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Abstract

To reliably infect a primate model for HIV, ~10,000-fold more virus must be
delivered vaginally than intravenously. However, the vaginal mechanisms that
help protect against HIV are poorly understood. Here we report that human
cervicovaginal mucus (CVM), obtained from donors with normal lactobacillus-
dominated vaginal flora, efficiently traps HIV, causing it to diffuse more than
1000-fold slower than it does in water. Lactobacilli acidify CVM to pH ~4 by
continuously producing lactic acid. At this acidic pH we find that lactic acid, but
not HCI, abolishes the negative surface charge on HIV without lysing the virus
membrane. In contrast, in CVM neutralized to pH 6-7, as occurs when semen
temporarily neutralizes the vagina, HIV maintains its native surface charge and
diffuses only 15-fold slower than it would in water. Thus, methods that can
maintain both a high lactic acid content and acidity for CVM during coitus may
contribute to both vaginal and penile protection by trapping HIV before it can
reach target cells. Our results reveal that CVM likely plays an important but

currently unappreciated role in decreasing the rate of HIV sexual transmission.
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Introduction
Cervicovaginal mucus (CVM) and semen from HIV-infected individuals contain cell-free
and cell-associated HIV (8, 25, 26). Both forms of virions are plausible mediators of
infection, and both, to be infectious, must penetrate the mucus barrier that coats and
adheres to vaginal and penile epithelia during coitus. To the extent that mucus can limit
the amount of virus that contacts the epithelium, the mucus layer can reduce the
probability of infection. Leukocytes can migrate through neutral mucus (24), but are
rapidly immobilized and then killed by mild acidity (pH < 6) (22); leukocytes do not
survive in the acidic vagina. However, prior research has not revealed whether cell-free
HIV can penetrate human CVM.

To directly determine whether cell-free HIV can diffuse through CVM, we used a
HIV viral-like particle that was fluorescently labeled internally by incorporation of a GFP-
Vpr fusion (5). For biosafety considerations, the derivative was replication defective and
pseudotyped with X4 tropic HIV envelope. We mixed the labeled HIV at minimal dilution
(~3% v/v) into fresh, undiluted CVM obtained from donors with normal, lactobacillus-
dominated vaginal flora, and observed the translational movements of hundreds of
individual HIV virions in each sample using high resolution multiple particle tracking
(MPT) (15, 29). CVM from women with healthy vaginal microflora is acidified to pH ~4
by lactic acid produced continuously by anaerobic metabolism of the lactobacilli (4, 21).
However, during coitus, vaginal secretions are temporarily neutralized by the alkaline
pH of semen (9, 30). In addition, women with bacterial vaginosis (BV), a condition that

leads to a more neutral vaginal pH of ~5-6 (4), are at significantly increased risk of
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acquiring HIV(1, 28). Therefore, we also neutralized CVM samples to pH ~6 to

determine whether pH may alter the ability of HIV to diffuse through CVM.

Results & Discussion
Acidic CVM traps HIV but neutral CVM does not.

Fresh, acidic CVM efficiently trapped HIV, as indicated by the highly constrained,
non-Brownian nature of the time-lapse traces of individual virions (Figure 1A) and as
shown in Supplemental Movie 1. Polystyrene nanoparticles trapped permanently in
mucus by strong polyvalent adhesive interactions with mucin fibers exhibit similar time-
lapse traces (15). The rates of virion diffusion through mucus were quantified by
measurement of time-scale (t) dependent ensemble mean-squared-displacements
(<MSD>) (Figure 1B). Averaged values of the effective diffusivity (Des) for HIV in acidic
mucus samples from six different donors, calculated based on <MSD> = 4 D¢ t, were
less than ~10° um?/s at a time scale of 1 s.

In contrast, in the same CVM samples neutralized to pH ~6 with NaOH (at
minimal dilution, < 2%) prior to addition of virions, HIV diffused over large distances
(Figure 1A and Supplemental Movie 2), with an average Des of 0.25 pm?%s. The
diffusion constant for a particle of the same size as HIV (120 nm diameter) in water is
~3.5 um?s; thus, while acidic CVM slows the diffusion of HIV by more than 1000-fold,
neutral CVM slows HIV diffusion by a factor of only ~15. These results indicate that HIV
is trapped in CVM acidified by lactobacilli, but only somewhat slowed in neutralized

CVM, such as CVM in contact with semen. Because CVM is rapidly and continuously
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acidified by lactic acid from lactobacilli, HIV may also become increasingly trapped in
CVM over time.

In a study based on tissue culture (19), Maher et al. observed HIV virions present
in the neutral mucus overlying the epithelium, and suggested that neutral mucus may
trap HIV — contrary to our current findings. The speed distributions of individual HIV
virions over a time interval of 1 s are shown in Figure 2 for both acidic and neutralized
CVM. The relatively rapid speeds exhibited by the majority of HIV in neutral CVM
suggest that HIV accumulation in the neutral mucus in tissue culture is not due to HIV
trapping, but rather, caused by weak adhesive interactions that “partition” HIV into
neutral mucus. The low-affinity interactions are not strong enough to permanently trap
or immobilize HIV, and instead only slow the rate of HIV diffusion, as evident by images
in the same study by Maher ef al. showing that virions bound to and penetrated beneath
the underlying epithelium. In contrast, every HIV particle in the present study was
trapped in acidic CVM, as indicated by the single bar on the far left of Figure 2. This
efficient trapping of HIV in acidic mucus most likely reduces the fraction of HIV that
could penetrate the acidic mucus barrier and reach target cells located in the epithelium

(20, 27).

HIV is trapped by acidic CVM by mucoadhesion.

By fitting the <MSD> of HIV particles versus t to the equation <MSD> = 4D, t %,
one can obtain an average value for a (the slope of the curve on a log-log scale) that
provides insight into the extent of impediment to HIV motion (o = 1 for purely Brownian,

unobstructed diffusion, a < 1 for hindered motion) (15). In neutral CVM, HIV diffused
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essentially unobstructed, with an average a of 0.91 (Figure 1B). In contrast, the
average a of HIV was 0.29 in acidic CVM (Figure 1B), and no HIV particle exhibited
freely diffusive behavior. The low a value for HIV in acidic CVM is comparable to that
measured in control experiments for polystyrene particles that are permanently trapped
in CVM; o for 100 and 200 nm polystyrene particles was 0.16 and 0.36, respectively
(15). The highly hindered motions of these synthetic particles are likely due in part to
the thermal motions of the mucin fibers to which the particles are bound. Thus, in acidic
CVM, HIV exhibited hindered motions characteristic of particles firmly attached to mucin
fibers. It is unlikely that the hindered motions of HIV can be attributed to steric
hindrance from the mucus mesh, since we have recently shown that non-mucoadhesive
synthetic particles up to 500 nm in diameter, more than 3-times larger than HIV, diffuse
through acidic CVM at rates only 4-fold slower than in water (15-17). Together, these

observations suggest that HIV is trapped in the acidic CVM gel by mucoadhesion.

Lactic acid at pH 4 abolishes the negative surface charge of HIV

To determine whether acidity alone may cause HIV to become immobilized in
CVM, or whether lactic acid may have a specific effect, we used laser Doppler
anemometry to measure the surface charge (zeta potential) of HIV exposed to acidity
alone (HCI, pH 4) and to a low, but physiologically-relevant lactic acid concentration of
0.3% at both pH 7 and pH 4. The results are shown in Figure 3. In both pH 7 and pH 4
lactic acid-free solutions, the zeta potential of HIV was negative, as expected since the
viral envelope is derived from negatively charged mammalian cell membranes. HIV in

pH 7 lactic acid also exhibited a negative surface charge similar to that in pH 7 lactic
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acid-free solutions. However, lactic acid at pH 4 abolished the negative surface charge.
Since lactate ions are themselves negatively charged at pH 4, this major change in HIV
surface charge suggests that lactic acid at pH 4 may alter HIV surface protein
structures, and/or possibly inactivate the virus by disrupting the envelope membrane
and exposing the capsid.

To determine whether the acidic pH of CVM or the presence of lactic acid might
be disrupting the virions, we used Western blot analysis to examine the capsid (p24, the
mature product of the Gag polyprotein) and envelope (gp120, the CD4 binding
glycoprotein) content of infectious HIV-BaL exposed to either 0.3% or 1.0% lactic acid in
PBS for 1 hr at both pH 4.0 and 7.0. Neutral and pH 4.0 PBS were included as controls.
As shown in Figure 4, no changes in p24 and gp120 content in the viral particles were
observed after exposure to lactic acid at either acidic or neutral pH, suggesting that the
virus remained intact after exposure to the lactic acid-rich and low pH environments
associated with CVM from women with healthy vaginal microflora. Whatever surface
alteration lactic acid causes at pH 4, it allows stronger adhesive interactions to form
between HIV and the negatively charged gel-forming mucins, thereby trapping HIV. It
remains unclear whether the alteration by lactic acid varies for different envelope
isolates since we only studied a single CXCR4 (T cell tropic) isolate here. Future
studies will compare the effects of lactic acid on different envelope isolates of HIV (e.g.,
multiple X4 and R5 isolates) to determine whether lactic acid may be a useful natural
protective agent to include in vaginal microbicides. That CVM acidified with lactic acid
traps HIV also suggests that other types of sexually transmitted viruses might also be

trapped.
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The distinct surface charge and transport behavior of HIV due to differences in
pH and lactic acid content may have important implications for women with BV (and
their sexual partners), since their CVM secretions are typically more pH neutral. BV has
been identified as an important factor in the spread of the HIV pandemic (1, 28).
Several mechanisms have been proposed to explain how BV might make women more
susceptible, and perhaps also more infectious, for HIV transmission (2, 10, 13), but
actual mechanisms have yet to be identified. CVM from women with BV (BV-CVM) is
thin and watery, with significantly decreased viscoelasticity (18, 23), as well as a more
neutral pH and lower lactic acid concentration (4). Based on our findings in neutralized
CVM, it is likely that BV increases the otherwise low efficiency of HIV transmission by
allowing HIV to diffuse rapidly through watery and less acidic BV-CVM, thereby
increasing the fraction of virions that reach the underlying epithelial surface (including
female to male transmission).

Our findings also suggest that HIV has evolved to diffuse most rapidly in healthy
human CVM buffered by semen, as occurs during heterosexual transmission. The fast
speed of virions in neutral CVM may potentially support the observation that HIV
transmission is not reduced in macaques by douching within 30-60 minutes with HIV-
inactivating agents (12, 31), which suggests that HIV might quickly traverse the pH
neutral mucus layer of female macaques and establish focal infections within
susceptible resident cells in the reproductive tissues.

Despite the relatively fast speed of HIV in neutralized human CVM, HIV is still
slowed ~15-fold in CVM compared to in water. This reduction in HIV flux may enhance

protection by other factors in mucus such as SLPI (11) and defensins (7), and may
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partially account for the low efficiency of heterosexual HIV transmission (less than 1
transmission is likely to occur out of 200-2000 coital acts) (6, 32). Over time, further
trapping of HIV in CVM/semen mixture, due to re-acidification of CVM by lactobacilli,
may further facilitate complete HIV inactivation before infection can occur. Moreover,
most HIV shed into CVM appear to be inactivated or otherwise non-infectious, since HIV
is usually not detectable by culture even in vaginal secretions that contain high levels of
HIV-RNA detected by PCR (14). Nevertheless, our results suggest that methods
capable of maintaining both a high lactic acid content and acidity for CVM during and
after coitus may strongly limit the fraction of HIV capable of penetrating the CVM layer

(Figure 5), and therefore reduce the rate of HIV transmission.

Materials and Methods

Preparation of fluorescent HIV viral like particles. GFP-Vpr-labeled, pseudotyped
HIV was produced by PEI transfection of 293T cells with the proviral constructs
BrudeltaEnv, HXB2 (an X4-tropic envelope) expression plasmid, and the plasmid
peGFPC3 (CLONTECH Laboratories, Inc.) containing the entire Vpr-coding region
fused to the COOH terminus of eGFP (GFP—Vpr). Cells were washed at 16—24 hr post-
transfection, medium was replaced and supernatant containing labeled virus was
collected for two or three harvests. Virus was collected and concentrated by
ultracentrifugation for 1 hr at 32,000 rpm through a 30% sucrose pad and resuspended
in DMEM at 8-fold concentration. All virus preparations were assayed for infectivity
using GHOST indicator cells, and the GFP-Vpr incorporation was assessed by p24CA

staining of virions bound to glass using a mAb against p24 (AG3.0).
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Western blot analysis of HIV after exposure to lactic acid. HIV virions (BaL strain),
generated by transfection of 293T cells, were mixed with PBS (Cellgro, Manassas, VA)
at pH 7.4, PBS acidified to pH 4 with HCI, or PBS with a final concentration of either
0.3% or 1.0% lactic acid (racemic mixture, Sigma, St. Louis, MO) at pH 4 or pH 7.
Following treatment (60 min exposure at 37 °C), the viral suspensions were layered
onto a 20% sucrose cushion, pelleted by ultracentrifugation at 148,862 xg for 1 hr,
resuspended in Laemmli buffer (Bio-Rad, Hercules, CA) with B-mercaptoethanol and
boiled for 5 min. The concentrated viral lysates were resolved using a 10%
polyacrylamide gel and transferred for western blot analysis. ID6 antibody was used to
identify gp120 protein and AG3.0 antibody to identify p24 protein (both monoclonal
antibodies were provided by the NIH AIDS Reagent Repository). Viral proteins were
visualized with secondary antibodies (IRDye800-conjugated goat anti-mouse IgG; LI-
COR, Biosciences, Lincoln, NE) using a LI-COR Odyssey Infrared Imaging System (LI-

COR Biotechnology, Lincoln, NE).

Collection of human cervicovaginal mucus (CVM). CVM samples were obtained
with a self-sampling method (3, 15) under an IRB-approved protocol. Briefly, the device
was inserted into the vagina for 30 s, removed, and placed into a 50 mL centrifuge tube.
Samples were centrifuged at 200 xg for 2 min to collect the secretions. All mucus
samples studied were from donors between 18 to 30 years old. Women from all races
and ethnicities were invited to donate. Gram-stained swab samples were examined to
ensure that CVM samples had normal, lactobacillus-dominated flora (Nugent score 0 or

1). Only non-ovulatory mucus was used in this study; ovulatory mucus was visually
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identified by examining the spinnbarkeit of the sample, which increases significantly
during ovulation. All mucus samples were kept at 4 °C prior to their use (always within

a few hours of collection).

Multiple Particle Tracking (MPT) of HIV in CVM. HIV virions were added to ~30 pl of
CVM at 3% v/v ratio, placed in a custom-made glass chamber (with or without pH
adjustment), and incubated for 1 hr prior to microscopy. For pH-neutralized CVM, <3%
v/v of 3-5N NaOH was added to CVM and incubated for 1 hr prior to addition of virions.
Mucus samples were gently mixed during neutralization to minimize any perturbations
to the mucus structure. The initial and final pH of all samples was confirmed by blotting
a small mucus sample onto pH paper. The translational motions of fluorescent HIV
virions were recorded using an EMCCD camera (Cascade II: 512, Photometrics,
Tucson, AZ) mounted on an inverted epifluorescence microscope (3-1 Marianas, Zeiss,
Thornwood, NY) equipped with a 100X oil-immersion objective (numerical aperture 1.3).
Movies were captured with Slidebook 4.2 Advanced Imaging Software (Olympus Soft
Imaging Corp., Lakewood, CO) at a temporal resolution of 66.7 ms for 20 s. The
translational motions were analyzed using Metamorph software (Universal Imaging
Corp., Downington, PA), as described previously (15, 29). Six independent experiments
in CVM from different donors, with n~100 virions per experiment, were performed for
each condition. The tracking resolution was 10 nm, as determined by tracking particles

immobilized with a strong adhesive (15, 29).
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Laser Doppler anemometry. The surface charge of HIV virions, suspended in 10 mM

NaCl with and without HCI or 0.3% w/w lactic acid at pH 4.0 or 7.0, was measured in

triplicate with a 633 nm He-Ne laser using a Nanosizer ZS90 (Malvern Instruments,

Southborough, MA) according to manufacturer’s instructions.
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Figure Legends.

Figure 1. Transport of GFP-tagged HIV viral like particles (HIV-VLP) in cervicovaginal
mucus (CVM). (A) Sample 20 s trajectories of HIV-VLP, with mean square
displacements (MSD) values within 1 standard error of the ensemble MSD, in neutral
and acidic CVM samples. (B) Arithmetic averages of ensemble geometric MSD
(<MSD>) as a function of time scale (tr). Data represent n = 6 experiments with CVM
samples from different donors for acidic and neutral mucus with n~100 VLP per

experiment.

Figure 2. Distributions of the average speed of individual HIV-VLP as a percentage of
the total number of HIV-VLP, in acidic and neutral cervicovaginal mucus (CVM) at a

time scale of 1 s. The geometric mean of the distributions is represented by an empty
arrow for HIV-VLP in acidic CVM, and by a filled arrow for HIV-VLP in neutral CVM. (*)

represents statistical significance with a one-sided student t-test (p < 0.05).

Figure 3. Zeta potentials of HIV viral like particles (HIV-VLP) incubated in 0.3% w/w

lactic acid or 10 mM NaCl at pH 4.0 and 7.0.

Figure 4. Western blot detection of HIV-1 envelope and capsid proteins in virions.
Infectious viruses were exposed for 1 hr to 0.3% or 1% lactic acid (LA) solution in PBS

at pH 4.0 or pH 7.0. Virions were then concentrated by ultracentrifugation through a
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20% sucrose cushion, and analyzed by Western blotting using anti-gp120 (ID6) and

anti-p24 (AG3.0) antibodies.

Figure 5. Estimated fraction of the initial HIV dose present in a semen layer that can
penetrate across a layer of neutral or acidic CVM and reach the underlying epithelium
over time. Speeds of individual HIV were obtained from particle tracking results, and
the fraction of particles that reach the epithelial cell layer was estimated using Fick’s
law. Inset: schematic of the model, where a layer of HIV-containing semen sits on top

of a layer of unstirred, “firmly adherent” CVM overlying the cervicovaginal epithelium.

Supplemental Material

Movie 1. Transport of HIV-VLP in acidic, minimally diluted human cervical vaginal

mucus. The movie is obtained at 15 Hz for 20 s and shown at 4x speed (5s).

Movie 2. Transport of HIV-VLP in neutralized, minimally diluted human cervical vaginal

mucus. The movie is obtained at 15 Hz for 20 s and shown at 4x speed (5s).
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