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Human immunodeficiency virus type 1 (HIV-1) patient isolates and molecular clones were used to analyze
the determinants responsible for human CD41 thymocyte depletion in SCID-hu mice. Non-syncytium-induc-
ing, R5 or R3R5 HIV-1 isolates from asymptomatic infected people showed little or no human CD41 thymocyte
depletion in SCID-hu mice, while syncytium-inducing (SI), R5X4 or R3R5X4 HIV-1 isolates from the same
individuals, isolated just prior to the onset of AIDS, rapidly and efficiently eliminated CD4-bearing human
thymocytes. We have mapped the ability of one SI HIV-1 isolate to eliminate CD41 human cells in SCID-hu
mice to a region of the env gene including the three most amino-terminal variable regions (V1 to V3). We find
that for all of the HIV-1 isolates that we studied, a nonlinear relationship exists between viral replication and
the depletion of CD41 cells. This relationship can best be described mathematically with a Hill-type plot
indicating that a threshold level of viral replication, at which cytopathic effects begin to be seen, exists for
HIV-1 infection of thymus/liver grafts in SCID-hu mice. This threshold level is 1 copy of viral DNA for every
11 cells (95% confidence interval 5 1 copy of HIV-1 per 67 cells to 1 copy per 4 cells). Furthermore, while SI
viruses more frequently achieve this level of replication, replication above this threshold level correlates best
with cytopathic effects in this model system. We used GHOST cells to map the coreceptor specificity and
relative entry efficiency of these early- and late-stage patient isolates of HIV-1. Our studies show that core-
ceptor specificity and entry efficiency are critical determinants of HIV-1 pathogenesis in vivo.

Progression to AIDS in human immunodeficiency virus type
1 (HIV-1)-infected individuals follows a long but highly vari-
able asymptomatic period, suggesting that viral and/or host
heterogeneity contribute to the development of disease. De-
spite the genetic diversity of HIV-1 isolates, few differences
among HIV-1 strains have been linked to their pathogenic
potential. Among these, variation in the region of the env gene
which encodes the third variable region (V3) of gp120 has been
most consistently correlated with HIV-1 pathogenesis in in-
fected individuals (11, 12, 39–41). The sequence of the V3 loop
determines whether HIV-1 is syncytium inducing (SI) in MT-2
cells. The SI phenotype is associated with advanced HIV-1
disease and with poor prognosis in patients and with increased
cytopathic effects in thymic organ culture, hu-PBL-SCID mice,
and SCID-hu mice (11, 12, 19, 25, 32, 33, 39–41). This region
of the HIV-1 env gene has been shown to determine cellular
tropism and replication properties as well as SI phenotype (7,
20, 30). Recently it has been shown that the NSI and SI phe-
notypes result from the inability and ability, respectively, of
HIV-1 strains to utilize CXCR4 in entering cells (15, 17, 37).
Furthermore, recent work has shown that variations in the V3
loop of gp120 determine the ability of HIV-1 to productively
interact with one or more cell surface chemokine receptor
during viral entry or viral glycoprotein-mediated cell-cell fu-
sion (9, 10, 34).

For this study we used viral isolates from three individuals
previously characterized as rapid progressors and one long-
term nonprogressor (11). Each of the three rapid progressors,
patients A, B, and C, went from normal levels of CD41 pe-
ripheral blood T cells to less than 200 such cells per microliter
of plasma, an AIDS-defining condition, in less than 2 years. In
each case the rapid decline in CD41 T cells was preceded by a
phenotypic shift, from non-SI (NSI) to SI on MT-2 cells, in
HIV-1 recovered from the patients. In contrast, the long-term
nonprogressor, patient D, maintained a stable CD41 cell count
for over 7 years, and viral isolates from this patient were always
NSI on MT-2 cells. We assayed the replication and thymocyte
pathogenesis in the SCID-hu mouse of sequential isolates from
these patients. For each of the three rapid progressors, we
studied an early isolate obtained during the asymptomatic
phase and a later isolate taken from the first time point at
which SI virus was detected, just prior to the rapid decline in
CD41 T cells in each patient. Two isolates from the long-term
nonprogressor, separated by 15 months in their time of isola-
tion, were also studied. As controls, we used molecular clones
of HIV-1 differing in tropism and NSI/SI phenotype. We have
also constructed and assayed chimeric viruses bearing the V1
to V3 gp120-encoding region from four of the patient isolates
described above.

SCID-hu mice, created by surgical implantation of human
fetal thymus and liver tissue, develop a conjoint thymus/liver
graft which in large part has the morphology of normal human
thymus with small islands of fetal liver-derived hematopoietic
tissue (29). Previous studies have shown that infection of hu-
man thymus/liver grafts in SCID-hu mice provides a model of
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HIV-1 infection in the human (1, 5). The SCID-hu mouse
model of HIV-1 infection accurately reflects viral phenotypes
seen in vivo. For example, the nef gene has a significant effect
on replication and pathogenesis, and late-stage patient isolates
are more pathogenic than earlier isolates from the same pa-
tients (21, 25). The data presented here confirm and extend
previous reports that late-stage SI isolates are pathogenic in
SCID-hu mice by genetically mapping a determinant of patho-
genesis, showing that coreceptor utilization efficiency is an
important pathogenic determinant and demonstrating that
HIV-1 replication above a threshold level correlates with
pathogenesis in the SCID-hu mouse.

MATERIALS AND METHODS

Construction of PSVNX. The small simian virus 40 replication origin bearing
plasmid PSVNX was constructed to facilitate bacterial production of plasmid
containing the HIV-1 genome and the subsequent production of high titer HIV-1
stocks by transfection. CDM7-CD62L (6) was cut with SphI and PstI, the result-
ing overhangs were made blunt with T4 DNA polymerase, and the ends were
ligated with T4 DNA ligase to delete the CD62L cDNA and the simian virus
40-derived intron and polyadenylation signal. An HIV-1 env DNA fragment
flanked by several restriction sites and cut with MluI and XbaI was cloned into
this vector. The resulting plasmid was cut with MluI and PstI, the overhangs were
made blunt with T4 DNA polymerase, and the ends were ligated with T4 DNA
ligase to delete the HIV-1 env gene and the MluI and PstI sites, leaving unique
NotI and XbaI sites behind. Finally the M13 origin fragment was removed, since
it contained a DraIII site, by cutting with NheI and SacII, making the ends blunt
with T4 DNA polymerase, and ligating with T4 DNA ligase. All enzymes were
from New England Biolabs, Beverly, Mass., and were used in buffers provided or
recommended by the manufacturer.

Construction of recombinant infectious molecular clones of HIV-1. HIV-1/
JR-CSF proviral DNA without flanking cellular DNA was inserted into PSVNX
in two steps. The HIV-1/JR-CSF long terminal repeat (LTR) was amplified from
pYK-JRCSF (27), using a 59 oligonucleotide primer bearing the restriction site
NotI and a 39 primer bearing XbaI and inserted into PSVNX to create PSVNX-
CSF-LTR. The 9-kb SacI fragment of pYK-JRCSF was then inserted into
PSVNX-CSF-LTR at the unique SacI site to create PSVNX-JRCSF. For the
construction of env recombinant HIV-1 genomes based on JR-CSF, PSVNX-
JRCSF was further modified by removing the 716-bp DraIII-to-BamHI fragment
and replacing it with a 1,294-bp DraIII-to-BamHI fragment derived from pNL-
Thy1-D-Bgl-II to create PSVNX-JRCSF-(D3/B stuffer) (35). Patient HIV-1 iso-
late or biological clone env fragments were isolated by nested PCR, from thy-
mocyte DNA prepared 3 weeks after SCID-hu mouse infection, using a QIAamp
blood kit (Qiagen, Valencia, Calif.). The first round of PCR was performed with
oligonucleotides homologous to conserved regions of the HIV-1 genome, flank-
ing the env gene. Products of the first round of PCR were used in a second PCR
using a 59 oligonucleotide primer homologous to the region of env including the
HindIII site at nucleotide 6575 of the JR-CSF isolate of HIV-1 and a 39 primer
homologous to a region including the BamHI site at nucleotide 7325 of JR-CSF.
PCR products were cut with HindIII and BamHI and inserted into pUC19 cut
with the same restriction endonucleases. The env fragments were then removed
from pUC19 by cleavage with DraIII and BamHI and ligated into PSVNX-
JRCSF-(D3/B stuffer) which had been cut with the same enzymes. The resulting
plasmids were used to create viral stocks.

Preparation and titration of HIV-1 stocks. Viral stocks were prepared by
transfection of COS-M6 cells with molecular clones of HIV-1 carried on the
plasmid PSVNX or propagation of patient isolates. Cells were transfected by
electroporation of 25 to 50 mg of plasmid DNA into 1.6 3 107 COS-M6 cells in
0.8 ml of Iscove’s medium with 20% fetal bovine serum, using a Gene Pulser set
at 250 V and 960 mF (Bio-Rad Laboratories, Hercules, Calif.). Transfected cells
were returned to tissue culture flasks or plates with growth medium; 2 and 3 days
later, the medium was harvested and replaced; on the fourth day the medium was
again harvested, and the cells were discarded. These viral stocks were titrated by
infection of 2-day phytohemagglutinin (PHA)-stimulated peripheral blood
mononuclear cells (PBMC) for 24 h followed by harvest of the infected cells,
preparation of cellular DNA and quantitative PCR as outlined below. Patient
isolates were biologically cloned by limiting dilution of patient plasma which was
added to 2-day PHA-stimulated PBMC and propagated for 14 days. Culture
supernatant from wells containing the highest dilution of patient plasma at which
HIV-1 replication was detected by p24 enzyme-linked immunosorbent assay
(ELISA) were expanded by an additional week of culture in 10 to 20 ml of 2-day
PHA-stimulated PBMC. These stocks were titrated by limiting dilution in 2-day
PHA-stimulated PBMC followed by p24 ELISA.

HIV-1 infections in vitro. HIV-1 infection of PBMC, MT-2 cells, and GHOST
cells (NIH AIDS Research and Reference Reagent Program) was carried out by
incubation of viral stocks with cells in the presence of Polybrene (4 or 8 mg/ml;
Sigma Chemical, St. Louis, Mo.). For PBMC and MT-2 cells, the incubation was
performed in a 15-ml centrifuge tube with gentle rocking at 37°C for 2 h; for

GHOST cells, the incubation was done at 37°C overnight in 12-well plates. The
plates were seeded the previous day with 2.5 3 104 cells per well, and the virus
was added in a volume of 0.5 ml per well.

Preparation and maintenance of SCID-hu mice. SCID-hu thymus/liver mice
were created by implantation of human fetal thymus and liver fragments under
the kidney capsule of C.B-17 SCID mice as originally described by McCune and
colleagues (29). SCID and SCID-hu mice were maintained in microisolater cages
on racks with HEPA-filtered air blown into each cage (Allentown Caging, Allen-
town, Pa.). The mice were implanted with 1-mm3 pieces of human fetal thymus
and liver when they were 6 to 8 weeks old. Tissue at 16 to 24 weeks of gestational
age was obtained from Advanced Bioscience Resources (Alameda, Calif.). One
piece of fetal thymus and two of fetal liver were inserted under the left kidney
capsule of each mouse, using a 16-gauge cancer implant needle set (Popper and
Sons, New Hyde Park, N.Y.). The grafts were left undisturbed for 4 to 6 months
prior to infection with HIV-1.

Infection of SCID-hu mice with HIV-1 and biopsy of infected grafts. Mice were
anesthetized with ketamine and xylazine (8 and 0.8 mg, respectively, per g of body
weight) injected intraperitoneally prior to infection or biopsy. Methoxyfluorane
was used if additional anesthesia was necessary, and buprenone was administered
to minimize postoperative discomfort for all surgical procedures. Thymus/liver
grafts were exteriorized and measured with a caliper. Only grafts larger than or
equal to 0.5 cm in diameter were used. Freshly titered HIV-1 stocks were diluted
to 4 3 103 or 2 3 104 50% tissue culture infective doses (TCID50) per ml in
Iscove’s medium with 2% fetal calf serum, and 200 or 1,000 TCID50 was injected
directly into the thymus/liver grafts in a volume of 50 ml. SCID-hu mice were
biopsied at 3, 6, 9, and 12 weeks postinfection. For each biopsy, the grafts were
again exteriorized and one-fourth to one-half of the tissue, depending on the size
of the graft, was removed. A single-cell suspension was made by mincing the
tissue with two scalpels in Iscove’s medium (Life Technologies, Rockville, Md.)
supplemented with 2% fetal bovine serum (Omega Scientific, Tarzana, Calif.)
and gentamicin (50 mg/ml; Life Technologies). The cells were filtered through
70-mm nylon mesh and transported on ice from the BL21 mouse facility to the
BL3 laboratory.

Flow cytometry. Cells were washed twice in phosphate-buffered saline (PBS),
counted, and aliquoted (5 3 105 cells per well) into 96-well V-bottom plates
(Costar, Cambridge, Mass.). Fluorochrome-conjugated monoclonal antibodies
(MAbs) were added to each well, and the plates were agitated and incubated 30
to 60 min in the dark at 4°C. MAbs used together were CD7-fluorescein isothio-
cyanate (FITC), CD4-phycoerythrin (PE) (CalTag, South San Francisco, Calif.),
CD8-peridinin chlorophyll protein (PerCP) (BDIS, San Jose, Ca.), CD8-FITC
(BDIS), CD4-PE, and CD3-PerCP (BDIS). Following incubation with MAb, the
cells were washed twice with 200 ml of PBS, resuspended in 100 ml of PBS–2%
formaldehyde, and incubated for 16 h at 4°C in the dark. Samples were diluted
with PBS, and 104 cells, discriminated by their 90° and low-angle light scattering
properties, were analyzed with a FACScan flow cytometer fitted with a helium-
neon laser tuned to emit 488 nm light. Filters appropriate for the fluorochromes
were used. CellQuest software was used to collect and analyze the flow cytomet-
ric data.

Quantitative PCR. Genomic DNA was purified using a QIAamp blood kit
(Qiagen) from approximately 107 cells from each biopsy or infected PBMC for
titration of viral stocks. PCR amplification was performed by an initial denatur-
ation step at 94°C for 2 min followed by 23 cycles of 94°C for 30 s and 65°C for
1 min with primers M667 and AA55, specific for the R/U5 region of the HIV-1
LTR (42), using a model PT-200 thermocycler (MJ Research, Watertown,
Mass.). Primers specific for the human b-globin gene were used to detect cellular
DNA (42). In each case, one of the two primers used was labeled on the free 59
phosphate using T4 bacteriophage polynucleotide kinase (New England Biolabs)
and [g-32P]ATP. A standard curve for the number of HIV-1 copies was gener-
ated for each PCR with fivefold dilutions of EcoRI-digested PSVNX-JRCSF
mixed with genomic DNA from 105 PBMC. A standard curve for the number of
b-globin copies was generated for each PCR with fivefold dilutions of genomic
DNA from PBMC. In both cases, the standard curve was used only for the range
of values over which a linear regression gave an r2 value of greater than or equal
to 0.98. Radiolabeled PCR products were resolved by electrophoresis on a 6%
polyacrylamide–13 Tris-borate-EDTA gel. HIV-1 and b-globin copy numbers
were obtained from the standard curve using a model 425 PhosphorImager
(Molecular Dynamics, Sunnyvale, Calif.).

Curve-fitting and statistical analysis. Both a straight line and a sigmoid curve
were fit to the data plotted in Fig. 6, showing the relationship between the
number of HIV-1 DNA copies per cell and the percentage of CD4 CD8 double-
positive (DP) thymocytes, using linear and nonlinear least-squares programs,
respectively (24). The sigmoid curve was derived from a modification of the Hill
equation as follows: y 5 y1 2 y1[(x/xmed)s/(1 1 (x/xmed)s)], where y1 is the
percentage CD4 CD8 DP cells when viral load was #10 copies/105 cells, xmed is
the value of x at the half-maximal value of y, and s is the Hill coefficient which is
related to the steepness of the curve at xmed. The variance of fit (s2) for the
straight line and sigmoid curve were calculated as follows: s2 5 St51 (yi 2
f(xi))2/N2P, where N is the number of data points and P is the number of
parameters fit. The 95% confidence intervals were evaluated by a bootstrap
procedure (16). Prism software was used to plot the data and sigmoid curve
(GraphPad, San Diego, Calif.).
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Nucleotide sequence accession numbers. The nucleotide sequences of the
entire cloned region from each patient isolate will be deposited with the Los
Alamos database of HIV-1 sequences.

RESULTS

Previously characterized HIV-1 isolates and biological
clones from three patients chosen for their rapid progression
to AIDS and one long-term nonprogressor were used to infect
SCID-hu mice (11). These isolates and biological clones were
derived from the same patients but are distinct from those used
in a previous in vivo study (25). All viral isolates and biological
clones used in this study replicated in normal human PHA-
stimulated PBMC and in monocyte-derived macrophages in
tissue culture; those termed NSI did not replicate or form
syncytia in MT-2 cells, while those termed SI did (11). Human
thymus/liver grafts implanted in SCID or SCID-beige mice
(SCID-hu mice) were infected with 200 TCID50 of each HIV-1
stock, and the infections were monitored by biopsy at 3, 6, 9,
and 12 weeks postinfection. At each time point the cells were
incubated with CD3, CD4, CD7, and CD8 MAbs; at some time
points cells were lysed and nucleic acids were prepared for
assay of viral replication by quantitative PCR.

Infection by the early MT-2 cell NSI isolates and biological
clones from the rapid progressors, patients A, B, and C, in-
duced less perturbation of the thymocyte subset pattern seen in
uninfected grafts than did later MT-2 cell SI isolates from the
same patients at 6 weeks postinfection (Table 1 and Fig. 1).
Infection by either isolate from the long term nonprogressor,
patient D, disturbed thymopoiesis even less at this or any time
point. Uninfected thymus liver grafts from a variety of tissue
donors were consistent in the percentage of CD4 CD8 DP cells
and, with the exception of one implant series, in the ratio of

mature CD41 CD82 (CD4 single-positive [SP]) cells to mature
CD81 CD42 (CD8 SP) cells. This ratio varied for tissue de-
rived for the donor used in implant 23, however, which yielded
few mature CD81 cells. Nevertheless, the thymocyte popula-
tions were little affected by infection with the NSI primary
HIV-1 isolates used. In contrast, later isolates and biological
clones from patients A, B, and C which were SI for MT-2 cells
in vitro induced a marked loss of CD4-bearing cells by 6 weeks
postinfection (Table 1 and Fig. 1). In six of nine SI virus-
infected grafts, both the immature CD4 CD8 DP cortical thy-
mocytes and the more mature CD4 SP medullary thymocytes
were depleted (Table 1 and Fig. 1). In one more graft, im-
planted in mouse 19-22, only the mature CD4 SP cells were
depleted, resulting in an abnormal CD4 SP/CD8 SP ratio of
0.7. Therefore, in total seven of nine SI HIV-1-infected grafts
showed CD41 thymocyte depletion.

Viral replication was monitored by DNA isolation followed
by quantitative PCR using primers specific for HIV-1 and for
the cellular gene b-globin. At 6 weeks postinfection, the level
of HIV-1 DNA found in thymus/liver grafts infected with NSI
or SI isolates from two rapid progressors, patients A and B,
was approximately 10-fold higher than the level achieved by
the two isolates from a long-term nonprogressor, patient D
(Fig. 2). The amount of HIV-1 DNA detected 6 weeks follow-
ing infection with the SI patient A and B isolates, however, was
not significantly higher than that detected at the same time
point for the NSI isolates from these patients. Viral replication
was therefore examined over the time course of infection with
patient B NSI and SI biological clones. In this experiment,
similar viral replication was observed for the NSI and SI clones
except that in one of the three grafts infected with the SI clone,
a peak level of viral DNA corresponding to more than one

TABLE 1. CD4 and CD8 phenotypes of human thymocytes in SCID-hu mice 6 weeks after infection with sequential patient isolates from
four patientsa

Patient-virus
phenotype-date Mouse

Cell distribution

% CD41 % CD41 CD81 % CD42 CD82 % CD81 % CD41 % CD81

Mock (n 5 9) 15 6 5 71 6 12 8 6 5 9 6 5 2.1 6 0.7
A-NSI-3/86 23-2 43 51 1 5 8.6
A-NSI-3/86 23-4 47 46 1 6 7.6
A-NSI-3/86 23-10 26 72 0 2 11.1
A-SI-4/88 21-21 4 1 11 84 0.1
A-SI-4/88 23-1 15 2 10 73 0.2
A-SI-4/88 23-15 10 2 10 78 0.1
B-NSI-11/86 17-3 (1) 21 64 2 14 1.6
B-NSI-11/86 17-6 (2) 24 60 2 14 1.7
B-NSI-11/86 17-15 (5) 15 79 1 5 2.7
B-SI-6/88 17-8 (3) 25 2 30 46 0.5
B-SI-6/88 17-14 (4) 22 3 7 68 0.3
B-SI-6/88 18-5 (6) 12 82 1 5 2.4
C-NSI-1/85 19-4 18 68 1 13 1.4
C-NSI-1/85 20-20 37 38 3 23 1.6
C-NSI-1/85 20-24 15 82 1 3 6.1
C-SI-2/86 19-12 21 13 10 56 0.4
C-SI-2/86 19-15 12 82 1 6 2.0
C-SI-2/86 19-22 14 60 6 20 0.7
D-NSI-3/86 23-19 31 65 0 4 7.1
D-NSI-3/86 23-20 20 78 0 2 8.2
D-NSI-3/86 23-29 19 78 0 2 7.9
D-NSI-6/87 23-17 26 72 1 2 14.4
D-NSI-6/87 23-21 28 69 0 4 7.9
D-NSI-6/87 23-31 28 70 0 2 11.5

a Each patient is designated by A to D, the viral phenotype in MT-2 cell syncytium assay is indicated as NSI or SI, and the month and year of isolation are indicated.
Each mouse is identified by two numbers, the first identifying the tissue implantation and the second identifying the individual mouse. For patient B isolate-infected
grafts, numbers in parentheses identify grafts in Fig. 3.
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copy for every 10 cells was observed at 3 weeks postinfection
(Fig. 3, graft 4). This graft along with graft 3 (Fig. 3), which
were infected with the SI patient B clone, were almost com-
pletely depleted of CD41 cells at 6 weeks postinfection. This
finding of a peak of viral replication prior to the appearance of
cytopathic effects in one graft was not sufficient to draw con-
clusions. This result, however, led us to carefully monitor the
relationship between viral replication and cytopathic effects in
subsequent thymus/liver graft infections.

Recombinant infectious molecular clones of HIV-1 were cre-
ated to identify the determinants responsible for the depletion
of CD4-bearing cells. The region of the env gene encoding
gp120 V1 to V3 was isolated by PCR from thymus/liver grafts
infected with the biological clones of HIV-1 derived from pa-
tients A and B used above. These DNA fragments were in-
serted into plasmid vectors, sequenced, and then introduced
into the genome of the NSI infectious molecular clone of
HIV-1, JR-CSF, carried on plasmid PSVNX-JRCSF. The pre-
dicted 35-amino-acid V3 domain sequences of the patient iso-
lates conform to what is known about residues which are re-
quired for interaction with CXCR4. Both SI patient isolates
have an arginine residue (R) at position 11 which has been
previously described to be a critical determinant of the SI
phenotype in patient isolates (14, 18) (Fig. 4). In addition, the
presence of a negatively charged residue (glutamic acid [E]) at
position 24 in the patient A-NSI sequence and a neutral resi-
due at this position in the patient A-SI sequence fits the pat-
tern of substitutions seen by others in determining the SI or X4
phenotype. Similarly, the patient B-SI sequence has an aspar-
agine (N) residue at position 29, while the B-NSI sequence has
an aspartic acid (D) at this position. In this case, however,
there is a compensatory charge for neutral substitution at po-
sition 25 (Fig. 4).

Chimeric recombinant HIV-1 stocks were prepared by trans-
fection of COSM6 cells, titered on PHA-stimulated PBMC,
and used to infect MT-2 cells to confirm their syncytium in-
duction phenotype. Infected MT-2 cell cultures were kept for
7 days, and syncytia were identified visually with an inverted
microscope on the final day of culture. The recombinant vi-
ruses exhibited the same MT-2 cell phenotype, NSI or SI, as
the biological clone from which they were derived (data not
shown).

SCID-hu mice were infected with 200 TCID50 of the patient
A and patient B NSI and SI recombinant viral stocks. Addi-
tional thymus/liver grafts were infected with the HIV-1 molec-
ular clone JR-CSF or NL4-3 or the late-stage R5 AIDS-asso-
ciated patient clone ACH142-*E11, described in detail in the
accompanying report (38), or left undisturbed as controls. Hu-
man tissue grafts were biopsied every 3 weeks beginning on
week 3 or 4 postinfection, and a single-cell suspension was
made. At each time point, cells were prepared for flow cytom-
etry by incubation with CD7-FITC, CD4-PE, and CD8-PerCP
and separately with CD8-FITC, CD4-PE, and CD3-PerCP.
The remaining cells were lysed, and nucleic acids were pre-
pared for analysis of viral DNA by quantitative PCR. Every
NL4-3-infected graft analyzed was highly depleted of CD41

cells by 6 weeks postinfection, as were three of the four grafts
infected with JR-CSF/V1-V3 A-SI Env (Fig. 5 and 6) and two

FIG. 1. Two-color flow cytometric immunofluorescence assay of CD4 and CD8 expression on human thymocytes derived from SCID-hu mice 6 weeks after mock
infection or infection with sequential NSI and SI patient A-derived biological clones of HIV-1. Cells were isolated from thymus/liver grafts in SCID-hu mice, incubated
with CD4-PE and CD8-FITC, washed, and run on a FACScan flow cytometer. The data are representative of those presented in Table 1.

FIG. 2. HIV-1 DNA copies per 105 cells detected in thymus/liver graft cells
derived from SCID-hu mice 6 weeks after infection with sequential NSI and SI
isolates and biological clones derived from patients A, B, and D. Cells were
isolated and lysed, nucleic acids were purified, and PCR was performed using a
primer pair complementary to HIV-1 LTR DNA and separately with a primer
pair complementary to the human b-globin gene. One oligonucleotide of each
primer pair was labeled with 32P, and the PCR products were resolved on a 6%
polyacrylamide gel and quantitated using a set of standards and a PhosphorIm-
ager as described in Materials and Methods.
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of seven grafts infected with ACH142-*E11. None of the grafts
infected with JR-CSF or with the other chimeric viruses, JR-
CSF/V1-V3 A-NSI Env, JR-CSF/V1-V3 B-NSI Env, and JR-
CSF/V1-V3 B-SI Env, showed significant depletion of CD41

cells. There was a strong nonlinear correlation between the
level of viral replication measured at 3 or 4 weeks postinfection
and the CD4 CD8 DP cell depletion observed at 6 or 7 weeks
postinfection in these experiments (r2 5 0.60 [Fig. 6]). Boot-
strap analysis indicated that the data were significantly better
fit by a sigmoid curve derived from the Hill equation than by a
straight line (P , 0.05). This indicates that HIV-1 replication
in thymus/liver grafts exhibits a threshold characteristic with
respect to cytopathic effects on CD4 CD8 DP thymocytes. This
threshold level of viral replication, where 50% of the CD4 CD8
DP cells are depleted, is one copy of HIV-1 DNA for every 11
cells. The 95% confidence limits of this threshold level are one
copy of HIV-1 DNA per 67 cells to one copy per 3.6 cells. In
these experiments, NL4-3 and JR-CSF/V1-V3 A-SI Env, both
SI and CXCR4 competent clones of HIV-1, were able to
achieve viral replication above the threshold needed for CD4
CD8 DP cell depletion. In addition, the R5 AIDS-associated
viral clone ACH-142 replicated close to or beyond this level in
four of seven grafts and significantly depleted CD4 CD8 DP
cells in two of seven grafts. The relationship between replica-
tion above the threshold value and cytopathic effects is not
perfect in our data, likely because we could measure viral
replication and CD4 CD8 DP cell depletion only every 3
weeks, and the peak level of HIV-1 DNA present in the grafts
is not maintained following the depletion of target cells (i.e.,
graft 4 in Fig. 2 [23]). The other SI clone used, JR-CSF/V1-V3
B-SI Env, however, did not replicate to a sufficient level to
induce depletion of CD4 CD8 DP cells. Patient B-derived
recombinant viruses (1,000 TCID50) were subsequently used to
infect thymus/liver grafts in SCID-hu mice. Again, the replica-
tion of these recombinant viruses did not achieve a high level

and thymopoiesis was not noticeably disturbed (data not
shown).

GHOST cell infection assays were used to further determine
the coreceptor specificity of the chimeric HIV-1 molecular
clones that we derived. A panel of 10 GHOST (3) indicator cell
lines bearing an HIV-2 LTR-driven humanized green fluores-
cent protein (GFP) S65T gene and expressing CD4 along with
a single coreceptor or related chemokine receptor was ob-
tained from the NIH AIDS Research and Reference Reagent
Program. Two infection experiments were performed using the
protocol provided by the originators of the cell lines, V. Kewal-
Ramani and D. Littman. In the first infection, 50 ml of JR-CSF,
50 ml of the patient B-derived chimeric viral stocks, and 200 ml
of the patient A chimeras were used to infect seven of the
GHOST cell lines. In the second experiment, lesser doses of
the four chimeric viruses were used to infect all 10 cell lines.
Two days after each infection, the cells were removed from
their plates and GFP fluorescence was measured with a FAC-
Scan flow cytometer. All of the viruses could most efficiently
infect GHOST-CCR5 cells, the patient B-derived chimeric vi-
ruses exhibited the ability to infect GHOST-CCR3 cells, and
both SI patient isolate-derived chimeric viruses could infect
GHOST-CXCR4 cells (Table 2). The efficiency with which the
SI patient A- and B-derived chimeric viruses infected GHOST-
CXCR4 cells, however, was very different. The JR-CSF/V1-V3
B-SI Env viral stock had approximately a 10-fold higher titer
on GHOST-CCR5 cells than the JR-CSF/V1-V3 A-SI Env
viral stock, based on infections with the lowest dose of each
used which gave approximately the same percentages of GFP1

cells (10% versus 13%). In contrast, the JR-CSF/V1-V3 B-SI
Env viral stock had a much lower titer on GHOST-CXCR4
cells than the JR-CSF/V1-V3 A-SI Env viral stock. At the
intermediate doses used, the JR-CSF/V1-V3 A-SI Env viral
stock rendered 44% of the GHOST-CXCR4 cells GFP1, while
the JR-CSF/V1-V3 B-SI Env viral stock gave only a back-
ground level of 1% GFP1 cells. Thus, JR-CSF/V1-V3 A-SI was
at least 44-fold more efficient in infecting GHOST-CXCR4
than JR-CSF/V1-V3 B-SI Env when used at doses which gave
similar high levels of infection of GHOST-CCR5 cells (Table
2).

DISCUSSION

Our results show that the SI or X4 phenotype of HIV-1
patient isolates is an important determinant of pathogenesis in

FIG. 3. Time course of HIV-1 DNA copies per 105 cells detected in cells
derived from SCID-hu mice 3, 6, 9, and 13 weeks postinfection with sequential
NSI and SI biological clones derived from patient B. Not all grafts were biopsied
at time points after 6 weeks postinfection due to death of the mice. Only grafts
3 and 4 were also biopsied 7 weeks postinfection. The number of copies of HIV-1
DNA per 105 cells derived from human thymus liver grafts in SCID-hu mice at
each time point was determined as described in the legend to Fig. 2.

FIG. 4. Alignment of predicted V3 regions of gp120 encoded by the env
genes of HIV-1 strains used in this study. The patient (Pt.) from which the
isolates are derived or clone name and MT-2 cell syncytium induction phenotype
of each viral isolate is shown along with the predicted amino acid sequence and
charge of the disulfide-bound V3 loop domain. For the primary isolates se-
quenced and characterized in this study, the date of viral isolation is also given.
Amino acid positions where charge differences exist among the residues pre-
dicted for the two isolates from each patient are underlined. The sequences of
JR-CSF and NL4-3 were obtained from the Los Alamos National Laboratory
HIV sequence database.
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human thymocytes in SCID-hu thymus/liver mice. We have
confirmed previous work showing that SI patient isolates and
molecular clones are consistently more pathogenic and repli-
cate more readily in human thymus/liver grafts in this in vivo
model system than NSI isolates and clones (3, 22, 25). Fur-
thermore, we found that an SI chimeric virus and the molec-
ular clone NL4-3 reached higher peak levels of viral replication
in thymus/liver graft cells, sufficient for CD4 CD8 DP cell
depletion, which NSI chimeric clones did not reach. The late-
stage R5 AIDS-associated clone ACH142-*E11, however, did
replicate to high levels and occasionally depleted CD4 CD8
DP cells. Taking all of these data together, we found that the
relationship between HIV-1 replication and cytopathic effects
was nonlinear. The relationship was significantly better fit by a
variation of the Hill equation than by a straight line (P , 0.05).

This indicates that there is a threshold effect seen for depletion
of CD4 CD8 DP cells with respect to HIV-1 copy number in
thymus/liver grafts. Our data are imprecise in that viral load
could not be continuously monitored and peak viral load is not
stable (Fig. 2, graft 4) (23). We measured viral load every 3
weeks; therefore, the peak viral load that we measured may not
correspond to the true maximum point of viral replication.
Nevertheless, taken together the data shown in Fig. 6 indicate
that replication above the threshold level of one copy of HIV-1
DNA for every 11 cells in thymus liver grafts in SCID-hu mice
correlates with the depletion of CD4 CD8 DP thymocytes from
thymus/liver grafts in SCID-hu mice. The inability of most NSI
or R5 strains of HIV-1 to reach this threshold may result from
the paucity of human thymocytes which express levels of CCR5
detectable by flow cytometry (4, 26, 31). The capability of

FIG. 5. Two-color flow cytometric immunofluorescence assay of CD4 and CD8 expression on human thymocytes derived from SCID-hu mice 9 weeks after mock
infection or infection with 200 TCID50 of JR-CSF, JR-CSF/V1-V3 A-NSI Env, and JR-CSF/V1-V3 A-SI Env molecular clones of HIV-1. Cells were isolated from
thymus/liver grafts in SCID-hu mice, incubated with CD4-PE and CD8-FITC, washed, and run on a FACScan flow cytometer. The data are representative of those
presented in Fig. 6.
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late-stage AIDS-associated R5 HIV-1 clones to perturb thy-
mopoiesis is described in detail in the accompanying report
(38). The implication of Fig. 6 is that viral replication is an
important determinant of cytopathic effects in SCID-hu thy-
mus/liver graft infection and that its effect is manifest in a
nonlinear way. These data do not, however, allow us to
discern the mechanism of the HIV-1-mediated cytopathic
effects that we observed.

Our results suggest that acquisition of the SI/X4 phenotype
leads to the rapid loss of CD41 T cells in patients and is not
just a consequence of immune deficiency. We further found
that two NSI HIV-1 isolates from a long-term nonprogressor
replicated 10-fold less well in thymus/liver grafts in SCID-hu
mice than any of the isolates from the rapid progressor. This
implicates the particular HIV-1 quasispecies as at least one
cause of the slow progression seen in this patient. Many other
reports have documented that defective or relatively slowly
replicating isolates of HIV-1 are found in long-term nonpro-
gressors, consistent with our findings (13, 28, 36).

In this report, we have directly demonstrated that transfer of
the V1 to V3 region of the env gene from an SI patient A
isolate of HIV-1 to an NSI molecular clone conferred in-
creased viral replication and pathogenesis. This finding directly

implicates the SI/X4 phenotype in pathogenesis in this model
of HIV-1-mediated disease. This likely recapitulates what is
seen in patients, since the presence of SI HIV-1 in patient
plasma has been correlated with more rapid disease pro-
gression and has been shown to arise just prior to a rapid
decline in CD41 cell numbers (11, 12, 39–41). In contrast,
the transfer of V1 to V3 region of the env gene from an SI
patient B isolate of HIV-1 to an NSI molecular clone re-
sulted in a nonpathogenic, poorly replicating chimeric viral
clone in SCID-hu mice. This may be explained if the result-
ing chimeric Env glycoprotein was not stable or was poorly
functional as has been seen with similar chimeras in tissue
culture studies (8).

The V1 to V3 regions that we sequenced from the NSI and
SI patient isolates following infection of SCID-hu mice are
unique and consistent with evolution within each patient. For
both patients A and B, the sequences that we determined for
each of their isolates are closely related to each other. Fur-
thermore, the predicted V3 domain amino acid sequences of
the sequential patient isolates of HIV-1 are consistent with the
observed viral phenotype. In particular, the predicted presence
of a positively charged amino acid residue at position 11 in the
disulfide bound V3 loop and the absence of a negative charge
at position 24 or 29 in the SI isolates are consistent with
previous reports of the SI-determining genotype in patient
isolates of HIV-1 (14, 18).

GHOST (3) cells were used to map the coreceptor specificity
of the patient-derived chimeric molecular clones we con-
structed. Consistent with other reports, we found that all of
these clade B isolates could infect GHOST-CCR5 cells, the
isolates from patient B could also use CCR3 much less effi-
ciently, and the SI patient isolate-derived chimeric molecular
clones could infect GHOST-CXCR4 cells (2, 12, 37, 43, 44).
The efficiency of infection of infect GHOST-CXCR4 cells,
however, was strikingly different for the two SI patient isolate-
derived chimeric molecular clones. We found that the patient
A clone was at least 44-fold more efficient in infecting
GHOST-CXCR4 than the patient B-derived clone. This dif-
ference likely accounts for the inability of the SI patient B-
derived chimeric molecular clone to replicate to high levels in
SCID-hu thymus/liver grafts and its correlated inability to de-
plete CD41 thymocytes in this system. We do not yet know the
precise step in viral entry into GHOST-CXCR4 cells which is
less efficient. Further studies will be required to define this
interesting phenotypic difference.

FIG. 6. HIV-1 DNA copies versus percentage of CD4 CD8 DP cells in
human thymus/liver graft cells derived from SCID-hu mice. The number of
copies of HIV-1 DNA per 105 cells derived from human thymus liver grafts in
SCID-hu mice 3, 4, or 6 weeks postinfection was determined as described in the
legend to Fig. 2. In each case, the number of viral DNA copies reached its
maximum measured value at this time point. The percentage of CD4 CD8 DP
cells recovered 6 or 7 weeks postinfection was determined as described in the
legend to Fig. 1 and plotted against the viral load at 3. 4, or 6 weeks postinfection
for each graft. Each symbol represents a separate human thymus/liver graft
infected as defined in the key.

TABLE 2. Percentage of GHOST indicator cells expressing GFPa

Viral inoculum JR-CSF
(50 ml)

JR-CSF V1–V3 A-NSI JR-CSF V1–V3 A-SI JR-CSF V1–V3 B-NSI JR-CSF V1–V3 B-SI

200 ml 50 ml 5 ml 200 ml 50 ml 5 ml 50 ml 5 ml 0.5 ml 50 ml 5 ml 0.5 ml

GHOST-CCR1 0 2 0 0 15 7 0 0 0 0 1 0 0
GHOST-CCR2b ND ND 1 1 ND 6 0 ND 1 0 ND 1 0
GHOST-CCR3 4 3 1 0 5 2 0 16 0 0 16 1 0
GHOST-CCR4 ND ND 0 0 ND 1 0 ND 0 0 ND 0 0
GHOST-CCR5 49 42 28 4 64 60 13 45 88 29 70 77 10
GHOST-CCR8 ND ND 1 1 ND 2 0 ND 0 0 ND 0 0
GHOST-CXCR4 0 1 1 1 36 44 3 0 1 1 8 1 1
GHOST-V28 0 1 1 1 5 5 0 0 1 1 1 0 0
GHOST-BONZO 0 1 1 0 5 3 0 0 0 0 1 0 0
GHOST-BOB 1 2 1 1 1 1 0 0 0 0 1 1 0

a GHOST cell lines expressing the chemokine receptor or related molecule indicated were infected with chimeric HIV-1 stocks derived from molecular clones as
described in Materials and Methods. Two days later, the cells were removed from their wells with trypsin, washed, and incubated in PBS–2% formaldehyde overnight.
Cells fluorescence was measured with a FACScan flow cytometer using uninfected cells as a negative control. ND, not determined.
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