counting blue foci-forming cells in the TZM-bl reporter cell line as
described previously.47 The cytotoxicity of diluted samples containing
neutralized lactic acid, CVS or SP was assessed visually by microscopy
and by using the MTS reagent (CellTitre 96 Aqueous One, Promega) as
previously described.48 The lower limit of HIV detection in the infectivity
assays was 100 infectious units per mL except where otherwise specified.
The dynamic range of the assay is a function of the virus stock titre,
where high viral titres (i.e. 105–106 infectious units/mL) can reveal a
greater-fold decrease in infectivity compared with virus with lower
titres (i.e. 103–104 infectious units/mL). Thus, the ‘maximum’ decrease
in HIV virucidal activity observed for a given virus stock will differ depend-
ing on the initial virus titre. The apparent variation at the maximum vir-
ucidal concentration, as suggested by the presence of error bars in some
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of the graphs, is a consequence of the data being derived from independ-
ent assays using virus stocks with different titres. Decreases in HIV infect-
ivity in the presence of acid were normalized to the corresponding
untreated virus incubated in the absence of acid.

Statistical analysis
The statistical significance between two acid treatments was determined
using the Wilcoxon rank-sum test and differences between more than
two treatments were determined using the Kruskal–Wallis test.

Results

L-lactic acid is a more potent inactivator of HIVBa-L than
D-lactic acid

We evaluated the relative capacity of racemic DL-, D- and L-lactic
acid to inactivate HIVBa-L. All forms of lactic acid demonstrated
maximum decreases in HIVBa-L infectivity at physiological con-
centrations [0.5%–1%; �56–111 mM] compared with the un-
treated control virus incubated in the absence of lactic acid
(Figure 1a). No effect of the neutralized lactic acid was observed
on TZM-bl cell viability (data not shown). L-lactic acid at 0.3%
showed greater virucidal activity than D- and DL-lactic acid
(Figure 1a). To exclude the possibility that the difference in viru-
cidal activity of the lactic acid stereoisomers was due to small
differences in the final pH of the medium, we performed experi-
ments where DL-, L- and D-lactic acid were adjusted to pH 4.0 (the
average pH observed for all three forms of lactic acid at 0.3%)
prior to virus addition and the pH monitored continuously (and
adjusted if necessary) during incubation at 378C. In parallel,
HIVBa-L was treated with media adjusted to pH 4.0 with HCl to
evaluate the virucidal activity of acidity alone (HCl adjusted).
L-lactic acid (n¼8) demonstrated HIVBa-L virucidal activity that
was 17-fold more potent than D-lactic acid (P¼0.002, n¼6)
while DL-lactic acid showed intermediate activity (Figure 1b). Fur-
thermore, while L-lactic acid treatment resulted in a maximal
2.2×104-fold decrease in HIVBa-L infectivity compared with the
untreated control, treatment with HCl resulted in only a 12-fold
decrease in infectivity (P,0.001, n¼8). These data demonstrate
that L-lactic acid is a more potent inactivator of HIVBa-L than
D-lactic acid. Since L-lactic acid is the most potent virucidal
form of lactic acid at threshold concentrations, subsequent
experiments were performed using L-lactic acid.

L-lactic acid has broad-spectrum HIV-1 and HIV-2
virucidal activity

The previous experiments demonstrate that L-lactic acid inacti-
vates the laboratory strain HIVBa-L. To determine whether
L-lactic acid has potent broad-spectrum HIV virucidal activity
we determined its activity against a panel of X4 (Figure 2a),
dual tropic (Figure 2b) and R5 strains (Figure 2c and d). The
panel includes several different HIV-1 subtypes as well as clinical
isolates and transmitter/founder strains (Figure 2d), isolated im-
mediately following HIV-1 transmission, and an X4 HIV-2 strain
(Figure 2a). Maximum HIV virucidal activity was observed at con-
centrations of ≥0.4% L-lactic acid for all strains tested, with
half of the isolates also being completely inactivated in the pres-
ence of 0.3% L-lactic acid (Figure 2a–c). Measurement of the

final pH of virus-containing media treated with L-lactic acid indi-
cated that virucidal activity under the experimental conditions of
these assays was observed at pH ,4.2 (Figure 2a). These data
demonstrate that L-lactic acid at physiological concentrations
has broad-spectrum HIV virucidal activity observed at acidic pH.

HIV-1 inactivation by L-lactic acid at pH 3.8 is more rapid
and potent than by acetic acid and acidity alone

We performed a time-course experiment to determine how
quickly 1% L-lactic acid at pH 3.8 inactivates HIVBa-L (Figure 3)
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Figure 1. Inactivation of HIVBa-L by L-, D- and DL-lactic acid. (a) HIVBa-L

was incubated with different forms of lactic acid at 378C for 30 min
without pH adjustment; data are the mean of four independent assays.
(b) HIVBa-L was incubated in the presence of different forms of lactic
acid adjusted to pH 4.0 prior to virus addition or with media adjusted
to pH 4.0 with HCl and incubated at 378C for 30 min followed by
immediate neutralization. The lower limit of detection of virus in these
assays was 30 infectious units/mL and the data are the mean of at
least six independent assays. Viral infectivity was determined in the
TZM-bl reporter cell line and expressed relative to virus incubated in the
absence of acid. Error bars denote standard error of the mean.
Statistically significant differences were determined using the Wilcoxon
rank-sum test. LA, lactic acid.

Aldunate et al.

2018

 at A
lfred H

ealth on Septem
ber 10, 2013

http://jac.oxfordjournals.org/
D

ow
nloaded from

 

http://jac.oxfordjournals.org/


and the transmitter/founder strains RHPA and CH058 (Figure S1;
available as Supplementary data at JAC Online). In parallel, we
tested 1% acetic acid (pH 3.8) and acidity alone (pH 3.8, HCl
adjusted). The pH of the medium was adjusted prior to virus add-
ition and maintained at pH 3.8 throughout the experiment. A
130-fold decrease in HIVBa-L infectivity was observed following
1 min incubation with 1% L-lactic acid, with infectivity continuing
to decrease over time resulting in a dramatic 105-fold drop in in-
fectivity after 20 min compared with the untreated control. This
decrease in HIVBa-L infectivity was �100-fold greater than found
with 1% L-lactic acid treatment of HIVBa-L for 30 min (Figure 1a)
since the titre of the virus stock used in the time-course study
was �100-fold greater compared with the stock used in the
fixed timepoint study, leading to a larger assay dynamic range
in the time-course assay. After 1 min incubation only 4-fold
and 1.7-fold decreases in HIVBa-L infectivity were observed in
the presence of acetic acid and HCl (pH 3.8), respectively
(Figure 3). Furthermore, after 20 min incubation a 3.6×104-fold
decrease in HIVBa-L infectivity was observed for acetic acid

while only a 29-fold reduction was observed with HCl (pH 3.8;
Figure 3). The virucidal activity of the acid treatments was signifi-
cantly different at 1 min (P¼0.015, n¼4), 2 min (P¼0.015),
5 min (P¼0.017), 10 min (P¼0.007) and 20 min (P¼0.012).
Compared with HIVBa-L, similar acid inactivation patterns were
observed with the transmitter/founder strains RHPA and CH058
(Figure S1). These data demonstrate that L-lactic acid is more
potent and rapid in the inactivation of HIV-1 than acetic acid
and acidity alone.

L-lactic acid does not enhance infectivity of HIV-1 strains
at mildly acidic pH

A previous study reported that in the presence of a mildly acidic
pH (4.5), the infectivity of non-subtype B HIV-1 isolates is
enhanced.40 To investigate this possibility we evaluated the cap-
acity of 0.3% L-lactic acid adjusted to pH 4.5 with HCl to inacti-
vate HIV-1 subtype C (92BR025), subtype A (92RW016), subtype
F (93BR020) and subtype B (RHPA). Experiments were performed
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Figure 2. HIV-1 and HIV-2 virucidal activity of L-lactic acid. HIV was incubated in the presence of L-lactic acid at 378C for 30 min without pH
adjustment, neutralized and viral infectivity determined in TZM-bl cells. (a) Inactivation of X4 HIV-1 strains CB1-br (subtype B) and CMU02
(subtype E/A), and the X4 HIV-2 strain CDC310319; (b) dual tropic HIV-1 strains MACS1-spln (subtype B) and 93BR020 (subtype F); (c) R5 HIV-1
strains MACS3-LN (subtype B), 92RW016 (subtype A) and 92BR025 (subtype C); and (d) subtype B transmitter/founder strains RHPA (F, isolated
from a female subject) and CH058 (M, isolated from a male subject). The pH of the media following the addition of L-lactic acid and incubation is
expressed as the mean+standard error (a). Data were obtained from three independent assays and error bars denote the standard error of the mean.
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as above, where the pH of the medium was monitored through-
out the incubation. The infectivity of all strains tested was
decreased relative to the corresponding untreated control, indi-
cating no evidence of enhancement of HIV-1 infectivity under
the highly controlled conditions of our assay (Figure S2; available
as Supplementary data at JAC Online). These data demonstrate
that lactic acid at mildly acidic pH does not enhance infectivity
of the subtype B and non-subtype B HIV-1 strains tested.

L-lactic acid inactivates HIV-1 in the presence
of genital secretions

To determine whether L-lactic acid inactivates HIV-1 in the pres-
ence of human CVS we compared the virucidal activity of L-lactic
acid in the presence and absence of 50% CVS. The L-lactic acid
HIVBa-L inactivation profiles in the absence and presence of CVS
were similar (Figure 4a). Maximum HIVBa-L inactivation was
observed in the presence of ≥0.5% L-lactic acid. In the presence
of 0.3% L-lactic acid a 240-fold and 342-fold decrease in titre
was observed compared with the control in the absence and
presence of 50% CVS, which was not significantly different
(P¼0.06, n¼3). These data demonstrate that L-lactic acid’s
HIV-1 virucidal activity is not inhibited in the presence of CVS.

Semen is alkaline and neutralizes the vaginal lumen within
seconds, providing a window of opportunity for acid-susceptible
pathogens such as HIV to establish infection. To determine
whether L-lactic acid inactivates HIV-1 in the context of semen
we performed experiments in the presence of 75% SP as a surro-
gate for semen to simulate dilution of an estimated 1 mL of CVS
in the vagina with an average 3 mL ejaculate.49 Under these

conditions we found that a final concentration of 1% L-lactic
acid was required to achieve a 2.4×104-fold decrease in
HIVBa-L infectivity compared with the untreated control, while
0.75% L-lactic acid mediated a 135-fold reduction in HIVBa-L in-
fectivity (Figure 4b). In addition, the virucidal activity of L-lactic
acid was observed at pH ≤4.8 (Figure 4b). The pH in SP
(Figure 4b) was higher for a given lactic acid concentration com-
pared with treatment in the absence of SP (Figure 2a). Experi-
ments performed in the presence of 12.5% and 25% SP
demonstrated a dose-dependent attenuation of the virucidal ac-
tivity of L-lactic acid (Figure S3; available as Supplementary data
at JAC Online). Maximum HIVBa-L virucidal activity was observed
at a final concentration of 0.5% L-lactic acid for both 12.5%
and 25% SP, in contrast to 1% L-lactic acid for 75% SP, and
the ability of 0.4% L-lactic acid to inactivate HIVBa-L was
reduced with increasing SP concentrations (Figure S3 and
Figure 4b). These data demonstrate that L-lactic acid inactivation
of HIVBa-L in the presence of 75% SP is observed at final concen-
trations of ≥0.75%, in the context of our in vitro experiments.
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Figure 3. Acid inactivation time-course study of HIVBa-L at pH 3.8. Media
acidified with L-lactic acid, acetic acid or HCl were adjusted to pH 3.8 prior
to addition to virus; the pH was monitored and adjusted if required during
incubation at 378C. At indicated times an aliquot was removed,
neutralized and viral infectivity determined in TZM-bl cells and
expressed relative to virus incubated in the absence of acid. Data were
obtained from four independent assays and error bars denote the
standard error of the mean.
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Figure 4. L-lactic acid inactivation of HIV-1 in the presence of genital
secretions. HIVBa-L was incubated in the presence of L-lactic acid at
378C for 30 min, without pH adjustment, in the absence and presence
of 50% CVS (a) or 75% SP (b), neutralized and viral infectivity
determined in TZM-bl cells relative to the appropriate control incubated
in the absence of acid. The final pH of the media following mixing of
SP, virus and lactic acid is shown above the bars (b). The data were
obtained from three independent assays and error bars denote the
standard error of the mean.
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Protonated lactic acid and not the lactate anion
mediates HIV-1 virucidal activity

Our data demonstrate that the HIV virucidal activity of lactic acid
is pH dependent. To determine whether the uncharged lactic acid
predominantly found at low pH mediates virucidal activity, as
distinct from the lactate anion present at neutral pH
(Figure 5a), we evaluated the ability of L-lactic acid to inactivate
HIVBa-L when neutralized to pH 7.0 compared with L-lactic acid at
pH 3.8. In addition, we examined the capacity of L-sodium
lactate to inactivate HIV, which provides a source of lactate
anion in the absence of acidity. While 1% L-lactic acid at pH
3.8 resulted in a 5.4×103-fold decrease in HIVBa-L infectivity,

little virucidal activity was observed with either 1% L-lactic acid
at pH 7.0 or 1% L-sodium lactate pH 7.0 (Figure 5b). These
data demonstrate that it is uncharged protonated lactic acid
and not the lactate anion that mediates HIV-1 virucidal activity.

Discussion
Our study shows that L-lactic acid has broad-spectrum HIV viru-
cidal activity that is additional to acidity alone (due to HCl).

L-lactic acid’s virucidal activity is more potent and rapid com-
pared with acetic acid, a smaller, membrane-permeant car-
boxylic acid. Complete inactivation of HIV infectivity by lactic
acid concentrations ≥0.5%, under conditions where the media
were subsequently neutralized prior to titration in TZM-bl cells,
strongly suggests that the impact of lactic acid on HIV infectivity
is irreversible. We have also shown that it is the protonated form
of lactic acid and not the lactate anion that mediates HIV viruci-
dal activity, which is consistent with the pH-dependent anti-HIV
activity observed in the absence and presence of SP.

While it has been reported that L-lactic acid has more potent
antibacterial activity than D-lactic acid,50 to our knowledge this is
the first report of a carboxylic acid eliciting stereochemical-
dependent virucidal activity. The antimicrobial mechanism of
action of lactic acid under acidic conditions has been ascribed
to its ability to penetrate cell membranes, resulting in cytosol
acidification,51 direct action on membranes52 or interference
with the enzymatic reactions of the cell.50 HIV does not have a
cytosol and the stereochemical-dependent activity of lactic
acid suggests that it is targeting protein. In this regard, L-lactic
acid has been shown to induce protein unfolding;53 thus, an
obvious viral protein target is the HIV gp120 envelope protein
exposed on the outside of the virion. However, given the
membrane-permeant properties of the uncharged form of
lactic acid predominately present at low pH, it is also possible
that it could penetrate the viral lipid envelope, resulting in its per-
turbation and/or adversely affecting the function of proteins em-
bedded in this layer in addition to penetrating the lipid bilayer
and targeting viral proteins and enzymes inside the virion. A pre-
vious study reported that HIV-1 virions treated with 1% lactic
acid at pH 4.0 for 1 h at 378C retained gp120 in an immunologic-
ally recognizable form.6 Further studies are in progress to
examine whether similar effects are observed with L-lactic acid
at pH 3.8, to correlate this effect to its virucidal activity and elu-
cidate the mechanisms by which it inactivates HIV infectivity.

Our studies clearly show that L-lactic acid inactivates subtype
B and non-subtype B HIV-1 strains, even under mildly acidic con-
ditions at pH 4.5, which appears to be at odds with a previous
study that reported enhancement of HIV-1 infectivity.40 It is
not clear why Connor40 observed this enhancement. In contrast
to that study we quantified virus titre by counting blue foci-
forming cells rather than luciferase activity, we obtained data
from at least two independent assays and measured the final
pH after mixing of virus and acid-buffering medium, which can
shift from the intended pH. We also reported the final concentra-
tion of L-lactic acid in the medium, which along with pH we have
found to be critical for HIV virucidal activity. In this regard, 0.2%
L-lactic acid at pH 4.2 lacked potent virucidal activity for 9 of the
10 HIV strains tested (Figure 2). We also did not observe dramatic
variations in HIV inactivation for the majority of the strains tested
in the presence of 0.3% L-lactic acid, which acidified the media to
�pH 4.0 under our experimental conditions.

It is highly unlikely the concentration of solutes and salts
introduced during pH adjustment of lactic acid had an impact
on HIV virucidal activity. The HIV inactivation studies were per-
formed in tissue culture medium, which has an osmolality of
�295 mOsm/kg. If we account for �56 mOsm/kg due to disso-
ciated lactate anion present at pH 3.8 in the 1% (w/w) lactic
acid solution and the �6 mOsm/kg osmolality associated with
adjusting the pH of lactic acid-containing medium with HCl
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Figure 5. HIV-1 virucidal activity of protonated L-lactic acid compared with
L-lactate anion. (a) Protonated lactic acid exists in equilibrium with the
lactate anion at pH 3.9. (b) HIVBa-L was incubated at 378C for 30 min with
L-lactic acid adjusted to pH 3.8, L-lactic acid adjusted to pH 7.0 or
L-sodium lactate (L-NaLactate) at pH 7.0, with the pH adjusted prior to
virus addition. After neutralization, infectivity was determined in TZM-bl
cells. The data were obtained from three independent assays and error
bars denote the standard error of the mean.
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to account for chloride ions in the time-course experiments, the
total osmolality is �357 mOsm/kg. By contrast, 1%
sodium lactate (pH 7.0), with a much higher osmolality of
�473 mOsm/kg (295 mOsm/kg from media and 178 mOsm/kg
to account for Na+ and lactate anions from sodium lactate),
demonstrated little effect on HIV infectivity compared with the
untreated control virus (Figure 5b). Taken together it is unlikely
that the small change in osmolality due to HCl addition would
have contributed to HIV inactivation. Moreover, the volumes of
HCl added to adjust L-lactic acid, acetic acid and media alone
to pH 3.8 were similar. Thus, differences in solutes and salt con-
centrations are unlikely to account for the more potent HIV in-
activation profile observed for L-lactic acid compared with the
other acids tested.

The superior virucidal activity of L-lactic acid compared with
other acids and its capacity to inactivate HIV even in the pres-
ence of CVS has significant implications with regard to HIV trans-
mission. Higher concentrations of HIV-1 RNA in male and female
genital secretions are associated with a greater risk of heterosex-
ual transmission of HIV-1, even when adjusting for plasma viral
load.9 Notably, women harbouring vaginal Lactobacillus spp.
have a lower risk of genital HIV-1 shedding whereas the bacteria
associated with BV increase this risk.7,8 The reduced presence
of HIV-1 RNA in HIV-infected women with a lactobacillus-
dominated microbiota may be related to the impact of lactoba-
cilli and/or lactic acid on the innate immune response in the
vagina.54 – 56 Alternatively or additionally, lactic acid may directly
inactivate HIV shed into the vagina. However, the impact of lactic
acid treatment (in the presence of CVS) on the integrity of viral
RNA, which is normally used to measure the presence of HIV in
genital secretions, needs to be determined. Regardless, our find-
ings could be exploited by delivering L-lactic acid into the vaginas
of HIV-infected women by an intravaginal ring to inactivate HIV
and reduce female-to-male transmission.

The main rationale for performing the HIV inactivation studies
in CVS was to determine whether exogenously added lactic acid
would be active in an environment comprising viscous mucus
and proteins found in the vagina. The studies were not designed
to determine the impact on HIV of endogenous lactic acid that
might be present in these samples. The pH of the pooled CVS
used in our experiments was around 5.4. Vaginal pH .5.0 has
been reported in asymptomatic women and is associated with
bacterial community group IV that is not dominated by Lactoba-
cillus spp.11 In the context of media, 0.1% lactic acid results in a
pH of 4.9 (Figure 2a). This suggests that the CVS sample had very
little protonated lactic acid. This lack of lactic acid in the sample
is consistent with our observation of similar HIV inactivation pro-
files in the absence and presence of 50% CVS (Figure 4a).

Our experience with handling CVS indicates that freezing of
the sample is critical to minimize exposure of the sample to
oxygen in air, which can result in a decrease in lactic acid
levels. This is manifested owing to the altered metabolism of
lactobacilli in the presence of oxygen, which results in the pro-
duction of acetic acid instead of lactic acid and/or loss of CO2

(which partially acidifies CVS) from the sample. We have found
that the pH of fresh CVS (collected using the SoftCup)57 com-
pared with the pH of the same sample measured following freez-
ing at 2808C and thawing increases on average by 0.1 pH unit
(T. Moench and G. Tachedjian, unpublished data). This small in-
crease could be due to loss of CO2 and/or lactic acid levels due

to exposure to air. Thus, it is unlikely that limited freeze–
thawing per se would substantially affect lactic acid levels,
provided that exposure of samples to oxygen is minimized. In
addition, the samples we used remained viscous following
freeze–thaw, indicating lack of breakdown of mucus.

In contrast to CVS we found that SP attenuates the anti-HIV
activity of L-lactic acid, most likely due to its buffering capacity,
which increases the pH thereby decreasing levels of the active
protonated form of lactic acid. Accordingly, in the absence of
buffering to maintain low pH, supra-physiological concentrations
of lactic acid would likely be needed in the vagina to completely
block male-to-female transmission of HIV. Whether endogen-
ously produced lactic acid has a role in attenuating HIV transmis-
sion from males to females would depend on several factors.
These include the rate of re-acidification following deposition of
semen in the vaginal tract and how quickly HIV is able to pene-
trate physical barriers in the vagina to encounter target cells in
the mucosa, which are critical for establishing infection.58 Lacto-
bacilli found in the vagina acidify at a rate of �0.5 pH units/h,
which is consistent with lactobacilli being responsible for
re-acidifying the vagina within several hours of coitus, following
neutralization by semen.28 While the time required for HIV to
infect target cells after introduction in the vagina is unknown,
a study where rhesus macaques were vaginally infected with a
high inoculum of simian immunodeficiency virus (SIV) reveals
that cell-free virus penetrates the cervicovaginal epithelium
and infects epithelial dendritic cells within 60 min of exposure.59

However, macaques are sparsely colonized with lactobacilli and
have low levels of lactic acid, and consequently rarely have
acidic vaginas.31 In addition to the direct inactivation of HIV,
CVS from women with a lactobacillus-dominated vaginal flora
that is acidified to pH �4 traps HIV, while neutralizing the
same CVS sample in parallel abolishes this effect.6 An uncharac-
terized factor in mucus that immobilizes HIV in a pH-dependent
manner has also been described.10 Thus, provided that acidifica-
tion following neutralization with semen occurs before HIV can
encounter target cells, endogenously produced lactic acid
could potentially attenuate HIV infection by both direct inactiva-
tion and by preventing its ability to diffuse through cervicovaginal
mucus.

Lactic acid production by lactobacilli may also have an indirect
impact on HIV transmission by potentially preventing BV, which is
associated with an increased risk of HIV acquisition in both males
and females.18 – 20 Virulence factors released or induced by BV
organisms may be responsible for some of the risks for STIs. In
this regard, metabolic products such as acetic acid, propionic
acid and butyric acid released by BV-associated bacteria increase
inflammation and potentially activate target cells in the vagina
known to promote HIV infection.60 Alternatively, lactobacilli
and lactic acid production in the context of a lactobacillus-
dominated vaginal microbiota might reduce the risk of BV, and
hence indirectly HIV, by selectively suppressing growth of
BV-associated bacteria.23 Several clinical trials have evaluated
the use of lactobacillus-based probiotics for the treatment or
prevention of BV recurrence. However, while the use of probiotics
appears to be promising the data are inconclusive, with some
studies demonstrating BV cure and/or reduced BV recurrence
compared with placebo while other studies showed no signifi-
cant difference.60 – 63 The use of distinct Lactobacillus spp. that
may differ in their metabolic output of lactic acid26 or other
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antimicrobial factors3 and challenges associated with establish-
ing and maintaining vaginal colonization of strains may explain
the apparently discordant data.64

Another alternative strategy is to use lactic acid instead of
probiotics. In this regard, a multicentre, open-label, controlled,
randomized study in 90 women demonstrated that lactic acid
gel (Lactacyd, comprising 4.5% lactic acid and 5 g of glycogen)
is safe and as effective as metronidazole in the treatment of
BV.65 Furthermore, the combination of metronidazole and lactic
acid gel was superior to metronidazole alone in promoting lacto-
bacilli colonization and decreasing BV recurrence.65 Other
unblinded studies have reported that lactate gel inserted into
the vagina for 7 days is as effective as oral metronidazole in the
treatment of BV66 and that topical use of lactic acid and lacto-
serum intimate liquid soap following standard oral metronida-
zole treatment reduced BV recurrence.67 Further blinded
controlled studies are warranted to examine the potential for
L-lactic acid, particularly applied continuously via an intravaginal
ring, for BV treatment and prevention.

This study focused on the impact of lactic acid on cell-free
virus. However, HIV-infected cells have also been reported in
the cervical mucus and semen of infected individuals, which
could initiate infection.68 In this regard, studies in mouse and
macaque models demonstrate that cell-associated HIV69 and
SIV,70 respectively, can establish infection via the vagina. While
a clinical study suggests that cell-associated HIV transmission
in semen is possible,71 a second study showed that HIV trans-
mission was attributable to cell-free virus in SP rather than
seminal cells, as determined by phylogenetic analysis.72 Our pre-
vious studies demonstrate that low pH (4.5) immobilizes and kills
human leucocytes and prevents transmission of cell-associated
HIV in a mouse model.73 These experiments were performed
with Buffer Gel, which is acidified by HCl and found to be less
potent than lactic acid in the inactivation of cell-free HIV in the
current study. Thus, studies to examine the impact of lactic
acid on transmission of cell-associated HIV would be of interest.

Under conditions where the pH was carefully monitored
throughout the experiment we found that acidity alone, even
at pH 3.8 found in a lactobacillus-dominated vagina, resulted
in not more than a 29-fold reduction in titre and was 600-fold
to 3500-fold less effective at inactivating a laboratory strain
and two transmitter/founder strains of HIV-1 than L-lactic acid
at the same pH. Our data appear to differ from a previous
report showing that a 10 min incubation of HIV-1 in medium
acidified with HCl results in almost a 104-fold reduction in
titre.38 However, that study used an X4 laboratory strain of
HIV, which may be intrinsically more susceptible to acid than
the more biologically relevant R5 strains tested in this study.
Our findings may inform microbicide formulations, which are
normally acidified to a pH compatible with the natural acidity
of the vagina. In this regard, the acid-buffering microbicide Buf-
ferGelw, while safe, was not effective in protecting women from
the sexual transmission of HIV from their male partners.74

Notably, BufferGelw comprises a mucoadhesive and acid-
buffering Carbopolw polymer gel that contains no lactic acid
and provides only a low pH, which we have shown to be dramat-
ically less virucidal and less effective against BV-associated bac-
teria than lactic acid.23 Thus, L-lactic acid could potentially be
used as an acidifying agent in topical microbicides instead of
acidity alone, and may favour a lactobacillus-dominated

vaginal microbiota in addition to having a role in directly inacti-
vating HIV in the vagina.

Thus, we have shown that L-lactic acid, a naturally occurring
microbicidal agent found in the vagina, also has potent, broad-
spectrum HIV virucidal activity that could help prevent both
female-to-male and male-to-female spread of the virus by
both direct inactivation and indirectly through prevention of
BV, which contributes to HIV transmission. The potential use
of lactic acid as a microbicide or in microbicide formulations,
especially in combination with other potential microbicides
such as antiretroviral drugs, warrants further evaluation.
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