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We studied the replication and cytopathicity in SCID-hu mice of RS human immunodeficiency virus type 1
(HIV-1) biological clones from early and late stages of infection of three patients who never developed MT-2
cell syncytium-inducing (SI; R5X4 or X4) viruses. Several of the late-stage non-MT-2 cell syncytium-inducing
(NSI; R5) viruses from these patients depleted human CD4" thymocytes from SCID-hu mice. Earlier clones
from the same patients did not deplete CD4* thymocytes from SCID-hu mice as well as later clones. We studied
three RS HIV-1 clones from patient ACH142 in greater detail. Two of these clones were obtained prior to the
onset of AIDS; the third was obtained following the AIDS diagnosis. In GHOST cell infection assays, all three
ACH142 R5 HIV-1 clones could infect GHOST cells expressing CCR5 but not GHOST cells expressing any of
nine other HIV coreceptors tested. Furthermore, these patient clones efficiently infected stimulated peripheral
blood mononuclear cells from a normal donor but not those from a homozygous CCR5A32 individual. Sta-
tistical analyses of data obtained from infection of SCID-hu mice with patient ACH142 RS clones revealed that
only the AIDS-associated clone significantly depleted CD4" thymocytes from SCID-hu mice. This clone also
replicated to higher levels in SCID-hu mice than the two earlier clones, and a significant correlation between
viral replication and CD4" thymocyte depletion was observed. Our results indicate that an intrinsic property
of AIDS-associated R5 patient clones causes their increased replication and cytopathic effects in SCID-hu mice

and likely contributes to the development of AIDS in patients who harbor only RS quasispecies of HIV-1.

Human immunodeficiency virus type 1 (HIV-1) enters cells
by binding to the cell surface glycoprotein CD4 and then to one
of several seven-transmembrane trimeric GTP-binding protein
coupled chemokine receptors or related molecules which are
known as HIV-1 coreceptors (reviewed in references 6 and 23).
Twelve coreceptors, CCR2b, CCR3, CCRS, CCRS8, CXCR4,
CX3CR1, BONZO/STRL33/Tymstr, BOB/GPR15, GPR1, APJ,
HCMV-US28, and BLTR, have been reported to function in
HIV-1 infection or syncytium formation in tissue culture (2, 3,
12, 13, 21, 22, 24-26, 28, 29, 31, 34, 35, 49, 50, 53, 57, 60).
Recent work, however, has shown that CCRS5 and CXCR4 are
the predominant coreceptors used for infection by primary
isolates (5, 72, 73). Many studies have shown that R5X4 or X4
isolates of HIV-1, which can use CXCR4 to enter cells, are
more pathogenic in tissue culture, hu-PBL-SCID mice, and
SCID-hu mice and are associated with more rapid progression
to AIDS and death in infected individuals (10, 15, 16, 38, 41,
55, 56, 62, 65-67). Nevertheless, approximately half of people
infected with clade B HIV-1 who develop AIDS never acquire
detectable X4 HIV-1 quasispecies (4, 11, 45, 65). It is enig-
matic that most studies of primary RS isolates of HIV-1 have
detected little if any pathogenesis attributable to these viral
isolates in tissue culture, yet many AIDS patients die from
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infection with exclusively R5 HIV-1 quasispecies. Many RS
isolates of HIV-1 replicate more slowly and to lower titers in
stimulated peripheral blood mononuclear cells (PBMC) than
R5X4 or X4 isolates (15, 68). Nevertheless, some RS isolates
from later in the course of infection, particularly after an AIDS
diagnosis has been made, replicate more rapidly and to higher
titers in tissue culture than typical RS isolates from early in the
course of infection (68).

A hallmark of HIV-1 pathogenesis in infected individuals is
the loss of CD4 " peripheral blood T cells. This may result from
direct or indirect killing of mature CD4" T cells or from
depletion of T-cell precursors or from both. Infection of the
thymus may play a significant role in T-cell depletion by less-
ening the body’s ability to generate T cells (17, 40, 46, 59, 63).
Kourtis and colleagues showed that infection of the thymus in
HIV-1-infected children is frequently seen and is associated
with rapid progression (46). We have studied the infection of
human thymocytes by HIV-1 using the SCID-hu thymus/liver
model system. The SCID-hu (thymus/liver) mouse is created
by surgical implantation of human fetal thymus and liver tissue
into SCID mice (51). These mice develop a conjoint thymus/
liver graft which has the morphology of normal human thymus
with small islands of hematopoietic tissue. Thymus/liver grafts
maintain normal human thymopoiesis for over a year. Previous
studies have shown that infection of human thymus liver grafts
in SCID-hu mice leads to a pathogenic phenotype: the deple-
tion of CD4" thymocytes (1, 9). Furthermore, the SCID-hu
mouse model of HIV-1 infection accurately reflects viral phe-
notypes seen in infected people. For example, the nef gene has
a significant effect on replication and pathogenesis in SCID-hu
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TABLE 1. Isolation of HIV-1 biological clones from three patients
who did not develop X4 phenotype virus®

+ + : .

Patient Date N0£3€S?£4 %DD‘;J B“zllgr‘flecal TCID/ml
ACH424>  9/1/88 660 0.45 9F4 331 x 10°
9H1 5.01 x 10°

5/21/92 110 0.17 BAI 166 X 10°

23G2 251 x 10*

ACHI142°  8/18/86 720 1.06 8A4 7.41 % 10°
8G9 5.01 x 10°

8/25/92 310 0.09 2DAT 372 x 10°

PD2 251 X 10°

428/94 300 0.1 *E11 372 10*

AMS198¢  9/4/89 430 33 1cl0 832 x 10°
1ALl 5.01 x 10°

71/91 250 12 3F4 1.66 % 10*

3C7 251 x 10¢

9/16/93 30 0.27 4A2 1.12 % 10°

“ RS HIV-1 biological clones were isolated from three patients in the Amster-
dam cohort at different stages of disease. At each time point, blood was drawn
and the numbers of CD4" and CD8" T cells per microliter were determined.
Biological clones were isolated by limiting dilution of PBMC at each time point,
stocks were made, and the titer was measured on PBMC.

b Seroconversion, 8/22/88; AIDS, 10/18/91 Candida esophagitis); deceased,
2/09/94.

¢ Seroconversion, before 1986; AIDS, 1991; deceased, 9/16/93.

4 Seroconversion, before 11/22/84; AIDS, 12/15/93 (Kaposi’s sarcoma); de-
ceased, 4/28/94.

mice, and late-stage X4 patient isolates are more pathogenic
than earlier RS HIV-1 isolates from the same patients (10, 37,
41).

We tested the replication and cytopathic effects of early,
intermediate, and late R5 HIV-1 isolates from three Amster-
dam cohort patients in SCID-hu mice. In each case the latest
isolate followed an AIDS diagnosis; these isolates are referred
to hereafter as R5-AIDS isolates. We also tested the replica-
tion of three isolates in a panel of GHOST cells bearing diverse
HIV coreceptors and in PBMC derived from normal donors
and from a donor homozygous for a 32-bp inactivating deletion
in the CCRS5 gene (CCR5A32). Our results demonstrate that
R5-AIDS biological clones of HIV-1 replicate to higher levels
and are more cytopathic for human CD4" thymocytes in
SCID-hu mice than earlier R5 HIV-1 biological clones from
the same patients.

Mouse 11-17, 4A2

30%

45%

—CD4+

Mouse 11-35, 4A2

J. VIROL.

MATERIALS AND METHODS

Virus isolation; production and titration of viral stocks. HIV-1 patient bio-
logical clones were obtained from the Amsterdam (The Netherlands) cohort
studies. Patients were selected because of the absence of the X4 phenotype
during the entire course of their infection despite progression to AIDS and
death. HIV-1 was cloned from patients by limiting dilution of patient PBMC
cocultured with stimulated normal donor PBMC. Viral stocks were amplified by
infection of two day phytohemagglutinin (PHA) and interleukin-2 (IL-2)-stim-
ulated healthy donor PBMC. One half of the virus-containing supernatants were
removed every 2 days and replaced with fresh medium containing IL-2. Fresh
stimulated PBMC were added 7 days postinfection if viral titers of the collected
supernatants had not peaked. Virus-containing supernatants were aliquoted and
frozen at —80°C until needed. In some cases CD8" cells were depleted from
PBMC prior to infection using the mouse monoclonal CD8 antibody OKT-8
(American Type Culture Collection). Healthy PBMC were incubated with
OKT-8. Cells with bound antibody were removed using magnetic beads coated
with goat anti-mouse immunoglobulin (Dynal A.S., Oslo, Norway). Cells in the
supernatant were washed and placed in culture. CD8" cell-depleted PBMC
cultures were infected with patient clones as described above. The tissue culture
infectious dose (TCID) of virus containing supernatants was measured by infec-
tion of P4-2 cells (14). P4-2 cells were infected with a known volume of virus
containing supernatant and incubated at 37°C. After 48 h, the cells were fixed
with 0.2% glutaraldehyde and stained with 5-bromo-4-chloro-3-indolyl-B-p-ga-
lactopyranoside (X-Gal). The stained cells were incubated overnight. The TCID
was obtained by the number of blue cells counted on the plate divided by the
volume used for infection.

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 (51). 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-mm? 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 g, 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
in Iscove’s medium with 2% fetal calf serum, and 400 to 2,000 TCIDs, was
injected directly into the thymus/liver grafts in a volume of 50 to 100 wl. SCID-hu
mice were biopsied at 3, 6, 9, and 12 weeks postinfection. For each biopsy, the
grafts were again exteriorized and one-quarter to one-half of the tissue, depend-
ing 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 pg/ml; Life Technologies). The cells were
filtered through 70-pm nylon mesh and transported on ice from the BL2+ mouse
facility to the BL3 laboratory.

Flow cytometry. Cells were washed twice in phosphate-buffered saline (PBS),
counted, and aliquoted (10° cells per well) into 96-well V-bottom plates (Costar,

CDh8

FIG. 1. CD4 and CD8 expression of thymocytes isolated from two SCID-hu thymus/liver grafts infected with the R5-AIDS HIV-1 biological clone AMS198-4A2
and from one mock-infected thymus/liver graft. Cells were isolated 13 weeks postinfection and stained with fluorochrome-conjugated CD4 and CD8 MAbs. Expression
of the corresponding cell surface antigens was measured by flow cytometry. Percentages of CD4 SP CD8 SP and CD4 CD8 DP cells are shown.
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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 isothiocyanate
(FITC), CD4-phycoerythrin (PE) (CalTag, South San Francisco, Calif.), CD8-
peridinin chlorophyll protein (PerCP) (BDIS, San Jose, Calif.), CD8-FITC
(BDIS), CD4-PE, and CD3-PerCP (BDIS). Following incubation with MAb, the
cells were washed twice with 200 wl of PBS, resuspended in 100 wl of PBS-2%
formaldehyde, and incubated for 16 h at 4°C in the dark. Samples were diluted
with PBS, and 10* cells, discriminated by their 90° and low-angle light scattering
properties, were analyzed with a FACScan flow cytometer fitted with a helium-
neon laser, appropriate filters for the fluorochromes used, and CellQuest soft-
ware.

Statistical methods. Statistical analysis of the percentage of CD4 CD8 double-
positive (DP) cells, and the CD4 single-positive (SP)/CD8 SP ratio, in thymus/
liver grafts 6 weeks after mock infection or infection with patient ACH142 clones
8G9, 32D2, *E11 (CCRS5 +/+ grafts), and *E11 (CCRS +/A32 grafts), or the X4
HIV-1 molecular clone NL4-3, was by one-way analysis of variation (ANOVA).
In order to maintain an experimental type I error rate of less than or equal to
0.05, the ¢ tests for between-group comparisons were adjusted by Tukey’s honest
significant difference (HSD) criterion (48). Data from mock-infected and NL4-
3-infected SCID-hu thymus/liver grafts from other experiments were included in
these analyses to increase the power of the statistical comparisons. Statistical
computations were carried out in SAS version 6.12 with Proc Mixed or Prism 2.0
software (SAS Institute, Inc., Cary, N.C.; GraphPad Software, San Diego, Calif.).

Quantitative PCR. Genomic DNA was purified using a QIAamp blood kit
(Qiagen, Valencia, Calif.) from approximately 107 thymocytes from each biopsy
except when cell numbers obtained from biopsied material were too low, in
which case as close to 107 thymocytes as possible were used. PCR amplification
was performed by an initial denaturation 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 AASS, specific
for R/U5 region of HIV-1 long terminal repeat (LTR) (70), using a model
PT-200 thermocycler (MJ Research, Watertown, Mass.). Primers specific for the
human B-globin gene were used to detect cellular DNA. In each case, one of the
two primers used was labeled on the free 5’ phosphate by using T4 bacteriophage
polynucleotide kinase (New England Biolabs, Beverly, Mass.) and [y->?P]ATP. A
standard curve for the number of HIV-1 copies was generated for each PCR with
fivefold dilutions of EcoRI digested nSVNX-JRCSF mixed with genomic DNA
from 10° 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 1 value of greater than or equal to 0.98. Radiolabeled
PCR products were resolved by electrophoresis on 6% polyacrylamide—1X Tris-
borate-EDTA gels. HIV-1 and B-globin copy numbers were obtained from the
standard curve, using a model 425 PhosphorImager (Molecular Dynamics,
Sunnyvale, Calif.).

Preparation and infection of PBMC. Whole blood was collected from both a
normal CCR5 homozygous individual and a CCR5A32 homozygous individual.
PBMC from each donor were isolated from whole blood by density gradient
centrifugation. Briefly, whole blood was diluted 1:2 with PBS, layered over
Histopaque-1077 (Sigma-Aldrich, St. Louis, Mo.), and centrifuged at 400 X g for
1 h. The opaque interface containing mononuclear cells was removed, and
mononuclear cells were washed two times with PBS. Cells were resuspended at
a concentration of 2 X 10° cells/ml in RPMI 1640 with 10% fetal calf serum,
PHA, and gentamicin. After 2 days, IL-2 (10 U/ml) was added to the cell culture.
On day 3, stimulated PBMC were washed two times with PBS and resuspended
at a concentration of 10° cells/ml in RPMI 1640 with 10% fetal calf serum. Then
2.5 X 10* cells (25 ul) were added to each well of a 96-well plate. Viral stocks
were diluted to equivalent titers, and 25 ul of a diluted virus stock containing
Polybrene (8 pg/ul) was added to each of four wells with normal CCR5 homozy-
gous PBMC and four wells with CCR5A32 homozygous PBMC. Infected cell
cultures were incubated at 37° for 2 h, and then 200 pl of RPMI 1640 with 10%
fetal calf serum, IL-2 (10 U/ml), and gentamicin was added. Supernatants were
collected, and an equal volume of medium was replaced every day for 2 weeks.
The concentration of p24 in the collected supernatants was measured by p24
enzyme-linked immunosorbent assay (ELISA) (NEN Life Science Products,
Boston, Mass.).

GHOST cell assay. GHOST cells were obtained from the NIH AIDS Research
and Reference Reagents Program; they were donated by V. KewalRamani and
D. Littman. GHOST-CCR1, -CCR2b, -CCR3, -CCR4, -CCRS5, -CCR8, -CXCR4,
-V28/CX3CR1, -BONZO/STRL33, and -BOB/GPRI1S5 cell lines, 5 X 10* cells per
well in 12-well plates, were infected with 0.5 ml of one of three RS patient
ACHI142 clones, HIV-1/NL4-3, or HIV-1/JR-CSF in the presence of Polybrene
(4 pg/pl) according to the protocol provided by the donors. Cells were harvested
48 h postinfection, and green fluorescent protein (GFP) fluorescence was mea-
sured by flow cytometry. For assay of viruses cultured in SCID-hu mice, 2 X 107
thymocytes were cocultured with 2 X 107 PHA-activated PBMC for 3 days.
Supernatants were collected and used to infect 5 X 10* GHOST-CCR5 or
GHOST-CXCR4 cells in 12-well plates. GHOST cells were incubated for 48 h
and then removed for flow cytometric assay of GFP expression.
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A. Normal Donor

p24 ng/ml

J. VIROL.

B. CCR5A32 Donor

FIG. 2. HIV-1 capsid (p24) production by PBMC infected with HIV-1 ACH142-8G9, ACH142-32D2, ACH142-*E11, or NL4-3, at an MOI of 0.01. PBMC were
isolated from a CCR5™ homozygous donor (A) and a CCR5A32 homozygous donor (B). p24 concentration was measured on supernatants collected on days 3, 6, 9,

and 12 postinfection using a commercial ELISA kit (NEN Life Science Products).

RESULTS

RS HIV-1 biological clones isolated from patients at differ-
ent stages of infection were used to infect SCID-hu mice.
HIV-1 biological clones were isolated at early, middle, and late
stages of disease from three patients who never developed X4
phenotype virus despite progressing to AIDS and death (Table
1). Several biological clones were isolated from each time point
and tested for syncytium induction phenotype by the MT-2 cell
syncytium formation assay. At each time point no X4 virus was
detected by this assay. Initially we chose to study one HIV-1
biological clone from an early stage of infection and a second

clone from a later stage of infection from two patients. In each
case, the later HIV-1 clone was isolated after the patient ex-
perienced a significant drop in the number of peripheral
CD4™ T cells and in one case following an AIDS diagnosis.
SCID-hu thymus/liver grafts were infected with 400 TCIDs,,
of the following R5 patient clones: ACH142-8A4, ACH142-
32A7, AMS198-1C10, AMS198-1A11, and AMS198-4A2. The
R5 AIDS clone AMS198-4A2 depleted CD4" thymocytes
from two of three human thymus liver grafts in SCID-hu mice
by 13 weeks postinfection, while ACH142-32A7 caused mild
CD4" thymocyte depletion in one of three grafts at this time

Early Stage RS pre Middle Stage RS pre Late Stage RSAIDS
AIDS Isolate 8G9 ____AIDS Isolate 32D2 . Isolate *E11

':L | 95% ; | 88%

e 10! 102 10° 10 "0 10! 10’ 10° 10
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w2
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e ——— G Se——————
FIG. 3. GFP expression of CCR5-expressing GHOST cells infected with HIV-1 clone ACH142-8G9, ACH142-32D2, ACH142-*E11, NL4-3, or JR-CSF. GHOST
cells were infected with 0.5 ml of viral stocks in the presence of Polybrene (4 pg/ml). Forty-eight hours after infection, cells were harvested and fixed, and GFP

expression was measured by flow cytometry with a FACScan.
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FIG. 4. Representative CD4 and CDS8 expression on thymocytes from thymus/liver grafts 3, 6, and 12 weeks after infection with HIV-1 ACH142-8G9, ACH142-
32D2, or ACH142-*E11. Thymus/liver grafts were biopsied, a single-cell suspension was made, and the cells were stained with fluorochrome-conjugated CD4 and CD8
MABbs. Expression of the corresponding cell surface antigens was measured by flow cytometry. The data are representative of those summarized in Table 3.

point (Fig. 1). These results suggested that late-stage AIDS-
associated RS HIV-1 clones were pathogenic for human thy-
mocytes. To further test this hypothesis, a second set of
SCID-hu infections was performed with 1,000 to 2,000 TCIDs,,
of three R5-AIDS clones from two patients: ACH424-23A1,
ACH424-23G2, and ACH142-*E11. In this experiment, mild
depletion of CD4 DP and SP thymocytes was observed 4 weeks
after infection with ACH424-23A1 in one of three grafts
(mouse 24-17 [Table 2]). By 8 weeks postinfection, marked
depletion of human CD4 SP and DP thymocytes was observed
in this same mouse, and CD4 DP cells were depleted in one of
two grafts infected with ACH142-*E11 (Mice 24-7 and 24-17
[Table 2]). Moderate depletion of mature CD4 SP cells only
was also seen 8 weeks postinfection in one of two ACH424-
23G2-infected grafts (mouse 24-9 [Table 2]). At 12 weeks
postinfection, CD4™" thymocyte depletion was seen in all sur-
viving infected mice, two infected with ACH424-23A1 and two
infected with ACH424-23G2 (Table 2). The mock-infected
mouse, 24-11, retained 84% CD4 CDS8 DP cells and a CD4
SP/CDS8 SP ratio of 2.0.

We chose to study three R5 HIV-1 biological clones from
patient ACH142 in greater detail. ACH142-*E11 depleted
CD4™ thymocytes from human thymus/liver grafts in SCID-hu
mice, while the earlier clones ACH142-8A4 and ACH142-
32A7 did not. Furthermore, ACH142-*E11 achieved the high-
est viral load of any R5-AIDS clone in the experiment de-
scribed above and in Table 2 (data not shown). The early-stage
virus 8G9 was isolated in 1986, at least 21 months after sero-
conversion, when the patient’s peripheral CD4" T-cell count
was 720/pl and his peripheral CD4" T-cell/peripheral CD8™"

T-cell ratio was 1.06 (Table 1). The intermediate-stage virus
32D2 was isolated in 1992 when the CD4" T-cell count had
fallen to 310 cells/ul and the ratio of peripheral CD4™ to
CD8™" T cells was 0.09. The patient was diagnosed with AIDS
in December 1993 and died in April 1994. *E11 was isolated at
autopsy when the CD4" and CD8" T-cell numbers were at
levels similar to those seen in 1992 (Table 1). The three patient
ACH142 HIV-1 biological clones that we studied, and all other
HIV-1 isolates and clones derived from this patient, were neg-
ative in an MT-2 cell syncytium formation assay.

Patient ACH142-derived HIV-1 biological clones have dif-
ferent growth characteristics in PBMC from normal donors.
We characterized the in vitro growth characteristics of the
three HIV-1 biological clones isolated from patient ACH142 at
three different time points during the course of disease in
normal donor PBMC (Fig. 2A). Each biological clone was
used to infect 2-day PHA- and IL-2-stimulated normal do-
nor PBMC at a multiplicity of infection (MOI) of 0.01. Viral
growth was measured by the presence of the viral capsid pro-
tein p24 in the supernatants of infected cell cultures. For all
three biological clones, p24 production peaked on day 6 postin-
fection. The early virus 8G9 did not grow as well as the middle
or late HIV-1 clones. Both 32D2 and *E11, however, could
infect normal PBMC with efficiency and kinetic characteristics
similar to the control virus, NL4-3.

ACH142 biological clones do not infect PBMC from an in-
dividual homozygous for the CCR5A32 allele. We hypothe-
sized that late-stage RS patient clones may gain increased
pathogenesis or increased replication capacity by using other
coreceptors, in addition to CCR5, for entry into CD4 ™" T cells.
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TABLE 3. Summary of CD4 and CDS expression on human thymocytes derived from SCID-hu thymus/liver grafts 3 and 6 weeks
after infection with HIV-1 ACH142-8G9, ACH142-32D2, and ACH142-*E11¢

Cell distribution

Mouse Virus 3 wk 6 wk
% CD4* % CD8" % CD4" CD8" CD4*%/CD8" % CD4* % CD8" % CD4" CD8* CD4"/CD8"
38-5 Mock 8 4 87 2.0 15 6 78 2.5
38-26 Mock 10 5 85 2.0 10 6 81 1.7
47-14 Mock 16 6 78 2.7 13 4 83 3.3
38-6 8G9 12 6 81 2.0 18 8 74 2.3
47-16 8G9 9 4 86 2.3 9 6 85 1.5
47-18 8G9 19 8 73 2.4 18 7 74 2.6
49-5 8G9 13 4 83 33 12 5 83 2.4
49-30 8G9 16 5 78 32 14 7 78 2.0
38-8 32D2 17 7 73 2.4 19 12 60 1.6
47-11 32D2 27 11 60 2.5 6 3 89 2.0
47-12 32D2 13 4 83 33 17 7 75 2.4
47-19 32D2 19 10 69 1.9 12 6 82 2.0
49-11 32D2 13 3 83 43 14 5 80 2.8
38-12 *El11 20 9 71 2.2 23 15 59 1.5
38-14 *El11 12 5 83 2.4 13 12 73 1.1
38-18 *El1 23 10 68 2.3 18 15 63 1.2
38-20 *El11 19 9 71 2.1 33 34 23 1.0
30-42 *El11 33 51 13 0.6 21 48 28 0.4
49-13 *El11 13 5 81 2.6 16 6 77 2.7
49-17 *El11 14 5 79 2.8 14 16 67 0.9
46-13 +/A32 *El11 9 5 85 1.8
46-15 +/A32 *El11 8 5 86 1.6
46-27 +/A32 *El11 12 6 81 2.0
46-29 +/A32 *El11 8 4 88 2.0
38-25 NL4-3 18 14 66 1.3 22 44 9 0.5
30-24 NL4-3 11 5 83 2.2 27 54 3 0.5
49-28 NL4-3 13 7 79 1.9 31 34 20 0.9

“ Thymus/liver implants from several donors were infected with 1,000 TCID5, of HIV-1 ACH142-8G9, ACH142-32D2, ACH142-*E11, or NL4-3. Implants were from
CCRS +/+ homozygous donors except for implant 46, which was derived from a CCR5 +/A32 heterozygous donor. The CCR5 +/A32 grafts were biopsied only at 6

weeks postinfection.

We tested this hypothesis by attempting to infect primary cells
which do not express CCRS5. We isolated PBMC from a donor
who is homozygous for the CCR5A32 mutation, which inacti-
vates CCRS, and stimulated the PBMC with PHA and IL-2 for
2 days. We infected the PBMC at an MOI of 0.01 with the
three primary HIV-1 biological clones, the RS molecular clone
JR-CSF, and the X4 molecular clone NL4-3. Only infection
with the X4 molecular clone NL4-3 resulted in production of
viral p24 antigen, indicative of viral replication (Fig. 2B). The
peak of p24 production by NL4-3 was 9 days postinfection.
These results suggest that all three patient ACH142 biological
clones require the CCRS coreceptor for infection of PBMC.
Primary HIV-1 biological clones from patient ACH142 in-
fect a CCR5-expressing GHOST cell line but not GHOST cell
lines expressing CCR1, CCR2b, CCR3, CCR4, CCRS, CCRS,
CXCR-4, BOB, BONZO, or V28. PBMC from a CCR5A32
donor may not express a full complement of HIV-1 corecep-
tors. To further test the ability of ACH142 clones to enter cells
via coreceptors other than CCRS, we attempted to infect
GHOST cell lines expressing different known HIV coreceptors
with each clone. GHOST cells expressing most of the known
HIV coreceptors were obtained from the NIH AIDS Research
and Reference Reagents Program. Infection was measured by
the production of GFP detected by flow cytometry. For the
three patient ACH142 biological clones 8G9, 32D2, and *E11

and the R5 molecular clone JR-CSF, GFP was detected 48 h
postinfection only in a GHOST cell line expressing the CCRS
coreceptor (Fig. 3). The X4 molecular clone NL4-3 did not
infect GHOST-CCRS cells or any other GHOST cell line ex-
cept GHOST-CXCR4. No GFP was detected in GHOST cell
lines expressing CCR1, CCR2b, CCR3, CCR4, CCRS, BOB,
BONZO or V28. We conclude that CCRS is the only known
coreceptor used by the three biological clones derived from
different stages of infection of patient ACH142.

R5 patient ACH142 biological clones from early, middle,
and late stages of infection differ in CD4™ cell depletion in the
SCID-hu mouse. Replication and pathogenesis of the three
biological clones was measured in the SCID-hu mouse model.
We infected human thymus/liver grafts implanted in SCID-hu
mice with the early- or middle-stage RS pre-AIDS or the late-
stage R5-AIDS biological clones by injection of 1,000 TCIDs,,
of virus directly into the thymus/liver grafts. Mice were biop-
sied and thymocytes were isolated at 3, 6, and 12 weeks postin-
fection. CD4 and CDS cell surface antigens were detected by
flow cytometry with directly conjugated fluorescently labeled
MAbs. CD4" thymocyte depletion was observed in R5-AIDS
clone *Ell-infected grafts once at 3 weeks, often at 6 weeks,
and always at 12 weeks postinfection (Fig. 4). In Fig. 4, the
*Ell-infected graft which showed CD4" thymocyte depletion
at 3 weeks is shown. This graft was almost completely depleted
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FIG. 5. Plot comparing percent CD4 CD8 DP thymocytes (A) or CD4 SP/
CD8 SP thymocyte ratio (B) at 6 weeks after infection of thymus/liver grafts
infected with HIV-1 ACH142-8G9, ACH142-32D2, ACH142-*E11, or NL4-3 or
mock infected.

of CD4™" thymocytes at 12 weeks postinfection, leaving only
CD8 SP and double-negative cells. For the RS pre-AIDS
clones 8G9 and 32D2, only limited cytopathic effects were seen
on one occasion for each clone at 12 weeks postinfection.
CD4" thymocyte depletion in the grafts was assayed by mea-
suring the ratio of CD4 SP to CD8 SP thymocytes and the
percent CD4 CD8 DP cells (Table 3). Statistical analyses de-
scribed below show that as a group, the *Ell-infected grafts
were significantly depleted of CD4" cells at 6 weeks postin-
fection. We established cutoff values for each of these mea-
sures to define significant CD4 depletion in individual infected
grafts. These values allow us to define pathogenesis as changes
in these measures which are unlikely to occur by chance in the
mock-infected grafts. Thus, a CD4 SP/CDS8 SP ratio of less
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than 1.25 or a CD4 CD8 DP cell percentage below 55 was
considered indicative of CD4* thymocyte depletion. The prob-
ability of a mock-infected graft having a CD4 SP/CD8 SP ratio
of less than 1.25 is 0.04, while the probability of a mock-
infected graft having a CD4 CDS8 DP cell percentage below 55
is 0.0007. None of the mice infected with the R5 pre-AIDS
clone 8G9 or 32D2 displayed evidence of CD4" cell depletion
by these criteria at 3 or 6 weeks postinfection (Table 3; Fig. 5).
In contrast, at 3 weeks postinfection we observed CD4 SP
thymocyte depletion, judged by the CD4 SP/CDS SP ratio, in
one of seven mice infected with the late-stage R5-AIDS virus
*E11. Six weeks postinfection, five of seven mice infected with
the R5-AIDS virus *E11 showed depletion of CD4 SP cells and
two showed depletion of CD4 CDS8 DP cells as well by these
criteria. An *E11 dose of 1,000 TCIDs, was not sufficient,
however, to cause depletion of CD4" thymocytes from four
SCID-hu mice bearing human thymus/liver grafts which were
heterozygous for the CCR5A32 mutation (Table 3; Fig. 5).
Following infection of SCID-hu mice with patient ACH142
clones, thymocytes recovered 6 weeks postinfection were
cocultured with PHA-activated PBMC. Supernatants of these
cocultures were used to infect GHOST-CCRS and GHOST-
CXCR4 cells to determine if the viral tropism had been
changed by culture in SCID-hu thymus/liver grafts. In no case
was evidence of a switch in tropism seen (data not shown).

Statistical analyses by one-way ANOVA and Tukey’s HSD
criterion-adjusted ¢ tests were carried out to compare each
group of infected grafts with all other groups. Statistical com-
parisons (Tables 4 and 5) revealed that the percent CD4 CDS8
DP cells found 6 weeks after infection of thymus/liver grafts
with *E11 was significantly different from the value found for
8G9-, 32D2-, or mock-infected grafts (P < 0.001, P < 0.002, or
P < 0.001). This was not true, however, for 8G9- or 32D2-
infected grafts or for CCR5+/A32 grafts infected with *E11,
which did not result in a percentage of CD4 CDS8 DP cells 6
weeks later that was significantly different from the value for
mock-infected grafts (Table 4; Fig. 5A). The percentage of
cells remaining 6 weeks after infection of CCRS +/+ grafts
with *E11 which were CD4 CDS8 DP was also significantly less
than the percentage of DP cells among the cells which re-
mained in *Ell-infected CCRS5 +/A32 grafts (P < 0.001).
Similarly, the CD4 SP/CDS8 SP ratio 6 weeks after infection
with the R5-AIDS clone *E11 was significantly lower than for
mock-infected grafts (P < 0.001), but the CD4 SP/CD8 SP
ratio difference between *E11- and 8G9- or 32D2-infected
grafts was only marginally significant (P < 0.055 [Table 4; Fig.
5B]). Infection with the RS pre-AIDS clone 8G9 or 32D2,
however, did not lead to a significant difference in the CD4
SP/CD8 SP ratio compared to mock-infected grafts. For both
of these measures, NL4-3-infected grafts were significantly dif-
ferent from all other groups.

RS patient clones from early, middle, and late stages of in-
fection differ in replication in the SCID-hu mouse. From each
biopsy, genomic DNA was isolated from thymocytes and used
to determine the amount of viral DNA present. Quantitative
PCR was performed with primers which amplify the HIV-1
LTR region and the human globin gene. With known amounts
of HIV-1 and globin DNA, a standard curve was generated
from which the amounts of globin and HIV-1 DNA in the
biopsy samples were extrapolated. Viral DNA recovered from
the human thymus/liver grafts reached its highest level, of any
time measured, at 6 weeks postinfection (Fig. 6). The level of
HIV-1 DNA detected in 8G9- and 32D2-infected grafts, how-
ever, was on average 10-fold lower than that found in *E11-
infected grafts and more than 100-fold lower than the level of
viral DNA obtained from NL4-3-infected thymus/liver grafts.
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TABLE 4. Statistical analysis of percent CD4 CD8 DP thymocytes and CD4 SP/CD8 SP thymocyte ratio 6 weeks after infection of
thymus/liver grafts with HIV-1 ACH142-8G9, ACH142-32D2, ACH142-*E11, or NL4-3, or mock infection®

Between-group comparison A Mean A SE gls‘%w(ei 9[5{%)81 Przba:bl(l)lty
% CD4 CDS8 DP thymocytes
Mock-8G9 —1.24 4.51 —14.46 11.97 1.000
Mock-32D2 0.36 451 —12.86 13.57 1.000
Mock-E11 (CCRS5 +/+ grafts) 21.84 3.93 10.33 33.36 <0.001
Mock-E11 (CCRS5 +/A32) —7.44 4.97 —21.99 7.10 0.666
Mock-NL4-3 71.42 2.46 64.22 78.62 <0.001
8G9-32D2 1.60 5.86 —15.57 18.77 1.000
8G9-E11 (CCRS5 +/+ grafts) 23.09 5.43 7.19 38.98 <0.001
8G9-E11 (CCRS +/A32) —6.20 6.22 —24.41 12.01 0.918
8G9Y9-NL4-3 72.67 4.48 59.55 85.78 <0.001
32D2-E11 (CCRS5 +/+ grafts) 21.49 5.43 5.59 37.38 <0.002
32D2-E11 (CCRS5 +/A32) —7.80 6.22 —26.01 10.41 0.809
32D2-NL4-3 71.07 4.48 57.95 84.18 <0.001
E11 (CCRS5 +/+ graft)-E11 (CCRS +/A32) —29.29 5.81 —46.30 —12.27 <0.001
E11 (CCR5 +/+ graft)-NL4-3 49.58 3.89 38.18 60.98 <0.001
E11 (CCR5 +/A32)-NL4-3 78.87 4.94 64.41 93.32 <0.001
CD4 SP/CDS8 SP thymocyte ratio
Mock-8G9 0.34 0.26 —0.42 1.10 0.780
Mock-32D2 0.34 0.26 —0.42 1.10 0.780
Mock-E11 (CCRS5 +/+ grafts) 1.24 0.23 0.58 1.91 <0.001
Mock-E11 (CCRS +/A32) 0.65 0.29 —0.19 1.49 0.219
Mock-NL4-3 2.19 0.20 1.77 2.60 <0.001
8G9-32D2 0.00 0.34 —0.99 0.99 1.000
8G9-E11 (CCRS5 +/+ grafts) 0.90 0.31 —0.01 1.82 0.055
8G9-E11 (CCRS +/A32) 0.31 0.36 —0.74 1.36 0.953
8G9-NL4-3 1.85 0.26 1.09 2.60 <0.001
32D2-E11 (CCRS +/+ grafts) 0.91 0.34 —0.01 1.82 0.055
32D2-E11 (CCR5 +/A32) 0.31 0.36 —0.74 1.36 0.953
32D2-NL4-3 1.85 0.26 1.09 2.60 <0.001
E11 (CCRS +/+ graft)-E11 (CCRS +/A32) —0.59 0.33 —1.57 0.39 0.490
E11 (CCRS5 +/+ graft)-NL4-3 0.95 0.22 0.29 1.60 0.001
E11 (CCR5 +/A32)-NL4-3 1.54 0.28 0.71 2.37 <0.001

¢ Corresponding summary measures are given in Table 5.

The level of HIV-1 viral DNA detected in thymus/liver grafts
exhibited a sigmoid relationship with the percentage of CD4
CD8 DP cells found. This nonlinear relationship was highly
significant (R* = 0.87) [Fig. 7A]) and gave a better fit to the
data than could be achieved with a straight line. Similarly, the
level of HIV-1 viral DNA detected 6 weeks postinfection was
highly correlated with the CD4 SP/CDS SP ratio and exhibited
a sigmoid relationship that was more significant than could be
achieved with a linear regression (* = 0.64 [Fig. 7B]). These
nonlinear relationships indicate that a threshold effect pertains
to the replication of HIV-1 needed for cytopathic effects in
SCID-hu mice similar to, but not as extreme as, the “all or
nothing” binding of oxygen by hemoglobin. The inflection point
of each sigmoid curve indicates the threshold value of viral
replication—the point at which the slope of the curve is steep-
est—where a small increase in viral replication yields a large
increase in cytopathic effect. For Fig. 7A, the relationship of
percent CD4 CDS8 DP cells to HIV-1 DNA copies, the thresh-
old, or 50% effective copy number, is 20,550 copies of HIV-1
DNA per 10° cells with 95% confidence limits of 11,100 to
38,070. Similarly, the sigmoid plot of viral load versus the CD4
SP/CD8 SP ratio gave a 50% effective copy number of 12,220
per 10° cells with 95% confidence limits of 1,826 and 81,750.

DISCUSSION

Our results show that infection with R5-AIDS HIV-1 clones
has more severe cytopathic effects on human thymocytes in

SCID-hu mice than infection with earlier pre-AIDS R5 clones
from the same patients. The development of increased patho-
genicity during the course of natural infection is a paradigm
which has emerged from the study of HIV and simian immu-
nodeficiency virus (SIV). It has been long known that later
patient isolates of HIV-1 often replicate more efficiently and
are more cytopathic in tissue culture than earlier isolates (15,
16, 65-67). This is particularly true of X4 HIV-1 isolates but
has also been documented to a more limited extent for RS
HIV-1 isolates (68). Overbaugh and colleagues have shown
that a similar pattern of increased cytopathicity developing
during the course of infection occurs with SIV during the
infection of rhesus macaques (42, 61). These findings suggest
that the biological constraints which select the fittest HIV or
SIV species change during the protracted course of infection in
each individual. Therefore, the fittest quasispecies of HIV-1
immediately after infection are not the same as those which are
fittest several years later. This must be so since two amino acid
substitutions can convert an R5 HIV-1 strain to R5X4, yet this
does not usually occur for many years postinfection despite the
higher replicative capacity of X4 HIV-1 isolates and the rapid
evolution of HIV-1 (20, 30). The changes which convert an
early-stage R5 pre-AIDS HIV-1 isolate to a more pathogenic
R5-AIDS isolate, such as those we have studied, are not yet
known. The development of such isolates, however, must sim-
ilarly be initially limited by the host immune system and se-
lected later in the course of infection when antiviral immunity
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FIG. 6. HIV-1 DNA copies per 10° thymus/liver cells in infected thymus liver grafts derived from SCID-hu mice, determined by quantitative PCR. Genomic DNA
was isolated and subjected to 22 cycles of quantitative PCR using a primer pair specific for HIV-1 DNA and a primer pair specific for the human B-globin gene. In
each case, one primer was end labeled with *2P. PCR products were resolved on a 6% polyacrylamide gel. Quantitation was performed by comparison to standard curves
of the PCR products of known amounts of both HIV-1 plasmid DNA and human genomic DNA, using a PhosphorImager.

may be less effective and other factors such as opportunistic
infections have changed the host milieu.

In a recent study by Berkowitz et al., no cytopathic effects
were seen in SCID-hu mice 2.5 and 5 weeks after infection with
three R5-AIDS patient isolates, including a different clone
from patient ACH424 whose clones we also studied (8). This is
likely explained by the shorter time course of SCID-hu infec-
tions used in this study compared to the experiments reported
here. We rarely saw depletion of human thymocytes 3 weeks
after infection with R5-AIDS HIV-1 clones and saw consistent
cytopathic effects only at 6 weeks postinfection or later.

Despite the cytopathic effects of ACH142 R5-AIDS clone
*E11 infection on normal human thymocytes in SCID-hu mice,
infection by this virus did not deplete CD4* thymocytes from
CCRS +/A32 heterozygous grafts. This result indicates that the
lower level of CCRS present in these grafts limits viral repli-
cation or cytopathic effects (7, 18, 44, 54, 71). Similarly, HIV-
1-infected CCRS5 +/A32 individuals have lower viral load and
progress more slowly to AIDS (19, 27, 36, 52, 58). The fact that
X4 viruses often replicate to higher levels in many systems
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including SCID-hu mice suggests that interaction with CCRS
may be rate limiting for HIV-1 replication even with the higher
level of CCRS found in a CCRS +/+ host (10, 15, 38, 67). Our
results further indicate that *E11 could not readily evolve to
efficiently use another coreceptor for the infection of human
thymocytes during 6 weeks of culture in CCRS +/A32 thymus/
liver grafts despite the presence of other coreceptors on human
thymocytes (CCR3, CCRS8, CCR9, CXCR4, and APJ) (7, 18,
26, 32, 33, 43, 54, 69, 71). This result also confirms our findings
from tissue culture assays with GHOST cells and CCR5A32/
A32 PBMC that *E11 can enter cells only via CCRS.

In this study, we found that viral replication was highly
correlated with CD4" thymocyte depletion in SCID-hu mice
and that these correlations were highly significant. Further-
more, these data support our conclusion in the accompanying
report that a threshold of viral replication must be surpassed
for cytopathic effects to be evident in the SCID-hu system (10).
We observed a bimodal distribution of the points when viral
DNA copies were plotted against the two measures of cyto-
pathicity we have used (Fig. 7). For both the percent CD4 CD8
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FIG. 7. Scatter plot of percent CD4 CD8 DP thymocytes (A) or CD4 SP/CD8 SP thymocyte ratio (B) versus HIV-1 DNA copies per 10° thymus/liver cells recovered
6 weeks after infection with the indicated HIV-1 clones. A nonlinear regression was determined and plotted using a four-parameter logistic equation and Prism software

(GraphPad Software).
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