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Perspective

Tat as one key to HIV-induced immune pathogenesis and Pat toxoid
as an important component of a vaccine
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HIV-induced immune pathogenesis is more complex than simple
infection of CD41 T cells, their subsequent death, replacement by
new CD41 T cells, and eventual immune exhaustion. Even from
the earliest period of HIV research, it was clear from in vitro
results that the bulk of T cells did not respond properly to
antigenic stimuli and even ultimately to mitogenic stimuli, despite
the fact that only a small percent of T cells were infected (1, 2).
These results, however, were not limited to in vitro experiments.
Other studies showed abnormalities of proliferation and some-
times ‘‘bystander’’ apoptosis of uninfected cells in simian immu-
nodeficiency virus-infected macaques (3) and, more recently,
regenerative abnormalities that include more generalized effects
on hematopoiesis of HIV infected people (4). Consequently, a
direct infection and cell killing of CD1 T cells followed by their
rapid replacement and ultimate immune exhaustion as suggested
in some models does not encompass the overall reality of
HIV-induced immune pathogenesis. HIV immune pathogenesis
also clearly involves extracellular factors, which have an effect on
uninfected cells (Fig. 1). Candidates may include the aberrant
production of normal cellular factors, such as the over-production
of some cytokines andyor their production at the wrong time and
place. In fact, in studies chiefly performed by my collaborator D.
Zagury, we have presented evidence that IFN-a may be one such
candidate because of its over-production after HIV infection (5),
its known anti-proliferative effects (6–8) (Fig. 2), and because we
could partially restore T-cell proliferation in vitro to normal when
HIV infected peripheral blood mononuclear cell cultures were
treated with antibodies to IFN-a (8). Viral proteins, of course,
also may be extracellular toxins, and D. Zagury, his collaborators,
and I have proposed that Tat is one such toxin and perhaps the
most important one (8) (Fig. 2).

The discovery of the HIV Tat protein as an essential
regulatory gene for HIV replication was not unexpected to
those familiar with earlier known human retroviruses (9).
Analagous to the Tat protein of human T-cell leukemia virus
1 and 2 (9, 10), Tat is a small (14 kDa) nuclear protein product
transcribed from complex spliced mRNAs, functions as a
transacting transcriptional activator (9, 10), and is known to be
involved in initiation of transcription and, more importantly, in
RNA chain elongation (11) by complex processes involving
interaction with cellular proteins and a specific region (TAR)
of the viral RNA (11–13). More central to this perspective,
however, are the results from studies that implied that Tat
might be released from infected cells and might be capable of
entering andyor binding other cells (14–16) (Fig. 2). Results of
some early experiments suggested that extracellular Tat could
activate otherwise quiescent HIV proviruses, leading to still
more virus production. Obviously, questions were raised as to
the potential physiological meaning of these results, particu-
larly in view of the relatively high concentrations of Tat
required for the transactivation effect, as generally determined
by activation of virus expression from Tat defective proviruses.

By the early 1990s, Tat was unequivocally shown to be
released from acute infected CD41 T lymphocytes (15), and,

when it interacted with nearby activated uninfected T-cells,
Tat inhibited proliferation of these cells (8, 17–19) (Fig. 2).
Sometimes, apoptosis of these bystander cells also was ob-
served (18, 19). The amount of Tat required for inhibiting
T-cell proliferation is less than that needed for the proviral
transactivation effects, perhaps because these effects on cells
may only require interaction with the cell surface rather than
cell entry and nuclear membrane penetration.

How Tat produces these effects, however, is not yet settled.
It’s binding to cells is promiscuous probably because of its basic
region interacting by electrostatic forces with the cell surface.
However, Tat RGD region and other segments may bind
specific integrins on some cells (20) and chemokine receptors
on others (21). Indeed, Tat has been shown to have chemo-
kine-like effects in promoting migration of some cells (15,
20–22). In addition, it was recently shown that extracellular Tat
induces chemokine receptors expression on T-cells (23, 24).
Whether solely binding and signaling mediate these effects of
extracellular Tat is likely but unproven (25, 26). Several other
toxic effects of extracellular Tat, including neurotoxicity (27),
also have been described, but these cannot be discussed here.

Collectively, these in vitro results prompted speculations on a
possible role of extracellular Tat acting as a toxin in HIV-induced
immune pathogenesis leading to AIDS. What is the evidence that
Tat is involved in immune suppression, i.e., in inhibition of
proliferation of uninfected T-cells andyor altering antigen-
presenting cells? (i) Tat activates INF-a production from mac-
rophages (8) (Fig. 2), INF-a is present in high levels in HIV-
infected persons (5), and INF-a at high levels is immune sup-
pressive as discussed above (6–8). (ii) Tat directly inhibits T-cell
proliferation (8, 17) and promotes apoptosis of some cells (18, 19)
probably by inducing aberrant activation (28), though with some
cells and under certain conditions Tat can be anti-apoptotic (28).
(iii) Data from 24 different experiments showed that full recovery
of T-cell proliferation is achieved when HIV-1-infected periph-
eral blood mononuclear cells were cultured in the presence of
antibodies to both Tat and IFN-a whereas only partial recovery
was obtained with either antibody alone (Fig. 4). Thus, enhancing
neutralizing antibodies to Tat, though likely insufficient when
used as an exclusive immunogen, may be helpful as a component
of a composite vaccine by reducing immunosuppression (8, 16,
17) and reducing the viral replication (32) induced by this toxin.
(iv) Tat and INF-a promote the generation of a subset of CD81

T-cells with immunosuppressive properties themselves (8) (Fig.
3). (v) Tat inhibits NK activity (29). (vi) Corroborating these in
vitro results are a series of recent European clinical studies. First,
a Dutch group reported that HIV-infected persons who rapidly
progress to AIDS have less Tat-specific cytotoxic T-cells com-
pared with those who progress slowly (30). In a French cohort of
250 HIV-infected nonprogressors (the GRIV cohort), the best
serum correlate of nonprogression was a high titer of antibodies
against Tat during 1–2 years of follow-up of these subjects (31).
Michel La Placa, in Bologna, Italy, pioneered studies on the in
vitro effects of Tat, being the first to show that extracellular Tat
could markedly enhance viral replication through an autocrine-
paracrine loop, and was the first to suggest targeting Tat by
antibodies. He and his colleagues reported the first study showingPNAS is available online at www.pnas.org.
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a correlation of antibodies against Tat and slower disease pro-
gression, albeit in a smaller study than some of the recent reports
(32). Finally, a very recent German study showed that only
infected individuals without antibodies to Tat progressed to
develop Kaposi’s sarcoma (I, Demirhan, A. Chandra, O. Hassel-
mayer, and P. Chandra, personal communication).

In my view, these in vitro and in vivo results taken together, as
well as animal experiments showing the safety and immunoge-
nicity of inactivated Tat (35), are powerful arguments for clinical
intervention. Indeed, they have already prompted a clinical
therapeutic (33) and a preventive (34) vaccine study in humans
utilizing a chemically detoxified but immunogenic Tat called Tat
toxoid (33). Preliminary results of these studies in immune
deficient patients show safety and immunogenicity (33). These
clinical trials were complemented by earlier and ongoing studies
that utilized a preparation of inactivated IFN-a as a therapeutic
vaccine, i.e., used only in infected individuals (35, 36). As in the
recent Tat studies, safety and immunogenicity were demon-
strated, and CD41 T cell numbers were stabilized (35, 36). The
efficacy results, however, are anecdotal and demand larger and
rigorously controlled trials. If clearly efficacious, this approach
has great advantages, such as low cost, little or no toxicity, and
feasibility for the Third World because only periodic injections
are needed. In combination with anti-HIV chemotherapy, it also
may be useful in the industrial world.

In the case of Tat, I think these studies also have major
implications for the use of chemically inactivated but immu-
nogenic (33, 35) Tat as an added component of an HIV-
preventive vaccine. Indeed, we have already initiated trials in
healthy uninfected individuals that have shown safety and
striking immunogenicity of the Tat toxoid. The antibody titers
ranged from 1:16,000 to 1:64,000 and lasted over 1 year after
one inoculation (34).

On the other hand, it is also important to note reports of in
vitro studies that show Tat might have beneficial effects by
reducing HIV infection or expression. For instance, my col-
laborators and I reported that Tat can enhance production of
IFN-a and b-chemokines (8), and, of course, both can inhibit
either HIV entry into its target cells or HIV expression.
However, the overriding effect of Tat over a period of time is
to suppress T-cell proliferation, which ultimately negates the
aforementioned beneficial effects, eventually including a de-
cline in chemokine production. The net effect of several in vitro
effects can only be determined from in vivo clinical results or
in vivo experiments. As already discussed, several clinical–
epidemiological studies verify that a stronger immune response
against Tat correlates with better prognosis. This has now been
strengthened by recent studies of simian immunodeficiency
virus- or SHIV-infected monkeys, as described below.

After the in vitro results of the immunosuppressive effects of
Tat discussed above and the initiation of the above-mentioned
trials in humans, three supportive vaccine studies were conducted
in monkeys. First, A. Osterhaus and his colleagues in Lyon, in
collaboration with G. Sutter and V. Erfle in Munich, have
reported marked suppression (absence of viremia) in cynamalgus
monkeys infected with SIVmac 32h (pJ5) if the animals were
vaccinated with a recombinant modified vaccinia expressing Tat
and Rev (37). More recent studies of D. Pauza (in collaboration
with D. Zagury and investigators at the Institute of Human
Virology) indicate induction of delayed type hypersensitivity and
other indicators of a marked CD81 T cellular immune response
in monkeys vaccinated with the same chemically modified Tat
used in the human trials described above (see refs. 34 and 35).
Moreover, Pauza’s experiments show that the infection with
SHIV up-regulates expression of CXCR4 and CCR5 and that, in
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the animals vaccinated with Tat toxoid, this is diminished (D.
Pauza, P. Trivedi, M. Wallace, T. Ruckwardt, H. LeBuanec, A.
Burny, D. Zagury, and R.C.G., unpublished results). These in vivo
results corroborate the earlier in vitro results showing that Tat is
able to up-regulate CCR5 (23) and CXCR4 (23, 24). Indepen-
dently, my former coworker, B. Ensoli, and her collaborators
initiated a study of monkeys infected with the highly pathogenic
strain SHIV 89.6P (42). One group of these animals received a
commercial preparation of native Tat as a candidate vaccine. In
these studies, five of seven monkeys showed no viremia, no
detectable virus in peripheral blood mononuclear cells, or disease
development. Unfortunately, on several occasions, presentation
of these results has resulted in sensational headlines in Europe
that a protective vaccine was in hand before publication of the
results. Furthermore, these findings are regarded as still limited
in that (i) only seven monkeys were studied and two exhibited
signs of disease progression, and in this model, inexplicably, 50%
of infected animals spontaneously showed a nonprogression
profile with little or no viremia (38); (ii) all animals were infected
as indicated by persistent serum antibodies (no sterilizing immu-
nity); and (iii) use of native Tat (as used in these monkey studies)
might be hazardous to people whose immune system is compro-
mised by chronic infections, parasitic disease, or as a result of
malnutrition or of autoimmune predisposition. Nonetheless, col-
lectively, the three sets of results in monkeys are of interest and
support the prior concepts, in vitro experiments, and early clinical
trials summarized in this report.

There is one notable conflicting observation. Recent unpub-
lished in vitro results of K. Teh-Jeang and P. Murphy show that
Tat can block CXCR4 by both SDF-1 and CXCR4 utilizing
HIV-1 strains but had no effect on CCR5 function. They spec-
ulate that Tat may provide selective pressure at initial infection,
accounting in part for CXCR4 tropic HIV-1 variants being
excluded at this stage and favoring emergence of CCR5 viruses
as the dominant disease transmitting strain (P. Murphy and K.
Teh-Jeang, unpublished results). These interesting results cannot
be taken lightly and may very well have some in vivo consequence
like our earlier results showing Tat can augment IFN-a and
b-chemokine production, both of which inhibit HIV infection (8).
However, I again emphasize that, eventually, high levels of Tat are
immune suppressive and indirectly lead to greater HIV replica-
tion. Additionally, the three primate studies show suppression of
virus, no emergence of CXCR4 tropic variants, and a reduction
in expression of both CCR5 and CXCR4. Furthermore, in clinical
studies and late stage HIV-1 infection with greater replication of
HIV-1 (and hence greater Tat production), CXCR4 HIV-1
variants tend to emerge rather than being suppressed. I would
conclude from this phenomenon that the in vivo data strongly
indicate that the net effect of Tat is highly detrimental.

In my view, a ‘‘detoxified’’ Tat will be an important component
of a prophylactic or therapeutic vaccine coupled with a vector
delivery of HIV-1 structural proteins. Such a composite vaccine
will trigger long-lasting Tat-antibodies, which may facilitate con-
trol of Tat-included immune suppression during acute infection
and allow development of cell mediated immunity to HIV-1
structural antigens. This includes the release of b-chemokines,
substances that may be viewed as quasi-immediate effectors of
the cellular immune response, and, because they specifically
inhibit infection by the macrophage tropic strains of HIV-1 (39),
they also may be important in protection from HIV infection (40).
We further think that, in infected persons, the effect of controlling
extracellular Tat also will enhance the pool of anti-HIV-1 active
memory cytotoxic T lymphocytes, which may lyse infected cells
and thereby contain HIV-1 replication and prevent evolution
toward AIDS (41). My long-time collaborator D. Zagury (Paris),
has been involved in all of the concepts I have discussed here and

is spearheading this approach in Europe. Other major collabo-
rators include A. Bizzini, A. Lachgar, and J.-F. Zagury (Paris); A.
Gringeri (Milan); and A. Burny (Brussels).

I am grateful to D. Zagury (Paris), G. Zauli (Ferrara), and especially
to my colleague P. Secchiero for reading the manuscript and providing
helpful comments.
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