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Immunological Mechanisms of Interleukin-2 (IL-2) Treatment in HIVV/AIDS Disease
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Abstract: HIV establishes a chronic infection that is marked by the progressive depletion of CD4+ T-cells, yet the mechanisms by which
this depletion arises are a matter of controversy. Evidence is accumulating that T CD4+ depletion is not effected solely by virus-mediated
killing and that mechanisms involving T-cell dynamics play a major role in the pathogenesis of HIV infection. Hence antiretroviral ther-
apy, by controlling viral replication alone, invariably fails to achieve the broadest immune reconstitution. This issue has strengthened the
rationale to widely explore new adjuvant immunotherapy. Most work has been performed on IL-2, given its potential to correct HIV-
driven immune defects, possibly translating in a more effective immune competency.

Important insights stem from the I1L-2-mediated immune reconstitution pattern, with a rise in peripheral turnover and thymopoiesis, IL-7
synthesis and functional markers, resulting in the correction of the skewed T-cell immunophenotype and cytokine milieu. Combined,
these findings suggest that IL-2 has a beneficial effect in correcting the severe disruption in T-cell homeostasis induced by HIV, through
the interaction with T-cells and cytokine microenvironment. However, whether or not these immunologic effects translate in an actual
immunologic competency and therefore clinical benefit, still awaits demonstration from ongoing large, controlled clinical studies.
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THE BIOLOGICAL RATIONAL BEHIND IL-2 IN HIV
INFECTION

Interleukin-2 (IL-2) was initially described 40 years ago as a
factor derived from mixed lymphocyte coltures that was able to
induce DNA synthesis from peripheral blood mononuclear cells
(PBMCs) [1]. This factor was then called T-cell growth factor as it
induces T-lymphocytes to enter the S phase of cell cycle, and some
years later was defined IL-2 [2].

IL-2 is a 133 amino-acid protein with a molecular weight of
15.5 kDa produced by activated T-lymphocytes that has a key role
in triggering immune responses. I1L-2 binds to a specific receptor on
the surface of immune cells that is composed by three different
subunits called a, B and y. The By dimer is expressed on resting
cells; the o subunit is rapidly expressed upon antigen receptor-
mediated T-cell activation. The trimeric complex (ofy) is character-
ized by a significant higher affinity for the cytokine, thus amplify-
ing the autocrine effect of IL-2.

The main effect of IL-2 is to induce the clonal expansion of
T-lymphocytes after antigen recognition. (Fig. (1)). Amongst other
biological effects, IL-2 induces the proliferation of activated
B-lymphocytes, boosts natural killers (NK) and cytotoxic
T-lymphocyte (CTL)-mediated cytotoxicity (Fig. (1)), stimulates
the production of other cytokines including TNF, IFN-y, and GM-
CSF and modulates programmed cell death. [3-5].

The impairment in IL-2 production has been the first functional
defect described in HIV-positive patients [6]. Indeed, antigen- and
mitogen-stimulated IL-2 production is defective in the majority of
HIV-infected, asymptomatic individuals [7-9], and these early and
complex defects are predictive for loss of T-cell CD4+ counts,
clinical progression to AIDS, and death [10, 11]. Most interestingly,
recent findings have demonstrated that HIV-infected patients who
spontaneously control HIV infection have more CD4 and CD8 T-
cells which secrete IL-2 in response to HIV antigens compared with
subjects who classically progress in HIV disease [12-14]. Antiret-
roviral therapy can partially restore IL-2 production in response to
soluble antigens, but the defects in the HIV-specific response seem
to persist even after long periods of treatment. These observations,
together with the realization that HIV replication promptly re-
bounds in the majority of patients shortly thereafter interruption of
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therapy, led to the idea of utilizing IL-2 to boost immune responses
in HIV-infected patients. Immunotherapy with IL-2 has thus been
investigated in HIV-infected patients with the precise intent to cor-
rect HIV-driven immune deficiencies, possibly translating into
immunological control over HIV infection [15-19].
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Fig. (1). Effect of IL-2 on the innate and adaptive arms of the immune sys-
tem.

IL-2 is produced by activated T-cells and induces the proliferation and dif-
ferentiation of the T-cell compartment. I1L-2 also induces the proliferation of
B-cells.

IL-2 exerts an effect on the innate arm of the immune system, stimulating
NK cells and monocytes.

From a virological standpoint, IL-2 can induce in vitro the ex-
pression of HIV from latently infected, resting T CD4+ cells [20]
and has been shown to have a strong proliferative stimulus toward
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Fig. (2). Immunologic effects of adjuvant therapy with IL-2 in the course of HIV infection.

a) T-cell homeostasis in chronic untreated HIV infection. Naive T-cells (O) migrate from the thymus to lymph nodes where they encounter antigens and turn
into memory T-cells (O). Memory cells can then circulate within lymph nodes or proliferate and turn into activated (O) and apoptotic (@), dying cells.

b) T-cell homeostasis in chronic HIV infection during antiretroviral therapy (HAART) and IL-2 cycles.

IL-2 may increase thymic output of T-cells and augments the proliferation of both naive and memory cells in the periphery. On administration, I1L-2 also ac-

counts for increased levels of activation and apoptosis.

¢) T-cell homeostasis in chronic HIV infection during antiretroviral therapy, following IL-2 cycles. Lower levels of proliferating and activated T-cells have
been described in the long term after IL-2 administration, resulting in a net reduction of apoptotic cells.

HIV DNA-bearing cell populations in the periphery [21]. This find-
ing has raised the concern that IL-2 may disrupt virologic control
by antiretroviral therapy. Indeed, preliminary studies using IL-2 in
the setting of IL-2 infections have shown that immunotherapy may
account for transient increases of HIV viremia during administra-

tion [22, 23]. However, the initial apprehension that IL-2 may trig-
ger HIV viral replication has been set aside by clinical studies dem-
onstrating that the vast majority of IL-2-treated patients do not ex-
perience increases in HIV viremia. [24, 25].
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A shown in (Fig. (2)), the immunological effect of IL-2 adju-
vant therapy in HIV-infected patients seems to be composed by
different T-cell kinetics in two distinct moments following cycles.
On administration, I1L-2 acts by expanding the naive and memory
cell compartments and increasing T-cell activation and apoptosis.
Conversely, in the long-term, IL-2 accounts for decreases in T-cell
proliferation, apoptosis and death, resulting in increased survival of
existing cells. Despite different pathways, the net result of IL-2
immunotherapy in HIV-infected individuals is a significant expan-
sion of the CD4+ T-cell compartment, thus broadening HAART-
induced immune-reconstitution.

Effect of IL-2 on CD4+ T-lymphocyte Growth and Death

Table 1a summarizes the major studies evaluating the effect of
IL-2 on T CD4+ lymphocyte growth and death.

Studies in vitro have shown that IL-2 is the main T-cell growth
factor leading to the proliferation and differentiation of the whole
T-lymphocyte compartment [26]. This finding has led to the hy-
pothesis of using IL-2 in the clinical setting for the treatment of
HIV disease, with the aim of restoring the depletion of the CD4+
cell subset that characterizes HIV disease. Indeed, the hallmark of
IL-2-driven immune reconstitution is characterized by the selective
expansion of CD4+ T-cells, however the specific immunological
pathways involved in the CD4+ cell expansion have yet to be fully
understood. Numerous findings have shown that IL-2 induces pe-
ripheral proliferation of CD4+ T-lymphocytes during cycle admini-
stration [27-30], resulting in the relative outgrowth of this pool.
These findings confirm the efficacy of IL-2 in rapidly increasing
CD4+ T-cell numbers and suggest it may indeed be useful in the
treatment of HIV infection.

The elaboration of the most efficient IL-2-based immunoadju-
vant strategies aimed at the broadest immune reconstitution in the
course of HIV infection are hampered by the fact that the precise
mechanisms by which the profound loss of CD4+ T-cell arises dur-
ing HIV infection remain largely unknown. Recent attempts to
understand the pathogenesis of HIV have put forward chronic im-
mune activation as a central factor in the exhaustion of the T CD4+
compartment [31, 32]. In particular, a growing body of evidence
suggests that the high rates of T-cell death in the chronic phases of
HIV disease are the direct consequence of HIV-associated T-cell
activation [31]. In this view, IL-2, while directly stimulating pe-
ripheral CD4+ proliferation and activation soon after cycle admini-
stration, has indeed been proven to exert a major, positive effect in
the containment of CD4+ cell proliferation and activation in the
long-term [33-35]. In turn, this finding allows us to hypothesize that
IL-2 may indeed be efficient in targeting and reversing the HIV-
driven generalized immune activation as shown by lower percent-
age levels of activated T CD8+CD38+ cells in the IL-2 treated
population [34-38]. This data sheds light on the precise mechanisms
underlying CD4+ rescue in the course of IL-2 immunotherapy,
indicating that the rise in CD4 cell counts may be actually sustained
by increased survival of existing cells as a consequence of lower T
activation, rather than T-cell proliferation in the periphery [28, 34,
35, 37, 39].

In such a context, the effect of IL-2 immunotherapy on periph-
eral T-cell apoptosis is a question that has been thoroughly ad-
dressed. Based on initial in vitro evidence supporting a proapoptotic
effect of IL-2 [40, 41] various groups then investigated the rates of
T-cell apoptosis in HIV-positive patients treated with IL-2. Discor-
dant results were obtained, ranging from data proving increased T-
cell apoptosis rates during IL-2 cycles and others showing, at the
opposite, reduced apoptotic CD4+ proportions [30, 28, 42, 43]. In
this setting, a recent paper by Paiardini et al. aiming at the study of
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the relationship between lymphocyte cycle dysfunctions, T-cell
activation and apoptosis in the course of HIV infection, reported a
novel mechanism of exogenous IL-2 in HIV-infected patients. In
particular, IL-2 administration had a positive effect in normalizing
T-cell cycle perturbations and the exaggerated susceptibility to
apoptosis, suggesting a possible new rationale for adjuvant IL-2
therapy in HIV disease [44].

Overall, considering the combined effect of IL-2 on driving pe-
ripheral T-cell turnover and expanding CD4+ T-cell numbers, we
can hypothesize that elevated death rates accompany and partly
correct the heightened T-cell proliferation, still resulting in an over-
all CD4+ T-cell expansion [31]. However, the observation that IL-2
in the long-term accounts for decreases in T-cell proliferation and
activation along with enhanced T-cell survival allows for the specu-
lation that immunotherapy may lead to a parallel long-term reduc-
tion in T-cell apoptosis [31].

Despite the intrinsic ability of IL-2 in expanding T CD4+ cells,
it must be noted that not all HIV-infected patients adequately re-
spond to immunotherapy with IL-2. In particular, older age and low
T CD4+ cell nadir [45] have been considered predictors of non-
responsiveness to IL-2; heightened levels of immune activation too
may adversely affect CD4+ T-cell rescue after IL-2 administration
[46].

Effect of IL-2 on CD4+ T-lymphocyte Production

Table 1b summarizes the major studies evaluating the effect of
IL-2 on T CD4+ lymphocyte production.

While evaluating the role of HIV-induced activation in the
pathogenesis of HIV disease, one should not overlook the direct
effect of the virus in terms of CD4+ T-cell infection and cyto-
pathicity [32]. Activated naive cells are amongst the ones to be
particularly sensitive to HIV infection [47]; in addition, the effect of
HIV on thymus inhibition renders it increasingly difficult for the
latter to keep up with drain on the peripheral naive T-cell compart-
ment caused by the flow of naive T-cells into the memory pools
[32].

In this view, immunoadjuvant therapy with IL-2 may represent
a useful strategy, as various findings have confirmed that the I1L-2-
induced CD4+ increases are preferentially in cells of a naive pheno-
type [48-50]. Unfortunately, studies conducted to shed light on the
mechanisms underlying the IL-2-driven expansion have not reached
a clear-cut consensus on whether the growth of this particular sub-
set derives from de novo T-cell synthesis and/or peripheral expan-
sion. As far as the impact of thymopoiesis on T-cell subsets is con-
cerned, data produced until now are divisive. Some studies suggest
that thymic output does not play a major role [27] while others put
forward a possible role of IL-2-related thymopoiesis in the naive
CD4+ T-cell rise [33, 51].

Along with the effect on peripheral T-cell expansion and
thymic development, IL-2 signalling has been proven pivotal in
maintaining the suppressive activity of CD4+ CD25+ regulatory
T-cells (T regs) [52]. Given the emerging evidence of its primary
role in generating and maintaining T reg cells, the major question
arises as to the effect of IL-2 therapy on T reg homeostasis and
function [53].

The role and function of T regs in the context of HIV infection
is currently under investigation, and represents a fascinating matter
for speculation: on the one hand IL-2 may support T reg cell sup-
pressor function, translating into the control over several detrimen-
tal processes underlying HIV pathogenesis (i.e. activation-induced
cell death and anergy, immune-mediated T-cell destruction, and
CD4+ susceptibility to productive HIV infection) [54]; on the other,
immunotherapy may have a detrimental effect by diminishing the
HIV-specific T-cell immune responses in vivo, possibly even has-
tening HIV disease progression [54]. The enlightened understand-



IL-2 Immunotherapy in HIV Infection

Table 1.

Current Molecular Pharmacology, 2009, Vol. 2, No. 1 43

Overview of the Major Studies Evaluating the Immunological Role of 1L-2 Adjuvant Therapy in the Course of HIV Infection

1la. Studies Evaluating the Effect of IL-2 on CD4+ T-lymphocyte Growth and Death

Author Study Population

Outcome

De Paoli, P. J. Clin. Invest. 1997 [29] 10 pts; CD4+ 200-500;

Increase in the number of CD4+ T-cells; reconstitution of CD4/CD45RA lymphocytes
with recovery of the ability to produce IL-2, IL-4 , INF-y

Sereti, I. AIDS 2001 [28] 10 pts; CD4+ 188-884; HIV-RNA <50-2737

Significant rise in CD4+ and CD8+ apoptosis and activation

Natarajan, V. Proc. Natl. Acad. Sci. USA
2002 [27]

6 pts; HIV RNA < 20000 cp/ml

Increase in the percentage of 5-BrdU+ cells and in Ki67 staining in naive CD4+
T-cells; no substantial shortening of telomeres; decline in TRECs levels

Hengge, U. AIDS 2002 [30] 38 pts; CD4+>400; median HIV-RNA 1000

Significant increase in lymphocyte apoptosis both in peripheral blood and lymph
nodes; significant increase in CD4+, CD8+ and CD16/56+ proliferation in peripheral
blood and lymph node; no change in HIV-RNA in lymph node

Sereti, 1. Blood 2002 [34] 31 HIV+ pts; CD4+ 100-1250; HIV-

RNA<50; 16 HIV-controls

Significant expansion of a discrete population of CD4+CD25+ without increased
expression of activation and proliferation markers (i.e. CD69, CD95, Ki67)

Kovacs, J. J. Clin. Invest. 2005 [37] 35 pts; cross-sectional study

Significant increase in CD4 and CD8 proliferation and time-dependant half lives

1b. Studies Evaluating the Effect of IL-2 on CD4+ T-lymphocyte Production

Author Study Population

Outcome

Davey, R. J. Infect. Dis. 1999 [49] 49 pts; CD4+ > 500; on stable antiretroviral

therapy for > 6 weeks

Significant and sustained increases in CD4+ cell counts, both of naive and memory
phenotypes

De Paoli, P. Clin. Exp. Immunol. 2001
[50]

22 pts; CD4+>200; HIV-RNA >500

Significant rise in phenotypically naive CD4+; no change in TRECs levels

Marchetti, G. JID 2002 [33] 22 pts; CD4+ < 200; HIV RNA <50 cp/ml

Significant increases of total and naive CD4+ cells; increases in TRECs counts

Carcelain, G. AIDS 2003 [51] 72 patients; CD4+<200; HIV RNA <200

By a mathematical model, a linear correlation was found between naive CD4+ recovery
and CD4 TREC:s levels

Marcehtti, G. Antiviral Ther. 2004 [38] | 12 pts; CD4 T-cell count
constantly <200; HIV RNA <50 cp/ml after

12 months of HAART

IL-2 induced an expansion in total and naive CD4+, TRECs and IL-7 plasma levels

Marchetti, G. AIDS 2004 [39] 15 pts; CD4+ <200; HIV RNA < 50 cp/ml

after 12 months of HAART

Significant rise in Ki67 proliferating CD4 cells; CD4+ TREC stable and CD8+CD38+
decrease

Sereti, 1. J. Clin. Invest. 2005 [55] 40 pts

IL-2 expanded a population of CD4+CD25+:
reduced apoptosis
elevated foxp3 expression, but weak suppressive function

Read, S. JAIDS 2006 [63] 230 pts; cross- sectional study

Plasma IL-7 is highest in HIV-infected versus other groups. IL-2-treated pts presented
lowest IL-7R CD4 and CD8 expression

NOTE. IL-2, interleukin-2; IL-4, interleukin 4; IL-7, interleukin-7; IL-7/r, IL-7 receptor;

HAART, highly active antiretroviral therapy.

ing of the effect of IL-2 in specifically expanding and stimulating T
reg cells in vivo combined with the most thorough investigation of
T reg activity in HIV infection will allow for the most rational
clinical manipulation of IL-2 signalling in HIV-infected patients.
Indeed, in vivo IL-2 administration to HIV-infected patients have
been recently shown to lead to peripheral expansion of a population
of long-lived CD4+ CD25+ foxp3+ cells with weak suppressive
function [55]. On the basis of these specific phenotypic and func-
tional features, distinct from antigen-triggered cells and T regs, a
role of this cell population in the maintenance of low T-cell turn-
over and CD4+ expansion has been speculated.

A major regulator of central T-cell production is represented by
the circuit of interlekin-7 and its receptor (IL-7/IL-7R), [56] and
higher IL-7 plasma levels have been shown to be independently
associated with thymic-function-associated parameters [57].

In vitro data have recently shown an interesting interaction be-
tween IL-2 and IL-7. In particular, a potent IL-2 driven down
modulation of IL-7 mMRNA and protein via a phosphatidylinositol 3-
kinase/Akt-dependent mechanism, has suggested the existence of a
cross-talk between IL-2 and IL-7 [58]. By translating these observa-
tions in vivo, this would suggest that IL-2 can negatively affect IL-7
functions on T-cell homeostasis.

In the context of HIV/AIDS, a disruption of the IL-7/IL-7R sig-
nalling shows increased levels of circulating IL-7 and decreased

INF-y, interferon-y TRECs, T-cell receptor excision circles; BrdU, bromodeoxyuridine;

proportions of IL-7/Ro+ T-cells [56, 59-61]. In the attempt of in-
vestigating the in vivo interactions between IL-2 and the IL-7/IL-7R
system [56, 62], discordant results have been produced thus far.
Some studies have reported that in vivo administration of IL-2 is
associated with a rise in IL-7 plasma levels with no changes in the
surface expression of IL-7R [38], suggesting that IL-2 accounts for
a boost of IL-7 production without down-modulating its specific
receptor, thus preserving IL-7-mediated T-lymphocyte regulation.
However, the results of a large cross-sectional study involving
healthy volunteers and HIV-positive patients treated with IL-2 are
in contrast with the above findings, showing overall lower levels of
IL-7 in the IL-2 treated population [63].

CONCLUSION AND FURTHER DIRECTIONS

The hallmark of HIV infection is the progressive depletion of
CD4+ cells, yet the mechanisms by which this profound loss arises
are still unknown. Recent attempts to delineate the pathogenesis of
HIV infection have put forward a more complete explanation that,
other than the sole effect of HIVV-mediated killing, includes T-cell
dynamics [34, 25]. Thus, it is easily understood how antiretroviral
therapy alone cannot achieve broadest immune reconstitution. In
this view, the adjuvant use of IL-2 offers the appealing perspective
of correcting the HIV-driven immune deficiencies. Results from
Phase /11 studies have attempted to clarify the role of IL-2 in HIV
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infection from an immunological standpoint, and have shown that
IL-2 associated immune reconstitution is a complex process, con-
sisting in a sequential stimulation and reduction of peripheral T-cell
turnover [26-29], apoptosis [28, 42, 43], survival [27, 37, 38] and
possibly a boost of neothymopoiesis [33]. An intriguing hypothesis
also views a possible role of IL-2 on the IL-7/IL-7R regulatory
pathway [38, 63]. However, from the very clinical standpoint, the
key question remains whether the I1L-2- mediated rise in CD4+ cell
counts is indeed associated with an actual clinical benefit in terms
of disease progression and death. This issue is currently being ad-
dressed in two phase Ill, international, randomized clinical trials
(International Study of Interleukin-2 in people with Low CD4+ T-
Cell Counts on Active Anti-HIV Therapy, SILCAAT,; Evaluation of
Subcutaneous Proleukin in a Randomized International Trial, ES-
PRIT). While the completion of these large phase Il trials will
hopefully provide a more direct confrontation of areas of contro-
versy, vis-a-vis IL-2 driven immune expansion and clinical benefit,
relevant data on the clinical exploitation of IL-2 need to be thor-
oughly addressed in pharmacologic and molecular aspects of IL-2
treatment.
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ABBREVIATIONS

AIDS = Acquired Immunodeficiency Syndrome

GM-CSF = Granulocyte Macrophage Colony Stimulating Factor

HAART = Highly active anti-retroviral therapy

HIV = Human Immunodeficiency Virus

IFN-y = Interferon-y

IL-2 = Interleukin-2

IL-7 = Interleukin-7

NK cells = Natural Killer Cells,

TNF = Tumor Necrosis Factor
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