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Infectious human immunodeficiency virus type 1 (HIV-1) is difficult to detect in female genital secretions by
standard virus culture techniques. To improve detection of cell-free HIV-1 in female genital secretions, we
adapted a short-term assay that uses the multinuclear-activation galactosidase indicator (MAGI) assay. When
vaginal lavages from HIV-1-infected women were tested with the adapted MAGI assay, 25 (64%) of 39 lavages
with detectable, cell-free HIV-1 RNA were shown to have infectious virus. No infectious virus was found in 10
vaginal lavages from HIV-1-infected women with undetectable vaginal viral loads. Significantly (P < 0.01) more
lavages from HIV-1-infected women tested positive for infectious virus by the MAGI assay than by standard
peripheral blood mononuclear cell (PBMC) coculture, which detected infectious virus in only 6 (17%) of 35
vaginal lavages. Lavages with viral loads of >10,000 copies per lavage yielded significantly (P < 0.01) more
positive cultures than those with <10,000 copies by using the MAGI assay. Detection of infectious HIV-1 in
vaginal lavages was not associated with the presence of genital tract infections or CD4�-T-cell counts. However,
although the results were not significant (P � 0.08), the MAGI assay detected infectious virus from more
vaginal lavages at a vaginal pH of >4.5 than at a pH of <4.5. These results indicate that the MAGI assay is
more sensitive than PBMC culture methods for detecting infectious virus in female genital secretions. Accurate
measurements of infectious virus in genital secretions will improve studies that evaluate sexual transmission
of HIV-1.

The majority of human immunodeficiency virus type 1
(HIV-1) infections worldwide continue to occur through het-
erosexual transmission (7, 27). Factors that influence the
amount of HIV-1 in vaginal secretions are important risk de-
terminants for this mode of transmission. It is reported that the
amount of HIV-1 RNA in vaginal secretions is correlated with
that in plasma (8, 13, 17, 20) and that an increase in plasma
viral load in infected persons is associated with an increase in
HIV-1 transmission to their sex partners (15, 30, 35). In addi-
tion, localized cervical inflammation and ulceration, without
affecting the plasma viral load, can increase HIV-1 shedding in
the female genital tract and thus influence HIV-1 transmission
(3, 22, 24, 47). Altogether, these studies suggest that increased
HIV-1 shedding in mucosal secretions would lead to increased
transmission; however, little information is available regarding
the presence of infectious virus in cervicovaginal secretions.

Several studies have attempted to evaluate infectious HIV-1
in genital secretions by using virus culture methods that are
highly successful for propagating virus from an infected per-
son’s peripheral blood mononuclear cells (PBMCs). However,
use of these methods to culture infectious virus from female
genital tract cells has had an overall low success rate (�30%)

(18, 29, 44–46). Moreover, recovery of infectious cell-free virus
from genital secretions is reported to be even lower (11 to
20%) (18, 36). For example, in one study, isolation of HIV-1
from genital ulcers was reported in only 4 (11%) of 36 samples
(23). In addition, extensive microbial contamination of these
samples was observed, which often occurs when genital tract
samples are cultured for extended periods (23). Collectively,
these studies indicate that standard HIV-1 culture techniques
are not adequate for detecting virus in genital secretions.

To provide a more effective method for detecting infectious
virus in female genital secretions, we utilized a short-term
culture method: the multinuclear-activation galactosidase in-
dicator (MAGI) assay (21, 43). This assay uses a U373 human
glioblastoma cell line (R5-MAGI) that stably expresses both
the HIV-1 receptor CD4 and the coreceptor CCR5 on the cell
surface. Exposure to infectious virus and subsequent infection
of these cells result in the expression of a stable, integrated
bacterial �-galactosidase (�-Gal) gene under transcriptional
control of an HIV-1 long terminal repeat (LTR). The ex-
pressed cellular �-Gal enzyme is then detected colorimetri-
cally.

In the present study, we compared the MAGI assay with a
standard PBMC virus culture technique to detect infectious
virus in female genital secretions. In addition, we investigated
whether detection of infectious virus in the female genital tract
was associated with peripheral blood CD4�-T-cell counts, gen-
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ital tract infections (GTIs), and vaginal pH. Improved methods
that better characterize infectious HIV-1 in genital secretions
will allow further analysis of the parameters that may influence
HIV-1 shedding and transmission, as well as the measures
designed to prevent sexual transmission of HIV-1.

MATERIALS AND METHODS

Study population. The present study includes data from examinations of
women enrolled in the Emory Vaginal Ecology Study of HIV infection (17).
HIV-1-infected women were eligible for enrollment if they were 18 to 49 years of
age, had had a normal Pap smear within the previous 12 months, were expected
to live at least 1 year, and either were not on antiretroviral therapy (ART) or had
taken the same ART for at least 3 months prior to enrollment. Exclusion criteria
were as previously described (17). Participants were requested to refrain from
vaginal intercourse and the use of intravaginal medications for 72 h before their
examinations.

Specimens. All collected specimens were taken to the laboratory within 3 h for
immediate processing. Methods for processing samples, assaying for blood con-
tamination, and extracting RNA were as previously described (17). At each
clinical exam, vaginal secretions were tested for the presence of seminal fluid (9,
17). Vaginal pH was measured by inserting pH paper into the vaginal tract.
Subsequently, lavage samples were obtained by introducing 10 ml of phosphate-
buffered saline (PBS) into the vagina and collecting the pooled fluid in the
posterior vaginal fornix, while carefully avoiding the cervix. The total volume of
recovered lavage (PBS and secretions) was recorded for each patient. Endocer-
vical swabs were obtained to test for Neisseria gonorrhoeae and Chlamydia tra-
chomatis. Infection with herpes simplex virus (HSV) was determined by using a
standard culture technique. Wet mounts were examined to detect Trichomonas
vaginalis. HIV-1 RNA was quantified in plasma and vaginal lavage samples by
the use of a quantitative, competitive, reverse transcriptase PCR assay as de-
scribed previously (16). HIV-1 viral load is reported as copies per milliliter in
plasma and total copies per vaginal lavage (RNA copies/milliliter � total lavage
volume). The limit of detection was 100 copies/ml (1,000 copies per total lavage).

MAGI cell assay. The U373-R5-MAGI cells (43)—in DMEM medium (Gibco-
BRL, Grand Island, N.Y.) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 U of penicillin/ml, 100 �g of streptomycin/ml, and 100 mM
L-glutamine—were plated in a 24-well plate at 6 � 104 cells/well. After the cells
were cultured overnight, the medium was removed, and 150 �l of filtered (0.45-
�m-pore-size filter) vaginal lavage or filtered PBS was added to each well in
duplicate. In some experiments, a 48-well plate seeded with 3 � 104 cells/well was
used, and 75 �l of filtered vaginal lavage or filtered PBS was added to each well
in duplicate. DEAE-dextran was added to each well at a final concentration of 20
�g/ml. R5-MAGI cells were incubated with lavage or PBS controls for 2 h at
37°C in 7% CO2. All plates were rocked every 45 min during the 2-h incubation.
Medium was then added to each well of the plate: 1 ml of medium/well for
24-well plates or 0.5 ml of medium/well for 48-well plates.

After culture for 40 to 48 h at 37°C in 7% CO2, the medium was removed, cells
were fixed with 1% formaldehyde–0.25% glutaraldehyde in PBS for 5 min and
then washed twice with PBS. HIV-1-infected R5-MAGI cells containing �-Gal
were stained blue after incubation with 40 �g of X-Gal (5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside)/ml containing 0.4 mM potassium ferricyanide, 0.4
mM potassium ferrocyanide, and 2 mM MgCl2 for 50 min at 37°C (21, 43). The
X-Gal solution was removed, and the cells were washed twice with PBS.

Blue plaques were counted with an inverted light microscope. Single cells,
groups of cells, and syncytia colored blue were counted as one infectious plaque.
The number of plaques reported for an HIV-1-positive lavage culture was ad-
justed by subtracting the number of plaques in the negative control cultures for
that experiment. The mean number of background plaques in negative control
cultures was 5 � 2.3 (mean � the standard deviation) (see Table 3). More than
four plaques above the negative controls was considered significant based on a
Poisson model. As a positive control, HIV-1Ba-L (ABI, Columbia, Md.) was
diluted in PBS and assayed on R5-MAGI cells to determine the amount of virus
necessary to yield 30 to 50 plaques/well. In experiments with the 24-well format,
30 50% tissue culture infective dose(s) (TCID50) of HIV-1Ba-L generated 40 to
50 plaques/well. In experiments with the 48-well format, 75 TCID50 of a second
HIV-1Ba-L stock generated 30 to 40 plaques/well. The negative control for each
experiment was 150 �l (24-well plates) or 75 �l (48-well plates) of PBS. The
R5-MAGI cells were resistant to infection with HIV-1LAI, a CXCR4-using virus.

Effect of exogenous proinflammatory cytokines and cathepsin D on MAGI
plaque formation. The effect of proinflammatory cytokines on the formation of
MAGI plaques was tested in the absence of virus. Tumor necrosis factor alpha

(TNF-�), interleukin-1� (IL-1�), or IL-6 in PBS was used in MAGI cultures at
or above their reported concentrations in vaginal lavage samples from HIV-1-
infected women (TNF-� [6.25 to 100 pg/ml], IL-1� [0.1 to 10 ng/ml], and IL-6
[0.01 to 1.0 ng/ml]). To determine the effect of combined cytokines on the
formation of plaques, IL-1� and TNF-� were diluted together in PBS at high (10
ng/ml and 100 pg/ml, respectively) and medium (1 ng/ml and 25 pg/ml, respec-
tively) concentrations and added to MAGI cultures. Cytokines were obtained
from R&D Systems (Minneapolis, Minn.). HIV-1Ba-L was pretreated with ca-
thepsin D (1.3 to 20 �g/ml) for 30 min at 37°C before being added to the MAGI
cultures. Cathepsin D was obtained from Calbiochem-Novabiochem Corp. (La
Jolla, Calif.).

Standard PBMC coculture for detection of infectious HIV-1. Normal human
PBMCs were obtained by leukopheresis from HIV-1-negative blood donors.
PBMCs were further purified in a Ficoll-Hypaque gradient and cryopreserved in
gas-phase liquid nitrogen until use. PBMCs were enriched for CD4� T cells by
removing CD8� T cells with anti-CD8-conjugated magnetic beads (Dynal, Oslo,
Norway), according to the manufacturer’s instructions. These cells were acti-
vated by culture in RPMI 1640 medium containing 0.5 �g of phytohemaggluti-
nin-P (Difco, Detroit, Mich.)/ml, 10% FBS, 100 U of penicillin/ml, 100 �g of
streptomycin/ml, and 100 mM L-glutamine at 37°C in 7% CO2 for 2 to 3 days
before use. After activation, PBMCs were cultured in the same media plus 10%
IL-2 and without phytohemagglutinin-P.

For virus detection, 2 � 106 CD4-enriched PBMCs were incubated in 1 ml of
filtered vaginal lavage containing 20 �g of DEAE-dextran (Amersham Pharma-
cia, Piscataway, N.J.)/ml and 10% FBS. Each lavage-PBMC mixture was added
to one well of a 24-well plate and allowed to incubate at 37°C in 7% CO2 for 4 h.
After this initial virus adsorption period, 1 ml of media was added to each well.
Cultures were maintained for 3 weeks. For each culture, one-half of the medium
was replenished with fresh medium every 3 to 4 days, and 106 phytohemagglu-
tinin-stimulated cells were added every 7 days. Culture supernatants were sub-
sequently analyzed for the presence of HIV-1 p24gag protein by enzyme-linked
immunosorbent assay (Coulter Immunology, Hialeah, Fla.). Cultures producing
�50 pg of p24 protein/ml were considered positive for HIV-1 isolation.

Statistical analysis. Assessment of relationships between variables was done
by using the Spearman rank correlation coefficient. The Fisher exact test was
used to determine differences between and within groups.

RESULTS

Adaptation of the MAGI assay. Previous attempts to detect
infectious cell-free HIV-1 in female genital secretions by stan-
dard culture techniques have frequently been hindered by
overgrowth of vaginal flora. Initial testing of vaginal lavages
from HIV-1-uninfected women showed that 5 of 10 lavages
had microbial flora that contaminated the cultures and inhib-
ited MAGI cell growth. To investigate filtration as a method to
remove microbial contamination while maintaining the titer of
infectious virus, lavage samples from two of these HIV-1-un-
infected women were spiked with HIV-1Ba-L and passed
through a premoistened 0.45- or 0.22-�m-pore-size filter be-
fore use in the assay. One lavage (lavage A) was previously
shown to have no signs of contamination in culture, while the
other lavage (lavage B) was shown to have microbial contam-
ination and inhibit MAGI cell growth. Both 0.22- and 0.45-�m
filters removed microbial contamination from the lavages, as
determined by the absence of bacterial and fungal growth in
the cultures. However, lavages A and B processed with
0.22-�m filters had 20 and 35% fewer plaques, respectively,
than the same samples processed with 0.45-�m filters (Table
1). The addition of a centrifugation step for concentration of
the virus after filtration decreased the number of MAGI
plaques by approximately twofold compared to the samples
that were only filtered (Table 1). Therefore, all lavage samples
were processed through a premoistened 0.45-�m filter before
being used in subsequent MAGI assays.

To determine whether the number of MAGI plaques is
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proportional to the amount of infectious HIV-1 added to the
R5-MAGI cells, duplicate cultures were infected with a dilu-
tion series of 150, 30, 15, and 3 TCID50 of HIV-1Ba-L in 150 �l
of PBS or vaginal lavage from an HIV-1-uninfected woman.
The highest amount of HIV-1Ba-L in PBS (150 TCID50) re-
sulted in an average of 387 blue plaques per well. A 5-, 10-, and
50-fold decrease in the amount of virus (input of 30, 15, and 3
TCID50, respectively) added to the assay resulted in a 5.1-, 11-,
and 49-fold reduction in the number of blue MAGI plaques
per well, respectively. Similar results were obtained when virus
was diluted into HIV-1-negative vaginal lavages (5-, 9-, and
48-fold reduction, respectively). These results indicate that the
number of MAGI plaques is proportional to the amount of
infectious virus added to the cultures (Spearman rank corre-
lations of r 	 0.97 [P 
 0.003] and r 	 0.98 [P 
 0.001],
respectively).

Several studies have shown that factors in genital secretions
may inhibit or enhance HIV-1 replication in vitro (2, 4, 12, 39,
40). To determine whether factors in normal vaginal lavages
affect the MAGI assay, aliquots from 10 HIV-1-uninfected
women were filtered and used in the MAGI assay in the ab-
sence of virus. None of the 10 HIV-1-negative lavages pro-
duced more MAGI plaques than did the negative control PBS
cultures. Conversely, we tested aliquots of lavages from 10
HIV-1-uninfected women that were spiked with 30 TCID50 of
HIV-1Ba-L and filtered as described above. The number of
MAGI plaques resulting from 9 of the 10 spiked lavages
equaled the number of plaques observed when virus was spiked
into PBS (not shown). The other spiked sample became con-
taminated during the assay and thus did not produce MAGI
plaques. These results indicate that factors in these HIV-1-
negative vaginal lavages do not significantly influence the
MAGI assay.

It has previously been reported that the proinflammatory
cytokines TNF-�, IL-1�, and IL-6 enhance HIV-1 infection in
vitro (31–34) and that vaginal lavages from HIV-1-infected
women have increased amounts of these cytokines (4, 39; J. M.
Villanueva, K. Clancy, T. V. Ellerbrock, J. L. Lennox, T. J.
Bush, T. C. Wright, T. Evans-Strickfaden, C. Schnell, and C. E.
Hart, Abstr. Microbicides 2000 NIH Conf., p. 48, 2000). These
cytokines may influence the integrated HIV-1 LTR–�-Gal
DNA construct in MAGI cells and produce �-Gal-positive

plaques above background levels. To assess this effect, dupli-
cate serial dilutions of proinflammatory cytokines in PBS were
added to R5-MAGI cells for the 2-h incubation period in the
absence of virus. Concentrations at or above those found in
HIV-1-positive vaginal lavage samples were used (Villanueva
et al., Abstr. Microbicides 2000 NIH Conf.). The numbers of
MAGI plaques for the TNF-�, IL-1�, and IL-6 dilutions did
not vary from the number for the negative control (Table 2).
However, R5-MAGI cell growth was inhibited at the highest
IL-6 concentration (1.0 ng/ml), which was approximately three-
fold higher than IL-6 concentrations found in HIV-1-positive
vaginal lavages. Further, when TNF-� and IL-1� were com-
bined at high (100 pg/ml and 10 ng/ml, respectively) or medium
(25 pg/ml and 1 ng/ml, respectively) levels, no synergistic effect
on MAGI plaque formation was detected (not shown).

A similar experiment was performed with biological concen-
trations of cathepsin D, a known enhancer of HIV-1 expression
(12). HIV-1Ba-L was preincubated with cathepsin D for 30 min
at 37°C before being added to the R5-MAGI cells. Cathepsin
D did not enhance the formation of MAGI plaques (Table 2).
The data from both experiments show that endogenous plaque

TABLE 1. Effect of filtering and ultracentrifugation of two HIV-1-
negative lavages spiked with 30 TCID50 of HIV-1Ba-L on MAGI

plaque formation

Lavage

No. of MAGI plaquesa after:

NT 0.22-�m
filtration

0.22-�m
filtration
and UC

0.45-�m
filtration

0.45-�m
filtration
and UC

HIV-negative lavage
A � HIV-1Ba-L

54 36 18 45 19

HIV-negative lavage
B � HIV-1Ba-L

0b 28 13 43 24

a Data are expressed as the average of duplicate wells after filtration through
filters with the indicated pore sizes. NT, no treatment. That is, HIV-1-negative
lavages were spiked with HIV-1Ba-L (30 TCID50) and directly added to R5-
MAGI cells. UC, ultracentrifugation. That is, filtered HIV-1-negative lavages
spiked with HIV-1Ba-L (30 TCID50) were ultracentrifuged at 100,000 � g for 1 h
at 25°C. The supernatant was then removed, and the viral pellet was resuspended
in PBS and added to R5-MAGI cells.

b No plaques were determined because of overt contamination.

TABLE 2. Effect of exogenous proinflammatory cytokines and
cathepsin D on MAGI plaque formation

Treatment Concn (ng/ml) No. of MAGI
plaquesa

IL-1�b 10 0
5 3
1 0
0.5 0
0.1 0

IL-6b 1 NDc

0.5 0
0.1 0
0.05 0
0.01 0

TNF-�b 100 pg/ml 1
50 pg/ml 4
25 pg/ml 5
12.5 pg/ml 0
6.25 pg/ml 2

Cathepsin Dd 20 �g/ml 43
10 �g/ml 31
5 �g/ml 47
2.5 �g/ml 45
1.25 �g/ml 50

Background 3 � 1.3f

Positive controle 54 � 2.9f

a That is, the number of MAGI plaques above the background level. The data
are expressed as the averages of duplicate wells for single cytokine treatments
and of quadruplicate wells for combined treatments.

b IL-1�, IL-6, and TNF-� were separately diluted into PBS at or above re-
ported concentrations in vaginal lavage samples from HIV-1-infected women (4,
39; Villanueva et al., Abstr. Microbicides 2000 NIH Conf.), and the effect on the
formation of MAGI plaques was tested in the absence of virus.

c ND, not determined. A total of 1 ng of IL-6/ml inhibited the growth of
R5-MAGI cells and resulted in sloughing of the cells from the wells.

d HIV-1Ba-L (30 TCID50) was pretreated for 30 min at 37°C with concentra-
tions of cathepsin D (diluted in PBS) known to enhance HIV-1 infection before
being added to the MAGI cultures.

e HIV-1Ba-L (30 TCID50) was added to PBS as a positive control.
f Mean number of plaques � the standard deviation.
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formation is not affected by proinflammatory cytokines or de-
scribed HIV-1 enhancers.

Detection of infectious virus in HIV-1-positive vaginal la-
vages by using the MAGI assay. Vaginal lavages from 49 HIV-
1-infected women were tested for infectious virus by using

MAGI cultures. The lavages were grouped according to their
vaginal viral loads of cell-free HIV-1 RNA and were desig-
nated as low (below detection to 
104 total copies/lavage [n 	
17]), medium (104 to 105 total copies/lavage [n 	 16]), and high
(�105 total copies/lavage [n 	 16]) (Table 3). These samples

TABLE 3. Characteristics of the vaginal lavage samples from HIV-1-infected women

Groupa Patient IDb
Vaginal viral load

(no. of copies/
lavage)

No. of MAGI plaquesc Cocultured pH GTIe

Low viral load 16 
1,000 3 ND 5.0
21 
1,000 2 ND 4.7
34a 
1,000 1 ND 5.8 Yeast
40a 
1,000 4 ND 4.0 Yeast
49 
1,000 3 ND 4.0 Yeast
77 
1,000 1 ND 4.7
91 
1,000 3 ND 4.0
1000 
1,000 3 ND 4.0
1015a 
1,000 0 ND 5.0
1024 
1,000 4 ND 5.0
56 1,800 5 � 5.0
40b 2,000 4 � 4.0 Yeast
42 4,300 0 � 5.0
34b 4,800 16 � 6.0 Yeast, BV
41 5,400 0 � 5.0 HSV
74 5,400 6 � 6.0
1 9,100 7 � 5.0 Yeast

Medium viral load 22 11,000 11 � 6.0
64 15,000 5 � 5.0 BV
50 16,000 21 � 6.0 Yeast, BV
36 22,000 9 � 5.0
26 23,000 3 � 5.0 Tric, BV
28 24,000 10 � 5.0
78 36,000 11 � 5.0 Yeast
11a 44,000 7 � 5.0 Yeast
1021 47,000 3 ND� 4.1
1007 50,000 1 � 6.0 Tric
1023 53,000 1 � 3.6 Yeast
20 56,000 9 ND� 5.0 Yeast, BV
13 57,000 18 � 6.0 Tric
84 64,000 4 � 5.8 Yeast, Tric
1008 71,000 0 ND� 5.0
14 88,000 27 �� 7.0 Yeast

High viral load 61 100,000 36 � 4.0 Yeast
7 110,000 9 � 4.0
11b 110,000 16 � 4.8
1033 160,000 0 � 4.7
1034 260,000 19 � 5.6
71 260,000 0 � 5.0 Yeast
55 270,000 54 ��� 5.0
75 270,000 2 ND� 4.0 Yeast
1015b 280,000 3 �� 3.6
45 410,000 8 �� 4.0
67 410,000 17 ��� 5.0 Yeast
1013 430,000 0 � 4.7
63 430,000 9 �� 6.0 HSV
18 690,000 5 � 4.0
1030 4,300,000 6 � 5.0
3 12,000,000 18 � 5.0 Yeast

a Groups were based on vaginal viral load level: low (
104 total copies, n 	 17), medium (�104 to 
105 total copies, n 	 16), and high (�105 total copies, n 	 16).
b ID, identification number. Patients 11, 34, 40 and 1015 each had two lavage samples that were collected on different dates.
c Number MAGI plaques above the background level. The data are expressed as the average of duplicate wells. Plaque numbers significantly above background (�5)

are indicated in boldface.
d p24 detection in cultures at day 21 (in picograms/milliliter): �, 
15; �, �15 to 
100; ��, �100 to 
1,000; and ���, �1,000. ND, not done; ND�, not done

because of contamination.
e Type of GTI documented on the day of sample acquisition, including infection with T. vaginalis (Tric), infection with HSV (HSV), bacterial vaginosis (BV), and

yeast infection (yeast).
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were chosen independently of the patient’s corresponding
plasma viral load.

Overall, 25 (51%) of the 49 women had infectious, cell-free
vaginal HIV-1 as shown by their lavages producing MAGI
plaques above background levels. Of the 17 women with low
vaginal viral loads, 4 (24%) had infectious virus in their lavages
as determined by the MAGI assay (Fig. 1 and Table 3). No
infectious virus was found in the 10 lavages from women who
had undetectable vaginal viral loads (Table 3). MAGI plaques
were produced by 10 (63%) of 16 and 11 (69%) of 16 vaginal
lavage samples with medium and high viral loads, respectively
(Fig. 1, Table 3). For women with medium and high vaginal
viral loads (�104 total copies), significantly (P 
 0.01) more
lavages tested positive for infectious virus by the MAGI assay
than for women with low vaginal viral loads (
104 total copies)
(Fig. 1).

Despite this difference, there was only a weak correlation
between the actual number of MAGI plaques and vaginal viral
loads in the 39 lavages with detectable HIV-1 RNA (Spearman
correlation coefficient r 	 0.32 [P 
 0.03]). To determine
whether factors in vaginal secretions from HIV-1-infected
women could account for this weak correlation, eight lavage
samples with virus loads of �50,000 HIV-1 RNA copies were
selected. Four samples originally generating �17 MAGI
plaques (group 1) and four originally generating �6 MAGI
plaques (group 2) were cleared of their original cell-free
HIV-1 by centrifugation, spiked with cell-free HIV-1Ba-L, and
applied to MAGI cultures (Table 4). Both groups of samples
had a similar median level of MAGI plaques after being spiked
with HIV-1Ba-L (Table 4). Compared to control MAGI cul-
tures spiked with the same amount of HIV-1Ba-L, one of four
lavage samples in each group inhibited MAGI plaque forma-
tion by �2-fold (Table 4; lavages 67 and 1030). The remaining
three lavage samples in each group had MAGI plaques that
were �2-fold more than those produced by control MAGI
cultures (Table 4). These results suggest that there were no
specific inhibiting factors in the vaginal lavages in group 2,

compared to group 1, that affected the detection of infectious
virus by the MAGI assay.

Detection of infectious HIV-1 with standard PBMC cocul-
ture. To compare the MAGI assay with a standard PBMC
coculture assay, vaginal lavage aliquots from the 39 women
with detectable vaginal viral loads were cocultured with CD8-
depleted PBMCs. Although none of the 39 filtered lavages
showed microbial contamination during the 48-h MAGI assay,
4 (10%) lavages with medium and high vaginal viral loads
showed bacterial contamination by day 7 of coculture and were
discarded. Of the remaining 35 lavage cocultures, 6 (17%)
were positive for infectious virus by day 21 of culture (Table 3
and Fig. 1). None of the seven women with low but detectable
vaginal viral loads and only 1 (8%) of 13 women with medium
vaginal viral loads had a lavage with infectious cell-free virus as
determined by PBMC coculture. However, 5 (33%) of 15
women with a high vaginal viral load (i.e., �105 total copies)
had a PBMC coculture that was positive for infectious cell-free
virus. These data indicate that detection of infectious, cell-free
HIV-1 in vaginal lavages was significantly better with the
MAGI assay (64%) than the PBMC coculture assay (17%) (P

 0.01) (Fig. 1).

Relationship between detection of infectious virus and
CD4�-T-cell count, genital tract infections, and vaginal pH.
When samples were grouped according to CD4�-T-cell counts
of �200 or �200, there was no significant difference in the
number of lavages testing positive for infectious virus by the
MAGI assay (P 	 0.76) and by the standard PBMC culture
assay (P 	 0.58) (Fig. 2A). However, in comparison to the
PBMC culture method, the MAGI assay detected significantly
more positive cultures in samples from women with CD4�-T-
cell counts of �200 (P 
 0.01) than from women with CD4�-
T-cell counts of �200 (P 	 0.12) (Fig. 2A). Further, the use of
ART was not a confounding factor, since no significant differ-

FIG. 1. Detection of infectious HIV-1 in vaginal lavages from HIV-
1-infected women by using the MAGI and traditional PBMC culture
assays. Vaginal lavages from HIV-1-infected women were stratified
based on HIV-1 RNA copies per lavage.

TABLE 4. Determination of the presence of inhibitors in samples
demonstrating discordance between vaginal lavage HIV-1 RNA

levels and number of MAGI plaques

Group Patient
IDf

Vaginal viral load
(no. of copies/

lavage)

No. of MAGI plaquesa in:

Original
sample

Cleared
sampleb

Spiked
samplec

Group 1 13 57,000 18 0 (4) 41
14 88,000 27 0 (3) 27
1034 260,000 19 0 (3) 36
67 410,000 17 0 (4) 12

Group 2 1033 160,000 0 0 (4) 53
71 260,000 0 0 (3) 40
75 270,000 2 1 (6) 31
1030 4,300,000 6 0 (3) 0

Background 5 � 2.9e

Positive
controld

26 � 11e

a That is, the number of MAGI plaques above the background level. The data
are expressed as the average of duplicate wells.

b Filtered lavages were ultracentifuged at 100,000 � g for 1 h at 4°C to remove
HIV-1. The sample supernatant was tested by the MAGI assay to determine
whether the virus had been cleared. Raw values are shown in parentheses.

c HIV-1Ba-L (75 TCID50) was spiked into the cleared supernatant and assayed
by the MAGI assay.

d HIV-1Ba-L (75 TCID50) was added to PBS as a positive control.
e Mean numbers of plaques � standard deviation.
f ID, identification number.
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ence (P 	 0.18) was observed in positive MAGI cultures be-
tween women who were or who were not on ART (results not
shown).

Since the presence of GTIs may influence the amount of
infectious virus present in genital secretions, we examined la-
vages from women with or without GTIs. Of the 49 HIV-1-
infected women, 19 had one GTI (T. vaginalis, n 	 2; bacterial
vaginosis, n 	 1; HSV, n 	 2; yeast infections, n 	 14), and 5

had two concurrent GTIs (bacterial vaginosis and yeast, n 	 3;
T. vaginalis and yeast, n 	 1; T. vaginalis and bacterial vagino-
sis, n 	 1). The presence of one or more GTIs, compared to
women without GTIs, did not significantly affect detection of
infectious virus from the lavages by the MAGI assay (P 	 0.76)
or by the standard PBMC culture assay (P 	 0.58) (Fig. 2B).
The MAGI assay detected significantly more positive cultures
than did the PBMC culture method in lavages from women
with GTIs (P 	 0.01) than from women without GTIs (P 	
0.06) (Fig. 2B).

Since the presence of a GTI may influence vaginal pH and
since low pH has been linked to reduced HIV-1 infectivity (28),
we evaluated whether cultures positive for HIV-1 were asso-
ciated with vaginal pH. No significant difference between pH
groups was observed when the standard PBMC culture assay
was used (P 	 0.34) (Fig. 2C). However, within pH groups, the
MAGI assay detected significantly more positive cultures (P 

0.01) than did standard PBMC culture in lavages from women
with a vaginal pH of �4.5 (Fig. 2C). Although the result was
not significant (P 	 0.08), the MAGI assay detected more
positive vaginal lavages from women with a high vaginal pH
(�4.5) than from women with a low vaginal pH (
4.5).

DISCUSSION

We show here that the MAGI assay is more effective than
traditional culture methods for detecting infectious HIV-1 in
vaginal secretions. A variety of factors could account for the
significantly increased ability of the MAGI assay to detect
infectious virus. In particular, one study reported that growth
of R5-using HIV-1 in standard culture conditions is deter-
mined by the capacity of the virus to spread through the culture
rather than by the infection efficiency of the initial inoculation
(5). Consequently, standard coculture may have detected only
infectious viruses in vaginal secretions that could have spread
throughout the PBMC culture in the weeks after inoculation.
These observations may very likely explain the increased sen-
sitivity of the MAGI assay and its ability to detect infectious
virus in lavage samples that did not yield positive cocultures
since plaque formation depends on a single round of infection
and not on a spreading infection. In addition to being more
sensitive, the MAGI assay required less time and resulted in
fewer contaminated cultures than did standard PBMC cul-
tures.

The limited ability of standard techniques to detect infec-
tious virus in genital secretions has made it difficult to deter-
mine whether an association exists between the presence of
infectious HIV-1 and clinical parameters such as viral load and
CD4�-T-cell counts. Although the MAGI assay detected in-
fectious virus in more vaginal lavages with medium and high
viral loads than in those with low viral loads (
104 copies/
lavage), lavages from four of the seven women with low but
detectable vaginal viral loads induced MAGI plaque forma-
tion. Similarly, a recent study reported that although the rates
of HIV-1 isolation by standard PBMC coculture decrease as
the plasma viral load decreases to 
1,000 copies/ml, 38% of
samples with levels of RNA of 
50 copies/ml in plasma were
still positive for HIV-1 by coculture (10). If transmission can be
associated with the presence of infectious virus, our data sup-
port other studies that demonstrate that sexual transmission of

FIG. 2. Analysis of the recovery of cell-free infectious virus based
on CD4�-T-cell counts (A), the presence of genital tract infections
(GTIs) (B), and vaginal pH (C) by using the MAGI assay and tradi-
tional PBMC culture assay.
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HIV-1 can occur even when the HIV-1-infected partner has a
plasma viral load of 
3,500 copies/ml (14, 35). Our observation of
no difference, with either method, in the ability to detect positive
vaginal lavage cultures from women with a CD4�-T-cell count of

200 and those with a count of �200 suggests that viral shedding
and possibly transmission of infectious HIV-1 are independent of
a patient’s clinical stage. Furthermore, the presence of infectious
HIV-1, as indicated by the MAGI assay, across a wide range of
vaginal viral loads suggests that viral load may not be the sole
determinant in HIV-1 transmission.

Our finding indicating only a modest correlation between
the numbers of MAGI plaques and the corresponding vaginal
viral load suggests that there may be components in vaginal
secretions from HIV-1-infected women that affect the MAGI
assay. In our spiking experiments, no inhibition in the numbers
of resulting MAGI plaques was observed in six of the eight
tested lavage samples; however, two samples demonstrated a
�2-fold reduction of infectious virus as measured by the
MAGI assay. It is currently unclear what factors may account
for the inhibition observed with these two samples. Recent
studies suggest that HIV-1-specific neutralizing antibodies can
inhibit transcytosis of virus through the mucosal epithelium (1,
6, 19) or account for the low infectivity of plasma samples with
high HIV-1 viral RNA loads (11). The impact of HIV-1-spe-
cific antibodies on the infectiousness of virus in the MAGI
assay remains to be investigated. Our data suggest that, in
some cases, detection of infectious virus in vaginal lavages
from HIV-1-infected women is multifactorial. Other potential
factors in addition to HIV-1-neutralizing antibodies may in-
clude innate immune factors and genital tract flora.

Maintenance of the normal vaginal ecology is important to
reduce HIV-1 transmission and to prevent acquisition of other
sexually transmitted diseases. In the healthy female genital
tract, a complex environment exists in which pathogenic mi-
croorganisms are exposed to local, host-derived immune fac-
tors, endogenous genital tract flora, and an acidic pH. Conse-
quently, vaginal secretions contain factors that may affect the
infectiousness of HIV-1, as well as the ability to detect infec-
tious virus. Although multiple factors in the vaginal tract could
affect the MAGI assay (4, 12, 39, 40), we were unable to
demonstrate any effect on MAGI plaque formation with vag-
inal lavages from HIV-1-uninfected women or the addition of
immune factors (proinflammatory cytokines and cathepsin D)
often found in genital secretions. Other studies have indicated
that GTIs such as bacterial vaginosis and infection with T.
vaginalis may be associated with HIV-1 shedding and transmis-
sion. Although the MAGI assay detected more HIV-1-positive
vaginal lavage cultures than did standard PBMC coculture, the
presence of GTIs was not associated with the detection of
infectious virus in these vaginal lavages. Moreover, plaque
numbers generated by lavages from women having one or
more GTI were not significantly different from those from
women without GTIs.

Several cross-sectional studies have indicated an association
between abnormal vaginal flora, including bacterial vaginosis,
and an increased risk of acquiring HIV-1 (25, 38, 41). Since
these clinical conditions are often associated with an increase
in vaginal pH, it is not surprising that more recent studies have
identified a basic vaginal pH (�4.5) as a risk factor for HIV-1
seropositivity (26) or cervicovaginal shedding of viral RNA

(37). While not significant, our data showed that HIV-1-in-
fected women with a vaginal pH of �4.5 had more detectable
infectious virus in their vaginal lavage as determined by the
MAGI assay than those with a low pH (
4.5). If vaginal pH is
associated with shedding of infectious virus in the genital tract,
this would have important implications for methods designed
to prevent sexual transmission of HIV. For example, recent
methods include the development of a microbicide that could
be applied topically to the vagina to prevent HIV-1 infection.
Although a variety of antimicrobial factors are being evalu-
ated, one class of candidates includes products that maintain
or restore the acidic environment of the vaginal tract (42). Our
results with vaginal pH and recovery of infectious virus, to-
gether with the known instability of HIV-1 at low pH, suggest
that this class of microbicides may prove effective in preventing
sexual transmission of HIV-1.

In summary, we have demonstrated the utility of using the
MAGI assay to detect infectious virus in female genital secre-
tions. Given the small sample size, it remains to be determined
whether our findings with infectious HIV-1 and other risk
factors, such as vaginal pH or genital tract infections, are
representative of larger study populations. Use of the MAGI
assay for evaluating infectious virus could be important for
studies examining the effectiveness of highly active ART, mu-
cosal HIV-1-specific immune responses, and vaginal microbi-
cides. Furthermore, the MAGI assay will be useful in future
studies for determining whether infectious virus in genital se-
cretions, in addition to viral RNA levels, is predictive of sexual
transmission of HIV-1.
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