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Microbicide candidates with promising in vitro activity are often advanced for evaluations using human
primary tissue explants relevant to the in vivo mucosal transmission of human immunodeficiency virus type 1
(HIV-1), such as tonsil, cervical, or rectal tissue. To compare virus growth or the anti-HIV-1 efficacies of
candidate microbicides in tissue explants, a novel soft-endpoint method was evaluated to provide a single,
objective measurement of virus growth. The applicability of the soft endpoint is shown across several different
ex vivo tissue types, with the method performed in different laboratories, and for a candidate microbicide (PRO
2000). The soft-endpoint method was compared to several other endpoint methods, including (i) the growth of
virus on specific days after infection, (ii) the area under the virus growth curve, and (iii) the slope of the virus
growth curve. Virus growth at the assay soft endpoint was compared between laboratories, methods, and
experimental conditions, using nonparametric statistical analyses. Intra-assay variability determinations us-
ing the coefficient of variation demonstrated higher variability for virus growth in rectal explants. Significant
virus inhibition by PRO 2000 and significant differences in the growth of certain primary HIV-1 isolates were
observed by the majority of laboratories. These studies indicate that different laboratories can provide
consistent measurements of anti-HIV-1 microbicide efficacy when (i) the soft endpoint or another standardized
endpoint is used, (ii) drugs and/or virus reagents are centrally sourced, and (iii) the same explant tissue type
and method are used. Application of the soft-endpoint method reduces the inherent variability in comparisons
of preclinical assays used for microbicide development.

Studies using human tissues cultured ex vivo (i.e., tissue
explants) are performed for the preclinical evaluation of top-
ical microbicides, compounds that can be applied vaginally or
rectally to reduce the sexual transmission of human immuno-
deficiency virus type 1 (HIV-1) (19). Various tissue explant
models and the procedures used for evaluating test compounds
for anti-HIV activity have been described (1, 2, 4, 7–9, 13, 14).
At present, there is no standard methodology, including cal-
culation of an endpoint, for comparing results between ex vivo
experiments.

Although cell-based assays can be standardized (5, 20), tis-

sue explants may represent a more relevant method of testing,
since this is where HIV-1 infection occurs in vivo. Since most
parameters of cell-based assays (i.e., size of the virus inoculum,
number of target cells, and use of a single endpoint measure)
can be standardized, the data are often less variable and more
easily reproduced than those obtained in assays with tissue
explants. For example, the number of target cells in cell-based
assays can be controlled, whereas the concentration and dis-
tribution of target cells in explant tissues are highly variable. In
addition, explant methods vary across laboratories, and as a
consequence, a number of parameters may affect the reliability
of the results, including (i) tissue type, (ii) HIV-1 strain or
isolate, (iii) culture medium formulation, (iv) size of the virus
inoculum, (v) length of virus incubation, (vi) frequency of
medium change, (vii) concentration of test compound, (viii)
drug treatment period prior to or after viral exposure, (ix) use
of controls, and (x) endpoint viral growth measurements.

For the reasons described above, a group of microbicide
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investigators joined a mutual effort to identify an approach for
improving the reliability and reproducibility of data from ex-
plant studies. To this end, results obtained from different ex-
plant models were analyzed using a range of endpoint meth-
ods. In general, due to the interdependency of repeated
measurements, standard statistical methods (e.g., t test, anal-
ysis of variance [ANOVA], Mann-Whitney test, and Kruskal-
Wallis test) do not apply in comparing virus growth in the
presence of inhibitory compounds. For example, a high level of
virus growth on one day in one explant sample is likely to
continue to be followed by high-level virus growth throughout
the assay period, while a low level of virus growth in a different
sample will be followed by low-level growth. In some cases, the
relationships between consecutive data points follow certain
assumptions, thus allowing statistical modeling techniques to
be applied (e.g., repeated-measures ANOVA and generalized
linear and mixed models [26]). However, this type of statistical
modeling may be outside the expertise of many microbiological
research teams, and the inherent assumptions of normal dis-
tributions and homogeneity of variance are rarely met for virus
growth data. The soft endpoint (SOFT) is presented as a sin-
gle, summary measure of virus growth to enable direct com-
parisons between explant experiments.

There is currently no consensus on a method to determine a
summary measure of virus growth (25). A number of methods,
including the area under the virus growth curve (AUC) (22),
the slope of the virus growth curve (33), and virus growth at
specific time points (1, 7, 8, 15), have been used. The first aim
of this study was to compare a selection of alternative, single
measures of virus growth, including SOFT, using data from
multisite explant studies, as part of a wider effort to improve
the quality of explant studies by standardizing the method used
to objectively measure HIV-1 replication in tissues (J. E. Cum-
mins, N. Richardson-Harman, J. Bremer, P. Anton, C. Dez-
zutti, P. Gupta, N. Lurain, L. Margolis, R. Shattock, and P.
Reichelderfer, presented at the 2006 Conference on Retrovi-
ruses and Opportunistic Infections, Denver, CO).

The second aim of this study was to apply SOFT to compare
treatment conditions relevant to microbicide research, using
the explant methods developed by the participating microbio-
logical laboratories. It should be noted that the goal of this
work was to identify those key parameters that would improve
the overall reliability and reproducibility of explant studies, as
opposed to having the investigators standardize every aspect of
their protocols. Seven laboratories used their preferred human
tissue type and explant method to infect samples with an in-
house or commonly sourced HIV-1 stock in the presence or
absence of the same commonly sourced drug. The null hypoth-
esis of no effect of the various treatment conditions on virus
growth was tested. When the null hypothesis was rejected,
similarities in statistically significant treatment effects across
explant methods provided evidence of interlaboratory and/or
intermethod reproducibility in explant experimental results.
Conversely, differences in treatment effects across explant
methods indicated a need for either standardization of explant
methodology or thorough characterization of the observed dif-
ferences. A multisite study design was used to evaluate the
conditions that could affect virus growth in explants and sub-
sequent interpretation of the efficacy of a candidate microbi-
cide (PRO 2000). These variables included (i) source/type of

assay reagents (virus stocks and medium), (ii) tissue type (cer-
vical, rectal, or tonsil tissue), (iii) how the tissue was cultured,
(iv) HIV isolate (HIV-1Ba-L and clinical isolates of differing
clades), and (v) PRO 2000 concentration.

MATERIALS AND METHODS

Viruses. Central virus stocks were provided by the Division of AIDS Viral
Quality Assurance Laboratory (VQA Lab). Each laboratory was sent central
stocks of HIV-1Ba-L (VQA Ba-L [VQAB]) to be compared to the usual labora-
tory HIV-1Ba-L stock (in-house Ba-L [IHB]). Laboratories were also sent ali-
quots of four clinical HIV-1 isolate subtypes, namely, UG273 (clade A), DJ263
(clade A/G recombinant), SE364 (clade C), and UG268 (clade C). All viral
stocks were kept at �70°C and thawed to room temperature. Immediately after
thawing, the contents of each vial were mixed and the vial was placed on wet ice
prior to use. Cervical, rectal, and tonsil tissue explants were exposed overnight to
VQAB or viral subtypes at 104, 103, and 103 50% tissue culture infective doses
(TCID50), respectively. IHB stocks were tested at 104 TCID50 for all laborato-
ries, with the exception of laboratory C, where tissue was exposed to 5 � 104

TCID50. The laboratories were asked to use virus titers in their explant tissues
that routinely gave sufficient levels of infection in their virus controls. Thus, tissue
explants were inoculated with identical, centrally distributed samples of HIV-
1Ba-L at a TCID50 of 103 for tonsil and rectal tissue and 104 for cervical tissue,
based on previously established HIV-1 susceptibilities of these tissues.

Media. All laboratories were asked to test a common medium (VQA Lab
medium [VQAM]) alongside their usual in-house medium (IHM). The different
media used are described in Table 1 (1, 2, 4, 8, 9, 11, 15–17).

Microbicide candidate. Each laboratory was supplied with an aqueous stock of
PRO 2000 (40 mg/ml), an unformulated naphthalene sulfonate polymer, gener-
ously provided by Endo Pharmaceuticals Solutions, Inc. (Lexington, MA). PRO
2000 was diluted using culture media and tested at 5, 50, and 500 �g/ml (final
concentrations).

Explant tissue. All human tissue samples were collected under institutional
review board-approved protocols at each participating institution. One to three
donor samples of cervical (laboratories A, B, C, E, and G), tonsil (laboratory D),
or rectal (laboratory F) tissues were used by each laboratory. Explant tissue
punch sizes and polarization treatment are listed in Table 1.

Explant assays. Each of the seven laboratories performed tissue infection and
harvesting of culture supernatants by using their chosen tissue explant methods
(Table 1). Each condition was tested in duplicate to quadruplicate according to
each laboratory’s protocol. For all laboratories, supernatants were sampled fol-
lowing viral exposure before washing, at the final wash following virus removal,
and then every 2 to 3 days during culture for a maximum of 15 days. Supernatants
were stored at �20°C, with the exception of laboratory C, where supernatants
were stored at �80°C, prior to evaluation for viral infection by the presence of
p24 by enzyme-linked immunosorbent assay (ELISA).

Study design. Using their usual tissue explant method, all participating labo-
ratories completed three substudies as follows: (i) source of virus/medium eval-
uated, IHB/IHM, VQAB/IHM, IHB/VQAM, and VQAB/VQAM; (ii) evalua-
tion of a candidate microbicide, where VQAB was compared to VQAB plus
PRO 2000 (5, 50, or 500 �g/ml); and (iii) susceptibility of tissue explants to
different HIV-1 isolates, where VQAB was compared to UG273 (clade A),
DJ263 (clade A/G recombinant), SE364 (clade C), and UG268 (clade C). Each
laboratory was asked to submit raw optical density readouts and calculated p24
results for statistical analysis. In addition, for study i, the participating laborato-
ries were requested to dispatch matched aliquots of culture supernatants for
independent determination of p24 levels by VQA Lab.

Statistical methods. (i) Definition of SOFT. SOFT is presented as a cross-
sectional index from a growth curve that is reflective of the virus growth achieved
in the assay. SOFT was formulated to define the time point at which high, and in
some cases exponential, rates of virus growth have been achieved and no further
biologically significant increases in virus growth are apparent. SOFT is the last
time point when the increase in virus concentration between two consecutive
time points is greater than the square root of the sum of sequential changes in
virus concentration for the entire assay.

Growth of HIV-1 can be divided into four main phases: lag time (no growth),
an exponential growth phase, a stationary phase, and a decline phase (10, 32).
SOFT is presented here as an estimation of the start of the stationary phase of
virus growth, after the exponential growth phase has been achieved and prior to
the onset of the decline phase (10, 32). SOFT is defined as the last time point (k)
when the following is true:
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�p24 (Timek � Timek�1) ���p24 �ABS(Timek � Timek�1)

SOFT can be described as “one-way,” as it is set only by significant increases in
virus growth (see Supplement S1 in the supplemental material).

(ii) Comparison of SOFT to other endpoint methods. A variety of endpoints
were determined for growth curves from a subsample of assays using centrally
provided virus and IHM (see Supplement S2 in the supplemental material). The
VQAB/IHM assays were run over 12 to 15 days, and endpoints compared virus
growth (p24 pg/ml) at three time points, namely, (i) SOFT, (ii) day 12, (iii) and
day 15, and for the following two parameters of the growth curve: (iv) the slope
of the virus growth curve, calculated using a second-order polynomial equation
(PROC NLIN; SAS/STAT, version 9.1); and (v) the AUC, approximated using
the trapezoidal rule (34). It has been suggested to limit slope measurements to
the linear part of the virus growth curve, where the linear portion is determined
by visual inspection of each curve (33). Since the aim of this research was to
provide an objective single measure of virus growth, a nonlinear formula was
applied to the entire growth curve to calculate the slope value. The trapezoidal
rule was used to estimate the AUC of the function f(x) by calculating the total
area of adjacent trapezoid shapes. SOFT, day 12, and day 15 endpoints were the
p24 concentrations measured on these respective days, the slope endpoint was a
measure of the rate of p24 production, and the AUC endpoint was a measure of
total p24 production. Linear discriminant analysis (LDA) (PROC STEPDISC;
SAS/STAT, version 9.1 [18, 28]), a multivariate statistical procedure, was used to
test the ability of each endpoint to predict low (p24 concentration, �1,500
pg/ml), medium (1,500 to 20,000 pg/ml), and high (�20,000 pg/ml) levels of virus
growth from the VQAB/IHM assays collected for the study arm examining the
source of virus and the medium used. LDA mathematically defines a discrimi-
nant function to separate data into distinct groups. In this case, the data were the
assay endpoints and the groups were low, medium, or high, depending on the vi-
rus growth for each assay. A stepwise LDA was performed to compare the
abilities of each of the assay endpoints to predict virus growth. The median p24
levels for the endpoint measures SOFT, day 12, day 15, and AUC were compared
for the low-, medium-, and high-level virus growth assays, using Kruskal-Wallis
ANOVA with Dunn’s multiple comparison test (alpha � 0.05).

(iii) SOFT used to calculate % virus inhibition. SOFT was applied to virus
growth data for drug-treated and control conditions, where the drug was PRO
2000, a candidate anti-HIV-1 microbicide. Data are presented from a cervical
explant experiment from one participating laboratory where three cervical ex-
plant donor tissues were infected with HIV-1Ba-L in the presence of three con-
centrations of PRO 2000 (5, 50, and 500 �g/ml) and in the absence of PRO 2000
(virus control). The SOFT for each donor was set using the averaged virus
control results. The % virus inhibition at each level of PRO 2000 was calculated
using the formula % virus inhibition � 100 � (treatment p24 level/control p24
level).

The % virus inhibition was compared to 0% (i.e., control p24 level at SOFT)
by the Wilcoxon signed-rank test. The variability in the % virus inhibition results
using the SOFT, day 10, and day 14 endpoints was compared by the % coefficient
of variation (%CV) [100 � (standard deviation/mean)] for replicate measure-

ments. The %CV provided an index of variability, where a higher %CV indicates
greater variability in measurements.

(iv) SOFT used to compare drug inhibition. SOFT was applied to calculate the
inhibitory effects of a potential microbicide, PRO 2000. The % virus control for
PRO 2000 [(test sample p24 level/Ba-L control p24 level) � 100] was calculated
at the HIV-1Ba-L control SOFT. All % virus control values of �100% were
converted to 100% virus control for the purposes of this study. Nonlinear re-
gression analysis (sigmoidal dose-response curve) of the % virus control mea-
surements onto the log10 PRO 2000 concentration was used to calculate the
half-maximal inhibitory concentration (i.e., IC50) of PRO 2000 for each labora-
tory. The effects of HIV isolate were tested by comparing the log differences in
p24 released from each isolate (UG268, SE364, DJ263, and UG273) to that
released from HIV-1Ba-L.

The p24 pg/ml or log10 pg/ml results were not normally distributed (Shapiro-
Wilk W � 0.26 to 0.95; P � 0.0001), a prerequisite for statistical tests such as
ANOVA and the t test. The nonparametric counterparts of the t test (i.e.,
Mann-Whitney test, Wilcoxon signed-rank test) and ANOVA (Kruskal-Wallis
ANOVA with Dunn’s multiple comparison test) were used to test the effects of
reagent source, explant method, microbicide concentration, and HIV viral isolate
on p24 release at the assay SOFT. Nonparametric statistics are routinely used to
compare such non-normally distributed data as HIV RNA (21) and HIV-1 p24
(30). All comparisons of treatment effects to the HIV-1Ba-L control were made
within donors, and all statistical analyses were performed using SAS (version 9.1;
alpha � 0.05).

RESULTS

Seven laboratories, each using the same HIV-1 stock in their
respective tissue explant assays, collected supernatants for up
to 15 days following virus exposure and performed a p24
ELISA to quantify virus replication. Participating laboratories
submitted p24 results for each arm of the study, i.e., (i) source
of HIV-1Ba-L and medium used (laboratories A and C to G),
(ii) concentration of PRO 2000 (laboratories A to G), and (iii)
isolate type (laboratories A to G). In-house calculated p24
values were equivalent to those measurements made by a cen-
tral laboratory (Pearson r � 0.82), and the standard curve
formula used by the laboratories (e.g., linear versus nonlinear)
was found to affect only low p24 measurements (�100 pg/ml)
(see Supplement S3 in the supplemental material); thus, lab-
oratory-calculated p24 values were used in this analysis. SOFT
was applied to all assays using laboratory-calculated p24
values.

TABLE 1. Description of explant media and p24 methods used for individual laboratories and VQA Lab

Lab code
(reference) Tissue type Polarized Tissue size

(mm)a
Base

mediumb Serum or additivesc Antibiotic(s)d p24 assay kit

VQA Labe NA NA NA R 20% FBS, GL Gent, Amp Beckman Coulter
A (9) Cervical No 3 � 3 � 2 R 10% FBS, GL PS Beckman Coulter
B (20) Cervical No 3 � 3 � 2 D 10% HuAB, GL PS Perkin Elmer
C (4) Stimulated cervical Yes 5 � 5 � 3 D 10% HuAB, 100 U/ml IL-2 PS NCIf

D (15) Tonsil No 2 � 2 � 2 R 15% FBS, GL, N Gent, F Beckman Coulter (kinetic)
E (11) Cervical No 3 � 3 � 3 R 20% FBS, GL Gent, Amp Zeptometrix
F (8) Rectal No 3 � 3 � 2 R 10% FBS, GL Z, F NCIf

G (2, 16, 17)g Cervical (PBMC coculture) Yes 5 � 5 � 3 R 20% FBS, GL PS Perkin Elmer

a Presented as length by width by height. NA, not applicable.
b R, RPMI 1640; D, Dulbecco’s modified Eagle medium.
c GL, 2 to 4 mM L-glutamine; HuAB, human AB serum; N, 1� nonessential amino acids (100�); FBS, fetal bovine serum; IL-2, interleukin-2.
d Gent, 50 �g/ml gentamicin sulfate; Amp, 50 �g/ml ampicillin; PS, 100 U/ml penicillin plus 100 �g/ml streptomycin; Z, 50 g/ml Zosyn; F, amphotericin B

(Fungizone).
e VQA Lab analyzed matched culture supernatants for p24 measurements from all laboratories and provided VQAM.
f HIV-1 p24 antigen capture assay of AIDS Vaccine Program, NCI-Frederick Cancer Research and Development Center.
g Laboratory G followed the published method, with the following modifications: HIV-1 transmission across the mucosa was determined by measuring HIV-1 p24

antigen in supernatants collected from PBMC cultures maintained in the bottom chamber of a transwell system.
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Comparison of single measures of virus growth. The
VQAB/IHM assays with unstimulated cervical tissue (labs A,
E, and G), stimulated cervical tissue (lab C), tonsil tissue (lab
D), and rectal tissue (lab F) were used to compare SOFT to a
selection of growth curve endpoints from the source of HIV-
1Ba-L/medium study arm (see Supplement S2 in the supple-
mental material). VQAB/IHM assays were grouped according
to the maximum p24 level achieved during the 15 days of
culture, into low (Fig. 1a), medium (Fig. 1b), and high (Fig. 1c)
virus growth groups. The SOFT is presented for each VQAB/
IHM virus control assay (Fig. 1a to c). The virus growth pro-
files varied widely in the different tissue explant models, with
SOFT ranging from day 3 to day 15 (Fig. 1a to c).

The endpoint measures of SOFT, day 12, day 15, and AUC
were compared for the low-, medium-, and high-growth
VQAB/IHM assays (Fig. 2). The AUC resulted in larger p24
concentration ranges (median [interquartile range] � 4.63 �
107 [4.97 � 109] pg/ml) than did the SOFT (6.84 � 103 [4.94 �
106] pg/ml), day 12 (3.90 � 104 [5.38 � 105] pg/ml), and day 15
(2.28 � 103 [3.38 � 105] pg/ml) endpoint measures [Kruskal-
Wallis H � 25.39, df � 5; P � 0.01] (Fig. 2), where a larger
interquartile range reflects higher interassay variability. The
high p24 result for the AUC endpoint was expected, as the
AUC is an estimation of the total virus growth throughout
the duration of the experiment, in contrast to the other end-
point methods, where the growth on specified days (SOFT, day
12, and day 15) was calculated. There were no significant dif-

ferences between median p24 results for the day 12, day 15,
and SOFT endpoints (P � 0.05) (Fig. 2). The utility of slope,
AUC, day 12, and day 15 as predictors of low, medium, and
high p24-yielding assays was reduced for the medium-yield
assays, for which endpoints overlapped with both low- and
high-yield assays, while the SOFT resulted in a clear separation
between low, medium, and high yields for the subsample of
VQAB/IHM assays (Fig. 2).

LDA was used to test the ability of each endpoint to predict
low, medium, and high levels of growth for the subsample of
VQAB/IHM assays, where a high, significant R2 value de-
scribes greater accuracy in prediction. The LDA procedure
assumed a multivariate normal distribution of endpoint mea-
sures within each assay yield group (18). Since it has been
recommended to log transform certain types of biological data
prior to parametric analyses (31), p24 (pg/ml) at SOFT was
entered into the LDA as both a linear and a log-transformed
variable. The results of the LDA are presented in Table 2,
where the significance level (P value) of an F test from an
analysis of covariance indicated the ability of each endpoint to
predict assay virus growth. The endpoints that were not the
focus of the analysis were entered into the analysis of covari-
ance as covariates. The squared partial correlations for each
endpoint are given (R2) (Table 2), controlling for the effects of
the other endpoints in the model. The SOFT and log-trans-
formed SOFT metrics were the most effective predictors of
low, medium, and high p24-yielding assay group assignment,
while day 15 was the least effective predictor of p24 yield
(Table 2).

SOFT used to compare the effects of tissue type and culture
model on HIV-1Ba-L infection. The p24 level at the assay
SOFT, across tissue types and methods, is presented in Fig. 3.

FIG. 1. SOFT determination of HIV-1Ba-L growth in VQAB/IHM tissue explants. The SOFT (F) is shown for low-yield (maximum p24 level,
�1,500 pg/ml) (a), medium-yield (maximum p24 level, 1,500 to 20,000 pg/ml) (b), and high-yield (maximum p24 level, �20,000 pg/ml) (c) assays.
Each line represents virus growth for each of 12 donors, where each donor is distinguished by the line pattern within each panel.

FIG. 2. Comparison of five endpoint measures to determine HIV-
1Ba-L growth in explant tissues. Viral growth determined at the end-
points SOFT, day 12, day 15, and AUC are plotted on the left y axis
(log10 p24 pg/ml), while the slope was plotted on the right y axis for low
( )-, medium (E)-, and high (F)-yielding assays. Horizontal lines
indicate the median of each endpoint. Note that for two of the high-
level growth assays (laboratory D, donors 1 and 2), growth was mea-
sured for only 12 days.

TABLE 2. LDA of various endpoint measuresa

Endpoint measure
of virus growth R2 F value Probability (F)

SOFT 0.93 57.24 �0.0001
Log SOFTb 0.96 140.02 �0.0001
Day 12 0.67 9.12 0.007
Day 15 0.38 2.71 0.120
AUC 0.60 6.76 0.016
Slope 0.68 9.51 0.006

a Results of LDA in which virus endpoint measures of viral growth (pg/ml p24)
in explant tissues were differentiated between low (five assays), medium (three
assays), and high (four assays).

b Due to multicolinearity between the linear and logarithmic SOFT results, the
log10 p24 at the SOFT (log SOFT) was entered into a separate LDA.
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Virus production was found to vary widely according to tissue
type and explant culture method (Kruskal-Wallis ANOVA;
P � 0.0001) (Fig. 3). Using all measurements of HIV-1Ba-L

growth (in the absence of PRO 2000), irrespective of virus/
medium source, release of p24 at SOFT was lowest for the

laboratories using (unstimulated) cervical tissue and highest
for laboratories using either cervical tissue with peripheral
blood mononuclear cell (PBMC) coculture or tonsil tissue.
There were no statistical differences in virus yield between
stimulated cervical explants and rectal or tonsil explants. Com-
parison of the three model systems used for cervical tissue
demonstrated that unstimulated cervical tissue resulted in the
lowest viral growth, while the use of a PBMC coculture re-
sulted in the most p24 release. Stimulated cervical tissue re-
sulted in lower growth than the use of a PBMC coculture but
in higher growth than unstimulated cervical tissue. A similar
trend was observed if only the best growth condition (VQAB/
IHM) was evaluated, except that the difference between stim-
ulated cervical tissue and cervical tissue with PBMC coculture
was not statistically significant, and the difference in viral
growth between rectal tissue and cervical tissue with PBMC
coculture or tonsil tissue increased in statistical significance
(P � 0.001) (data not shown).

SOFT used to measure virus inhibition. An example of viral
inhibition by PRO 2000 on HIV-1Ba-L growth is presented
using unstimulated cervical tissue explants (n � 3) to demon-
strate the utility of SOFT in a compound screening program
(Fig. 4). Unstimulated cervical tissue explants at SOFT were
found to have less p24 production (median, 101.1 pg/ml) than
rectal (626.9 pg/ml), tonsil (35,800 pg/ml), stimulated cervical
(2,381 pg/ml), and cervical tissue-PBMC coculture (139,950
pg/ml) explant models (P � 0.0001; Kruskal-Wallis ANOVA
and Dunn’s multiple comparison test) (Fig. 3). Since less viral
replication was likely to result in a reduced ability to detect
inhibition of virus, SOFT was used to calculate virus inhibition
in the unstimulated cervical tissue. For two donors (donors 1

FIG. 3. Effect of explant method type on virus yield. Virus growth
(p24) was compared across explant methods by Kruskal-Wallis
ANOVA (P � 0.0001). The p24 level at the assay SOFT is presented
for HIV-1Ba-L grown in cervical (14 donors), stimulated cervical (6
donors), cervical tissue-PBMC coculture (2 donors), tonsil (4 donors),
and rectal (4 donors) explant experiments, sourced from IHB, IHM,
VQAB, and VQAM conditions. The median and interquartile range
are indicated for each method. The table shows the probability values
for significantly different pairwise comparisons (Dunn’s multiple com-
parison test). n.s., not significant.

FIG. 4. Application of SOFT analyses to “low” viral growth in unstimulated cervical tissue for donors 1 (a), 2 (b), and 3 (c) and % virus
inhibition across donors (d). Data shown represent the viral growth in the absence (E; solid lines) or presence (dotted lines) of the candidate
microbicide PRO 2000 (5 �g/ml [ ], 50 �g/ml [ ], and 500 �g/ml [f]). Medians and interquartile ranges for replicate measurements are shown.
The SOFT (1) for donors 1 and 2 occurred at day 10, while that for donor 3 occurred at day 14. (d) Inhibition of viral infection determined using
different endpoint analyses. The % virus inhibition results were compared for PRO 2000 (5, 50, and 500 �g/ml) for three donor cervical tissue
explant tissue samples from one laboratory. Virus inhibition (%) was calculated using p24 measurements for (i) SOFT, (ii) day 10, and (iii) day
14 endpoint analyses. The median and interquartile ranges across replicates and donors are shown. Virus inhibition for each treatment was
compared to that for the Ba-L control at SOFT, day 12, and day 14 (Wilcoxon signed-rank test; *, P � 0.05; **, P � 0.01).
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and 2), HIV-1Ba-L growth in the absence of drug increased
through days 3 to 10 but then decreased by day 14 (Fig. 4a and
b), while in the third donor (donor 3), viral growth increased
through days 7 to 14 (Fig. 4c). SOFT accommodated these
interdonor variations in virus growth by setting the time point
for comparison for donors 1 and 2 at day 10, prior to the
decline in virus growth, and at day 14 for donor 3, where
delayed onset of virus replication was exhibited. Using SOFT,
the % virus inhibition ranged from 80.6 to 99.0% for the
highest concentration of drug (500 �g/ml) across replicate
measurements and donors (Fig. 4d), while a wider range in
results was found using either the day 0 (61.2 to 96.9%) or day
14 (41.3 to 99.0%) endpoint measure. The % virus inhibition
results using all endpoints were more variable for the 5- and
50-�g/ml PRO-2000 conditions, which may be due to these

concentrations being at the threshold of efficacy for this com-
pound (Fig. 4d). Although a dose-response effect was found for
% virus inhibition using all three endpoint measures (Wilcoxon
signed-rank test; P � 0.05), less variability was observed with
SOFT (%CV � 54.9%) than with day 10 (100.2%) and day 14
(95.5%) (Fig. 4d). Based on these results, SOFT was applied
for the remaining comparisons.

SOFT used for evaluation of a candidate microbicide. The
% virus inhibition of PRO 2000, a candidate microbicide, was
calculated using SOFT for donor-matched, untreated HIV-
1Ba-L control results for each laboratory and explant tissue type
(Fig. 5). With the exception of stimulated cervical tissue ex-
plants, all tissue types demonstrated a dose-dependent effect of
virus inhibition by PRO 2000 (Fig. 5a). Significant viral inhi-
bition was observed at (i) 500 �g/ml PRO 2000 (cervical, cer-

FIG. 5. Inhibition of HIV-1Ba-L infection by PRO 2000. Inhibition of viral infection by PRO 2000 was determined for five explant tissue types
(cervical, stimulated cervical, cervical tissue-PBMC coculture, tonsil, and rectal methods) in seven laboratories (A to G). (a) Median % virus
control values were compared across three concentrations of PRO 2000 (5 �g/ml [ ], 50 �g/ml [ ], and 500 �g/ml [ ]) to 100% virus control,
where significant effects of PRO 2000 are indicated as follows: *, P � 0.05; **, P � 0.01; and ***, P � 0.001 (Wilcoxon signed-rank test). Data
represent the median and interquartile range of % virus control for each tissue type. (b) The IC50 for PRO 2000 was calculated using the amount
of p24 released at the assay SOFT and derived by nonlinear regression analysis for each tissue type (stimulated cervical, cervical tissue-PBMC
coculture, rectal, and tonsil tissue). (c) The IC50 for PRO 2000 was calculated using the amount of p24 released at the assay SOFT and derived
by nonlinear regression analysis for each laboratory using unstimulated cervical tissue (labs A, B, and E). Data represent the replicate % virus
control for each lab. The embedded tables in panels b and c outline the individual IC50 (�g/ml) values, upper and lower 95% confidence intervals,
and the goodness of fit (R2) of each curve. n/a, values could not be estimated with confidence from the nonlinear regression analysis.
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vical tissue-PBMC coculture, rectal, and tonsil samples) (P �
0.001; Wilcoxon signed-rank test), (ii) 50 �g/ml PRO 2000
(unstimulated cervical and tonsil tissue in labs A, B, and D
[P � 0.001] and unstimulated cervical tissue in lab E [P �
0.01]), and (iii) 5 �g/ml PRO 2000 (unstimulated cervical tis-
sue in labs A and B [P � 0.05] and tonsil tissue [P � 0.001]).
The sigmoidal dose-response curve explained 24 to 81% of the
variance across all explants, with the exception of the results
from the stimulated cervical tissue experiment, where the data
did not conform to a dose-response curve (Fig. 5b and c,
tables). The IC50 of PRO 2000 varied considerably across ton-
sil, cervical tissue-PBMC coculture, rectal, and stimulated cer-
vical explants (9.7 to 98.0 �g/ml) (Fig. 5b); greater consistency
in IC50 measurements was found for the three laboratories
testing unstimulated cervical explants (24.5 to 29.3 �g/ml)
(Fig. 5c).

Tissue responses vary according to HIV-1 isolate. The rates
of viral growth of four primary isolates of HIV-1 (i.e., UG268,
SE364, DJ263, and UG273) were compared to the growth of
HIV-1Ba-L in each of the tissue explant models. Release of p24
was found to be lower for clade C isolates, UG268 (�0.73 log10

p24; P � 0.001) and SE364 (�1.05 log10 p24; P � 0.001), than
for HIV-1Ba-L across all explant assays. The clade A isolate
(UG273) resulted in less p24 production than that by HIV-
1Ba-L for cervical (�0.24 log10 p24 pg/ml; P � 0.05) and tonsil
(�0.42 log10 p24 pg/ml; P � 0.001) tissues. There was no
difference in p24 production between A/G recombinant isolate
DJ263 and HIV-1Ba-L (P is nonsignificant) for any of the tissue
types tested.

Intra-assay variability across experimental conditions. In-
tra-assay variability was measured using the %CV for all rep-
licate p24 measurements, where a higher %CV indicates
greater variability for replicate measurements. The %CVs
were compared across assays (Fig. 6a to d). There was no
difference in %CV across experimental conditions (virus/me-
dium source, use of PRO 2000, or isolate type) (Kruskal-Wallis
ANOVA; P � 0.26 to 0.98) (Fig. 6a to c), with a median %CV
across all experimental conditions of 28.8%. Intra-assay repro-
ducibility did vary across explant tissues and model types,
where greater variability was found using the rectal tissue ex-
plant method than the total %CV for the study (Mann-Whit-
ney test; P � 0.0001) (Fig. 6d). Tonsil and unstimulated cer-
vical tissue explant cultures resulted in the most reproducible
explant virus growth (i.e., median %CV) (Fig. 6d).

DISCUSSION

While explant cultures are currently used to study HIV
pathogenesis and transmission in tissues relevant to in vivo
sites of infection, they are also being used to evaluate the
antiviral activity of candidate topical microbicides prior to sub-
sequent studies in animals and humans. Given the variety of
protocols currently used in tissue explant studies (e.g., see
references 1, 2, 4, 6, 8, and 12), the first aim of this study was
to identify a uniform method for analyzing, comparing, and
presenting virus growth curve data. To this end, the SOFT
metric provides such a method. SOFT was developed to enable
interlaboratory comparisons of HIV-1 replication across ex-
plant methods (with cervical, rectal, and tonsil tissues) by de-
termining the endpoint to compare virus growth between con-

trol and microbicide-treated tissues. Comparison of virus
growth between control and treated tissues at time points prior
to the accelerated growth phase or after virus growth has
tapered off could underestimate the level of virus inhibition
exhibited by a microbicide candidate. Comparison of virus
growth at SOFT provides an “ideal” endpoint comparison for
each growth curve by excluding the variability in measurements
at time points prior to SOFT, when growth in the virus control
may be at low or nondetectable levels, or after SOFT, when the
system may no longer be able to support viral growth. SOFT
aims to provide a sensitive indicator of drug efficacy to be used
early in a drug screening program, prior to additional confir-
matory testing, when the risks of making a type II error (i.e.,
false-negative result when a potentially efficacious compound
is excluded) outweigh the risks of a type I error (i.e., false-
positive result when a potentially ineffective compound is in-
cluded).

An evaluation of calculation time, ease of performance,
availability of resources, and other factors that may be impor-
tant to a laboratory should be considered prior to the adoption
of any endpoint method. Although the AUC and slope calcu-
lations proved to be effective predictors of virus growth, the
complexity of these calculations may reduce their utility for
research teams without access to statistical software necessary

FIG. 6. Intra-assay variability across experimental conditions. In-
tra-assay variability was measured using the %CV for replicate p24
measurements. Data shown represent the median %CV and interquar-
tile range for p24 release determined at the assay SOFT for seven
laboratories using their preferred explant method under each experi-
mental condition ( ), alongside the total %CV for the study ( ).
(a) Source of virus/medium; (b) effect of microbicide PRO 2000; (c)
growth of different HIV-1 isolates; (d) tissue type. Significant differ-
ences were determined using the Mann-Whitney test.
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to compute nonlinear regressions and trapezoidal functions. In
contrast, SOFT can readily be calculated and thus allows direct
comparison of growth curves by standard statistical tests (e.g.,
ANOVA, t test, Kruskal-Wallis test, and Mann-Whitney test).
A multivariate comparison (LDA) of various endpoint ap-
proaches further supported the application of SOFT as an
objective method for evaluating virus replication. In addition,
SOFT neither over- nor underestimated virus growth com-
pared to other endpoints and provided a measure of growth
that reliably reflected the virus yield of the assay.

An added advantage to the identification of a robust assay
endpoint is the ability to use it for identifying key parameters
that, once standardized, can lead to more reproducible data
between laboratories. As a second aim of this study, SOFT was
used to compare conditions that could affect virus growth in
explant assays. The variables found to affect virus growth in the
explants studied here included (i) source/type of assay re-
agents, (ii) tissue type, (iii) how the tissue was cultured (i.e.,
tissue stimulation), (iv) HIV-1 isolate used, and (v) microbi-
cide concentration. In contrast, laboratory measurement of
p24 protein in culture supernatants was found to be generally
consistent, regardless of assay-specific factors such as ELISA
manufacturer, standard curve range, method of ELISA analy-
sis, or the laboratory running the analysis.

Since HIV-1 replication can be monitored in tissue culture
by a variety of methods (including measurement of p24 pro-
tein), different patterns of virus growth can be observed de-
pending on whether virus is measured in the cell-free or cell-
associated compartments of cultured cells and tissues (3, 23).
In the microbicide field, researchers rely primarily on p24
protein levels in culture supernatants as a measure of virus
replication over the course of the explant study. Using this
approach for the current study, greater viral replication was
observed in all explant models by use of the centrally provided
VQAB stock and the laboratory’s own IHM formulations. Use
of a common virus stock provided by a central repository in-
creased p24 production for all tissue types and methods, but
medium formulations routinely used by each laboratory were
found to be better suited to the laboratory’s preferred explant
method.

Perhaps the largest effect on p24 production was the tissue
type and model used. For example, the least viral replication
was observed using unstimulated cervical tissue. When cervical
tissue was immune stimulated or cocultured with PBMC, viral
replication was noticeably increased, by 10- or 1,000-fold, re-
spectively. Use of either rectal or tonsil tissue also significantly
increased viral replication, suggesting that viral replication can
be significantly affected by endogenous stimulation or the con-
centration and distribution of target cells present in each tissue
type or model system.

The absolute quantity of p24 protein produced by tissue
explant cultures did not appear to correlate with the ability to
detect a drug effect. The candidate microbicide PRO 2000 was
found to inhibit virus growth for the majority (four of five
methods) of explant methods used by the seven laboratories
(i.e., cervical, tonsil, rectal, and cervical tissue-PBMC cocul-
ture explants), where p24 production at SOFT ranged from 14
to 670,300 pg/ml. Cultures releasing both high (tonsil) and low
(cervical) p24 levels produced reliable drug effects, while an-

other high-p24-release explant model (stimulated cervical tis-
sue) failed to demonstrate any drug effect in this study.

Given the lack of a standard endpoint for virus growth in
explant studies, few laboratories to date have reported micro-
bicide activity in terms of an IC50. In fact, only one laboratory
has published an IC50 for PRO 2000 in cervical tissue, at 	80
�g/ml (9). In the current study, the IC50 for PRO 2000 varied
widely among the tissue types evaluated (9.7 to 98.0 �g/ml) but
remained fairly consistent within an explant method, as dem-
onstrated by the three laboratories working with cervical tissue
(24.5 to 29.3 �g/ml). These data indicate that inhibitory con-
centrations of PRO 2000 in explant tissues are higher than
those in cell lines and primary T cells or macrophages (IC50s
ranging from 0.7 to 12.8 �g/ml) (20, 27, 29), suggesting that
more drug is required to penetrate tissue than to penetrate
monolayers or cell suspensions. Comparing the same tissue
type used in different model systems, such as cervical culture
and cervical tissue-PBMC coculture, PRO 2000 was also con-
sistently active (24.5 to 29.3 �g/ml compared to 28.1 �g/ml,
respectively), but not compared with the stimulated cervical
(IC50 could not be determined) or rectal (9.7 �g/ml) model.
This suggests that drug IC50s could be compared between
laboratories using the same tissue type under the same model
conditions, but not necessarily between laboratories using ei-
ther different explant tissues or different assay methods.

Although the HIV-1 isolate used had a significant impact on
virus growth (clade C strains resulted in less virus growth and
clades A and A/G showed comparable growth to that of HIV-
1Ba-L), it is important to note that the explant models examined
in this study supported growth of viruses that represent only a
subsample of isolates available to microbicide researchers
(https://www.aidsreagent.org/Index.cfm). These results support
the inclusion of non-HIV-1Ba-L isolates in future explant stud-
ies by determining microbicide activity against more clinically
relevant, non-laboratory-adapted strains of HIV-1.

While an intra-assay variability of �20% is generally con-
sidered acceptable for in vitro assays (24), this study found a
wide range for explant intra-assay %CVs (0.8 to 163.4%),
where rectal tissue measurements were the most variable. High
variability in rectal explant tissues may be due to such factors
as susceptibility of different tissue areas to infection (immune
cell pockets, areas with large M-cell populations, etc.) or fria-
bility of tissue that is of a less structured type (1, 8). However,
even though the high intra-assay variability reduced the statis-
tical power of treatment comparisons, consistent drug and
isolate effects were found. Additionally, statistical power was
not consistent across explant methods; cervical explants used
by three laboratories provided greater statistical power for
drug and isolate effects than did other explant methods tested
by only a single laboratory (i.e., stimulated cervical, cervical
tissue-PBMC coculture, tonsil, and rectal methods).

In summary, in order to improve the quality of data from
laboratories using tissue explants to evaluate topical microbi-
cides, this study addressed the following two aims: (i) identi-
fication of a uniform method for analyzing, comparing, and
presenting virus growth curve data; and (ii) identification of
those key parameters that, once standardized, will lead to more
reproducible data between laboratories. A comparison of var-
ious endpoint approaches demonstrated that the SOFT can
provide a measure of virus growth that is easily calculated,
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reliably indicates the virus yield of the assay, and allows direct
comparison of growth curves by standard statistical tests. In
terms of key assay parameters, use of a common virus stock
was shown to be most important for improving virus growth
among the tested explant models. In addition, as the data with
primary strains indicated, identification of clinically relevant
HIV-1 clades that are able to replicate well in tissue explants
will be important for future microbicide studies. Although the
tissue type and model used had the greatest impact on virus
growth, this study also demonstrated that a reliable drug effect
can be observed in tissues with low or high p24 protein levels
and that IC50s can be compared between laboratories using the
same tissue type. Finally, wide intra-assay variability may be
inherent to tissue explant studies, where the extent of mea-
surement variability found here depended upon the tissue type
used. Further studies using a variety of tissue types are recom-
mended to determine the number of donors and replicates
necessary for adequate statistical power in comparisons of HIV
inhibition between compounds.

Reproducible tissue explant research has the potential to
provide an early indicator of drug efficacy, thus accelerating
the best microbicide candidates into subsequent animal studies
and, ultimately, human clinical trials. It is hoped that the iden-
tification of a reliable endpoint and other key methodological
parameters will increase future standardization and compara-
bility of preclinical explant assays.
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