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The PBj14 isolate of the simian immunodeficiency virus SIVsmmPBj14 is unique among primate lentiviruses
in its ability to induce lymphocyte proliferation and acutely lethal disease. The studies reported here show that
viral induction of T-cell proliferation requires accessory cells, such as primary monocytes or Raji B-lymphoma
cells, as well as the presence of a putative immunoreceptor tyrosine-based activation motif within the viral
Nef protein. Addition of CTLA4-immunoglobulin fusion protein or anti-B7 antibodies to virally infected T cells
led to substantial, but not complete, inhibition of monocyte-costimulated T-cell proliferation—suggesting that
both CD28/B7-dependent and non-CD28-dependent pathways may contribute to the costimulation of virally
induced lymphoproliferation. Finally, cyclosporin A, a specific inhibitor of the calcium-calmodulin-regulated
phosphatase activity of calcineurin, which influences activation of the transcription factor nuclear factor of
activated T cells, was shown to block virally mediated T-cell proliferation. Taken together, these findings
suggest that the effect of SIVsmmPBj14 on T-cell activation may be functionally analogous, at least in part, to

the effect of engagement of the T-cell receptor.

Early events in human immunodeficiency virus type 1
(HIV-1) and simian immunodeficiency virus (SIV) infection
have been shown to be highly predictive of subsequent pro-
gression of virally induced disease (4, 6, 22, 25, 36). Thus, it is
important to understand better the factors which influence the
outcome of primary infection with HIV-1 and SIV. One model
system for this critical phase of viral infection is the experi-
mental infection of pig-tailed macaques with the PBj14 isolate
of SIV (7, 12). SIVsmmPBj14 causes a very severe acute dis-
ease syndrome which is marked by extensive and rapid induc-
tion of T-cell proliferation, particularly in gut-associated lym-
phoid tissues (13, 15, 32). SIVsmmPBj14 also has the unique
ability, among all known isolates of HIV-1 and SIV, to trigger
the in vitro proliferation of unstimulated peripheral blood
mononuclear cells (PBMCs) (11, 24). The molecular mecha-
nisms which are responsible for SIVsmmPBj14-induced lym-
phoproliferation may offer insights into the massive T-cell ac-
tivation that accompanies acute HIV-1 infection (4) and the
chronic immune hyperactivation that frequently occurs there-
after in HIV-1 infected individuals (10, 26, 27).

It was previously determined that, like SIVsmmPBj14, a
genetically modified variant of SIVmac239 containing a single
mutation in Nef (R to Y at amino acid 17) can induce prolif-
eration of resting PBMCs (8) and that proliferation required
contact between lymphocytes and monocyte/macrophages (9).
In light of these findings, we sought to confirm this result by
using virus derived from a molecular clone of SIVsmmPBj14
(PB;j6.6 [24]) and to define potential costimulatory pathways
involved in SIV-induced T-cell proliferation. For all experi-
ments, whole blood was collected from SIV-negative pig-tailed
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macaques housed at the Yerkes Regional Primate Research
Center in Atlanta and immediately shipped to the University
of Rochester. PBMCs were isolated from the blood within
24 h of phlebotomy by using lymphocyte separation medium
(Organon Teknika), and cells were cultured in RPMI 1640
medium with 15% human AB serum and penicillin-strepto-
mycin-glutamine (Gibco BRL). For assays requiring the use of
separate populations of T cells and monocytes, PBMCs were
cultured to allow monocytes to adhere. Nonadhering cells
were collected and applied to human T-cell enrichment col-
umns (HTCC 500; R&D Systems, Minneapolis, Minn.), which
employ a negative selection method for isolation of T cells.
PBMCs (2 X 10° cells per well) or T cells (0.5 X 10° to 1 X 10°
cells per well) were plated in 96-well plates prior to inoculation
with PBj6.6 virus (10 ng of SIV p27/10° cells) or stimulation
with 10 ng of 1,3-phorbol myristate acetate (PMA) per ml.
Cellular proliferation was quantified by measuring the incor-
poration of [*H]thymidine at 7 days postplating (24); all exper-
iments were performed in triplicate.

We first examined whether PBj6.6 virus-induced T-cell pro-
liferation required the presence of accessory cells. The data
presented in Fig. 1 show that either primary autologous simian
monocyte-derived macrophages (Mg) or Raji cells, a B-cell
lymphoma cell line, were capable of efficiently stimulating the
proliferation of macaque T cells that had been infected with
PBj6.6 virus, while infected T cells incubated in the absence of
accessory cells failed to proliferate. Raji cells fixed in 0.4%
paraformaldehyde were as efficient as irradiated cells in sup-
porting proliferation of infected T cells (data not shown). Since
neither irradiated nor fixed Raji cells would be expected to
support SIV infection, these data provide evidence that pro-
ductive viral infection of accessory cells is unnecessary for
induction of lymphoproliferation and suggest that their func-
tion is in presentation of costimulatory molecules only. Inter-
estingly, while fixed Raji cells were efficient in providing this
costimulation, fixed autologous simian macrophages were not
(data not shown)—the reason for this is uncertain but could
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FIG. 1. T cells were infected with PBj6.6 virus in the presence or absence of
the indicated accessory cells. To prevent their proliferation, accessory cells were
X-irradiated with 10,000 rads prior to plating. A total of 2.5 X 10* Raji cells or
5 % 10* autologous macrophages (cultured for 1 week prior to the experiment)
were plated per well. The incorporation of [*H]thymidine by accessory cells alone
was at background levels (not shown). Results shown are the mean values of
three independent observations and are representative of three separate exper-
iments yielding similar conclusions; error bars indicate the standard errors of
mean values.
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relate to a differential effect of fixation on costimulatory mol-
ecules expressed by the two cell types. It is also intriguing to
note that irradiation of primary simian macrophages led to an
increase in costimulatory activity (Fig. 1). The basis for this
effect is also unknown but could include changes in cytokine
release and/or cell surface expression of costimulatory mole-
cules. In any event, we are presently conducting studies to de-
termine whether infection of simian macrophages with PBj6.6
virus, or coculturing them with infected T cells, leads to changes
in their expression of costimulatory molecules or cytokines.

The requirement for accessory cells indicates that PBj6.6
virus-induced T-cell proliferation, like T-cell receptor (TCR)-
mediated lymphoproliferation, requires activation of costimu-
latory pathways. Since primary monocyte-derived macrophages
and Raji lymphoma cells express a number of costimulatory
molecules, including B7-1 and B7-2 (14, 16, 19) and CD40 (2,
33), we wished to examine the relative contribution of these
molecules to PBj6.6 virus-induced T-cell proliferation. Block-
ing experiments were therefore conducted by using (1) CTLA4-
immunoglobulin (Ig) (a gift from P. Linsley), a soluble fusion
protein which binds to both B7-1 and B7-2 with high affinity
and blocks interaction of these molecules with CD28 (20), and
(2) a soluble mouse monoclonal antibody directed against hu-
man CD40, which blocks its interaction with CD40L (clone
G28-5, provided by R. Phipps and G. Sempowski). When Raji
cells were used as accessory cells (Fig. 2), CTLA4-Ig largely
blocked T-cell proliferation induced either by PMA or by
PB;j6.6 virus (87 or 86% inhibition of proliferation at 20 g of
CTLA4-Ig, per ml, respectively). The anti-CD40 monoclonal
antibody had a lesser, but still significant, blocking effect (40%
inhibition at 20 pg/ml antibody), consistent with the fact that
Raji cells express high levels of CD40 and can stimulate T-cell
proliferation via the CD40 or CD40L pathway (33). This find-
ing may have significance with respect to costimulatory path-
ways that impact upon SIVsmmPBj14-induced lymphopro-
liferation in vivo, particularly in light of a recent report that
HIV-1 can induce CD40 on endothelial cells (23). Experiments
to evaluate whether SIVsmmPBj14 can also upregulate CD40
expression by endothelia (for example, in the gut) are ongoing.
A combination of CTLA4-Ig and anti-CD40 virtually elimi-
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nated T-cell proliferation induced by either PBj6.6 virus or
PMA, indicating that Raji cells support PBj6.6 virus-induced
T-cell proliferation by providing costimulation predominantly
through the B7-1/B7-2 costimulatory pathways, with a minor
contributory effect from the CD40 pathway.

We next carried out similar blocking experiments using T
cells costimulated by simian macrophages. In these studies, we
focused on the B7/CD28-dependent costimulatory pathway,
and we again used CTLA4-Ig to block proliferation of T cells
infected in the presence of irradiated homologous monocyte/
macrophages. Individual blocking monoclonal antibodies spe-
cific for the human B7-1 and B7-2 molecules (R&D Systems)
were also used in these experiments to define better the co-
stimulatory pathways at work in this cell system. When T cells
were stimulated with PMA, and then cultured in the presence
of primary simian macrophages, proliferation was complete-
ly blocked by CTLA4-Ig (>90% inhibition). Furthermore, a
comparable level of inhibition was achieved by using a combi-
nation of monoclonal antibodies directed against B7-1 and
B7-2 molecules (>90% inhibition), and substantial inhibition
was also attained using either monoclonal antibody alone (70%
for anti-B7-1 and 89% for anti-B7-2); in contrast, an isotype-
matched control antibody (IgGl; R&D Systems) had little
effect on lymphoproliferation (Fig. 3). These data confirm that
CTLAA4-Ig-mediated inhibition of PMA-driven T-cell prolifer-
ation was indeed due to an effect on CD28/B7-dependent sig-
nalling.

Broadly similar results were obtained when T cells were
infected with the PBj6.6 virus and then costimulated with pri-
mary macrophages (Fig. 3). In this case, proliferation was
substantially, but not completely, blocked by CTLA4-1g (75%
inhibition) or by the combination of anti-B7 monoclonal anti-
bodies (80% inhibition). The individual anti-B7 antibodies also
partially inhibited lymphoproliferation (65% for anti-B7-1 and
69% for anti-B7-2), while the isotype-matched control anti-
body had only a minimal effect. In other experiments (not
shown), similar results were obtained—although the degree of
inhibition with the anti-B7-1 antibody was somewhat variable
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FIG. 2. T cells were plated with irradiated Raji cells in the presence or
absence of 20 pg/ml of either CTLA4-Ig, anti-CD40, or both. Cells were mock-
infected (+ Raji alone), stimulated with 10 ng of PMA per ml, infected with PBj6.6
virus, or infected with an ITAM-deleted mutant of PBj6.6 virus (PBj6.6YERQ;
this virus is isogenic to PBj6.6, except for the substitution of RQ, the correspond-
ing residues in SIVmac239, for YE at amino acids 17 and 18 of Nef [9, 30]).
Results shown are the mean values of three independent observations; error bars
indicate the standard errors of mean values. Data shown are representative of
three separate experiments yielding similar conclusions (note that the experi-
ment using the PBj6.6YERQ virus was performed only once, since this virus
consistently fails to trigger lymphoproliferation in PBMC [30]).



VoL. 72, 1998

60000 =

2 —|_ W Alone

5 50000 [ control IgG1
'§ B antiB7-1
% 40000 anti B7-2
IS4 anti B7-1 +
2 30000 B B2
Q

g ]

g 20000 o Fl CTLA4-Ig
g

=

£

= 10000

o

0

T cells plus:

PMA
+ Mg

PBj6.6 virus

+ Mg alone
+ Mg

FIG. 3. T cells were plated with 5 X 10* homologous macrophages (Mg) per
well, in the presence of CTLA4-Ig (5 pg/ml) or of the indicated antibodies
(5 pg/ml). Antibodies used in this experiment were as follows: anti-human B7-1
(clone 37711.11), anti-human B7-2 (clone 37301.11), and an isotype-matched
normal mouse IgG1 (control IgG1); all antibodies were obtained from R&D
Systems. Cells were mock-infected (+Mg alone), stimulated with 10 ng of PMA
per ml, or infected with PBj6.6 virus. Results shown are the mean values of three
independent observations and are representative of three separate experiments
yielding similar conclusions; error bars indicate the standard errors of mean
values.

and typically less than that obtained with the anti-B7-2 anti-
body.

Overall, the results of this set of experiments suggest that
costimulation of PBj6.6 virus-induced T-cell proliferation is
achieved largely, but not exclusively, through a CD28-de-
pendent, CTLA4-Ig-inhibitable pathway. This conclusion is
further supported by the fact that macrophage-costimulated
lymphoproliferation could not be fully inhibited, even upon
addition of very high concentrations of CTLA4-Ig (up to 40
wg/ml; data not shown); anti-CD40 antibodies had no effect
on lymphoproliferation in this cell system (data not shown).
Further studies will be required to identify the cellular re-
ceptor-ligand interactions which may be involved in this second
pathway, although possible candidates may include SLAM-,
CDw101-, or OX-2-dependent mechanisms (1, 3, 28).

Classically, T-cell proliferation requires two distinct sig-

A

60000
50000 -
40000 ~
30000 =
20000 -

10000 =

3H—Thymidine incorporation (cpm)

0 0.005  0.05 0.1 No
—————mmsEEEE Virus
Cyclosporin A (ug/ml)

3H~Thymidine incorporation (cpm)

NOTES 6157

nals—antigen-major histocompatibility complex binding to the
TCR, followed by a second, CD28-mediated, signal (5, 34, 35).
Viewed in this context, our data suggest that SIVsmmPBj14
perturbs the T cell in a manner that is at least partially analo-
gous to the normal activation event(s) which occurs in response
to TCR signaling. This is not unlikely, since SIVsmmPBj14 Nef
is known to contain an immunoreceptor tyrosine-based activa-
tion motif (ITAM) ([YxxL] xooxxx [YxxL]) close to its amino
terminus (9). This motif has been implicated in the ability of
the virus to trigger lymphoproliferation (8, 9, 29), and elimi-
nation of this motif is sufficient to abolish the ability of the
virus to trigger T-cell proliferation (Fig. 2) (30).

The ITAM from SIVsmmPBj14 Nef is not only essential for
virally induced lymphoproliferation, but it has also been shown
to increase the activity of the transcription factor nuclear factor
of activated T cells (NFAT), which is a major downstream
target of T-cell activation pathways (21). In order to examine
whether activation of NFAT is necessary for induction of
T-cell proliferation by SIVsmmPBj14, we conducted experi-
ments using cyclosporin A (CsA). CsA is a potent immuno-
suppressive drug that is a specific inhibitor of the calcium-
calmodulin-dependent phosphatase activity of calcineurin,
which is required for the dephosphorylation and subsequent
activation of NFAT (17, 31).

Addition of CsA to PBj6.6 virus-infected PBMCs resulted in
a potent inhibition of virally driven lymphoproliferation, with a
50% inhibitory concentration of <0.005 pg/ml (Fig. 4A). This
finding shows that activation of NFAT is indeed required for
the mitogenic effect of SIVsmmPBj14. Additional experiments
revealed that protein tyrosine kinase inhibitors (genistein,
herbimycin A) also inhibited the induction of lymphocyte
proliferation by SIVsmmPBj14 (data not shown). These ob-
servations are consistent with the fact that the ITAM from
SIVsmmPBj14 Nef can recruit ZAP-70, a T-cell-specific tyro-
sine kinase which is involved in cellular activation and that Lck
tyrosine kinase is required for this effect (21).

Finally, we examined the time course of the effect of CsA on
virally induced lymphoproliferation. In these experiments, CsA
was added to resting simian PBMC:s either at the same time as
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FIG. 4. (A) PBMCs were infected with PBj6.6 virus, or mock-infected, and incubated in the presence of the indicated concentrations of cyclosporin A. (B) PBMCs
were infected with PBj6.6 virus, or mock-infected, and CsA (0.1 pwg/ml) was then added to the cultures at the indicated times after virus infection (days); proliferation
was measured 7 days after initial exposure of the cells to PBj6.6 virus. Values shown represent the means from a single experiment that was performed in triplicate;
the standard errors of mean values are marked by bars. The results shown are representative of two experiments that yielded similar results; in addition, the experiment
whose results are shown in Panel A was repeated on three occasions, with similar results, with a different molecular clone of SIVsmmPBj14—PBj 1.9 (7, 12).
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the virus (day 0), or at 24-h intervals thereafter; 7 days after
addition of virus, cellular proliferation was assessed. As shown
in Fig. 4B, the inhibitory effect of CsA on virally induced
lymphoproliferation was dependent upon addition of the drug
within the first 3 days after exposure to the virus (days 0 to 3).
At later times, CsA had little or no effect on cellular prolifer-
ation (days 4 to 6). One interpretation of these data is that
NFAT activation is required only during the initial phases of
SIVsmmPBj14-induced lymphoproliferation, whereas at later
stages, proliferation may proceed independently of NFAT.

Taken together, our results show that the CD28/B7 costimu-
latory pathway plays an important role in the induction of
lymphocyte proliferation by SIVsmmPBj14—much as it does
in the T-cell proliferative response that occurs during infection
with human T-lymphotropic virus type 1 or 2 (18). However,
since monocyte-costimulated proliferation of virally infected
cells was only partially blocked by CTLA4-Ig or by anti-B7
antibodies, non-CD28-dependent alternate pathways may be
also involved; studies to identify these pathways are ongoing.
Finally, our findings suggest that SIVsmmPBj14-mediated in-
duction of T-cell activation is dependent on a previously iden-
tified ITAM motif within the viral Nef protein, which may be
capable of delivering an activation signal(s) that is at least
partially analogous to the signal provided by engagement of
the TCR.
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