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The host cell protein cyclophilin A (CypA) binds to CA of human immunodeficiency virus type 1 (HIV-1) and
promotes HIV-1 infection of target cells. Disruption of the CypA-CA interaction, either by mutation of the CA
residue at G89 or P90 or with the immunosuppressive drug cyclosporine (CsA), reduces HIV-1 infection. Two
CA mutants, A92E and G94D, previously were identified by selection for growth of wild-type HIV-1 in cultures
of CD4� HeLa cell cultures containing CsA. Interestingly, infection of some cell lines by these mutants is
enhanced in the presence of CsA, while in other cell lines these mutants are minimally affected by the drug.
Little is known about this cell-dependent phenotype of the A92E and G94D mutants, except that it is not
dependent on expression of the host factor TRIM5�. Here, we show that infection by the A92E and G94D
mutants is restricted at an early postentry stage of the HIV-1 life cycle. Analysis of heterokaryons between
CsA-dependent HeLa-P4 cells and CsA-independent 293T cells indicated that the CsA-dependent infection by
A92E and G94D mutants is due to a dominant cellular restriction. We also show that addition of CsA to target
cells inhibits infection by wild-type HIV-1 prior to reverse transcription. Collectively, these results support the
existence of a cell-specific human cellular factor capable of restricting HIV-1 at an early postentry step by a
CypA-dependent mechanism.

Human immunodeficiency virus type 1 (HIV-1) encodes
precursor polyproteins necessary for particle assembly and
budding from infected host cells (26). Following the release of
virions as immature particles, Gag and Gag-Pol polyprotein
precursors undergo proteolytic cleavage by the viral protease
into mature proteins, including CA (61). Maturation results in
the formation of the condensed conical viral capsid required
for HIV-1 particles to be infectious (64). Upon fusion of the
viral and cellular membranes, the viral core, consisting of the
genomic RNA and associated proteins within the viral capsid,
then is released into the cytoplasm. Partial or complete disas-
sembly of the viral capsid occurs in a reaction referred to as
uncoating (reviewed in references 3 and 41). Mutations in CA
that affect the capsid stability in either the positive or negative
direction result in marked reduction of HIV-1 infectivity. The
mutations are frequently associated with either impaired re-
verse transcription or nuclear targeting and integration of the
preintegration complex in target cells (17, 21, 22).

Using a yeast two-hybrid screening system, it was found that
the Gag polyprotein binds to the host cell protein cyclophilin A
(CypA) (38). Subsequent in vitro and in vivo studies further
demonstrated the direct interaction between CypA and the CA
domain in the Gag protein as well as specific incorporation of
CypA into HIV-1 virions (10, 24, 38, 57). The binding site for
CypA mapped to the loop between helix 4 and helix 5 on the

N-terminal domain of CA (27). It also has been shown,
through the use of X-ray and nuclear magnetic resonance
analyses, that CA residues A88, G89, and P90 were critical for
interaction with the hydrophobic pocket of CypA (18, 23, 33,
57, 59, 70, 71).

CypA is the most abundant member of a family of peptidyl-
prolyl isomerase enzymes and was first identified by virtue of
its high affinity for the immunosuppressive drug cyclosporine
(CsA) (20, 28, 56). The importance of the CA-CypA interac-
tion for efficient HIV-1 replication was demonstrated by dis-
rupting the interaction by CA mutations (10, 24, 57) and with
a human CD4� T-cell line with a homozygous deletion of the
CypA gene (12). HIV-1 replication also is inhibited by blocking
of the interaction between CA and CypA by CsA or related
compounds that form a high-affinity complex with CypA (5, 9,
23, 44, 62). Previously, it has been shown that HIV-1 particles
released from cells cultured in the presence of CsA exhibit
reduced infectivity in single-cycle assays, suggesting that incor-
poration of CypA into HIV-1 particles is important for the
particles to be infectious (4, 24, 57). The poor infectivity of
CypA-deficient virions was traced to a failure of the virus to
undergo reverse transcription in target cells (11, 12, 57). De-
spite the initial focus on producer-cell-dependent effects of
CypA, recent studies have revealed that engagement of the
viral capsid by CypA in the target cell represents the biologi-
cally relevant interaction (30, 37, 52). These studies also dem-
onstrated that the reduced infectivity observed with virions in
the presence of CsA or mutations in CA is independent of
encapsidated CypA and that producer cell CypA is not neces-
sary for the production of fully infectious HIV-1 virions (2, 30,
52, 69).

Recent studies have suggested that the requirement of the
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CA-CypA interaction may be related to the effects of CA-
specific endogenous host restriction activities, originally
termed Lv1 and Ref1 (7, 8, 16, 29, 31, 36, 37). The responsible
cellular factors recently were identified as the �-spliced iso-
forms of TRIM5, which target the CA of a wide variety of
retroviruses (36, 42, 55, 67). The fact that disruption of the
HIV-1 CA-CypA interaction renders HIV-1 poorly infectious
in human cells indicates that the binding of CypA to the in-
coming HIV-1 core may protect HIV-1 from an endogenous
host restriction. By contrast, CypA binding to CA promotes
restriction of HIV-1 by TRIM5� in Old World monkey cells (6,
35) and cells of owl monkeys (58). Additional studies identified
a novel restriction factor, TRIM-Cyp, in owl monkey cells that
originated from retrotransposition of a complete CypA cDNA
into the TRIM5 gene (40, 49). Collectively, these studies dem-
onstrate that binding of CypA to CA sensitizes HIV-1 to re-
striction in cells from a variety of nonhuman primates.

Adaptation of wild-type HIV-1 for replication in cultures of
human cells containing CsA resulted in the identification of
two CA mutations, A92E and G94D, which confer resistance
to CsA (1). Interestingly, these mutants retain the ability of
CA to bind CypA (10), suggesting that they are no longer
sensitive to the putative restriction in human cells that targets
HIV-1 in the absence of CypA. The phenotype of the A92E and
G94D mutants depends on the human cell line in which viral
infection is tested: addition of CsA is required for replication of
A92E or G94D mutant virus in some human cell lines, such as
CD4� HeLa or H9 cells (1, 30, 52, 69), while in Jurkat, HOS, or
293T cells, the mutations confer CsA resistance but not drug
dependence (10, 30, 52). These results suggest that in the human
cell lines that are nonpermissive for the A92E and G94D mutants,
the binding of CypA to CA has a detrimental effect on replication.
In single-cycle infection assays, CsA promotes infection of these
nonpermissive human cell types when added at the time of virus
inoculation, indicating that the negative effect of CypA occurs in
the target cell (30, 52).

Based on these findings, it was proposed that the binding of
CypA to CA renders A92E and G94D susceptible to a host-
cell-dependent restriction (52). A prediction of this model is
that the nonpermissive cell lines express an activity that dom-
inantly restricts A92E and G94D mutants in a CypA-depen-
dent manner. In the present study, we tested this hypothesis by
studying the phenotype of these mutants in heterokaryons gen-
erated between human cells that are permissive and nonper-
missive for infection by the mutant viruses.

MATERIALS AND METHODS

Plasmids. Capsid mutations (A92E and G94D) were transferred from the
HIV-1 NL4-3 clone to the previously described HIV-1 vector expressing en-
hanced green fluorescent protein (HIV-GFP) (32) by transfer of the correspond-
ing BssHII-SalI DNA fragments. The presence of those mutations in the CA in
the final HIV-1–GFP construct was confirmed by DNA sequencing. The pH-
CMV-G plasmid encodes a vesicular stomatitis virus G (VSV-G) protein (68).
The plasmid pMM310 expresses the �-lactamase–Vpr (BlaM-Vpr) fusion pro-
tein (obtained from Mike Miller, Merck Research Laboratories). The pTMT
plasmid encodes the Mason-Pfizer monkey virus glycoprotein (M-PMV Env)
under the transcriptional control of the myeloproliferative sarcoma virus pro-
moter (53).

Cells lines and viruses. 293T and HeLa-P4 cells (15) were cultured at 37°C in
a humidified incubator with 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM) (Cellgro) supplemented with 10% fetal bovine serum (HyClone),
penicillin (50 IU/ml), and streptomycin (50 �g/ml). Wild-type and mutant GFP

reporter virus stocks were prepared by cotransfection of 293T cells with HIV-
GFP and pHCMV-G plasmids using polyethylenimine (PEI; Polysciences) as
described previously (19). Briefly, viruses were produced by transient cotrans-
fection of about 70% confluent 293T cells using 10 �g of HIV-1–GFP and 5 �g
pHCMV-G plasmid DNAs with 60 �l of PEI reagent (1 mg/ml). Two days after
transfection, virus-containing supernatant was collected, clarified by filtration
through 0.45-�m-pore-size filters, and frozen into aliquots at �80°C. The CA
content of the virus stocks was quantified by a p24-specific enzyme-linked im-
munosorbent assay utilizing monoclonal antibody 183-H12-5C for capture (63).

Infection assay. Adherent target cells were plated at 20,000 per well in 24-well
plates the day before infection. Cells were inoculated with fivefold serially diluted
VSV-G-pseudotyped GFP reporter virus stocks in the presence of Polybrene (8
�g/ml). In experiments with CsA, the drug (5 �M final concentration) was added
to the medium at the time of infection. Viruses and CsA were removed 24 h later,
and the cells were cultured in fresh medium. Cells were harvested, and infection
was measured at 48 h postinfection by quantifying GFP� cells with a FACSCalibur
instrument (Becton Dickinson). Ten thousand cells were analyzed per sample.
For heterokaryon experiments, one million cells were plated in six-well plates,
and one-half million cells per sample were analyzed with an LSRII flow cytom-
eter (Becton Dickinson) 48 h after virus infection. The resulting data were
analyzed using FlowJo software (Tree Star).

Virus-cell fusion assay. The BlaM-Vpr HIV-1 fusion assay was performed as
previously described (14, 34, 65). Briefly, reporter viruses were produced by
cotransfection of proviral HIV-1 DNA (10 �g) with pHCMV-G (3 �g) and
pMM310 (7 �g), which encodes a fusion protein consisting of the Escherichia coli
BlaM fused to the amino terminus of HIV-1 Vpr. Quantities of wild-type and
mutant reporter viruses were normalized by p24 and used to inoculate HeLa-P4
cells (20, 000) for 2 h at 37°C. Cells then were loaded with the CCF2-AM
fluorogenic substrate (20 �M; PanVera Corp.) overnight at room temperature in
the dark. The supernatant was replaced with 100 �l of phosphate-buffered saline
(PBS), and fluorescence was measured from the bottom at 450 and 520 nm after
excitation at 410 nm in a BMG FLUOstar fluorometer. Because cleavage of
CCF2-AM by BlaM results in an emission spectral shift from 520 to 450 nm, the
extent of fusion was calculated as the emission signal at 450 nm divided by that
at 520 nm, after subtraction of the appropriate background values.

Quantitative analysis of HIV-1 reverse transcription in HeLa-P4 cells. One
day prior to infection, 293T and HeLa-P4 cells (100,000) were plated into each
well of 12-well plates. Viruses were treated with 20 �g/ml of DNase I and 10 mM
MgCl2 at 37°C for 1 h to remove contaminating plasmid DNA. 293T and
HeLa-P4 cells were inoculated with VSV-G-pseudotyped viruses normalized by
p24 content to 30 ng/well, along with 8 �g/ml of Polybrene. As a negative control
for reverse transcription, wild-type HIV-1 was inoculated in the presence of a
nonnucleoside reverse transcriptase inhibitor (Efavirenz; 5 �M). At 6 and 12 h
postinfection, infected cells were washed with 1 ml of PBS and then treated with
500 �l of trypsin. Trypsin was inactivated by addition of 750 �l of DMEM
containing 10% fetal bovine serum, and cells were collected and washed once
with 500 �l of PBS. Cell pellets were resuspended in 200 �l of PBS, and DNA
was isolated using a DNeasy kit (QIAGEN) by following the manufacturer’s
instructions. Viral DNA was quantified by real-time PCR using an MX-3000p
thermocycler (Stratagene) utilizing TaqMan chemistry (ABI). Early reverse tran-
scription products (minus-strand strong-stop DNA) were amplified with the
primers ERT-SS-F (5�-GCTAACTAGGGAACCCACTGCTT-3�) and ERT-
SS-R (5�-ACAACAGACGGGCACACACTAC-3�) and were detected with
probe ERT-SS (5�-6-carboxyfluorescein-AGCCTCAATAAAGCTTGCCTT
GAGTGCTTC-6-carboxytetramethylrhodamine-3�). Late reverse transcrip-
tion products (U5-Gag) were amplified with primers MH531 (5�-TGTGTGCC
CGTCTGTTGTGT-3�) and MH532 (5�-GAGTCCTGCGTCGAGAGAGC-3�)
and were detected with the probe LTR-P (5�-6-carboxyfluorescein-CAGTGGC
GCCCGAACAGGGA-6-carboxytetramethylrhodamine-3�) as previously de-
scribed (13, 17). Thermal cycling conditions were 2 min at 50°C and 10 min at
95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s.

Generation and analysis of human cell heterokaryons. 293T cells were trans-
fected with either pTMT plasmid or empty control plasmid (10 �g) using the PEI
method described above. After 24 h posttransfection, the cells were washed once
with PBS and then labeled with either CellTrace Far Red DDAO-SE (15 �M) or
CellTracker Orange CMTMR (5 �M) fluorescent probe (both dyes from Mo-
lecular Probes) for 45 min at 37°C in DMEM. HeLa-P4 cells also were labeled
with the alternate dye. After incubation, cells were washed twice with PBS, and
then complete media were added. After another 1-h incubation at 37°C in
complete media, trypsin was added to detach the cells. Equal numbers of 293T
and HeLa-P4 cells were mixed, and 500,000 cells were plated into two sets of
six-well plates to assay infection as well as fusion efficiency. Cells also were plated
on coverslips for fluorescent microscopic examination. The cells were washed
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with PBS and then fixed with 3.7% paraformaldehyde (PFA) in PBS for 15 min
at room temperature. The fixed cells were observed by an LSM 510 META
inverted confocal microscope. Twenty-four hours after the plating of 500,000
cells in six-well plates, one set of cells was harvested, fixed with 2% PFA, and
then analyzed with an LSR II instrument to test the efficiency of heterokaryon
formation. Populations of cells positive for both DDAO and CMTMR fluores-
cent probes were identified as heterokaryons. Remaining cultures were inocu-
lated with wild-type as well as mutant viruses with a predetermined amount of
virus sufficient to infect 5% of HeLa-P4 cells with the A92E mutant. Forty-eight
hours postinfection, 500,000 cells were analyzed with the LSR II instrument by
first gating the population of cells positive for both DDAO and CMTMR and
then analyzing this population for GFP expression.

Immunoblot analysis. Cells were lysed in a solution of 50 mM Tris-HCl, pH
7.4, 0.5% NP-40, 150 mM NaCl, 1 mM EDTA, and cell debris and nuclei were
removed by centrifugation. Equivalent amounts of protein, as determined by
bicinchoninic acid assay (Pierce Chemical Co.), were subjected to sodium dode-
cyl sulfate–12% polyacrylamide gel electrophoresis followed by transfer of pro-
teins to nitrocellulose membranes (0.45-�m pore size; Perkin-Elmer). The mem-
branes were blocked for 30 min at room temperature with 5% nonfat milk in PBS
and were probed with a 1:10,000 dilution of rabbit anti-CypA antibody (Biomol)
for CypA and mouse anti-�-tubulin (8.7 ng/ml; Sigma Chemical Co.) overnight
at 4°C. The membranes were washed with PBS containing 0.1% Tween 20 four
times for 10 min and were probed with the appropriate species-specific Alexa
fluor 680-conjugated secondary antibody. Protein bands were visualized using the
Odyssey infrared imaging system (LI-COR) and quantified using the instru-
ment’s software.

RESULTS

CsA enhances infection of HeLa-P4 cells by the A92E and
G94D HIV-1 mutants. Previously, it has been reported that
infection by A92E and G94D mutants is enhanced by CsA in
H9 and HeLa cells but not in Jurkat, HOS, and 293T cells (30,
52). To verify these reports, HIV-GFP vectors expressing GFP
in place of Nef were engineered to encode either the A92E or
G94D mutation. VSV-G-pseudotyped virions were produced
by transfection of 293T cells with the engineered HIV-GFP
CA variants as well as with the wild type. The resulting
pseudotyped reporter viruses were used to infect the HeLa-P4
or 293T cell line in the presence or absence of CsA, and
cultures were analyzed by flow cytometry for GFP expression
to determine the percentage of infected cells. When CsA was
present during inoculation of 293T cells with the wild-type
virus, the level of infection was reduced by approximately two-
thirds (Fig. 1A). Infection levels of these cells by the A92E and
G94D mutants also were reduced by one-third to one-half with
CsA treatment (Fig. 1C and E). Similar effects of CsA were
obtained when either HOS or Jurkat cells were used as target
cells instead of 293T cells (data not shown).

In contrast to its effects on 293T cells, CsA exhibited differ-
ent effects on infection of HeLa-P4 cells. In the absence of
CsA, the A92E and G94D mutants exhibited six- to eightfold
reduced infectivity relative to that of the wild-type virus. In-
fection by the wild-type virus was reduced by half when CsA
was present during inoculation (Fig. 1B). However, infection
by the A92E and G94D mutants was stimulated 8- to 11-fold by
CsA (Fig. 1D and F). Taken together, these results confirmed
that infection by A92E and G94D mutants is restricted in
HeLa-P4 cells but not in 293T cells and that the restriction is
prevented by CsA. Additionally, infection of 293T cells by the
wild-type virus was somewhat more sensitive to inhibition by
CsA in 293T cells than in HeLa-P4 cells.

CsA does not inhibit fusion of A92E or G94D mutant HIV-1
particles with target cells. Although CsA is known to facilitate

an early step in infection of HeLa cells by A92E and G94D
viruses, it has not been determined whether this enhancement
occurs during fusion or during a postentry step. A previous
study reported that CsA inhibits attachment of the wild-type
virus to target cells, suggesting the possibility that virion-asso-
ciated CypA promotes HIV-1 fusion (46, 47). To determine
whether the increased infectivity of the A92E and G94D mu-
tants in HeLa-P4 cells in the presence of CsA results from
enhanced viral entry, we tested the fusion capacity of the wild
type and the A92E and G94D mutants with HeLa-P4 cells. The
assay employed utilizes BlaM as a fusion protein with the viral
accessory protein Vpr, which is incorporated specifically into
HIV-1 particles via an interaction with Gag during particle
assembly (14). HeLa-P4 target cells were inoculated with VSV-
G-pseudotyped HIV-1 particles containing BlaM in the pres-
ence and absence of CsA. Cultures subsequently were loaded
with CCF2-AM, a cell-permeable fluorescent substrate for
BlaM. The emission spectrum of CCF2 shifts from green to
blue upon cleavage by BlaM, and the extent of CCF2-AM
cleavage was quantified by spectrofluorimetry.

Inoculation with wild-type HIV-1 particles resulted in a
dose-dependent increase in the blue/green fluorescent ratio
(Fig. 2A). The addition of CsA during the fusion assay showed
no effect on the blue/green fluorescent ratio in the wild-type
cells compared to that of the cells not treated with CsA. The
A92E and G94D mutants also exhibited a linear dose response
of fusion regardless of CsA treatment (Fig. 2B and C). The
observed fusion levels for the mutants were similar to that
observed for the wild-type virus. HIV-1 particles lacking

FIG. 1. Cell-type-specific effects of CsA on HIV-1 infection. VSV-
G-pseudotyped HIV-GFP viruses, either with wild-type (WT) or CA
mutant (A92E and G94D) vectors, were produced by transfection of
293T cells, normalized by p24, and used to infect 293T cells (A, C, and
E) or HeLa-P4 cells (B, D, and F) in the presence or absence of CsA
(5 �M) during infection. Ten thousand live cells were analyzed per
sample. The percentage of GFP-positive cells is plotted against an
input viral dose (in nanograms of p24).
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VSV-G protein exhibited only background signals (data not
shown). These results indicate that addition of CsA to cells at
the time of virus inoculation does not affect the fusion of the
wild type or A92E and G94D mutants with HeLa-P4 cells when
entry is mediated via VSV-G.

CsA inhibits HIV-1 reverse transcription in 293T cells. The
equivalent fusion observed for A92E and G94D HIV-1 parti-
cles in the presence and absence of CsA indicated that CsA-
enhanced infection by these mutants results from the enhance-
ment of early postentry events of the HIV-1 life cycle. To
further identify the affected step, we employed quantitative
real-time PCR (qPCR) to measure the amount of early and
late products of reverse transcription. Wild-type and mutant
viruses were used to infect 293T and HeLa-P4 target cells. At
6 and 12 h postinfection, infected cells were harvested and the
DNA was purified. To measure early products, qPCR was
performed using primers and probes specific for minus-strand
strong-stop DNA using DNA harvested 6 h postinfection. For
late products, primers and a probe specific for full-length plus-
strand DNA were employed in qPCR with total DNA purified
12 h postinfection as a template.

When 293T cells were infected with wild-type and mutant

viruses, the levels of early reverse transcription products for
wild-type, A92E, and G94D viruses were reduced by approxi-
mately 20 to 60% with CsA treatment (Fig. 3A). The effect of
CsA treatment on the synthesis of late reverse transcription
products was somewhat more pronounced than that of early
reverse transcription products. The addition of CsA during
infection resulted in the reduction of late products by 70 to
90% compared to the levels of reverse transcription in the
absence of CsA (Fig. 3B). We also tested viral infectivity of
wild-type and mutant viruses with the same amount of virions
used for the reverse transcription assay. As expected, the in-
fectivity of the wild-type virions was reduced by approximately
80% (Fig. 3C, WT), and that of mutant viruses also was re-
duced by 20% (Fig. 3C, A92E) to 60% (Fig. 3C, G94D) with
CsA treatment. Minimal signals were observed for both early
and late reverse transcription products for infectivity of wild-
type virus inoculated in the presence of a reverse transcriptase
inhibitor (Efavirenz), indicating that the signals detected were
dependent on reverse transcriptase activity and, thus, not from
contaminating plasmid DNA. Taken together, these results
indicate that the addition of CsA during infection decreases
reverse transcription in 293T cells.

CsA has different effects on wild-type and mutant HIV-1
reverse transcription in HeLa-P4 cells. Wild-type virus pro-
duced one-half the level of early reverse transcription product
with CsA treatment (Fig. 3D, WT). By contrast, the presence
of CsA during infection by A92E and G94D mutants resulted
in a 60 to 100% increase in levels of early reverse transcription
products (Fig. 3D, A92E and G94D). Synthesis of late reverse
transcripts by the wild-type virus was reduced by two-thirds
with CsA addition (Fig. 3E, WT). The addition of CsA during
inoculation with A92E and G94D mutant viruses resulted in a
60 to 100% increase in the levels of late reverse transcription
products (Fig. 3E, A92E and G94D). In parallel, we also as-
sayed infection of HeLa-P4 cells with the same doses of viruses
to determine the effects of CsA on infection under these con-
ditions. As expected, treatment of the wild-type virus with CsA
reduced the viral infectivity by one-third, whereas CsA in-
creased infection with the A92E and G94D mutants by about
two- to threefold (Fig. 3F). Taken together, these results sug-
gest that the enhancement of infection of the A92E and G94D
mutants by CsA is a result of enhanced reverse transcription in
HeLa-P4 cells.

HIV-1 mutants A92E and G94D are restricted by a domi-
nant activity in HeLa-P4 cells. The cell-specific phenotype of
the A92E and G94D mutants suggests that an inhibitor of the
mutant viruses is expressed in some cell types but not others.
Alternatively, a cellular activity may facilitate infection by the
mutants in cells that are permissive for the mutant viruses. To
discriminate between these possibilities, we generated hetero-
karyons by fusion of permissive 293T and nonpermissive
HeLa-P4 cells. Phenotypic analysis of heterokaryons previ-
ously has been employed to study the cell-specific require-
ments for Vif (51) and Vpu (60), as well as retroviral restric-
tion in monkey and rabbit cell lines (16, 39).

In initial studies using polyethylene glycol-mediated fusion,
we found the efficiency of heterokaryon formation (1% or
lower) to be a significant experimental limitation. To circum-
vent this, we developed an approach involving cell fusion me-
diated by M-PMV Env. M-PMV Env efficiently induces fusion

FIG. 2. CsA does not affect HIV-1 fusion with target cells. VSV-
G-pseudotyped HIV-1–GFP virus encoding wild-type (WT) (A), A92E
mutant (B), and G94D mutant (C) CA were produced by cotransfec-
tion of 293T cells with a BlaM-Vpr expression plasmid and were
subsequently titrated on HeLa-P4 cells. Fusion was quantified as the
ratio of blue-to-green fluorescence resulting from cleavage of the cell-
permeable BlaM substrate. Results are shown as the mean values of
duplicate determinations plotted against the input viral dose (in nano-
grams of p24) in the presence or absence of CsA (5 �M). The results
are representative of at least two independent experiments.
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among a wide range of human cell types to produce syncytia
with two to four nuclei per syncytium (53, 54). We exploited
the fusion activity of M-PMV Env to generate heterokaryons
between 293T and HeLa-P4 cells. 293T cells were transfected
either with empty control DNA or with the pTMT, M-PMV
Env expression vector. The transfected 293T cells also were
labeled with the amine-reactive fluorescent probe DDAO, and
HeLa-P4 cells were labeled with CMTMR. These probes have
distinct spectral properties, allowing the labeled cells to be
discriminated by flow cytometry. After being labeled, cells
were detached, and equal numbers of labeled 293T and
HeLa-P4 cells were cocultured to allow syncytium formation
between these cells. Cultures subsequently were analyzed by
flow cytometry (Fig. 4A) and by confocal microscopy (Fig. 4B)

to determine the efficiency of fusion between 293T and
HeLa-P4 cells.

When DDAO-labeled control vector-transfected 293T cells
were cocultured with CMTMR-labeled HeLa-P4 cells, double-
positive cells were detected at levels corresponding to 0.2% of
the total cell population. These cells exhibited low levels of
fluorescence and did not form a well-organized and distinct
subpopulation (Fig. 4A, left panel). By contrast, when MPMV
Env-expressing 293T cells were cocultured with HeLa-P4 cells,
syncytia were apparent as a discrete population (6.7%) of cells
positive for both DDAO-SE and CMTMR labels (Fig. 4A,
right panel).

Upon being labeled with CMTMR, the entire cytoplasm and
nuclei were stained by this fluorescent probe (Fig. 4B,

FIG. 3. Effect of CsA treatment of target cells on reverse transcription (RT) of wild-type and mutant HIV-1 particles. VSV-G-pseudotyped
HIV-1–GFP viruses were produced by transfection of 293T cells, normalized for p24, and used to inoculate 293T (A, B, and C) and HeLa-P4 (D,
E, and F) cells in the presence or absence of 5 �M CsA. DNA was isolated from target cells at 6 and 12 h postinfection and assayed for early (A
and D) and late (B and E) products of reverse transcription by quantitative PCR. As a control, the wild-type virus (WT) was inoculated in the
presence of the reverse transcriptase inhibitor Efavirenz (WT/E). (C and F) Parallel cultures were analyzed 2 days postinoculation for GFP
expression by flow cytometry. Both assays were performed with a high dose of virus to maximize the likelihood of detection of viral DNA in 293T
and HeLa-P4 cells. Results are representative of two independent experiments.
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FIG. 4. Generation of heterokaryons between 293T and HeLa-P4 cells by expression of the M-PMV Env glycoprotein. 293T cells were
transfected with the empty control plasmid (293T) or the M-PMV Env expression vector (293T/Env), labeled with the DDAO fluorescence probe,
and mixed with HeLa-P4 that had been labeled with CMTMR probe. (A) Twenty-four hours after coculture, 10,000 cells were analyzed by flow
cytometry to detect heterokaryon formation. Ten thousand cells were analyzed per sample. (B) Twenty-four hours after coculture, cultures were
analyzed for both probes by confocal microscopy. The arrow indicates a heterokaryon.
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CMTMR); in contrast, cells labeled with DDAO probe dis-
played a distinctive staining pattern in the cytoplasm and no
labeling of nuclei (Fig. 4B, DDAO). Using confocal micros-
copy, we observed double-positive cells labeled with both
DDAO and CMTMR only in coculture in which 293T cells
expressed the M-PMV Env protein, indicating that this protein
was required for efficient formation of 293T–HeLa-P4 hetero-
karyons (Fig. 4B, arrow).

To determine the permissiveness of the heterokaryons to
infection, cultures were inoculated with VSV-G-pseudotyped
HIV-GFP viruses 24 h after coculture of DDAO-labeled
M-PMV Env-expressing 293T cells with CMTMR-labeled
HeLa-P4 cells. For these experiments, the viral inocula were
chosen so as to give a 10-fold increase of infectivity by A92E
and G94D viruses in the presence of CsA in HeLa-P4 cultures.
Even 72 h after coculture of DDAO-labeled 293T and
CMTMR-labeled HeLa-P4 cells, the labeled cells maintained a
discrete cell population in heterokaryon-containing cultures
(Fig. 5A and B, 293T and HeLa-P4), indicating that the label-
ing with the fluorescent dyes was stable and that the labels
were not spontaneously transferred between the two cell types.
Cells that were doubly positive for both fluorescent probes
maintained a distinctive subpopulation of about 3% of the
total cell population (Fig. 5B).

Following inoculation with the GFP reporter viruses, un-
fused 293T cells within the cocultures using the A92E and G94
mutants remained sensitive to inhibition by CsA. Treatment of
these cells with CsA reduced viral infectivity by about fourfold
for the wild type and by about 20 to 50% for A92E and G94D
virions (Fig. 5C). In contrast, infection of HeLa-P4 cells in the
cocultures by A92E and G94D mutant viruses was markedly
enhanced by the addition of CsA, while the infectivity of wild-
type virions was little changed with the addition of CsA (Fig.
5D). These results indicated that the labeling of the cells with
the fluorescent dyes did not significantly alter the effect of CsA
on the infection of either cell type.

Analysis of heterokaryons in these cultures revealed that
CsA slightly reduced the level of infection by wild-type virus
(Fig. 5E, WT). In contrast, infection by the A92E and G94D
virions was increased by about sixfold in the presence of CsA
(Fig. 5E, A92E and G94D). Thus, infection of the heterokary-
ons by the A92E and G94D mutants was markedly enhanced
by addition of CsA during virus inoculation.

We next asked whether the fluorescence probes used to label
the 293T or HeLa-P4 cells might alter the CsA-dependent
infection of heterokaryons by A92E and G94D mutant viruses.
To test this, the labeling of the 293T and HeLa-P4 cells was
reversed, and heterokaryons were generated by coculture of
control and M-PMV Env-expressing cells with HeLa-P4 cells.
The resulting cultures then were challenged with wild-type and
mutant viruses. The results were nearly identical to those ob-
tained with the heterokaryon subpopulation that had 293T
cells labeled with DDAO and HeLa-P4 cells labeled with
CMTMR probes, indicating that the probes themselves had no
effect on the CsA-dependent phenotype (Fig. 5F). Interest-
ingly, heterokaryons were consistently more permissive than
original 293T or HeLa-P4 cells regardless of CsA treatment
and virus (Fig. 5, compare E and F to C and D). Taken
together, these data indicate that infection of 293T-HeLa-P4

heterokaryons by the A92E and G94D mutant viruses is en-
hanced by CsA.

293T-293T hybrids do not exhibit CsA-dependent infection
by A92E and G94D HIV-1 mutants. It was possible that the
process of cell-cell fusion itself or M-PMV Env expression
resulted in CsA-dependent infection by A92E or G94D mutant
virions, thus confounding interpretation of the results for the
293T–HeLa-P4 heterokaryons. To test this, we generated syn-
cytia by fusing DDAO-labeled 293T with CMTMR-labeled
293T cells. 293T cells were transfected with the empty control
vector or with M-PMV Env vector. Following transfection,
293T cells were labeled with CMTMR, and untransfected 293T
cells were labeled with DDAO. Equal numbers of labeled cells
were cocultured and subsequently challenged by wild-type and
mutant viruses in the presence and absence of CsA.

In control cocultures lacking expression of M-PMV Env, we
observed no distinctive cell population positive for both fluo-
rescence probes (data not shown). The permissiveness of these
control cells exhibited a CsA-independent pattern identical to
that of untransfected, unlabeled 293T cells (Fig. 6A). When
293T cells were mixed with M-PMV Env-expressing 293T cells,
about 4% of cells comprised a subpopulation positive for both
fluorescent probes (data not shown). Analysis of double-posi-
tive cells for GFP expression revealed that wild-type and G94D
viruses were markedly inhibited by CsA; infection by A92E was
inhibited by approximately twofold (Fig. 6B). As previously
observed for the heterokaryons between HeLa-P4 and 293T,
the fused cells were about three times more permissive than
unfused 293T cells with no CsA treatment. Thus, fusion be-
tween 293T cells did not result in CsA-dependent enhance-
ment of infection by A92E and G94D viruses.

Overexpression of CypA in 293T cells does not result in
CsA-dependent infection by the A92E and G94D HIV-1 mu-
tants. It has been suggested that the phenotypic consequences
of mutations in the CypA-binding loop of CA may differ in
cells as a result of differences in levels of CypA expression (2,
69). Specifically, H9 cells, in which replication of A92E was
stimulated by CsA, contained higher levels of CypA than did
Jurkat cells, in which CsA did not enhance A92E replication.
To determine whether elevated levels of CypA contribute to
the CsA-dependent infection for A92E and G94D mutants, we
first performed immunoblotting to quantify the relative expres-
sion levels of endogenous CypA among cell lines in which
infection by A92E is promoted by CsA (HeLa-P4, HeLa, and
H9) and cells in which it is not (293T, HOS, and Jurkat) (Fig.
7A). To control for loading, the blots were reprobed with an
antibody to tubulin, and the band intensities were quanti-
fied. Overall, CsA-dependent cells for those mutants dis-
played slightly higher levels of CypA expression than CsA-
independent cells. HeLa and HeLa-P4 cells contained about
twice the levels of CypA that HOS cells had and approxi-
mately 1.5 times the level in 293T cells. These results con-
flict somewhat with those of a previous report that the CypA
level in HeLa cells is not significantly elevated relative to
that in 293T cells (52). H9 cells also exhibited approximately
twice the level of CypA exhibited by Jurkat cells, as previ-
ously reported (69). Collectively, these results are consistent
with the possibility that the enhancement of A92E infection
by CsA observed in HeLa and H9 cells is due to elevated
CypA levels in these cells.
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To further test the relationship between CypA expression
levels and cell-specific enhancement of infection by CsA, we
overexpressed CypA in 293T cells by transient transfection
with a CypA expression vector. Forty-eight hours later, the
cells were challenged with wild-type or mutant HIV-1 in the
presence and absence of CsA. Additionally, uninfected cul-

tures were harvested and cellular proteins were extracted to
quantify CypA levels. Immunoblot analysis revealed a two- to
threefold higher level of CypA expression relative to that of
control 293T cells. In contrast, HeLa-P4 cells exhibited a 40%
higher level of CypA than that of 293T cells (Fig. 7B). Thus,
the expression level of CypA in transfected 293T cells was

FIG. 5. Effect of CsA on HIV-1 infection of 293T–HeLa-P4 heterokaryons. Heterokaryons were produced by coculture of DDAO-stained 293T cells
expressing the M-PMV Env glycoprotein with CMTMR-stained HeLa-P4 cells. Cultures were inoculated with the indicated GFP reporter viruses in the presence
or absence of CsA. One-half million cells from each culture were analyzed by three-color flow cytometry for GFP, DDAO, and CMTMR. (A) Analysis of control
uninfected cultures lacking M-PMV Env expression. (B) Analysis of heterokaryon-containing cultures. (C to F) Analysis of GFP expression in 293T cells (C),
HeLa-P4 cells (D), and heterokaryon cells (E) in the presence or absence of CsA. For panel F, cultures of heterokaryons in which the DDAO and CMTMR
staining was reversed were analyzed. Results are representative of two independent experiments. WT, wild type.
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approximately 1.5- to 2-fold greater than that observed in
HeLa-P4 cells.

When transfected 293T and HeLa-P4 cells were analyzed
after infection with wild-type or mutant virions, we found that
CypA-transfected 293T cells displayed slightly enhanced levels
of infectivity compared to that of mock-transfected 293T cells
(Fig. 7C). Infection of HeLa-P4 cells by A92E and G94D
mutant virions was enhanced by about 10-fold with CsA treat-
ment. However, infection of CypA-overexpressing 293T cells
was not enhanced by CsA, though the overall infection rate was
slightly greater than that of control 293T cells. Thus, forced
overexpression of CypA in 293T cells to a level exceeding that
observed in HeLa cells did not result in CsA-dependent en-
hancement of A92E or G94D mutant. These data indicate that
the CsA-stimulated infection by the mutant viruses is not due
solely to the higher CypA level in HeLa cells relative to that in
293T cells.

DISCUSSION

The molecular mechanism by which CsA inhibits infection
by wild-type HIV-1 and stimulates infection by some HIV-1
mutants is unknown. In this study, we showed that CsA does
not promote fusion of CsA-dependent HIV-1 mutants with
target cells, suggesting that the enhanced infection of HeLa-P4
cells by A92E and G94D HIV-1 mutants in cultures containing
CsA is not due to altered viral entry (Fig. 2). CsA increased the
level of synthesis of HIV-1 reverse transcripts, indicating that
CsA facilitates an early postentry step necessary for reverse
transcription of the HIV-1 genome (Fig. 3). Events in this
phase of the virus life cycle that may be affected by CypA
include uncoating (3, 41), proteasome- and lysosome-depen-
dent degradation (25, 43, 50), and trafficking of the viral core
to an intracellular compartment that is conducive to reverse
transcription. We previously demonstrated that subtle changes
in the stability of the capsid can lead to impaired reverse
transcription (22). Because CsA prevents binding of CypA to
CA, it is plausible that binding of CypA to the A92E and G94D
viral capsids has a negative effect on uncoating of the mutant
cores. Another possibility is that CsA treatment may protect

the incoming viral core from proteasomal degradation, which
can limit HIV-1 infection of human cells. However, treatment
of HeLa-P4 cells with the proteasome inhibitor MG132 en-
hanced infection by A92E and G94D mutants to an extent
similar to that of wild-type HIV-1 (our unpublished results),
arguing against a necessary role of the proteasome in restric-
tion of the mutants.

To determine whether CsA-dependent infection by the
A92E or G94D mutant is due to expression of a dominant
restriction factor, we analyzed heterokaryons generated with
fluorescent-probe-labeled HeLa-P4 and 293T cells that were
produced by expression of M-PMV glycoprotein and identified
by flow cytometry. This approach eliminated the requirement
for purification of heterokaryons, which we found to be difficult
with the large adherent cells used in this study. The syncytia
generated between HeLa-P4 and 293T cells (Fig. 5E and F) or
between 293T cells (Fig. 6B) generally were more permissive
to HIV-1 infection than either parental cell type regardless of

FIG. 6. Effect of CsA on HIV-1 infection of syncytia between 293T
cells. 293T cells were transfected with control (A) and M-PMV Env
(B) plasmids. Twenty-four hours posttransfection, 293T cultures were
labeled with DDAO and cocultured with an equal number of untrans-
fected 293T cells labeled with CMTMR. After another 24 h, cultures
were challenged with wild-type (WT) or mutant (A92E and G94D)
HIV-1–GFP reporter virions in the presence or absence of 5 �M CsA.
Two days later, cultures were analyzed by flow cytometry for GFP,
DDAO, and CMTMR. (A) Infectivity frequency of unfused 293T cells
(293T-293T). In these samples, no gating was applied to discriminate
DDAO or CMTMR. (B) Infection frequency of syncytia positive for
both fluorescence dyes (293T/Env-293T). The results shown are rep-
resentative of at least two independent experiments.

FIG. 7. Overexpression of CypA in 293T cells does not result in
CsA-dependent infection. (A) Analysis of CypA levels in lysates of
293T, HeLa-P4, HOS, HeLa, Jurkat, and H9 cells. Equal quantities of
protein (20 �g) were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and were probed with anti-CypA and anti-
tubulin antibodies. Protein bands were visualized with a LI-COR
Odyssey infrared imaging system, and CypA levels were quantified by
the instrument software, with tubulin as a control. Shown under each
lane is the ratio of the CypA intensity to the tubulin intensity. (B) 293T
cells were transfected with 10 and 20 �g of CypA expression vector
(pCMX-CypA), and cells were analyzed 48 h posttransfection as de-
scribed for panel A. Lane 1, 293T cells; lane 2, 293T cells transfected
with 10 �g of pCMX-CypA; lane 3, 293T cells transfected with 20 �g
of pCMX-CypA; lane 4, HeLa-P4 cells. (C) Analysis of the effects of
CsA on infection of transfected 293T cells. HeLa-P4 and transfected
293T cells were plated onto 24-well plates 24 h posttransfection. After
another 24 h, cultures were challenged with wild-type (WT) or mutant
(A92E and G94D) HIV-GFP reporter virions in the presence or ab-
sence of 5 �M CsA. Two days later, cultures were analyzed by flow
cytometry for GFP expression. Infectivity ratios were calculated by
dividing the percentage of infected (i.e., GFP-positive) cells for CsA-
treated cultures by the corresponding value for the parallel infections
performed in the absence of CsA. The infectivity data shown are
representative of three independent experiments.
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CsA treatment (Fig. 5). Thus, it seems possible that the larger
surface area of the syncytia, or the presence of M-PMV gly-
coprotein on the cell surface, facilitates viral entry.

Infection of the 293T–HeLa-P4 heterokaryons by the A92E
and G94D mutants was stimulated by CsA to an extent that
was intermediate between that observed in HeLa-P4 cells and
in 293T cells (Fig. 5E). We observed similar results when the
fluorescent staining of the cell lines was reversed. These results
indicate that a dominant activity restricts infection by the A92E
and G94D mutants in HeLa-P4 cells and that addition of CsA
prevents this restriction. Infection of heterokaryons with the
wild-type virus was not significantly affected by CsA, similar to
what was observed in HeLa-P4 cells (Fig. 5E and F, WT).
Thus, the 293T–HeLa-P4 heterokaryons resembled HeLa-P4
cells in their response to CsA for both wild-type and CsA-
dependent mutant viruses. Several observations indicate that
CypA protects the HIV-1 capsid from endogenous human re-
striction factors in target cells. Cross-saturation studies sug-
gested that human cells restrict N-tropic murine leukemia virus
and a CypA-binding-defective HIV-1 mutant (G89V) by a
common activity (58). However, restriction of the HIV-1 G89V
mutant in human cells did not require TRIM5� expression.
Interestingly, Sayah and Luban also have reported that selec-
tion of human TE671 cells for loss of N-tropic murine leuke-
mia virus restriction was correlated with a decrease in the
dependence of HIV-1 infection on CypA binding (48). It is
conceivable that a common restriction activity is responsible
for inhibiting infection by A92E and G94D in a CypA-depen-
dent manner in HeLa cells and inhibiting the wild-type virus in
293T cells when CypA binding to CA is prevented. However,
the cell type specificity of these viral phenotypes implies the
existence of multiple factors that determine the fate of the viral
core in target cells. We propose that CypA binding to the
A92E and G94D mutants leads to the formation of a specific
binding site for an unknown host restriction factor. In agree-
ment with this hypothesis, recent studies in our laboratory have
identified a secondary CA mutation that restores infectivity to
the A92E mutant in HeLa-P4 cells (66).

It was suggested previously that the CsA-dependent infec-
tion by the A92E and G94D mutants results from the increased
levels of CypA expression in H9 cells compared to that in
CsA-independent Jurkat cells (68), and we observed an overall
positive correlation between cellular CypA levels and CsA-
dependent infection of various cell lines (Fig. 7A). However,
overexpression of CypA in 293T cells did not result in enhance-
ment of infection by A92E and G94D mutant virions upon CsA
treatment (Fig. 7B and C). We conclude that differences in
levels of CypA do not fully account for the cell-specific differ-
ences in the A92E and G94D response to CsA. Thus, CypA,
while not directly responsible for the restriction of these mu-
tants in HeLa cells, is necessary for it.

CypA significantly enhances HIV-1 replication in cell lines
(12, 24, 57) and primary T lymphocytes (45), yet the precise
role of CypA in the virus life cycle remains unknown. Our
results suggest that CsA-dependent HIV-1 infection of human
cells is due to the expression of an unknown host factor that
specifically restricts infection at an early postentry step of in-
fection. Future identification of the putative cellular restriction
factor will provide a better understanding of the consequences

of CypA binding to the HIV-1 core and of cellular restriction
mechanisms in human cells.
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