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An immunocompetent, permissive, small-animal model would be valuable for the study of human immuno-
deficiency virus type 1 (HIV-1) pathogenesis and for the testing of drug and vaccine candidates. However, the
development of such a model has been hampered by the inability of primary rodent cells to efficiently support
several steps of the HIV-1 replication cycle. Although transgenesis of the HIV receptor complex and human
cyclin T1 have been beneficial, additional late-phase blocks prevent robust replication of HIV-1 in rodents and
limit the range of in vivo applications. In this study, we explored the HIV-1 susceptibility of rabbit primary T
cells and macrophages. Envelope-specific and coreceptor-dependent entry of HIV-1 was achieved by expressing
human CD4 and CCR5. A block of HIV-1 DNA synthesis, likely mediated by TRIM5, was overcome by limited
changes to the HIV-1 gag gene. Unlike with mice and rats, primary cells from rabbits supported the functions
of the regulatory viral proteins Tat and Rev, Gag processing, and the release of HIV-1 particles at levels
comparable to those in human cells. While HIV-1 produced by rabbit T cells was highly infectious, a macro-
phage-specific infectivity defect became manifest by a complex pattern of mutations in the viral genome, only
part of which were deamination dependent. These results demonstrate a considerable natural HIV-1 permis-
sivity of the rabbit species and suggest that receptor complex transgenesis combined with modifications in gag
and possibly vif of HIV-1 to evade species-specific restriction factors might render lagomorphs fully permissive
to infection by this pathogenic human lentivirus.

New, infectable, small-animal models of human immunode-
ficiency virus type 1 (HIV-1) infection are needed to comple-
ment existing models for the study of viral pathogenesis, the in
vivo evaluation of new antiviral compounds, and the testing of
vaccine candidates. While existing animal models have made
significant contributions, they have serious limitations. For ex-
ample, the rhesus macaque model was instrumental for eluci-
dating lentiviral pathogenesis and for evaluating fundamental
concepts in vaccine development and drug intervention (38, 56,
70, 73). However, these nonhuman primate studies are limited
by ethical concerns, small animal group sizes, and high cost. In
addition, the animals can be infected only with simian immu-
nodeficiency virus (SIV) or SIV/HIV chimeric viruses.

Over the past few years, considerable progress has been
made in the development of xenotransplant models. Some of
these allow transmission of HIV via the vaginal or rectal mu-
cosa and display high-level viremia and CD4 T cell depletion
(4, 21, 65). Recently, a feasible antiviral gene therapy approach
was reported (55). Unfortunately, these models are technically
challenging, time-consuming, and not amenable to widespread
use. Moreover, HIV-1-infected, xenotransplant mice mount
low or dysfunctional adaptive immune responses to HIV in-
fection (5, 15), limiting studies of natural immune control and
vaccine testing.

An alternative approach for developing HIV animal models

in native rodents has been to identify and then surmount spe-
cies-specific barriers that HIV encounters during its replica-
tion. The ultimate goal is to use this knowledge to generate
immunocompetent transgenic small animals that are fully per-
missive for HIV replication. We and others have characterized
such barriers in the early phase of HIV replication in mouse
and rat cells (8, 32, 43, 50, 51, 72) and have successfully over-
come them by transgenic expression of appropriate human
cofactors (CD4, CCR5, CXCR4, and cyclin T1) in laboratory
rodents (16, 42, 51, 76).

However, cells from triple-transgene mice are still resistant
to infection (76). There remain additional undefined blocks to
chromosomal integration into mouse T cells and within the late
phase of HIV replication (6, 34, 67, 76). Our parallel efforts in
the rat species have markedly increased in vivo susceptibility to
systemic HIV-1 challenge. The human-CD4 (hCD4)/hCCR5-
transgenic rat model has facilitated preclinical evaluation of
antiviral drugs targeting entry, reverse transcriptase, and inte-
grase (29, 30) and has contributed to aspects of viral patho-
genesis (53, 59) and testing of a vaccine candidate (14). De-
spite a high proviral load in lymphatic organs, the current
transgenic rat model still has limitations, including low and
transient viremia and lack of HIV disease. As in the case of
mice, these problems are due to ill-defined late-phase barriers
that limit HIV production, particularly in primary T cells (42,
43, 51).

Species-specific barriers to HIV-1 infection might result
from an inability of certain host factors to support specific
steps of the replication cycle or from antiviral factors that
specifically target viruses to restrict their propagation. Regard-
ing the latter, members of the tripartite motif (TRIM)-bearing
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family of proteins have species- and retrovirus-specific antiviral
properties. Their mechanisms of restriction are still incom-
pletely understood, but targeting of incoming virions for pro-
teasomal degradation and accelerated uncoating or steric hin-
drance by the capsid-binding TRIM proteins have been
proposed (3, 58, 64, 68).

Previous work by several laboratories suggested that cell
lines from rabbits impose early barriers to HIV-1 infection at
the level of virus entry and reverse transcription (RT) (7, 20,
33, 36, 62), while only a few and, in part, conflicting reports on
the efficiency of later steps in the viral life cycle have been
published (33, 63). In the present study, we characterized the
efficiency of critical steps throughout the HIV replication cycle
in primary T cells and macrophages from New Zealand White
rabbits.

MATERIALS AND METHODS

Animals. New Zealand White rabbits (6- to 7-week-old females), female
BALB/c mice, and Sprague-Dawley rats were obtained from Charles River Lab-
oratories (Sulzfeld, Germany), housed in the animal facility of the University of
Heidelberg, and sacrificed as reported previously (35, 43, 67). Human cyclin
(hcyclin) T1-transgenic rats were recently described (51). Animal studies were
conducted according to the German Animal Welfare Act and with authorization
of the Regierungspräsidium Karlsruhe, Germany. Experiments were supervised
by animal welfare officers of Heidelberg University.

Cells. 293T, TZM-bl, and HeLa cells (human cell lines), NIH 3T3 (mouse
fibroblast) cells, and Rat2 (rat fibroblast-like) cells were cultivated as reported
previously (40, 42, 43, 67). SIRC cells (rabbit cornea-derived fibroblasts) were
maintained in minimal essential medium (MEM) supplemented with 10% fetal
calf serum, 1% penicillin-streptomycin, and 1% L-glutamine (all from Invitro-
gen). SIRC hCD4/hCCR5 cells were generated by lentiviral transduction, fluo-
rescence-activated cell sorting (FACS), and expansion of single-cell clones. Mac-
rophages and activated T cell cultures were established from single-cell
suspensions of rabbit, rat, and mouse spleen essentially as reported previously
(29, 43, 66, 67). Human T cell and macrophage cultures were derived from
single-donor peripheral blood mononuclear cells (PBMCs) and cultivated as
described previously (43).

Viruses. The molecular HIV-1 clone of pNL4-3 and its derivative pNL4-3
E-GFP, the latter of which carries an enhanced green fluorescent protein (gfp)
gene within the nef locus driven by the 5� long terminal repeat (5�-LTR), were
from Malcom Martin and Nathaniel Landau, respectively, via the NIH AIDS
Research and Reference Reagent Program. The molecular HIV-1 clone of p49.5
was a gift from Bruce Chesebro (17). The HIV-2 molecular clone pROD-A,
carrying a gfp gene within the nef locus, was provided by Matthias Dittmar (60).
The HIV-1 H/SCA packaging vector (which contains the first 150 amino acids of
capsid from SIVmac239) (57) and the generation and characterization of vesicular
stomatitis virus glycoprotein (VSV-G)-pseudotyped BlaM-Vpr-containing lenti-
viruses and lentiviral vectors were as described previously (29, 43, 67).

Virus entry and gene expression. Fusion and entry of BlaM-Vpr-containing
lentiviral vectors and vector-driven gene expression were measured as reported
previously (27, 29, 67).

Reverse transcription and nuclear import. The TaqMan-based quantification
of total HIV-1 cDNA and 2-LTR circles in DNA extracts from infected cells was
as described previously (29, 30, 67).

HIV-1 receptor complex-dependent entry. Parental SIRC or SIRC hCD4/
hCCR5 cells were infected with HIV-1 or HIV-1(H/SCA) GFP vectors, which
had been pseudotyped with either VSV-G, strain NL4-3 Env (X4), or strain
JR-FL Env (R5), with or without the coreceptor antagonist maraviroc (1 �M;
Pfizer) or AMD3100 (2 �M; gift of Jose Este) or the peptidic fusion inhibitor
T20 (50 �M; Roche). The percentage of infected (GFP-positive) cells was de-
termined 2 days postinfection by flow cytometry. Primary rabbit macrophages
were cotransfected with pCD4neo and pCCR5hygro using TurboFect (Fermen-
tas). Surface expression of the human receptors was assessed using allophyco-
cyanin (APC)-conjugated mouse anti-hCD4 and fluorescein isothiocyanate
(FITC)-conjugated anti-hCCR5 antibodies (BD Bioscience). Subsequently,
transfected rabbit macrophages were challenged with JR-FL Env-pseudotyped
HIV-1 or HIV-1 (H/SCA) GFP vectors (5,000 infectious units [IU] determined
on TZM-bl cells per 12 well), and reporter gene expression was examined 3 days

later by microscopy (Olympus IX70) and flow cytometry (FACSCalibur with
BDCell QuestPro4.0.2 software; BD Pharmingen) as described previously (41).

HIV LTR transactivation assays. pBC12/CMV HIV-2 Tat (9) (pHIV-2 Tat)
was a gift from Brian Cullen. pCMV4-Tat2ex carries the second exon of the tat
gene from HIV-1NL4-3 (pHIV-1 Tat). The generation of minimal HIV LTR GFP
reporter plasmids has been described previously (51). Cell lines were transfected
with the pHIV-1 LTR GFP construct (1 ng) with the pHIV-1 Tat vector (10 ng)
or an empty control vector (10 ng) using Lipofectamine 2000 (Invitrogen).
Primary T cell cultures were cotransfected with pHIV-1 LTR GFP (4 ng) and
pHIV-1 Tat (40 ng) or with pHIV-2 LTR GFP (20 ng) and pHIV-2 Tat (200 ng)
by nucleofection (31, 41, 66), and GFP expression was quantified 1 day later.
Primary rabbit macrophages were cotransfected using TurboFect with pHIV-1
LTR GFP and pHIV-1 Tat or with pHIV-2 LTR GFP and pHIV-2 Tat (in the
same molar ratios for plasmids as for T cells), and GFP expression was quantified
3 days later.

HIV-1 Tat and Rev assays. The Tat- and Rev-dependent pLRed(INS)2R
expression construct (47) was a gift of Ruth Brack-Werner. Adherent cell lines
or primary T cells were transfected with pLRed(INS)2R (1 �g) in the presence
or absence of pHIV-1 Tat (200 ng) and/or pcDNA3.1 HIV-1 Rev (300 ng)
together with peGFP-N1 (10 ng). Cells were treated with leptomycin B (LMB;
9.25 pmol; Sigma-Aldrich) where indicated below. One day posttransfection, the
percentage of red fluorescent protein (RFP)- and GFP-positive cells and their
mean fluorescence intensity (MFI) values were determined by flow cytometry.
For each species and cell type, this product in the absence of Tat/Rev coexpres-
sion was arbitrarily set to 1. Primary T cells were nucleofected with either
pNL4-3 GFP, carrying gfp in the nef locus (Rev-independent early gene expres-
sion), or pNL4-3 Gag-GFP, encoding an MA-GFP fusion protein (Rev-depen-
dent late gene expression) driven by the HIV-1 LTR, constructed based on a
cytomegalovirus (CMV)-driven construct (52). One day later, the MFI of GFP
expression was determined in viable cells by flow cytometry, and the ratio of late
MFI to early MFI (MFIlate/MFIearly) was calculated.

HIV-1 late-phase studies. Activated primary human and rabbit T cells were
transfected with wild-type (wt) pHIV-1NL4-3 or pNL4-3 E-GFP by electropora-
tion (66). Rabbit macrophages were transfected with either pHIV-1NL4-3 or
pNL4-3 E-GFP using TurboFect. As a reference control, human-monocyte-de-
rived macrophages were infected overnight with VSV-G HIV-1NL4-3, followed by
extensive washing and continued cultivation. Supernatants from T cell or mac-
rophage cultures were harvested 36 h or 5 days posttransfection, respectively, and
centrifuged through a 20% sucrose cushion. The virion-associated p24CA con-
centration and infectivity were determined by antigen enzyme-linked immu-
nosorbent assay (ELISA) and TZM-bl blue-cell assay, respectively, and cell
pellets were harvested for immunoblotting or for p24CA ELISA quantification
as reported previously (40).

Immunoblotting. Cell pellets were lysed in SDS lysis buffer. Proteins were
separated by 12.5% SDS-PAGE and plotted onto nitrocellulose membranes.
Blocked membranes were probed with the following primary antibodies: mouse
monoclonal anti-HIV-1 p24CA antibody 183 (from Hans-Georg Kräusslich),
sheep anti-HIV-1 p24CA antiserum (from Barbara Müller), rabbit polyclonal
anti-Vpu antiserum (from Klaus Strebel), sheep anti-Nef antiserum (from Oliver
T. Fackler), and rabbit anti-mitogen-activated protein kinase (anti-MAPK anti-
serum) (Santa Cruz Biotechnology). Washed membranes were subsequently
probed with secondary antibodies conjugated to horseradish peroxidase and
developed by enhanced chemiluminescence.

Mutation analysis. DNA was extracted (DNeasy kit; Qiagen) from human
TZM-bl cells 24 h after infection with HIV-1NL4-3 produced by either rabbit
macrophages or T cells. DNA was DpnI digested and subjected to high-fidelity
PCR using Pfu polymerase (Promega) and HIV-1-specific primers to amplify a
nef/3�-LTR fragment, as reported by others (11). PCR products were gel purified,
EcoRI/BamHI digested, and ligated into pcDNA3.1. All amplicon-positive
clones were sequenced and the resulting sequences aligned with the proviral
reference sequence.

RESULTS

Rabbit cells impose a postentry barrier to infection by
HIV-1 and HIV-2 but not by SIVmac. We first sought to confirm
a species-specific postentry restriction for HIV-1 in a rabbit
cell line (7, 20, 36, 62). VSV-G-pseudotyped HIV-1 GFP vec-
tors, in which reporter gene expression is driven from a CMV
promoter, were titrated on rabbit SIRC and human HeLa cells.
Although entry efficiencies of VSV-G pseudotypes are similar
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in these two cell lines (data not shown), SIRC cells were only
�12% as permissive as HeLa cells (Fig. 1A).

To extend these studies to physiologically more relevant
cells, we compared primary macrophages, derived from rabbit
spleens, to human monocyte-derived macrophages for their
ability to support lentiviral infection. The permissivity of pri-
mary rabbit macrophages to infection by VSV-G HIV-1 and
HIV-2 GFP vectors was 9- to 47-fold lower than that of human
macrophages (Fig. 1B and C). In contrast, infection levels after
challenges with a VSV-G SIVmac GFP vector were comparable
or slightly higher in macrophages from rabbits (Fig. 1D). In the
rabbit macrophages, infection levels for the SIV vector were
�10-fold higher than those of HIV-1 and HIV-2 vectors (Fig.
1B to D). These results demonstrate an HIV-specific postentry
restriction in primary rabbit cells.

The postentry restriction in rabbit cells prevents HIV-1
DNA synthesis and can be overcome by limited changes of the
gag gene. To identify the step that is blocked in rabbit cells, we
examined each step of the replication cycle, including virus
entry, reverse transcription, nuclear import, and viral gene
expression. To this end, we used a single challenge with a dual
HIV-1 reporter vector and established methods (67). Based on
the superior infectivity of the SIVmac vector in primary mac-
rophages (Fig. 1D) and SIRC cells (data not shown) and recent
characterizations of rabbit TRIM5 by Schaller and colleagues
(62), we included a chimeric HIV-1 vector that contains the

first 150 amino acids of capsid from SIVmac239 [HIV-1 (H/
SCA) vector] (57).

SIRC cells were highly permissive for the HIV-1 (H/SCA)
vector. Infection levels were 19- to 84-fold greater than
those of the parental HIV-1 vector (Fig. 2A). This con-
firmed that the viral target of the postentry restriction of
HIV-1 in rabbit cells is the capsid protein (62). Notably, this
chimeric vector achieved higher infection levels (8-fold) in
SIRC than in HeLa cells (Fig. 2B). The rabbit-specific re-
striction mapped to the level of reverse transcription. While
the entry levels were similar for both vectors in SIRC cells
(Fig. 2C, entry), HIV-1 cDNA synthesis was severely
blocked for the BlaM-Vpr HIV-1 vector but not the BlaM-
Vpr HIV-1 (H/SCA) chimera (Fig. 2C, reverse transcrip-
tion). As a consequence of the lower HIV-1 cDNA synthe-
sis, levels of HIV-1 2-LTR circles (Fig. 2C, nuclear import),
used as a surrogate marker for nuclear import of the pre-
integration complex, and viral gene expression (Fig. 2C,
gene expression) were reduced to similar degrees. Impor-
tantly, the HIV-1 (H/SCA) vector also displayed much
greater infectivity (up to 195-fold) in rabbit macrophages
than the HIV-1 vector (Fig. 3A). We also confirmed exper-
imentally that, in this primary cell type, an early postentry
event preceding or at nuclear import was affected (Fig. 3B),
consistent with the restrictive activity of rabbit TRIM5.

FIG. 1. A rabbit-derived cell line and primary macrophages impose a barrier to infection by HIV but not by SIVmac. (A) Titration of VSV-G
HIV-1 GFP vectors on SIRC and HeLa cells. (B to D) Titration of VSV-G pseudotyped HIV-1 (B)-, HIV-2 (C)-, or SIVmac (D)-based GFP vectors
on spleen-derived rabbit macrophages and monocyte-derived human macrophages. Three days postchallenge, the percentage of infected (GFP-
positive) cells was scored by flow cytometry. The percentages of infected cells are plotted as a function of the titer of the VSV-G GFP reporter
virus inoculum (expressed in TZM-bl IU). Shown are the arithmetic means � standard errors of the means (SEM) of results from two independent
experiments.

12302 TERVO AND KEPPLER J. VIROL.



SIRC cells and primary rabbit macrophages are rendered
permissive to R5 HIV-1 (H/SCA) infection by coexpression of
human CD4 and CCR5. Nonhuman cells generally do not
support HIV-1 entry due to the absence of a functional CD4
receptor and chemokine coreceptors. A previous study by
Speck and colleagues suggested that expression of the HIV
receptor complex on SIRC cells supports HIV envelope-me-
diated cell-cell fusion (63). To determine if coexpression of
hCD4 and hCCR5 could overcome the entry block in rabbit
cells, we first generated a SIRC cell line-derived clone that
stably expressed the human receptor complex. High coexpres-

sion of these human receptors on the surfaces of sorted and
subcloned SIRC hCD4/hCCR5 cells was confirmed by flow
cytometry (Fig. 4A). Importantly, in these cells, infections by
HIV-1 (H/SCA) pseudotypes depended on the viral envelope
and the coreceptor (Fig. 4B). Specifically, SIRC hCD4/hCCR5
cells were susceptible to infection by R5 Env (strain JR-FL)
pseudotypes but nonpermissive for X4 Env (strain NL4-3)
pseudotypes of HIV-1 (H/SCA) (Fig. 4B). As expected, both
parental SIRC and SIRC hCD4/hCCR5 cells were permissive
for VSV-G pseudotypes of the HIV-1 (H/SCA) vector but not
of the TRIM5-restricted parental HIV-1 vector. The appar-

FIG. 2. The postentry restriction in SIRC cells prevents HIV-1 cDNA synthesis and can be overcome by an HIV-1 (H/SCA) chimera. (A, B)
Titration of VSV-G HIV-1 and HIV-1 (H/SCA) GFP vectors. The percentages of infected SIRC (rabbit) or HeLa (human) cells 3 days
postinfection are plotted as a function of the titer of the viral inoculum. The cumulative data for the HIV-1 vector in panel A are identical to those
shown in Fig. 1A. (C) The consecutive quantification of virus entry (flow cytometry-based virion fusion assay), reverse transcription (quantitative
PCR for late RT products), nuclear import (quantitative PCR for 2-LTR circles), and gene expression (flow cytometry for GFP-positive cells) of
SIRC cells infected with VSV-G HIV-1 or HIV-1 (H/SCA) GFP vectors carrying BlaM-Vpr was carried out in principle as reported previously (67).
Shown are the arithmetic means � SEM of results from four independent experiments.
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ently lower degree of restriction of SIRC hCD4/hCCR5 cells
than of the parental cells to infection by VSV-G HIV-1 wt
pseudotypes is likely a clonal phenomenon unrelated to ex-
pression of the HIV receptor complex. As additional controls
of specificity, SIRC hCD4/hCCR5 cells were pretreated with
the CCR5 antagonist maraviroc or the fusion inhibitor T20,
which resulted in a reduction of infection levels of the R5 Env
HIV-1 (H/SCA) vector by 90% or 99.9%, respectively, while
the CXCR4 antagonist AMD3100 had no effect (Fig. 4B). The
incomplete inhibition by maraviroc is probably due to the high
expression levels of the coreceptor on SIRC hCD4/hCCR5
cells (Fig. 4A) and the requirement for only very low cell
surface concentrations of the coreceptor for HIV-1 entry, as
reported previously (76).

Seeking to extend these entry analyses to primary cells, we
identified TurboFect as fairly well suited for the delivery of
plasmid DNA into rabbit macrophages (data not shown). Co-
transfection of expression plasmids for hCD4 and hCCR5 into
spleen-derived rabbit macrophages resulted in a significant
population of human-receptor-positive cells (Fig. 4C). Impor-

tantly, challenge of these cells with the R5 Env-pseudotyped
HIV-1 (H/SCA) GFP vector, but not with the HIV-1 GFP
counterpart, allowed for infection and reporter gene expres-
sion, as visualized by microscopy (Fig. 4D) and quantified by
flow cytometry (Fig. 4E). Macrophage cultures, which were
transfected with an empty plasmid or on which expression of
hCD4 and hCCR5 was very low or absent (or only one of them
was expressed), remained resistant to infection with the JR-FL
Env HIV-1 (H/SCA) GFP vector (data not shown). Collec-
tively, these results demonstrate that coexpression of hCD4
and hCCR5 on rabbit cells, including primary macrophages, is
functional and confers coreceptor-specific virus entry, provid-
ing a strong basis for HIV receptor complex transgenesis in this
species.

HIV-1 LTR transactivation is species and cell type specific
and occurs efficiently in primary rabbit cells. We (32, 43, 51)
and others (1, 48, 72) have described a quantitative impairment
of Tat-dependent HIV-1 LTR transactivation in native rat and
mouse cells, which is due primarily to an inefficient transacti-
vating responsive sequence (TAR)-Tat-cyclin T1 interaction.

FIG. 3. Primary rabbit macrophages are highly permissive for infection by the HIV-1 (H/SCA) chimera. (A) Titration of VSV-G HIV-1 or
HIV-1 (H/SCA) GFP vectors on macrophages, carried out, in principle, as described in the legend of Fig. 2 (cumulative data for the HIV-1 vector
are identical to those shown in Fig. 1B). Shown are the arithmetic means � SEM of results from two independent experiments. (B) Consecutive
quantification of virus entry, nuclear import, and gene expression from primary rabbit macrophages infected with either VSV-G HIV-1 or HIV-1
(H/SCA) GFP viruses carrying BlaM-Vpr, carried out, in principle, as reported in the legend to Fig. 2C. As a control of specificity for the entry
signal, preincubation of virus stocks with a neutralizing anti-VSV-G antibody (13) reduced the entry signal from 8 to 19% down to 0.08 to 0.91%
blue cells. Results from two independent experiments (Exp.1 and Exp.2) are shown. A high PCR background due to residual proviral plasmid
contaminations in DNase-treated virus inocula precluded a reliable quantification of RT efficiency in infected macrophages (data not shown).
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This species-specific limitation was mapped to a single amino
acid in cyclin T1 (tyrosine-261 in rodents; cysteine-261 in hu-
mans) (10, 26).

Rabbit cyclin T1 is 91% identical at the amino acid level to
human cyclin T1 and, notably, shares cysteine-261 with the
human ortholog (Fig. 5A). It was previously suggested that Tat
and Rev functions are at least partly preserved in SIRC cells
(63). To assess HIV LTR-driven transcription in primary rab-
bit T cells, minimal reporter plasmids, consisting of the com-
plete, PCR-amplified LTR and Gag leader sequences from
either HIV-1NL4-3 or HIV-2ROD-A, driving the expression of
GFP (pHIV LTR GFP) (51), and Tat expression constructs
were cotransfected. The basal levels of Tat-independent tran-
scription were low and comparable for T cells from all four
species (data not shown). Importantly, coexpression of Tat

increased levels of HIV LTR-driven gene expression in pri-
mary T cells from rabbits �10-fold (for HIV-1, Fig. 5B; data
not shown for HIV-2), which was comparable to the enhance-
ment in human T cells (7-fold for HIV-1 [Fig. 5B] and 9-fold
for HIV-2 [data not shown]). In contrast, T cells from both
rodents showed a minor, 1.2- to 2-fold Tat-mediated induction,
in agreement with the results of previous studies conducted in
the absence of hcyclin T1 coexpression (8, 43, 50).

To assess HIV transcriptional activity in macrophages from
all of these species, primary cultures were infected with the
nearly full-length HIV-1NL4-3 GFP virus pseudotyped with
VSV-G. Here, the 5�-LTR drives GFP expression from the nef
locus. GFP expression from integrated proviruses under single-
cell infection conditions is a quantitative surrogate of early,
LTR-driven gene expression. Viral titers were chosen such that

FIG. 4. SIRC cells and primary rabbit macrophages are rendered permissive to R5 HIV-1 viruses by coexpression of human CD4 and CCR5.
(A) FACS dot plots of parental SIRC cells and a SIRC clone, stably expressing the HIV receptor complex (SIRC hCD4/hCCR5). (B) Coreceptor-
specific and entry inhibitor-sensitive R5 HIV-1 infection of SIRC hCD4/hCCR5 cells. Parental SIRC and SIRC hCD4/hCCR5 cells were
challenged with the indicated HIV-1 or HIV-1 (H/SCA) GFP vectors pseudotyped with either VSV-G, an R5 (JR-FL) Env, or X4 (NL4-3) Env.
Where indicated, cells were pretreated with the entry inhibitor maraviroc or AMD3100 or the fusion inhibitor T20. The percentage of infected
(GFP-positive) cells was determined 2 days postchallenge. Shown are arithmetic means � standard deviations (SD). (C) FACS dot plots of hCD4
and hCCR5 expression on rabbit macrophages, which had been transfected with corresponding expression constructs. The FACS gate indicates
the receptor-positive cell population. (D) Microscopic images of transfected macrophages from panel C, which were subsequently challenged with
JR-FL Env-pseudotyped HIV-1 or HIV-1 (H/SCA) GFP vectors. (E) Percentages of infected (GFP-positive) rabbit macrophages from panel D
as determined by flow cytometry 3 days postinfection.
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macrophages from all four species had relatively low numbers
of infected, GFP-positive cells (0.4 to 7.8%). In contrast to T
cells, macrophages from mice, rats, rabbits and humans sup-
ported LTR-driven gene expression from the nef locus to sim-
ilar levels (Fig. 5C), indicating a less stringent requirement for
cyclin T1 in this cell type in rodents. Tat’s dependence on HIV
LTR transactivation in primary rabbit macrophages was dem-
onstrated using the HIV LTR GFP reporter/Tat cotransfection
assay (Fig. 5D). In summary, these results reveal pronounced
species- and cell type-specific differences in requirements for
efficient HIV-1 transcription. Remarkably, primary T cells and
macrophages from rabbits support Tat-dependent HIV LTR
transactivation at levels similar to those from humans.

Rabbit cells support robust Rev/CRM1-dependent HIV-1
gene expression. In rodent cells, the expression of late HIV
gene products is low and represents a major posttranscrip-
tional barrier. Inefficient Rev function has been suggested to
limit the nuclear export of Rev-responsive element (RRE)-
containing unspliced and singly spliced HIV mRNAs or to
result in oversplicing of viral RNAs (8, 19, 50, 74, 77).

To simultaneously assess HIV Tat and Rev functions, we
used a reporter plasmid that contains HIV-1 LTRs, the 5�
section of gag, containing inhibitory sequences (INS), and the
RRE to direct Tat- and Rev-dependent expression of a
red fluorescent protein (RFP) reporter [pLRed(INS)2R] (47,
75). First, adherent cell lines were transfected with the

FIG. 5. Tat-dependent HIV-1-LTR transactivation is species and cell type specific and occurs efficiently in primary rabbit cells. (A) Partial
amino acid sequence alignment of cyclin T1s of human, rabbit, rat, and mouse origins (ClustalW2 method and BOXSHADE). Identical amino
acids are shaded in black, conserved or similar residues are in gray, and unrelated amino acids are in white. Dashes indicate gaps introduced to
optimize the alignment. Amino acid 261 is boxed. (B) Primary T cells were nucleofected with pHIV-1 LTR GFP in the presence or absence of an
HIV-1 Tat expression vector. The MFI of GFP expression was quantified in viable cells 24 h later by flow cytometry. Shown are the arithmetic
means � SEM of results of duplicates or triplicates of two to four independent experiments. (C) Macrophages were infected with VSV-G
HIV-1NL4-3 GFP and analyzed for Tat- and LTR-dependent reporter gene expression by flow cytometry 3 days later. Infectious titers were chosen
such that the percentage of GFP-positive macrophages for all species was in the single-cell infection range (human, 1.0%; rat, 3.6%; mouse, 7.8%;
rabbit, 0.4%). Shown are the arithmetic means � SEM of results of duplicates or quadruplicates of two to four independent experiments.
(D) Primary rabbit macrophages were transfected with pHIV-1 or pHIV-2 LTR GFP vectors in the presence or absence of an HIV-1 or HIV-2
Tat expression vector, respectively. The MFI of GFP expression was quantified 3 days later by flow cytometry. Shown are the arithmetic means �
SEM of results from two independent experiments.
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pLRed(INS)2R reporter with or without Tat and/or Rev ex-
pression constructs and peGFP-N1, and 1 day later, RFP ex-
pression was quantified in transfected (GFP-positive) cells by
flow cytometry. Expression of either Tat or Rev alone was
insufficient to induce RFP expression in HeLa, Rat2, and NIH
3T3 cells and, interestingly, already resulted in a marked re-
porter gene expression in SIRC cells (Fig. 6A). Coexpression
of Tat and Rev triggered a drastic, 239- and 791-fold enhance-
ment of RFP expression in HeLa and SIRC cells, respectively,
while responses in Rat2 and NIH 3T3 cells were low or nearly
absent (Fig. 6A). As controls for specificity, the Tat/Rev-de-
pendent reporter gene expression in rabbit and human cells
was markedly reduced by LMB treatment (23), coexpression of
a dominant negative form of nucleoporin 214/CAN (�CAN/
Nup214) (12), or saturating levels of short nuclear localization

signal (NLS)/nuclear export signal (NES) sequences (22, 39)
(Fig. 6B); all of these have been reported to interfere with
CRM1-dependent nuclear export of viral RNAs.

We next extended this reporter-based strategy to primary T
cells. In agreement with the findings in cell lines, Tat/Rev
coexpression resulted in 102- and 232-fold enhancements of
RFP expression in transfected T cells from humans and rab-
bits, respectively (Fig. 6C), while T cells from rats and mice
responded poorly. Finally, we used a second, independent ex-
perimental approach to assess the functionality of the viral Rev
protein in primary T cells. We quantified the expression of a
late, Rev-dependent gene product (MA-GFP) (52) relative to
that of an early, Rev-independent gene product (Nef) in a
nearly full-length proviral context. T cells from both rodents
showed strong Rev-independent GFP reporter expression

FIG. 6. Tat- and Rev/CRM1-dependent HIV-1 gene expression is robust in rabbit cells, including primary T cells. (A) The indicated cell lines
were cotransfected with expression constructs encoding the Tat- and/or Rev-dependent RFP reporter, HIV-1 Tat and/or HIV-1 Rev, and GFP (to
identify transfected cells). The product of the percentage of GFP/RFP-positive cells and the MFI of RFP, measured in the absence of Tat and Rev
coexpression, was set to 1 for each cell line. Shown are arithmetic means � SEM of results from triplicates of two to six experiments. (B) RFP
reporter expression is CRM1 dependent. SIRC and HeLa cells were transfected as for panel A, with the addition of LMB and expression plasmids
encoding either short NLS/NES sequences or the dominant negative nucleoporin �CAN/Nup214. (C) Primary T cells were nucleofected with the
expression constructs described for panel A and analyzed 24 h later. Shown are arithmetic means � SEM of results from duplicates of two to four
independent experiments. (D) Primary T cells were nucleofected with the nearly full-length HIV-1 reporter construct pNL4-3 GFP (early gene
expression) or pNL4-3 Gag-GFP (late gene expression). The MFI of GFP expression in viable cells was determined 24 h later by flow cytometry,
and MFIlate/MFIearly ratios are depicted. Results for T cells from individual donors or animals (open circles) and the arithmetic means � SEM
(filled triangles) are depicted.

VOL. 84, 2010 TOWARD A RABBIT MODEL OF HIV INFECTION 12307



from the nef locus, whereas Rev-dependent MA-GFP expres-
sion was fairly weak, resulting in a “late-to-early” ratio of
below 0.3 (Fig. 6D). Expectedly, transgenic expression of hcy-
clin T1 in rat T cells (51) enhanced GFP expression from both
proviruses but did not significantly affect this ratio (Fig. 6D). T
cells from rabbits and humans displayed a stronger expression
of MA-GFP than did T cells from the rodent species, and GFP
expression levels from both proviral loci were similar in these
species (Fig. 6D). These results demonstrate that the two ma-
jor barriers to HIV-1 replication in rodents, at the level of
Tat-dependent viral transcription and Rev-dependent late viral
gene expression, are absent in the rabbit species.

Primary rabbit T cells efficiently support the late phase of
the HIV-1 replication cycle and release large numbers of in-
fectious particles. We next sought to quantitatively assess the
efficiency of a series of steps in the late phase of the HIV-1
replication cycle in primary T cells from rabbits and humans.
Speck and colleagues previously reported that mature virions
can be released from provirus-transfected T cells (63). Here,
we transfected activated T cells with HIV-1NL4-3 proviral DNA
and analyzed them for the cell-associated expression of viral
proteins, as well as the quantity and infectivity of virions re-
leased into the culture supernatant. In line with the above-
described results for reporter system-based analyses of Tat and
Rev function, cell lysates from provirus-transfected rabbit T
cells contained abundant levels of early (Nef) and late (Gag,
Vpu) HIV-1 proteins (Fig. 7A). At comparable transfection
efficiencies (Fig. 7B), the cell-associated expression of these
viral proteins in rabbit T cells was comparable to or higher
than that in human reference T cells. Notably, processing of
the p55Gag precursor to p24CA, which is generally believed to
be impaired in rodent cells (8, 43, 50), was efficient in the
rabbit species (Fig. 7A). Furthermore, the number of HIV
virions released into the supernatant was comparable to or
higher in T cells from rabbits than the number in T cells from
humans (Fig. 7C). Under these experimental conditions, the
average interspecies transfection efficiencies, despite consider-
able interindividual variability, were comparable (Fig. 7B). We
can, however, not exclude the possibility that varied amounts
of proviral DNA delivered per cell contributed to the some-
what higher levels of viral gene products in cell lysates (Fig.
7A) and released virions in T cells (Fig. 7C) from rabbits than
from humans.

Finally, the infectivity of these transfection-derived HIV-1
particles was quantified in a standard TZM-bl reporter assay
(Fig. 7E) (40). When infectivity values were normalized to the
p24CA concentration of released virions, HIV-1 virions pro-
duced by primary T cells from rabbits and humans were equally
infectious (Fig. 7D). Thus, the late phase of HIV-1 replication
in primary rabbit T cells is efficient, revealing a degree of
intrinsic susceptibility of lagomorph T cells to this human len-
tivirus that has not been reported for any other nonhuman
species.

Rabbit macrophages efficiently release HIV-1 virions, but
their infectivity is low. Next we examined the ability of primary
rabbit macrophages to support the late phase of the HIV-1
replication cycle. Cells were transfected with proviral DNA.
The transfection efficiency, assessed by parallel transfections
with a nearly full-length proviral HIV-1 GFP reporter, ranged
from 4 to 11% (data not shown). Despite this rather low

transfection efficiency, Western blot analysis of macrophage
lysates showed considerable expression and processing of Gag
(Fig. 8A). Since human macrophages cannot be transfected
efficiently with proviral DNA, VSV-G HIV-1NL4-3-infected
cells served as references. Importantly, rabbit macrophage su-
pernatants contained significant amounts of HIV-1, with viri-
on-associated p24CA concentrations up to 144 ng per ml
(mean, 26 ng p24CA per ml) (Fig. 8B). Levels of HIV-1 re-
lease, expressed as percentages of total p24CA (in cells and
supernatants) that was secreted as virion-associated p24CA,
were comparable for the HIV-1 provirus-transfected rabbit
macrophages and VSV-G HIV-1-infected human macro-
phages (Fig. 8C), providing no evidence for a species-specific
defect for wild-type HIV-1 at egress.

Unexpectedly, the infectivity of HIV-1 particles derived
from rabbit macrophages was markedly less than those derived
from human macrophages (26-fold) (Fig. 8D and E). Thus,
rabbit macrophages apparently support all late steps of HIV-1
replication yet induce an infectivity defect in released particles.

Rabbit macrophage-derived HIV-1 carries a complex pat-
tern of mutations. We hypothesized that the infectivity defect
of HIV-1 released from rabbit macrophages might be due to
the mutating activity of rabbit members of the APOBEC fam-
ily. To characterize this, viral DNAs were recovered from
TZM-bl cells infected with HIV-1NL4-3 produced by either
macrophages or T cells from rabbits, a nef/3�-LTR fragment
was then PCR amplified and cloned, and individual sequences
were determined, in principle as reported previously (11).
None of the sequences amplified from T cell-derived virus
carried mutations (Fig. 9A), in line with the high infectivity of
T cell-derived HIV-1 (Fig. 7D). In contrast, macrophage-de-
rived HIV-1 cDNAs displayed multiple mutations in 51 out of
54 clones analyzed at an overall frequency of 0.74% (Fig. 9A
and C). These clones were derived from 3 independent infec-
tion assays and clone analyses of TZM-bl cells, with HIV-1
virions derived from 4 different rabbit donor macrophages.
Virtually all clones carried 6 different types of nucleotide
changes (G3A, C3T, A3C, T3C, T3G, G3T) at identical
nucleotide positions (boxed nucleotide changes in Fig. 9A).
Besides this major pattern of mutations, additional single nu-
cleotide changes were found in individual clones at multiple
sites in the amplified region, resulting in a total of 8 different
clones. The G3A and C3T mutations were detected at fre-
quencies of 0.9 to 1.5%, respectively, consistent with both
DNA editing and RNA editing by a cellular deaminase (11,
37). Remarkably, however, considerable levels of other, deami-
nation-independent HIV-1 cDNA mutations (A3C, T3C,
T3G, G3T), all of which occurred at frequencies of �1%
(Fig. 9A and C), were also noted. The occurrence of prefer-
ential sites of mutations was analyzed (Fig. 9B). The G3A,
C3T, and T3C changes showed no apparent consensus pat-
tern. For T3G and A3C changes, two trinucleotide se-
quences (up- and downstream of the affected T and A, respec-
tively) were noted. For the G3T mutation, TCTGGCT (where
boldface indicates the mutated nucleotide) was the only se-
quence context for this mutation (Fig. 9B). Conceivably, these
complex mutations and the resulting cDNA instability may
combine to reduce the infectivity of HIV-1 derived from rabbit
macrophages.
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DISCUSSION

In the present study, we quantitatively characterized the
ability of primary T cells and macrophages from rabbits to
support critical steps in the HIV-1 replication cycle. We found
that primary target cells in rabbits are permissive to HIV-1
infection and support the majority of replication steps as well
as human cells do. Of the three replication barriers that HIV-1

encounters in lagomorphs, two can be readily overcome: ex-
pression of the HIV receptor complex and limited modifica-
tions in the N-terminal part of the HIV-1 capsid surmount
blocks at entry and reverse transcription, respectively. In ad-
dition, we identified a virion infectivity defect in macrophages
that is absent in T cells and that poses the final cellular barrier
to full HIV-1 permissivity in this species.

FIG. 7. Robust HIV-1 protein expression, efficient Gag processing, and release of high levels of infectious HIV-1 from provirally transfected
primary rabbit T cells. T cells from humans (left panels) or rabbits (right panels) were transfected with pHIV-1NL4-3 and, in parallel, with the
proviral reporter pHIV-1NL4-3 GFP (transfection efficiency). After 36 h, supernatants and cells were harvested. (A) Western blots of cell lysates
from three independent donors probed consecutively with anti-p24CA, anti-HIV-1 Nef, and anti-Vpu. MAPK expression served as a loading
control. �, untransfected control. Identification (ID) numbers indicate different donors. (B) Transfection efficiency determined by the percentage
of viable, GFP-positive cells. (C, D) Concentrated, sucrose-pelleted virions were analyzed for p24CA concentration (C), and the infectious titer
is depicted as the relative infectivity per ng p24CA (D). (B to D) Individual results from experiments with T cells from four human and eight rabbit
donors (filled symbols) and the arithmetic means � SEM of results (open symbols) are depicted. (E) Microscopic images of TZM-bl cells infected
with HIV-1 virions derived from rabbit T cells and stained with a �-galactosidase substrate.
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The HIV-1 entry block is due to the general inability of CD4
and/or major chemokine receptors from nonhuman species to
support virion binding and fusion (Fig. 10). Coexpression of
hCD4 and hCCR5 in SIRC cells and primary macrophages
mediated envelope-specific and coreceptor-dependent virion
entry. These results agree with reports that surface expression
of the human binding receptor and one of the major chemo-
kine coreceptors is sufficient to overcome the entry block in

cells from diverse primate and small-animal species (8, 16, 42,
43, 45, 49, 54, 76).

In rabbit cells, unlike in mice and rats (32, 67, 76), HIV-1
encounters a barrier early postentry that leads to a strong block
to viral DNA synthesis (7, 20, 36) (Fig. 10). While presatura-
tion/infection studies indicative of a restriction factor were
inconclusive in one study (20), Schaller and colleagues dem-
onstrated that short hairpin RNA (shRNA)-mediated deple-
tion of rabbit TRIM5 in SIRC cells enhanced the permissivity
of restricted lentiviruses and that heterologous expression of
rabbit TRIM5 in feline CRFK cells recapitulated the restric-
tive phenotype (62). Our mapping of the affected replication
step and lentivirus-specific restriction pattern of the postentry
block in primary rabbit macrophages (HIV-1 and HIV-2 re-
stricted, SIVmac not restricted) is consistent with the reported
antiviral activity of rabbit TRIM5 (62). Notably, the postentry
restriction was independent of the route of HIV-1 entry. Most
importantly, in the context of animal model development, in-
troduction of the 150 N-terminal amino acids of capsid from
SIVmac239 into HIV-1 allowed it to escape the postentry re-
striction in this primary cell type. The apparently lower levels
of infectivity of the chimeric virus in human cells are in line
with results from an earlier report (25). It will be interesting to
determine if even smaller modifications in the HIV-1 capsid
are sufficient for it to proceed unrestricted until integration
and gene expression in rabbit cells. Preliminary data indicate
that the stretch of 30 amino acids from positions 77 to 107 in
capsid may be critical for the restriction.

Two major species-specific barriers to HIV-1 replication in
rodents, one at the level of Tat-dependent LTR transactivation
and the other affecting Rev- and RRE-dependent viral gene
expression (8, 43, 46, 50, 69), are absent in the rabbit species
(Fig. 10). This observation is supported by multiple lines of
experimental evidence with replication stage-specific reporter
assays and full-length infectious HIV-1. The absence of a tran-
scriptional block can likely be explained at the genomic level.
The Tat-interacting protein cyclin T1 is a key determinant for
the inability of rodent cells to support efficient LTR transac-
tivation, and a tyrosine instead of a cysteine at position 261 in
the rodent orthologs plays a decisive role (10, 24, 26, 48). This
residue is part of the Tat/TAR recognition motif of cyclin T1
(2). Critically, rabbit cyclin T1 shares cysteine-261 with the
human ortholog. In light of the strong Tat-dependent LTR
activity in both species, this finding underscores the functional
importance of this amino acid in the cross-species context.
Interestingly, rodent macrophages seem to pose an exception
in their degree of dependence on cyclin T1 for LTR activity:
irrespective of the amino acid residue at position 261, macro-
phages from rodents, humans, and rabbits supported compa-
rable levels of provirus 5�-LTR-driven transactivation (this
study and references 32 and 51). This may relate to the ability
of HIV to exploit in macrophages a set of nuclear transcription
factors and mechanisms of transcriptional regulation distinct
from those used in other cell types (for reviews, see references
61 and 71).

Of great relevance for animal model development, the tran-
scriptional impairment in primary T cells from rodents can be
substantially ameliorated by hcyclin T1 transgenesis (51, 76).
However, a molecular understanding for the deficit in Rev
function in rodent cells or strategies to overcome it are entirely

FIG. 8. Primary rabbit macrophages efficiently release HIV-1 viri-
ons, but their infectivity is low. Rabbit macrophages were transfected
with HIV-1 proviral DNA, and 5 days later, supernatants and cells
were harvested. (A) Anti-p24CA Western blot of pHIV-1-transfected
rabbit macrophages. MAPK expression served as a loading control. �,
untransfected control. ID numbers indicate different animals. VSV-G
HIV-1NL4-3-infected human macrophages served as reference controls.
(B) p24CA concentration of sucrose-pelleted supernatants from
HIV-1NL4-3-transfected rabbit macrophages. (C) HIV-1 release from
macrophages quantified as the percentage of total p24CA (in cells and
supernatant) that was secreted as virion-associated p24CA, as reported
previously (28). (D) The relative particle infectivity was determined as
described for Fig. 7. (E) Microscopic images of TZM-bl cells infected
with comparable amounts of HIV-1 virions derived from either provi-
rus-transfected rabbit or HIV-1-infected human macrophages.
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lacking (8, 18, 50, 69, 76). The severe defect in the Rev- and
CRM1-dependent export of unspliced and singly spliced
HIV-1 RNAs from the nucleus and oversplicing of the viral
RNA result in grossly reduced levels of expression of structural
proteins. Besides transcription and nuclear export of RRE-
containing viral RNAs, the processing of Gag and particle
assembly and release, as well as virion infectivity, pose addi-
tional postintegration defects in rodent cells. In primary mouse
T cells, the cumulative impact of these late-phase deficits re-
sults in an up-to-500-fold reduction in the yield of infectious
virus after a single cycle (76), and this has crippled efforts to
advance a transgenic mouse model.

Importantly, we found a high natural HIV-1 permissivity in
primary rabbit cells and, in particular, an ability of T cells to
efficiently support the entire late phase of HIV-1 replication
(Fig. 10). The number of infectious HIV-1 virions released
after provirus transfection reflects the cumulative efficiency of
late-phase steps from transcription over assembly, to release

and maturation. At comparable transfection efficiencies, rabbit
T cells released levels of infectious virions that were compa-
rable to or higher than those of their human counterparts. We
predict that an N-terminally CA-modified HIV-1 that can cir-
cumvent the postentry restriction could spread in primary rab-
bit T cells carrying the HIV receptor complex. However, nei-
ther the hCCR5 nor the hCXCR4 coreceptor could be
transiently expressed in these cells (data not shown). There-
fore, transgenic expression of the HIV receptor complex will
be required to probe the full replication cycle in a dynamic
infection context in primary T cells. Notably, the assembly
and/or release of virions in provirus-transfected SIRC cells was
rather inefficient (data not shown), underscoring the impor-
tance of performing studies into HIV-1 species susceptibility in
the context of animal model development in physiologically
relevant primary target cells. This finding unfortunately also
precluded a spreading infection of CA-modified HIV-1 in
SIRC hCD4/hCCR5 cells.

FIG. 9. Mutation analysis of HIV-1 produced by primary rabbit cells. Viral cDNAs were recovered from TZM-bl cells infected with HIV-1NL4-3
produced by either rabbit T cells or macrophages, a nef/3�-LTR fragment of 650 bp was PCR amplified and cloned, and individual sequences were
determined. (A) Shown are nucleotide positions 241 to 480 from 3 out of 4 sequences for T cell-derived HIV-1 and 9 out of 54 sequences for
macrophage-derived HIV-1. Nucleotide changes relative to the unmodified HIV-1NL4-3 sequence (top) are indicated. Boxes indicate the most
frequently found nucleotide changes. (B) Analysis of potential preferred sites of major mutations. Frequently found trinucleotides up- and
downstream of the affected nucleotide are shown. (C) Relative mutation rates based on the total number of the indicated single nucleotide changes
in all amplicons analyzed.
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HIV-1 particles released from rabbit macrophages were 26-
fold less infectious than those derived from human macro-
phages or from rabbit T cells. For macrophage-derived virus, a
complex pattern of mutations in the HIV-1 cDNA that in-
volved six different types of nucleotide changes was noted.
Relevant in this context, the antiviral potency of rabbit
APOBEC1 (rA1) expressed in 293T cells was recently reported
(37). rA1 was efficiently incorporated into virions and reduced
the infectivity of HIV-1 in a Vif-resistant manner by up to
300-fold. Catalytic-site mutants indicated a deaminase-depen-
dent mechanism of restriction, with genomic RNA and re-
verse-transcribed proviral DNA serving as substrates. Of par-
ticular note, proviral mutation analysis by Ikeda et al.
demonstrated an accumulation primarily of C3T and G3A
changes (37), which in principle could account for approxi-
mately one-third of the mutations observed for rabbit macro-
phage-derived HIV-1 in our study. While Ikeda et al. noted a
TTC* sequence as a preferred site for a C3T mutation in
HIV-1 derived from rA1-expressing 293T cells, we found no
apparent preference in the trinucleotides surrounding the af-
fected C in macrophage-derived HIV-1. The mechanisms un-
derlying the other specific mutations (A3C, T3C, T3G,
G3T) are entirely unclear. T3C mutations can result from an
amination reaction, while A3C, T3G, and G3T mutations
require transversions of purine to pyrimidine or vice versa.
Such transversions can apparently occur at higher frequency

under oxidative stress (44). The contribution of rA1 expression
to the macrophage infectivity phenotype should be analyzed,
for example by RNA interference or by identification of a
lentiviral vif allele which can counteract this deaminase. A
complete understanding of this infectivity defect will be impor-
tant to design strategies to overcome this final replication bar-
rier. From a different perspective, the high permissivity of T
cells alone may be sufficient to allow efficient HIV-1 (H/SCA)
replication in receptor complex-transgenic rabbits in vivo. Im-
portant from a technical perspective, transgenesis is well es-
tablished in this species, and more recently, knockout and
knock-in technologies have also been accomplished in rabbits.
We propose that receptor complex transgenesis combined with
limited genetic modifications of HIV-1 gag and possibly vif to
evade species-specific intrinsic restriction factors might render
rabbits highly permissive to infection by HIV-1.
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