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Abstract

The ex vivo challenge assay is being increasingly used as an efficacy endpoint during early human clinical trials
of HIV prevention treatments. There is no standard methodology for the ex vivo challenge assay, although the
use of different data collection methods and analytical parameters may impact results and reduce the compa-
rability of findings between trials. In this analysis, we describe the impact of data imputation methods, kit type,
testing schedule and tissue type on variability, statistical power, and ex vivo HIV growth kinetics. Data were
p24 antigen (pg/ml) measurements collected from clinical trials of candidate microbicides where rectal
(n = 502), cervical (n = 88), and vaginal (n = 110) tissues were challenged with HIV-1BaL ex vivo. Imputation of
missing data using a nonlinear mixed effect model was found to provide an improved fit compared to impu-
tation using half the limit of detection. The rectal virus growth period was found to be earlier and of a relatively
shorter duration than the growth period for cervical and vaginal tissue types. On average, only four rectal tissue
challenge assays in each treatment and control group would be needed to find a one log difference in p24 to be
significant (alpha = 0.05), but a larger sample size was predicted to be needed for either cervical (n = 21) or
vaginal (n = 10) tissue comparisons. Overall, the results indicated that improvements could be made in the
design and analysis of the ex vivo challenge assay to provide a more standardized and powerful assay to
compare efficacy of microbicide products.
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Introduction

H iv infects predominantly through the mucosal
tissue following sexual intercourse; therefore, the fe-

male genital tract (vaginal and cervical) as well as the rectal
mucosae have been extensively studied. Consequently, HIV
prevention products aim to prevent the sexual transmission of
HIV-1. HIV-1 infection of human genital and rectal tract
tissues biopsied from individuals following an in vivo HIV-1
prevention regimen has been used as a measure of drug ef-
ficacy and is referred to as the ‘‘ex vivo challenge assay.’’ In

the ex vivo challenge assay, fresh tissue samples are infected
with HIV-1; then, after a washout, HIV-1 growth is monitored in
the tissue supernatant for up to 21 days postinfection. Virus levels
in the tissue supernatant are tested every 1–4 days, and low or no
HIV-1 growth indicates treatment efficacy. There is currently no
standard methodology for the ex vivo challenge assay, although
this assay is increasingly being used as an exploratory endpoint in
phase 1 and 2 clinical trials of candidate microbicides.1–6

HIV-1 infection can be measured with HIV-1 RNA and
DNA by real-time polymerase chain reaction7–9 and fixing
the tissue for immunohistochemistry to detect p24 expressing
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cells.10 The p24 antigen release assay has been the most
commonly used viral endpoint to measure ex vivo HIV-1
growth in rectal,11 cervical, and vaginal tissue.10 The purpose
of this article is to present an interlaboratory retrospective
analysis of ex vivo challenge p24 antigen release data to help
improve and standardize ex vivo challenge assay methodol-
ogy to allow for comparisons of treatment efficacy across
laboratories, studies, and tissue types.

Analytical measurements, such as the p24 antigen assay,
have a limit of detection (LOD) that is the lowest concen-
tration that can be determined to be statistically different
from a blank measurement. For some assays, a lower limit of
quantification (LLOQ) is used as the lowest concentration
measured with precision and accuracy. Values below the
LOD or LLOQ are referred to as ‘‘left censored,’’ that is when
a measurement below a lower limit is made, the concentra-
tion is unknown and reported as either missing or zero. It has
been shown that the logic underlying not reporting left-
censored values is flawed as distortions in values above the
LOD can be worse than those below the LOD.12 In addition,
prediction of values below the LLOQ can provide more in-
formation than the mere statement that the value is less than
the LLOQ.13 Indeed, in the ex vivo challenge assay, left-
censored values of low or no virus growth indicate success-
ful virus suppression. As virus growth measurements are
log-normally distributed,14 virus growth data are often log
transformed to use standard, parametric statistical methods,
and therefore, a data imputation method is needed to retain
such instances of HIV suppression. Statistical methods that
account for left-censored data have been developed particu-
larly for measurement of environmental contaminants15 and
virological research.16 Four imputation methods, including
simple substitution and more complex model-based appro-
aches,17 were compared here with the goal of finding an opti-
mum method for both ease of application and model fit for the
ex vivo challenge assay.

In the ex vivo challenge assay, the frequency and sequence
of testing days are not standardized but chosen by the labo-
ratory to capture the time period of likely virus growth.
Choice of the frequency and duration of testing days can be
based on scientific and logistical factors, especially if the
assay is run within the context of a multi-site clinical trial.
Ideally, fresh tissue is started in culture shortly after (e.g.,
1–2 h) biopsy collection,18 placing the burden of supernatant
collection on a local laboratory team. Minimizing the number
of testing time points and/or duration of the assay would
increase the feasibility of running this assay. In this large
retrospective analysis, virus growth kinetics were compared
across laboratories and tissue types to determine the active
virus growth periods in rectal, vaginal, and cervical tissues
during the ex vivo challenge assay.

The statistical power of an experiment is the likelihood that
a study will detect a statistically significant effect when there
is a true difference. Statistical power is driven by the size of
the difference to be detected and the variability in the data.
The statistical power of a treatment versus placebo/control
comparison using the ex vivo challenge assay is affected by
the virus endpoint, number of testing days collected, and
variability inherent in the tissue and assay methods used.
Variability across different p24 endpoints has been com-
pared. A cross-sectional index calculated from a growth
curve reflective of the virus growth achieved in an assay

(SOFT), a cumulative p24 endpoint (i.e., sum of all p24
measurements across the duration of the assay), and p24 on
specific days were found to provide less measurement vari-
ability than the AUC (i.e., area under the virus growth curve)
and slope of the virus growth curve.2,14 The cumulative p24
endpoint is now widely used as a readily calculable mea-
surement that captures the total virus growth achieved in an
assay.19–23 The number of testing days used will have a direct
impact on the value of the cumulative p24 endpoint as more
frequent testing over longer assay durations will likely in-
crease cumulative p24 measurements. In addition, variability
in the cumulative p24 endpoint may not be equivalent across
different tissue types or laboratory methods. The expected
difference in cumulative p24 between a treatment and a
control condition and the variability in these measurements
will have a direct impact on statistical power. Statistical
power was compared here for rectal, cervical, and vaginal
data to determine the number of tissue samples that would be
needed, per treatment group, to find a one log10 difference in
virus growth to be statistically significant.

Imputation methods, virus growth kinetics, and statistical
power were compared using a multistudy data set compiled
from clinical trials of HIV microbicides where p24 mea-
surements were collected during the ex vivo challenge as-
say.3–6,10,18,24 Only those tissue samples collected from
nontreated subjects at baseline or following a placebo treat-
ment were used to provide a large homogeneous data set of
nondrug-treated ex vivo human tissues infected with HIV-
1BaL at *104 TCID50 (50% Tissue Culture Infective Dose; a
measure of infectious virus titer).

Materials and Methods

Data Sources and Inclusion Criteria

Data were p24 antigen (pg/ml) measurements collected
from early phase clinical trials of candidate microbicides.
The p24 antigen assay was used to measure HIV-1BaL con-
centration postinfection of biopsy tissues (rectal, vaginal, and
cervical) during the ex vivo challenge assay. The first ex vivo
challenge phase 1 experiment compared two infectious doses
of HIV-1 BaL, 102 and 104 TCID50: 100% of biopsies were
infected at baseline with the higher titer, whereas only about
60% were infected with the lower titer.3 All data in this study
were from tissue samples infected with 104 TCID50. Data
were included in this study if the p24 measurements were
from the following: (1) a rectal, vaginal, or cervical human
tissue biopsy following ex vivo infection with *104 TCID50

HIV-1BaL, (2) a phase 1 or 2 clinical trial testing a candidate
oral PrEP or microbicide product with in vivo treatment
followed by ex vivo challenge assay, (3) fresh (not frozen)
tissue samples, and (4) a baseline, placebo, or no treatment
condition.

Ex vivo challenge assay

The assay methodologies used for the p24 data sets have
been reported in detail elsewhere3,6,10 and are summarized
here in Tables 1 and 2. Generally, the ex vivo challenge assays
used tissue biopsies collected from human subjects by en-
doscopy (rectal biopsies) or direct biopsy (cervical or vaginal
biopsies). Tissue samples were placed in a medium and
transported to a laboratory, and, within 1–3 h following
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incubation or on ice overnight, samples were infected with
HIV-1BaL at *104 TCID50 and followed in culture for up
to 21 days. During the culture period, supernatants for p24
quantification were collected every 1–4 days. Interleukin-2
(50 U/ml; Roche Life Sciences, Indianapolis, IN) was added to
the culture medium for data sets V1, V2, C1, C2, and C4.
Concentrations of p24 in the supernatant were quantified using

a range of ELISA kits (Table 1) where the LOD or LLOQ was
provided by the laboratory or was the lowest nonzero p24
measurement for that study. Successive p24 concentrations
(pg/ml), at each time point, were added to calculate cumulative
p24 (pg/ml).1 The cumulative p24 endpoint was not intended
to be a measure of total p24 in the assay but, instead, a measure
of the accumulation of successive p24 concentrations.23,25–27

Table 1. Ex Vivo Challenge Assay Methods for Rectal (R1–R8), Cervical (C1–C4),

and Vaginal (V1–V5) Data Sets: Treatments, Kits, and p24 Testing Days

Data set
No. of ex vivo

samplesa (donors) Treatment(s) p24 Kit p24 Testing days (% missing)

R1 56 (24) Baseline, placebo National Cancer Instituteb 1 (93), 4 (86), 7 (34), 11 (4), 14 (0)
R2 112 (48) Baseline, placebo National Cancer Institute 1 (54), 4 (54), 7 (6), 11 (1), 14 (0)
R3 9 (3) Baseline National Cancer Institute 4 (100), 7 (44), 11 (0), 14 (0)
R4 30 (10) Baseline National Cancer Institute 4 (90), 7 (40), 11 (10), 14 (0)
R5 127 (32) Baseline Alliancec 3 (89), 7 (52), 14 (24)
R6 14 (4) Baseline ZeptoMetrixd 3 (0), 7 (0), 11 (0), 15 (0)
R7 144 (24) Placebo National Cancer Institute 1 (99), 4 (97), 7 (51), 11 (13), 14 (6)
R8 10 (5) Baseline National Cancer Institute 4 (40), 7 (0), 10 (0), 14 (0)
C1 28 (28) Baseline Alliance 4 (0), 7 (0), 11 (0), 14 (0), 17 (0), 21 (0)
C2 30 (30) Placebo AlphaLISAb 4 (0), 7 (0), 11 (0), 14 (0), 17 (0), 21 (0)
C3 24 (24) Baseline Alliance 3 (0), 7 (0), 10 (0), 14 (0)
C4 6 (6) Placebo Alliance 4 (0), 7 (0), 11 (0), 14 (0), 17 (0), 21 (0)
V1 29 (28) Baseline Alliance 4 (0), 7 (0), 11 (0), 14 (0), 17 (0), 21 (0)
V2 30 (30) Placebo AlphaLISA 4 (0), 7 (0), 11 (0), 14 (0), 17 (0), 21 (0)
V3 24 (24) Baseline Alliance 3 (0), 7 (0), 10 (0), 14 (0)
V4 19 (19) Baseline Alliance 7 (0), 14 (0), 21 (0)
V5 8 (2) Baseline ZeptoMetrix 3 (0), 7 (0), 11 (0), 15 (0)

All cultures were nonpolarized. Tissue setup within 1 h with the exception of V4, which was on ice overnight.
a700 total tissue samples.
bFrederick National Laboratory for Cancer Research, Frederick, MD.
cPerkin Elmer, Waltham, MA.
dZeptometrix, Buffalo, NY.

Table 2. Ex Vivo Challenge Assay Methods for Rectal (R1–R8), Cervical (C1–C4), and Vaginal

(V1–V5) Data Sets: Supernatant Volume, HIV-1 BaL Source, Tissue and Forceps Details

Data set
Supernatant

Vol (ml) HIV-1 BaL source
Mean wt/size

(pre/post) Forceps brand; Manufacturer
Forceps
size, mm

R1a 400 NIH, Catalog No. 510 20–30 mg (pre) Radial Jaw 4; Boston Scientific 3.8
R2a 400 NIH, Catalog No. 510 20–30 mg (pre) Radial Jaw 4; Boston Scientific 3.8
R3a 500 Advanced 15–20 mg (pre) Radial Jaw 4; Boston Scientific 2.8
R4a 500 Advanced 15–20 mg (pre) Radial Jaw 4; Boston Scientific 2.8
R5a 500 Advanced 15–20 mg (pre) Radial Jaw 4; Boston Scientific 2.8
R6a 200 NIH 3 · 3 · 1 mm (pre) Sarratt; Stericom 4
R7a 400 NIH, Catalog No. 510 20–30 mg (pre) Radial Jaw 4; Boston Scientific 3.8
R8b 500 NIH, Catalog No. 510 20–30 mg (pre) Radial Jaw 4; Boston Scientific 3.8
C142 700 Advanced 9–30 mg (post) Tischler; BD 2.3 · 4.2
C242 700 Advanced 9–30 mg (post) Tischler; BD 2.3 · 4.2
C3a 500 Advanced 15–20 mg (pre) Radial Jaw 4; Boston Scientific 2.8
C442 700 Advanced 4–13 mg (post) Tischler; BD 2.3 · 4.2
V142 700 Advanced 11–26 mg (post) Tischler; BD 2.3 · 4.2
V242 700 Advanced 11–26 mg (post) Tischler; BD 2.3 · 4.2
V3a 500 Advanced 15–20 mg (pre) Radial Jaw 4; Boston Scientific 2.8
V443 100 NIH 30 mg (pre) Tischler; BD 3 · 5
V5a 100 NIH 3 · 3 · 1 mm (pre) Sarratt; Stericom 4

HIV-1 BaL Sources: NIH = NIH AIDS Research and Reference Reagent Program, Bethesda, MD (www.aidsreagent.org/) Advanced =
Advanced Biotechnologies, Inc. (https://abionline.com/).

TCID50 titration methods were:
awww.ncbi.nlm.nih.gov/pubmed/21116800
bTitrated on activated peripheral blood mononuclear cells. Calculated by Reed-Muench Formula.

ADVANCES IN EX VIVO CHALLENGE ASSAY 397



Statistical analyses

A total of 17 data sets were integrated using a ‘‘transform
and recode’’ process28 where all p24 measurements were
transformed into pg/ml units, nontreated samples were de-
fined as either placebo or baseline depending on the study
design, assays from the same study but performed at different
sites were coded as different data sets, and data were selected
only for those ex vivo tissue samples infected with *104

TCID50 HIV-1BaL.
Three developmental (A–C) and one commonly used im-

putation method (‘‘Z’’17,29) were used to impute missing,
zero, or p24 measurements below the LOD or LLOQ. The
commonly used method (‘‘Z’’) imputes missing values with
either ½LLOQ or ½LOD. The rationale for this imputation is
that data below a lower cutoff (i.e., LLOQ or LOD) will have
a normal distribution where the mean of the data falls halfway
between the cutoff and zero. All developmental models (A–
C) included a random effect to account for within-subject
repeatability. The first developmental imputation method
(‘‘A’’) used a nonlinear mixed effect model30–32 so that
missing or zero results were imputed with predicted values
from the model. Nonlinear mixed effect models have been
used to impute left-censored values for longitudinal HIV
measures of HIV-infected patients where RNA levels often
drop below the LOD with highly active antiretroviral treat-
ments.29 The second developmental imputation method
(‘‘B’’) took advantage of the virus growth kinetics during
active infection where virus replication classically follows
a nonlinear s-shaped curve with gradual increase in virus
before a vigorous growth phase followed by low or no ad-
ditional growth.14 In method B, imputation was performed
using a nonlinear quadratic fit across days of culture and
when enough detectable measurements (>3) were available
for curve fitting, followed by method A for those tissue cul-
tures that did not provide enough data to model virus growth
curve. The third developmental method (‘‘C’’) combined
methods A and B in an iterative manner, randomly choosing
single data values for imputation with method A after all
possible data had been imputed with method B, thus reducing
bias introduced into the nonlinear mixed effect model by the
order that values were imputed. To assess each method for
variability, a summary measure called the sums of squares for
imputation (SSI) was used. This is the sum of the squared
differences between the measurements (imputed and detec-
tible) and the predicted values from the model fit where a low
SSI indicates a better fit.

A nonlinear growth curve [Eq. (1)] was fit to each data set,
and the second derivative of each curve33 was used to identify
the lower and upper inflection points as the beginning and end
of the virus growth period. The virus growth periods were
compared across tissue types and data sets.

Log10 p24¼ aþ (b� a)=(1þ 10(c�Day)): (1)

The number of tissue samples needed, per treatment group,
to find a one log10 difference in cumulative p24 to be sig-
nificant at alpha = 0.05, with 80% power by t-test, was de-
termined for each data set. Using this approach, a statistically
significant one-log reduction in cumulative p24 was found
in the ex vivo challenge assay following in vivo use of UC781
2.5% gel, a candidate microbicide3 in the first phase 1 phar-

macodynamic study of ex vivo efficacy, and Tenofovir 1%
gel,6 in a subsequent phase 1 pharmacodynamic study.

All statistical analyses were performed with SAS� v9.3
(Cary, NC). The SAS program written to perform and com-
pare imputation methods A, B, C, and Z is included in Sup-
plementary Data (Supplementary Data are available online at
www.liebertpub.com/aid).

Results

HIV-1BaL p24 antigen measurements were collected
from a total of 700 tissue samples (Table 1) where 1–3
biopsy samples, per donor, were entered into the analyses.
Data sets were coded for each laboratory and study ac-
cording to tissue type: rectal (R1–R8), cervical (C1–C4),
and vaginal (V1–V5).

Comparison of p24 imputation methods

There was a pattern to the missing data where a greater
proportion was found for the rectal data sets and at the earlier
p24 testing time points (Table 1). Imputation methods A, B,
C, and Z were compared for data sets where at least 10 bi-
opsies for ex vivo challenge assays were used, data were left
censored or missing, and the assays included at least four p24
testing days, as the models were noncalculable when these
requirements were not met. There were seven rectal data sets
with missing or left-censored data (R1–R5, R7, and R8;
Table 1), and of these data sets, R5 and R8 only collected p24
measurements on three testing days and R3 data set com-
prised only nine tissue samples (Table 1). Following impu-
tations, data were compared across methods A, B, C, and Z
for sets R1, R2, R4, and R7 (Table 3). High SSI values
indicated a poorer fit and more variability for imputation
method Z compared to methods A–C for bolded values in
Table 3. A significant difference between the data sets was
found when methods A, B, and C were compared to method Z
( p < .0001; Table 3). These results indicate that imputation
using methods A–C provided both improved model fit and
a different result outcome when compared to imputation
method Z. Method A was the preferred method as imputa-
tions using this method could be readily calculated in com-
monly available software. Missing data were imputed with
method A for the remainder of the analyses, and the imputed
data (open squares; Fig. 1) were mostly within mean – 1 SD
of the nonimputed data (filled squares, error bars; Fig. 1).

Virus growth in the ex vivo challenge assay

Virus growth, as measured by the p24 assay, was model-
ed with a nonlinear virus growth curve for each data set
(Fig. 1). There was considerable similarity in rectal virus
growth curves across laboratories and studies where active
virus growth reached a p24 level of around 3 log10 (Fig. 1a)
and variability (vertical bars) was relatively low across
the eight rectal data sets evaluated. Cervical virus growth
reached a p24 level between 3 log10 and 4 log10 (Fig. 1b), and
variability was markedly greater for the cervical compared to
the rectal data sets (i.e., longer error bars). Vaginal tissue
virus growth was variable both within and between data sets
where virus growth reached between 1 log10 and 4 log10 p24
(Fig. 1c).
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Table 3. Comparison of Imputation Methods for Missing or Nondetected p24 Measurements

Data set Parameter

Data imputation methoda

A B C Z

R1b Difference to Z <0.0001 <0.0001 <0.0001 NA
SSIc 76 91 89 516

R2b Difference to Z <0.0001 <0.0001 <0.0001 NA
SSI 325 434 434 1223

R4b Difference to Z <0.0001 <0.0001 <0.0001 NA
SSI 41 41 50 173

R7d Difference to Z <0.0001 <0.0001 <0.0001 NA
SSI 208 259 405 1863

aImputation Methods A = missing values were imputed with those predicted from a nonlinear mixed effect model, and B = missing values
were imputed with a nonlinear quadratic fit of virus growth across days of culture for assays with >3 testing time points and a nonlinear
mixed effect model for assays with £3 testing time points. C = missing values were imputed with a combination of methods A and B in an
iterative manner, and Z = missing values were imputed with ½LOD.

bDifferences for A versus B, A versus C, and B versus C nonsignificant.
cSSI = sum of squares for imputation. This was the sum of the squared differences between the measurements (imputed and detectible)

and the predicted values from the model fit where a low SSI indicates a better fit.
dDifferences for A versus B and A versus C significant at p < .05, B versus C nonsignificant.
LOD, limit of detection.
High SSI values indicated a poorer fit and more variability for imputation method Z compared to methods A–C for bolded values.

FIG. 1. Tissue virus growth in ex vivo challenge assays for rectal (a), cervical (b), and vaginal (c) data sets. Log10 p24
means and SD are indicated for nonimputed (filled squares, –1 SD) and imputed (open circles) data. Missing data were
imputed using a nonlinear mixed effect model (Method ‘‘A’’). The solid black line indicates a nonlinear growth curve
model fit to each data set.
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The active virus growth period was defined as the time
span between the lower and upper inflection points of each
curve (‘‘Virus Growth’’; Fig. 2) where the first and last in-
flection points are indicated as the virus growth duration on
the x-axis. The virus growth period for rectal tissues was
earlier (days 6–8) and of a relatively shorter duration (3 days
total) compared to the cervical (days 9–12) and vaginal (days
9–15; Fig. 2) tissues.

Statistical power of the ex vivo challenge assay

The ex vivo cervical, rectal, and vaginal tissue protocols used
various time points for up to 21 days postinfection, several
ELISA kits (Table 1), and other within-laboratory potential
sources of variability that were not measured but could none-
theless affect statistical power. For example, cumulative p24
would be expected to be higher when more testing time points
were used: log10 mean cumulative p24 ranged from 4.13 to
4.57 pg/ml among cervical tissue experiments using the same
six time points (C1, C2, and C4; Table 4) but dropped to 3.06

log10 mean cumulative p24 when only four time points were
used (C3; Table 4). There was a trend for variability (i.e., log10

SDs) to be lower for the rectal data sets (0.19–0.54) compared
to the cervical (0.85–1.30) and vaginal data sets (0.48–1.21;
Table 4). The p24 kits used for each data set are listed in
Table 1, and there was some evidence for potential differences
in p24 results due to kit type: the V1 data set using the Perkin
Elmer Alliance kit had a log10 mean cumulative p24 of 3.91
(95% CI 3.7–4.1), but, for the same testing days, the V2 data
using the AlphaLISA kit had a log10 mean cumulative p24 of
4.31 pg/ml (95% CI 4–4.6; Table 4). As cumulative p24 could
be affected by the number of days and interval of days of virus
collection, the duration of the assay, tissue type, p24 kit, and
possibly other assay-related factors, a power analysis was run
per data set (‘‘N per Group*’’; Table 4). Statistical power was
determined for comparisons of cumulative p24 between a
nondrug-treated condition (placebo and baseline) and an an-
ticipated one log10 change in p24 following an in vivo drug
treatment. The number of ex vivo challenge assays that would
need to be performed to find a one log10 difference in p24 to

FIG. 2. Nonlinear growth curve models for rectal, cervical, and vaginal data sets. The first and last inflection points of the
nonlinear curves, per tissue type, are indicated on the x-axis as the beginning and end of the virus growth period.

Table 4. Summary Statistics and Power Analysis Results for p24 (pg/ml)

Rectal, Cervical, and Vaginal Data Sets

Tissue Data set
p24 Sampling

days
Biopsy
(donor)

Cumulative log10 p24
(pg/mL) SD 95% CI

N per
groupa

Rectal R1 1, 4, 7, 11 and 14 56 (24) 3.77 0.27 3.7–3.8 3
R2 1, 4, 7, 11 and 14 112 (48) 3.85 0.29 3.8–3.9 3
R3 4, 7, 11 and 14 9 (3) 4.04 0.19 3.9–4.2 3
R4 4, 7, 11 and 14 30 (10) 3.67 0.28 3.6–3.8 3
R5 3, 7 and 14 127 (32) 3.77 0.47 3.7–3.9 5
R6 3, 7, 11 and 15 14 (4) 3.17 0.54 2.9–3.5 6
R7 1, 4, 7, 11 and 14 144 (24) 3.57 0.32 3.5–3.6 3
R8 4, 7, 10 and 14 10 (5) 3.54 0.50 3.2–3.9 6

Average 3.67 4
Cervical C1 4, 7, 11, 14, 17 and 21 28 (28) 4.57 0.85 4.2–4.9 13

C2 4, 7, 11, 14, 17 and 21 30 (30) 4.13 1.15 3.7–4.6 22
C3 3, 7, 10 and 14 24 (24) 3.06 1.08 2.6–3.5 20
C4 4, 7, 11, 14, 17 and 21 6 (6) 4.32 1.30 2.9–5.7 28

Average 4.02 21
Vaginal V1 4, 7, 11, 14, 17 and 21 29 (28) 3.91 0.48 3.7–4.1 5

V2 4, 7, 11, 14, 17 and 21 30 (30) 4.31 0.88 4–4.6 14
V3 3, 7, 10 and 14 24 (24) 3.18 1.21 2.7–3.7 24
V4 7, 14 and 21 19 (19) 3.48 0.40 3.3–3.7 4
V5 3, 7, 11 and 15 8 (2) 2.32 0.43 2–2.7 5

Average 3.44 10

aThe number of ex vivo samples needed to provide 80% statistical power to detect a one log10 difference in cumulative p24 between
treatment groups at alpha = 0.05.
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be statistically significant was averaged across rectal, vaginal,
and cervical tissue data sets (average N per Group in Table 4).
On average, only four rectal tissue challenge assays in each
treatment and control group would be needed to find a one log10

difference in p24 following a drug treatment when using rectal
tissue in the ex vivo challenge assay. This relatively low number
of tissue samples needed for 80% power was due to the low
variability in the rectal tissue virus growth data (0.19–0.54
log10 SD; Table 4). A larger sample of vaginal ex vivo tissues
(n = 10; Table 4) would be needed to find this same one log10

difference in cumulative p24 to be different between a treat-
ment and control condition. The cervical tissue data were the
most variable with log10 SDs ranging between 0.85 and 1.3
(Table 4) and this was reflected in the relatively larger number
of cervical ex vivo tissue samples (n = 21) that would be needed
to find this same one log10 difference to be statistically sig-
nificant.

Discussion

The results of this retrospective analysis provide evidence
to support a number of practical guidelines for conducting
ex vivo challenge assays related to choice of (1) imputation
methods, (2) testing days, and (3) number of tissue samples
to be used.

All three novel imputation methods tested here provided
an improved model fit compared to the ubiquitous ½LOD
type methods. There was a pattern to the missing data, oc-
curring only in the rectal data sets and mostly at the early time
points where low or no virus growth had yet occurred. A
model-based approach has been recommended for such
‘‘missing not at random’’ data,34 especially when 50% or
more data are missing.35 Replacement of nondetected mea-
surements with ½LOD is considered acceptable when less
than 15% data are missing.35 Clearly, practical concerns will
play an important role when choosing a data imputation
method as ease of computation is important for any method
that is to be routinely used by a scientific team. The nonlinear
mixed effect model was considered the simplest of the novel
imputation methods tested, where imputations could be made
with commonly available software (please see free imputa-
tion software at www.alphastatconsult.com//). Although the
imputation methods were tested with p24 assay data sets, the
nonlinear mixed effect model here could equally be used to
impute missing data collected from other HIV-1 strains or
biomedical analytical procedures, such as RNA, cytokine,
and chemokine quantification.

Periods of active virus growth were found to vary across
tissue types with the rectal tissue providing an early short growth
period, cervical tissue providing a later growth period, and
vaginal tissue providing a later and longer growth period. The
transformation zone is the area between the ectocervix and en-
docervix, where the epithelium changes from stratified squa-
mous to columnar. While there are resident dendritic cells,
macrophage, natural killer cells, and lymphocytes throughout
the female genital tract, the transformation zone typically has
the highest concentration of immune cells.36 In contrast, the
gastrointestinal mucosa contains the majority of the body’s
CD4+ lymphocyte population and likely represents the largest
reservoir of HIV and site of viral replication.37 Rectal sub-
epithelial stromal tissues are densely populated with organized
lymphoid tissue, dendritic cells, macrophages, and T cells, all

susceptible to HIV infection, whereas female genital tract tissue
is less well defined with a higher density of immune cells and
cervical columnar epithelial cells that produce mucus and an-
timicrobial proteins.38 Differences have been found between
rectal and genital tissue types in efflux transporter mRNA where
OAT1 protein was detected in 100% of rectal tissues but not
female genital tissues.39 Such anatomical and functional dif-
ferences between rectal and female genital sites could account
for the differences found here in HIV kinetics, where the rectal
tissue displayed rapid viral replication with less variable kinet-
ics compared to cervical and vaginal tissue. Changes in the
woman’s menstrual cycle, contraception method, and other
cervicovaginal factors could impact infectivity in the ex vivo
challenge assay.40,41 The finding of differences in ex vivo HIV
growth support the standardization of p24 testing days per tissue
type to allow direct comparisons in cumulative p24 to be made
across studies and testing sites. Defining the active virus growth
period and maximum levels of growth obtained using such a
large body of data for each tissue type will allow research teams
to choose and standardize the p24 testing days to provide a
strong and reliable p24 signal in the baseline or placebo con-
ditions to compare to expected HIV suppression in the active
drug treatment arms.

Cervical and vaginal tissue assays present more challenges
to the researcher due to greater variability in virus replication
(cumulative p24) and kinetics. This variability in kinetics for
the cervical and most markedly the vaginal tissue may
hamper efforts to shorten the duration of this assay with ac-
tive growth found out to 15 days, although sampling time
points beyond 15 days would not be predicted to capture any
significant additional growth. This study demonstrates that
the variability in the tissue ex vivo virus growth can have a
direct impact on the power of placebo-controlled microbicide
trials using this exploratory efficacy endpoint. The ex vivo
challenge assay has been an exploratory endpoint in phase
1 and 2 clinical trials powered for the primary endpoints
of pharmacokinetics, safety, and acceptability, resulting in
the inclusion of predominantly males as rectal microbicide
products were tested.3,4,6 As the female participants in these
studies usually provided both genital and rectal tissue, there
can be over twice as many rectal tissue ex vivo data compared
to cervical and vaginal tissue, per study. In addition, there are
practical limitations to the number of mucosal biopsies that
can be collected. Using flexible sigmoidoscopy, it is possible
to collect 20–30 mucosal biopsies, and, consequently, there
are no limitations on the numbers of biopsies that can be used
for the ex vivo challenge assay. In contrast, typically only 2–4
cervical or vaginal biopsies are collected. This problem is
exacerbated by competing needs for biopsies that include
measurement of drug concentration in mucosal biopsies. The
finding that more vaginal and cervical data are needed to
provide the equivalent statistical power as the rectal data is
the exact opposite of the balance of ex vivo data that have
been generated in recent studies. Rectal data sets are, there-
fore, more likely to be powered to find significant differences
between treatment and control conditions, and, conversely, a
lack of significant treatment effects in cervical and vaginal
tissue may be due to insufficient statistical power.

A difficulty that was not addressed in this article was the
effect of the various treatment regimens on the kinetics of virus
growth, as only nontreated (baseline or placebo) data were used
in the analysis. This decision was based on the need to more
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fully understand how the untreated virus grows in the different
tissue models so that suppression of growth, as would be ex-
pected from an efficacious microbicide, could be identified
in the nontreated condition. The findings of this analysis are
specific to the HIV-1BaL virus type used in this retrospective
analysis of phase 1 and 2 clinical trials of HIV prevention
treatments. Although other virus isolates, for example, Trans-
mitter/Founder isolates and HIV-1 variants, have been found to
be equally infective in ex vivo cervical tissue,23 they have not
been used for the ex vivo challenge assay as of yet. In addition,
as assay parameters were not independently varied but a result
of the choices made by each scientific team, factors other than
those included here (e.g., testing days, p24 kits, tissue type,
treatment) may have affected the p24 results in ways that were
not discovered during this retrospective analysis.

A key feature of this article is to demonstrate the utility of a
retrospective analysis of data from multiple trials to improve
assay methodology and statistical power in treatment com-
parisons. Overall, results indicated that improvements could
be made in the design and analysis of the ex vivo challenge
assay to provide a more standardized and powerful tool
to compare efficacy of oral PrEP and microbicide products
designed to suppress HIV-1BaL infection.
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