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The first product to be clinically evaluated as a microbicide contained the nonionic surfactant nonoxynol-9

(nonylphenoxypolyethoxyethanol; N-9). Many laboratories have used N-9 as a control compound for microbi-
cide assays. However, no published comparisons of the results among laboratories or attempts to establish
standardized protocols for preclinical testing of microbicides have been performed. In this study, we compared
results from 127 N-9 toxicity and 72 efficacy assays that were generated in five different laboratories over the
last six years and were performed with 14 different cell lines or tissues. Intra-assay reproducibility was
measured at two-, three-, and fivefold differences using standard deviations. Interassay reproducibility was
assessed using general linear models, and interaction between variables was studied using step-wise regression.
The intra-assay reproducibility within the same N-9 concentration, cell type, assay duration, and laboratory
was consistent at the twofold level of standard deviations. For interassay reproducibility, cell line, duration of
assay, and N-9 concentration were all significant sources of variability (P < 0.01). Half-maximal toxicity
concentrations for N-9 were similar between laboratories for assays of similar exposure durations, but these
similarities decreased with lower test concentrations of N-9. Results for both long (>24 h) and short (<2 h)
exposures of cells to N-9 showed variability, while assays with 4 to 8 h of N-9 exposure gave results that were
not significantly different. This is the first analysis to compare preclinical N-9 toxicity levels that were obtained
by different laboratories using various protocols. This comparative work can be used to develop standardized

microbicide testing protocols that will help advance potential microbicides to clinical trials.

The increase in human immunodeficiency virus type 1
(HIV-1) transmission, particularly in developing countries of
sub-Saharan Africa and Asia (15), continues to challenge the
global efforts to control the AIDS epidemic. Although male
and female condoms can lower the risk of transmission (26,
41), universal acceptance of these mechanical barrier methods

* Corresponding author: Mailing address: Southern Research Insti-
tute, 431 Aviation Way, Frederick, MD 21701. Phone: (301) 228-2188.
Fax: (301) 694-7223. E-mail: beer@sri.org.

T Present address: Magee-Womens Research Institute, 204 Craft
Avenue, Pittsburgh, PA 15213.

1 Present address: Southern Research Institute, 431 Aviation Way,
Frederick, MD 21701.

¥ Present address: Cell Trends, Inc., 6 North Church Street, Middle-
town, MD 21769.

§ Present address: Olympus America, Inc., Two Corporate Center
Drive, P.O. Box 9058, Melville, NY 11747-9058.

713

may be difficult to achieve. An alternative strategy for control-
ling mucosal transmission of HIV-1 and other sexually trans-
mitted disease pathogens is the development and deployment
of broad-spectrum, low-toxicity, acceptable, and low-cost mi-
crobicidal agents for topical vaginal or rectal use. The first
product to be clinically evaluated as a microbicide contained
the nonionic surfactant agent N-9 (nonoxynol-9) as the active
ingredient (14, 32). N-9 has been used, at concentrations be-
tween 2 and 12%, as the active component of spermicides for
more than a quarter of a century. Early studies indicated that
N-9 was active in vitro against a range of microbial pathogens
including herpes simplex virus, cytomegalovirus, Neisseria gon-
orrhoeae, Trichomonas vaginalis, Treponema pallidum, Gard-
nerella vaginalis, Bacteroides spp., Chlamydia trachomatis, and
HIV-1 (13, 17, 18, 21, 30, 33-35, 39). Clinical studies have
provided conflicting data on N-9 effectiveness against the
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transmission of HIV-1 and the other sexually transmitted dis-
ease pathogens (8, 22, 25, 27, 32, 43). Results from human and
animal studies indicated a narrow margin between N-9 effec-
tiveness and safety as well as associations between frequent
N-9 use and vaginal or rectal irritation, inflammation, tissue
infiltration by host immune cells, and changes in the vaginal
flora (5, 15, 39). These adverse effects may increase the risk for
HIV-1 transmission during sexual intercourse. Consequently,
the outcome of these clinical trials led to the recommendation
by the Centers for Disease Control and Prevention that prod-
ucts containing N-9 should not be used for HIV-1 prevention,
especially during rectal intercourse (6, 29, 31).

N-9 has been tested in many in vitro assay systems and was
shown to be efficacious as well as toxic. The issue of selectivity
for N-9 products was raised in 1994 when a study demonstrated
that, while N-9 was active against HIV-1 at a concentration of
0.01%, it was also cytotoxic to lymphocytes at the same con-
centration (3). After additional preclinical testing, N-9 was
moved forward into clinical trials (1, 36, 40) and the rationale
for performing these trials has previously been described (14,
38). Given the safety concerns raised in the N-9 clinical trials
and the need for preclinical assays that accurately predict the
potential in vivo toxicity of topically applied microbicides, his-
torical data for N-9 in vitro toxicity provided by five laborato-
ries were critically evaluated. In this retrospective study, the
intra-assay, interassay, and interlaboratory reproducibilities
were evaluated using statistical methods. The data presented
here show that N-9 has a low selectivity index (SI) for HIV-1
and that the in vitro toxicity of N-9 was consistent with the
adverse clinical outcomes associated with human trials of N-9-
based microbicides.

MATERIALS AND METHODS

Participating laboratories. Five laboratories provided historical N-9 efficacy
and toxicity data from studies that were conducted between 1998 and 2004. They
were coded as “GH” (University of London, London, United Kingdom), “SR”
(Southern Research Institute, Frederick, MD), “CD” (Centers for Disease Con-
trol and Prevention, Atlanta, GA), “DU” (Drexel University College of Medi-
cine, Philadelphia, PA), and “CR” (CONRAD, Eastern Virginia Medical
School, Norfolk, VA). One laboratory was with a not-for-profit organization,
three were with universities, and one was with a governmental institution.

Toxicity assays. A total of 127 assays evaluating the toxicity of N-9 were
provided (GH, 20 assays; SR, 8 assays; CD, 6 assays; DU, 51 assays; and CR, 42
assays). The data provided by the CR, GH, and SR laboratories were unpub-
lished, and the data from the CD and DU laboratories were previously published
(9, 19-21). The source of N-9 differed between laboratories and was not consid-
ered a covariate factor for the study. In these 127 assays, 11 different permanent
cell lines and 4 primary cell or tissue types were utilized (Table 1); these were
Sup-T1, U-937, HeLa, ME-180, MT-2, HOS-CD4-X4/R5, P4-CCRS, HeLa-
CD4-LTR B-gal (HCLB), Caco-2, HEC1A, SW837, lectin-activated peripheral
blood mononuclear cells (PBMCs), monocyte macrophages, primary human
vaginal keratinocytes (HVKSs), and cervical explant tissue (11, 19-21, 23, 24, 37).
The permanent cell lines were obtained from the American Type Culture Col-
lection (ATCC), Manassas, Va., or the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH. Cells or tissues were incubated with
four to nine serial dilutions of N-9 concentrations, ranging from 0 to 10,000
wg/ml. The incubation time of cells or tissue with N-9 ranged in the majority of
assays from 10 min to >24 h of continuous exposure (9, 19-21). In eight assays,
N-9 incubation was followed by a 24-h recovery period or N-9 exposure was
repetitive with a recovery period. In all toxicity assays, the end points included
microscopic evaluations of cytopathic effect (CPE) and methyl thiazol tetrazo-
lium- or 3-(4, 5-dimethylthiazol-2-yl)-5-(3 carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium inner salt (MTS)-based colorimetric assessments (Table 2).
The medium or vehicle control was assumed to produce no toxicity (100% viable
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TABLE 1. Description of cell lines used for toxicity assays
Cell line

Description®

HelLa .... ....Cervical carcinoma cell (HPV transformed)

ME-180 ....Cervical carcinoma cell (HPV transformed)
Human T-cell leukemia cell line, HTLV-1
transformed
Sup-Tlaooiiiiiine T-lymphoblast cell line (lymphoblastic
leukemia)
U-937.coiereereineecnes Monocytic cell line (histiocytic lymphoma)
HOS-CD4-X4/RS............. Human osteosarcoma cells, engineered to

stably express CD4, CCRS, and CXCR4

HeLa CD#4 cells transformed with the
bacterial lacZ gene under the control of
the HIV-1 LTR, engineered to stably
express CD4 and CCRS

HCLB.....oooieeeeeeen HeLa CD#4 cells transformed with the
bacterial lacZ gene under the control of
the HIV-1 LTR, engineered to stably
express CD4

Colorectal adenocarcinoma cells

....Endometrial adenocarcinoma cells

Rectal adenocarcinoma cells

“ HPV, human papillomavirus; HTLV-1, human T-cell leukemia virus type 1;
LTR, long terminal repeat.

cells), and results for the N-9-exposed samples were expressed relative to this
control.

Efficacy assays. Seventy-two efficacy assays were provided from four labora-
tories (GH, 1 assay; SR, 10 assays; DU, 8 assays; and CR, 53 assays). Six different
permanent cell lines were utilized: ME-180, HOS-CD4-X4/R5, MT-2, HCLB,
H9, and Sup-T1. In addition, primary cervical explant tissue was used to evaluate
N-9 efficacy. The mechanism of action of these assays was either virucidal or
attachment inhibition, and the infection was performed using either cell-free or
cell-associated HIV-1. The following HIV-1 strains were used: SK-1, RF, Ba-L,
IIIB, and 89.6 (2, 7, 10, 12, 28). The duration of incubation of serial compound
dilutions with virus ranged from 2 min to overnight (Tables 3 and 6) (21), and the
quantitative endpoint assessments were by HIV-1 p24 measurement, microscopic
scoring of syncytium formation, or X-Gal (5-bromo-4-chloro-3-indolyl-B-p-ga-
lactopyranoside)-specific staining.

Statistical analysis. Toxicity assays were divided by duration of N-9 exposure
to cells into four categories: (i) 5 to 10 min, (ii) 1 to 2 h, (iii) 4 to 8 h, and (iv)
>24 h. Assays with repetitive N-9 exposures and/or recovery periods were not
analyzed statistically. Concentrations of N-9 differed widely across and within
laboratories (0 to 10,000 pg/ml). To improve the sensitivity of the statistical tests,
the intra-assay variations were assessed for each N-9 concentration level sepa-
rately, and the interassay and interlaboratory models included N-9 concentration
as a factor.

Prior to statistical analysis, all data were normalized for all experimental values
used in this study. The media control was predetermined to represent 100%
viable cells, and the N-9-exposed samples were expressed relative to this control.
Therefore, it was possible to statistically compare assays with various toxicity
endpoints.

For the efficacy assays, there were insufficient data to identify factors that
allowed for the grouping of results as was done for toxicity assay results. There-
fore, the results from the efficacy assays were not analyzed statistically.

Intra-assay reproducibility. To test whether values for two replicates repre-
sented a real difference, intra-assay variance was compared at two-, three-, and
fivefold differences; the latter was detectable at a 90% confidence level where an
intra-assay standard deviation (SD) greater than 0.21 log,, was statistically sig-
nificantly greater than an intra-assay SD of 0.15 log,, (4, 16). An intra-assay SD
of 0.15 log;, has been used by the NIH-funded Virology Quality Assurance
program to ensure that a laboratory could maintain precision across assays where
detection of HIV-1 RNA was reproducible over a 5-log range (mean standard
deviation, 0.15 log) (42).

Interassay reproducibility. Interassay reproducibility was measured between
each series of values from the same cell line, laboratory, and duration of N-9
exposure. The criteria for interassay reproducibility were applied as follows.

(i) Effect of replicate. Interassay reproducibility was measured using the F
value for assay repetition (PROC GLM; SAS). A significant main effect of assay
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TABLE 2. Characteristics of methods used to evaluate the toxicity of nonoxynol-9*

Assay name

Laboratory

Cell line

Duration of N-9

Duration of assay

Toxicity readout

Comments

incubation
CD4 independent SR ME-180 4h 24 h MTS
CD4 dependent SR HOS-CD4-X4/R5 4h 24 h MTS
CFIA CR MT-2 7 days 7 days No. and morphology N-9 not washed out
of cells (visual) but diluted in 10-
fold steps (10'-10°)
CAIA CR MT-2 7 days 7 days No. and morphology N-9 not washed out
of cells (visual) but diluted in 10-
fold steps (10'-10°)
Short-term cytotoxicity DU HCLB, P4-CCR5, HeLa 2 h, followed by a 26 h MTT
24-h recovery
Long-term cytotoxicity DU HCLB, P4-CCRS5, HeLa 48 h 48 h MTT
Sup-T1 cytotoxicity DU Sup-T1 10 min, 2 h, 8 h, and 10 min, 2 h, 8 h, and MTT
48 h 48 h
T-lymphocyte cytotoxicity DU Primary human T 10 min, 2 h, 8 h, and 10 min, 2 h, 8 h, and MTT
lymphocytes 48 h 48 h
U-937 cytotoxicity DU U-937 10 min, 2 h, 8 h, and 10 min, 2 h, 8 h, and MTT
48 h 48 h
MDM cytotoxicity DU MDM 10 min, 2 h, 8 h, and 10 min, 2 h, 8 h, and MTT
48 h 48 h
HVK cytotoxicity DU Primary HVK 48 h 48 h MTT
Repeated HVK exposure DU Primary HVK 2-h exposure, 78 h MTT
followed by 24-h
recovery, X3
Epithelial cell CD ME-180, Caco-2, HECIA, 24 h 24 h Cell Titer-Glo
SW837
PBMC CD Activated PBMC 24 h 24 h Cell Titer-Glo
MDM CD MDM 24 h 24 h Cell Titer-Glo
Tissue viability GH Primary cervical tissue 1h,24h,and 1 h 1h,24h,and 1 h MTT Absorbance
for 7 days for 7 days calculated per mg
of tissue
ME180 GH ME-180 1hand24h lhand 24 h MTT

¢ Abbreviations: MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (CellTiter 96; Promega); MTT, methyl thiazol tetrazolium; CFIA, cell-free infection assay;
CAIA, cell-associated infection assay; MDM, monocyte-derived macrophages; HVK, human vaginal keratinocytes; PBMC, peripheral blood mononuclear cells.
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TABLE 3. Characteristics of methods used to evaluate the efficacy of nonoxynol-9

Duration of

Assay name Laboratory Cell line Virus/mode of infection compound DEr,atl?n Ei?”]cacy Comments
incubation  °f 8553y readout
CD#4 independent SR ME-180 Chronically HIV-1 SK-1-infected 4h 24 h p24 Virus and N-9 washed off
HO cells, cell associated after 4 h
CD4 dependent SR HOS-CD4-X4/R5 Chronically HIV-1 SK-1-infected 4h 24 h p24 Virus and N-9 washed off
HO cells, cell associated after 4 h
CFIA CR MT-2 HIV-1 REF, cell free 5 min 7 days  Microscopic  Preincubation of N-9 and
evaluation virus; N-9 not washed
of CPE off but compound
effect terminated by
dilutions
CAIA CR MT-2 Chronically HIV-1 RF-infected 5 min 7 days  Microscopic  Preincubation of N-9 and
HO cells, cell associated evaluation cell-associated virus;
of CPE N-9 not washed off but
compound effect
terminated by dilutions
Tissue viability GH Cervical tissue HIV-1 Ba-L, cell free O/N 14 days p24 N-9 and cells incubated
1 h, prior to addition
of virus, N-9 and virus
washed off after O/N
incubation
CAIA DU HCLB cells HIV-1 IIIB-infected SupT1 cells, 10 min 48 h X-Gal Incubation of infected
cell associated cells with N-9 for 10
min, followed by 1:10
dilution and coculture
for 2 h with HeLa-
CD4-LTR-B-gal cells
CFIA DU HCLB cells HIV-1 IIIB, HIV-1 Ba-L, HIV- 10 min 48 h X-Gal Incubation of cell-free

1, 89.6, cell free

virus with N-9 for 10
min, followed by 1:100
dilution and coculture
for 2 h with HeLa-
CD4-LTR-B-gal cells

repetition would indicate that experimental values for the same cell line, assay
duration, and laboratory would differ significantly between replicates.

(ii) Effect of three, six, and more than seven replicates on reproducibility. A
reduced replicate effect for six and more than seven assay replicates compared to
that for three assay replicates indicated increased reproducibility and evidence
for recommending the use of more than three replicates in a standardized
protocol for toxicity assays. To compare the effect of replicate numbers on
reproducibility, an analysis of covariance was performed using general linear
model (GLM) modeling, where N-9 concentration was the covariate factor.

(iii) Effect of N-9 concentration on replicate reproducibility. A significant
interaction between N-9 concentration and replicate number indicated that the
number of replicates required for interassay reproducibility depended upon the
range of N-9 concentrations used in the experiment. To test the significance of
interassay variation, a pilot analysis on a subsample of data was conducted to
compare the goodness of fit with and without the use of GLM for the regression
(SAS, 2004). The GLM procedure uses the method of least squares to fit the
data. GLM was found to provide a substantially improved fit for this data and is
recommended for the analysis of unbalanced designs (42).

To test for the effect of N-9 assay concentrations on reproducibility, N-9
concentrations needed to be equivalent for assays using three, six, and more than
seven replicates. This meant that assays using a smaller number of replicates
(e.g., one to three) were assumed to represent a similar range of N-9 concen-
trations to allow comparisons to assays using a larger number of replicates (i.e.,
six or more).

An analysis of the interaction between assay N-9 concentration and interassay
reproducibility revealed that N-9 concentration was correlated with replicate
number, rendering this comparison invalid. However, grouping of the data in N-9
concentration ranges allowed this comparison to be made, avoiding the inter-
correlation between N-9 concentration and the number of replicates. Thus, the
assay data were divided into low (less than 2.5 pg/ml), medium (2.5 to 32 pg/ml),
or high (more than 32 pg/ml) N-9 concentration levels. The number of data
points falling into each category is shown in Table 5. A GLM regression model
for each N-9 concentration group (low, medium, and high) tested main and
interaction effects on their ability to predict the experimental measurements.

Toxicity concentrations. TCs, values were expressed as the toxic concentration
in pg/ml where 50% of the cells were still viable. TCs, values were calculated for
each assay by four-parameter curve-fitting and point-to-point regression analysis
using the computer program XLfit 4 (IDBS). Curve-fitting and point-to-point
regression TCs, values were tested for their comparability by correlation analysis
and paired sample ¢ test (PROC MEANS; SAS, 2002). As the two (curve-fitting
and point-to-point) values were calculated using the same assay data, a correla-
tion between the two sets of values was expected.

Mean TCs, values were compared for each cell line and laboratory within the
duration of each assay by analysis of variance (PROC ANOVA; SAS). This was
followed by a means test (Scheffe or least significant difference; P, <0.05) to
identify outlier TCs, values. To increase sensitivity in the comparisons, mean
TCs, values (>500 pg/ml) were excluded from this analysis.

RESULTS

Intra-assay reproducibility was within twofold differences of
log,, standard deviations. We tested the intra-assay reproduc-
ibility by using standard deviations. Figure 1 shows that the
SDs (log,,) of all the assays tested were below the 0.21 SD
(log,o) level. The horizontal lines indicate two-, three-, and
fivefold differences (SD log,,) in intra-assay measurements,
and “P < 0.05” indicates the SD (log,,) at which there is 90%
confidence to find a fivefold difference (4). There is less than a
10% probability that, using the assay methods described, a
fivefold difference in experimental values would occur for a
measurement made at the same concentration, cell line, assay
duration, and laboratory. In fact, the actual SDs (log,,) showed
consistent intra-assay reproducibility at a twofold level.
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Intra-assay Reproducibility for N-9 Toxicity Assays
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FIG. 1. Intra-assay reproducibility across assay durations for all cell lines. The intra-assay reproducibility was assessed using SD (log,,). All
replicates within one concentration were compared. The two-, three-, and fivefold levels of SD log,, are indicated from bottom to top, respectively,
by horizontal lines. P < 0.05 indicates the SD (log,,) at which there is 90% confidence to find a fivefold difference (4).

Effect of replicate had a nonsignificant effect in 75% of the
assays. The main effects of cell type, duration of assay, and N-9
concentration were significant sources of variance (P < 0.01) in
the experimental values. Since these main effects were ex-
pected to originate from the nature of the assays being per-
formed and were not related to assay reproducibility, no fur-
ther analyses were conducted. Thus, the remainder of the
results are confined to the relationship between the experi-
mental values and the main and interaction effects of assay
replicates.

Main effects (P < 0.05) found for interassay reproducibility
are presented in Fig. 2, where a high F value is an indicator of
low interassay reproducibility. The horizontal line in Fig. 2
indicates the approximate F value that would result from a
significant replicate effect when P was <0.05. This value dif-
fered slightly depending on the number of observations in each
test. Seventy-five percent of the assays showed a nonsignificant
effect of replicate determinations on experimental values (Fig.
2). In other words, experimental values for the same cell line,
assay duration, and laboratory did not differ significantly be-
tween replicate values. Using the criteria described in Materi-
als and Methods, the majority of the toxicity assays were found
to have acceptable interassay reproducibility, with the excep-
tion of the following assays: Sup-T1, 10 min (DU); explant
cervical tissue, 10 min (GH); explant cervical tissue, 1 h, 35 min
(GH); ME180, 1 h (GH); HOS-CD4-X4/RS5, 4 h (SR); ME180,
24 h (GH); P4-CCRS, 48 h (DU); and macrophages, 24 h
(CD), which did not meet the criteria for interassay reproduc-
ibility.

No significant effect of replicate number on reproducibility.
As shown in Table 4, no significant effects of assay replicate
number (three, six, or more than seven) on experimental val-
ues were detected (P > 0.05). This implied that the effect of
replicate determinations on experimental values was unrelated
to the number of replicates performed in the toxicity experi-
ment. Therefore, for the assay types and laboratories repre-
sented in this study, no difference in reproducibility for assay
methods using three, six, or more than seven replicates would
be predicted.

No significant effect of N-9 assay concentration above 2.5
pg/ml on replicate reproducibility. The analysis of variance
comparing concentrations of N-9 used in replicate numbers of
one to three, four to six, and more than seven found N-9
concentrations to differ substantially between these groupings
of replicate values. For example, the mean N-9 concentration
used was 331.5 pg/ml when the number of replicates was one
to three, 129.14 pg/ml when the number of replicates was four
to six, and 18.81 pg/ml when the number of replicates was
more than seven. N-9 concentration variations with replicate
numbers were found to be a confounding factor, and therefore,
the independent effect of N-9 concentration on interassay re-
producibility could not be tested. However, after grouping the
data into three different concentration ranges, the effect of N-9
assay concentration on replicate reproducibility could be ex-
amined.

There were no replicate effects when the concentration of
N-9 used in the experiment was above 2.5 pg/ml (Table 5,
columns 3 and 4). However, for N-9 levels below 2.5 pg/ml,
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Inter-assay Reproducibility for N-9 Toxicity Assays
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FIG. 2. Interassay reproducibility across assay duration and cell lines. Interassay reproducibility was assessed using a regression analysis with
general linear models, taking into account all N-9 concentrations. Low reproducibility was indicated where the variability between replicates was
higher than the variability within replicates and was significant (P < 0.05) when the F ratio was greater than approximately 3.0 (PROC GLM, SAS
2004). *, F ratio equals the variability in experimental measures between replicates divided by the variability in experimental measures within
replicates. The horizontal line indicates the approximate F value that would result from a significant replicate effect when P was <0.05.

significant main (P < 0.0001) and interaction (P < 0.0001 to
0.048) replicate effects were found (Table 5). The low N-9
group included assay data from the following cell lines: primary
HVKs, explant cervical tissue, HOS-CD4-X4/RS cells, and
ME-180 cells. Interestingly, for this low N-9 group, the ex-
pected significant effects of cell type were not found. It is

TABLE 4. Effect of three, six, and more than seven replicates
on reproducibility

Replicate no. tested Replicate F value (p)*

1,2, and 3. 0.71 (0.49)
4,5, and 6.......... 0.19 (0.83)
1,2,3,4,5, and 6........ 0.39 (0.86)
1,2,3,4,5,6,and >7.. 0.19 (1.00)
1-3 vs 46 vs =7... 0.07 (0.93)
1-3vs 46 ...cocuuncne. 0.91 (0.98)
land 6vs 2, 3, and 4......... 1.56 (0.21)
1and 6 vs 2, 3, and 4 vs >7.. ... 0.91 (0.40)
1,2,3,4,5,and 6 VS >T..cciiiviiiiiiciiceccaes 0.06 (0.81)

“The F value is the test statistic used in GLM analysis of variance; it is the
ratio of the replicate mean square to the replicate error mean square. The null
hypothesis was that there was no effect of replicate (1st, 2nd, 3rd, etc.) on
measures. This was rejected where the F ratio is large and P is <0.05. The effect
of replicate was not significant for the comparisons presented when P was <0.05
(effect significant).

possible that low interassay reproducibility in the low N-9
group masked any effects of cell or tissue type on the experi-
mental results. An analysis of variance (PROC ANOVA; SAS,
2002) followed by a means comparison (least significant dif-
ference) of experimental measures between the replicates
showed that values for the first replicate were lower than those
made for replicates two to six (data not shown).

Toxicity to cells increased with longer N-9 exposure times.
As shown in Fig. 3, TCs,, values showed a decreasing trend with
longer assay durations (Fig. 3). When high TCs, values (>500
pg/ml) were excluded, assay durations of 5 to 10 min, 1 to 2 h,
and >24 h showed differences in TCs, values between assays.
Specifically, TCs, values obtained in monocyte-derived macro-
phages (MDM) (DU, 5 to 10 min; mean TCs,, 195.0 pg/ml)
and explant cervical tissue (GH, 1 to 2 h and >24 h; mean
TCsps, 431.5 pg/ml and 119.5 pg/ml, respectively) were signif-
icantly higher than the other assays made from the same du-
ration group. The TCj, values found for assays in the 4-to-8-h
assay duration group were not significantly different.

When the mean TCs, values of the different exposure times
were compared, the same decreasing trend was confirmed (Fig.
4). Statistically significant differences were found when the
individual mean TCss of the three shorter exposure times (5
to 10 min, 1 to 2 h, and 4 to 8 h) were compared to the mean
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TABLE 5. General linear models analysis predicting experimental
measures of main and interaction effects of assay replicates

GLM analysis result for N-9 group concn level

(ng/mi)*
Parameter
Low (<25)  Medium (2.5-32)  High (>32)
(n = 168) (n = 555) (n = 465)
Main effects
Duration <0.0001 <0.0001 <0.0001
Repetition <0.0001 0.99 1.00
Laboratory ND 0.67 <0.0001
Cell line 0.56 <0.0001 0.003
Interaction effects
Effect of laboratory <0.0001 0.25 1.00
on replicates
Effect of cells on <0.0001 1.00 1.00
replicates
Effect of assay 0.048 0.52 1.00

duration on
replicates

“ Effects indicating low reproducibility at N-9 concentrations of <2.5 pg/ml in
comparison to those at =2.5 pug/ml are shown in bold type. ND, not determined.

TCs, of the longer (>24 h) exposure time (analysis of variance,
Tukey’s least significant difference test, P < 0.05).

In addition to evaluating the variation of TCs, values be-
tween N-9 exposure times, two different methods of calculating
the TCs, values were compared. For the data set analyzed,
TCs, values were highly correlated (P < 0.01) between four-
parameter curve-fitting and point-to-point regression analysis
methods. The curve-fitting data presented a smoother curve
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relative to the point-to-point data (Fig. 5). There was no sig-
nificant difference (¢ test, t = 0.17; P = 0.86) between the
values obtained using the curve fit method (mean TCs, 459.14
pg/ml; standard error, 172.47) and the point-to-point estima-
tions (mean TCs,, 474.12 png/ml; standard error, 173.27) (Fig.
5). However, a greater concordance between curve-fitting and
point-to-point TCs, values below 70 pg/ml than equal to or
above 70 wg/ml was found (data not shown).

N-9 efficacy of HIV-1 replication was indistinguishable from
N-9 toxicity. A total of 61 virucidal assays and 11 attachment
assays were evaluated from four different laboratories (Table
3). The number of drug dilutions ranged from four to six and
the number of replicates from two to four in the efficacy assays
(Table 6). The ICs, was defined as the concentration where
virus replication was inhibited by 50% relative to the virus
control. The ICy, was calculated using the same four-parame-
ter curve-fitting model as mentioned above (XLfit4; IDBS) to
range from >1 to >696 pg/ml. When the TCs, was divided by
the ICs,, (where applicable), a SI of just above 1 was calculated.
The exceptions were only the cell-free infection assay (CFIA)
and the cell-associated infection assay (CAIA), where the
1C,,s were 10-fold higher than the TCs,s due to the design of
the assays.

DISCUSSION

This report represents a multisite analysis to evaluate the
toxicity of the frequently used spermicide N-9, which was ini-
tially proposed for use as a topical microbicide. The primary
focus of this study was to evaluate the intra-assay, interassay,

Inter-laboratory Toxicity (TC,,) Comparison by Time Point
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FIG. 3. TCs, (pg/ml) for N-9 toxicity assays for the various exposure times. Toxicity increased with longer compound exposure.
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Mean Toxicity (TC,) Comparison by Time Point
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FIG. 4. Means and SDs of TCy, values (ng/ml) per N-9 exposure
time. The mean from 5 to 10 min of exposure was obtained from 52
data points, 1 to 2 h of exposure from 8 data points, 4 to 8 h of
exposure from 20 data points, and >24 h of exposure from 32 data
points. The following outliers were excluded: explant, 10 min (GH);
explant, 1 h (GH); and explant, 1 h, 35 min (GH).

and interlaboratory reproducibilities of established assays that
are used to assess the preclinical toxicity of N-9, which already
had progressed through clinical development as a potential
therapy to decrease the transmission of HIV. This endeavor
was accomplished using historical data from five independent

ANTIMICROB. AGENTS CHEMOTHER.

laboratories that encompassed analyses of toxicity and efficacy
data from a wide range of assays performed under multiple
conditions. Results from assays using transformed cell lines,
primary cells, and cervical explant tissues that were infected
with either laboratory-adapted or clinical isolates of HIV-1 and
exposed to N-9 for various times ranging from 5 min to >24 h
were normalized to control cultures which were used as no-
toxicity controls. The normalized values were then assessed
using various univariate and multivariate statistical methods.
As expected, there was a high correspondence among the as-
says and laboratories for an outcome of increased N-9 toxicity
in relation to exposure time and concentration. Additionally,
high intra-assay reproducibility for toxicity could be demon-
strated. While the study was initially designed to evaluate N-9
efficacy, this parameter could not be addressed due to a smaller
data set and the high toxicity and low SI of N-9.

To evaluate the interassay variations of N-9 toxicity, the
effect of replicates among all assays, including all assay con-
centrations, was examined. The historical data set that was
used allowed assessments of the main effect of replicates, the
effect of three, six, and more than seven replicates on repro-
ducibility, and the effect of N-9 assay concentrations on repli-
cate reproducibility. When the main effect of replicates was
analyzed, 24 assays were within the acceptable F value range,
whereas 8 assays did not meet the acceptable F value criteria
for replicate effect. The cell lines used in the assays that did not
meet the criteria spanned a wide range of primary and immor-
talized cell lines as well as cervical explant tissues. While pri-
mary cells and tissues are expected to have higher replicate
variabilities, it is not clear why some immortalized cell lines
have such a high variation among replicates. External factors,

Comparison of Non-linear Curve-fitting vs Linear Point-point
Calculation of Toxicity (TCs,)
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FIG. 5. Comparison of calculation of TCs, values by four-parameter curve-fitting and point-to-point linear regression. The data points are listed

in ascending order. A total of 127 assays were compared.
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TABLE 6. Nonoxynol-9 in vitro efficacy results
A ¢ Time of Mode of Mean ICs, I No. of drug No. of . dNO' Odf " IC
ssay type incubation infection (pg/ml) dilutions replicates m isfar;sen s0 Tange
Virucidal
CFIA (CR) 5 min Cell free 354 NA 4 4 42 135-533
CAIA (CR) 5 min Cell associated >696 NA 4 4 11 294->1,000
P4-CCRS Bal (DU) 10 min Cell free 64 NA 5 2 2 61-67
P4-CCRS, IIIB (DU) 10 min Cell free 51 NA 5 2 2 47-55
P4-CCRS, 89.6 (DU) 10 min  Cell free 42 NA 5 2 2 29-55
SupT1, IIIB (DU) 10 min Cell associated 63 NA 5 2 2 52-73
Attachment
ME-180, SK-1 (SR) 4h Cell associated 16 1.4 6 3 1 NA
HOS-CD4-X4/R5, SK-1 (SR) 4h Cell associated 38 1.3 6 3 9 29-51
Cervical explant tissue, Ba-L (GH) 16 h Cell free >1 NA 4 3 1 NA

“ NA, not applicable.

such as laboratory, plate setup, technician proficiency, and
equipment used for the assay could influence the interassay
variability and will be addressed in a prospective study. More-
over, it was shown that there was no significant difference on
reproducibility regardless of the number of replicates used.
Therefore, in future experiments, factors other than number of
replicates, such as plate setup, cell culture incubator, number
of compound concentrations, and medium conditions should
be used to optimize the assays. When the effect of N-9 assay
concentration on replicate reproducibility was investigated, it
was found that the N-9 concentrations were corelated with the
number of replicates used. Therefore, N-9 concentrations were
grouped into low, middle, and high concentration ranges.
There was evidence that interassay reproducibility for the assay
types tested was reduced when low concentrations of N-9 were
used, specifically those below 2.5 wg/ml. This effect was due to
lower values for the first assay replicate compared to subse-
quent measures. Therefore, the assay methods used in this
experiment were less reproducible at lower N-9 concentrations
(i.e., the higher the N-9 concentration, the more reproducible
the assay method) and for the first replicate. Comparatively,
the N-9 concentration used in the placebo-controlled, triple-
blind phase II/III clinical trial (COL 1492) was 52.5 mg per
treatment dose, which was about 100,000 times higher than the
N-9 concentration applied to the cells in vitro (14, 39).

For the assessment of interlaboratory reproducibility, TCs,,
values were calculated using a four-parameter curve-fitting
model. As expected, TCs, values showed a decreasing trend
with longer assay durations. This implied that the toxicity of
N-9 increased with longer N-9 exposure to the cells. Explant
tissues were significantly more resistant to toxicity than cell
lines, probably due to the three-dimensional architecture of
the cervical explant tissue. When the explant tissues were ex-
cluded, assay durations of 5 min to 2 h and >24 h showed more
variation in TCs, values than assays using 4 to 8 h of exposure
time. The reasons for this are unknown and need to be ad-
dressed in a prospective study.

In addition to the four-parameter curve-fitting method, the
TCs, was also calculated by point-to-point linear regression.
When the two different methods for calculating the TCs,, val-
ues were compared, it appeared qualitatively for the data set
analyzed that four-parameter curve-fitting was superior to

point-to-point regression, although there was no statistically
significant difference between both methods.

For evaluation of N-9 efficacy, not enough data could be
collected to perform statistical analyses. However, in assays
where efficacy and toxicity were performed in parallel (21), the
calculated SI approximated 1, indicating that efficacy was in-
distinguishable from cellular toxicity. Thus, the in vitro studies
presented here were consistent with the outcome of phase 111
clinical trials that demonstrated that N-9 efficacy could not be
distinguished from its toxicity in vivo and that N-9 did not have
a clinical benefit to prevent HIV infection (39).

The analysis of historical toxicity data has improved our
overall understanding of the fate of N-9 as a topical microbi-
cide. In the future, the reproducibility of toxicity and efficacy
assays of promising microbicide candidates should also be eval-
uated in prospective studies and proficiency tests to avoid
confounding factors and poor comparability between assays
and laboratories. This will allow better statistical analyses of
the variables, such as number of replicates, compound concen-
tration and source, duration of compound exposure, TCs, cal-
culation, cell line/tissue, and laboratory. Several microbicide
products with different mechanisms of action will need to be
included in the proficiency panels to filter the effects that are
specific to toxic compounds such as N-9. Since the toxicity of
N-9 in cell culture was somewhat predictive of the clinical
outcome, it is important to evaluate the reproducibility of
efficacy and toxicity data for compounds tested in different
laboratories before they are advanced to phase I clinical trials.
Therefore, the N-9 assay data comparison provides a basis for
extending these analyses to other inhibitor data sets as well as
for beginning the design of a microbicide assay proficiency
testing system. Proficiency tests are intended to evaluate the
competence of participating laboratories to perform certain
laboratory procedures, e.g., microbicide assays. Proficiency
panels that are composed of blinded reagents to carry out the
microbicide assays are sent to the participating laboratory to-
gether with detailed instructions on how to perform the pro-
cedure. Upon completion of the assays, the participating lab-
oratory will return the results to the proficiency test agency for
evaluation. Proficiency tests are particularly important in the
planning phase of clinical trials to ensure that all assay meth-
odologies are working correctly.
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In summary, preclinical toxicity assays were compared from
five different laboratories for intra-assay, interassay, and inter-
laboratory variations. The intra-assay variation was very low,
within a twofold difference. For the interassay variations, 75%
of the assays had good reproducibility, while in 25% of the
assays, the reproducibility was low. The latter included cervical
explant tissues and monocyte-derived macrophages where a
higher interassay variability was expected. Regarding the effect
of N-9 concentration, the reproducibility was good for concen-
trations above 2.5 pg/ml, but significant main and interaction
replicate effects were found for levels below 2.5 pg/ml. These
data indicate that the higher the N-9 concentration, the more
reproducible (toxic) were the results. When the interlaboratory
variability was compared using TCs, values, a strong positive
correlation was identified between longer N-9 exposures and
increased TCs, values regardless of the laboratory. The statis-
tical analyses of these preclinical data suggest that they were
consistent with the effects of N-9 in vivo.
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