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Murine primary cells are poorly permissive to human immunodeficiency virus type 1 (HIV-1) vector
infection. Retroviral infectivity is influenced by dominant inhibitors such as TRIMSa. Sensitivity to TRIM5a
is altered by interactions between cyclophilin A and the HIV-1 capsid. Here we demonstrate that competitive
inhibitors of cyclophilins, cyclosporine or the related Debio-025, stimulate HIV-1 vector transduction of
primary murine cells, including bone marrow and macrophages, up to 20-fold. Unexpectedly, the infectivity of
an HIV-1 mutant or a simian lentivirus that does not recruit cyclophilin A is also stimulated by these drugs.
We propose that cyclosporine and related compounds will be useful tools for experimental infection of murine
primary cells. It is possible that HIV-1 infection of murine cells is inhibited by dominant factors related to

immunophilins.

Experiments with animals are often necessary for preclinical
gene therapy studies, as well as for other vector applications. It
would therefore be advantageous if lentiviral vectors could
transduce nonhuman cells as efficiently as they can human
cells, particularly those from monkeys and mice. However,
human immunodeficiency virus type 1 (HIV-1), macaque sim-
ian immunodeficiency virus (SIVmac), and equine infectious
anemia virus vectors clearly exhibit distinct species specificity,
even if entry blocks are overcome by pseudotyping (10, 11).
Importantly, HIV-1 vectors poorly transduce simian and mu-
rine cells (10, 11).

A significant factor controlling HIV-1 permissivity in non-
human primate cells is the antiviral restriction factor TRIMSa
(24). TRIMSa blocks viral infection early after entry, usually
before significant reverse transcription (24). The viral deter-
minants of sensitivity reside in the capsid protein (4, 6, 7, 9, 14,
16, 20). The mechanism of restriction remains unclear, but the
simplest model is a direct interaction between incoming capsid
and TRIMSa that leads to perturbation of the rearrangement
of the viral core. HIV-1 permissivity is influenced by drugs,
including cyclosporine (CSA), and capsid mutations that pre-
vent interactions between the host protein cyclophilin A
(CypA) and the viral capsid (25). Preventing such interactions
tends to increase HIV-1 infectivity in nonhuman primate cells
but reduces infectivity in human cells. A possible explanation
for these observations is that CypA binding alters the avail-
ability of the capsid for restriction factor binding (2, 5, 13, 15).
HIV-1 vector transduction of rodent cells is also inhibited at a
postentry, preintegration step (1, 8). Here we investigate the
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effect of CSA on HIV-1 vector transduction of mouse primary
cells.

Maturation-dependent block of HIV-1 in murine primary
cells. Recently, we showed that HIV-1 vectors can be used to
transduce mouse bone marrow (BM)-derived premature den-
dritic cells (DC) and that the lentivirally transduced DC can
elicit potent antigen-specific immune responses (21). During
the study, we noticed that freshly isolated mouse BM cells were
highly resistant to HIV-1 vector transduction. We thus first
examined the block of HIV-1 vector transduction in mouse BM
cells. Mouse BM was collected from the tibias and femurs of
female BALB/c and C57BL/6 mice (2 to 4 months old) and
cultured as described previously (21). BALB/c BM cells were
allowed to differentiate in culture with granulocyte-macroph-
age colony-stimulating factor. Vesicular stomatitis virus G
(VSV-G)-pseudotyped HIV-1 vector, which encoded a green
fluorescent protein (GFP) gene driven by a spleen focus-form-
ing virus promoter, was prepared as previously described (4)
and concentrated by ultracentrifugation (23). On various days
postisolation, cells were exposed to the HIV-1 vector at doses
equivalent to multiplicities of infection (MOI) of 8 and 40 on
293T cells, referred to as 293T MOI. As shown in Fig. 1A,
freshly isolated BM cells were refractory to transduction by
wild-type HIV-1 GFP. When the vectors were used at a 293T
MOI of 8 and 40, less than 2 and 15%), respectively, of the cells
became transduced. Increasing the dose to a 293T MOI of
>120 resulted in a small nonlinear increase in transduction to
22% (data not shown). However, after 4 days of culture, the
BM-DC became progressively more susceptible to infection.
Infection at doses of 293T MOI of 8 and 40 resulted in trans-
duction of above 20 and 60% of cells, respectively (Fig. 1A).
Similar patterns of maturation-dependent block were observed
in BM cells derived from a different mouse strain C57BL/6
(data not shown).
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FIG. 1. Maturation-dependent block of HIV-1 in murine primary
cells. (A) The block of HIV-1 vector transduction in mouse primary cells
was examined. BM-derived DC and peritoneal macrophages were ex-
posed to VSV-G-pseudotyped HIV-1 GFP-encoding vector at 293T MOI
of 8 and 40 at various time points. The GFP-positive cell populations were
analyzed by FACSA 7 days after infection. (B) Semiquantitative PCR of
DNA synthesis in mouse BM cells. HIV GFP vector was pretreated with
DNase for 40 min at 37°C in the presence of 1 mM Mg>*. Freshly isolated
mouse BM cells, as well as human H9 cells, were infected with HIV GFP
vector at a 293T MOI of 2. At the indicated time points, total DNA was
extracted, and 100 ng of total DNA was subjected to semiquantitative
PCR. The primer pairs used were as follows: 5'-GGGTCTCTCTGGTT
AGACCAGATCT-3" and 5'-TGCTGCTAGAGATTTTCCACACTG
A-3' for strong stop DNA, 5'-GCAAGCTGCCCGTGCCCTGGCCC-3'
and 5-ATGTTGTGGCGGATCTTGAAGTT-3’ for GFP, 5'-AGATCT
GGTCTAACCAGAGAGACCC-3' and 5'-GAGCCTGGGAGCTCTC
TGGCTAACT-3' for 2LTR circle, and 5'-AAGAAGTCCAAGCTGGA
GTTC-3" and 5-GTTGGTCTGGAATTCTGTCAG-3' for alpha-
tubulin.

Next, we examined a second primary cell type, peritoneal
macrophages. Peritoneal macrophages were harvested from
the peritoneal cavity, and adherent macrophages were cultured
in RPMI 1640 medium containing 10% heat-inactivated fetal
calf serum. When freshly isolated cells were infected at a 293T
MOI of 8 and 40, ca. 10 and 40% of cells, respectively, became
transduced (Fig. 1A). Thus, the HIV-1 vector could transduce
freshly isolated mouse peritoneal macrophages more efficiently
than freshly isolated mouse BM cells. However, similar to
BM-DC transduction, the macrophages became more suscep-
tible to infection after 1 day of culture. When the cells were
infected at 1 day after isolation, more than 90% of the cells
were transduced at a 293T MOI of 8 (Fig. 1A).

Next, we analyzed whether reverse transcription of vector ge-
nomes could occur in freshly isolated BM cells. Freshly isolated
BM cells were infected with the GFP-carrying vector pseudotyped
with VSV-G at a 293T MOI of 2. We used a human lymphoid cell
line, HY, as a permissive cell control. At 0, 3, 7, 12, and 24 h after
exposure to vector, cells were harvested. Semiquantitative PCR
was performed to detect a reverse transcription intermediate as
described previously (18). PCR products of GFP sequence in-
creased over time in both H9 and mouse BM cells (Fig. 1B).
However, appearance of 2-LTR circles was delayed in BM cells.
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These data suggest that the block to transduction in mouse BM
cells is at a level between the completion of reverse transcription
and nuclear entry.

Block of HIV-1 infection in murine BM cells is eliminated by
treatment with CSA. We assumed that the resistance to HIV-1
infection in freshly isolated mouse primary cells might occur by
similar mechanisms to Lvl restriction in primate cells. We
therefore examined the effect of CSA treatment on the vector
transduction efficiency of mouse BM cells. CSA was dissolved
in dimethyl sulfoxide to prepare a 50 mM stock solution.
Freshly isolated BM cells were incubated with CSA at a final
concentration of 10 uM during an overnight infection. Equiv-
alent amounts of dimethyl sulfoxide were added as a no-CSA
control. The cells were further maintained for 7 days in growth
medium. Ten days after infection, GFP-positive cells were
counted by fluorescence-activated cell sorting (FACSA). CSA
treatment increased the transduction efficiency by more than
20 times (Fig. 2A). There was no significant difference in levels
of CDllc expression between CSA-treated and nontreated
cells at 10 days after infection (Fig. 2A). Moreover, we did not
see any difference in morphology between CSA-treated and
nontreated cells at 12 days after infection, suggesting that CSA
treatment did not affect normal DC maturation. The effects of
CSA were dose dependent, and similar results were observed
with BM cells from BALB/c and C57BL/6 mice (Fig. 2B). CSA
also enhanced the transduction of BM cells by HIV-1 vectors
pseudotyped with the MLV-A envelope, which, unlike the pH-
dependent VSV-G, fuses at the cell surface (Fig. 2C). This
observation indicated that the effect of CSA was not affected
by route of entry.

Next, we examined the effects of CSA on HIV-1 vector
infection of freshly isolated peritoneal macrophages. The
cells were infected by HIV-1 GFP in the presence or ab-
sence of CSA. The GFP-positive populations were counted
by FACSA analysis 6 days after infection. CSA treatment
improved HIV-1 infectivity of the macrophage culture by up
to 15-fold. We also tested the effect of CSA treatment on the
transduction of primary kidney cells; CSA treatment had no
significant effect on the transduction efficiency (data not
shown), suggesting that the effects of CSA are tissue spe-
cific. We then sought to determine whether CSA enhanced
the transduction efficiency of HIV-1 vectors in BM-derived
cells after prolonged culture in vitro. Enhancement of the
vector transduction efficiency by CSA was maturation de-
pendent in that as the cells remained in culture they became
more permissive to HIV-1 infection and less sensitive to the
enhancing effects of CSA (Fig. 2D).

Previously, we have reported a similar maturation-depen-
dent block of HIV-1 in human monocytes (18). We therefore
examined whether CSA could remove the block of HIV-1
vector transduction in human monocytes, although CSA gen-
erally reduces HIV-1 transduction in human cells (25). Freshly
isolated human monocytes were cultured in the RPMI growth
medium supplemented with autologous human serum. The
cells were incubated with CSA at final concentrations of 0, 0.6,
1.2, 2.5, and 5.0 uM during an overnight infection at a 293T
MOI of 10. The cells were further maintained for 7 days in the
growth medium with 10% human serum. Seven days after
infection, GFP-positive cells were analyzed. As reported pre-
viously, freshly isolated monocytes were refractory to HIV-1-
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FIG. 2. Block of HIV-1 infection in murine BM cells is eliminated by
treatment with CSA. (A) Freshly isolated mouse BM cells were infected
with HIV-1 vector at 293T MOI of 2, 8, and 40 in the presence or absence
of CSA (10 uM). Ten days after infection, CD11c- and GFP-positive DC
populations were analyzed by FACSA with Cy5-conjugated monoclonal
antibody to mouse CD11c. GFP-positive cells were also analyzed by flu-
orescence microscopy. (B) BM cells from BALB/c and C57BL/6 mice
were infected with HIV-1 vector at 293T MOI of 8 in the presence of
various concentrations of CSA. Since prolonged treatment with CSA at a
concentration of 10 uM showed some toxicity, the CSA-containing media
were replaced with complete media after overnight infection. (C) Freshly
isolated BM cells were infected with a HIV-1 vector pseudotyped with
MLYV amphotropic Env [HIV-1(MLV-A)] in the presence or absence of
CSA (2.5 uM). HIV-1(MLV-A) vector was prepared from stable pro-
ducer line, 293T-GPRT1+R1-Ampho-HV#2 (12). (D) Freshly isolated
BM and BM-derived DC were infected with the HIV-1 vector at MOI of
2 in the presence of 10 uM CSA at the indicated time points. The
GFP-positive cell populations were analyzed 7 days after infection.

based vector transduction, and only 2.5 to 3.5% of the cells
became GFP positive in the absence of CSA. CSA treatment at
0.6 wM further reduced the vector transduction by >20-fold,
whereas no GFP-positive cells were detected in the cultures
treated with CSA at concentrations higher than 1.2 pM (data
not shown). Clearly, CSA could not remove the maturation-
dependent postentry block to HIV-1 in human monocytes.

The block of HIV-1 in murine BM cells is not saturable with
virus-like particles. We examined whether the resistance in
mouse BM cells could be saturated by high levels of virus
particles. Freshly isolated mouse BM cells from BALB/c and
C57BL/6 mice, rhesus monkey FRhK4 cells, and human NP2
cells were coinfected with fixed amount of GFP-expressing
HIV-1 vector and increasing amounts of HIV-1 vector express-
ing puromycin resistance gene (puro). Although coinfection
with high levels of the puro-expressing vector resulted in a
30-fold increase in GFP vector infectivity in monkey FRhK4
cells, no increase in infectivity was observed in mouse BM cells
by such coinfection (Fig. 3).

Abrogation of block by CSA is independent of capsid CypA
interactions and calcineurin inhibition. Next, we examined the
effects of CSA on the SIVmac-based vector, which does not
incorporate CypA into viral particles. SIVmac251-derived vec-
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FIG. 3. The block of HIV-1 in murine BM cells is not saturable with
virus-like particles. Human NP2, rhesus macaque FRhK-4, and mouse
BM cells were coinfected with GFP- and puro-expressing HIV-1 vectors.
The percentage of infection was measured by analysis of GFP expression
72 h later (cell lines) and 7 days later (BM cells) by FACSA.
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tor plasmids, pSIV3+ and pSIV-GFP, were kindly provided
by F.-L. Cosset, ENS de Lyon (17). CSA treatment enhanced
the transduction of BM cells by SIVmac vectors by ~6-fold
(Fig. 4A). This suggested that the stimulation of infectivity is
independent of capsid-CypA interactions. We therefore tested
whether the prevention of capsid-CypA interactions in HIV-1
is responsible for the transduction enhancement by CSA treat-
ment in mouse BM cells. We used the HIV-1 vector with G89V
capsid mutation, which prevents CypA incorporation into
HIV-1 capsid (27). Intriguingly, the G89V mutant was still
sensitive to CSA treatment, indicating that direct binding of
CypA to the viral capsid does not strongly affect the block in
mouse BM cells (Fig. 4A). In contrast, CSA did not affect the
transduction of mouse BM cells by a GFP-expressing adeno-
viral vector and only marginally (up to 2.5-fold) enhanced the
transduction by a MLV-based vector (Fig. 4B).

CSA not only prevents CypA-capsid interactions but also
binds to calcineurin in a complex with CypA and inhibits its
ability to activate NFAT. In order to dissociate these two
effects of CSA, we used a CSA-related drug, Debio-025.
Debio-025 prevents CypA-capsid interaction (5) but does
not cause immunosuppression. Similar to CSA treatment,
the Debio-025 treatment enhanced HIV-1 vector infectivity
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FIG. 4. Abrogation of the block by CSA is independent of capsid-
CypA interactions and calcineurin inhibition. (A) Effects of CSA on
lentiviral infection in mouse BM cells. Freshly isolated BM cells were
infected with HIV-1, STVmac, and HIV-1 G89V capsid mutant vectors
in the presence of CSA (5 wM). Rapamycin (2.5 nM) was used as a
control in infection with HIV and SIVmac vectors. GFP-positive pop-
ulations were analyzed by FACSA 12 days after infection. (B) Freshly
isolated BM cells were infected with adenoviral (Ad-GFP) and retro-
viral (MLV-GFP) vectors in the presence or absence of CSA (5 pM).
GFP-positive populations were analyzed by FACSA 5 days after in-
fection. (C) Effects of a nonimmunosuppressive CSA-related drug,
Debio-025, on HIV-1 vector infection in mouse BM and spleen-de-
rived T cells. Freshly isolated BM cells and concanavalin A-stimulated
spleen-derived T cells from BALB/c mice were infected with HIV-1
vectors in the presence of the indicated concentrations of Debio-025 or
CSA. GFP-positive populations were analyzed by FACSA 6 days after
infection.
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in mouse BM cells, suggesting that the effects of CSA on
HIV-1 vector infectivity in mouse cells is independent of its
inhibition of calcineurin. We also examined the effects of
CSA and Debio-025 treatment on HIV-1 transduction of
primary murine T cells. Although CSA did not enhance
HIV-1 vector transduction in the cells, possibly due to its
strong cytotoxicity in T cells, Debio-025 increased HIV-1
infectivity up to fourfold (Fig. 4C).

The infectivity of retroviruses, and of retroviral vectors de-
rived from them, is restricted by the expression of antiviral host
factors. It is likely that a greater understanding of the block
and viral sensitivity to the block will allow improvement of
vectors designed to deliver therapeutic genes. TRIMS5a, also
known as Lvl, is an important restriction factor in primates,
active against HIV-1. Sensitivity to TRIMSa« is affected by
drugs that block interactions between the HIV-1 capsid and
the cellular prolyl isomerase, CypA (3, 13). Here we report
that HIV-1 vector transduction of murine cells, including
freshly isolated primary murine cells, can be dramatically in-
creased by CSA treatment. The resistance to HIV-1 vectors in
primary cells decreased after culture in vitro and differential
CSA sensitivity was observed among cells from different organs
from the same mouse. These results suggest the presence of
tissue-specific restriction factors active against HIV-1, which
are regulated during differentiation. We assume that the resis-
tance of murine cells to HIV-1 is due to restriction factor(s),
rather than to a lack of essential positive factors, because it is
unlikely that CSA and Debio-025 can substitute for essential
factors normally lacking in murine cells (Fig. 4C).

Treatment of owl monkey cells with CSA increases HIV-1
titer 100 to 1,000 times, as does mutation of the CypA binding
site in the HIV-1 capsid with the G89V mutation (25). In owl
monkeys there is a fusion between the primate restriction
factor TRIMS and CypA (19, 22) called TRIM-Cyp. It appears
that the restriction activity of the TRIM domain of TRIM-Cyp
is recruited to the incoming HIV-1 capsid by the CypA domain
(26). Drugs or mutations that block CypA interacting with the
capsid, such as capsid G89V, also block TRIM-Cyp interac-
tions and therefore rescue the infectivity of HIV-1 in owl
monkey cells. Here we show that in murine cells CSA can also
increase HIV-1 infectivity. However, in this case the infectivity
of the HIV-1 G89V mutant is also increased by drug treat-
ment. This result suggests that the effect of CSA on HIV-1
infectivity in mouse BM cells is independent of interactions
between the HIV-1 capsid and CypA, at least at the site that
recruits CypA into HIV-1 particles. Intriguingly CSA also en-
hanced the transduction efficiency of SIVmac-based vectors,
which, like HIV-1 G89V, do not incorporate CypA into viral
particles. These observations suggest a rescue mechanism that
is independent of capsid-CypA interactions and possibly of
CypA itself. The drug CSA is known to bind a range of immu-
nophilins, and it may be that a murine immunophilin, related
to CypA, which can bind to the wild-type HIV-1 capsid, the
G89V mutant, and SIVmac, is involved in inhibiting infection.
How CSA rescues HIV-1 infectivity in murine cells remains
unclear. It may be related to previously described capsid-de-
pendent restriction of SIVmac in murine cells (8).

Experiments with animals are essential for preclinical gene
therapy studies, as well as other lentiviral vector applications.
Efficient transduction of nonhuman cells, especially those from
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monkeys and mice, would be advantageous. The addition of
CSA at the time of infection may represent an easy addition to
protocols aiming to efficiently transduce simian or murine cells.
CSA-related, nonimmunosuppressive drugs may be particu-
larly useful for increasing infectivity of systemically adminis-
tered lentiviral vectors.
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