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ABSTRACT HIV entry into human cells is mediated by
CD4 acting in concert with one of several members of the
chemokine receptor superfamily. The resistance to HIV in-
fection observed in individuals with defective CCRS5 alleles
indicated that this particular chemokine receptor plays a
crucial role in the initiation of in vivo HIV infection. Expres-
sion of human CD4 transgene does not render mice suscep-
tible to HIV infection because of structural differences be-
tween human and mouse CCRS5. To ascertain whether expres-
sion of human CD4 and CCRS is sufficient to make murine T
lymphocytes susceptible to HIV infection, the Ick promoter
was used to direct the T cell-specific expression of human CD4
and CCRS in transgenic mice. Peripheral blood mononuclear
cells and splenocytes isolated from these mice expressed
human CD4 and CCRS and were infectible with selected
M-tropic HIV isolates. After ir vivo inoculation, HIV-infected
cells were detected by DNA PCR in the spleen and lymph nodes
of these transgenic mice, but HIV could not be cultured from
these cells. This indicated that although transgenic expression
of human CD4 and CCRS permitted entry of HIV into the
mouse cells, significant HIV infection was prevented by other
blocks to HIV replication present in mouse cells. In addition
to providing in vivo verification for the important role of CCR5
in T lymphocyte HIV infection, these transgenic mice repre-
sent a new in vivo model for understanding HIV pathogenesis
by delineating species-specific cellular factors required for
productive in vivo HIV infection. These mice should also prove
useful for the assessment of potential therapeutic and pre-
ventative modalities, particularly vaccines.

Although CD4 was identified initially as the cellular receptor
for HIV (1), several lines of evidence indicated that expression
of CD4 alone was insufficient to confer susceptibility to
infection by the virus (2). Specifically, HIV did not infect
mouse cells transfected with a human CD4 expression vector
(3) or mice transgenic for the expression of human CD4 (4)
despite the binding of the HI'V envelope protein, gp120, to the
human CD4 expressed on the cell surface. Expression of
human CD4 alone is insufficient to confer sensitivity to HIV
infection because gp120, after interacting with CD4, must
subsequently bind to a second receptor, such as a member of
the chemokine receptor superfamily, to initiate membrane
fusion and viral penetration (5). Since the initial identification
of CXCR4 as a coreceptor for HIV (6), it has been shown that
several other chemokine receptors, including CCR5 (7-10)
and chemokine receptor-like molecules (11, 12), can also
function as coreceptors for HI'V infection. Functional analysis
of CXCR4 and CCRS has clarified the basis for the divergent
cellular tropisms exhibited by different isolates of HIV (13).
T-tropic HIV isolates that infect T cell lines and peripheral T
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cells but not monocytes use CXCR4 as a coreceptor, whereas
M-tropic HIV isolates that infect monocytes/macrophages
and peripheral T cells but not T cell lines use CCRS as a
coreceptor (5). Identification of the phenotype of HIV isolated
during different stages of disease from infected individuals has
indicated that M-tropic HIV isolates play a critical role in
establishing infection (14). The importance of M-tropic HIV
isolates in the initial infectious process was further demon-
strated by the observation that individuals homozygous for a
32-bp deletion in the CCRS5 gene were resistant to HIV
infection despite multiple exposures to HIV and that mono-
nuclear cells from these individuals were resistant to in vitro
HIV infection with M-tropic HIV isolates (15, 16). Thus,
although HIV binding and internalization can be mediated by
CD4 acting together with one of several members of the
chemokine receptor superfamily, CCRS5 appears to be the
critical coreceptor used by HIV in the initial stages of infec-
tion. Because mouse CCRS differs significantly from human
CCRS5 (17), it cannot function as a coreceptor for HI'V, and
thus, expression of human CD4 alone was insufficient to
permit entry of HIV into mouse cells. Therefore, we investi-
gated whether mice transgenic for human CD4 and CCRS
would be susceptible to HIV infection.

METHODS

Construction of Transgenes. A 3.2-kb Notl/BamHI frag-
ment containing the proximal promoter for lymphocyte-
specific protein tyrosine kinase p56lck (obtained from R.
Perlmutter, University of Washington, Seattle) was blunted at
the 5" Notl overhang and subcloned into pBluescript KS(—) at
a blunted Kpnl and a BamHI restriction site. The resulting
plasmid, pLCK-A+, also contains 847 bp of simian virus 40
poly(A) tail coding sequence, which was inserted into the
multicloning site at BamHI and Spel. A 1.1-kb DNA fragment
containing the CCRS5 gene with a 5" BamHI site and 3’ Xhol
site was generated by PCR amplification of human genomic
DNA. The reaction was run for 30 cycles at 94°C for 30 sec,
60°C for 30 sec, and 68°C for 2 min by using primers 5'-GT-
CTGAGTCTGAGTCGGATCCAACAAGATGGATTAT-
CAA and 3'-GTCTGAGTCTGAGTCCTCGAGTCCGTGT-
CACAAGCCCAC that have BamHI and Xhol sites and
overlap the ATG and Stop codons, respectively. The amplified
1.1-kb CCRS gene was digested with BamHI and Xhol and
subcloned into the pLCK-A+ vector at the BamHI and Sall
site. The resulting plasmid, pLCK-CCR5-A+, was digested
with Sfil and NotI and purified for microinjection into mouse
embryos. The plasmid pT4B (obtained from the National
Institute of Allergy and Infectious Diseases AIDS Research
and Reference Reagent Program, Bethesda, MD) containing
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the human CD4 cDNA (3) was digested with EcoRI and
BamHI to obtain a 1.8-kb fragment containing the coding
sequence. Blunt ends were generated at the 5" and 3" ends, and
the CD4 cDNA fragment was inserted at the EcoRV site within
pLCK-A+. Directionality of the CD4 insert was confirmed by
restriction mapping. The construct was liberated by digestion
of pLCK-CD4-A+ with Sfil and NotI and purified for micro-
injection into mouse embryos.

Detection of CD4 DNA and CCR5 DNA by PCR. DNA was
extracted from transgenic mouse tails and purified by phenol
extraction and alcohol precipitation. Human CD4 and CCRS
DNA were detected by PCR amplification (45 cycles at 94°C for
30 sec, 65°C for 30 sec, and 72°C for 1 min) with taq polymerase
(GIBCO/BRL) by using primers 5'-GTGGAGTTCAAAATA-
GACATCGTG-3" and 5'-CAGCACCCACACCGCCTTCTCC-
CGCTT-3', and 5'-CACCTGCAGCTCTCATTTTCC-3" and
5'-TTGTAGGGAGCCCAGAAGAG-3' specific for the human
CD4 and CCRS, respectively. No PCR products were detected
after PCR amplification of control mouse DNA with these
human CCRS and CD4 primer pairs.

Flow Cytometric Analysis. Mononuclear cells harvested
from the peripheral blood of the mice were stained with
fluorescein isothiocyanate-conjugated mouse monoclonal an-
tibody to human CD4 (Becton Dickinson) and/or phyco-
erythrin-conjugated rat monoclonal antibody to mouse CD4,
CDS8, or B220 (PharMingen), or with fluorescein isothiocya-
nate-conjugated mouse monoclonal antibody to human CCRS
(PharMingen) and phycoerythrin-conjugated mouse monoclo-
nal antibody to CD4 (Becton Dickinson) as described (18).
Expression of the surface proteins was assessed by two-color
flow cytometric analysis by using a FACScan cell analyzer with
LYSIS-II software (Becton Dickinson), and nonviable cells and
unlysed red blood cells were gated out based on their forward-
and side-scatter profiles.

Infection with HIV-1. Primary M-tropic HIV-1 strains HI'V-
1s9 (19) and 92RWO09A, 92THO022E (20), HIV-1;r.csF, or
HIV-1;rr. (21) obtained from the National Institute of
Allergy and Infectious Diseases AIDS Research and Refer-
ence program were used in this study. For in vitro infection,
peripheral blood mononuclear cells (PBMCs) or splenocytes
isolated by density centrifugation were cultured in microplates
(10° cells per well) of the indicated isolate. The cultures were
washed, and the p24 antigen content of the culture supernatant
was measured at the indicated times by using the HIV-1 p24
core profile ELISA assay (DuPont/NEN). For in vivo infec-
tion, mice were inoculated with the indicated isolate by
intrasplenic (300 TCIDsy) or i.p. (8,000 TCIDs) injection. The
mice were evaluated for evidence of HIV-1 infection at the
indicated time by examining for the presence of HIV-1 gag
DNA by DNA PCR, tat/rev RNA sequences by reverse tran-
scription-PCR (RT-PCR), and infectious virus by coculture
with activated human PBMCs as described (18). The positive
control for detection of HIV DNA by PCR was HIV DNA
(1,000 copies) obtained from 8ES cells (from the NIH AIDS
Research and Reagent Program) and for detection of HIV
RNA by RT-PCR was RNA isolated from HIV-infected
human T cells, and the negative controls were buffer and
enzyme mixtures lacking DNA or cDNA as described (18).

RESULTS

Construction of Mice Transgenic for Human CD4 and
CCRS. In vitro studies have demonstrated that mouse fibro-
blast cell lines such as 3T3 can become susceptible to HIV-1
entry after transient transfection with human CD4 and CCR5
expression vectors (7, 8). To further examine the role of CCRS
as a coreceptor for HI'V-1 in a more physiological context, we
developed several independent mouse lines transgenic for both
human CD4 and CCRS5 and investigated whether lymphocytes
obtained from these mice could become infected with HI'V-1.
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Although M-tropic HI'V-1 isolates can infect both monocytes
and peripheral T cells, T cells are the critical target for HIV-1
infection as evidenced by their production of greater than 90%
of the plasma virus present in infected individuals (22, 23).
Therefore, the T cell-specific Ick promoter (24) was used to
construct vectors LCK-CD4-A+ and LCK-CCR5-A+ (Fig.
14) targeting expression of human CD4 and CCRS5 to T cells
in the transgenic mice. Transgenic founders harboring both
transgenes were generated by co-microinjection of these con-
structs into the pronuclei of F2 hybrid oocytes from
FVBxC57/B6 parents as described (25). Of 54 offspring, PCR
analysis of tail DNA identified 10 transgenic founder mice that
had integrated both the LCK-CD4-A+ and LCK-CCRS5-A+
constructs (Fig. 1B). Flow cytometric analysis using a mono-
clonal antibody specific for human CD4 demonstrated that
three of these transgenic founder mice expressed varying levels
of human CD4 on the cell surface of their PBMCs (Fig. 24).
In addition, human CCR5 mRNA was detected in PBMCs
isolated from these three transgenic founder by RT-PCR (data
not shown). Expression of both human CD4 and CCRS5 on the
surface of PBMCs isolated from progeny of transgene founder
mouse 18 was demonstrated by two-color flow cytomeric
analysis (Fig. 2B). Human CD4 and CCRS5 expression were
detected in 5 of 10 progeny of transgene founder mouse 18,
suggesting that the integrated genes in this transgenic line were
in strong linkage disequilibrium and most likely integrated in
tandem. To determine whether human CD4 was expressed on
T cells, two-color flow cytometry analysis was performed on
the mouse PBMC:s to evaluate human CD4 expression by the
CD4+ T cells, CD8+ T cells, and B cells in the peripheral
blood of two F1 mice derived from transgene founder mouse
18. Although human CD4 was expressed on the majority of
mouse CD4+ and CD8+ T cells, it was not detected on the
mouse B cells (Fig. 3), indicating that the Ick promoter was
directing expression of the transgene to the mouse T cells as
expected.

In Vitro Infection of Leukocytes from Human CD4/CCR5
Transgenic Mice. To determine the susceptibility of leukocytes
from these transgenic mice to infection by HIV-1, PBMCs
isolated from founder transgenic mice and control mice were
incubated with a primary patient M-tropic isolate of HIV-1,
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F1G. 1. (A) Constructs used to generate transgenic mice. Human
CD4 or CCRS was cloned into the transgene under the control of the
Ick proximal promoter as shown. Restriction enzyme sites shown are:
SFil (Sf), BamHI (B), Sall (S), EcoRV (E), NotI (N), Xhol (X), and
EcoRI (EI). (B) Detection of integrated human CD4 and CCRS5 in the
transgenic mice. DNA was extracted from the tails of the transgenic
mice, and integrated human CD4 and CCRS5 were detected by PCR
amplification with primer pairs specific for human CD4 and CCRS.
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Fi1G. 2. (A) Expression of human CD4 by PBMCs of transgenic
mice. PBMCs were harvested from the transgenic founder mice, and
surface expression of human CD4 was detected by flow cytometry by
using a fluorescein isothiocyanate-conjugated mouse monoclonal an-
tibody specifically directed against human CD4. (B) Expression of
human CCRS5 by PBMCs of transgenic mice. PBMCs harvested from
a transgenic mouse derived from transgenic founder mouse 18 and a
control mouse were evaluated for surface expression of human CD4
and CCRS by two-color flow cytometry by using mouse monoclonal
antibodies specifically directed against human CD4 and CCRS. The
percentage of positive cells in each quadrant is indicated.

HIV-1s9. Three days later, the cultures were washed, and 6
days later the culture supernatants were evaluated for the
presence of HIV p24 antigen. Productive HIV-1 infection
indicated by the presence of this antigen in the culture
supernatant was detected in cultures of PBMCs from the
transgenic mice and not in cultures of PBMCs from the control
mice (Fig. 4). The extent of HIV-1 infection in the PBMCs
from the transgenic mice correlated with cellular expression of
human CD4. Cultures containing cells from transgenic mouse
18, which had the highest level of human CD4 expression,
produced the most p24 antigen, and cultures containing cells
from transgenic mouse 21, which had the lowest level of human
CD4 expression, produced the least p24 antigen.

To further evaluate the in vitro sensitivity of leukocytes from
the human CD4/CCRS transgenic mice to infection with
HIV-1, splenocytes from transgenic mouse 18 were harvested
and infected with several isolates of HIV-1. After 6 days of
culture, the cells were washed, and then the p24 antigen
concentration in the culture supernatant was measured on day
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Fic. 3. Selective expression of human CD4 by mouse T cells.
PBMCs were isolated from a control mouse and two F1 progeny of
founder mouse 18. Expression of human CD4 by the mouse CD4+ T
cells, CD8+ T cells, and B cells was analyzed by two-color flow
cytometry. The percentage of positive cells in each quadrant is
indicated.

6, day 8, and day 11 of culture. After 11 days of culture, the
splenocytes were further evaluated for integrated HIV-1 by
gag-specific DNA PCR and for active viral replication by
RT-PCR detection of spliced tat/rev RNA sequences. Infec-
tion by HIV-1 isolates HIV-l_]R_CSF, HIV-lJR_FL, and HIV-159
was indicated by the production of increasing amounts of p24
antigen (Fig. 54) and the detection of HIV-1 gag DNA (Fig.
5B) and tat/rev RNA (Fig. 5C) sequences in the transgenic
mouse splenocytes. In comparison, 1-2 weeks after infection of
human PBMCs with the same inoculum of HIV-1;r.csk,
HIV-1jr.rL, HIV-159, 92RW009a, and 92THO22E isolates, p24
antigen production of 34,655, 29,935, 43,945, 37,045, and
33,848 pg/ml, respectively, was obtained.

In Vivo Infection of Human CD4/CCRS5 Transgenic Mice.
The susceptibility of the human CD4/CCRS5 transgenic mice
to in vivo HIV-1 infection was evaluated by inoculating them
with different HI'V-1 strains either by intrasplenic injection or
by i.p. injection. As shown in Table 1, although HIV-1 gag
DNA sequences were present in mononuclear cells isolated
from the spleen and lymph nodes of the human CD4/CCRS
transgenic mice 4 weeks after inoculation, HI'V-1 tat/rev RNA
sequences were not detectable by RT-PCR and HIV-1 could
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FiG. 4. HIV infection of PBMCs of the founder mice. Peripheral
blood mononuclear cells from three founder mice and three control
mice were infected with HI'V-1s9 at a multiplicity of infection of 0.025
(4,394 pg of p24). Three days after infection the cells were extensively
washed, and 6 days later the level of p24 antigen in the culture
supernatant was determined. The data shown are the mean = SEM of
two separate experiments.
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FiG. 5. HIV infection of splenocytes from a human CD4/CCRS
transgenic mouse. Splenocytes from founder mouse 18 were isolated,
cultured in 24-well plates (1 X 10° per well) in the presence of IL-2 (50
units/ml) and infected with the indicated isolates at a multiplicity of
infection of about 0.004 (p24 antigen concentration of 3,465 pg, 2,993
pg, 4,394 pg, 3,704 pg, and 3,384 pg for the JR-CSF, JR-FL, HIV-159,
92RWO09A, and 92THO22E isolates, respectively). After 6 days of
culture, all of the medium was removed and the cells were washed
three times and fed with fresh medium containing IL-2. (4) At the
designated time points, cleared supernatant was harvested and ana-
lyzed for the presence of p24 antigen. After 2 weeks of culture, the
splenocytes were evaluated for the presence of gag DNA (B) and
tat/rev RNA (C) by PCR.

not be isolated by coculture (data not shown). Thus, although
expression of human CD4 and CCRS in the transgenic mice
overcame the block that prevented entry of HIV-1 into mouse
cells, sustained in vivo replication of HI'V-1 still did not occur.

DISCUSSION

The pathogenesis of HIV-1 infection is a result of the complex
interaction between many different factors that can best be
studied by using an in vivo model. Because humans and
primates appear to be the sole hosts for HIV-1 infection,
studies investigating the effectiveness of novel therapies and
vaccines in preventing or modifying the course of HIV-1
infection have been restricted. The present report provides
verification that in vivo expression of human CD4 and CCRS
in primary mouse lymphocytes permits these cells to be
infected with primary HI'V-1 isolates. Low levels of productive
in vitro infection of the transgenic mouse splenocytes was
indicated by the rise in p24 antigen levels produced during the
course of culture after infection with certain M-tropic isolates,
HIV-159, HIVjr.csr, and HI Vyr_gr, but not with others, such
as 92RWO009A and 92THO22E. Cellular infection was indi-
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cated further by the detection of HIV-1 gag DNA and spliced
tat/rev RNA in the cells. The observation that the transgenic
mouse splenocytes were infected by some M-tropic isolates and
not by others suggested that different HIV-1 isolates may have
varying capacity to productively infect mouse cells. It is
possible that many rounds of in vitro passage of these isolates
in the transgenic mouse T cells would generate HI'V-1 isolates
that are better adapted for replicating in mouse cells.

The major barrier preventing HIV-1 infection of mouse
cells, a block in cellular penetration because of structural
differences between human and mouse CD4 and CCRS5, was
overcome by the expression of human CD4 and CCRS by T
cells in these transgenic mice. Although leukocytes from the
human CD4/CCRS5 transgenic mice were infectible with
HIV-1 in vitro, the degree of p24 antigen production was 1-2
logs less than that observed after infection of human leuko-
cytes, and infectious virus was not isolated from the culture
supernatant by secondary coculture with human PBMCs (data
not shown). The decreased replication of HIV-1 in mouse cells
has been attributed to the reduced function of certain HIV-1
regulatory genes in mouse cells (26). The activity of HIV-1 tat,
the major positive regulator of HIV-1 gene expression, is
markedly decreased in mouse cell lines (27). The resistance of
mouse cells to fat-mediated trans-activation is a result of the
absence of a species-specific cofactor encoded by human
chromosome 12 that is required for the binding of Tat to its
cis-responsive binding element, TAR (28). The function of
another HIV-1 regulatory gene product, Rev, which facilitates
transport of incompletely spliced HIV-1 mRNAs from the
nucleus into the cytoplasm, is also markedly diminished in
mouse fibroblast cell lines (27, 29). However, although the
activity of Tat and Rev may be restricted in some mouse tissues
such as fibroblasts, they may be functional in other mouse
tissues such as lymphoid cells. For example, substantial Tat-
mediated trans-activation was detected in a mouse macro-
phage line, RAW264, that was mediated by interaction be-
tween Tat and TAR (30). Furthermore, although Rev function
was severely blocked in some mouse cell lines, functional Rev
activity was observed in a murine T cell hybridoma (28). Thus,
sufficient activity of these regulatory genes may occur in the T
cells from the human CD4/CCRS transgenic mice, permitting
them to be infected with HIV-1 albeit at a much lower level
than human T cells. Nevertheless, our results indicated that
these levels were insufficient to permit sustained productive in
vivo infection in mice transgenic for human CD4 and CCRS.
It is also possible that the absence of in vivo HIV-1 replication
in these mice was a result of the defective function of other
HIV-1 regulatory genes in mouse cells, such as vif, which is
responsible for the production of infectious virions (31) and
the lack of other factors required for virion assembly and
budding.

Taken together, these results indicated that although ex-
pression of human CD4 and a chemokine receptor such as
CCRS may be sufficient to permit entry of HI'V-1 into mouse
cells, the combined effect of impairment in other stages of
HIV-1 replication in mouse cells may prevent the development
of sustained in vivo infection in these human CD4/CCR5
transgenic mice. Therefore, the presence of additional blocks
that prevent efficient HI'V-1 replication in mouse cells com-
plicates the use of transgenic mice to investigate the immu-
nopathology of HIV-1 infection. It is possible that modifica-
tion of HIV-1 proviruses so that they contain alternate regu-
latory genes that are active in mouse cells would permit
productive infection to occur in these mice. For example, when
the murine leukemia virus (MLV) core enhancer was inserted
into the HIV-1 LTR, increased transcriptional activity of the
HIV-1 LTR was observed in mouse cells, and mice transgenic
for an HIV-1 provirus containing this MLV/HIV chimeric
long terminal repeat produced infectious virus particles (32).
If productive infection would occur in these human CD4/
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Table 1. In vivo infection of human CD4/CCRS transgenic mice
Time after last Spleen Lymph node

Mouse HIV isolate inoculation gag DNA  tat/rev RNA  Coculture  tat/rev RNA  gag DNA  Coculture
Control mice
#1 HIV-159 2 weeks - - - - - -
#2 HIV-1s9 4 weeks - - - - - -
#3 HIV-159 4 weeks — — — — — —
#4 HIV-1i779 4 weeks - - - - — —
CD4/CCR TG mice
TG#1 HIV-159 2 weeks — — — — — —
TG#2 HIV-159 2 weeks - - - - - -
TG#3 HIV-1s9 4 weeks + - - - ND -
TG#4 HIV-11779 4 weeks — — — - + —
TG#5 HIV-159 4 weeks + - - - - -
TG#6 HIV-1jr.csp 4 weeks + — — - + —
TG#7 HIV-1jrFL 4 weeks + — — — — —

Mice were infected by intrasplenic inoculation of 300 TCIDsq (control #1, #2, #3, and TG #1, #2, and #3) or i.p. injection of 8,000 TCIDs
(control #4 and TG #4, #5, and #6) of the indicated isolate. TG #4, #5, and #6 were inoculated weekly four times. The mice were sacrificed,
and the splenocytes and lymph node cells were evaluated for HI'V gag DNA and rat/rev RNA by PCR and for the presence of infectious virus by

coculture. ND, not done.

CCRS transgenic mice after infection with modified HIV-1
proviruses, then they could be used to examine whether a
vaccine-stimulated immune response could prevent infection.
Thus, the human CD4/CCRS5 transgenic mice described in this
report represent a productive first step in the development of
a new in vivo system to evaluate the effectiveness of candidate
HIV-1 vaccines and to study the pathobiology of HIV-1
infection.
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