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The peptidyl-prolyl isomerase cyclophilin A (CypA) increases the kinetics by which human immunodefi-
ciency virus type 1 (HIV-1) spreads in tissue culture. This was conclusively demonstrated by gene targeting in
human CD4� T cells, but the role of CypA in HIV-1 replication remains unknown. Though CypA binds to
mature HIV-1 capsid protein (CA), it is also incorporated into nascent HIV-1 virions via interaction with the
CA domain of the Gag polyprotein. These findings raised the possibility that CypA might act at multiple steps
of the retroviral life cycle. Disruption of the CA-CypA interaction, either by the competitive inhibitor cyclo-
sporine (CsA) or by mutation of CA residue G89 or P90, suggested that producer cell CypA was required for
full virion infectivity. However, recent studies indicate that CypA within the target cell regulates HIV-1
infectivity by modulating Ref1- or Lv1-mediated restriction. To examine the relative contribution to HIV-1
replication of producer cell CypA and target cell CypA, we exploited multiple tools that disrupt the HIV-1
CA-CypA interaction. These tools included the drugs CsA, MeIle4-CsA, and Sanglifehrin; CA mutants exhib-
iting decreased affinity for CypA or altered CypA dependence; HeLa cells with CypA knockdown by RNA
interference; and Jurkat T cells homozygous for a deletion of the gene encoding CypA. Our results clearly
demonstrate that target cell CypA, and not producer cell CypA, is important for HIV-1 CA-mediated function.
Inhibition of HIV-1 infectivity resulting from virion production in the presence of CsA occurs independently of
the CA-CypA interaction or even of CypA.

Human immunodeficiency virus type 1 (HIV-1) gag encodes
a precursor polyprotein (Pr55gag) that is necessary for virion
particle formation and egress from the host cell (20, 25). Con-
current with virion release from the host cell, the precursor
protein is cleaved by the viral protease to produce mature
proteins, including the viral capsid protein (CA), which are
required for infection of susceptible target cells.

With the use of a yeast two-hybrid screen, it was discovered
that Pr55gag binds to cyclophilin A (CypA), a ubiquitously
expressed protein that belongs to a large family of peptidyl-
prolyl isomerases (37). The interaction was shown to be direct
by using recombinant protein in vitro, and confirmed in vivo, as
purified HIV-1 virions specifically incorporate CypA (24, 48).
The CypA binding site mapped to the CA domain within
Pr55gag (37). CA residues A88, G89, and P90, and residues in
the hydrophobic pocket of CypA, were found to be crucial for
interaction in vitro and in the context of virions (12, 13, 18, 21,
24, 37, 48, 55). X-ray and nuclear magnetic resonance analysis
of CypA in complex with various Gag fragments confirmed
that these residues participate in direct protein-protein inter-
actions (27, 40, 47, 51, 57).

The importance of CypA for efficient spread of HIV-1 in
tissue culture was demonstrated by disrupting the interaction
between CypA and CA by using any of several approaches.
These included replication assays with virus bearing CA mu-
tations disruptive of CypA binding (13, 24, 48) and replication
of HIV-1 in human T-cell lines with targeted disruption of the
CypA gene (15). The CA-CypA interaction is disrupted by

cyclosporine (CsA) (37), a competitive inhibitor that forms a
high-affinity complex with CypA (30). CsA and related com-
pounds also inhibit replication of HIV-1 but not of related
viruses such as simian immunodeficiency virus MAC239
(SIVMAC239) (14, 23, 48) that do not bear a CypA binding site
on CA (14, 24, 37, 48).

Examination of CypA-deficient virions failed to detect sig-
nificant abnormalities in virion protein content, viral precursor
protein processing kinetics, viral genomic RNA packaging, en-
dogenous reverse transcriptase (RT) activity, or virion ultra-
structure (13, 15, 24, 32, 48, 53). Nonetheless, disruption of
CypA incorporation into virions by any of the approaches
mentioned above decreased virion infectivity with a block de-
tected early after infection, after membrane fusion at the stage
of viral cDNA synthesis (13, 15, 48). These results were con-
sistent with the hypothesis that CA-associated, intravirion
CypA renders HIV-1 virions fully infectious.

Recent studies linked the HIV-1 CA-CypA interaction to
the function of the antiviral restriction factors Lv1 and Ref1.
Disruption of the CA-CypA interaction frees HIV-1 from Lv1
restriction in macaque and owl monkey cells (7, 33, 50) and
renders HIV-1 susceptible to Ref1 restriction in human cells
(43, 50). In contrast to what was reported with the previous
studies, virion-associated CypA was not important for these
effects, suggesting that only target cell CypA is relevant for the
CA-specific effects on HIV-1 infectivity.

By perturbing single-cycle HIV-1 replication assays with sev-
eral tools that disrupt the CA-CypA interaction, we examined
the relative importance of producer cell CypA and target cell
CypA for HIV-1 replication. We conclude that HIV-1 CA
binding to target cell CypA is relevant only during viral entry
and that disruption of the CA-CypA interaction during virion
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assembly does not alter virion titer. Virions produced in the
presence of CsA and other cyclophilin binding drugs exhibit
reduced infectivity due to mechanisms that are independent of
CA and CypA.

MATERIALS AND METHODS

Plasmids. pNL4-3 contains a full infectious provirus, HIV-1NL4-3 (3). pNL4-
3/G89V carries a mutation in CA that disrupts the CypA binding site. It was
created by replacing the BssHII-SpeI fragment in pNL4-3 with a fragment that
contained the G89V mutation (50). p8.9N�SB is a construct that expresses
HIV-1 gag and pol from the cytomegalovirus immediate-early promoter and has
a deletion in the psi region (7). NL4-3/A92E and NL4-3/G89V are p8.9N�SB
with A92E or G89V mutations in CA, respectively, as previously described (7).
NL4-3/CA9 and NL4-3/MVP5180 are p8.9N�SB in which the CypA binding
region has been replaced with the CypA binding regions of HIV-1 group O
isolate CA9 or MVP5180, respectively. These versions of p8.9�SB were gener-
ated by PCR with the following oligonucleotides: 5�-GCAGATTGGGATAGA
ACTCATCCACCAGCTGTGGGGCCGTTACCACCAGGGCAGATAAGG
G-3� and 5�-CCCTTATCTGCCCTGGTGGTAACGGCCCCACAGCTGGTG
GATGAGTTCTATCCCAATCTGC-3� for CA9 and 5�-GGGATAGAACTCA
TCCACCAGCCATGGGGCCGTTACCACCAGGGCAGATAAGGG-3� and
5�-CCCTTATCTGCCCTGGTGGTAACGGCCCCATGGCTGGTGGATGA
GTTCTATCCC-3� for MVP5180. The introduced mutations were verified by
sequencing. CSGW is an HIV-1 vector expressing enhanced green fluorescent
protein (GFP) under the control of the spleen focus-forming virus long terminal
repeat (9). The pMDG plasmid encodes a vesicular stomatitis virus G (VSV-G)
protein (8). pCIG3 N and B are murine leukemia virus (MLV)-derived con-
structs expressing N- and B-tropic CA (8). pCL-Eco contains psi-minus Moloney
MLV expressed from the cytomegalovirus immediate-early promoter (38).

To express short interfering RNA (siRNA) from a plasmid, we engineered
pSUPER as described by others (17). pSUPER encodes a short hairpin RNA
(shRNA) that is processed in the cell to generate siRNAs. The following oligo-
nucleotides were used to generate a pSUPER plasmid for CypA protein knock-
down: 5�-GATCCCCGGGTTCCTGCTTTCACAGATTCAAGAGATCTGTG
AAAGCAGGAACCCTTTTTGGAAA-3� and 5�-AGCTTTTCCAAAAAGGG
TTCCTGCTTTCACAGATCTCTTGAATCTGTGAAAGCAGGAACCCGG
G-3�. pMH-CypA147 is a virus-based shRNA vector that targets CypA
expression. To generate it, the H1 promoter and the hairpin cassette were cut
from pSUPER with EcoRI and SalI and subcloned into pMSCV-�U3 (6).

To restore CypA synthesis in HeLa CypA knockdown (KD) cells, a CypA
cDNA bearing silent mutations that render it nontargetable by the CypA147
shRNA (44) was subcloned into CSGW with BamHI and NotI sites to generate
CSW-ntCypA. An otherwise isogenic vector (CSW-ntCypA/R55A) carrying the
R55A mutation in the hydrophobic pocket of CypA that abolishes interaction
with HIV-1 CA (12) was also engineered.

Viruses. HIV-1 viruses were produced by transfecting 106 293T or HeLa
cells/well in six-well plates with 4 �g of pNL4-3 or pNL4-3/G89V with Lipo-
fectamine 2000. HIV-1 vectors were produced the same way but using 2 �g of
CSGW, 1.7 �g of wild-type or mutant p8.9�SB, and 0.3 �g of pMDG. To
produce shRNA transducing vector targeting CypA, 293T cells were cotrans-
fected with 1.7 �g of pCL-Eco, 2 �g of pMH-CypA147, and 0.3 �g of pMDG. To
produce CypA-transducing vectors, 293T cells were cotransfected with 2 �g of
CSW-ntCypA or CSW-ntCypA/R55A, 1.7 �g of p8.9�SB, and 0.3 �g of pMDG.
For production of VLPs, 2.5 � 106 293T cells/60-mm-diameter plate were co-
transfected with 7 �g of pCIG3 N or B and 1 �g of pMDG. The medium was
changed after 6 h. Virion-containing supernatant was harvested 24, 48, and 72 h
posttransfection. Supernatants from the three time points were pooled, centri-
fuged at 300 � g for 5 min to remove cell debris, and filtered through an
0.45-�m-pore-size filter (Pall Acrodisc). If drugs were used during virion pro-
duction, the clarified supernatant was layered onto a 25% sucrose cushion and
accelerated at 100,000 � g in an SW41 rotor. The pelleted virions were resus-
pended in RPMI–10% fetal bovine serum and stored at �80°C. Virions were
normalized prior to infection by measuring RT activity as previously described
(28).

Infection. Adherent cells were plated in 24-well plates (4 � 104 cells/well) and
infected with virus stocks. Cells in suspension were seeded in 24-well plates at 105

cells/well. Virion stocks were added to the cells in a final volume of 500 �l/well.
For infections with full-length virus, dextran sulfate was added 16 h postinfection
(100 �g/ml) to preclude spread of the virus. At 48 h postinfection, cells were fixed
in 4% formaldehyde–phosphate-buffered saline and assayed for intracellular p24
by using KC57, an RD1-conjugated anti-p24 antibody (Coulter Immunology).

GFP expression in infected cells was analyzed 48 h postinfection by flow cytom-
etry.

To generate HeLa cells with stable expression from pMH-CypA147, cells were
seeded into 24-well plates at 3 � 104 cells/well, covered with 500 �l of clarified
293T supernatant, and spinoculated for 70 min at 1,200 � g. Single-cell clones
were screened by Western blotting for CypA expression.

To restore CypA expression in HeLa CypA KD cells, 3 � 104 cells/well in
24-well plates were infected four times with 250 �l of clarified 293T supernatant
containing CSW-ntCypA or CSW-ntCypA/R55A transducing vector. CypA ex-
pression was confirmed by Western blotting.

Flow cytometry. GFP fluorescence was recorded using the FL1 channel. For
analysis of cells that were immunostained with the RD1-conjugated antibody,
cells were analyzed using FL2. Flow cytometry was done using a FACSCalibur
instrument and Cellquest software (Becton Dickinson). Ten thousand live cells
were analyzed per sample.

Cells and drugs. Adherent cells were maintained in Dulbecco modified Eagle
medium, and suspension cells were maintained in RPMI, each supplemented
with 10% fetal bovine serum and antibiotics. CsA (Bedford Laboratories) was
prepared in dimethyl sulfoxide at 10 mg/ml and diluted in tissue culture medium
for each experiment to 2.5 �M. MeIle4-CsA and Sanglifehrin (gifts from Novar-
tis, Basel, Switzerland) were prepared in dimethyl sulfoxide at 10 mg/ml and 10
mM, respectively, and diluted further in tissue culture medium to 2.5 �M for
each experiment. As2O3 (Sigma) was prepared as described previously (8) and
diluted further in phosphate-buffered saline to the indicated concentrations prior
to use. Dextran sulfate (5 mg/ml; Sigma) was prepared in H2O and was used at
100 �g/ml as described previously (8).

Western blotting. HeLa clones with normal CypA expression after pMH-
CypA147 transduction (control), HeLa CypA knockdown (CypA KD) cells, and
HeLa CypA KD cells with restored wild-type or R55A mutant CypA expression
were normalized by cell number, and lysates were subjected to Western blotting
with antibodies to CypA (rabbit polyclonal anti-CypA; Biomol) and �-actin
(horseradish peroxidase-conjugated polyclonal antiactin; Santa Cruz Biotechnol-
ogy). Coomassie blue staining of the membranes confirmed that loading of
samples had been properly normalized. Virions produced as described above
were pelleted through a sucrose cushion, resuspended in 2� sodium dodecyl
sulfate loading buffer, and subjected to Western blotting with antibodies to CypA
and p24 (anti-p24 monoclonal 183-H12-5C; National Institutes of Health AIDS
Research and Reference Reagent Program).

RESULTS

CsA administration at different times in the virus life cycle
has additive inhibitory effects on HIV-1 infectivity. CsA com-
petes with HIV-1 CA for binding to CypA (37) and inhibits
HIV-1 replication (14, 23, 48). Single-cycle replication assays
were performed with full-length infectious HIV-1 to determine
which step in the retrovirus life cycle is disrupted by CsA.
Wild-type HIV-1NL4-3 virions were produced by transfection of
293T cells and used to infect human CD4� T cells. As previ-
ously described, dextran sulfate was added to the infected cells
16 h postinfection to block virus spread and ensure only one
round of infection and the percentage of infected cells was
determined by flow cytometry after staining with anti-CA an-
tibody (8).

When 2.5 �M CsA was present during HIV-1 virion produc-
tion, the infectivity of wild-type virions was reduced approxi-
mately twofold (Fig. 1A) and the CypA content of purified
virions was reduced (Fig. 2). When Jurkat target cells were
infected in the presence of CsA, a sixfold decrease in infectivity
was observed (Fig. 1A). If CsA was present during both as-
sembly and entry, there was a 12-fold reduction in titer (Fig.
1A), indicating that the effects of the drug during production
and entry were additive.

Inhibition of infectious HIV-1 virion production by CsA is
independent of the CA-CypA interaction. Interaction with
CypA is disrupted by mutations in the proline-rich loop con-
necting HIV-1 CA helices IV and V, in particular CA mutant
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G89V (55). NL4-3/G89V mutant virions were produced by
transfection of 293T cells and used to infect Jurkat cells. CypA
incorporation into NL4-3/G89V virions was significantly de-
creased (Fig. 2). It was therefore expected that treatment of
target cells with CsA would not decrease the titer of this virus.
Indeed, CsA addition to target cells during infection with NL4-
3/G89V virus did not decrease viral infectivity (Fig. 1B). How-
ever, the infectivity of NL4-3/G89V virus produced in the pres-
ence of CsA was reduced to the same extent as with the
wild-type virus (compare Fig. 1A and B). If both producer and
target cells were treated with CsA, the reduction in NL4-3/
G89V infectivity was identical to drug-free infection with NL4-
3/G89V produced in the presence of drug (Fig. 1B). These
results indicate that CsA inhibition of infectious virion produc-
tion does not involve the CA-CypA interaction.

MeIle4-CsA and Sanglifehrin inhibit infectious HIV-1 virion
production via a CA-independent mechanism. The experi-
ments above indicate that the CA-CypA interaction is uniquely
important during virion entry. To clarify the mechanism by
which CsA inhibits the production of infectious virions, we
examined the effect of two additional drugs. As a complex with
CypA, CsA binds and inhibits the calcium-dependent phospha-
tase calcineurin (26, 35). MeIle4-CsA is an analogue of CsA
that binds CypA as tightly as the parent compound does but is
unable to form a complex with calcineurin (23, 48). Sanglife-
hrin is structurally unrelated to CsA, but it also binds to cy-
clophilin (22, 42) and might be expected to disrupt the
CypA-CA interaction. In fact, both MeIle4-CsA and Sanglife-
hrin blocked the incorporation of CypA into nascent virion
particles (Fig. 2). MeIle4-CsA or Sanglifehrin treatment of
producer cells reduced infectivity of wild-type virions by about
2.5- or 1.5-fold, respectively, compared to virions produced
with no drug (Fig. 3A). The effect of the two drugs on the titer
of nascent NL4-3/G89V virions was identical to the effect of
the two drugs on the wild-type virus (Fig. 3B), confirming that
the mechanism of inhibition was independent of the CA-CypA
interaction.

Producer cell CypA is not required for production of fully
infectious HIV-1 virions. To determine if producer cell CypA
is necessary to render HIV-1 virions fully infectious, siRNA
was used to downregulate CypA expression. HeLa cells were
transduced with a retrovirus expressing an shRNA (17) specific
for CypA cDNA. Alignment of the sequence against the hu-
man genome (http://www.ncbi.nlm.nih.gov/genome/seq/HsBlast
.html) revealed no homologous sequences other than CypA.
The 15 known human cyclophilin family members (15) each
possess at least five nucleotide mismatches with respect to the
shRNA (data not shown). Single-cell clones of the transduced
HeLa cells were screened by Western blotting for CypA ex-
pression (Fig. 4A), and clones with wild-type levels of expres-
sion (control) or undetectable expression (CypA KD) were
selected for further analysis.

The effect of producer cell CypA on HIV-1 virion infectivity
was assessed by transfecting CypA KD and control HeLa cells

FIG. 1. Inhibition of HIV-1 infectivity by CsA is CA dependent if
drug is administered to target cells during virus entry but independent
of the CA-CypA interaction if drug is present during virion production.
HIV-1NL4-3 virions, either wild type (A) or CA mutant G89V (B), were
produced by transfection of 293T cells. The CA/G89V mutation abol-
ishes interaction with CypA. Virions were purified by filtration and
centrifugation through a 25% sucrose cushion, normalized by RT
activity, and used to infect Jurkat cells. The percentage of cells infected
was determined by flow cytometry after immunostaining for CA. CsA
(2.5 �M) was added either during virion production or during infec-
tion, or both, as indicated. Shown are representative results of a single
experiment. Identical results were obtained on three separate occa-
sions with independently produced viral stocks of various multiplicities
of infection.

FIG. 2. Disruption of CypA incorporation into virions by compet-
itive inhibitors of CypA-CA interaction. HIV-1NL4-3 virions, either wild
type or G89V mutant, were produced and purified as for Fig. 1. Where
indicated, 2.5 �M CsA, MeIle4-CsA, or Sanglifehrin was added during
virion production. Purified virions were subjected to Western blotting
with antibodies to CypA and CA.

FIG. 3. MeIle4-CsA or Sanglifehrin inhibits infectious HIV-1 virion
production independently of the CA-CypA interaction. Wild-type
(A) or CA/G89V (B) virions were produced and assayed for infectivity
as for Fig. 1. Where indicated, 2.5 �M MeIle4-CsA or Sanglifehrin was
added during virion production.
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with pNL4-3 to produce HIV-1 virions. Both transfected CypA
KD and control virion producer cells were treated with CsA to
determine if the inhibitory effect of the drug was dependent
upon the presence of CypA. Virions were purified from the
culture supernatant, and Western blotting confirmed the ab-
sence of CypA in association with virions produced by the
CypA KD cells or from the control cells treated with CsA (Fig.
4B). Virions produced by CypA KD cells were as infectious in
Jurkat target cells as were virions produced by control HeLa
cells (Fig. 4C). Additionally, the reduction in virion infectivity
due to CsA was of equal magnitude when the drug was added
to CypA KD and when it was added to control cells during
virus production (Fig. 4C). These results indicate that pro-
ducer cell CypA plays no role in HIV-1 virion infectivity and
that the inhibitory effects of CsA during virion production are
CypA independent.

The target cell determines cell-line-specific effects of CsA on
the replication of HIV-1 CA variants. Though spreading infec-
tion of most HIV-1 isolates is inhibited by CsA, some group O
isolates, HIV-1MVP5180 and HIV-1CA9, are CsA resistant in
Jurkat cells or peripheral blood mononuclear cells (14). CA

mutant A92E confers CsA resistance (or CypA independence)
to spreading HIV-1 infection in Jurkat cells but CsA depen-
dence (or paradoxical sensitivity to CypA) in HeLa or H9 cells
(1, 11, 15, 54). Since these cell-type-specific phenotypes are
determined by CypA, we next assessed the relative contribu-
tions of target cell CypA and producer cell CypA to the phe-
notypes of these CA variants.

HIV-1 vectors were engineered that encode either the CA/
A92E mutant or NL4-3 chimeric CAs bearing the CypA bind-
ing regions of the group O isolates HIV-1MVP5180 and HIV-
1CA9 (Fig. 5). VSV-G-pseudotyped virions produced by
transfection of 293T cells with the engineered HIV-1 CA vari-
ants, as well as the wild type, were used to infect Jurkat cells.
When CsA was present during the infection, the titer of the
wild-type vector was reduced fivefold (Fig. 6A). The A92E
mutant, the NL4-3/CA9 chimera, and the NL4-3/MVP5180
chimera each exhibited relative resistance to CsA (Fig. 6A).
Identical results were obtained if, rather than Jurkat cells,
293T cells were used as target cells (data not shown).

When the same virus stocks produced in 293T cells were
used to infect HeLa cells, very different results were obtained.
The A92E mutant and the CA chimeras showed reduced titers
compared to the wild type (Fig. 6B). CsA administration dur-
ing infection of the HeLa cells had no effect on the titer of the
wild type, but the titers of the CA variants were stimulated by
as much as 20-fold (Fig. 6B).

All vectors used in Fig. 6 were produced by transfection of
293T cells. Identical results were obtained if the vectors were
produced in HeLa cells, no matter which target cell was used
(data not shown). Also, addition of CsA to the producer cells
had no effect on the phenotype of these viruses (data not
shown). Taken together, these results indicate that these
CypA-dependent, CA-specific, and cell-type-specific pheno-
types are completely determined by the target cell, not by the
producer cell.

CsA phenotypes of HIV-1 CA variants result from effects of
the drug on target cell CypA. The human genome encodes at
least 15 human cyclophilins, each of which is a potential CsA
ligand (15). We therefore tested the hypothesis that the CsA
resistance in Jurkat cells, or CsA dependence in HeLa cells,
exhibited by the CA variants, is due to effects of the drug on
CypA, as opposed to effects on other cyclophilin family mem-
bers. VSV-G-pseudotyped HIV-1 vectors were used to infect
Ppia�/� Jurkat cells (15) or CypA KD HeLa cells (Fig. 4A). In
Jurkat cells, the effect of CypA gene disruption mirrored the
effect of CsA in wild-type Jurkat cells. In particular, replication
of A92E and NL4-3/CA9 was relatively resistant to the CypA-

FIG. 4. Producer cell CypA has no effect on HIV-1 virion infectiv-
ity. HeLa cells were cloned after transduction with an MLV-based
vector delivering an shRNA expression construct specific for CypA
mRNA. After normalization by cell number and screening by immu-
noblotting for CypA and �-actin expression, clones with knockdown of
CypA protein (CypA KD) or with the original level of CypA protein
(control) were selected for further analysis (A). Virions were produced
by transfection of CypA KD or control HeLa cells with pNL4-3 in the
presence of 2.5 �M CsA, as indicated (B). Virions were purified as for
Fig. 1, normalized by RT activity, probed in a Western blot assay with
antibodies to CypA and CA (B), and used to infect Jurkat cells in
drug-free medium (C); the percentage of Jurkat cells infected was
determined by flow cytometry after immunostaining for CA (C).

FIG. 5. Amino acid sequence alignment of the CypA binding re-
gions from wild-type HIV-1NL4-3, the A92E mutant, the NL4-3/CA9
chimera, and the NL4-3/MVP5180 chimera. Residues constituting the
CypA binding loop and alpha-helices 4 and 5 are indicated. Dashed
lines indicate residues identical to HIV-1NL4-3. Residues that differ
from HIV-1NL4-3 are indicated with lowercase letters. Note that in all
three variants the A92 residue is altered.
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deficient condition (Fig. 7A). Similarly, the effect of CypA KD
in HeLa cells mirrored the effect of CsA in control HeLa cells:
replication of the CA variants was stimulated by the knock-
down of CypA expression (Fig. 7B), as it was by CsA (Fig. 6B).
Consistent with this observation, CsA did not stimulate A92E
infectivity in the CypA KD HeLa cells (Fig. 8).

To demonstrate that the effect of RNAi transduction on
A92E replication in CypA KD HeLa cells was indeed due to
disruption of CypA protein, CypA protein was restored by
transduction of nontargetable CypA cDNA (ntCypA) bearing
silent mutations that render it resistant to the interfering RNA
(RNAi) construct used here. When CypA protein was restored
(Fig. 8A), A92E infection was again inhibited (Fig. 8B). In
addition, the replication efficiency of A92E was rescued by
CsA (Fig. 8B). Transduction of ntCypA cDNA encoding the
active-site mutant R55A, which does not bind HIV-1 CA (12),
failed to restore the A92E phenotype (Fig. 8). These studies
indicate that the cell-type-dependent effects of CsA are depen-
dent upon the CA-CypA interaction.

The CsA dependence of HIV-1 CA variants in HeLa cells is
not explained by Ref1-mediated restriction. Recent evidence
suggests that CypA binding to wild-type HIV-1 CA protects
the virus from Ref1 (43, 50), an antiviral activity that also
restricts N-tropic MLV (49). Paradoxically, CsA protects
HIV-1 from a similarly acting antiviral activity in nonhuman
primate cells called Lv1 (50), which now appears to be due to
TRIM5-alpha (46). We therefore tested the hypothesis that
CsA dependence of CA/A92E might result from altered Ref1
activity in HeLa cells.

Both Lv1 and Ref1 can be saturated by loading cells with
VLPs, as long as the VLPs bear CAs from susceptible viruses.
Specifically, HIV-1 CA/G89V VLPs will boost the titer of
N-tropic MLV vectors, (50). Wild-type HIV-1 is not suscepti-
ble to Ref1, and wild-type HIV-1 VLPs have no effect on the
titer of N-tropic MLV (50). Despite multiple attempts, we
were unable to detect any effect of HIV-1 CA/A92E VLPs on
the titer of HIV-1 CA/A92E (data not shown). Similarly, nei-
ther B- nor N-tropic VLPs were able to increase the titer of the
NL4-3/A92E mutant (Fig. 9A), despite the fact that N-tropic
MLV titer was increased significantly by titrating N-tropic
VLPs (Fig. 9B).

Ref1 activity targeting N-tropic MLV can also be overcome
by As2O3 (8). To test if the CsA dependence of NL4-3/A92E
reflects sensitivity to Ref1, HeLa cells were infected with
HIV-1 vectors in the presence of As2O3 over a range of drug
concentrations. Infectivity of G89V, a mutant which is targeted
by Ref1 (43, 50), was increased by fourfold (Fig. 9B). In con-
trast, the drug had no effect on either NL4-3/A92E or wild-type
NL4-3 (Fig. 9B), indicating that CA/A92E does not render
HIV-1 sensitive to Ref1.

DISCUSSION

Though CypA binds mature CA, interaction was first discov-
ered with the Gag polyprotein (37), and the findings of most
subsequent studies were consistent with the hypothesis that
producer cell CypA is important for HIV-1 replication. CypA
binds the Gag polyprotein more strongly than it binds mature

FIG. 6. Cell-type-specific effects of CsA on HIV-1 replication are determined by the target cell. VSV-G-pseudotyped HIV-1–GFP vectors,
either wild type, CA mutant A92E, CA chimera NL4-3/CA9, or CA chimera NL4-3/MVP5180, were produced by transfection of 293T cells,
normalized by RT activity, and used to infect Jurkat cells (A) or HeLa cells (B). Where indicated, 2.5 �M CsA was added to the medium during
infection.
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CA (16, 19). CypA is incorporated into HIV-1 virions or Gag
particles with a fixed stoichiometry, and disruption of CypA
incorporation into virions by gag mutants correlated with de-
creased infectivity (24, 39, 48). The hypothesis seemed espe-
cially secure when it was found that, like the gag mutants,
competitive inhibitors that block CypA incorporation also
inhibited virion infectivity (14, 23, 48). These drugs had no
effect on the infectivity of related viruses such as HIV-2 and
SIVMAC239 (14, 23, 48), viruses that do not incorporate CypA
into particles.

The experiments presented here render the original hypoth-
esis unlikely and show that target cell CypA interaction with
HIV-1 CA is important for viral infectivity. We were, in fact,
unable to detect any contribution to the infectivity of HIV-1
virions by producer cell CypA. There are perhaps several tech-
nical reasons why this result was not apparent before. The
simultaneous analysis of CypA function with the large number
of experimental tools that have accumulated over the years,
including CA mutants with altered CypA affinity or CypA
dependence, three different competitive inhibitors of the CA-
CypA interaction, and cell lines in which CypA expression was
disrupted by two different genetic methods, permitted us to
detect effects that were not apparent previously. Jurkat cells
engineered to be CypA deficient by gene targeting were valu-
able to prove the importance of CypA for spreading infection
(15), but these cells are difficult to transfect or otherwise ma-
nipulate to produce virus for single-cycle assays. The recent
development of RNAi in mammalian cells permitted us to
disrupt CypA expression in transfectable cell lines and to more

FIG. 7. Target cell CypA regulates the cell-type-specific effects on HIV-1 replication. HIV-1–GFP transducing vectors, either wild type, CA
mutant A92E, CA chimera NL4-3/CA9, or CA chimera NL4-3/MVP5180, were produced by transfection of 293T cells, normalized by RT activity,
and used to infect Jurkat cells (A) or HeLa cells (B). The Jurkat cells were wild type (control) or homozygous for a deletion of the gene encoding
CypA (Ppia�/�), as indicated (A). HeLa cells with wild-type levels of CypA (control) or with knocked-down CypA expression (CypA KD) were
used, as indicated (B).

FIG. 8. CypA binding to HIV-1 CA is required for HeLa cell re-
sistance to HIV-1 A92E. HeLa CypA KD cells were retrovirally trans-
duced with CypA cDNAs bearing silent mutations (ntCypA) that con-
fer resistance to the RNAi in these cells. (A) Lysates from CypA KD
cells transduced with empty vector, ntCypA wild type, or ntCypA
bearing the active-site mutant R55A, were probed in a Western blot
assay with anti-CypA or antiactin antibodies. Lysate from wild-type
HeLa is shown as a control. (B) The transduced cell populations in
panel A were challenged with VSV-G-pseudotyped HIV-1–GFP vec-
tor bearing CA mutant A92E. Where indicated, 2.5 �M CsA was
added to the medium during infection.
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readily assess the role of CypA. Finally, more sensitive and
accurate assays for quantitating HIV-1 infectivity in single-
cycle assays are now available. This last point is critical since
the effects of CypA on HIV-1 replication in human cells are
modest in magnitude and dependent on the multiplicity of
infection (50).

These new conclusions are consistent with most reports in
the literature. Aside from minimal effects on the kinetics of gag
processing or virion release (45, 53), disruption of CypA in-
corporation into virions has no effect on biochemical or ultra-
structural characteristics of HIV-1 virions, including endoge-
nous reverse transcription (13, 15, 24, 32, 48, 53). We had
proposed that virion-associated CypA might promote virion
disassembly (36), but the stability of virion cores is not detect-
ably altered by CypA disruption (53), and structural models
place CypA on the outside of the core (29, 34), where it would
seem unlikely to disrupt CA-CA interactions.

The results reported here are also in agreement with recent
experiments from our lab, and others, indicating that target
cell CypA modulates HIV-1 sensitivity to CA-specific restric-
tion factors (33, 50). The mechanism by which target cell CypA
modulates HIV-1 restriction remains to be determined. CypA

catalyzes the rate of cis-trans interconversion of the peptide
bond connecting HIV-1 CA residues G89 and P90 (10): per-
haps HIV-1 susceptibility to restriction factors is conformation
dependent. Alternatively, as a component of a putative restric-
tion factor complex, CypA might determine if incoming virus is
recognized or somehow regulate the antiviral activity of the
complex itself.

We also provided evidence that CsA inhibits infectious
HIV-1 virion production and entry via independent mecha-
nisms. The magnitude of inhibition was greater if CsA was
administered during entry than if it was administered during
production, and the effects were additive if the drug was
present at both times (Fig. 1). Consistent with the fact that the
G89V mutation already abolishes CypA binding to CA, infec-
tivity of the HIV-1NL4-3 G89V mutant was not decreased fur-
ther if CsA was added during infection of target cells. How-
ever, CsA added during virion production decreased infectivity
of the HIV-1NL4-3 G89V mutant to the same degree as for the
wild-type virus. Others have reported similar findings (4).
These results indicate that the inhibitory effect of CsA during
virion production is independent of the CA interaction with
cyclophilin. An additional indication that CsA has CA-inde-
pendent effects was provided by the finding that VSV-G
pseudotyping suppresses the effects of CsA on virion produc-
tion but not the effects of CA mutants (5). Here these findings
were extended further by showing that the inhibitory effect of
CsA was of equal magnitude when virions were produced from
cells with CypA knockdown by RNAi (Fig. 4). Thus, the inhib-
itory effect of CsA on virion assembly is independent of CypA.

MeIle4-CsA had the same effect as CsA did (Fig. 3), indi-
cating that inhibition of calcineurin phosphatase activity (41) is
not required for the antiviral effect. Sanglifehrin also has the
same effect (Fig. 3). The only property that Sanglifehrin shares
with the other drugs is the ability to bind to cyclophilin family
members (42, 56). This suggests, then, that inhibition by CsA
involves targeting of one of the cyclophilin family members.
Our knockdown data rule out CypA (Fig. 4), but there are 14
more cyclophilins to test (15). Consistent with the CypA inde-
pendence of the drug effect, there was no correlation between
the ability of the drugs to disrupt CypA binding to CA and
their effectiveness at inhibiting virion infectivity. For example,
Sanglifehrin was a less potent inhibitor of infectivity, but all
three drugs eliminated CypA incorporation into virions with
comparable efficiency (Fig. 2).

How does CsA disrupt the production of infectious virions?
Suppression of the drug effect by VSV-G pseudotyping (5)
suggests that CsA might block Env function. VSV-G
pseudotyping also eliminates the requirement for Nef (4), and
CsA has minimal effect on nef mutant virus (4), suggesting that
CsA inhibits Nef function, though not all investigators have
reported the same result (31). Interestingly, SIV Nef or HIV-2
Nef suppresses the inhibitory effect of CsA on HIV-1 virions
(31). Further work will be required to determine which cyclo-
philin family member and which viral protein are targeted by
CsA during virion production.

Previous experiments suggested that the CsA dependence of
the A92E mutant in H9 cells results from elevated levels of
CypA in H9 cells, compared to Jurkat cells (2, 54). This hy-
pothesis seems not to hold up in that CsA dependence of A92E
is more pronounced in HeLa than in H9 cells (data not shown),

FIG. 9. Ref1 activity does not explain the phenotype of the CA/
A92E mutant in HeLa cells. (A and B) HeLa cells were transduced by
VSV-G-pseudotyped HIV-1–GFP vector bearing the CA/A92E muta-
tion (A) or by VSV-G-pseudotyped N-tropic MLV-GFP vector (B), in
the presence of the indicated amounts of N-tropic or B-tropic MLV
VLPs. The percentage of GFP-positive (infected) cells, as determined
by flow cytometry, is plotted as a function of the VLP dose. Shown are
results from a representative experiment. Identical results were ob-
tained on three occasions with a wide range of multiplicities of infec-
tion. (C) VSV-G-pseudotyped HIV-1–GFP vectors, wild type or bear-
ing either CA mutation, A92E or G89V, were used to infect HeLa cells
in the presence of As2O3. The percentage of GFP-positive cells is
plotted as a function of As2O3 concentration.
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yet the levels of CypA expression in HeLa cells are not signif-
icantly elevated compared to those in 293T cells, a cell line
which exhibits the same phenotype as Jurkat cells (data not
shown).

The phenotype of the A92E mutant in HeLa cells resembles
a phenomenon termed Lv1 restriction. In nonhuman primate
cells, HIV-1 replication is inhibited at an early postentry step
of infection and can be rescued by CsA (50). In human cells, a
similar activity called Ref1 specifically restricts N-tropic MLV
and HIV-1 if the CypA-CA interaction is eliminated during
infection by genetic or pharmacological means (43, 50). In both
cases, target cell CypA plays a role during infection: its inter-
action with HIV-1 CA protects the virus from Ref1-mediated
restriction in human cells and renders it sensitive to Lv1-me-
diated restriction in monkey cells.

We used two different approaches, saturation by N-tropic
VLPs and suppression by As2O3, to address the question
whether the CsA-dependent phenotype of HIV-1 CA variants
in HeLa cells results from altered Ref1 activity in these cells.
Both experiments indicated that Ref1 is not restricting NL4-
3/A92E (Fig. 9). Additionally, we attempted to saturate the
putative restriction factor by using HIV-1 VLPs bearing the
A92E mutation. Evidence of a saturable restriction factor was
not obtained (data not shown).

The group O viruses HIV-1CA9 and HIV-1MVP5180 are re-
sistant to CsA in Jurkat cells or peripheral blood mononuclear
cells (14, 52). Based on the similarity in phenotype with the
A92E mutant, we hypothesized that the group O viruses would
behave similarly in single-cycle assays. Vectors bearing the
CypA binding loop from these viruses (Fig. 5) indeed exhibited
the same cell-type-specific response to CsA (Fig. 6 and 7).
Thus, viruses bearing CAs that confer this phenotype occur in
infected patients. Also, the dramatically different phenotypes
of different human cell lines raise the possibility that such
variations might occur among people and might render indi-
viduals differentially susceptible to HIV-1 infection.
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