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Abstract

Understanding vaginal and rectal HIV transmission and protective cellular and molecular 

mechanisms is critical for designing new prevention strategies, including those required for an 

effective vaccine. The determinants of protection against HIV infection are, however, poorly 

understood. Increasing evidence suggest that innate immune defenses may help protect mucosal 

surfaces from HIV transmission in highly exposed, uninfected subjects 1. More recent studies 

suggest that systemically administered type 1 interferon protects against simian immunodeficiency 

virus infection of macaques 2. Here we hypothesized that topically applied type 1 interferons 

might stimulate vaginal innate responses that could protect against HIV transmission. We therefore 

applied a recombinant human type 1 interferon (IFN-β) to the vagina of rhesus macaques and 

vaginally challenged them with pathogenic simian/human immunodeficiency virus (SHIV). 

Vaginal administration of IFN-β resulted in marked local changes in immune cell phenotype, 

increasing immune activation and HIV coreceptor expression, yet provided significant protection 

from SHIV acquisition as interferon response genes (IRGs) were also upregulated. These data 

suggest that protection from vaginal HIV acquisition may be achieved by activating innate 

mucosal defenses.
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INTRODUCTION

Defining the innate mucosal defenses that may prevent mucosal HIV transmission is a high 

priority. The determinants of protection against HIV infection are, however, poorly 

understood. Certain alterations of host elements are known to be protective against HIV 

transmission. For example, a recognized 32 base pair deletion in the open reading frame of 

the gene encoding the HIV coreceptor CCR5 (d32) when present in the homozygous state 

confers nearly complete protection against HIV acquisition 3–5. Likewise topical blockade of 

CCR5 using modified chemokine analogues or allosteric CCR5 inhibitors can protect non-

human primates from infection with simian human immunodeficiency virus (SHIV) 

infection 6–8. Nonetheless, most persons at apparent high risk for HIV acquisition who have 

remained uninfected do not have recognized polymorphisms in CCR5 or its ligands 9–11. 

Thus other mechanisms may exist that provide relative protection against HIV acquisition. 

Increasing evidence suggest that innate immune defense mechanisms may be involved in the 

protection of mucosal surfaces from HIV transmission in highly exposed, uninfected 

patients 1.

The type 1 interferons including IFN-α and IFN-β comprise a class of endogenous host 

elements that were first recognized for their ability to “interfere” with the replication of 

viruses in vitro (reviewed in 12). This class of molecules induces resistance to HIV through a 

number of mechanisms that include activation of several defined host factors that restrict 

HIV replication 13. Also type 1 interferons are capable of enhancing antiviral defenses 

through activation of cytolytic cells and enhancing the maturation of adaptive immune 

defenses 14. Type 1 interferons are expressed and secreted in response to viral infection or 

recognition of pathogen-associated molecular patterns (PAMPs). Following the engagement 

of these cytokines with the interferon receptor, the expression of a large number (>900) of 

interferon response genes (IRGs) with diverse functions may be induced to generate an 

antiviral state (reviewed in 12).

We hypothesized that type 1 interferons might be capable of mediating protection from 

acquisition of HIV and therefore applied a recombinant type 1 interferon (IFN-β) to the 

vagina of rhesus macaques, then vaginally challenged animals with pathogenic RT-SHIV. 

Here we show that topical administration of recombinant human beta interferon to mucosal 

tissues results in local changes in immune cell phenotype and activation, yet results in 

significant protection against RT-SHIV acquisition. This was not likely related to effects on 

the HIV co-receptor CCR5, as CCR5 density actually increased on mucosal and lymphoid T 

cells in animals that had been treated with IFN-β. These data suggest that protection from 

vaginal HIV infection may be achieved by activating vaginal innate defenses.

RESULTS

IFN-β treatment rapidly induces T cell activation, and increased numbers of CD4+CCR5+ T 
cells and macrophages in the vaginal mucosa

To assess the effects of topical IFN-β application on local immune responses, we first treated 

six female macaques intravaginally with either low (1.2 × 105 units/mL; n=2), intermediate 

(6 × 105 units/mL; n=2) or high (3 × 106 units/mL; n=2) dose recombinant human IFN-β 
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(Rebif, Pfizer) Two controls received topical saline only. We used this type and dose of 

interferon as our preliminary data (not shown) indicated that IFN-β is among the most active 

of 12 different type 1 interferons in inhibiting HIV replication in human PBMC, and doses 

this high (and greater) have been well tolerated when applied intranasally in humans 15. Two 

days later each macaque was dosed intravaginally with 2mls of saline or IFN-β using the 

same concentrations as initially. Six hours later, all 8 animals were humanely euthanized. At 

necropsy, female reproductive tissues (FRT) were carefully examined for evidence of 

inflammation, but no visible lesions were detected. Vaginal tissues were processed for flow 

cytometry, immunohistochemistry, and RNA sequencing (RNASeq).

Compared to controls, all 6 IFN-β treated macaques had significantly higher numbers of 

CD4+ T cells and macrophages in vaginal mucosa (Fig. 1). Increased CD4+ T cell densities 

were detected in the epithelium, and in the lamina propria (Fig. 1a,b). Similarly, a marked, 

dose-dependent increase in macrophages was evident in the vaginal mucosa (Fig. 1c). By 

flow cytometry, vaginal mucosal CD4+ T cells of IFN-β treated animals had higher 

expression of HLA-DR and CCR5 (Table 1, Supplemental Figs. 1, 2) indicating these 

infiltrating CD4+ T cells were more activated, expressing higher levels of the HIV co-

receptor CCR5, and thus potentially better targets for SHIV infection. Similarly, higher 

expression of HLA-DR and CCR5 was detected on CD8+ cells in vaginal tissues of IFN-β 
treated macaques (Table 1). Increased expression of Caspase 3 was also detected in both 

CD4+ and CD8+ vaginal T cells (Table 1). No significant changes were detected in 

expression of HLA-DR, CD38 or CCR5 on peripheral blood T cells (not shown).

Topical IFN-β treatment protects macaques from vaginal SHIV transmission

We then performed a series of topical vaginal IFN-β dosing and SHIV challenge 

experiments to determine whether repeated dosing could protect macaques from vaginal 

SHIV acquisition. Macaques were intravaginally dosed with IFN-β, or saline placebo and 

four hours later, all were intravaginally challenged with SHIV. One and two days after initial 

dosing, vaginal IFN-β or placebo dosing was repeated; this dosing and challenge regimen 

was repeated weekly for 5 weeks. In total, we performed this series of repeated vaginal IFN-

β dosing and viral challenge studies in 15 female macaques treated with high dose 3×106 

U/ml IFN-β for comparison with 14 mock treated controls. Nine of the 15 IFN-β treated 

macaques were completely protected from infection, whereas only 2/14 control animals 

escaped infection (Fig. 2). These differences were significant by Fishers Exact test 

(P<0.015). Note: 8/14 controls (57%) were infected by the 4th challenge, whereas only 4/15 

(26%) high dose IFN-β treated animals were infected by the 4th challenge (Fig. 2). Also, the 

6 IFN-β– treated animals that became infected showed a trend for lower peak viral loads 

compared to the controls (Fig. 3) but these results were not significant. In summary, a 

significant (P<0.015) level of protection from vaginal SHIV transmission was afforded to 

animals by repeated dosing with topical IFN-β.

Although topical application of IFN-β lowered the frequency of vaginal transmission, the 

mechanisms behind this protection are unclear. Our initial studies showed topical IFN-β 
resulted in an increase in absolute numbers, co-receptor expression, and activation of vaginal 

CD4 and CD8 T cells (Table 1). Activation was characterized more by increased HLA-DR 
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expression than CD38 expression (Table 1, Supplemental Figs. 1, 2). Increased CCR5 

expression was also observed in the initial study suggesting either that IFN-β exposure 

activated resident cells or enhanced the influx of activated co-receptor expressing immune 

cells or both. An increase in Caspase 3+, CCR5+ T cells also suggests that IFN-β exposure 

increased cellular activation. Conceivably, the activation of Caspase 3 by interferon resulted 

in the early death of cells that are plausibly good targets for HIV infection, thereby 

balancing or abrogating the effects of increasing target cell frequency, though some studies 

suggest IFN-induction of Caspase 3 may activate cells without driving cell death 16, 17.

Topical IFN-β treatment results in marked upregulation of inflammatory and myeloid 
activation genes

The above data suggest topical IFN-β was inducing a local protective host defenses despite 

increasing the pool of potentially susceptible target cells for SHIV infection. To test the 

hypothesis that IFN-β exposures drives expression of host IRGs that promote an overall 

innate antiviral state, we assessed the whole transcriptome of vaginal cell suspensions from 

the macaques in the pilot study using RNA-Seq. Enrichment analysis was performed using 

the Fisher’s exact test on significantly differential gene expression (FDR<0.05) between 

IFN-β-treated versus control macaque datasets, without an arbitrary cutoff in fold-

change18, 19. We first applied transcriptional modules published by Chaussabel et al. 20 as 

broad filters to organize the enrichment results (IFN-β-treated versus controls) into top 

biologically relevant modules with a single multivariate score (Fig. 3A). Notably, the top 5 

enriched biological modules by nominal P value via this method were interferon inducible 

genes (Module 3.1), inflammation I (Module 3.2), two myeloid cell lineage modules 

(Module 1.5 and 2.10), and neutrophils (M2.2). As expected, delineation of interferon 

inducible genes into type 1 or type 2 IRGs using published filters 21 revealed a higher 

enrichment in type 1 (P=2.19×10−57) vs type 2 (P=4.43×10−41) associated IRGs with IFN-β 
treatment (Fig. 4a, Supplemental Table 1).

We next conducted a Kegg pathway-based analysis. Kegg pathways are a collection of 

manually curated and drawn pathway mappings that allow a more specific assessment of 

potential biology following a supervised contrast than module analysis. The top 10 Kegg 

pathways enriched in differential gene expression between IFN-β and control treatment 

ranged from proinflammatory cytokine and cytokine receptor interaction (CXCL1/10/11, 

CCL23/7/8, IL1β, IL6, IL8, IL10, TNF, IFNγ), TLR receptor signaling and complement 

activation, to JAK/STAT, WNT and T cell signaling activation (Fig. 4b). The chemokines 

identified may promote accumulation of T cells and monocytes into the FRT as observed 

histologically (Fig. 1).

Lastly, since RNA-Seq was performed on unfractionated single cell suspensions, we 

employed an adaptation of a recent bioinformatic approach to deconvolute expression data 

from bulk cells into cell subset-specific subprofiles via published classifier lists 22. We 

discovered that gene expression changes in FRT of IFN-β-treated macaques occurred 

predominantly in association with a monocyte subset classifier list. Indeed, monocytes were 

the only significantly enriched (P=2.11 × 10−19) classifier, populated by many of the genes 

mentioned above (IRGs, chemokines, proinflammatory cytokines, and complement) 
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(Supplemental Table 2). These data were consistent with the marked increase in macrophage 

recruitment evident by immunohistochemical analysis (Fig. 1c). Although the numbers of 

animals examined for immunologic changes in tissues were small, combined, these data 

indicate topical IFN-β was inducing a balanced local protective antiviral host defense 

response countering pro-inflammatory cytokine and chemokine activation, despite an 

increased influx of target cells for SHIV infection.

DISCUSSION

Understanding the balance between inflammatory responses that may enhance or prevent 

HIV transmission in local tissues is a high priority for HIV vaccine and prevention 

strategies. Type 1 interferons bind to a common receptor expressed on numerous cell types 

and activate hundreds of cellular genes including genes encoding proteins with antiviral 

activity. Systemic application of type 1 interferon in rhesus macaques delays SIV infection, 

yet sustained administration of this agent during chronic infection comes at the cost of 

increased immune activation, CD4 T cell losses and increased viral reservoir size 2. 

Numerous IRGs limit viral replication including RNaseL, Eukaryotic initiation factor 2 

(EIF2a) which inhibits viral translation, APOBEC3G, Trim-5α and tetherin, factors 

recognized to restrict HIV replication; several that encode IFN-induced proteins with 

tetratricopeptide repeats (IFITs), and numerous others which play a variety of roles in 

mediating antiviral responses. Here we tested the hypothesis that the immune activation 

induced by topical interferon administration would be overcome by interferon-induced 

protection against SHIV acquisition. This appeared to be the case, suggesting that IFN-β is 

arming local mucosal defenses to protect against vaginal SHIV transmission, a model 

supported by demonstrating IFN-β induced upregulation of numerous IRGs including IRGs 

with defined antiviral activity.

Interestingly however, we also found that topical administration of IFN-β increased numbers 

of tissue macrophages and CD4+ T cells expressing CCR5 and HLA-DR, suggesting IFN-β 
promotes influx of activated cells potentially susceptible to HIV infection. As IFN-β 
dramatically upregulated the expression of CCL3 (promoting T cell chemotaxis via CCR5 

ligation) and also CXCL10 and CXCL11 (which promote T cell chemotaxis via binding to 

CXCR3) we suspect these and other interferon-induced chemokines promote accumulation 

of target CD4 T cells into the vagina. Nonetheless, despite an increased availability of viral 

target cells, topical IFN-β was clearly associated with protection from SHIV challenge, 

likely through stimulation of innate immune defenses. In fact, the increase in myeloid 

(macrophage) recruitment into tissues may conceivably limit local viral replication and 

infection by phagocytosis and destruction of locally activated, infected T cells, but this 

remains speculative. To prevent interference with vaginal transmission, samples were not 

acquired from the animals in the challenge studies. However, the significant level of 

protection observed, combined with data from the pilot study indicating both an influx of 

macrophages and T cells (in all 6 treated animals) combined with the RNA Seq data 

indicating increases in monocyte activation genes, all suggest that interferon response genes 

and innate immune responses played a role in this protection.
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This targeted, topical approach may avoid the systemic consequences of sustained systemic 

interferon exposure. Earlier studies exploring the role of innate defenses in protection from 

SIV infection attempted to induce these defenses through topical application of toll like 

receptor (TLR) ligands including imiquimod (a ligand for TLR 7) and CpG 

oligodeoxynuclotides (ligands for TLR 9). These studies not only failed to confer protection 

against SIV challenge but also induced a “storm” of inflammatory mucosal cytokines that 

were associated with increases in the magnitude of SIV replication in the infected 

animals 23. We considered the possibility that interferon-independent effects of TLR ligation 

might have obscured a potentially protective effect of type 1 interferons, and designed these 

experiments with this in mind. Thus we were able to examine directly the effects of 

interferon activity on susceptibility to SHIV infection.

The human type 1 interferon family includes several interferons that each bind the same type 

1 interferon receptor but with distinguishable effects on downstream signaling 12. We chose 

beta interferon for these studies as in preliminary studies, this interferon was one of several 

type 1 interferons with the most consistent ability to block HIV replication in human 

lymphocytes (not shown) and because a recombinant form suitable for parenteral (systemic) 

administration (Rebif) was commercially available. Further, human and macaque IFN-b 

proteins are 95% identical and 97% similar by BLAST 24, so we felt confident in using this 

would be suitable for the macaque studies.

The role of type 1 interferons in HIV disease is not well understood, but sustained 

replication of both pathogenic HIV and SIV is associated with increased type 1 interferon 

production 25 and systemic administration of type 1 interferon to HIV infected persons can 

attenuate the magnitude of HIV replication 26. Recent studies in the rhesus SIV model 

indicate that blockade of type 1 interferon activity accelerates mortality in infected animals 

and that systemic administration of type 1 interferon may protect animals from SIV 

infection 2. HIV infected persons in whom HIV replication has been controlled with 

combination antiretroviral therapy also have a profound signature of type 1 interferon 

exposure and this is most prominent among those who have failed to normalize circulating 

CD4 T cell numbers 27. Also, in chronic SIV infection of rhesus macaques, sustained 

administration of type 1 interferon results in both interferon desensitization, an increase in 

SIV reservoirs and accelerated CD4 T cell losses 2. These works suggest that the effects of 

type 1 interferon are complex in HIV and SIV infections, providing both antiretroviral 

activity and in some settings, accelerating pathogenesis. Nonetheless, here we show that 

topical administration of a type 1 interferon can protect against pathogenic SHIV challenge. 

In these experiments, a very high dose of interferon was necessary to provide protection, 

likely reflecting the need for high concentrations of agents to penetrate vaginal mucosal 

tissues 28. Thus the costs of IFN-β as a topical strategy to prevent HIV acquisition may be 

too high to be clinically applicable, but developing a topical prevention strategy is not the 

crux of this study. A major objective of this study was to begin to delineate specific immune 

mechanisms and conditions that may be elicited by vaccines or other prevention strategies 

that result in protective host defenses. Although we did not examine sufficient numbers 

animals to definitively identify the mechanisms involved in this protection, our findings 

suggest the possibility that modulation of innate defenses, as reflected by the activity of type 

1 interferons shown here, might play a role in the apparent “natural” resistance to HIV 
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infection that has been reported in numerous high risk exposed populations 9 and that other 

strategies that enhance these endogenous innate defenses might prove to be of value in 

protection against HIV acquisition. Although we have clearly show a protective associated 

with topical vaginal IFN-β application, additional studies with larger numbers of animals 

and more frequent vaginal fluid and biopsy sampling will be needed to specifically 

determine the molecular mechanisms of protection elicited in the vaginal vault following 

IFN-β treatment.

Type 1 interferons comprise a large family of innate antiviral defense molecules that can be 

induced by a variety of microbial elements including viruses and their genetic sequences 29. 

Type 1 interferons bind to a common receptor expressed on numerous cell types and activate 

hundreds of cellular genes including genes encoding certain proteins with antiviral 

activity 30 yet at mucosal sites of challenge with the simian immunodeficiency virus, the 

kinetics of interferon induction by exposure to TLR ligands was too delayed to provide 

sufficient protection from experimental infection 31. It’s not unreasonable to propose 

therefore that there may be population variability in the induction, regulation and activities 

of such a complex defense network and to this point, a polymorphism near the gene for a 

type 2 interferon (interferon lambda-3, IL28B) has been linked to variability in the outcome 

of hepatitis C virus infection both spontaneously and with treatment using a type 1 

interferon plus ribavirin 32, 33. Upregulation of the activities of cellular RNaseL and 

downregulation of Eukaryotic initiation factor 2 a (EIF2a) by type 1 interferons paralyze 

translation of both cellular and viral RNAs 29. Type 1 interferons also can activate other 

cellular elements such as APOBEC 3G, Trim-5a, tetherin, SAMHD1 and SLFN11 that more 

selectively restrict the replication of lentiviruses such as HIV 13. The importance of 

APOBEC3G, tetherin and SAMHD1 in antiviral defense is underscored by the existence of 

HIV and SIV proteins, specifically VIF, VPU and VPX respectively, that block their 

antiviral activities 34–37. Although human Trim-5a does not block HIV replication very 

effectively, certain non-human primate homologues do 38 and small changes in the human 

sequences result in potent restriction of HIV replication 39. In one small study, higher levels 

of TRIM-5a RNA were found in PBMC from high risk persons who escaped HIV infection 

than in PBMC from persons who were infected 40. A single nucleotide polymorphism in the 

APBOC3G gene (C49693T) has been associated in one study with an increased risk for HIV 

acquisition 41. Conceivably, other genetic variants in these restriction factors confer variable 

degrees of protection from infection.

In summary, these results demonstrate that repeated dosing with IFN-β results in a protective 

state in the vaginal environment that resists repeated vaginal challenge with a pathogenic 

SHIV, despite increased local accumulation of activated T cells and macrophages and 

heightened T cell expression of the HIV coreceptor CCR5. These results suggest that 

immune activation is not always deleterious and that mucosal protection against HIV 

acquisition may be achieved by induction of local innate host defenses. The conditions of 

our experiments do not allow us to identify the optimal duration of interferon exposure 

necessary for protection; we don’t know if shorter exposure to interferon is sufficient for a 

similar level of protection or if longer application of interferons might confer greater 

protection. In these experiments, a very high dose of interferon was necessary to provide 

protection, likely reflecting the need for high concentrations of agents to penetrate vaginal 
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mucosal tissues 28. Thus the costs of IFN-β as a topical strategy to prevent HIV acquisition 

may be too high to be clinically practicable. Nonetheless, our findings suggest the possibility 

that modulation of innate defenses, as reflected by the activity of type 1 interferon shown 

here, might play a role in the apparent “natural” resistance to HIV infection reported in 

numerous high risk exposed populations 9 and that vaccine or other prevention strategies that 

enhance these endogenous innate defenses might prove to be of value in protection against 

HIV acquisition.

Despite decades of research, correlates of protection from HIV infection remain elusive, 

especially in mucosal tissues. Unique among all viruses, HIV is teaching us hard learned 

lessens, in that vaccines or topical microbicides that trigger specific types of inflammatory 

immune responses may in fact increase, rather than prevent HIV transmission 42, 43. 

Intensive work is focused on delineating the specific immune determinants that increase 

HIV transmission rates. However, if we could also identify specific patterns of inflammatory 

or immunosuppressive genes and proteins that provided protection in mucosal surfaces, 

perhaps these could be explored in HIV prevention trials as surrogate markers for protection, 

or correlated with protection in those patients who appear to repeatedly resist infection.

METHODS

Animals and experimental design

Adult, healthy female rhesus macaques free of simian immunodeficiency virus (SIV) and 

simian D retrovirus (SRV) were initially used to assess the immunologic effects of topically 

administered IFN-β on vaginal mucosal tissues in vivo (n=6). Vaginal biopsies were 

assessed by polychromatic flow cytometry and histopathology, and then an additional 34 

female macaques (20 treated and 14 controls) were used to assess the protective effects of 

repeated IFN-β vaginal application followed by vaginal RT-SHIV challenge. All animals 

were housed at the Tulane National Primate Research Center in accordance with the 

Association for Assessment and Accreditation of Laboratory Animal Care International 

standards, and in compliance with the U.S. Department of Health and Human Services 

Guide for the Care and Use of Laboratory Animals. All studies were reviewed and approved 

by the Tulane University Institutional Animal Care and Use Committee.

Dose ranging topical IFN-β pilot study

In the first pilot experiment, 8 female macaques were intravaginally dosed with 2 mls saline 

containing either a low dose (1.2 × 105 units/mL; n=2), intermediate dose (6 × 105 units/mL; 

n=2) or high dose (3 × 106 units/mL; n=2) of recombinant human IFN-β (Rebif) and two 

animals were vaginally inoculated with saline only as controls. Two days later macaques 

were again vaginally dosed with 2mls IFN-β using the same concentrations as above for 

each animal. Six hours after this vaginal dosing, all 8 animals were humanely euthanized. 

Portions of vagina and endocervix were collected in complete RPMI medium supplemented 

with 5% heat inactivated fetal calf serum, l-glutamine, penicillin, streptomycin, and HEPES) 

buffer for immediate processing into single cell suspensions for flow cytometry, and 

adjacent sections were preserved in Optimum Cutting Temperature compound (OCT) and 

snap frozen in dry ice-cooled 2-methylbutane and processed for immunohistochemistry as 
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described below. Parallel tissue sections were formalin fixed for paraffin embedding and 

sectioning for routine histopathology and immunohistochemistry.

Tissue processing and isolation of vaginal cells for flow cytometry and RNA-Seq

Single cell suspensions of vaginal tissues were prepared as previously described 44. Briefly, 

tissues were cut into 0.5cm pieces with paired razor blades, and incubated with 1 mM EDTA 

in Hanks balanced salt solution for 30 min with rapid shaking (300 RPM) in an incubated 

orbital shaker at 37 degrees C, followed by 2–3 sequential 30 min incubations in complete 

RPMI medium containing 20 U/ml collagenase (Type 1I, Sigma) again with rapid shaking at 

37oC. After each incubation, tissues were further disrupted by gently pipetting 5 to 10 times 

with a 16-gauge feeding needle, pelleted (400g, 7 min), and supernatants discarded and 

medium replaced. At the end of these incubations, cell pellets were resuspended and filtered 

through nylon mesh and layered over a 35%/60% bilayer isotonic Percoll density cushion 

and centrifuged at 1000g for 30 min. The interface between the 35% and 60% Percoll layers 

was collected, washed, and adjusted to 107cells/ml. For flow cytometry, 100 μl aliquots (106 

cells) were stained with appropriately diluted concentrations of monoclonal antibodies to 

CD3 (SP34), CD4 (L200), CCR5 (3A9), HLA-DR (L243)(all from BD Biosciences 

Pharmingen (San Diego, CA), CD38 (provided by the NIH Nonhuman Primate Reagent 

Resource), and LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen, Grand Island, 

NY). Isotype-matched controls were included in all experiments. Samples were resuspended 

in BD Stabilizing Fixative (BD Biosciences) and acquired on an LSR-II flow cytometer 

(Becton Dickinson, San Jose, CA). Data were analyzed with Flow jo software (Tree Star, 

Ashland, OR).

Immunohistochemistry and quantitative image analysis

Immunohistochemistry for CD4 detection was performed on frozen tissue sections. Fresh 

sections of vagina tissues were embedded and snap frozen in optimum cutting temperature 

compound (OCT) in dry-ice cooled 2-methyl butane. Frozen sections were then prepared 

from OCT blocks using a cryostat, adhered to glass slides, and tissue sections were fixed in 

3.7% formaldehyde in PIPES buffer and blocked with normal donkey serum prior to 

staining. To identify target cells, rhesus macaque tissue was stained with anti-CD4 

(Biolegend, cat#317422). Images were obtained by deconvolution microscopy on a 

DeltaVision RT system collected on a digital camera (CoolSNAP HQ; Photometrics) using a 

60x oil objective. To determine the target cell density in individual macaque sections, at least 

ten measurements of vaginal samples were examined per macaque. The area of the 

epithelium was calculated from the stratum basale to the lumen using Deltavision SoftWorX 

software intraepithelial target cell densities were assessed for each individual sample. To 

asses CD4+ cells in the lamina propria (below the stratum basale), additional area 

measurements were expanded to include the epithelium and ~20 microns past the basal 

layer. Overall, for both data sets, each image consisted of a stitched panel comprised of two 

60x images across the lumen and n 60x images past the basal layer, n being dependent on 

the epidermal thickness of each individual sample. Per animal, 10 panel images, consisting 

of 3 panels across and n panels into the epithelium (n dependent of the thickness of the 

epithelium as this varied among animals) were taken. To calculate the density of each 

sample, the number of target cells in each sample was divided by the average area of the 
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epithelium or epithelium plus ~20 microns past the stratum basale, respectively. Data are 

expressed as numbers of CD4+ T cells divided by the total area of the tissue analyzed in 

Figs 1a and 1b.

Immunohistochemistry and image analysis of macrophages and neutrophils in vaginal 

tissues was assessed on formalin fixed, paraffin embedded tissue sections which were de-

paraffinized and hydrated. Antigen retrieval was performed in a Decloaking Chamber 

(Biocare Medical, Concord, CA), at 125°C and 25 psi. Endogenous peroxidase activity was 

blocked with buffered hydrogen peroxide (Biocare Medical) for 5 min at room temperature 

(RT). Unspecific binding of Abs was blocked using purified casein and other proteins 

(Background Sniper, Biocare Medical) for 10 min at RT. Slides were incubated with the 

following primary Abs for 1 h at RT: mouse monoclonal anti-human CD68 (clone KP1, 

Dako), mouse monoclonal anti-human neutrophil defensins (clone D21, Leica Biosystems). 

Anti-mouse EnVision+ Systems horseradish peroxidase was used for 45 min at RT as a 

secondary Ab and visualization was performed using a DAB + (diaminobenzidine) substrate 

chromogen (Dako). Sections were counterstained with hematoxylin, dehydrated, and 

mounted in mounting medium. Slides were scanned using a Zeiss MIRAX MIDI slide 

scanner in the brightfield mode. Cell counts were performed using HistoQuest analysis 

software (TissueGnostics). Nuclei were first segmented based on their hematoxylin nuclear 

stains. Then, intensity of colorimetric stain was determined within a defined radius of each 

cell nucleus and reported as cells/mm2 as shown in Fig 1c.

Viral challenge experiments

In the first series of challenge experiments, 15 female macaques were intravaginally dosed 

with 2ml of medium containing either the high dose (3×106 U/ml; n=6), or the low dose 

(1.2×105 U/ml; n=5) of IFN-β, or saline placebo (n=5) to match the dose ranging 

experiments above. Exactly 4 hrs later, all 15 animals were intravaginally challenged with 

300 TCID50 of RT-SHIVsf162P3 45 obtained from the NIH AIDS Reagent Program. One 

and two days (24 and 48hrs) after initial dosing, vaginal IFN-β or placebo dosing was 

repeated. This dosing and challenge regimen was repeated weekly for 5 weeks. Blood was 

collected weekly to determine if animals were protected or infected after challenge. In these 

and subsequent challenge studies, no vaginal tissues were collected to ensure integrity of the 

FRT, and not interfere with viral challenges and infectivity. In subsequent experiments, the 

low dose IFN-β group was omitted, and a total of 10 additional macaques were vaginally 

dosed with 2 mls of 3×106 U/ml IFN-β and 9 controls were dosed with placebo, followed 4 

hrs later by pathogenic challenge with RT-SHIVsf162P3. Vaginal IFN-β and placebo 

treatments were repeated 24 and 48 hr later, exactly as in the 2nd experiment above (no FRT 

samples collected). Data shown in Fig. 2 only includes the 15 animals treated with the high 

dose IFN-β and the 14 controls.

RNA sequencing and data analysis

RNA was isolated from the vaginal cells from two treated and two control macaques using 

RNeasy Micro spin columns (Qiagen) and measured for quality using a Bioanalyzer 2100 

(Agilent Technologies, Santa Clara, CA). All samples had a RIN score between 7 and 9.6 

(average: 8.7). Sequencing libraries were prepared with TruSeq RNA v2 kits (Illumina, San 
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Diego, CA) using the manufacturer’s standard protocols. Library quality was assessed by 

measuring insert size using a Bioanalyzer 2100 (average size: 323.6bp) and library 

concentration determined by qPCR (Library Quantification Kit, KR0405, Kapa Biosystems, 

Wilmington, MA). The libraries were run on a HiSeq 2500 with 50bp paired end reads 

(average reads per sample: 13.68 million). Reads were trimmed of Illumina adapter 

sequences using Trimmomatic v0.32 46. Trimmed paired end reads were mapped against the 

macaque genome (MMUL 1.0, v78) using the STAR aligner v2.3.0e 47. Transcript 

abundances were estimated using HTSeq v0.6.1 48. The count matrices were then tested for 

differentially expressed genes using edgeR v3.0.2 49 and Student’s t test. Given the small 

dataset, the genes with p value and false discovery rate (FDR) < 0.05 were then tested for 

enriched pathways using Fisher’s exact test (p < 0.05 significance level).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Absolute counts of CD4+ T cells (a, b), macrophages, and neutrophils (c) in the vagina of 

macaques vaginally dosed with IFN-β compared to saline treated controls. Figs a and b were 

generated using immunohistochemically stained frozen tissue sections of vagina and show 

the CD4+ T cell density in controls (n = 2), versus increasing concentrations (from left to 

right) as low dose (1.2 × 105 U/ml) = LO IFN-β, intermediate dose (6 × 105 U/ml) = 

INTERM INF-β, and high dose (3 × 106 U/ml) = HI IFN-β (n = 2) treated rhesus macaques. 

Sections were analyzed to count cells in the vaginal epithelium (Epi) and lamina propria 

(LP) combined (a), as well as the epithelium alone (b). At least ten measurements of each 

tissue type were measured from each macaque as indicated by individual data points. 

TCNumber/EpiArea refers to the number of target cells divided by the area of the epithelium 

analyzed. n = number of animals per condition. Each dot represents each individual image 

analyzed under each condition. Error bars represent standard errors of the mean (SEM). **, 

P≤0.01 and ***, P≤0.001, respectively. (c) Absolute numbers of macrophages (black bars) 

and neutrophils (white bars) were generated from immunohistochemically stained sections 

of formalin fixed, paraffin embedded tissue sections and are expressed as numbers of cells 

per mm2 tissue for each individual macaque.

Veazey et al. Page 15

Mucosal Immunol. Author manuscript; available in PMC 2016 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Kaplan Meier plots showing the infection rates of animals repeatedly intravaginally dosed 

with IFN-β (solid line) or mock treated controls (dashed lines) after 5 repeated dosing and 

challenges. After 5 challenges, 9 of 15 IFN-β treated animals remained uninfected, whereas 

only 2 of 14 controls remained uninfected. The difference in overall infection rates was 

significant by Fishers exact T test (P<0.15). Error bars indicate standard error of the means.
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Figure 3. 
Mean plasma viral loads over time in the 6 animals that became infected despite IFN-β 
treatment (blue lines) versus the 12 infected placebo controls. Note animals treated with 

IFN-β had lower viral peaks and set points suggesting partial control of viremia.
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Figure 4. 
Top biological modules (a) and pathways (b) induced in vaginal cells after IFN-β treatment. 

(a) Marked upregulation of interferon inducible genes as well as genes associated with 

inflammation, and myeloid/macrophage activation were detected. (b) Checkerboard figure 

presents enrichment analysis of differential gene expression in FRT from IFN-β versus 

control macaques. The top 10 enriched Kegg pathways are plotted top to bottom on the y-

axis and the gene members contributing to the enrichment are plotted along the x-axis. The 

scale represents log2 fold changes with red corresponding to most upregulated and blue to 

most downregulated genes.
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