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In this article, we show that passage in SCID mice rendered a human CD41 T-cell line (CEM cells) highly
susceptible to infection by macrophage-tropic (M-tropic) strains and primary clinical isolates of human
immunodeficiency virus type 1 (HIV-1). This in vivo-acquired permissiveness of CEM cells was associated with
the induction of a CD45RO1 phenotype as well as of some b-chemokine receptors. Regulated upon activation,
normal T-cell expressed and secreted chemokine entirely inhibited the ability of M-tropic HIV-1 strains to
infect these cells. These findings may lead to new approaches in investigating in vivo the capacity of different
HIV strains to exploit chemokine receptors in relation to the dynamics of the activation and/or differentiation
state of human CD41 T cells.

Understanding the scenario of in vivo interactions between
human immunodeficiency virus type 1 (HIV-1) and target cells
is an issue of crucial importance in AIDS research. However,
progress in this area has been hampered by the problems in
reconciling the results obtained in studies using in vitro cell
systems with the events occurring under in vivo conditions and,
possibly, with those observed in HIV-1-infected patients. In par-
ticular, overestimating the significance of in vitro virus-target
cell assays for determining viral tropism and pathogenicity may
lead to misleading conceptions about HIV-1 pathogenesis, if it
is not sufficiently taken into account that the phenotypes of
both virus and target cells can significantly change in the course
of in vivo infection. This obviously has profound implications
for viral transmission, pathogenesis, and disease progression.
For this reason and due to the general confusion created by the
present classification systems, some authors have recently pro-
posed that a new HIV-1 classification based on the coreceptor
usage rather than in vitro assays is needed (2).

The susceptibility to infection with different HIV-1 strains is
related to the expression of various chemokine receptors on
T-lymphocyte subsets (1–4, 7, 8, 14). In fact, CXCR4 (the
principal coreceptor for T-cell tropic [T-tropic] HIV-1 strains)
is mainly expressed on naive CD41 T lymphocytes (CD45RA),
while CCR5 (the principal coreceptor for macrophage-tropic
[M-tropic] HIV-1 strains) is predominantly expressed on mem-
ory CD41 T lymphocytes (CD45RO) (3). Although some stud-
ies have suggested that the progressive differentiation of hu-
man CD41 T cells toward a memory phenotype is associated
with an increased susceptibility to HIV-1 infection (21, 24, 27),
there is no direct in vivo evidence on the relationships between

T-cell differentiation and the importance of coreceptor usage
for HIV-1 cell tropism and HIV-1 induced disease.

Human-severe combined immunodeficient (SCID) mouse
xenografts represent unique and practical in vivo models with
which to study the early events triggered by the interaction of
HIV-1 with the human immune system (11–13, 15–18). In the
present study, we investigated the possible changes in the per-
missiveness to various HIV-1 strains of a human CD41 T-cell
line (CEM-SS) (19) after transplantation into SCID mice.

Acquired susceptibility to the M-tropic HIV-1 strain SF162
by CEM cells grown in SCID mice. We first compared the
abilities of syncytium-inducing T-tropic (IIIB) and non-syncy-
tium-inducing M-tropic (SF162) strains of HIV-1 to infect
CEM cells in vitro and after transplantation into SCID mice.
CB.17 SCID/SCID female mice were injected subcutaneously
(s.c.) in the shoulder with 20 3 106 uninfected CEM-SS cells
resuspended in 0.2 ml of RPMI 1640 (22). SCID mice were
treated with a monoclonal anti-mouse granulocyte antibody to
deplete animals of some residual reactivity, as previously de-
scribed (22). The in vivo HIV-1 infection of CEM-SCID mice
was performed by a simultaneous s.c. injection of 20 3 106

uninfected CEM-SS cells (American Type Culture Collection,
Rockville, Md.) with 106 50% tissue culture infective doses of
cell-free virus (10). The virus stocks were derived from clarified
culture medium of phytohemagglutinin-interleukin 2-stimu-
lated HIV-1-infected peripheral blood mononuclear cells, fro-
zen at 2140°C. Titers were determined by standard end-point
dilution methods. The viral strains used in these experiments
were HIV-1 IIIB and HIV-1 SF162. Under all conditions,
the HIV-1-infected chimeras were sacrificed when the tumors
reached 20- to 25-mm mean diameter and analyzed for the
virus replication at the tumor site and p24 antigenemia. At sac-
rifice, the CEM cell tumors were excised, and single-cell sus-
pension was obtained as described (22). Cell suspensions were
subjected to HIV-1 DNA PCR, as described (20), and HIV-
1 reverse transcription-PCR (RT-PCR) with specific prim-
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ers was performed to detect all viral RNAs, as reported else-
where (10). Sera of infected animals were tested for HIV p24
antigen by an antigen capture enzyme-linked immunosorbent
assay (Dupont, Bruxelles, Belgium). For HIV-1 in vitro infec-
tion, cells were pelleted and incubated with the virus inoculum
at multiplicity of infection of 0.1 for 1 h at 37°C, washed three
times, and cultured in complete medium. As shown in Fig. 1A
(left), HIV-1 SF162 did not infect the parental CEM cells
maintained under in vitro condition up to 2 weeks after chal-
lenge, while these cells were fully permissive to HIV-1 IIIB. In
contrast to the results of in vitro experiments, the in vivo in-
fection induced a productive infection with both HIV-1 strains.
In fact, high levels of p24 antigenemia (Fig. 1A, right) were
detected in the sera of xenografted animals infected with both
SF162 and III-B HIV-1 strains up to 2 months after the in vivo
virus challenge. Moreover, the DNA PCR and RT-PCR anal-
yses of CEM cells obtained from s.c. tumors showed high levels
of HIV-1 infection with both HIV-1 strains (Fig. 1B). These
results strongly suggested that the SCID mouse environment
had induced important changes in CEM cells, rendering them
permissive to a broader spectrum of HIV-1 strains.

Characterization of CEM cell phenotype in SCID mice. We
next characterized the phenotype of ex vivo CEM cells as
compared to the parental cells. CEM cells obtained from un-
infected s.c. tumors were analyzed by flow cytometry by us-
ing the following monoclonal antibodies: anti-CD45RA fluo-
rescein isothiocyanate and anti-CD45RO phycoerythrin (PE)
(Becton Dickinson, San José, Calif.), anti-CXCR4 PE, and
anti-CCR5 PE (Pharmingen, San Diego, Calif.). Cells were

fixed with 2% paraformaldehyde and analyzed on a FAC-
SORT cytometer (Becton Dickinson) equipped with a 488-nm
argon laser. Data were recorded and analyzed by using LYSIS
II software (Becton Dickinson). The results, summarized in
Fig. 2A, show that CEM cells obtained from the s.c. tumors
grown in SCID mice (ex vivo CEM cells) differed significantly
from the parental CEM cells. In particular, (i) ex vivo CEM
cells were CD45RO1 while the parental cells were CD45RO2,
(ii) the ex vivo CEM cells expressed low level of CCR5 on the
cell membrane while the parental CEM cells were all negative
for CCR5 (staining with control PE-conjugated antibodies did
not show nonspecific binding on ex vivo CEM cells [data not
shown]), and (iii) the percentages of CXCR41 cells did not
show significant differences between ex vivo and parental CEM
cells. CD45RA, CD3, and CD4 were equally expressed in both
the parental and ex vivo CEM cells (data not shown). To
further explore the phenotype of ex vivo CEM cells we used
RT-PCR analysis. mRNAs coding for human chemokine
receptors (CCR2, CCR3, CXCR4, and CCR5) were detected
in CEM cells by amplifying the RNA isolated as previously
described (20) with specific primer pairs. The following primer
sequences were used for CXCR4: 59 TGCTGTATGTCTCGT
GGTAGG and 39 TGTAGGTGCTGAAATCAACCC. Prim-
ers specific for CCR5, CCR2, and CCR3 are reported else-
where (6, 9). The samples were amplified for 30 to 35 cycles
under the following conditions: 94°C for 40 s, 62°C for 40 s, and
72°C for 40 s. b2-Microglobulin RT-PCR (20) was run in
parallel to normalize the levels of human RNA in all the
samples. Preliminary experiments were performed to verify

FIG. 1. Acquired susceptibility to infection with the SF162 strain of HIV-1 by CEM cells grown in SCID mice. (A) p24 antigen levels in the supernatants of CEM
cells infected in vitro with either IIIB (white columns) or SF162 (black columns) strain (left) and in sera of SCID mice transplanted s.c. with CEM cells and
simultaneously infected with either IIIB (white columns) or SF162 (black columns) (right). Histograms represent the means 6 standard errors for six samples. (B)
HIV-1 infection of CEM cell tumors grown in SCID mice. DNA PCR for gag-specific sequences (top row). The detection range of proviral copy number was determined
in parallel by amplifying known amounts of 8E5 cell line DNA. RT-PCR (middle row) was performed with specific primers to detect all viral RNAs. b2-Microglobulin
(b2 mg) RT-PCR (bottom row) was run in parallel to normalize the levels of human RNA in all the samples. Single animals (A1 through A4 and B1 through B3),
negative control (NC), and positive control (8E5) are indicated.
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that the human primers used did not cross-react with murine
sequences. All RT-PCR products were in the linear range of
amplification (data not shown). The results of the RT-PCR
analysis of the HIV-1 coreceptors were consistent with the flow
cytometry results. In fact, a marked upregulation of CCR2,
CCR3, and CCR5 mRNAs occurred in the ex vivo CEM cells
as compared to the parental cells, while the mRNA for
CXCR4 was equally expressed in the two cell types (Fig. 2B).
Notably, RT-PCR analysis showed that the ex vivo CEM cells
progressively lost their new phenotype when maintained under
in vitro conditions for a few weeks. In fact, at 30 days of in vitro
culture, the expression of CCR2, CCR3, and CCR5 mRNAs of
these cells was virtually identical to that of the original pa-
rental cells (Fig. 2B), while the expression of CXCR4
mRNA did not change during the culture period (Fig. 2B).
These changes paralleled a progressive loss of the CD45RO
phenotype for ex vivo CEM cells occurring at 2 to 3 weeks of
in vitro culture (data not shown). Taken together, these data
indicated that the phenotype of ex vivo CEM cells markedly
differed from that of parental cells. This could be the result of
either a progressive differentiation of CEM cells due to the
stimuli present in the mouse environment or an expansion of a
very small fraction of CEM cells (expressing the CD45RO
phenotype and higher levels of chemokine receptors) in SCID
mice. This hypothesis may appear possible given the results for
CCR5, which is detectable (at the mRNA level) in parental

CEM cells. However, it seems unlikely in the view of the fact
that CD45RO and the other chemokine receptors (with the
exception of CXCR4) are not expressed in parental CEM cells.

HIV-1 infection of ex vivo CEM cells and role of b-chemo-
kine receptors. We then characterized the spectrum of permis-
siveness of ex vivo CEM cells to HIV-1 infection, by challeng-
ing these cells with SF162, IIIB, and two primary clinical
isolates (G and PD, kindly provided by Maria Capobianchi,
Institute of Virology, University “La Sapienza,” Rome, Italy),
as compared to the parental CEM cells. Ex vivo CEM cells
were cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal calf serum. Cells were seeded at 2 3
105/ml and passaged every three days. For HIV-1 in vitro
infection, parental and ex vivo CEM cells were pelleted and
incubated with the virus inoculum at multiplicity of infection of
0.1 for 1 h at 37°C, washed three times, and cultured in com-
plete medium. The results of these experiments were consis-
tent with the in vivo findings illustrated in Fig. 1, in that the ex
vivo CEM cells remained highly permissive to both SF162 and
IIIB strains whereas the parental CEM cells did not efficient-
ly integrate and replicate the non-syncytium-inducing M-tropic
HIV-1 strain SF162, even at 12 days after the challenge (Fig.
3A). Moreover, the ex vivo CEM cells were efficiently infected
by both the primary clinical isolates (Fig. 3A). Notably, the
finding that no proviral HIV-1 copies were detected after in-
fection of parental CEM cells with HIV-1 SF-162 (Fig. 3A)
renders it unlikely that our data simply reflect an in vivo se-
lection of a small fraction of preexisting CEM cells permissive
for M-tropic HIV-1 strains. As shown in Fig. 3B, the permis-
siveness of the ex vivo CEM cells to SF162 progressively de-
clined during in vitro culture. These results suggested that the
acquired permissiveness of ex vivo CEM cells was dependent
on the HIV-1 coreceptors gained in vivo, in that both the newly
acquired coreceptor phenotype and the permissiveness to the

FIG. 2. Time course of phenotypic changes of ex vivo CEM cells. (A) Flow
cytometric analysis of parental CEM cells (dotted lines) and of CEM cells
obtained from s.c. tumors grown in SCID mice (ex vivo CEM cells) (solid lines)
labeled with anti-CD45RO, anti-CCR5, and anti-CXCR4 antibodies. (B) RT-
PCR in parental (P) and ex vivo CEM cells. The results of one representative
experiment are shown. Ex vivo CEM cells were collected and analyzed immedi-
ately after harvesting (0) and at 6, 12, and 30 days of in vitro culture. RNA was
amplified with primer pairs for CCR2, CCR3, CXCR4, and CCR5.
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M-tropic strain were progressively lost during in vitro culture.
To verify whether the upregulation of the b-chemokine recep-
tors on the ex vivo CEM cells had a role in their acquired per-
missiveness to M-tropic HIV-1 strains, we tested whether the
b-chemokines regulated upon activation, normal T-cell ex-
pressed and secreted chemokine (RANTES), macrophage in-
flammatory protein 1a (MIP-1a), MIP-1b, and monocyte che-
motactic protein 1 (MCP-1) could interfere with the entry,
integration, and replication of SF162 in these cells. For these
experiments, recombinant human RANTES, MIP-1a, MIP-1b
(R&D Systems, Minneapolis, Minn.), and MCP-1 (PeproTech,
EC, Ltd., London, United Kingdom) were each added at 300
ng/ml to the cells together with the virus inoculum and at every
passage in culture. Controls were cultured in complete me-
dium without supplements. PCR analysis clearly showed that
RANTES exerted an early inhibitory effect on viral entry.
Treatment with this b-chemokine resulted in undetectable lev-
els of HIV-1 proviral copies in ex vivo CEM cells (Fig. 3C,
left). MIP-1b exerted a slight inhibitory effect on SF162 infec-
tion, while little or no effect was observed with either MIP-1a
or the CCR2 ligand MCP-1 (Fig. 3C, left). RT-PCR analysis of
HIV-1 RNA confirmed that RANTES virtually abolished SF162
replication in the ex vivo CEM cells (Fig. 3C, right). These
results confirmed that the slight increase in CCR5 expression
in ex vivo CEM cells shown by flow cytometry (Fig. 2) was key
in rendering these cells permissive to HIV-1 SF162 strain.

Some studies have shown that CD41 T lymphocytes express-
ing the memory phenotype are infectable with a broad spec-
trum of HIV-1 strains, while naive CD41 T cells are exclusively
permissive to T-tropic strains of HIV-1 and require cellular
activation signals for productive infection (21, 23, 24, 27). This
phenomenon has recently been elucidated by the demonstra-
tion that naive T cells predominantly express CXCR4 HIV-1

coreceptor while memory T cells express CCR5 (3). In vitro
studies have largely confirmed that human CD41 T-cell lines
are exclusively permissive to T-tropic HIV-1 strains through
CXCR4 usage (2). The data presented here indicate that the
passage of a human CD41 T-cell line into SCID mice markedly
changed the phenotype of these cells, rendering them permis-
sive to both an M-tropic strain and primary clinical isolates of
HIV-1, which did not enter the parental cells maintained in
vitro. This permissiveness was associated with the acquisition
of a memory phenotype and was mostly dependent on the
availability of the CCR5 HIV-1 coreceptor, since the occu-
pancy of this receptor by RANTES and MIP-1b, its natural
ligands, markedly inhibited the SF162 infection. Thus, the
changes induced by the SCID mouse environment were re-
sponsible for the acquired permissiveness of CEM cells to the
M-tropic HIV-1 strain, SF162. This suggests that the dynamics
of activation and differentiation of CD41 T cells, induced by
antigen stimulation or merely maintained by environmental
factors (20, 25, 26), may continuously influence the emergence
of different viral phenotypes during the development of HIV-1
infection and the progression to AIDS (3, 21, 23, 24, 27).
Notably, different from peripheral blood lymphocytes, the
great majority of CD41 T cells in the mucosal tissues exhibit
the memory phenotype (5) and, therefore, are potentially sus-
ceptible to the infection with a broad spectrum of HIV-1
strains. In this study, we have shown that a specific environ-
mental factors of SCID mice may induce differentiation stimuli
even for a T-cell line, rendering these cells permissive to the
so-called R5 viruses (2) through the specific upregulation of
CCR5 HIV-1 coreceptor. These data emphasize the need for a
new classification of HIV-1 strains based on coreceptor use (2)
rather than on other parameters such as the cell target (M-
tropic or T-tropic), the capacity to induce syncytia in cell lines

FIG. 3. Permissiveness of ex vivo CEM cells to infection with M-tropic HIV-1 strains and effects by b-chemokines. (A) PCR analysis of HIV-1 proviral DNA in
parental and ex vivo CEM cells. Parental and ex vivo CEM cells were infected in vitro with the HIV-1 IIIB (lane a) or SF162 (lane c) strain or with each of two primary
clinical isolates (lanes b and d). DNA samples were analyzed for HIV-1 proviral DNA at 12 days after the virus challenge. Negative controls (NC) and positive controls
(8E5) were also processed. (B) Time course of permissiveness of ex vivo CEM cells to the HIV-1 SF162 strain. Ex vivo CEM cells were infected with HIV-1 SF162
immediately after harvesting (0) and after 6, 12, and 30 days of in vitro culture and analyzed for the presence of proviral DNA by PCR at 3 days after virus challenge.
(C) Effects of the various chemokines on the infection of ex vivo CEM cells with the HIV-1 SF162 strain. Ex vivo CEM cells were infected in vitro with HIV-1 SF162
and cultured with and without (Ctr) the addition of the chemokines RANTES, MIP-1a, MIP-1b, and MCP-1. Samples were analyzed for the presence of HIV-1 proviral
DNA (left) and RNA (right) by PCR at 3 days after the infection. HLA-DQa DNA PCR and b2-microglobulin (b2 mg) RT-PCR were run in parallel to normalize
the levels of human DNA and RNA, respectively, in all the samples. The results are representative of four separate experiments.
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(syncytium inducing or non-syncytium inducing), or the growth
kinetics in culture (slow/low level or rapid/high level).

New concepts regarding both the early events of HIV-1
infection and the mechanisms leading to the CD41 T-cell de-
pletion occurring in AIDS patients may stem from experiments
performed with human/SCID mouse xenograft models. Our
model offers new opportunities for a practical in vivo investi-
gation, under highly controlled conditions, of mechanisms of
HIV-1 infection in relation to the dynamics of activation and
differentiation of human CD41 T cells.
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