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Studies on the development and function of CD41 TH1 and TH2 cells during the progression to AIDS may
increase the understanding of AIDS pathogenesis. The preferential replication of human immunodeficiency
virus (HIV) in either TH1 or TH2 cells could alter the delicate balance of the immune response. TH1 (gamma
interferon [IFN-g] positive, interleukin-4 [IL-4] and IL-5 negative) and TH2 (IFN-g negative, IL-4 and IL-5
positive) clones, developed from several healthy donors, pedigreed by reverse transcriptase PCR (RT-PCR) and
enzyme linked immunosorbent assay have similar levels of cell surface expression of CD4 and several chemo-
kine receptor cofactors necessary for viral entry. After activation by specific antigens and infection with
T-cell-tropic strains of HIV type 1 (HIV-1), TH1 and TH2 clones showed similar levels of viral entry and reverse
transcription. At days 3 through 14 postinfection, HIV replicated to similar levels in several TH1 and TH2
clones as measured by release of HIV p24 and total number of copies of gag RNA/total cell RNA as measured
by RT-PCR. When values were normalized for viable cell number in three clones of each type, there was up to
twofold more HIV RNA in TH1 than TH2 cells. In addition, several primary monocytotropic HIV-1 strains were
able to replicate to similar levels in TH1 and TH2 cells. These studies suggest that the importance of TH1 and
TH2 subsets in AIDS pathogenesis transcends clonal differences in their ability to support HIV replication.

During AIDS progression, CD41 T cells are severely re-
duced first in biological responsiveness and then in cell num-
bers, leading to a degeneration of the patient’s ability to gen-
erate an effective immune response (22, 40). The propagation
of human immunodeficiency virus (HIV) in vivo is not pre-
vented by a strong cellular and humoral response against HIV
type 1 (HIV-1). Antibody production and cell-mediated immu-
nity are often reciprocal immune responses associated with
distinct patterns of cytokine production by two subsets of
CD41 T-helper (TH) cells. Cells of the TH1 subset secrete
interleukin-2 (IL-2) and gamma interferon (IFN-g) but not
IL-4 or IL-5 and are associated with cell-mediated responses
such as delayed-type hypersensitivity; TH2 cells secrete IL-4
and IL-5 but not IFN-g and are associated with antibody and
allergic responses (36, 50, 51, 55, 57). These cytokines are also
secreted by other cell types, contributing to overlapping pat-
terns of cytokine expression which may complicate our under-
standing of mechanistic issues involved in the immune re-
sponse.

During microbial infections, particularly chronic persistent
infections, there can be a preferential development of one of
the TH lineages. Simply, infections by viruses and intracellular
pathogens are often better controlled by cellular (TH1 and
cytotoxic T-cell) responses, whereas infections by parasites and
bacteria may be controlled more effectively by antibody-TH2
responses (14, 15, 51, 57). However, while the development of
the correct immune response is critical in host resistance to
microbes, some infectious agents can stimulate inappropriate
cytokine responses, contributing to increased disease pathol-
ogy (1). As CD41 T cells are the preferential targets of HIV,
much interest and controversy have developed regarding a role

for the TH1 and TH2 cells and cytokines during HIV infection
and their relationship to HIV pathogenesis (3, 9–12, 31, 43–46,
49, 56).

Studies by Maggi et al. (43) suggest that HIV replicates
preferentially in TH2 and TH0 rather than TH1 clones in vitro.
This concept has been incorporated in recent models of HIV
pathogenesis (11, 49, 56). Since the complex nature of virus-
cell interactions as well as the extracellular environment can
often affect the kinetics and magnitude of viral replication,
HIV replication and cell survival were examined in a panel of
human antigen-specific CD41 TH1 and TH2 clones. After ac-
tivation by specific antigens and infection with HIV-1, TH1 and
TH2 clones, developed from healthy donors, showed similar
levels of strong-stop and full-length viral DNA. Regardless of
the tropism of virus used, HIV replicated to similar levels in
several TH1 and TH2 clones. When values were normalized for
viable cell number, there was up to twofold more HIV-1 RNA
in TH1 than TH2 cells, indicating that there is little difference
in the ability of TH1 and TH2 subsets to support HIV replica-
tion in vitro.

MATERIALS AND METHODS

Derivation and maintenance of antigen-specific human CD41 T-cell clones.
Purified protein derivative (PPD)-specific, tetanus toxoid (TTx)-specific, keyhole
limpet hemocyanin (KLH)- and Dermatophagoides pteronyssinus antigen (DP)-
specific, and staphylococcal enterotoxin B (SEB)-reactive T-cell clones were
generated as previously described (25, 28). PPD and TTx were purchased from
Connaught, Inc. (Swiftwater, Pa.), SEB was purchased from the Sigma Chemical
Company (St. Louis, Mo.), and DP and KLH were purchased from Miles, Inc.
(Spokane, Wash.). Briefly, peripheral blood mononuclear cells (PBMCs) at a
concentration of 5 3 105 cells/ml in clone medium (EHAA [Click’s] medium
supplemented with L-glutamine, 2-mercaptoethanol, 2% human AB serum, 10%
fetal calf serum, penicillin-streptomycin, nonessential amino acids, and sodium
pyruvate; Life Technologies, Gaithersburg, Md.) were stimulated with either
PPD (1 mg/ml), TTx (10 mg/ml), DP (10 IU/ml), or SEB (0.1 mg/ml) in 24-well
flat-bottom plates for 7 days. Many but not all of the TH1 and TH2 clones used
in these studies were derived in cultures supplemented with the TH cell selective
cytokines, IL-4 and IL-12. For the generation of TH1 clones, these cultures were
supplemented with recombinant human IFN-g (rhIFN-g; 10 U/ml; Peprotech,
Rocky Hill, N.J.), rhIL-12 (50 pg/ml; Roche, Nutley, N.J.), and anti-IL-4 mono-
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clonal antibody (MAb; 10 mg/ml; R&D Systems, Minneapolis, Minn.) over the
culture period. For TH2 clones, bulk cultures were supplemented with rhIL-4
(200 U/ml; Peprotech) and anti-IFN-g MAb (10 mg/ml; R&D Systems). Forty-
eight hours after the initiation of these cultures, rhIL-2 (10 U/ml) was added to
each of the wells. After 7 days of incubation, the cultures were harvested,
extensively washed, replated in fresh clone medium supplemented with addi-
tional IL-2 (10 U/ml; Cellular Products, Buffalo, N.Y.), and incubated for an
additional 7 to 10 days. Viable T cells were then plated in limiting-dilution
cultures (0.5 cells/well) in 16 flat-bottom 96-well plates containing 2 3 105

irradiated (1,200 rads) syngeneic PBMC feeder cells, specific antigen, and IL-2
(10 U/ml) in a final volume of 200 ml. The cultures were examined daily and
supplemented with the TH1- and TH2-selecting cytokines (as described above) at
10-day intervals with feeder cells and IL-2. Individual clones were isolated and
then characterized for lymphokine production by enzyme-linked immunosorbent
assay (ELISA) and PCR analysis and for the ability to respond to specific antigen
in combination with syngeneic irradiated (1,200 rads) feeder cells.

To maintain TH clones, cells were restimulated every 14 to 21 days with
specific antigen in the presence of autologous PMBCs treated with mitomycin C
at 25 mg/ml to prevent outgrowth of feeder cells and IL-2 (20 U/ml). After 96 h
of antigenic stimulation, cells were subjected to two successive Ficoll-Hypaque
centrifugations to remove dead cells. All clones were tested for their cytokine
profiles by ELISA after stimulation with a combination phorbol myristate acetate
(PMA) and monoclonal anti-CD3 as well as with antigen and antigen-presenting
cells to determine the phenotype of each clone.

Chemokine binding assays. Binding conditions for CC chemokines MIP-1a,
MIP-1b, RANTES, MCP-1 and MCP-3 and the CXC chemokine IL-8 were as
previously described (58, 61). Briefly, 2 3 106 cells were incubated in duplicate
or triplicate (depending on the availability of the clones) with increasing con-
centrations of 125I-labeled chemokines in a modified binding medium (RPMI
1640 with 1 mg of bovine serum albumin per ml, 25 mM HEPES, and 0.05%
sodium azide [pH 7.4]) in a total volume of 200 ml. The residual nonspecific
binding was determined by parallel incubation of 125I-labeled chemokine in the
presence of a 100-fold excess of unlabeled chemokine. After incubation at 4°C or
room temperature for 90 min, the cells were pelleted through a 10% sucrose–
phosphate-buffered saline (PBS) cushion. The tips of the tubes containing cells
were cut, and radioactivity was quantitated in a gamma counter. The residual
nonspecific bound radioactivity associated with cells in the presence of unlabeled
chemokine was subtracted from the total bound radioactivity to yield specific
binding. The data were analyzed with the Biosoft RADLIG program.

Chemokine receptor flow cytometric analysis. Phycoerythrin and fluorescein
isothiocyanate-labeled rabbit antibodies specific for human CXCR4, CCR5,
CXCR1, CXCR2, and CD4 were obtained from R&D Systems. Polyclonal rabbit
anti-CCR1 antibody was generously provided by Richard Horuk (Berlex Bio-
sciences, Richmond, Calif.). Flow cytometric staining and analysis were per-
formed as previously described (52, 61). The data are expressed as percent
positive (6 standard deviation) and/or as mean channel fluorescence.

HIV infection of T-cell clones. Antigen-stimulated clones (2 3 106 cells/0.5
ml), 4 to 7 days postactivation (.95% viable by trypan blue exclusion), were
inoculated with cell-free viral isolates with a total of 100 pg of HIV p24 and
allowed to adsorb for 90 min at 37°C in a shaking water bath before complete
aspiration of medium, washing with PBS, and addition of fresh growth medium
containing IL-2 (20 U/ml). Cells were aliquoted at 106 cells/ml in 24-well plates.
Three laboratory T-cell-tropic (syncytium-inducing [SI]) strains of HIV used
were BP1 (48), IIIB, and MN (purified 1,000-fold; kindly provided by the AIDS
vaccine program, Frederick, Md.). These viral stocks were grown in H9 cells. The
primary monocytotropic (non-SI [NSI]) viruses, SF162, US657, US714, and
US727, were obtained from the AIDS Reference and Reagent Program. These
stocks were grown in primary PBMCs.

Quantitation of cytokine and p24 production by T-cell clones. Quantitative
determinations for lymphokines (human IL-2, IL-4, IL-5, IL-10, and IFN-g) from
the 48-h supernatants of antigen-stimulated T-cell clones were done by ELISA
(Quantikine; R&D Systems) by following the manufacturers’ instructions. The
results are expressed in either nanograms/milliliter or units/milliliter based on a
standard curve determined by using recombinant cytokine within the ELISAs.
Cytokine analyses after HIV infection were performed with cell-free superna-
tants and were quantitated by ELISA for IL-4, IL-5 (R&D Systems), and IFN-g
(Medigenix) with sensitivities of 3 pg/ml, 1 pg/ml, and 1 IU/ml, respectively. Viral
p24 antigen was determined by ELISA (Cellular Products) with a sensitivity of 10
pg/ml. To determine the portion of the cells productively infected, flow cytometry
for intracellular expression of HIV-1 p24 was performed with rhodamine-con-
jugated anti-p24 antibody.

Detection of HIV-1 DNA in T-cell clones. For the detection of viral DNA, cell
lysates were made by incubating 106 cells in 100 ml of lysis buffer (10 mM Tris
HCl [pH 8], 1 mM EDTA, 0.001 mM Triton X-100–sodium dodecyl sulfate, 1 mg
of proteinase K per ml) at 60°C for 1 h followed by 99°C for 10 min to inactivate
the proteinase K. Quantitative PCR amplification was performed with one oli-
gonucleotide of each pair end labeled with 33P, and 25 ng was used in each
reaction (5 3 105 to 5 3 106 cpm). The samples were denatured for 5 min at 94°C
followed by 25 cycles of denaturation for 1 min at 91°C and annealing-extension
for 2 min at 65°C (63). Primers for minus strong-stop HIV-1 R and U5 (140 bp),
sense (59-GGCTAACTAGGGAACCCACGT-39) and antisense (59-CTGCTAG
AGATTTTCCACACTGAC-39), and for HIV-1 long terminal repeat (LTR) and

gag (200 bp), sense (59-CTGCTAACTAGGGAACCCACGT-39) and antisense
(59-CCTGCGTCGAGAGAGCTCCTCTGG-39), were previously described by
Zack et al. (63). The primers LA1 and LA2 (63) for human b-globin were
included as a control for amplification. Products were separated by electrophore-
sis on an 8% nondenaturing acrylamide gel. Dried gels were analyzed on a
PhosphorImager (Molecular Dynamics, San Diego, Calif.), quantitated with Im-
ageQuant and Microsoft Excel software, and exposed to Kodak XAR-5 film at
270°C overnight. HIV-1 copy numbers per 50,000 cells/lane were estimated by
comparing graded doses of ACH-2 DNA lysate; this cell line contains 1 proviral
copy/cell (26).

RT-PCR analysis of cytokine and HIV-1 RNA. RNA was prepared from 106

cells by using RNA Stat 60 (Tel Test Inc., Friendswood, Tex.). Reverse tran-
scription of 5 mg of RNA was performed with Superscript II reverse transcriptase
(RT) (Life Technologies). One to two microliters of the reaction mixture was
used in each amplification. Primer pairs for cytokine detection were purchased as
RT-PCR Amplimer sets (Clontech, Palo Alto, Calif.). Primers SK38 and SK39
for HIV gag (positions 1543 to 1570 and 1630 to 1657) (6) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (371 to 388, 546 to 565) (29) were pre-

FIG. 1. Characterization of human TH clones by RT-PCR. Single-cell cloning
of human peripheral blood was performed as described in Materials and Meth-
ods. Presence of mRNA for IFN-g and IL-4 in these clones was measured 7 days
after antigen activation, using RT-PCR as described in Materials and Methods.
(A) Clones isolated under TH1 conditions. Lane 1, IFN-g; lane 2, IL-4; lane 3,
GAPDH. Arrows indicate positions of cytokine standards. (B) Clones isolated
under TH2 conditions. Lane 1, standard (STD) for IL-4 (427 bp); lane 2, standard
for IFN-g (459 bp) (Clontech). GAPDH (not shown) was used as a loading
control.

TABLE 1. Characterization of cytokine production in human TH1
and TH2 clones in vitro

Clonea Type Antigen
specificity

Concn (pg/ml)b

IL-4 IFN-g IL-5

A57.D4 TH1 SEB 0 900 0
C01.D6 TH1 SEB 0 875 0
B95.E1 TH2 SEB 128 0 65
A057 TH1 DP 0 2,625 0
D.D6 TH1 PPD 0 1,625 0
A57.G1 TH2 DP 54 0 125
57.D10 TH2 DP 125 0 46
H1.15 TH1 TTx 0 400 0
H1.12 TH1 TTx 0 110 0
H1.18 TH1 TTx 0 110 0
H2.25 TH2 TTx 302 0 104
H2.29 TH2 TTx 401 0 126
H2.33 TH2 TTx 720 0 225
H2.18 TH2 TTx 104 0 132

a T-cell clones with the indicated antigenic specificities were generated from
PBMCs of three HIV-seronegative donors (SEB represents one donor, DP and
PPD represent a second donor, and TTx represents a third donor) maintained
and activated as described in Materials and Methods.

b Cytokine production was determined by ELISA at 7 days after antigen
activation.
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viously described. Amplification was carried out in the presence of [32P]dCTP as
previously described (17). Products were separated by electrophoresis on an 8%
nondenaturing acrylamide gel. Dried gels were analyzed on a PhosphorImager
(Molecular Dynamics), quantitated with ImageQuant and Microsoft Excel soft-
ware, and exposed to Kodak XAR-5 film at 270°C for 1 to 4 h. GAPDH was
always used as a control for amplification.

In vitro synthesis of HIV-1 RNA. HIV-1 RNA synthesized from a DNA
template produced by the amplification of HIV-1 proviral DNA by using mod-
ified HIV-1 gag region-specific primers SK38 and SK39 (64) was kindly provided
by B. Poiesz (State University of New York, Syracuse). Briefly, primer SK38 was
altered by the addition of the T3 RNA polymerase promoter sequence (59-CC
CTATAGTGAGTCGTATTA-39), in inverse complementary orientation, to the
59 end of the original primer sequence. An additional five bases (GGTCG)
upstream of the promoter site were included to ensure more efficient binding of
the RNA polymerase. The modified primer, RPSK38, was used with primer
SK39 to amplify 1 mg of HUT 78/HIVAAV DNA by PCR. The resulting product
was separated by electrophoresis on and excised from a native 10% polyacryl-
amide gel and eluted into 50 ml of diethyl pyrocarbonate-treated H2O. Ten
microliters of this HIV-1 gag DNA was then mixed with 40 ml of RNA synthesis
cocktail containing 10 ml of 53 reaction buffer (Life Technologies), 400 U of
RNasin (Promega, Madison, Wis.), 100 U of T7 RNA polymerase (Stratagene,
La Jolla, Calif.), 2.5 ml of 100 mM dithiothreitol, and 2 ml each of 10 mM
deoxynucleoside triphosphates in diethyl pyrocarbonate-treated H2O. After in-
cubation at 37°C for 1 h, 4 U of RQ1 DNase was added to digest the template
DNA. The resulting HIV-1 single-stranded gag RNA was separated on and
eluted from a native 10% polyacrylamide gel and serially used as an RNA
standard in RT-PCR assays. For quantitation, RNA was diluted until its signal
was in the linear range of the standard curve, using 1,000 to 2,000 RNA mole-
cules, and dried gels were analyzed on a PhosphorImager (Molecular Dynamics),
quantitated with ImageQuant and Microsoft Excel software, and exposed to
Kodak XAR-5 film at 270°C for 1 to 4 h.

Statistics. Means and standard error of the mean (SEM) were calculated for
the results of HIV p24 antigen determination.

RESULTS

Generation and characterization of antigen-specific TH
clones. TH cell clones were derived from three different non-

HLA-matched healthy PBMC donors as described in Materials
and Methods. In contrast to mice, human TH1 and TH2 phe-
notypes are less restricted in cytokine expression in that both
subsets produce IL-2 and IL-10 (14, 55, 56). Therefore, we
used RT-PCR to in addition to ELISAs to pedigree each of
these antigen-specific T-cell clones. Using these criteria, we
found numerous TH0 clones regardless of whether TH1- or
TH2-promoting media were used (Fig. 1). The TH1 clones used
in these studies were specific for either TTx, DP, SEB, or PPD,
while TH2 clones were specific for DP or TTx. All of the T-cell
clones used expressed similar cell surface phenotypes (CD41,
CD82, CD31, CD192, CD562, CD162, and CD142) as de-
termined by flow cytometric analysis and were found to pro-
liferate in response to specific but not irrelevant antigens (data
not shown). All TH1 clones used were negative for IL-4 and
IL-5 and positive for IFN-g by ELISA (Tables 1 and 2) and
IL-4 negative and IFN-g positive by RT-PCR (representative
clones are shown in Fig. 1A). Similarly, all of the TH2 clones
used were negative for IFN-g and positive for IL-4 and IL-5 by
ELISA (Tables 1 and 2) and IFN-g negative and IL-4 positive
by RT-PCR (representative clones are shown in Fig. 1B). All
TH1 and four of seven TH2 clones also produced IL-2. All
clones producing a combination of TH1 and TH2 lymphokine
mRNAs were designated TH0 (Fig. 1; Table 2) and not used
for HIV infection.

Similar levels of HIV receptors on the cell surface of anti-
gen-activated TH cell clones. The recent demonstration that
CC chemokines can inhibit HIV-1 infection (13) followed by
the finding that selected CC and CXC chemokine receptors (8,
16, 19, 20, 23, 38) act as cofactors with CD41 to mediate viral
entry into cells represents a significant advance in our under-

TABLE 2. Phenotypic summary of TH cell clones derived from two different human donorsa

Clone Type
Lymphokineb Chemokine receptorsc

IFN-g IL-4 IL-5 IL-13 CXCR1 CXCR2 CXCR4 CCR1 CCR5

H1.1 TH1 1 2 2 2 2 1 1 1 1
H1.2 TH1 1 2 2 2 2 1 1 1 1
H1.3 TH1 1 2 2 2 2 1 1 2 1
H1.5 TH1 1 2 2 2 6e 1 1 1 1
H1.11 TH1 1 2 2 2 2 2 NDd ND ND
H1.12 TH1 1 2 2 2 2 1 1 1 1
H1.15 TH1 1 2 2 2 2 2 1 1 1
H1.18 TH1 1 2 2 2 ND 1 ND ND ND

H2.1 TH2 2 1 1 1 2 1 1 1 1
H2.2 TH2 2 1 1 1 2 1 1 2 1
H2.5 TH2 2 1 1 1 2 1 ND ND ND
H2.8 TH2 2 1 1 1 2 1 ND ND ND
H2.10 TH2 2 1 1 1 2 1 1 1 1
H2.11 TH2 2 1 1 1 2 1 1 1 1
H2.15 TH2 2 1 1 1 ND ND ND ND ND
H2.25 TH2 2 1 1 1 2 1 1 1 1
H2.29 TH2 2 1 1 1 2 1 1 2 1

500.F7 TH0 1 1 1 1 2 1 1 1 1
500.G3 TH0 1 1 1 1 2 1 1 1 1
500.E10 TH0 1 1 1 1 2 1 ND ND ND
100.F10 TH0 1 1 1 1 2 1 1 1 1

a Human T-cell clones were obtained through limiting-dilution analysis as described in Materials and Methods. All of the H-series clones are TTx specific, while the
remaining clones are KLH specific.

b Supernatants obtained from activated T-cell clones were tested for the production of various cytokines by ELISA, and cytokine mRNA expression was tested by
RT-PCR analysis as described in Materials and Methods.

c Both quiescent and activated T-cell clones were examined by flow cytometric analysis for the presence of various chemokine receptors on their cell surface. In
addition, many of these clones were also examined by radiolabeled binding assays for chemokine binding sites and affinity as described in Materials and Methods.

d ND, not determined.
e 6, not consistently positive.
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standing of HIV infectivity. Different strains of HIV-1 use
different chemokine receptors for cell entry: macrophage-
tropic HIV-1 strains mainly use CCR5 (8, 16, 20) and to a
lesser extent CCR3 and CCR2b (19), while T-cell-tropic strains
use CXCR4 (23, 38). Therefore, we analyzed the cell surface
expression of HIV-1 receptors on TH1, TH2, and TH0 clones 4
to 5 days after antigen activation. Regardless of the TH subset
of the clones, they expressed detectable levels of CXCR4 and
CCR5 by flow cytometry analysis whereas expression of
CXCR1 and CCR1 was variable (Table 2). The densities (the
amount of antigen as measured by the mean channel fluores-
cence) of these molecules as well as CD4 and CD44 expression
on the cell surface were also similar on TH1 and TH2 clones
(Fig. 2; Table 3). The density of CXCR4 was consistently
higher than the density of CCR5 on these activated TH cells
regardless of subset. Scatchard analysis showed that the num-
ber and affinity (Kd) of binding sites for CC and CXC chemo-
kines were similar on TH1 and TH2 clones (Table 4).

Similar levels of HIV-1 entry in antigen-activated TH cell
clones. Three different TH1 and TH2 clones were exposed to a
filtered RNase-free DNase I-treated preparation of HIV-1IIIB
for 90 min at 37°C, washed, and recultured. At various time
points postinfection (p.i.), aliquots of cells (105) were removed
and lysates were prepared for PCR analysis of HIV-1 DNA. In
the PCR method previously described by Zack et al. (63),
primer pairs were designed to detect certain steps of the re-
verse transcription process by using the accepted model for
reverse transcription of retroviral RNA. Amplification using
the R-U5 primer pair detects a DNA region representing ini-
tial reverse transcription, and nearly complete reverse tran-
scription is detected with the LTR-gag primer pair. The sensi-
tivity of the amplification was similar in TH1 and TH2 clones,
equaling 5 to 10 copies of HIV DNA. As there is evidence that
HIV-1 virions can contain short transcripts and DNA (42, 60),
we used a heat-inactivated virus preparation as a control in all
infections. No signal was detected either in this control or in

FIG. 2. Flow cytometric analysis of a human TH1 clone and a human TH2 clone for cell surface expression of chemokine receptors. A total of 106 cells of each of
the T-cell clones H1.5 and H2.25 were suspended in PBS containing 1% heat-inactivated human AB serum and 0.5% sodium azide and stained with phycoerythrin
(PE)-labeled anti-CXCR2, -CXCR4, -CD4, or -CD44 or an isotype control labeled immunoglobulin G antibody. After staining, the cells were extensively washed and
then fixed with 1% paraformaldehyde. The clones were analyzed on a FACStar Plus flow cytometer.

TABLE 3. Chemokine receptor expression by human TTx-specific TH1 and TH2 clonesa

Clone
% Positive (mean channel fluorescence)b

Control CXCR1 CXCR2 CXCR4 CCR1 CCR5

H1.1 4.2 (3.2) 3.5 (3.4) 88.9 (42.2) 98.7 (106.7) 43.5 (38.6) 55.3 (96.2)
H1.3 2.1 (4.3) 2.7 (4.4) 87.4 (37.8) 96.5 (118.7) 3.3 (5.6) 43.2 (94.1)
H1.15 5.6 (3.5) NDc 6.7 (4.2) 97.4 (123.5) 49.6 (46.2) 64.7 (98.2)
H1.5 2.1 (3.2) 11.4 (3.6) 67.4 (54.2) 99.2 (114.2) 52.3 (37.2) 49.6 (76.4)
H2.5 1.4 (2.4) 2.2 (2.4) 78.9 (32.1) 97.6 (122.3) ND 69.5 (96.2)
H2.25 3.2 (1.6) 3.2 (2.1) 84.3 (42.3) 98.9 (118.7) 39.8 (34.5) 54.3 (78.6)
H2.29 2.4 (2.6) 2.6 (2.2) 89.5 (45.7) 99.2 (123.4) 5.8 (3.6) 88.4 (97.2)

a A total of 106 cells were suspended in PBS and stained with fluorescein isothiocyanate-labeled MAb to CXCR1, CXCR2, CXCR4, CCR1, or CCR5. After staining,
the cells were washed and then fixed with 1% paraformaldehyde.

b All were analyzed on a FACStar Plus flow cytometer.
c ND, not determined.
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aliquots taken 90 min after HIV exposure (data not shown). By
24 h p.i., 2,000 to 5,000 copies of R-U5 and 100 to 500 copies
of LTR-gag DNA (Fig. 3) were seen. No significant differences
in copy number of R-U5 or LTR-gag DNA were observed
between TH1 and TH2 clones at 24 h (Fig. 3), indicating similar
levels of viral entry and reverse transcription in these antigen-
specific TH1 and TH2 clones.

Similar levels of replication by SI HIV strains in antigen-
activated TH cell clones. Next, the ability of these clones to
support HIV replication in vitro was evaluated. Clones (.95%
viable following Ficoll-Hypaque separation) were infected be-
tween 4 and 7 days after antigen stimulation, using the specific
antigen and mitomycin C-treated autologous PBMC feeder
cells. Using two T-cell-tropic laboratory viral strains, BP1 (48)
and IIIB, all seven TH1 and seven TH2 clones released sub-
stantial amounts of extracellular p24 at days 7 and 14 p.i.
(Table 5). At day 7, for example, infected TH1 and TH2 clones
released similar levels of virus, with ranges of p24 being 22,500
to 47,500 pg/ml for TH1 clones and 23,000 to 57,000 pg/ml for
TH2 clones (Table 5). Furthermore, results obtained with
clones infected with the BP1 strain (Table 5, clones 1 to 7)
were indistinguishable from those obtained with clones in-
fected with the IIIB strain (Table 5, clones 8 to 14). Infected
TH1 cells (day 10 p.i.) maintained a TH1 phenotype in that the
infected cultures were positive for IFN-g mRNA but not for
IL-4 mRNA; infected TH2 cells remained IFN-g negative and
IL-4 mRNA positive (data not shown). By fluorescence-acti-
vated cell sorting analysis, for HIV-1 p24, the number of pos-
itive cells at day 7 ranged from 47 to 72%, with no differences
seen between infected TH1 and TH2 clones (data not shown).

In addition, the number of HIV gag RNA molecules per
microgram of total RNA was determined by using a dilution of
a standard number of RNA molecules determined as previ-
ously described (64) (Fig. 4). At day 2 p.i. HIV-1-infected TH1

cells had approximately 500 gag RNA molecules/mg of RNA
(Fig. 4, lane 1), while mitogen-stimulated mitomycin-treated
feeder cells expressed no viral RNA (Fig. 4, lane 3). At day 7,
a substantial number of gag RNA molecules were present in
both TH1 and TH2 clones (Fig. 4). To obtain more precise
numbers, the viral RNA was diluted to 1,000 to 2,000 mole-
cules/reaction so that the signal obtained under the amplifica-
tion conditions used was in the linear range of the standard
curve. Using this approach, we determined that similar num-
bers of gag RNA molecules were present in different TH1 and
TH2 clones throughout the duration of the infection (Table 6).
Thus, although different clones varied two- to threefold in
number of mRNA molecules present (8,000 to 25,000 mole-
cules/mg of RNA), neither the kinetics nor the magnitude of
HIV expression in TH2 clones was significantly higher than in
TH1 clones regardless of the viral isolate used to infect the
clones (Tables 5 and 6). We also investigated whether the
antigen specificity of the clones made a difference by measur-
ing RNA at day 7 p.i.; in the case of a SEB TH1 and TH2 clone,
there was little difference in number of viral RNA molecules
(9,500 versus 10,800).

Since accelerated cell death has been seen in HIV-infected
T cells following in vitro stimulation (2, 24, 32, 39, 47, 59), it is
possible that if the data were based on input cell number, the
results could vary between clones. When the number of HIV

FIG. 3. HIV-1 DNA detection in TH1 and TH2 clones. Lysates were pre-
pared 24 h p.i. A primer pair was used to detect the earliest region of DNA
formed by reverse transcription (141 bp of the minus strong-stop strand). An-
other primer pair was used to detect full-length HIV-1 DNA (200 bp of LTR-
gag). The sense primers of each pair were radiolabeled. Three different TH1
(H1.12, H1.15, and H1.18) and TH2 (H2.25, H2.29, and H2.33) clones shown for
each infection are representative of three separate experiments. Tenfold serial
dilutions of the ACH-2 cell line, containing one integrated copy of HIV-1 DNA
per cell, were made in a background of uninfected T cells and shown for
estimation of copy number.

FIG. 4. Analysis of HIV gag mRNA in HIV-infected TH1 and TH2 clones.
HIV infection of antigen-activated T-cell clones, RT-PCR analysis, and use of
HIV gag RNA standards were performed as described in Materials and Methods.
Cells were infected with HIVMN. Lanes 1 and 2, TH1 H1.15 with and without
HIV, day 2; lanes 3 and 4, mitogen-stimulated antigen-presenting cells (APC)
with and without HIV, day 2; lanes 5 and 6, TH1 H1.15 with and without HIV,
day 7; lane 7, TH1 H1.12 with HIV, day 7; lanes 8 and 9, TH2 H2.29 with and
without HIV, day 7; lane 10, TH2 H2.29; lane 11, TH2 H2.29 with HIV, day 14;
lanes 12 to 16, RNA standard curve.

TABLE 4. Similar numbers of cell surface chemokine binding sites
on human TH1 and TH2 clonesa

Chemokine
H1.5 H2.25

Receptors/cell Kd (nM) Receptors/cell Kd (nM)

MIP-1a 1,525 0.8 2,143 1.1
MIP-1b 890 0.8 1,334 1.0
RANTES 2,156 0.6 3,420 0.7
MCP-1 1,325 0.8 2,132 0.9
MCP-3 3,467 1.2 4,786 0.9
IL-8 3,216 1.2 4,556 1.4

a Binding conditions for the CC chemokines MIP-1a, MIP-1b, RANTES,
MCP-1, and MCP-3 and the CXC chemokine IL-8 were as described in Materials
and Methods. The data were analyzed with the Biosoft RADLIG program.

TABLE 5. Replication of HIV-1 in human TH1 and TH2 clones

Clonea

Type Antigen
specificity

HIV p24 (pg/ml)b

No. Name Day 7 Day 14

1 A57.D4 TH1 SEB 47,500 6 7.3 35,000 6 4.2
2 C01.D6 TH1 SEB 31,500 6 2.4 34,000 6 4.3
3 B95.E1 TH2 SEB 42,000 6 5.7 39,500 6 2.7
4 A057 TH1 DP 27,000 6 3.1 34,000 6 1.9
5 D.D6 TH1 PPD 22,500 6 1.5 27,000 6 3.3
6 A57.G1 TH2 DP 57,000 6 8.1 42,000 6 5.1
7 57.D10 TH2 DP 49,500 6 6.3 37,000 6 3.5
8 H1.15 TH1 TTx 23,000 6 1.6 17,000 6 1.5
9 H1.12 TH1 TTx 37,000 6 2.9 35,000 6 3.7
10 H1.18 TH1 TTx 43,500 6 5.5 42,000 6 5.2
11 H2.25 TH2 TTx 23,000 6 2.1 29,500 6 3.3
12 H2.29 TH2 TTx 45,000 6 6.7 41,000 6 5.2
13 H2.33 TH2 TTx 54,000 6 7.3 61,000 6 8.3
14 H2.18 TH2 TTx 29,000 6 3.3 23,500 6 1.7

a T-cell clones were generated, maintained, and activated as described in
Materials and Methods.

b Clones were infected with either HIV-1BP1 (clones 1 to 7) or HIV-1IIIB
(clones 8 to 14) as described in Materials and Methods. At day 7, 80% of the
medium was replaced with fresh growth medium and cell-free supernatants were
used for HIV p24 assays (SEM [103] for triplicates of two experiments).
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gag molecules per 105 viable cells (measured by trypan blue
exclusion and Ficoll-Hypaque separation) was determined, the
infected TH1 cells were found to contain roughly twofold more
RNA molecules than infected TH2 clones (Table 7). In addi-
tion, when a TH1 clone activated with either specific antigen or
PMA–anti-CD3 was infected with HIV, similar levels of rep-
lication were observed in this TH1 clone (Table 7). Thus, even
when potential differences in cell viability or polyclonal activa-
tion are taken into account, we did not observe any preferen-
tial replication of HIV-1 in TH subsets.

Infection of TH1 and TH2 clones by primary NSI HIV-1
strains. The different tropism (primary macrophages and T
cells but not T-cell lines) of primary NSI strains from SI strains
suggested a possible difference in infecting different T-cell
clones. To investigate this, we infected three TH1 and three
TH2 clones highly susceptible to infection by laboratory SI
strains with four primary well-characterized NSI isolates. As
discussed earlier, amplification using the R-U5 primer pair
detects a DNA region representing initial reverse transcription
and nearly complete reverse transcription is detected with the
LTR-gag primer pair (Fig. 5). At 12 h p.i., the SF162 strain did
not show detectable viral entry in two of three clones of each
type, while the other three NSI strains showed equivalent
strong-stop DNA in each clone, with little variation between

TH1 and TH2 clones. At 7 days p.i., the amount of full-length
viral DNA present in the cells (Fig. 5) and the amount of
HIV-1 p24 in the supernatant (Table 8) show clear clonal
variations in ability to support viral infection. The TH1 clones
H1.20 and H1.25 and the TH2 clones H2.10 and H2.5 sup-
ported vigorous replication with three of four NSI viral iso-
lates, while the TH1 clone H1.15 and the TH2 clone H2.33
poorly supported NSI viral replication (Table 8). There was
also variation between viral isolates, with SF162 being poorly
replicative in the four clones in which the three other NSI
viruses replicated well.

DISCUSSION

CD41 T cells, the preferential targets of HIV-1, can be
divided into functional TH1 and TH2 subsets which are respon-
sible for initiating the immune response against different
classes of foreign invaders (14, 15, 50, 51, 57). Since alterations
in the TH1 and TH2 responses can increase microbial patho-
genesis, much effort has gone into determining the role of TH1
and TH2 cells and cytokines during HIV infection and their
relationship to HIV pathogenesis. Whether there is an alter-
ation in TH1 and TH2 responses during AIDS progression
remains controversial (3, 9–12, 31, 43–46, 49, 56).

One study by Maggi et al. (43) has suggested that HIV repli-
cates preferentially in TH2 and TH0 clones rather than TH1 clones
in vitro. This concept could have major implications in AIDS
pathogenesis and has been incorporated in recent models of HIV
pathogenesis (11, 49, 56). As the kinetics and magnitude of a viral
infection can often be affected by the nature of virus-cell interac-
tions as well as extracellular environment, we examined HIV
infectivity in a panel of defined human TH cell clones derived
from different donors. Since cytokine secretion by TH cells is a
continuum and TH2 and TH1 subsets represent the polar ends of
the TH cell spectrum (36, 51, 55, 57), we used well-defined TH1
clones (IFN-g1 IL-42 IL-52) and TH2 clones (IFN-g2 IL-41

IL-51) in this study. Neither mitogen (PMA–anti-CD3) treat-
ment nor HIV infection altered the cytokine patterns produced
by TH1 and TH2 clones.

We observed no significant differences between TH1 and
TH2 clones with respect to (i) the cell surface expression of
CD4 and the chemokine receptor cofactors (both CXC and CC
classes), (ii) viral entry and reverse transcription (measured by
strong-stop and full-length HIV-1 DNA), and (iii) HIV repli-
cation (measured by release of HIV p24 and total number of
copies of gag RNA per total cell RNA). The results were
similar whether the virus used was a laboratory SI strain or a
primary NSI strain. In the case where a virus replicated poorly,

TABLE 6. Levels of HIV gag mRNA in TH1 and TH2 clones

Clonea Type Antigen
specificity

HIV gag RNA (mol/mg of RNA)b

Day 2 Day 5 Day 10

H1.15 TH1 TTx 10,600 25,300 41,000
H1.12 TH1 TTx 8,400 20,100 36,800
H1.18 TH1 TTx 9,100 23,700 39,200
H2.25 TH2 TTx 11,700 31,100 52,600
H2.29 TH2 TTx 2,000 10,800 19,100
H2.33 TH2 TTx 7,300 21,400 37,700

a Derivation, antigen activation, and HIVIIIB infection of T-cell clones were
performed as described in Materials and Methods.

b Construction and use of an RNA standard and RT-PCR analysis are de-
scribed in Materials and Methods. For quantitation of number of HIV gag
mRNA molecules, the gel was scanned on a PhosphorImager (Molecular Dy-
namics), using ImageQuant and Microsoft Excel programs, in comparison to a
standard curve in a linear range on each gel. Viral samples were diluted to fall
within the standard curve.

TABLE 7. Levels of HIV gag mRNA/105 viable cells in TH1 and
TH2 clones after HIV-1 infection

Clonea Type Antigen
specificity

HIV gag RNA
(mol/105 viable cells)b

Day 7 Day 14

H1.19 TH1 TTx 7,300 108,000
H1.19 TH1 PMA–anti-CD3 8,400 205,000
H1.15 TH1 TTx 12,700 231,000
H1.18 TH1 TTx 9,700 196,000
H2.29 TH2 TTx 4,600 87,000
H2.33 TH2 TTx 5,300 95,000
H2.25 TH2 TTx 3,800 79,000

a Derivation, antigen activation, and HIVIIIB infection of T-cell clones were
performed as described in Materials and Methods. The H1.19 clone was not
previously described.

b Construction and use of an RNA standard and RT-PCR analysis are de-
scribed in Materials and Methods. For quantitation of number of HIV gag
mRNA molecules, the gel was scanned on a PhosphorImager (Molecular Dy-
namics), using ImageQuant and Microsoft Excel programs, in comparison to a
standard curve on each gel. Viable cells were separated by Ficoll-Hypaque
density centrifugation.

TABLE 8. Replication of NSI HIV-1 strains in human TH1 and
TH2 clones

Clonea HIV p24 (pg/ml)b

No. Name SF162 US657 US714 US727

1 H1.20 300 6 0.3 12,500 6 1.3 15,200 6 1.5 22,000 6 2.3
2 H1.25 0 21,500 6 1.7 29,700 6 2.3 27,000 6 3.3
3 H1.15 550 6 0.5 420 6 0.5 1,300 6 1.0 600 6 0.5
4 H2.10 2,100 6 1.3 18,500 6 1.7 21,000 6 3.0 23,000 6 2.7
5 H2.33 0 1,700 6 0.7 2,200 6 1.5 950 6 0.3
6 H2.5 2,500 6 1.3 23,000 6 2.7 17,000 6 1.7 34,500 6 3.3

a T-cell clones were generated, maintained, and activated as described in
Materials and Methods.

b Clones were infected with the indicated viral isolates as described in Mate-
rials and Methods. At day 7, cell-free supernatants were used for HIV p24 assays
(SEM [103] for triplicates of two experiments).

5236 MIKOVITS ET AL. J. VIROL.



it did so in both types of TH cells. Even though the amount of
gag mRNA molecules could be an overestimate due to the
presence of some viral genomic RNA, there is unlikely to be
significantly more genomic RNA in one subset than another.
Thus, we did not observe any preferential HIV infection of
activated TH2 over TH1 clones in vitro. In the production of
viral p24, additional parameters, such as the use of different
T-cell donors for cell cloning and the use of different antigenic
specificities, had no effect on the results. The presence of
substantial amounts of CD4, CD44 (21), and CCR5 (8, 16, 19,
20) on the cell surface of TH1 and TH2 clones used supports
the similar production seen with monocytotropic HIV-1 strains
and suggests these T-cell clones are more like primary T cells
(30, 63) than T-cell lines.

In using NSI strains of HIV to infect these clones, we found,
as previously reported, clonal variation in that some clones
would not support replication of these viruses (27, 44) very well
as well as variation in the ability of these viruses to replicate in
permissive clones. However, these differences were not re-
stricted to either TH1 or TH2 clones. Thus, there are not likely
to be any intrinsic differences in the ability of different types of
T-cell clones to support HIV-1 replication. However, there
could be many environmental reasons for differences in HIV
replication, such the amount of chemokines released (13, 22),
the absence of coreceptors on certain types of clones (41), and
the ability of immune stimulation to preferentially downregu-
late the CCR5 coreceptor (4, 7).

In the study by Maggi et al. (43) and other studies (34, 54, 57),
TH clones were activated by mitogens (such as PMA–anti-CD3),
as it was believed that cells express a more heterogeneous cyto-
kine pattern after mitogen activation than after antigen activation.
Therefore, mitogen stimulation would result in uncovering more
TH0 clones. However, we did not find any difference between
antigen and mitogen activation on viral replication or cytokine
production in TH1 clones. Indeed, our results are similar to those
of other studies which, when measuring cytokine production at
the single-cell level, found no qualitative differences in cytokine
profiles between antigen and mitogen stimulation (36, 54). In
addition, HIV-infected TH1 and TH2 clones still maintained the
same phenotype as measured by cytokine profile 10 days after
infection. Recent evidence that memory and naive CD41 T cells
(precursors of both TH1 and TH2 cells) from HIV-infected indi-
viduals have similar rates of decline during AIDS progression (45,
46), and the ability to obtain high percentages of both TH1 and
TH2 clones from PBMCs of late-stage AIDS patients (43, 47, 56)
despite the daily loss and replacement of CD41 T cells during
HIV infection (33, 62) makes it unlikely that there is preferential
infection of CD41 TH cell subsets in vivo during AIDS progres-
sion.

Maggi et al. (43), who found no evidence for in vitro infec-
tion of TH1 clones by HIV, examined only one time period (20
days p.i.) in their study. While the differences between the two
studies could be due to several factors (differences in experi-

mental design, differences in the panel of clones used, methods
of T-cell activation, etc.), the time point used to measure
HIV-1 production is close to the limit of T-cell clone survival
without further stimulation with antigen and feeder cells. Since
both infected and uninfected T cells from HIV-infected indi-
viduals undergo activation induced apoptosis in vitro (2, 24, 32,
39, 47, 59) probably through Fas-mediated killing (5, 18, 34, 35,
37, 53), one possible reason for the discrepancy between the
two studies is differential cell death of the infected TH1 and
TH2 clones. Differences in virus production in vitro at later
times of infection could be due to more rapid killing of one
subset. However, when values were normalized for viable cell
number, more gag RNA molecules were found in TH1 cells.
These studies indicate that any role of TH1 and TH2 subsets in
AIDS pathogenesis transcends clonal differences in their abil-
ity to support HIV replication.
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