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Development of a mouse model for human immunodeficiency virus type 1 (HIV-1) infection has advanced
through the progressive identification of host cell factors required for HIV-1 replication. Murine cells lack
HIV-1 receptor molecules, do not support efficient viral gene expression, and lack factors necessary for the
assembly and release of virions. Many of these blocks have been described using mouse fibroblast cell lines.
Here we identify a postentry block to HIV-1 infection in mouse T-cell lines that has not been detected in mouse
fibroblasts. While murine fibroblastic lines are comparable to human T-cell lines in permissivity to HIV-1
transduction, infection of murine T cells is 100-fold less efficient. Virus entry occurs efficiently in murine T
cells. However, reduced efficiency of the completion of reverse transcription and nuclear transfer of the viral
preintegration complex are observed. Although this block has similarities to the restriction of murine retro-
viruses by Fvl, there is no correlation of HIV-1 susceptibility with cellular Fv1 genotypes. In addition, the block
to HIV-1 infection in murine T-cell lines cannot be saturated by a high virus dose. Further studies of this newly
identified block may lend insight into the early events of retroviral replication and reveal new targets for

antiretroviral interventions.

Murine cells are refractory to human immunodeficiency vi-
rus type 1 (HIV-1) replication at multiple stages of the viral life
cycle. While this has allowed a finer inspection of the role of
various host factors in HIV-1 replication, it has been an im-
pediment to the development of a genetically modified mouse
permissive to HIV-1 infection. A number of host factors have
been identified that are indispensable for replication of HIV-1.
Necessary factors absent in murine T cells include the human
forms of the HIV-1 receptor and coreceptor molecules, CD4
and CCRS, whose murine orthologs do not support HIV-1
entry (10). In contrast, the murine form of CXCR4 can be
utilized as a coreceptor by HIV-1 (7, 69). Postentry, human
cyclin T1 is necessary for efficient Tat-mediated transactivation
of the HIV-1 long terminal repeat (LTR) (22). Additional
blocks in later steps of the HIV-1 life cycle in murine cells
include excessive splicing of HIV-1 genomic RNA (49) and
defects in Rev function (72). Aberrant splicing of HIV-1
mRNA appears to be partially corrected by the human splice
inhibitor p32 (80). HIV-1 particle assembly is also impaired in
murine cells (6, 53). This restriction can be overcome by fusion
of murine cells with human cells, suggesting that murine cells
lack a factor (or factors) necessary for HIV-1 Gag assembly
and release (52). Substitution of the HIV-1 matrix (MA) re-
gion with that of murine leukemia virus (MLV) also circum-
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vents this block, supporting the notion that species-specific
cofactors are critical for virion assembly and release (13, 63).

Not only do mouse cells lack some of the factors necessary
for HIV-1 replication, they also express factors that actively
interfere with retroviral replication. Mouse cells express the
factor Fvl (47, 56, 58), which is present in several allelic forms
that specifically restrict infection by certain strains of MLV
(48). The two predominant Fv1 forms are Fv1™ and Fv1®; Fv1"
expression restricts B-tropic MLV infection, whereas Fv1® re-
stricts N-tropic MLV. Laboratory-adapted MLV strains, such
as Moloney MLV, proliferate equally well in Fv1™ or Fv1® cells,
exhibiting N/B-tropism. Cells carrying a nonrestrictive allele,
referred to as Fv1°, allow infection by both N- and B-tropic
MLV (24, 27, 43, 44). Fvl exerts its antiretroviral effect at a
postentry step, after reverse transcription and prior to integra-
tion (37, 76). Restriction by Fvl is not absolute; it can be
overcome by a high multiplicity of infection (MOI) (8, 17, 19,
28, 58). Although the Fvl gene has been identified (5), the
restriction mechanism remains elusive (71, 77). N-tropic MLV
is also restricted in human cells, and this restriction is due to a
factor referred to as Refl. This restriction is similar to that of
Fvl and can be saturated by challenge with a high MOI by
N-tropic MLV (1, 71). In addition to MLV restrictions, human
and simian cells contain Lvl1 (4, 15, 54), which interferes with
the replication of several lentiviruses (including HIV-1, HIV-2,
simian immunodeficiency virus, and equine infectious anemia
virus) in a virus strain- and cell-specific manner (29). In con-
trast to Fvl, Lvl and Refl appear to act at a step prior to
reverse transcription.
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Other factors that broadly interfere with the replication of
different virus genera affect retroviruses at distinct stages of
infection. ZAP, a zinc-finger protein expressed in rat cells,
reduces retroviral gene expression by depleting the cytoplasmic
pool of retroviral mRNA (21). The proteins INI1 and PML,
constituents of two distinct nuclear protein complexes (SWI/
SNF and POD), are exported from the nucleus to the cyto-
plasm of human cells upon infection by HIV-1 and appear to
interfere with HIV-1 replication at a step before integration
(73). During virion production in mammalian cells, a cytidine
deaminase identified as APOBEC3G (66) is packaged into
HIV-1 particles and induces hypermutation of the reverse-
transcribed viral genome in a newly infected cell (26, 45, 50, 51,
78). The HIV-1 Vif protein interferes with APOBEC3G incor-
poration in a species-specific manner. For example, the ma-
caque homolog of APOBEC3G interferes with HIV-1 infec-
tivity but is not counteracted by HIV-1 Vif (51). Thus, both
dominant and recessive characteristics of mammalian cell
types pose a challenge in the cross-species transmission of
retroviruses.

The defects in HIV-1 replication in murine cells have been
studied primarily in fibroblastic cell lines transduced with hu-
man cofactors. Although fibroblastic lines are easy to manip-
ulate in vitro, HIV-1 does not ordinarily target these types of
cells in vivo. We thus examined cell types that were more
relevant to HIV-1 infection in vivo and that would serve as
HIV-1 target cells within a genetically modified mouse model.
Here we show that there is a profound block to HIV-1 repli-
cation in murine T-cell lines at an early, postentry replication
stage that is not present in murine fibroblastic lines. MLV
infection efficiency is also diminished in murine lymphocytic
cells, albeit less dramatically. In contrast to Fvl-, Lvl-, and
Refl-mediated blocks to retroviral replication, the murine T-
cell restriction of HIV-1 infection does not appear to be sat-
urable by a high virus dose.

MATERIALS AND METHODS

Cell lines. Human embryonic kidney cells HEK293T (18), mouse fibroblast
cell lines NIH 3T3, DBA clone A, 3T3FL, C3H, BLK clone 4, BxN clone 1, and
T-lymphoma S1A.TB.4.8.2 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM,; Invitrogen, Carlsbad, Calif.) supplemented with 10% fetal calf
serum (FCS; Atlanta Biologicals, Norcross, Ga.), 2 mM L-glutamine, 50 U of
penicillin/ml, and 50 U of streptomycin (Invitrogen)/ml. BALB/3T3 clone A31
cells were grown in DMEM supplemented with 10% newborn calf serum (In-
vitrogen), 2 mM L-glutamine, and penicillin-streptomycin. SC-1 cells were grown
in McCoy’s 5A medium with 10% FCS, 2 mM L-glutamine, and penicillin-
streptomycin. BLK clone 4 fibroblasts were grown in Iscove’s modified Dulbec-
co’s medium with 10% FCS, 2 mM L-glutamine, and penicillin-streptomycin. 2B4
murine T-cell hybridoma and TA3 cells were propagated in RPMI 1640 (Invitro-
gen) with 10% FCS, 2 mM L-glutamine, and penicillin-streptomycin. T-cell lym-
phoma TK-1 cells were grown in RPMI 1640 with 10% FCS, 10 mM HEPES, 50
M B-mercaptoethanol, and 1 mM sodium pyruvate (all from Invitrogen) with 2
mM L-glutamine and penicillin-streptomycin. Rat T-lymphoma CS58(NT)
D.1.G.OVAR.1 cells, T-lymphoma S49.1 cells, and lymphocytic thymoma R1.1
cells were grown in DMEM with 10% horse serum, 1 mM sodium pyruvate, 2
mM L-glutamine, and penicillin-streptomycin. T-lymphoma LBRM-33 clone 4A2
cells and the B-cell lines WEHI-231, 143-2 M, 22D6, and 1881 were grown in
RPMI 1640 with 10% FCS, 50 uM B-mercaptoethanol, 2 mM L-glutamine, and
penicillin-streptomycin. T-lymphoma TIMI.4 cells were grown in DMEM with
10% horse serum (Invitrogen), 2 mM L-glutamine, and penicillin-streptomycin.
Human T-cell line HuT78/CCRS5 (75) was grown in RPMI 1640 with 10% FCS,
1 pg of puromycin/ml, 0.5 mg of G418/ml, 2 mM L-glutamine, and penicillin-
streptomycin.

BALB/3T3 clone A31, BLK clone 4, C58(NT)D.1.G.OVAR.1, LBRM-33
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clone 4A2, R1.1, SIA.TB.4.8.2, S49.1, TIMI.4, and TK-1 were obtained from the
American Type Culture Collection. 1881, 22D6, 143-2 M, and WEHI-231 were
a gift from Naomi Rosenberg (Tufts University, Boston, Mass.). NIH 3T3 cells
expressing human CD4 and coreceptors have been described previously (22).
The TA3 mouse T cells are a clonal line generated from a thymoma of a
p53-deficient C57BL/6 X 129/SV6 mouse (33) by culturing and selection for cells
that grew out in culture. TA3 cells expressing human CD4 and coreceptors were
produced by transduction of cells with the retroviral vector MX-CD4, followed
by cell sorting for human CD4 expression. Cells were then transduced with the
MLYV vector Babepuro-cycT1, conferring the expression of human cyclin T1, and
selected for puromycin resistance. Expression of coreceptors was obtained
through transduction with MLV vectors MX-CXCR4 and MX-CCRS, followed
by cell sorting for high coreceptor expression.

D10.G4.1 (D10) is a primary murine CD4" T-cell clone that is specific for hen
egg conalbumin peptide 134-146 (40). The primary T cells were stimulated with
peptide-pulsed antigen-presenting cells every 2 weeks and expanded in DMEM
supplemented with 10% FCS, 200 U of human interleukin-2 (Chiron)/ml, 2 mM
L-glutamine, and penicillin-streptomycin.

Virus stocks. Single-round infectious, pseudotyped HIV-1 stocks were gener-
ated by calcium phosphate transfection of HEK293T cells (Transfection MBS
kit; Stratagene) with proviral vector constructs pNL-Luc-E"R™ (pHIVluc) (14)
containing a firefly luciferase reporter gene under transcriptional control of the
HIV-1 LTR, pHIVeGFP (74) encoding enhanced green fluorescent protein
(eGFP) as reporter gene, or pHIV-HSA (68) encoding the heat-stable antigen
(HSA) as reporter gene. pHIV-SVluc contains the firefly luciferase reporter gene
under transcriptional control of the simian virus 40 (SV40) early promoter in the
nef open reading frame. The vector plasmid was cotransfected with an expression
plasmid for CCR5-tropic HIV-1,,, envelope glycoprotein or CXCR4-tropic
HIV| 4; or the G-protein of vesicular stomatitis virus (VSV-G). For MLV vector
production, Phoenix-Eco packaging cells (42) were transfected with the vector
plasmid pS003 (16). Virus titers were determined by limiting dilution on
GHOST/CCR5/CXCR4 indicator cells (79) for HIVIuc, HIV-SVluc, or HIV-
HSA, and on NIH 3T3 cells for HIVeGFP and S003 in the presence of 20 pg of
Polybrene/ml. If required, virus-containing supernatants from HEK293T cells
were additionally concentrated by ultracentrifugation through a 20% sucrose
cushion (41). Aliquots of virus-containing supernatants were stored at —80°C
until use.

Infection assays. Adherent target cells were seeded at 5 X 10* cells/well in
12-well tissue culture cluster plates the day before infection. Suspension cells
were seeded at 10° cells/well in 24-well plates immediately prior to infection.
Infections were performed in a total volume of 500 pl of culture medium
containing 10 pg (suspension cells) or 20 pg (adherent cells) of Polybrene
(Sigma-Aldrich)/ml. Virus was added in a 10-fold dilution series in duplicate
assays. Twenty-four hours after challenge, 500 pl of medium was added, and 48 h
later cells were assayed for infection events. To enhance LTR-mediated expres-
sion of reporter genes in murine cell lines lacking exogenous human cyclin T1
expression, HIV-1-infected T cells were stimulated using 1 pM ionomycin (Sig-
ma-Aldrich) and 10 ng of phorbol myristate (Sigma-Aldrich)/ml 4 h before
harvest. Infection was quantified either by flow cytometry or by luciferase activity
present in the cytoplasm. Luciferase activity of lysed cells was measured using the
luciferase assay system (Promega, Madison, Wis.) according to the manufactur-
er’s protocol. GFP expression was determined by flow cytometry using a
FACSCalibur instrument and CellQuest software (Becton-Dickinson).

For virus saturation experiments, target cells were seeded at 10°/well in 24-well
plates. A dose calculated to be an MOI of 100 for HIV-HSA/VSV-G was added
in the presence of 10 g of Polybrene/ml for 1 h, before addition of HIVeGFP/
VSV-G in 10-fold dilutions. Infection was quantified by flow cytometry 3 days
later.

Dual-luciferase assay. A total of 10° NTH 3T3 cells expressing human cyclin T1
were cotransfected with 4 ug of pHIVIuc and 1 pg of pRL-SV40 (Promega), or
107 TA3 cells expressing human cyclin T1 were electroporated (Bio-Rad Gene-
pulser) with 20 pg of pHIVIuc and 5 pg of pRL-SV40. Forty-eight hours later,
firefly luciferase (pHIVIuc) and Renilla luciferase (pRL-SV40) activities were
determined using the dual-luciferase assay system (Promega) according to the
manufacturer’s protocol.

HIVRP entry assay. HIV reporter particles (HIVRP) pseudotyped with the
VSV-G protein were generated by transfecting HEK293T cells with three plas-
mids: the provirus R8delta-env, with the envelope deleted (5 pg; gift of Chris
Aiken); a plasmid encoding VSV-G (pCMV-VSVG; 1 pg; gift of John Kappes);
and an expression construct encoding a fusion of B-lactamase to Vpr, pMM310
(5 pg). Cells growing in phenol red-free RPMI 1640 plus 10% FCS and 10 mM
HEPES (pH 7.3) were transfected with Fugene 6 (Roche) according to the
manufacturer’s instructions. Supernatants were harvested 48 h after infection
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and snap-frozen. Serial twofold dilutions of HIVRP (90 pl/well in the same
medium) were incubated with cells (NIH 3T3 at 3 X 10%well; others were at
10°/well) in Costar 3603 plates for 3 h at 37°C, and then plates were placed at
room temperature. Probenecid (Sigma) and CCF4-AM (Panvera) were added to
final concentrations of 2 mM and 5 uM, respectively, and cells were incubated at
room temperature overnight to allow substrate cleavage. Blue (460 nm) and
green (538 nm) fluorescence emissions in response to excitation at 412 nm were
measured in a BMG FluoStar fluorometer.

Determination of copy numbers of late reverse transcription products. Twenty
hours postinfection of T cells with DNase-treated HIVeGFP/VSV-G at an MOI
of 10, total cellular DNA was extracted using the Blood DNA kit protocol
(QIAGEN). Primers, probes, and PCR conditions for the detection of second-
strand transfer products and 2-LTR circle junctions were used as described
before (38). Briefly, the forward PCR primer for second-strand transfer product
detection (5'-TTT TAG TCA GTG TGG AAA ATC TGT AGC-3') annealed to
sequences within the U5 region, and the reverse PCR primer (5'-TAC TCA CCA
GTC GCC GCC-3') annealed to sequences just downstream of the HIV-1 tRNA
primer binding site. For 2-LTR circle junction detection, the forward primer
(5'-GCC TGG GAG CTC TCT GGC TAA-3") was complementary to sequences
in the U5 region and the reverse primer (5'-GCC TTG TGT GTG GTA GAT
CCA-3") was annealed to sequences in the U3 region. Fluorescence-labeled
specific probes (5'-R-TCG ACG CAG GAC TCG GCT TGC T-Q-3’ for second-
strand transfer product detection and 5'-R-AAG TAG TGT GTG CCC GTC
TGT TGT GTG ACT C-Q-3’ for 2-LTR circle junction detection, incorporating
6-carboxyfluorescin as 5’ reporter and 6-carboxytetramethyl-rhodamine as 3’
quencher) were designed to bind to sequence amplified by the PCR primers.
Tagman probes and primers were used at a final concentration of 200 nM. For
quantification of real-time PCR products, duplicate samples of serial dilutions
(107 to 10" copies) of plasmid DNA (pHIV-EGFP for second-strand transfer
reactions, and a plasmid containing a 2-LTR circle junction [38] for 2-LTR circle
junction reactions) were used. Hot start was performed by heating for 2 min at
50°C and 10 min at 95°C. The cycling conditions were 45 cycles of 95°C for 15 s
and 60°C for 1 min. Real-time PCR was performed using an Opticon DNA
Engine (MJ Research).

RESULTS

HIV-1 infection of murine T cells is restricted. To determine
whether murine T-lymphocytic cells and fibroblastic cell lines are
similarly permissive to HIV-1 infection, we challenged the murine
thymoma line TA3, generated from a C57BL/6 X 129/SV6 mouse
thymoma, and NIH 3T3 cells with several HIV-1 vectors. TA3 cell
lines were derived that expressed human cyclin T1, CD4, CCRS,
and CXCR4 (Fig. 1A); similar NIH 3T3 lines have been de-
scribed previously (22). Susceptibility to HIV-1 infection was de-
termined in a single-round infection assay. HIV-1 vector
pseudotypes bearing CXCR4-tropic LAI Env or VSV-G infected
NIH 3T3 fibroblasts at similar efficiencies (Fig. 1B). In contrast,
the murine T cells (TA3.CD4.CXCR4) were less susceptible to
HIV-1 infection (Fig. 1B). This infection block was also observed
with CCRS5-tropic HIV-1 pseudotypes (Fig. 1C); murine T cells
(TA3.CD4.CCRS5) were challenged with increasing amounts of
HIVIuc/ADA or HIVIuc/VSV-G. Although NIH 3T3.CD4.
CCRS and human HuT78/CCRS cells were efficiently infected
with either virus, the TA3.CD4.CCRS5 cells restricted HIV-1 in-
fection in both the CCR5-dependent and the VSV entry pathways
(Fig. 1C). At high virus concentrations, the infection block to
HIV-1 in the murine T cells increased to over 3 orders of mag-
nitude relative to that in the NIH 3T3 fibroblasts.

Efficient penetration of murine T cells by HIV/VSV-G-
pseudotyped virus. Previous studies had indicated that the
HIV-1 receptor molecules in the murine TA3 cells supported
infection by MLV pseudotyped with HIV-1 Env (J. G. Bau-
mann, G. E. Ahn, and V. N. KewalRamani, unpublished data).
We next assayed the efficiency of VSV-G-mediated viral entry
in TA3 cells, NIH 3T3 cells, and human T cells (HuT78/CCRS)
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by using HIVRP. These HIVRP were VSV-G-pseudotyped
HIV-1 particles that contained the enzyme p-lactamase
(BlaM) as a fusion to the HIV-1 Vpr protein in their core.
Viral entry is measured by monitoring the delivery of BlaM
into the cytoplasm of a target cell by adding the cell-permeant
fluorescent BlaM substrate CCF4-AM (81). Cells displaying
blue fluorescence have fused with the HIVRP, whereas cells
displaying green fluorescence have not fused with particles
(70). HIVRP fusion depends on an active envelope glycopro-
tein (e.g., HIV gp120:gp41 or VSV-G) but does not require
any of the subsequent steps in the virus life cycle. Using this
system, we found that fusion with HIVRP was more efficient in
murine T cells than murine fibroblasts or human T cells (Fig.
1D). These data demonstrated that the block to HIV-1 trans-
duction in murine T cells occurs after virus entry.

Differences in susceptibility are independent of HIV-1-me-
diated gene expression. To determine whether HIV-1 LTR-
mediated expression of the luciferase reporter gene was re-
sponsible for the reduced detection of HIV-1 in mouse T cells,
we cotransfected murine fibroblasts and T cells (both stably
expressing human cyclin T1) with plasmids encoding firefly and
Renilla luciferase genes under transcriptional control of differ-
ent enhancer-promoter elements. The vector plasmid pHIVIuc
expressed Tat and firefly luciferase under transcriptional con-
trol of the Tat-dependent HIV-1 LTR promoter, whereas Re-
nilla luciferase expression was dependent on the SV40 pro-
moter of pRL-SV40. Inefficient HIV-1 LTR activity in murine
T cells would result in a reduced amount of firefly luciferase
activity relative to Renilla luciferase compared to similarly
transfected mouse fibroblastic cells. As shown in Fig. 1E, no
significant differences in relative promoter activity were ob-
served. Mouse T cells and fibroblasts were similarly permissive
to HIV-1-mediated gene expression, suggesting other differ-
ences were responsible for the inefficient infection of the
mouse T cells. Supporting this conclusion, murine T cells in-
fected with another HIV vector (pHIV-SVluc) expressing the
firefly luciferase reporter gene under control of an internal
SV40 promoter also showed a strong restriction compared to
NIH 3T3 and Hut78/CCRS cells (Fig. 1F).

Restriction of HIV-1 infection in murine T cells is indepen-
dent of Fv1 genotypes. We next tested an HIV-1 vector encod-
ing an eGFP cassette, HIVeGFP, pseudotyped with VSV-G. In
contrast to challenges with HIVIuc pseudotypes, the number of
infected cells could be directly quantified by assaying GFP-
positive cells, and the utilization of VSV-G pseudotypes al-
lowed us to examine a broad number of cell types.

Challenges of HuT78/CCRS cells versus murine TA3 cells
with an increasing HIVeGFP/VSV-G inoculum indicated that
the murine T cells were approximately 100-fold less sensitive to
infection over a range of virus concentrations (Fig. 2A). Sim-
ilar results were obtained when comparing NIH 3T3 infection
efficiency to that of TA3 cells. To determine if the differences
in infection rates simply reflected an unusual defect in TA3
cells, we examined additional murine cell lines, selecting those
with similar or different genetic backgrounds (Table 1).

The genetic background of the murine cell lines initially
tested differed in a way that provided a potential model for
restriction: NIH 3T3 cells are derived from NIH Swiss mice,
the prototype Fv1™ mouse (47), whereas TA3 cells are derived
from C57BL/6 mice (55), which exhibit a strong Fv1" pheno-
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FIG. 1. Murine TA3 cells restrict HIV infection. (A) Expression of human CD4, CXCR4, and CCRS5 on TA3.CD4.CXCR4 cells (top) and
TA3.CD4.CCRS cells (bottom). The cells were stained with monoclonal antibodies against human CD4, CXCR4, and CCR5. CD4 is shown in the
left panels, and coreceptor molecules are in the right panels. Isotype control stainings are represented by the unfilled curves for comparison.
(B) Comparison of the transduction efficiency of HIV-1 vectors on murine NIH 3T3 fibroblasts and murine TA3 cells expressing human CD4 and
human CXCRA4. Predicted MOIs of 0.4 (NIH 3T3) and 2 (TA3) were used in the challenges depicted. Env-negative virus was generated in parallel
transfections, and comparable volumes were used in the infections. NIH 3T3, NIH 3T3.CD4.CXCR4, TA3, and TA3.CD4.CXCR4 were challenged
with HIVIuc without envelope, pseudotyped with LAI Env, or VSV-G. Three days after infection luciferase activity was assayed. Luciferase counts
per second (cps) are indicated on the ordinate (logarithmic scale). (C) Restriction is independent of envelope properties. NIH 3T3.CD4.CCR5
(triangles), HuT78/CCRS (squares), and TA3.CD4.CCRS (circles) cells were challenged with increasing amounts of HIVIuc/ADA (open symbols)
and HIVIuc/VSV-G (solid symbols). Three days after challenge, infections were assayed by measuring luciferase activity, which is shown as a
function of virus input (MOI). Each point represents the average of duplicate samples and is depicted with the standard deviation. (D) Entry of
HIV/VSV-G into murine T cells, murine fibroblasts, and human T cells. TA3 (circles), NIH 3T3 (triangles), and HuT78/CCRS (squares) cells were
challenged in a twofold dilution series with HIVRP/VSV-G incorporating 3-lactamase (BlaM) fused to Vpr. The cells were then loaded with the
BlaM substrate CCF4-AM, which forms a 460 nm (blue) fluorescent product in the presence of BlaM. The 538 nm (green) fluorescent cells are
negative for virus penetration. The ratio of blue fluorescence to green fluorescence is proportional to the fraction of cells that have fused with the
HIVRP. (E) Comparison of LTR promoter to SV40 promoter activity in murine T cells and fibroblasts. NIH 3T3 and TA3 cells were cotransfected
with the vector plasmid pHIVluc (expressing luciferase under transcriptional control of the HIV-1 LTR) and pRL-SV40 (expressing Renilla
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type. Although Fvl has been classically defined in its restric-
tion of murine retroviruses, Fvl is weakly related to MLV
isolates and instead has greater homology to human endoge-
nous retrovirus type L (5). In addition, because Fv1 is unique
to the mouse genome, Fvl effects on infection by nonmurine
retroviruses have not been described. To determine if the
HIV-1 restriction observed in the TA3 cells was a general
phenomenon related to mouse T-cell physiology or if the un-
derlying Fvl genotype was responsible, we tested several mu-
rine fibroblast and T-cell lines with different Fvl backgrounds
for their susceptibility to HIV-1 infection. Eight fibroblastic
cell lines were challenged with 10-fold serial dilutions of
HIVeGFP/VSV-G (Fig. 2B). Predicted MOIs in this experi-
ment and subsequent experiments were based on prior titra-
tion of virus stocks on NIH 3T3 cells and calculated as a ratio
of NIH 3T3 infectious units of HIVeGFP/VSV-G applied per
target cell number. Most of the cell lines were infected at
frequencies of 1 to 5% at an MOI of 0.1, with only the C3H and
3T3FL cells having less than 1% of cells infected. C3H cells are
derived from an Fv1™ mouse, and 3T3FL cells are of an Fv1°
background (24). However, all of the cell lines could be in-
fected at levels exceeding 90% by using a higher MOI irre-
spective of their genetic background or specific Fvl genotype.
As an example, the fibroblast line BLK clone 4 encodes Fv1®
and was similar to the Fv1™ NIH 3T3 cells in susceptibility to
HIV-1 infection. These data suggested that the Fvl genotype
does not affect infection by HIV-derived vectors in murine
fibroblast cell lines.

We also tested seven murine T-lymphocytic cell lines for
susceptibility to HIV-1 infection (Fig. 2C). The cell lines were
challenged at predicted MOIs ranging from 0.1 to 100. For
comparison, we included two human lymphocytic cell lines, the
rat T-lymphoma cell line C5§(NT)D.1.G.OVAR.1 and the 2B4
mouse T-cell hybridoma line. The human T cells were infected
efficiently at low MOIs, whereas the rat T cells and the 2B4
T-hybridoma cells were slightly less susceptible to infection
when the predicted MOI was less than or equal to 1. However,
infection levels greater than 35% (2B4) and 80% (rat) were
achieved with higher virus MOIs. A different outcome was seen
with the mouse T-cell lines. All seven cell lines were poorly
infected; infection rates ranged from 0.08% (R1.1) to 0.3%
(S49.1) at a low MOI. The maximum rate was 1.6% (R1.1) to
11% (TA3) at a high MOI. As with the fibroblasts, the restric-
tion in T cells did not coincide with the Fv1 status of the mice.
Murine T cells were generally restricted, while the fibroblasts
were not, even when some of the murine T cells were of the
same genetic background as the murine fibroblasts.

We extended the infection studies to a different lymphocytic
cell lineage. Four murine B-cell lines were challenged with the
same vector (Fig. 2D). Three of these cell lines (143-2 M,
22D6, and 1881) showed a strong restriction, similar to what
was observed with the mouse T-cell lines. The efficiency of
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infection ranged from 0.03 to 0.4% at an MOI of 0.1, reaching
2 to 16% at the highest MOI. WEHI-231 cells, however, dis-
played a more moderate restriction, with an infection rate of
0.9% at a low MOI but reaching over 80% at a high MOL.

We also asked whether primary murine CD4* T cells restrict
HIV-1 infection. Mouse D10 cells, a primary ovalbumin-spe-
cific murine CD4™" T-cell clone, were challenged with increas-
ing concentrations of HIVeGFP/VSV-G (Fig. 2E). D10 cells,
like the other mouse T-cell lines, were significantly less sus-
ceptible to transduction by HIV-1 than the human T-cell line.

TA3 cell restriction is nonsaturable with high virus input.
Fvl, Lvl, and Ref1 restrictions can be overcome with saturat-
ing amounts of challenge virus, which presumably sequesters a
factor present in limiting amounts. We asked whether treat-
ment with a GFP-negative HIV-1 vector at an MOI of 100
would permit a higher level of infection by the HIVeGFP
reporter virus. As shown in Fig. 3, this prechallenge with GFP-
negative HIV-1 did not increase infection by HIVeGFP/
VSV-G. In fact, diminished infection was observed after pre-
challenge. These data indicated that these cells either lacked a
factor necessary for efficient transduction or, if interfering fac-
tors were present, they were not saturated by pretreatment at
an MOI of 100.

Mouse T cells restrict HIV-1 infection at and after reverse
transcription. To determine if reverse transcription was com-
pleted in murine T cells, we measured the amount of viral
DNA synthesized in cells infected by HIVeGFP/VSV-G using
real-time PCR. Primers and probes were used that detected
the second strand transfer (i.e., forward primer within the U5
region, reverse primer downstream of the primer binding site),
thereby measuring a late reverse transcription product. The
murine T cells exhibited a moderate reduction (approximately
threefold overall) in late reverse transcription products com-
pared to that in NIH 3T3 fibroblasts (Fig. 4A). To test whether
HIV-1 preintegration complexes efficiently entered the nuclei
of mouse T cells, we next performed real-time PCR measure-
ments for 2-LTR circle junction formation. 2-LTR circle junc-
tions are the result of end ligations of the full-length, double-
stranded viral genome by nuclear ligases (35, 46). Although
they represent a dead-end by-product of fully reverse-tran-
scribed retroviral DNA, they can be used as a surrogate marker
for nuclear entry (9). Monitoring of 2-LTR circle junctions
revealed 7- to 17-fold-reduced amounts of circularized viral
genomes in murine T cells compared to NIH 3T3 fibroblasts
(Fig. 4B). These data indicated the presence of a cumulative
infection block of HIV-1 reverse transcription and nuclear
migration of the HIV-1 preintegration complex in murine T
cells.

Murine T cells are less susceptible to Moloney MLV infec-
tion. To determine if the reduced infection susceptibility in
mouse T cells was restricted to HIV-1 or extended to other
retroviruses, we compared infection of mouse T-lymphocytic

luciferase under transcriptional control of the SV40 promoter) in a ratio of 4:1, and the activities of firefly luciferase and Renilla luciferase were
measured. The y axis shows the ratio of firefly luciferase (cps) over Renilla luciferase (cps) activity in a mean of two transfected wells, each
measured in triplicate. (F) Challenge with a vector carrying an internal SV40 promoter. NIH 3T3 (triangles), HuT78/CCRS5 (squares), and TA3
(circles) cells were challenged with increasing amounts of HIV-SVIuc (carrying the firefly luciferase reporter gene under transcriptional control
of the SV40 promoter) pseudotyped with VSV-G. Infections were assayed by measuring luciferase activity, which is shown as a function of virus
input (MOI). Each point represents the average of duplicate samples and is depicted with the standard deviation.
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FIG. 2. Infection of murine fibroblasts, T cells, and B cells with HIVeGFP/VSV-G. Ten-fold serial dilutions of HIVeGFP pseudotyped with
VSV-G were used to infect lymphocytic and fibroblast lines (10° cells each). Three days after challenge, GFP expression in infected cells was
measured using flow cytometry. Infections (percent GFP-positive cells) are shown as a function of virus input (MOI) on a logarithmic scale.
(A) Comparison of human T cells (HuT78/CCRS), mouse fibroblasts (NIH 3T3), and mouse T cells (TA3) for susceptibility to HIV-1. (B) Infection
of fibroblasts from mouse strains expressing different Fv1 alleles. A fixed reference curve (grey line) is included in all plots. (C) Challenge of mouse
T-cell lines, two human lymphocytic cell lines (HuT78/CCR5 and CEMx174), the mouse T-cell hybridoma 2B4, and rat T cells
C58(NT)D.1.G.OVAR.1 (top row, from left to right). Infection of NIH 3T3 fibroblasts is included as a light grey reference curve in all plots.
(D) Challenge of mouse B-cell lines. Mouse B-lymphocytic cell lines WEHI-231 (open triangles), 22D6 (open circles), 143-2 M (open squares),
and 1881 (solid triangles) were challenged with HIVeGFP/VSV-G and compared to HuT78/CCRS (solid squares) and TA3 (solid circles) cells.
(E) Infection of primary mouse CD4 " T cells (D10; solid circles) and human HuT78/CCRS5 cells (open squares) with HIVeGFP/VSV-G at various
MOlIs.
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FIG. 2—Continued.

lines and fibroblastic cell lines with Moloney MLV vectors
expressing a GFP reporter gene (Fig. 5). MLV infection in the
murine T cells was approximately 5- to 10-fold less efficient
relative to that in the NIH 3T3 cells. Although the infection
block was less, the relative susceptibility of cells to Moloney
MLYV infection correlated to their susceptibility to HIV-1 in-
fection.

DISCUSSION

Our results indicate that there are significant differences in
the susceptibility of different murine cell types to HIV-1 infec-
tion. Murine T cells are 100- to 1,000-fold less susceptible to
HIV-1 infection than murine fibroblasts at a postentry step.
Challenge of TA3 mouse T cells reveals a strong restriction to
HIV-1 infection relative to that in NIH 3T3 fibroblasts or
human T cells. The restriction is irrespective of the entry path-

way, as similar data were observed using HIV-1 particles
pseudotyped with different HIV-1 Env proteins (LAI, ADA)
or VSV-G. Strikingly, this murine T-cell block to lentiviral
infection occurred at and after reverse transcription and was
not saturable at high virus concentrations.

The restriction to HIV-1 infection in murine cells is closely
linked to cell tissue type. We observed that primary murine T
cells, seven of seven mouse T-cell lines, and three of four
mouse B-cell lines derived from different inbred strains were
highly restrictive to transduction by HIV-1, whereas eight of
eight mouse fibroblast lines were largely permissive to HIV-1
transduction (summarized in Table 1). Mouse T cells were also
less susceptible than fibroblasts to MLV vector transduction;
however, the magnitude of this restriction was significantly less
than what was observed with HIV-1 vectors. Moloney MLV
packaging constructs, which are N/B-tropic, were used in prep-
aration of the vectors and would not be restricted by Fv1™ or
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TABLE 1. Summary of murine cell lines tested for HIV-1 susceptibility”
Cell line Strain Reference Fv1? Restriction®

Fibroblasts
BALB/3T3 clone A31 BALB/c 2 b +
BLK clone 4 C57BL/6 57 b +
BxN clone 1 BALB/c X NIH 64 n/b +
3T3FL BALB/c 24 Null ++
DBA clone A DBA/2 3 n +
C3H C3H 65 n ++
NIH 3T3 NIH/Swiss 34 n +
SC-1 (Feral mouse) 27 Null +

B cells
1881 BALB/c 62 b +++
22D6 BALB/c 62 b +4++
143-2M BALB/c 60 b ++
WEHI-231 BALB/c X NZB 25 nr/b? +

T cells
2B4 B10.A/AKR 30 n/b ++
C58(NT)D.1.G.OVAR.1 WFu (rat) 32 NA“ +
LBRM-33 clone 4A2 B10.BR 23 b +4+
RI1.1 C58.J 61 n +4++
S1A. TB.4.8.2 BALB/c 31 b +++
S$49.1 BALB/c 31 b +4++
TA3 C57BL/6 X 129/SV6 This study nr/b? +++
TIMIL.4 C57BL/6 61 b +4++
TK-1 AKR/Cum 12 n +++

“ Genetic backgrounds, Fv1 alleles, and levels of restriction to HIV-1 for fibroblasts, B cells, and T cells are listed.

> Fv1 typing according to references 36 and 58.

¢ Restriction to HIV-1, scored as follows: +, <10-fold; ++, 10- to 100-fold; +++, >100-fold (compared to HuT78/CCR5 human T cells).

4 Fy1™ was described in reference 39.
¢ NA, not applicable.

Fv1®. Although HIV-1 and MLV were restricted at an early
step in murine T cells, we do not know whether the underlying
basis for this reduced susceptibility is the same for both viruses.
Given the tumor-causing potential of retroviral infection in
murine B and T lymphocytes (11, 20, 59), the acquisition of
additional restriction mechanisms to retroviral infection could
provide a selective advantage to the host. Curiously, such an
antiviral defense would be epigenetically regulated, as it ap-
pears to be a function of cell type, suggesting that such mech-
anisms may latently exist in other murine cell types.
Examination of HIV-1 DNA by real-time PCR revealed
significantly reduced amounts of late reverse transcription
products in the murine T cells compared to NIH 3T3 cells. In
addition, the nuclear transfer of the preintegration complexes
was reduced even further, up to 17-fold compared to that in
NIH 3T3 cells. Both staging assays were performed at high
MOIs to maximize the likelihood of detection of viral DNA in
the murine T cells. The reduced amount of reverse transcrip-
tion products was even more striking when taking into account
the higher virus penetration rate measured for murine T cells
than for fibroblasts (Fig. 1D). This discrepancy would suggest
an even stronger restriction in the murine T cells at the level of
reverse transcription than our assay suggests. Although our
analyses did not distinguish whether an additional HIV-1 in-
fection block(s) preceded integration, we observed a similar
restriction in the transduction of HIV-1 vectors encoding a
luciferase marker expressed by an internal SV40 promoter. In
addition, transfection analyses of the NIH 3T3 and TA3 cells
used in this study revealed comparable HIV-1 LTR-mediated

gene expression in both cell types. Collectively, our data sug-
gest that the HIV-1 infection block in the murine T cells occurs
postentry and reflects a progressive inefficiency manifested to
the point of integration.

The cumulative nature of the murine T-cell block bears
some similarity to the one imposed by Fvl. In contrast to Fvl
restriction of MLV, prechallenge of TA3 cells with a large

100

-
o
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o

0.1 R 10 100
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FIG. 3. Infection of TA3 cells after pretreatment with a second
HIV-1 vector. TA3 cells were inoculated with serial dilutions of
HIVeGFP/VSV-G. In one infection set, the cells were pretreated with
HIV-HSA/VSV-G (open squares) at a predicted MOI of 100. Parallel
infections were performed without pretreatment (solid circles).
HIVeGFP/VSV-G virus input is shown on a logarithmic scale on the
abscissa, and the percentage of infected cells as measured by GFP
expression in flow cytometry is represented on the ordinate.
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FIG. 4. HIV-1 reverse transcription is less efficient in murine T cells. TK-1, TA3, TIMIL.4, SIA.TB.4.8.2, and NIH 3T3 cells were challenged
with an MOI of 10 using HIVeGFP/VSV-G and HIVeGFP (without Env). Real-time PCR was used to quantify reverse transcription products.
Copy numbers of late reverse transcription (second-strand transfer) products (A) and 2-LTR circle junctions (B) are indicated on the y axes.

inoculum of HIV-1 (MOI, 100) was unable to saturate a pu-
tative restrictive factor and enable more efficient infection by a
second challenge virus. In fact, prechallenge with HIV-1 actu-
ally reduced the infection rate of the second challenge virus,
suggesting possible saturation of a necessary factor (Fig. 3).
Whereas challenge of the various murine T-cell lines with
HIV-1 at low to intermediate MOI yielded an infection rate
that resembled one-hit kinetics (Fig. 2C), challenge from in-
termediate to high MOIs resulted in an infection rate that
quickly hit a plateau, with <10% infection of the cell popula-
tions. These data indicate that the restriction might be due to
the lack of necessary factors. Notably, the T-cell hybridoma
2B4 showed a reduced restriction pattern. The increased sus-
ceptibility of 2B4 cells would support a model that the restric-
tion in mouse T cells is due to the absence of a necessary
factor, and the factor is contributed by the fusion partner in the
T-cell hybridization.

This line of reasoning does not completely rule out the
possibility of high intracellular amounts of a restricting factor
or the presence of several independent factors interfering with
the preintegration complex. In either scenario, inhibition via a
large virus inoculum might be difficult to accomplish. Recently
it has been reported that Trim5a, a component of cytoplasmic
bodies, is responsible for a strong restriction of HIV-1 infec-
tion present in rhesus macaque cells (67). Restriction of HIV-1
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FIG. 5. MLVeGFP infection of murine fibroblasts and T cells. Ten-
fold dilutions of ecotropic MoMLV vector pseudotypes encoding a
GFP cassette were used to infect NIH 3T3 (open triangles), 2B4 (open
squares), S49.1 (solid triangles), TA3 (solid circles), SIA.TB.4.8.2
(open circles), and TIMI.4 (open diamonds) cells. GFP expression was
assayed using flow cytometry 3 days postinfection. Infections (percent
GFP; y axis) are shown as a function of virus input (MOI; x axis).

by rhesus Trim S« is mediated at or before reverse transcrip-
tion. Similar to Fvl-mediated restriction, the antiviral activity
of Trim5« is specific and is dependent on the capsid of incom-
ing viral particles. It is currently unclear if Trim5a« is identical
to or different from Lvl and/or Refl. However, given that
there are now at least two members of the Trim family
(Trim5a and PML [73]) with antiretroviral activity, it is con-
ceivable that a murine ortholog of Trim5 might play a role in
HIV-1 restriction in murine T cells. Several mouse-encoded
Trim genes bear significant homologies to rhesus Trim5. It will
be interesting to determine whether these are differentially
expressed in mouse T cells and fibroblasts.

The results presented here have implications in the devel-
opment of a genetically modified mouse model for HIV-1
infection, given that CD4 " T cells comprise the largest popu-
lation of infected cells during in vivo infection. Mice have not
been successfully colonized by lentiviruses, and the reduced
susceptibility of mouse lymphocytes to HIV-1 at an early rep-
lication stage suggests that these cells may provide unique
barriers to retroviral zoonoses. Ultimately, identifying the un-
derlying restriction mechanisms present in murine T cells will
enhance our understanding of cellular factors that modulate
viral infection and may provide guidance in the development of
new antiretroviral therapeutics and strategies.
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