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Abstract

In addition to direct neutralization and other classical effector functions, IgG possesses a little 

recognized and thus under-utilized effector function at mucosal surfaces: Fc-mucin bonds enable 

IgG to trap viruses in mucus. Due to the paucity of envelope glycoproteins that limits the number 

of IgG that can bind HIV, it remains poorly understood whether IgG-mucin interactions can 

effectively immobilize HIV in human cervicovaginal mucus (CVM). Here, we obtained 54 fresh, 

undiluted CVM specimens from 17 different women, and employed high-resolution multiple 

particle tracking to quantify the mobility of fluorescent HIV virus-like-particles in CVM treated 

with various HIV-specific IgG. We observed consistent and effective trapping of HIV by broadly 

neutralizing antibodies (VRC01, PGT121, and 2F5) in a subset of women. While trapping efficacy 

*Corresponding author: Samuel K. Lai, Division of Pharmacoengineering and Molecular Pharmaceutics, University of North Carolina 
at Chapel Hill, Marsico 4213, 125 Mason Farm Road, Chapel Hill, NC 27599, lai@unc.edu, Homepage: https://pharmacy.unc.edu/
lai-research-group/. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Competing Interests
Intellectual property associated with harnessing antibody-mucin interactions described in part in this publication was developed at 
the University of North Carolina - Chapel Hill (UNC-CH), and has been licensed to Mucommune, LLC. SKL is a founder of 
Mucommune and currently serves as its interim CEO, board of director, and scientific advisory board. SKL owns company stock; 
SKL’s relationship with Mucommune is subject to certain restrictions under University policy. The terms of this arrangement are 
being managed by UNC-CH in accordance with its conflict of interest policies.

Declaration of interests
The findings described in this publication are related to technology being developed by Mucommune. S. K. L. is cofounder and 
member of the Board of Directors of Mucommune. S. K. L. owns company stock, which is subject to certain restrictions under 
university policy. S. K. L. is listed as inventor on patents licensed to Mucommune. The terms of this arrangement are being managed 
by the University of North Carolina in accordance with its conflict of interest policy

HHS Public Access
Author manuscript
Acta Biomater. Author manuscript; available in PMC 2024 October 01.

Published in final edited form as:
Acta Biomater. 2023 October 01; 169: 387–397. doi:10.1016/j.actbio.2023.07.031.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pharmacy.unc.edu/lai-research-group/
https://pharmacy.unc.edu/lai-research-group/


was not affected by the menstrual cycle, it was positively correlated with appreciable L. Crispatus 
populations in the microbiome, and negatively correlated with appreciable L. Iners or G. Vaginalis 
populations. Our work demonstrates for the first time that IgG-mucin crosslinking is capable 

of reinforcing the mucosal barrier against HIV, and motivates further investigation of passive 

immunization against vaginal transmission of STIs.

Graphical Abstract

Statement of Significance

HIV transmission in women primarily occurs vaginally, yet the 3-way interactions between mucins 

and HIV virions mediated by HIV-binding antibodies in cervicovaginal mucus (CVM) is not 

well understood. While IgG-Fc possess weak affinity to mucins that trap virus/IgG complexes in 

mucus, the effectiveness against HIV remains unclear, due to the low number of virion-bound 

IgG. Here, we discovered that IgG can trap HIV consistently in CVM from select individuals 

regardless of their birth control status or menstrual cycle phase. IgG-mediated trapping of HIV 

was moderately associated with microbiome composition. These results suggest that IgG-mucin 

interactions could potentially reduce HIV transmission and highlight the importance of mucosal 

secretions in antibody-mediated prevention of HIV and other sexually transmitted infections.

1. Introduction

HIV-1 remains a significant global health burden. Nearly 2 million new infections occur 

each year, and AIDs-related illnesses continue to claim ~ 1 million lives annually [1]. As 

a cure remains elusive, there continues to be considerable interest in developing effective 

methods to prevent HIV transmission. A large proportion of new HIV infections occur in 

women via male-to-female vaginal transmission [2–4], which has led to a concerted effort 

to reduce vaginal transmission using microbicides delivered in a variety of formats [5]. 

Unfortunately, the vast majority of these methods have not been effective in clinical trials 

[6–9] with the most effective interventions conferring only very modest protection [10]. 

These realities underscore the need to continue to explore novel approaches to prevent 

vaginal HIV transmission.

The vaginal epithelium is coated with a layer of mucus gel; this is frequently referred to as 

cervicovaginal mucus (CVM) to reflect its origin [11,12]. In addition to minimizing physical 

trauma to the vaginal epithelium during coitus, CVM also serves as a diffusional barrier that 

limits pathogens from contacting the underlying epithelium following ejaculation [13,14]. 

Viruses in semen must traverse CVM to reach and infect target cells. Despite CVM’s natural 

role as the first line of defense against vaginal STI transmission, mucus is generally not 
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considered a target for enhancing STI prevention. CVM contains an array of host defense 

proteins such as antimicrobial peptides and antibodies which contribute to the innate and 

adaptive immune response to sexually transmitted pathogens at the mucosal surface [13–15]. 

In theory, effective reinforcement of the CVM barrier should directly reduce the viral load 

that contacts target cells in the vaginal epithelium, lead to more complete inactivation before 

viruses reach target cells, and/or facilitate quicker and more complete elimination of viruses 

from the vagina via natural clearance mechanisms. Trapping viruses in mucus and blocking 

their access to target cells offers the potential for sterilizing immunity, as previously shown 

for vaginal Herpes [16].

Although there is far more IgG than secretory IgA in the vagina [17], IgG was long thought 

incapable of crosslinking pathogens to mucins, due to the seemingly negligible affinity 

between individual IgG and mucins. The diffusion of IgG is slowed only ~10% in cervical 

mucus compared to in buffer [18,19], indicating that most IgG remains unbound to mucins 

at any given moment in time. It was not until recently that we showed multiple IgGs 

accumulated on a single virion can generate sufficient avidity to crosslink the virus-IgG 

complexes to mucins and immobilize the virions in mucus [20,21]. Indeed, anti-Herpes 

IgG traps Herpes Simplex Virus (HSV-1) in CVM even at sub-neutralizing concentrations 

[16,18,19], and consistently does so regardless of the composition of vaginal microbiota or 

changes to CVM across the menstrual cycle [22]. Additionally, trapping HSV-1 in mucus 

even with a non-neutralizing IgG offers protection against vaginal HSV transmission in 
vivo [16]. Due to the limited number of envelope glycoproteins (Env) [23] that severely 

restrict the number of potential IgG-mucin crosslinks on HIV, it is unclear if monoclonal 

IgG antibodies can effectively immobilize HIV in CVM. To answer this question, we used 

high-resolution multiple-particle tracking to quantify the effect of exogenously administered 

broadly neutralizing antibodies (bnAb) against HIV-1 on the diffusion of HIV-1 virus-like 

particles (VLPs) in fresh, undiluted CVM specimens spanning the menstrual cycle and 

microbiota types.

2. Materials and Methods

2.1 Ethics Statement

Written informed consent was obtained from all participants after the nature and potential 

consequences of the study were explained. All studies were performed in accordance with 

protocol as approved by the Institutional Review Board of the University of North Carolina 

at Chapel Hill (IRB 10–1817).

2.2 CVM Collection and Characterization

CVM was collected and characterized as previously described [24]. Briefly, undiluted CVM 

secretions, averaging 0.3 g per sample, were obtained from 17 reproductive age women 

ranging in age from 18 to 36 using a self-sampling menstrual collection cup (Instead 

Softcup). Donors inserted the device into the vagina for 30 sec, were instructed to twist 

to collect mucus from the vaginal wall as it was removed, then placed it into a 50-mL 

centrifuge tube. Samples were centrifuged at 200 × g for 5 min to collect secretions. Donors 

stated that they had not used vaginal products or had unprotected intercourse within 3 days 
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prior to donation, and also reported whether they had used a hormonal contraceptive within 

the 3 weeks prior to donation.

2.3 VLP Production and Purification

HIV pseudoviruses were produced by transfecting HEK293T cells with plasmids encoding 

Gag-mCherry and HIV glycoproteins (GP), generously provided by Dr. Suryaram 

Gummuluru (Department of Microbiology, Boston University School of Medicine). The 

cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, 

St. Louis, MO) supplemented by 10% fetal bovine serum (FBS) and 2 mM L-glutamine 

(DMEM-10). Cell cultures were kept at 37°C in a humidified 5% CO2 atmosphere. 293T 

cells (2.0 × 106) were seeded in a 25 cm2 flask (Thermo Scientific, Rochester, NY) 

and transfected with the expression plasmids using XtremeGENE HP DNA Transfection 

Reagent (Roche Diagnostics, Indianapolis, IN). Gag-mCherry and HIV GP plasmids were 

mixed in a 1:1 ratio (1.5 μg of each), and added to 500 μL of DMEM with 9 μL 

of X-tremeGENE HP DNA Transfection Reagent. The mixture was incubated at room 

temperature for 30 min before being added to the culture of 293T cells. After 3 to 5 hr 

incubation at 37°C in 5% CO2, transfected cells were washed with DMEM and incubated 

for additional 24–48 hr with 2 mL of DMEM-10 at 37°C in 5% CO2. Supernatants from 

virus particle-producing cultures were then collected and clarified by centrifugation for 10 

min at 300 × g, filtered through a low protein binding 0.45 μm syringe filter (Millipore, 

Bedford, MA) and partially purified through 25% w/v sucrose in Hepes-NaCl buffer by 

centrifugation at 221,630 × g at 4°C for 2.5 hr. The pellet was resuspended overnight at 4°C 

in 10% sucrose in Hepes-NaCl buffer, aliquoted, and stored at ‒ 80°C.

2.4 Multiple-particle tracking of HIV-1 in CVM

The neutralization of CVM by alkaline seminal fluid during intercourse was simulated by 

titrating CVM between pH 6.8‒7.2 by using small volumes of 3N NaOH (3% v/v). The pH 

was confirmed using a pH microelectrode (Microelectrodes, Bedford, NH) calibrated with 

pH 4, 7, and 10 buffers. HIV VLPs were mixed with anti-HIV mAbs (VRC01, PGT121, 

or 2F5) and CVM in a custom-made small-volume glass chamber, created by layering hole-

punched electrical tape over a microscopy slide, so that the punched hole can accommodate 

20μl in volume. The resulting final bnAb concentration was 5μg/mL and, and required 

roughly no more than ~10% total dilution of pH-neutralized CVM. Once mixed, samples 

were incubated for ~15 minutes at 37°C prior to microscopy. Particle motion was recorded 

using an EMCCD camera (Evolve 512; Photometrics, Tuscon, AZ) mounted on an inverted 

microscope (AxioObeserver D1; Zeiss, Thornwood, NY) equipped with an Alpha Plan-Apo 

100x/1.46 NA objective, environmental (temperature and CO2) control chamber and an 

LED light source (Lumencor Light Engine DAPI/GFP/543/623/690). Videos (512 × 512, 

16-bit image depth) were captured with MetaMorph imaging software (Molecular Devices, 

Sunnyvale, CA) at a temporal resolution of 66.7 ms and spatial resolution of 10 nm (nominal 

pixel resolution 0.156 μm/pixel). A minimum of 3 videos capturing a combined minimum 

of 100 particles on a frame-by-frame basis [25] were captured for each condition/specimen. 

Particle trajectories were obtained using a recently developed convolutional neural network 

[26], available at AI Tracking Solutions (http://www.aitracker.net). The coordinates of 

particle centroids were used to calculate the average mean-squared displacements (MSDs), 
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calculated as <Δr2(τ)> = [x(t + τ) ‒ x(t)]2 + [y(t + τ) ‒ y(t)]2, where τ is the time lag [25]. 

Fast-moving particles were defined as those with effective diffusivity (Deff) ≥ 0.347 μm2/s, 

capable of crossing a 50μm mucus barrier within one hour.

2.5 First Passage Time Analysis

We performed a first passage time analysis as previously described [25], calculating the 

expected time for 50% of a particle population to pass through a 50 μm thick layer of mucus. 

Briefly, Given the diffusivity D of a particle, the probability that the particle has not passed 

through a layer of thickness L as of a given time t may be described by an explicit survival 

function. The fraction of remaining particles is treated as an average of particle survival 

functions weighted by the number of frames in which a given particle is observed.

2.6 16s rRNA sequencing and analysis:

DNA extractions for microbiota analysis were performed as previously described [27,28] 

on aliquots of the same CVM samples used for microscopy. The method of Fadrosh 

et al. [29] was used to analyze the vaginal microbiota composition and structure, and 

relied on amplification and sequencing on an Illumina MiSeq instrument (300-bp paired-

end reads) of the V3-to-V4 regions of the 16 S rRNA gene. Sequence analyses and 

taxonomic assignments were performed using a custom pipeline freely available on GitHub 

(https://github.com/cwzkevin/MiSeq16S). The resulting taxonomic assignments are shown 

in Table S1. To assess whether the vaginal microbiota affected the barrier properties and 

Ab-mediated trapping in CVM, we grouped the samples into Community State Types 

(CSTs) I–V according to the most dominant bacterial species within a sample. Samples were 

assigned to CSTs according to those identified by Ravel et.al. [28] L. Crispatus-dominated 

(CST I), L. Gasseri dominated (CST II), L. Iners-dominated (CST III), a diverse set of strict 

or facultative anaerobic bacteria such as G. Vaginalis (CST IV) and L. Jensenii-dominated 

(CST V). A sample grouped into a particular CST contained an average of ~80% of the 

class-defining species (Figure S2). However, microbial populations between the samples can 

be extremely diverse. In this sample set, the percentage of dominant bacterial species used to 

classify CST ranged from 34.26 to 99.9% of the total bacteria. Calculation of the Shannon 

diversity index on rarefied reads was done using the Qiime2 package [30].

2.7 Statistical Analysis

Statistical comparisons were performed using ANOVA with multiple comparisons between 

matched samples (Tukey’s multiple comparison’s test or Holm-Sidak corrections) or mixed 

effects analysis with multiple comparison between matched samples using GraphPad Prism 

version 8.0 (GraphPad Software, La Jolla, CA). Differences were deemed significant at an 

alpha of 0.05.

3. Results

3.1 Broadly neutralizing Ab (bnAb) trap HIV-1 in CVM

We first evaluated whether three different bnAb, can reduce the mobility of fluorescent 

HIV-1 VLPs in CVM pH-neutralized to mimic the buffering effects of alkaline semen. Each 

bnAb targets different parts of Env on HIV; VRC01 binds the CD4 binding portion of 
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gp120 [31], PGT121 binds the V3 base of gp120 [32], and 2F5 binds gp41 which forms 

the transmembrane portion of the spike [33]. We observed heterogeneous traces reflecting 

a range of mobility for individual virions, not only between different CVM specimens but 

also within a given specimen and condition: both freely diffusive and immobilized virus 

can be readily found in the same videos. Despite this heterogeneity, the impact of bnAb 

on the diffusivity of HIV can be rigorously assessed when quantified over multiple videos 

and multiple unique specimens, and each of the bnAb appears to substantially restrict 

the free diffusion of HIV VLPs compared to HIV in untreated native CVM (Figure 1A; 

Supplemental Videos S1 and S2). Across the 54 individual CVM specimens collected from 

17 unique donors, each of the bnAb (VRC01, PGT121, 2F5) reduced the ensemble-averaged 

effective diffusivity of HIV by an average of ~4-fold relative to native untreated CVM 

(Figure 1).

Logically, virions with the greatest mobility in CVM should pose the greatest risk of HIV 

transmission by more readily reaching and infecting target cells before they can be removed 

by natural mucus clearance. Additionally, commensal Lactobacilli rapidly re-acidfies the 

vaginal lumen after intercourse, at an estimated rate of 0.56–0.75 pH/hour [34]. As HIV 

begins to gradually lose infectivity below pH 7.4, and is nearly completely ablated by pH 

6 [35], virions will quickly become inactivated by acidity as the native pH of the CVM 

layer is restored, with most viruses likely inactivated an hour after intercourse. We thus 

quantitatively defined a ‘fast-moving’ population, classified as those possessing sufficient 

mobility to penetrate a physiological thick CVM layer of ~50μm within an hour, i.e. a 

minimum effective diffusivity of ≥0.347μm2/s. All 3 bnAb substantially reduced this fraction 

of fast-moving HIV relative to no Ab control: whereas ~ 63% ± 28% (mean ± SD) of 

HIV in native, pH-neutralized CVM was classified as fast-moving, VRC01, PGT121 and 

2F5 reduced this fraction by ~2.5-fold to ~24% ± 26%, ~24% ± 28% and ~24% ± 24%, 

respectively. Noted that only 45 of the 54 individual CVM samples yielded enough CVM 

to directly compare all three bnAb within the same sample; however, the averages for each 

bnAb condition are similar. To further understand how changes in mobility alter the flux of 

virions arriving at underlying epithelial cells, we performed a first passage time analysis that 

quantifies the fraction of HIV predicted to traverse a CVM layer of defined thickness over 

time. The predicted time for 50% of untreated HIV pseudoviruses to cross a 50μm thick 

mucus layer was ~0.8 [0.6, 1.3] hours (geometric mean [Lower CI, Upper CI]), compared 

to ~6.8 [3.8, 12.2], ~6.4 [3.8, 10.8], and ~5.8 [3.5, 9.5] hours for VRC01, PGT121, and 2F5 

treatment respectively.

3.2 bnAb-mediated trapping of HIV is consistent within select individuals

While bnAb induced a definite reduction in mobility of HIV virions in CVM, there were 

substantial variations in the effectiveness of bnAb -mediated trapping, as reflected by the 

overall high (~30%) intra-sample standard deviation. Indeed, in select donors, none of the 

3 bnAbs appreciably reduced either the ensemble-averaged effective diffusivities or the 

fraction of the fast-moving population. To begin to identify the factors that may contribute 

to such variations, we classified CVM specimens from the same donors into 2 categories: 

specimens from donors where bnAb failed to induce statistically significant reduction in 

mobility of HIV vs control, and those where bnAb induced a statistically significant effect. 
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While there were minor variations depending on the bnAb, the groupings were overall 

generally consistent across all 3 bnAb studied. Overall, bnAbs were able to induce effective 

trapping of HIV in CVM from 10 of 17 donors enrolled in our study. Specifically, donors 

F13, F65, F66, F69, and F70 each donated 3–6 CVM specimens spanning 1–3 menstrual 

cycles, and the fast-moving viral population is markedly reduced by exogenously added 

bnAb in nearly all CVM samples donated by these donors, regardless of the specific bnAb 

added (Figure 2, Supplementary Figure S1). Altogether, HIV in these CVM specimens that 

afforded consistent trapping of HIV statistically (n=32 specimens) had an average effective 

diffusivity of 0.3 ± 0.4 μm/s with no bnAb compared to 0.05 ± 0.07 μm/s, 0.05 ± 0.08 μm/s, 

0.04 ± 0.04 μm/s in the presence of VRC01, PGT121 and 2F5 respectively. The fast-moving 

HIV fraction was reduced from ~59 ± 31% with no bnAb to 13 ± 16%, 12 ± 16%, 12 ± 

13% in CVM treated with VRC01, PGT121 and 2F5, respectively. In contrast, bnAb failed 

to provide consistent trapping of HIV in CVM from a subset of donors: F36, F54, and F64 

each donated 2–3 samples, and most specimens from these donors show either limited or 

no appreciable reduction in HIV mobility in the presence of bnAb. These samples (n=14) 

had an average effective diffusivity of 0.5 ± 0.5 μm/s with no bnAb, vs. 0.3 ± 0.4 μm/s, 

0.3 ± 0.5 μm/s, 0.2 ± 0.2 μm/s in the presence of VRC01, PGT121 and 2F5, respectively. 

Similarly, the fast-moving percentage was only modestly reduced from 67 ± 26% with no 

Ab to 46 ± 26%. 38 ± 28%, 43 ± 25% in these CVM treated with VRC01, PGT121 and 2F5, 

respectively.

3.3 Effectiveness of bnAb-mediated trapping of HIV in CVM may be influenced by the 
vaginal microbiota

The vaginal microbiota is associated with susceptibility to various sexually transmitted 

infections [36–38], including HIV [39]. The vaginal microbiota can alter the rheological 

properties of vaginal secretions, and it has previously been shown that the native barrier 

properties of CVM against HIV is influenced by the dominant microbial species present 

[40,41]. Thus, we next investigated whether the vaginal microbiome may correlate with 

the observed variations in trapping potency of different bnAb-treated CVM specimens. We 

characterized the microbial communities in 50 of 54 CVM specimens using 16 s rRNA gene 

sequencing, and first classified the specimens into the five community state types (CSTs) 

based on the dominant bacterial species, following the standards established by Ravel et 

al [28]. In our cohort here, the vast majority of samples (~70%) were CST I (L. Crispatus 
dominant, n= 35), with a very limited number in CST II (L. Gasseri dominant, n=3), CST 

III (L. Iners dominant, n= 3), CST IV (G. Vaginalis and other dominant, n=4), or CST V (L. 
Gasseri dominant, n=2) bnAb-mediated trapping of HIV was statistically significant only for 

samples possessing CST I, likely due to limited sample size in the other categories (Table 1, 

Figure 3A).

While it is convenient to consider only the dominant bacterial species present, the actual 

microbial makeup within any given CST category can vary substantially (Supplementary 

Figure S2). For example, samples classified as CST I had L. Crispatus populations that 

ranged from 42.6–99.9% of the overall microbes detected in the sample. It is possible 

that the activity of certain minority species (e.g. G. vaginalis) may influence the observed 

potencies of bnAb-mediated trapping. Thus, for the five most common bacterial species 
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in the vaginal microbiota, we further classified the specimens according to whether they 

contained any appreciable population (>5%) of a given bacteria (Figure 3B, Figure 4, Table 

2).

Based on this analysis, mobility of HIV in CVM treated with bnAb was reduced compared 

to untreated CVM regardless of what bacteria was considered (Table 2, Figure 3B). 

However, we found bnAb-mediated trapping of HIV appeared modestly more effective in 

CVM samples with at least 5% L.Crispatus (n=37) than in CVM samples with less than 5% 

L.Crispatus (n=12) (Figure 4). In contrast, those with at least 5% non-lactobacillus species 

(*G.Vaginalis and other; n=10), appeared to be less effective at trapping HIV than those 

with no substantial non-lactobacilli population (n=38). CVM samples containing at least 5% 

L.Iners also appeared to have less effective Ab-mediated trapping, although most conditions 

did not reach statistical significance. It remains uncertain if the microbial influence on the 

observed bnAb-mediated trapping potency in CVM can be solely attributed to differences in 

IgG-mucin crosslinking as a result of microbial influence on mucin composition/content, as 

similar trends in the average effective diffusivity for HIV are also observed in the absence 

of bnAb. We used Spearman’s correlation to assess the relationship between diffusivity 

of HIV VLPs in untreated and bnAb-treated CVM from the same sample. There was a 

moderate correlation between HIV-effective diffusivity with and without bnAb in the case 

of VRC01 and PGT121 (Supplementary Figure S3). It is possible that these populations can 

compromise the native barrier properties of CVM, resulting in faster-moving virions that 

may be more difficult to trap.

Polymicrobial conditions such as bacterial vaginosis (BV) are correlated with increased 

susceptibility to STIs compared to more homogeneous Lactobacillus-dominated microbiota 

[42–45]. Thus, we also assessed the impact of overall microbial diversity on trapping 

potency by correlating the measured HIV mobility to the Shannon diversity index calculated 

for each CVM specimen from rarefied sequence reads and assessing dependence of effect 

size on diversity via Spearman’s correlation. We found no correlation between sample 

diversity and the mobility of untreated HIV VLPs in pH-neutralized CVM, and a weak 

correlation between the Shannon diversity index and both diffusivity and fast-moving 

population across all conditions containing antibody (Supplementary Figure S4).

3.4 bnAb-mediated trapping of HIV can be consistent across the menstrual cycle and 
independent of birth control status

The viscoelastic properties of genital secretions are thought to vary substantially across 

the menstrual cycle [46–48]. We thus assessed whether bnAb-mediated trapping of HIV 

may vary depending on the menstrual cycle. We categorized all CVM specimens into 

either follicular or luteal phase, based on normalization to a 28-day cycle from the end 

of the last reported menstrual phase. We included women using hormonal birth control 

in this analysis, as many hormonal contraceptives do not completely eliminate hormonal 

fluctuations, and many women using hormonal birth control still display degrees of ovarian 

activity and follicular development [48–50]. Of 17 donors, 8 were using birth control; 

of these, 7 were using a combination birth control pill and 1 a progestin-only IUD 

(Supplementary Table 1). In good agreement with our previous studies on IgG-mediated 

Schaefer et al. Page 8

Acta Biomater. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trapping of Herpes, we did not observe an appreciable difference in the trapping potency 

of bnAb as a function of the menstrual cycle phase or birth control status regardless of 

whether all samples were considered or if microbial state was limited to those within 

CSTI (Figure 5, Supplementary Figure S5 and S6). Finally, we investigated whether the 

muco-trapping potencies were consistent across the 28-day menstrual cycle. We plotted 

the fast-moving population percentage and effective diffusivity as a function of the cycle 

day and tested for linearity using Pearson’s correlation. We found no significant trend 

between virus mobility and cycle day, with or without the addition of bnAb (Supplementary 

Figure S7). The birth control types represented in this study are primarily combination 

estrogen-progestin pills. However, prior studies have found an increase in diffusivity of HIV 

virions in rhesus-macaques administered the high-dose, progestin-only birth control DMPA 

[51]. Thus, it remains unclear whether high-dose progestin-only birth controls may impact 

bnAb-mediated trapping.

4. Discussion

STIs continue to be pandemic globally; with the exception of HPV, there remain no 

effective vaccines to date against essentially all common STIs including HIV, Herpes, 

chlamydia and gonorrhea. Given the difficulty of eliciting durable vaginal immunity against 

these infections, and in light of rapidly decreasing costs of Ab manufacturing, passive 

immunization of the female reproductive tract via locally delivered mAb represents a 

promising and increasingly investigated means of preventing vaginal STI transmission 

[52,53]. For vaginal transmission to occur, viruses must penetrate mucus in order to reach 

target cells; thus, blocking viruses from diffusing through CVM and reducing the flux of 

infectious virus arriving at target cells in the epithelium should decrease productive vaginal 

transmission. Although IgG has been shown to effectively trap a variety of viruses in 

different mucus secretions [16,21,22], and earlier work suggesting that polyclonal IgGs from 

HIV+ individuals could associate with MUC16 mucins [54], the current study provides the 

first direct evidence that monoclonal bnAb against HIV could facilitate effective trapping of 

HIV in fresh, undiluted human CVM. The secretions collected via menstrual cup represent 

the native mucus secretions present in the vagina, which naturally encompasses shed 

epithelial cells, vaginal microbiota, and various proteins/lipids. This mucus is identical to 

those that viruses must diffuse through to reach the epithelium, including fully preserving 

the rheological properties by avoiding the need to dilute as is commonly encountered with 

vaginal lavages. In select individuals, we found that bnAb-mediated trapping of HIV can 

be highly effective and consistent across the menstrual cycle, in good agreement with our 

prior observations with HSV. Our findings underscore IgG-mediated trapping of HIV in 

CVM as a potential effector mechanism that may enhance protection against vaginal HIV 

transmission.

The variability in trapping HIV between different CVM specimens stands in contrast to 

our previous work on IgG-mediated trapping of HSV, which was highly consistent between 

individuals regardless of microbiome class or menstrual phase [22]. One possibility is that 

HIV has a comparatively limited number of epitopes, between 7–14 [23] glycoprotein spikes 

on the surface compared to the several hundred spikes available on the surface of HSV [55]. 

This limits the number of bnAb which may coat the surface of each virion, and consequently 
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the number of crosslinks between the IgG-virion complex and the mucin mesh. CVM 

from different individuals likely differ not just in concentration of mucins (which impacts 

the frequency or probability for virion-bound IgG forming mucin crosslinks) but also the 

precise glycans present (which may impact individual IgG-mucin affinity). Viruses undergo 

Brownian motion in mucus, where momentum transfer from water in the environment to 

the virus drives their random-walk motion. With fewer Ab bound to each virion, it is 

conceivable that the overall possible mucin avidity for individual HIV/bnAb complexes in 

select CVM specimens was less consistently above the threshold of minimum associative 

interactions needed to overcome the thermal excitation of the HIV/bnAb complexes, and 

thus fewer viruses become trapped in CVM. In contrast, such variations in IgG-mucin 

affinity may be masked when there are many Ab bound to each virion (e.g. HSV or 

influenza), which ensures consistently high overall binding avidity. We found no appreciable 

difference in trapping potency between different bnAb. This is consistent with the notion 

that trapping viruses in mucus simply requires Ab to bind to the virus, and is not dependent 

on the specific epitope on the viral glycoprotein that the Ab targets.

The ability of CVM to function effectively as a barrier against disease transmission is 

likely shaped in part by the vaginal microbiome. We have previously found that CVM 

containing significant populations of L. Iners or G. Vaginalis were unable to directly 

immobilize HIV at native pH, in contrast to samples dominant in L. Crispatus [40]. 

Similarly, polymicrobial conditions such as bacterial vaginosis disrupt adhesive interactions 

between HIV virions and the mucus barrier, allowing the particles to diffuse more readily 

[41]. Additionally, it has long been known that the microbiome can affect risks to the 

transmission of various STIs. Recently, it has been shown that co-infection with bacterial 

STIs such as chlamydia, trichomonas, and syphilis create a proinflammatory environment 

which increases susceptibility to HIV infection, resulting in as much as a one-log increase in 

required bnAb serum titer to prevent HIV transmission in macaques [56]. The effect of the 

microbiome on bnAb-mediated trapping shown here represents yet another mechanism by 

which microbiome can influence STI transmission.

In addition to the pro-inflammatory alterations that various microbiota can induce, our prior 

work demonstrates that the different bacterial species appear to alter the mucin biochemistry 

in a manner that affects the mucin-virion interactions at native pH [40]. While the precise 

mechanisms are complex and not well-understood, different bacteria can consume sugars 

at different rates and to different extents, as exemplified by high levels of sialydases 

secreted by G. Vaginalis [57]. As we have previously discovered that Ab-mucin interactions 

occur through sugar-sugar interactions [16,58], it is possible the microbiome can alter 

mucins in a way which alters mucin-bnAb interactions, resulting in varying degrees of 

muco-trapping. Due to the limited number of bound IgGs on the HIV virion, having a 

microbiota that supports Ab-mediated trapping may be more critical for HIV than in cases 

where virion-bound IgG is abundant. We found a moderate reduction in muco-trapping 

potencies in CVM specimens with appreciable populations of G. vaginalis, and a moderate 

increase in L. crispatus rich specimens. These results suggest that it may be important 

to consider the influence of the vaginal microbiota when assessing the efficacy of Ab-

mediated interventions against HIV transmission, regardless of whether the Ab is induced 

by HIV vaccines or topically delivered upon local passive immunization. Indeed, if G. 
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vaginalis turns out to reduce the barrier properties of CVM, methods that reduce microbial 

diversity and ensure greater prevalence of monocultures of non-L. iners Lactobacillus may 

synergistically enhance the potencies of HIV vaccines and antiviral mAb.

Changes in hormones such as estrogen and progesterone throughout the menstrual cycle 

influence the viscoelastic properties of cervical mucus [46,59,60]. These changes are known 

to be important for enabling or preventing sperm ascension into the upper tract, however 

effects on the barrier properties at the scale of viruses are not fully understood. Here, we 

did not find correlation between cycle phase and trapping efficacy, consistent which our 

previous results with HSV. This may imply that variations in mucin biochemistry across the 

menstrual cycle may be less than those induced by microbial differences between women. 

In our opinion, this is not surprising: humans are among the very few animal species that 

copulate outside the fertility window, for purposes beyond reproduction. Thus, the CVM 

barrier, if indeed optimized evolutionarily, should enable trapping of viruses and protection 

of STIs across much of the menstrual cycle.

Given its recent discovery, the muco-trapping function of IgG is rarely considered in the 

development of prophylaxis for STIs. Trapping viruses in mucus via IgG-mucin bonds offer 

the potential to block infectious agents from initiating infections altogether, as we have 

previously observed in mouse studies of HSV transmission [16]. In addition, retarding virion 

mobility in mucus would proportionally enhance the time it takes a virus to reach and 

infect target cells, and hence should enable more complete inactivation by other innate and 

adaptive immune mechanisms, as well as supporting more complete elimination by natural 

mucus clearance mechanisms [13]. Indeed, a large volume fraction of post-coital discharge 

occurs within minutes of intercourse, removing along with it at least a comparable fraction 

of virions that had not diffused out of the secretions and into CVM. Consistent with this 

notion, the rate of heterosexual vaginal HIV transmission is quite low, between 1 per 100–

1000 sex acts [61,62], indicating that very few, if any, HIV can actually reach and infect 

target cells per intercourse. Therefore, reducing the fraction of HIV that can diffuse across 

the mucus layer is likely to proportionally reduce vaginal HIV transmission.
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Figure 1. 
Diffusion of HIV VLPs in pH-neutralized human CVM that is untreated or treated with 

different HIV-binding bnAb (VRC01, PGT121,2F5). A) Representative traces with effective 

diffusivities within 1 standard error of the mean of the ensemble average at a time scale 

of 0.2667 seconds B) Distributions of logarithms of effective diffusivities <Deff> for HIV 

VLPs. Values right of the dashed line represent viruses that possess sufficient diffusivity 

to diffuse across a 50μm CVM layer within 1 hr. C) Ensemble-averaged geometric 

mean square displacements (<MSD>) as a function of timescale. * indicates statistically 

significant difference (p < 0.01) compared to HIV in untreated CVM by two-way repeated 
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measures ANOVA with correction by Holm-Šidák test. D) Ensemble-averaged geometric 

Deff at a timescale of 0.2667 seconds for individual CVM specimens, with averages 

indicated by solid lines. Statistical significance is evaluated by repeated measures mixed 

effects analysis with correction by Holm-Šidák test on log-transformed data. E) Fraction of 

fast-moving particles (average <Deff> ≥ 0.347 μm2/s, capable of crossing a 50μm mucus 

barrier within one hour) with geometric mean and standard deviation indicated by solid 

lines. Evaluated by repeated measures mixed-effects analysis followed by with correction 

by Holm-Šidák test. F) Estimated time for 50% of pseudovirus particles to diffuse through 

a 50μm layer. Data represent the ensemble-averaged geometric mean of samples in each 

treatment. Error bars represent the 95% confidence interval. Evaluated by repeated measures 

mixed effect analysis on log-transformed data with correction by Holm-Šidák test. (* 

p<0.05, ** p<0.01, *** p <0.001, **** p <0.0001)
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Figure 2. 
Diffusion of HIV VLPs in pH-neutralized CVM that is untreated or treated with VRC01, 

segregated by whether VRC01 induced a statistically significant reduction in the fast-

moving populations of HIV VLPs in CVM from the same donor. (A/B/C) Fraction of 

fast-moving virus (average <Deff> ≥ 0.347 μm2/s, capable of crossing a 50μm mucus 

barrier within one hour in each donor with and without VRC01, PGT121, or 2F5 treatment 

respectively. Statistical difference is determined by two-way ANOVA followed by post-hoc 

uncorrected Fisher’s LSD test. 4. (D/E/F) Fraction of fast-moving virus in untreated or 

VRC01, PGT121, or 2F5-treated CVM samples respectively separated by trapping status. 

Statistical difference is determined by one-way repeated measures ANOVA corrected by 

post-hoc Sidak test. Trapping samples are those from donors with a significant decrease 

in fast-moving particles before and after treatment within each bnAb treatment condition. 

Statistical difference is determined by one-way repeated measures ANOVA corrected by 

post-hoc Sidak test. (* p<0.05, ** p<0.01, *** p <0.001, **** p <0.0001)
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Figure 3. 
A) bnAb-mediated trapping of HIV VLPs, Ensemble-averaged <Deff> in ph-neutralized 

CVM treated with different bnAb and percent fast-moving viruses (Deff) ≥ 0.347 μm2/s. 

Samples are grouped by microbial Community State Type (CST). Samples were sequenced 

with 16 s rRNA whole - genome sequencing analysis and classified into CSTs depending on 

the predominant microbial species, according to the following groups: Class I (L.crispatus, 

n = 35), Class II (L.gasseri, n = 3), Class III (L.iners, n = 3), Class IV (G.vaginalis, n = 

4), or Class V (L.Jensenii, n = 2). B) Ensemble-averaged <Deff> and percent fast-moving 

viruses (<Deff> ≥ 0.347 μm2/s) in CVM samples whose microbiome contained at least 5% 

of each bacteria, treated with different bnAb. Statistical significance is measured by repeated 

measures mixed effects analysis with post-hoc Sidak test. (*p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001)
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Figure 4. 
Ab-mediated Trapping of HIV VLPs based on presence of large bacterial populations. 

Samples were sorted by whether each bacteria composed greater than 5% of the sample’s 

bacterial population. Analysis was performed by two-way ANOVA on log-transformed data 

with post-hoc Holm-Sidak’s test. (*p < 0.05, **p < 0.01) Presence of L. Crispatus exhibited 

a small protective effect, while presence of G.Vaginalis and other non-lactobacillus species 

exhibited a small negative effect.

Schaefer et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Effect of the menstrual cycle phase and birth control status on bnAb-mediated trapping 

of HIV VLPs in pH-neutralized CVM. Cycles were normalized to 28 days based on the 

donor reported number of days post-menses. CVM samples were grouped by the cycle 

phase and separated by birth control status. Samples classified as follicular phase were 

those collected 6–14 days post-menses, while those classified as luteal phase were from 

15–28 days post-menses. A) Average <Deff> of virions in follicular versus luteal phase 

in normally cycling (NC) versus versus donors on birth control (BC) B) Percentage of 

fast-moving virions (average <Deff> ≥ 0.347 μm2/s) by phase in follicular versus luteal 

phase in normally cycling (NC) versus donors on birth control (BC). Data was analyzed 

using Two-Way repeated measures ANOVA with Sidak’s multiple comparisons test. A p ≤ 

0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001).
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Table 1:

Ensemble-averaged effective diffusivities and average percent fast-moving (FM) pseudoviruses in 

cervicovaginal mucus by community state type

CST No Ab +VRC01 +PGT121 +2F5

Deff (μm/s) % FM Deff (μm/s) % FM Deff (μm/s) % FM Deff (μm/s) % FM

I (n= 35) 0.5 ± 0.5 41 ± 29 0.1 ± 0.3 35 ± 24 0.1 ± 0.4 28 ± 22 0.06 ± 0.07 15 ± 16

II (n= 3) 1.0 ± 0.5 85 ± 10 0.3 ± 0.2 51 ± 15 0.3 ± 0.2 52 ± 22 0.1 ± 0.1 34 ± 14

III (n= 3) 0.8 ± 0.3 71 ± 20 0.08 ± 0.01 23 ± 7 0.1 ± 0.1 41 ± 12 0.3 ± 0.3 54 ± 19

IV (n= 4) 0.8 ± 0.9 65 ± 21 0.2 ± 0.3 35 ± 24 0.1 ± 0.04 35 ± 9 0.4 ± 0.4 49 ± 29

V (n= 2) 0.3 ± 0.3 39 ± 40 0.03 ± 0.02 7 ± 1 0.04 ± 0.02 7 ± 5 0.04 ± 0.004 13 ± 9

All (n= 54) 0.5 ± 0.5 63 ± 28 0.1 ± 0.2 24 ± 24 0.2 ± 0.4 24 ± 27 0.2 ± 0.3 24 ± 26
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Table 2:

Ensemble-averaged effective diffusivities and average percent fast-moving (FM) pseudoviruses in 

cervicovaginal mucus when divided based on presence of a substantial population (>5%) of each bacteria

Bacteria
No ab +VRC01 +PGT121 +2F5

Deff (μm/s) % FM Deff (μm/s) % FM Deff (μm/s) % FM Deff (μm/s) % FM

L.Crispatus > 5% 0.5 ± 0.5 52 ± 29 0.1 ± 0.3 16 ± 23 0.1 ± 0.1 15 ± 23 0.07 ± 0.08 16 ± 17

< 5% 0.8 ± 0.6 69 ± 25 0.2 ± 0.2 31 ± 23 0.1 ± 0.1 34 ± 22 0.3 ± 0.4 40 ± 25

L.Gasseri > 5% 0.7 ± 0.5 67 ± 33 0.2 ± 0.2 34 ± 27 0.2 ± 0.2 36 ± 28 0.08 ± 0.07 25 ± 16

< 5% 0.5 ± 0.5 55 ± 28 0.1 ± 0.3 18 ± 23 0.1 ± 0.3 17 ± 22 0.1 ± 0.2 23 ± 23

L.Iners > 5% 0.6 ± 0.5 66 ± 26 0.3 ± 0.6 35 ± 29 0.4 ± 0.8 36 ± 28 0.2 ± 0.2 38 ± 24

< 5% 0.5 ± 0.5 56 ± 27 0.1 ± 0.2 16 ± 21 0.1 ± 0.2 16 ± 21 0.1 ± 0.1 18 ± 20

L.Jensenii > 5% 0.3 ± 0.3 44 ± 29 0.04 ± 0.03 13 ± 12 0.1 ± 0.1 14 ± 17 0.1 ± 0.2 21 ± 24

< 5% 0.6 ± 0.5 57 ± 28 0.1 ± 0.3 21 ± 26 0.1 ± 0.3 21 ± 25 0.1 ± 0.2 24 ± 23

G.Vaginalis (and other) > 5% 0.8 ± 0.7 67 ± 27 0.2 ± 0.2 39 ± 22 0.2 ± 0.1 39 ± 22 0.2 ± 0.3 39 ± 22

< 5% 0.5 ± 0.4 54 ± 29 0.1 ± 0.3 15 ± 22 0.1 ± 0.3 15 ± 22 0.1 ± 0.1 19 ± 21
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