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Abstract

The ex vivo mucosal explant model is frequently used to test the efficacy of microbicides that have the potential for
preventing HIV-1 transmission. The conventional assessment of product efficacy has been the extent of HIV-1 p24
suppression in supernatant fluids sampled up to day 14 after HIV-1 challenge ex vivo. The purpose of this study
was to determine if measurement of HIV-1 nucleic acids by real-time PCR and HIV-1 integration by Alu-gag PCR
provides advantages with regard to monitoring HIV-1 infection in explants. Rectal biopsies from HIV-1-negative
individuals were challenged with 1 · 105 virions/ml of HIV-1BaL or HIV-1CH077 ex vivo. HIV-1 RNA and HIV-1
p24 in supernatant fluids and HIV-1 nucleic acids and integrated provirus in individual biopsies were measured at
days 1–14 after infection. HIV-1 RNA and proviral DNA were measured by quantitative real-time PCR (qRT-
PCR) while integrated virus was detected by Alu-gag PCR. Real-time PCR assays detecting HIV-1 DNA and RNA
performed similarly provided that the infecting virus sequences were a good match with the sequences of the assay
primers and probes. Increased HIV-1 nucleic acid levels and DNA integration were measurable on days 11 and 14
after infection. The magnitude of explant infection was similar after challenge with HIV-1BaL and HIV-1CH077,
although the trajectory of infection was delayed in the HIV-1CH077-infected biopsies. In the majority of experi-
ments, qRT-PCR did not appreciably shorten the time necessary to detect evidence of HIV-1 infection.

Introduction

Explant culture of rectal and genital tissues has
been used extensively to study the efficacy of drugs

being developed for HIV-1 prevention as well as being used
as a model for studying HIV-1 transmission.1–5 In this sys-
tem, biopsies of the mucosal tissue are maintained in cell
culture on collagen rafts at the air–liquid interface for a pe-
riod of up to 2 weeks.6 An advantage of this system over cell
culture is that, at time of viral challenge, cellular architecture
is maintained, mimicking to a greater extent the environment
found in vivo at the time of infection.7 Furthermore, rectal
explant tissues do not need artificial stimulation with IL-2 or
PMA for productive infection with HIV-1.8

Gut-associated lymphoid tissue (GALT) has many com-
ponents of the lymphatic system including CD4+/CCR5+-
activated T cells, which are targeted by HIV-1 infection.9 The
gastrointestinal tract is thought to be the site most vulnerable
to sexual transmission of HIV-1, exceeding that of the genital
mucosa by 10- to 20-fold.10 It is also a very active site of
HIV-1 replication11,12 and a major reservoir of HIV-1 in

patients treated with antiretroviral therapy.13 Explants of
colorectal tissue, because they recapitulate the environment
encountered in vivo, have been used to study the efficacy of
preclinical microbicides including TMC278, UC781, teno-
fovir, and maraviroc in preventing HIV-1 infection.14–17

Biopsies collected from individuals receiving antiretrovirals
topically or orally are challenged with HIV-1 ex vivo and the
extent of HIV-1 suppression is determined. The conventional
means of assessing HIV-1 infection in these studies has been
to use cumulative HIV-1 p24 antigen levels measured by
ELISA at day 14 following infection.

In the present study, we hypothesized that quantitative
real-time PCR (qRT-PCR) of HIV-1 nucleic acids could be
used as an alternative endpoint to monitor HIV-1 infection in
the ex vivo explant model and that PCR would be sensitive
enough to enable detection of HIV-1 infection at time points
earlier than day 14 after infection. Due to HIV-1 genetic
diversity,18,19 detection of HIV-1 can be challenging.
Nevertheless, there are many commercial and laboratory-
developed assays that target highly conserved regions of the
HIV-1 genome.20 Assays for determining HIV-1 viral load
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have targeted conserved regions of the long terminal repeat
(LTR) domain and the gag and pol (integrase) genes of HIV-
1.21–24 Two laboratory-developed probe-based qRT-PCR
assays that detect overlapping regions of the HIV-1 LTR 21,24

were used in the present study to measure HIV-1 RNA levels
in infected biopsy tissues and supernatant fluids. Assays to
detect HIV-1 proviral load have targeted the LTR as well as
the gag and pol (integrase) regions of the HIV-1 ge-
nome.22,23,25 An assay targeting the LTR/gag boundary and
another assay targeting the HIV-1 gag gene were chosen to
monitor HIV-1 provirus accumulation.22,25

Integration of HIV-1 into the host genome is essential for
viral transmission as replication occurs mainly from inte-
grated DNA.26–28 Therefore, the extent of HIV-1 integration
was also measured. There are several methods of detecting
integrated HIV-1 DNA,29–32 although Alu-gag PCR and
Alu-LTR nested PCR methods are the most frequently used.
The ability to detect integrated HIV-1 is influenced by the
distance between the Alu sequences and the nearest inte-
grated HIV-1 gag gene or LTR sequence.29–33 It is estimated
that only a fraction of integrated provirus is detected ren-
dering this assay qualitative.32

The aim of this study was to evaluate real-time PCR de-
tection of viral nucleic acids as an alternative method to HIV-
1 p24 protein measurement in monitoring HIV-1 infection in
the ex vivo explant model. The kinetics of HIV-1 accumu-
lation in tissue explants were evaluated following infection
with two strains of HIV-1. The first strain, HIV-1BaL, is an
R5, laboratory-adapted virus commonly used in studies of
HIV-1 replication34 while the second strain, HIV-1CH077, is a
transmitted/founder virus cloned from RNA obtained from
the plasma of an individual acutely infected with HIV-1.35 As
such, it is believed to more closely resemble HIV-1 species
responsible for establishing acute infections.

Materials and Methods

Study population

Colorectal tissue was collected from healthy, HIV-
uninfected male and female participants 18 to 45 years of age
at time of screening. Individuals were free from abnormali-
ties of the colorectal mucosa, had no significant gastrointes-
tinal symptoms (such as a history of rectal bleeding), and
tested negative for anorectal Chlamydia trachomatis (CT)
and Neisseria gonorrhea (GC) infection. All participants
signed informed consent documents and the study was ap-
proved by the Institutional Review Board at the University of
Pittsburgh, Pittsburgh, PA.

Explant culture

A flexible sigmoidoscope was inserted into the rectum and
20 biopsies from each study participant were collected at
15 cm from the anal verge. The rectal biopsies (weighing be-
tween 10 and 20 mg each) were delivered to the laboratory
within 2 h of collection in complete RPMI medium. Complete
RPMI (cRPMI) consisted of Gibco RPMI 1640 supplemented
with 10% heat-inactivated fetal bovine serum, 1% antibiotic-
antimycotic (Invitrogen/Life Technologies, Carlsbad, CA),
and 0.5 mg/ml Zosyn (Wyeth, Madison, NJ). Biopsies were
handled under sterile conditions in a laminar flow biological
safety cabinet (Baker Company, Inc., Sanford, ME) and placed

in individual wells of a 24-well cell culture plate. Specimens
were incubated with a final concentration of 1 · 105 virions/ml
HIV-1BaL (Advanced Biotechnologies Inc., Columbia, MD) or
transmitted/founder virus HIV-1CH077 (a generous gift of Dr.
Charlene Dezzutti, Microbicide Trials Network, Pittsburgh,
PA) in cRPMI.

There were four experiments in which biopsies were in-
fected with HIV-1BaL and four experiments with HIV-1CH077

infection. Virus titer was determined using standard TCID50

methods.36,37 Biopsy tissues were incubated for 2 h with the
virus at 37�C in a Binder incubator (Binder Inc., Bohemia,
NY), purged with 5% CO2. After the incubation period, the
biopsy tissues were washed four times with sterile D-PBS
(Invitrogen/Life Technologies, Carlsbad, CA) and placed on
Surgifoam (Ethicon, Inc., Somerville, NJ) rafts in individual
wells of a sterile 24-well tissue culture plate containing
cRPMI. The medium was sampled and replenished every 1–3
days for up to 14 days. Supernatant fluids were stored at -80�C
until analysis of HIV-1 p24 antigen by an enzyme-linked im-
munosorbent assay (ELISA) (Perkin Elmer, Waltham, MA)
and HIV-1 RNA by qRT-PCR. Biopsy specimens were har-
vested at several time points after virus exposure and placed in
RNAlater stabilization solution (Life Technologies, Grand
Island, NY) for 24 h prior to storage at -80�C.

Cell line controls

The ACH-2 human T cell line was obtained from the NIH
AIDS Reagent Program (Division of AIDS, NIAID, NIH)
and contains a single integrated copy of HIV-1 per cell.38

Cells were grown in RPMI-1640 supplemented with 10 mM
HEPES, 2 mM l-glutamine, 10% heat-inactivated fetal bo-
vine serum, and 1 · antibiotic-antimycotic (Life Technolo-
gies, Grand Island, NY). The 8E5 human lymphoblastoid
cell line (ATCC CRL-8993) also contains a single inte-
grated copy of HIV-1 (LAV strain) per cell39 and was ob-
tained from ATCC (ATCC, Manassas, VA). Cells were
grown in RPMI-1640, 10% heat-inactivated fetal bovine
serum, and 1 · antibiotic-antimycotic (Life Technologies,
Grand Island, NY). Both cell lines were grown in a hu-
midified incubator (Binder, Inc., Bohemia, NY) at 37�C,
purged with 5% CO2.

Viral protein determination

HIV-1 p24 levels were measured by AlphaLISA Im-
munodeficiency Virus Type 1 p24 protein (HIV p24) (high
sensitivity kit; Perkin Elmer, Walton, MA) according to kit
instructions. Ten-microliter aliquots of supernatant fluid
were sampled for the assay, which has a dynamic range of
1.8–30,000 pg/ml.

Nucleic acid extraction

DNA and total RNA were extracted from biopsy tissue using
the AllPrep DNA/RNA mini kit (Qiagen, Valencia, CA),
which allows for simultaneous isolation of RNA and DNA
from the same tissue. Prior to extraction, the vials containing
biopsies were removed from the freezer and thawed. Individual
biopsies were removed from the RNAlater reagent, placed in
1.5-ml Eppendorf tubes containing guanidinium lysis buffer
(Qiagen, Valencia, CA) and 0.5 mM zirconium oxide beads
(Next Advance, Averill, NY), and then homogenized with the
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Bullet Blender tissue disrupter for 5 min (Next Advance,
Averill, NY). The homogenized lysates were placed on silica
columns for isolation of RNA and DNA, according to the
Qiagen AllPrep kit instructions (Qiagen, Valencia, CA). RNA
(eluted in 50 ll) and DNA (eluted in 100 ll) concentrations
were measured on a NanoVue Plus spectrophotometer (GE
Healthcare Life Sciences, Piscataway, NJ). DNA concentra-
tions ranged from 42 to 125 ng/ll while total RNA concen-
trations ranged from 13 to 66 ng/ll.

Viral RNA was isolated from 140 ll of supernatant fluid on
silica columns using the QIAamp Viral RNA mini kit (Qiagen,
Valencia, CA). RNA was eluted into 60 ll and 12 ll of the
eluate was subsequently converted to complimentary DNA
(cDNA) prior to quantification of RNA by real-time PCR.

HIV-1 assays

HIV-1 proviral DNA assay. HIV-1 proviral DNA was
analyzed using two different assays. Assay 1 employed a
conserved sequence of the HIV-1 LTR gag boundary.25 As-
say 2 targeted a conserved region of the HIV-1 gag gene and
made use of locked nucleic acid technology (LNA, Exiqon,
Woburn, MA) for probe construction.22 Ten microliter PCR
reactions consisted of primers and probe in 1 · QuantiTect
probe master mix (Qiagen, Valencia, CA). Probes were la-
beled with 6-FAM at the 5¢-end and Black Hole quencher 1 at
the 3¢-end (Eurofins Genomics, Huntsville, AL). Sequences
of primers and probes and their concentrations are listed in
Supplementary Table S1 (Supplementary Data are available
online at www.liebertpub.com/aid). b-Globin was also
quantified by real-time PCR as a measure of DNA extraction
efficiency and verification of the absence of PCR inhibitors in
the DNA extract.40 Copies of HIV-1 DNA and b-globin DNA
per aliquot were extrapolated from standard curves containing
serial dilutions of known amounts of plasmid DNA. HIV-1
DNA and human b-globin plasmid standards were composed
of the appropriate PCR fragments, subcloned into the pCR
2.1-TOPO cloning vector (Life Technologies, Grand Island,
NY). Copies of HIV-1 provirus were normalized to 100,000
copies of b-globin.

HIV-1 RNA viral load. RNA from each extract (1 lg total
RNA) was pretreated with DNase 1 prior to conversion to
cDNA using the QuantiTect Reverse Transcription kit (Qia-
gen, Valencia, CA). One microgram total RNA was brought up
to a volume of 12 ll in RNase-free water and 2 ll of DNase
1/buffer mix was added. The reaction mixture was incubated at
42�C for 2 min and then placed on ice. To each reaction was
added 4 ll of buffer mix, 1 ll of proprietary reverse tran-
scriptase/RNase inhibitor, and 1 ll of a primer mix consisting
of random primers and oligo(dT). The reaction tubes were
incubated at 42�C for 30 min, and then the reaction was de-
activated by incubation at 95�C for 3 min. Positive controls
were RNA from the HIV-1-positive 8E5 cell line, which
constitutively expresses HIV-1 RNA.39 Negative controls
consisting of all components of the reaction except for reverse
transcriptase were included with each set of reactions to verify
that the samples were free of contaminating DNA.

HIV-1 RNA was detected by two real-time PCR assays
targeting conserved and overlapping regions of the LTR of the
HIV-1 genome, referred to as Assays 324 and 4,21 respectively.
The assays were performed using the QuantiTect Probe kit

(Qiagen, Valencia, CA) and the appropriate primers and
probes. Copies of HIV-1 were extrapolated from standard
curves containing serial dilutions of known amounts of plas-
mid control. Sequences of primers and probes and their con-
centrations are listed in Supplementary Table S1.

cDNA samples were also analyzed for b-actin using So-
laris primers and probe (GE Dharmacon, Lafayette, CO). A
134-bp fragment of the b-actin gene, subcloned into the pCR
2.1-TOPO cloning vector, served as a control plasmid (Life
Technologies, Grand Island, NY). HIV-1 RNA levels in bi-
opsy tissues were normalized to 100,000 copies of b-actin.

Real-time PCR reactions consisted of 1 ll of template
DNA or cDNA in a total reaction volume of 10 ll with
1 · QuantiTect Probe PCR master mix (Qiagen, Valencia,
CA) containing the appropriate primers and probe. PCR cy-
cling conditions were as follows: one 10 min activation step
at 95�C, 45 cycles of 15 s denaturation at 94�C, and 1 min
annealing/extension at 60�C. Real-time PCR reactions were
analyzed on the CFX96 Real-time PCR Detection System
(Bio-Rad, Hercules, CA). Standard curves were constructed
of serial dilutions of plasmid DNA with final concentrations
ranging between 5 and 5 · 107 copies/ll target. Samples and
standards were run in triplicate.

Construction of plasmid controls for real-time
PCR assays

Plasmid controls for the two HIV-1 proviral assays,22,25

the two viral RNA real-time PCR assays,21,24 and assays for
the b-globin and b-actin reference genes were constructed by
amplifying gene fragments using the appropriate primers and
AmpliTaq Gold DNA polymerase. For DNA assays, the PCR
fragments were generated by amplifying regions of the HIV-
1 genome using the 8E5 cell line DNA as a template
(American Type Culture Collection, Manassa, VA). RNA
from the 8E5 cell line, which constitutively expresses HIV-1
RNA,39 was also used to construct plasmid controls for the
HIV-1 RNA assays. RNA from the 8E5 cell line was con-
verted to cDNA and amplicons encompassing the real-time
PCR assays were generated. PCR fragments for HIV-1 DNA
and RNA assays as well as the b-globin and b-actin reference
genes were subcloned into the pCR2.1TOPO cloning vector
(Life Technologies, Grand Island, NY). All subcloned plas-
mid inserts were sequenced at the University of Pittsburgh
Health Sciences Core Research Facility (Pittsburgh, PA) for
verification of identity. Plasmids were expanded and con-
centrations were measured on a NanoVue spectrophotometer
(GE Life Sciences, Piscataway, NJ). Concentrations were
converted to copy number and serial dilutions of plasmid
DNA ranging downward from 5 · 107copies/ll were used to
construct standard curves for real-time PCR. Copy number
for each sample was extrapolated from the standard curves.

HIV-1 DNA integration assay. HIV-1 DNA integration
was estimated based on a qualitative nested Alu-gag PCR.33

In the first PCR reaction, Alu forward primer ( 5¢ GCC TCC
CAA AGT GCT GGG ATT ACA G-3¢) and HIV-1 gag re-
verse primer (5¢-GTT CCT GCT ATG TCA CTT CC-3¢)
were used to prime a PCR reaction amplifying integrated
HIV-1 DNA and the nearest human Alu sequence. This was
followed by quantification of the proviral DNA amplified in
the Alu-gag PCR reaction by real-time PCR.25 Because the
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original gag reverse primer did not amplify HIV-1CH077 very
efficiently, an alternate gag primer was designed that was a
better match for the HIV-1CH077 proviral sequence (5¢-GAT
CCT GCT ATA TCA CTT CC-3¢).

The final concentrations of reagents in the Alu-gag PCR
reaction mixture were as follows: 100 nM Alu primer, 600 nM
gag reverse primer, dNTP (0.4 lM each), 1.25 units TaKaRa
LA Taq polymerase (Clontech, Mountain View, CA), 1 · re-
action buffer, and up to 500 ng template DNA per 25 ll re-
action. All reagents were kept on ice prior to PCR to minimize
the amplification of nonspecific products. The amplification
conditions were as follows: 1 cycle at 94�C for 1 min, 30
cycles at 98�C for 10 s, 68�C for 15 min, and 1 cycle at 72�C
for 10 min. A parallel gag-only PCR reaction was set up to
distinguish between integrated and unintegrated HIV-1 DNA.
To calculate the amount of integrated DNA, the amount of
HIV-1 DNA detected by real time PCR in the gag-only PCR
reaction was subtracted from the amount of HIV-1 provirus
detected in the Alu-gag preamplification reaction.

DNA from two cell lines was amplified with each run as
controls. The ACH-2 T cell line contains a single integrated
copy of HIV-1,38 which is in the proper orientation relative to
the nearest Alu sequence for efficient amplification to oc-
cur.29 In the 8E5 cell line, the integrated HIV-1 gag sequence
and the adjacent Alu sequences are in the same orientation
and, thus, amplification does not proceed efficiently.29 This
mimics to some extent the fact that HIV-1 integration into the
human genome is a random event and therefore only a frac-
tion of integrated virus is likely to be detected.32

Statistical methods

Statistical analyses were performed using SAS Version 9.4
(SAS Institute, Cary, NC). HIV-1 infection patterns with
HIV-1BaL and HIV-1CH077 were plotted using mean – (SE) at
days 1, 2, 4, 7, 11, and 14 for each of the tissue-based assays
(Fig. 1) and supernatant-based assays (Fig. 2). To determine
whether the increases over time were statistically significant,
the results of repeated-measures analysis using linear mixed
models (Table 1) are presented. These were necessary to
account for the correlation between samples taken from the
same participant. In the repeated-measures analysis, day 4
was used as the reference because that was the first time point
with a sufficient number of replicates to obtain an accurate
estimate of the standard error for each assay on that day. A
scatterplot matrix (Fig. 4) and correlations (Table 2) were
used to analyze the relationships between each combination
of tissue-based assays and each combination of supernatant
fluid-based assays.

Results

Kinetics of HIV-1 Infection in rectal mucosal
explant tissues

Rectal mucosal explant tissues from each of eight partici-
pants were infected with either the laboratory-adapted HIV-1
strain HIV-1BaL or the transmitted/founder virus HIV-1CH077

at concentrations of 1 · 105 virions/ml. Explant tissues were
incubated with virus for 2 h after which the excess virus was
washed from the tissues. The explant tissues were placed on
individual collagen rafts in the cell culture incubator and su-
pernatant fluids and biopsies were collected at time points

ranging from 1 to 14 days after infection. Viral nucleic acids
were measured by quantitative real-time PCR using two dif-
ferent assays for HIV-1 RNA21,24 and two different assays for
HIV-1 provirus.22,25 HIV-1 DNA integration was estimated
by Alu-gag PCR33 while HIV-1 p24 was measured by
AlphaLISA-HIV-1 p24 (Perkin Elmer, Waltham, MA).

Infection patterns over 14 days

As expected, HIV-1 nucleic acid levels in the infected
mucosal explant tissue increased over time (Fig. 1). HIV-1
DNA levels, determined by qRT-PCR (Assays 1 and 2) rose

FIG. 1. Time course of HIV-1 nucleic acid accumulation in
colorectal explants infected with HIV-1BaL (A) and HIV-
1CH077 (B). Twenty biopsy tissues from each of four HIV-1-
negative study participants were infected with 1 · 105 virions/
ml of the R5, laboratory-adapted HIV-1 strain BaL or 1 · 105

virions/ml of the transmitted founder HIV-1 virus strain
CH077. After exposure to virus for 2 h, virus was washed from
the tissues and biopsies were returned to the cell culture in-
cubator. Selected explant tissues were harvested at days 1, 2, 4,
7, 11, and 14 after infection. Viral nucleic acids were isolated
and quantified by two quantitative real-time PCR (qRT-PCR)
assays for DNA referred to as Assay 1 and Assay 222,25 and two
qRT-PCR assays for RNA referred to as Assay 3 and Assay
4.21,24 DNA integration was estimated by a qualitative, nested
Alu-gag PCR.33 Data are presented as means and standard
error and samples assays were conducted in triplicate.
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in the same pattern, although Assay 1 detected higher levels
of provirus in the HIV-1BaL-infected biopsies while Assay 2
detected higher levels in the HIV-1CH077-infected biopsies.
The two RNA assays (Assays 3 and 4) detected comparable
levels of HIV-1 RNA in tissues infected with either virus. The
patterns of viral nucleic acid expression, however, were no-
tably different for HIV-1BaL-infected and HIV-1CH077-
infected biopsy tissues. Sharp increases in HIV-1 RNA and
DNA were observed in samples infected with HIV-1BaL (Fig.
1A), while the increases in the HIV-1 RNA and DNA in HIV-
1CH077-infected samples are much less pronounced (Fig. 1B).

Despite the less dramatic increase in HIV-1 nucleic acid
levels in the HIV-1CH077-infected biopsies, viral RNA and
DNA levels, measured by Assay 2, were higher (102 to 103

copies) at earlier time points in contrast to the undetectable
levels observed in the HIV-1BaL-infected biopsies. By days

11 and 14, HIV-1 DNA and RNA levels in all infected
biopsies were comparable, regardless of the infecting virus,
and reached approximately 105 copies per 105 copies of the
appropriate reference gene [(b-globin (DNA) or b-actin
(RNA)]. Integrated provirus levels correlated with total HIV-
1 provirus detected by qRT-PCR for explant tissues infected
with either HIV-1BaL or HIV-1CH077. In the supernatant flu-
ids, HIV-1 RNA determined by qRT-PCR reflected patterns
of expression similar to HIV-1 p24 antigen, measured by
ELISA. The HIV-1 p24 and HIV-1 RNA between-virus dif-
ferences, however, were not as pronounced for the superna-
tant fluids (Fig. 2).

Figure 3A displays the trajectory of HIV-1 accumulation
in explant tissues infected with HIV-1BaL for each of four
individual study participants. There is a separate plot for
each of the five tissue assays and three assays of supernatant
fluid (Supplementary Fig. S1). In the HIV-1BaL-infected
explants (Table 1A), Assay 1 for total HIV-1 DNA detected
significant increases in provirus by day 7 after infection.
The levels of total provirus and integrated provirus started
to climb moderately at day 7 and registered statistically
significant increases by day 11 after infection. The primer
and probe sequences for Assay 1 matched perfectly with
the HIV-1BaL viral sequences (GenBank accession number
AB253432.1) unlike Assay 2 in which there was a single
mismatch in the reverse primer relative to the HIV-1BaL

sequence that compromised the ability of the assay to detect
this proviral strain.

Figure 3B displays the trajectory of HIV-1 accumulation in
explant tissues infected with HIV-1CH077 for each of four
individual study participants. There is a separate plot for each
of the five tissues assays and three assays of supernatant
fluids. In the HIV-1CH077-infected explants (Table 1B), the
increases in HIV-1 nucleic acid levels were generally not as
pronounced before day 14 as those in the HIV-1BaL-infected
biopsies. Statistically significant increases in total HIV-1
provirus were detected only at day 14 after infection, while
integrated HIV-1 DNA was increased significantly by day 11.
Assay 1 for HIV-1 proviral DNA has a single mismatch in the
reverse primer relative to the HIV-1CH077 sequence (Gen-
Bank accession number JN944909.1) and, consequently, the
sensitivity of the assay was diminished for detecting the
transmitted/founder virus. While there were no statistically
significant increases detected in viral RNA, the RNA levels at
days 1 to 4 after infection were higher in HIV-1CH077 -
infected tissues than those detected in the HIV-1BaL-infected
biopsies at the same time points.

Between-assay correlations

The scatterplot matrix (Fig. 4A and B) shows the agree-
ment between each pairing of the five assays that measured
HIV-1 nucleic acid content in tissues and the three assays that
measured HIV-1 RNA and p24 levels in supernatant fluids,
complimented by correlation coefficients shown in Tables 2A
and B. Between-assay correlations are stratified by infecting
virus due to differences in the results observed between in-
fections with HIV1BaL and infections with HIV-1CH077.

In samples infected with HIV-1BaL virus (Table 2A), all
pairs of tissue-based assays generally showed strong corre-
lations with one another. In particular, the tissue-based DNA
assays (Assay 1, Assay 2, and HIV-1 DNA Integration)

FIG. 2. Time course of HIV-1 RNA and HIV-1 p24 ac-
cumulation in supernatant fluids from colorectal explants
infected with HIV-1BaL (A) or HIV-1CH077 (B). Twenty
biopsy tissues from each of four HIV-1-negative study
participants were infected with HIV-1BaL or HIV-1CH077 as
described in Materials and Methods. Supernatant fluids were
collected from the explant tissues at days 1, 2, 4, 7, 11, and
14 after infection at which time the tissue culture medium
was replenished. Viral RNA was extracted from supernatant
fluid and measured by qRT-PCR using two assays (Assay 3
and Assay 4). HIV-1 p24 levels were quantified by ELISA.
Data are presented as means and standard error and samples
assays were conducted in triplicate.
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showed extremely strong correlations (correlations > 0.952
for all pairs), as did the pair of tissue-based RNA assays
(Assays 3 and 4; correlation = 0.965). The pairwise correla-
tions were still quite good when comparing tissue-based
DNA assays against tissue-based RNA assays (correlations
ranging from 0.897 to 0.926 for all pairings). The pattern of
correlations between the respective assays was quite different
for samples infected with HIV-1CH077 virus. The tissue-based
DNA assays showed weaker agreement for samples infected
with HIV-1CH077 virus (correlations from 0.538 to 0.700)
than the HIV-1BaL-infected samples, as did the tissue-based
RNA assays (correlation = 0.518), and their relationships
with one another were also less consistent than those ob-
served in the samples infected with HIV-1BaL virus.

There were somewhat more moderate correlations be-
tween the supernatant fluid-based assays (Assay 3, Assay 4,
and HIV1 p24; correlations ranging from 0.362 to 0.684) for
both HIV-1BaL and HIV-1CH077 viruses (Table 2B).

FIG. 3. Time course of HIV-1 accumulation after infection with HIV-1BaL (A) or HIV-1CH077 (B) by assay. Twenty
biopsy tissues from each of four HIV-1-negative study participants were infected with 1 · 105 HIV-1BaL or HIV-1CH077 as
previously described. HIV-1 nucleic acid accumulation in tissue was measured by five different quantitative real-time PCR
assays for HIV-1 nucleic acids and data are plotted according to assay type. Two assays were performed to detect HIV-1
provirus (Assay 1 and Assay 2) while two assays detected HIV-1 RNA (Assay 3 and Assay 4). A qualitative Alu-gag PCR
method assessed HIV-1 DNA integration. The assays performed on collected supernatant fluids were qRT-PCR for HIV-1
RNA (Assay 3 and Assay 4) and HIV-1 p24, measured by ELISA. T-DNA, tissue HIV-1 DNA; T-RNA, tissue HIV-1 RNA;
S-RNA, supernatant HIV-1 RNA. Assay units are the same as those presented in Figs. 1 and 2.

Table 1A. p-Values for Repeated Measures

Analysis to Determine the First Day with Significant

Increase in Viral Load (HIV-1BaL Virus)

Assay
Day 7

(vs. day 4)
Day 11

(vs. day 4)
Day 14

(vs. day 4)

Assay 1 (T, DNA) 0.042 <0.001 0.001
Assay 2 (T, DNA) 0.076 <0.001 0.001
Integration (T, DNA) 0.077 <0.001 0.001
Assay 3 (T, RNA) 0.174 0.003 0.004
Assay 4 (T, RNA) 0.078 <0.001 <0.001
Assay 3 (S, RNA) 0.485 0.273 0.008
Assay 4 (S, RNA) 0.573 0.030 0.009
p24 (S, HIV-1 p24) 0.910 0.017 0.102

Real-time PCR assays and HIV-1 p24 ELISA assays were
performed to measure levels of HIV-1 nucleic acid and antigen in
tissues (T) and supernatant fluids (S) after infection of explant tissues
with HIV-1BaL.
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Discussion

Explants of mucosal tissue from the intestinal and genital
tract have been used extensively as model systems to study
the efficacy of microbicides used in the prevention of HIV-1
transmission.1–6 While cumulative HIV-1 p24 levels, deter-

mined by ELISA, are the conventional endpoint to assess
evidence of infection, this method is not very sensitive and
has a low dynamic range. A goal of the present study was to
determine if HIV-1 nucleic acid detection by real-time PCR
could serve as a more sensitive, alternative method in mea-
suring the extent of HIV-1 infection in mucosal explant
cultures. Specifically, we sought to determine if real-time
PCR could detect evidence of HIV-1 infection in explant
tissue at time points earlier than 14 days after infection, the
time at which infection is most reliably detectable by HIV-1
p24 ELISA.

Comparisons were made between the kinetics of infection
of mucosal explants exposed to two different HIV-1 viral
strains. Explants were infected by either the R5, laboratory-
adapted HIV-1 strain HIV-1BaL or the transmitted/founder
virus, HIV-1CH077, derived by single genome amplification of
HIV-1 RNA isolated from the serum of an individual at the
early stages of infection.35,41 Cumulative supernatant HIV-1
p24 levels often serve as the conventional end point mea-
surement for explant HIV-1 infection. While HIV-1 p24
ELISA is a straightforward, well-established method for which
numerous commercial kits are available, a disadvantage has
been the difficulty in detecting HIV-1 infection at early time
points. This, coupled with the low dynamic range of the assay
that may necessitate dilution of samples with high HIV-1 p24
levels, can compromise the quantitative aspects of the assay. A
recent modification, the AlphaLISA (Perkin Elmer) p24 HIV-1

Table 1B. p-Values for Repeated Measures Analysis

to Determine the First Day with Significant

Increase in Viral Load (HIV-1CHO77 Virus)

Assay
Day 7

(vs. day 4)
Day 11

(vs. day 4)
Day 14

(vs. day 4)

Assay 1 (T, DNA) 0.698 0.053 0.060
Assay 2 (T, DNA) 0.245 0.176 0.048
Integration (T, DNA) 0.847 0.002 0.002
Assay 3 (T, RNA) 0.277 0.059 0.178
Assay 4 (T, RNA) 0.731 0.067 0.040
Assay 3 (S, RNA) 0.251 0.348 0.432
Assay 4 (S, RNA) 0.635 0.800 0.577
HIV-1 p24

(S, HIV-1 p24)
0.349 0.044 0.012

Samples are compared to reference day = 4 because that is the first
day at which we have a sufficient number of samples measured for
each assay for comparison.

Real-time PCR assays and HIV-1 p24 ELISA were performed to
measure levels of HIV-1 nucleic acid and antigen in tissues (T) and
supernatant fluids (S) after infection with HIV-1CH077.

FIG. 4. (A) Scatterplot matrix of tissue assays. A scatterplot depicting the relationships among all five qRT-PCR assays in tissue
is shown. Two qRT-PCR assays for provirus were performed to assess levels of HIV-1 DNA (Assay 1 and Assay 2) and two qRT-
PCR assays detected viral RNA (Assay 3 and Assay 4). HIV-1 DNA integration was detected by a qualitative, nested Alu-gag
PCR assay. T-DNA, tissue HIV-1 DNA; T-RNA, tissue HIV-1 RNA; S-RNA, supernatant HIV-1 RNA. Assay units are the same
as those presented in Figs. 1 and 2. (B) Scatterplot matrix of supernatant fluid assays. A scatterplot depicting the relationships
among all three assays performed on supernatant fluid is shown. Two quantitative real-time assays detected HIV-1 RNA (Assay 3
and Assay 4) and HIV-1 p24 was determined by ELISA. S-RNA, supernatant HIV-1 RNA; S, supernatant HIV-1 p24.
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detection kit, has a greater dynamic range (1.8 pg/ml to
30,000 pg/ml), but samples may still need to be diluted to
conform to the range of the standard curve. PCR, on the other
hand, has a much greater linear dynamic range, from 10 copies
to over 107 copies, and has the potential for being more sen-
sitive than HIV-1 p24 ELISA.

Contrary to expectations, the majority of PCR assays did
not offer any appreciable advantages over HIV-1 p24 ELISA
with respect to early detection of HIV-1. This is in agreement
with reports of a similar time course of accumulation of HIV-1
RNA and HIV-1 p24, determined by qRT-PCR and ELISA in
Hut78 lymphoblastoid cells infected with HIV-1.42 In ex-
plants infected with either HIV-1BaL or HIV-1CH077, the
highest HIV-1 nucleic acid levels were attained at days 11
and 14 after infection, levels that were significantly elevated
above the (Table 1A, 1B) levels observed at day 4 after
infection.

Assay 1, a real-time PCR assay for HIV-1 provirus, was the
only method capable of detecting a significant increase over
baseline in HIV-1 nucleic acids by day 7 after infection. This
occurred in only those biopsies infected with HIV-1BaLwhere
there was a perfect match between the assay primers and
probe and the viral sequence (GenBank accession number
AB253432.1). The other proviral assay tested had a single

mismatch in the reverse primer relative to the HIV-1BaL se-
quence.22 While the mismatch did not occur in an ostensibly
critical location such as the probe or near the 3¢ end of a
primer,43,44 it nevertheless decreased the sensitivity of the
assay by several orders of magnitude. A similar phenomenon
was observed for the transmitted/founder virus HIV-1CH077,

in which Assay 222 matched perfectly with the viral sequence
but Assay 125 had a single mismatch in the reverse primer
relative to the viral sequence (GenBank accession number
JN944909.1), which decreased assay sensitivity.

These results are consistent with the difficulty often en-
countered when attempting to quantify HIV-1 by PCR. HIV-1
has substantial genetic variability due to the high rate of mu-
tation,45,46 error-prone reverse transcriptase,47 and frequent
genetic recombination,48 and it is therefore challenging to
design universal primers and probes that detect all clades and
subtypes of HIV-1.49 It is well known that mismatches be-
tween primers, probes, and target sequences can have detri-
mental effects on the sensitivity of real-time PCR assays.
Malnati et al. performed a systematic examination of the ef-
fects of mismatches between primers and the sequences of
various HIV-1 isolates.25 While mismatches in the forward
primer had only minor effects, single mismatches in the re-
verse primer decreased the sensitivity of the assay by 80% in
some instances, an effect mirrored in the present study.

The two assays for HIV-1 provirus used in this study target
the LTR-gag and the gag genes of HIV-1. While the HIV-1 gag
gene is highly conserved among HIV-1 subtypes, the vari-
ability in this region is greater than previously thought.50,51 As
a consequence, HIV-1 real-time PCR assays have also been
developed that target conserved regions of the HIV-1 LTR. The
two assays chosen to measure viral RNA in the present study
were directed against this region21,24 and there was a complete
concordance between the primer and probe sequences of these
assays and the sequences of the two HIV-1 viral strains used.
Reflecting a difference in the kinetics of infection between
HIV-1BaL and HIV-1CH077, HIV-1 RNA was detectable at 2–4
days after infection in the HIV-1CH077-infected tissues and
ranged from 100 to 1,000 copies/105 copies b-actin, whereas it
was barely detectable at early time points in the HIV-1BaL-
infected tissues. The RNA levels in tissues reached similar
levels by day 11 after infection, however, in tissues infected
with either of the viruses investigated.

Table 2B. Correlations Between Each

Supernatant Fluid Assay Pairing

Assay 3
(S, RNA)

Assay 4
(S, RNA)

HIV-1 p24
(S, HIV-1 p24)

HIV-1BaL — — —
Assay 3 (S, RNA) — — —
Assay 4 (S, RNA) 0.879 — —
HIV-1 p24

(S, HIV-1 p24)
0.362 0.428 —

HIV-1CH077

Assay 3 (S, RNA) — — —
Assay 4 (S, RNA) 0.674 — —
HIV-1 p24

(S, HIV-1 p24)
0.362 0.682 —

Real-time PCR assays and HIV-1 p24 ELISA were performed to
measure levels of HIV-1 nucleic acid and antigen in supernatant
fluids (S) after infection with HIV-1BaL or HIV-1CH077.

Table 2A. Correlations Between Each Tissue Assay Pairing

Assay 1
(T, DNA)

Assay 2
(T, DNA)

Integration
(T, DNA)

Assay 3
(T, RNA)

Assay 4
(T, RNA)

HIV-1BaL

Assay 1 (T, DNA) — — — — —
Assay 2 (T, DNA) 0.960 — — — —
Integration (T, DNA) 0.956 0.952 — — —
Assay 3 (T, RNA) 0.917 0.897 0.926 — —
Assay 4 (T, RNA) 0.921 0.902 0.923 0.965 —

HIV-1CH077

Assay 1 (T, DNA) — — — — —
Assay 2 (T, DNA) 0.700 — — — —
Integration (T, DNA) 0.548 0.538 — — —
Assay 3 (T, RNA) 0.674 0.772 0.597 — —
Assay 4 (T, RNA) 0.175 0.378 0.569 0.518 —

Real-time PCR assays were performed to measure levels of HIV-1 nucleic acid in tissues (T) after infection with HIV-1BaL or HIV-1CH077.
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Similar to HIV-1 RNA in tissues, differences in the ki-
netics of HIV-1 provirus accumulation were also observed
between HIV-1BaL-infected and HIV-1CH077-infected ex-
plant tissues. Considering only the results of the HIV-1 DNA
assay that best matched the sequence of the infecting virus
(Assay 1), the highest levels of provirus were detected by day
11 after infection although higher levels of provirus were
observed in the HIV-1BaL-infected biopsies. At early time
points after infection, HIV-1CH077-infected biopsies ex-
hibited higher levels of HIV-1 provirus, in agreement with
the higher levels of HIV-1 RNA.

There are well-documented differences between transmit-
ted/founder viruses and laboratory-adapted viruses or viruses
isolated from chronically infected individuals. Transmitted/
founder viruses have been cloned by single genome amplifi-
cation from HIV-1 RNA isolated from the plasma of infected
individuals at the early stages of infection.35,41,52 These viruses
are known to have a high degree of infectivity, increased env
(viral envelope) expression, more efficient binding to dendritic
cells, and more resistance to interferon alpha.52–54 Dendritic
cells are believed to be the initial targets of HIV-1 in the gas-
trointestinal tract and they are known to transmit virus to CD4+

lymphocytes.55 HIV-1 infects cells primarily through CD4+

receptors and one of two coreceptors, CCR5 or CXCR4.55–59

As most acute HIV-1 infections are transmitted preferentially
through the CCR5 coreceptor,59 transmitted/founder viruses
thus utilize CCR5 and only rarely CXCR4.35,41,60 HIV-1CH077,
however, is one of the few transmitted/founder viruses that
have been reported to have dual tropism.35,61 It is capable of
infecting PBMCs from individuals homozygous for the
CCR5D32 mutation, which display a truncated CCR5 receptor
protein.62,63 Furthermore, it can infect cells in the presence of
CCR5 receptor inhibitors and can infect NP2 CD4+/CXCR4+

cells.35,61

Laboratory-adapted HIV-1BaL, on the other hand, infects
CD4+ T cells through CD4+ receptors and CCR5 coreceptors
but does not utilize CXCR4.64 It infects monocyte-derived
macrophages as well as CD4+ T cells whereas HIV-1CH077

infects primarily CD4+ T cells and macrophages only ineffi-
ciently.35 How this relates to the kinetics of viral replication
observed in these studies is unclear; however, there may be
some evidence of more efficient infection in the HIV-1CH077-
infected biopsies due to the higher levels of HIV-1 RNA at
early time points after infection. It is unresolved, however,
whether the increased levels of HIV-1 RNA in the HIV-1CH077-
infected biopsies are indicative of productive infection or
merely virus that has adhered to target cells prior to the in-
fection process. Furthermore, it is not known if the increased
viral nucleic acids represent replication-competent virus as
PCR does not distinguish between viable and defective virus.

The extent of HIV-1 DNA integration was also estimated
in this study by Alu-gag PCR.33 Integration of HIV-1 DNA
into the host genome is a critical component of the HIV-1 life
cycle as virtually all viral replication occurs from integrated
provirus.26–28 In the mucosal explants infected with HIV-1 ex
vivo, the highest levels of integrated HIV-1 DNA were ob-
served at day 11 in the HIV-1BaL-infected biopsies and day 14
in the HIV-1CH077-infected biopsies. The levels of integrated
HIV-1 DNA correlated with levels of total provirus as well as
HIV-1 RNA in tissues. A limitation of the assay in the de-
tection of integrated HIV-1CH077 is a mismatch in the reverse
primer in the real-time PCR assay relative to the HIV-1CH077

target sequence. Nevertheless, the pattern of accumulation of
integrated HIV-1 in the transmitted/founder virus was the
same as that observed for the HIV-1BaL-infected biopsies,
with peak amounts detected at days 11 and 14 after infection.

This research study investigated the utility of qRT-PCR as
a sensitive alternative endpoint to HIV-1 p24 ELISA for
measuring the extent of HIV-1 infection in rectal mucosal
biopsies infected with HIV-1 ex vivo. While qRT-PCR did
not appreciably decrease the time at which HIV-1 infection
could be reliably detected, it did provide additional infor-
mation regarding the kinetics of HIV-1 nucleic acid accu-
mulation in the tissues infected under these experimental
conditions. It is particularly useful when measuring HIV-1 at
later time points when HIV-1 nucleic acids are abundant.
Sensitivity at earlier time points can be augmented by the use
of methods such as droplet digital PCR, which was developed
to identify rare events in experimental samples.65

Droplet digital PCR may also circumvent the problems
encountered due to viral sequence heterogeneity. When
performing ex vivo explant experiments and infecting with a
well-characterized and sequenced virus, the assay can easily
be tailored to the virus being investigated. When dealing with
uncharacterized viruses, however, droplet digital PCR for
HIV-1 detection may then be a better option as it reported to
be less susceptible to mismatches between primers, probes,
and the target sequence.65 Despite these potential difficulties
with detection, qRT-PCR offers other advantages in that
multiple stages of the HIV-1 life cycle can be monitored
simultaneously, thereby providing valuable biological in-
formation regarding viral replication.
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