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FIGURE 1 | Schema of recovery of viral fitness by a
compensatory mutation. (A) Functional interaction between amino
acid X at residue xx andY at residue yy in wild-type viral protein is
critical for viral replication. (B) A CTL escape mutation leading to an
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amino acid change from X to U at residue xx results in loss of viral
fitness. (C) An additional compensatory mutation leading to an amino
acid change fromY to V partially or fully restores viral function and
replication.

GAG CA INTERMOLECULAR INTERACTION

The Gag CA is comprised of the N-terminal (NTD) and the C-
terminal domains (CTD) (Maomany et al, 19968 Gamble ot al,
194975 Berthet-Colominas et sh. 199%). Modeling of CA monomer
structure showed that the Gag 205th residue is located in the helix
4 of CA NTD and the 340th is in the loop between helices 10 and
11 of CTD. A possibility of intramolecular contact between Gag
residues 205 and 340 is not supported by this modeling. However,
CA molecules are known to form hexamer lattice in mature virions
(é"t nser ot al., ‘i")’}"'% Li L, 2000y Ganser-Pornifios of al, 2007,
4). Modeling of CA hexamer structure
revealed that the Gag 205th residue is located in close proximity
to the 340th of the adjacent CA molecule. The molecular model
of CA hexamers incorporating the GagD205E substitution sug-
gested shortening of the distance between Gag205 and Gag340
residues, which appeared compensated by GagV340M substi-
tution. Thus, there may be intermolecular interaction between
Gag residues 205 and 340 in CA hexamers. This is consistent
with our results obtained by viral core stability assay. The core
stability was reduced by the GagD205E substitution but recov-
ered by the GagV340M substitution. Loss of viral fitness by
GagD205E and its recovery by GagV340M implies a structural
constraint for functional interaction between CA NTD and CTD
involved in the formation of CA hexamers. In addition to pre-
vious reports on intramolecular compensation for loss of viral
fitness by CTL escape mutations (¥riedrich et al, 2004ds; Crawiord
etal, 2007), our results present evidence 1nd1cat1ng intermolecular
compensation.

a1

REPLACEMENT OF A CTL ESCAPE MUTATION WITH AN
ALTERNATIVE ESCAPE MUTATION TOWARD HIGHER VIRAL
FITNESS

As stated above, STVmac239-infected 90-120-Ia-positive macaques
usually select the Gagype-216-specific CTL escape mutation,
Gagl216S, but not GagD205E in a year postchallenge. After that,
however, we found that the GagD205E mutation together with
GagV340M became dominant instead of GagL216S in a 90-120-
Ia-positive macaque (inagaii et al, 2814). In this macaque, neither
GagD205E nor GagV340M was detected until week 123 after SIV-
mac239 challenge, but both became detectable at week 137 and
were dominant at week 150. In contrast, the GagL216S mutation
dominant until week 123 was undetectable at week 150. Thus, in
this animal, SIVmac239Gag216S, whose replicative ability is lower
than wild-type SIVmac239 but higher than SIVmac239Gag205E,
became dominant under Gagys-216-specific CTL pressure in the
early phase, while in the later phase, this mutant virus was replaced
with SIVmac239Gag205E340M, whose replicative ability is similar
with the wild-type. This indicates replacement of a CTL escape
mutation with an alternative escape mutation toward higher
viral fitness in the chronic phase, implying persistent Gagaos—216-
specific CTL pressure for more than 2 years after selection of the
CTL escape mutation.

MULTIPLE VIRAL GENOWME CHANGES UNDER CTL PRESSURE
In another study (Ruwada et al., 20(6), we observed accumu-
lation of multiple CTL escape mutations in viral genomes in
SIV-infected macaques. SeV-Gag-vaccinated animals possessing
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MHC-I haplotype 90-120-Ia elicited Gagyos-—216-specific CTL
responses and controlled viral replication with rapid selec-
tion of the Gagl216S mutation after SIVmac239 challenge.
Among these SIV controllers, two animals (V3 and V5) accu-
mulated additional gag mutations and showed reappearance
of plasma viremia around week 60 postchallenge. Both ani-
mals first selected a Gagpa1—249 epitope-specific CTL escape
mutation leading to a GagD244E (aspartic acid [D] to glu-
tamic acid [E] at the 244th aa in Gag) substitution, and then,
a Gagsys_3go epitope-specific CTL escape mutation leading to
a GagA373T (alanine [A] to threonine [T] at the 373rd) or
GagP376S (proline [P] to S at the 376th) substitution dur-
ing the period of viral control. At the viremia reappearance,
SIVmac239Gag216S244E2471.312V373T with five gag mutations,
L216S, D244E, 12471 (isoleucine [I] to L at the 247th), A312V (A
to V at the 312th), and A373T, became dominant in one of them
(V5),and STVmac239Gagl145A2165244E376S with four gag muta-
tions leading to V145A (V to A at the 145th), L216S, D244E, and
P376S became dominant in the other (V3). These viruses with
multiple gag mutations showed lower replicative ability in vitro
than SIVmac239Gag216S carrying single Gagl216S mutation.
Indeed, SIVmac239Gag216S244E2471.312V373T carrying five gag
mutations had lower replicative ability in vitro compared to SIV-
mac239Gag216S244E373T carrying three gag mutations. These
results suggest that selection of CTL escape mutations even with
viral fitness costs could be advantageous for viral replication in vivo
under CTL pressure.

SIV TRANSMISSION INTO MHC-MISMATCHED HOSTS
DRIVES FURTHER VIRAL GENGME {;ﬁANSES
Previous studies (% 4 #
Loh et al, ) reported reversion of CTL escape mutations
in the absence of CTL pressure by transmission of SIVs carry-
ing single escape mutations between MHC-mismatched hosts.
SIVs carrying CTL escape gag mutations selected in 90-120-Ia-
positive macaques showed lower replicative ability in vitro. We
then examined in vivo replicative ability of those SIVs carrymg
CTL escape mutations in 90- 120-Ia-negative macaques (e of 2l
f#14). Coinoculation of macaques with STVmac239GagL216S and :
SIVmac239Gag216SZ44E373T resulted in rapid selection of the
former; i.e., D244E and A373T mutations were undetectable even
in the acute phase, indicating lower replicative ability in vivo of
the latter carrying three escape mutations than the former. Rever-
sion of L216S was observed in a few months, confirming lower
replicative ability in vivo of SIVmac239Gag216S than wild-type
SIVmac239. Further competition indicated lower replicative abil-
ity in vivo of SIVmac239Gag216S244E2471312V373T carrying
five gag mutations than SIVmac239Gag2165244E373T carrying
three.

We next examined viral genome changes after challenge of
90-120-Ia-negative macaques with SIVs carrying multiple CTL
escape mutations selected in 90-120-Ia-positive macaques. Chal-
lenge with SIVs carrying five gag mutations, L2165, D244E, 1247L,
A312V, and A373T, resulted in persistent viremia in all four 90-
120-Ia-negative macaques. Two animals exhibited higher viral
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FIGURE 2 | Schema of HIV/SIV transmission resulting in accumulation of
multiple viral mutations. Multiple CTL escape mutations resulting in viral
fitness costs do not always revert rapidly even in the absence of CTL
pressure after their transmission into HLA/MHC-mismatched hosts and such

%, / Compensatory
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mutants can be transmitted further to other hosts. New escape mutations
and compensatory mutations are also observed with transmissions. Thus,
CTL affects HIV/SIV evolution in individuals with divergent HLA/MHC
polymorphisms.
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loads. One of them rapidly developed AIDS at week 18 while the
other developed AIDS 2 years postchallenge. The former showed
reversion of 1247L and A312V but still had three CTL escape
mutations, L216S, D244E, and A373T at AIDS onset. The latter
showed reversion of four mutations in a year postchallenge, but
the A373T mutation remained dominant without reversion until
AIDS onset. In the remaining two animals that exhibited lower
viral loads, multiple gag mutations including L216S and D244E
were still dominant without reversion 1 year after challenge.

Thus, in the experiment of challenge with SIVs carrying mul-
tiple CTL escape mutations, the reversion of all the mutations
was not required for AIDS onset, while transmission with SIVs
carrying single CTL escape mutations showed their rapid rever-
sion. This suggests that even HIVs accumulating multiple CTL
escape mutations with viral fitness costs can induce persistent viral
infection leading to AIDS progression after their transmission into
HLA/MHC-mismatched individuals.

The reversion of the 12165 mutation was delayed or not
observed after challenge with SIVs carrying multiple gag muta-
tions, whereas challenge with SIVmac239Gag216S resulted in its
reversion in a few months. This may be due to the predominant
selection of the reversion of other mutations, compensatory muta-
tions, or to lower viral replication efficiency in the former case.
Our results suggest that CTL escape mutations resulting in viral
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Abstract

Background: An understanding of host cell factors that affect viral replication contributes to elucidation of the

" mechanism for determination of viral tropism. Cyclophilin A (CypA), a peptidyl-prolyl cis-trans isomerase (PPlase), is
a host factor essential for efficient replication of human immunodeficiency virus type 1 (HIV-1) in human cells.
However, the role of cyclophilins in simian immunodeficiency virus (SIV) replication has not been determined. In
the present study, we examined the effect of cyclosporine A (CsA), a PPlase inhibitor, on SIV replication.

Results: SIV replication in human CEM-SS T cells was not inhibited but rather enhanced by treatment with CsA,
which inhibited HIV-1 replication. CsA treatment of target human cells enhanced an early step of SIV replication.
CypA overexpression enhanced the early phase of HIV-1 but not SIV replication, while CypA knock-down resulted
in suppression of HIV-1 but not SIV replication in CEM-SS cells, partially explaining different sensitivities of HIV-1
and SIV replication to CsA treatment. In contrast, CsA treatment inhibited SIV replication in macaque T cells; CsA
treatment of either virus producer or target cells resulted in suppression of SIV replication. SIV infection was
enhanced by CypA overexpression in macaque target cells.

Conclusions: CsA treatment enhanced SIV replication in human T cells but abrogated SIV replication in macaque
T cells, implying a host cell species-specific effect of CsA on SIV replication. Further analyses indicated a positive
effect of CypA on SIV infection into macaque but not into human T cells. These results suggest possible
contribution of CypA to the determination of SIV tropism.

Keywords: HIV-1, SIV, cyclophilin A, cyclophilin B, cyclosporine A, tropism

Background

Viral replication is modulated by host cell factors, with
the species specificity of these factors affecting viral
tropism. Some of these host factors can restrict viral
replication. The anti-viral systems mediated by such
host restriction factors, termed intrinsic immunity, play
an important role in determining species-specific bar-
riers against viral infection. For instance, Fv-1 in mice is
known to restrict replication of a murine leukemia virus
[1-3]; and tripartite interaction motif 500 (TRIM5a)
recently has been found to be responsible for restricting
human immunodeficiency virus type 1 (HIV-1), but not
simian immunodeficiency virus (SIV) infection in old
world monkey (OWM) cells [4-9]. Restriction of retro-
viral replication by these host cell factors takes place
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after viral entry, but before the integration step; and the
viral determinants for this type of restriction have been
mapped to the capsid (CA) protein [1,3,10-12]. Under-
standing how host cell factors affect viral replication,
positively or negatively, would contribute to elucidating
the molecular mechanism that determines viral tropism.

Cyclophilin A (CypA), a peptidyl-prolyl isomerase, is a
host cell factor essential for efficient HIV-1 replication in
human cells [13-19]. CypA promotes an early step in
HIV-1 replication, after viral entry but before reverse
transcription [20]. Late in replication, during virus
assembly, CypA is incorporated into progeny HIV-1 vir-
ions through CypA interaction with viral CA [13,14,18].
Disruption of CypA incorporation by Gag mutations or
by treatment of infected cells with cyclosporine A (CsA),
a PPIase inhibitor, results in a reduction in the infectivity
of the progeny viruses produced [13,14,16,21-24].
Furthermore, interaction of viral CA with CypA in target
cells after viral entry has been shown to promote HIV-1

© 2012 Takeuchi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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replication, indicating the importance of target cell CypA
for an early step of HIV-1 replication in human cells
[15,19,25,26].

In contrast, the effect of CypA on SIV replication has
not been well-documented, although a possible interac-
tion between CypA and SIV CA has been indicated
[17,27,28]. A recent study has shown a suppressive effect
of CypA on replication of vif-deleted SIV in human
Jurkat cells, which was counteracted by SIV Vif inhibiting
CypA incorporation during virus assembly [27]. This Vif
function can be distinguished from its anti-human APO-
BEC3G (apolipoprotein B mRNA-editing enzyme-cataly-
tic subunit 3G) function.

In the present study, we have investigated the effect of
CsA on wild-type SIV replication in human or macaque
T cells. SIV replication in human T cells was not inhib-
ited but rather enhanced by treatment with CsA, which
inhibits HIV-1 replication. In contrast, CsA treatment
abrogated SIV replication in macaque T cells, indicating
a species-specific effect of CsA on SIV replication. CypA
knock-down or overexpression suggested that CypA
affects SIV replication differently in human and macaque
T cells and suggested possible contribution of CypA to
the determination of SIV tropism.

Results

Effect of CsA treatment on SIV replication in human T cells
We investigated the effect of CsA treatment on wild-type
SIV replication in human CEM-SS T cells. Replication of
wild-type SIVagm, SIVmac, and HIV-1 in the presence of
CsA was compared with that in the absence of CsA (Fig-
ure 1A). Consistent with previous reports, CsA treatment
inhibited the packaging of CypA into HIV-1 particles
(Figure 1B) and impaired HIV-1 replication in CEM-SS
cells (Figure 1A). CypA was incorporated into SIVagm
and SIVmac progeny virions, although not efficiently,
and CsA treatment further abrogated this low level of
CypA incorporation (Figure 1B) without the reduction of
endogenous CypA (data not shown). Interestingly, how-
ever, CsA treatment did not inhibit but rather enhanced
SIV replication in CEM-SS cells (Figure 1A). This CsA-
mediated enhancement of SIV replication was also
observed in human A3.01 T cells (Figure 1C).

Effect of CsA treatment of target human T cells on SIV
infection

Recent studies have indicated that CypA in target cells is
crucial for an early HIV-1 replication step in human cells
[15,19,25,26,29]. We therefore studied the effect of CsA
treatment of target cells on SIV infection. Viruses were
produced from CsA-untreated or CsA-treated CEM-SS
cells and used to infect CsA-untreated or CsA-treated
target human LuSIV cells. Cell lysates were prepared
from the target LuSIV cells 24 h post-infection, and
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luciferase activity was measured to assess the efficiency
of SIV infection (Figure 2A). Similar to the results in
Jurkat cells [27], CsA treatment of either the producer
cells or the target cells resulted in suppression of HIV-1
infection confirming the importance of CypA both in
producer and target human cells for efficient HIV-1
replication [16,30]. In contrast, SIVagm infection was not
inhibited but rather enhanced by CsA treatment of target
cells although it was decreased by CsA treatment of pro-
ducer cells. Similarly, SIVmac infection was not inhibited
by CsA treatment of target cells but decreased by CsA
treatment of producer cells.

Infection efficiency was also determined by measuring
the amounts of viral cDNA synthesized in target CEM-SS
cells after viral infection by quantitative PCR (Figure 2B).
As a negative control, cells were also infected with heat-
inactivated viruses. Consistent with the above results
(Figure 2A), the amounts of viral cDNA synthesized after
HIV-1 infection were reduced by CsA treatment of target
cells (Figure 2B). In contrast, CsA-mediated effect on
viral cDNA synthesis after SIV infection into CEM-SS
cells (Figure 2B) was consistent with the results shown in
Figure 2A. CsA treatment did not inhibit SIV infection in
another human T cells, A3.01, either (data not shown).
Thus, CsA treatment of human producer cells reduced
infectivity of progeny SIVs, whereas CsA treatment of
human target cells did not inhibit but rather enhanced
SIV infection.

Effect of CypA knock-down on SIV replication in human

T cells

To examine the effect of CypA on SIV replication in
CEM-SS cells, we established CypA knocked-down
(CypA-KD) CEM-SS cell lines. CypA expression in
CEM-SS CypA-KD cells was stably suppressed by
CypA-specific shRNA (Figure 3). We confirmed that
both cell proliferation and cell surface levels of CD4 and
CXCR4 that are required for HIV-1 entry showed no
difference between parental CEM-SS and CypA-KD
CEM-SS cells (data not shown). As previously reported
[16], CypA knock-down reduced viral cDNA synthesis
after HIV-1 infection (Figure 4A) and inhibited HIV-1
replication (Figure 4B). In CypA-KD CEM-SS cells, CsA
treatment showed little effect on viral cDNA synthesis
after HIV-1 infection, indicating that CypA inhibition
was largely involved in CsA-mediated reduction of HIV-
1 infection. In contrast, CypA knock-down did not
reduce viral cDNA synthesis after SIV infection (Figure
4A) or SIV replication (Figure 4B). These results indi-
cate that target cell CypA is essential for HIV-1 infec-
tion but not required for SIV infection into human T
cells. CsA treatment, however, enhanced SIV replication
even in CypA-KD cells (Figure 4A and 4B, SIVagm),
suggesting the possibility that CsA neutralizes the
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Figure 1 SIV and HIV-1 replication in human cells. (A) SIV and HIV-1 replication kinetics in CEM-SS cells. CEM-SS cells were infected with
SIVagm (top panel), SIVmac (middle panel), and HIV-1 (bottom) in the absence (CsA[-, closed circles) or presence of 2.5 uM CsA (CsA[+], open
circles). Virus production was monitored by measuring RT activity in the culture supernatants. (B) CypA incorporation into virions. Virus-
containing supernatants were harvested from CsA-untreated and CsA-treated CEM-SS cells infected with SIVagm, SIVmac and HIV-1. A mock-
infected sample was included as a control. CypA-specific band densities were quantified by densitometric scanning and are plotted in the lower
panel. For each virus, the density of the band from CsA-untreated cells was defined as 100% and the ratio (%) of the density of the band from
CsA-treated cells to that from CsA-untreated cells was calculated. The image of one representative blot is shown. (C) SIVagm replication kinetics
in A3.01 cells.
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Figure 2 Effect of CsA treatment of target human T cells on SIV infection. (A) Effect of CsA treatment of producer human CEM-SS or target
human LuSIV cells on viral infectivity. SiVagm, SIVmac, and HIV-1 from producer CEM-SS cells in the absence (Producer CEM-SS cell CsA [-)) or
presence of CsA (Producer CEM-SS cell CsA [+]) were used to infect CsA-untreated (Target LuSIV cell CsA [-]) or CsA-treated target LuSIV cells
(Target LUSIV cell CsA [+]). Luciferase activity in target LuSIV cells was measured 24 hr after infection. Relative infectivity is shown as the ratio (%)
of the luciferase activity to that of viruses produced from CsA-untreated CEM-SS in CsA-untreated LuSIV cells. Mean values and standard
deviations in four independent experiments are shown. (B) Effect of CsA treatment of producer or target human cells on viral replication.
SIVagm, SIVmac, and HIV-1 from producer CEM-SS cells in the absence (Producer cell CsA [-]) or presence of CsA (Producer cell CsA [+]) were
used to infect CsA-untreated (Target cell CsA [-]) or CsA-treated target CEM-SS cells (Target cell CsA [+]). Heat-inactivated virus was used as an
infection control. Relative viral cDNA levels are shown as the ratio (%) of the viral cDNA levels to that of virus produced from CsA-untreated
CEM-SS in CsA-untreated CEM-SS cells. Mean values and standard deviations in six independent experiments are shown.
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residual CypA population which remains in the CypA-
KD cells as shown by Western blotting in Figure 3, or
the possible involvement of another host factor in this
CsA-mediated enhancement of SIV replication. Similar
to the results obtained by replication in CypA-KD
CEMS-SS cells, the effect of CypA knock-down on SIV
infection or SIV replication was also observed in A3.01
cells (data not shown).

We also established a cyclophilin B (CypB), another
PPlase, knocked-down (CypB-KD) CEM-SS cell line
(Figure 5A). Overall SIV replication was enhanced in
CypB-KD cells (Figure 5B, SIVagm). As predicted,

HIV-1 replication was not affected by the CypB knock-
down (Figure 5B, HIV-1). These results suggest that the
CsA-induced enhancement of SIV replication in human
T cells observed in Figure 1A is mediated largely if not
exclusively by an inhibition of CypB.

Effect of CsA treatment on SIV replication in macaque T
cells

We next examined the effect of CsA treatment on SIV
replication in macaque cells using three macaque T-cell
lines: cynomolgus macaque-derived HSC-F, rhesus
macaque-derived HSR-5.4, and pig-tailed macaque-
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Figure 5 Effect of CypB knock-down on HIV-1 and SIV replication in human CEM-SS T cells. (A) Immunoblot analysis of CypB expression.
Lysates of CEM-SS (normal), CypA-KD, and CypB-KD cells were subjected to the immunoblot analysis using anti-a.-tubulin, anti-CypA and anti-
CypB antibodies (Abcam Inc, Cambridge, MA) (left panel). CypA- and CypB-specific band densities were quantified by densitometric scanning
and are plotted in the right panels. The image of one representative blot is shown. (B) Replication of SIVagm (left panels) or HIV-1 (right panels)
in CypB-KD CEM-SS cells. Viral production in normal CEM-SS (closed circles) or CypB-KD cells (closed triangles) was monitored by measuring RT
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derived Mn-3942 (Figure 6). Both SIVmac239 and
SIVagm replicated well in all three cell lines, with the
most efficient replication in HSC-F cells. However, in
contrast to the results above for SIV replication in
human T cells, CsA treatment inhibited SIVagm replica-
tion in all three macaque T cell lines. This inhibitory
effect of CsA on SIV replication was also observed in
rhesus macaque PBMCs (Figure 6). The CsA effect on
HSC-F cell proliferation was marginal and not consid-
ered as responsible for this inhibition of SIV replication.
Indeed, treatment of these macaque cells with lower

concentration (0.5 uM) of CsA had no effect on cell
proliferation but resulted in inhibition of SIV replication
(data not shown). CypA was incorporated into SIV vir-
ions in the absence of CsA, but its incorporation was
inhibited by CsA treatment of HSC-F cells (Figure 7A)
without the reduction of endogenous CypA (data not
shown). HIV-1 replication was undetectable in these
macaque T-cell lines even in the presence of CsA (data
not shown), although the possibility of enhancement of
HIV-1 infection by CsA treatment in OWM cell lines
has been indicated previously [28,31,32]. Thus, SIV
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Figure 6 SIV replication in macaque cells. Cynomolgus macaque HSC-F, rhesus macaque HSR-5.4, pig-tailed macague Mn-3942, and rhesus
macaque PBMCs (rhPBMC) were infected with SiVagm (left panels) and SIVmac (right panels) and cultured in the absence (CsA[-], closed circles)
or presence of 2.5 uM CsA (CsA[+], open circles). Virus production was monitored by measuring RT activity in the culture supernatants.

replication in macaque T cells is inhibited by CsA treat-
ment, indicating the exact opposite effect of CsA on SIV  ducer or target macaque HSC-F cells on SIV infection

replication in macaque T cells than in human T cells.

We then examined the effect of CsA treatment of pro-
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Figure 7 Effect of CsA treatment of macaque T cells on SIV infection. (A) Efficiency of CypA incorporation into virions from producer
macaque HSC-F cells. Culture supernatants were harvested from CsA-untreated mock, and CsA-untreated and CsA-treated HSC-F cells infected
with SIVagm. The CypA incorporation efficiency (right panel) is shown as described in the legend for Figure 1B. The image of one representative
blot is shown. (B) Effect of CsA treatment of producer or target macaque HSC-F cells on SIV replication. SIVagm and SIVmac produced from HSC-
F cells in the absence (Producer cell CsA [-]) or presence of CsA (Producer cell CsA [+]) was used to infect CsA-untreated (Target cell CsA []) or
CsA-treated target HSC-F cells (Target cell CsA [+]). Heat-inactivated virus was used as an infection control. Relative viral cDNA levels are shown
as the ratio (%) of the viral cDNA levels to that of virus produced from CsA-untreated HSC-F in CsA-untreated HSC-F cells. The synthesized viral
cDNA levels were measured by real-time PCR. Mean values and standard deviations in four independent experiments are shown.
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levels in target cells infected with SIV from CsA-
untreated or CsA-treated producer HSC-F cells showed
that SIV from CsA-treated producer HSC-F cells had
lower amount than that from CsA-untreated producer
HSC-F cells. In contrast to the results in human CEM-
SS cells (Figure 2B), CsA treatment of target HSC-F
cells did not increase viral cDNA synthesis after SIV
infection, but rather resulted in a reduction in synthesis.
Thus, CsA treatment of macaque T cells has an inhibi-
tory effect on a post-entry step of SIV replication.

Effect of exogenous CypA on SIV infection in human and
macaque T cells ;

Our attempts to knock down CypA in macaque HSC-F
cells were unsuccessful. We therefore examined and
compared the effect of CypA overexpression in target
CEM-SS and HSC-F cells on SIV infection. We first
examined the effect of exogenously expressed CypA in
human target cells on SIV replication. CEM-SS or
CypA-KD cells were transfected (nucleofected) with
plasmids expressing HA-control or CypA-HA, respec-
tively. Transfected cells were enriched by magnetic
beads sorting as described in Methods. More than 97%
of sorted cells were shown to express the marker pro-
tein (H-2K*) without a reduction in cell-surface CD4
levels (data not shown).

We found that exogenous CypA increased HIV-1
c¢DNA synthesis in CsA-treated CEM-SS cells (Figure
8A), confirming the positive effect of target cell CypA
on the early phase of HIV-1 replication. However, SIV
infection was not affected by exogenous CypA expres-
sion even in CsA-treated CEM-SS cells (Figure 8A). In
contrast, CypA overexpression in HSC-F target cells did
not reduce but rather enhanced viral cDNA synthesis
after SIV infection (Figure 8B). These results suggest
that target cell CypA essential for HIV-1 infection is not
largely involved in SIV infection in human T cells but
has a positive effect on SIV replication in macaque T
cells.

Effect of CsA treatment of target cells on human cell- or
macaque cell-derived SIV infection

We then investigated how the infectivity of SIV from
producer macaque cells is affected by CsA treatment of
target human cells and how the infectivity of SIV from
producer human cells is affected by CsA treatment of
target macaque cells. We first measured viral cDNA
levels in target human CEM-SS cells after infection with
SIV from producer macaque HSC-F cells (Figure 9A).
Similar to the results obtained by infection of CEM-SS
cells with CEM-SS-derived SIV (Figure 2), CsA treat-
ment of target CEM-SS cells enhanced infection by
HSC-F-derived SIV. These data indicate that even maca-
que cell-derived SIV infection is enhanced by CsA
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treatment of target human cells. Finally, we examined
the effect of CsA on the infectivity of CEM-SS-derived
SIV in macaque HSC-F cells (Figure 9B). The results
were similar to those for infection of HSC-F cells by
HSC-F-derived SIV (Figure 7B), i.e. CsA treatment of
either producer or target cells diminished infectivity of
CEM-SS-derived SIV in HSC-F cells, although previous
reports showed that the role of virion-associated CypA
is minor compared to that of target cell CypA
[15,19,25,26,29].

Discussion

The present study showed that CsA treatment, which
inhibits HIV-1 replication, does not inhibit but rather
enhances SIV (SIVmac239 and SIVagm) replication in
human T cells. In SIV infection of both CEM-SS and
A3.01 cells, CsA treatment resulted in production of
viruses with lower infectivity but enhanced an early step
of replication. The present study indicates that CsA
treatment exerts different effects on the early phase of
HIV-1 and SIV replication in human T cells. Indeed,
previous study also showed the positive effect of CsA on
HIV-1 and SIV vectors infection in primary mouse cells,
suggesting different effects of CsA on the early phase of
HIV-1 between human and mouse cells [33]. Addition-
ally, we found that expression level of CCR5 on cell sur-
face was lower than that of CXCR4 in CEM-SS cells
(data not shown). This may be due to different kinetics
between CCR5-tropic SIV and CXCR4-tropic HIV-1 in
Figure 1A.

Knock down of CypA, an essential host factor for
HIV-1 replication, did not reduce SIV replication in
human T cells. CypA knock-down in target human
cells, which inhibited HIV-1 infection, did not reduce
viral cDNA synthesis after SIV infection, indicating that
target human cell CypA is essential for HIV-1 but not
for SIV infection. These results imply different effects of
CypA on HIV-1 and SIV replication in human T cells.

Our results revealed that CypA can be incorporated
into SIV virions although not very efficiently. This is
consistent with previous results [27,34]. A previous
study implied inhibition of viral replication by over-
incorporation of CypA in vif-deleted SIV [27], whereas
the present study suggests that low levels of CypA pro-
teins incorporated into wild-type SIV do not inhibit but
may rather contribute to SIV replication in human T
cells. Two amino acids in HIV-1 Gag, Gly221 and
Pro222, were found to be important for the binding of
CypA [21]. Although two amino acids are in fact con-
served in our SIVagm isolate, the same region is not
conserved in SIVmac239, which also was found to
encapsidate CypA (Figure 1B). Therefore, it seems that
CypA is incorporated into SIV virions through a
mechanism that is distinct from HIV-1.
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Target human cell CypA was shown to be essential for
HIV-1 but not for SIV infection. This may partially
explain different sensitivities of HIV-1 and SIV replica-
tion to CsA treatment, although other unknown host fac-
tors could also be involved in the CsA-mediated
enhancement of SIV replication in human T cells.
Indeed, CsA treatment enhanced SIV replication even in
CypA-KD cells (Figure 4B). We also attempted to exam-
ine the effect of cyclophilin B (CypB), another CsA-sensi-
tive PPlase, on SIV replication by knock-down of CypB
(Figure 5). CypB knock-down showed no significant
effect on HIV-1 replication but enhanced SIV replication
in human T cells, suggesting a possible involvement of
CypB in SIV replication. Overall SIV replication was
enhanced in CypB-KD cells (Figure 5B, SIVagm) and
CsA treatment resulted in only slight enhancement of
SIV replication (data not shown). As predicted, HIV-1
replication was not affected by the CypB knock-down
(Figure 5B, HIV-1) but was inhibited by CsA treatment
(data not shown). Thus, enhanced replication of SIV in

CsA-treated human cells as shown in Figure 1A might be
best explained by the neutralization of CypB’s inhibitory
effect. Previous reports showed that CypB can bind to
both HIV-1 and SIV CA [14,35], but CypB incorporation
into HIV-1/SIV virions was undetectable in the present
study (data not shown). Regarding the cellular localiza-
tion of CypB, association of CypB with the endoplasmic
reticulum (ER) via an ER signal sequence has been
reported [36]. In other reports [37-39], CypB has been
shown to be associated with heparan sulfate proteogly-
cans (HSPQG) on the cell surface. Overall, it remains
unclear how CypB affects SIV infection directly or indir-
ectly, because most CypB is believed to.express in the
endoplasmic reticulum but not in cytoplasm [40].

In contrast, CsA treatment inhibited SIV (SIVmac239
and SIVagm) replication in macaque T cells; CsA treat-
ment of either virus producer or target cells resulted in
suppression of SIV replication. This CsA effect on SIV
replication in macaque T cells is similar to that on HIV-1
replication in human T cells. Although our attempts to
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knock down CypA in macaque HSC-F cells were unsuc-
cessful, we have obtained CypA knocked-down rhesus
macaque kidney cell line: LLC-MK2 cells (Additional
File 1). Analysis using these cells revealed that CypA is
inhibitory for SIV replication in macaque cells and indi-
cated that CypA dysfunction is likely to be largely
involved in CsA-mediated reduction of SIV replication in
macaque cells (Additional File 1). Taken together, the
current study reveals that CsA treatment inhibited SIV
replication in macaque T cells but enhanced SIV replica-
tion in human T cells, indicating a host species-specific
effect of CsA on SIV replication. These data suggest that
the effect of CsA on SIV infection seems to be general
properties of SIV in human and macaque T cells, and
cyclophilins may contribute to host-range control of cer-
tain lentiviruses. »

Sequence analyses of CypA ¢DNA from human CEM-
SS cells and macaque HSC-F, HSR-5.4, and Mn-3942
cells showed no difference in deduced amino acid
sequences between human and macaque CypA (data not
shown). Therefore, there may be a possible differential
posttranslational modification of CypA such as acetyla-
tion [41,42] between human and macaque cells or there
may be an additional host cell factor involved in the con-
tribution of CypA to the determination of HIV-1 and SIV
tropism by possibly affecting expression, localization, or
function of CypA or viral capsid proteins.

CypA overexpression increased SIV infection in maca-
que T cells, suggesting that CypA may have different
effects on SIV replication in human and macaque T cells.
TRIM5a is known to restrict HIV-1 infection in macaque
T cells, but this restriction has been shown to be relieved
by CsA-mediated or small interfering RNA-mediated inhi-
bition of CypA function, indicating involvement of CypA
in TRIM5a.-mediated restriction of HIV-1 infection in
macaque cells [28,31,32]. Thus, CypA promotes HIV-1
infection in human cells but shows an inhibitory effect on
HIV-1 infection in macaque cells. We attempted to exam-
ine the identification of macaque TRIM5a. by PCR from
macaque genomic DNA as reported previously [43] to
investigate the possible effect of macaque TRIM5a on
CsA-mediated reduction of SIV infection in macaque T
cells, but macaque TRIM5a was identified in HSC-F cells
but not in HSR-5.4 cells, suggesting that the effect of CsA
on SIV replication in macaque T cells obtained from the
present study (Figure 6) may be independent of macaque
TRIM5a restriction (Additional File 2). In owl monkeys,
which belong to new world monkeys, previous reports
revealed the existence of a TRIM-CypA fusion protein
(TRIMCyp) restricting HIV-1 infection, which was
relieved by CsA treatment [44,45]. Recently, TRIMCyp has
been found also in OWM, although OWM TRIMCyp did
not restrict HIV-1 or SIVmac replication [43,46,47]. We
also attempted to examine the identification of OWM
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TRIMCyp by PCR using primers on either side of the
CypA insertion as previously reported [43] and the possi-
bility of TRIMCyp expression by immunoblotting with
anti-CypA antibody, but TRIMCyp expression was not
detected in any of the macaque T-cell lines used in the
present study (data not shown) although the CypA inser-
tion was identified in the genome sequence of macaque
T cells (Additional File 2).

Taken together, the present study reveals a species-
specific effect of CsA on SIV replication. Our results
suggest a contribution of CypA to efficient SIV replica-
tion in macaque cells. In contrast, analysis in human
cells indicated that target cell CypA have no positive
effect on SIV infection; rather, CypB was considered
inhibitory for SIV replication. These results suggest pos-
sible involvement of cyclophilins in the determination of
SIV tropism.

Conclusions

The present study revealed that CsA treatment enhances
SIV replication in human T cells but abrogates SIV repli-
cation in macaque T cells, indicating a host cell species-
specific effect of CsA on SIV replication. CypA knock-
down or overexpression indicated a positive effect of
CypA on SIV infection into macaque but not into human
T cells. These results suggest possible contribution of
CypA to the determination of SIV tropism.

Methods

Analysis of SIV and HIV-1 replication in human and
macaque T cells

HeLa cells were propagated in Dulbecco modified Eagles
medium containing 10% fetal bovine serum (FBS). The
human CEM-SS and A3.01 T cell lines were cultured in
RPMI 1640 containing 10% FBS. Macaque peripheral
blood mononuclear cells (PBMCs) and three macaque T-
cell lines, cynomolgus macaque-derived HSC-F, rhesus
macaque-derived HSR-5.4, and pig-tailed macaque-derived
Mn-3942 were cultured in RPMI 1640 containing 10%
FBS, 10 mM HEPES buffer, 50 uM 2-mercaptoethanol, and
10 U IL-2 per ml [48]. Virus stocks of SIVagm, SIVmac,
and HIV-1 used for analysis of viral replication were pre-
pared by transfection of HeLa cells using Lipofect AMINE
LTX PLUS (Invitrogen Corp., Carlsbad, CA) with molecu-
lar clone DNAs of SIVagm9063 [49], STVmac239 [50], and
HIV-1y14.3 [51], respectively. An env-defective variant of
SIVagm9063 carrying an insertion of stop codon in the env
gene (nucleotide position 10-15 from start of the env gene)
was constructed by site-directed mutagenesis. Titers of the
virus stocks were quantitated by SIV CA (p27) or HIV-1
CA (p24) enzyme-linked immunosorbent assay (ZeptMe-
trix Corporation, Buffalo, NY) and by determining the
reverse transcriptase (RT) activity. CEM-SS cells (5 x 10°)
were exposed to 50 ng of SIV (p27) or 1 ng of HIV-1
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(p24). Macaque T cells (5 x 10°) were incubated with 5 ng
of SIV (p27), and rhesus PBMCs (5 x 10°) were incubated
with 2 ng of SIV (p27). Virus production was monitored
for 14 d post-infection by measuring RT activity in the cul-
ture supernatants as described previously [52]. In CsA
treatment experiments, cells were cultured in the presence
of 2.5 uM CsA (Sigma-Aldrich, Tokyo, Japan). Mean values
in four independent experiments are shown.

Immunoblot analysis

Immunoblot analysis of cell lysates and viral pellets was
performed as described previously [53]. Briefly, virus
supernatants containing equal RT levels were concen-
trated by centrifugation through 20% sucrose. Pelleted
viruses were analyzed by immunoblotting using anti-CypA
or anti-CA antibodies. A polyclonal anti-SIVagm CA anti-
body provided by Vanessa Hirsch [54], plasma from a SIV-
mac239-infected rhesus macaque, and a monoclonal anti-
HIV-1 p24 antibody (Abcam Inc, Cambridge, MA) were
used to detect SIVagm, SIVmac, and HIV-1 CA, respec-
tively. We used polyclonal anti-CypA antibody (BIOMOL
Research Laboratories Inc., Plymouth Meeting, PA) and
monoclonal anti-o.-tubulin antibody (Sigma-Aldrich). A
representative result from four independent experiments
is shown in each figure.

Infectivity analysis

LuSIV cells which are derived from CEMx174 cells and
contain a luciferase indicator gene under the control of the
SIVmac239 LTR were maintained in RPMI 1640 medium
containing 10% FBS and hygromycin B (300 pg/ml) [55].
LuSIV cells were cultured for 24 h after viral infection and
lysed in 1 x reporter lysis buffer (Promega Corp., Madison,
WI). To determine the luciferase activity, lysates were
mixed with luciferase substrate (Promega Corp.) and light
emission was measured in a luminometer (GloMax™ 96
Microplate Luminometer; Promega Corp.). Two sets of
viruses were produced, and each was subjected to two sets
of infection experiments. Thus, mean values of viral cDNA
levels from four independent experiments are shown.

Measurement of viral cDNA levels after viral entry

Viruses were prepared from virus-infected CEM-SS or
HSC-F cells. For infection, 5 x 10° target cells were incu-
bated with a SIVagm containing 500 ng of p27, SIVmac
containing 500 ng of p27, or HIV-1 containing 10 ng of
p24 for 24 hr, and then total cellular DNA was extracted
using a DNeasy Tissue Kit (QIAGEN Inc., Valencia, CA).
For CsA treatment of target cells, target cells were prein-
cubated for 24 hr with 2.5 pM CsA (final concentration), a
virus sample was added, and the infected cells (in 2.5 uM
CsA, final concentration) were incubated for 24 hr.
SIVagm, SIVmac, and HIV-1 inactivated by incubation at
65°C for 30 min were used as negative controls. For
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quantification of full-length viral cDNA levels by real-time
PCR, primers 5-GCTTCGGCCTCCATGATA-3 (nucleo-
tides [nt] 1069-1086) and 5-TGTTGCTACCGCTT
CCTCTG-3’ (nt 1231-1250) and probes 5-TAGAAC-
CAACAGGCTCGGAGGGCTTAAA-3 (nt 1141-1168)
and 5-AGTCTGTTCAATCTTGTGTGCGTGCTA-
TATTGC-3’ (nt 1170-1202) were used for amplification
and detection of gag region of the SIVagm9063 genome
(GenBank accession number 1.40990); primers 5-GAT
CTCTCGACGCAGGACT-3" (nt 680-698) and 5’-
CCCTGGCCTTAACCGAAT-3 (nt 844-861) and probes
5-AGGCTAGAAGGAGAGAGATGGGTGCGAG-3’ (nt
773-800) and 5-GCGTCGGTATTAAGCGGGGGA-
GAATTAG-3 (nt 802-829) for amplification and detec-
tion of gag region of the HIV-1y;4 5 genome (GenBank
accession number M19921); primers 5-GTAGTATGGG-
CAGCAAATGA-3’ (nt 1408-1427) and 5-TGTTCCTGT
TTCCACCACTA-3 (nt 1631-1650) and probes 5'-GCAT
TCACGCAGAAGAGAAAGTGAAACA-3’ (nt 1568-
1595) and 5-ACTGAGGAAGCAAAACAGATAGTGCA-
GAGA-3’ (nt 1597-1626) for amplification and detection
of gag region of the SIVmac239 genome (GenBank acces-
sion number M33262). For quantification of full-length
viral cDNA levels by real-time PCR in CypA-KD human T
cells, primers 5-AGTGGGAGTTTGTCAATACC-3 (nt
3787-3806) and 5-CTGATTTGTTGTGTCCGTTAG-3
(nt 3954-3974) and probes 5'-AGATGGGGCAGCCAA-
TAGGGAAACTAAATT-3’ (nt 3875-3904) and 5’-
GGAAAAGCAGGATATGTAACTGACAGAGGAAGA-
CAA-3 (nt 3906-3941) were used for amplification and
detection of pol region of the HIV-1y14.3 genome. As the
control for standardization, TagMan Endogenous Control
kit for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used (Applied Biosystems, Inc., Foster City,
CA). Real-time PCR was carried out in a LightCycler 2.0
instrument (Roche Diagnostics Corp., Indianapolis, IN).
The ratios of viral cDNA levels to GAPDH DNA levels are
shown.

Establishment of CypA and CypB knocked-down human T
cell lines

Both human CEM-SS and A3.01 T cells were transduced
with HIV-1-based vectors that confer puromycin resis-
tance and express short hairpin RNAs (shRNA) targeting
human CypA and CypB (Sigma-Aldrich). CypA and CypB
knocked-down cell lines were obtained after selection with
1 pg/ml puromycin. Representative results obtained from
experiments using three CypA and CypB knocked-down
human CEM-SS cell lines are shown.

Exogenous expression of CypA in human and macaque T
cells

CypA cDNAs amplified by PCR were inserted into the
pMACS KXHA(C) vector (Miltenyi Biotec GmbH,
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Bergisch Gladbach, Germany) to obtain pMACS KXHA
(C)-CypA expressing HA-tagged CypA (CypA-HA)
together with a cytoplasmic domain-truncated mouse
major histocompatibility complex class I H-2K* protein,
respectively. Human CEM-SS or macaque T cells (4 x
10° cells) suspended in 100 pl of nucleofection V solu-
tion with 2 pg of pMACS K*HA(c)-CypA (CypA-HA)
or pMACS K*.HA(c) (HA-control) plasmid vector
DNAs were subjected to transfection (nucleofection)
using a Nucleofector device. The nucleofection para-
meter was D-023 for CEM-SS cells and U-029 for HSC-
F cells. After 1 day of culture, transfected cells were
labeled with anti-H-2K* microbeads (MACSelect K*
MicroBeads) and enriched by separation using the
MACS Separator (Miltenyi Biotec GmbH). The enrich-
ment rate of transfected cells was determined by detec-
tion of H-2K* using MACSelect Control FITC Antibody
(Miltenyi Biotec GmbH).

Additional material

Additional file 1: Effect of CypA knock-down on SIV infection in
LLC-MK2 cells. (A) Immunoblot analysis of CypA expression. Lysates of
LLC-MK2 (normal) and CypA-KD cells were subjected to the immunoblot
analysis using anti-o-tubulin, anti-CypA and anti-CypB antibodies (Abcam
Inc,, Cambridge, MA) (left panel). The image of one representative blot is
shown. (B) Effect of CypA knock-down on SIV infection in LLC-MK2 cells.
Normal and CypA-KD LLC-MK2 cells were transfected with plasmid
SIVmac239LTR-luc that contains a luciferase indicator gene under the
control of the SIVmac239 LTR. After 24 h, transfected cells were used for
VSVG-pseudotyped SIVagm env(-) virus infection. Infection was
determined 24 h later by measuring the Tat-induced luciferase activity in
the transfected cells. Luciferase activity induced by the virus in normal
LLC-MK2 cells was defined as 100%. Mean values and standard
deviations in three independent experiments are shown.

Additional file 2: Identification of a TRIM5a or a TRIMCyp in
macaque T cells. Total DNA from macaque HSC-F and HSR-5.4 T cells
was harvested. PCR primers on either side of the CypA insertion were
used to detect both a TRIM5a and a TRIMCyp in macaque T cells as

described [43]. H,O denotes water control.

Acknowledgements

We thank V. Hirsch for providing an anti-SlVagm CA antibody. We are
grateful to Klaus Strebel for critical comments on the manuscript. This work
was supported by grants from the Ministry of Education, Culture, Sports,
Science, and Technology, and grants from the Ministry of Health, Labor, and
Welfare in Japan.

Author details

'Department of Molecular Virology, Tokyo Medical and Dental University,
Tokyo, Japan. “The Institute of Medical Science, The University of Tokyo,
Tokyo, Japan. AIDS Research Center, National Institute of Infectious Diseases,
Tokyo, Japan. “Center for Human Evolution Modeling Research, Primate
Research Institute, The University of Kyoto, Aichi, Japan.

Authors’ contributions

HT conceived and coordinated the study, performed all analyses, and wrote
the manuscript. HI assisted FACS analysis. NI and TK assisted infectious
experiments. HA provided experimental tools. TM conceived and
coordinated the study and was involved in writing the manuscript. All
authors have read and approved the final manuscript.

— 134 —

Page 15 of 16

Competing interests
The authors declare that they have no competing interests.

Received: 11 August 2011 Accepted: 6 January 2012
Published: 6 January 2012

References

1.

20.

21

Gautsch JW, Elder JH, Schindler J, Jensen FC, Lerner RA: Structural markers
on core protein p30 of murine leukemia virus: functional correlation
with Fv-1 tropism. Proc Natl Acad Sci USA 1978, 75:4170-4174.

Rein A, Kashmiri SV, Bassin RH, Gerwin BL, Duran-Troise G: Phenotypic
mixing between N- and B-tropic murine leukemia viruses: infectious
particles with dual sensitivity to Fv-1 restriction. Celf 1976, 7:373-379.
Towers G, Bock M, Martin S, Takeuchi Y, Stoye JP, Danos O: A conserved
mechanism of retrovirus restriction in mammals. Proc Natl Acad Sci USA
2000, 97:12295-12299.

Strernlau M, Owens CM, Perron MJ, Kiessling M, Autissier P, Sodroski J: The
cytoplasmic body component TRIM5alpha restricts HIV-1 infection in Old
World monkeys. Nature 2004, 427:848-853.

Keckesova Z, Ylinen LM, Towers GJ: The human and African green
monkey TRIM5alpha genes encode Ref1 and Lv1 retroviral restriction
factor activities. Proc Nat! Acad Sci USA 2004, 101:10780-10785.

Song B, Javanbakht H, Perron M, Park DH, Stremlau M, Sodroski J:
Retrovirus restriction by TRIMS5alpha variants from Old World and New
World primates. J Virol 2005, 79:3930-3937.

Yap MW, Nisole S, Lynch C, Stoye JP: Trim5alpha protein restricts both
HIV-1 and murine leukemia virus. Proc Nat! Acad Sci USA 2004,
101:10786-10791.

Ylinen LM, Keckesova Z, Wilson SJ, Ranasinghe S, Towers GJ: Differential
restriction of human immunodeficiency virus type 2 and simian
immunodeficiency virus SlVmac by TRIM5alpha alleles. J Virol 2005,
79:11580-11587.

Hatziioannou T, Perez-Caballero D, Yang A, Cowan S, Bieniasz PD:
Retrovirus resistance factors Ref1 and Lv1 are species-specific variants of
TRIMS5alpha. Proc Natl Acad Sci USA 2004, 101:10774-10779.

Goff SP: Genetic control of retrovirus susceptibility in mammalian cells.
Annu Rev Genet 2004, 38:61-85.

Kozak CA, Chakraborti A: Single amino acid changes in the murine
leukemia virus capsid protein gene define the target of Fv1 resistance.
Virology 1996, 225:300-305.

Stremlau M, Perron M, Lee M, Li Y, Song B, Javanbakht H, Diaz-Griffero F,
Anderson DJ, Sundquist W, Sodroski J: Specific recognition and
accelerated uncoating of retroviral capsids by the TRIM5alpha restriction
factor. Proc Natl Acad Sci USA 2006, 103:5514-5519.

Thali M, Bukovsky A, Kondo E, Rosenwirth B, Walsh CT, Sodroski J,
Gottlinger HG: Functional association of cyclophilin A with HIV-1 virions.
Nature 1994, 372:363-365.

Franke EK, Yuan HE, Luban J: Specific incorporation of cyclophilin A into
HIV-1 virions. Nature 1994, 372:359-362.

Towers GJ, Hatziioannou T, Cowan S, Goff SP, Luban J, Bieniasz PD:
Cyclophilin A modulates the sensitivity of HIV-1 to host restriction
factors. Nat Med 2003, 9:1138-1143.

Braaten D, Luban J: Cyclophilin A regulates HIV-1 infectivity, as
demonstrated by gene targeting in human T cells. Embo J 2001,
20:1300-1309.

Braaten D, Franke EK, Luban J: Cyclophilin A is required for the replication
of group M human immunodeficiency virus type 1 (HIV-1) and simian
immunodeficiency virus SIV(CPZ)GAB but not group O HIV-1 or other
primate immunodeficiency viruses. J Virol 1996, 70:4220-4227.

Franke EK, Luban J: Inhibition of HIV-1 replication by cyclosporine A or
related compounds correlates with the ability to disrupt the Gag-
cyclophilin A interaction. Virology 1996, 222:279-282.

Hatziioannou T, Perez-Caballero D, Cowan S, Bieniasz PD: Cyclophilin
interactions with incoming human immunodeficiency virus type 1
capsids with opposing effects on infectivity in human cells. J Viro/ 2005,
79:176-183.

Braaten D, Franke EK, Luban J: Cyclophilin A is required for an early step
in the life cycle of human immunodeficiency virus type 1 before the
initiation of reverse transcription. J Viro/ 1996, 70:3551-3560.

Braaten D, Aberham C, Franke EK, Yin L, Phares W, Luban J: Cyclosporine
A-resistant human immunodeficiency virus type 1 mutants demonstrate



Takeuchi et al. Retrovirology 2012, 9:3
http://www.retrovirology.com/content/9/1/3

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

that Gag encodes the functional target of cyclophilin A. J Virol 1996,
70:5170-5176.

Ott DE, Coren LV, Johnson DG, Sowder RC, Arthur LO, Henderson LE:
Analysis and localization of cyclophilin A found in the virions of human
immunodeficiency virus type 1 MN strain. AIDS Res Hum Retroviruses 1995,
11:1003-1006.

Ackerson B, Rey O, Canon J, Krogstad P: Cells with high cyclophilin A
content support replication of human immunodeficiency virus type 1
Gag mutants with decreased ability to incorporate cyclophilin A. J Virol
1998, 72:303-308.

Bukovsky AA, Weimann A, Accola MA, Gottlinger HG: Transfer of the HIV-1
cyclophilin-binding site to simian immunodeficiency virus from Macaca
mulatta can confer both cyclosporin sensitivity and cyclosporin
dependence. Proc Natl Acad Sci USA 1997, 94:10943-10948.

Sokolskaja E, Sayah DM, Luban J: Target cell cyclophilin A modulates
human immunodeficiency virus type 1 infectivity. J Virol 2004,
78:12800-12808.

Kootstra NA, Munk C, Tonnu N, Landau NR, Verma {M: Abrogation of
postentry restriction of HIV-1-based lentiviral vector transduction in
simian cells. Proc Natl Acad Sci USA 2003, 100:1298-1303.

Takeuchi H, Buckler-White A, Goila-Gaur R, Miyagi E, Khan MA, Opi S, Kao S,
Sokolskaja E, Pertel T, Luban J, Strebel K: Vif counteracts a cyclophilin A-
imposed inhibition of simian immunodeficiency viruses in human cells. J
Virol 2007, 81:8080-8090.

Keckesova Z, Ylinen LM, Towers GJ: Cyclophilin A renders human
immunodeficiency virus type 1 sensitive to Old World monkey but not
human TRIM5 alpha antiviral activity. J Virol 2006, 80:4683-4690.

tkeda Y, Ylinen LM, Kahar-Bador M, Towers GJ: Influence of gag on human
immunodeficiency virus type 1 species-specific tropism. J Virol 2004,
78:11816-11822.

Sokolskaja E, Olivari S, Zufferey M, Strambio-De-Castillia C, Pizzato M,

Luban J: Cyclosporine blocks incorporation of HIV-1 envelope
glycoprotein into virions. J Virol 2010, 84:4851-4855.

Berthoux L, Sebastian S, Sokolskaja E, Luban J: Cyclophilin A is required for
TRIM5{alpha}-mediated resistance to HIV-1 in Old World monkey cells.
Proc Natl Acad Sci USA 2005, 102:14849-14853.

Stremlau M, Song B, Javanbakht H, Perron M, Sodroski J: Cyclophilin A: an
auxiliary but not necessary cofactor for TRIM5alpha restriction of HIV-1.
Virology 2006, 351:112-120.

Noser JA, Towers GJ, Sakuma R, Dumont JM, Collins MK, lkeda Y:
Cyclosporine increases human immunodeficiency virus type 1 vector
transduction of primary mouse cells. J Virol 2006, 80:7769-7774.

Lin TY, Emerman M: Cyclophilin A interacts with diverse lentiviral capsids.
Retrovirology 2006, 3:70.

Luban J, Bossolt KL, Franke EK, Kalpana GV, Goff SP: Human
immunodeficiency virus type 1 Gag protein binds to cyclophilins A and
B. Cell 1993, 73:1067-1078.

Bram RJ, Hung DT, Martin PK, Schreiber SL, Crabtree GR: Identification of
the immunophilins capable of mediating inhibition of signal
transduction by cyclosporin A and FK506: roles of calcineurin binding
and cellular location. Mol Cell Biol 1993, 13:4760-4769.

Hanoulle X, Melchior A, Sibille N, Parent B, Denys A, Wieruszeski JM,
Horvath D, Allain F, Lippens G, Landrieu I: Structural and functional
characterization of the interaction between cyclophilin B and a heparin-
derived oligosaccharide. J Bio/ Chem 2007, 282:34148-34158.

Pakula R, Melchior A, Denys A, Vanpouille C, Mazurier J, Allain F: Syndecan-
1/CD147 association is essential for cyclophilin B-induced activation of
p44/42 mitogen-activated protein kinases and promotion of cell
adhesion and chemotaxis. Glycobiology 2007, 17:492-503.

Vanpouille C, Deligny A, Delehedde M, Denys A, Melchior A, Lienard X,
Lyon M, Mazurier J, Fernig DG, Allain F: The heparin/heparan sulfate
sequence that interacts with cyclophilin B contains a 3-O-sulfated N-
unsubstituted glucosamine residue. J Biol Chem 2007, 282:24416-24429.
Price ER, Zydowsky LD, Jin MJ, Baker CH, McKeon FD, Walsh CT: Human
cyclophilin B: a second cyclophilin gene encodes a peptidyl-prolyl
isomerase with a signal sequence. Proc Nat/ Acad Sci USA 1991,
88:1903-1907.

Misumi S, Fuchigami T, Takamune N, Takahashi |, Takama M, Shoji S: Three
isoforms of cyclophilin A associated with human immunodeficiency
virus type 1 were found by proteomics by using two-dimensional gel

Page 16 of 16

electrophoresis and matrix-assisted laser desorption ionization-time of
flight mass spectrometry. J Virol 2002, 76:10000-10008.

42, Lammers M, Neumann H, Chin JW, James LC: Acetylation regulates
cyclophilin A catalysis, immunosuppression and HIV isomerization. Nat
Chem Biol 2010, 6:331-337.

43, Wilson SJ, Webb BL, Ylinen LM, Verschoor E, Heeney JL, Towers GJ:
Independent evolution of an antiviral TRIMCyp in rhesus macaques. Proc
Natl Acad Sci USA 2008, 105:3557-3562.

44, Sayah DM, Sokolskaja E, Berthoux L, Luban J: Cyclophilin A
retrotransposition into TRIMS5 explains owl monkey resistance to HIV-1.
Nature 2004, 430:569-573.

45. Nisole S, Lynch C, Stoye JP, Yap MW: A Trim5-cyclophilin A fusion protein
found in owl monkey kidney cells can restrict HIV-1. Proc Nat! Acad Sci
USA 2004, 101:13324-13328.

46. Virgen CA, Kratovac Z, Bieniasz PD, Hatziioannou T: Independent genesis
of chimeric TRIM5-cyclophilin proteins in two primate species. Proc Nat!
Acad Sci USA 2008, 105:3563-3568.

47. Brennan G, Kozyrev Y, Hu SL: TRIMCyp expression in Old World primates
Macaca nemestrina and Macaca fascicularis. Proc Nat/ Acad Sci USA 2008,
105:3569-3574.

48, Akari H, Mori K, Terao K, Otani |, Fukasawa M, Mukai R, Yoshikawa Y: In vitro
immortalization of Old World monkey T lymphocytes with Herpesvirus
saimiri: its susceptibility to infection with simian immunodeficiency
viruses. Virology 1996, 218:382-388.

49, Hirsch VM, Dapolito G, Johnson PR, Elkins WR, London WT, Montali RJ,
Goldstein S, Brown C: Induction of AIDS by simian immunodeficiency
virus from an African green monkey: species-specific variation in
pathogenicity correlates with the extent of in vivo replication. J Virof
1995, 69:955-967.

50. Regier DA, Desrosiers RC: The complete nucleotide sequence of a
pathogenic molecular clone of simian immunodeficiency virus. AIDS Res
Hum Retroviruses 1990, 6:1221-1231.

51. Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, Rabson A, Martin MA:
Production of acquired immunodeficiency syndrome-associated
retrovirus in human and nonhuman cells transfected with an infectious
molecular clone. J Virol 1986, 59:284-291.

52. Willey RL, Smith DH, Lasky LA, Theodore TS, Earl PL, Moss B, Capon DJ,
Martin MA: In vitro mutagenesis identifies a region within the envelope
gene of the human immunodeficiency virus that is critical for infectivity.
J Virol 1988, 62:139-147.

53. Takeuchi H, Kao S, Mivagi E, Khan MA, Buckler-White A, Plishka R, Strebel K:
Production of infectious SIVagm from human cells requires functional
inactivation but not viral exclusion of human APOBEC3G. J Bio/ Chem
2005, 280:375-382.

54, Campbell BJ, Hirsch VM: Vpr of simian immunodeficiency virus of African
green monkeys is required for replication in macaque macrophages and
lymphocytes. J Virol 1997, 71:5593-5602.

55. Roos JW, Maughan MF, Liao Z, Hildreth JE, Clements JE: LuSIV cells: a
reporter cell line for the detection and quantitation of a single cycle of
HIV and SIV replication. Virology 2000, 273:307-315.

i doi:10.1186/1742-4690-9-3

i Cite this article as: Takeuchi et al: Host cell species-specific effect of
E cyclosporine A on simian immunodeficiency virus replication.

| Retrovirology 2012 9:3.

Submit your next manuscript to BioMed Central
and take full advantage of:

o {onvenient online submission

e Thorough pesr review

o Mo spate constraints or color fiyurs charges

o immediate publication on sceptame

o inclusion in Pubied, CAS, Scopus and Goorgle Scholar

o Rusearch which is fresly avallable for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

{_) iahfisd Central

— 135 —



