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The natural course of human immunodeficiency virus (HIV) infection is characterized by high
viral load, depletion of immune cells, and immunodeficiency, ultimately leading to acquired
immunodeficiency syndrome phase and the occurrence of opportunistic infections and
diseases. Since the discovery of HIV in the early 1980s a naturally selected population of
infected individuals has been emerged in the last years, characterized by being infected for
many years, with viremia constantly below detectable level and poor depletion of immune
cells. These individuals are classified as “elite controllers (EC) or suppressors” and do
not develop disease in the absence of anti-retroviral therapy. Unveiling host factors and
immune responses responsible for the elite status will likely provide clues for the design
of therapeutic vaccines and functional cures. Scope of this review was to examine and dis-
cuss differences of the cell-mediated immune responses between HIV+ individuals with
disease progression and EC.
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BACKGROUND
Hallmarks of human immunodeficiency virus (HIV) infection
are the persistent depletion of immune cells, immune dysfunc-
tion, and inflammation, favoring the occurring of opportunistic
infections and illnesses thus disease progression (Douek et al.,
2003; Silvestri et al., 2003). In the natural course of HIV infec-
tion infected individuals are characterized by flu-like symptoms,
rapid decrease of CD4+ T cells, and high viral loads (acute phase
of infection, lasting 2–6 weeks), followed by stabilization of the
number of CD4+T cells and viral load (chronic phase of infection,
lasting years). However, during the chronic phase a slow but con-
stant decrease of the number of CD4+ T cells and increase of viral
load occur. These events are further complicated by the chronic
activation of the immune system, and inflammatory responses,
favoring the occurring of co-morbidities. Arising of opportunistic
infections and diseases is typical of the Acquired ImmunoDefi-
ciency Syndrome (AIDS) phase, as defined when CD4+ T cell
counts drop to <200 cells/µl of blood.

Over than the above described HIV infected individuals,
defined as natural progressors, a restricted set of HIV infected indi-
viduals control infection naturally in the absence of anti-retroviral
therapies. Two main populations have been described based either
on their maintenance of peripheral CD4+ T cell counts for sev-
eral years (long-term non-progressors, LTNP), or on their total or
partial control of HIV viremia (elite controllers, EC).

Long-term non-progressors are characterized by being infected
by more than 7 years, have stable CD4 T cell counts always above
500 cell/µl of blood and stable low but detectable viral loads,
representing approximately 5% of all chronically HIV infected
individuals.

Elite controllers represents a further restricted population
(about 3/1000 of HIV infected individuals) (Deeks and Walker,

2007; Okulicz and Lambotte, 2011), and are defined by stable
CD4 cell count (irrespective of a threshold), anti-retroviral therapy
naïve, and with viral loads persistently below 50 copies/ml (unde-
tectable) for more than 12 months (Okulicz and Lambotte, 2011).

Moreover, some individuals showed both features of LTNP and
control of viral load, and have been defined as “elite LTNP” (for
example, >8 years of HIV infection, CD4 cell nadir≥600 µ with a
positive slope of CD4 T cell counts) (Grabar et al., 2009). Indeed,
in most cases, these cohorts of HIV-1+ individuals controlling
disease progression only partially overlap, underlying different
determinants of resistance to HIV-1 disease progression.

Elite controllers are also characterized by very low levels of
viral load in the cerebrospinal fluid (below 2.5 copies/ml), whereas
number of leukocytes and levels of inflammatory markers, such as
albumin, neopterin, CCL2/MCP-1, and interleukin (IL)-10, over-
lap with those of uninfected or highly active anti-retroviral therapy
(HAART)-treated HIV individuals (Probasco et al., 2010). There-
fore, EC have the ability to control viral load both at the systemic
level and in the central nervous system (CNS). These findings
implicate that the virus either does not reach the CNS or that local
immune responses control viral replication, although the lack of
local inflammatory events suggest that a reduced amount of virus
or replication occurred in CNS.

Indeed, control of viral loads in EC is temporary (Bailey et al.,
2007; Goujard et al., 2009; Okulicz et al., 2009), and a durable
control of viremia for more than 10 years occurs only in 1% of the
individuals ascribed to this set of people (Lambotte et al., 2005;
Grabar et al., 2009; Okulicz et al., 2009). Of particular interest is
that AIDS events have been described also in few EC experiencing
drop in CD4+ T cell count despite maintaining undetectable viral
load (Pereyra et al., 2008, 2009; Sajadi et al., 2009). Studying tran-
sition from the EC status to the AIDS phase will provide invaluable
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insights for deeper comprehension of immune mechanisms con-
trolling HIV infection and disease progression, thus for design of
alternative or complementary therapies than HAART.

Therefore, EC represents a unique opportunity for unravel-
ing if and how immune responses are controlling HIV infection.
Indeed, it can be argued that individuals naturally restricting infec-
tion have been in contact with a deficient virus. However, viruses
isolated from EC have replicative capacity as much as laboratory
adapted strains (Migueles et al., 2003; Bailey et al., 2006b; Blank-
son et al., 2007; Lamine et al., 2007), no main viral genetic defects,
or viral polymorphisms are responsible for the spontaneous con-
trol of HIV replication in these persons (Blankson et al., 2007;
Miura et al., 2008), and synonymous substitutions occurs in gag,
pol, and negative regulatory factor (nef) genes as a result of low
level ongoing replication (Miura et al., 2009c; O’Connell et al.,
2010; Salgado et al., 2010). GB virus C has been demonstrated to
inhibit HIV replication in in vitro infected cells (Xiang et al., 2004;
Jung et al., 2005) and in HIV+ individuals persistent co-infection
with GBC virus is associated with prolonged survival (Zhang et al.,
2006); however, it has been reported that frequency of GB virus C
viremia was not different between EC and HIV progressors, thus
not explaining the non-progressive course of disease in this elite
cohort (Blankson et al., 2008).

Moreover, recent study has shown that the virus could be trans-
mitted from a progressor that developed AIDS to an individual
who became EC (Bailey et al., 2008), thus addressing the impor-
tance of host factors in the control of infection. In particular, many
investigators have searched for differences in the humoral and
cellular responses between EC and natural progressors. However,
humoral response, such as titer and breadth of HIV neutralizing
antibody, in EC does not appear to be different when compared
with that observed in natural progressors (Bailey et al., 2006a;
Li et al., 2009b; Mahalanabis et al., 2009; Scheid et al., 2009),
thus excluding a protective role in the early and chronic phase of
infection. In support of these findings it has been reported that rit-
uximab, a monoclonal antibody used as chemotherapeutic agent
for the elimination of B cells in lymphomas, did not modify the
elite status of treated HIV+ individuals, such as viral load below
50 copies/ml (Gaillard et al., 2011), although the same treatment
has been reported with the reactivation of latent HBV and CMV
infections (Aksoy et al., 2007) and increased viral load in chroni-
cally HIV infected (non-elite controller) individual (Huang et al.,
2010).

All these findings tend to support the hypothesis that among
immune responses the cell-mediated pathways might play a major
role responsible for the elite status of HIV+ individuals.

CELL-MEDIATED IMMUNE RESPONSES IN ELITE
CONTROLLERS
HIV AND HLA
Human immunodeficiency virus infection and the viral protein
Nef causes down modulation of human leukocytes antigen (HLA)-
class I molecules (Schwartz et al., 1996) to avoid recognition of
infected cells by cytotoxic T lymphocytes (CTL). On the other
hand, natural killer (NK) cells quickly recognize infected cells
by detecting down modulation of HLA-class I molecules, thus
recognizing viral infected cells very soon after infection. At the

same time, HLA-C and HLA-E are not down modulated upon
HIV infection (Cohen et al., 1999). Thereby, HIV to avoid detec-
tion by CTL encodes mechanisms for removal of class I major
histocompatibility complex (MHC) proteins from the surface of
infected cells, and is protected from NK cell cytotoxicity primarily
by HLA-C and HLA-E.

Well documented correlates of delayed disease progression in
HIV+ individuals controlling viral load in the absence of anti-
retroviral therapy include several alleles of the MHC Class I genes.
HLA-B alleles have been found to be more resistant than HLA-A to
the Nef-mediated downregulation (Rajapaksa et al., 2012), and few
HLA-B alleles reported to contribute to the control of viral load in
HIV+ individuals, as B∗27, B∗57, and B∗14 that have been associ-
ated with efficient poly-functional CD8 response (Almeida et al.,
2007a), viremia control (Fellay et al., 2007), and slow disease pro-
gression (Pereyra et al., 2010; Lazaryan et al., 2011). However, HLA
allele combinations also exert a strong effect on non-progression in
LTNP (McMichael and Jones, 2010; Salgado et al., 2011). Genome-
wide association studies have also indicated genetic variants of
MHC Class I genes (HLA-C) associated with control of viral load
and disease progression through modulation of the response of
CD8+ and NK cells (Fellay et al., 2007; Thomas et al., 2009),
whereas others have highlighted a role of MHC Class I and III sin-
gle nucleotide polymorphisms (SNPs) in determining the LTNP
phenotype (Guergnon et al., 2012).

CD8+ T LYMPHOCYTES
Human leukocytes antigen-B57 and HLA-B27 alleles have been
found to be over-represented among EC (Kaslow et al., 1996;
Migueles et al., 2000; Kiepiela et al., 2004; Lambotte et al., 2005),
and supported by multiple studies showing that HIV-1-specific
CD8+ T cells from EC were qualitatively superior (e.g., high pro-
liferative capacity and cytotoxic activity) to those from patients
with progressive disease (Migueles et al., 2002; Betts et al., 2006;
Addo et al., 2007; Almeida et al., 2007a; Saez-Cirion et al., 2007).
In particular, a poly-functional response to HIV stimulation was
observed for CD8+T cells isolated from EC and LTNP,and was lost
in individuals becoming progressors (Betts et al., 2006; Almeida
et al., 2007a; Streeck et al., 2008). Poly-functional response was
characterized by efficient process of degranulation and release of
perforin and granzyme B, as well as of cytokines IFN-γ, TNF-
α, IL-2, and MIP-1β (Migueles et al., 2002, 2008; Hersperger
et al., 2010). The increased level of poly-functional CD8+ T cells
was inversely correlated with viral load (Betts et al., 2006), and
findings reported in humans have been confirmed in macaques,
showing that depletion of CD8+ T cells in animals controlling
viral load, as the human counterpart EC and LTNP, is associ-
ated with rapid increase of viral load and drop of CD4+ T cell
count (Friedrich et al., 2007). According to this set of informa-
tion, it was reported that transition from LTNP to the progres-
sor status was associated with the acquisition of viral mutations
conferring escape from CD8+ T cell responses (Kemal et al.,
2008), and recently confirmed in animal model (Mudd et al.,
2012).

It is of interest that EC and HIV+ individuals under HAART
have comparable viral loads but the presence of poly-functional
CD8+ T cells remains a characteristic of EC (Dinoso et al., 2008;
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Ferre et al., 2009; Peris-Pertusa et al., 2010; Lopez et al., 2011),
despite that therapy-treated HIV+ individuals increased the num-
ber of CD4+ T cells (Peris-Pertusa et al., 2010), meaning that this
cellular population is one of the host factors responsible for the
suppression of viral load rather than a consequence of the infec-
tion or exposure of CD8+T cells to high viral loads before therapy
(Lopez et al., 2011).

When CD8+ T cells from LTNP (controlling the viral load,
but with detectable viral load) and progressors (unable to control
viral load) were compared, the authors showed higher levels and
ability to expand of CD8+ T cells when isolated from LTNP vs.
progressors, although no difference between the two cohorts were
observed for the functional properties of CD8+ T cell (expression
of cytokines, such as MIP-1β, TNF-α, and IL-2, upon stimulation
with Gag or Nef peptides) (Lopez et al., 2008). Also these findings
could be interpreted as that host factors, such as CD8+ T cells,
are able to control virus replication independently by exposure
to low/high levels of viral load. Nonetheless HIV-specific poly-
functional CD8+ T cells from EC have recently been described to
be in a differentiation stage of central memory T cells (Lopez et al.,
2011; Ndhlovu et al., 2012) and to be rapidly expandable upon
stimulation with Gag peptides (Ndhlovu et al., 2012). Indeed, it
has also been reported that the control of viral load in HIV+ in the
absence of ARTis mostly associated with HLA-B27-restricted Gag-
specific CD8+ T cells (having stronger avidity, poly-functionality,
and clonal turnover than HLA-A restricted CD8+ T subpopula-
tions) (Almeida et al., 2007a; Berger et al., 2011). It has recently
reported that among the many factors influencing the efficacy of
this protective allele in EC, expression of specific TCR clonotypes
(Chen et al., 2012), and evasion from regulatory T (Treg) cells sup-
pression (Elahi et al., 2011) are features associated with delayed
HIV disease progression.

Recently, it has also been reported that CD8+ T cells of
non-controllers or patients under HAART are characterized by
loss of CD100 expression (alternative name is Sema4D, a sema-
phorin with important immune regulatory functions that improve
antigen-specific priming by antigen presenting cells and also acts as
costimulatory molecule on T cells), whereas EC maintain CD100
expression as much as non-infected individuals (Eriksson et al.,
2012).

Mucosal immunity
Increased magnitude of CD8+ T cell response to HLA-B27
and HLA-B57-restricted Gag epitopes, such as HIV p24Gag and
p17Gag as well as other non-immunodominant epitopes (Ferre
et al., 2009), was reported in both blood and rectal mucosa of EC
(Shacklett et al., 2003; Ibarrondo et al., 2005; Ferre et al., 2009,
2010), and increased level of poly-functional CD8+ T cells in rec-
tal mucosa of EC (Critchfield et al., 2007, 2008; Ferre et al., 2009,
2010) has been proposed as one of the reason why these individ-
uals experience lower depletion of CD4+ T cells than progressive
individuals normally seen in this anatomical compartment of HIV
progressors (Brenchley and Douek, 2008). However, CD8+ T cells
in lymph nodes and gastrointestinal mucosa of infected macaques
express high levels of PD-1, suggesting immune exhaustion (Velu
et al., 2007), and reduced ability to clear chronic infection. These
findings suggest that mucosal CD8+ T cells may be or become

inadequate over time, and possibly linked to the progression from
the elite to the progressor status (i.e., loss of control of viral load).

In conclusion, EC are characterized by preservation of func-
tional CD8+ cells mounting appropriate and strong Gag-specific
response, poly-functional, and at the central memory stage. More-
over, selection for mutated but less-fit viral variants, as consequent
to the immune selective pressure by HLA-I/CD8+T cells, has been
proposed as an additional mechanism for the control of viral load
in elite controller (Miura et al., 2009a,b,c). Indeed, HLA hetero-
geneity and low to undetectable HIV-specific CD8 T cell responses
have been observed among HIV-1 controllers cohorts, with all
the above variants together accounting for approximately 40% of
all individuals with a resistant phenotype to HIV-1 disease (Emu
et al., 2008; Pereyra et al., 2008). It is likely that additional genetic
or immuno-virological determinants of resistance to HIV-1 dis-
ease progression are yet to be discovered (O’Brien and Nelson,
2004). In support of this interpretation is also that selection of
mutated HIV variants is indicative of ongoing viral replication,and
escape from T cell-mediated immunity also occurs in individuals
naturally controlling HIV viral load.

NATURAL KILLER CELLS
A second cellular population showing cytotoxic activity against
virus infected cells is represented by NK cells, potentially con-
tributing to viral control along with traditional adaptive immune
responses in some controller individuals. Recent findings have
shown association between the killer inhibitory receptor (KIR)
alleles and virus control. In particular, KIR3DL1 and KIR3DS1
have been associated with delayed progression to AIDS when inter-
acting with HLA-B alleles. Thus, NK-mediated control of HIV
replication has been also in cohorts of HIV+ individuals with
spontaneous control of viral load (Martin et al., 2002, 2007; Lopez-
Vazquez et al., 2005;Yawata et al., 2006; Alter et al., 2007; Long et al.,
2008; Kamya et al., 2011a). Of note is that HIV controllers express-
ing HLA-Bw4∗80I on target cells and KIR3DL1 on NK cells sustain
a target cell-induced NK cytotoxicity stronger that that measured
for CD8+T cells from the same individuals (Tomescu et al., 2012).
Other than the interaction between HLA-B alleles and KIRs, role
for HLA-C alleles in HIV-1 infection has been recently described.
Genome-wide association studies have indicated that a SNP in the
HLA-C promoter region as an important factor linked with virus
control (Fellay et al., 2007, 2009; Thomas et al., 2009). It is not
clear yet the protective mechanism of HLA-C SNP variant, but it
has been proposed shown that HLA-C SNP variant is associated
with increased expression of both HLA-C transcript and surface
protein (Kulkarni et al., 2011), which correlates with good levels
of CD4 counts, control of viral load, and slow disease progression
(Thomas et al., 2009).

Several authors have also shown that HIV-1 mutation escap-
ing from CTL responses are indeed recognized by NK cells
(Alter et al., 2011; Fadda et al., 2011). However, if this situa-
tion also occurs in HIV+ individuals naturally controlling viral
load, and in particular EC, will be quite difficult to assess. On the
other side, it would be of interest to monitor if viral mutations
influence HLA-mediated antigen presentation and recognition by
CTL vs. NK cells, associated with the lack of the status of elite
controller.
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CD4+ T LYMPHOCYTES
CD4+ T cells, or T helper cells (Th), play a central role in immune
protection, by inducing (i) long-term maintenance of antigen-
specific CD8+ memory T cells, (ii) antibody production from B
cells, (iii) macrophages to develop enhanced microbicidal activ-
ity, to recruit neutrophils, eosinophils, and basophils to sites of
infection and inflammation, and (iv) expression of cytokines and
chemokines to orchestrate the full panoply of immune responses.
Naive conventional CD4+ T cells are open to at least four distinct
fates that are determined by the pattern of signals they receive dur-
ing their initial interaction with the antigen; Th1, Th2, Th17, and
Treg cells (Zhu and Paul, 2008).

The number and functionality of CD4+ T cells constantly
decrease during HIV disease progression, although progressive
impairment and massive deregulation of all players of the immune
system are observed in infected individuals, ultimately leading to
the development of AIDS (Giorgi et al., 1999; Hellerstein et al.,
1999).

In the majority of the EC population, the spontaneous control
of HIV-1 infection is associated with higher levels of CD4+ T cells
(average of 750 cells/ml) than viremic and therapy-treated HIV+
individuals, and slightly lower than uninfected subjects (Hunt
et al., 2008; Hatano et al., 2009; Okulicz et al., 2009; Sedaghat
et al., 2009; Kamya et al., 2011b). Control of the level of CD4+ T
cells in EC has been ascribed to preservation of uncompromised
thymic function in conjunction with extra-thymic processes that
led to elevated levels of circulating recent thymic emigrants (Yang
et al., 2012). However, a small proportion of EC developed declin-
ing number of CD4+ T cells despite undetectable levels of HIV-1
viremia as HIV-1 patients with progressive disease, that was asso-
ciated to reduced thymic output mirrored by thymic dysfunction
during untreated progressive HIV-1 infection (Hunt et al., 2008;
Okulicz et al., 2009; Sedaghat et al., 2009; Yang et al., 2012).

Human immunodeficiency virus infection is characterized
by uncontrolled viral replication and chronic immune acti-
vation, such as increased level of CD4+ and CD8+ T cells
expressing activation markers such as CD38, HLA-DR, and/or
Ki67 expression (Kestens et al., 1994; Liu et al., 1997; Benito
et al., 2005; Almeida et al., 2007b; Hunt et al., 2008). Chronic
immune activation is responsible for the disease progression, as
clearly reported in animal models infected with simian coun-
terpart simian immunodeficiency virus (SIV) (Silvestri et al.,
2003).

Some studies report that despite having undetectable viral
loads, EC had lower levels of immune activation than progressors,
similar levels to that observed in HAART-suppressed individuals,
although higher than uninfected subject (Hunt et al., 2008; Owen
et al., 2010). On the other hand, EC have lower levels of activated
HIV-specific CD4+ T cells than progressors and HAART-treated
individuals (Owen et al., 2010), although maintained stronger
immune response to HIV antigens than progressors, as character-
ized by interferon-γ (IFNγ) and IL-2 expression toward the Gag
protein (Emu et al., 2005; Owen et al., 2010). The capacity to rec-
ognize minimal amounts of the immunodominant Gag293–312
peptide results from high avidity TCR/MHC interaction (Vingert
et al., 2010). This capacity may play a key role in HIV control,

by keeping the immune system in constant alert and allowing
the induction of rapid recall responses. High levels of CD4+IL-
2+INF-γ+ cell phenotype, with a large IL-2 production, is indica-
tive of a robust Th1 response (Migueles et al., 2000; Potter et al.,
2007).

Human immunodeficiency virus-specific CD4+T cell function
is partially restored by HAART-driven control of viral infection,
suggesting that the characteristics of the HIV-specific CD4+ T
cell response in EC, such as Gag responses, might be a conse-
quence rather than the cause of the low viral burden (Tilton et al.,
2007). Therefore, maintenance of good levels of CD4+ T cells and
functional antigen-specific CD4+ T cells in EC might represent
one aspect driving the potent anti-viral activity exerted by CD8+
T cells observed in this cohort of patients. This aspect is sup-
ported by experiments in the animal model of infection, such as
SIV infected macaques. Experimental depletion of CD8+ T cells
in macaques controlling SIV replication lead to a rapid rebound
in SIV viremia, whereas the subsequent recovery of the immune
system was associated with emergence of SIV-specific CD4+ and
CD8+ T cell responses, thus restoring undetectable or low viral
loads (Friedrich et al., 2007).

Members of the CD28 family, such as CD28 and the inhibitory
molecules PD-1 and CTLA-4, contribute to the cell cycle arrest
and termination of T cell activation occurring after TCR/MHC
engagement. Levels of PD-1 and CTLA-4 are higher on CD4+ T
cells of HIV progressors, than uninfected individuals, and correlate
with persistent viremia, disease progression, and lack of cell func-
tionality, such as low IL-2 production from HIV-specific CD4+
T cells in response to viral antigens (Day et al., 2006; Kaufmann
et al., 2007). These characteristics were reported in both acute
and chronic infection, either in untreated or virologically sup-
pressed HAART-treated HIV+ individuals. On the other side, EC
had very low levels of expression of CTLA-4, even lower than
therapy-treated individuals (Kaufmann et al., 2007).

Few studies have addressed the question if CD4+ T cells from
EC might be less susceptible to HIV infection than cells purified
from HIV progressors. The results of these studies are controver-
sial, since some authors suggested that cells from EC were resistant
to infection because of selective up-regulation of cyclin-dependent
kinase inhibitor p21 (Chen et al., 2011), whereas others reported
resistance of EC CD4+ T cells to HIV-1 infection but showed that
p21 plays no or indirect role in this phenomenon (Saez-Cirion
et al., 2011). A third study reported that CD4+ T cells from EC
were as susceptible to infection as CD4+ T cells from uninfected
individuals (Julg et al., 2010; O’Connell et al., 2011).

Other authors searched for differences in the virion budding
from infected cells (i.e., virus spreading). Indeed, it was reported
that chronic progressors produced significantly more virus per
infected cell than cells from EC and uninfected individuals, but
budding from cells of EC and uninfected donors was similar
(O’Connell et al., 2011). The hypothesis is that the higher lev-
els of virus replication from cells of chronic progressors was
a result of differences in the cellular activation level caused by
high-level viremia in the patients and not an innate difference
that would cause specific disease progression (O’Connell et al.,
2011).
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REGULATORY T CELLS
Regulatory T cells have been previously known as suppressor T
cells, as they are a subpopulation of T lymphocytes suppressing
immune responses of other cells. Thus, Treg maintain tolerance to
self-antigens and abrogate autoimmune disease, as mouse models
have confirmed their role in autoimmune and inflammatory dis-
eases, cancer, and organ transplantation (Dranoff, 2005; Battaglia
and Roncarolo, 2011). Tregs are a subset of CD4+T cells expressing
CD25 and Foxp3+, and regulate immune responses by production
of cytokines, including transforming growth factor-β (TGF-β),
IL-10, and IL-35.

The role of this cell population during HIV infection is contro-
versial. It has been proposed that excessive immune suppression by
Treg cells might be responsible for the faster progression on HIV
pathogenesis (Kinter et al., 2007). On the other hand, Treg cells
might protect individuals from the deleterious effects of chronic
immune activation that is typically observed in HIV infection
(Belkaid and Rouse, 2005; Fazekas de St Groth and Landay, 2008).
It has been reported that HIV individuals naturally controlling
viremia, such as EC, or under effective therapy, have lower lev-
els of Tregs compared with progressors, but that all of them have
higher levels of Tregs than uninfected subjects (Brandt et al., 2011).
However, other authors reported a higher levels of Tregs in EC than
in both progressors and individuals under anti-retroviral therapy
with fully suppressed infection (Owen et al., 2010), findings that
were confirmed in the SIV infected macaques (Chase et al., 2007).

Reasons for those discrepancies are unclear but, at least in part,
might be explained by the lack of specific Treg markers, and the dif-
ferent ethnicity of individuals enrolled in the studies. For example,
genetic expression profiling showed that ethnic background plays
a role in the levels of expression of FoxP3, thus in the levels of Treg

cells as based on their classification based on this antigen (Torcia
et al., 2008). Indeed, ethnicity of HIV+ individuals enrolled in the
studies discussed above, although not reported, might be different
in that the two cohorts are based in Denmark and California.

TH17
Activity and expansion of Treg are regulated by a subset of Th
cells, such as IL-17 producing T helper (Th17) lymphocytes. Con-
trary to the Treg cells, Th17 contributes to inflammation and
immune responses to infectious agents, as well as to the main-
tenance of autoimmune diseases (Zhu and Qian, 2012). Th17
cells by the production of IL-22 stimulate epithelial cells (i.e.,
mucosal immunity) to produce anti-microbial proteins to clear
out fungi (Candida) and bacteria by promoting inflammation
through stimulating inflammatory cytokine release, chemokine
expression, and recruitment of neutrophils (Bettelli et al., 2007;
Weaver et al., 2007). Therefore lack of Th17 cells may predispose
the host to opportunistic infections, clinical conditions occurring
also in HIV+ individuals. Overall, Th17 cells act as counterbal-
ance of Treg cells in their ability to control/maintain peripheral
tolerance and immune responses (Coimbra et al., 2012).

As to HIV infections and disease progression, it has been
reported that marked and selective depletion of Th17 cells in
lymphoid organs and mucosal tissue is typical of SIV disease pro-
gression, in that observed only in infected macaques developing
pathogenesis but not in the natural host African green monkeys

that do not develop signs of AIDS or disease progression (Favre
et al., 2009). Therefore, loss of Th17 and disequilibrium with Treg

was associated to SIV disease progression. Findings reported in
animal models have been also validated in HIV infected indi-
viduals, showing that in peripheral blood loss of Th17 cells, and
imbalance of Th17/Treg ratio, is characteristic of disease progres-
sion (Favre et al., 2010; Li et al., 2011). EC maintained levels of
Th17 and Treg, as well as Th17/Treg ratio, similar to that of unin-
fected individuals (Favre et al., 2010; Li et al., 2011). Therefore,
these findings highlight the role of Th17 cells and the relevance of
Th17/Treg ratio imbalance.

Another important aspect to be considered is about the abil-
ity of Th17 controlling microbial infections at mucosal site, as
loss of Th17 might account for the increased microbial transloca-
tion across the gastrointestinal mucosa (Brenchley et al., 2006).
Therefore, strategies aimed at preventing Th17 loss will allow
controlling disease progression mediated by the chronic immune
activation, in part by controlling microbial translocation through
gastrointestinal mucosa.

Therefore, among HIV+ individuals, EC are characterized by
maintenance of good levels of CD4+T cells (including Th17 cells),
low level of activation of CD4+ T cells but strong response of
CD4+T cells to Gag antigens leading to a sustained Th1 phenotype
(CD4+ T cells expressing IL-2 and IFN-γ).

EXTRACELLULAR SOLUBLE FACTORS IN ELITE CONTROLLERS
Cytokines and chemokines are a group of low molecular weight
proteins that mediate communication between immune and non-
immune cells, contributing to regulate development, tissue repair,
hematopoiesis, inflammation, and immune responses (Rossi and
Zlotnik, 2000). They have pleiotropic activities and functional
redundancy, and act in a complex network where one compound
can influence the production of, and response to, many other fac-
tors. Chemotactic cytokines, chemokines,are involved in the traffic
of leukocytes to lymphoid and non-lymphoid organs, as well as
for the recruitment of leukocytes to injury and infection sites,
in metastasis and angiogenesis (D’Souza and Harden, 1996; Rossi
and Zlotnik, 2000; Gerard and Rollins, 2001; Moser and Loetscher,
2001). Apart from the chemoattractive functions, chemokines
modulate inflammatory events, such as activation, costimulation,
and differentiation of T cells and monocytes (Luther and Cyster,
2001; Mackay, 2001; Mellado et al., 2001).

CYTOKINES AND CHEMOKINES
Cytokines and chemokines play important roles in all steps of
HIV life cycle, from the engagement of cellular receptors by HIV
envelope for gaining entry into the target cells to the budding
step (Alfano and Poli, 2001; Alfano et al., 2008). Some cytokines
may limit viral spread whereas others may contribute to its prop-
agation (Cocchi et al., 1995; Vicenzi et al., 2000; Alfano and Poli,
2005), but the cytokine effect is also dependent on the cell phe-
notypes. Indeed, β-chemokines inhibit HIV replication in T cells
but enhances virus replication in macrophages (Schmidtmayerova
et al., 1996).

In vivo studies have shown that EC have equal serum levels of
IP-10, MCP-1, MIP-1α (Card et al., 2012), and IL-21 as uninfected
individuals (Iannello et al., 2010), but higher levels of TGF-β (Card
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et al., 2012). On the other hand, when compared to HIV+ individ-
uals unable to control viral load, EC showed lower levels of IP-10,
MCP-1, and TGF-β, but higher levels of MIP-1α (Iannello et al.,
2010; Card et al., 2012).

MIP-1α is a natural ligand for CCR5 (and CCR1), an HIV core-
ceptor, thus blocking HIV infection through competitive binding
of CCR5 (Cocchi et al., 1995), but also inhibiting post-entry steps
of HIV independent of coreceptor usage (Saunders et al., 2011).
Therefore, elevated level of MIP-1-α have been associated with
resistance to HIV infection and elevated level of this chemokine
has been linked to delayed disease progression (Paxton et al., 1996;
Saha et al., 1998; Hersperger et al., 2010). It is tempting to spec-
ulate that this chemokine might contribute to the control of viral
load and disease progression in EC.

On the other hand, MCP-1 and IP-10 are known positive regu-
lator of HIV replication and increased levels of MCP-1 have been
reported to correlate with negative prognosis (Stylianou et al.,
2000; Ansari et al., 2006, 2011).

As to the anti-inflammatory cytokine TGF-β, it has been
reported that increased levels are associated with disease progres-
sion (Nilsson et al., 2006; Piconi et al., 2010). Therefore, in EC
(vs. progressors) lower levels of TGF-β might be associated with
more favorable prognosis, also due to the fact that TGF-β inhibits
T cell response, and thus in EC low levels of TGF-β might allow
for the strong HIV-specific CD8+ T cell response, thus control of
viral load.

Interleukin-21 is mainly produced by follicular Th CD4+ cells,
and exert pro-survival activity for CD4+ T cells, thus for main-
tenance of HIV-specific CD8+ T cells and of their cytolytic
potential (Zeng et al., 2005), as well as regulator of T cells,
B cells, and NK cells responses during chronic viral infections
(Elsaesser et al., 2009; Frohlich et al., 2009; Yi et al., 2009; Pal-
likkuth et al., 2012). Indeed, IL-21 also promotes differentiation
of naive CD4+ T cells into Th17 cells, which play an important
role in inducing inflammation and controlling invading pathogens
(Wei et al., 2007; Yang et al., 2008). Thus, IL-21 has been pro-
posed as biomarkers of HIV disease progression but also as
one of the target to be exploited for immunotherapy in HIV+
progressors.

DEFENSINS
Defensins are natural antibiotic peptides against bacteria and fungi
(Chang and Klotman, 2004). Defensins are classified on the basis
of their size and pattern of disulfide bond into α, β, and θ cat-
egories (Yang et al., 2002), and are produced constitutively or in
response to microbial products or pro-inflammatory cytokines
(Ganz and Lehrer, 1998; Lehrer and Ganz, 1999; Schroder, 1999).
Cellular source of defensins are neutrophil, NK cells, epithe-
lial, and dendritic cells (Agerberth et al., 2000; Chalifour et al.,
2004; Rodriguez-Garcia et al., 2010), thus locating their beneficial
(i.e., antibiotic) or detrimental [i.e., chronic inflammation-driven
tumors, such as colorectal cancer (Albrethsen et al., 2005)] effects
at mucosal site.

Alpha-defensins have also been shown to inhibit multiple steps
of the HIV life cycle (Zhang et al., 2002; Chang et al., 2003; Mack-
ewicz et al., 2003; Furci et al., 2007; Garzino-Demo, 2007), thus
representing important innate defensive mechanism against HIV

infection at mucosal sites, such as cervico-vaginal tissue (Cole and
Cole, 2008).

It has been recently shown that immature dendritic cells
from EC expressed higher level of α-defensins than progressors
(Rodriguez-Garcia et al., 2009), and that the levels of α-defensins
are independent of viral load, as underscored by the fact that HIV+
individuals under therapy expressed the same levels of α-defensins
as progressors (Rodriguez-Garcia et al., 2009).

CONCLUSION AND FUTURE DIRECTIONS
Studying HIV disease and progression is not an easy task because
of the high rate of mutations occurring in the viral strain, as
well as to the acquired immunodeficiency, chronic immune acti-
vation, chronic inflammation, and the consequent opportunistic
diseases and infections. The existence of individuals naturally
controlling HIV viral load represents a unique opportunity for
understanding mechanisms of the immune system patrolling
viral replication and clearance of infected cells. It appears that
viral genetic defects or humoral responses in EC do not play a
major role controlling HIV viral load, whereas innate responses
have been reported of potential interest. CTL seems to repre-
sent the main cellular phenotype controlling HIV viral load,
although it must be recognized that the in vivo findings are
resulting from a combination of cells and factors influencing
each other.

Thus far the most appealing findings characteristic of EC are
the strong responses mediated by CD8+ T cell and NK cells, and
low levels of inflammatory markers, such as albumin, neopterin,
MCP-1, and IL-10. Relevance of these findings to the prognosis
of HIV disease has been clearly testify in SIV infected macaques,
showing that (i) removal of CD8+ T cells in animals controlling
viral load is associated with rapid increase of viral load and drop
of CD4+ T cell count (Friedrich et al., 2007), whereas (ii) chronic
immune activation and the consequent chronic inflammation is
associated to disease progression (Chahroudi et al., 2012).

Moreover, studies in EC underscore that exposure to low level
of antigen exposure is sufficient to boost and sustain strong and
efficient HIV-specific immunity. However, some EC lose their
ability to control viral load over time, indicating that factors
other than HLA-mediated control contribute to the “elite” sta-
tus. Indeed, even patients virologically suppressed on HAART for
years demonstrate elevated levels of pro-inflammatory cytokines
and chronic immune activation. These clinical events, associated
with the extended survival time upon HAART (Fang et al., 2007),
are associated with the occurring of opportunistic disease and poor
outcomes (Nixon and Landay, 2010).

Indeed, HAART has been provided extreme benefits to HIV
individuals, and intervening on the innate immune responses of
therapy-treated individuals to restore or induce proper effector
functions, as closer as possible to that of EC, is required for
eradication of viral reservoir and elimination of the causes respon-
sible for opportunistic diseases. Boosting proper innate immune
responses will be required for both preventive (Li et al., 2009a)
and the rapeutical strategies (Critchfield et al., 2007, 2008), but
also controlling the chronic status of inflammation will be needed
for reducing the occurring of opportunistic diseases, including
non-AIDS associated tumors.
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Levels of pro- and anti-inflammatory cytokine and chemokines
are usually measured in the plasma of HIV+ individuals and
considered for defining the inflammatory status as consequent
to the chronic immune activation. However, plasma levels of these
factors, especially those not correlated with viremia, would deserve
future attention in order to unveil their functions, such as influ-
encing activity and expansion of poly-functional CD8+ T cells in
EC. Findings from clinical trials based on α1-Antitrypsin (Bristow
et al., 2010, 2012) and IL-2 (Marchetti et al., 2008) have shown that
strategies aimed at the manipulation of the innate immune sys-
tem responses are feasible ways to enhance the control of virus life
cycle (Alfano, 2010). Furthermore, it must be recognized that the
net effect of a soluble factor on cellular phenotypes as well as on
the control of HIV replication is depending by the interaction with
all other soluble factors either in the plasma or in the extracellular
milieu of organs/tissues and associated to the extracellular matrix.
In other words, cell-mediated immune responses are depending on
the localization of immune cells. Therefore, better comprehension
of innate immune responses, and host and viral factors inducing
protective immune responses in EC, particularly at the mucosal
level, might reveal the proper way for the design of a protective
anti-HIV vaccine.

Further studies comparing cohorts of HIV individuals such as
progressors and EC, as well as in animal models, are needed but
will provide invaluable insight for the prevention and control of
HIV disease. In particular, studying modulation of host factors
during transition from LTNP and EC to the progressor status will
be of paramount relevance for establishing conditions associated
to the control of viral load and immunodeficiency.

Unveiling the mechanisms associated with successful HIV con-
trol in EC will contribute to (i) better understand HIV patho-
genesis, (ii) the design of therapies for the control of disease
progression, and (iii) for vaccine strategies (Johnston and Fauci,
2007). In particular, because of the capacity of EC to restrict viral
load below 50 copies/ml, it will be of paramount interest defining
host factors and innate immune responses responsible for the (i)
LTNP and EC conditions, (ii) control of viral load, and (iii) drop
of CD4+ T cell counts.

ACKNOWLEDGMENTS
Luca Genovese performed this study as partial fulfillment of his
Ph.D. in Molecular Medicine, Vita-Salute San Raffaele University,
Milan, Italy. This study has been supported by grant of Italian
Minister of Health (#40H11 to Massimo Alfano).

REFERENCES
Addo, M. M., Draenert, R., Rathod, A.,

Verrill, C. L., Davis, B. T., Gandhi,
R. T., et al. (2007). Fully differenti-
ated HIV-1 specific CD8+ T effector
cells are more frequently detectable
in controlled than in progressive
HIV-1 infection. PLoS ONE 2:e321.
doi:10.1371/journal.pone.0000321

Agerberth, B., Charo, J., Werr, J., Olsson,
B., Idali, F., Lindbom, L., et al.
(2000). The human antimicrobial
and chemotactic peptides LL-37 and
alpha-defensins are expressed
by specific lymphocyte and
monocyte populations. Blood 96,
3086–3093.

Aksoy, S., Harputluoglu, H., Kilickap, S.,
Dede, D. S., Dizdar, O., Altundag, K.,
et al. (2007). Rituximab-related viral
infections in lymphoma patients.
Leuk. Lymphoma 48, 1307–1312.

Albrethsen, J., Bogebo, R., Gammeltoft,
S., Olsen, J., Winther, B., and Raskov,
H. (2005). Upregulated expression
of human neutrophil peptides 1, 2
and 3 (HNP 1-3) in colon can-
cer serum and tumours: a bio-
marker study. BMC Cancer 5:8.
doi:10.1186/1471-2407-5-8

Alfano, M. (2010). Soluble Factors
Medating Innate Immune Responses
to HIV Infection. Sharjah: Bentham
Science Publisher.

Alfano, M., Crotti, A., Vicenzi, E., and
Poli, G. (2008). New players in
cytokine control of HIV infection.
Curr. HIV/AIDS Rep. 5, 27–32.

Alfano, M., and Poli, G. (2001).
Cytokine and chemokine based

control of hiv infection and replica-
tion. Curr. Pharm. Des. 7, 993–1013.

Alfano, M., and Poli, G. (2005). Role
of cytokines and chemokines in the
regulation of innate immunity and
HIV infection. Mol. Immunol. 42,
161–182.

Almeida, J. R., Price, D. A., Papagno, L.,
Arkoub, Z. A., Sauce, D., Bornstein,
E., et al. (2007a). Superior control of
HIV-1 replication by CD8+T cells is
reflected by their avidity, polyfunc-
tionality, and clonal turnover. J. Exp.
Med. 204, 2473–2485.

Almeida, M., Cordero, M., Almeida, J.,
and Orfao, A. (2007b). Relation-
ship between CD38 expression on
peripheral blood T-cells and mono-
cytes, and response to antiretrovi-
ral therapy: a one-year longitudi-
nal study of a cohort of chron-
ically infected ART-naive HIV-1+
patients. Cytometry B Clin. Cytom.
72, 22–33.

Alter, G., Heckerman, D., Schneidewind,
A., Fadda, L., Kadie, C. M., Carlson,
J. M., et al. (2011). HIV-1 adapta-
tion to NK-cell-mediated immune
pressure. Nature 476, 96–100.

Alter, G., Martin, M. P., Teigen, N.,
Carr, W. H., Suscovich, T. J., Schnei-
dewind, A., et al. (2007). Differential
natural killer cell-mediated inhibi-
tion of HIV-1 replication based on
distinct KIR/HLA subtypes. J. Exp.
Med. 204, 3027–3036.

Ansari, A. W., Bhatnagar, N., Dittrich-
Breiholz, O., Kracht, M., Schmidt,
R. E., and Heiken, H. (2006). Host
chemokine (C-C motif) ligand-2

(CCL2) is differentially regulated
in HIV type 1 (HIV-1)-infected
individuals. Int. Immunol. 18,
1443–1451.

Ansari, A. W., Heiken, H., Meyer-Olson,
D., and Schmidt, R. E. (2011). CCL2:
a potential prognostic marker and
target of anti-inflammatory strategy
in HIV/AIDS pathogenesis. Eur. J.
Immunol. 41, 3412–3418.

Bailey, J. R., Lassen, K. G., Yang, H.
C., Quinn, T. C., Ray, S. C., Blank-
son, J. N., et al. (2006a). Neutralizing
antibodies do not mediate suppres-
sion of human immunodeficiency
virus type 1 in elite suppressors
or selection of plasma virus vari-
ants in patients on highly active
antiretroviral therapy. J. Virol. 80,
4758–4770.

Bailey, J. R., Williams, T. M., Sili-
ciano, R. F., and Blankson, J. N.
(2006b). Maintenance of viral sup-
pression in HIV-1-infected HLA-
B∗57+ elite suppressors despite CTL
escape mutations. J. Exp. Med. 203,
1357–1369.

Bailey, J. R., O’Connell, K., Yang, H.
C., Han, Y., Xu, J., Jilek, B., et
al. (2008). Transmission of human
immunodeficiency virus type 1 from
a patient who developed AIDS to
an elite suppressor. J. Virol. 82,
7395–7410.

Bailey, J. R., Zhang, H.,Wegweiser, B. W.,
Yang, H. C., Herrera, L., Ahonkhai,
A., et al. (2007). Evolution of HIV-
1 in an HLA-B∗57-positive patient
during virologic escape. J. Infect. Dis.
196, 50–55.

Battaglia, M., and Roncarolo, M. G.
(2011). Immune intervention with
T regulatory cells: past lessons
and future perspectives for type
1 diabetes. Semin. Immunol. 23,
182–194.

Belkaid, Y., and Rouse, B. T. (2005).
Natural regulatory T cells in infec-
tious disease. Nat. Immunol. 6,
353–360.

Benito, J. M., Lopez, M., Lozano,
S., Ballesteros, C., Martinez, P.,
Gonzalez-Lahoz, J., et al. (2005).
Differential upregulation of CD38
on different T-cell subsets may
influence the ability to reconsti-
tute CD4+ T cells under successful
highly active antiretroviral therapy.
J. Acquir. Immune Defic. Syndr. 38,
373–381.

Berger, C. T., Frahm, N., Price, D.
A., Mothe, B., Ghebremichael, M.,
Hartman, K. L., et al. (2011).
High-functional-avidity cytotoxic T
lymphocyte responses to HLA-
B-restricted Gag-derived epitopes
associated with relative HIV control.
J. Virol. 85, 9334–9345.

Bettelli, E., Korn, T., and Kuchroo, V.
K. (2007). Th17: the third mem-
ber of the effector T cell tril-
ogy. Curr. Opin. Immunol. 19,
652–657.

Betts, M. R., Nason, M. C., West,
S. M., De Rosa, S. C., Migueles,
S. A., Abraham, J., et al. (2006).
HIV nonprogressors preferentially
maintain highly functional HIV-
specific CD8+ T cells. Blood 107,
4781–4789.

www.frontiersin.org April 2013 | Volume 4 | Article 86 | 7

http://dx.doi.org/10.1371/journal.pone.0000321
http://dx.doi.org/10.1186/1471-2407-5-8
http://www.frontiersin.org
http://www.frontiersin.org/HIV_and_AIDS/archive


Genovese et al. Cellular immunity in non-progressive HIV disease

Blankson, J. N., Bailey, J. R., Thayil,
S., Yang, H. C., Lassen, K., Lai, J.,
et al. (2007). Isolation and charac-
terization of replication-competent
human immunodeficiency virus
type 1 from a subset of elite suppres-
sors. J. Virol. 81, 2508–2518.

Blankson, J. N., Klinzman, D., Astem-
borski, J., Thomas, D. L., Kirk, G.
D., and Stapleton, J. T. (2008). Low
frequency of GB virus C viremia
in a cohort of HIV-1-infected elite
suppressors. AIDS 22, 2398–2400.

Brandt, L., Benfield, T., Mens, H.,
Clausen, L. N., Katzenstein, T. L.,
Fomsgaard, A., et al. (2011). Low
level of regulatory T cells and main-
tenance of balance between regu-
latory T cells and TH17 cells in
HIV-1-infected elite controllers. J.
Acquir. Immune Defic. Syndr. 57,
101–108.

Brenchley, J. M., and Douek, D.
C. (2008). HIV infection and
the gastrointestinal immune system.
Mucosal Immunol. 1, 23–30.

Brenchley, J. M., Price, D. A., Schacker,
T. W., Asher, T. E., Silvestri, G., Rao,
S., et al. (2006). Microbial transloca-
tion is a cause of systemic immune
activation in chronic HIV infection.
Nat. Med. 12, 1365–1371.

Bristow, C. L., Babayeva, M. A.,
Labrunda, M., Mullen, M.
P., and Winston, R. (2012).
alpha1Proteinase inhibitor reg-
ulates CD4+ lymphocyte levels
and is rate limiting in HIV-1
disease. PLoS ONE 7:e31383.
doi:10.1371/journal.pone.0031383

Bristow, C.L., Cortes, J., Mukhtarzad, R.,
Trucy, M., Franklin, A., Romberg, V.,
et al. (2010). “a1-Antitrypsin ther-
apy increases CD4+ lymphocytes
to normal values in HIV patients,”
in Soluble Factors Mediating Innate
Immune Responses to HIV Infection,
ed. M. Alfano (Sharjah: Bentham
Science Publisher, Ltd.).

Card, C. M., Keynan, Y., Lajoie, J., Bell,
C. P., Dawood, M., Becker, M., et
al. (2012). HIV controllers are dis-
tinguished by chemokine expres-
sion profile and HIV-specific T-
cell proliferative potential. J. Acquir.
Immune Defic. Syndr. 59, 427–437.

Chahroudi, A., Bosinger, S. E., Vander-
ford, T. H., Paiardini, M., and Sil-
vestri, G. (2012). Natural SIV hosts:
showing AIDS the door. Science 335,
1188–1193.

Chalifour, A., Jeannin, P., Gauchat, J. F.,
Blaecke, A., Malissard, M., N’Guyen,
T., et al. (2004). Direct bacter-
ial protein PAMP recognition by
human NK cells involves TLRs and
triggers alpha-defensin production.
Blood 104, 1778–1783.

Chang, T. L., Francois, F., Mosoian, A.,
and Klotman, M. E. (2003). CAF-
mediated human immunodeficiency
virus (HIV) type 1 transcriptional
inhibition is distinct from alpha-
defensin-1 HIV inhibition. J. Virol.
77, 6777–6784.

Chang, T. L., and Klotman, M. E. (2004).
Defensins: natural anti-HIV pep-
tides. AIDS Rev. 6, 161–168.

Chase, A. J., Sedaghat, A. R., German, J.
R., Gama, L., Zink, M. C., Clements,
J. E., et al. (2007). Severe depletion
of CD4+ CD25+ regulatory T cells
from the intestinal lamina propria
but not peripheral blood or lymph
nodes during acute simian immun-
odeficiency virus infection. J. Virol.
81, 12748–12757.

Chen, H., Li, C., Huang, J., Cung, T.,
Seiss, K., Beamon, J., et al. (2011).
CD4+ T cells from elite controllers
resist HIV-1 infection by selective
upregulation of p21. J. Clin. Invest.
121, 1549–1560.

Chen, H., Ndhlovu, Z. M., Liu, D.,
Porter, L. C., Fang, J. W., Darko, S.,
et al. (2012). TCR clonotypes modu-
late the protective effect of HLA class
I molecules in HIV-1 infection. Nat.
Immunol. 13, 691–700.

Cocchi, F., Devico,A. L., Garzino-Demo,
A., Arya, S. K., Gallo, R. C., and
Lusso, P. (1995). Identification of
RANTES, MIP-1 alpha, and MIP-1
beta as the major HIV-suppressive
factors produced by CD8+ T cells.
Science 270, 1811–1815.

Cohen, G. B., Gandhi, R. T., Davis, D.
M., Mandelboim, O., Chen, B. K.,
Strominger, J. L., et al. (1999). The
selective downregulation of class I
major histocompatibility complex
proteins by HIV-1 protects HIV-
infected cells from NK cells. Immu-
nity 10, 661–671.

Coimbra, S., Figueiredo, A., Castro, E.,
Rocha-Pereira, P., and Santos-Silva,
A. (2012). The roles of cells and
cytokines in the pathogenesis of pso-
riasis. Int. J. Dermatol. 51, 389–395.
quiz 395–388.

Cole, A. M., and Cole, A. L. (2008).
Antimicrobial polypeptides are
key anti-HIV-1 effector molecules
of cervicovaginal host defense.
Am. J. Reprod. Immunol. 59,
27–34.

Critchfield, J. W., Lemongello, D.,
Walker, D. H., Garcia, J. C., Asmuth,
D. M., Pollard, R. B., et al. (2007).
Multifunctional human immunod-
eficiency virus (HIV) gag-specific
CD8+ T-cell responses in rec-
tal mucosa and peripheral blood
mononuclear cells during chronic
HIV type 1 infection. J. Virol. 81,
5460–5471.

Critchfield, J. W.,Young, D. H., Hayes, T.
L., Braun, J. V., Garcia, J. C., Pollard,
R. B., et al. (2008). Magnitude and
complexity of rectal mucosa HIV-1-
specific CD8+ T-cell responses dur-
ing chronic infection reflect clin-
ical status. PLoS ONE 3:e3577.
doi:10.1371/journal.pone.0003577

Day, C. L., Kaufmann, D. E., Kiepiela, P.,
Brown, J. A., Moodley, E. S., Reddy,
S., et al. (2006). PD-1 expression
on HIV-specific T cells is associated
with T-cell exhaustion and disease
progression. Nature 443, 350–354.

Deeks, S. G., and Walker, B. D.
(2007). Human immunodeficiency
virus controllers: mechanisms of
durable virus control in the absence
of antiretroviral therapy. Immunity
27, 406–416.

Dinoso, J. B., Kim, S. Y., Siliciano, R.
F., and Blankson, J. N. (2008). A
comparison of viral loads between
HIV-1-infected elite suppressors and
individuals who receive suppressive
highly active antiretroviral therapy.
Clin. Infect. Dis. 47, 102–104.

Douek, D. C., Picker, L. J., and Koup, R.
A. (2003). T cell dynamics in HIV-
1 infection. Annu. Rev. Immunol. 21,
265–304.

Dranoff, G. (2005). The therapeutic
implications of intratumoral regu-
latory T cells. Clin. Cancer Res. 11,
8226–8229.

D’Souza, M. P., and Harden, V. A.
(1996). Chemokines and HIV-1 sec-
ond receptors. Confluence of two
fields generates optimism in AIDS
research. Nat. Med. 2, 1293–1300.

Elahi, S., Dinges, W. L., Lejarcegui, N.,
Laing, K. J., Collier, A. C., Koelle,
D. M., et al. (2011). Protective HIV-
specific CD8+ T cells evade Treg cell
suppression. Nat. Med. 17, 989–995.

Elsaesser, H., Sauer, K., and Brooks, D.
G. (2009). IL-21 is required to con-
trol chronic viral infection. Science
324, 1569–1572.

Emu, B., Sinclair, E., Favre, D., Moretto,
W. J., Hsue, P., Hoh, R., et al. (2005).
Phenotypic, functional, and kinetic
parameters associated with apparent
T-cell control of human immunode-
ficiency virus replication in individ-
uals with and without antiretroviral
treatment. J. Virol. 79, 14169–14178.

Emu, B., Sinclair, E., Hatano, H., Ferre,
A., Shacklett, B., Martin, J. N., et
al. (2008). HLA class I-restricted
T-cell responses may contribute to
the control of human immunod-
eficiency virus infection, but such
responses are not always necessary
for long-term virus control. J. Virol.
82, 5398–5407.

Eriksson, E. M., Milush, J. M., Ho, E. L.,
Batista, M. D., Holditch, S. J., Keh, C.

E., et al. (2012). Expansion of CD8+
T cells lacking Sema4D/CD100 dur-
ing HIV-1 infection identifies a
subset of T cells with decreased
functional capacity. Blood 119,
745–755.

Fadda, L., O’Connor, G. M., Kumar,
S., Piechocka-Trocha, A., Gardiner,
C. M., Carrington, M., et al.
(2011). Common HIV-1 peptide
variants mediate differential binding
of KIR3DL1 to HLA-Bw4 molecules.
J. Virol. 85, 5970–5974.

Fang, C. T., Chang, Y. Y., Hsu, H. M.,
Twu, S. J., Chen, K. T., Lin, C. C.,
et al. (2007). Life expectancy of
patients with newly-diagnosed HIV
infection in the era of highly active
antiretroviral therapy. QJM 100,
97–105.

Favre, D., Lederer, S., Kanwar, B., Ma,
Z. M., Proll, S., Kasakow, Z., et
al. (2009). Critical loss of the bal-
ance between Th17 and T regulatory
cell populations in pathogenic SIV
infection. PLoS Pathog. 5:e1000295.
doi:10.1371/journal.ppat.1000295

Favre, D., Mold, J., Hunt, P. W.,
Kanwar, B., Loke, P., Seu, L., et
al. (2010). Tryptophan catabolism
by indoleamine 2,3-dioxygenase 1
alters the balance of TH17 to reg-
ulatory T cells in HIV disease. Sci.
Transl. Med. 2, 32ra36.

Fazekas de St Groth, B., and Lan-
day, A. L. (2008). Regulatory T
cells in HIV infection: patho-
genic or protective participants in
the immune response? AIDS 22,
671–683.

Fellay, J., Ge, D., Shianna, K. V.,
Colombo, S., Ledergerber, B., Cirulli,
E. T., et al. (2009). Common genetic
variation and the control of HIV-1
in humans. PLoS Genet. 5:e1000791.
doi:10.1371/journal.pgen.1000791

Fellay, J., Shianna, K. V., Ge, D.,
Colombo, S., Ledergerber, B., Weale,
M., et al. (2007). A whole-genome
association study of major deter-
minants for host control of HIV-1.
Science 317, 944–947.

Ferre, A. L., Hunt, P. W., Critchfield,
J. W., Young, D. H., Morris, M.
M., Garcia, J. C., et al. (2009).
Mucosal immune responses to HIV-
1 in elite controllers: a potential cor-
relate of immune control. Blood 113,
3978–3989.

Ferre, A. L., Lemongello, D., Hunt, P.
W., Morris, M. M., Garcia, J. C., Pol-
lard, R. B., et al. (2010). Immun-
odominant HIV-specific CD8+ T-
cell responses are common to blood
and gastrointestinal mucosa, and
Gag-specific responses dominate in
rectal mucosa of HIV controllers. J.
Virol. 84, 10354–10365.

Frontiers in Immunology | HIV and AIDS April 2013 | Volume 4 | Article 86 | 8

http://dx.doi.org/10.1371/journal.pone.0031383
http://dx.doi.org/10.1371/journal.pone.0003577
http://dx.doi.org/10.1371/journal.ppat.1000295
http://dx.doi.org/10.1371/journal.pgen.1000791
http://www.frontiersin.org/HIV_and_AIDS
http://www.frontiersin.org/HIV_and_AIDS/archive


Genovese et al. Cellular immunity in non-progressive HIV disease

Friedrich, T. C., Valentine, L. E., Yant,
L. J., Rakasz, E. G., Piaskowski, S.
M., Furlott, J. R., et al. (2007). Sub-
dominant CD8+ T-cell responses
are involved in durable control of
AIDS virus replication. J. Virol. 81,
3465–3476.

Frohlich, A., Kisielow, J., Schmitz,
I., Freigang, S., Shamshiev, A. T.,
Weber, J., et al. (2009). IL-21R
on T cells is critical for sus-
tained functionality and control of
chronic viral infection. Science 324,
1576–1580.

Furci, L., Sironi, F., Tolazzi, M., Vassena,
L., and Lusso, P. (2007). Alpha-
defensins block the early steps of
HIV-1 infection: interference with
the binding of gp120 to CD4. Blood
109, 2928–2935.

Gaillard, S., Dinoso, J. B., Marsh, J.
A., Dezern, A. E., O’Connell, K. A.,
Spivak, A. M., et al. (2011). Sus-
tained elite suppression of repli-
cation competent HIV-1 in a
patient treated with rituximab based
chemotherapy. J. Clin. Virol. 51,
195–198.

Ganz, T., and Lehrer, R. I. (1998).
Antimicrobial peptides of verte-
brates. Curr. Opin. Immunol. 10,
41–44.

Garzino-Demo, A. (2007). Chemokines
and defensins as HIV suppressive
factors: an evolving story. Curr.
Pharm. Des. 13, 163–172.

Gerard, C., and Rollins, B. J. (2001).
Chemokines and disease. Nat.
Immunol. 2, 108–115.

Giorgi, J. V., Hultin, L. E., McKeating, J.
A., Johnson, T. D., Owens, B., Jacob-
son, L. P., et al. (1999). Shorter sur-
vival in advanced human immun-
odeficiency virus type 1 infection is
more closely associated with T lym-
phocyte activation than with plasma
virus burden or virus chemokine
coreceptor usage. J. Infect. Dis. 179,
859–870.

Goujard, C., Chaix, M. L., Lambotte,
O., Deveau, C., Sinet, M., Guergnon,
J., et al. (2009). Spontaneous con-
trol of viral replication during pri-
mary HIV infection: when is “HIV
controller” status established? Clin.
Infect. Dis. 49, 982–986.

Grabar, S., Selinger-Leneman, H.,
Abgrall, S., Pialoux, G., Weiss, L., and
Costagliola, D. (2009). Prevalence
and comparative characteristics of
long-term nonprogressors and HIV
controller patients in the French
Hospital Database on HIV. AIDS 23,
1163–1169.

Guergnon, J., Dalmasso, C., Broet, P.,
Meyer, L., Westrop, S. J., Imami,
N., et al. (2012). Single-nucleotide
polymorphism-defined class I and

class III major histocompatibility
complex genetic subregions con-
tribute to natural long-term non-
progression in HIV infection. J.
Infect. Dis. 205, 718–724.

Hatano, H., Delwart, E. L., Norris, P. J.,
Lee, T. H., Dunn-Williams, J., Hunt,
P. W., et al. (2009). Evidence for per-
sistent low-level viremia in individ-
uals who control human immun-
odeficiency virus in the absence of
antiretroviral therapy. J. Virol. 83,
329–335.

Hellerstein, M., Hanley, M. B., Cesar,
D., Siler, S., Papageorgopoulos, C.,
Wieder, E., et al. (1999). Directly
measured kinetics of circulating T
lymphocytes in normal and HIV-
1-infected humans. Nat. Med. 5,
83–89.

Hersperger, A. R., Pereyra, F., Nason,
M., Demers, K., Sheth, P., Shin, L.
Y., et al. (2010). Perforin expression
directly ex vivo by HIV-specific CD8
T-cells is a correlate of HIV elite
control. PLoS Pathog. 6:e1000917.
doi:10.1371/journal.ppat.1000917

Huang, K. H., Bonsall, D., Katzourakis,
A.,Thomson,E. C.,Fidler,S. J.,Main,
J., et al. (2010). B-cell depletion
reveals a role for antibodies in the
control of chronic HIV-1 infection.
Nat. Commun. 1, 102.

Hunt, P. W., Brenchley, J., Sinclair,
E., McCune, J. M., Roland, M.,
Page-Shafer, K., et al. (2008). Rela-
tionship between T cell activation
and CD4+ T cell count in HIV-
seropositive individuals with unde-
tectable plasma HIV RNA levels in
the absence of therapy. J. Infect. Dis.
197, 126–133.

Iannello, A., Boulassel, M. R., Sama-
rani, S., Debbeche, O., Tremblay, C.,
Toma, E., et al. (2010). Dynam-
ics and consequences of IL-21 pro-
duction in HIV-infected individ-
uals: a longitudinal and cross-
sectional study. J. Immunol. 184,
114–126.

Ibarrondo, F. J., Anton, P. A., Fuerst, M.,
Ng, H. L., Wong, J. T., Matud, J., et al.
(2005). Parallel human immunode-
ficiency virus type 1-specific CD8+
T-lymphocyte responses in blood
and mucosa during chronic infec-
tion. J. Virol. 79, 4289–4297.

Johnston, M. I., and Fauci, A. S. (2007).
An HIV vaccine – evolving concepts.
N. Engl. J. Med. 356, 2073–2081.

Julg, B., Pereyra, F., Buzon, M. J.,
Piechocka-Trocha, A., Clark, M. J.,
Baker, B. M., et al. (2010). Infre-
quent recovery of HIV from but
robust exogenous infection of acti-
vated CD4(+) T cells in HIV elite
controllers. Clin. Infect. Dis. 51,
233–238.

Jung, S., Knauer, O., Donhauser, N.,
Eichenmuller, M., Helm, M., Fleck-
enstein, B., et al. (2005). Inhibi-
tion of HIV strains by GB virus
C in cell culture can be mediated
by CD4 and CD8 T-lymphocyte
derived soluble factors. AIDS 19,
1267–1272.

Kamya, P., Boulet, S., Tsoukas, C. M.,
Routy, J. P., Thomas, R., Cote, P., et
al. (2011a). Receptor-ligand require-
ments for increased NK cell poly-
functional potential in slow progres-
sors infected with HIV-1 coexpress-
ing KIR3DL1∗h/∗y and HLA-B∗57.
J. Virol. 85, 5949–5960.

Kamya, P., Tsoukas, C. M., Boulet, S.,
Routy, J. P., Thomas, R., Cote, P., et
al. (2011b). T cell Activation does
not drive CD4 decline in longitu-
dinally followed HIV-infected elite
controllers. AIDS Res. Ther. 8, 20.

Kaslow, R. A., Carrington, M., Apple,
R., Park, L., Munoz, A., Saah, A. J.,
et al. (1996). Influence of combina-
tions of human major histocompat-
ibility complex genes on the course
of HIV-1 infection. Nat. Med. 2,
405–411.

Kaufmann, D. E., Kavanagh, D. G.,
Pereyra, F., Zaunders, J. J., Mackey,
E. W., Miura, T., et al. (2007). of
CTLA-4 by HIV-specific CD4+ T
cells correlates with disease pro-
gression and defines a reversible
immune dysfunction. Nat. Immunol.
8, 1246–1254.

Kemal,K. S.,Beattie,T.,Dong,T.,Weiser,
B., Kaul, R., Kuiken, C., et al. (2008).
Transition from long-term nonpro-
gression to HIV-1 disease associated
with escape from cellular immune
control. J. Acquir. Immune Defic.
Syndr. 48, 119–126.

Kestens, L., Vanham, G., Vereecken, C.,
Vandenbruaene, M.,Vercauteren, G.,
Colebunders, R. L., et al. (1994).
Selective increase of activation anti-
gens HLA-DR and CD38 on CD4+
CD45RO+ T lymphocytes dur-
ing HIV-1 infection. Clin. Exp.
Immunol. 95, 436–441.

Kiepiela, P., Leslie, A. J., Honeyborne,
I., Ramduth, D., Thobakgale, C.,
Chetty, S., et al. (2004). Dominant
influence of HLA-B in mediating the
potential co-evolution of HIV and
HLA. Nature 432, 769–775.

Kinter, A., McNally, J., Riggin, L., Jack-
son, R., Roby, G., and Fauci, A.
S. (2007). Suppression of HIV-
specific T cell activity by lymph
node CD25+ regulatory T cells from
HIV-infected individuals. Proc. Natl.
Acad. Sci. U.S.A. 104, 3390–3395.

Kulkarni, S., Savan, R., Qi, Y., Gao, X.,
Yuki, Y., Bass, S. E., et al. (2011).
Differential microRNA regulation of

HLA-C expression and its associa-
tion with HIV control. Nature 472,
495–498.

Lambotte, O., Boufassa, F., Madec, Y.,
Nguyen,A., Goujard, C., Meyer, L., et
al. (2005). HIV controllers: a homo-
geneous group of HIV-1-infected
patients with spontaneous control of
viral replication. Clin. Infect. Dis. 41,
1053–1056.

Lamine, A., Caumont-Sarcos, A., Chaix,
M. L., Saez-Cirion, A., Rouzioux,
C., Delfraissy, J. F., et al. (2007).
Replication-competent HIV strains
infect HIV controllers despite unde-
tectable viremia (ANRS EP36 study).
AIDS 21, 1043–1045.

Lazaryan, A., Song, W., Lobashevsky,
E., Tang, J., Shrestha, S., Zhang,
K., et al. (2011). The influence of
human leukocyte antigen class I alle-
les and their population frequen-
cies on human immunodeficiency
virus type 1 control among African
Americans. Hum. Immunol. 72,
312–318.

Lehrer, R. I., and Ganz, T. (1999).
Antimicrobial peptides in mam-
malian and insect host defence. Curr.
Opin. Immunol. 11, 23–27.

Li, D., Chen, J., Jia, M., Hong, K.,
Ruan, Y., Liang, H., et al. (2011).
Loss of balance between T helper
type 17 and regulatory T cells in
chronic human immunodeficiency
virus infection. Clin. Exp. Immunol.
165, 363–371.

Li, Q., Skinner, P. J., Ha, S. J., Duan,
L., Mattila, T. L., Hage, A., et al.
(2009a). Visualizing antigen-specific
and infected cells in situ predicts
outcomes in early viral infection.
Science 323, 1726–1729.

Li, Y., Svehla, K., Louder, M. K.,
Wycuff, D., Phogat, S., Tang, M.,
et al. (2009b). Analysis of neu-
tralization specificities in poly-
clonal sera derived from human
immunodeficiency virus type 1-
infected individuals. J. Virol. 83,
1045–1059.

Liu,Z.,Cumberland,W. G.,Hultin,L. E.,
Prince, H. E., Detels, R., and Giorgi,
J. V. (1997). Elevated CD38 anti-
gen expression on CD8+ T cells is
a stronger marker for the risk of
chronic HIV disease progression to
AIDS and death in the Multicen-
ter AIDS Cohort Study than CD4+
cell count, soluble immune activa-
tion markers, or combinations of
HLA-DR and CD38 expression. J.
Acquir. Immune Defic. Syndr. Hum.
Retrovirol. 16, 83–92.

Long, B. R., Ndhlovu, L. C., Oksen-
berg, J. R., Lanier, L. L., Hecht,
F. M., Nixon, D. F., et al. (2008).
Conferral of enhanced natural

www.frontiersin.org April 2013 | Volume 4 | Article 86 | 9

http://dx.doi.org/10.1371/journal.ppat.1000917
http://www.frontiersin.org
http://www.frontiersin.org/HIV_and_AIDS/archive


Genovese et al. Cellular immunity in non-progressive HIV disease

killer cell function by KIR3DS1
in early human immunodeficiency
virus type 1 infection. J. Virol. 82,
4785–4792.

Lopez, M., Soriano, V., Lozano, S.,
Ballesteros, C., Cascajero, A., Rodes,
B., et al. (2008). No major differ-
ences in the functional profile of
HIV Gag and Nef-specific CD8+
responses between long-term non-
progressors and typical progressors.
AIDS Res. Hum. Retroviruses 24,
1185–1195.

Lopez, M., Soriano, V., Peris-Pertusa, A.,
Rallon, N., Restrepo, C., and Ben-
ito, J. M. (2011). Elite controllers
display higher activation on cen-
tral memory CD8 T cells than HIV
patients successfully on HAART.
AIDS Res. Hum. Retroviruses 27,
157–165.

Lopez-Vazquez, A., Mina-Blanco, A.,
Martinez-Borra, J., Njobvu, P. D.,
Suarez-Alvarez, B., Blanco-Gelaz, M.
A., et al. (2005). Interaction between
KIR3DL1 and HLA-B∗57 super-
type alleles influences the progres-
sion of HIV-1 infection in a Zam-
bian population. Hum. Immunol. 66,
285–289.

Luther, S. A., and Cyster, J. G. (2001).
Chemokines as regulators of T cell
differentiation. Nat. Immunol. 2,
102–107.

Mackay, C. R. (2001). Chemokines:
immunology’s high impact factors.
Nat. Immunol. 2, 95–101.

Mackewicz, C. E., Yuan, J., Tran, P.,
Diaz, L., Mack, E., Selsted, M. E.,
et al. (2003). Alpha-defensins can
have anti-HIV activity but are not
CD8 cell anti-HIV factors. AIDS 17,
F23–F32.

Mahalanabis, M., Jayaraman, P., Miura,
T., Pereyra, F., Chester, E. M.,
Richardson, B., et al. (2009). Con-
tinuous viral escape and selection by
autologous neutralizing antibodies
in drug-naive human immunodefi-
ciency virus controllers. J. Virol. 83,
662–672.

Marchetti, G., Tincati, C., Monforte,
A., and Gori, A. (2008). The chal-
lenge of IL-2 immunotherapy in
HIV disease: “no through road” or
turning point? Curr. HIV Res. 6,
189–199.

Martin, M. P., Gao, X., Lee, J. H., Nel-
son, G. W., Detels, R., Goedert, J.
J., et al. (2002). Epistatic interac-
tion between KIR3DS1 and HLA-B
delays the progression to AIDS. Nat.
Genet. 31, 429–434.

Martin, M. P., Qi,Y., Gao, X.,Yamada, E.,
Martin, J. N.,Pereyra,F., et al. (2007).
Innate partnership of HLA-B and
KIR3DL1 subtypes against HIV-1.
Nat. Genet. 39, 733–740.

McMichael, A. J., and Jones, E. Y. (2010).
Genetics. First-class control of HIV-
1. Science 330, 1488–1490.

Mellado, M., Rodriguez-Frade, J. M.,
Manes, S., and Martinez, A. C.
(2001). Chemokine signaling and
functional responses: the role of
receptor dimerization and TK path-
way activation. Annu. Rev. Immunol.
19, 397–421.

Migueles, S. A., Laborico, A. C.,
Imamichi, H., Shupert, W. L., Royce,
C., McLaughlin, M., et al. (2003).
The differential ability of HLA
B∗5701+ long-term nonprogressors
and progressors to restrict human
immunodeficiency virus replication
is not caused by loss of recognition
of autologous viral gag sequences. J.
Virol. 77, 6889–6898.

Migueles, S. A., Laborico, A. C., Shupert,
W. L., Sabbaghian, M. S., Rabin, R.,
Hallahan, C. W., et al. (2002). HIV-
specific CD8+ T cell proliferation is
coupled to perforin expression and is
maintained in nonprogressors. Nat.
Immunol. 3, 1061–1068.

Migueles, S. A., Osborne, C. M., Royce,
C., Compton, A. A., Joshi, R. P.,
Weeks, K. A., et al. (2008). Lytic
granule loading of CD8+ T cells is
required for HIV-infected cell elimi-
nation associated with immune con-
trol. Immunity 29, 1009–1021.

Migueles, S. A., Sabbaghian, M. S.,
Shupert, W. L., Bettinotti, M. P.,
Marincola, F. M., Martino, L., et
al. (2000). HLA B∗5701 is highly
associated with restriction of virus
replication in a subgroup of HIV-
infected long term nonprogressors.
Proc. Natl. Acad. Sci. U.S.A. 97,
2709–2714.

Miura, T., Brockman, M. A., Brumme,
C. J., Brumme, Z. L., Carlson, J. M.,
Pereyra, F., et al. (2008). Genetic
characterization of human immun-
odeficiency virus type 1 in elite con-
trollers: lack of gross genetic defects
or common amino acid changes. J.
Virol. 82, 8422–8430.

Miura, T., Brockman, M. A., Brumme,
Z. L., Brumme, C. J., Pereyra, F.,
Trocha, A., et al. (2009a). HLA-
associated alterations in replica-
tion capacity of chimeric NL4-3
viruses carrying gag-protease from
elite controllers of human immun-
odeficiency virus type 1. J. Virol. 83,
140–149.

Miura, T., Brockman, M. A., Schnei-
dewind, A., Lobritz, M., Pereyra,
F., Rathod, A., et al. (2009b).
HLA-B57/B∗5801 human immun-
odeficiency virus type 1 elite
controllers select for rare gag
variants associated with reduced
viral replication capacity and

strong cytotoxic T-lymphocyte
[corrected] recognition. J. Virol. 83,
2743–2755.

Miura, T., Brumme, C. J., Brockman,
M. A., Brumme, Z. L., Pereyra, F.,
Block, B. L., et al. (2009c). HLA-
associated viral mutations are com-
mon in human immunodeficiency
virus type 1 elite controllers. J. Virol.
83, 3407–3412.

Moser, B., and Loetscher, P. (2001).
Lymphocyte traffic control by
chemokines. Nat. Immunol. 2,
123–128.

Mudd, P. A., Ericsen, A. J., Burwitz,
B. J., Wilson, N. A., O’Connor,
D. H., Hughes, A. L., et al.
(2012). Escape from CD8(+) T cell
responses in Mamu-B∗00801(+)
macaques differentiates progressors
from elite controllers. J. Immunol.
188, 3364–3370.

Ndhlovu, Z. M., Proudfoot, J., Cesa,
K., Alvino, D. M., McMullen, A.,
Vine, S., et al. (2012). Elite con-
trollers with low to absent effec-
tor CD8+ T cell responses maintain
highly functional, broadly directed
central memory responses. J. Virol.
86, 6959–6969.

Nilsson, J., Boasso, A., Velilla, P. A.,
Zhang, R., Vaccari, M., Franchini,
G., et al. (2006). HIV-1-driven regu-
latory T-cell accumulation in lym-
phoid tissues is associated with
disease progression in HIV/AIDS.
Blood 108, 3808–3817.

Nixon, D. E., and Landay, A. L. (2010).
Biomarkers of immune dysfunction
in HIV. Curr. Opin. HIV AIDS 5,
498–503.

O’Brien, S. J., and Nelson, G. W. (2004).
Human genes that limit AIDS. Nat.
Genet. 36, 565–574.

O’Connell, K. A., Brennan, T. P., Bai-
ley, J. R., Ray, S. C., Siliciano, R. F.,
and Blankson, J. N. (2010). Con-
trol of HIV-1 in elite suppressors
despite ongoing replication and evo-
lution in plasma virus. J. Virol. 84,
7018–7028.

O’Connell, K. A., Rabi, S. A., Sili-
ciano, R. F., and Blankson, J. N.
(2011). CD4+ T cells from elite
suppressors are more susceptible to
HIV-1 but produce fewer virions
than cells from chronic progressors.
Proc. Natl. Acad. Sci. U.S.A. 108,
E689–E698.

Okulicz, J. F., and Lambotte, O. (2011).
Epidemiology and clinical charac-
teristics of elite controllers. Curr.
Opin. HIV AIDS 6, 163–168.

Okulicz, J. F., Marconi, V. C., Lan-
drum, M. L., Wegner, S., Weintrob,
A., Ganesan, A., et al. (2009). Clin-
ical outcomes of elite controllers,
viremic controllers, and long-term

nonprogressors in the US Depart-
ment of Defense HIV natural his-
tory study. J. Infect. Dis. 200,
1714–1723.

Owen, R. E., Heitman, J. W., Hirschkorn,
D. F., Lanteri, M. C., Biswas,
H. H., Martin, J. N., et al.
(2010). HIV+ elite controllers have
low HIV-specific T-cell activation
yet maintain strong, polyfunc-
tional T-cell responses. AIDS 24,
1095–1105.

Pallikkuth, S., Parmigiani, A., and
Pahwa, S. (2012). The role of
interleukin-21 in HIV infection.
Cytokine Growth Factor Rev. 23,
173–180.

Paxton, W. A., Martin, S. R., Tse, D.,
O’Brien, T. R., Skurnick, J., Vande-
vanter, N. L., et al. (1996). Rela-
tive resistance to HIV-1 infection of
CD4 lymphocytes from persons who
remain uninfected despite multiple
high-risk sexual exposure. Nat. Med.
2, 412–417.

Pereyra, F., Addo, M. M., Kaufmann,
D. E., Liu, Y., Miura, T., Rathod, A.,
et al. (2008). Genetic and immuno-
logic heterogeneity among persons
who control HIV infection in the
absence of therapy. J. Infect. Dis. 197,
563–571.

Pereyra, F., Jia, X., McLaren, P. J., Telenti,
A., De Bakker, P. I., Walker, B. D., et
al. (2010). The major genetic deter-
minants of HIV-1 control affect HLA
class I peptide presentation. Science
330, 1551–1557.

Pereyra, F., Palmer, S., Miura, T., Block,
B. L., Wiegand, A., Rothchild, A.
C., et al. (2009). Persistent low-
level viremia in HIV-1 elite con-
trollers and relationship to immuno-
logic parameters. J. Infect. Dis. 200,
984–990.

Peris-Pertusa, A., Lopez, M., Rallon, N.
I., Restrepo, C., Soriano, V., and Ben-
ito, J. M. (2010). Evolution of the
functional profile of HIV-specific
CD8+ T cells in patients with dif-
ferent progression of HIV infection
over 4 years. J. Acquir. Immune Defic.
Syndr. 55, 29–38.

Piconi, S., Trabattoni, D., Gori, A.,
Parisotto, S., Magni, C., Merav-
iglia, P., et al. (2010). Immune acti-
vation, apoptosis, and Treg activ-
ity are associated with persistently
reduced CD4+ T-cell counts dur-
ing antiretroviral therapy. AIDS 24,
1991–2000.

Potter, S. J., Lacabaratz, C., Lambotte,
O., Perez-Patrigeon, S., Vingert,
B., Sinet, M., et al. (2007). Pre-
served central memory and acti-
vated effector memory CD4+ T-
cell subsets in human immun-
odeficiency virus controllers: an

Frontiers in Immunology | HIV and AIDS April 2013 | Volume 4 | Article 86 | 10

http://www.frontiersin.org/HIV_and_AIDS
http://www.frontiersin.org/HIV_and_AIDS/archive


Genovese et al. Cellular immunity in non-progressive HIV disease

ANRS EP36 study. J. Virol. 81,
13904–13915.

Probasco, J. C., Deeks, S. G., Lee, E.,
Hoh, R., Hunt, P. W., Liegler, T., et al.
(2010). Cerebrospinal fluid in HIV-1
systemic viral controllers: absence of
HIV-1 RNA and intrathecal inflam-
mation. AIDS 24, 1001–1005.

Rajapaksa, U. S., Li, D., Peng, Y.
C., McMichael, A. J., Dong, T.,
and Xu, X. N. (2012). HLA-B
may be more protective against
HIV-1 than HLA-A because it
resists negative regulatory factor
(Nef) mediated down-regulation.
Proc. Natl. Acad. Sci. U.S.A. 109,
13353–13358.

Rodriguez-Garcia, M., Climent,
N., Oliva, H., Casanova, V.,
Franco, R., Leon, A., et al. (2010).
Increased alpha-defensins 1-3
production by dendritic cells
in HIV-infected individuals is
associated with slower disease
progression. PLoS ONE 5:e9436.
doi:10.1371/journal.pone.0009436

Rodriguez-Garcia, M., Oliva, H., Cli-
ment, N., Escribese, M. M., Gar-
cia, F., Moran, T. M., et al. (2009).
Impact of alpha-defensins1-3 on
the maturation and differentiation
of human monocyte-derived DCs.
Concentration-dependent opposite
dual effects. Clin. Immunol. 131,
374–384.

Rossi, D., and Zlotnik, A. (2000). The
biology of chemokines and their
receptors. Annu. Rev. Immunol. 18,
217–242.

Saez-Cirion, A., Hamimi, C., Bergam-
aschi, A., David, A., Versmisse, P.,
Melard, A., et al. (2011). Restriction
of HIV-1 replication in macrophages
and CD4+ T cells from HIV con-
trollers. Blood 118, 955–964.

Saez-Cirion, A., Lacabaratz, C., Lam-
botte, O., Versmisse, P., Urrutia, A.,
Boufassa, F., et al. (2007). HIV con-
trollers exhibit potent CD8 T cell
capacity to suppress HIV infection
ex vivo and peculiar cytotoxic T
lymphocyte activation phenotype.
Proc. Natl. Acad. Sci. U.S.A. 104,
6776–6781.

Saha, K., Bentsman, G., Chess, L., and
Volsky, D. J. (1998). Endogenous
production of beta-chemokines by
CD4+, but not CD8+, T-cell clones
correlates with the clinical state
of human immunodeficiency virus
type 1 (HIV-1)-infected individuals
and may be responsible for block-
ing infection with non-syncytium-
inducing HIV-1 in vitro. J. Virol. 72,
876–881.

Sajadi, M. M., Constantine, N. T.,
Mann, D. L., Charurat, M., Dadzan,
E., Kadlecik, P., et al. (2009).

Epidemiologic characteristics and
natural history of HIV-1 natural
viral suppressors. J. Acquir. Immune
Defic. Syndr. 50, 403–408.

Salgado, M., Brennan, T. P., O’Connell,
K. A., Bailey, J. R., Ray,S. C.,Siliciano,
R. F., et al. (2010). Evolution of the
HIV-1 nef gene in HLA-B∗57 pos-
itive elite suppressors. Retrovirology
7, 94.

Salgado, M., Simon, A., Sanz-Minguela,
B., Rallon, N. I., Lopez, M.,Vicario, J.
L., et al. (2011). An additive effect of
protective host genetic factors corre-
lates with HIV nonprogression sta-
tus. J. Acquir. Immune Defic. Syndr.
56, 300–305.

Saunders, K. O., Ward-Caviness, C.,
Schutte, R. J., Freel, S. A., Over-
man, R. G., Thielman, N. M., et
al. (2011). Secretion of MIP-1beta
and MIP-1alpha by CD8(+) T-
lymphocytes correlates with HIV-
1 inhibition independent of core-
ceptor usage. Cell. Immunol. 266,
154–164.

Scheid, J. F., Mouquet, H., Feldhahn, N.,
Seaman, M. S., Velinzon, K., Piet-
zsch, J., et al. (2009). Broad diver-
sity of neutralizing antibodies iso-
lated from memory B cells in HIV-
infected individuals. Nature 458,
636–640.

Schmidtmayerova, H., Sherry, B., and
Bukrinsky, M. (1996). Chemokines
and HIV replication. Nature 382,
767.

Schroder, J. M. (1999). Epithelial
antimicrobial peptides: innate local
host response elements. Cell. Mol.
Life Sci. 56, 32–46.

Schwartz, O., Marechal, V., Le Gall,
S., Lemonnier, F., and Heard, J.
M. (1996). Endocytosis of major
histocompatibility complex class
I molecules is induced by the
HIV-1 Nef protein. Nat. Med. 2,
338–342.

Sedaghat, A. R., Rastegar, D. A.,
O’Connell,K. A.,Dinoso, J. B.,Wilke,
C. O., and Blankson, J. N. (2009).
T cell dynamics and the response
to HAART in a cohort of HIV-
1-infected elite suppressors. Clin.
Infect. Dis. 49, 1763–1766.

Shacklett, B. L., Cox, C. A., Sandberg,
J. K., Stollman, N. H., Jacobson, M.
A., and Nixon, D. F. (2003). Traf-
ficking of human immunodeficiency
virus type 1-specific CD8+T cells to
gut-associated lymphoid tissue dur-
ing chronic infection. J. Virol. 77,
5621–5631.

Silvestri, G., Sodora, D. L., Koup, R. A.,
Paiardini, M., O’Neil, S. P., McClure,
H. M., et al. (2003). Nonpathogenic
SIV infection of sooty mangabeys is
characterized by limited bystander

immunopathology despite chronic
high-level viremia. Immunity 18,
441–452.

Streeck, H., Brumme, Z. L., Anas-
tario, M., Cohen, K. W., Jolin,
J. S., Meier, A., et al. (2008).
Antigen load and viral sequence
diversification determine the func-
tional profile of HIV-1-specific
CD8+ T cells. PLoS Med. 5:e100.
doi:10.1371/journal.pmed.0050100

Stylianou, E., Aukrust, P., Bendtzen,
K., Muller, F., and Froland, S. S.
(2000). Interferons and interferon
(IFN)-inducible protein 10 during
highly active anti-retroviral ther-
apy (HAART)-possible immuno-
suppressive role of IFN-alpha in HIV
infection. Clin. Exp. Immunol. 119,
479–485.

Thomas, R., Apps, R., Qi, Y., Gao,
X., Male, V., O’Huigin, C., et
al. (2009). HLA-C cell sur-
face expression and control of
HIV/AIDS correlate with a variant
upstream of HLA-C. Nat. Genet. 41,
1290–1294.

Tilton, J. C., Luskin, M. R., John-
son, A. J., Manion, M., Hallahan,
C. W., Metcalf, J. A., et al. (2007).
Changes in paracrine interleukin-
2 requirement, CCR7 expression,
frequency, and cytokine secretion
of human immunodeficiency virus-
specific CD4+ T cells are a conse-
quence of antigen load. J. Virol. 81,
2713–2725.

Tomescu, C., Duh, F. M., Hoh, R.,
Viviani, A., Harvill, K., Martin,
M. P., et al. (2012). Impact of
protective killer inhibitory recep-
tor/human leukocyte antigen
genotypes on natural killer cell
and T-cell function in HIV-1-
infected controllers. AIDS 26,
1869–1878.

Torcia, M. G., Santarlasci, V., Cosmi, L.,
Clemente,A., Maggi, L., Mangano,V.
D., et al. (2008). Functional deficit
of T regulatory cells in Fulani, an
ethnic group with low susceptibility
to Plasmodium falciparum malaria.
Proc. Natl. Acad. Sci. U.S.A. 105,
646–651.

Velu, V., Kannanganat, S., Ibegbu, C.,
Chennareddi, L., Villinger, F., Free-
man, G. J., et al. (2007). Ele-
vated expression levels of inhibitory
receptor programmed death 1 on
simian immunodeficiency virus-
specific CD8 T cells during chronic
infection but not after vaccination. J.
Virol. 81, 5819–5828.

Vicenzi, E., Alfano, M., Ghezzi, S.,
Gatti, A., Veglia, F., Lazzarin, A.,
et al. (2000). Divergent regu-
lation of HIV-1 replication in
PBMC of infected individuals by

CC chemokines: suppression by
RANTES, MIP-1alpha, and MCP-
3, and enhancement by MCP-1. J.
Leukoc. Biol. 68, 405–412.

Vingert, B., Perez-Patrigeon, S., Jean-
nin, P., Lambotte, O., Boufassa,
F., Lemaitre, F., et al. (2010).
HIV controller CD4+ T cells
respond to minimal amounts of
Gag antigen due to high TCR
avidity. PLoS Pathog. 6:e1000780.
doi:10.1371/journal.ppat.1000780

Weaver, C. T., Hatton, R. D., Man-
gan, P. R., and Harrington, L. E.
(2007). IL-17 family cytokines and
the expanding diversity of effector
T cell lineages. Annu. Rev. Immunol.
25, 821–852.

Wei, L., Laurence, A., Elias, K. M.,
and O’Shea, J. J. (2007). IL-21 is
produced by Th17 cells and dri-
ves IL-17 production in a STAT3-
dependent manner. J. Biol. Chem.
282, 34605–34610.

Xiang, J., George, S. L., Wunschmann,
S., Chang, Q., Klinzman, D., and
Stapleton, J. T. (2004). Inhibi-
tion of HIV-1 replication by GB
virus C infection through increases
in RANTES, MIP-1alpha, MIP-
1beta, and SDF-1. Lancet 363,
2040–2046.

Yang, D., Biragyn, A., Kwak, L.
W., and Oppenheim, J. J.
(2002). Mammalian defensins
in immunity: more than just
microbicidal. Trends Immunol. 23,
291–296.

Yang, L., Anderson, D. E., Baecher-
Allan, C., Hastings, W. D., Bettelli, E.,
Oukka, M., et al. (2008). IL-21 and
TGF-beta are required for differenti-
ation of human T(H)17 cells. Nature
454, 350–352.

Yang, Y., Al-Mozaini, M., Buzon, M.
J., Beamon, J., Ferrando-Martinez,
S., Ruiz-Mateos, E., et al. (2012).
CD4 T-cell regeneration in HIV-
1 elite controllers. AIDS 26,
701–706.

Yawata, M., Yawata, N., Draghi, M.,
Little, A. M., Partheniou, F., and
Parham, P. (2006). Roles for HLA
and KIR polymorphisms in natural
killer cell repertoire selection and
modulation of effector function. J.
Exp. Med. 203, 633–645.

Yi, J. S., Du, M., and Zajac, A. J.
(2009). A vital role for interleukin-
21 in the control of a chronic
viral infection. Science 324,
1572–1576.

Zeng, R., Spolski, R., Finkelstein, S. E.,
Oh, S., Kovanen, P. E., Hinrichs, C.
S., et al. (2005). Synergy of IL-21
and IL-15 in regulating CD8+ T cell
expansion and function. J. Exp. Med.
201, 139–148.

www.frontiersin.org April 2013 | Volume 4 | Article 86 | 11

http://dx.doi.org/10.1371/journal.pone.0009436
http://dx.doi.org/10.1371/journal.pmed.0050100
http://dx.doi.org/10.1371/journal.ppat.1000780
http://www.frontiersin.org
http://www.frontiersin.org/HIV_and_AIDS/archive


Genovese et al. Cellular immunity in non-progressive HIV disease

Zhang, L., Yu, W., He, T., Yu, J., Caf-
frey, R. E., Dalmasso, E. A., et
al. (2002). Contribution of human
alpha-defensin 1, 2, and 3 to the
anti-HIV-1 activity of CD8 antiviral
factor. Science 298, 995–1000.

Zhang, W., Chaloner, K., Tillmann,
H. L., Williams, C. F., and Staple-
ton, J. T. (2006). Effect of early
and late GB virus C viraemia on
survival of HIV-infected individu-
als: a meta-analysis. HIV Med. 7,
173–180.

Zhu, J., and Paul, W. E. (2008). CD4
T cells: fates, functions, and faults.
Blood 112, 1557–1569.

Zhu, S., and Qian, Y. (2012). IL-17/IL-
17 receptor system in autoimmune
disease: mechanisms and therapeu-
tic potential. Clin. Sci. (Lond.) 122,
487–511.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any

commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 31 December 2012; paper pend-
ing published: 30 January 2013; accepted:
26 March 2013; published online: 09 April
2013.
Citation: Genovese L, Nebuloni M and
Alfano M (2013) Cell-mediated immu-
nity in elite controllers naturally con-
trolling HIV viral load. Front. Immunol.
4:86. doi: 10.3389/fimmu.2013.00086

This article was submitted to Frontiers in
HIV and AIDS, a specialty of Frontiers in
Immunology.
Copyright © 2013 Genovese, Nebu-
loni and Alfano. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Immunology | HIV and AIDS April 2013 | Volume 4 | Article 86 | 12

http://dx.doi.org/10.3389/fimmu.2013.00086
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/HIV_and_AIDS
http://www.frontiersin.org/HIV_and_AIDS/archive

	Cell-mediated immunity in elite controllers naturally controlling HIV viral load
	Background
	Cell-mediated immune responses in elite controllers
	HIV and HLA
	CD8+ T lymphocytes
	Mucosal immunity

	Natural killer cells
	CD4+ T lymphocytes
	Regulatory T cells
	TH17

	Extracellular soluble factors in elite controllers
	Cytokines and chemokines
	Defensins

	Conclusion and future directions
	Acknowledgments
	References


