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ABSTRACT Two different populations of infected T cells
are present in human immunodeficiency virus (HIV)-infected
individuals: activated cells that produce virions and quiescent
cells that harbor the viral genome but are unable to produce
virus unless they are activated. Using an in vitro model of acute
HIV infection, we have evaluated the effect of depleting acti-
vated T cells with an immunotoxin and subsequently inhibiting
activation of quiescent T cells with an immunosuppressive
agent. CD25 (Tac, p55), the a chain of the interleukin 2
receptor, is expressed on activated, but not quiescent, T cells.
An anti-CD25-ricin A chain immunotoxin eliminated acti-
vated, CD25+ HIV-infected cells and, thereby, inhibited viral
production by these cells. Subsequent addition of cyclosporine
to the residual CD25- cells prevented their activation and
thereby suppressed their ability to produce virus and to
propagate the infection to uninfected T cells.

Treatment ofhuman immunodeficiency virus (HIV) infection
has involved three different approaches: anti-viral drugs that
inhibit viral transcription or assembly (1-3), vaccines that
enhance an anti-HIV immune response (4-7), and molecules
targeted to HIV or HIV-infected cells. The latter include
soluble cell surface receptors (e.g., CD4) (8-12), anti-HIV
antibodies (13-15), and cell-reactive toxin conjugates (16-
21). With regard to toxin-based therapy, there are two
different populations of HIV-infected cells in seropositive
individuals to be considered: activated cells that produce
virus and spread the infection and quiescent cells that do not
produce virus but harbor the viral genome (22). In vitro
experiments have demonstrated that quiescent cells are un-
able to produce virus unless they are activated, at which time
the virus is produced and transmitted to other cells (23, 24).
Consistent with these findings, HIV titers in plasma increase
after vaccination or infection with influenza viruses (25).
Hence, a strategy aimed at suppressing viral production
should include both the elimination of activated, infected
cells and the prevention of activation of quiescent, infected
cells.
Using an in vitro model of acute HIV infection, we have

evaluated two pharmaceuticals to test the above strategy.
The elimination of activated, CD25+ cells was accomplished
with an anti-CD25-ricin A chain immunotoxin, RFT5-dgA.
CD25 (Tac, p55), the a chain of the interleukin 2 (IL-2)
receptor, is a cell surface glycoprotein expressed on acti-
vated, but not quiescent, T cells (26, 27). It, therefore,
represents an excellent marker to distinguish activated
(CD25+) from quiescent (CD25-) T cells that are infected
with HIV. RFT5-dgA selectively kills activated, but not
quiescent, T cells and hence eliminates T cells actively
producing virus (28). An immunosuppressive drug, cyclo-

sporine (CsA), was then used to prevent the remaining,
CD25-, HIV-infected, quiescent cells from becoming acti-
vated. CsA is an inhibitor of T-cell activation (29), which is
used clinically, and, therefore, is a candidate for evaluating
the hypothesis that viral production from quiescent, CD25-,
latently HIV-infected cells can be suppressed by inhibiting
their activation. CsA cannot, however, induce activated,
CD25+ cells to become quiescent.
Here we report that each pharmaceutical alone failed to

prevent production of HIV in cultures containing both acti-
vated and quiescent infected cells that were later activated.
However, when infected cells were first treated with immu-
notoxin and subsequently stimulated in the presence of CsA,
no detectable HIV was produced.

MATERIALS AND METHODS
Immunotoxin. RFT5 is a murine anti-CD25 monoclonal

antibody (IgG1) selected from a group of 25 antibodies based
on its ability to form a potent immunotoxin-dgA (see below)
and to stain only activated T cells in a panel of 28 normal
human tissues (30). RFT5-dgA was prepared by using the
hindered heterobifunctional crosslinker N-succinimidyloxy-
carbonyl-a-methyl-(2-pyridyldithio)toluene (31) and chemi-
cally deglycosylated ricin A chain (dgA) according to pub-
lished reports (32).

Virus. A clinical isolate of HIV-1 (BAG) obtained from a
patient in Alabama was kindly provided by Thomas Folks
(33). Cell-free supernatants were utilized to infect phytohem-
agglutinin (PHA)-activated peripheral blood mononuclear
cells (PBMNs). After 6-7 days in culture, infected PBMNs
were harvested, and supernatants were divided into aliquots
and stored at -70°C.

Elimination of CD25+ PBMNs Prior to Infection with HIV.
PBMNs were obtained from a HIV-1 seronegative donor by
centrifugation over Ficoll/Hypaque. Cells were divided into
two culture flasks. One contained complete medium [RPMI-
1640/15% fetal calf serum/10% IL-2 (Applied Biotechnolo-
gies, Columbia, Maryland)/glutamine/antibiotics]. IL-2 was
used to support the viability of the T cells without inducing
their entry into the cell cycle. The other flask contained
complete medium with 10 nM RFT5-dgA to eliminate all
CD25+ cells. Cells were then incubated for 3 days. On the
fourth day, the cells were washed and then exposed to viral
supernatants for 4-5 h, washed again, and cultured in 24-well
plates at 106 cells per ml. In another group of experiments,
PBMNs were incubated in complete medium containing 10
nM RFT5-dgA for 3 days, infected with HIV, and then
cultured in 24-well plates previously coated with an anti-CD3
monoclonal antibody (64.1) (34). Cells were incubated at 106
cells per ml in complete medium or in complete medium with

Abbreviations: HIV, human immunodeficiency virus; CsA, cyclo-
sporine; PHA, phytohemagglutinin; PBMN, peripheral blood mono-
nuclear cell; IL-2, interleukin 2; dgA, deglycosylated ricin A chain.
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CsA. Viral production was determined by measuring p24
concentrations in cell supernatants 6 days after infection.
Treatment of HIV-Infected PBMNs. A coculture system

was used to test the effect of treatment with RFT5-dgA and,
subsequently, with CsA on production of HIV. On day 1,
PBMNs were exposed to viral supernatants for 4-5 h,
washed, and incubated overnight. On day 2, HIV-infected
PBMNs were incubated in 24-well plates at 106 cells per ml
with complete medium or complete medium containing 10 nM
RFT5-dgA. Cells were passaged on day 5, and the media were
replaced with either complete medium or complete medium
containing 10 nM RFT5-dgA. On day 8 (after 6 days of
treatment), the immunotoxin (or medium in untreated con-
trols) was removed, and cells were resuspended in complete
medium. Three days later (day 11) 106 PHA-activated
PBMNs (obtained from the same donor) were added to each
well of cells treated with RFT5-dgA or complete medium. In
addition, half the wells in both groups also received CsA at
1 tug/ml. Media were replaced every 3 days, and cell-free
supernatants were assayed for p24 concentrations. To assess
the effect of RFT5-dgA and CsA on the initially infected
PBMNs, we included cultures of HIV-infected PBMNs
treated with either RFT5-dgA or complete medium that were
not cocultured with PHA blasts; on day 11, half of the wells
in each treatment group also received CsA at 1 pug/ml.
p24 Assay. Concentrations of p24 antigen in the cell super-

natants were measured by using a commercially available
immunoassay (Coulter) (35). The limit of detection of this
assay is 25 pg/ml.

RESULTS
The Effect ofCulturingPBMNs with Anti-CD25-dgA Prior to

Infection. To test the effect of eliminating CD25+ cells prior to
infection with HIV, freshly-obtained PBMNs were incubated
with 10 nM RFT5-dgA in complete medium to eliminate the
small (3-5%) population of CD25+ cells normally present in
fresh PBMNs. Treatment with RFT5-dgA prior to infection
with HIV resulted in a >99% decrease in the levels of p24
secreted 6 days after infection (Fig. 1A). When the CD25-
cells were infected with HIV and subsequently stimulated with
a solid-phase anti-CD3 (64.1) monoclonal antibody, p24 pro-
duction (determined 6 days after infection) was comparable to
that of control cells from which the CD25+ cells had not been
eliminated (Fig. 1B). This result indicates that cell activation
is not a prerequisite for infection. It further demonstrates that
CD25- cells do not produce virus after infection unless they
are activated. These results confirm and extend those ofZack
et al. (23, 36), Bukrinsky et al. (22), and Stevenson et al. (24),
who showed that HIV can efficiently enter fresh, unstimulated
PBMNs. However, their studies did not address the issue of
the role of the small (3-5%) population of activated cells
normally present in fresh PBMNs.
The Effect of CsA on HIV-Infected CD25- PBMNs. We next

asked whether CsA could prevent viral production by HIV-
infected, CD25- cells when they were stimulated. To this
end, a population of CD25-, HIV-infected cells was gener-
ated as described. PBMNs were treated with. RFT5-dgA to
eliminate the CD25+ cells, and the remaining cells were then
exposed to HIV. These cells were then cultured in the
presence of the potent T-cell activator, solid-phase anti-CD3,
either with or without CsA. Fig. 1B shows that CsA pre-
vented these cells from producing virus, <25 pg/ml in CsA
treated cells vs. 12 ng/ml in cells that did not receive CsA.

In these studies, a high dose of CsA (4 ,ug/ml) was used,
because anti-CD3 is a highly potent stimulus. To determine
the minimum effective concentration of CsA necessary to
suppress virus production, experiments were performed in
which various concentrations of CsA were used (Fig. 2); 0.5
,tg of CsA per ml reduced p24 production by >95%, and 1 kug
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FIG. 1. Effect ofeliminating the CD25+ PBMNs priorto infection
with HIV. (A) PBMNs were divided into separate culture flasks, one
containing complete medium (stippled bar) and the other containing
complete medium with 10 nM RFT5-dgA (hatched bar). Cells were
incubated for 3 days and then washed before exposure to viral
supernatants. Cells were again washed and then plated at 106 cells per
ml. Medium was replaced every 3 days, and supernatants were
analyzed for p24. The values represent the mean ± SE of two
independent experiments, each run in duplicate, and are expressed
as a percentage of the p24 levels of untreated cultures. The mean p24
level in the untreated control was 270 ng/ml. (B) Effect of CsA on
CD25- HIV-infected PBMNs when stimulated with anti-CD3.
PBMNs were incubated in complete medium containing 10 nM
RFT5-dgA for 3 days. Cells were then washed, infected, washed
again, and cultured in wells previously coated with an anti-CD3
monoclonal antibody (64.1). Cells were incubated at 106 cells per ml
in complete medium (hatched bar) or complete medium with 4 ,ug of
CsA per ml (black bar). p24 levels were determined 6 days after
infection. The values represent the mean ± SE of two independent
experiments, each run in duplicate.

of CsA per ml was sufficient to completely suppress detect-
able viral production. Therefore, 1 ,ug/ml was used in all
subsequent experiments.
The Effect of CsA on HIV-Infected CD25+ PBMNs. Fresh

PBMNs were infected with HIV and then treated with
RFT5-dgA for 6 days. Viral production by these cells was
suppressed >99% as compared to the peak production in
untreated cells (Table 1). An identical group of cells, not
treated with RFT5-dgA, was cultured with CsA continuously
from day 11. These cells produced p24 in quantities almost
identical to those produced by cells that did not receive CsA
(Table 1), demonstrating that at 1 ,ug/ml CsA alone lacked
both anti-viral activity and a cytotoxic effect. In contrast,
cultures that received RFT5-dgA followed by CsA produced
little or no p24. These results demonstrate that CsA inhibits
CD25- cells from producing virus but has no effect on CD25+
cells. Further, viral production in this experimental system
can be attributed to the CD25+ cells.
The Effect of RFT5-dgA and CsA on Transmision of HIV

from Infected to Uninfected Cells. HIV production can also be
induced in CD25-, quiescent HIV-infected cells by cocul-
turing these cells with activated PBMNs from the same
donor. This assay is highly sensitive for the detection of
latently infected cells since it activates these cells and am-
plifies virus production because of infection of the added,
activated PBMNs. Hence, such an experiment is a more
stringent test of the effectiveness of using the two above
pharmaceuticals to suppress viral production.

Fresh PBMNs were infected and then treated with RFT5-
dgA for 6 days (days 2-8) (Fig. 3). On the eighth day,
RFT5-dgA was removed, and the cells were resuspended in
complete medium. Three days later, PHA blasts and CsA
were added to the HIV-infected cultures. The cultures were
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FIG. 2. Dose-response curve for inhibition of p24 production by CsA. PBMNs were cultivated in complete medium containing RFT5-dgA
for 3 days and then washed. Cells were then exposed to viral supernatants, washed, and cultured at 106/ml in anti-CD3-coated 24-well plates.
Cells were incubated in medium containing various concentrations of CsA. p24 was determined in samples collected 6 days after infection. The
values represent the mean + SE of two independent experiments, each run in triplicate.

then followed for 6 more days and then analyzed for the
production of p24. At this time (days 14-17), cultures that did
not receive additional cells were producing 3% ofthe p24 they
were producing on day 11 (Table 1). This is due to the decline
in cell number and viability generally observed in these
HIV-infected, PBMN cultures (Table 1). Hence, secretion of
p24 on days 14-17 can be attributed to PHA blasts that
became infected during coculture. The results (Fig. 4) indi-
cate the following: (i) HIV production can be completely
suppressed by RFT5-dgA until day 11. Coculture at this time
results in slow recovery of virus production, which eventu-
ally reaches control levels. This probably reflects the pro-
duction capacity of the PHA blasts rather than the size of the
viral reservoir in the original infected cells. The results
demonstrate that the viral reservoir in the latently HIV-
infected cells can be detected by coculture. (ii) CsA has little
effect on p24 production in cocultures of HIV-infected cells
that have not been treated with RFT5-dgA, supporting the
concept that the CD25+, productively infected cells are
capable of spreading the infection. (iii) CsA does not affect
the ability of infected, CD25+ cells to transmit the virus, the
ability of the PHA blasts to become infected, or the ability of
PHA blasts to secrete p24. (iv) The combination of RFT5-
dgA followed by CsA completely suppresses the spread of

Table 1. Effect of RFT5-dgA and CsA on viral production by
HIV-infected PBMNs

p24, pg/ml
Treatment Day 8 Day 11 Day 14 Day 17

None 12,996 85,278 7,574 2,848
RFT5-dgA 77 171 27 <25
CsA 9,806 53,977 2,795 660
RFT5-dgA + CsA <25 <25 <25 <25
PBMNs were infected on day 1 and then treated with RFT5-dgA

or medium for 6 days (days 2-8). On the eighth day, the immunotoxin
(or medium in untreated controls) was removed, and cells were
resuspended in complete medium. Three days later (day 11), half the
wells in each treatment group received 1,g ofCsA per ml. After day
11, the number of viable PBMNs in culture began to decrease. Data
represent p24 concentrations (in pg/ml) from a representative ex-
periment.

infection to PHA blasts and subsequent viral production. We
speculate that CsA is suppressing the activation ofthe CD25-
HIV-infected cells by cytokines secreted by the PHA-
stimulated blasts.

DISCUSSION
The rationale of these studies was to eliminate HIV-infected
T cells that produce virus by means of an immunotoxin
specific to an activation marker on these cells and, subse-
quently, to prevent stimulation of HIV-infected, quiescent T
cells with the immunosuppressive agent CsA. Although nei-
ther pharmaceutical by itself was effective in eliminating
virus production in an acute in vitro infection after the
quiescent T cells were activated, the use of these two
pharmaceuticals in sequence resulted in virtually complete
elimination of detectable viral production (i.e., p24 values
were reduced by >99%). In our model, quiescent cells were
activated by solid-phase anti-CD3, which stimulates virtually
all quiescent T cells (34). This is likely to be a more vigorous
activation signal than a physiological one and was employed
to test the effectiveness of CsA in preventing activation ofT
cells and resultant HIV production. In addition, the ability of
the above regimen to prevent spread of infection to cocul-
tured PHA-stimulated, uninfected T-cell blasts was demon-
strated.
The above strategy was based on prior results obtained in

other experimental systems and clinical observations in
HIV+ individuals. Thus, IL-2-diphtheria toxin conjugates
(20) and anti-CD25-dgA (28) are highly effective in decreas-
ing viral production in vitro in HIV-infected T cells. In
addition, anti-gpl20, anti-gp4l, and CD4-based immunotox-
ins (17-19, 21, 37) are effective in eliminating cells that are
actively producing HIV in vitro. However, none of these

day 1 day 2 day 5 day 8 day 11 day 14 day 17

CM RT-dgA RFT5-dgA- CM CsA OA

t INFECTION IPHA BLASTS

FIG. 3. Protocol of the coculture experiment. CM, complete
medium.
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studies has addressed the issue of quiescent T cells that
harbor the HIV genome and, upon subsequent activation,
produce virus. To this end, CsA was used in our studies to
prevent these cells from producing virus after a potent
activating signal.

Previous studies have shown that CsA can inhibit viral
production in vitro by infected T-cell lines (38, 39). In the
present studies, CsA alone had little effect on viral produc-
tion by HIV-infected PBMNs (Fig. 4). CsA has also been
reported to inhibit the formation of the NKB complex, which
is critical to both the production of IL-2 and the generation
of HIV (40). CsA has also been used in AIDS patients, but
little or no efficacy has been reported (41, 42). However, the
treated patients were in late stages oftheir disease where viral
burdens are large, and prevention of activation of quiescent
cells would be predicted to have little effect on the course of
disease. In this regard, when CsA was used in patients with
less advanced HIV infection, CsA induced a temporary
increase in CD4+ cells counts and appeared to slow the
progression of disease in a proportion of patients (42).
Additionally, the course ofHIV infection was no more severe
or acute in transplant patients receiving CsA than in other
HIV+ individuals (43). Thus, CsA may prevent HIV produc-
tion by initially quiescent infected cells in patients, and it has
not yet shown adverse effects on the progression of disease
in patients. It should be noted that in transplant patients,
blood concentrations of 800 ng/ml to 1 ttg/ml of CsA were
used until quite recently (43).
There are major concerns in considering the use of a

CD25-reactive immunotoxin and CsA in HIV-infected indi-
viduals. Thus, CD8+ cells, which also express CD25 and
probably must be activated to become cytotoxic, may be
critical in suppressing HIV production. Their elimination by
immunotoxin and suppression of their activation by CsA
could be detrimental. HIV+ individuals are generally immu-
nosuppressed even during early stages of their disease, and
it is not known whether further suppression with CsA might
predispose them prematurely to progressive disease, oppor-
tunistic infections, and/or neoplasms. Finally, our studies do
not address the problem of other HIV-infected cells, such as
macrophages, dendritic cells, and neural cells. More infor-
mation concerning these and other issues will have to be
obtained if the above strategy is to be considered for clinical
use.
There is an interesting parallel between the present studies

and our previously employed strategy to prevent develop-
ment of a murine T-cell lymphoma (44). Thus, radiation
leukemia virus-induced premalignant disease is also charac-

dgA and CsA

FIG. 4. The combination ofRFT5-dgA and CsA can
markedly inhibit p24 production and viral transmission
to uninfected cells. Fresh PBMNs were infected on day
1 and then treated with RFT5-dgA for 6 days (days 2-8)
as illustrated in Fig. 3. On the eighth day, RFT5-dgA
was removed, and the cells were resuspended in com-
plete medium. Three days later, PHA blasts and CsA
were added to the HIV-infected cultures. The cultures
were then followed for 6 more days and then analyzed
for the production of p24. Data are shown as percent-
ages of p24 concentrations, for each day, in control
cultures, which did not receive RFT5-dgA or CsA. The

Y-- values represent the mean ± SE of two independent
1 4 1 7 experiments, each run in duplicate. The mean p24 level

in untreated controls was 60 ng/ml on day 11, 104
ng/ml on day 14, and 94 ng/ml on day 17.

terized by cells actively producing virus and a premalignant
(latent) population that is subsequently transformed. Repli-
cation of the latter is required for the development of a
malignant phenotype and requires an IL-4dependent, CsA-
sensitive autocrine growth loop (44, 45). Immunotoxin di-
rected against viral p70 alone or CsA alone (which inhibits
IL-4 production) delayed the development of lymphoma but
did not prevent the development of lymphoma. However,
development of lymphoma was prevented in a large propor-
tion of mice by a combination of the immunotoxin and CsA
(44).
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