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Cell fusion induced by human immunodeficiency virus type 1 (HIV-1) is usually assessed by counting
multinucleated giant cells (syncytia) visualized by light microscopy. Currently used methods do not allow
quantification of syncytia, nor do they estimate the number of cells involved in cell fusion. We describe two
fluorescence-based methods for the detection and quantification of HIV-1-induced in vitro syncytium forma-
tion. The lymphoblastoid cell lines MT-2 and SupT1 were infected with syncytium-inducing (SI) HIV-1 isolates.
Syncytia were detected by DNA staining with propidium iodide using flow cytometry to determine cell size or by
two-color cytoplasmic staining of infected cell populations by using fluorescence microscopy. Both methods were
able to detect and quantify HIV-induced syncytia. The methods could distinguish between SI and non-SI HIV
isolates and could be used with at least two separate types of CD4* T-cell lines. Small syncytia can be readily
identified by the two-color cytoplasmic staining method. Both methods were also shown to be useful for evaluating
antiretroviral compounds, as demonstrated by the accurate assessment of HIV inhibition by azidothymidine
(zidovudine), dideoxycytidine (zalcytibine), and hydroxyurea. These fluorescence-based assays allow a rapid
and practical method for measuring HIV replication and anti-HIV activity of potential inhibitory compounds.

The rate of human immunodeficiency virus type 1 (HIV-1)
disease progression shows considerable variation between pa-
tients (23). The underlying pathogenic mechanisms that deter-
mine the progression rate of HIV infection in vivo remain
largely unknown. HIV-1 isolates from the peripheral blood of
infected individuals have been shown to differ in biological
properties such as replication rate, cell tropism, and syncytium-
inducing (SI) capacity (26, 32). Early in the course of infection,
viral isolates grown in vitro are predominantly slowly replicat-
ing, macrophage tropic, and non-SI (NSI or C5 variants) (1, 8).
Over time, an increasing percentage of HIV-infected individ-
uals harbor rapid replicating, predominantly T-cell-tropic vi-
ruses (X4 variants), and these virus isolates induce syncytia in
T-cell lines (12-15). Among HIV-infected individuals with
fewer than 50 CD4" T cellsymm?>, about half harbor the SI
(X4) phenotype in vitro (20). The appearance of the SI phe-
notype in infected people is correlated with an accelerated rate
of decline in CD4" T cells and a more rapid progression to
AIDS (3,7, 11, 19, 21, 30, 31), suggesting that SI variants might
be causally involved in CD4* T-cell depletion.

Standard methods to determine the SI phenotype in vitro
are performed by adding plasma or peripheral blood mononu-
clear cells (PBMCs) from infected patients to highly permissive
CD4™" T-cell lines, followed by light microscopic visualization
of large “balloon” cells (16, 19). Problems associated with this
method include the fact that the visual interpretation of syn-
cytia is subjective and there is considerable variability in the
size of syncytia, depending upon the HIV-1 isolate tested, the
multiplicity of infection (MOI), and the T-cell line used. Fur-
thermore, this method does not determine the number of cell
equivalents fused in a single syncytium, and therefore under-
estimates the extent of syncytia formation (4, 5, 25, 29). Con-
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sequently, use of syncytia formation as an end-point marker of
infection for the evaluation of antiviral drugs or antibodies is
not quantitative. Because of this, the study of HIV-1 inhibitors
generally requires the determination of either culture super-
natant p24 antigen or RT (reverse transcriptase) activity (9, 18,
22). p24 antigen testing is expensive, and measurement of RT
activity generally requires concentration of virus from cell cul-
ture supernatants.

The use of flow cytometry (measured by a fluorescence-
activated cell sorter [FACS]) to quantify HIV-induced syncytia
has previously been described; however, published methods
did not measure syncytia populations directly, but estimated
fusion indirectly by measuring the disappearance of cocultured
cells (27, 28, 31). To determine whether a direct method of
quantification of HIV-induced syncytia using a FACS was fea-
sible, we evaluated propidium iodide (PT) DNA staining and
size measurements with a FACS in order to detect and quan-
tify syncytia. Furthermore, we developed a color fusion assay
for the assessment of syncytia formation between differentially
stained HIV-infected MT-2 cells. The potential application of
these assays was demonstrated by using known anti-HIV drugs,
including 3'-azido-3'-deoxythimidine (zidovudine [ZDV]), 2'-
3’-dideoxycytidine (zalcytibine [ddC]), anti-CD4 monoclonal
antibody, and the ribonucleotide reductase inhibitor hydroxy-
urea (HU).

MATERIAL AND METHODS

HIV viral isolates. HIV isolates used in these studies were obtained from the
AIDS Research and Reference Reagent Program. A clinical HIV-1 isolate (cat-
alog no. 1073,) and human T-cell leukemia virus type I1Ib (HTLV-IIIb) (catalog
no. 398) were used in these studies. Both isolates are genotype B and SI (X4)
phenotype. An NSI HIV isolate (92UGO031) of genotype A served as a control
virus in some experiments (catalog no. 1741). HIV-1 stocks were derived from
tissue culture supernatant fluids, with the infectious titer determined by end-
point dilution in MT-2 cells (for the clinical isolate and HTLV-IIIb) or PBMCs
(for the NSI isolate) as previously described (10). HIV-1 p24 antigen concen-
tration was determined by using a commercial immunoassay (Organon-Teknika
Corp., Durham, N.C.) (10).

Cell culture. The lymphoblastoid cell lines MT-2 and SupT1 used in these
studies were obtained from the AIDS Research and Reference Reagent Program
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FIG. 1. Detection and quantitation of HIV-infected MT-2 cells by flow cytometry. HIV-infected MT-2 cells were fixed 72 h postinfection, stained with PI, and
analyzed in a set time frame of 100 s by flow cytometry. The analysis of the forward scatter (FSC) versus the DNA content (PI-H) in mock-infected (A) and

HIV-infected (C) cultures was compared to the DNA histograms (B and D).

(catalog no. 237 and 100, respectively). MT-2 and SupT1 were grown in RPMI
1640 medium supplemented with 2 mM L-glutamine, 10% fetal calf serum, 100
U of penicillin per ml, and 100 pg of streptomycin sulfate per ml. The titer of the
HIV clinical isolate was determined in MT-2 cells, and the titer of HTLV-111b
was determined in SupT1 cells. For experimental purposes, MT-2 cells were
pelleted and 10° cells were infected with HIV-1 (MOI = 1). Parallel mock
infections were performed by using supernatant of uninfected MT-2 cells in place
of the virus pool. Cells were incubated for 2 h, and supplemented RPMI 1640
medium was added. Cultures were maintained for up to 72 h at 37°C at 5% CO,
atmosphere. The NSI isolate was propagated in PBMC cultures as previously
described (10) except where noted. For experiments measuring p24 antigen
production in the culture supernatant, cells were washed 16 h postinfection.
Antiviral compounds HU, AZT, and ddC were obtained from Sigma Chemical
Co. (St. Louis, Mo.).

DNA staining. Cells were washed in phosphate-buffered saline (PBS) and were
resuspended in 100 pl of PBS followed by the addition of 1 ml of freshly prepared
3.7% paraformaldehyde solution. Cells were fixed for 15 min at room tempera-
ture followed by one wash with PBS and one wash in PBST (0.02% Tween 20,
0.5% bovine serum albumin in PBS). Fixed cells were incubated with 0.5 ml of
RNase A in PBST (1 mg/ml) and were washed prior to staining with PI solution
(50 pg/ml in PBST).

Color fusion assay. A color fluorescence cell-labeling system, which was pre-
viously used to detect electrofusion products by Jaroszeski et al. (17), was used
in these studies. Two vital cytoplasmic dyes (Molecular Probes, Eugene, Oreg.)
were used to directly measure and quantitate HIV-induced syncytia. MT-2
cells (10°%) were pelleted, and half were stained with 3 wM 5- (and 6)-{[(4-
chloromethyl)benzoyl]amino}tetramethylrhodamine (CMTMR) dye (red) and
the other half with 5-chloromethylfluorescein diacetate (CMFDA) dye (green)
for 30 min at 37°C in 5% CO,. Cells were washed and incubated for 45 min in
fresh media prior to infection with HIV-1. Two hours postinfection, the red-

stained cell population was mixed with the green-stained cells and incubated in
a total volume of 5 ml in supplemented RPMI 1640 medium for 48 h. Cells were
fixed in 3.7% paraformaldehyde and analyzed by confocal microscopy for double
staining, indicating HIV-induced fusion. Quantitation was accomplished by mea-
suring the number and size of dually stained yellow fusion products per field and
by calculating cell volume equivalents. Briefly, the mean diameter of uninfected
cells was determined, and this value was used to represent a single-cell diameter.
The diameter of HIV-1-infected yellow fusion products was also measured, and
this value was used to calculate the number of cell-equivalents present in syncytia
based on the relative increase in diameter compared to a single cell.

Flow cytometry. Flow cytometric analysis was performed by using a fluores-
cence-activated cell scanner (Becton-Dickinson FACScan). The PI emission
signals, using the standard fluorescein isothiocyanate-PI filter set, as well as
forward light scatter and side light scatter signals, were determined. For quan-
titative analysis, data were collected within a set time frame of 100 s for each
sample. Analysis was performed using the WinMDI software (Windows Multiple
Document Interface, Flow Cytometry Application).

Blocking of HIV attachment with anti-CD4 monoclonal antibody. MT-2 cells
were pelleted and incubated with 10 g of anti-CD4 monoclonal antibody (An-
cell, Bayport, Minn.) per ml for 45 min at 4°C. Cells incubated with a nonreactive
murine isotype-specific antibody at equal concentration served as the negative
control. Cells were washed once in media and were infected with HIV-1 (MOI =
1) for 2 h at 4°C. Supplemented RPMI 1640 medium was added, and cells were
incubated for 72 h at 37°C in a humidified 5% CO, atmosphere. Cells were fixed,
stained for DNA, and analyzed by flow cytometry.

Inhibition of viral replication with antiviral drugs. MT-2 cells were pelleted
and infected with HIV-1 (MOI = 1) for 2 h at 37°C. Supplemented RPMI 1640
medium containing either AZT (0.5 M), ddC (20 pM), or HU (25 to 400 n.M)
was added to a final volume of 5 ml. Cells were incubated for 48 to 72 h at 37°C
in a humidified 5% CO, atmosphere.
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FIG. 2. Syncytia formation correlates with viral replication. Syncytia forma-
tion was evaluated by FACS, and HIV-1 replication was determined by measur-
ing p24 antigen concentration in cell culture supernatants.

RESULTS

Detection and quantitation of HIV-infected MT-2 cells by
flow cytometry. To determine the utility of flow cytometry for
detecting HIV syncytia, mock-infected and HIV-infected
MT-2 cells were fixed 72 h postinfection, stained with PI, and
analyzed in a set time frame of 100 s by flow cytometry. The
results are shown in Fig. 1A to D. Analysis of the forward
scatter versus the DNA content identified two well-defined cell
populations (R1 and R2) in uninfected control cultures (Fig.
1A), representing cells in different stages of the cell cycle (Fig.
1B) (2). The majority of cells (52%) were in the G, phase of
the cell cycle, whereas cells of the R2 region (43%) represent
the S, G,, or M phases of the cell cycle. Analysis of HIV-
infected MT-2 cells (Fig. 1C) revealed a more heterogenous
population containing cells with a broad spectrum of size and
DNA content (Fig. 1D). The percentage of cells in the G,
phase was significantly reduced (27%).

The total number of cells counted in 100 s was 48,930 events
for the mock-infected control versus 17,670 events for HIV-
infected cells. Despite a reduced number of cells per volume
unit, HIV-infected MT-2 cells contained subpopulations of
increased size and cells with a DNA content greater than 2 N
(R3), representing multinucleated, fused cells (syncytia). The
number of cell equivalents present in these multinucleated
cells (R3) was estimated by subtracting the number of cells of
HIV R1 and R2 from the total number of cells counted in
mock-infected R1 and R2 as follows: (mock-infected R1 +
R2 — HIV-infected R1 + R2 = HIV R3.

The increase in syncytia formation determined by FACS
correlated with an increase of HIV-1 p24 antigen in the culture
supernatant (Fig. 2), indicating that the syncytia formation
measured by the FACS fusion method was directly related to
virus replication. Syncytia formation was inhibited by blocking
viral entry with an anti-CD4 monoclonal antibody, but not with
a nonreactive isotype control antibody (Fig. 3). The antiviral
drugs ZDV and ddC were evaluated to determine if the FACS
assays could be used to test new anti-HIV drugs. In the flow
cytometric assay, the nucleoside analogs inhibited syncytium
formation by 40 and 60%, respectively (Fig. 3). To determine
if this FACS method is applicable for the detection and quan-
titation of syncytia formation by using different cell lines and
virus strains, we infected SupT1 cells with the HIV clinical
isolate, HTLV-IIIb, and an NSI control isolate. SupT1 cells
infected with HTLV-IIIb or the clinical isolate demonstrated
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46 and 38% syncytia, respectively, whereas the NSI isolate did
not induce any syncytia in the SupT1 cells (data not shown).
The FACS method was able to detect syncytia induction in
both MT-2 and SupT1 cells and using different HIV-1 isolates.

Syncytia formation is the major cause of cell loss in HIV-1-
infected MT-2 cell cultures. Although lysis of syncytia occurs in
HIV-1 infection in vitro, significant lysis does not appear to
occur prior to 72 h postinfection (29). To demonstrate that the
reduced cell number measured in HIV-infected cultures is
predominantly due to formation of multinucleated giant cells
and not to the cell lysis frequently observed in HIV-1-infected
cells, we developed a two-color fusion assay, allowing micro-
scopic detection of double-stained fusion cells. HIV-infected
MT-2 cells were stained with a vital red or green fluorescent
dye. Equal numbers of red- and green-stained cells were mixed
and incubated for 48 h. HIV-1-induced fusion between red
fluorescent (Fig. 4E) and green fluorescent (Fig. 4F) cells
resulted in yellow-stained syncytia, indicating colocalization of
both dyes (Fig. 4G), that could be detected by fluorescence
microscopy. Mock-infected cultures contained only red (Fig.
4A) or green (Fig. 4B) fluorescent cells and did not contain
dually stained yellow fusion products (Fig. 4C). When unin-
fected MT-2 cells stained green were mixed with HIV-infected
cells stained red, dually stained fusion products were also iden-
tified in the HIV-infected cells but not in the mock-infected
controls (data not shown).

The number of cell equivalents present in syncytia was esti-
mated by determining the increase in cell volume compared to
that of the average size of a single nucleated cell in the mock-
infected control. Estimated cell volume was calculated by mea-
suring the cell diameter of dually stained cells, using the small-
est transverse diameter for irregular-shaped cells. The number
of cell equivalents present in syncytia corresponded closely to
the total cell number of the mock-infected control (Fig. 5). The
combination of finding yellow cell-cell fusion products (Fig. 4)
and the fact that the corrected number of cells (based on cell
measurements in Fig. 5) in the HIV-infected MT-2 culture
argues against significant cell lysis in our system. The anti-HIV
activity of various known antiretroviral drugs was also analyzed
by using this fusion assay. ZDV and ddC and the ribonucle-
otide reductase inhibitor HU were shown to inhibit HIV-1
growth in vitro (Fig. 6).
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FIG. 3. Inhibition of syncytia formation by anti-CD4 antibody and antiretro-
viral drugs. MT-2 cells infected with HIV-1 demonstrated 74% HIV-1 syncytia in
this experiment. Prior to infection, CD4 receptors on MT-2 cells were blocked
with anti-CD4 antibodies or nonspecific antibodies of the same isotype (anti-
CD4 and Isotype, respectively). HIV-1-infected MT-2 cells were also cultured in
the presence or absence of the antiviral compounds ddC (20 pM) or ZDV (0.5
pM).
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FIG. 4. Mock-infected (panels A to D) or HIV-infected (panels E to H) MT-2 cells were stained with a vital red or green fluorescent dye. Equal numbers of red-
and green-stained cells were mixed and incubated for 48 h. HIV-1-induced fusion between red fluorescent (E) and green fluorescent (F) cells can be detected as
yellow-stained syncytia (G). Panels D and H show phase contrast microscopy of stained cells.

DISCUSSION Previous reports demonstrate that progression to AIDS is as-
sociated with increasing viral burden, deterioration of immu-
Two distinct biological phenotypes of HIV have been de- nological status, and emergence of drug-resistant strains with

scribed on the basis of their ability or inability to produce more cytopathic viral phenotypes (3, 11, 21, 24). In vitro meth-
cytopathic effects in MT-2 cells: the SI and NSI phenotypes (6). ods to determine SI phenotypes in HIV-1 clinical isolates are

6

. e HIV
é —a— Mock
2 I . - & - HIV-Corrected

Cell number (105)

0 1 2 3

days postinfection

FIG. 5. Syncytia formation is the major cause of cell loss in infected MT-2 cell cultures. Cell numbers were determined in HIV-infected MT-2 cells and uninfected
controls. By using the fluorescent dyes CMFDA and CMTMR, the number of cells present in the syncytia was estimated based on diameter of dually fluorescent cells.
The estimated number of cells present in HIV-infected cultures (HIV-Corrected) was determined by adding the number of single fluorescent cells to the estimated
number of cell equivalents present in dually fluorescent syncytia. By using a 72-h infection time period, the number of cell equivalents (HIV-Corrected) in the syncytia
was approximately equal to the total number of cells present in the mock-infected control.
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FIG. 6. Inhibition of syncytium formation by antiviral drugs. Infected MT-2 cells were cultured in the presence or absence of the antiviral compounds ZDV (0.5
pM), ddC (20 uM) (B), or an increasing concentration of HU (A). Syncytium formation was quantitated by confocal microscopy.

of prognostic value and provide an important tool to study
HIV pathogenesis (7). In this report, we describe two new
methods to determine the HIV-1 SI phenotype.

Due to the use of light microscopy in the standard syncytium
assay (16), quantitation of syncytium induction is not possible.
In addition, small syncytia may be easily overlooked, since it
requires the fusion of eight cells before the syncytia diameter
will double. Therefore, these fluorescence-based methods offer
several advantages over the standard syncytium assay. The

assays described above do not require measurement of p24
antigen or concentration of cell culture supernatants to detect
RT activity. The yellow fusion products are easy to differenti-
ate from single unfused cells, and, thus, quantitation of syncy-
tia is greatly facilitated. Calculation of the cell volume, based
on measurement of the cell diameters of fused cells, allows
quantitation of the number of single-cell equivalents present in
syncytia.

Using this method, we were able to show that decreased cell
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numbers in HIV-infected MT-2 cell cultures are predomi-
nantly due to syncytium formation, rather than to virus-in-
duced cell death, confirming the observation of Sylwester et al.
(29). Using the flow cytometric assay, we were able to show a
correlation between virus growth and syncytia formation (Fig.
2). Thus, assays for syncytia quantitation, as described here,
can provide an inexpensive alternative to p24 enzyme-linked
immunosorbent assay testing of HIV-1 SI isolates. Further-
more, these methods can be applied to the measurement of
HIV-1 inhibitors.
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