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We demonstrated previously that CD45RA* CD4" T cells are infected primarily by syncytium-induc-
ing (SI) HIV-1 variants, whereas CD45RO* CD4* T cells harbor both non-SI (NSI) and SI HIV-1 vari-
ants. Here, we studied evolution of tropism for CD45RA* and CD45RO* CD4" cells, coreceptor
usage, and molecular phylogeny of coexisting NSI and SI HIV-1 clones that were isolated from four
patients in the period spanning SI conversion. NSI variants were CCRS-restricted and could be iso-
lated throughout infection from CD45RO* CD4* cells. SI variants seemed to evolve in CD45RO*
CD4* cells, but, in time, SI HIV-1 infection of CD45RA* CD4* cells equaled infection of CD45RO*
CD4* cells. In parallel with this shift, ST HIV-1 variants first used both coreceptors CCRS and
CXCR4, but eventually lost the ability to use CCRS. Phylogenetically, NSI and SIHIV-1 populations
diverged over time. We observed a differential expression of HIV-1 coreceptors within CD45RA* and
CD45RO" cells, which allowed us to isolate virus from purified CCR5* CXCR4- and CCRS- CXCR4*
CD4" cells. The CCRS5" subset was exclusively infected by CCRS-dependent HIV-1 clones, whereas SI
clones were preferentially isolated from the CXCR4" subset. The differential expression of HIV-1
coreceptors provides distinct cellular niches for NSI'and ST HIV-1, contributing to their coexistence

and independent evolutionary pathways.

J. Clin. Invest. 106:1039-1052 (2000).

Introduction

In HIV type 1 (HIV-1) infection, an estimated number
of viral particles, between 108 and 100, are produced
and eliminated from the human body per day (1-3).
The error-prone viral reverse-transcriptase enzyme
and lack of proofreading mechanisms during reverse
transcription of the viral RNA results in the frequent
incorporation of mutations in the viral genome. The
large turnover of virus in combination with the high
mutation rate of HIV-1 results in a mixed population
of related but distinct virus variants, also termed viral
quasispecies (4). Viral quasispecies are defined by a
dominant sequence and a spectrum of mutants,
which may be relatively stable for many generations
(population equilibrium). Variants within the viral
quasispecies are continuously competing, and the
dominant sequence reflects the most fit variant at
that time point. Due to the introduction of beneficial
mutations in the viral genome or changing environ-
mental factors, such as the introduction of antiretro-
viral agents, a previously minor population may

become the dominant sequence and thus an altered
population equilibrium is established.

Altered biological characteristics such as replication
rate, cytopathicity, and cellular tropism may influence
viral fitness and therefore HIV-1 quasispecies behavior.
Indeed, viral biological characteristics continue to evolve
during the course of HIV-1 infection. Early in infection a
homogeneous population of generally macrophage-trop-
ic, non-syncytium-inducing (NSI) virus variants is pres-
ent (5, 6). However, during the course of infection, virus
variants become predominantly T-cell tropic (7), and in
50% of HIV-1-infected patients syncytium-inducing (SI)
HIV-1 variants appear (8). SI HIV-1 variants can be dis-
criminated from NSI variants by the ability to replicate
and induce syncytia in T-cell lines (9). The emergence of
SI HIV-1 variants is associated with a subsequent, more-
rapid decline of CD4* T cells, an accelerated disease pro-
gression, and a poor prognosis for survival (8).

CC chemokine-receptor 5 (CCRS) has been identified
as the coreceptor for entry of NSI HIV-1 into CD4* T
cells. SI variants may, in addition, or alternatively, use
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CXC chemokine-receptor 4 (CXCR4) as their main
coreceptor (10-15). Other chemokine receptors (such
as CCR2, CCR3, CCR8,CCRY, CX3CR1) or structural-
ly related molecules (the orphan receptors BOB/gprl5,
BONZO/strl33, apj, Chem23) have been identified as
coreceptors for entry of HIV-1, as well (14-23). Still, the
majority of primary NSI HIV-1 isolates were shown to
be restricted to CCRS5 usage exclusively (24-26).
Expanded coreceptor usage, including usage of CXCR4
and possibly additional coreceptors, was associated
with more rapid disease progression (27-29), butis not
a prerequisite for a progressive disease course (26).

The biological significance of coreceptors other than
CCRS and CXCR4 remains to be established. These
molecules seem to mediate entry of only a minority of
HIV-1 variants in vitro, and usage of these coreceptors
was always in addition to usage of either CCRS or
CXCR4. In an ex vivo lymphoid tissue model, in vitro
specificity for CCR3, CCR8, BOB, and BONZO, in
addition to CXCR4 usage, did not correlate with addi-
tional cytopathicity or reduced sensitivity to CXCR4
antagonists (30), suggestive of a limited role of minor
coreceptors other than CXCR4 for ST HIV-1.

SI phenotype is determined mainly by the second and
third variable loop (V2 and V3) of gp120 (31, 32).
Specifically, the presence of a positively charged amino
acid at either one or both of two fixed positions of the
V3 loop (positions 11 and 25) was highly associated
with SI phenotype of primary isolates (33, 34), which
suggests that these amino acids play a crucial role in
the interaction of gp120 with CXCR4. Indeed, it has
been shown the V1/V2 and V3 regions are involved in
the interaction with CCRS, CCR3, and CXCR4 (35-40).
This fits insights from structural studies in which V3
and a conserved coreceptor-binding site are involved in
coreceptor binding. In a trimeric model of the gp41-
gp120 complex, V2 juxtaposes V3 and may thus inter-
fere with coreceptor binding (41-44).

Though only alimited number of amino acid substi-
tutions in V3 can confer SI phenotype to NSI isolates
in vitro (45), SI conversion occurs in only 50% of HIV-
1-infected individuals in the course of HIV-1 infection
(9). This is puzzling in light of the apparent beneficial
effect of SI conversion for the viral population, since,
theoretically, the potential target-cell population is
greatly enlarged through acquisition of the ability to
enter cells via CXCR4. The finding that SI conversion
seems to occur only once during HIV-1 infection (46),
the rarity of virus variants with intermediate genotypes,
and the nongradual character of the evolution from
NSI to SI HIV-1 (47) might suggest that the virus
evolves to the SI phenotype through less-fit intermedi-
ate stages. The relatively low incidence of the SI phe-
notype, despite the high mutation frequency of HIV-1,
might then be explained by an incompetence of these
intermediate variants to compete with the well-estab-
lished NSI virus population.

Once established, SI variants appear to be more replica-
tion competent than NSI variants, given the broader tar-

get-cell range and the generally higher replication kinetics
of STHIV-1 in vitro (46, 48, 49). In this light it seems pat-
adoxical that NSIvariants persist and may even expand in
vivo after the emergence of STHIV-1 (50). A possible expla-
nation of coexistence of NSI and SI HIV-1 would be that
both phenotypic variants infect distinct target cells with-
in an infected patient. Indeed, recently we showed that
NSI variants are isolated mainly from memory CD45RO*
CD4* T cells, whereas SI variants are isolated from both
CD45SRA" and CD45RO* CD4" T cells (51).

To explore the concept that distinct T-cell subsets
provide niches for NSI and SI HIV-1 variants, we lon-
gitudinally studied in vivo tropism for CD45RA* and
CD45RO* CD4* T cells during NSI to SI evolution.
Changes in in vivo tropism of biological virus clones
were related to in vitro coreceptor usage, phenotype-
associated mutations in gp120 V3, and molecular phy-
logeny. Based on differential expression of NSI and SI
coreceptors on CD45SRA" and CD45RO" CD4* T cells,
three major potential HIV-1 target-cell populations
can be distinguished: CD45RA* CXCR4* CCRS;
CD45RO* CXCR4* CCRS-; and CD45SRO* CXCR4-
CCRS* CD4" T cells. From these purified subsets we
isolated biological virus clones and determined their
NSI or SI phenotype. We showed that the differential-
ly expressed coreceptors indeed provide the cellular
compartments that allow independent evolutionary
pathways and coexistence of NSI and SI HIV-1. Final-
ly, we propose a model of NSI to SI HIV-1 evolution
and discuss the biological relevance of niche differen-
tiation for HIV-1 quasispecies behavior.

Methods

Patients. Four patients, ACH039, ACH171, ACH208,
ACH490, all of whom developed SI HIV-1 variants dur-
ing a progressive disease course, were selected (Figure 1).
All patients were male homosexual participants of the
Amsterdam Cohort studies on HIV-1 and AIDS. In this
cohort, the presence of SI HIV-1 variants in peripheral
blood is prospectively determined at every visit (in gener-
al every 3 months) by cocultivation of 1.10¢ patient
PBMCs with 1.106 MT?2 cells, as described previously (9).
The moment of SI conversion was calculated as the mid-
point between the last MT2-negative and the first MT2-
positive visit. It is important to note that SI conversion is,
by definition, the moment of first detection in the MT2
assay performed on total patient PBMCs, which is not
necessarily the moment of first appearance of SI variants
in vivo, due to detection limits of the assay.

FACS analysis of cell-surface markers and cell sorting. Cry-
opreserved patient PBMCs were incubated with mAb’s
against CD45 RA (phycoerythrin [PE] conjugated),
CD45 RO (FITC), and CD4 (Tricolor; all Ab’s were
obtained from Caltag Laboratories, Burlingame, Cali-
fornia, USA), and sorted on a FACStar (Becton Dickin-
son, San Jose, California, USA), as described (51). Cells
were separated in CD45RO* CD45RA™ and CD45RO-
CD45RA" CD4* T-cell populations. CD45RA4,1 and
CD45RO4ui1 CD4" cells were not sorted or analyzed.
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Expression of CCRS and CXCR4 on the CD45RO*
and CD45RO- CD4* T-cell subsets was determined by
four-color flow cytometry. Cryopreserved PBMCs of
patients and eight healthy donors were incubated with
mADb’s against CCRS (clone 2D7, FITC conjugated,;
PharMingen, San Diego, California, USA), CXCR4
(clone 12GS5, PE; PharMingen), CD4 (PerCP; Becton
Dickinson), and CD45RO (APC; Becton Dickinson)
and analyzed on a FACScalibur flow cytometer (Becton
Dickinson). Isotype-matched control Ab’s were includ-
ed and used to set the quadrant location. Patient
PBMCs obtained 19.8, 10.5, 11.4, and 7.3 months after
SI conversion (ACH039, ACH171, ACH208, and
ACHA490) were sorted in CD45RO- CXCR4* CCRS;
CD45RO* CXCR4* CCRS; and CD45RO* CXCR4~
CCRS* CD4* T cells on a MOFLO cell sorter (Cytoma-
tion Inc., Ft. Collins, Colorado, USA). After cell sorting,
virus was isolated from these cells as described below.

Clonal isolation of virus. Biological virus clones were
obtained by cocultivation of serial dilutions of patient
PBMCs, purified CD45RA* or CD45RO* CD4* T cells,
or purified CCR5* CXCR4~ and CCR5- CXCR4* CD4*
T cells with 2-3-day phytohemagglutinin-stimulated
PBMCs (PHA-PBMCs) of at least two healthy donors.
The number of patient cells per well was either
10,000-40,000 PBMCs, 100-8,000 CD4SRA* or
CD45RO* CD4* T cells, or 50-10,000 CCRS" or
CXCR4" CD4" T cells. The cells were cocultivated with
10° PHA-PBMC:s in a final volume of 200 pl rIL-2-sup-
plemented (proleukin; Chiron Benelux BV, Amster-
dam, The Netherlands) Iscove’s medium for 28 days in
a 96-well flat-bottom plate. For each cell dilution, mul-
tiple cocultures (24-48 wells) were performed. Weekly,
one third of the culture supernatant was harvested for
analysis of p24 production by an in-house ELISA. Cells
were resuspended, and half of the cells were transferred
to fresh PHA-PBMCs from healthy donors. To deter-
mine SI phenotype of the viral clones, 25,000 MT2 cells
per well were added to the remainder of the culture,
and these were scored by visual inspection for the pres-
ence of syncytia from day 3 to day 7. From positive wells
in the PBMC cultures, viral stocks were grown, cell-free
supernatants were stored, and infected PBMCs were
used to confirm SI phenotype by cocultivation with
1.10° MT2 cells in a final volume of 3 ml for 10 days. In
cases where MT2 infection did not correspond with the
U87-CXCR4 infection, the MT2 assay was repeated,
and infection was determined by visual inspection of
syncytia formation and by p24 ELISA.

The frequency of productively infected cells (F) was
calculated assuming a Poisson distribution with the
formula F = -In(Fp), in which Fy is the fraction of neg-
ative cultures using the jackknife resampling tech-
nique (52). The frequency of infected cells is expressed
as tissue-culture infectious dose (TCID) per 106 cells.
If less than one third of the wells were positive within
a dilution step, viruses were considered to be clonal,
since it is unlikely that more than two infected patient
cells were present in a single well. Furthermore, no evi-

dence of mixed viral populations was obtained in
sequence analyses of tested viral isolates, which under-
lines the clonality of the isolates obtained by this clon-
al isolation method.

Determination of coreceptor usage. Coreceptor usage was
tested using human astroglioma U87 cells, stably
expressing CD4 and one of the HIV-1 coreceptors
CCR1, CCR2, CCR3, CCRS, CXCR4, BOB/gprl5, or
BONZO/strl33. All coreceptor-expressing cell lines
were maintained in Iscove’s medium supplemented
with 10% FCS, 5 lg/ml polybrene, 100 U/ml penicillin,
100 pg/ml streptomycin, and 1 pg/ml puromycin, and
regularly selected for CD4 expression with 200 pg/ml
g418. A control U87 cell line expressing CD4 but no
HIV-1 coreceptor (U87-CD4) was maintained in the
same medium in the absence of puromycin.

CD4 expression on each cell line and CCR1, CCR2,
CCR3, CCRS, and CXCR4 expression on the corre-
sponding U87 cell lines was confirmed by flow cytom-
etry or RT-PCR (26). After finishing the experiments,
expression of CD4 and coreceptors on U87-CCR3,
CCRS, and CXCR4 was reconfirmed by flow cytometry
(data not shown). U87-BOB and U87-BONZO were
obtained through retroviral transfer of the U87-CD4
cell line. The transfected cells were maintained in selec-
tion medium, and expression of BOB and BONZO was
confirmed by RT-PCR (data not shown).

Twenty-four hours before virus inoculation, 10* cells
per well of each cell line were seeded in 96-well plates.
The cells were inoculated in a cell-free manner with a
minimum of 102 TCIDs, per clone in a total volume of
200 pl. After 24 hours, the cells were washed twice with
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Figure 1

The clinical course of HIV-1 infection by CD4* T-cell number (filled
circles) and serum RNA load (open triangles). Filled triangles at the
x axis indicate time points selected for isolation and analysis of virus.
Open triangles at the x axis indicate time points of virus isolation after
cell sort based on HIV-1-coreceptor expression. S| conversion
occurred 16, 62, 14, and 75 months after seroconversion in patient

ACH039, ACH171, ACH208, and ACH490, respectively.
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PBS to remove unbound virus and cultured in 200 pl
of medium. At day 7, the cells were transferred to 24-
well plates and maintained in 1 ml of fresh medium.
Supernatant was collected at 7, 14, 21, and 28 days after
infection and analyzed by p24 ELISA. Clones from all
patients were tested for the ability to use CCR3, CCRS5,
and CXCR4. Clones from ACH039 and ACH208 were
additionally tested for the ability to use CCR1 and
CCR2 and in a random subset (n = 19 and »n = 29) for
the ability to use BOB and BONZO. In all experiments,
the U87-CD4 cell line not expressing an HIV-1 core-
ceptor was included as a control.

Viral clones were tested for the ability to infect PHA-
PBMCs from a healthy donor who is homozygous for
a 32-bp deletion in CCRS (CCRS A32/A32) by inocula-
tion of 10° cells per well PHA-PBMCs in a cell-free
manner in a 96-well plate and cultured for 21 days.
Weekly, half of the cultures were transferred to fresh
PHA-PBMCs, and culture supernatant was tested for
virus replication using an in-house p24 ELISA.

Sequencing. Viral gp120 V3 sequences were ampli-
fied by PCR from DNA isolated from infected PBMC,
as described (46). PCR products were purified and
sequenced with the ABI prism BigDye Terminator
sequencing kit (Perkin Elmer, Foster City, California,
USA) according to the instructions from the manu-
facturer using primers seq 5 and seq 6 (46, 53) or
primer d (54). Sequences were analyzed on an ABI
prism 377 DNA sequencer. A number of sequences
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Figure 2
Tropism for CD45RA" and CD45RO* CD4* T cells during NSI to SI HIV-1 conversion. Patient PBMCs were FACS sorted in CD45RA"
CD45RO- CD4* and CD45RA- CD45RO* CD4* T cells, and clonal virus isolation was performed on these T-cell subsets. (a) The fre-
quency of infected cells with either NSI or SI HIV-1 variants (NSl or Sl load) in total (top), CD45RO" (middle), and CD45RA* (bottom)
CD4* T cells relative to Sl conversion in patient ACH171 (left panels) and 490 (right panels). Filled symbols indicate SI clones, and
open symbols indicate NSl clones. In the top panel, serum RNA load is indicated by triangles. (b) Ratio of NSI load in CD45RO* to NSI
load in CD45RA* CD4" T cells (left) and ratio of Sl load in CD45RA" to Sl load in CD45RO* CD4* T cells (right) of patient ACH171
(filled circles) and ACH490 (open circles). (c) Prevalence of SI phenotype among HIV-1 clones isolated from CD45RA* (circles) or
CD45RO* (squares) CD4* T-cell subset in ACH171 and ACH490.

were available from previous studies (46, 53). For

ACHO039, accession numbers are: AF022258,
AF022262, AF022263, AF022267, AF022271,
AF022273, AF022274, AF022277, AF022278,

AF022280-AF022283, AF022287-AF022291,
AF022293, AF022294, and AF022299-AF022301. For

ACH208, accession numbers are: AF021477,
AF021494, AF021499, AF021500, AF021502,
AF021503, AF021505, AF021510, AF021514,
AF021518, AF021523, AF021524, AF021532,
AF021533, AF021536, AF021607, AF021608,
AF021612-AF021614, AF021616-AF021618,
AF021620, AF021622, AF021627-AF021630,

AF021639, AF021647, AF021650, AF021651, and
AF021668-AF021670. Newly generated sequences are
deposited in Genbank under accession numbers
AF180907 to AF180916 (ACHO039); AF259011 to
AF259052 (ACH171); AF180898 to AF18096
(ACH208); and AF258957 to 259010 (ACH490).
Phylogenetic analyses. Envelope V3 region sequences
were aligned using ClustalW (version 1.7) (55) and
checked manually. Alignments were displayed and con-
sensus sequences were calculated using PRETTY (GCG
package version 8; Genetics Computer Group, Madi-
son, Wisconsin, USA). Phylogenetic analyses were pro-
duced using the neighbor joining method (NEIGH-
BOR) as implemented in the Phylip package (version
3.5¢) (56). Endgaps were excluded from analyses, leav-
ing 348 nt (ACHO039), 297 nt (ACH171), 160 nt
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(ACH208), and 339 nt (ACH490) of sequence data for
analyses. Distance matrices were produced in
DNADIST using the maximum-likelihood model for
nucleotide substitutions, which corrects for differences
in nucleotide frequencies and different transition and
transversion ratios (Ti/Tv ratio). PUZZLE (version
4.0.2) (57) was used to estimate Ti/Tv ratios from the
data sets, which were used as input for DNADIST
(Ti/Tv ratio of 1:72; 2:54; 1:27, and 2:71 for sequences
from ACHO039, ACH171, ACH208, and ACH490,
respectively). For bootstrapping, SEQBOOT,
DNADIST, NEIGHBOR, and CONSENSE (Phylip
package) were used. Phylip’s DRAWTREE was used to
prepare the plots. A phylogenetic tree of all sequences
from all patients was constructed. Within-patient
sequences clustered together and apart from sequences
from other patients with high bootstrap values (over
98% of 50 bootstrap analyses), indicating that no mix-
up had occurred during handling and processing of
samples and sequence data (data not shown). Pairwise
hamming distances, the number of different
nucleotides between each pair of sequences, were cal-
culated using DISTANCES (GCG package).

Results

NSI to SI conversion during the course of HIV-1 infection. To
analyze evolution of cellular tropism and coreceptor
usage during transition from NSI to SI HIV-1, four
patients who developed SI variants during follow-up
were selected from the Amsterdam Cohort Studies on
HIV-1 infection and AIDS. The course of infection as
reflected by changes in CD4* T-cell numbers and serum
viral RNA load is depicted in Figure 1. In two of the
patients SI variants were first detected within 1.5 years
after seroconversion (16 and 14 months, ACH039 and
ACH208, respectively). In the other patients, SI conver-
sion occurred 5 (ACH171) and 6 (ACH490) years after
seroconversion. To isolate SI variants as early as possi-
ble after their first appearance, biological clones were
isolated from several time points encompassing the
estimated moment of SI conversion. In addition, time
points were selected well before and after the moment
of SI conversion.

Tropism of SI HIV-1 for both CD45RO* and CD45RA*
CD4* T cells. Previously, we demonstrated in a cross-sec-
tional study that NSI HIV-1 variants are mainly isolat-
ed from CD45RO* CD4* T cells, whereas SI HIV-1 vari-
ants can be isolated from both CD45RA* and CD45RO*
CD4* T cells. Here, we longitudinally study in vivo tro-
pism for these T-cell subsets in two patients (ACH171
and ACH490) in relation to SI conversion. Clonal virus
isolation was performed on total PBMCs and purified
CD45RA* and CD45RO* CD4* T cells from six sequen-
tial PBMC samples, obtained during a 40-month peri-
od spanning the moment of SI conversion.

The frequency of cells infected with either NSI or SI
HIV-1 (hereafter, NSI or SI load) in total PBMCs and
purified CD45RA* and CD45RO* CD4" T cells is
depicted in Figure 2a. Throughout infection, NSI vari-

ants were predominantly isolated from CD45RO*
CD4" T cells, though NSI variants could be isolated
from CD45RA* CD4* T cells, as well (Figure 2a). NSI
load in CD45RO* T cells is about 100 times and 40
times higher than NSI load in CD45RA* T cells in
ACH171 and ACHA490, respectively (Figure 2b). Up to
20 months after SI conversion, SI variants were also iso-
lated predominantly from the CD45RO* CD4" T cells.
However, at 2 years after SI conversion, SI load was
slightly higher in CD45RA* than in CD45RO* CD4* T
cells (approximately 1.5 times in both patients, Figure
2b), indicating that especially late-stage SI variants dif-
fer from NSI variants with respect to tropism for
CD45RA* and CD45RO* cells. At this time point,
CD45RA* CD4* T cells were exclusively infected by SI
clones, whereas CD45RO* cells were infected by both
NSI and SI HIV-1 (Figure 2c).

Evolution of coreceptor usage of NSI and SI HIV-1 variants.
We analyzed whether the gradual evolution of SI variants
from preferential tropism for CD45RO* CD4" T cells to
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21h10 -k r--ls-—-v- R3RSXA + 8 2 31rod2 - RSX4 - 7 [
11.0 23e4 RS 3 2 3lroad - RS - 8 1
23b7 R3X4 8 2 3lroed X RS - 8 1
23b9 R3X4 8 2 3lrofé g RS - 7 4
23e12 R3X4 8 2 3lrob9 r RIRSX4  + 8 1
23g10 R3X4 8 2 31rogé r R3RSX4  + 8 1
14.0  24a7 RS - 6 2 10.5 33rab6A RS - 7 0
24£8 RS 6 2 33rae9 g RS - 7 [
24a11 R3X4 8 2 33roal RS - 7 0
24c12 R3X4 7 2 33rab6B RS - 7 0
24e6 R3K4 [ 2 33ranll RS - 7 [
22.2 28adb R5 3 2 33rael 2 x4 + 7 1
28e2c R5 6 2 33rad3 r X4 + 7 1
28e5 RS 6 2 33roa2 r X4 + 7 1
28a9 R3X4  + 8 2 19.4  36ran7 g RS - 7 0
28b10 R3X4  + 8 2 36rahlo g RS - 7 o
2893 R3X4 8 2 36road g RS - 7 0
28hSc R3K4  + 8 2 36roh6 g RS - 7 [
35.0 xlgdb RS 6 2 36rahl2 r R3RSX4  + 7 1
x1f12b R3X4  + 8 2 36radlo r d R3RSX4  + 7 2
xled R3X4  + 8 2 36rogd r a R3RSX4  + 7 2
®1h4 X4 8 2 36rodll r a R3R5X4  + 7 2
%1h8 R3X4 8 2 36roell r RSX4 + 7 1
27.0  4lrobé g RS - 7 [
4lroc3 g RS - 7 0
4lrocs g RS - 7 0
ACH430 4lroe2 g d RS - 7 1
Time Clone CTRPNNNTRK SIHLGPGRAF YTTGEIIGNI 51 U897 A32 +aa -aa 4lroed g RS - 7 o
_16.4 23roe2 - RS - 6 1 q1d12 rr x4 + 7 1
23robll g RS - 7 0 ales rr X4 + 7 1
23roell  -i € q - RS - 5 1 41rafs rr R3R5X4  + 7 1
23rogl0 £ ~  Rs - 6 1 4lracio 3 X4 + 7 1
23roB2 £ - RS - 6 1
23roA3 i 3 q - RS - 5 1
23roF3  -i t q - RS - 5 1
1.6 28rab6 g g - RS - 7 0 ACH208
28roc2 g g RS - 7 0 Time Clone  CTRENNNTRK SIHIGPGRAF YTTGQIIGDI RQAYC SI U87 A32 +aa -aa
28roa3 g g - RS B 7 0 -6.4  09bl RS 3 1
28roed g + RS - 7 [ 09p6 RS [ 1
28roal g + RS - 7 0 09c6 RS 6 1
28rod8 g + RS - 7 0 09f1 R5 6 1
28rocs g + RS - 7 0 -3.4  10c8 RS 6 1
28roB6 g + RS - 7 [ ~0.5 11bllb R5 - 6 1
28rod? g +  RSX4 - 7 0 1lc1lb RS - 6 1
4.4 30rogé g 1 g-v-d - R5X4 - 7 1 11e2b RS - 5 1
30roglo g g-v-d - RS - 7 1 11976 RS - 3 1
30rod2 g 9 - RS - bl 0 2.5 12b3 RS 7 1
30rads g -a--g + RS - 7 o 12h8 RS s 1
30robl2 g g + RS - 7 0 12a4 R5X4 8 1
30rodl g g-v-d + RS - 7 1 12f4 RSX4 8 1
12.8 33a2 g - RS [ 1 6.4 13a4 RS 5 1
33a5 g - RS - 6 1 13£6 RS - 5 1
33b3 g - RS 6 1 13b1 R5X4 + 8 1
33£3 g d + RS - 8 2 13c2 R5X4 + 10 1
33f4  -----k-i-- glr------- --m-g-v-y- + x4 + 8 [ 13c3 x4 8 1
33c6 a + RS - 8 2 8.4 14a1 RS 5 1
33h5 + x4 + 8 0 14a6 RS - 5 1
33a7 + X4 + 8 o 14e9 RS 3 1
19.1 35rag9 - RS - 8 2 1496 R5X4 + 9 1
35roa2 - RS - 8 2 14h1 x4 8 1
35robl - RS - 8 2 20.7 18edb RS 5 1
35radz + x4 + 8 4 1896 RS - 5 1
35rags + RS - 8 2 18a2 X4 8 1
35rads + X4 + 8 0 18¢S R5X4 + 8 1
35racé +  R3X4 + 8 [ 1842 X4 8 1
35raes +  R3X4 + 8 0 33.1  22a9 RS 6 1
35rafd + x4 + 8 [ 22p2 RS 6 1
35r0ed + x4 + 8 0 22d7 x4 8 1
35roc3 + RS - 8 2 22£1 X4 8 1
35road 4+ R3X4 + 8 [ 2291 x4 8 1
35roed +  R3X4 + 8 [} 47.3  x1b9 RS - 6 1
25.1  37roei2 - RS - 8 2 xlal x4 8 1
37rob2 - RS - 8 2 xla3 x4 8 1
37rads 4+ R3X4 + 9 1 xla5 %4 8 1
37racil +  R3X4 + 9 1 xl1aé X4 8 1
37rads +  R3K4 + 9 1 x1b1 x4 + 8 1
37rahl0 + X4 + 9 1 x1g12 x4 + 8 1
37road +  R3X4 + 9 1 61.6 =®4cl2 RS - 7 1
37roas 4+ R3X4 + 9 1 %4al2 x4 7 1
37rod? +  R3X4 + 9 1 x4c2 X4 7 1
37roddq + x4 + 9 1 x4c8 x4 7 1
b 37roell + x4 + 9 1 x4d8 x4 7 1
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Figure 4

Envelope gp120 V3 sequence analyses of NSl and SI HIV-1. (a) Sequence alignment of the deduced amino acid sequences of the gp120 V3
loop. Sequences were aligned with the consensus sequence of the first time point from each patient. Sl capacity in MT2 cells, coreceptor
usage in U87 cells, the ability to infect CCR5 A32/A32 PBMCs, and the absolute number of positively charged and negatively charged amino
acids in the V3 loop are indicated. Although more sequence data are available, the V3 loop is depicted for clarity only. (b) Number of pos-
itively charged amino acids (pos.) and net positive charge (net.) of the gp120 V3 loop of biological clones by coreceptor usage. Horizontal
bars reflect median values. R3R5X4 clones are combined with R5X4 clones and R3X4 clones with X4-restricted HIV-1 clones. For patient
ACH490, clones with a discordant phenotype (MT2 tropic, but unable to infect CCR5 A32/A32 PBMCs [RSMT2*]) are also shown.
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Figure 5

Molecular phylogeny of NSl and SI HIV-1 based on gp120 V3-spanning region.
(a) Neighbor joining phylogenetic trees of gp120 V3 regions. Bootstrap values,
based on 100 bootstrap analyses, indicate in how many replicate trees the
depicted clustering is observed. Coreceptor usage of the clones is indicated by
the color of the symbols: R5, open symbols; R3R5X4 or R5X4, light-gray sym-
bols; R3X4, dark-gray symbols; and X4-restricted clones, filled symbols. Aster-
isks indicate HIV-1 clones that were MT2 tropic but were unable to infect U87-
CXCR4 cells or CCR5 A32/A32 PBMCs. (b) Pairwise hamming distances
between R5 clones to RS clones (RS5), between R5 clones to R5X4 clones
(R5X4), and between R5 clones to X4 clones (X4). Uncorrected hamming dis-
tances between each pair of clones were displayed in a box plot, depicting tenth,
25th, 50th, 75th, and 90th percentiles. Circles depict fifth and 95th percentiles.

preferential tropism for CD45RA* CD4" T cells is reflect-
ed by evolution of coreceptor usage after SI conversion.
In addition to clones obtained from CD45RA* and
CD45RO* CD4* T cells from ACH171 and ACH490, we
analyzed clones from ACH039 and ACH208, available
from a previous study (46). Coreceptor usage was ana-
lyzed by the capacity to productively infect U87 cell lines
stably expressing CD4 in combination with either CCR3,
CCRS, or CXCR4. Clones from ACH039 and ACH208
were additionally tested for the ability to infect U87-
CCR1,U87-CCR2, U87-BOB, and U87-BONZO. None
of the tested clones were able to infect these cell lines
(data not shown). A U87 cell line expressing only CD4
but no coreceptor was included, but remained uninfect-
ed in all experiments (data not shown).

In all patients, the majority of NSI variants were
restricted to CCRS usage throughout infection (108 of
111 clones: 97% (Figure 3a). In line with their tropism
for MT?2 cells, the majority of SI HIV-1 variants were
able to infect the U87-CXCR4 cell line (83 of 100
clones: 83%). CCR3 usage was observed only in addi-
tion to CXCR4 usage in three of the patients (ACH039,
ACH171, ACHA490). Interestingly, in three out of four
patients, early SI variants were able to use both CCR5
and CXCR4 (R5X4 or R3R5X4), whereas at the last
time point analyzed the majority (67%, ACH171) or all
(ACHO039, 208, 490) of the SIvariants were restricted to
usage of CXCR4, either in combination with or not in

combination with CCR3 (X4 or R3X4 variants). Thus,
the capacity to use both CCR5 and CXCR4 seems to be
an early stage in the evolution of ST HIV-1, whereas late-
stage Sl variants lost the ability to infect cells via CCRS.

Unexpectedly, MT2 tropism did not correlate absolute-
ly with the capacity to productively infect U87-CXCR4
cells. A minority of non-MT2-tropic NSI variants were
able to infect the U87-CXCR4 cell line (3%), whereas,
especially in ACH490, MT2-tropic variants were detect-
ed that were unable to infect the U87-CXCR4 cell line
(Figure 3a). We excluded the possibility that low con-
taminating amounts of SI HIV-1 in NSI isolates
explained low-level infection of MT2 cells by reisolation
and sequencing of virus after infection of MT2 cells with
these isolates. Passage through MT2 cells would rapidly
select for SI sequences if contaminating ST HIV-1 were
present; however, SI sequences were not observed in any
of the reisolated viruses (data not shown). MT2 cells do
not express CCRS, as assessed by FACS analyses or RT-
PCR (data not shown); therefore, it is unlikely that entry
into MT?2 cells was mediated by low-level expression of
CCRS. Alternatively, the discordance between infection
of MT2 and U87-CXCR4 cells might indicate low affin-
ity of the viral clones for CXCR4.

To further confirm data from MT2 and U87 cells, we
determined the capacity of the viral clones to infect PHA-
PBMCs from a healthy donor homozygous for the CCRS
A32 deletion (CCRS A32/A32). These cells do not express
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Figure 6

SI HIV-1 clones isolated from CD45RA* and CD45RO* CD4* T cells
are phenotypically and evolutionarily indistinguishable. (a) Corecep-
tor usage of Sl clones isolated from CD45RA* and CD45RO* CD4* T
cells from ACH171 and ACH490. Virus clones were pooled from the
time points in which Sl clones were obtained from both subsets (10.5,
19.5, and 27 months for ACH171 and 4.4, 19.2, and 25.1 months for
ACH490). Bar descriptions are as in Figure 3. (b) Pairwise hamming
distances were calculated between clones obtained from CD45RA*
CD4* T cells (RA vs. RA), between clones obtained from CD45RO*
CD4* T cells (RO vs. RO), and between clones isolated from CD45RA*
to clones from CD45RO" CD4* T cells (RA vs. RO). Uncorrected ham-
ming distances between each pair of sequences were calculated and
are depicted in a box plot as described in Figure 5.

CCRS on their cell surface, therefore entry must be inde-
pendent from CCRS. The vast majority of X4 SI clones
(98%) were able to infect the CCRS A32/A32 PBMCs,
whereas none of the RS NSI variants tested (» = 80) were
able to infect CCRS A32/A32 PBMCs (Table 1). Viral clones
with a discordant phenotype (i.e., the R5X4 non-MT2-
tropic and RS MT2-tropic variants) were unable to infect
CCRS A32/A32 PBMCs (n = 20), supporting the idea that
CXCR4 usage of these variants is highly inefficient and
may depend on the cell type used. These clones may repre-
sent evolutionary intermediates in NSI to SI conversion.

Mutations in V3 loop of gp120 associated with CXCR4 usage.
Since we observed a gradual evolution of tropism for
CD45SRO" to CD45RA" cells and a concurrent evolu-
tion of coreceptor preference after SI conversion, we
studied evolution of the third variable (V3) loop-span-
ning region of gpl20. The deduced amino acid
sequences of the V3 loops and viral phenotype of the
clones are depicted in Figure 4a.

In agreement with earlier findings (34), all clones
from ACH171, ACH208, and ACH490 that were able to
use CXCR4 in MT2 cells, U87-CXCR4 cells, and
PBMCs carried a positively charged amino acid at

either position 11 or 25 of the V3 loop. Early X4 clones
from ACH490 were atypical in this respect, since no
positively charged amino acid was observed at these
positions. Late-stage X4 clones from this patient did
display a positively charged arginine at position 25.

A major role has been attributed to the charge of the
V3 loop for interaction with CXCR4. The absolute
number of positively charged amino acids and the net
positive charge of the gp120 V3 loop by viral phenotype
are depicted in Figure 4b. V3 loops of X4 or R5X4 clones
have a higher net charge or absolute positive charge
than RS clones from the same patient in three of the
four patients. Unexpectedly, no association between
charge and CXCR4 usage was observed among clones
from ACH171, indicating that not merely the number
but also the position of positively charged amino acids
is important for the interaction with CXCR4. Further-
more, a highly positively charged V3 loop does not war-
rant X4 usage, since clones with a net charge of +7 to +8
were isolated (ACH171 and ACH490) that nevertheless
were unable to use CXCR4 in MT2 or U87-CXCR4 cells.

We observed an evolution from the capacity to use
both CCR5 and CXCR4 to a CXCR4-restricted pheno-
type among SI clones. In all patients, the charge of the
V3 loop of R5X4 variants and X4-restricted variants
were similar (Figure 4b). Furthermore, the presence of
R5X4 clones with a net V3 charge up to +9 indicates
that a highly positive charge does not exclude CCRS
usage per se. Therefore, loss of CCRS5 usage was not due
to a further rise of V3 charge.

Continuous evolutionary divergence of NSI and SI HIV-1.
The molecular evolution of the V3-spanning region of
gp120 of HIV-1 clones with different coreceptor usage
is shown in unrooted neighbor joining trees in Figure
Sa.In general, a large evolutionary distance between (X4
and R5X4) SI clones and RS NSI clones can be observed.
This divergence between RS and X4 HIV-1 population
is stable in bootstrap analyses, with values ranging from
77% to 89% of 100 replicate bootstrap analyses.
Although, in patient ACH171, the majority of the R5X4
and X4 clones also clustered apart from RS clones with
high bootstrap value (96%), two early R5X4 clones clus-
tered with RS clones. Once CXCR4 usage was estab-
lished, the V3 regions of both NSI and SI populations
continued to evolve, as reflected by an ever-increasing
distance between NSI and coexisting SI clones.

To analyze the evolutionary divergence from R5
clones to R5X4 and X4 clones, we calculated pairwise
hamming distances between the viral clones. The evo-
lutionary distance between RS and R5X4 clones was
lower than the distance between RS- and X4-restricted
clones (in ACH208 and ACHO039), underlining the
intermediate character of RSX4 clones in the evolution
of SI HIV-1. In this respect, ACH171 is exceptional,
since R5X4 clones cluster with X4 clones in an evolu-
tionary tree (Figure 5a) and divergence from RS to X4
clones is similar to R5 to R5X4 clone (Figure Sb), indi-
cating that loss of CCRS usage may not be associated
with mutations in the V3 region, at least in this patient.
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Table 1
Infection of CCR5 A32/A32 PHA-PBMCs by MT2 and U87 tropism”

MT2- MT2*
Patient RS R5X4 RS R5X4 R3R5X4 R3X4 X4
ACHO039 0(5) 100 (3) 100 (5)

ACH171 0 (43) 0(2) 0(3) 100 (1) 100 (17) 100 (7)
ACH208 0(8) 0(2) 100 (4) 100 (2)
ACH490 0(32) 0(1) 0(12) 50 (2) 100 (9) 100 (10)

AVirus clones were tested for the ability to establish productive infection of PHA-PBMCs from a donor who is homozygous for 32-bp deletion in the CCRS5 gene
(CCR5 A32/A32). Percentage of clones with the designated tropism for MT2 cells and coreceptor usage in U87 cells that were able to productively infect CCR5
A32/A32 PBMCs are indicated. Numbers in brackets indicate the absolute number of clones analyzed. MT2-, non-MT2-tropic; MT2*, MT2-tropic.

Viral clones with discordant phenotypes that were
able to use CXCR4 in either MT2 or U87-CXCR4 cells,
but unable to infect CCRS A32/A32 PBMCs, clustered
in all patients with RS clones (Figure 5a). If these vari-
ants indeed represent early intermediates in the evolu-
tion to efficient CXCR4 usage, this finding would indi-
cate that regions outside the V3 region, or only minor
mutations in gp120 V3 region, might confer low affin-
ity for CXCR4.

SI HIV-1 variants isolated from CD45RA* and CD45SRO*
CD4* T cells are phenotypically and evolutionarily indistin-
guishable. We observed that ST HIV-1 variants can be iso-
lated from both CD45RA* and CD45RO* CD4* T cells.
For ACH171 and ACH490, we analyzed whether SI
HIV-1 clones isolated from these T-cell subsets differed
with respect to coreceptor usage or V3 sequence. With
respect to coreceptor usage, R3X4, R5X4, R3R5X4, and
X4 HIV-1 variants could be isolated from both subsets
in similar proportions, suggesting that coreceptor pref-
erence other than CXCR4 usage does not determine
differential tropism for CD45RA*" and CD45RO* CD4*
T cells of STHIV-1 (Figure 6a).

Pairwise hamming distances between CXCR4 using

clones isolated from CD45RA" to clones from CD45RO*
CD4* T cells were compared to the hamming distances
of clones within CD45RA* and CD45RO* cells (Figure
6b). Divergence between clones from CD45RA" to clones
from CD45RO* CD4"* cells did not exceed diversity of
clones within the CD45RO* and within the CD45RA"*
CD4* T-cell subset. Thus, clones from CD45RA cells and
CD45RO cells are phenotypically and phylogenetically
indistinguishable, suggesting a dynamic exchange of
R5X4 and X4 clones between those T-cell subsets.
Differential HIV-1 coreceptor expression on CD45RO~ and
CD45RO* CD4* T cells. The divergence of NSI and SI
variants with respect to V3 sequence and coreceptor
usage is compatible with the idea that both variants
infect different target cells within the CD4* T-cell pop-
ulation. However, within the CD45RO* CD4* T-cell
subset, NSI and SI variants persistently coexisted. To
analyze whether distinct NSI and SI target-cell popula-
tions can be distinguished within the CD45RO* CD4*
T-cell population, we determined the expression of
CCRS and CXCR4 on CD45RO* and CD45RO- CD4*
T cells by four-color flow cytometry on cryopreserved
PBMCs obtained at 7 to 20 months after SI conversion

CD45RO-
ACHO039 ACH171 ACH208 ACH480 HIV-
95 | 3 95| 2 ' 86 {4 82 |2 9713
2 o | ] 4]0 10'0 ] TR I 0 [0

CXCR4

CCR5

Figure 7

Expression of CCR5 and CXCR4 on CD45RO- and CD45RO" CD4* T cells. Cryopreserved PBMCs from HIV-1-infected patients and a healthy
donor were incubated with mAb’s against CD4, CD45RO, CCRS5, and CXCR4. The CD45RO" (top) and CD45RO* CD4* T cells (bottom)
were gated. Within these subsets, CCR5 and CXCR4 expression was determined. Numbers in the figures depict percentage of gated cells in
the corresponding quadrants. A representative healthy donor from eight unrelated donors is shown.
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and among eight healthy donors.

Within the CD45RO- CD4* T-cell subset, the major-
ity of the cells were CCR5- CXCR4*, both in healthy
donors (average 96% of eight donors, range 94-97%)
and HIV* patients (82%-95%, Figure 7). CCRS expres-
sion in this subset was low, ranging from 2% to 5%.
However, among CD45RO* CD4" cells, a divergent
expression pattern was observed in HIV-1-infected
patients as compared with healthy donors. In healthy
donors, the majority of the CD45RO" cells were
CXCR4" CCRS™ (on average 71%, range 59-78%) or
CCRS* CXCR4* (17%, range 10-21%). In contrast, a dif-
ferential expression of CCRS and CXCR4 was observed
in CD45RO* CD4* T cells in HIV-1-infected patients.

In this T-cell subset, major populations of CXCR4*
CCR5- (16-43%) and CXCR4- CCR5* (19-28%) cells
and a population negative for both HIV-1 coreceptors
(18-45%) can be distinguished. The aberrant expression
of coreceptors in HIV-1-infected patients is not due to
the presence of SI HIV-1 variants, since similar results
were obtained from samples obtained well before SI
conversion (25 and 10 months, ACH171 and ACH490)
and could also be observed in patients infected with
only NSI variants (data not shown).

CD45RO* CD4* T-cell subsets with distinct HIV-1—corecep-
tor expression provide distinct niches for NSI and SI HIV-1. To
analyze whether the differential expression of CCRS
and CXR4 among CD45RO* CD4* T cells provide dis-

";é ACHONS ACHITA ACHROR ACHASN ACHOMH
S 1000 SO0 A 00 100y
g Ben AUD A00 260 e
(S 300 00 Tﬁ con
B A : . :
E 200 200 100 400
5 o0 e NT 00l NT B 200
E [i! I o o 0 =1
8 ST i R G COMGRD C1GHI CdmH COUsA0. COJ5R0" GO4SRT CIMeME: CDe=RO COMsRO™ Q
EXRIHL RO G CRCRE gD s CHCAS™ CHCHE' GOHS CHCMM® CHCRS® CORS
b @ CIMSH0-0RCRY CI4SHOCHEHS CIMSHIICORS
5
% 0o 100 100 ] HIV-1 clones
58D BO an NSI HIV-1 clones
W an
4 G0 60
L]
40
g 40 A0
E .
20 20 o0
o 2
] . NT NT
o
i Hosg HIv1 H2os H490 Hosg HIv H2os Haoo Hozg HI71 Hzos Haso
C s
L] e s
(o] —COHS ATRAE2
ﬁ% 100 100 100 PEMG-tropic clonas
u
o &0
= o e NoN-GUHS A32iASY
ET a0 80 an PEMC-tropic clones
Bl
o3 40 40 a0
o
[%}
tx NT NT a0 20
a5 g 0
e Hose H17T1 H20B H490 HOF8  HIT1 H2O0B HA%0 Hozg HIvl H2os 1490
d —7p— ACHORS
100 *o—a0 - 100 B ACITI
- = - ACHION
3 ) T -
cw 2= 80 —— ACHB0
o Ba
o B0 Sp 60
% 24
o 40 5E 40
= -1
e Bu
5 =20 c.a 20
(N . h c
0 £ o o]
HO-GHOHA' HOPCHOHA' HOAOOHS'

RO-CHGR4' RO'GHCR4' RO'CORS

Figure 8

CD4* T-cell subsets with distinct HIV-1-coreceptor expression provide distinct niches for NSl and SI HIV-1. Cryopreserved PBMCs were sorted
based on expression of CD45RO and HIV-1 coreceptors CCR5 and CXCR4, and virus was isolated by cocultivation with PHA-PBMCs under lim-
iting dilution conditions. In addition to Sl-infected patients ACH039, ACH171, ACH208, and ACH490, one patient (ACH001) who was infect-
ed solely with NSI HIV-1 variants, was studied. (a) Frequency of CD45RO- CXCR4* CCR5; CD45RO* CXCR4* CCR57; and CD45RO* CXCR4~
CCRS5* CD4* T cells productively infected with HIV-1. NT, not tested. (b and c) Phenotype of virus clones from CD45RO- CXCR4* (left panel),
CD45RO* CXCR4* (middle), and CD45RO* CCR5* (right) cells as defined by the ability to infect MT2 cells (b) or CCR5A32/A32 PBMCs (c).
Filled bars reflect the percentage of clones able to infect the indicator cells, whereas gray bars reflect clones unable to infect these cells. (d) The
difference in the proportion of clones with SI phenotype (left panel) and clones able to infect CCR5 A32/A32 PBMCs (right panel) isolated from
CD45RO* CXCR4* and CD45RO* CCRS5* cells were compared pairwise by Wilcoxon signed rank test (P = 0.07, in both panels).
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tinct target cells for NSI and SI HIV-1 variants, we sort-
ed patient PBMCs based on their coreceptor expression
and isolated HIV-1 clones from the sorted cells. Patient
PBMCs were sorted in CD45SRO- CXCR4" CCRS;
CD45RO* CXCR4* CCRS-, and CD45RO* CXCR4~
CCRS* CD4* T cells. The cellular infectious viral load
in each subset is shown in Figure 8a. In all SI HIV-
1-infected patients, virus could be isolated from both
CXCR4* CCR5* and CXCR4~ CCRS* CD45RO*CD4* T
cells. To exclude that the presence of HIV-1 in CXCR4*
CCRS- cells was a late-stage effect of HIV-1 infection
rather than a reflection of SI HIV-1 infection, we also
included a patient (ACHOO01, 7 years after seroconver-
sion) who developed AIDS in the absence of SI HIV-1
variants. In this patient virus was isolated mainly from
the CCR5* CD45RO* CD4* cells (Figure 8a).

The phenotype of the viral clones obtained from these
subsets as defined by the ability to infect MT2 cells and
CCRS5 A32/A32 PBMCs is depicted in Figure 8, b and c.
From the CD45RO- cells we isolated only STHIV-1 clones
that were able to infect CCRS A32/A32 PBMCs. The
majority of the clones isolated from CCR5* CD45RO"
cells had an NSI phenotype (86%), and none of these
clones were able to infect PBMCs lacking CCRS expres-
sion. The majority of the clones isolated from CXCR4*
CDA45RO" cells had an SI phenotype (75%) and was able
to infect CCRS A32/A32 PBMCs (57%). However, NSI
R5-dependent clones were isolated from these cells as
well in three of the patients. Interestingly, in these
patients a relatively high number of CD45RO" cells
expressed both CCRS and CXCR4 (Figure 7). Chemokine
receptors can be upregulated and downregulated rapidly
in response to the proper stimuli (58). Therefore, it is like-
ly that in these patients cells expressed both CCRS and
CXCR4 at the moment of infection, thus allowing infec-
tion with R5-dependent clones, after which CCRS expres-
sion was downregulated. The prevalence of SI, R5-inde-
pendent HIV-1 clones among CXCR4* CD45RO" is
higher than the prevalence in CCRS* CD45RO" cells
(Wilcoxon signed rank test, P = 0.07; Figure 8d). Taken
together, these data show that based on coreceptor
expression two distinct target-cell populations can be dis-
tinguished within the CD45RO* CD4* T-cell subset, pro-
viding cellular niches for NSIand ST HIV-1.

Discussion
We studied changes in HIV-1 coreceptor usage, viral
tropism for CD45RA* and CD45RO* memory CD4* T
cells, and molecular phylogeny of biological cloned
virus in four patients during NSI to STHIV-1 evolution.
NSI HIV-1 variants were always isolated predominant-
ly from the CD45RO" T cells, independent of the pres-
ence of coexisting SI variants. Just after their emer-
gence, SI variants were also isolated mainly from the
CD45RO" cells, but with time an equal distribution
over CD45RO* and CD45RA* CD4* T-cell subsets was
established, in agreement with previous observations
from a cross-sectional study (51).

CD45RA" CD4" T cells may also include non-naive

CD4 cells, especially in HIV-1 infection (59). Since we
did not specifically stain for truly naive cells, we cannot
formally exclude that sorted CD45RA" cells also com-
promise non-naive cells. However, we observed that
non-naive CD45RA* CD4 cells express strongly reduced
levels of CXCR4 and a higher percentage of CCRS when
compared with truly naive CD4* T cells (data not
shown), which would not fit the predominantisolation
of STHIV-1 from CD45RA* CD4* T cells. Therefore, we
conclude that virus clones isolated from CD45RA*
CD4" T cells are derived from truly naive cells.

Productive infection of naive CD45RA* CD4* T cells,
as observed in vivo in this and other studies (refs. 51
and 60 and our unpublished observations), is in con-
trast to in vitro resistance of naive CD4" T cells to HIV-
1 replication (61-63). Productive infection of HIV-1 is
dependent on the activation state of the cells and may
therefore not occur in quiescent lymphocytes (64, 65).
Although naive CD4 T cells are considered to be inac-
tivated and nonproliferating, it has been shown that
resting naive CD4 cells can be induced to proliferate
by a combination of cytokines without a switch to the
memory phenotype (66). Moreover, it was published
recently that the cell-proliferation marker Ki67 is
expressed among truly naive CD4 cells in HIV-
1-infected patients at higher levels than in healthy
donors (67). The enhanced activation state of naive
cells in HIV-1 infection may provide the necessary
intracellular requirements for replication of HIV-1 and
explain discrepancies between in vivo and in vitro
infection of naive cells.

In line with their restricted tropism for CD45RO*
CD4" T cells, the vast majority of NSI isolates were
restricted to CCRS5 usage in U87 cells. In agreement
with a dependence on CCRS usage, NSI clones were
unable to infect PBMCs from a donor with a CCRS
A32/A32 genotype. In three patients, early SI variants
could use both CCR5 and CXCR4, whereas late-stage
SI clones lost the ability to use CCR5. CCR3 usage was
observed in three of the patients only in addition to
CXCR4 usage of both early and late-stage SI HIV-1
variants. In phylogenetic trees, R5X4 clones, in gener-
al, clustered between RS clones and late-stage X4
clones, indicating that dual tropism for CCRS and
CXCR#4 is an intermediate stage in evolution of SI
HIV-1. The continuous divergence between CXCR4-
using clones and RS clones in phylogenetic trees
reflects a continuous evolution of V3 gp120 from the
acquisition of CXCR4 usage onward. This may impli-
cate that the structure of gp120 continues to evolve to
optimize interactions with CXCR4.

It has been proposed that interaction of gp120 with
CXCR4 is due mainly to electrostatic interactions
between the positively charged conserved coreceptor-
binding site and V3 loop in gp120 and negatively
charged extracellular domains of CXCR4 (43, 44). In
agreement with this, in three of the patients the V3
loop of R5X4 and X4 clones in general had a higher
positive charge than the V3 loop of RS clones. Howev-
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er, in one patient, the acquisition of CXCR4 usage was
not accompanied with an increase in V3 charge, despite
the concurrent appearance of a SI phenotype-associat-
ed positively charged amino acid at position 11. No fur-
ther increase in charge of the V3 loop of CXCR4-using
clones was observed upon the eventual loss of R5 usage.
Taken together, these results show that a highly posi-
tively charged V3 loop does not exclude CCRS usage
per se, and, importantly, a highly positive charge does
not warrant CXCR4 usage, suggesting a complex inter-
action of gp120 with CXCR4 in which both charge and
structure of V3 play an major role.

The divergence of NSI and SI variants with respect to
V3 sequence and coreceptor usage and their coexistence
throughout infection are compatible with the idea that
they occupy different niches within the CD4* T-cell
population. Since in a viral quasispecies virus variants
are constantly competing for the available target cells,
one would expect that a variant with a slight growth
advantage would outcompete the less-fit virus variants
if the same niche is occupied (principle of competitive
exclusion; ref. 4). Although SI HIV-1 variants are iso-
lated mainly from CD45RA* CD4" T cells, NSI and SI
HIV-1 populations persistently coexist within the
memory CD45RO* CD4" T cells.

Here we showed that within the CD45RO* T-cell sub-
set, HIV-1 coreceptors CCRS and CXCR4 are differen-
tially expressed. In vivo NSI and SI HIV-1 variants were
distributed over these subsets according to their core-
ceptor preference. From CCRS* CXCR4~ CD45RO*
CD4" T cells, exclusively CCR5-dependent virus strains
were isolated, whereas the majority of the viral clones
obtained from CCRS- CXCR4* CD45RO* CD4* T cells
were MT2 tropic and able to use CXCR4 in PBMCs.
Therefore, we conclude that within the CD45RO* CD4*
T-cell subset, CCR5* CXCR4~ and CCRS- CXCR4* cells
are the distinct cell populations that function as distinct
cellular niches for NSI and SI HIV-1 variants. Further-
more, we showed that SI variants isolated from
CD45RA" and CD4SRO* CD4* T cells were phylogenet-
ically and phenotypically indistinguishable, indicating
that CD45RA* and CXCR4* CCRS- CD45SRO* CD4*
cells represent one single niche for SI HIV-1 variants.

Besides explaining coexistence, circumvention of
competition and independent evolutionary pathways
of NSI and SI HIV-1, niche adaptation may result in a
differential encounter of environmental and intracel-
lular factors. This is in agreement with previous find-
ings showing a differential effect of NSI and SI HIV-1
in response to monotherapy with AZT and ddI (68),
nucleoside analogues that depend on phosphorylation
by cellular kinases for their activity.

Based on the results described in this study, we propose
a model of continuous virus evolution during and after
the conversion to ST HIV-1. NSI clones are CCRS restrict-
ed and therefore able to infect CCRS* CD45RO* memo-
ry CD4" T cells throughout infection. NSI infection of
CD45RA*-naive CD4* T-cell infection also occurs,
though at low frequency due to low numbers of CCR5-

expressing CD45RA* CD4* T cells. Mutations introduced
in gp120 in the proper structural context may resultin a
low affinity for CXCR4. Still, these variants preferential-
ly use CCRS in vivo and therefore have to compete with
the coexisting and well-adapted NSI population for the
same CCR5-expressing target-cell population. Only upon
the acquisition of a combination of additional muta-
tions, generally including the positively charged amino
acid at either position 11 or 25 in the V3 loop, efficient
CXCR4 usage is obtained. The acquisition of high affin-
ity for CXCR4 might occur initially at the expense of viral
fitness, which would then explain the large evolutionary
gap between NSIand SI HIV-1 and why SIvariants do not
occur in all HIV-1-infected individuals. After acquisition
of efficient CXCR4 usage, the target-cell population of
the SI HIV-1 variants is extended to include the CXCR4*
CCRS5 (CD45RA* and CD45RO*) CD4* T cells. Infection
of these cells offers the opportunity to avoid competition
with the NSI virus population, which may be highly repli-
cation competent, especially late in infection (69). The
existence of distinct cellular niches for NSI and ST HIV-1
allows SI variants to expand in an environment where
they are outnumbered initially by the NSI population
and eventually reach equal levels as NSI variants. Further
adaptations in gp120 may exclude the capacity to use
CCRS because of structural constraints, explaining the
eventual loss of the ability to use CCRS by late-stage SI
variants. Eventually, two independent virus populations
are established with two distinct target-cell populations:
a CCRS5-dependent NSI HIV-1 population that, within
the T-cell pool, infects CCRS* CXCR4~ memory CD4*
cells and a CXCR4-restricted SI HIV-1 population that
infects naive and CXCR4* CCRS- memory CD4" T cells.
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