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Human Immunodeficiency Virus Type 1 Strains R5 and X4 Induce
Different Pathogenic Effects in hu-PBL-SCID Mice, Depending
on the State of Activation/Differentiation of Human Target
Cells at the Time of Primary Infection
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In a previous study, we had found that the extent of T-cell dysfunctions induced by a T-tropic strain of
human immunodeficiency virus type 1 (HIV-1) in SCID mice reconstituted with human peripheral blood
lymphocytes (hu-PBLs) (hu-PBL-SCID mice) was related to the in vivo state of activation of the human
lymphocytes. In this article, we compared the effect of infection of hu-PBL-SCID mice with either T-tropic (X4)
or M-tropic (R5) strains of HIV-1 by performing virus inoculation at either 2 h or 2 weeks after the hu-PBL
transfer, when the human T cells exhibited a marked activation state or a predominant memory phenotype,
respectively. A comparable level of infection was found when hu-PBL-SCID mice were challenged with either
the SF162 R5 or the IIIB X4 strain of HIV at 2 h postreconstitution, while at 2 weeks, the R5 virus infection
resulted in a higher level of HIV replication than the X4 virus. The R5 strain induced a marked human CD4ⴙ
T-cell depletion along with a drop in levels of human immunoglobulin M in serum and release of soluble factors
at both infection times, while the X4 virus induced severe immune dysfunctions only at 2 h. Of interest,
injection of hu-PBLs into SCID mice resulted in a marked up-regulation of CCR5 on human CD4ⴙ T cells. The
percentage of CXCR4ⴙ cells did not change after transplantation, even though a significant decrease in antigen
expression was observed. Comparative experiments with two molecular clones of HIV-1 (X4 SF2 and R5 SF162)
and two envelope recombinant viruses generated from these viruses showed that R5 viruses (SF162 and the
chimeric env-SF162-SF2) caused an extensive depletion of human CD4ⴙ T cells in SCID mice at both 2 h and
2 weeks after reconstitution, while the X4 viruses (SF2 and the chimeric env-SF2-SF162) induced CD4 T-cell
depletion only when infection was performed at the 2-h reconstitution time. These results emphasize the
importance of the state of activation/differentiation of human CD4ⴙ T cells and gp120-coreceptor interactions
at the time of primary infection in determining HIV-1 pathogenicity in the hu-PBL-SCID mouse model.
Human immunodeficiency virus type 1 (HIV-1) replication
is a dynamic process influenced by a combination of viral and
host factors, whose interactions may shape the natural history
of HIV-1 infection in AIDS patients (11). Viral characteristics
sustaining viral replication within a patient include replicative
fitness and cell tropism. Cell tropism is strongly linked to the
ability of different HIV-1 envelopes to utilize CC or CXC
chemokine receptors as coreceptors for initiating viral fusion
and entry into target cells (1, 7, 9, 24, 32, 51). CXCR4 has been
shown to mediate the entry of T-cell-line-adapted SI HIV-1
strains (namely, X4 strains), while CCR5 has been identified as
the coreceptor for macrophage-tropic NSI strains (denominated as R5 strains) (3). R5 strains are most frequently transmitted during primary HIV-1 infection and persist throughout the
course of infection, while expanded coreceptor usage and evolution to T-tropic viruses are closely linked with disease progression (51). Further studies have shown that CXCR4 is primarily expressed on naive CD4⫹ T cells, whereas CCR5 is
mainly expressed on memory CD4⫹ T cells (4). Notably, memory CD4⫹ T cells have been shown to be highly permissive to
HIV-1 infection (38, 40, 43, 50).
An in vivo acute or chronic state of activation of the immune

system may be an important factor in rendering the host more
receptive to HIV-1 infection and more susceptible to virusinduced pathological effects. In fact, several in vitro data indicate that a particular cellular activation state is required for the
establishment of a productive HIV infection (31, 41, 44).
Moreover, studies of African populations suggest that in vivo
immune activation, due to endemic parasitic infections, may be
an important cofactor in susceptibility to progressive HIV infection and disease (2, 36). Thus, the state of activation/differentiation of the immune system at the moment of primary
infection may be a crucial factor in determining the extent of
early viral replication (21) and the establishment of a pool of
latently infected cells (6, 12) that have been shown to represent
a long-lasting reservoir for HIV-1.
Small animal models represented by SCID mice engrafted
with human peripheral blood lymphocytes (25, 48), lymphoid
cells (20), or tissues (22, 28) have been largely employed to
investigate the mechanisms underlying HIV-1 infection and
AIDS pathogenesis (16, 19, 20, 23, 26, 27, 29, 35, 37). In
particular, previous studies with the hu-PBL-SCID mouse
model had shown that X4 HIV-1 strains, which are highly
cytopathic for T cells in vitro (5), caused little CD4⫹ T-cell
depletion in SCID mice reconstituted with human peripheral
blood lymphocytes (hu-PBLs), whereas noncytopathic, macrophage-tropic R5 strains induced extensive CD4⫹ T-cell depletion, at an equivalent viral burden (27). Therefore, in vitro
assays did not predict CD4 T-cell depletion in the hu-PBL-
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MATERIALS AND METHODS
Subjects. hu-PBLs were obtained from the peripheral blood of healthy donors.
All donors were screened for HIV-1 and hepatitis prior to donation. The huPBLs were obtained by Ficoll-Paque density gradient centrifugation. Thirty million cells were resuspended in 0.5 ml of RPMI 1640 and injected intraperitoneally into the recipient mice.
Animals. CB17 scid/scid female mice (Harlan, Italy) were used at 4 weeks of
age and were kept under specific-pathogen-free conditions. SCID mice were
housed in microisolator cages and all food, water, and bedding were autoclaved
prior to use.
HIV-1 infection. hu-PBL-SCID mice were injected intraperitoneally 2 h and 2
weeks after reconstitution with 105 50% tissue culture infective doses (TCID50s)
of either the X4 T-tropic IIIB or the R5 M-tropic SF162 strain of HIV-1.
In a second set of experiments, the xenochimeras were injected with 105
TCID50s of envelope recombinant viruses generated between two molecular
clones of HIV-1, T-tropic SF2 and M-tropic SF162 (14, 42).
Cell recovery from peritoneal cavity and organs of the SCID mice. hu-PBLSCID mice were sacrificed at 4 weeks after HIV infection, and cells were
collected from the peritoneal cavity, spleen, and lymph nodes. At each time, a
two-step peritoneal lavage was done. The first washing was performed with 1 ml
of cold RPMI 1640 medium. The recovered volume was centrifuged, and the
supernatant was stored at ⫺20°C, while the cells were pooled with those obtained
with a second 4-ml washing. Spleen and lymph nodes were disrupted with the
blunt end of a 5-ml syringe plunger. Connective tissue and debris were allowed
to settle, and the single-cell suspensions were washed twice in RPMI 1640
medium (37).
ELISA for soluble human factors and Igs. Commercially available enzymelinked immunosorbent assays (ELISAs) were used for determination of soluble
ICAM-1 (sICAM-1) in peritoneal lavage fluids and of soluble interleukin-2
receptor (sIL-2R) (Genzyme) in sera of hu-PBL-SCID mice, as described elsewhere (37). An ELISA system was used to quantitate human immunoglobulin G
(IgG), IgM, and IgA in sera of the chimeras by using a goat antihuman F(ab⬘)2
Ig antibody and peroxidase-coupled goat anti-human IgG, IgM, and IgA (Cappel-Cooper Biomedical, West Chester, Pa.) as previously described (37). All
ELISAs were performed in duplicate, and laboratory standards were included on

each plate. Sera and peritoneal lavage fluids from nonreconstituted SCID mice
and C.B17 mice were used as negative controls of all ELISA determinations.
Flow cytometric analysis. Cells recovered from the peritoneum of the hu-PBLSCID mice were resuspended in phosphate-buffered saline (PBS) and incubated
with the appropriate fluorochrome-conjugated monoclonal antibodies (MAbs)
for 30 min. The cells were then washed with a mixture of 2% PBS, 0.1% fetal calf
serum, and sodium azide and fixed with 2.5% paraformaldehyde. Two-color flow
cytometry was performed with a FACSort fluorescence-activated cell-sorter
(FACS) cytometer (Becton Dickinson, San Jose, Calif.), and stained cells were
analyzed with LYSIS II (Becton Dickinson) software. A total of 5,000 events/
sample were collected. Cells were analyzed according to forward and side scatter
properties to gate the live cell population, allowing for the exclusion of erythrocytes, dead cells, and cell and tissue debris. The MAbs used were antihuman
leukocyte antigen (CD45) (Becton-Dickinson); antihuman CD4, CD8, CD69,
HLA-DR, CD45RA, and CD45RO (Becton-Dickinson); and anti-CXCR4-PE
and anti-CCR5-PE (Pharmingen, San Diego, Calif.). CXCR4 and CCR5 analyses were performed with gated live CD4⫹ cells.
Detection of viral infection. The chimeras were sacrificed after 4 weeks and
analyzed for HIV-1 infection by (i) cocultivation of cell suspensions (30) from
peritoneal lavage and spleen with human phytohemagglutinin (PHA)–IL-2-stimulated PBMCs for 7 days, with positivity of cocultivation determined by detection
of p24 antigen by ELISA (Dupont, B-1130 Brussels, Belgium) in culture supernatants; (ii) DNA-PCR for virus-specific sequences as described elsewhere (37);
(amplification and detection of the HLA-DQ␣ gene fragment performed with
the GH26-GH27 primer); and (iii) reverse transcription-PCR with specific primers to detect all viral RNAs (total RNA isolated with RNAzol B [Biotecx,
Houston, Tex.]), which were treated with RNase-free DNase (Boehringer,
Mannheim, Germany) and processed as previously described (19).
Statistical analysis. Student’s t test and the nonparametric two-tailed Wilcoxon’s rank-sum test were used as appropriate for the statistical analysis of the
data.

RESULTS
HIV-1 infection of hu-PBL-SCID mice at 2 h and 2 weeks
after reconstitution. We infected xenochimeric mice with the
HIV-1 X4 (T-tropic) IIIB or the R5 (M-tropic) SF162 strain at
either 2 h or 2 weeks after transfer of hu-PBLs into SCID mice.
Four weeks after infection, the xenochimeras were sacrificed
and intensively studied for evaluation of the levels of HIV-1
infection. First, we assessed proviral load in organs from infected mice by PCR. Figure 1A shows the HIV PCR results
obtained by testing DNA extracted from spleens or lymph
nodes from three representative mice in each infection group.
HIV DNA could generally be detected in the spleen and/or
lymph nodes from mice infected under both conditions. The
evaluation of the proviral copy number revealed the presence
of a lower level of HIV-1 copies in organs of SCID mice
infected at 2 weeks postreconstitution compared to those of
animals infected at 2 h, particularly when the HIV-1 IIIB strain
was used (Table 1). Peritoneal cells and splenocytes from infected mice, showing detectable proviral copies in the organs
examined, were cocultured with PHA–IL-2-activated autologous human PBMCs, and HIV-1 replication was evaluated by
measuring p24 antigen production. As shown in Fig. 1B, comparable levels of p24 antigen were detected in coculture supernatants of cells from hu-PBL-SCID mice infected with either the SF162 strain or the IIIB strain at 2 h after
engraftment, although p24 was produced in smaller amounts in
cocultures of cells isolated from IIIB-infected xenochimeras.
At 2 weeks after reconstitution, although detectable proviral
DNA copies were found in infected organs from all groups of
infected mice, high levels of p24 antigen were only observed in
coculture supernatants from mice infected with SF162, while
very low levels of p24 were found in supernatants of cells from
xenochimeras infected with the HIV-1 IIIB strain (Fig. 1B).
Notably, coculture of cells from hu-PBL-SCID mice infected
with the HIV-1 SF162 strain at 2 h and 2 weeks after engraftment exhibited comparable levels of p24 production (Fig. 1B).
The comparative PCR analysis of xenochimeric mouse organs
and p24 antigen levels in cocultivations showed that (i) both
X4 and R5 viruses infected 100% of hu-PBL-SCID mice when
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SCID model. Further studies suggested that the envelope gene
determines properties important for in vivo pathogenesis as
well as for cell tropism (14, 34, 35). In a previous study (37), we
had described a modified protocol of HIV-1 infection in which
virus challenge was performed shortly after hu-PBL transfer,
when the human immune system proved highly activated.
Thus, we could show that infection of hu-PBL-SCID mice with
the IIIB X4 strain of HIV-1 shortly after reconstitution induced an impressive CD4⫹ T-cell depletion and immune dysfunctions that were not observed by infecting SCID mice at 2
weeks after human peripheral blood mononuclear cell
(PBMC) transfer, when virtually all of the CD4⫹ T cells expressed the memory phenotype (37). More recently, we demonstrated that the transfer of a human lymphoblastoid CD4⫹
T-cell line into SCID mice induced differentiation toward the
CD45RO phenotype (20). This in vivo-induced differentiation
was associated with an acquired permissiveness to R5 HIV-1
strains, as a consequence of a CCR5 up-regulation (20), as well
as with a marked susceptibility to an early and massive autocrine Fas-mediated suicide of uninfected cells through apoptosis (33). These findings highly supported the concept that the
state of differentiation/activation of human cells at the moment
of primary infection is a key factor in influencing HIV-1 pathogenesis. In the present article, we have extended these studies
to the hu-PBL-SCID mouse model by comparing virus replication and immune dysfunctions following primary in vivo infection with the HIV-1 X4 or R5 strain at times when the
human immune system is highly activated (2 h after hu-PBL
transfer) or predominantly in a memory state of differentiation
(2 weeks after reconstitution) (37). We found that primary
infection of hu-PBL-SCID mice with R5 HIV-1 strains led to
marked immune dysfunctions independent from the state of
activation of the human immune system at the moment of viral
infection. This effect was associated with the up-regulation of
CCR5 expression on human CD4⫹ T cells occurring in SCID
mice reconstituted with hu-PBLs.
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HIV-1 challenge was performed at 2 h postreconstitution, and
(ii) the R5 HIV-1 strain infected hu-PBL-SCID mice at 2
weeks postreconstitution with no significant differences with
respect to the 2-h infection (90 to 100% of infected animals),
while the X4 virus infected 60 to 70% of xenochimeras in the
2-week protocol of infection, with low levels of proviral copies
(Table 1) and viral production (Fig. 1B).
These results suggested that HIV-1 infection with X4 HIV-1
was more efficient at 2 h than at 2 weeks after reconstitution
with hu-PBLs, while R5 viruses efficiently infected hu-PBLSCID mice independent of the in vivo state of activation of
human cells.
HIV-1-induced CD4ⴙ T-cell depletion and IgM production
impairment. HIV-1 R5 and X4 strains were also compared for
the rate of CD4 T-cell depletion and alteration of human
immune parameters in hu-PBL-SCID mice. When hu-PBLSCID mice were infected at 2 h after human cell transfer, both
viruses induced a marked CD4⫹ T-cell depletion (Fig. 2A).
When the xenochimeras were infected at 2 weeks postengraftment, HIV-1 SF162 induced a CD4⫹ T-cell depletion comparable to that of 2-h infection, while the levels CD4⫹ T cells in
IIIB-infected mice did not significantly differ from those of

uninfected controls (Fig. 2A), even though some CD4⫹ T-cell
depletion was occasionally observed in single animals. Because
IgM production is known to be driven by CD4⫹ T helper cells
in hu-PBL-SCID mice (39), we also measured IgM levels in the
sera of infected and uninfected animals. The results showed
that SF162 infection induced a dramatic drop in the levels of
human IgM in serum at both 2 h and 2 weeks postreconstitution, while HIV-1 IIIB induced a significant decrease in the
IgM levels only when hu-PBL-SCID mice were infected at 2 h
after the engraftment (Fig. 2B). Of interest, the levels of human IgM in serum in infected and uninfected xenochimeras
significantly correlated with the levels of CD4⫹ T cells in all of
the experiments (P ⬍ 0.001). To further explore the rate of
immune dysfunction induced by HIV-1 infection at the two
different time points, we measured by ELISA the levels of
human sICAM-1 in the peritoneal lavage fluid and the levels of

TABLE 1. HIV-1 proviral copy numbers in hu-PBL-SCID mice
infected with HIV-1 IIIB or SF162 at 2 h or 2 weeks
after reconstitutiona
Mean proviral copy no./106 cells at time of infection:
2h

Tissue

Spleen
Lymph nodes

2 wk

IIIB

SF162

IIIB

SF162

620 ⫾ 105
605 ⫾ 135

870 ⫾ 240
440 ⫾ 80

125 ⫾ 50
230 ⫾ 75

325 ⫾ 75
450 ⫾ 70

a
Results are expressed as mean proviral copy number/106 cells ⫾ standard
error calculated for 9 mice/group. The sensitivity of the assay was tested by
amplifying 8E5 T-cell DNA, which was serially diluted into SCID mouse DNA,
as described in Materials and Methods.

FIG. 2. Effects of HIV-1 infection on human CD4⫹ T cells and IgM levels in
hu-PBL-SCID mice. (A) FACS analysis of CD4⫹ cells in the peritoneal washings
of hu-PBL-SCID mice infected with either the IIIB or SF162 strain of HIV-1 at
2 h or 2 weeks after hu-PBL injection compared to that of uninfected controls.
The histograms represent the mean percentages ⫾ standard error of human
CD4⫹ T cells normalized to the total number of human T cells in peritoneal
washings. A total of 18 mice for each group in six different experiments were
analyzed. (B) Levels of human IgM (measured by ELISA) in sera of hu-PBLSCID mice infected with either the IIIB or the SF162 strain of HIV-1 at 2 h and
2 weeks after hu-PBL injection compared to those of uninfected controls (CTR).
The histograms represent the mean percentages ⫾ standard error for levels of
human IgM in sera from 18 mice for each group in six different experiments.
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FIG. 1. Detection of HIV-1 proviral sequences in spleens (Spl.) and lymph nodes (L.N.) (A) and p24 release in the cell supernatants of cocultures with peritoneal
cells (P. cells) or splenocytes (B) from hu-PBL-SCID mice infected with HIV-1 at 2 h or 2 weeks after reconstitution. (A) DNA was extracted by standard procedures
and amplified for gag-specific sequences as previously described (37). The sensitivity of the assay was tested by amplifying DNA, prepared from the 8E5 T-cell line (13),
which was serially diluted into SCID mouse cell DNA. hu-PBL-SCID mice were infected with either the IIIB or SF162 strain of HIV-1 at 2 h or at 2 weeks
postreconstitution. Mice were sacrificed at 4 weeks postinfection, and the spleen and the lymph nodes were analyzed for the presence of HIV-1 proviral copies by DNA
PCR. The proviral copy number is indicated. Three mice per group were analyzed in five different experiments. The figure shows the results of one representative
experiment. (B) p24 antigen was measured by ELISA in supernatants of peritoneal cells and spleen cells isolated from hu-PBL-SCID mice infected at 2 h or at 2 weeks
with either the IIIB or the SF162 strain of HIV-1 and cocultivated with donor autologous PBMCs. The cocultivation assay was performed by using cells from IIIB- and
SF162-infected hu-PBL-SCID mice that showed detectable proviral copies in the organs examined. Six mice for each time point were analyzed. Each point in the
diagram represents the mean ⫾ standard error. Similar results were obtained in two additional experiments.
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human sIL-2R in serum in the infected xenochimeras and
compared them to those in the uninfected controls. Consistent
with the percentage of CD4⫹ T cells and the serum IgM levels,
both the sICAM-1 levels in the peritoneal lavage (Fig. 3A) and,
to a lesser extent, the serum sIL-2R levels (Fig. 3B) were
significantly decreased in hu-PBL-SCID mice infected with
SF162 independently from the time of primary infection, while
the HIV-1 IIIB infection led to a drop in both sICAM-1 and
sIL-2R levels only when xenochimeras were infected at 2 h
postreconstitution (Fig. 3). Notably, a significant correlation
was found between the proviral copy number and the extent of
CD4⫹ T-cell depletion in mice infected at 2 h postreconstitution with both viruses (P ⬍ 0.01), while in mice infected at 2
weeks, a correlation was observed only with the HIV-1 SF162
strain (P ⬍ 0.01). These results suggested that HIV-1 R5
strains induced CD4⫹ T-cell depletion and triggered immune
dysfunctions independently from the state of activation of the
immune system at the moment of primary infection. In contrast, the state of activation of the immune system appeared to
be a crucial factor in determining the extent of immune derangement induced by HIV-1 X4 strains.
Expression of HIV-1 coreceptors and role of envelope proteins in HIV-1 pathogenesis in the hu-PBL-SCID mouse
model. We examined the expression of CCR5 and CXCR4 on
human CD4⫹ T cells shortly after injection into SCID mice
compared to that of the autologous PBLs before injection.
FACS analysis showed that the percentage of human CD4⫹ T
cells expressing CCR5 was significantly increased as early as
24 h after injection into SCID mice, compared to the donor’s
CD4⫹ T cells before injection (Fig. 4A). At 1 week postreconstitution, up to 60% of human CD4⫹ T cells expressed CCR5
(Fig. 4A). The percentage of CD4⫹ T cells expressing CXCR4
did not change at the different times after transplantation (Fig.
4A). However, FACS analysis revealed that the intensity of
CXCR4 expression was significantly reduced on human CD4⫹
T cells at 1 week postreconstitution (Fig. 4B). At 2 weeks, the
patterns of CCR5 and CXCR4 expression on human CD4⫹ T
cells were very similar to those observed at 1 week after huPBL transfer into SCID mice (data not shown).
To clearly assess whether the in vivo differential pathogenicity of the T-tropic versus the M-tropic strain of HIV-1 was
related to different coreceptor usage, we performed a second
set of experiments aimed at comparing the effects of parental
HIV-1 X4 SF2 and R5 SF162 strains with those induced by the
injection of two recombinant viruses exhibiting a reciprocal
substitution of the env gene on the backbone of the parental
SF2 and SF162 genomes (14, 42). hu-PBL-SCID mice were

FIG. 4. FACS analysis of CXCR4 and CCR5 chemokine receptor expression
on human lymphocytes recovered from uninfected hu-PBL-SCID mice. (A)
Histograms represent percentages of CD4⫹ T cells positive for CCR5 (䊐) or
CXCR4 (■) before hu-PBL injection in SCID mice (time 0) and in the peritoneal washings of hu-PBL-SCID mice 24 h and 1 week after the hu-PBL inoculation. Cells were stained with an anti-CD4 MAb and with either an anti-CCR5
or an anti-CXCR4 MAb; only CD4⫹ T cells were analyzed by flow cytometry.
Percentages were calculated over the total number of CD4⫹ T cells. Values
represent the mean ⫾ standard error for 12 animals in three different experiments. (B) CXCR4 expression on human CD4⫹ T cells recovered from the
peritoneal cavity of hu-PBL-SCID mice 24 h (shaded histograms) and 1 week
(open histograms) postreconstitution. Four mice per group were analyzed in
three different experiments. The figure shows the results of one representative
experiment.

challenged with the different viruses either at 2 h or at 2 weeks
postreconstitution. The data reported in Fig. 5A confirmed the
effectiveness of SF162 in depleting CD4⫹ T cells independently from the time point at which virus injection was performed, while SF2 determined significant CD4 T-cell depletion
only when injected at 2 h after reconstitution of SCID mice,
even through some decrease in the levels of CD4⫹ T cells was
occasionally observed in single animals infected at 2 weeks
postreconstitution (data not shown). The analysis of the mice
challenged with the recombinant SF2 and SF162 viruses containing the envelope gene of the HIV-1 SF162 and SF2 strains,
respectively, showed that the env gene played a major role in
determining the pattern of in vivo CD4⫹ T-cell depletion. In
fact, the env-SF162-SF2 chimeric virus behaved like the parental SF162 virus and induced an impressive rate of CD4 T-cell
depletion at both times of infection, while the env-SF2-SF162
virus behaved like the parental SF2 strain (Fig. 5B and A,
respectively).

FIG. 5. Recovery of human CD4⫹ T cells in hu-PBL-SCID mice infected
with the parental SF2 and SF162 HIV-1 molecular clones (A) or recombinant
HIV-1 viruses exhibiting reciprocal substitutions in the V3 region of gp120
(env-SF2 and env-SF162) (B). The hu-PBL-SCID mice were infected with each
virus (as indicated) at 2 h or 2 weeks postreconstitution. At 4 weeks after HIV
infection, the percentage of CD4⫹ T cells was calculated relative to the total
number of human CD3⫹ T cells recovered in peritoneal washings compared to
that in the uninfected controls (CTR). All of the animals were infected with 105
TCID50s of cell-free virus. The histograms represent the mean ⫾ standard error
for nine animals in three different experiments.
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FIG. 3. Effects of HIV-1 infection on the levels of human sICAM-1 and
sIL-2R in hu-PBL-SCID mice. Values represent levels of human sICAM-1 in
peritoneal washings (A) and levels of sIL-2R in serum (B) in hu-PBL-SCID mice
infected with either the HIV-1 IIIB or SF162 strain at 2 h or 2 weeks postreconstitution compared to those in uninfected controls (CTR). The histograms
represent the mean ⫾ standard error for 18 animals in six different experiments.
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DISCUSSION

R5 strains are commonly implicated in the transmission of
HIV infection and are prevalent during the asymptomatic
stages of HIV infection (3, 49). In contrast, X4 strains are
generally associated with a decline in peripheral CD4⫹ T-cell
levels and the onset of clinical symptoms and are frequently
assumed to be more pathogenic (3, 51). However, the differential pathogenicity may be related to the pool of different
target cells present in vivo at the infection site, as well as to a
different chemokine receptor expression, rather than to intrinsic viral properties. As an example of the importance of direct
relationships between CCR5 expression and the memory phenotype of the target cells in determining the pattern of infection by R5 viruses, we mention recent findings obtained in our
laboratory with human intestinal lymphocytes (18), showing
that (i) these cells, the vast majority of which are activated or
memory T lymphocytes (8), are naturally permissive to infection with a wide spectrum of HIV-1 strains, including R5 viruses, in the absence of exogenous stimuli; and (ii) they normally express a high level of CCR5, and infection with R5
HIV-1 strains is entirely blocked by Rantes (18).
Since HIV-1 cell tropism is strongly dependent on the presence of specific determinants on the viral gp120 Env glycoprotein, in a second set of experiments, we utilized the X4 SF2
and the R5 SF162 viruses along with two chimeric recombinant
viruses exhibiting reciprocal substitutions of the env gene on
the backbone of parental SF2 and SF162 genomes (14, 42).
The results showed that the chimeric viruses behaved as the
parental Env phenotype of the virus, in that the SF2-env-SF162
virus induced CD4⫹ T-cell depletion in hu-PBL-SCID mice
independently from the time of infection, while the SF162-envSF2 virus induced a marked CD4⫹ T-cell depletion only when
infection was performed at 2 h postreconstitution. These results strongly suggested that CD4⫹ T-cell depletion in infected
hu-PBL-SCID mice was dependent on the HIV-1 env genes
and that interactions of R5 M-tropic strain envelope determinants with CCR5⫹ CD4⫹ T cells expressing the memory phenotype were crucial events in inducing the massive immune
dysfunctions observed in animals infected with R5 viruses at 2
weeks after reconstitution. Thus, these results emphasize the
importance of the HIV-1 env gene in modulating the pathogenic events occurring in the course of HIV-1 infections and
appear to be consistent with a recent report showing that, in
SHIV-infected macaques, the efficiency of CD4⫹ T-cell depletion is determined by single amino acid changes in the env
ectodomain, which confer increased chemokine receptor binding and enhanced membrane fusogenic activity (15).
Information obtained with the hu-PBL-SCID mouse model
may be important for understanding some events occurring
during the natural course of HIV-1 infection, and new knowledge about the in vivo interactions between HIV-1 and target
cells can be gained by using these small animal models. As an
example with regard to the present study, our data could contribute to envisaging a potential explanation for the predominance of M-tropic isolates throughout most of the course of
natural infection with HIV-1, suggesting that the predominance of memory CD4⫹ T cells in the human body, particularly
in mucosal tissues (8), can be a selective factor promoting the
maintenance of R5 M-tropic strains of HIV-1, which may
prove considerably effective in inducing CD4 T-cell depletion
at later stages of the disease, possibly by a bystander effect (5)
reminiscent of that recently observed in SCID mouse models
(33). On the other hand, the possibility for X4 T-tropic strains
of HIV-1 to infect, spread, and induce CD4⫹ T-cell depletion
appears to be directly related to the state of activation of the
immune system and to the expression of CXCR4 coreceptor at
the moment of primary infection. For instance, in African
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The hu-PBL-SCID mouse model (25) proved useful for in
vivo studies of human immune functions under normal (39,
45–48) and pathologic (10, 17) conditions, including HIV infection (26, 27, 34, 35, 37). In the large majority of studies
involving HIV-1 infection in hu-PBL-SCID mice, virus challenge had been performed at 2 weeks after reconstitution. In
this regard, it is worth pointing out that, at this time after
transplantation of hu-PBLs into SCID mice, the majority of
CD4⫹ T lymphocytes exhibit a CD45RO memory phenotype
(47). We have recently confirmed the appearance of a memory
phenotype at 1 to 2 weeks after the transfer of human cells into
SCID mice and we have described a modified infection model
of the xenochimeras suitable for the evaluation of the in vivo
effects of primary HIV infection on highly activated human
immune cells (37). In fact, soon after their injection into SCID
mice, hu-PBLs underwent an impressive activation expressing
the early activation marker CD69 and, subsequently, HLA-DR
and CD25 antigens, while at 2 weeks, virtually all human lymphocytes proved to be quiescent CD45RO⫹ cells (37). Thus,
we could find that primary infection of hu-PBL-SCID mice
with a T-tropic strain of HIV at 2 h postreconstitution (when
the majority of human T cells were highly activated) led to
marked CD4⫹ T-cell depletion and immune dysregulation,
whereas no or marginal CD4⫹ T-cell depletion or immune
dysfunctions were observed when mice were infected at 2
weeks (37). In this article, we have shown that infection of
hu-PBL-SCID mice with X4 T-tropic or R5 M-tropic strains of
HIV may lead to a distinctive pattern of CD4⫹ T-cell depletion
and immune dysregulation, depending on the state of activation/differentiation of human T lymphocytes at the moment of
in vivo infection. Consistent with our previous results (37),
T-tropic HIV-1 X4 strains proved to be highly virulent when
injected at a time the transferred human T cells were highly
activated (i.e., 2 h postreconstitution), showing they were less
infective and poorly cytopathic when the great majority of T
lymphocytes at the moment of viral infection were quiescent or
memory cells. In contrast, the infection with M-tropic HIV-1
R5 strains always caused impressive CD4⫹ T-cell depletion
and immune dysfunctions, independent from the time of virus
challenge (i.e., the state of activation of target cells in the SCID
mouse environment). Notably, the high efficiency of infection
and the virus-induced T-cell dysfunctions detected in the xenochimeras infected with R5 strains of HIV were associated
with the CCR5 expression on human CD4⫹ T cells, which,
even though it occurred as early as 24 to 48 h, was considerably
increased at 1 to 2 weeks after the hu-PBL transfer into SCID
mice. Of interest, these results are strongly reminiscent of
recent data obtained with a model of SCID mice transplanted
with a human lymphoblastoid CD4⫹ T-cell line (CEM cells)
(20). In this model, we showed that CEM cells acquired a
memory phenotype, when inoculated in SCID mice, and became permissive to R5 M-tropic strains and clinical isolates of
HIV-1 through an up-regulation of CCR5 (20). In this regard,
it is worth mentioning that recent data show that CXCR4 is
mostly expressed on naive CD4⫹ T cells, while CCR5 is mainly
present on the cell surface of memory T cells (4). Thus, the
progressive differentiation of human CD4⫹ T cells toward a
memory-CCR5⫹ phenotype during their persistence in SCID
mice may explain the different behaviors of the HIV-1 X4 and
R5 strains in hu-PBL-SCID mice. Notably, the decrease in the
intensity of CXCR4 expression on CD4⫹ T cells observed at 1
to 2 weeks postreconstitution could explain, at least in part, the
limited spread of infection by X4 viruses when HIV-1 is injected at 2 weeks.
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populations, the in vivo state of chronic immune activation,
due to endemic parasitic infections, may favor replication of
T-tropic HIV-1 X4 isolates, leading to faster and progressive
HIV infection and disease (2). We conclude, therefore, that
the hu-PBL-SCID mouse model can represent a very valuable
model for exploring the in vivo relationships between HIV-1
and the human immune system during the course of primary
infection, especially when specific attention is paid to the
changes occurring in the human target cells introduced into the
SCID mouse environment in relation to the time of virus
exposure.
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