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Stimulation with antibodies to CD3 and CD28 coimmobilized on
beads can be used to significantly expand T cells ex vivo. With CD4
T cells from HIV-infected patients, this expansion usually is accom-
panied by complete suppression of viral replication, presumed to
be caused by down-regulation of the viral coreceptor CCR5 and
up-regulation of CCR5 ligands. Here we show that this suppression
occurs in total CD4 T cells acutely infected with R5 HIV, but not in
purified CD62L~ memory CD4 T cells. The lack of complete sup-
pression in these memory cells, typically comprising 10-40% of
total CD4 T cells, occurs despite high levels of CCR5 ligand secretion
and down-regulation of CCR5. Significantly, adding back naive or
CD62L* memory CD4 T cells inhibits the viral replication in the
CD62L~ cells, with the naive cells capable of completely repressing
the virus. Although this inhibition was previously thought to be
specific to bead-bound anti-CD3/CD28 stimulation, we show that
the same suppression is obtained with sufficiently strong anti-
CD3/B7.1 stimulation. Our results show that inhibitory mecha-
nisms, expressed predominantly by strongly stimulated naive CD4
T cells and mediated independently of CCR5-binding chemokines,
play a role in the inhibition of R5 HIV replication in CD4 T cells upon
CD28 costimulation.
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esting CD4 T cells can be infected with HI'V, but productive

HIV infection requires T cell activation (1). Compared with
stimulation via the T cell receptor—-CD3 complex (2), the inter-
action of CD28 on the surface of CD4* T cells with its ligands
CD80 (B7.1) and CD86 (B7.2) or with anti-CD28 antibodies
(Abs) increases HIV replication in peripheral blood mononu-
clear cells (PBMC) (3, 4). Consistent with these findings, im-
mune activation in vivo increases HIV replication (5).

In contrast to these observations, Levine et al. (6) reported
that stimulation of CD4 T cells of HI'V-infected patients with
anti-CD3 and anti-CD28 coimmobilized on Sepharose beads
“clears” HI'V from infected cultures, allowing ex vivo expansion
of autologous CD4 T cells in the absence of antiretroviral drugs.
The same authors later reported that this mode of stimulation
decreases expression of the main HIV coreceptor CCR5 (7)
and induces high levels of the HIV-inhibitory CCRS5 ligands
RANTES, macrophage inflammatory protein (MIP)-1a, and
MIP-18 (hereafter, CCRS ligands) (8), that block access to
CCRS, resulting in inhibition of CCR5-dependent (R5), but not
of CXCR4-dependent (X4), HIV replication.

Therefore, anti-CD3/CD28 stimulation can result in de-
creased or enhanced HIV replication, apparently depending on
the mode of stimulation [i.e., soluble Abs vs. Abs immobilized on
beads (3, 6)]. The differential effects of these modes of stimu-
lation on CCRS expression and CCRS ligand secretion do not
appear to resolve the controversy. Creson et al. (9) reported that
continuous passage of CD4 T cells on plastic culture dishes
coated with anti-CD3/CD28 Abs failed to inhibit R5 HIV
infection, despite decreased expression of CCRS and secretion of
CCRS ligands at levels comparable to those achieved by stim-
ulation with anti-CD3/CD28 mAb-conjugated beads.
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Our findings indicate that the resolution of this paradox lies in the
strength of T cell stimulation and in the heterogeneity of CD4 T
cells. CD4 T cells can be divided into naive T cells that express both
CD45RA and CD62L and memory T cells (10, 11). Memory cells
can be further divided into a number of subsets, including M1
(CD45RA~CD62L") and M2 (CD45RA~CD62L*). We and oth-
ers (12-15) have shown that naive T cells support productive X4
HIV infection much less efficiently than memory T cells after
CD3/CD28 stimulation.

In this article, we show that, as for X4 viruses, CD28-
costimulated naive T cells do not support productive R5 HIV
infection. We demonstrate that, in contrast to the suppression of
R5 HIV replication in total CD4 stimulated by anti-CD3/CD28
antibody-conjugated beads (6), RS HIV can replicate at high
levels in M1 cells stimulated with anti-CD3 /CD28 beads, despite
down-regulation of CCRS and secretion of high levels of CCRS
ligands. Furthermore, addition of purified naive CD4 T cells to
M1 cells reproduces the inhibition of HIV replication observed
in total CD4 T cell cultures. Finally, inhibition of RS HIV
replication in CD4 T cells, but not in purified M1 cells, can be
obtained with the more physiologically relevant anti-CD3/B7.1
stimulation, by increasing the strength of the stimulus, under
conditions that induce minimal levels of CCRS ligands.

Taken together, these results suggest that the strength of
stimulation is critical for inhibition of R5 HIV replication and
that mechanisms independent of CCRS ligands, expressed by
naive CD4 T cells, are involved in this inhibition. Thus, we have
identified a mechanism for the inhibition of RS viruses that is a
cross-regulatory phenomenon between subsets of CD4 T cells.

Materials and Methods

Cell Culture Conditions. Cells were cultured at 37°C, 5% CO,
in RPMI 1640 (GIBCO/BRL) supplemented with 2 mM L-
glutamine, 100 units/ml penicillin, 50 nM streptomycin
(GIBCO/BRL), 20 mM Hepes (Sigma), 10% FBS (Atlanta
Biologicals, Norcross, GA), and human recombinant IL-2 (50
units/ml, from Maurice Gately, Hoffmann-La Roche, obtained
through the AIDS Research and Reference Reagent Program,
Division of AIDS, National Institute of Allergy and Infectious
Diseases, National Institutes of Health) (cRPMI).

Antibodies (Abs). Biotin, FITC, phycoerythrin (PE), Cy5PE, and
allophycocyanin (APC)-conjugated Abs, and purified Abs to
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CD4, CDS8, CD45RA, CD62L, and RANTES were from PharM-
ingen; Cy5.5 and Cy7 were from Amersham Pharmacia; PE and
APCwere from ProZyme (San Leandro, CA), and Cascade blue
was from Molecular Probes. Purified Abs were conjugated to the
indicated fluorochromes in our laboratory. Neutralizing and
control Abs to MIP-1« and MIP-1B3 were from R&D Systems.

Cell Isolation. Human PBMC were isolated by Ficol-Paque (Am-
ersham Pharmacia). After overnight culture at 2 X 10°/ml in
cRPMI without IL-2, nonadherent PBMC (2 X 10%) were stained
with biotinylated anti-CD14, anti-CD19, and anti-CD8 followed
by avidin-coated magnetic beads and purified over a MACS
column (Miltenyi Biotech, Auburn, CA). CD4-enriched T cells
(=80% purity) were stained with FITC anti-CD62L, PE anti-
CD45RA, and Cy5PE anti-CD4 at room temperature, washed
twice, and sorted by FACS (FACStarPlus, Becton Dickinson), as
described (15).

Flow Cytometry Analysis. For analysis of CCRS5 expression, cells
were stained with FITC or allophycocyanin anti-CCR5 for 30
min at 37°C. Other Abs were then added for 15 min on ice, and
cells were washed three times and fixed with 0.5%
paraformaldeyde. Data were compensated and analyzed by using
FLOWJO (Tree Star, San Carlos, CA).

Acute HIV Infection. HIV-1g,. [obtained from S. Gartner, M.
Popovic, and R. Gallo (16), AIDS Reference Reagent Program]
was prepared by infection of IL-2-stimulated PBMC (17). Virus-
containing supernatants were harvested 6 days later and stored
at —80°C. The TCIDsy was determined in IL-2-stimulated
PBMC. Sorted cells were cultured overnight in cRPMI without
IL-2, then infected by a 2 h incubation with HIV-1g, (1,500
TCIDso/1 X 10° cells), washed three times, resuspended in
cRPMI, and stimulated as indicated. Every 3 days, cells were split
and fed with fresh cRPMI supplemented with stimuli. Half of the
cells were used to assay cell proliferation; cell-free supernatants
were stored at —80°C for determination of HIV-reverse tran-
scriptase (RT) activity and chemokine concentrations.

Cell Stimulation. HI V-infected cells were plated in 96-well plates
at 0.5 X 10°/ml in ¢cRPMI with appropriate stimuli. OKT3
(kindly provided by M. Feldmann, Kennedy Institute, London)
was used at 50 ng/ml. P815/B7.1 cells (kind gift of L. Lanier,
DNAX) were fixed in 0.5% paraformaldeyde, washed exten-
sively with RPMI, and added at the indicated ratio. Beads coated
with anti-CD3 (OKT3) and anti-CD28 (9.3) (kind gift of C. June,
Univ. of Pennsylvania, Philadelphia) were used at a ratio of 3:1
to cells, unless otherwise indicated.

Quantitative Viral and Cellular Assays. HI'V replication was moni-
tored as Mg-dependent RT activity in supernatants (17). Cell
number was determined with a standard MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay.
MIP-1a, MIP-1B8, and RANTES concentrations were assayed by
ELISA (R & D Systems).

Results

We previously reported that the X4 HIV-1y4; strain does not
replicate in naive CD45RATCD62L" CD4 T cells stimulated by
cross-linking CD3 and CD28 with anti-CD3/B7.1. In contrast,
anti-CD3/B7.1 stimulation induced high levels of HIV-1p4;
replication in CD4 memory T cells (15). Memory CD45RA™
CD4 T cells can be subdivided in CD62L~ (M1) and CD62L*
(M2) cells. We did not find any significant difference in the
ability of HIV-1; a1 to productively infect M1 and M2 cells. The
inhibition of naive T cells occurs postentry, consistently with the
uniformly high expression of the HI'V coreceptor CXCR4 on all
CD#4 subsets (Fig. 1).
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Fig. 1. Flow cytometric analysis of CD4 T cell subpopulations. Fresh total
PBMC isolated from healthy uninfected individuals were stained with
antibodies to CCR5 (FITC), CXCR4 (PE), CD3 (Cy5PE), CD4 (Cy7PE), CD8
(Cy5.5APC), CD45RA (Cascade blue), and CD62L (Cy5.5PE) as described in
Materials and Methods. Naive, M1 and M2 CD4 T cells are identified on the
basis of expression of CD45RA and CD62L (Upper Left). The other plots
show the expression of CXCR4 and CCR5 on gated subsets of CD4 T cells.
Numbers indicate the percentage of each subset that expresses CCR5. Cells
above the dashed line express CXCR4; as expected, a majority of all subsets
are CXCR4". The antibody for CCR5 (2D7) binds competitively with CCR5
ligands; however, there are no chemokines in these unstimulated cultures
so no blocking can occur.

The RS HIV coreceptor CCRS is expressed mainly by memory
cells (18). In agreement with previous results (19, 20), we found
that CCRS is preferentially expressed by M1 (CD62L™) cells
(Fig. 1). Thus, we were interested to determine the ability of RS
HIV to replicate not only in naive T cells, but in individual
memory subsets as well.

Total CD4 T cells and the naive M1 and M2 subsets of CD4
T cells were sorted by flow cytometry on the basis of forward and
side-scattered light and the expression of CD4, CD45RA, and
CD62L (Fig. 1), with a purity always >98% at reanalysis. After
overnight culture, cells were infected with the RS HIV-1g,L,
washed extensively, and stimulated with anti-CD3/B7.1 by using
previously defined conditions of 0.2 P815/B7 per T cell (15).

High levels of RT activity could be detected in total CD4 T cell
cultures (Fig. 2). As previously shown for the X4 virus HIV-1y a1
(15), naive CD4 T cells did not replicate the RS HIV-1g,, upon
CD3/B7.1 stimulation. Both the M1 and M2 cell subsets effi-
ciently replicated HIV, indicating that the low expression of
CCRS on M2 is more than sufficient for infection to occur at
levels comparable to those found in M1, which express far
greater amounts of CCRS.

Levine et al. (6) demonstrated a differential regulation of RS
HIV replication depending on the mode of CD28 costimulation,
with inhibition seen when stimulation was provided by bead-
immobilized anti-CD3 and anti-CD28. We repeated our exper-
iments using these beads at a 3:1 bead/cell ratio (6). We found
minimal levels of HIV replication in total CD4 T cells (Fig. 2),
consistent with the suppression observed in CD4 T cells from
HIV-infected patients (6).
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Fig. 2. R5 HIV replication is suppressed in total CD4 but not in purified M1 memory cells upon sufficient CD3/CD28 costimulation, and suppression does not
correlate with CCR5 ligand secretion. CD4 T cell subsets were sorted as described in Fig. 1, infected with HIV-1g,. and stimulated with anti-CD3/B7 (50 ng/ml
anti-CD3 plus either 0.2 or 2 fixed P815/B7 cells /T cell) or with anti-CD3,/CD28 beads (0.3 or 3 beads /T cell). Supernatants and cells were harvested every 3 days
for analysis of viral replication by RT activity (Top) and cell proliferation by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay (Middle);
data are the average = SD of triplicate cultures and are representative of 3-10 experiments. For some experiments, MIP-1a, MIP-18, and RANTES levels were

measured 6 days after stimulation and infection (Bottom).

For purified subsets, HIV replication was undetectable in
naive cells and was very low in M2 cells. Surprisingly, however,
high levels of RT activity could be measured in M1 cells (Fig. 2).
In 10 independent experiments, after 6 days of stimulation with
anti-CD3/CD28 beads, the M1 subset produced 6- to 40-fold
more HIV than total CD4 T cell cultures (data not shown).
Moreover, spreading of HIV at day 12 was observed only in M1
cell cultures, and not in total CD4. This occurred despite the fact
that M1 cells typically comprise 10-40% of the total CD4 T cells.

We next investigated whether the strength of stimulation is
important to suppress HIV replication in total CD4 T cells. We
stimulated cells with anti-CD3/CD28 beads at the lower ratio of
0.3 beads/cell. All subsets exhibited exponential growth, only
marginally slower than seen with 3 beads/cell. Importantly,
although, no suppression of virus replication was observed in
total CD4 T cells (Fig. 2): by day 12 there was no difference in
HIV replication among total CD4, M2 or M1 cells, and total
CD4 T cells replicated HIV to levels comparable with those
achieved by CD3/B7.1 stimulation. It is interesting to note that
previous reports indicated that repeated addition of the anti-
CD3/CD28 beads was necessary to achieve inhibition of R5
replication (4); we confirmed this result in a separate experiment
(not shown). Because the CD4 cells are dividing rapidly, the
bead/cell ratio quickly diminishes from 3:1 to much smaller
(noninhibitory) levels (Fig. 2). Thus, complete viral inhibition
requires maintenance of a high stimulatory signal, and therefore
replenishment of beads to match the cellular proliferation.

We then asked whether the same suppression of HIV repli-
cation observed in total CD4 cells with a high concentration of
anti-CD3/CD28 beads might be achieved by increasing the
strength of CD3/B7.1 stimulation. P815/B7.1 cells express
human B7.1 and also express Fc receptors that bind soluble
anti-CD3 Abs (thereby cross-linking both CD3 and CD28 or
CTLA-4 on target cells). In the presence of optimal amounts of
anti-CD3, increasing the ratio of P§815/B7.1/CD4 T cells should
result in increasing the strength of CD3/CD28 stimulation by
providing a greater degree of cross-linking. Indeed, by increasing
the P815/B7.1 ratio 10-fold, inhibition of virus replication was
observed in total CD4 T cells (Fig. 2), to a level of inhibition

11646 | www.pnas.org/cgi/doi/10.1073/pnas.211205098

comparable to that achieved with a high concentration of beads.
Again, despite suppression of HIV replication in total CD4 T
cells, the virus replicated at very high levels in M1.

The ability of M1 cells to replicate HIV, as compared with
total CD4 T cells, upon stimulation with a high concentration of
anti-CD3/CD28 beads or anti-CD3 /B7.1 might be explained by
a higher growth rate of the cells. Although some variability was
observed among different donors, with all of the stimuli the
levels of cell proliferation were greater in M2 and total CD4 T
cells compared with M1 cells (1- to 2.2-fold and 1.3- to 2.5-fold,
respectively, upon stimulation with anti-CD3/CD28 beads, n =
10). Therefore, the degree of HIV replication in purified subsets
does not correlate with the degree of cell proliferation.

Stimulation of CD4 T cells with anti-CD3/CD28 beads in-
duces high levels of CCRS5 ligands (8) that block access to CCRS,
likely inhibiting the spread of HIV among naturally infected
CD4 T cell cultures (6). We measured MIP-1a, MIP-1B, and
RANTES in the supernatants of acutely infected CD4 T cell
subsets 6 days after stimulation in the different conditions (Fig.
2). Preliminary experiments had shown that this is the peak of
induction. High levels of CCRS ligands could be detected in total
CD4 T cells stimulated with a ratio of 3:1 anti-CD3/CD28
beads/cells, and much lower levels upon stimulation with a ratio
of 0.3:1, roughly correlating with HIV replication.

In M1 cells stimulated with anti-CD3/CD28 beads at the
bead/cell ratio of 3:1, HIV replicates much less efficiently than
in M1 cells stimulated with anti-CD3/B7.1, indicating that
production of CCRS ligands and CCRS down-regulation induced
by the beads play a significant role in the regulation of HIV
replication. However, in purified M1 cells stimulated with anti-
CD3/CD28 beads (3:1 ratio) HIV replicates at much higher
levels than in total CD4 T cells, despite greater CCRS ligand
production. Furthermore, inhibition of viral replication in total
CD4 T cells was observed with the strongest anti-CD3/B7.1
stimulation, despite modest production of CCRS ligands. Thus,
the ability of purified M1 cells to replicate HIV after
CD3/CD28 bead stimulation is not because of an inability to
produce CCRS ligands. Importantly, we cannot explain suppres-
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sion of HIV replication in bulk CD4 cultures solely by CCRS
regulation or CCRS ligand production.

Previous reports showed that CCRS5 ligand secretion does not
account for the entire CD28 antiviral effect: for example, high
levels of CCRS ligands can be induced by CD2 or CD5 costimu-
lation in the absence of suppression of HIV infection (8). It was
proposed that the CD28 costimulation induced suppression of
HIV replication is mediated by induction of high levels of CCRS
ligands in addition to down-regulation of CCRS (7). We asked
whether an inability of M1 to down-regulate CCRS upon stim-
ulation with anti-CD3/CD28 beads might account for the high
levels of HIV replication detected in the purified subset as
compared with total CD4 T cell cultures. After stimulation, only
trace levels of CCRS were detectable in any subsets (data not
shown). Compared with CCRS5 expression at day 0 (Fig. 1),
CCRS was therefore efficiently down-regulated in M1 cells. The
high level of virus replication in M1 despite down-regulation of
CCRS is not surprising, because in the presence of optimal
amounts of CD4, trace amount of CCRS5 are sufficient for
infection and virus replication to occur (21-23), as seen for
CD3/B7.1-stimulated M2 cells (Fig. 2). Thus, the high level of
HIV replication observed in purified M1 cells after anti-
CD3/CD28 beads stimulation is not caused by a failure to
down-regulate CCRS.

It seems paradoxical that HI'V efficiently replicates in purified
M1 cells, but does not replicate in these cells when present in
bulk CD4 cultures (Fig. 2). We tested whether this suppression
of HIV replication might be caused by inhibitory mechanisms
expressed by M2 or naive cells. Purified M2 or naive cells were
cocultured with purified M1 cells and RT activity over 12 days
after infection was measured (Fig. 3). In this experiment, all cells
were infected with HI'V. Consistent with previous experiments,
when total CD4 were infected and stimulated with anti-
CD3/CD28 beads, very low levels of HIV replication were
observed; however, HI'V could replicate in purified M1 at very
high levels. But when M1 were remixed with M2 at a 1:1 cell /cell
ratio, some inhibition was observed; over time, the virus could
once again spread in these cultures. Importantly, when naive
CD4 T cells were added to M1 cells, the complete inhibition of
HIV replication observed for total CD4 T cells was reproduced.

In this experiment the levels of RT activity are higher than the
levels reported in Fig. 2 (5-fold higher in M1 cells at day 6;
subsequently, the virus spreads more efficiently). We infected
cells from more than 10 different donors throughout our exper-
iments and observed significant variation in the absolute levels
of RT activity in purified M1 stimulated with anti-CD3/CD28
beads (range 600-30,000 cpm/pul). Variability in HI'V replication
in CD4 T cells from different donors has been reported and
might be caused by differential expression of CCRS5 or other
reasons (24). The experiment reported here is one of two in
which we observed the highest RT levels in purified M1 cells.
Despite this high level of viral replication in purified M1 cells,
inhibition by addition of naive cells was still complete.

To quantitate the ability of M2 or naive cells to suppress HIV
replication in acutely infected M1 cells and to minimize effects
of differential cell growth, we chose to look at RT activity at an
early time point (day 6). HIV-infected stimulated M1 were
cocultured with stimulated M2 or naive cells at different ratios.
U937 cells also were used as a filler in control cultures of infected
M1, allowing us to compare cultures with the same starting cell
concentration. All cultures were equivalently split at day 3, to
compare cultures with the same number of infected M1 cells.
Using a flow cytometry-based assay for cell division, we found
that the proliferation of M1 cells was similar whether cocultured
with naive, M2, or other M1 cells (see additional text and Fig. 6,
which are published as supporting information on the PNAS web
site, Www.pnas.org).
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Fig. 3. Coculture of infected M1 with M2 or naive inhibits HIV replication.
Cells were sorted and infected as described in Fig. 1 and stimulated with
anti-CD3/CD28 beads. (Top) Both M2 and naive cells inhibit HIV replication
when added to M1 cells; only naive T cells reproduce the suppression observed
in total CD4 T cell cultures. (Middle) RT activity in culture supernatants 6 days
after infection and stimulation with anti-CD3 /CD28 beads correlates with the
initial number of infected M1 cells in all coculture conditions. M1 cells were
plated at the indicated concentrations and stimulated with anti-CD3,/CD28
beads (3 beads/cell); uninfected U937, M1, M2, or naive cells were premixed
with anti-CD3/CD28 beads and added to M1 cells at the final concentration
of 5 X 105 cells/ml (1 X 105 cells/well), resulting in different cell /cell ratios
(1:3,1:1,and 3:1). Both naive and M2 cells inhibited viral replication in M1 cells;
addition of uninfected M1 or U937 cells had no effect. A mild dose-dependent
effect of the naive and M2 cells was observed (not shown). (Bottom) HIV-
infected (filled symbols) or uninfected (empty symbols) M2 or naive cells were
premixed with antiCD3/CD28 beads and added to infected and infected M1
cells at a 1:1 ratio; data are shown for 10 independent experiments. The
inhibitor effect of naive T cells was consistently greater than that of M2 cells
and was independent of whether or not they were infected.

In the cocultures, there was a linear relationship between RT
activity measured at day 6 and the starting number of infected
M1 cells in culture, and the presence of uninfected M1 cells or
U937 did not affect the degree of HIV replication (Fig. 3).
However, naive, and to a lesser extent M2 cells, inhibited HIV
replication. At a 1:1 ratio, M2 demonstrated 45% suppression
and naive 70% suppression of M1 HIV replication (Fig. 3). Note
that the naive suppression becomes complete by day 12, whereas
the M2 suppression is ameliorated.

We determined whether previous exposure to HIV might
affect the ability of naive and M2 cells to inhibit HI'V replication
in M1 cells. In a series of 10 different experiments, infected or
uninfected M2 or naive cells, or M1 as a control, were cocultured
with infected M1 cells at a 1:1 ratio. As shown in Fig. 3, the naive
and M2 ability to inhibit HIV replication is unaffected by
previous exposure of these cells to the virus.

We next addressed whether coculture of M1 with M2 or naive
cells could induce higher levels of CCRS5 ligands that might be
responsible for inhibition of HI'V replication. We compared the
levels of MIP-1a, MIP-18, and RANTES in cocultures of M1
with M2 or naive cells with the levels of CCRS5 ligands in
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Fig.4. M2- or naive-mediated suppression of M1 HIV replication is indepen-
dent of CCR5 ligands. Cells were sorted, infected, and stimulated as described
in Figs. 1 and 2. (Top) Infected M1 cells were cocultured with either infected
(filled symbols) or uninfected (empty symbols) M1, M2, or naive cells as
described in Fig. 3. MIP-1«, MIP-13, and RANTES levels were measured 6 days
after infection and stimulation. (Middle and Bottom) Infected M1 cells were
cocultured with uninfected M2 or naive cells, in the absence or presence of a
mixture of neutralizing levels of anti-CCR5 ligand Abs (anti-MIP-1c, anti-MIP-
1B, anti-RANTES; 50 ng/ml). RT activity was measured in culture supernatants
6 days after infection and stimulation in two independent experiments; data
are the average of duplicate cultures for each. (Left) The absolute RT activity.
(Right) Relative activity normalized to the amount observed in the compara-
ble M1 culture. Although CCR5 ligands inhibit HIV replication by ~50%, their
action does not account for the total inhibition of viral replication observed in
CD4 T cells nor by the activity expressed by naive cells.

cocultures of M1 with M1 cells (Fig. 4). CCRS ligands concen-
trations in cocultures were as predicted based on the ability of
the subsets to secrete CCRS ligands (Fig. 2) multiplied by the
proportions of each subset. The highest levels of CCRS5 ligands
were produced by cocultures of infected M1 with uninfected M1
cells, in which no viral inhibition was observed; slightly lower
levels in cocultures of M1 with M2 cells, and much lower in
cocultures of M1 with naive cells, in which the greatest inhibition
of HIV replication was observed. The lowest secretion of
chemokines in cocultures of M1 with naive as compared with
cocultures of M1 with M1 or M2 cells is consistent with the
inability of naive cells to secrete chemokines (Fig. 2). Therefore,
addition of M2 or naive to M1 cells did not modify the pattern
of CCRS ligand production, and the levels of the ligands in
cocultures cannot explain the total inhibition of HIV replication
observed for CD4 cultures.

To conclusively rule out the contribution of CCRS ligands to
naive- and M2-mediated suppression of HIV replication, in-
fected M1 were cocultured with uninfected M2 or naive cells, or
M1 as a control, in the presence of a mixture of anti-CCRS ligand
Abs. Indeed, higher levels of RT activity could be measured in
all coculture conditions (Fig. 4 Lower Left), indicating that CCRS
ligands do inhibit viral replication (to some extent) in this system
and that the neutralizing Abs blocked chemokine effects. None-
theless, the presence of anti-B-chemokine Abs did not change
the pattern of inhibition exerted by naive and M2 cells upon RS
HIV replication in M1 cells (Fig. 4 Lower Right).

Discussion

Previous studies (12-14, 25) revealed that naive CD4 T cells are
intrinsically resistant to X4 HIV replication when stimulated
with anti-CD3/CD28. This mode of stimulation induces signif-
icant cellular proliferation in the absence of HIV replication,
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Fig. 5. Total CD4 T cells were sorted and infected as described in Figs. 1 and
2. Stimulation intensity was varied by increasing the ratio of P815/B7 cells to
CD4 cells (Left) or anti-CD3/CD28 beads to CD4 cells (Right). Cell number and
viral replication are expressed as percent of maximum. These data show that
the strength of the stimulus differentially impacts cellular and viral replica-
tion. At slightly suboptimal stimulations (where cellular replication rate is
about 90% of maximal), viral replication is substantial. As the stimulation
strength is increased, viral replication is suppressed. Thus, the stronger stim-
ulation is required to evince the suppressive activity expressed by naive, and
to a lesser extent, M2 CD4 T cells.

even though the cells are infected with the virus. Memory T cells,
on the other hand, were productively infected by X4 HIV after
CD3/CD28 stimulation. Here we extend those observations to
show that the same intrinsic resistance of naive T cells to HIV
is true for R5 viruses. However, we also show that naive T cells
are capable of inhibiting RS virus replication when cocultured
with memory cells.

HIV replication is linked to lymphocyte activation and pro-
liferation; it was commonly accepted that stronger mitogenic
stimulation of infected T cells would result in greater HIV
production. Therefore, it was originally puzzling that CD28
costimulation, one of the most powerful stimulants of cell
activation and proliferation, could result in inhibition of HIV
replication (6). However, these studies showed that inhibition
occurs only with RS viruses and with a particular mode of
CD3/CD28 stimulation (i.e., Abs coimmobilized on beads)—a
condition that induces very high levels of CCRS5 ligands and
down-regulation of the viral coreceptor CCRS5 (7, 8). Nonethe-
less, Creson et al. (9) reported that down-regulation of CCRS5 and
secretion of high amounts of CCRS ligands are not sufficient to
inhibit RS HIV replication.

The data we present here show that CD28 costimulation,
mediated either by the CD3/CD28 beads or by the more
physiological cross-linking by anti-CD3 and B7.1, can enhance or
suppress R5 HIV replication in acutely infected CD4 T cells. The
enhancement or suppression depends on the strength of the
stimulus. Specifically, the use of high concentrations of
CD3/CD28 cross-linking agents results in maximal cellular
replication as well as a minimal viral replication. Lower con-
centrations of cross-linking agents result in only slightly de-
creased cellular proliferation but substantial viral production
(Fig. 5). Indeed, the relative inhibition or enhancement of HIV
replication compared with cellular replication is identical
whether CD28 costimulation is effected by mAbs binding solely
to CD28 or by B7.1 that binds both CD28 and CTLA-4.

Previous studies showed that stimulation with anti-CD3 and
natural ligands for CD28 (B7.1 and B7.2) enhance both X4 and
R5 HIV replication (3, 4). Both B7.1 and B7.2 also bind to the
CD28 homologue CTLA-4. Although the role of CTLA-4 in T
cell activation is controversial, it appears to limit the extent of
immune activation and proliferation, counteracting CD28-
mediated signaling. It was proposed that the effect of CD3/B7
stimulation on HIV replication might be different compared
with stimulation with anti-CD3/CD28 beads caused by binding
of B7 to CTLA-4 (26). Indeed, stimulation with beads coated
with anti-CD3/CD28/CTLA-4 does not inhibit HIV replica-
tion, induces high levels of CCRS5 and inhibits CCRS5 ligand
secretion, as opposed to stimulation with beads coated only with
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anti-CD3/CD28, which inhibits CCR5 expression and induces
high levels of CCRS ligand secretion (26, 27).

Our data confirm that stimulation with anti-CD3/B7 induces
very low levels of CCRS ligands compared with stimulation with
anti-CD3/CD28 beads (Fig. 2), but further show that, by
increasing the strength of CD3/B7 stimulation, it is possible to
suppress HIV replication, even with very low levels of CCRS
ligands. We propose that the previously reported differential
effect of costimulation using anti-CD28 vs. B7 on HIV replica-
tion is therefore caused not by the engagement of CTLA-4, but
by quantitatively different signal strength (Fig. 5).

This hypothesis has precedent in the report that the degree of
CD28 cross-linking can activate distinct signaling pathways (28).
Furthermore, the strength of T cell signaling has been shown to
affect the balance of T helper (Th)1/Th2 responses (29). Most
recently, Riley ef al. (27) showed that a high strength of CD28
costimulation (mediated by immobilized anti-CD28) is necessary
for inhibition of HIV replication, suggesting that full activation
suppresses HIV replication. We further show that the same
suppression of HIV replication can be achieved by using a high
strength of B7 stimulation.

Previous studies using soluble or plate-bound anti-
CD3/CD28 did not show inhibition of HIV replication (3, 9). In
this case, we believe that the strength of the CD3/CD28-
mediated stimulation was insufficient to generate the inhibitory
signals expressed by naive cells. Note that these conditions may
be sufficient to down-regulate CCRS5 expression (9)—but it is
clear that exceedingly low levels of CCRS are sufficient for RS
viral infection [for example, RS HIV replication was efficient in
M2 cells (Fig. 2) despite the low levels of CCRS, or on M1 cells
sorted for undetectable CCRS5 expression (data not shown)].

Perhaps the strongest evidence that CCRS5 ligand secretion (or
CCRS down-regulation) is not crucial to the CD3/CD28-
mediated inhibition of RS HIV comes from our study of viral
replication in purified CD4 subsets. Here we found that the cells
that expressed the highest levels of CCRS ligands (M1 or
CD45RA~CD62L~ CD4 T cells) showed the highest viral
replication. Furthermore, simply adding back purified naive
CD4 T cells (which secrete very low levels of CCRS ligands) was
sufficient to suppress viral replication in the M1 cells. It is
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particularly interesting that naive T cells express this inhibitory
mechanism, because naive T cells are not effector cells in other
ways (e.g., expression of effector cytokines, chemokines, or other
effector functions).

The inhibition of RS viral replication in cocultures of CD4 T
cells containing the permissive M1 cells and the inhibitory naive
T cells could not be explained by an inhibition of the replication
of M1 cells themselves, to a change in CCRS ligand secretion,
and did not depend on exposure of naive T cells to HIV. Finally,
the inhibitory effect of naive T cells on viral replication in M1
cells is specific to RS virus, as total CD4 infected with the X4
HIV-1yp at the same TCIDs as with HIV-1g,. could replicate
virus at very high levels independently of the strength of the
costimulation.

We propose that this mode of inhibition (expressed by naive
CD4 T cells) is principally responsible for inhibiting viral repli-
cation in bulk CD4 cultures—and that while CCRS ligands and
CCRS5 down-regulation clearly inhibit virus, their activity is
insufficient to explain the total inhibition of replication in the
bulk cultures. At present, we do not understand the basis for this
inhibitory mechanism. It depends on the presence of strongly
stimulated naive CD4 T cells; strongly stimulated M2 cells
(CD45RACD62L") also exhibit some level of this inhibition
(although for a limited amount of time). The inhibition is not
evident when naive T cells are suboptimally stimulated—even
when the cell division rate is 90% of maximum.

It is remarkable that naive T cells express this inhibitory
mechanism. Naive T cells generally do not express effector
functions; this ability of a product of naive T cells to regulate viral
replication in memory cells demonstrates a cross-regulatory
mechanism expressed by naive T cells.
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