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ABSTRACT 21 

Tenofovir gel is being evaluated for vaginal and rectal pre-exposure prophylaxis against HIV 22 

transmission.  Because this is a new prevention strategy, we broadly assessed its effects on the 23 

mucosa.  In MTN-007, a phase-1, randomized, double-blinded rectal microbicide trial, we used 24 

systems genomics/proteomics to determine the effect of tenofovir 1% gel, nonoxynol-9 2% gel, 25 

placebo gel or no treatment on rectal biopsies (15 subjects/arm).  We also treated primary 26 

vaginal epithelial cells from four healthy women with tenofovir in vitro.  After seven days of 27 

administration, tenofovir 1% gel had broad-ranging effects on the rectal mucosa, which were 28 

more pronounced than, but different from, those of the detergent nonoxynol-9.  Tenofovir 29 

suppressed anti-inflammatory mediators, increased T cell densities, caused mitochondrial 30 

dysfunction, altered regulatory pathways of cell differentiation and survival, and stimulated 31 

epithelial cell proliferation.  The breadth of mucosal changes induced by tenofovir indicates that 32 

its safety over longer-term topical use should be carefully monitored.   33 

 34 

 35 

IMPACT STATEMENT 36 

Mucosal application of the anti-retroviral drug tenofovir, intended to prevent HIV transmission, 37 

has many off-target effects on the mucosa itself.   38 

39 
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INTRODUCTION 40 

The HIV prevention field has invested considerable resources in testing the phosphonated 41 

nucleoside reverse transcriptase inhibitor (NRTI) tenofovir as a mucosally-applied topical 42 

microbicide to prevent sexual HIV transmission.  In a phase 2B trial, CAPRISA 004, pericoital 43 

tenofovir 1% gel was 39% efficacious in preventing vaginal HIV acquisition [1].  However, in 44 

another phase 2B trial, the VOICE study (MTN-003), the daily vaginal tenofovir 1% gel arm was 45 

discontinued for futility [2].  Adherence to product use was low in VOICE, likely explaining the 46 

differences in findings between the two studies.  Currently, the CAPRISA 004 study is being 47 

repeated in a phase 3 trial (FACTS 001 study).   48 

 49 

A reduced glycerin formulation of the vaginal tenofovir 1% gel for use as a rectal microbicide 50 

appears safe when evaluated by epithelial sloughing, fecal calprotectin, inflammatory cytokine 51 

mRNA/protein levels and cellular immune activation markers [3].  However, because topical 52 

application of an antiretroviral drug to the mucosa is a novel prevention strategy without clinical 53 

precedent, we conducted a comprehensive systems biology assessment of tenofovir gel’s 54 

effects on the mucosa.   55 

56 
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METHODS 57 

 58 

Design of the Clinical Study 59 

MTN-007 (ClinicalTrials.gov registration NCT01232803) was a phase 1, double blind, placebo-60 

controlled trial in which participants were randomized to receive rectal reduced glycerin tenofovir 61 

1%, nonoxynol-9 (N-9) 2% or hydroxyethylcellulose (HEC) gels, or no-treatment (1:1:1:1), at 62 

three clinical research sites (Pittsburgh, PA; Birmingham, AL; and Boston, MA).  The study 63 

protocol was approved by IRBs at all three sites.  All participants gave written informed consent.  64 

The study details, and general safety and acceptability data, have been published elsewhere 65 

and showed that rectal tenofovir 1% gel was well tolerated and appeared safe by established 66 

safety parameters [3].  Each gel was administered as a single dose and then, after at least a 67 

one-week recovery period, once daily for seven consecutive days.  The first dose of study 68 

product was self-administered under supervision by the clinic staff at the Treatment 1 Visit.  69 

Subsequent administrations occurred at home, and study participants were instructed to insert 70 

one dose of gel into the rectum once daily throughout the 7-day period in the evening or before 71 

the longest period of rest.   72 

 73 

Study Participants and Products 74 

A total of 65 study participants were enrolled and randomized in the study, 62 of whom 75 

completed it (tenofovir, n = 15; N-9, n = 16; HEC, n = 15; and no treatment, n = 16).  Forty-three 76 

(69%) were male.  Microarray studies were performed on eight randomly selected male 77 

participants in each group, and confirmatory gene expression studies were done on the 78 

remaining participants.  The study population consisted of healthy, HIV-uninfected adults aged 79 

18 or older who were required to abstain from receptive anal intercourse during the course of 80 

the clinical trial.  Female participants were required to use effective contraception.  Individuals 81 



5 
 

with abnormalities of the colorectal mucosa, significant gastrointestinal symptoms (such as a 82 

history of rectal bleeding or inflammatory bowel disease), evidence of anorectal Chlamydia 83 

trachomatis or Neisseria gonorrhea infection, hepatitis B infection, or who used anticoagulants 84 

were excluded from the study.  Reduced glycerin tenofovir 1% gel and HEC gel, known as the 85 

“Universal Placebo Gel” [4], were supplied by CONRAD (Arlington, VA, USA).  2% N-9 gel was 86 

provided as Gynol II® (Johnson & Johnson).  All study products were provided in identical 87 

opaque HTI polypropylene pre-filled applicators (HTI Plastics) containing 4 mL of study product.   88 

 89 

Mucosal Biopsy Procedures 90 

Rectal biopsies for the microarray studies were obtained before treatment at enrollment (time 91 

point “0”), 30-60 minutes following application of the single gel dose (time point “I”; to test acute 92 

single-dose effects), and again on the day following the last dose of the seven once-daily gel 93 

applications (time point “VII”; to test multiple-dose effects).  Following an enema with Normosol-94 

R pH 7.4, a flexible sigmoidoscope was inserted into the rectum and biopsies were collected at 95 

15 cm from the anal margin.  Following the sigmoidoscopy, a disposable anoscope was inserted 96 

into the anal canal for collection of rectal biopsies at 9 cm from the anal margin.  Immediately 97 

after harvest, biopsies were immersed in RNAlater (Qiagen), stored at 4°C overnight and 98 

transferred to a -80°C freezer for long-term storage until shipping to Seattle and processing.   99 

 100 

Primary Vaginal Keratinocyte Cultures 101 

Tissues routinely discarded from vaginal repair surgeries were harvested from four otherwise 102 

healthy adult women, placed in ice-cooled calcium- and magnesium-free phosphate-buffered 103 

saline containing 100 U/ml penicillin, 100 μg/ml streptomycin and 2.5 μg/ml Fungizone (Life 104 

Technologies), and transported to the laboratory within 1 hr of removal from the donor.  Tissue 105 

harvesting and experimental procedures were approved by the Institutional Review Boards of 106 

the University of Washington and the Fred Hutchinson Cancer Research Center.  The deep 107 
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submucosa was removed with surgical scissors and the remaining vaginal mucosa was cut into 108 

5 x 5 mm pieces, which were incubated at 4ºC for 18 hr in 5 ml of a 25 U/ml dispase solution 109 

(354235; BD Biosciences).  The epithelial sheets were dissected off under a stereoscope and 110 

incubated for 10-12 min at 37ºC in 2 ml 0.05% trypsin while gently shaking.  The dispersed cells 111 

were poured through a 100 μm cell strainer into a 50 ml tube, pelleted by centrifugation, and 112 

resuspended in F medium (3:1 [v/v] F12 [Ham]-DMEM [Life Technologies], 5% fetal calf serum 113 

[Gemini Bio-Products], 0.4 μg/ml hydrocortisone [H-4001; Sigma], 5 μg/ml insulin [700-112P; 114 

Gemini Bio-Products], 8.4 ng/ml cholera toxin [227036; EMD Millipore], 10 ng/ml epidermal 115 

growth factor [PHG0311; Life Technologies], 24 μg/ml adenine [A-2786; Sigma], 100 U/ml 116 

penicillin, and 100 μg/ml streptomycin [Life Technologies]).  The keratinocytes were plated into 117 

culture flasks in the presence of ~12,500/cm2 irradiated (6000 Rad) 3T3-J2 feeder fibroblasts (a 118 

kind gift by Cary A. Moody) and 10 μM of Rho kinase inhibitor Y27632 (1254; Enzo Life 119 

Sciences) was added [5-7].  Keratinocytes were fed every 2-3 days and passaged when around 120 

80% confluent by 1 min treatment with 10 ml versene (Life Technologies) to remove the feeder 121 

cells, followed by 5 min treatment with trypsin/EDTA (Life Technologies).  Dislodged 122 

keratinocytes were washed and re-plated at ~2,500 keratinocytes/cm2 with irradiated 3T3-J2 123 

feeder fibroblasts.   124 

 125 

Tenofovir Treatment of Primary Vaginal Keratinocytes 126 

Tenofovir (CAS 147127-20-6; T018500, Toronto Research Chemicals) was dissolved in 127 

phosphate-buffered saline, 7% dimethyl sulfoxide and 5% 5N sodium hydroxide to result in a 128 

767 mM stock solution, and further diluted in culture media for addition to keratinocyte cultures 129 

in concentrations ranging from 0.05 to 32 mM.  Based on initial titration experiments in which we 130 

measured the intracellular concentration of tenofovir diphosphate, the active cellular metabolite 131 

of tenofovir, by liquid chromatography-tandem mass spectrometry (performed in the laboratory 132 

of Dr. Craig Hendrix, Johns Hopkins University), concentrations in the culture media at the lower 133 
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end (0.05 to 0.5 mM range) were estimated to be equivalent to the active concentrations likely 134 

achieved by topical tenofovir 1% gel (35 mM) in mucosal epithelial cells in vivo [8,9].  In all 135 

experiments, control keratinocytes were cultured in parallel without tenofovir.  Keratinocytes 136 

were harvested at pre-determined time points, split into several aliquots, and pelleted.  Pellets 137 

were frozen and stored at -80ºC either as dry pellets for protein assays or after suspension in 138 

RNAprotect Cell Reagent (Qiagen) for RNA assays.   139 

 140 

AlamarBlue Cell Proliferation and Cell Viability Assay 141 

Primary vaginal keratinocytes were cultured in 6-well plates (Corning) with or without various 142 

concentrations of tenofovir for up to 14 days.  At day 1, day 4, day 7 or day 14 the alamarBlue 143 

reagent (BUF012A; AbD Serotec) was added.  After 5 hours, absorbance was measured at 570 144 

and 600 nm on a Varioskan Flash Multimode reader (Thermo Scientific).  Percentage reduction 145 

of alamarBlue, corresponding to the level of cell proliferation, was calculated as specified in the 146 

manufacturer’s technical datasheet.  This was converted to percentage of maximal alamarBlue 147 

reduction by dividing each well by the well with the highest amount of alamarBlue reduction.   148 

 149 

Interleukin-10 ELISA Assay 150 

The IL-10 concentration in primary vaginal keratinocytes was measured after lysis of frozen cell 151 

pellets in Cell Lysis buffer (R&D Systems) using a commercial human IL-10 immunoassay 152 

(Quantikine HS, HS100C; R&D Systems) according to the manufacturer’s specifications.   153 

 154 

RNA isolation, cRNA Preparation and Whole Genome BeadArray Hybridization 155 

RNA was isolated from the biopsies using the RNeasy Fibrous Tissue Mini Kit (Qiagen), and 156 

from the vaginal keratinocytes using the Direct-zol RNA MiniPrep kit (Zymo Research), 157 

according to the manufacturer’s instructions, treated with 27 Kunitz units of DNAse (Qiagen) to 158 

remove genomic DNA contamination, and evaluated for integrity using the Agilent RNA 6000 159 
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Nano Kit (Agilent, Palo Alto, CA) on an Agilent 2100 Bioanalyzer.  All samples had an RNA 160 

Integrity Number of 7 or greater.  500 ng of total RNA was amplified and labeled using the 161 

Illumina TotalPrep RNA Amplification kit (Ambion).  cRNA from a total of 192 rectal biopsy 162 

samples (8 men per study arm, 4 study arms, 3 time points and 2 biopsy sites [9 cm and 15 163 

cm]), and from a total of 36 primary vaginal keratinocyte cultures (3 tissue donors, 3 arms and 4 164 

time points), was hybridized to HumanHT12 v4 Expression BeadChips (Illumina) according to 165 

the manufacturer’s protocols.  Each chip contains 47,323 probes, corresponding to 30,557 166 

genes.   167 

 168 

Unbiased Mass Spectrometry of Rectal Sponge Eluates 169 

Sponges were obtained on the same visits as the biopsies, prior to the biopsy procedure, and 170 

processed as previously described [10].  Protein concentration of sponge eluates was 171 

determined by BCA assay (Novagen).  Equal amounts of total protein from each sample (100 172 

μg) were then denatured in pH 8.0 urea exchange buffer (8 M Urea [GE HealthCare], 50 mM 173 

HEPES [Sigma]) for 20 minutes at room temperature, and then placed into 10 kDa Nanosep 174 

filter cartridges.  After centrifugation, samples were treated with 25mM dithiothreitol (Sigma) for 175 

20 minutes, then 50mM iodoacetamide (Sigma) for 20 minutes, followed by a wash with 50mM 176 

HEPES buffer.  Trypsin (Promega) was added (2 μg/100 μg protein) and samples were 177 

incubated at 37ºC overnight in the cartridge.  Peptides were eluted off the filter with 50 mM 178 

HEPES, and the digestion was stopped with 1% formic acid.  Peptides were dried via vacuum 179 

centrifugation and cleaned of salts and detergents by reversed-phase liquid chromatography 180 

(high pH RP, Agilent 1200 series micro-flow pump, Water XBridge column) using a step-function 181 

gradient.  The fractions were then dried via vacuum centrifugation.  Equal amounts of peptides 182 

were re-suspended in 2% acetonitrile (Fisher Scientific), 0.1% formic acid (EMD Canada) and 183 

injected into a nano-flow LC system (Easy nLC, ThermoFisher) connected in-line to a LTQ 184 
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Orbitrap Velos mass spectrometer (Thermo Fisher).  Mass spectrometry instrument settings 185 

were the same as described previously [11].   186 

 187 

Quality Control and Processing of Microarray and Mass Spectrometry Data 188 

 189 

Microarray Data 190 

All chips used in the analysis passed standard quality control metrics assessed by 191 

GenomeStudio (Illumina) as well as visual inspection for anomalies and artifacts.  192 

GenomeStudio calculates a detection p value for each probe, which represents the confidence 193 

that a given transcript is expressed above background defined by negative control probes.  194 

Further processing and statistical analysis of data was done using the R/Bioconductor software 195 

suite [12].  To aid in the comparison of gene expression data gathered across the series of 196 

hybridization chips used, data were normalized by variance stabilizing transformation and robust 197 

spline normalization as described in the Bioconductor lumi package [13,14].  The pre-processed 198 

data were filtered to include only probes with detection threshold p values of < 0.05 in 100% of 199 

biopsies in at least one of the four study arms, or in 100% of vaginal epithelial cell cultures, and 200 

to remove probes that had a low standard deviation (≤ 0.5) across all arrays, using the 201 

Bioconductor genefilter package [15].  Finally, probes without an Entrez ID were removed, 202 

leaving 1,928 probes in the rectal biopsies, and 6,699 probes in the vaginal epithelial cell 203 

cultures, for further statistical analysis.   204 

 205 

Mass Spectrometry Data 206 

All spectra were processed using Mascot Distiller v2.3.2 (Matrix Science), against the 207 

UniProtKB/SwissProt (2012-05) Human (v3.87) database using the decoy database option (2% 208 

false discovery rate), along with the following parameters: carbamidomethylation (cysteine 209 

residues) (K and N-terminus) as fixed modifications, oxidations (methionine residues) as a 210 
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variable modification, fragment ion mass tolerance of 0.5 Da, parent ion tolerance of 10 ppm, 211 

and trypsin enzyme with up to 1 missed cleavage.  Mascot search results were imported into 212 

Scaffold (v4.21) (Proteome Software) and filtered using 80% confidence for peptides, 99% 213 

confidence for proteins, and at least 2 peptides per protein.  Label-free protein expression levels 214 

based on MS peak intensities were calculated using Progenesis LC-MS software (v4.0 215 

Nonlinear Dynamics).  Feature detection, normalization and quantification were all performed 216 

using default settings in the software.  Retention time alignment was performed using automatic 217 

settings and manually reviewed for accuracy on each sample.  Only charge states between 2+ 218 

and 10+ were included.  Protein abundances were further normalized by total ion current.  219 

 220 

Statistical Analysis of Microarray and Mass Spectrometry Data 221 

 222 

Microarray Data 223 

A Bayesian probabilistic framework, Cyber-T [16,17], was run from the CyberT/hdarray library in 224 

R to test whether differences in gene expression observed between before and after tenofovir 225 

treatment were significant.  The effect of tenofovir 1% gel on the rectal mucosa in vivo was 226 

tested in paired comparisons between time point I or VII and time point 0.  Each treatment arm 227 

was considered separately, and researchers were blinded to treatment arm.  The effect of 228 

tenofovir on vaginal epithelial cell cultures in vitro was tested in paired comparisons between 229 

treated and untreated cultures.  Each tenofovir dosage (50 and 500 μM) and time point (1, 4, 7 230 

and 14 days) was considered separately.  The Benjamini & Hochberg method for estimating 231 

false discovery rates (FDR) was used to control for multiple comparisons [18].  Criteria for 232 

significance and relevance were an estimated FDR ≤ 0.05 and a log2 fold expression change of 233 

≥ 0.5 (induction) or ≤ -0.5 (suppression), respectively.  To confirm the results of the in vivo MTN-234 

007 study, we reanalyzed the data using a double subtraction strategy, where the paired 235 

differences between time point 0 and time points I or VII within each treatment arm were first 236 
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calculated for each probe and study participant.  In a second step, the mean paired differences 237 

for each probe within each of the three treatment arms were compared to mean paired 238 

differences for each probe within the no-treatment arm.  Significance testing for this alternative 239 

analysis of the in vivo MTN-007 data was performed via a linear fit model using the limma 240 

package [19], with the same significance criteria used for Cyber-T.  The resulting gene lists 241 

greatly overlapped with the Cyber-T results.  For simplicity, the numbers of induced and 242 

suppressed genes reported in Results are based on the Cyber-T analysis.  Heat maps of 243 

differentially regulated genes were generated using MeV 4.8 within the TM4 Microarray 244 

Software Suite [20], and hierarchically clustered according to selected gene ontologies found in 245 

the databases DAVID 6.7 [21] and InnateDB [22].  All microarray data were deposited into the 246 

GEO database (accession numbers GSE57025 and GSE57026).   247 

 248 

Mass Spectrometry Data 249 

For each protein, log2 protein intensity values were averaged across all five subjects separately 250 

for time points 0 and VII, fold change values between the two time points were calculated, and 251 

statistical analysis for differences between the two time points was done by paired t tests.   252 

 253 

Pathway and Network Analysis of Microarray and Mass Spectrometry Data 254 

 255 

Microarray Data 256 

Entrez ID designations, assigned to the array probes by Illumina, were uploaded to the Innate 257 

DB database and a Gene Ontology (GO) over-representation analysis was performed for gene 258 

groups signifying a particular molecular function or biological process, or occurring in specific 259 

cellular compartments [22].  The following strategy was used to determine which gene groups 260 

were enriched in the data set: separately for suppressed and induced genes, ratios of the 261 

number of genes in a particular GO group to the total number of genes detected in our data set 262 
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were compared to the ratios in the same GO group reported for the complete human genome 263 

using Fisher's exact test.  Ingenuity Pathways Analysis (IPA) (Ingenuity Systems) was used to 264 

visualize direct and indirect relationships between individual gene products and map their 265 

cellular localizations.   266 

 267 

Mass Spectrometry Data 268 

Proteomic data were uploaded into the IPA software package (Ingenuity Systems).  269 

Associations between protein groups in the dataset and canonical pathways were measured 270 

similarly to the over-representation analysis described for the microarray data above.  IPA 271 

software was also used to compare protein expression patterns against the IPA biological 272 

function database.  IPA software calculates a Benjamini & Hochberg-adjusted p-value for the 273 

association of protein abundance changes with each biological function, and a weighted z-274 

score, which estimates whether the protein abundance changes found associated with a 275 

specific biological function are likely to enhance (positive z values) or inhibit (negative) the 276 

function.   277 

 278 

Quantitative Confirmation of Microarray Results by RT-ddPCR 279 

A two-step reverse transcription (RT) droplet digital PCR (ddPCR) was used to confirm 280 

microarray transcriptome data for selected genes of interest [23,24].  In a ddPCR assay, each 281 

sample is partitioned into ~20,000 droplets representing as many individual PCR reactions.  The 282 

number of target DNA copies present per sample can be quantified based on Poisson 283 

distribution statistics, because each individual droplet is categorized as positive or negative for a 284 

given gene.  For rectal biopsies, cDNA was generated using the High Capacity cDNA Reverse 285 

Transcription Kit (Life Technologies) and the ddPCR was carried out using the 2X ddPCR 286 

Supermix for Probes (BioRad).  For epithelial cell lines, these steps were combined using the 287 

2X One-Step RT-ddPCR Kit for Probes (BioRad).  ddPCR was performed on the QX100 droplet 288 

http://en.wikipedia.org/wiki/Poisson
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digital PCR system (BioRad).  Reactions were set up with 20X 6-carboxyfluorescein (FAM)-289 

labeled target gene-specific qPCR assay (Integrated DNA Technologies or Life Technologies) 290 

and 20X VIC-labeled housekeeping hemoglobin B (HBB) gene-specific Taqman gene 291 

expression assay (Life Technologies).  Each assembled ddPCR reaction mixture was loaded in 292 

duplicate into the sample wells of an eight-channel disposable droplet generator cartridge 293 

(BioRad) and droplet generation oil (BioRad) was added.  After droplet generation, the samples 294 

were amplified to the endpoint in 96-well PCR plates on a conventional thermal cycler using the 295 

following conditions: denaturation/enzyme activation for 10 min at 95°C, 40 cycles of 30 sec 296 

denaturation at 94°C and 60 sec annealing/amplification at 60°C, followed by a final 10 min 297 

incubation step at 98°C.  After PCR, the droplets were read on the QX100 Droplet Reader 298 

(BioRad).  Analysis of the ddPCR data was performed with QuantaSoft analysis software 299 

version 1.3.1.0 (BioRad).   300 

 301 

Immunohistochemistry of Formalin-Fixed Rectal Biopsies 302 

Four-micron sections were cut on a Leica RM2255 Automated Rotary Microtome (Leica), 303 

mounted on positively charged EP-3000 slides (Creative Waste Solutions), dried for 1 hr at 304 

60°C, and stored until staining at 4°C.  Slides were deparaffinized in xylene and rehydrated in 305 

graded dilutions of ethanol in water.  Antigen retrieval was performed by heating the slides in 306 

Trilogy™ Pretreatment Solution (Cell Marque) for 20 min at boiling temperature in a 307 

conventional steamer (Black&Decker).  Slides were then cooled for 20 min, rinsed three times in 308 

Tris-buffered 0.15 M NaCl solution containing 0.05% Tween 20 (Wash Buffer; Dako), and 309 

stained at room temperature in an automated slide-processing system (Dako Autostainer Plus).  310 

Endogenous peroxide activity was blocked using 3% H2O2 for 8 min, followed by 10 min in 311 

Serum-Free Protein Block (Dako).  The slides were then stained for one hour with the primary 312 

antibodies.  Staining was performed with the following primary antibodies: anti-CD3 (RM9107S, 313 

rabbit clone SP7; Lab Vision Corporation), anti-ubiquitin D (NBP2-13498, rabbit polyclonal anti-314 
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FAT10 antibody; Novus Biologicals), anti-CD7 (M7255, mouse clone CBC.37; Dako), and anti-315 

interleukin-10 (sc-8438, mouse clone E-10; Santa Cruz Biotechnology).  Negative control 316 

primary immunoglobulins were either whole rabbit IgG (011-000-003; Jackson 317 

ImmunoResearch Laboratories) or mouse IgG (I-2000; Vector Laboratories).   318 

 319 

For CD3 staining, the slides were incubated with anti-CD3 for 60 min at a dilution of 1:25, 320 

washed in Wash Buffer, incubated for 30 min with sheep-anti-rabbit Dylight 649 (611-643-122; 321 

Rockland Immunochemicals), washed, and incubated for 30 min with donkey-anti-sheep Dylight 322 

649 (613-743-168; Rockland).  Sections were counter-stained for 20 min with the nucleic acid-323 

binding dye Sytox Orange (S11368; Life Technologies) at a dilution of 1:20,000, and 324 

coverslipped in ProLong Gold antifade reagent (P36930; Life Technologies).  For ubiquitin D 325 

(UBD), CD7 and interleukin-10 (IL-10) staining, the slides were incubated with 0.8 μg/ml (UBD 326 

and CD7) or 4 μg/ml (IL-10) of the primary antibody for 60 min.  After washing, the anti-UBD 327 

stained slides were incubated for 30 min with Leica Power Vision HRP rabbit specific polymer 328 

(PV6119; Leica Biosystems); and the anti-CD7 and anti-IL-10 stained slides were incubated for 329 

30 min with Leica Power Vision HRP mouse specific polymer (PV6114; Leica Biosystems).  330 

After washing, staining was visualized with 3,3’-diaminobenzidine (Liquid DAB+ Substrate 331 

Chromogen System; Dako) for 7 minutes, and the sections were counter-stained for 2 min with 332 

hematoxylin (Biocare).  Controls for all antibodies were run with identical procedures but 333 

replacing the primary antibodies with either rabbit IgG or mouse IgG, as appropriate, at 334 

calculated matching concentrations.   335 

 336 

Acquisition and Analysis of Stained Tissue Sections 337 

Sequences of slightly overlapping 20X (for CD3, UBD or CD7) or 40X (for IL-10) images 338 

covering each stained tissue section in its entirety were acquired on a bright-field Aperio 339 

Scansope AT (for UBD, CD7 and IL-10) or a fluorescent Aperio Scansope FL (for CD3) (Aperio 340 
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ePathology Solutions, Leica Biosystems).  Overlapping images were stitched together using the 341 

Aperio Image Analysis Suite, and the entire tissue sections on each slide were analyzed using 342 

Definiens Tissue Studio (Definiens AG).  Individual cells were identified based on the nuclear 343 

counter-stain.  For CD3 and CD7, all positive cells were automatically counted and reported as 344 

number of positive cells per mm2 of tissue section.  For IL-10 and UBD, tight regions were 345 

manually drawn around all areas of the tissue sections containing columnar epithelial cells.  For 346 

IL-10, all positive columnar epithelial cells were automatically counted and reported as number 347 

of positive cells per mm2.  For UBD, which stained all epithelial cells, the mean staining intensity 348 

(MSI) of each columnar epithelial cell was measured in arbitrary units and overall UBD staining 349 

intensity for each section was reported as the average MSI of all epithelial cells.   350 

 351 

Electron Microscopy 352 

Formalin-fixed paraffin-embedded rectal biopsies were de-paraffinized and fixed overnight in 353 

half-strength Karnovsky’s fixative.  Staining, embedding, cutting and viewing on a JEOL 1400 354 

SX transmission electron microscope were performed as previously described [25,26].  Twenty 355 

images per sample were acquired at 5,000X magnification.  Using ImageJ [27], the 2-356 

dimensional sizes in µm2 of all individual mitochondria with a circularity index of ≥0.9 were 357 

calculated (for standardization purposes, only mitochondria cut near perfectly along their minor 358 

axis were evaluated).  Ten images per sample were also acquired at 2,000X magnification, 359 

always including the epithelial cell brush border.  Using ImageJ, a grid of 1.32 µm2 squares of 360 

defined size was overlaid onto each image.  All mitochondria in the images were counted, 361 

except those in the first row of squares falling on the brush border and in squares along the 362 

image rims which only partially covered tissue), and the mean numbers of mitochondria per µm2 363 

were calculated for each of the acquired 2,000X images (range of counted squares per image: 364 

23 to 50).   365 

 366 
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 367 

 368 

General Statistics 369 

All p values reported were adjusted for multiple testing as appropriate, except for the exploratory 370 

protein mass spectrometry data.  Correlations of log2 fold gene expression changes between 9 371 

cm and 15 cm biopsies in Figure 1C and Figure 1-figure supplement 1 were tested by 372 

Spearman’s rank correlation coefficient.  Gene and protein expression changes over baseline 373 

were compared between study arms by two-tailed Mann-Whitney test (Figure 1-figure 374 

supplement 2 and Figure 6).  The combined expression data from the microarray and RT-375 

ddPCR tests shown in Figure 2C were compared separately for log-fold induction or 376 

suppression over baseline using a one-tailed Wilcoxon signed-rank test with Bonferroni 377 

adjustment.  Immunohistology measurements in Figure 2D were compared between baseline 378 

and after seven days of treatment by two-tailed paired t tests.  Due to high skewness of the 379 

CD7+, CD3+ and IL-10+ cell counts, these were tested after log10 transformation.  Ratios of 380 

induced to suppressed genes in Figure 3A were tested for a difference between cellular 381 

compartments using Chi-square statistics.  DSP, IL-10, KIAA0101, PNPT1 and ATP6 copy 382 

numbers or protein concentrations in Figure 4B, 4C, 5A, 5B and 5F were tested for significant 383 

change across three time points by repeated measures ANOVA, and exact Sidak’s (4B, 4C and 384 

5F) or Tukey (5A and 5B) post-tests were run for comparisons between two time points.  Due to 385 

high skewness of the KIAA0101 copy numbers, these were tested after log10 transformation.  386 

The effect of increasing tenofovir concentrations on the proliferation of primary vaginal epithelial 387 

cells in Figure 4E was assessed for significance by a linear model accounting for days and 388 

donors.  Copy numbers between 9 cm and 15 cm biopsies in Figure 5A were compared by two-389 

tailed paired t test.  Copy numbers between baseline tenofovir and N-9 in Figure 5B were 390 

compared by a two-tailed unpaired t test.  Mitochondria counts and sizes in Figures 5C and D 391 

were compared between baseline and Day VII, separately for the two subjects evaluated by 392 
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electron microscopy, by two-tailed unpaired t tests with Bonferroni adjustment.  Microarray chip 393 

probe expression values were tested for correlation between the three primary vaginal cell 394 

cultures by computing pairwise Pearson correlation coefficients (Figure 3-source data 1).  395 

Statistics packages used were Prism 6 (Graphpad Software) and Bioconductor/Lumi in R. 396 
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RESULTS 397 

 398 

Tenofovir 1% gel induces broad and pronounced gene expression changes in the rectum 399 

We measured mRNA expression changes across the complete human transcriptome by 400 

microarray (Illumina HumanHT12 v4 Expression BeadChips) in rectal biopsies taken at 9 and 15 401 

cm proximal to the anal margin.  Biopsies were obtained before treatment, after a single and 402 

after seven consecutive once-daily applications of reduced glycerin tenofovir 1% gel, nonoxynol-403 

9 (N-9) 2% gel, hydroxyethyl cellulose (HEC) placebo gel, or no treatment (8 participants per 404 

arm were tested by microarrays).  The primary results of the clinical study, MTN-007, a phase 1, 405 

randomized, double-blind, placebo-controlled trial at three US sites were reported elsewhere [3].  406 

Relative to enrollment biopsies, after seven days of treatment, tenofovir 1% gel suppressed 505 407 

genes and induced 137 genes in the 9 cm biopsies, whereas the detergent N-9, a transient 408 

mucosal toxin, suppressed 56 genes and induced 60 genes (log2 fold expression change ≥0.5 409 

for induction or ≤-0.5 for suppression, FDR≤0.05) (Figure 1A,B).  Fifteen suppressed and four 410 

induced genes were common to tenofovir and N-9 (Figure 1B).  In the HEC gel and no 411 

treatment arms, 16 and 23 genes changed (Figure 1B).  Tenofovir 1% gel affected more genes 412 

after seven days of treatment than after a single application and more genes in 9 cm than in 15 413 

cm biopsies (Figure 1B), with significant correlations between expression changes at 9 cm and 414 

15 cm (suppression: Spearman rho=0.4775 [95% CI: 0.4051 to 0.5440]; p<0.001, Figure 1C; 415 

induction: Spearman rho=0.427 [95% CI: 0.2840 to 0.5514]; p<0.001, Figure 1-figure 416 

supplement 1).  By fold change of the individual genes, tenofovir suppressed genes more 417 

strongly than N-9 (median 0.505 vs 0.627 fold; p<0.001), but induced genes less strongly (1.58 418 

vs 1.69 fold; p<0.001) (Figure 1-figure supplement 2).   419 

420 
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Confirmatory RT-ddPCR quantification and in situ immunostaining in additional study 421 

participants 422 

To independently confirm the microarray results, we selected nine induced and six suppressed 423 

genes and performed reverse transcription digital droplet PCR (RT-ddPCR) assays with RNA 424 

from the 9 cm biopsies in the remaining seven individuals enrolled in the tenofovir 1% gel arm (2 425 

men and 5 women), whose biopsies had not been analyzed by microarray (Figure 2).  The 426 

mRNA copy numbers of all 15 genes increased or decreased as predicted from the microarray 427 

data between baseline and time point VII (Figure 2A,B).  Next, we combined the microarray and 428 

RT-ddPCR expression data, normalized fluorescence and copy number values over their 429 

respective baselines, and compared the fold change after seven days of treatment with baseline 430 

(Figure 2C).  Expression changes for all 15 genes assessed by microarray and RT-ddPCR were 431 

statistically significant (p<0.01 for all genes except TRIM5 [p=0.02]).   432 

 433 

For additional confirmation, we selected three induced (CD7, CD3 and ubiquitin D) and one 434 

suppressed gene (IL-10) for immunohistochemical staining of the respective proteins in 9 cm 435 

rectal biopsies from 10 subjects (Figure 2D and Figure 2-figure supplements 1 and 2).  436 

Consistent with the gene expression studies, infiltrating T lymphocytes increased two- to five-437 

fold in the mucosa (mean fold change 5.0, 95% CI 2.46-10.1, p<0.001 for CD7+; 2.44, 1.17-5.11, 438 

p=0.023 for CD3+), whereas IL-10+ columnar epithelial cells decreased by more than half (0.36, 439 

0.18-0.79, p=0.017), between baseline and following seven days of tenofovir 1% gel use.  440 

Ubiquitin D was widely expressed in all biopsies, but tenofovir treatment increased the intensity 441 

of its expression (p=0.007), as predicted by the microarrays.   442 

443 
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Gene expression patterns and functional pathways 444 

Tenofovir 1% gel was more suppressive than stimulatory, with a ratio of induced to suppressed 445 

genes in the 9 cm rectal biopsies of 0.116 (17 genes up-regulated to 146 down) for nuclear 446 

products.  However, genes encoding secreted proteins were more often induced than 447 

suppressed (Figure 3A), with a ratio of 2.33 (35 genes up-regulated to 15 down; χ2 p<0.001).  448 

Noteworthy among induced genes for secreted products were the chemokines CCL2, CCL19, 449 

CCL21, CCL23, CXCL9 and CXCL13 (Figure 3A).  Correspondingly, transcripts of a number of 450 

leukocyte-specific cell surface markers increased, specifically CD2, CD3D, CD7, CD8A, CD19, 451 

CD52, CD53, CCR6 and CCR7.  The kinetics of gene induction is depicted in Figure 3-figure 452 

supplement 1.   453 

 454 

Among suppressed genes with products localizing to the cell nucleus, we identified a large 455 

number of known or putative transcription factors and their co-factors, including CREB1 (CAMP 456 

responsive element-binding protein 1) and CREBBP (CREB-binding protein), both activators of 457 

IL-10 transcription [28,29], NFAT5 (nuclear factor of activated T cells 5) [30], and many zinc 458 

finger proteins (Figure 3A).  Tenofovir 1% gel also suppressed genes important for regulation of 459 

transcription and translation, as well as biological processes involving transforming growth 460 

factor beta (TGFβ), epithelial structure organization, regulation of cell proliferation, and 461 

apoptosis (Figure 3-figure supplement 2).  Lastly, tenofovir 1% gel suppressed genes important 462 

for mitochondrial function, including PNPT1 (polyribonucleotide nucleotidyltransferase 1) [31] 463 

and OPA3 (optic atrophy 3) [32].  Among the few genes with nuclear products that were strongly 464 

induced, KIAA0101 and ubiquitin D were notable [33-35]. 465 

466 
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Similarities between vaginal keratinocytes and rectal biopsies 467 

Tenofovir 1% gel is most advanced as a candidate product for vaginal HIV prevention.  We were 468 

therefore interested to extend our findings from the rectum to the vaginal mucosa.  We isolated 469 

epithelial cells from vaginal tissues donated by three healthy women and tested their response 470 

to 50 and 500 μM tenofovir in vitro for up to 14 days of culture using RNA expression analysis.  471 

Preliminary tests showed that these dosages give roughly similar intracellular concentrations of 472 

the active drug (tenofovir diphosphate) as measured in the vagina after tenofovir 1% gel use 473 

(not shown) [8].  Pre-processed microarray expression data were extremely consistent between 474 

the three vaginal cell cultures (mean Pearson correlation coefficient 0.9912; Figure 3-source 475 

data 1).  Tenofovir’s effects on the purified vaginal epithelial cells (Figure 3B) were similar to its 476 

effects on the rectal mucosa (Figure 3A), but, as expected, changes likely driven by leukocytes 477 

in the biopsies were not seen in the purified epithelial cells, or were differently regulated.  In the 478 

epithelial cells, tenofovir did not significantly change chemokine, chemokine receptor and cluster 479 

of differentiation (CD) genes, and it suppressed ISG 15 (interferon-stimulated gene 15) and 480 

MX1 (myxovirus resistance 1), which were induced in the biopsies.   481 

 482 

The number of genes affected was initially higher with 500 μM than with 50 μM tenofovir, but 483 

equalized after 14 days of culture (Figure 4A).  Next, we confirmed the expression changes of 484 

select genes by ddPCR with vaginal epithelial cells from four healthy women: mRNA copies of 485 

DSP (desmoplakin) and IL-10 significantly decreased, and KIAA0101 significantly increased 486 

during 7 days of tenofovir treatment, as seen in the microarray data (Figure 4B).  In fact, IL-10 487 

transcripts were virtually eliminated at 7 days (p=0.002 and p=0.003 for 50 and 500 μM, 488 

respectively), and KIAA0101 increased more than ten-fold at 500 μM tenofovir (p=0.005).  By 489 

ELISA of cell lysates, IL-10 protein also decreased significantly (n=4 cell lines; p=0.007 and 490 

p<0.001 for 50 and 500 μM, respectively) (Figure 4C).   491 
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 492 

Tenofovir treatment of primary vaginal epithelial cells in vitro mostly impacted the same 493 

biological processes as it did in the rectum in vivo (Figure 4D and Figure 3-figure supplement 2).  494 

Additionally, it suppressed genes important for keratinocyte differentiation and cellular innate 495 

immunity, and induced genes involved in DNA damage repair.  Furthermore, tenofovir enhanced 496 

vaginal epithelial cell proliferation and/or cell survival in vitro (p=0.02) (Figure 4E).   497 

 498 

Signs of mitochondrial dysfunction 499 

Our microarray results indicated that tenofovir suppresses PNPT1 (Figure 1C), which has been 500 

characterized as a master regulator of RNA import into mitochondria and whose deletion 501 

impairs mitochondrial function [31].  To explore tenofovir’s effects on mitochondria, we first 502 

confirmed its inhibition of PNPT1 in the 9 cm and 15 cm rectal biopsies of all 15 study 503 

participants by RT-ddPCR.  PNPT1 copy numbers decreased more than ten-fold at 9 cm (mean 504 

fold change 0.09, 95% CI 0.009-0.172, p<0.001) and by half at 15 cm (0.53, 0.34-0.73, p<0.001) 505 

after 7 days of treatment (Figure 5A).  To directly assess mitochondrial function, we picked one 506 

of the 13 genes encoded by mitochondrial DNA, ATP synthase F0 subunit 6 (ATP6), a key 507 

component of the proton channel [36], and measured its transcription by RT-ddPCR in the 9 cm 508 

biopsies of all 15 study participants in the tenofovir arm (Figure 5B).  Because mitochondrial 509 

genes are not included on the microarray chips, we had no preexisting information on its 510 

expression.  ATP6 mRNA copy numbers decreased on average three-fold (p=0.003) after a 511 

single application and six-fold after seven days (p<0.001).  In contrast, ATP6 copy numbers 512 

were stable in all 15 study participants treated with 2% N-9 gel (p=0.491) (Figure 5B).   513 

 514 

Next, we evaluated changes in mitochondrial number and size between baseline and after 515 

seven days of treatment in two study participants chosen for exhibiting pronounced PNPT1 516 
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suppression by tenofovir.  The number of mitochondria per µm2 decreased by more than half 517 

after seven days of tenofovir treatment (p<0.001 for both subjects) (Figure 5C).  In the second 518 

participant, mitochondria also increased in size by 1.4-fold (p<0.001) (Figure 5D) and developed 519 

dysmorphic cristae during treatment (Figure 5E).  In parallel, tenofovir also caused statistically 520 

significant inhibition of PNTP1 and ATP6 mRNA expression in vaginal epithelial cells (Figure 521 

5F).   522 

 523 

Proteomics of rectal secretions corroborates enhancing effect of tenofovir on cell 524 

survival 525 

Extensive protein studies were not an intended part of MTN-007 and samples were not 526 

preserved optimally for this purpose.  However, 483 proteins were detected consistently at 527 

baseline and time point VII by mass spectrometry.  382 proteins increased in the tenofovir arm 528 

versus 112 in the no treatment arm (5 participants/arm).  Among these, significant increases in 529 

individual protein expression were only seen in the tenofovir arm (Figure 6).  The top 100 530 

proteins exhibited an average fold increase of 3.8 (median 3.2, range 1.6-128.7) in the tenofovir 531 

arm, listed by p value in Figure 6.  Enrichment analysis primarily indicated enhancement of cell 532 

survival and induction of leukocyte migration by tenofovir (Figure 6), which is consistent with our 533 

other findings.   534 

 535 

 536 

DISCUSSION 537 

 538 

Our findings indicate that reduced glycerin rectal tenofovir 1% gel affects expression of a 539 

different and much broader range of genes than N-9 2% gel, potentially affecting mucosal 540 

immune homeostasis, mitochondrial function, and regulation of epithelial cell differentiation and 541 

survival.  These results make biological sense given that tenofovir is a DNA chain terminator, 542 
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with possible off-target effects in human cells [37], and that topical application achieves at least 543 

one hundred-fold higher active drug concentrations in the mucosa than oral administration of 544 

300 mg tenofovir disoproxil fumarate [8,38].  Moreover, tenofovir caused similar changes in 545 

primary vaginal epithelial cells cultured from several healthy women.   546 

 547 

We did not find evidence that tenofovir directly causes inflammation, which is in keeping with 548 

our prior report that rectal tenofovir gel did not cause overt histological inflammation or 549 

increased mRNA/protein levels of a select panel of pro-inflammatory cytokines [3].  Rather, 550 

tenofovir dampened anti-inflammatory factors.  Most prominently, it strongly inhibited IL-10 gene 551 

and protein expression, likely via blocking of CREB1 and its coactivator CREBBP [28,29,39,40].  552 

In addition, it suppressed signaling pathways downstream of TGF-β, a central anti-inflammatory 553 

mediator in the gut [41,42].  Consequently, a number of chemokines were induced, such as the 554 

B lymphocyte chemoattractant CXCL13 [43], and CCL19 and CCL21, both ligands of CCR7 on 555 

T lymphocytes and dendritic cells [44].  Correspondingly, CCR7, the B cell marker CD19, and 556 

the T cell markers CD2, CD3D and CD7 increased.  In keeping with this, we observed higher 557 

densities of CD3+ and CD7+ T lymphocytes in the rectal mucosa following seven days of 558 

tenofovir 1% gel use.  In concert, these changes suggest that tenofovir creates a state of 559 

potential hyper-responsiveness to external inflammatory stimuli but does not itself cause 560 

inflammation.  In populations who, unlike our MTN-007 study cohort, have a high incidence of 561 

mucosal infections and associated immune activation, this could potentially diminish the anti-562 

viral protective effect of topical tenofovir prophylaxis [45].   563 

Mitochondrial toxicity of nucleotide/nucleoside reverse transcriptase inhibitors such as tenofovir 564 

is well described but the mechanism remains unclear [37].  We found that tenofovir consistently 565 

inhibited expression of PNPT1, which encodes polynucleotide phosphorylase (PNPASE).  566 

PNPASE regulates nucleus-encoded RNA import into mitochondria [31].  In PNPT1 knock-out 567 

mice, mitochondrial morphology and respiratory capacity is disrupted in a manner quite similar 568 
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to the disruption in renal proximal tubular cells in patients with tenofovir-induced nephrotoxicity 569 

[31,46].  In our study, just one week of daily tenofovir 1% gel application lowered transcription of 570 

mitochondrial ATP6 by six-fold and caused visible ultrastructural mitochondrial changes.  These 571 

findings suggest that tenofovir’s suppression of PNPT1 expression may underlie its reported, 572 

but heretofore unexplained, mitochondrial toxicity.   573 

 574 

A number of changes in rectal biopsies and primary vaginal epithelial cells also suggested that 575 

tenofovir can cause increased epithelial proliferation.  Furthermore, tenofovir’s negative effect 576 

on mitochondrial function could lead to impairment of tumor progenitor cell apoptosis [47,48], as 577 

has been specifically reported for loss-of-function mutations of mtATP6, a mitochondrial gene 578 

strongly suppressed by tenofovir in our study [49].  Neoplastic pressure could also arise from 579 

the strong induction of KIAA0101 and UBD (ubiquitin D).  KIAA0101 is important for regulation 580 

of DNA repair [50], is increased in tumor tissues [33], and enhances cancer cell growth [34,51].  581 

UBD appears to increase mitotic non-disjunction and chromosome instability [52,53], and is 582 

highly up-regulated in gastrointestinal cancers [35,52,53].  Notably, though, these findings 583 

remain circumstantial, as there is no actual clinical evidence for carcinogenicity.  Nevertheless, 584 

they raise the question of whether the relatively high concentrations of tenofovir achieved in the 585 

mucosa during topical use could potentially lead to neoplastic lesions with continuous and long-586 

term use.  According to Viread’s Product Monograph, gastrointestinal tumorigenicity has been 587 

observed in mice after high oral dosing of tenofovir disoproxil fumarate.  Vaginal tumorigenicity 588 

has been documented for azido-thymidine, an NRTI and DNA chain terminator like tenofovir, 589 

which induced vaginal hyperplasia and carcinomas when delivered to mice intravaginally as a 590 

2% solution (~25% carcinoma rate) [54].   591 

 592 

This is the first time that a systems biology approach has been applied to a clinical trial of 593 

mucosal pre-exposure prophylaxis and our study shows the value of using these technologies 594 



26 
 

for comprehensive mucosal safety assessment.  Our findings raise concerns regarding the 595 

safety of topical tenofovir 1% gel in the rectum with long-term use.  Tenofovir’s effects on 596 

vaginal epithelial cells suggest similar activities in the vagina, which we will verify in MTN-014, 597 

an upcoming phase I clinical trial comparing vaginal and rectal tenofovir 1% gel in a cross-over 598 

format.  Further studies are required to gauge whether tenofovir, which has become a valuable 599 

cornerstone drug in treating HIV infection, can also be safely and effectively used as a vaginal 600 

or rectal microbicide.   601 

 602 
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FIGURE LEGENDS 660 

 661 

Figure 1. Tenofovir-induced gene expression changes in the human rectum 662 

(A) Heat map of differentially expressed genes in 8 participants after a single (I) and after 7 663 

consecutive once-daily (VII) rectal applications of tenofovir 1% gel compared to baseline in 664 

biopsies taken at 9 cm and 15 cm proximal to the anal margin.  Red and green bars signify 665 

strength of gene induction and suppression, respectively.  642 genes are shown, all of which 666 

exhibited an estimated FDR≤0.05 and a log2 fold expression change of ≥0.5 (induction) or ≤-0.5 667 

(suppression) when evaluated jointly for all 8 participants at time point VII in the 9 cm biopsies.  668 

(B) Numbers of significantly suppressed (green borders and numbers) and induced (red borders 669 

and numbers) genes after reduced glycerin tenofovir 1% gel (TFV) treatment and their overlap 670 

with nonoxynol-9 (N-9), hydroxyethyl cellulose (HEC) and no treatment (No tx).  Circle area 671 

symbolizes the number of affected genes, overlap the number of genes independently affected 672 

by two or three conditions.  (C) Correlation of log2 fold gene suppression from baseline to Day 673 

VII between 9 and 15 cm biopsies.  All 505 genes significantly suppressed at 9 cm are included.  674 

Genes depicted as blue dots were significantly suppressed in both 9 and 15 cm biopsies (15 cm 675 

FDR<0.05), genes depicted as black dots were only significant in 9 cm biopsies (15 cm 676 

FDR≥0.05).  Spearman rho correlation between the 9 and 15 cm biopsies expression and the 677 

corresponding p-value of a Spearman rank correlation test are indicated on the plot.  Genes 678 

tested in Figure 2B by RT-ddPCR are specifically indicated.   679 

 680 

Figure 1-figure supplement 1. Correlation of log2 fold gene induction by tenofovir 1% gel 681 

from baseline to Day VII between 9 and 15 cm biopsies 682 

All 137 genes at 9 cm significantly induced (FDR < 0.05) and with log2 fold change > 0.5 are 683 

included.  Genes depicted as blue dots were significantly induced in both 9 and 15 cm biopsies 684 
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(15 cm FDR < 0.05), genes depicted as black dots were only significant in 9 cm biopsies (15 cm 685 

FDR ≥ 0.05).   686 

 687 

Figure 1-figure supplement 2. Log2 fold gene suppression (A) and induction (B) from 688 

baseline to Day VII caused by N-9 and tenofovir in 9 cm biopsies 689 

(A) All genes with an estimated FDR ≤ 0.05 and a log2 fold expression change of ≤ 0.5 are 690 

included (N-9: 56 genes; tenofovir: 505 genes).  (B) All genes with an estimated FDR ≤ 0.05 691 

and a log2 fold expression change of ≥ 0.5 are included (N-9: 60 genes; tenofovir: 137 genes).  692 

Differences in magnitude of gene expression changes were statistically compared between N-9 693 

and tenofovir by unpaired Mann-Whitney tests.  The box plots indicate medians and interquartile 694 

ranges and the whiskers indicate 10th to 90th percentiles.   695 

 696 

Figure 2. Confirmation of microarray data 697 

(A,B) Quantification of mRNA copy numbers measured in 9 cm biopsies by reverse transcription 698 

(RT) droplet digital PCR (ddPCR) relative to the housekeeping gene hemoglobin beta (HBB) 699 

copy numbers in seven additional study participants.  (A) Nine selected genes induced in the 700 

microarrays: CCL19, CCL21, CCL23, CXCL9, CCR7, CD7, CD19, matrix metallopeptidase 12 701 

(MMP12) and serine protease inhibitor of the Kazal type 4 (SPINK4).  Copy numbers at baseline 702 

(0), after a single tenofovir gel application (I) and after seven consecutive once-daily 703 

applications (VII) are shown.  Line colors signify each of the seven study participants.  (B) Six 704 

selected suppressed genes: p21-activated kinase (PAK2), nuclear factor of activated T cells 5 705 

(NFAT5), desmoplakin (DSP), TGF-β receptor associated protein (TGFBRAP), interleukin 10 706 

(IL-10) and tripartite motif-containing protein 5 (TRIM5).  (C) Normalized fold changes of gene 707 

expression at Day VII over baseline in all 15 individuals treated with tenofovir 1% gel.  Red dots 708 

depict fold changes measured by microarray, blue dots depict fold changes measured by RT-709 
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ddPCR.  The boxes indicate median and 25th to 75th percentiles and the whiskers indicate 10th 710 

to 90th percentile.  Asterisks indicate statistical significance level relative to baseline (one 711 

asterisk p<0.05; two asterisks p<0.01, by one-sided Wilcoxon tests, adjusted for multiple 712 

testing).  (D) Immunostaining of formalin-fixed 9 cm rectal biopsies from ten participants for the 713 

proteins CD7 (immunohistochemistry [IHC]), CD3 (immunofluorescence) and ubiquitin D (UBD; 714 

IHC), predicted to be induced by the microarrays, and for IL-10 (IHC), predicted to be 715 

suppressed.  For CD7 and CD3, tissue sections were evaluated in their entirety and positive 716 

cells per mm2 are shown at baseline (0) and after seven consecutive once-daily applications 717 

(VII).  Representative images are shown in Figure 2-figure supplement 1.  For UBD and IL-10, 718 

only columnar epithelial cells were evaluated.  For UBD, the average mean staining intensities 719 

(MSI) per cell are shown.  Representative images are shown in Figure 2-figure supplement 2.  720 

Colors signify each of the ten study participants.  The boxes indicate median and 25th to 75th 721 

percentiles and the whiskers indicate the range.  Paired Wilcoxon signed-rank test p values for 722 

differences between 0 and VII are listed.   723 

 724 

Figure 2-figure supplement 1. Immunohistochemistry for CD7, and immunofluorescence 725 

for CD3, in rectal biopsies before (0) and after seven days (VII) of daily tenofovir 1% gel 726 

use 727 

Three representative study participants each are shown and indicated by letters.  Blue indicates 728 

nuclei, red indicates CD3 or CD7.   729 

 730 

Figure 2-figure supplement 2. Immunohistochemistry for IL-10 and ubiquitin D (UBD) in 731 

rectal biopsies before (0) and after seven days (VII) of daily tenofovir 1% gel use 732 

Three representative study participants each are shown and indicated by letters.  Blue indicates 733 

nuclei, brown indicates IL-10 or UBD.   734 

 735 
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Figure 3. Expression pattern and functional pathway analysis 736 

(A) Ingenuity pathways analysis of tenofovir-induced effects in rectal biopsies, showing cellular 737 

localizations of and relationships between individual gene products.  Red symbols indicate 738 

induction and green symbols suppression at Day VII relative to baseline in 9 cm biopsies.  The 739 

diagram includes all significant genes identified as primarily located in the extracellular space 740 

and the cell nucleus.  A few selected significant genes with products localizing to the plasma 741 

membrane (PM) or cytoplasm (CP) are also shown based on their putative functional roles.  742 

Direct (solid lines) and indirect (dashed) interactions between gene products are indicated.  Line 743 

color is arbitrary, and meant to indicate relationships between groups of genes.  Yellow shaded 744 

areas indicate zinc finger transcription factors.  (B) Pathways analysis of tenofovir-induced 745 

effects in primary vaginal epithelial cells.  Only genes that were suppressed or induced by 746 

tenofovir both in 9 cm rectum in vivo and in vaginal epithelial cells in vitro are shown.  Primary 747 

vaginal epithelial cells derived from three healthy women were cultured with 50 or 500 μM 748 

tenofovir for 14 days.  Global gene expression microarrays at 4, 7 and 14 days of culture were 749 

evaluated in comparison to untreated epithelial cells.  Pre-processed microarray expression 750 

data were extremely consistent between the three vaginal cell cultures (mean Pearson 751 

correlation coefficient 0.9912; Figure 3-source data 1).   752 

 753 

Figure 3-figure supplement 1. Average strength of gene induction by tenofovir 1% gel 754 

across all 8 microarray study participants 755 

Heat map colors depict fold-change at Day I and Day VII over baseline.  Baseline is depicted as 756 

the vertical bar labeled “0” filled with the shade of blue corresponding to a fold-change of 1.  757 

Genes included in the list exhibited ≥ 1.6 fold average induction on Day VII or were ≥ 1.1 fold 758 

induced in at least six of eight study participants, and some knowledge about the gene products 759 

exists in the literature.  The heat map divisions signify three different kinetic patterns of gene 760 
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induction: flat at day I and then induced; induced at day I and then flat; or induced at day I and 761 

then more strongly induced at day VII.   762 

 763 

Figure 3-figure supplement 2. Selected biological processes defined in the InnateDB 764 

database with significant enrichment of genes suppressed or induced by tenofovir 1% 765 

gel at Day VII in 9 cm biopsies 766 

Green bars depict the percentage of genes identified as suppressed in a particular process out 767 

of the total number of genes included by InnateDB in that process.  Red bars depict 768 

corresponding percentages for gene induction.  Numbers of suppressed and induced genes are 769 

indicated above the bars.  Gene enrichment in each biological process was tested for statistical 770 

significance as described in the Methods and the computed p values are depicted by the stars.  771 

Not all processes with significant gene enrichment are shown.   772 

 773 

Figure 3-source data 1. Pearson correlation coefficients of pre-processed microarray 774 

probe expression values between the three primary vaginal cell cultures 775 

 776 

Figure 4. Effects of tenofovir on primary vaginal epithelial cells 777 

(A) Number of suppressed (green) and induced (red) genes in response to treatment with 50 778 

μM (open circles) or 500 μM (filled circles) tenofovir for 1, 4, 7 or 14 days (n=3 cell lines from 779 

different women).  (B) Quantification of mRNA copy numbers at days 1 and 7 of culture by RT-780 

ddPCR assays for two selected genes identified as suppressed (DSP and IL-10) and one 781 

induced (KIAA0101) in the microarray data set (n=4 cell lines).  (C) Quantification of IL-10 782 

protein concentrations in vaginal epithelial cells at days 1 and 7 of culture by ELISA.  Mean (± 783 

standard deviation) IL-10 concentrations in the untreated cultures were 5.65 pg/ml (± 0.25) at 784 

day 1 and 5.86 pg/ml (± 0.32) at day 7 of culture.  Boxes and error bars in (b) and (c) signify 785 

means and standard deviations with vaginal epithelial cell cultures derived from four healthy 786 
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women.  Asterisks indicate statistical significance level relative to untreated (*, p<0.05; **, 787 

p<0.01; ***, p<0.001).  (D) Selected biological processes defined in the InnateDB and DAVID 788 

databases with significant enrichment of genes suppressed or induced by 50 μM tenofovir in 789 

vaginal epithelial cells after 7 days of culture.  Green bars depict the percentage of genes 790 

identified as suppressed in a particular process out of the total number of genes included in that 791 

process.  Red bars depict gene induction.  Numbers of suppressed and induced genes are 792 

indicated above the bars.  Gene enrichment in each biological process was tested for statistical 793 

significance as described in the Methods and the computed p values are depicted by the stars.  794 

Not all processes with significant gene enrichment are shown.  (E) Proliferation of vaginal 795 

epithelial cells without or with various concentrations of tenofovir (n =3 cell lines).  Boxes depict 796 

mean percent reduction of the AlamarBlue reagent in comparison to the maximum reduction.  797 

Error bars signify standard deviations.   798 

 799 

Figure 5. Quantification of mitochondria-associated parameters 800 

(A) PNPT1 mRNA copy numbers measured in 9 and 15 cm biopsies at baseline (0), after a 801 

single tenofovir gel application (I) and after seven consecutive once-daily applications (VII) by 802 

RT-ddPCR assay.  (B) Mitochondrial ATP6 mRNA copy numbers measured in 9 cm biopsies 803 

after tenofovir or N-9 treatment.  Line colors in (a) and (b) signify the 15 participants in the 804 

tenofovir arm.  Black lines signify the 15 participants in the N-9 arm.  Baseline values were 805 

compared between 9 and 15 cm biopsies by paired t-test and between tenofovir and N-9 by 806 

unpaired t-test.  Expression changes over time were tested for statistical significance by ANOVA 807 

with Bonferroni adjusted post-tests.  (C) Assessment of mitochondrial density by electron 808 

microscopy of 9 cm biopsies in two study participants.  Each dot indicates the mean number of 809 

mitochondria per µm2 in a separate 2,000× image.  (D) Assessment of mitochondrial sizes by 810 

electron microscopy in the same biopsies.  Each dot depicts the size in µm2 of an individual 811 

mitochondrion measured at 5,000×.  Dot colors in (C) and (D) correspond to the line colors of 812 
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the same two study participants in (A) and (B).  Density and size changes were tested for 813 

statistical significance by unpaired t-tests.  Horizontal lines and error bars depict means and 814 

standard deviations.  (E) Representative electron microscopy images of normal mitochondria at 815 

baseline, and of enlarged and dysmorphic mitochondria at time point VII, in 9 cm biopsies of 816 

Subject Y.  Fine structural detail is limited due to formalin fixation of biopsies.  (F) PNPT1 and 817 

ATP6 gene expression in vaginal epithelial cell cultures in response to 1 and 7 days of 50 μM 818 

(blue boxes) or 500 μM (green boxes) tenofovir exposure in vitro.  Boxes and error bars signify 819 

means and standard deviations across four independent experiments with epithelial cell cultures 820 

derived from the vaginal mucosa of four healthy women.  Statistical significance levels in all 821 

figure panels are indicated by asterisks (*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001; “ns”, 822 

not significant).   823 

 824 

Figure 6. Unbiased mass spectrometry proteomics in rectal secretions from five study 825 

participants each in the tenofovir and the no treatment arm 826 

(A) 483 proteins were consistently detected in all ten study participants.  Of these, 382 proteins 827 

in the tenofovir arm had log2 values > 0 for fold change between baseline and after seven daily 828 

gel applications, and 112 had log2 fold change values > 0 in the no treatment arm.  Log2 fold 829 

changes (x axis) and p values signifying the likelihood of change (y axis) for these proteins are 830 

shown.  Upper panel, tenofovir arm (382 proteins); lower panel, no treatment arm (112 831 

proteins).  Data for proteins with log2 fold values ≤ 0 were not interpretable and are not shown.  832 

(B) Log2 fold changes of the top 100 proteins upregulated between baseline and after seven 833 

days of daily gel application in each of the five study participants in the tenofovir arm.  (C) 834 

Selected biofunctional processes defined in the Ingenuity database with significant enrichment 835 

of proteins induced in rectal secretions by seven days of daily tenofovir 1% gel use.  The red 836 

bars with arrow heads depict the z scores for these biofunctions, indicating the strength of the 837 

directionality of the effect.  Protein enrichment in each biofunction was tested for statistical 838 
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significance as described in the Methods and the computed p values are depicted by the stars.  839 

Numbers of induced proteins are indicated above/below the bars.   840 

 841 

Supplementary File 1 -Summary of effect sizes and statistical significance testing.  842 

Supplementary File 2 - Lists of genes significantly up- or down-regulated by tenofovir 1% or 843 

nonoxynol-9 2% gels in 9 cm rectal biopsies over seven days of treatment.  844 

Supplementary File 3 – MTN-007 Statistics Summary 845 

Supplementary File 4 – MTN-007 Gene Expression Changes in 9cm Rectum846 
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