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In order to characterize the biological properties of human immunodeficiency virus type 1 (HIV-1) variants
from different tissues (peripheral blood mononuclear cells [PBMC], lymph node, spleen, brain, and lung) of
one patient, we have chosen long-range PCR to amplify virtually full-length HIV proviruses and to construct
replication-competent viruses by adding a patient-specific 5* long terminal repeat. To avoid selection during
propagation in CD41 target cells, we transfected 293 cells and used the supernatants from these cells as
challenge viruses for tropism studies after titration on human PBMC. Despite differences in the V3 loop of the
major variants found in brain and lung compared to lymphoid tissues all recombinant HIV clones obtained
showed identical cell tropism and replicative kinetics. After infection of human PBMC these viruses replicated
with similar kinetics, with a slow/low-titer, non-syncytium-inducing phenotype. In contrast to the prediction of
macrophage tropism, drawn from the V3 loop sequence, none of these viruses infected monocyte-derived
macrophages. The challenge of blood dendritic cells by these recombinant viruses in the presence of tumor
necrosis factor alpha, granulocyte-macrophage colony-stimulating factor, and interleukin-4 resulted in a
productive infection only after adding stimulated CD41 T lymphocytes. Therefore, the biological properties of
the HIV-1 variants derived from nonlymphoid tissue of this patient did not differ from those of HIV-1 variants
from lymphoid tissue with respect to tropism for primary cells such as PBMC, macrophages, and blood
dendritic cells.

The coexistence of natural variants of genetically distinct
human immunodeficiency virus type 1 (HIV-1) within individ-
uals has been clearly demonstrated (2, 16, 26, 39, 49). Isolates
of HIV-1 derived from peripheral blood mononuclear cells
(PBMC) are highly variable over time and show changes in the
biological phenotype during the course of infection (15). It has
been demonstrated that early in infection HIV-1 isolates show
a slow/low-titer, non-syncytium-inducing (NSI) phenotype and
preferentially infect monocyte-derived macrophages (MDM)
and PBMC. With the onset of AIDS, most but not all patients
harbor rapid/high-titer viruses, often with a syncytium-inducing
(SI) phenotype, which infect T-cell lines efficiently but may
have a reduced ability to infect MDM (1, 52–54).

Studies of HIV-1 variants from tissues other than PBMC
suggest they harbor distinct variant populations compared to
PBMC. Viruses from the central nervous system are geneti-
cally and phenotypically different from viruses in the blood or
spleen (10, 23, 45). Some neurological HIV-1 variants infect
microglial cells and brain capillary endothelial cells (40, 47),
whereas HIV variants recovered from the bowel show differ-
ences in induction of cytopathology and sensitivity to neutral-
ization compared to blood isolates (3).

Until recently, there has been no systematic attempt to

quantify and characterize HIV-1 variants throughout the body
at different disease stages. Donaldson et al. (20, 21) demon-
strated large amounts of HIV provirus in nonlymphoid tissues
(brain, lung, colon, and kidney) in AIDS patients, whereas
patients who died in the asymptomatic phase did not have
consistently detectable provirus in these tissues. The analysis of
the V3 loop sequence derived from AIDS patients revealed
differences between HIV variants from lymphoid tissues and
nonlymphoid tissues (21).

To investigate whether these sequence differences reflected
variation in the phenotype of HIV-1 in different tissues, we
employed the long-range PCR technique to construct full-
length proviruses derived from lymphoid tissue (PBMC, lymph
node, and spleen) and nonlymphoid tissue (brain and lung)
and compared the biological properties of the molecular
clones containing the major V3 loop variants found in these
tissues with respect to tropism for primary cells such as PBMC,
MDM, and blood dendritic cells (BDC).

To our knowledge, this is the first time that replication-
competent viruses have been constructed by long-range PCR
amplification of genomic DNA prepared directly from differ-
ent tissues. Although the sensitivity has to be improved to
avoid potential recombination events occurring during the am-
plification steps (61), the approach described here allows the
recovery of full-length infectious molecular clones without pas-
saging on donor PBMC and can provide tissue-specific refer-
ence clones with respect to the genotype and phenotype
present in vivo.

MATERIALS AND METHODS

Patient samples. DNA samples used for PCR amplification were derived from
various tissues from an AIDS patient by autopsy. Patient 4 (20) died 5 years after
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infection with HIV-1 and was chosen because of the relative high provirus load
in the lymphoid as well as the nonlymphoid tissue, as shown previously (21).
Samples of brain (left frontal lobe), lung, mesenteric lymph node, and spleen
tissues from patient 4 were dissected into 1- to 2-cm pieces and stored at 270°C.
DNA was extracted from these tissues and whole blood to obtain total DNA as
previously described (49).

Long-range PCR and construction of a full-length provirus clone. In order to
construct a full-length provirus, we used a primer pair designed to amplify 9.0 kb
covering the primer binding site up to the 39 end of the 39 long terminal repeat
(LTR) (U5 region). The nucleotide sequences of the primers and the position of
the 59 base in the HXB2 provirus (41) were 626(1), 59 AGGGGGCCAAGTC
GGCCTCTCTAGCAGTGGCGCCCGAACAGGG 39, and 9690(2), 59 AGTC
GCGGCCGCGGTCTGAGGGATCTCTAGTTACCAGAGTC 39. The under-
lined sequences mark the recognition sites for the restriction enzymes SfiI, NarI,
and NotI, respectively, to facilitate the cloning of the 9.0-kb fragment into
pGEM13-LTR (see below). The long-range PCRs were performed with a mix-
ture of AmpliTaq (Perkin-Elmer Cetus) and Pfu polymerase (Stratagene) in an
8:1 ratio. Between 100 and 500 ng of genomic DNA derived from whole blood
from patient 4 were sufficient to obtain a 9.0-kb amplification product in a 100-ml
reaction mixture containing 200 mM Tris-HCl (pH 8.7), 100 mM KCl, 20 mM
MgSO4, 100 mM (NH4)2SO4, 1 mg of bovine serum albumin/ml, 250 mM (each)
deoxynucleoside triphosphate, and 2 pmol of each primer. All reactions were run
on an Omnigene Thermal Cycler (40 cycles of 96°C for 30 s, 60°C for 30 s, and
68°C for 10 min).

To construct a full-length provirus, we amplified in a separate PCR a 59 LTR
with the primer pair 56(1) (59 GCAGGACGTCAAGCTTCACACACAAGGG
TACTTGCCTCATTGGCAG 39) and 651(2) (59 GAAGGGCCGACTTGGC
CCCCTGTTCGGGCGCCACTGCTAGAAG 39). The underlined sequences
mark the recognition sites for the restriction enzymes HindIII, SfiI, and NarI,
respectively. The resulting 0.6-kb product was digested with HindIII and SfiI and
cloned into pGEM13 to obtain pGEM13-LTR. All 9.0-kb PCR products were
cloned into this vector by using the restriction enzymes NarI (primer binding site)
and NotI (39 LTR).

Construction of recombinant proviruses. A nested primer pair to amplify the
39 half of the proviral genome was also designed. Modifying primers described by
Kusumi et al. (32) in length and restriction enzyme recognition sites, we ampli-
fied 4.5 kb with genomic DNA from all tissues obtained (brain, lung, lymph node,
and spleen). The outer primer pair was 4955(1) (59 TAGTAGACGTCTGGA
AAGGTGAAGGGGCAGTAGTA 39; AatII recognition site underlined) and
9690(2). The second, nested PCR was performed with the primer pair 5048(1)
(59 TGTGTGACGTCACAGATGGCAGGTGATGATTGTGT 39) (AatII rec-
ognition site underlined) and 9624(2) (59 TAAGGCGGCCGCGGCAAGCTT
TATTGAGGCTTAG 39; NotI recognition site underlined) (40 cycles of 96°C for
30 s, 55°C for 30 s, and 68°C for 6 min were run for each primer pair). The
resulting products were cloned into pGEM5 with the restriction enzymes indi-
cated, and the V3 sequence (in parentheses) was determined by using the ABI
sequencing kit and primer V3f1 (59 TGGCAGTCTAGCAGAAGAAG 39).
The sequencing of the central region of the 39 halves obtained revealed a single
EcoRI site at position 5745, 85 nucleotides 59 of the tat open reading frame. This
EcoRI site was used together with the NotI site introduced by the inner antisense
primer 9624(2) to exchange the 39 half of a PBMC-derived full-length clone with
the 39 halves obtained from brain, lung, lymph node, and spleen (see Fig. 2).

Sensitivity and fidelity of the long-range PCR approach. To estimate the
sensitivity of the 9.0-kb long-range PCR and the 4.5-kb nested long-range PCR
we extracted genomic DNA from human PBMC spiked with different amounts of
ACH2 cells (these cells carry a single copy of HIVIIIB per genome). The final
concentration of proviruses per 200 ng of genomic DNA for each mixture was
calculated and used in the PCR as a target. The fidelity of this prolonged PCR
approach was checked by digesting the 9.0- and 4.5-kb fragments which were
PCR products obtained by using HXB2-containing plasmid as a target. Digestion
with 17 selected restriction enzymes, divided throughout the proviral genome,
revealed no mutation at least in the restriction enzyme recognition sequences
(data not shown).

Transfection of recombinant HIV clones and titration on PBMC. The human
kidney cell line 293 was transfected with Lipofectamine (GIBCO) according to
the manufacturer’s protocol, and virus in the cell culture supernatant was har-
vested 4 days later. After DNase I (Promega) treatment to digest remaining
plasmid DNA and chromosomal proviral DNA from dead cells, the amount of
p24gag was assessed by using an in-house p24gag enzyme-linked immunosorbent
assay (ELISA) as described earlier (13). The 50% tissue culture infectious dose
(TCID50) was determined by using stimulated human PBMC as target cells and
serial diluted virus in quadruplicate (37).

Primary cells. PBMC from HIV-seronegative individuals were purified by the
Ficoll-Hypaque method, stimulated with 0.5 mg of phytohemagglutinin A (PHA;
Sigma)/ml for 48 h, and maintained in RPMI 1640 with 20% fetal calf serum
(FCS), 20 U of recombinant interleukin-2 (IL-2; Boehringer Mannheim)/ml, and
100 U of both penicillin and streptomycin/ml.

MDM were purified by adherence and cultured as described by Gregory et al.
(28). Briefly, 2 3 107 freshly isolated PBMC were added to 140-mm-diameter
bacterial dishes and incubated at 37°C for 2 h. Nonadherent cells were washed off
by vigorous pipetting, and the remaining cells were cultured for 4 days in RPMI
1640–5% FCS–10% heat-inactivated human serum. The macrophages were

scraped off, counted, and set up in 24-well plates (5 3 105 cells per well) or
96-well plates (104 cells per well), and the next day they were challenged with the
recombinant viruses.

BDC were obtained from freshly isolated PBMC after overnight culture in
RPMI 1640–10% FCS. The next day, the nonadherent cells were separated from
T lymphocytes by centrifugation over 13.7% (wt/wt) metrizamide. These prepa-
rations were either negatively selected for dendritic cells by depletion of CD31

T lymphocytes, CD141 monocytes/macrophages, and CD191 B lymphocytes by
using the Mini-Macs system (Milteny-Biotec) or positively selected after incu-
bation with the monoclonal antibody HB15a (62), a specific marker for dendritic
cells, followed by a second incubation with a bead-conjugated rat anti-mouse
immunoglobulin G2a antibody (Milteny-Biotec). Both protocols resulted rou-
tinely in a cell population containing less than 1% T and B lymphocytes and
monocytes as determined by fluorescence-activated cell sorter analysis. The
remaining cells (.98%) were BDC as determined by appearance. BDC (105)
were challenged with recombinant virus and cultured in RPMI 1640–10% FCS
containing 100 U of tumor necrosis factor alpha, 800 U of granulocyte-macro-
phage colony-stimulating factor, and 500 U of IL-4 per ml. After overnight
incubation, the cells were washed four times, and stimulated T cells (105 cells per
well) were added to half of the wells.

Immunostaining of HIV-infected cells. The immunostaining method was sim-
ilar to that described by Chesebro and Wehrly (11), adapted for a b-galactosidase
conjugate as described earlier (14).

Detection of late reverse transcriptase products after infection. Forty-eight
hours after challenge, cells were lysed and DNA was extracted by using the
Nucleon DNA preparation kit (Scotlabs) according to the manufacturer’s pro-
tocol. The entry PCRs were performed with 0.2 mg of genomic DNA per 50-ml
reaction mixture containing 66 mM Tris-HCl (pH 8.8), 4 mM MgCl2, 16 mM
(NH4)2SO4, 200 mM (each) deoxynucleoside triphosphate, and 5 pmol of each
primer. The expected 175-bp fragment was obtained only after two strand
switches had occurred during the reverse transcription (positive primer R region,
59 CTAACTAGGGAACCCACTG 39 [nucleotides 498 to 516], and the minus
strand primer gag region, 59 TCCTGCGTCGAGAGAGCTC 39 [nucleotides 693
to 675] [35 cycles of 96°C for 30 s, 65°C for 30 s, and 72°C for 45 s were used] (33).
The sensitivity of the entry PCR was determined by using HIV-1GUN-1wt (titrated
on MDM) to infect MDM with multiplicities of infection of 1.0, 0.1, 0.01, and
0.001. The lowest level of input virus detected was approximately 40 infectious
units. To verify the standardization of the input DNA, control reactions with
primers amplifying a product from the glyceraldehyde-3-phosphate dehydroge-
nase gene were used. The reactions were performed under the same conditions
as for the entry PCR by using the 59 primer 59 TGGATATTGTTGCCATCAA
TGACC 39 and the 39 primer 59 GATGGCATGGACTGTGGTCATG 39 for 20
cycles of 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s (33).

Single-round virus infectivity assay. env genes from selected tissue-derived
proviral 39 halves (E4, LN15, S8, B8, and L5) were cloned into plasmid pSVIII-
env (30) under the control of an HIV-1 LTR promoter. This was done by
digesting the tissue-derived 39-half proviral genomes with KpnI and XhoI and
replacing the HXB2 env coding region in pSVIII after (partial) digestion with
KpnI and XhoI.

Cos-1 cells (2 3 105 cells per well) were cotransfected with 5 mg of either
pSVIII-E4, pSVIII-LN15, pSVIII-S8, pSVIII-B8, or pSVIII-L5 and 2.5 mg of
HXBDenvCAT, an env-deficient HIV-1 provirus which contains a chloramphen-
icol acetyltransferase (CAT) gene in place of the nef gene, by using Lipo-
fectamine. Three days after transfection supernatant was collected, and equiva-
lent amounts of produced virions (10 ng of p24gag) were used to infect CCC/CD4
cells transiently expressing the chemokine receptors CXCR4, CCR5, and CCR3
(50). After two days the cells were lysed and the amount of CAT in the lysate was
determined by using a CAT-ELISA (Boehringer Mannheim) according to the
manufacturer’s protocol. Two different virus stocks were used in at least three
different challenge experiments.

RESULTS

Sensitivity of the long-range PCR approach and construc-
tion of PBMC-derived full-length HIV-1 clones. The long-
range PCR performed with different amounts of proviruses per
given DNA concentration revealed successful amplification of
the 9.0-kb fragment when at least 4 3 103 proviruses were
present in the reaction. The number of proviruses necessary
could not be reduced by employing a second round (Fig. 1). By
using the primer pairs to amplify only the 39 half of the proviral
genome, a much higher sensitivity was obtained. The nested
PCR approach yielded a 4.5-kb fragment when only 20 provi-
ruses were present in the reaction. This high sensitivity allowed
the amplification of 39-half viral genomes from genomic DNA
prepared from lymph node, spleen, brain, and lung tissue col-
lected postmortem from patient 4 (21). Because of the high
proviral concentration in PBMC from this patient, we were
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able to amplify a 9.0-kb fragment by using 200 ng of genomic
DNA. This fragment was cloned into pGEM13-LTR. The se-
quencing of the V3 loop revealed exactly the same V3 loop
amino acid sequences as published previously (21) (Fig. 2).
Two of 12 full-length HIV clones derived from PBMC DNA
replicated after infection of donor PBMC (data not shown).

It is possible that recombinant genomes are generated dur-
ing PCR amplification. This could occur if an unfinished strand
annealed to a different parental sequence. The strand would
then be completed with the second sequence as template. To
assess such recombination during the PCR process for the
4.5-kb fragments, we performed long-range PCR using two
different provirus-containing plasmids (pHXB2 and pGUN-
1wt) at equal target numbers (102 targets). After cloning the
PCR products, a restriction analysis and partial sequencing
revealed that four of 11 (36%) 4.5-kb clones contained recom-
binants between pHXB2 and pGUN-1wt. (Cloned fragments
with 39 sequences characteristic of one infectious clone and 59
sequences characteristic of the other were considered to be
recombinants.)

Construction of recombinant HIV clones with tissue-specific
3* halves. In contrast to PBMC (see above) the proviral load in
other tissues was relatively low. Because of the low sensitivity
of the 9.0-kb long-range PCR, we decided to amplify only
proviral 39 halves and to construct recombinant viruses with
the PBMC-derived full-length infectious clone as a backbone.
Restriction enzyme analysis revealed a single EcoRI site in all
amplified 4.5-kb fragments 85 nucleotides upstream of the tat
open reading frame. We constructed 20 full-length clones con-
taining 39 halves derived from different tissues as follows: 7
from lymph node, 5 from spleen, 5 from brain, and 3 from lung.
Each of these clones showed exactly the same V3 loop se-
quence described by Donaldson et al. (21) for the major vari-
ants found in these different tissues. The major V3 loop se-
quence from lymphoid tissue (PBMC, lymph node, and spleen)
differs in six amino acids from the major sequence found in
nonlymphoid tissue (brain and lung). Figure 2 shows only those
virus clones that were replication competent in PBMC. These
recombinant HIV clones were transfected in 293 cells, and the
harvested virus was used for titration on donor PBMC and for
all challenge experiments. To investigate the possibility that

inhibitory sequences in the 59 half of the PBMC-derived HIV
clone HIVE4 might interfere with tropism for macrophages (4,
29, 57), we constructed two recombinant viruses carrying the 39
halves of HIVGUNwt, a dual-tropic HIV clone infecting T-cell
lines and macrophages (38), and the 39 half of HIVSF162, a
monocytotropic HIV clone (10), by using long-range PCR and
the same cloning strategy as described for the patient 4 tissue-
specific recombinant viruses. These recombinant viruses were
transfected into 293 cells and titrated the same way.

Replication kinetics of recombinant viruses after infection
of PBMC. After titration of all recombinant HIV clones, 106

PBMC were infected with 104 TCID, and the replication ki-
netics were monitored by using a p24gag ELISA (HIV-1 p24
core profile ELISA; Du Pont) over the following 28 days. As
shown in Fig. 3, all viruses showed a peak in p24gag production
in the culture supernatants after approximately 10 days. No
virus-induced syncytia in these cultures or in CD41 T-cell lines
(C8166, Molt4, and MT-2) were observed. Therefore, all vi-
ruses showed a NSI phenotype. The amount of p24gag in the
culture supernatants after infection with the recombinant
clones was about 10 times less than in the culture supernatants
infected with the laboratory-adapted, SI HIV-1 strains
HIVHXB2 and HIVGUNwt (data not shown). The replication
kinetics did not reveal a clear difference between recombinant
viruses derived from lymphoid tissue and those derived from
nonlymphoid tissue (Fig. 3).

Tropism studies with MDM and BDC. Because of the close
resemblance of the V3 loop sequences of all recombinant HIV
clones with the consensus sequence for primary lymphocyte
and macrophage-tropic viruses (34), we expected productive
infection of MDM and BDC by these viruses. The infection
experiments were performed by using 5 3 105 infectious units
of each recombinant virus (assessed on PBMC) plated onto
5 3 105 MDM and BDC (multiplicity of infection 5 1), re-
spectively. The MDM cultures were maintained over 21 days,
and supernatants collected on days 7, 14, and 21 did not con-
tain detectable levels of p24gag (HIV-1 p24 core profile ELISA;
detection limit, 12.5 pg/ml). After 21 days PHA-stimulated
PBMC were added to the cultured MDM in order to amplify a
low-level HIV-1 replication. But this virus rescue assay as well
as an immunostaining for p24gag on MDM 21 days after infec-
tion did not reveal any replication of HIV-1 in these cultures
(Table 1). The control viruses (E4/GUNwt and E4/SF162)
were successfully rescued even after an infection at a multi-
plicity of infection of 0.01. This result was confirmed by the
failure to amplify late reverse transcription products in lysates
of macrophages prepared 48 h after challenge (data not
shown). The detection of p24gag in culture supernatants after
challenge with the recombinant viruses E4/GUNwt and E4/
SF162 (Fig. 2) clearly indicates the absence of inhibitory se-
quences in the 59 half of the PBMC-derived provirus, such as
mutations in the basic domain of p17gag (4). The sequences of
the chimeric vpr genes obtained due to the recombination at
the EcoRI site do not differ from those of the wild-type vpr and
do not encode premature stop codons (29, 57). Although the
recombinant viruses derived from patient 4 contain V3 loop
amino acid sequences that predict a macrophage-tropic virus,
none of them could infect macrophages.

After challenge of 5 3 105 BDC with the recombinant vi-
ruses (5 3 105 TCID50), we did not detect p24gag in the cell
supernatants up to 20 days, nor could we see immunostained
cells after fixation (Table 1). However, if stimulated autolo-
gous T cells were added one day after challenge, p24gag was
detected as early as 5 days after infection. Using CD191 pri-
mary B cells instead of BDC, we did not detect p24gag after the
coculture with autologous T cells (data not shown). Therefore,

FIG. 1. (Top) Location of primers used in this study. The primers amplified
either the 59 LTR, the 9.0-kb amplicon, or the 4.5-kb amplicon. Arrowheads
indicate the direction of transcription. (Bottom) Titration of sensitivity of PCR
primers. Genomic DNA was prepared from ACH2 cells mixed with human
PBMC. The PCR products were resolved by electrophoresis through 0.6% aga-
rose gels and visualized by using ethidium bromide.
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BDC were able to pass virus to T cells in the coculture system,
but they do not support a productive infection with HIV-1 on
their own. The replication kinetics in this BDC–T-cell cocul-
ture system did not show any difference between molecular
clones derived from lymphoid tissue (PBMC, lymph node, and
spleen) and molecular clones derived from nonlymphoid tis-
sues (brain and lung).

Coreceptor use of tissue-derived envelope glycoproteins. To
assess the efficiency with which the tissue-derived envelope
glycoproteins mediate early events of HIV-1 infection, an env
complementation assay (30) was utilized. Pseudotype HIV-1
viruses were produced by cotransfection of COS-1 cells with
two plasmids, pHXB2DenvCAT and pSVIII. Different pSVIII
plasmids encoding the envelope glycoproteins derived from
selected tissue-derived clones, E4 (PBMC), LN15 (lymph
node), S8 (spleen), B8 (brain), and L5 (lung), and two control
viruses, GUN-1wt (dual tropic) and HXB2 (T-cell line tropic),
were used. An equal amount of p24gag-containing supernatant
was incubated with CCC/CD4 cells transiently expressing the
chemokine receptors CCR3, CCR5, and CXCR4. A CAT-
ELISA performed 3 days after the infection of the target cells
revealed that all tissue-derived envelope glycoproteins are able
to utilize the chemokine receptors CCR3 and CCR5 but not
CXCR4 (Fig. 4). The usage of CCR3 and CCR5 correlates
with the finding that all recombinant viruses are of the NSI

phenotype but does not explain the lack of macrophage tro-
pism. The use of U87/CD4 cells stably expressing the chemo-
kine receptors CCR3, CCR5, and CXCR4 (kindly provided by
D. Littman) and the recombinant viruses confirmed the find-
ings of the env complementation assay (data not shown).

DISCUSSION

Construction of replication-competent HIV clones by using
long-range PCR. In order to construct replication-competent
HIV clones representing the genotype present at a specific
time point in a specific tissue we used long-range PCR. This
approach allowed us to construct full-length proviruses con-
taining the major V3 loop sequence found in PBMC of patient
4. The procedure led to successful amplifications provided at
least 4 3 103 proviruses were present in the reaction. This
limited sensitivity could result in the amplification of recom-
binant proviruses generated during PCR (7, 46, 61). However,
the low recovery of replication-competent proviral clones (2 of
12) may reflect the high concentration of defective proviruses
in the peripheral blood cells (due to recombination and reverse
transcription errors in vivo) described by others or due to
recombination during PCR (17, 35). Our validation of recom-
bination events during long-range PCR to obtain 4.5-kb frag-
ments, however, showed a lower recombination frequency than

FIG. 2. Genomic structures of PBMC-derived full-length clone HIVE4 and the subsequently cloned recombinant viruses containing the 39 half from the different
organs indicated. V3 loop amino acid sequences were determined for all replication-competent clones. All recombinant viruses contain the tissue-specific V3 loop amino
acid sequence representing the major variant in each tissue as determined by Donaldson et al. (22). Ratios in parentheses are the frequencies of the corresponding V3
loop variant in the observed variants (data from reference 22).
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did the study of Yang et al. (61). The differences might result
from a lower input of targets per PCR and the amplification of
only a 4.5-kb fragment, whereas Yang et al. (61) amplified a
8.2-kb fragment. Thus, a minority of the 39-half proviral clones
described here could result from recombination events during
the PCR. Since we were unable to find any phenotypic differ-
ences in the molecular clones generated, it is likely that any
recombinants resemble the bona fide clones generated. Nev-
ertheless, the sensitivity to detect and obtain long-range PCR
products needs to be improved to reduce the frequency of such
recombinations.

The recently described molecular cloning of full-length HIV
genomes directly from plasma viral RNA (24) is likely to yield
a larger amount of replication-competent clones, although this
has yet to be formally demonstrated. Successful amplification
of proviral 39 halves derived from different tissues made it
possible to construct recombinant proviruses containing the
tat, rev, vpu, and nef genes together with the entire env gene
present in each tissue. The envelope genes in the recombinant
viruses reflect copies of the actual envelope genes present in
these tissues. Since the envelope contains the major determi-
nants for tropism (31, 42, 48, 51, 59, 60), the characterization
of the recombinant viruses constructed as described here might
provide a better understanding of the biological properties of
HIV variants present in different tissues. Full-length molecular
clones of viruses, amplified directly from genomic DNA or
from viral RNA obtained from tissues, should produce viruses
with the actual phenotype present at a specific time point in a
specific tissue. The long-range PCR will result in a remarkable
increase of reference sequences from different viral subtypes
(46) and aid the analysis of the structure of mosaic subtypes
such as A/E recombinations (7). Furthermore, this method
allows the characterization of cell-type-specific virus variants
by using separated cell populations (BDC, monocytes, and
CD41 T lymphocytes) to prepare genomic DNA. The avail-
ability of cell-type-specific clones could provide definitive evi-
dence for tropism switches to BDC (43) and immature thymo-
cytes (56) late in the infection.

Biological characterization of recombinant HIV clones de-
rived from different tissues. Following transfection in 293 cells,
the rescued virus was titrated on uninfected PBMC and the
replication kinetics were assessed after challenging donor
PBMC at a multiplicity of infection of 0.01 (Fig. 3). All recom-
binant clones replicated like slow/low-titer viruses and did not
induce syncytia or infect any of the T-cell lines tested (C8166,
Molt4, and MT-2).

It has been shown that a rapid decline in CD41 T lympho-
cytes often correlates with the development of rapidly repli-
cating SI viruses (15, 52–54). However, in 50% of cases disease
progression also occurs in patients from whom only NSI vi-
ruses can be isolated from the peripheral blood (54). Patient 4
died of AIDS about 5 years after HIV-1 infection without
rescue of SI viruses at the time of death. The molecular clones
HIV-1E4, LN15, S8, B8, and L5 were also tested for their
coreceptor usage and in a single-round infectivity assay showed
positive results only when the chemokine receptors CCR5 and
CCR3 were present (19) (Fig. 4). They were unable to utilize
the chemokine receptor CXCR4, which has been described as
the main coreceptor for SI isolates adapted to replicate in
T-cell lines (25).

NSI virus variants are reportedly able to infect blood MDM,
although with variable kinetics (9, 15). The HIV-1 recombinant
clones described here encode a V3 loop amino acid sequence
resembling the sequence described for primary lymphocyte-
and macrophage-tropic viruses (34) and are able to use the
coreceptors CCR5 and CCR3 (12, 18, 19, 22). However, they
do not infect MDM, suggesting that macrophages might ex-
press these chemokine receptors differently than transfected
cell lines or PBMC. Thus, some HIV-1 isolates or HIV-1
molecular clones are able to use CCR5 or CCR3 only if it is
expressed in a certain way. Our results, however, underline
that macrophage tropism can be correctly assessed only by
performing an infectivity assay using macrophages as target
cells rather than cell lines expressing CD4 and different che-
mokine receptors. The possibility that mutations in the basic
domain of p17gag or the vpr gene by these recombinant clones
resulted in the nonproductive infection of macrophages ob-
served (4, 29, 57) appears unlikely since the recombinant vi-
ruses E4/GUNwt and E4/SF162 readily infected macrophages.
The nef gene is also required for the replication of HIV in
macrophages (36). However, a nef defect would not explain the
restriction for virus entry, as shown by entry PCR.

Patterson et al. (43) reported a higher provirus concentra-
tion in BDC from AIDS patients compared to asymptomatic
HIV-positive patients. To study the susceptibility of BDC to
infection with late HIV-1 variants, we challenged these cells
with each of the recombinant infectious clones we had con-
structed. We did not detect any p24gag in the supernatant of
purified BDC unless they were cocultured one day after infec-
tion with autologous T lymphocytes. Although data for the
susceptibility of dendritic cells are inconsistent (reviewed in
reference 6), it appears that BDC do not support HIV repli-

FIG. 3. Replication kinetics on PBMC after infection at a multiplicity of infection of 0.01. Infections were carried out with 104 TCID50 of each virus on 106

PHA-stimulated PBMC. The cells were washed after 1 day, and virus replication was assessed by measuring HIV p24gag in the culture supernatants.

5144 DITTMAR ET AL. J. VIROL.



cation on their own (5, 44) in vitro, although several studies
have reported a productive infection with macrophage-tropic
viruses (8, 33, 58). Tsunetsugu-Yokota et al. (55) detected a
higher provirus concentration in BDC infected with the SI
strain HIVLAI than in BDC infected with the NSI, macro-
phage-tropic strain HIVBa-L, but they did not detect p24gag in
culture supernatants. Recent evidence shows that cultured
dendritic cells express the chemokine receptors CXCR4 and
CCR5 and are sensitive to HIV-1 entry (27). We have shown
that several of the recombinant clones derived from different
tissues utilize CCR5 (19). However, it is currently not known
whether virus rescued in the BDC–T-cell coculture is derived
from virus adsorbed on the surface of BDC or from a reacti-
vation of HIV replication in BDC halted during the reverse
transcription stage. Whether cultured dendritic cells express
CCR3 and are susceptible to HIV isolates which can use CCR3
as a coreceptor remains to be shown.

Using genomic DNA from different tissues obtained post-

mortem from one AIDS patient, we found that the long-range
PCR approach allows the construction and characterization of
HIV variants present at a single time point in individual tis-
sues. By avoiding any selection due to isolation of HIV variants
capable of replicating in PHA-stimulated PBMC, these molec-
ular clones reflect genotypes and phenotypes actually present
in these tissues. Characterization of these recombinant clones
revealed no differences in tropism for any primary cell tested.

ACKNOWLEDGMENTS

We thank A. McKnight, J. Reeves, and D. Wilkinson for helpful
discussions and critical reading of the manuscript. We are grateful to
J. E. Bell (Department of Neuropathology, University of Edinburgh)
for providing the tissue samples, Y. Takeuchi (Chester Beatty Labo-
ratories) as well as N. Shimizu and H. Hoshino (both at Gunma
University Medical School, Japan) for kindly providing the molecular
clone HIV-1GUN-1, and Thomas F. Tedder (Department of Immunol-
ogy, Duke University Medical School) for the HB15a antibody. We
thank Patrick W. Gray (ICOS Corporation, Bothel, Wash.) for pro-
viding chemokine receptor expression plasmids and Dan R. Littman
(Howard Hughes Medical Institute, New York, N.Y.) for the U87/CD4
cells stably expressing the chemokine receptors CCR3, CCR5, and
CXCR4.

This work was supported by a fellowship to M.T.D. from the AIDS
Research Program of the German Bundesministerium für Forschung
und Technologie and by the British Medical Research Council.

REFERENCES

1. Asjo, B., M. L. Morfeldt, J. Albert, G. Biberfeld, A. Karlsson, K. Lidman,
and E. M. Fenyo. 1986. Replicative capacity of human immunodeficiency
virus from patients with varying severity of HIV infection. Lancet ii:660–662.

2. Balfe, P., P. Simmonds, C. A. Ludlam, J. O. Bishop, and A. J. Brown. 1990.
Concurrent evolution of human immunodeficiency virus type 1 in patients
infected from the same source: rate of sequence change and low frequency
of inactivating mutations. J. Virol. 64:6221–6233.

3. Barnett, S. W., A. Barboza, C. M. Wilcox, C. E. Forsmark, and J. A. Levy.
1991. Characterization of human immunodeficiency virus type 1 strains re-
covered from the bowel of infected individuals. Virology 182:802–809.

4. Bukrinskaya, A. G., A. Ghorpade, N. K. Heinzinger, T. E. Smithgall, R. E.
Lewis, and M. Stevenson. 1996. Phosphorylation-dependent human immu-
nodeficiency virus type 1 infection and nuclear targeting of viral DNA. Proc.
Natl. Acad. Sci. USA 93:367–371.

5. Cameron, P. U., P. S. Freudenthal, J. M. Barker, S. Gezelter, K. Inaba, and

FIG. 4. Single-round infectivity assay using pseudotype viruses with tissue-
derived envelope glycoproteins. Amounts of CAT (determined by CAT ELISA)
in lysates of CCC/CD4 cells transiently expressing CCR3, CCR5, and CXCR4,
respectively, three days after challenge with equal amounts of pseudotype viruses
(10 ng of p24gag) are shown.

TABLE 1. Summary of the challenge experiments

HIV-1 recombinant
molecular clones

Amt (pg/ml)/presence of p24gag ina:

PBMCa

(7 d.p.i.)

MDM MDM
and

PBMCa

(21 d.p.i.)

BDCa (10
d.p.i.)

BDC and
T cellsa

(10 d.p.i.)
ELISAa

(21 d.p.i.)
Immunostaining
assayb (21 d.p.i.)

Entry
PCRc

(2 d.p.i.)

HIV-1 E4 (PBMC) 1,028 ,12.5 2 2 ,12.5 ,12.5 2,426
LN15 812 ,12.5 2 2 ,12.5 ,12.5 1,428
LN24 961 ,12.5 2 2 ,12.5 ,12.5 1,285
LN27 912 ,12.5 2 2 ,12.5 ,12.5 1,616
S6 387 ,12.5 2 2 ,12.5 ,12.5 1,670
S7 520 ,12.5 2 2 ,12.5 ,12.5 935
S8 1,054 ,12.5 2 2 ,12.5 ,12.5 3,180
B5 894 ,12.5 2 2 ,12.5 ,12.5 2,060
B8 1,001 ,12.5 2 2 ,12.5 ,12.5 2,174
B15 793 ,12.5 2 2 ,12.5 ,12.5 1,818
L5 894 ,12.5 2 2 ,12.5 ,12.5 1,816
E4/GUNwt 1,618 2,341 1 1 NDd ,12.5 3,180
E4/SF162 1,415 1,876 1 1 ND ,12.5 2,989

a All infections were carried out using a multiplicity of infection of 1. The amount of p24gag (pg/ml) was assessed by using the DuPont p24 core profile ELISA with
a detection limit of 12.5 pg of p24gag per ml of cell culture supernatant. Representative results from at least three independent experiments are shown. d.p.i., days
postinfection.

b 1, presence of immunostained MDM.
c 1, positive results after entry PCR.
d ND, not done.

VOL. 71, 1997 CHARACTERIZATION OF TISSUE-SPECIFIC HIV-1 CLONES 5145



R. M. Steinman. 1992. Dendritic cells exposed to human immunodeficiency
virus type-1 transmit a vigorous cytopathic infection to CD41 T cells. Sci-
ence 257:383–387.

6. Cameron, P. U., M. G. Lowe, S. M. Crowe, U. O’Doherty, M. Pope, S.
Gezelter, and R. M. Steinman. 1994. Susceptibility of dendritic cells to
HIV-1 infection in vitro. J. Leukocyte Biol. 56:257–265.

7. Carr, J. K., M. O. Salminen, C. Koch, D. Gotte, A. W. Artenstein, P. A.
Hegerich, D. St. Louis, D. S. Burke, and F. E. McCutchan. 1996. Full-length
sequence and mosaic structure of a human immunodeficiency virus type 1
isolate from Thailand. J. Virol. 70:5935–5943.

8. Chehimi, J., K. Prakash, V. Shanmugam, R. Collman, S. J. Jackson, S.
Bandyopadhyay, and S. E. Starr. 1993. CD4-independent infection of human
peripheral blood dendritic cells with isolates of human immunodeficiency
virus type 1. J. Gen. Virol. 74:1277–1285.

9. Cheng-Mayer, C., D. Seto, M. Tateno, and J. A. Levy. 1988. Biologic features
of HIV-1 that correlate with virulence in the host. Science 240:80–82.

10. Cheng-Mayer, C., C. Weiss, D. Seto, and J. A. Levy. 1989. Isolates of human
immunodeficiency virus type 1 from the brain may constitute a special group
of the AIDS virus. Proc. Natl. Acad. Sci. USA 86:8575–8579.

11. Chesebro, B., and K. Wehrly. 1988. Development of a sensitive quantitative
focal assay for human immunodeficiency virus infectivity. J. Virol. 62:3779–
3788.

12. Choe, H., M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P. D. Ponarth, L. Wu,
C. R. Mackay, G. LaRosa, W. Newman, N. Gerard, C. Gerard, and J.
Sodroski. 1996. The b-chemokine receptors CCR3 and CCR5 facilitate
infection by primary HIV-1 isolates. Cell 85:1135–1148.

13. Clapham, P. R., D. Blanc, and R. A. Weiss. 1991. Specific cell surface
requirements for the infection of CD4-positive cells by human immunode-
ficiency virus types 1 and 2 and by simian immunodeficiency virus. Virology
181:703–715.

14. Clapham, P. R., A. McKnight, and R. A. Weiss. 1992. Human immunodefi-
ciency virus type 2 infection and fusion of CD4-negative human cell lines:
induction and enhancement by soluble CD4. J. Virol. 66:3531–3537.

15. Connor, R. I., and D. D. Ho. 1994. Human immunodeficiency virus type 1
variants with increased replicative capacity develop during the asymptomatic
stage before disease progression. J. Virol. 68:4400–4408.

16. Delassus, S., R. Cheynier, and H. S. Wain. 1992. Nonhomogeneous distri-
bution of human immunodeficiency virus type 1 proviruses in the spleen.
J. Virol. 66:5642–5645.

17. Delwart, E. L., G. J. Buchschacher, E. O. Freed, and A. T. Panganiban. 1992.
Analysis of HIV-1 envelope mutants and pseudotyping of replication-defec-
tive HIV-1 vectors by genetic complementation. AIDS Res. Hum. Retrovi-
ruses 8:1669–1677.

18. Deng, H. K., S. Choe, W. Ellmeier, R. Liu, D. Unutmaz, M. Burkhart, P. di
Marzio, S. Marmon, R. E. Sutton, C. M. Hill, C. Davis, S. C. Peiper, T. J.
Schall, D. R. Littman, and N. R. Landau. 1996. Identification of a major
co-receptor for primary isolates of HIV-1. Nature 381:661–666.

19. Dittmar, M. T., A. McKnight, G. Simmons, P. R. Clapham, R. A. Weiss, and
P. Simmonds. 1997. HIV-1 tropism and co-receptor usage. Nature 385:495–
496.

20. Donaldson, Y. K., J. E. Bell, J. W. Ironside, R. P. Brettle, J. R. Robertson, A.
Busuttil, and P. Simmonds. 1994. Redistribution of HIV outside the lym-
phoid system with onset of AIDS. Lancet 343:383–385.

21. Donaldson, Y. K., J. E. Bell, E. C. Holmes, E. S. Hughes, H. K. Brown, and
P. Simmonds. 1994. In vivo distribution and cytopathology of variants of
human immunodeficiency virus type 1 showing restricted sequence variability
in the V3 loop. J. Virol. 68:5991–6005.

22. Dragic, T., V. Liwin, G. P. Allaway, S. Martin, Y. Huang, K. A. Nagashima,
C. Cayanan, P. J. Maddon, R. A. Koup, J. P. Moore, and W. A. Paxton. 1996.
HIV-1 entry into CD41 cells is mediated by the chemokine receptor CC-
CKR5. Nature 381:667–673.

23. Epstein, L. G., C. Kuiken, B. M. Blumberg, S. Hartman, L. R. Sharer, M.
Clement, and J. Goudsmit. 1991. HIV-1 V3 domain variation in brain and
spleen of children with AIDS: tissue-specific evolution within host-deter-
mined quasispecies. Virology 180:583–590.

24. Fang, G., B. Weiser, A. A. Visosky, L. Townshend, and H. Burger. 1996.
Molecular cloning of full-length HIV-1 genomes directly from plasma viral
RNA. J. Acquired Immune Defic. Syndr. Hum. Retrovirol. 12:352–357.

25. Feng, Y., C. C. Broder, P. E. Kennedy, and E. A. Berger. 1996. HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane, G protein-
coupled receptor. Science 272:872–877.

26. Goodenow, M., T. Huet, W. Saurin, S. Kwok, J. Sninsky, and H. S. Wain.
1989. HIV-1 isolates are rapidly evolving quasispecies: evidence for viral
mixtures and preferred nucleotide substitutions. J. Acquired Immune Defic.
Syndr. 2:344–352.

27. Granelli-Piperno, A., B. Moser, M. Pope, D. Chen, Y. Wei, F. Isdell, U.
O’Doherty, W. Paxton, R. Koup, S. Mojsow, N. Bhardwaj, I. Clark-Lewis, M.
Baggiolini, and R. M. Steinman. 1996. Efficient interaction of HIV-1 with
purified dendritic cells via multiple chemokine coreceptors. J. Exp. Med.
184:2433–2438.

28. Gregory, S., R. Collman, W. James, S. Gordon, S. F. Gonzalez, and N.
Nathanson. 1993. HIV-1 pseudotype virus containing a Cocal virus genome

and an HIV envelope: construction, assay and use. J. Virol. Methods 44:
287–304.

29. Heinzinger, N. K., M. I. Bukinsky, S. A. Haggerty, A. M. Ragland, V. Kewal-
ramani, M. A. Lee, H. E. Gendelman, L. Ratner, M. Stevenson, and M.
Emerman. 1994. The Vpr protein of human immunodeficiency virus type 1
influences nuclear localization of viral nucleic acids in nondividing host cells.
Proc. Natl. Acad. Sci. USA 91:7311–7315.

30. Helseth, E., M. Kowalski, D. Gabuzda, U. Olshevsky, W. Haseltine, and J.
Sodroski. 1990. Rapid complementation assays measuring replicative poten-
tial of human immunodeficiency virus type 1 envelope glycoprotein mutants.
J. Virol. 64:2416–2420.

31. Hwang, S. S., T. J. Boyle, H. K. Lyerly, and B. R. Cullen. 1991. Identification
of the envelope V3 loop as the primary determinant of cell tropism in HIV-1.
Science 253:71–74.

32. Kusumi, K., B. Conway, S. Cunningham, A. Berson, C. Evans, A. K. Iversen,
D. Colvin, M. V. Gallo, S. Coutre, E. G. Shpaer, D. V. Faulkner, A. deRonde,
S. Volkman, C. Williams, M. S. Hirsch, and J. I. Mullins. 1992. Human
immunodeficiency virus type 1 envelope gene structure and diversity in vivo
and after cocultivation in vitro. J. Virol. 66:875–885.

33. Langhoff, E., K. H. Kalland, and W. A. Haseltine. 1993. Early molecular
replication of human immunodeficiency virus type 1 in cultured-blood-de-
rived T helper dendritic cells. J. Clin. Invest. 91:2721–2726.

34. LaRosa, G. J., J. P. Davide, K. Weinhold, J. A. Waterbury, A. T. Profy, J. A.
Lewis, A. J. Langlois, G. R. Dreesman, R. N. Boswell, P. Shadduck, L. H.
Holley, M. Karplus, D. P. Bolognesi, T. J. Matthews, E. A. Emini, and S. D.
Putney. 1990. Conserved sequence and structural elements in the HIV-1
principal neutralizing determinant. Science 249:932–935.

35. Little, S. J., N. L. Riggs, M. Y. Chowers, N. J. Fitch, D. D. Richman, C. A.
Spina, and J. C. Guatelli. 1994. Cell surface CD4 downregulation and re-
sistance to superinfection induced by a defective provirus of HIV-1. Virology
205:578–582.

36. Malykh, A., M. S. Reitz, A. Louie, L. Hall, and F. Lori. 1995. Multiple
determinants for growth of human immunodeficiency virus type 1 in mono-
cyte-macrophages. Virology 206:646–650.

37. McKnight, A., P. R. Clapham, and T. F. Schulz. 1995. Detection of HIV
entry into cells, p. 129–141. In J. Karn (ed.), HIV, a practical approach, vol.
1. IRL Press, Oxford, United Kingdom.

38. McKnight, A., R. A. Weiss, C. Shotton, Y. Takeuchi, H. Hoshino, and P. R.
Clapham. 1995. Change in tropism upon immune escape by human immu-
nodeficiency virus. J. Virol. 69:3167–3170.

39. Meyerhans, A., R. Cheynier, J. Albert, M. Seth, S. Kwok, J. Sninsky, M. L.
Morfeldt, B. Asjo, and H. S. Wain. 1989. Temporal fluctuations in HIV
quasispecies in vivo are not reflected by sequential HIV isolations. Cell
58:901–910.

40. Moses, A. V., F. E. Bloom, C. D. Pauza, and J. A. Nelson. 1993. Human
immunodeficiency virus infection of human brain capillary endothelial cells
occurs via a CD4/galactosylceramide-independent mechanism. Proc. Natl.
Acad. Sci. USA 90:10474–10478.

41. Myers, G., B. Korber, J. Berzofsky, T. F. Schmith, and G. N. Pavlakis. 1991.
Human retroviruses and AIDS. Los Alamos National Laboratory, Los
Alamos, N.Mex.

42. O’Brien, W., Y. Koyanagi, A. Namazie, J. Q. Zhao, A. Diagne, K. Idler, J. A.
Zack, and I. S. Chen. 1990. HIV-1 tropism for mononuclear phagocytes can
be determined by regions of gp120 outside the CD4-binding domain. Nature
348:69–73.

43. Patterson, S., M. S. Roberts, N. R. English, S. E. Macatonia, M. N. Gompels,
A. J. Pinching, and S. C. Knight. 1994. Detection of HIV DNA in peripheral
blood dendritic cells of HIV-infected individuals. Res. Virol. 145:171–176.

44. Pinchuk, L. M., P. S. Polacino, M. B. Agy, S. J. Klaus, and E. A. Clark. 1995.
Cell-cell interactions regulate dendritic cell-dependent HIV-1 production in
CD41 T lymphocytes. Adv. Exp. Med. Biol. 378:461–463.

45. Power, C., J. C. McArthur, R. T. Johnson, D. E. Griffin, J. D. Glass, R.
Dewey, and B. Chesebro. 1995. Distinct HIV-1 env sequences are associated
with neurotropism and neurovirulence. Curr. Top. Microbiol. Immunol. 202:
89–104.

46. Salminen, M. O., C. Koch, E. Sanders-Buell, P. K. Ehrenberg, N. L. Michael,
J. K. Carr, D. S. Burke, and F. E. McCutchan. 1995. Recovery of virtually
full-length provirus of diverse subtypes from primary virus cultures using the
polymerase chain reaction. Virology 213:80–86.

47. Sharpless, N., D. Gilbert, B. Vandercam, J. M. Zhou, E. Verdin, G. Ronnett,
E. Friedman, and D. M. Dubois. 1992. The restricted nature of HIV-1
tropism for cultured neural cells. Virology 191:813–825.

48. Shioda, T., J. A. Levy, and C. Cheng-Mayer. 1991. Macrophage and T
cell-line tropism of HIV-1 are determined by specific regions of the envelope
gp120 gene. Nature 349:167–169.

49. Simmonds, P., L. Q. Zhang, F. McOmish, P. Balfe, C. A. Ludlam, and A. J.
Brown. 1991. Discontinuous sequence change of human immunodeficiency
virus (HIV) type 1 env sequences in plasma viral and lymphocyte-associated
proviral populations in vivo: implications for models of HIV pathogenesis.
J. Virol. 65:6266–6276.

50. Simmons, G., D. Wilkinson, J. D. Reeves, M. T. Dittmar, S. Beddows, J.
Weber, G. Carnegie, U. Desselberger, P. W. Gray, R. A. Weiss, and P. R.

5146 DITTMAR ET AL. J. VIROL.



Clapham. 1996. Primary, syncytium-inducing human immunodeficiency virus
type 1 isolates are dual-tropic and most can use either Lestr or CCR5 as
coreceptors for virus entry. J. Virol. 70:8355–8360.

51. Takeuchi, Y., M. Akutsu, K. Murayama, N. Shimizu, and H. Hoshino. 1991.
Host range mutant of human immunodeficiency virus type 1: modification of
cell tropism by a single point mutation at the neutralization epitope in the
env gene. J. Virol. 65:1710–1718.

52. Tersmette, M., R. E. Y. de Goede, B. J. M. Al, I. N. Winkel, R. A. Gruters,
H. T. Cuypers, H. G. Huisman, and F. Miedema. 1988. Differential syncyti-
um-inducing capacity of human immunodeficiency virus isolates: frequent
detection of syncytium-inducing isolates in patients with acquired immuno-
deficiency syndrome (AIDS) and AIDS-related complex. J. Virol. 62:2026–
2032.

53. Tersmette, M., J. M. Lange, R. E. Y. de Goede, F. de Wolf, S. J. Eeftink,
P. T. Schellekens, R. A. Coutinho, J. G. Huisman, J. Goudsmit, and F.
Miedema. 1989. Association between biological properties of human immu-
nodeficiency virus variants and risk for AIDS and AIDS mortality. Lancet
i:983–985.

54. Tersmette, M., R. A. Gruters, F. de Wolf, R. E. Y. de Goede, J. M. A. Lange,
P. T. A. Schellekens, J. Goudsmit, H. G. Huisman, and F. Miedema. 1989.
Evidence for a role of virulent human immunodeficiency virus (HIV) vari-
ants in the pathogenesis of acquired immunodeficiency syndrome: studies on
sequential HIV isolates. J. Virol. 63:2118–2125.

55. Tsunetsugu-Yokota, Y., K. Akagawa, H. Kimoto, K. Suzuki, M. Iwasaki, S.
Yasuda, G. Hausser, C. Hultgren, A. Meyerhans, and T. Takemori. 1995.
Monocyte-derived cultured dendritic cells are susceptible to human immu-
nodeficiency virus infection and transmit virus to resting T cells in the
process of nominal antigen presentation. J. Virol. 69:4544–4547.

56. Uittenbogaart, C. H., D. J. Anisman, B. D. Jamieson, S. Kitchen, I. Schmid,
J. A. Zack, and E. F. Hays. 1996. Differential tropism of HIV-1 isolates for
distinct thymocyte subsets in vitro. AIDS 10:F6–F16.

57. von Schwedler, S. U., R. S. Kornbluth, and D. Trono. 1994. The nuclear
localization signal of the matrix protein of human immunodeficiency virus
type 1 allows the establishment of infection in macrophages and quiescent T
lymphocytes. Proc. Natl. Acad. Sci. USA 91:6992–6996.

58. Weissman, D., Y. Li, J. Ananworanich, L. J. Zhou, J. Adelsberger, T. F.
Tedder, M. Baseler, and A. S. Fauci. 1995. Three populations of cells with
dendritic morphology exist in peripheral blood, only one of which is infect-
able with human immunodeficiency virus type 1. Proc. Natl. Acad. Sci. USA
92:826–830.

59. Westervelt, P., D. B. Trowbridge, L. G. Epstein, B. M. Blumberg, Y. Li, B. H.
Hahn, G. M. Shaw, R. W. Price, and L. Ratner. 1992. Macrophage tropism
determinants of human immunodeficiency virus type 1 in vivo. J. Virol.
66:2577–2582.

60. Westervelt, P., T. Henkel, D. B. Trowbridge, J. Orenstein, J. Heuser, H. E.
Gendelman, and L. Ratner. 1992. Dual regulation of silent and productive
infection in monocytes by distinct human immunodeficiency virus type 1
determinants. J. Virol. 66:3925–3931.

61. Yang, Y. L., G. Wang, K. Dorman, and A. H. Kaplan. 1996. Long polymerase
chain reaction amplification of heterogeneous HIV type 1 templates pro-
duces recombination at a high frequency. AIDS Res. Hum. Retroviruses
12:303–306.

62. Zhou, L. J., R. Schwarting, H. M. Smith, and T. F. Tedder. 1992. A novel
cell-surface molecule expressed by human interdigitating reticulum cells,
Langerhans cells, and activated lymphocytes is a new member of the Ig
superfamily. J. Immunol. 149:735–742.

VOL. 71, 1997 CHARACTERIZATION OF TISSUE-SPECIFIC HIV-1 CLONES 5147


