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INTRODUCTION world’s population are infested with one or more of the major

AIDS is currently one of the biggest and most deadly world-
wide epidemics of infectious diseases. Human immunodefi-
ciency virus (HIV) infection has already caused approximately
25 million deaths; an estimated 42 million persons had been
infected with HIV by the end of 2002, with at least 5 million
new infections and 3.1 million deaths from AIDS occurring
that same year (258). It is estimated that more than 100 million
people would be carrying the virus in less than 10 years from
then (257, 258). Sub-Saharan Africa is the region of the world
most severely affected by HIV and AIDS; in that area, life
expectancy has declined precipitously, in some countries by
50%, and infant death rates have doubled. The AIDS epidemic
has intersected most notably with tuberculosis (TB) (22, 34, 60,
96, 108), and TB is the principal cause of death for persons
with HIV-1 infection worldwide (29, 73).

Next to TB, the most common infections in the developing
countries are helminthic infections. About one-quarter of the
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soil-transmitted helminths, with the estimated number of in-
fected people being over 1.5 billion (49, 68, 198). Helminths
belong to two major groups of animals, the flatworms or Platy-
helminthes (flukes and tapeworms) and the roundworms or
Nematoda. The most serious helminth infections are acquired
in poor tropical and subtropical areas (40, 51, 68, 179, 186,
274), but some also occur in the developed world (191, 213).
Many potential helminthic infections are eliminated by host
defenses; others become established and may persist for pro-
longed periods, even years. Although helminthic infections are
often asymptomatic, severe pathology can occur (41, 69, 70, 75,
172, 190, 208). The most obvious forms of direct damage are
those resulting from the blockage of internal organs or from
the effects of pressure exerted by growing parasites. In addi-
tion, many helminths undergo extensive migrations through
body tissues, which both damage tissues directly and initiate
hypersensitivity reactions.

All helminths stimulate strong immune responses (8, 119,
162, 170, 242, 261, 269). Although these responses are useful
for diagnosing infection, they frequently appear not to be pro-
tective. Moreover, damage also occurs indirectly as a result of
the host defense mechanisms (124, 246). Immune-mediated
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FIG. 1. Distribution of helminths and HIV-1 in Africa. The prevalence of infection by helminths and HIV-1 is based on data obtained from

references 43 and 274 for helminths and reference 257 for HIV.

inflammatory changes occur in the skin, lungs, liver, intestine,
central nervous system, and eyes as worms migrate through
these organs. Systemic changes such as eosinophilia, edema,
and joint pain reflect local allergic responses to the parasites.
The fact that many worms are extremely long-lived means that
many inflammatory changes become irreversible, producing
functional changes in tissues. All helminths release relatively
large amounts of antigenic materials, and this voluminous pro-
duction may divert immune responses or even locally exhaust
the immune potential (see below).

Since the prevalence and geographic distribution of helmin-
thic infections and HIV-1, particularly in Africa (Fig. 1), are
remarkably high, possible causal relationships between these
infections may occur. The recent immigration of more than
50,000 Ethiopian Jews to Israel from areas with high preva-
lence of HIV infection and with a very high prevalence of
helminthic infections has enabled us to address the effects of
these pathogens on the host. Based on these studies, we have
suggested that a major factor determining such interactions is
the host response to the infections. Furthermore, we argued
that immune activation of the host is the most critical deter-
minant in the pathogenesis of HIV infection and that chronic
immune activation of the host by the helminthic infections, so
commonly found in the developing countries, may account for
the more severe dissemination of AIDS in these countries
(19-22). In this review we have tried to summarize the current
knowledge of the effects of chronic immune activation in hu-
mans, specifically that caused by helminthic infections or HIV,
on the host immune response, with special emphasis on the
induction of hyporesponsiveness and anergy. The possible im-
plications of these changes on the susceptibility of the host to
HIV, on the natural course of the infection, and on the ability

of the host to develop protective immunity to HIV following
vaccination have also been addressed.

HELMINTHIC INFECTIONS AND AIDS: MUTUAL
EFFECTS AND VACCINATION

Since helminthic infection are so widely present in most
developing countries and are present in populations where HIV-1
is highly endemic (Fig. 1), the interaction between these infec-
tions, in the same host and at the population level, is of great
importance and has many potential practical implications. As
mentioned above, and based on our main hypothesis, we have
suggested that people infected with helminths will be immune
activated and therefore more prone to become infected with
HIV; furthermore, once these individuals have been infected with
HIV, the infection will progress faster, and therefore eradication
of worms from dually infected individuals will ameliorate HIV
progression. We also suggested that since helminth infection is
activating the immune system, it will cause an increase in the
plasma HIV viral load (VL) and thereby will also affect HIV
transmission. In addition, since the chronic helminthic infection
skews the immune response profile toward a T-helper type 2
(TH2) profile and also leads to hyporesponsiveness and anergy, it
will affect the ability of the host to generate potent and protective
immune responses when vaccinated against HIV (19-21, 23, 31,
32). In the following section we review the studies addressing
these issues, including our own work.

Effects of Helminths on Concurrent HIV Infection

We have looked specifically at the question whether helmin-
thic infection would affect plasma HIV-1 VL in dually infected
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individuals and have found a significant correlation between
egg excretion and HIV-1 VL (D. Wolday, S. Maayan, G.
Miriam, and Z. Bentwich, Abstr. 7th Conf. Retrovirus Oppor-
tunistic Infect., abstr. 157, 2001). In other studies, notably of
individuals dually infected with HIV-1 and Schistosoma, such
correlations were not found (78, 144). Wolday et al. observed
increased HIV VL in individuals dually infected with HIV-1
and Leishmania (Wolday et al., Abstr. 7th Conf. Retrovirus
Opportunistic Infect., 2001); likewise, increased VL has been
observed in malariaHIV and in TB-HIV dually infected pa-
tients (114, 143); (O. Jobe, K. McAdam, and N. Berry, Abstr.
XII Int. Conf. AIDS, abstr. 60742, 1998). Regarding the pos-
sible effect of helminths on the course of HIV infection,
namely, increasing its rate of progression, there are not enough
studies that have addressed this question, and the proofs for
that possibility are clearly insufficient. In studies carried out by
us with HIV-1-infected (HIV™") Ethiopian immigrants in Is-
rael, we have not seen any difference in the rate of progression
between the Ethiopian immigrants and non-Ethiopian HIV*
people living in Israel (268), but that has been generally after
eradication of worms in the Ethiopian immigrants. In a more
recent study that we have carried out in Ethiopia, deworming
of Ethiopians dually infected with HIV and helminths resulted
in a moderate but significant decrease of HIV VL (Wolday et
al., Abstr. 7th Conf. Retrovirus Opportunistic Infect., 2001).
Such an effect may of course affect the rate of progression of
the HIV infection. Does helminthic infection increase the sus-
ceptibility for HIV infection? We and others have shown that
this happens in vitro (97, 232), but it has not yet been ad-
dressed in field studies. Another aspect of the same issue was
to determine if helminthic infections enhanced TB infection,
whether newly acquired or reactivated. In studies carried out
by Beyers in areas of South Africa where TB is highly endemic,
the following major observations were made: (i) most of the
new active cases of TB were due to reactivation of a previous
infection, (ii) a marked correlation was found between serum
immunoglobulin E (IgE) levels and the incidence of TB, and
(iii) total IgE and ascaris-specific IgE levels were both high in
the TB patients and declined following successful treatment (3,
26). More recently, in studies carried out in Uganda by Elliot
et al.,, a significant correlation was found between helminth
infection and increased incidence of TB in HIV™ patients (77).
Taken together, these studies support the notion that the hel-
minth infections increase the susceptibility to active TB in HIV
dually infected people, may increase susceptibility to HIV in-
fection, and may also affect HIV progression and transmission,
but larger studies are clearly needed to establish this concept.

Helminthic Infections, Deworming, and Vaccination

The possible role of the preexisting immune profile on the
immune response has been addressed in a number of ways. A
number of investigators have demonstrated impaired TH1 and
specific cytotoxic T-lymphocyte (CTL) responses in immunized
animals with a preexisting dominant TH2 profile as a result of
schistosomal infections (2, 202, 204). We have also found a
dominant TH2 response in Schistosoma-infected mice immu-
nized with either plasmid DNA encoding -galactosidase or
HIV antigens (11, 12). The presence of helminthic infections in
humans was found by us and also by others to be significantly
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associated with an impaired response to tuberculin purified
protein derivative (PPD) in individuals either exposed to My-
cobacterium tuberculosis or immunized previously with bacille
Calmette-Guérin (BCG) (reference 76 and unpublished re-
sults). A generally weaker responsiveness to all or most vac-
cines in developing countries has been known for a quite a
while. Thus, polio vaccination, although very successful on the
whole in achieving a significant decrease in the incidence of
new polio infections, achieved much lower levels of response in
developing countries than in developed countries (122, 201).
Likewise, and more importantly, the failure of universal BCG
vaccination to decrease the rate and incidence of TB in devel-
oping countries is well known (31, 32, 76) and fits very well with
the very high level of anergy to PPD found in such populations.
The presence of anergy to PPD in regions where the incidence
of TB is so high would seem to fit very well with the large
number of studies indicating that helminths may lead to anergy
and hyporesponsiveness (see below). Nevertheless, the causal
relationship between helminthic infections and the decreased
response to vaccination is not sufficiently established and re-
quires larger and more detailed studies.

In recent years, the concept of deworming large populations
has gained much support from the World Health Organization
and other public health authorities around the world. This has
been brought about by the growing awareness of the benefits
conferred by such an approach on a number of health param-
eters, notably general morbidity, anemia, growth, and possibly
learning abilities (15, 44, 45, 49, 105). The major thrust of these
ongoing efforts is to deworm whole populations in several
locations around the world, with much emphasis on younger
ages. It has already proved feasible and not too costly. In all
these efforts, however, the biomedical rationale has not been
extended at all to the issues raised in this review, namely, to the
possible effects deworming may have on the HIV epidemic and
on the generation of protective immunity as a result of vacci-
nation against these pathogens.

We have tried to look at the effect of deworming on the
immune system in a number of ways. First, we showed that
most of the immune system changes that were present in new
Ethiopian immigrants on arrival to Israel (described exten-
sively below) reverted completely or almost completely to our
local Israeli normal levels in Ethiopian immigrants who had
lived in Israel for several years and after eradication of the
helminths (23, 24, 128). Second, to determine if indeed all the
immune changes were the result of the helminthic infections
and were not due to other factors, such as nutrition or hygiene,
we carried out a prospective study of Ethiopian immigrants to
Israel and compared the immune profiles of two groups: one
that underwent deworming successfully shortly after arriving in
Israel and one, that did not receive such treatment (by chance
and not preplanned). Both groups lived in the same geograph-
ical locations and in a similar environment and were studied a
short time after arriving and a year later. The results of that
study, depicted in Fig. 2, clearly demonstrate that 6 to 12
months after deworming, a significant decrease in eosinophilia,
blood IgE levels, and immune activation (HLA-DR on CD3*
cells), as well as a clear trend for normalization of blood T-cell
subsets, is present. This clearly suggests that, indeed, the hel-
minths by themselves are responsible for the immune changes
that were found in new Ethiopian immigrants. The deworming
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FIG. 2. Decreased immune activation following deworming. The effect of helminth eradication on the immune system was studied by following
up several immunological markers in two subgroups of the Ethiopian immigrants to Israel. The treated group included 30 individuals infested with
one or more helminthic parasites. Blood samples were taken from them before and 6 to 12 months after eradication of the parasites. The untreated
group included 19 new Ethiopian immigrants to Israel, who lived in the same environment as the treated group but did not receive anthelminthic
treatment and remained infested with helminths during the whole study period. The graphs show the percent relative changes (PRC) of
immunological parameters between two consecutive blood tests (X; and X,) taken 6 to 12 months apart. The PRC was calculated as follows: PRC
= [(X, — X,)/X;] X 100. Each bar represents the PRC mean * standard error for each group. The significance of the difference between the PRC

(P value), determined by the Mann-Whitney rank test, is shown.

in itself caused a normalization of the immune profile that was
not found in the immigrants who continued to harbor the
helminths. Regarding the skin reactivity and lymphoprolifera-
tive response to PPD, which were both significantly diminished
in the Ethiopian immigrants with helminths, eradication of the
worms brought a significant reversion to positive proliferative
response while not affecting significantly the skin test re-
sponses.

In the following sections we summarize published data and
some of our unpublished observations that support the pres-
ence of immune dysfunction secondary to immune activation
in both HIV-1 and helminthic infections and discuss how these
diseases may influence each other. Figure 3 summarizes the
various elements related to hyporesponsivness and anergy,
which are addressed in the following sections.

IMMUNE ACTIVATION AND DYSREGULATION
CHARACTERIZE BOTH HELMINTHIC AND
HIV-1 INFECTIONS

One of the main characteristics of HIV-1 infection is per-
sistent systemic immune activation (9, 21, 103, 111, 143, 200).
This immune activation and dysregulation is characterized by a
specific pattern of cytokine production, expression of mem-
brane activation molecules on the cells of the immune system,

and changes in the levels of several immune parameters in
blood. Infection by helminths also results in chronic immune
activation, leading to similar immune dysregulation and immu-
nological unresponsiveness of the host (19, 24, 33, 247). This
section describes the common and distinguishing characteris-
tics of the immune system during chronic HIV-1 or helminthic
infections.

T-Cell Subset Profile

Abnormal T-cell subset profile during HIV-1 infection. The
hallmark of HIV-1 infection is the continuous attrition of CD4
T cells, both naive (CD45RA™") and memory (CD45RO™)
cells, with the accompanying progressive immune deficiency
(101, 154, 156, 180, 199). However, despite the great progress
made in understanding the pathogenesis and mechanisms of
HIV infection, it is still not clear whether the chain of events
leading eventually to AIDS is brought about by the direct
effects of the virus itself or, rather, by the indirect effects of its
continuous presence on the responding immune system of the
infected host. Although the cytopathic effects of HIV-1 on T
cells in vitro have been well described (47, 93), the small
number of truly infected T cells during the infection (7), the
widespread changes in the immune responses and homeostasis
well before the onset of AIDS, and the other features of
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FIG. 3. T-cell hyporesponsiveness during chronic immune activation. The chart represents different features altered during chronic immune
activation caused by persistent HIV-1 or helminthic infection. Representative factors found to be altered are depicted. Chronic immune activation
causes (i) an increase in the level of CTLA-4, which downregulates T-cell responses by raising the threshold for effective T-cell activation (CTLA-4
engagement also leads to expression of the downregulatory cytokine TGF-B); (ii) downregulation of CD28 (effective stimulation of T cells via the
TCR requires costimulatory signaling through the ligation of CD28 receptor with CD80 or CD86 ligands of APC; TCR stimulation in the absence
of CD28-mediated costimulation induces a long-lasting hyporesponsive state); (iii) a reduction in CD80 in APC, which decreases the effective
stimulation of T cells; (iv) an increase in constitutive levels of intracellular negative regulators, such as Cbl-b; (v) impaired cytoplasmatic signal
transduction, such as decreased phosphorylation of ERK 1/2; (vi) decreased translocation to the nucleus and activation of transcription factors,
such as NF-kB; and (vii) an increase in the number of Treg cells, which induce T-cell hyporesponsiveness directly by cell contact and through
downregulatory cytokines such as IL-10 and TGF-B. The TH2 skewed immune profile associated with HIV-1 and helminthic infections results in
upregulation of downregulatory cytokines and probably of Treg cells. In addition, soluble factors originating from HIV or helminthic parasites,

such as gp120 and ES-62, interact with the T cells, augmenting cellular impairments and hyporesponsiveness.

immune imbalance associated with HIV infection (see below)
all present complex situations that cannot be accounted by the
“direct-killing” hypothesis (205, 206). As has been previously
suggested by others and by us (9, 19, 21, 23, 25, 72, 84, 95, 102,
103, 110, 126, 152, 178, 239), indirect effects of the infection
with HIV, primarily the wide and chronic immune activation of
the host, probably account better for the main changes ob-
served during HIV progression and AIDS. Indeed, we have
found that immune activation, as determined by the membrane
markers HLA-DR and CD38 and the intracellular nuclear
antigen Ki-67, correlates better than HIV-1 plasma VL with
CD4 T-cell decline during HIV-1 infection (150, 152, 268). In
contrast, the correlations between HIV-1 plasma VL and
CD4™" T-cell numbers or CD4/CDS ratios were much weaker,
and no correlation at all was found between the VL and CD8"
T-cell levels. The correlation between the percentage of Ki-
67-expressing CD4 ™ cells and CD4™" T cells paralleled that of
HLA-DR in CD3" cells and reflected immune activation of
the cells rather than increased cell proliferation. This conclu-
sion is based on the fact that almost half of the Ki-67" CD4™
cells coexpressed cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4), which is considered a marker for activated cells

arrested at the G, stage of proliferation (42). Similar observa-
tions were also reported recently by Sousa et al. in studying
both HIV-1- and HIV-2-infected patients (244). Furthermore,
simian immunodeficiency virus (SIV) infection of mangabeys,
which does not result in immune activation, also does not
result in CD4 lymphopenia despite the presence of a chronic
high-level viremia (240). This is in contrast to pathogenic SIV
infection of rhesus macaques, which results in high immune
activation and CD4 lymphopenia. Douek et al. (72) have re-
cently suggested that in addition to the attrition of the resting
memory and naive T-cell pools as a result of persistent immune
activation during the chronic phase of HIV-1 infection, a rapid
and massive depletion of CCR5" CD4" memory T cells, not
related to immune activation, occurs during the acute phase of
the infection. They suggest that the loss of these cells has a
central impact on the subsequent course of the infection.

A key factor contributing to the immunodeficiency in HIV
infection seems to be defective antigen presentation. T-cell
responses such as proliferation, interleukin-2 (IL-2) secretion,
and activation of cytolytic effector function from memory
CD8" precursor CTL require stimulation of T cells via the
T-cell receptor (TCR) and costimulatory signaling through the
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TABLE 1. Role of TH1 and TH2 in protection against HIV-1 and helminthic infections

TH1 and TH2 during HIV-1 infection

Main reference(s)

A correlation exists between TH1 profile and slow progression of HIV infection..........c.coooviviivinininininininincniniiens 55, 222, 260

Defective in vivo activation of HIV-1-specific CTL occurs in rapidly progressive infection.
A switch from TH1 to TH2 profile is associated with fast disease progression...........c.ceeceeeveveuce

No switch from TH1 to TH2 cytokine profile was found during the progression of HIV disease...
HIV replicates preferentially in TH2 Cells ......cccoeeucuiiiiiiiiiiiiiciccens
THI cells clear primary viremia and maintain low viremia during the asymptomatic phase of the infection..

.59, 164, 223
35,130, 139, 241, 255, 256

THI1 functions are correlated with better survival and slower diSease Progression...........coooeeererirerirererineseriseseeeeeeas 57, 214, 220, 222

Protection from HIV-1 infection is associated with TH1 responses.........

...................................................................... 16, 57, 58, 65, 89, 142, 160,

209, 210, 224, 225

Cellular immunity induced by vaccination confers protection against SIV in primates...........ceceeveerereeerereeerereeerenenns 39, 175, 215
Progression to disease in SIV-infected macaques is associated with evasion of the CTL response. .81
The low levels of IL-12 found in HIV™" individuals promote a TH2 immune reSPONSE .......eruevrreeerrreressrereesresnneens 192

Helminth infections are associated with a dominant TH2 immune profile

................................................................... 24, 85, 118, 162, 166, 169, 196,

234, 276, 277

T cells from chronically helminth-infected individuals do not produce TH1 cytokines following recall antigen

SHMUIAION....coooiiici s
THI cytokine levels are not always decreased during helminth infections.

...................................................................... 33,92, 227, 262

....61, 166, 203, 276

The TH2-dominant immune profile in helminth infection drives the host response toward a TH2/TH3 type......... 2,19, 61, 118, 166, 167, 169,

Helminth-infected mice have a downregulated TH1 response..................

234, 235, 271, 276

...................................................................... 11, 12, 263

ligation of CD28 receptor with the B7-1 (CD80) or B7-2
(CD86) ligands of antigen-presenting cells (APC) (13, 14, 123).
By contrast, TCR stimulation in the absence of CD28-medi-
ated costimulation not only results in little IL-2 production but
also induces a long-lasting hyporesponsive state known as T-
cell clonal anergy (38, 91, 146, 212). In healthy individuals, the
CD28 molecule is present in about 95% of CD4" T lympho-
cytes and in about 50% of CD8" T cells (14, 123). During
HIV-1 infection, a decrease in CD28" expression occurs in
both the CD4 and CDS8 compartments (64, 150, 151, 156, 195,
278), and there is a decrease in the level of the costimulatory
molecule CD80 in APC (54, 148). Furthermore, the CD40
ligand (CD40L, also called CD154 or TNFSFY), a crucial mol-
ecule for activating APC, which belongs to the tumor necrosis
factor (TNF) superfamily (TNFSF) of ligands, is also de-
creased in expression during HIV infection (54, 140). Taken
together, these results show that CD4™ T-cell memory popu-
lations, initially those expressing CD45RO, decrease in num-
ber not only because of their destruction but also because they
fail to expand in response to antigenic stimulation (112).
Abnormal T-cell subset profile during helminthic infections.
Less well known and less appreciated is the dysbalance in
peripheral lymphocyte populations observed in association
with helminthic infections (24, 80, 153). These changes include:
(i) a decrease in the number of CD4" lymphocytes (79, 128,
243) and an increase in the number of CD8" T lymphocytes
(128, 243), and a reduction in CD4/CDS ratios to below 1 (a
similar reduction in the CD4™" cell numbers in the peripheral
blood is also found in individuals infected with other parasites,
such as the protozoan parasite Leishmania donovani [94]); (ii)
a marked increase in the proportion of activated (HLA-DR™)
CD4™" (80, 125, 128, 173, 268) and CD8" (128, 173, 268) T
cells; (iii) a significant increase in the numbers of memory
(CD45RO™) CD4" and CD8™" T cells (125, 128, 268), with a
concomitant significant decrease in the proportion of naive
(CD45RA™) CD4" cells (125, 128, 268); and (iv) a major
decrease in the number of CD8* CD28™" T cells (128, 173, 176,
243, 268). All these changes in the peripheral blood lympho-

cytes subsets result in an impaired capacity to mount protective
immune responses to the invading parasites, with a major im-
pact on the host ability to respond immunologically (20, 31, 32,
74,138, 243). Of great importance is the fact that most of these
changes revert to normal levels, following eradication of the
helminthic infections (23, 34, 128) (see also “Helminthic infec-
tions, deworming, and vaccination” above). Of interest, indi-
viduals constantly exposed to filarial infections have a greater
expression of CD28 in both CD4" and CD8" T-cell subsets
(247), suggesting a possible compensatory mechanism in some
situations of chronic exposure to parasitic antigens (128, 268).
Furthermore, expatriates with filarial infections, who do not
harbor the parasite any more, do have lower CD8" CD28"
levels than healthy individuals (244). Nevertheless, it may sug-
gest differences between the effects of chronic HIV infection
and different parasitic infections on the host immune system.

T-Helper (TH1/TH2) Profile

The role of TH1 and TH2 cells in controlling the immune
response and in overcoming infections is well established.
While cytokines produced from THI cells induce a cellular
immune response, cytokines produced from TH2 cells induce a
humoral immune response (1). These two cell types cross-
regulate each other, and hence cytokines produced by one
subset can suppress the production and/or activity of cytokines
by the other subset (188, 189). More importantly, a stronger
TH1 response may enable the host to better overcome certain
types of infections, such as viral or fungal infections, while a
stronger TH2 response has been found in parasitic diseases
and may be more adequate in coping with them. The following
sections, as well as Table 1, review what is currently known
about the role played by the TH profile in both HIV and
helminthic infections.

TH1 and TH2 cells during HIV-1 infection. Shearer, Clerici,
and Romagnani were among the first investigators to point out
the possible protective and beneficial role of a TH1 response
on the course of HIV infection (55, 222). They showed a clear
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correlation between maintenance of a TH1 profile and slow
progression of the infection whereas a switch of profile from
TH1 to TH2 was associated with fast progression of the infec-
tion (59, 164, 223). Furthermore, CTL (TH1 cells) probably
play a crucial role in controlling viremia, slowing disease pro-
gression, and perhaps preventing the establishment of infec-
tion (reviewed in reference 116). More specifically, (i) acti-
vated CTL and CD8" T-cell-mediated noncytolytic inhibition
of HIV are responsible for the initial clearance of primary
viremia and probably for maintaining low viremia during the
asymptomatic phase of the infection (35, 130, 139, 241, 255,
256); (ii) TH1 functions are correlated with better survival and
slower progression (57, 214, 220, 222); (iii) THO cells or TH2
cloned cells show increased susceptibility for HIV infection
and replication (164); (iv) progression may be correlated with
a reduction of cellular immunity, together with higher permis-
siveness of THO/TH2 cells to HIV infection (164). Protection
from HIV infection may also be associated with an effective
THI1 cellular defense. The best evidence is found in individuals
who have been exposed to HIV yet remained HIV seronega-
tive while having specific HIV cellular immunity (reviewed in
references 16 and 141) and HIV-seronegative infants who were
born to HIV-infected mothers and have HIV-specific CTL
activity (65). The importance of cellular immunity in confer-
ring protection from infection has also been shown in several
studies of protective vaccination against SIV in primates (39,
175, 215). However, despite these important observations, sev-
eral studies have not confirmed many of these findings (see,
e.g., references 100 and 278). No significant dominance of a
particular TH profile has been found to be associated with
stages or courses of the infection. Elevated levels of TH2
cytokines have been found to be present even at early stages of
the infection, while the levels and specificity of CTL activity
have been correlated only poorly or not at all with better
outcome of the infection (81, 99, 109, 156). Taken together, it
is clear that until we have better correlates of immunity to viral
suppression and/or control, we should consider these to be
markers of immune activation and response with as yet unclear
relevance to the natural course and prognosis of HIV
infection.

TH1 and TH2 cells during helminthic infections. One of the
hallmarks of helminth infection is the dominant TH2 immune
profile they elicit. We and others have been able to show that
people infected with helminths have extreme blood eosino-
philia, high serum IgE levels, and a TH2 cytokine profile with
increased secretion of IL-4 and IL-5 in the absence of signifi-
cant TH1 cytokine synthesis (24, 85, 118, 162, 166, 169, 196,
234, 276, 277). For instance, peripheral T cells obtained from
humans who are chronically infected with the filarial parasite
or Schistosoma fluke often fail to respond to parasite antigens
(92, 227, 262), to recall antigen including PPD (33), or to
anti-CD3 stimulation (Q. Leng et al., unpublished observa-
tions), in the form of proliferation or TH1-related cytokine
production. This cytokine profile may vary, either during the
same infection, such as a switch from TH1 to TH2 during
Schistosoma infection, or in different helminthic infections,
such as in filariasis (166, 276). Interestingly, the secretion of
IL-2 and gamma interferon (IFN-y) (TH1 cytokines) is not
always decreased below normal levels during helminthic infec-
tions (61, 166, 203, 276). Be it as it may, the TH2 skewed
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immune profile associated with the helminthic infections influ-
ences the infected host immune response toward a TH2/TH3
(see “TGF-B and IL-10 in helminthic infections” below) type
of response to other antigens (2, 19, 61, 118, 166, 167, 169, 234,
235, 271, 276). A TH2-like immune response with concomitant
downregulation of THI1-associated immunity has also been
shown in mice infected with Taenia (263).

Distinctive Features of HIV-1 and Helminthic Infections

As outlined above, there are several common features to
HIV infection and chronic helminthic infections which we
think are due to the fact that both are situations of chronic
immune activation. There are, however, clear differences be-
tween these two conditions which need to be emphasized. The
extreme T-cell depletion, and particularly the CD4 T-cell at-
trition and the severe immunodeficiency that comes with it and
that is so typical of advanced HIV-1 infection, has never been
observed or reported in chronic helminth infection. Further-
more, it is clear that helminth infections in different geograph-
ical locations are accompanied by different degrees of immune
deficiency and T-cell impairment. Our observations of the
Ethiopian immigrants have been confirmed by studies of other
helminth-infected populations in India, the Caribbean, and, to
a lesser extent, some parts of East Africa, but apparently not to
the same extent in West Africa (127, 259). The interpretation
of these differences is not so clear and probably reflects several
additional factors, most of them unknown. On the one hand,
HIV-1 is an intracellular pathogen with special tropism to the
immune system, most notably to T cells, with the CD4 mole-
cule that specifically marks T helper cells being its major cell
membrane receptor. HIV-1 also has direct effects on the im-
mune cells, at least in the acute phase of the infection, which
have not been reported so far in any helminth infection. Hel-
minths, on the other hand, are large extracellular parasites that
generate a strong immune response to several antigens pre-
sented by them to the host. There may also be some antigenic
similarities between helminth infections and HIV (132, 133; Z.
Weisman, unpublished data), but these are certainly not well
defined and probably do not constitute a major element that
may account for either the similarities or the differences be-
tween the two types of infections. Lastly, it is clear that with
respect to the TH1/TH2 effects, helminthic infections, unlike
HIV-1, confer a dominant TH2 profile on the host, as summa-
rized in Table 1.

CHRONIC IMMUNE ACTIVATION RESULTS IN
HYPORESPONSIVENESS AND ANERGY

A striking finding in studies of the immune response during
chronic infections, particularly HIV and helminthic infections,
is the high degree of low responsiveness to antigen and to
immune stimulation. This has usually been ascribed to the
immunodeficiency that accompanies HIV infection but was not
sufficiently well recognized in other chronic infections such as
helminthic infections. The use of TCR-transgenic mice has
provided compelling evidence that anergy is an in vivo phe-
nomenon, and not merely an in vitro artifact (146). We have
previously suggested that the hyporesponsiveness and anergy
that accompany HIV and helminthic infections may be caused
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partly by the chronic immune activation (18, 24, 33, 128). Such
hyporesponsiveness and anergy could be tied to the effects of
T-regulatory (Treg)/suppressor cells present in these situa-
tions. It is now over 5 years since the attention of the immu-
nological community was drawn to the role, characterization,
and function of Treg cells. This resurgence of interest in what
historically were known as “suppressor T cells” (217, 231), has
been brought about by the clear demonstration, first with an-
imals and later with humans, that such cells do indeed exist and
that their function is probably central to the control of several
elements of the immune response. These cells constitute 5 to
10% of peripheral CD4™ T cells in naive mice and humans and
suppress several potentially pathogenic responses in vivo, par-
ticularly T-cell responses directed to self-antigens. The first
and most clear demonstration of their place and role was in the
context of autoimmunity (228); this was followed by studies
with both humans and animals, showing that such cells were
involved in the control of the immune response to infections,
neoplasia, and organ and bone marrow transplantation (30, 52,
88, 90, 236, 237, 265, 273). For example, during chronic infec-
tion by Leishmania major. Treg cells accumulate in the dermis,
where they suppress, by both IL-10-dependent and IL-10-in-
dependent mechanisms, the ability of CD4™" effector T cells to
eliminate the parasite from the site (17). By now it has become
clear that Treg cells belong to a population of CD4 T cells that
coexpress CD25 (the IL-2 receptor alpha-chain), constitutively
express CTLA-4, often secrete IL-10, transforming growth fac-
tor B (TGF-B), IFN-q, and IL-5, and may have higher expres-
sion of a number of membrane markers (CD62L, CCR4,
CCRS, and CD103) as well as of the cellular transcription
factor FOXP3 (30, 52, 88, 90, 134, 228, 236, 237, 265, 273). The
role of these cells in the context of the chronic immune acti-
vation that is present in HIV and helminthic infections has not
been widely explored until recently. In the following sections,
we summarize the studies of hyporesponsiveness and anergy in
these infections and their possible link to Treg cells.

TGF-f and IL-10 during HIV-1 Infection

A complex and sequential pattern of loss of TH-cell function
can occur years before the development of AIDS symptoms.
Such suppression could be due to immunosuppressive factors
that are either products of HIV, such as gp120 or its precursor
gp160 and Tat (see below), or HIV-induced immunoregulatory
cytokines, such as TGF-B and IL-10 (233); it could also be due
to an increase in the number of Treg cells. Both IL-10 and
TGF-B, which are also produced by TH3/regulatory cells (236,
237), show elevated levels during HIV-1 infection (4, 56, 59,
100, 161, 193, 221, 249). TGF-B plays an essential role in T-cell
regulation, including its antiproliferative effects on T cells and
acquisition of effector functions by naive T cells (reviewed in
reference 98). However, overexpression of TGF-B can lead to
the conversion of its protective functions to pathogenetic man-
ifestations through its profound and broad inhibitory effects on
different antiviral defense mechanisms. Thus, overproduction
of TGF-B during HIV infection may contribute to noncyto-
pathic mechanisms of immunodeficiency by suppressing cellu-
lar and humoral immune responses. One example is the de-
crease of B-lymphocyte proliferative responses of cells of
HIV™ donors to Staphylococcus aureus Cowan 1 stimulation.
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This deficiency correlates closely with increased TGF-@ secre-
tion by peripheral blood mononuclear cells (PBMC) from
HIV™ donors (131). Antibodies to TGF-B neutralize the in-
hibitory effect of HIV™ culture supernatants on normal B cells
and increases low proliferative responses by HIV™ cells. Acti-
vated TGF-B from HIV™ PBMC is able to significantly reduce
the induction of immunoglobulins, and this effect is also abro-
gated by anti-TGF-f (131). TGF-B can also suppress the pro-
duction of IL-18, a cytokine which induces cellular immune
responses (see “TH1 and TH2 cells during HIV-1 infection”
above) in PBMC of HIV* patients, and its levels in plasma are
inversely correlated with levels of IL-18 in serum in HIV"
patients (4). HIV-1 gp120 and gp160 induce TGF-B secretion
and TGF-B mRNA upregulation in PBMC (46, 117). Similarly,
HIV-1 Tat was shown to increase the expression of TGF- in
human astrocytic glial cells (62). TGF-f promotes virus repli-
cation and spreading by multiple distinct mechanisms. It di-
rectly stimulates virus replication in infected monocytes and
PBMC under certain in vitro conditions, and it stimulates the
production of other cytokines that enhance virus replication
(211).

The IL-10 concentration increases with HIV-1 disease pro-
gression (56, 59, 100, 221, 249) and is reduced in long-term
nonprogressor HIV™ individuals (56, 249). Moreover, a dra-
matic increase in the plasma IL-10 level was shown to coincide
with a rapid decrease in CD4 counts and progression to AIDS
(245).  Accordingly, highly active antiretroviral therapy
(HAART) induced a significant, gradual decrease in IL-10
levels (249). Furthermore, the loss of cell-mediated immune
responses found in HIV™ patients during successful HAART
could be significantly improved in vitro by the addition of
anti-IL-10 (250). HIV-1 gp120 has been also found to upregu-
late IL-10 in lymphocytes (46).

TGF-3 and IL-10 during Helminthic Infections

Several studies support the notion that it is not the TH1-to-
TH2 shift but, rather, other cytokines, primarily IL-10 and
TGF-B, which mediate the antigen-specific hyporesponsive-
ness characteristic of chronic human or primate helminth in-
fections (71, 113, 136, 183, 198, 218, 235). For instance, para-
site antigen-specific cellular hyporesponsiveness in patients
chronically infected with filarial helminths was associated with
a lack of IL-4 production and significantly lower production of
IL-5 by their PBMC compared to the same cells obtained from
individuals with putative immunity. In contrast, the antigen-
specific hyporesponsiveness could be reversed by the addition
of anti-IL-10 and anti-TGF-B antibodies (71, 137, 165). In
accordance, it has been shown that production of TGF-B is at
least partially responsible for the failure to elicit protective
immunity against Schistosoma mansoni by certain vaccination
protocols (270). Additionally, increased expression of TGF-B
produced by parasite antigen-specific peripheral T cells has
been found in baboons repeatedly challenged with S. mansoni
as well as in Wuchereria bancrofti-infected humans (86, 135,
183). Experimental infection of a nonhuman primate with the
human parasite Loa loa resulted in a transient period of strong
T-cell proliferation, cytokine production, and cytokine mRNA
expression followed by an unresponsive state in which only
IL-10 mRNA was expressed (153), supporting the notion that
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IL-10 plays a central role in downregulating and maintaining
T-cell unresponsiveness. Injection of mice with oligosaccha-
rides expressed on helminth parasites (lacto-N-neotetraose)
conjugated to dextran caused an expansion in the number of
suppressor macrophages, phenotypically defined as Grl*
CD11b™" F4/80%, as early as 2 h after injection, which sponta-
neously produced low levels of proinflammatory cytokines but
higher levels of IL-10 and TGF-f ex vivo, compared to peri-
toneal cells from mice injected with dextran only (252). Gr1™*
cells adoptively suppressed naive CD4 " T-cell proliferation in
vitro in response to anti-CD3/CD28 antibody stimulation, in an
IFN-y and nitric oxide-dependent mechanism that involves
cell-cell contact (10, 252). We have found that helminth-in-
fected individuals had two- to threefold higher plasma TGF-B
concentrations than did helminth-uninfected subjects and that
the TGF-B levels were correlated with HLA-DR expression on
peripheral T cells (Q. Leng et al., submitted for publication),
indicating that immune activation results in increased levels of
down-regulatory cytokines such as TGF-B. The production of
TGF-B and IL-10 was found to be significantly higher in hel-
minth-infected females than in helminth-infected males (218),
suggesting a gender-dependent immune regulation related to
the chronicity of the infection, which may be caused by non-
immunological factors like sexual hormones.

It is possible that both parasite antigen-specific unrespon-
siveness characteristic of chronic helminth infections and the
general cellular hyporesponsiveness, i.e., lower proliferation in
response to anti-CD3 or mitogen stimulation, are caused by
the increased levels of the inhibitory cytokine TGF-B. One
possible way through which TGF-B downregulates T-cell re-
sponses is via upregulation of Cbl-b, an intracellular upstream
negative regulator of T-cell activation (147, 159, 226). Cbl-b
sets the threshold of signaling in T and B cells (226). We have
found that stimulation of PBMC with TGF-B increases the
intracellular pools of Cbl-b (Leng et al., submitted). This, to-
gether with the increased levels of CTLA-4 found in helminth-
infected individuals (see “CTLA-4 upregulation during hel-
minthic infections” below), raises the threshold for effective
T-cell activation (177) and may explain the reduced prolifera-
tion following anti-CD3 stimulation, and the reduced phos-
phorylation of ERK-1/2, following phorbol myristate acetate
and Ca*"-ionophore stimulation, of PBMC obtained from hel-
minth-infected immune activated individuals (see “T-cell sig-
nal transduction impairments during helminthic infections” be-
low) (also see Fig. 4). In addition, we have found that
stimulation of PBMC with immobilized anti-CTLA-4 antibod-
ies enhances Cbl-b expression. Enhancement of Cbl-b expres-
sion may result indirectly from the effect of TGF-B, since
CTLA-4 engagement leads to TGF-B expression in T cells
(53). Thus, the higher levels of CTLA-4 involved in the induc-
tion of TGF-B, together with the higher levels of TGF-B, are
all associated with immune activation and may contribute sig-
nificantly to the general and antigen-specific hyporesponsive-
ness characteristic of chronic helminthic infections (33, 34).

Treg cells, as well as other T-cell populations and even
nonlymphoid cells, such as epithelium in the process of heal-
ing, secrete TGF-B (98, 237). Other possible sources of TGF-
may be macrophages, since apoptotic cells trigger TGF-$ pro-
duction by macrophages (82) and since we have previously
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FIG. 4. Increased levels of CTLA-4 and Cbl-b and attenuated
phosphorylation of ERK-1/2 in immune-activated HIV-1 or helminth-
infected individuals. PBMC were obtained from HIV-seronegative
[HIV(-)], HIV* [HIV(+)], Ethiopian immigrants to Israel (ETH)
noninfected [Hel(—)], and ETH helminth-infected [Hel(+)] individu-
als. Lysates from the nonstimulated PBMC (—) or from PBMC stim-
ulated with 0.5 pg of anti-CD3 monoclonal antibody for 5 min (+)
were resolved on by sodium dodecyl sulfate-polyacylamide gel electro-
phoresis and immunoblotted with anti-BCL2, anti-phosphorylated
p42/44 MAPK/ERK, anti-Cbl-b, or anti-CTLA-4 antibodies. In addi-
tion, the percent surface HLA-DR expression and intracellular pools
of CTLA-4 were determined by flow cytometry.

found increased lymphocyte apoptosis in Ethiopian immi-
grants heavily infected with helminths (128).

CTLA-4

While full activation of T cells requires costimulatory signal-
ing through the ligation of the CD28 receptor to the B7-1
(CD80) or B7-2 (CD86) ligands of APC, CTL-associated an-
tigen 4 (CTLA-4) engagement to B7 terminates ongoing re-
sponses and proliferation of activated helper T cells and results
in apoptosis (254). Cross-linking of CTLA-4 reduces IL-2 pro-
duction, arrests the cells in the G, phase of the cell cycle (267),
and downregulates T-cell responses by raising the threshold for
effective T-cell activation (48, 207, 254, 267). Blockage of
CTLA-4/B7 interactions prevents the induction of peripheral
T-cell tolerance after vaccination with peptides under tolero-
genic conditions (207), suggesting that CTLA-4 might be in-
volved in the induction of anergy. CTLA-4 knockout mice have
significantly higher levels of CD4™ T cells and CD4/CDS8 ratios
than do normal mice, from 6:1 to as high as 20:1 (48). Admin-
istration of monoclonal antibodies to CTLA-4 enhances CD4™
T-cell expansion in response to a variety of stimuli and is a
potent antitumor and antiparasitic tool in experimental-animal
models (145, 174, 238).

CTLA-4 upregulation during HIV-1 infection. CTLA-4, up-
regulated during T-cell activation, may account for some of the
main features of HIV infection and may therefore be a central
player in HIV pathogenesis. We (150) and others (248) have
found that the proportion of CTLA-4" CD4" cells is signifi-
cantly higher in HIV™" individuals than in HIV-1-seronegative
controls. Moreover, we found that (i) intracellular CTLA-4
levels in HIV™ individuals are inversely correlated to CD4™
levels and to the CD4/CD8 ratio; (ii) CTLA-4 levels are higher
in HIV* patients with advanced clinical symptoms or AIDS
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than in asymptomatic patients; (iii) the increase in CD4 counts
in HAART-treated patients with undetectable VL is inversely
correlated to the proportions of CTLA-4" CD4™" cells; (iv)
CTLA-4 expression and the ratio between the proportion of
CTLA-4% CD4" cells and that of CD28" CD4" cells is cor-
related with disease stage and with immune activation; and (v)
the capacity of PBMC from HIV-1-infected patients to re-
spond to nonspecific or HIV-1-specific stimuli was inversely
correlated to the levels of CTLA-4™ CD4™ cells (150).

In addition, we found a diminished expression of CD28 on
CTLA-4" cells and a clear association of CD28 expression with
CD#4 expression, raising the possibility that CTLA-4 indirectly
downregulates CD4 expression by downregulating CD28 ex-
pression and maybe CD4 production as well (150). As de-
scribed above, CTLA-4 plays a central role in the induction of
T-cell anergy (207, 254, 267). The inverse correlation between
CTLA-4 levels and the proliferative responses of PBMC from
HIV™* patients stimulated with anti-CD3 antibody or HIV-1
antigens that we found (150) supports this notion. Further-
more, since we found that 30 to 40% of the CTLA-4* CD4*
cells were also CD25™ cells and since CTLA-4 is a constitutive
element of CD4% CD25™ cells, an increase in the numbers of
CTLA-4* CD4" cells would also mean an increase in the
numbers of CD4" CD25" Treg cells.

Specific cytotoxic function of CD8™ cells during HIV infec-
tion, dependent on CD4 help, is essential for the ability of the
host to contain HIV infection (16, 35, 58, 65, 89, 130, 139, 141,
142, 160, 209, 210, 225). CD8 T cytotoxicity against tumor cells
in mice can be enhanced by blockade of CTLA-4 only in the
presence of CD4 T cells, while CTL activity is lost in the
absence of CD4 T cells (145), supporting the idea that func-
tional CD4 T cells are essential for CD8 CTL activity. Thus,
even a small increase in the number of dysfunctional CD4 cells,
i.e., an increase in the proportion of CTLA-4* CD4™" cells,
may have dramatic effects on other compartments of the im-
mune system, including the capacity of CDS cells to specifically
target HIV-infected cells.

In vivo, APC activate CD4" T cells in part by signaling
through the TCR and CD28. Cells stimulated in this manner
are susceptible to HIV-1 infection. However, CD4+ T cells
activated in vitro by anti-CD3/28-coated beads are resistant to
infection by CC chemokine receptor 5 (CCRS)-dependent
HIV-1 isolates. CTLA-4 engagement counteracts the CD28
antiviral effects, and the ratio of CTLA-4 to CD28 engagement
determines the susceptibility to HIV-1 infection. Furthermore,
unopposed CTLA-4 signaling provided by the CD28 blockade
promotes vigorous HIV-1 replication, despite minimal T-cell
proliferation (219). Since CTLA-4 binds to B7-1 or B7-2 with
20- to 100-fold higher affinity than CD28 does (157), and since
by doing so it downregulates the immune response, the CD28/
CTLA-4 ratio may be an important parameter for assessment
of the immune response. The importance of this ratio in mak-
ing cells more susceptible to HIV infection (219) is supported
by our findings of increased CCRS5 expression in CTLA-4™
cells (150). The increased CTLA-4/CD28 ratio that we have
found in HIV™" individuals is due mainly to the increased
expression of CTLA-4 in CD4™ cells and not to the reduction
of CD28 expression on CD4™" cells.

The most likely reason for CTLA-4 upregulation in HIV
infection is the immune activation caused by HIV antigens.
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This is supported by the following findings: (i) the proportion
of CTLA-4" cells in HIV infection is strongly correlated with
other immune activation markers such as HLA-DR* CD3"
cell levels; (ii) in early HIV infection, when the immune acti-
vation is low, CTLA-4 expression is low; (iii) in another chronic
immune activation state, such as that caused by helminthic
infections, we found similar increase in CTLA-4 expression
together with CD4 diminution (33); and (iv) we have found a
highly significant correlation between age and percentage of
CTLA-4% CD4" cells (r = 0.6, P < 0.001) and between age
and mean fluorescence intensities of CTLA-4 (i.e., number of
molecules, » = 0.61, P < 0.001) in healthy individuals (149).
The CTLA-4 levels were correlated with immune activation,
determined by the levels of HLA-DR™ CD3" cells (r = 0.55,
P < 0.001). In contrast, we found a strong inverse correlation
between age and numbers of CD28" CD8™ T cells (r = —0.67,
P < 0.001), leading us to postulate that immune senescence
associated with age is caused in part by chronic immune acti-
vation with a related decrease in the number of CD28 costimu-
latory molecules and an increase in the number of inhibitory
CTLA-4 molecules (149). Others have also reported an in-
crease in immune activation (171, 216), increased expression of
CTLA-4 on T cells (266), and decreased expression of CD28
on T cells (36, 83, 104) with age.

CTLA-4 upregulation during helminthic infections. We
have found significantly elevated CTLA-4 expression in CD4™*
T cells in HIV-1-seronegative helminth-infected individuals
(33, 34). The increased CTLA-4 expression was correlated with
immune activation, as determined by the levels of HLA-DR™
CD3™ cells. Blocking of CTLA-4 enhanced the proliferative re-
sponses of PBMC to TB and HIV-1 antigens in nonresponsive
PBMC obtained from highly immune-activated individuals (33,
34). Similar results were found by Steel and Nutman for individ-
uals with long-standing filarial infections (247). These infected
individual had significantly higher percentages of CD47"
CTLA-4" and CD8" CTLA-4" cells than did uninfected individ-
uals. Moreover, Steel and Nutman found a significant upregula-
tion of CTLA-4 mRNA expression in PBMC obtained from un-
infected adolescents exposed in utero to microfilarial antigen than
that observed in cells from children born to uninfected mothers.
In vitro blocking of CTLA-4 expression in PBMC from filaria-
infected individuals induced a mean 44% increase in IL-5 pro-
duction in response to microfilarial antigen, whereas there was a
concurrent mean 42% decrease in IFN-y production, suggesting
that CTLA-4 may alter the TH1/TH2 balance in filaria-infected
individuals. In both studies of intestinal helminth-infected indi-
viduals and of filaria-infected individuals, the highest intensity of
CTLA-4 expression occurred in CD4" CD25% cells (247; and
Leng et al., unpublished). Together, these data indicate that
CTLA-4 plays a significant role in regulating the host response to
helminths by contributing to the general anergy observed in these
individuals.

T-Cell Signal Transduction Impairments during Chronic
Immune Activation

Physiological activation of T lymphocytes requires costimu-
lation through the TCR-CD3 complex and CD28 (158, 275).
Following such costimulation, a cascade of phosphorylations
and dephosphorylations of cytoplasmic kinases (e.g., Erk mi-
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togen-activated protein kinase [ERK/MAPK] and p38 [5, 229])
and other proteins (e.g., IkBa [129]) occurs, leading to activa-
tion of transcription factors such as NF-kB, NFAT, and AP-1
(168, 184) and eventually to proliferation and/or protein ex-
pression. Incomplete T-cell activation, due to subtle alteration
of the antigen or stimulation through the TCR in the absence
of costimulation, results in induction of T-cell anergy (91, 123,
146, 212). T-cell anergy has been suggested to be an active
negative state in which IL-2 production is inhibited both at the
level of signal transduction and by cis-dominant repression at
the level of the IL-2 promoter (212). Our observations of the
impaired immune responsiveness during chronic immune ac-
tivation associated with HIV and helminthic infections led us
to explore T-cell signal transduction in these situations. As
described in the following sections, signal transduction is in-
deed impaired in T cells obtained from patients with these
diseases and is clearly correlated with the state and severity of
the immune activation. The results of our studies and those by
several other investigators that addressed these issues are sum-
marized in the following sections.

T-cell signal transduction impairments during HIV-1 infec-
tion. Decreased proliferation, secretion of IL-2 and other cy-
tokines or chemokines, and upregulation of the receptor for
IL-2 (IL-2R) in response to antigenic or mitogenic stimulation
of HIV-noninfected T cells obtained from HIV™" individuals
has been observed in many cases (150, 151, 156, 230, 251, 264).
We found that this hyporesponsiveness is correlated with im-
mune activation (151). Decreased responsiveness of CD4™ and
CD8™ T cells from mice immunized with superantigens is also
associated with anergy (see, e.g., reference 27). During early
HIV-1 infection, the in vivo deletion of memory T cells can
account for decreased responsiveness. Later in infection, when
the balance between memory and naive T cells is normalized,
both CD4* and CD8" cells are nonresponsive to recall antigen
and low-dose anti-CD3 stimulation. This anergy is at the level
of IL-2 gene expression, since early signal transduction events
following CD2 and CD2 receptor occupancy are normal. Part
of the reduced capacity of the T cells to respond to stimuli is
probably due to decreased expression of CD28 and increased
levels of CTLA-4, discussed in the previous sections. However,
other mechanisms, such as impairments in signal transduction
pathways in T cells of HIV™ individuals, may also explain the
observed hyporesponsiveness (181). This postulation is based
in part on the observation that stimulation by phytohemagglu-
tinin or phorbol mycistate acetate and Ca®*-ionophore, which
bypass the cell membrane and the TCR-CD3 complex; also
result in impaired cellular responses (180) such as decreased
ERK-1/2 phosphorylation, as we have found (151) in cells
obtained from HIV™ subjects (Fig. 4). Decreased phosphory-
lation of p38 and ERK/MAPK have been observed also in
anergic TH1 murine cells, even though the levels of these
proteins remained unchanged (66, 67, 87). HIV-induced im-
pairment of proliferation was linked to induction of the inhib-
itory protein kinase A (PKA) pathway by HIV proteins (115).
Increases in cyclic AMP (cAMP)/PKA activity were shown to
induce biochemical changes that impaired proliferation when
the cells were stimulated with phytohemagglutinin. Agents,
other than HIV proteins that increase cAMP/PKA activity
(cholera toxoid and 8-bromo-cAMP) also decreased T-lym-
phocyte proliferation. Agents that reduced cAMP generation
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also neutralized the effect of HIV proteins and restored lym-
phocyte proliferation (115). These studies show that the HIV-
induced augmentation of cCAMP/PKA activity may be an im-
portant mechanism responsible for HIV-induced anergy of T
lymphocytes. Additionally, PBMC of HIV" individuals have
increased constitutive levels of Cbl-b, an intracellular upstream
negative regulator of T-cell activation (159), which we have
found to be correlated with attenuated anti-CD3 reactivity
(151) (Fig. 4). Similarly to CTLA-4, which downregulates T-
cell responses by raising the threshold for effective T-cell ac-
tivation (254), Cbl-b also sets the threshold for signaling in T
and B cells (226). The increased threshold, caused by the
higher constitutive levels of Cbl-b may explain the reduced
phosphorylation of ERK-1 and ERK-2 (37), both of which are
involved in IL-2 production (155), and the eventual lower
proliferation following anti-CD3 stimulation. Exposure of lym-
phocytes to HIV or cholera toxoid leads to decreased mem-
brane activity of the proliferation promoter protein kinase C
(PKC) following stimulation (115). Furthermore, PKC activa-
tion in CD3" T cells, following integrin stimulation, is im-
paired in HIV" individuals, mostly among symptomatic pa-
tients and those with AIDS (194). Integrins play an important
role in the induction of T-lymphocyte responses to antigenic
challenge by providing a T-cell costimulatory signal, and they
have been shown to rescue various cell types from undergoing
apoptosis (182). However, in the majority of AIDS patients,
integrin-mediated costimulation of TCR-induced T-cell prolif-
eration and protection from aberrant cell death are absent; in
asymptomatic HIV" individuals they are intact (194).

The difference in the intracellular milieu of different pro-
teins involved in signaling between infected and noninfected T
cells obtained from HIV*' and HIV-seronegative individuals
may be explained in part by the high levels of soluble gp120
found in HIV™ individuals (197). Ligation of soluble gp120 to
CD#4 receptors causes an increase in the intracellular calcium
concentration, blockage of mitogen- or antigen-driven T-cell
activation, induction of an altered cytokine production by ac-
tivated PBMC subpopulations, impaired cytotoxicity and che-
motactic response to antigens, interference with the activity of
APC, induction of apoptosis, and upregulation of a number of
cytokines, including IL-6, TNF, IL-1«, IL-1B, IL-10, and IL-8
and the costimulatory ligand CD40L (28, 46, 54). On the
whole, these data indicate that HIV or its soluble products,
such as gp120, can modify several PBMC functions in vivo,
including impaired intracellular signaling. In vitro data support
this possibility, as illustrated in the following examples. Binding
of HIV envelope glycoprotein gp160/gp120 to CD4 molecules
on CD4™ T cells, prior to TCR/CD3 activation, results in T-cell
unresponsiveness (120, 230). Inhibition of IL-2R expression
and proliferation induced by ligation of CD4 by gp120 is cor-
related with inhibition of expression and activation of Janus
kinase (JAK3) (230). This kinase, which is associated with the
gamma chain of IL-2R, is indispensable for normal T-cell func-
tion (163, 253). gp120-CD4 ligation strongly inhibits TCR-
CD3-mediated phosphorylation and activation of Ick and fyn
(src-type protein tyrosine kinases), phosphorylation of CD3
zeta chain (187), and phosphorylation of Raf-1 and Erk2 and
other unidentified proteins (120). Additionally, anti-CD3
monoclonal antibody activation of purified peripheral blood
CD4" T cells from healthy donors with prior exposure to
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HIV-1 gpl60 results in marked inhibition of tyrosine phos-
phorylation of p59 Pyn phospholipase C-_,, and ras activation
(251).

T-cell signal transduction impairments during helminthic
infections. Similarly to the HIV™" individuals, helminth-in-
fected individuals have impaired immune responses with de-
creased delayed-type skin hypersensitivity and impaired cell
proliferation in response to recall antigens (see, e.g., refer-
ences 33, 34, and 227). These defects may also be explained in
part by impaired signal transduction; for example, inhibition of
protein kinases prevents lymphocyte activation by S. mansoni
antigens (6). We found a general defective or no early trans-
membrane signaling (phosphorylation and/or dephosphoryla-
tion of tyrosine kinases), deficient degradation of phosphory-
lated IkBa, and attenuated phosphorylation of MAPK kinases,
such as ERK1/2 and p38, in chronically immune-activated hel-
minth-infected individuals (33). Importantly, the signal trans-
duction impairments were correlated with the immune activa-
tion state of the cells as determined by HLA-DR, CTLA-4 (33)
and Cbl-b expression (Leng et al., submitted; Fig. 4). Cbl-b has
recently been described as an intracellular upstream negative
regulator of T-cell activation (159). Similar attenuated early
transmembrane deficiencies were also found in anergic cells
obtained from patients with primary intracranial tumors (185).

Similarly to HIV-1 infection, in which soluble gp120 may
cause anergy, helminthic parasites secrete substances that ren-
der lymphocytes anergic. One example is ES-62, a phosphoryl-
choline-containing glycoprotein which is released by Acantho-
cheilonema viteae. Soluble ES-62 modulates activation of the
tyrosine kinases Fyn, Lck, and ZAP-70, leading to selective
disruption of TCR coupling to the phospholipase D, PKC,
phosphoinositide-3-kinase, and ras/MAPK signaling cascades,
eventually leading to suppression of the production of proin-
flammatory cytokines (106, 107). Another example is the re-
lease into the peripheral circulation of the L. loa female worm
products in infected hosts. On their release, T-cell unrespon-
siveness occurs, apparently related to high IL-10 expression
(153).

R28

Role of T-Regulatory Cells in Hyporesponsiveness
and Anergy

By now it is quite clear that chronic immune activations in
HIV infection and in helminthic infection have several com-
mon features, among which are the hyporesponsiveness and
anergy that accompany both of them. Most importantly, in
both situations there are increased secretion and levels of
immunosuppressive cytokines (IL-10 and TGF-B), an increase
in the level of CTLA-4-positive CD4 cells, an increase in the
proportion of CD4" CD25"% T cells, and an increase in the
levels of Cbl-b expression. These seemingly independent fea-
tures, described in detail above for both HIV-1 infection and
helminthic infections, could possibly be linked to one major
player, that is, Treg cells/T suppressor cells. As cited above,
such cells have all these common features: CD4* CD25™,
constitutive CTLA-4 expression, IL-10 and TGF-B secretion,
and increased Cbl-b expression. Is it possible that the hypore-
sponsiveness seen in chronic immune activation is mainly the
result of an increase in this population, which is part and parcel
of the response to the chronic immune activation? We think
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this is indeed a very likely possibility, although obviously we are
still short of sufficient hard data to fully support it. Based on
the accumulated evidence cited above, such an interpretation
would make much sense teleologically when one considers the
dangers inherent in the continuous activation of the immune
system caused by an infectious agent. As we now know, much
of the immunopathology present in various infectious diseases
is essentially the result of immune mechanisms directed against
virus-infected host cells. The generation of Treg cells in such
conditions allows the host to attenuate the dangerous out-
comes of the immune response to the host itself. This is a very
likely scenario in the case of both chronic HIV infection and
chronic helminthic infection. However, this same suppression
may jeopardize the ability of the host to contain the infection
by mitigating the specific anti-infectious immunity. These is-
sues are far from being resolved and will clearly be the focus of
studies in the near future. However, our own studies, as well as
those done by others, clearly show that chronic immune acti-
vation is accompanied by hyporesponsiveness and anergy and
that this phenomenon may be partly or mainly caused by the
generation of Treg cells that are upregulated during the
chronic immune activation in both HIV and chronic helminthic
infections. It is probably the balance between the specific pro-
tective immune response and its suppression that counts in the
end and will determine the outcome to the host. In the case of
helminthic infection, it may very well be that the persistence of
the infection for several years is compatible with the life of the
host, while in the case of HIV infection, the persistence may
very well be undermining the ability of the host to live and
overcome the infection. One attractive possibility, in the scene
of HIV immunopathogenesis, is to link the state of LTNP HIV
carriers, and also the absence of AIDS-like disecase in HIV-
infected chimpanzees (63) and in SIV-infected green monkeys
(240), to the absence of immune activation in response to the
virus. Such an absence of response could theoretically be the
result of suppression by Treg cells. If this indeed proves to be
the case, such hyporesponsiveness could become an appropri-
ate objective for therapy of AIDS.

CONCLUDING REMARKS

This review has tried to summarize the evidence showing
that hyporesponsiveness and anergy, which characterize both
helminthic and HIV infections, are the result largely, of the
chronic immune activation which accompanies these persistent
infections. The main players in the complex interaction that
takes place, and that contribute to anergy during chronic im-
mune activation, are presented in Fig. 3 and can be summa-
rized as follows: (a) a decrease in CD28 expression and in-
crease in CTLA-4 expression in T cells is accompanied by
reduction in the expression of CD28 ligands on APC (CD80),
leading to ineffective stimulation of T cells; (ii) the increase in
the proportion of Treg cells causes downregulation of T-cell
responses either directly through cell-to-cell contact or indi-
rectly by secreting inhibitory cytokines (such as IL-10 and
TGEF-B); (iii) there is an increase in the constitutive levels of
the intracellular negative regulators of T cells, such as Cbl-b;
(iv) exhaustion of the intracellular signaling machinery occurs,
as indicated by a decreased capacity of kinases to phosphory-
late and of phosphatases to dephosphorylate; and (v) NF-«B is
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FIG. 5. Possible interference of helminthic and/or HIV-1 infections on the capacity of the host to mount immune responses to exogenous
antigens or agents. Infection with helminthic parasites and HIV-1 induce (i) an increase in the threshold for effective immune stimulation (e.g.,
upregulation in CTLA-4), (ii) a defective intracellular signaling (e.g., phosphorylation and dephosphorylation of kinases), (iii) a decrease in the
number of costimulatory molecules necessary for effective antigen presentation (e.g., CD28), (iv) an increase in the number of T-regulatory/
inhibitory cells, (v) an increase in the levels of negative regulators of T-cell activation (e.g., Cbl-b), (vi) an increase in the levels of downregulatory
cytokines (e.g., TGF-B), and (vii) an imbalance in the proportion of T cells (e.g., a decrease in the relative number of CD4" cells). All of these
changes contribute to hyporesponsiveness and anergy of the immune system. Coinfection with helminths and HIV-1 exacerbates this process and

may also result in accelerated progression to AIDS.

downregulated, along with the transport of transcription fac-
tors to the nucleus. Thus, chronic immune activation triggers
(i) an increased threshold for effective immune activation of T
cells, (ii) defective intracellular signaling, (iii) a decrease in the
number of costimulatory molecules, (iv) an increase in the
number of Treg cell, (v) an increase in the amount of intra-
cellular negative regulator of T-cell activation in T cells, (vi)
dysregulation of cytokine secretion, and (vii) a T-cell imbal-
ance, all leading to the hyporesponseviness and anergy char-
acteristic of helminthic and HIV-1 infections (Fig. 5). As sug-
gested by us previously, immune activation of the host is a
critical determinant in the pathogenesis of infections, and
chronic immune activation of the host by helminthic infections,
so commonly found in developing countries, may play an im-
portant role in the dissemination of AIDS and TB in these
countries. Moreover, effective vaccinations may fail in areas
where helminthic parasites are endemic, due to the persistent
immune activation and the accompanying immune hypore-
sponsiveness status of the population. We hope that this re-
view, which compiles data demonstrating the direct contribu-
tion of chronic immune activation to anergy, will further

strengthen this notion and enhance the understanding that
eradication of persistent parasitic infections may be a prereq-
uisite for effective protective vaccination in areas where para-
sitic infections are endemic.
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