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Abstract

In clinical trials evaluating HIV-1 prevention products, ex vivo exposure of mucosal tissue to HIV-1 is per-
formed to inform drug levels needed to suppress viral infection. Understanding assay and participant variables
that influence HIV-1 replication will help with assay implementation. Demographic and behavioral data were
obtained from 61 healthy women aged 21–45. Paired cervical tissue (CT) and vaginal tissue (VT) biopsies were
collected and treated with HIV-1BaL or HIV-1JR-CSF, washed, and cultured. On days 3, 7, and/or 11, culture
supernatant was collected, and viral replication was monitored by p24 ELISA. Tissue was extracted at study end,
and HIV-1 relative RNA copies were determined by polymerase chain reaction. Cumulative p24 and RNA were
log-transformed and analyzed using a linear mixed model, t-test, and an intraclass correlation coefficient (ICC).
HIV replication was similar between CT and VT for each virus, but HIV-1BaL had 1.5 log10 and 0.9 log10 higher
levels of p24 than HIV-1JR-CSF in CT and VT, respectively ( p < .001), which correlated with HIV-1 relative RNA
copies. Cumulative p24 and RNA copies in both tissues demonstrated low intraperson correlation for both viruses
(ICC £0.513 HIV-1BaL; ICC £0.419 HIV-1JR-CSF). Enrollment into previous clinical studies in which genital
biopsies were collected modestly decreased the HIV-1BaL cumulative p24 for CT, but not for VT. To improve the
ex vivo challenge assay, viruses should be evaluated for replication in mucosal tissue before study implementation,
baseline mucosal tissue is not needed if a placebo/no treatment group is included within the clinical trial, and
previous biopsy sites should be avoided.
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Introduction

In recent HIV prevention phase 1/2 clinical trials, em-
phasis has been placed on developing pharmacokinetic

(PK)/pharmacodynamic (PD) relationships to define effec-
tive concentrations of drug needed to prevent HIV infection.
The PD data are generated using mucosal tissue biopsies
obtained from trial participants and exposed to HIV in the
laboratory, termed the ‘‘ex vivo challenge assay.’’ Viral
replication is monitored after a short culture period (11–
14 days) through the detection of a viral protein, p24, in the
culture supernatant. Drug effectiveness is assessed by
comparing p24 concentrations from baseline tissue (before
product use) or placebo product user’s tissue to p24 con-
centrations from active product user’s tissue. However, the

capacity of mucosal tissue collected from baseline visits or
placebo users to robustly replicate HIV-1 has shown a great
deal of heterogeneity as is exemplified by cumulative p24
values which range over 4 log10.1–9 The p24 heterogeneity
in colorectal tissue is tempered somewhat due to the greater
numbers of tissue biopsies that are collected for PD assess-
ments (up to 4) and are averaged.1,2,8,9 For cervical tissue (CT)
and vaginal tissue (VT), a single biopsy is used for PD as-
sessments, and the breadth of p24 values is greater than co-
lorectal tissue.3–5,7 This is due to the limited numbers of
cervical/vaginal biopsies that can be collected at any one visit
for each participant during the clinical trial.

Understanding the inherent variability of HIV-1 replica-
tion in mucosal tissue is important for defining effective
concentrations of antiretroviral drugs. If tissues from baseline
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or placebo/untreated group do not demonstrate sufficient
viral replication, the effective concentration of an active
product may be more difficult to determine. Several variables
could impact the interpretation of the ex vivo challenge assay
results. These include those associated with the assay di-
rectly, such as the viral isolate used to infect mucosal tissue
and the number of days the supernatant is collected, and/or
those associated with the study participants, such as the
number of biopsies collected per participant and whether
mucosal biopsies have been taken in previous studies. Our
goal was to systematically evaluate these variables to inform
the use of the ex vivo challenge assay in future clinical studies
intended to define a biomarker of drug efficacy for HIV-1
prevention.

Materials and Methods

Reagents

Tissue culture base medium was purchased from Media-
tech, Inc. (Manassas, VA); supplements were purchased from
Gemini Bio-Products (West Sacramento, CA) or Lonza
(Walkersville, MD); and interleukin-2 was purchased from
Roche (Indianapolis, IN). HIV-1BaL was expanded in acti-
vated human peripheral blood mononuclear cells (PBMCs;
Central Blood Bank, Pittsburgh, PA), and HIV-1JR-CSF was
an infectious molecular clone transfected into 293T cells (gift
from C. Ochsenbauer, University of Alabama, Birmingham);
both viruses were obtained from the NIH AIDS Reagent
Program. Tissue culture infectious doses at 50% (TCID50)
were determined in PBMCs.10

Participant recruitment and tissue collection

Healthy women aged 18–45 years old provided written
informed consent (PRO13120447; approved by the Uni-
versity of Pittsburgh Institutional Review Board). The par-
ticipants were free from abnormal vaginal discharge and
sexually transmitted diseases, including Trichomonas vagi-
nalis, Neisseria gonorrhoeae, and Chlamydia trachomatis.
HIV rapid tests confirmed their negative serostatus. Pregnant
and menopausal women were excluded. Demographic (race/
ethnicity) and behavioral data were collected. The behavioral
data encompassed the date of their most recent vaginal in-
tercourse, participation in previous clinical trials in which
genital biopsies were collected, and smoking status.

Using Tischler forceps, full-thickness tissue biopsies mea-
suring 5 · 3 mm were obtained from the ectocervix (CT)
with a weight of 15.5 – 28.6 mg (mean – standard deviation)
and from the proximal vaginal wall (VT) with a weight of
9.9 – 5.6 mg. The CT and VT were brought to the laboratory
within 30 min of collection.

HIV replication in mucosal tissue

For the first 31 women, 4 CT and 4 VT were collected; 2 of
each CT and VT were exposed separately to 5 · 104 TCID50

of HIV-1BaL or HIV-1JR-CSF for 2 h, washed, weighed, and
then placed in individual wells of a 48-well plate with com-
plete medium. On days 4, 7, and 11, culture supernatant
was collected and stored; fresh medium was replenished on
days 4 and 7.

For the next 30 women, 2 CT and 2 VT biopsies were
obtained and exposed to 5 · 104 TCID50 of HIV-1BaL for 2 h,

washed, weighed, and then placed in individual wells of a 48-
well plate with complete medium. Viral p24 from one CT and
VT was quantified through day 7 of culture, and the second
CT and VT were quantified through day 11 of culture to
determine optimal day for completion of the assay. Culture
supernatant was collected on days 4 and 7 for all biopsies and
on day 11 for those remaining in culture until day 11.

Culture supernatant was evaluated for p24gag production
by the high sensitivity AlphaLISA (PerkinElmer, Waltham,
MA). Cumulative p24 was obtained by adding the p24 values
from days 4, 7, and/or 11 and correcting for the initial biopsy
weight. HIV replication was defined as cumulative p24 of
>7.6 pg/mg for CT and >11.9 pg/mg, which was twofold
above the mean weight corrected lower limit of detection
(117.6 pg/ml) of the assay.

Tissue at the end of study was placed in RNA later (In-
vitrogen, Carlsbad, CA) and stored at -80�C until the RNA
was extracted using the RNeasy Mini Kit (Qiagen, Ger-
mantown, MD). RNA was converted to cDNA using the
SuperScript VILO cDNA Synthesis Kit (Invitrogen) and
amplified for HIV-1 with primers designed to cross the donor/
acceptor site. An endogenous control of CD3e (Thermo
Fisher) was also amplified to provide an estimate of T cells in
the tissue. The copies of HIV-1 and CD3e RNA were related
to a titration of cDNA from the ACH-2 cell line, which is a T
cell clone with one proviral HIV-1 copy per cell,11 and re-
ported as relative copies.

Statistical analyses

Viral p24 values were corrected for their weight by di-
viding p24 by weight and log-transformed. Intraclass corre-
lation coefficients (ICCs) were calculated to examine the
intraperson variation. To compare cumulative p24 between
tissues infected by HIV-1BaL and HIV-1JR-CSF or between CT
and VT biopsies, we used a linear mixed model (LMM) with
log10 (weight-corrected cumulative p24) as response vari-
able, HIV type (or tissue type) as fixed effect, and subjects as
random effects, to adjust for intraperson correlation. A t-test,
which assumes that all samples are independent (no intra-
person correlation), was also run.

To compare day 7 versus day 11 p24, a LMM was fit with
log10 (p24_day 11) - log10 (p24_day 7) as response variable
and subjects as random effects and followed by paired t-test,
which assumes independence of the tissues.

To inform the design of the future clinical trial, we cal-
culated sample size needed to detect a 1 log10 reduction in
cumulative p24 in the active treatment group relative to the
placebo treatment group with 80% power.

All analyses were performed using R 3.2.3 (R Foundation
for Statistical Computing, Vienna, Austria; https://www.R-
project.org); the sample size calculation was conducted using
PASS 14 [PASS 14 Power Analysis and Sample Size Soft-
ware (2015); NCSS, LLC, Kaysville, UT].

Results

Study population

Women recruited to participate in this study were 29 years
old (mean; range 20–45) (Table 1). Approximately 40% of
the women had enrolled in one or more previous clinical
studies that obtained cervical and/or vaginal biopsies. Our
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study population resembled those typically recruited for HIV
prevention trials, which were composed of healthy reproductive-
aged women.3,4,12,13

Reproducibility of HIV-1 replication
in CT and VT biopsies

Four CT and four VT biopsies were obtained, and paired
CT and VT biopsies were exposed to HIV-1BaL or HIV-1JR-CSF

in the same manner as would be used in the ex vivo challenge
assay. Cumulative p24 through day 11 of culture showed
significant intraperson variation as characterized by the low
(£0.438) ICC for HIV-1BaL (Fig. 1A, B) and HIV-1JR-CSF

(Fig. 1C, D) replicating in either CT (Fig. 1A, C) or VT
(Fig. 1B, D).

HIV-1BaL cumulative p24 was greater in CT and VT than
HIV-1JR-CSF. Within the CT, 11 paired biopsies did not rep-
licate HIV-1JR-CSF (Fig. 1C) compared to zero paired biopsies
not replicating HIV-1BaL (Fig. 1A). Within the VT, six paired
biopsies did not replicate HIV-1JR-CSF (Fig. 1D) compared to
zero paired biopsies not replicating HIV-1BaL (Fig. 1B). HIV-
1BaL produced 1.5 log10 in CT and 0.9 log10 in VT higher
quantities of cumulative p24 pg/mg than HIV-1JR-CSF (LMM
and t-test p < .0001) (Fig. 1E). HIV-1BaL replicated equally
well in CT and VT (LMM p = .9439, t-test p = .9543), while
HIV-1JR-CSF replicated better in VT compared to CT (LMM
p = .0016, t-test p = .0036).

Comparison of cumulative p24 to viral RNA

The use of cumulative p24 has become the standard in
reporting results for the ex vivo challenge assay.1–9,14 How-
ever, viral RNA or DNA could also be used for quantification.
We investigated tissue-associated viral RNA as a second
measure of viral replication in the tissue. Similar to the cu-

mulative p24, the intraperson variation as measured by HIV-
1 relative RNA copies was characterized by low ICCs in CT
and VT for HIV-1BaL (ICC = 0.513 and 0.408, respectively)
and for HIV-1JR-CSF (ICC = 0.336 and 0.252, respectively).
The HIV-1 relative RNA copies demonstrated positive cor-
relations ( p £ .0078) to the cumulative p24 for HIV-1BaL and
HIV-1JR-CSF in CT (Supplementary Fig. S1A, C; Supple-
mentary Data are available online at www.liebertpub.com/
aid) and VT (Supplementary Fig. S1B, D).

Viral RNA copies generally were not correlated with CD3e
or 18s RNA expression (data not shown). VT expressed
higher relative copies of CD3e compared to CT (ANOVA,
Dunn’s multiple comparisons p < .003) (Supplementary
Fig. S1E), indicating either greater numbers of or more ac-
tive transcription in the CD3e expressing cell population. No
difference in the relative copies of 18s was noted between
CT and VT (ANOVA, Kruskal–Wallis test) (Supplementary
Fig. S1F), suggesting consistency between the tissues for
general RNA levels. The relative HIV-1 RNA copies were
consistent with the cumulative p24 data, which showed that
HIV-1BaL replicated to significantly higher quantities than
HIV-1JR-CSF (LMM and t-test p < .0001) (Fig. 1F).

Impact of previous biopsy collection
on HIV-1 replication

Recruitment of participants in phase 1 clinical trials often
is done through use of lists of volunteers who make them-
selves available for studies that interest them. Thus some
participants may have joined in previous clinical studies in
which mucosal biopsies were collected. Approximately 40%
previously participated in a clinical study that collected
cervical and/or vaginal biopsies. Comparing the cumulative
p24 of HIV-1BaL in those women who had not participated in
clinical studies collecting biopsies with those women who
did, a five-fold decrease in cumulative p24 was found in CT
(LMM p = .012; t-test p = .006) (Fig. 2A), but not in VT
(Fig. 2B). When comparing the cumulative p24 of HIV-1JR-CSF,
the opposite results were found; no difference in cumulative
p24 was found in CT (Fig. 2C), but a 41-fold decrease was
found in VT (LMM p = .0206; t-test p = .0027) (Fig. 2D) in
those women participating in previous clinical studies col-
lecting biopsies.

Effect of culture period on HIV-1 replication

Because HIV-1BaL had more robust replication, it was used
to evaluate the length of the culture period. Paired CT and VT
biopsies were collected, and one of each was cultured through
day 7 and the other through day 11. Cumulative p24 was 1.18
log10 pg/mg for CT (Fig. 3A) and 1.09 log10 pg/mg for VT
(Fig. 3B) higher for day 11 than day 7 of culture. While this
was a significant increase in cumulative p24 overall for day
11 (LMM and t-test p < .0001) (Fig. 3C), some tissues had
lower cumulative p24 on day 11 compared to day 7 (Fig. 3A, B).

Sample size calculation

One of the goals of defining tissue PD is to show a reduced
cumulative p24 of the active treatment group relative to the
baseline specimens or placebo treatment group. A sample
size calculation was done to determine how many tissue bi-
opsies would be needed to detect a 1 log10 reduction in

Table 1. Participant Demographic and Behavior

Measurements

Demographic n (%)

Race
Asian 3 (4.9)
Black 17 (27.9)
White 34 (55.7)
Other 7 (11.5)

Ethnicity
Hispanic 1 (1.6)
Not Hispanic 60 (98.4)

Behavior
Current smoker 14 (23.0)
Contraceptiona

Oral pills 12 (19.7)
Depot medroxyprogesterone acetate injection 2 (3.8)
Intrauterine device 13 (21.3)
Condom 19 (31.1)
Bi-tubal ligation 5 (8.2)
Not sexually active with a man 9 (14.8)

Participated in previous clinical study
collecting cervical/vaginal biopsies?
Yes 24 (39.3)
No 37 (60.7)

aContraception grouping is not mutually exclusive.
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FIG. 1. Reproducibility of
HIV-1 replication in mucosal
tissue. Two CT and VT bi-
opsies were collected from
31 participants and exposed
to either HIV-1BaL or HIV-
1JR-CSF and followed in cul-
ture for 11 days. Cumulative
p24 was corrected for biopsy
weight and log-transformed.
Intraperson variability was
tested using ICC. HIV-1BaL

(A, B) and HIV-1JR-CSF

(C, D) ICC was poor (<0.4)
to fair (0.4–0.59). Overall,
HIV-1BaL replicated to high-
er levels than HIV-1JR-CSF.
HIV-1BaL demonstrated bet-
ter cumulative p24 (E) and
HIV-1 relative RNA copies
(F) than HIV-1JR-CSF in CT
and VT. p values were the
same for the LMM and t-test
( p < .0001). CT, cervical tis-
sue; ICC, intraclass correla-
tion coefficient; LMM, linear
mixed model; VT, vaginal
tissue.

FIG. 2. HIV-1 replication
in mucosal tissue collected
from women with a history
of previous biopsy collec-
tion. Of the overall 61 par-
ticipants, 91 CT (A, C) and
VT (B, D) biopsies were ex-
posed with HIV-1BaL (A, B),
and 61 CT and VT were ex-
posed to HIV-1JR-CSF (C, D).
Cumulative p24 was com-
pared between those women
who had no previous CT or
VT biopsies and those wo-
men who previously partici-
pated in a clinical trial with
CT and/or VT biopsy collec-
tion. Significant differences
were defined using a LMM.
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cumulative p24 (Table 2). Comparable numbers of CT and
VT biopsies (26 and 22, respectively) were needed for HIV-
1BaL, which reflects the similar cumulative p24 in both tissue
types. However, more VT biopsies would be needed than CT
biopsies (48 and 32, respectively) for HIV-1JR-CSF, due to the
greater variability in HIV replication in VT compared to CT.

Discussion

The ex vivo challenge assay was created to define drug
concentrations needed to prevent HIV-1 infection of mucosal
tissue. The assay can provide reassurance to product devel-
opers that the drug was effective in the tissue most likely to
first encounter HIV-1. Reproducible, robust HIV-1 replica-
tion in mucosal tissue used in the ex vivo challenge assay is
needed to establish the background viral replication to define
the PD effects of antiretroviral drugs. However, variable viral
replication in the baseline and/or placebo treated tissues
could underestimate the drug’s effective concentration de-
termined by the model, so assay and participant variables
were evaluated. Assay variables showed that a robust repli-
cating virus was needed to generate high p24 concentrations
or viral RNA copies, which were also dependent on the day of
culture. Participant variables showed inherent intraperson
variability in HIV-1 replication, and previous biopsy col-
lection had a modest effect on the capacity of tissue to rep-
licate HIV. Based on these data, a relatively high sample size
of *24 biopsies would be needed to detect a 1 log10 reduc-
tion in cumulative p24.

Characterization of HIV-1 from early mucosal transmis-
sion events has shown these viruses to be CCR5 depen-
dent.15–17 Consequently, CCR5-dependent HIV-1 was used

for the ex vivo challenge assay. HIV-1BaL has been used most
often as it replicates well in mucosal tissue and retains the use
of CCR5.2,18 However, HIV-1BaL was isolated in the early
1980s from lung tissue of a child with AIDS19 and it has been
propagated in the laboratory since that time. While HIV-1JR-

CSF was isolated from the cerebrospinal fluid of an HIV-1
infected person with dementia in the 1980s as well,20 an
infectious molecular clone was created so viral evolution by
laboratory propagation would be minimized.

Despite both viruses utilizing CCR5, HIV-1BaL infects
macrophage and T cells equally well, while HIV-1JR-CSF

infects macrophage poorly and T cells efficiently.21 Infection
predominately in CCR5+/CD4(low)+ T cells is a character-
istic of viruses isolated soon after transmission,16,22 which is
why HIV-1JR-CSF was included in this study as it has these
early transmission characteristics. HIV-1JR-CSF replicated
less well than HIV-1BaL as evidenced by lower cumulative
p24 and relative RNA copies. This was unexpected as others
have shown that HIV-1JR-CSF will replicate in VT.23 How-
ever, 2–3 log10 more HIV-1JR-CSF was used to infect the VT
in the referenced study compared to the amount of virus used
in this study. We have shown that HIV-1JR-CSF does replicate
well in activated ectocervical and colonic explant tissue,24,25

but the tissue used in the ex vivo challenge assay was not
activated. HIV-1JR-CSF may require higher levels of dNTP
pools or lower activity of the sterile alpha motif and HD-
domain containing protein 1 (SAMHD1), which are found in
activated cells,26,27 compared to HIV-1BaL.

While only HIV-1BaL and HIV-1JR-CSF were the focus in
this study, other viruses representative of the geographic re-
gions where the HIV-1 prevention product will be used or
even infectious drug resistant viruses should be considered to
fully evaluate the potential efficacy of an HIV-1 prevention
product. Our data suggest that before use for a clinical study,
the viruses should be evaluated for their capacity to replicate
in mucosal tissue to ensure their fitness.

While there are abundant HIV-1 immune targets such as
Langerhans cells, dendritic cells, lymphocytes, and mac-
rophages in the cervix and vagina,28–30 there is heteroge-
neity of immune cell populations distributed across the
organ with identified lymphoid aggregates.29 CT and VT
supported HIV-1 infection and replication as noted in this
study, but the tissues from the same person demonstrated
considerable variability in cumulative p24 and viral RNA
transcripts, similar to tissues between different women

FIG. 3. Influence of the ex vivo challenge day of culture on cumulative p24. Paired CT (A) and VT (B) biopsies were
collected from 30 participants and exposed to HIV-1BaL and followed in culture for 7 or 11 days. Cumulative p24 was
corrected for biopsy weight and log-transformed. Significantly greater cumulative p24 was observed on day 11 compared to
day 7 (C) (LMM and t-test).

Table 2. Summary and Power Analysis

of Cumulative p24

Tissue, HIV-1
Cumulative log10 p24,

pg/mg, mean – SD
N per
groupa

Cervix, BaL 2.712627 – 0.8662082 26
Cervix, JR-CSF 1.172574 – 0.9503544 32
Vagina, BaL 2.782427 – 0.772591 22
Vagina, JR-CSF 1.903719 – 1.191362 48

aThe number of tissue biopsies needed to detect a 1 log10 difference
in cumulative p24 with 80% statistical power at alpha = 0.05.

SD, standard deviation.

HIV-1 REPLICATION IN GENITAL TISSUE 189



reflecting the heterogeneity of immune cell populations
within the CT and VT.

When we evaluated if participation in previous clinical
studies collecting cervical and/or vaginal biopsies influenced
the capacity to replicate HIV-1, HIV-1BaL replication was
modestly affected with a five-fold reduction in cumulative
p24 in CT, but no significant difference in VT was found. The
opposite result was noted for HIV-1JR-CSF; VT demonstrated
a significant reduction in cumulative p24 with no effect in
viral replication from CT. The impact of repeat biopsy col-
lection on HIV-1JR-CSF replication could be influenced by the
overall poor replication of this virus in mucosal tissue. Due to
the greater surface area, the likelihood of repeatedly taking
biopsies from the same sites in the vagina is less compared to
the smaller surface area of the cervix. Repeated tissue biopsy
collection may result in a reduction or alteration in immune
cell composition resulting in the modest decrease in the ca-
pacity of HIV-1 to infect the biopsied tissue. We were limited
on the amount of tissue collected and could not confirm these
findings by characterizing the immune cell populations in the
CT or VT. While we did quantify the relative RNA copies of
CD3e expressed, representative of T cells, in the tissue, which
were greater in the VT than the CT, precisely quantifying cell
numbers will require additional studies. However, some of
the repeat biopsy effects could be minimized if chart notes are
made of the biopsy locations for each participant, and those
locations could be avoided in subsequent studies.

Semen can influence the immune cell composition of the
female genital tract. By 12 h, an increase in immune cell re-
cruitment in the cervix has been documented after coitus
without a condom, but not after coitus with a condom,31 and
was associated with increased production of inflammatory cy-
tokines and chemokines, which influenced the leukocyte mi-
gration.31–33 The increase in potential target cells along with a
possible pro-inflammatory milieu could increase HIV-1 sus-
ceptibility. All of the participants in this study, if they were
sexually active, had their last sexual act greater than 48 h from
the time the CT and VT were collected, thus making a temporal
linkage between recent sexual activity and HIV-1 replication
difficult. How long semen can influence genital immune cell
populations and a pro-inflammatory milieu has not been de-
fined. Moreover, it is not known if multiple exposures to semen
have an additive effect on immune cell recruitment or if a
steady state of immune cells is maintained. While some clinical
trials are now incorporating coitus in to their design to under-
stand the impact of intercourse/semen on drug PK,34,35 women
recruited into phase 1/2 clinical trials typically are expected to
refrain from coitus for at least 48 h before their visit so the
impact of semen should be minimized.

The variability of viral replication in CT and VT resulted in
*24 persons that would need to be enrolled or biopsies to be
collected in a clinical trial to determine a 1 log10 decrease in
p24. Furthermore, the 1 log10 decrease in p24 was dependent
on the HIV-1 isolate used for the ex vivo challenge assay as
more persons would need to be enrolled if using a poorly
replicating virus, such as HIV-1JR-CSF. In another analysis
evaluating ex vivo challenge data from several laboratories,
high CT and VT p24 variability, similar to our findings, was
reported.14 A power analysis noted that the number of tissues
needed for a 1 log10 decrease in HIV-1BaL p24 was 21 for CT
(range 13–28) and 10 for VT (range 4–24) for participants/
biopsies. To reduce the number of participants needed for the

clinical trial, the number of tissue biopsies collected per par-
ticipant could be increased. Unlike colorectal tissue where up
to 20–30 tissue biopsies have been collected per participant
with 4 of them used for the ex vivo challenge assay,8,9 the
number of tissue biopsies from CT and VT is limited and
typically has been up to 4 and 5 in total, respectively.7 Despite
these limited numbers, PK/PD associations using the ex vivo
challenge assay with CT and VT have been characterized in
several clinical trials.3–7 With the refinements noted in this
study, more precise PK/PD associations may be possible.

Assay and participant variables have been identified that can
be incorporated into the design of clinical trials using the ex
vivo challenge to define PK/PD correlations. While the goal is
to characterize effective drug concentrations for HIV-1 sup-
pression, there are limitations to the assay. It should be noted
that the amount of drug needed to suppress HIV-1 in the ex
vivo challenge assay due to high viral titers used in the assay
may exceed the amount of drug needed to prevent HIV-1 ac-
quisition in persons participating in a randomized control trial
as the concentrations of HIV-1 in semen, even during primary
infection, are likely lower.36,37 Moreover, PK assessments
capture drug levels at specified times after dosing as tissues are
immediately frozen when collected, while PD assessments are
cultured for a short period of time during which drug can be
washed away.5 This may result in an overestimation of the
amount of drug needed for viral suppression. However, phar-
macometric modeling work is being done to help interpret
these assay nuances.38,39 The work presented in this study
should refine the ex vivo challenge assay to optimize its in-
corporation into the clinical study design.
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