
type resorption lacunae to the cell mem
brane is in any way analogous to the final 
antigen-presentation route of macrophages. 
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ment to T cell activation requires T cell 
receptor (CD3) engagement as well as a 
costimulatory signal Interaction of the 
costimulatory molecule CD28 with its li-
gands CD80 or CD86 provides a necessary 
costimulus to induce an immune response 
(3). In addition to promoting the long-
term polyclonal proliferation of CD4 + T 
cells in the absence of exogenous cyto
kines or feeder cells, activation with im
mobilized antibodies to CD3 (anti-CD3) 
and CD28 (anti-CD28) specifically induces 
a potent anti-HIV effect (4). This resistance 
is due in part to an enhanced production of 
the P-chemokines RANTES, MlP-la, and 
MIP-ip (5), which block infection by 
M-tropic isolates (6). However, CD3/ 
CD28-stimulated cells express an addi
tional, cis-acting component of resistance 
specific to costimulation with immobilized 
anti-CD28 (5). This intrinsic CD3/CD28-
specific antiviral effect was examined by 
comparing the HIV-1 infection process in 
cells stimulated with either immobilized 
anti-CD3 and anti-CD28 or with the mi-
togenic lectin phytohemagglutinin (PHA) 
and interleukin-2 (IL-2). 

Purified CD4+ lymphocytes obtained 
from uninfected donors were cultured either 
with PHA and IL-2 or with beads coated 
with the CD3 monoclonal antibody OKT3 
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and the CD28 monoclonal antibody 9.3. 
The cells were infected with either the 
M-tropic isolate HIV,,, or the TCL-tropic 
isolate HIVNL4-3 (7) 3 days after stimula- 
tion, and the kinetics of virus replication 
were assessed by measuring p24,, antigen 
production (Fig. 1). Incubation O~%HA/IL- 
2-activated CD4+ cells with either HIVusl 
or HIV,,,., resulted in a productive infec- 

tion. When CD3/CD28-activated CD4+ 
cells were infected with HIV,,,, ~ 2 4 , ~ ~  
antigen production was virtually undetect- 
able throughout the experiment, in agree- 
ment with our previous observation that 
CD3/CD28-activated cells are resistant to 
infection with the M-tropic isolate 
HIVBa-, (4). However, when CD3/CD28- 
stimulated cells were infected with the 

Fig. 1. The CD28 antiviral effect is restricted to M-tropic isolates 2000 
of HIV-1. Peripheral blood lymphocytes were obtained by 
apheresis of healthy donors, and CD4+ cells were purified by 
negative selection as described (16). The purified cells were = 
stimulated with DYNAL M-450 beads coated by tosyl conjuga- 
tion with equal quantities of anti-CD3 [OKT3, mouse immuno- l~~ 
globulin 2a (IgG2a); American Type Tissue Collection], and anti- 2: 
CD28 (9.3, mouse lgG2a) in medium containing IL-2 (1 00 U/ml; 
Boehringer Mannheim) (4). Alternatively, purified CD4+ cells 500 

were stimulated with PHA [5 pg/ml; Sigma] and IL-2 (1 00 U/ml; 
Boehringer Mannheim). Three days after stimulation, 7 x lo6 
CD4+ or PHAIIL-2 cells stimulated (filled symbols) with anti-CD3/anti-CD28 were infected with 1 (open x lo4 symbols) TCID,, 15mL!44 0 1 2 3 4 5 6 7  Day 

(median tissue culture infectious dose) of HIV,,, (squares) or w~th 1 x lo4 MAGl (1 7) infectious doses 
of HIVNL4-, (circles). After 2 hours at 37"C, the cells were washed three times and refed with 50% 
conditioned medium to a final concentration of 1 x 1 O6 cells per milliliter. At the designated time points, 
cleared supernatant was analyzed for the presence of p24,,, antigen by enzyme-linked immunosorbent 
assay (Coulter). Each experiment was done at least five tlmes, and representative values are shown. 

Stim 
lime (hours) 

gag DNA 

, ? 3 2 5 - B 3 *,2 , 5  .2  I,? l a  3.: ,< 1 -  ." 70 22 ;. 2 2  :> 2 5  :: 2- 

Fig. 2. Resistance of CD4' cells to infection by M-tropic HIV isolates requires costimulation with 
immobilized antibodies to CD28. Purified CD4+ cells were stimulated with either PHA and IL-2 (lanes 1 
to 4) or with beads coated with equal quantities of anti-CD3/anti-CD28 (lanes 5 to 8), anti-CD3/anti- 
MHC class I (lanes 9 to 12), anti-CD3/anti-CD2 (lanes 13 to 16), anti-CD3/anti-CD4 (lanes 17 to 20), 
anti-CD3Ianti-CD5 (lanes 21 to 24), and anti-CD3/anti-CD7 (lanes 25 to 28) in medium containing IL-2 
(5). Three days after stimulation, 5 x 1 O6 CD4+ cells stimulated by each method were infected with 1 x 
1 O4 TCID,, of HIV,-,. Cells (1 X 1 06) were harvested immediately after virus addition (hour 0), after virus 
washout (hour 2), and at designated time points thereafter. HIV-1 gag DNA sequences present in crude 
cell lysates were quantitated by means of a previously described PCR-based assay (18). Quantitative 
results are shown (9). All exposures were for 1 hour. 

Fig. 3. Infection of CD3/CD28-costimulated cells PHNIL-2 HIV, ,,, CD3fCD28 
""a 

by M-tropic HIV-1 isolates is blocked at or before o 2 6 12 24 72 o 2 6 12 24 72 

the initiation of reverse transcription. Puriied wTZ-- -a  s4r -m 

CD4+ cells were stimulated with PHAfIL-2 (left) or 
anti-CD3/anti-CD28 (riaht) as described in Fia. 1. UI,I 

1 " V Ba.L 
Three days after stiiuiatibn, 5 x lo6 cells were ,, , ,, , 2 6 12 24 72 

infected with 1 x 1 O4 TCID, of the M-tropic iso- m-; &* * 4 4 * 
lates HIV,,, and HIV,-, or 1 x lo4 MAGl infec- 'a 
tious doses of the TCL-tropic isolate HIVNL4-,, as N L 
described in Fig. 1. Virus stocks were treated with z 

deoxyribonuclease (Boehringer Mannheim) be- - ----A 
fore harvesting to degrade contaminating viral -- 
DNA. Cells were harvested immediately after in- 
fection (lanes marked 0), as well as 2,6,12,24, and 72 hours after infection, as indicated. HIV DNAwas 
detected as described in Fig. 2. Early reverse transcription (strong stop) products were ampl~fied by use 
of the following primers: 5'-GGCTAACTAGGGAACCCACTG-3' (sense) and 5'-CTGCTAGAGATTT- 
TCCACACTGAC-3' (antisense) (1 0). Products were detected by liquid hybridization with an end-labeled 
oligonucleotide probe (5'-CCGTCTGTTGTGTGACTCTGGTAACTAGAG-3'). The small amount of 
strong stop DNA present in time zero samples most likely represents reverse transcription products 
initiated within the virion (19). Input cell equivalents were standardized by amplification of human 
P-globin DNA sequences. Amplified p-globin DNA sequences are shown immediately underneath the 
HIV DNA panels. 

TCL-tropic isolate HIVNL4-3, a productive 
infection ensued (Fig. 1 ). 

CD28-mediated resistance to M-tropic 
viruses requires costimulation with bead- 
immobilized anti-CD28 because stimula- 
tion of CD4+ cells with bead-immobilized 
anti-CD3 and soluble anti-CD28, or with 
bead-immobilized anti-CD3 and IL-2, ren- 
ders the cells sensitive to infection with 
M-tropic viruses (4). To further investi- 
gate the specificity of the CD28-mediated 
antiviral effect, we prepared beads con- 
taining anti-CD3 in combination with an- 
tibodies to the cell surface coreceptors 
CD2, CD4, CD5, CD7, and major histo- 
compatibility complex (MHC) class I. 
Binding of antibodies to these coreceptors 
in conjunction with anti-CD3 treatment 
increases cellular proliferation (8). Puri- 
fied CD4 cells were stimulated with beads 
coated with anti-CD3 and antibodies to 
the various surface receptors. Interleu- 
kin-2 was added to all cultures to ensure 
that all combinations of immobilized an- 
tibodies resulted in equivalent cell prolif- 
eration (9). Only cells stimulated with 
immobilized anti-CD3/anti-CD28 were re- 
sistant to infection with the M-tropic iso- 
late HIV-I,,., (7) (Fig. 2). Quantitative 
analysis indicated that the resistance was 
robust (9). 

To determine the nature of the M-trop- 
ic-specific block, we examined early events 
in the viral replication cycle by monitoring 
reverse transcription in HIV-l-infect- 
ed CD3/CD28- and PHA/IL-2-stimulated 
CD4+ cells (Fig. 3). DNA polymerase 
chain reaction (PCR) was performed with 
oligonucleotide primers designed to detect 
reverse transcription products synthesized 
before the first-strand switch ["strong stop" 
DNA (lo)]. Cells stimulated with anti- 
CD3/anti-CD28 or PHA/IL-2 were infected 
with HIV,,,, HIV,,,, or HIVNL4_,. In 
PHA/IL-2-treated cells, strong stop DNA 
was detectable shortly after infection with 
all three viruses, and the level increased for 
the duration of the experiment. Further- 
more, in CD3/CD28-stimulated cells infect- 
ed with HIV,,,, strong stop DNA prod- 
ucts accumulated rapidly, confirming that 
the CD28 antiviral effect was restricted to 
M-tropic viruses. In contrast, little or no 
strong stop DNA was detected in anti-CD3/ 
anti-CD28-treated cells infected with ei- 
ther HIV,,, or HIV,,,. 

The failure of M-tropic HIV-1 isolates 
to initiate reverse transcription in CD3/ 
CD28-stimulated CD4+ cells suggested 
that a prior event in the replication cycle, 
such as viral binding or entry, was im- 
paired. Because CD3/CD28-stimulated 
cells and PHA/IL-2-stimulated cells ex- 
press equivalent levels of surface CD4 (4), 
the ability of activated CD4+ T cells to 
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support membrane fusion by envelope gly- 
coproteins from different viral isolates was 
analyzed with the use of a p-galactosidase 
reporter gene-based cell fusion assay (I I ). 
PHAIIL-2-stimulated CD4+ cells fused 
with cells expressing either TCL-tropic or 
M-tropic HIV-1 envelopes. In contrast, 
whereas CD3/CD28-activated cells fused 
efficiently with cells expressing TCL-trop- 
ic envelopes, they failed to fuse with cells 
expressing M-tropic envelopes. This ex- 
periment demonstrated that the block in 
the ability of M-tropic viruses to enter 
CD3lCD28-stimulated cells was at the 
level of envelope-mediated membrane fu- 
sion. The high level to which CD3/CD28- 
stimulated cells fused with cells expressing 
the LAV envelope is consistent with the 
susceptibility of CD3lCD28-activated 
cells to infection by TCL-tropic isolates. 

The recent identification of CXCR4/ 
Fusin and CCR5 as fusion cofactors for 
TCL-tropic and M-tropic HIV-1 isolates, 
respectively (2), prompted us to examine 
CD4+ cells stimulated with PHA/IL-2 or 
anti-CD3/anti-CD28 for transcripts encod- 
ing these chemokine receptors (Fig. 4). 
RNA was harvested from cells 24 to 72 
hours after stimulation with either anti- 
CD3/anti-CD28 or PHA/IL-2, as well as 
from unstimulated cells. The RNA was an- 
alyzed by Northern blotting with probes 
specific for CXCR4/Fusin and CCR5. 
CXCR4/Fusin transcripts (1.8 kb) were de- 
tected at low abundance in unstimulated 
CD4+ cells, and stimulation with either 
anti-CD3/anti-CD28 or PHA/IL-2 induced 

a rapid increase in CXCR4/Fusin transcript 
levels (Fig. 4). Transcripts encoding CCR5 
were not detected in unstimulated cells. 
Although 4.0-kb CCR5-specific transcripts 
were detected shortly after PHAIIL-2 stim- 
ulation of CD4+ cells, no CCR5 transcripts 
were detected at any point in CD3/CD28- 
stimulated cells. 

These observations suggest that the 
susceptibility of CD3/CD28-stimulated 
cells to TCL-tropic viruses results from 
up-regulation of CXCR-41Fusin mRNA 
expression, consistent with the high level 
of fusion between CD3/CD28-stimulated 
cells and cells expressing TCL-tropic en- 
velope glycoproteins. Furthermore, the re- 
sistance of CD3/CD28-activated cells to 
infection by M-tropic viruses and primary 
isolates of HIV-1 correlates with the ab- 
sence of detectable CCR5 mRNA expres- 
sion. This result is consistent with the 
inability of CD3lCD28-stimulated cells to 
fuse with cells expressing M-tropic enve- 
lope glycoproteins. 

Although the mechanism by which CCR5 
expression is inhibited in CD3lCD28-stimu- 
lated CD4+ cells is unknown, CD28 costimu- 
lation exerts many effects on gene expression 
in general and cytokine expression in partic- 
ular (3, 12). CD28-induced down-regulation 
of P-chemokine receptors may be a general 
feature in T cells, as Loetscher and colleagues 
recently reported that costimulation of CD4+ 
cells with anti-CD31CD28 induced the down- 
regulation of CCRl and CCRZ (1 3). In re- 
cent studies we have found that CD3/CD28- 
stimulated CD4+ cells produced high levels of 

Fig. 4. Expression of chernokine receptor transcripts is differen- 
tially regulated in CD3/CD28-stimulated CD4+ cells. RNA was 
isolated from 5 x 1 O7 unstimulated CD4+ cells (lane 1) or from 
CD4 cells stimulated with PHAIIL-2 (lanes 2 and 3) or anti-CD3/ 
anti-CD28AL-2 (lanes 4 and 5) at the indicated times after stim- 
ulation with RNAstat (Tdtest). Total RNA (20 kg) was separated 
on agarose-formaldehyde gels and transferred to Zeta-probe 
membranes (Bio-Rad). The membranes were hybridized initially 
with an end-labeled oligonucleotide probe specific for CCR5 
(5'-CTTGATAATCCATCTTGTTCCACCCTGTGC-3') (20). The 
sequence of the CCR5-specific oligonucleotide probe was cho- 
sen to distinguish between CCR5 and the closely related tran- 
scripts encoding CCR2A and CCR2B (2). The blots were 
stripped and then rehybridized with a random-primed 1.3-kb 
Eco RI CXCR4IFusin gene fragment (21). The membranes were 
then stripped and hybridized with an end-labeled oligonucleo- 
tide probe specific for 28S ribosomal RNA (rRNA) (Clonetech) to 
ensure that equivalent amounts of RNA were loaded in each 
lane. Transcripts were visualized by means of a Molecular Dy- 
namics Phosphorlmager. The positions of 18S and 28S rRNA 
are indicated by open arrows, whereas probe-specific bands 
are indicated by closed arrows. The image in (A) was obtained 
with a 2-hour exposure, and the image in (C) with a 10-min 
exposure, whereas the image in (6) was obtained with a 48-hour 
exposure. 
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P-chemokines in comparison to lectin-stimu- 
lated cells, and that the levels are similar to 
those in cells stimulated with a variety of 
costimuli such as CD31CD5 (5). Thus, high 
levels of p-chemokines are not sufficient to 
mediate down-regulation of CCR5. Together, 
these results indicate that chemokine receptor 
expression is regulated by distinct forms of T 
cell activation and that chemokine receptor 
expression is not a consequence of T cell 
activation in general. 

The progression to acquired immuno- 
deficiency syndrome (AIDS) is associated 
with a shift from an M-tropic to a TCL- 
tropic viral phenotype (14). Although the 
selective forces driving this phenotypic 
transition are not well defined, T cell acti- 
vation itself could be a selective force. CD3/ 
CD28-stimulated CD4+ cells may exert se- 
lective pressure in favor of TCL-tropic iso- 
late production through the combination of 
high levels of P-chemokine production (5) 
and lack of CCR5 expression. Presumably 
antigenlB7-stimulated CD4 T cells have a 
similar M-tropic resistance phenotype; how- 
ever, further studies will be required to 
establish this. At least early in infection, 
selective forces other than the susceptibility 
phenotype of CD4+ target cells may be 
dominant, as individuals who are homozy- 
gous for a defective allele of CCR5 remain 
resistant to infection and heterozygotes 
are suggested to have a delayed progres- 
sion of infection (15). These findings may 
have important consequences for immune 
reconstitution or gene therapy initiatives 
in HIV-infected individuals. 

Our findings reveal a paradox. CD4 
cells stimulated in vitro with anti-CD3 
and anti-CD28 on a bead as an "artificial 
antigen-presenting cell" become resistant 
to HIV infection, whereas antigen presen- 
tation in vivo, as for example after vacci- 
nation, leads to enhanced viral replica- 
tion. Further investigation will be required 
to establish the relevance, if any, of our 
findings to the in vivo pathogenesis of 
HIV infection. 

Stimulation of cells with immobilized an- 
tibodies to CD3 and CD28 permits the large 
scale ex vivo expansion of primary CD4+ 
cells, thus removing one of the largest obsta- 
cles to gene therapy or immune replacement 
therapy for HIV-l-infected individuals (4). 
Indeed, persistent increased CD4 counts and 
a lack of spikes in viral load have been noted 
in a clinical trial that is currently in progress 
to test the CD28 antiviral effect in patients 
with intermediate stage HIV infection. Our 
results demonstrate that lymphocyte prolif- 
eration and HIV-1 fusion cofactor expres- 
sion can be unlinked. Such cellular activa- 
tion regimes could permit the development 
of new therapeutic approaches for HIV-1- 
infected individuals. 
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Potent Inhibition of HIV-1 Infectivity in 
Macrophages and Lymphocytes by a 
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The chemokine receptors CXCR4 and CCR5 have recently been shown to act as co- 
receptors, in concert with CD4, for human immunodeficiency virus-type 1 (HIV-1) in- 
fection. RANTES and other chemokines that interact with CCR5 and block infection of 
peripheral blood mononuclear cell cultures inhibit infection of primary macrophages 
inefficiently at best. If used to treat HIV-1-infected individuals, these chemokines could 
fail to influence HIV replication in nonlymphocyte compartments while promoting un- 
wanted inflammatory side effects. A derivative of RANTES that was created by chemical 
modification of the amino terminus, aminooxypentane (A0P)-RANTES, did not induce 
chemotaxis and was a subnanomolar antagonist of CCR5 function in monocytes. It 
potently inhibited infection of diverse cell types (including macrophages and lympho- 
cytes) by nonsyncytium-inducing, macrophage-tropic HIV-1 strains. Thus, activation of 
cells by chemokines is not a prerequisite forthe inhibition of viral uptake and replication. 
Chemokine receptor antagonists like AOP-RANTES that achieve full receptor occupancy 
at nanomolar concentrations are strong candidates for the therapy of HIV-1-infected 
individuals. 

RANTES, MIP-la, and MIP-1P are p-che- 
mokines that inhibit HIV-1 infection in 
vitro (1-4) by interacting with the HIV-1 
coreceptor CCR5 (3, 4). Such coreceptor 
ligands are potentially useful in the treat- 
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ment of HIV-infected individuals. Unfortu- 
nately, although these reagents consistently 
inhibit HIV-1 replication in peripheral 
blood mononuclear cells (PBMCs) (1 , 3, 5, 
6), they do not block infection of primary 
macrophage cultures (3, 6,  7), which indi- 
cates that their use could fail to influence 
HIV replication in nonlymphocyte cell 
types. Moreover, the chemotactic and leuko- 
cyte-activating properties of these P-chemo- 
kines mav result in undesirable inflammatorv 
responses'. Recently, Arenzana-Seisdedos ei 
a1. - (5) described a chemokine antagonist 
that inhibited HIV-1 infection of phytohe- 
magglutinin (PHA)-activated PBMCs but 
lacked chemotactic and leukocyte-activating 
properties. Here, we tested two other 
RANTES receptor antagonists for their abil- 
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