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Abstract

IgG possesses an important yet little recognized effector function in mucus: IgG bound to viral 

surface can immobilize otherwise readily diffusive viruses to the mucin matrix, excluding them 

from contacting target cells and facilitating their elimination by natural mucus clearance 

mechanisms. Cervicovaginal mucus (CVM) is populated by a microbial community, and its 

viscoelastic and barrier properties can vary substantially not only across the menstrual cycle but 

also in women with distinct microbiota. How these variations impact the “muco-trapping” effector 

function of IgGs remains poorly understood. Here, we obtained multiple fresh, undiluted CVM 

specimens (n=82 unique specimens) from six women over time, and employed high resolution 

multiple particle tracking to quantify the mobility of fluorescent Herpes Simplex Viruses (HSV-1) 

in CVM treated with different HSV-1-binding IgG. The IgG trapping potency was then correlated 

to the menstrual cycle and the vaginal microbial composition determined by 16s rRNA. In the 
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specimens studied, both polyclonal and monoclonal HSV-1 binding IgG appeared to consistently 

and effectively trapped HSV-1 in CVM obtained at different times of the menstrual cycle and 

containing a diverse spectrum of commensals, including G. vaginalis-dominant microbiota. Our 

findings underscore the potential broad utility of this “muco-trapping” effector function of IgG to 

reinforce the vaginal mucosal defense, and motivates further investigation of passive immunization 

of the vagina as a strategy to protect against vaginally transmitted infections.

Introduction

Mucus that coats the vaginal epithelium is primarily secreted by goblet cells in the cervix, 

which flows out of the cervical os by gravitational and/or intra-abdominal pressure driven 

flow 1, 2; we call this cervicovaginal mucus (CVM) to reflect its physiological origins. CVM 

serves not only as a lubricant that reduces shear-induced damage to the vaginal epithelium 

during coitus, but also as a physical barrier that excludes pathogens in semen from 

immediately contacting the epithelium following ejaculation 3, 4. In addition, CVM harbors a 

broad array of antimicrobial peptides and proteins, including immunoglobulins, that 

comprise the innate and adaptive mucosal immune defense against sexually transmitted 

pathogens 3, 4, 5. Thus, slowing or immobilizing viruses in CVM can not only directly 

reduce the pathogen load reaching target cells in the epithelium and facilitate elimination 

from the vagina by mucus flow to external genitalia, but also allow for more complete 

inactivation by innate and adaptive immune factors. Together, these functions offer the 

potential to block initial infections altogether.

There is considerable interest in reinforcing the diffusional barrier properties of mucus 

against infections, particularly since blocking transmissions at the portal of entry minimizes 

the risks of systemic spread of infections. Despite the abundance of IgG in CVM 6, 7, the use 

of IgG to reinforce the diffusional barrier properties of CVM against pathogens was long 

overlooked, due to the seemingly negligible affinity between individual IgG molecules and 

mucins 8, 9, 10, 11. Indeed, diffusion of IgG in human mid-cycle endocervical mucus is only 

slowed ~10% compared to in buffer 12, 13, implying the affinity is so weak that most 

individual IgG remains unbound to mucins at any moment in time. Nevertheless, multiple 

IgG can accumulate on the same virion or bacteria and confer substantial binding avidity 

between mucins or other mucus constituents and IgG-pathogen complexes akin to a Velcro 

patch with individually weak hooks. We have shown that Herpes-specific IgG can effectively 

trap individual Herpes Simplex Viruses (HSV-1) in CVM at sub-neutralizing concentrations 

via multiple transient Fc-mucin bonds 14. Importantly, trapping HSV in mucus alone appears 

to offer effective protection against vaginal Herpes transmission in vivo by excluding 

trapped particles from contacting the vaginal epithelium 11, 14.

The ability of virus-specific IgG to trap virions in mucus is undoubtedly influenced by the 

rigidity and microstructure of the mucin mesh network, as well as the interactions between 

IgG and mucins. A large body of literature has correlated the biochemical characteristics and 

mechanical (rheological) properties of mucus to factors such as the menstrual cycle15, 16, 17 

exogenous hormones17, 18 and the vaginal microbiota 19, 20. Indeed, the dense community of 

commensal microbiota that populate CVM not only varies considerably between women as 
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well as within the same woman over time, but also directly impacts the biophysical 

properties of CVM as well as its diffusional barrier properties against viruses 21, 22, 23. For 

instance, G. vaginalis, the predominant microbe in bacterial vaginosis (BV), can secrete 

sialidase enzymes that cleave sialic acid sugars from mucins, leading to a marked loss in 

mucus viscoelasticity20, 24, 25, and is associated with an elevated risk for acquiring sexually 

transmitted infections (STIs). The innate diffusional barrier properties of CVM against HIV 

were previously shown to correlate to the vaginal microbiota 19, 21, 26.

In order for this muco-trapping effector function to protection against vaginal infections, it is 

essential that this mechanism of vaginal immunity is conserved not only across the 

menstrual cycle, but also among women possessing different microbiota 6, 27. To test the 

breadth and consistency of this trapping function, we collected fresh and undiluted CVM 

secretions from six women with different microbiota and contraceptive use across their 

menstrual cycle, and employed high resolution multiple particle tracking to quantify the 

diffusion rates of hundreds of individual fluorescent HSV-1 virions in CVM treated with 

different antibodies (Abs). We found the barrier properties of CVM against HSV to be 

consistently reinforced by the presence of HSV-specific IgG in CVM.

Results

Exogenous polyclonal and monoclonal antibodies against Herpes Simplex Virus Type I 
(HSV-1) effectively trap HSV-1 in CVM

In a previous study with seven CVM specimens from unique donors, we showed that 

exogenously added polyclonal antibodies (pAb) against HSV-1, purified from intravenous 

immunoglobulin, effectively trapped virions in pH-neutralized mucus even at sub-

neutralizing levels. In contrast, HSV readily penetrated the same CVM specimens in the 

absence of HSV-specific antibodies 14. We first sought to replicate our original finding that 

exogenously added anti-HSV-1 pAb would similarly trap HSV-1 in CVM. We mixed HSV-1 

virions expressing a VP22-GFP (green fluorescent protein) tegument protein construct, 

packaged at high copy numbers while maintaining native viral envelope integrity (d~180nm) 

into undiluted, pH-neutralized CVM treated with different Ab, and performed multiple 

particle tracking to quantify the mobility of hundreds of individual viruses in each condition.

In 82 CVM specimens collected from six donors, the addition of anti-HSV-1 pAb to a final 

concentration of 5 μg/mL in CVM decreased the ensemble average effective diffusivities 

(<Deff>) for HSV-1 by ~10-fold compared to anti-biotin IgG control, in good agreement 

with our previous observations (Fig 1) 14. There is substantial heterogeneity in the mobility 

of individual virions, particularly in native, untreated CVM; the same CVM specimen 

frequently contains both freely diffusing and immobilized virions 14, 21, 26. Virions that 

possess the greatest diffusivity (i.e. the most mobile fractions) by definition are more likely 

to diffuse across the mucus layer and infect the underlying epithelium before mucus is 

purged by natural clearance mechanisms. Thus, we sought to assess the effect of exogenous 

anti-HSV-1 pAb in limiting the fraction of HSV-1 that could most readily penetrate CVM. 

We quantitatively defined the fast-moving subpopulation as virions that possess sufficient 

mobility to penetrate through a physiologically thick CVM layer (50μm) in one hour, which 

yielded a minimum Deff ≥ 0.347 μm2/s 9, 26, 28. The addition of anti-HSV-1 pAb reduced the 
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fraction of fast-moving virions by ~10-fold, from 33.4% ± 15.5% to 3.4 ± 4.5%. In a subset 

of these 82 samples, we evaluated the effectiveness of trapping at lower pAb concentrations 

in a subset of CVM specimens (n=26, Fig 2A-B). The average <Deff> decreased ~3- and ~4-

fold in CVM containing 0.5 and 1 μg/mL anti-HSV-1 pAb compared to anti-biotin IgG 

control (p<0.01**). This translated into a decrease in the fraction of “fast-moving” virions 

from 30.2 ± 13.4% to 14.4 ± 9.9% and 11.6 ± 11.6%, respectively (p<0.0001****).

Since monoclonal antibodies (mAb) are far easier and cheaper to manufacture and 

characterize than pAb, we next investigated whether mAb against HSV-1 gD could 

immobilize the virions in CVM similarly to pAb 29. We produced two variants of the same 

anti-gD IgG1 mAb, one in mammalian cells (HSV8–293), and the other in tobacco plants 

i.e., Nicotiana benthamiana, engineered with human glycosylation pathways (HSV8-N) 30. 

We were able to directly compare the trapping potency of all three Ab in the same CVM 

specimen in 70 of the 82 CVM specimens collected. In general, both mAb were slightly less 

effective at trapping HSV-1 than pAb, with <Deff> of 0.0057 ± 0.005 μm2/s, 0.0065 

± 0.0065 μm2/s and 0.004 ± 0.003 μm2/s in HSV8–293, HSV8-N and pAb treated CVM 

(final concentration 5 μg/mL). The fast-moving populations were reduced from 32.3% in 

untreated CVM to 7.5 ± 6.3%, 8.2 ± 6.6% and 2.7 ± 3.4% for HSV8–293, HSV8-N and 

pAb, respectively (Fig 2C-D). These results underscore the potential of using mAb to 

reinforce the diffusional barrier of CVM against specific pathogens.

Antibody-Mediated Trapping Appears to be Independent of Menstrual Cycle Phase and 
Consistent Across the Menstrual Cycle

Properties of cervical mucus, such as mucus thickness and viscoelasticity, vary substantially 

across the menstrual cycle in response to hormonal changes18, 27. Because CVM originates 

primarily from cervical mucus rather than secretion by the vaginal epithelium, it is essential 

to investigate whether pAb and mAb can effectively trap viruses in both luteal and follicular 

phase CVM. To examine this, we stratified the data from the n=70 specimens into either 

follicular or luteal phase, based on the day of the menstrual cycle when each sample was 

collected. We included CVM from women on hormonal birth control in this analysis, as 

many current hormonal contraceptives phase the level of hormone exposure throughout the 

treatment cycle, and a significant proportion of women still display ovarian activity and 

follicular development. Given it is more likely that women on hormonal contraceptive will 

engage in unprotected intercourse, it is critical for us to assess whether the effectiveness of 

IgG-mediated trapping of viruses is conserved over time in women with hormonal 

contraceptives31, 32. Since none of the samples we collected displayed spinnbarkeit, the egg-

white like stretchy mucus that is hallmark of ovulatory mucus, we excluded further 

stratifying the data into a third mid-cycle phase. While the potency of pAb was slightly 

greater relative to mAbs in the luteal phase (n=38) compared to follicular phase (n=32) 

samples, Ab-mediated trapping by mAbs was consistent across both phases, and there were 

no statistically significant differences in ensemble-averaged <Deff> or percent of fast-

moving virions between the two mAb formats. Interestingly, the average Deff in the anti-

biotin IgG condition was approximately 50% lower in the luteal phase compared to 

follicular phase (0.027 ± 0.023 μm2/sec vs. 0.057 ± 0.06 μm2/sec, ****p<0.0001), possibly 

Schroeder et al. Page 4

Mucosal Immunol. Author manuscript; available in PMC 2019 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



due to cervical mucus thickening in response to increased progesterone secretion (Fig 3) 
16, 18, 19.

We further investigated whether the trapping potency of pAb and mAb was consistent not 

only between two key phases of the menstrual cycle, but also across the 28-day cycle. We 

plotted the percent of fast-moving virions and <Deff> as a function of cycle day, and tested 

for linearity using Pearson’s Correlation. Similar to above there was a statistically significant 

trend in the anti-biotin condition that suggests viruses were somewhat less mobile toward the 

end of the menstrual cycle than the beginning (**p<0.01). There was no statistically 

significant dependence of <Deff> and fraction of fast-moving virions on cycle day for the 

various anti-HSV-1 Ab (Fig S1). Likewise, there were no statistically significant differences 

in the consistency of trapping potency between normally cycling donors and those taking 

birth control. Although the number of donors in our study was limited by our capacity to 

follow a larger group of women across several menstrual cycles, the results here are 

consistent with the notion that Ab-mediated trapping potency is likely independent of 

reproductive hormone levels in the female reproductive tract.

Antibody-Mediated Trapping Potency of HSV-1 in CVM Appears to be Independent of 
Vaginal Community State Type

The vaginal microbiota composition is associated with susceptibility to a diverse array of 

sexually transmitted infections, including herpes and HIV25. Therefore, we were interested 

in how diverse vaginal microbiota may influence IgG-mediated trapping potency for 

monoclonal and polyclonal IgGs. We were able to characterize the microbial communities in 

66 CVM specimens using 16s rRNA gene sequencing, and classified them into five 

community state types (CSTs) 23. The majority of CVM specimens were classified as either 

CST I (L. crispatus-dominated, n=18), CST III (L. iners-dominated, n=22) and CST IV (G. 
vaginalis-dominated, n=16), with a lower prevalence of CST II (L. gasseri-dominated, n=4) 
and CST V (L. jensenii-dominated, n=6), in good agreement with previous findings (Fig S2, 

Table S1) 23.

Despite variations in the native CVM barrier to reduce virion mobility across CSTs, all Ab 

were able to effectively reduce the fraction of fast-moving virions across all CSTs (Fig S3). 

The addition of 5 μg/mL pAb to CVM reduced the fraction of fast-moving virions to 1.8% 

± 2.4%, 0.8% ± 0.6%, 2.7% ± 2.2%, 4.1% ± 4.8%, 5.7% ± 4.2% for CSTs I to V, 

respectively, compared to 28.4% ± 11.5%, 20.0% ± 19.8%, 37.3% ± 17.1%, 38.5% ± 14.9% 

and 31.5% ± 17.3% for untreated CVM from CSTs I to V. Although slightly less potent than 

pAb, mAbs yielded similarly statistically significant decreases both in the ensemble 

averaged <Deff> and fraction of fast-moving virions. There were no statistically significant 

differences in the trapping potency of either pAb or mAb between CSTs (Fig 4).

We further investigated the variations in IgG-mediated trapping of HSV within individual 

donors. Donors 21, 43, 57, 58 had relatively consistent microbiota profiles across the time 

frame assessed, whereas donors 36 and 50 presented more dynamic and often changing 

microbiota (Fig 5). Despite differences in birth control status and fluctuations in microbiota, 

the various anti-HSV-1 Abs consistently enabled effective trapping of HSV-1 in all six 

donors, and there were no statistically significant differences in the ability of Abs to slow 
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virions between individuals (Fig 5, Fig S4). Even in CVM with nearly 100% of the 

microbiota represented by G. vaginalis (donor F57), the fraction of fast-moving virions was 

substantially reduced from 38.1% ± 9.1% in untreated control to 3.4% ± 4.5%, 10.9% 

± 7.0% and 11.8% ± 6.4% when treated with pAb, mAb-293 and mAb-N, respectively 

(p<0.0001***). This is comparable to L. crispatus (CST I) dominant microbiota (F21), 

where the fraction of fast-moving virions was reduced from 28.8 ± 15.1% to 2.6% ± 2.8% 

by pAb, 5.4% ± 4.0% by HSV8–293, and 5.2% ± 4.3% by HSV8-N (p <0.0001****). There 

was no statistically significant difference in virion mobility in the presence of HSV-specific 

IgG between these CSTs (Fig S3).

Discussion

STIs are pandemic worldwide; with the exception of HPV, there are no effective vaccines 

against virtually all common STIs, including Herpes, HIV, Neisseria gonorrhoeae (GC), 

Chlamydia trachomatis and syphilis. Given the longstanding challenge in eliciting durable 

immunity against a variety of STIs, some investigators are turning to passive immunization 

of the cervicovaginal environment – whereby protective Ab are delivered locally in the 

female reproductive tract – as a strategy to prevent STI transmission33, 34. In addition to 

protection by neutralization 35 and other classical effector functions, topically dosed Ab can 

facilitate protection by trapping virions in mucus. For vaginal transmission, viruses must 

penetrate mucus secretions to reach target cells; indeed, many sexually transmitted viruses, 

including HIV, HSV and HPV, can quickily diffuse and infect their target cells through CVM 
8, 13, 21, 26. Reinforcing the CVM barrier to trap pathogens in mucus thus represents an 

obvious strategy to prevent STIs. We found here that this unique muco-trapping Ab function 

is consistently observed both across the menstrual cycle as well as in different women with 

varying microbiota composition. The consistency of this muco-trapping function further 

underscores its likely physiological importance and highlights passive immunization of the 

cervicovaginal environment as a promising strategy to protect against diverse STIs.

The potential muco-trapping effector function of IgG remains under-recognized, and rarely 

harnessed in the development of prophylaxis against STIs. Trapping in mucus can protect by 

directly limiting the flux of virions arriving at target cells in the epithelium, facilitating more 

complete inactivation by innate and adaptive immune mechanisms, and enabling more 

complete elimination by natural mucus clearance mechanisms 3. By preventing viruses from 

reaching target cells, Ab-mucin interactions may directly block infections at the portal of 

entry before initial infections even occur, as observed in our mouse Herpes transmission 

studies 14. This feature may be especially important against STIs that remain difficult to cure 

or eliminate once infection is established 7. Trapping pathogens in CVM is also likely 

complementary to current prophylactic approaches such as microbicides and PrEP, as 

combining different approaches may lead to synergistically enhanced protection. Finally, a 

large fraction of trapped virions will be rapidly eliminated via post-coital discharge, which 

usually occurs within minutes, suggesting that a comparable fraction of infectious virions 

will be cleared from the cervicovaginal environment if they are trapped in the discharge. 

Trapping virions in cervicovaginal mucus is likely to be especially important for preventing 

vaginal HIV, HSV and HPV transmission, since the rate of transmission of these viruses is 

already quite low 3. The requirement for many intercourse events before a successful 
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transmission event implies that few, if any, infectious virions actually reach target cells per 

intercourse. Therefore, reducing the fraction of virions that reach target cells will likely lead 

to a proportional reduction in transmission of infection.

The native barrier properties of CVM are directly influenced by the vaginal microbiota. For 

instance, we have shown that, unlike CVM from women with L. crispatus, CVM from 

women with L. iners and G. vaginalis-dominated microbiota, microbiota lacking a 

significant amount of Lactobacillus species, were unable to effectively immobilize HIV at 

native pH 21. This in turn suggests that women with L. iners or G. vaginalis-dominant 

vaginal microbiota are potentially at greater risks of acquiring HIV, which has been 

confirmed by a number of epidemiological studies for a multitude of STIs 25, 36. It is 

possible that the compromised barrier properties of CVM with dominant L. iners and G. 
vaginalis reflects a breakdown of mucins that could also compromise the ability for virus-

bound Ab to crosslink with mucins. Indeed, G. vaginalis was thought to increase risks of STI 

transmission by overexpression of sialidases that can cleave terminal sialic acids and break 

down the mucin matrix of CVM, in addition to increasing the number of target cells in the 

epithelium due to its pro-inflammatory nature 16, 20, 37, 38. Encouragingly, we found that 

both pAb and mAb were able to enhance the barrier properties of CVM against HSV across 

CVM from a diverse spectrum the vaginal microbiota, including G. vaginalis-dominated 

vaginal microbiota. These results suggest that harnessing Ab-mucin interactions may help 

reduce STI transmission in women at the greatest risks of acquiring STI 24, 35.

Cyclic fluctuations in estrogen and progesterone across the menstrual cycle are known to 

induce macroscopic changes in color, consistency, and viscosity of cervical mucus 15, 17, 18; 

these changes are particularly important for enabling or preventing sperm ascension into the 

upper tract. Nevertheless, the potential variations of the barrier properties of CVM as a result 

of hormone-induced fluctuations of CVM remains poorly understood, particularly for barrier 

properties at the length scale of viruses. Here, we found that independent of the phase of the 

menstrual cycle and use of hormonal contraceptive, HSV-binding Abs were able to 

specifically reinforce the barrier properties of CVM against HSV-1. Importantly, while 

genital herpes is conventionally associated with HSV-2, HSV-1 actually causes vaginal 

Herpes with comparable frequency, likely due in part to shifts in oral-genital sexual 

practices39. In addition, the two HSV serotypes share significant sequence homology in their 

protein-coding regions (83%), including neutralizing epitopes such as gD (85% sequence 

homology)39. Indeed, our monoclonal antibody binds both HSV-1 and HSV-2, which is the 

reason why it is currently in clinical trials for vaginal Herpes prevention (NCT02579083)40. 

Further, while the number of donors in our study was limited, we speculate that the 

consistent manner with which we observed Ab-mediated reinforcement of the mucosal 

defense may be an evolutionary trait in humans: unlike most mammals, copulation 

frequently occurs not just during ovulation but across the entire menstrual cycle in humans, 

necessitating the need for protection against STIs beyond the mid-cycle.

For translational development, the batch-to-batch nature of pAb preparations is likely too 

expensive and too low throughput to address public health demands 33, 41. Instead, passive 

immunization of the cervicovaginal environment will most likely rely on the scalable and 

increasingly economical processes of mAb production. Here, we found that the trapping 

Schroeder et al. Page 7

Mucosal Immunol. Author manuscript; available in PMC 2019 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



potencies of mAb, regardless of whether they were produced in mammalian cells or glycan-

modified Nicotiana benthamiana, were slightly reduced compared to pAb. This difference is 

likely attributed to a difference in the number of Ab bound to each virion. Compared to mAb 

that only binds to a specific epitope on the gD glycoprotein, pAb purified from whole HSV 

will include Ab that binds to all major glycoprotein epitopes on the virion surface, including 

gB, gC, gG and gH, and thus achieve greater number of bound Ab than mAb at the same Ab 

concentrations 42. This suggests the slightly lower muco-trapping potency of mAb vs. pAb 

should be readily overcome by targeting epitopes that are present in high numbers on the 

pathogen surface or by simply including multiple different mAbs against the same pathogen. 

Indeed, this approach is increasingly utilized in mAb-based antivirals, such as ZMapp™, a 

formulation of cocktail of three distinct mAb against Ebola 43. The use of multiple mAbs 

targeting different regions of the same epitope, or different epitopes on the same virus, 

would also limit escape mutants of the viruses 29.

A longstanding challenge that has limited applications of passive immunization is the large 

dose of Ab systemically necessary to facilitate protection at mucosal surfaces, which has 

translated into exceptionally high vaccination costs 44, 45. Nevertheless, a confluence of 

factors may enable cost-effective passive immunization of the vagina in the not-too-distant 

future. First, passive immunization has historically been attempted through systemically 

administered Ab rather than topical delivery 6, 44. Since the female reproductive tract is 

coated with far smaller volumes of CVM (~1–2 mL) than the volume of blood in circulation 

(~5 L), protective concentrations can thus be readily achieved with far lower amounts of Ab 

by directly delivering locally in the vagina, potentially resulting in cost savings 29, 41, 45. 

Second, advances in drug delivery technologies have made it possible to achieve sustained 

release of Ab from vaginal rings 29. Third, the cost of Ab production has fallen greatly over 

the past two decades due to advances in bioprocessing technology, both in mammalian 

culture systems and the introduction of less common production systems, such as Nicotiana-
produced mAb evaluated here. Large-scale mAb production costs were projected at ~$100/g 

in 2010, and will likely continue to fall in the years ahead 46, 47. Since as little as tens of 

micrograms of mAb per day may be adequate to confer protection, it is theoretically possible 

to achieve passive immunization of the vagina and other mucosal surfaces that are cost-

effective, particularly for infections that currently lack effective prophylaxis. Lower costs 

would likely be achieved by further improvements in bioprocessing as well as further 

optimization of Ab-mucin affinity 9.

The number of specimens and donors we could include in this study is limited by the 

throughput of particle tracking experiments that allow us to capture and quantify the 

mobility of hundreds of individual virions in each specimen. Unlike most techniques in 

biology, there are no real-time, objective readouts in particle tracking experiments. Instead, 

particle tracking involves extensive, careful analysis to accurately extract quantitative motion 

from videos, due to the need to visually inspect and remove false positive and false negative 

traces. This is particularly true with videos capturing individual viruses in biological 

environments that inevitably suffer from low signal-to-noise contrasts. Despite these 

limitations, the consistencies of IgG-mediated trapping repeated observed in numerous 

distinct specimens from six women here, and in 11 subjects (each sampled once at a random 

time point) in our earlier study is consistent with the notion that IgG-mucin crosslinking is a 
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broadly conserved effector mechanism that is likely consistently observed in women both 

across the menstrual cycle as well as in women with diverse vaginal microbiota. Our study 

here motivates further study with a much larger cohort.

Methods and Materials:

CVM collection and characterization

CVM was collected and characterized as previously described 26. Detailed methods are 

provided in Supplementary Materials and Methods.

Ethics Statement

Written informed consent of participants was obtained after the nature and possible 

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

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

Chapel Hill (IRB 10–1817).

Culture and purification of fluorescent HSV-1

The HSV-1 mutant 166v encoding a VP22-GFP tegument protein packaged into HSV-1 at 

high copy numbers, was kindly provided by Richard Courtney and used in all microscopy 

and ELISA studies. The addition of GFP to the VP22 protein has no deleterious effects on 

viral replication, and the fluorescence of 166v was consistently more intense than that of 

HSV-1 mutants encoding other GFP fusion proteins 48. Virus was expanded at a multiplicity 

of infection (MOI) of three on confluent monolayers of HaCat cells (Addex Biotech, San 

Diego, CA) maintained in Dulbecco’s modified Eagle’s medium (Life Technologies, Grand 

Island, NY) supplemented with 5% fetal bovine serum, 1X L-glutamine, and 1X Penicillin/

Streptomycin. Culture medium was collected 16–18 h post infection and centrifuged at 

1,000×g for 5 min to remove cell debris. The resulting supernatant was split into 30-ml 

aliquots and precipitated overnight with a PEG/salt solution. Briefly, 10 ml of 1.55 M NaCl 

was added to 30 ml of crude virus supernatant, followed by 10 ml of 40% PEG 8000 

(Sigma, St. Louis, MO). After overnight incubation at 4°C, the virus/PEG solution was 

centrifuged at 2,555×g at 4°C for 1 h. The virus pellet was resuspended in 1XPBS 

(phosphate-buffered saline) and centrifuged through a continuous 20–50% (w/w) sucrose in 

PBS gradient for 1 h at 74,119×g. The resulting virus band was further purified by diluting 

1:5 in PBS, layered over 30% (w/w) sucrose in PBS, and centrifuging for 1.5 h at 83,472×g 

to pellet. Purified virus pellet was resuspended in PBS and stored as single-use aliquots at 

80°C.

Preparation and characterization of polyclonal anti-HSV-1 IgG

Polyclonal Anti-HSV-1 IgG was purified from intravenous immunoglobulin (IVIg, 

Privigen®; ≥ 98% IgG; CSL Behring, King of Prussia, PA) by affinity column purification. 

Detailed methods are provided in Supplementary Materials and Methods.
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Production of monoclonal HSV8 in 293 cells and Nicotiana benthamiana

HSV8 are produced in Expi293F cells as well as Nicotiana benthamiana as previously 

described30. Detailed methods are provided in the Supplementary Materials and Methods.

Multiple-particle tracking of HSV-1 in CVM

To mimic neutralization of CVM by alkaline seminal fluid, we titrated CVM to pH 6.8–7.2 

using small volumes (3% v/v) of 3N NaOH and confirmed pH using a pH microelectrode 

(Microelectrodes, Bedford, NH) calibrated with pH 4, 7, and 10 buffers. Samples were either 

treated or untreated by the addition of known amounts of purified anti-HSV-1 IgG or control 

(anti-biotin) IgG pre-mixed with fluorescent virions (approximately 108–109 particles/mL) 

and incubated at 37°C for 15–30 minutes prior to adding to 20μL CVM in a custom-made 

glass chamber. Once mixed, Abs, virus, and CVM were incubated at 37°C for and additional 

15–30 minutes prior to microscopy. Control beads consisted of red or green fluorescent 

200nm carboxyl-modified PS particles (Molecular Probes, Eugene, OR), either uncoated 

(PS; mucoadhesive) or covalently conjugated with a low molecular weight (2 kDa), amine-

functionalized PEG (Rapp Polymere, Tuebingen, Germany) to produce coated particles (PS-

PEG; muco-inert) as previously described 28. Translational motions of the particles were 

recorded using an electron multiplying charge-coupled-device (EMCCD) camera (Evolve 

512; Photometrics, Tucson, AZ) mounted on an inverted epifluorescence microscope 

(AxioObserver D1; Zeiss, Thornwood, NY) equipped with an Alpha Plan-Apo 100/1.46 

numerical-aperture (NA) objective, an environmental (temperature and CO2)-control 

chamber, and light-emitting-diode (LED) light source (Lumencor Light Engine DAPI/GFP/

543/623/690). Videos (512X512 pixels, 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) for 20 s. The 

tracking resolution was determined by tracking the displacements of particles immobilized 

with a strong adhesive, following a previously described method 49. Particle trajectories (xy 

locations) were obtained using Video Spot Tracker (VST) developed by Computer-

Integrated Systems for Microscopy and Manipulation (CISMM) at UNC-CH (http://

cismm.cs.unc.edu/downloads). The threshold parameter in VST was set using the Rosin 

threshold algorithm 50, and tracking was monitored and corrected by human intervention. 

Image contrast was adjusted to improve particle visibility, but the same contrast level was 

applied throughout the entire video and did not bias toward any particle population. Subpixel 

tracking resolution was obtained by determining the precise location of the particle centroid 

by light-intensity-weighted averaging of neighboring pixels. Trajectories were analyzed 

using “frame-by-frame” weighting 51 in which mean squared displacements (MSD) and 

effective diffusivities (Deff) are first calculated for individual particle traces. Averages and 

distributions are then calculated at each frame based on only the particles present in that 

frame before averaging across all frames in the movie. This approach minimizes bias toward 

faster-moving particle subpopulations. Trajectories of at least 40 particles per frame on 

average were analyzed for each experiment, which typically corresponds to greater than 100 

individual particle traces throughout the video and is consistent with sampling in our 

previous work14, 21. Trapped particles were defined by a Deff value of .0316 μm2/s at a value 

of 0.2667 s (time scale corresponding to a minimum trajectory length of 5 frames); for 
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particles 200 nm in diameter and larger, this cutoff translates to particles moving a distance 

much less than their diameter within 0.2667 s.

16S rRNA sequencing and analysis

DNA extractions for microbiota analysis were performed as previously described22, 23 on 

aliquots of the same CVM samples used for microscopy studies and other characterizations 

described. The method of Fadrosh et al.52 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 16S 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 barrier properties and Ab-mediated trapping in CVM, we grouped 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.23: 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), 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 

samples can be extremely diverse. In this sample set, percent of dominant bacterial species 

used to classify CST ranged from 34.26% to 99.9% of total bacteria.

Statistical analysis

Statistical comparisons were performed using ANOVA with multiple comparisons between 

matched samples (Tukey’s multiple comparison’s test) using GraphPad Prism version 7.0 

(GraphPad Software, La Jolla, CA). Follicular and luteal phases were compared with Two-

way ANOVA. Correlation between anti-HSV-1 IgG mediated trapping and cycle day was 

measured using Pearson’s correlation coefficient (r). Differences were deemed significant at 

an alpha of 0.05. Results are reported as mean ± standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: HSV-1 mobility as a function of exogenously added polyclonal anti-HSV-1 and or non-
specific anti-biotin IgG control.
(A) Sample trace of fast-moving HSV-1 subpopulations, with Deff ≥ 0.347 μm2/s. (B) 

Sample trace of trapped virus in CVM. (C) Ensemble-averaged <Deff> and (D) Percent of 

fast-moving viruses in CVM treated with 5 μg/mL pAb. Paired two-tailed t-test (*p<0.05, ** 

p<0.01, ***p<0.001, ****p<0.0001, n=82).
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Figure 2: HSV-1 mobility in CVM with exogenously added polyclonal anti-HSV-1 IgG (pAb) and 
monoclonal anti-HSV-1-gD.
Comparison of IgG produced in Expi293 cells (mAb-293) and Nicotiana Benthamiana 
(mAb-N), and non-specific anti-biotin IgG control. Polyclonal anti-HSV-1 was tested at a 

final concentration of 5, 1, or 0.5 μg/mL. HSV8–293 and HSV8-N mAbs and non-specific 

anti-biotin IgG control tested at 5 μg/mL. (A) Ensemble-averaged <Deff> and (B) percent of 

fast-moving virions as a function of increasing polyclonal anti-HSV-1 concentration. (C) 

Ensemble-averaged <Deff> and (D) percent of fast-moving viruses in CVM treated with 

mAb-293 and mAb-N vs. pAb. All Ab concentrations are 5 μg/mL. Repeated Measures One-
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Way ANOVA with multiple comparisons (*p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001). 

N=28 matched samples (A/B). N=70 matched samples, collected across six donors (C/D).
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Figure 3: Effect of menstrual cycle phase and birth control status on Ab-mediated trapping of 
HSV-1 in pH-neutralized CVM.
Six donors were followed across a minimum of two menstrual cycles and reported the 

number of days post-menses; cycles were normalized to 28-days. CVM samples were 

grouped by the cycle phase and separated by birth control status. Samples obtained during 

the follicular phase were those collected 6–14 days post-menses while those collected during 

the luteal phase were from 15–28 days post-menses. At least two samples were collected 

during the follicular phase and two during the luteal phase from each donor. All Abs were 

tested at 5 μg/mL and compared to anti-biotin IgG in matched samples. (A) Average <Deff> 
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of virions in follicular versus luteal phase in NC versus BC donors. (B) Percent 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 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). N= 32 follicular 

phase samples, N=38 luteal phase samples.
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Figure 4: Ab-mediated trapping of HSV-1 as a function of microbial Community State Type 
(CST).
Samples were sequenced with 16s 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=18), Class II (L.gasseri, n=4), Class III (L.iners, n=22), Class 

IV (G.vaginalis, n=16), or Class V (L.Jensenii, n=6) 23. After classification, HSV-1 mobility 

was compared for each Ab condition. (A) Ensemble-averaged <Deff> in CVM treated with 

different Ab and (B) Percent fast-moving viruses (Deff) ≥ 0.347 μm2/s. Two-Way ANOVA 
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with multiple comparisons [Tukey’s Multiple Comparison’s Test] (*p<0.05, ** p<0.01, 

***p<0.001, ****p<0.0001).
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Figure 5: Potency of Ab-mediated trapping in six different individuals across multiple menstrual 
cycles.
Donors 50 and 58 were normally cycling (A-F), while donors 21, 36, 43, and 57 were on 

birth control (G-R). Donor samples collected across multiple menstrual cycles were grouped 

to determine whether there was consistency in trapping potency within an individual, based 

on ensemble-averaged <Deff> (A,D,G,J,M,P) and percent of fast-moving viruses 

(B,E,H,K,N,Q). Donor ID is presented on the left side of each set. Heat maps (C,F,I,L,G,R) 

show the proportion of CST I - CST V out of a total 100% of the sequenced microbiome, 

illustrating the inherent diversity of microbial populations both within an individual and 
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across the menstrual cycle. Sample collection days are indicated on the left side of each 

heatmap. Microbes outside of CST I-V were classified as ‘Other’ (O). Heat map scale ranges 

from 0 (white) to 100% (black). Data was analyzed using One-Way ANOVA with Tukey’s 

Multiple Comparison’s test (*p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001).
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