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Abstract

IV-injected antibodies have demonstrated protection against SHIV infection in rhesus macaques 

paving the way for the AMP trial where at-risk individuals for HIV received an IV-infusion of the 

HIV bNAb, VRC01. However, the time needed for these antibodies to fully distribute and elicit 

protection at mucosal sites is still unknown. Here, we interrogate how long it takes for antibodies 

to achieve peak anatomical levels at the vaginal surface following IV-injection. Fluorescently

labeled VRC01 and/or Gamunex-C were IV-injected into 24 female rhesus macaques (Macaca 
mulatta) with vaginal tissues and plasma acquired up to 2-weeks post-injection. We found that 

antibody delivery to the vaginal mucosa occurs in two phases. The first phase involves delivery 

to the submucosa, occurring within 24hrs and persisting beyond 1 week. The second phase is the 

delivery through the stratified squamous epithelium, needing approximately 1 week to saturate the 

Correspondence may be addressed to: Thomas J Hope, Ph.D. Mailing address: Simpson Querrey Institute 6th floor. 303 E Superior, 
Chicago, IL 60611. Tel (312) 503-1360. thope@northwestern.edu.
#These authors contributed equally
Author contributions:
AMC performed animal experiments, all deconvolution fluorescent microscopy experiments, all image analyses, and co-wrote the 
manuscript. JRS fluorescently tagged all of the antibodies, conducted all lightsheet microscopy, ran and analyzed all plasma data, and 
co-wrote the manuscript. PM ran the neutralization assay for VRC01. GCC created the IDL code for MFI analyses. JRM and AP 
created all VRC01 antibodies used. RLR analyzed biostatistical data. DM developed the tissue clearing methodology for lightsheet 
microscopy. FJV supervised the animal studies and MA performed animal experiments at NIRC. RSV supervised the animal studies at 
TNPRC. TJH conceived and supervised all studies and edited the manuscript. All authors discussed and approved the manuscript.

Competing Interests: There are no competing interests to disclose.

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2022 July 15.

Published in final edited form as:
J Immunol. 2021 July 15; 207(2): 505–511. doi:10.4049/jimmunol.2100253.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stratum corneum. This study has important implications for the efficacy of immunoprophylaxis 

targeting pathogens at the mucosa.

Introduction:

There are currently ~38 million people living with HIV today and ~2 million new HIV 

infections each year (1). The majority of HIV-1 infection occurs through heterosexual sex, 

with a larger risk of transmission from male to female (2). One of the more recent clinical 

trials for an HIV vaccine, HVTN702, was halted due to lack of efficacy, highlighting 

the need for alternative strategies to prevent HIV infection (3). One possible approach 

is through the use of broadly neutralizing antibodies (bNAbs), and over the past decade, 

a growing number of potent, anti-HIV bNAbs have been isolated from HIV-1 infected 

individuals (4). A large number of these antibodies have been illustrated to sufficiently 

block infection from a high dose SHIV challenge in non-human primates (NHP) and are 

currently being tested in human clinical trials (5)(reviewed by (6)) However, although these 

studies have illustrated protection, the mechanism(s) of IV-injected antibody distribution and 

localization and how long after bNAb IV infusion their presence persists and mediates 

protection, especially at mucosal sites where HIV transmission occurs, has not been 

elucidated. Therefore, understanding the basic mechanisms behind antibody distribution 

and localization in tissues is extremely significant as it will provide an understanding of 

how to optimize vaccine responses and passively transferred bNAbs for greater and longer 

protection against pathogens, including HIV.

Antibody kinetics in vivo have been clearly shown to peak in the plasma around 4–6 

hours post IV injection and fall precipitately thereafter (7); however, the tissue kinetics 

of antibody distribution following IV injection are not well defined. Only by elucidating 

the distribution and localization events of antibodies in tissues, especially those mucosal 

tissues susceptible to HIV ingress, can strides be made to further develop a therapeutic 

monoclonal antibody regimen to prevent HIV acquisition and transmission. Therefore, to 

better understand the localization and distribution of IV-injected antibodies, we developed a 

platform for tracking passively infused, fluorescently tagged antibodies in rhesus macaques. 

Using the polyclonal antibody, Gamunex-C, we found that a minimal degree of labeling (~1 

fluor/Ab) did not alter antibody biodistribution or function while illustrating our capability 

of labeling large amounts of antibodies to facilitate macaque studies (8). After injection, 

we collected mucosal swabs, and vaginal and rectal biopsies and were able to follow 

the distribution of antibodies over time, providing a unique perspective to observe how 

Gamunex-C reached different anatomical sites. These exploratory studies have provided 

novel insights into mechanisms of antibody delivery to different organs and tissues after IV 

injection into multiple animals.

However, in our previous study, we only looked at Gamunex-C, which is nothing more than 

pooled polyclonal human IgG. Ultimately, we are interested in identifying how HIV-specific 

monoclonal antibodies distribute and localize in vivo and whether these antibodies are 

able to reach those mucosal sites most susceptible to HIV ingress, such as the vaginal 

epithelium of the female reproductive tract (FRT). Therefore, we used our antibody-tracking 
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platform to track VRC01 IgG1 (VRC01). VRC01 is a bNAb directed to the HIV envelope 

CD4-binding site and has been shown to prevent lentiviral infection in the NHP model (9). 

This particular bNAb is also being utilized in the ongoing first clinical trial for “Antibody 

Mediated Prevention” (AMP) aimed at preventing HIV acquisition (10).

With this novel platform, we are able to follow antibody distribution and localization in 

the NHP model in conjunction with imaging methods, such as fluorescent deconvolution 

microscopy and lightsheet microscopy. These techniques, combined, have allowed us to 

evaluate the tissue distribution of IV injected antibodies at both the tissue and cellular level. 

Here, we present data utilizing fluorophore-labeled Gamunex and VRC01 IgG1 in the living 

NHP model that provides mechanistic insight into how antibodies distribute and localize to 

various tissues with an emphasis on vaginal tissues.

Materials and Methods:

Antibody Generation and Fluorescent Labeling:

VRC01 antibodies were donated by John Mascola at the Vaccine Research Center. 

Gamunex-C (Grifols) was purchased from the Northwestern University Pharmacy. VRC01 

and Gamunex-C antibodies were fluorescently labeled by previously established methods 

(8). In brief antibodies were diluted in PBS down to 25mg/ml in 5mls and buffer exchanged 

into PBS using a 10ml 40kDa cutoff Zeba column (Thermo-Fischer). Following buffer 

exchange, Sodium Bicarbonate was added for a final concentration of 100mM and then 

2mgs of Cy5 or Cy3 NHS Ester were added (sulfocyanine 5 or sulfocyanine 3 NHS ester, 

Lumiprobe). This reaction was gently rocked in the dark for 1hr. Following this reaction, 

the labeled antibody was put through two 10-mL 40kDa Zebra columns, buffer exchanged 

with PBS, to remove free dye. Labeled antibodies were then passed through a 0.45 filter 

and stored at 4oC protected from light. Labeling efficiency was evaluated via SDS PAGE 

and nanodrop to assess the degree of labeling (fluorophores per antibody) as previously 

described (8).

Plasma Antibody Measurements:

Fluorescent antibodies in the plasma were measured on the Fluostar Optima (BMG Labtech) 

using the Cy5 or Cy3 filters. Undiluted plasma samples were added at 100μl per well 

in duplicate. Using pre-injection Cy5 or Cy3 antibody inoculum, a standard curve was 

generated and IgG levels were determined using a 4-parameter fit.

Virus Neutralization Assay:

Pseudotyped R9-BaL-mCherry-HIV-1 virus was produced by co-transfection of two 

plasmids (R9-BaL and mCherry-VPR) into HEK293T cells. Viral supernatants containing 

pseudotyped virus were collected 48hrs post-transfection, purified through 0.22μm syringe 

filters, and concentrated over 30% sucrose cushions. TZM-bl cells were used to test 

neutralization potential of labeled or unlabeled VRC01 against the pseudotyped virus as 

described previously (11)
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Ethics Statement:

In total, 24 female macaques (Macaca mulatta) were used for this study. All macaques 

were housed at the Tulane National Primate Research Center (TNPRC) or at the New 

Iberia Research Center (NIRC) in accordance with the “Guide for the Care and Use of 

Laboratory Animals”. Both the TNPRC and NIRC are fully accredited by the Association 

for Assessment and Accreditation of Laboratory Animal Care International. All primate 

studies at TNPRC were reviewed and approved by the Tulane University Institutional 

Animal Care and Use Committee under protocol numbers P0240R. All primate studies 

at NIRC were reviewed and approved by the Institutional Animal Care and Use Committee 

of the University of Louisiana at Lafayette under protocol number 2017–8786-002. At 

both facilities, rhesus macaques were provided with Monkey chow and water ad libitum 

supplemented with fruits, vitamins, and Noyes’ treats (Research Diets, New Brunswick, 

NJ). All clinical procedures were carried out under the direction of a laboratory animal 

veterinarian and were performed under anesthesia using ketamine, often in combination with 

telazol, with all efforts made to minimize stress, improve housing conditions, and to provide 

enrichment opportunities (e.g. objects to manipulate in cage, varied food supplements, 

foraging and task-oriented feeding methods, interaction with caregivers and research staff).

Rhesus macaques:

At TNPRC, 22 animals were administered fluorescently labeled VRC01-WT (VRC01), or 

a combination of VRC01-WT and VRC01-LS, Human serum albumin (HSA) and Gamunex

C, VRC01-WT and Gamunex-C, or Peptide: N-Glycosidase F (PNG) treated Gamunex-C 

and Gamunex-C intravenously. Injected antibody concentrations ranged from 12.5mg/kg to 

50mg/kg per antibody. A subset of animals had serial vaginal biopsies collected at 24hrs, 

48hrs, 72hrs, 1-week and/or up to 2-weeks post antibody administration. Fourteen of the 

22 animals were necropsied by 1-week post antibody injection. At NIRC, 2 animals were 

injected intravenously with 20mg/kg VRC01-WT-Cy3 and VRC01-LS-Cy5 (40mg/total). 

72hrs post injection, animals were necropsied and vaginal tissues collected. Specific details 

on antibody administration for each individual animal can be found in Supplemental Table 

1. For vaginal biopsies, tissues were placed into optimal cutting temperature (OCT) and 

stored at −80°C. Necropsy tissues were processed in one or both of the following ways: 1) 

tissues were placed in 4% paraformaldehyde (PFA) for future tissue clearing experiments for 

lightsheet microscopy 2) tissues placed in OCT for fluorescent microscopy. All PFA samples 

were stored at 4°C; OCT samples were stored at −80°C. When applicable (i.e. based on 

necropsy time point), plasma was also collected at 0hrs, 24hrs, 48hrs, 72hrs, 1-week and 

2-weeks post antibody administration. All samples were shipped overnight to Northwestern 

University.

Immunofluorescence:

Frozen tissue sections (10–12μm) were fixed in 3.7% formaldehyde in PIPES [piperazine

N,N’-bis(2-ethanesulfonic acid)] buffer for 5 to 10 min followed by washing in cold PBS. 

Samples were blocked with normal donkey serum for 10 min and washed again. To identify 

adherens junctions an anti-HECD-1 protein antibody (BD Biosciences), directly conjugated 

to 488 was applied for 1hr at RT prior to washing. Finally, Hoechst DAPI (4’,6-diamidino-2
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phenylindole) (Invitrogen) was applied for 10 min to stain nuclei before a final wash with 

PBS. Mounting medium (DakoCytomation) and coverslips were applied to sections, sealed 

with clear nail polish, and stored at 4°C until imaged.

Deconvolution Microscopy and Image Analysis:

Images were obtained by deconvolution microscopy on a DeltaVision RT system collected 

on a digital camera (CoolSNAP HQ; Photometrics) using a 40X or 100X oil objective. To 

fully visualize antibody localization and distribution in vaginal tissues over time, we took up 

to 5 images of vaginal tissue from each macaque. Panel images were acquired to include the 

epithelium and lamina propria. Each image consisted of a stitched panel comprised of three 

40X images across the tissue surface and several 40X images past the basal layer, depending 

on the epithelial thickness of each sample. ImageJ/FIJI software was used to calculate 

the percentage of stratum corneum with fluorescently tagged antibodies (see Supplemental 

Figure 1A). For these analyses, first the area of the stratum corneum, as characterized by the 

absence of adherens junctions, was taken. Next, the total area of fluorescent antibody within 

the stratum corneum was measured. Afterwards, dividing the area of detectable antibody 

by the total stratum corneum area and multiplying by 100, calculated the percentage of 

antibody within the non-viable stratum corneum. For mean fluorescent intensity analyses, 

single, non-panel z-scan stacks were collected over 15μm for each image field at 100X, and 

image analysis was performed with using in-house algorithms written in IDL 8.1 (Harris 

Geospatial Solutions) and the Bio-Formats library (12). For each sample, approximately 10 

z-scan stack images were randomly obtained within the lamina propria of the vaginal tissues. 

The regions imaged were 60μm wide and 12μm thick.

Tissue clearing and lightsheet microscopy:

Following necropsy, tissues were fixed in 4% paraformaldehyde for 24hrs at 4° C. Tissues 

were cleared following an established protocol (13, 14). Following fixation tissues were 

rinsed 2 times in PBS followed by dehydration by exchanging the buffer to increasing tert

butanol (#360538, Sigma) concentrations (30%, 50%, 80, 96, 100%). Each buffer exchange 

of tert-butanol was incubated for 24hrs at 30°C. Following, the last Tert-butanol exchange, 

Tissues were placed in Hexane for 1hr at 30°C followed by incubation in BABBS solution 

for 24hrs at 30°C. Tissues were buffer exchanged with 2 more rounds of fresh BABBS 

buffer solution for 24hrs at 30°C prior to imaging. BABBS solution is 1 part benzyl alcohol 

(#13160, Sigma) and 2 parts benzyl benzoate (#B6630, Sigma). All alcohol and BABBs 

solutions were set at pH 9.5 using triethylamine (#471283, Sigma). Tissues were imaged 

in BABBs solution on a LaVision Ultramicroscope II with zoom configuration. Following 

acquisition, images were processed using ImageJ and Imaris reconstruction software. In 

all images, green represents tissue autofluorescence and red represents the fluorophore

conjugated antibody.

Statistical Analyses:

Statistical analyses were performed using R version 4.0.2. To test for differences in the 

percentage of antibody in the total SC area between the two antibodies tested through 

time, we used a Zero-One-Inflated Beta model using the gamlss R package. We selected 

this type of model as the best suited for our antibody covered area percentage data that 
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includes 0 and 1 (0 for 0% area covered by antibody and 1 for 100% percent covered). 

We estimated the effects of time, antibody, and their interaction in the model and tested 

for statistically significant differences in all the possible contrasts within the model. We 

used Benjamini Hochberg method for multiple testing correction and the false discovery rate 

adjusted p-value (q-value) for statistical significance was set at q-value <0.05.

Results:

There are minimal differences between Gamunex-C and VRC01 distribution and 
localization in the vaginal epithelium:

As mentioned above, we previously demonstrated that upon administration to animals 

fluorescently tagged Gamunex-C behaved comparably to unlabeled Gamunex-C as far as 

antibody distribution within tissues. One of the anatomical tissues we previously assessed 

was the vaginal epithelium. We found that antibodies, both endogenous and injected 

Gamunex-C, were present primarily within the lamina propria and stratum corneum, while 

the viable stratum malpighii did not exhibit a strong IgG fluorescent signal (8). It was 

unclear whether bNAbs, such as VRC01, also distribute to these epithelial layers similarly. 

Therefore, we set out to investigate if there were differences in VRC01 antibody localization 

and distribution within the vaginal epithelium after IV-injection. To gain insights into this 

process, we fluorescently tagged Gamunex-C with Cy5 and VRC01 with Cy3 dyes. The 

labeling efficiency is shown for VRC01-Cy3 through resolution on SDS PAGE under 

reducing conditions (Supplemental Figure 1B). Of note, this labeling did not alter HIV 

neutralization activity in a TZM-bl assay (Supplemental Figure 1C).

We injected a single rhesus macaque (animal EC74 – see Supplemental Table 1) with 

both fluorescently-labeled Gamunex-C (Cy3) and VRC01 (Cy5) (12.5mg/kg for each 

antibody) simultaneously. Vaginal biopsies were then collected at 24, 48, 72hrs, and 1-week 

post-antibody infusion, embedded in OCT, and imaged with deconvolution fluorescent 

microscopy. After imaging vaginal biopsy tissues from each time point, we did not see a 

difference between Gamunex and VRC01 IgG1 distribution and localization. For example, 

at 24hrs post-infusion, both Gamunex-C and VRC01 were found to overlap in the same 

image, with both antibodies appearing in the lamina propria and areas of the stratum 

granulosum (Supplemental Figure 1D). These data suggest that these distribution patterns 

and events are alike regardless of antibody clonality or type.

It takes approximately 1 week for antibodies to reach steady state saturation in the vaginal 
epithelium:

After injection, we monitored how antibodies reached the vaginal luminal surface to 

offer protection. Tracking fluorescently labeled Gamunex-C and VRC01 localization with 

sequential biopsies from the same animal (EC74) up to a week following passive infusion, 

we found that both antibodies entered the squamous vaginal epithelium from the lamina 

propria, through the basal layer, and migrated quickly through the spinosum to the 

granulosum where the epithelial cells undergo programmed cell death and degrade to form 

the stratum corneum from the bottom up. The timed injection of the fluorescently labeled 

antibody functions as a pulse into a continuously ongoing process of building the stratum 
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corneum from the bottom up while also shedding the degraded cell husks from the luminal 

surface. This process is initiated within 24 hours and reaches a steady state of tissue 

saturation by one week (Figure 1A–H). As illustrated in Figure 1, the four time points depict 

the stratified squamous epithelium with the green line denoting the boundary between the 

spinosum and granulosum, while the white line denotes the lumen. The area between these 

two lines is the stratum corneum, also known as the non-viable layer. IV-injected antibody 

fluorescence, as depicted in red, slowly builds up in this layer, completely saturating the 

stratum corneum by 1-week post-injection (Figure 1D, H).

To gain insight into the variability of the kinetics of antibody entry into the stratum 

corneum, we acquired vaginal tissues from additional rhesus macaques from other ongoing 

studies that were IV-injected with 12.5, 25, or 50mg/kg of fluorophore-conjugated VRC01 

or Gamunex-C (see Supplemental Table 1). Once again, we imaged vaginal tissues from 

individual animals, both biopsies and necropsy tissues at 24hrs, 48hrs, 72hrs, and 1-week 

post-injection through deconvolution microscopy. From each of these images, we were 

able to quantify the percentage of Gamunex-C and VRC01 within the non-viable stratum 

corneum to determine the time needed, post IV injection, for antibodies to come to a 

steady state distribution throughout the stratum corneum of the vaginal epithelium and reach 

the surface to provide protection against invading pathogens (Figure 1I). For example, at 

24hrs post-injection, we found that both Gamunex-C and VRC01 traveled less than 25% 

through the stratum corneum to reach the luminal surface (14.38±12.33 and 14.60±11.1, 

respectively). At 48 hours Gamunex-C and VRC01 only made it through ~40% (41.49±17.1 

and 42.74±16.99, respectively) of the non-viable stratum corneum. At 72hrs, there was a 

high level of heterogeneity between animals, regardless of injected antibody with Gamunex

C filling ~94% (94.37±33.08) amount of the stratum corneum and VRC01 covering only 

~44% (44.41±26.92). However, at 1 week, both Gamunex-C and VRC01 reached a steady 

state, both at 100% (100±2.92 and 100±3.34, respectively) (Figure 1I). Of note, any 

differences between Gamunex-C versus VRC01 are likely due to heterogeneity amongst 

animals because when Gamunex-C and VRC01 were in the same animal they distributed 

together as shown in Figure 1 and Supplemental Figure 1. Importantly, there were no 

statistically significant differences between the percentage amounts of Gamunex-C versus 

VRC01 that saturated the stratum corneum at each time point; thereby illustrating that this 

1-week steady state phenomenon was not affected by antibody clonality and/or type (Figure 

1I).

To visualize antibody distribution in larger pieces of tissue to ascertain whether this 1-week 

steady state was widely true for the vaginal epithelium, we utilized lightsheet microscopy to 

visualize centimeter pieces of tissue to tease out mechanisms of antibody distribution at the 

organ level. In doing so, 3 additional rhesus macaques (CJ89, GA04, AF94) were once again 

IV-injected with 25mg/kg (CJ89 and GA04) or 20mg/kg (AF94) (see Supplemental Table 1) 

fluorophore-conjugated VRC01 and animals were sacrificed at 24hr, 48hrs, and 72hrs after 

which tissue was isolated. After isolation, vaginal tissue was clarified prior to imaging using 

established protocols (13, 14) and imaged on a LaVision lightsheet microscope whereby 

large z-stacks were acquired and reconstructed to get a 3D view of antibody distribution. 

Using a z-stack reconstitution of these images, we were able to once again visualize the 

temporal movement of antibody through the vaginal squamous epithelium, except this time 
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at the whole tissue/organ level. (Video 1, Figure 1J–L). Figure 1J–L, from left to right 

illustrates 24, 48, and 72hrs post IV injection. In each successive image, the antibody band 

moved further into the epithelium, closer to the vaginal epithelial surface, as depicted by the 

white arrows. Unfortunately, due to budgetary restrictions, we only had resources for three 

macaques for this study, but it is evident that IV-injected antibodies are slowly building in 

the vaginal epithelium from the lamina propria to the luminal vault, which correlates with 

our deconvolution microscopy data.

Temporal distribution of antibodies is not the same for plasma and vaginal tissue:

One of the questions that remained was whether antibody levels in the plasma correlated 

with IV-injected fluorescently-labeled antibodies found within the vagina. To address this 

question, we collected plasma and vaginal tissue samples from ten rhesus macaques (JA24, 

IN98, HD66, EN39, IG91, JB10, FH82, JC11, IN68 and FG38 – see Supplemental Table 1) 

passively infused with VRC01-Cy3 or VRC01-Cy5. To measure the amount of antibody 

in the vagina, we utilized custom image analysis algorithms previously developed in 

our laboratory, that allow us to quantify the mean fluorescent intensity of fluorescently 

labeled antibodies in various tissues in a high throughput manner (8). Importantly, since we 

found that antibodies need ~1 week to saturate the vaginal squamous epithelium, we only 

measured fluorescent antibodies that were present beneath the vaginal epithelium, within 

the lamina propria, which showed steady state between 1 and 7 days (Figure 2A). Next, we 

measured the plasma levels of IV-injected antibodies from the same animal set. A standard 

curve was derived for Cy3 and Cy5 labeled VRC01, to quantify antibody levels in the 

plasma. Plasma levels of labeled VRC01 showed a steady decline from 24hrs, 48hrs, 72hrs, 

1-week and 2-weeks, post-injection (Figure 2B). The ratio of fluorescently-tagged antibody 

plasma concentration versus vaginal tissue mean fluorescent intensity, therefore dropped 

between 24hrs and 1 week (Figure 2C), which combined with Figure 1I, suggest that during 

the timeframe of 24hrs to 1 week, antibody is promptly leaving the circulation, entering the 

submucosal tissue, where it slowly enters the tissue epithelium to reach saturation in the 

vaginal tissue around 1-week post IV injection.

Discussion:

Therapeutic monoclonal antibodies (mAbs) have permeated every disease setting in the 

clinic due to their safety and efficacy. While traditional production of mAbs remains 

expensive, the ability to clone and express human mAbs in plant and yeast based production 

systems are paving the way towards large-scale cost effective production with defined 

quality control (15, 16). These developments make it possible to use mAb based prevention 

protocols for a number of infectious disease such as HIV, as currently trialed with 

bNAb, VRC01 (AMP study). However, while the therapeutic administration of mAbs will 

ultimately select existing targets, establishing a anti-infective barrier at mucosal portals of 

entry requires localization and distribution to such anatomical sites, a property that has 

until yet not been addressed in much detail. Hence, the rationale for the study described 

here utilizes two novel techniques recently developed in our laboratory. The first is the 

use of a directly labeled antibody platform, thereby allowing for direct observation of 

antibody distribution after infusion in an in vivo system. Additionally, directly labeling these 

Carias et al. Page 8

J Immunol. Author manuscript; available in PMC 2022 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibodies permit for a highly sensitive assessment of antibody levels throughout vaginal 

epithelial tissues. The second innovation is the use of various microscopy techniques, such 

as deconvolution fluorescent and lightsheet microscopy, to observe antibody distribution and 

localization at both the micron and centimeter scales in samples of tissue.

After injection of both polyclonal Gamunex-C and bNAb VRC01, each tagged with a 

different color fluorophore, we see that the mechanism(s) of antibody distribution and 

localization in the vaginal epithelium is the same regardless of any Fc differences, clonality 

and/or antibody type (Supplemental Figure 1C). Additionally, here we illustrate that we are 

successful in following antibody distribution over time, to provide a unique perspective in 

observing where antibodies accumulate and how antibodies reach different anatomical sites. 

For example, through tracking fluor-labeled antibody distribution with sequential biopsies, 

we illustrate that antibody initially enters the squamous vaginal epithelium from the 

lamina propria, through the basal layer, moving quickly through the spinosum, undergoing 

programmed cell death at the granulosum and accumulating in the stratum corneum from the 

bottom up (Figure 1). Through this bottom loading process, we can measure a steady-state 

distribution throughout the stratum corneum that is achieved at ~1-week post-administration 

with close to 100% antibody saturation (Figure 1I). Also of note, in this study, we illustrate 

that antibody levels decrease in the plasma and concurrently accumulate and persist in the 

vaginal tissue over time, which illustrates that antibody kinetics in plasma are not identical 

to tissue and should be treated as separate entities (Figure 2). Importantly, we found a novel 

mechanism of antibody delivery to the squamous vaginal mucosa as both data combined 

(Figure 1, 2), suggests that antibody distribution into the vaginal mucosa occurs in two 

phases after IV-injection.

During the first phase, we find that by 24hrs, antibody from the plasma leaves the vascular 

system and fills the vaginal lamina propria. These data correspond with previously published 

data that illustrates antibodies leaving the plasma and entering the interstitium through a 

process called convective extravasation (17, 18). Convective extravasation occurs due to 

differences in pressure gradients of the vascular and tissue environments and is considered to 

be the primary mechanism of bNAb delivery into tissues (17). Although another possible 

mechanism of antibody delivery to the vaginal lamina propria could be due to FcRn

mediated transcytosis, it is unlikely that this tissue delivery mechanism plays a large role 

in our observations as it has been reported that IgG distribution and tissue delivery is still 

evident in FcRn- knockout mice after IV administration of 7E3 (19). However, to examine 

the role FcRn-mediated transcytosis may have on antibody delivery to the vaginal lamina 

propria, we are currently in the process of analyzing tissues from animals co-injected with 

VRC01 and VRC01-LS, with the latter being modified form of VRC01 that has increased 

affinity to FcRn thereby resulting in a longer antibody half-life (9).

During the second phase, following convective extravasation into the lamina propria, we 

illustrate here that antibody is picked up by basal epithelial cells and travels to the luminal 

cavity through squamous cell differentiation, which takes ~1 week. By 1 week, we find 

a clear stabilization of antibody distribution where antibody is minimal in plasma, but 

highly evident in the lamina propria and epithelium of vaginal squamous tissues (Figure 

2C). Previously, through IHC techniques, this squamous epithelia antibody distribution 
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phenotype was reported in the epithelia of tonsils and anal tissues (20). Likewise, we have 

noted similar results in other mucosal squamous epithelia, such as the oral buccal and 

inner foreskin tissues (data not shown), thereby suggesting that this mechanism is not just 

vaginal specific but occurs in most, if not all, squamous tissues. Above all, our results 

provide ample evidence that currently established antibody distribution models, such as 

the minimally physiologically-based pharmacokinetic model (mPBPK), may not be ideal 

for defining the pharmacokinetics for squamous tissues as although these areas may be 

defined as tissues with tight junctions as a whole (lamina propria and epithelium), antibody 

distribution between the lamina propria and epithelium are drastically different (21, 22).

The two-phase antibody distribution to the vaginal epithelium described in this study also 

helps clarify previous results looking at the time course of antibody levels in vaginal 

secretions following IV injection. Specifically, in previous work by Klein et al., antibody 

levels spiked in vaginal secretions around 4–6 hours after IV injection, followed by a 

sudden decrease, and then another spike around 48–72hrs post-injection (7). In our previous 

study, we also observed similar results whereby we saw an initial spike of fluorescently

labeled antibodies ~2–4hrs after IV injection, followed by a sudden decrease, with a second 

antibody influx around 1-week post-IV injection (8). One potential explanation for this 

phenomenon is that the first increase in antibodies found in vaginal fluids could be antibody 

coming from the upper FRT – an anatomical area that is mostly comprised of simple 

columnar epithelia. Seeing how we can visualize antibody within the submucosa as soon 

as 24hrs post-antibody injection, we hypothesize that these antibodies can cross the single

celled barrier of the simple columnar epithelia to empty into FRT luminal spaces at early 

time points. Next, we believe the second antibody spike found in vaginal fluids originates 

from tissues of the lower FRT, via the two-phase antibody distribution mechanism discussed 

in this study. Regardless, to understand this further, we are currently examining antibody 

distribution dynamics in simple columnar tissues, such as the endocervical and uterine 

mucosa of the upper FRT. Moreover, in conjunction with these ongoing studies, we are also 

including other tissues of interest in our analyses, such as lymph nodes and gastrointestinal 

tissues.

Overall, our data highlight an important point for challenge studies that only give 24hrs of 

antibody treatment before vaginal challenge, being that this site of challenge may not be 

optimally protected. This was realized in the Liu et al., study, whereby rhesus macaques 

were given PGT121 24hrs before intravaginal challenge with SHIV-SF162P3 and the site 

of challenge had viral RNA and DNA detected 1–3 days post-challenge, which decreased 

by 7 days, and eventually cleared 10 days later (23). Therefore, we speculate that by giving 

a week for antibodies to accumulate at the site of challenge it is possible to enhance 

protection. We would hypothesize a marked decrease in viral RNA and DNA in the vaginal 

tissue during these early time points after challenge (1–3 days). These data presented here 

also corroborate important findings from the Haigwood lab, which also showed that it 

takes time for antibody to clear the infection (24). In these experiments, antibody was IV 

administered shortly after oral SHIV exposure, but virus was still detected in tissues 2 days 

post-infection. The 2-week time point cleared the virus, when the next serial necropsy was 

taken, highlighting the idea that antibody needs more time (e.g. 1 week) to get through and 

saturate the squamous epithelia to interact with the virus. Alternatively, in studies where 
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virus is challenged intravenously 1hr post-antibody administration, such as in Parsons et al., 

it is logical that this short duration of time would be adequate to block systemic infection, as 

IV-injected antibodies would be able to interact with and neutralize the virus, in the blood, 

prior to virus reaching the tissue (25). These studies, together, stress the critical role of the 

timing of antibody distribution.

Importantly, our study highlights the critical role of the timing of antibody distribution 

with our results having major clinical implications for current and future ongoing human 

antibody infusion trials by illustrating that a week may be required for optimal protection 

to occur at specific mucosal surfaces from invading pathogens. Additionally, by waiting at 

least a week to allow for antibody distribution is more similar to vaccine-induced antibodies, 

which would be secreted continuously and in a steady state distribution. It is only through 

elucidating the mechanism(s) of the distribution and localization of fluorescently tagged 

antibodies that future vaccine efforts could be better targeted to provide protection at 

relevant HIV mucosal sites, such as the vaginal vault. Such understanding will also facilitate 

optimization of the use of passively transferred antibodies aimed to protect against HIV 

more efficiently. Here, we provide a novel perspective because although numerous studies 

are being performed to look at how bNAbs offer sterilizing protection to various pathogens, 

including HIV/SHIV, this is the first study that examines the potential mechanisms behind 

such protection.
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Refer to Web version on PubMed Central for supplementary material.
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Key Points:

• It takes ~1-week for IV-injected antibodies to saturate the vaginal epithelium.

• Antibody delivery into the vaginal mucosa occurs in two phases.
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Figure 1: It takes ~1 week for IV-injected antibodies to saturate the vaginal squamous epithelium
(A-H) Fluorescent deconvolution image (40X panels) of vaginal epithelium from animal 

EC74 after IV-injection of Gamunex-C-Cy3 (top panels) and VRC01-Cy5 (bottom panels) at 

24hrs (A, E), 48hrs (B, F), 72hrs (C, G), and 1-week (D, H). Top panels: Gamunex-C-Cy3 

(red), E-cadherin (green), and DAPI (blue). Bottom panels: VRC01-Cy5 (red), E-cadherin 

(green), and DAPI (blue). White lines illustrate the tissue surface. Green lines denote where 

the viable stratum malpighii begins. The area between the two lines is considered the non

viable stratum corneum. Scale bars are 40μm. (I) Temporal analyses of the percentage of 

vaginal stratum corneum saturated by IV-injected Gamunex-C (dark gray) or VRC01 (light 

gray). Each data point represents an image. Data points are colored by antibody injection 

concentrations of 12.5mg/kg (red), 20mg/kg (blue), 25mg/kg (orange), and 50mg/kg (green). 

Error bars represent SEM. q-values for Gamunex-C comparisons over time represented 

in black. q-values for VRC01 comparisons over time represented in gray. q-values for 

Gamunex-C versus VRC01 at a given time point represented in red. (J-K) Lightsheet 

microscopy of vaginal epithelium at 24hrs (J), 48hrs (K), and 72hrs (L) post IV injection. 

Cy3 labeled VRC01 is depicted in red and background fluorescence is depicted in green. 

Inset image in (J) depicts Cy3-labeled VRC01 without background fluorescence. White 

arrows indicate the antibody migration front. Scale bar is 100um.
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Figure 2: IV-injected fluorescently labeled antibodies persist in vaginal tissues as plasma 
concentration is decreased.
(A) Temporal analyses of mean fluorescent intensities (MFI) of VRC01-WT-Cy3 and 

VRC01-WT-Cy5 within the lamina propria of rhesus macaque vaginal tissues. Each 

displayed dot represents the average MFI from 11 panel images per animal from each time 

point. (B) Antibody concentrations for VRC01-WT-Cy3 and VRC01-WT-Cy5 over time for 

plasma. Each sample was run in triplicate and each displayed dot represents the average 

per animal from each time point. (C) The ratio of mean antibody plasma concentrations 

versus vaginal tissue MFI. A four-parameter log-logistic function was used as the best-fitted 

function to model the ratio decay (blue line).
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