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Abstract. HIV infection, if left untreated, leads in most cases to the development of wide immune deterioration, opportunistic
infections and eventually AIDS and death. The identification of individuals who despite persisting infection show no or few
signs of HIV disease progression has spurred hopes that an effective HIV vaccine could be attainable. The design of such a
vaccine will greatly depend on the precise definition of disease markers, host genetic and immune characteristics that mediate
relative in vivo control of this virus. Accordingly, a number of viral factors and host genetic characteristics have been shown to
play a crucial role in the control of HIV disease by delaying progression to AIDS or even preventing infection. There is also an
improved understanding of humoral and cellular immune responses in terms of specificity, functional repertoire, longevity and
tissue distribution and their ability to contain HIV replication. However, the definition of good immune correlates unequivocally
and causally associated with protection or disease progression remains elusive. Here we review work on viral factors, host genetic
markers and immunological determinants that have been identified in individuals with superior control of HIV infection or in
subjects who remain uninfected despite frequent exposure to the viral pathogen.
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1. Introduction ventions and prophylactic vaccines. The recent failure
in 2007 of a phase III trial of a prophylactic vaccine
candidate further highlighted how far the field is still
away from reliable markers of HIV control and how to
best design an effective vaccine. Thus, an improved
understanding of the immunopathogenesis of HIV in-
fection and the role of host genetic markers and viral
diversity in this control is urgently needed. However,
it will likely not be sufficient to link certain more or
less random markers with clinically well-established
parameters of disease progression, such as plasma viral
RNA levels and nadir CD4+ T-cell counts or CD4-+
T-cell counts decline over time. Rather, specific mark-
ers that are directly mediating viral control need to be
identified so that vaccine design is not misled by focus-
ing on epiphenomena and functionally unlinked mark-

The AIDS pandemic is one of the greatest global
health crises of our time. Since HIV was identified 25
years ago, 23 million people have died and 33 million
more are living with HIV [1]. Despite advances in edu-
cation, HIV prevention and improvements in access to
antiretroviral drugs, the pandemic continues to outpace
global efforts at prevention and control. According
to the United Nations Development Program (UNDP),
HIV has inflicted the “single greatest reversal in human
development” in modern history [2].

AIDS vaccine research and development is of highest
priority today and, at the same time, one of the biggest
scientific challenges the immunology field faces. The

enormous viral variability together with human host
genetic diversity throughout the world are primary fac-
tors hampering the development of efficient strategies
to control and prevent HIV infection and the design of
potentially effective immune-based therapeutic inter-

ers. This is certainly easier said than done as determi-
nants of an effective viral control will likely need to
be identified in multifactorial models that incorporate
viral variability, environmental particularities (such as
co-infections) and host genetics.
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Here we review the role of viral factors, host genet-
ics markers and HIV specific immune responses in the
control of HIV infection and their possibly underlying
mechanisms. The determinants of viral attenuation,
specific HLA class I and II alleles, certain polymor-
phisms in co-receptor genes and ligands, the specificity
and functionality of virus-specific CD4+ and CD8+
T-cell responses, as well as new insights into factors of
the innate immune response in HIV control are being
discussed.

2. Insights from studies in individuals with
self-controlled viral replication and HEPS
cohorts

Infection with HIV leads to a devastating erosion of
the immune system clinically characterized by a pro-
gressive rise in HIV viral load and decrease of the num-
ber of CD4+ T-cells. This decline in CD4+ T-cells
heralds the progression to AIDS with its associated op-
portunistic infections and cancers and ultimately ends
in death.

Among the HIV-infected population, several groups
of individuals have been identified that remain clini-
cally stable and free of any AIDS defining conditions
for decades after infection in the absence of antiretro-
viral therapy [3]. These individuals (estimated to be 5—
8% out of the total HIV-infected population) have been
referred to as long term survivors (LTS) or long-term
non-progressors (LTNP) and are generally able to con-
trol viral replication to low levels — plasma RNA levels
< 2,000 copies/ml (or < 5,000-10,000 copies/ml, de-
pending on arbitrary cut-offs decided upon by differ-
ent investigators) and to maintain normal CD4-+ T-cell
counts over time with a reduced rate of CD4+ T-cell
loss (18 cells/ul/year) compared to that in normal pro-
gressors (around 60 cells/pl/year) [4]. A subset of such
LTNP is able to maintain undetectable plasma viral
loads for extensive period of times and is known as elite
controllers (EC). The clinical and scientific interest in
such individuals is great as they may indeed hold the
key of spontaneous control of HIV infection. Current
efforts have allowed for the establishment of large inter-
national cohorts of controllers and elite-controllers and
an intensive search for host genetic, virological as well
as immunological markers of HIV control is ongoing
in these subjects.

Some recent work on elite controllers (estimated to
represent less than 1% of the HIV infected population)
has shown wide heterogeneity in the immunological

and clinical course of HIV infection despite certain
similarities in genetic determinants [5], again suggest-
ing that HIV control needs to be seen in a context that
integrates host genetics, immune function as well as
virological diversity. Nevertheless, these and earlier
analyses have directly allowed to identify a number of
properties of the immune response to HIV (specifici-
ty, T cell polyfunctionality), as well as host genetic
markers (mainly HLA class I alleles) that are strongly
associated with disease control and which will prove
helpful in the quest of developing a broadly applicable
HIV vaccine.

Similarly, highly Exposed Persistently Seronegatives
(HEPS) individuals, such as some commercial sex
workers or discordant couples who are multiply ex-
posed to HIV yet remain uninfected, may also provide
important clues into potential mechanisms of HIV con-
trol and even prevention of infection [6,7]. However,
these studies need to always be well documented for
real exposure to HI'V, even more so now that studies in
discordant couples sometimes include HAART treated
subjects which put the seronegative partner at clearly
reduced risk of HIV acquisition. Some recent stud-
ies have identified genetic polymorphisms in the SDF1
gene, specific CD8+ T cell responses and IgA produc-
tion as factors associated with a reduced risk of HIV
acquisition in these groups [8—12]. However, T cell re-
sponse rates and antibody production have not emerged
consistently in all studies as potentially protective [13,
14] and further studies are needed to clarify these find-
ings. In addition, immune analyses conducted to iden-
tify potentially protective immune responses need to be
based on sensitive but specific assays and stringent cut-
offs [15]. Given these considerations, it can reasonably
be expected that future analyses on HEPS may provide
further valuable information.

3. Viral determinants in control of HI'V-infection

While individuals with apparently effective con-
trol of HIV infection (LTNP, elite controllers) have
been studied exhaustively for virus-specific immune re-
sponses, less is known about potential virological de-
terminants that could be driving the observed control.
A number of studies have identified single individuals
or small cohorts (such as the Sydney Blood Bank Co-
hort—SBBC- a unique collection of individuals infected
with an attenuated HIV-1 virus from a common donor)
that harbor partially defective viruses that seem to have
a decreased replication competency. Others have also
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been able to isolate virus with impaired replicative ca-
pacity from PBMC cultures generated from LTNP, sup-
porting the hypothesis that primary infection by ‘atten-
uated virus strains’ with slow replication kinetics may
facilitate control of viremia [16]. This is not only of
relevance to the replication fitness of potentially part-
ly defective viruses as it could also reduce the kinet-
ics of viral evolution and CD4+ T cell depletion over
prolonged period of time.

A certain ‘acquired’ degree of attenuation in terms
of impaired replicative capacity could be partially in-
duced by antiretroviral therapy, as individuals who were
efficiently treated for long periods of time showed a
prolonged delay in restoration of pretreatment viral di-
versity after therapy interruption (STI). This suggested
that punctuated antiretroviral therapy may cause a con-
siderable evolutionary bottleneck leading to the emer-
gence of viral populations with overall reduced viral fit-
ness [17]. However, it could also reflect improved im-
mune competence and at least partial immune restora-
tion after prolonged treatment periods, which could on
its own impact viral repopulation dynamics.

Aside from treatment-induced viral variants, sever-
al viral genetic defects and polymorphisms that impair
replicative capacity have been implicated in mediating
relative viral control. Viral genomes carrying deletions
or inactivating variants in the nef gene or in the over-
lap of nef and the U3 region of the long terminal re-
peat (LTR) were among the very first viral defects as-
sociated with control. These cases were identified in
1995 in a group of 6 individuals from the SBBC cohort
who had become infected after obtaining blood trans-
fusions from the same HIV-infected blood donor but
remained free of HIV-related disease [18]. Although
still unclear, one potential underlying mechanism sug-
gested for the beneficial effects of this nef deletion is
that Nef is no longer available to down-regulate HLA
class I molecules and infected cells thus would be more
readily recognized by HIV-specific CD8+ T cells [19].
However, longitudinal analysis of viral evolution of
the nef/LTR sequences over time in the SBBC cohort,
were unable to fully explain mechanisms that could
have contributed to slow progression of HIV disease in
2 (out of the 6) individuals of the cohort, suggesting
that nef gene deletions are not necessarily mediating
life-long protection from disease progression. Thus,
other viral and/or host factors plus immune pressure
was likely contributing to the long-term control in these
individuals [20].

Aside from Nef-mediated effects, other mutations
in structural proteins have been associated with slower

disease progression as well. These include unusual,
difficult-to-revert polymorphisms and 1-2 amino acids
deletion in gp41 and Gag or a four amino acids insertion
in Vpu among others [21]. In addition, replication de-
fective strains have been identified when constructing
viral clones with mutations at the rev activation domain,
which were seen more frequently in controller individ-
uals than in subjects with regular HIV disease progres-
sion [22]. In addition, to these mutations of unknown
origin in terms of specific selective force (apart from
reduced replication capacity), viral mutations evolv-
ing under strong immune selection pressure have been
show to lead to reduced viral replication (see below).

Despite these reported cases of reduced replicative
viruses and slower disease progression, the frequency
and contribution of such defects on the maintenance of
undetectable viremia is not well established. In partic-
ular, conflicting data exists partly due to the fact that the
identification of such attenuated virus strains in vivo is
limited to small numbers of subjects and that sequence
analyses have often been based on analyzing cellular
proviral DNA, thus possibly also including some lev-
el of grave-yard sequences. Today, with more sensi-
tive assays, some elite controllers have been shown to
have persistent viral replication detectable in plasma at
levels below 50 copies/ml [23]. In addition, a recent
report by Miura et al for instance did not reveal any
gross genetic defects in HIV-1 coding gene sequences
derived from plasma viral RNA from a large cohort of
elite controllers [24]. This observation suggests that
active viral suppression by the immune system rather
than shared viral genetic defects or polymorphisms is
driving viral control in HIV controllers. This conclu-
sion is also in line with work on accessory genes from
HIV controllers, where replication-competent viruses
from CD4+ T-cell co-culture supernatants were ana-
lyzed and did not reveal any consistent defects in either
vpr or vif genes [25].

4. Impact of host genetics on in vivo HIV control

An extensive number of host genetic markers have
been identified over the last 20 years that are associat-
ed with either rapid or slow HIV disease progression
or with protection from infection. Many older studies
however were carried out using single gene approaches
with small number of samples and the genetic associ-
ations found were not always confirmed in subsequent
functional studies. Thanks to the advances of the Hu-
mane Genome Project, the use of whole-genome as-
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sociation scans, and the establishment of international
consortia such as CHAVI, EuroCHAVI or the HIV In-
ternational Controllers consortium, it has been possi-
ble to uncover certain genetic factors that might play a
relevant role in the control of HIV. This availability of
large samples number and the possibility to sequence
650,000 single-nucleotide polymorphisms within the
human genome should further enhance studies exam-
ining the contribution of multiple genetic factors [26].
However, unlike studies on genetic markers associat-
ed with for instance autoimmune diseases, the search
for host genetic polymorphisms in HIV infection al-
so needs to take into consideration the viral diversi-
ty in regions of different host genetics/ethnicities. An
earlier report on the effect of a single genetic (HLA)
marker and viral evolution has recently been confirmed
in a massive international effort, demonstrating the
inter-relationship between host genetics and viral evo-
lution [27,28]. These findings highlight that viral di-
versity is likely be shaped by differences in the fre-
quency of different host genetic markers and, based on
viral evolution, can lead to opposite effects of a specif-
ic genetic marker on HIV disease control [27]. Thus,
whole human genome approaches are severely com-
plicated by viral diversity in different host ethnicities
making comparisons across different clades of HIV and
various geographically distinct human populations dif-
ficult. This consideration also points to the possibili-
ty that different clades of HIV may possess inherently
different replication fitness and may drive disease de-
velopment at variable levels, as recently considered as
a possibly contributing factor in a case of severe acute
HIV infection [29].

5. Association of HLA polymorphisms with HIV
disease outcome

Many host genetic polymorphisms associated with
levels of disease control involve genes encoding for re-
ceptors for viral entry and molecules expressed on the
surface of cells of the innate or acquired immune sys-
tem, such as HLA, CCRS5 and KIR receptors. More-
over, it seems that in some cases their potential protec-
tive influence might have a cumulative effect as seen for
the synergic effect of some KIR receptors and HLA-B
complexes [30]. Likely the most robust analyses have
focused on the HLA genes and their polymorphisms.
The HLA class genes form highly polymorphic loci in
the Major Histocompatibility Complex (MHC) located
in the short arm of chromosome 6 and encode for cel-

lular surface molecules that present foreign antigenic
epitopes to T lymphocytes. There are two groups of
HLA molecules including HLA class I and HLA class
IT antigens. The HLA class I molecules are divided
into HLA-A, HLA-B, HLA-C all of which bind pep-
tides derived from intracellularly processed proteins
and present them to CD8+ cytotoxic T-cell lympho-
cytes (CTL). Among these, the HLA-B alleles, while
most diverse (more than 1,000 HLA-B alleles have
been identified to date) have also been shown to carry
the bulk of the anti-viral T cell immune response in
HIV infection [31]. Accordingly, the number of well-
defined HLA-B restricted epitopes exceeds the number
of defined epitopes restricted by HLA-A and, particu-
larly, HLA-C alleles. However, especially the HLA-C
alleles are currently under more intensive investigation
as larger HIV infected cohorts with more complete and
high-resolution HLA-C typing have become available.

HLA alleles are grouped into 9 supertypes based
on their structure, peptide-binding motif, epitope rep-
resentation and sequence similarity [32,33]. Particu-
larly alleles included in the HLA-B7 (B*5101, B81),
HLA-B27 (HLA-B27, B*1503) and HLA-B58 super-
types (HLA-B57, B*5801, B*1516, B*1517) have
been associated with improved or impaired levels of
HIV control. Of note, almost all the alleles in the
HLA-B58 supertype appear to mediate superior con-
trol of HIV infection [34]; with the exception being the
HLA-B*5802 allele, which is highly prevalentin South
Africa and which is associated with elevated median
viral loads [35]. The reasons how subtle changes in
the HLA sequence (HLA-B*5802 only differs in three
amino acids from the “good” HLA-B*5801 allele) can
so profoundly affect HIV disease outcome are still un-
clear and are not in all cases simply attributable to dif-
ferent CTL epitope repertoires presented on these alle-
les [35,36]. The fact that this allele, as well as the HLA-
B*1503 allele are present at high frequency and are
both associated with higher viral loads in HIV infect-
ed individuals (HLA-B*1503 is a “good” allele in the
North American population where it is rare; ref [27])
is in line with earlier reports that found an advantage
of expressing rare HLA supertype alleles in controlling
HIV [37].

In addition to HLA allele frequency, the homocygous
expression of individual HLA alleles has been associat-
ed with reduced viral control. This heterozygote advan-
tage has been widely observed in several cohorts, in-
cluding Caucasian and non-Caucasian populations [38,
39] and has been reproduced in Hepatitis C infection
for which HLA-associated markers of viral clearance
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and virus control have been identified as well [40]. Fur-
thermore, the effects of particular HLA supertypes or
of individual alleles have also been reported to provide
the basis for immunologically mediated resistance to
infection [41,42]. It will be interesting to confirm the
potential protective effects of such alleles in additional
cohorts with variable allele frequencies and to assess
other mechanisms and markers present in genetic link-
age to these alleles that may possibly be involved to at
least some levels in protection from HIV infection [43].

Associations between HIV control and specific poly-
morphisms in the HLA class II loci have been less well-
defined, maybe reflecting a possibly only indirect anti-
viral effect of HLA class II restricted CD4+ T cells.
Nevertheless, some cohort-based studies have reported
that DRB1%13 allele expression is associated with par-
tial protection from HIV disease progression, although
this has not consistently been observed [44]. The
DRB1*13/DRQ1*06 haplotype has also been found
at increased frequency in individuals who were treat-
ed early in HIV infection and who maintained virus
suppression after treatment interruption [45]. Further-
more, a protective role of DQB1*06 alleles, irrespective
of their DR haplotype co-expression, has been identi-
fied [46]. While the HLA class II associations have
not produced as strong markers as HLA class I analy-
ses, the representative studies given above highlight the
importance to further explore the contribution of the
specific CD4+ T cell responses and their genetic basis
in the control of HIV.

6. Specific HLA class I B alleles associated with
variable levels of HIV control

HLA-B*5701 and, to a lesser extent HLA-B27 are
HLA-B alleles overrepresented in North American and
European cohorts of LTNP and EC individuals [26,38,
39,47,48] and reviewed in [49]). Similarly, the HLA-
B*5703 allele (which is the prevalent B57 subtype in
Africans) is also significantly enriched among African
subjects that control HIV replication [31,50]. These as-
sociations are further supported by survival analyses of
HLA-B57 and HLA-B27 expressing individuals [51].
How these alleles mediate their beneficial effect has
however not been entirely clear, although in the case
of HLA-B27 and HLA-B57 compelling evidence sug-
gests it may be due to their presentation of multiple
immunodominant epitopes located in HIV Gag and re-
verse transcriptase [5,52,53]. The broad epitope reper-
toire and the wide cross-recognition of epitope vari-

ants presented by HLA-B57 suggest that effective viral
escape from HLA-B57 restricted CTL responses may
be difficult to achieve. Of note, HLA-B*5701 is in
strong linkage disequilibrium with the polymorphism
located in the HLA complex P5 gene (HCPS), located
100 kb centromeric from the HLA-B locus and who
has been identified as a protective marker of HIV infec-
tion, independent HLA-B57 expression [26]. Howev-
er, the mechanistic explanation of this protective effect
remains elusive and probably is a result of a combined
haplotypic effect with HLA-B*5701. This is also in
agreement with recent studies showing significant fit-
ness cost of HIV escape variants that affect HLA-B57
restricted CTL epitopes [54]. Similar results have re-
cently also been reported for CTL responses targeting
HLA-B13 restricted epitopes, which support the notion
that the nature of the presented epitope, more than the
restricting HLA molecule allele may determine the ben-
eficial effects of a specific HLA allele [27,55]. Howev-
er, evolutionarily closely related alleles with subtle se-
quence differences and comparable binding motifs but
associated with opposite rates of HIV disease progres-
sion also indicate that the presenting HLA molecule
may have a modulating effect on the effectiveness of
the restricted T cell response.

Analogous to the HLA-B58 and -B13 alleles above,
the protective effect of HLA-B27 allele is also thought
to be due to its restriction of an immunodominant CTL
response to a conserved HIV epitope located in p24
Gag. This 10mer epitope sequence contains the argi-
nine residue at position 264 of HIV Gag which, once
mutated weakens the epitope binding to HLA-B27 [56].
However, the classical mutation to lysine has detrimen-
tal effects on viral replication capacity and requires
a complex series of compensatory mutations in part-
ly distant sites in Gag to restore viral fitness [57-59].
Thus, the mutation is less likely to revert and to restore
full replication fitness and individuals with the escape
mutation may still present with lower viral loads than
the rest of the population.

Apart from HLA alleles that mediate relative protec-
tion from HIV disease progression, a number of alle-
les have been identified that are linked to accelerated
disease courses. Among these, the HLA-B35/Cw04
haplotype has been consistently found at increased lev-
els in individuals with rapid progression to AIDS [38].
Subsequent studies revealed different peptide-binding
specificities for the various HLA-B35 subtypes, which
prompted their discrimination into Py and Px alleles,
respectively [36]. Accelerated HIV disease progres-
sion has been associated with the HLA-B35 Px (HLA-
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B*3502/3503/3504) alleles but not Py alleles (B*3501).
This could explain why HLA-B35 associations were
not observed in African-Americans as this ethnic group
often expresses HLA-B35-Py alleles. It has also been
suggested that the HLA-Cw04 association with rapid
disease progression was due to its linkage disequilib-
rium with HLA-B35-Px alleles rather than exerting a
deleterious effect by itself [36].

Aside from HLA linkage disequilibrium and other
polymorphisms in the MHC region, the potentially syn-
ergistic effects of specific HLA type and NK inhibitory
receptor (KIR) have recently obtained much attention.
KIR receptors are polymorphic receptors that interact
with HLA class I molecules and regulate the NK ac-
tivity, either by mediating activating or inhibitory sig-
nals. A number of studies have associated the expres-
sion of specific HLA and KIR combinations with dif-
ferent diseases, such as cervical neoplasia and infec-
tious diseases, including HIV [30,60-62]. The insight
into potential mechanisms of these favorable combi-
nations is most advanced in the case of HLA-B/KIR
allele combinations. HLA-B molecules contain one of
two mutually exclusive serological epitopes, Bw4 and
Bw6, which differ by five amino acids spanning posi-
tions 77-83 of the HLA-B heavy chain, including the
crucial Isoleucine residue at position 80 [63]. HLA-
Bw4- but not HLA-Bw6-molecules have been consid-
ered ligands for KIR3DL1 and possibly KIR3DS1 [62,
64,65]. In a proportional hazard model that included
all known genetic predictors of HIV progression, co-
expression of KIR3DS1 and HLA-Bw4 was found to
be an independent predictor of decreased time to AIDS.
Interestingly, this beneficial effected was observed de-
spite the fact that KIR3DS1 alone in the absence of
its HLA ligand was associated with more rapid disease
progression. Thus, the findings highlight the poten-
tial for KIR/HLA interactions to be important indepen-
dent predictors of HIV progression and may help shed
light on the relative contribution of these interactions
compared to HLA-restricted CTL activity [62,66].

7. Non-MHC encoded genetic markers of HIV
control

Although the CD4 antigen is the main receptor for
HIV entry into susceptible cells, effective viral infec-
tion requires the presence of one of two major co-
receptors, referred to as CCRS and CXCR4, respec-
tively. These two co-receptors belong to the superfam-
ily of 7-transmembrane G-protein—coupled chemokine

receptors and determine viral tropism, allowing for the
differentiation of R5, X4 or R5/X4 viruses that can use
either one or both of these receptors [67,68].

Chemokines are a superfamily of small molecules
(8-15 kDa) that exert many roles in inflammatory and
in homeostatic immune processes [69,70]. They are di-
vided into four subfamilies based on the structural cys-
teine motif located in the amino-terminus of the mature
protein (CXC, CC, CX3C and C chemokines) and their
receptor usage shows a considerable level of redun-
dancy [71]. The chemokine Regulated on Activation
Normal T-cell Expressed and Secreted (RANTES or
CCLS), Macrophage Inflammatory Protein-1ac (MIP-
la or CCL3) and 15 (MIP-13 or CCL4), were first
identified as natural ligands for the CCR5 receptor and
were subsequently shown to be potent inhibitors of R5
viruses in vitro. The natural ligand of CXCR4 is Stro-
mal Cell Derived Factor-1 (SDF-1 or CXCL4), which
also possesses potent inhibitor function of X4 viruses
in vitro [72-74]. Other chemokine receptors that can
act as HIV co-receptors have been described, including
CCR3, CCR2b and CCRS8 [75].

Shortly after their identification as crucial HIV
co-receptors, genetic polymorphisms in the various
chemokine receptors were reported. In particular, a 32
base pair deletion in the CCR5 gene (CCR5-A32) was
identified that generates a non-functional protein that
is not expressed on the cell surface. The homocygous
expression of the CCR5-A32 variant provides in vivo
resistance to infection by RS HIV isolates. These ob-
servations were made in different cohorts of men who
have sex with men and hemophiliacs with documented
exposure to HIV. When present in a single copy only,
the heterocygous expression of the wildtype CCRS re-
ceptor was found to be sufficient to enable infection,
although the lower levels of CCRS on the cell surface
were associated with reduced viral replication and a
delayed onset of AIDS [76-79]. Spurred by the effects
of heterocygous expression of CCR5-A32, mutations
in the promoter region of CCRS5 were identified that
are also associated with altered transmission or delayed
disease progression, although to a lesser extent than the
CCRS5-A32 mutation [80,81].

In addition to the CCR5-A32 mutation, the V641
substitution in the CCR2A protein sequence (CCR2-
V64I) has also been found to delay HIV disease pro-
gression; however without preventing HIV transmis-
sion. Intriguingly, CCR?2 is rarely used as a co-receptor
in HIV infection and its impact on global epidemic is
unclear. Furthermore, it has been demonstrated that
the CCR2-V64I allele is in strong linkage disequilibri-
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um with a point mutation in the CCRS regulatory re-
gion [82]. Together with CCRS mutations, approxi-
mately 29% of LTNP phenotypes in large cohorts have
been estimated to be due to a mutant genotype for CCR2
or CCRS5 [83]. Interestingly though, relative protection
against AIDS provided by CCR5-A32 heterocygosity
appears to be continuous during HIV disease over time,
whereas the protective effects of the CCR2-64I variant
was most pronounced in early infection [84].

The identification of CCRS5 and CCR2 as crucial
molecules for HIV-infection has also offered new treat-
ment targets to inhibit viral replication and CCR5-based
HIV entry-inhibitors have been developed are now part
of effective rescue treatment strategies [85,86]. More
recently, a single case of stem-cell transplantation from
an homocygous CCR5-A32 donor to an HIV-infected
individual with acute myeloid leukemia showed no
signs of rebounding viremia in plasma, bone marrow or
rectal mucosa 20 months post-transplantation and in the
absence of antiretroviral treatment. This is even more
surprising given that minor X4-variants were identified
in the pre-transplantation viral population, giving rise
to a number of questions on how viral populations with
different cell tropism are controlled in vivo [87].

Polymorphisms involving other chemokine recep-
tors and/or other chemokine receptor ligands have
been identified as well. Especially, plasma levels of
RANTES, which can significantly vary among healthy
individuals, were found to be modulated by two single
nucleotide polymorphisms in the RANTES gene pro-
moter region. These changes have also been associated
with delayed progression of HIV disease and experi-
mental over-expression and increased promotor activity
of RANTES functionally link the polymorphisms with
reduced HIV replication capacity as a consequence of
increased RANTES production [88-90]. Similarly, a
genetic variant consisting of a transition (G-A) in the
3’untranslated region of the SDF-1 gene (SDF-1 3’A)
has also been associated with a delay in AIDS onset
when present as homocygous variant. Its underlying
mechanism and effect on X4 viral populations in vivo
is however not well understood [91-94]. Noteworthy,
no mutations in the CXCR4 receptor gene have been
proposed as markers of relative HIV control, probably
because CXCR4 and SDF-1 are essential at embryonic
development stages and, consequently, such mutations
might be potentially lethal [95].

A genetic determinant that has recently been associ-
ated with rate of HIV disease progression is the copy
number of the chemokine gene CCL3L1 (MIP-1«). In-
dividuals with higher CCL3L1 copy numbers than the

population race-adjusted average showed lower steady-
state viral load; suggesting an increased rate of HIV dis-
ease progression in subjects with lower CCL3L1 copy
number [96].

Finally, several polymorphisms in the DC-SIGN
(dendritic cell specific intracellular adhesion molecule
-3-grabbing nonintegrin, i.e. CD209) promoter have
been found to be linked to an increase or decrease in
susceptibility to HIV infection, particularly also in par-
enterally acquired HIV infection [97]. As DC-SIGN
has also been associated with tuberculosis infection
and disease outcome, studies such as a recent one in
an Indian population, may help employing DC-SIGN
based strategies for the combined fight against these
two major human pathogens [98].

8. Immune markers in the relative control of HIV
infection

An extensive amount of data indicates a potentially
crucial role of HIV-specific cellular and humoral im-
mune responses in the in vivo control of viral replica-
tion and HIV disease progression. As discussed above,
a number of host genetic markers have been identified,
particularly specific HLA class I alleles, suggesting an
important contribution of the HLA class I restricted
CD8+ T-cell immunity in virus control. Despite an
increasingly more detailed understanding of the inter-
play between host immunity, viral evolution and the
impact on viral control, clearly defined immune corre-
lates of controlled HIV infection remain elusive. As a
consequence, effective vaccine design is still hampered
by the availability of well-defined immune parameters
that actively mediate in vivo viral control. While much
of the current investigations focus on the detailed char-
acterization of individuals with exceptional ability to
control their virus, it is important to notice that the im-
mune markers associated with this control can often
be biased towards subjects expressing specific host ge-
netics and are thus not necessarily translatable to the
general population. Nevertheless, a number of specific
characteristics of the host immunity against HIV that
have been identified clearly extend beyond these limi-
tations and will provide important guidance to vaccine
development and offer new immune-based therapeutic
treatment options.

9. HIV disease markers associated with
virus-specific cellular and humoral immunity

Itis generally believed that the cytotoxic T cell (CTL)



112 B. Mothe et al. / Virological, immune and host genetics markers in the control of HIV infection

immune response contributes strongly to the in vivo
control of viral control. Virus-specific CTL responses
have been temporally associated with the initial decline
in plasma viremia after acute HIV infection and are
thought to determine viral set point in chronic stages
of infection [99,100]. This is supported by studies in
the SIV macaque model, where transient depletion of
the total CD8+ T-cell population in controller animals
resulted in 100- to 10,000-fold increases in viremia and
where the re-establishment of the CD8 " T-cell popu-
lations restored the ability of these animals to control
SIV replication [101,102]. Further support for an im-
portant role of virus-specific CTL in HIV control stems
from older studies conducted when tetramer technolo-
gy became first available in the late 1990ties [103]. The
use of such tetramer complexes allowed for the direct
ex vivo visualization of epitope-specific CTL popula-
tions and analysis of specific responses against defined
epitopes, without prior in vitro expansion and modu-
lation of epitope-specific T cells [104]. Initial analy-
ses using SL9 (SLYNTVATL, HIV Gag pl7) specific
tetramers, revealed a significant inverse correlation be-
tween SL9-specific CTL frequency and plasma RNA
viral loads [105]. These analyses were however only
based on a limited number of SL9-responding subjects
and did not take into consideration the possibly im-
paired functionality of tetramer-specific T cells. Not
surprisingly, the SL9 association with HIV control were
not confirmed in studies that used in vitro expanded T
cells, possibly due to the differential ability of such cells
to expand in vitro [106]. Since these earlier studies,
novel assays, including the IFN-~ based ELISpot assay
and in vitro inhibition assays first developed by Yang
et al. [107,108] provide additional tools to assess di-
rect ex vivo T cell activity and functionality [109,110].
These analyses further support the relevance of HIV
specific T cells in HIV control, although in many stud-
ies, the precise phenotypic and functional markers of
these virus-specific T-cell responses attributed to viral
control may reflect the effects rather then the cause of
otherwise controlled HIV infection. Dissecting these
two possibilities and assigning unambiguously causal-
ity to specific immune markers and T cell specifici-
ties remains one of the currently biggest challenges
in defining functionally relevant immune correlates of
HIV control.

Over the years, an number of studies have correlat-
ed strong and broad HIV-specific T-cell responses with
the delayed progression to AIDS and vaccine success
is oftentimes subjected to a quantification of the total
breadth and magnitude of induced responses. While

a detail characterization of vaccine-induced responses
will always need to be conducted, it is also clear from
a growing number of reports [111] that total virus spe-
cific immunity is not necessarily the best measure of
in vivo immune control of HIV and that more detailed
analyses of these responses are needed. Indeed, re-
analyses of earlier total-virus specific CTL data sug-
gest that T-cell responses preferentially targeting Gag
or other highly conserved epitopes are most relevant
specificities for the enhanced antiviral efficacy of T-
cells seen in those individuals [109,112]. On the other
hand, CTL responses against Env or accessory and reg-
ulatory proteins have been shown to have the opposite
effect, and are directly correlated with elevated viral
load [50]. These findings are in line with more recent
studies in clade B as well as clade C infection and anal-
yses that either assessed total viral immunity in peptide
pools rather than individual peptide preparations or that
focused on responses restricted by specific individual
HLA alleles only [50,52,113-117].

However and despite strong associations between
Gag-specific T cell immunity and relative HIV con-
trol, the causative relationship between the observed
response patterns and viral control is still outstanding.
Plausible explanations for how dominant Gag specific
cytotoxic T-cells could mediate relative virus control
stem from the ability of certain HLA class I molecules
such as HLA-B57 to present a broad number of HIV
Gag peptides and to induce high-magnitude CD8-+ T-
cell responses in early infection [52,113]. In addition,
rapid re-presentation of epitopes derived from the Gag
proteins contained in the incoming, infecting virus par-
ticles (possibly within less than 2hr after infection) may
provide Gag-specific T cells with a decisive advantage
to eliminate infected cells before massive virus produc-
tion has been initiated [118]. However, not all domi-
nant Gag-protein specific responses may be equally ef-
fective and comparative studies in clade C and B infec-
tion have identified subdominant Gag responses as well
as responses outside of Gag as crucial components in
relative virus control [27]. The important role of sub-
dominant responses has also been confirmed in studies
in the STV macaque model and is also supported by the
detection of subdominant CTL responses in groups of
HEPS [11,101].

Apart from CTL specificity, the in vivo antiviral ef-
ficacy of HIV-specific CD8+ T-cell immunity has al-
so been tightly linked to the functional competence of
these responses. In particular, proliferative capacity
with high perforin expression and secretion of multiple
cytokines such as IFN-v, IL-2, TNF-a, MIP-1b and/or
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CD107a surface expression after antigen contact char-
acterize the responses seen in LTNP [119,120]. In ad-
dition to polyfunctionality, the avidity of virus-specific
T-cell responses is also considered a potentially im-
portant measure of an effective immune response and
has been shown in HCV infection, to be associated
with viral clearance and higher levels of cross-variant
recognition [121,122]. Thus, the quality of the CD8+
T-cell response to HIV serves as a better marker of
controlled infection than the quantity (i.e. breadth and
magnitude) of these responses. In addition, a HLA-
DR+, CD38- activation CD8+ T-cell phenotype was
more frequently found among virus-specific T-cells in
HIV controllers than in non-controllers and may rep-
resent a T cell population with superior ability to ex-
pand upon exposure to antigen and capacity to exert
effector functions [110]. Whether full-differentiation
into CCR7-/CD45- effector cells and broad functional
CTL is only a hallmark of controlled HIV infection in
the peripheral PBMC compartment or also extends to
CTL in gut-associated lymphoid tissue -where massive
initial depletion of CD44 T-cells occurs- remains an
open question. Nevertheless, a rapidly growing set of
reports dealing with the emergence and accumulation
of CTL escape mutations under appropriate CTL pres-
sure, the transmission of “escaped” variants, implica-
tions of fitness costs incurred by CTL escape muta-
tions and the global adaptation of HIV to HLA class |
polymorphisms further document the crucial role that
HIV-specific CTL overall play in the control of HIV
infection [28,54,58,123-130].

An additional factor for an effective CD8+ T-cell
response includes the presence and function of CD4+
‘helper’ T-cells. HIV-specific CD4+ T-cell population
have been shown to be required for long-term mainte-
nance of antigen-specific CD8+ memory T-cells, both
in the human setting as well as in the monkey mod-
el [101,131-133]. The relevance for functional CD4+
T-cell help in the maintenance of effective CTL pop-
ulations has recently also been reported for viral in-
fections other than HIV, including EBV and CMV in-
fections [134,135]. The potential importance of virus-
specific T helper cell activity is further highlighted
by studies that have associated the presence of gp41-
specific antibodies with CD4+ T-cell responses to Gag-
p24 [136,137]. Regardless of the well-documented
anti-viral effects of neutralizing Ab responses [138]
general antibody-responses have not emerged as strong
markers of HIV control. Some of the existing data
have been inconsistent as some studies have associat-
ed higher titers of heterologous nAb in LTNP whereas

more recent studies indicate the presence of lower Nab
activity among elite controllers [5,16,139]. It will be
interesting to investigate whether possible residual vi-
ral replication in the former group of patients may drive
additional Ab production or whether additional, unac-
counted factor and assay differences are responsible for
the observed differences.

10. Innate immunity

During primary HIV infection, there is a massive
destruction of the CD4-+ T-cell population in the gut-
associated lymphoid tissue (GALT) impairing local cel-
lular immunity at mucosal sites and causing translo-
cation of microbial products which in turn contributes
to a deleterious persistent inflammation [140,141,143].
The potential damaging effects of chronic inflammation
by continuous bacterial translocation are also highlight-
ed by similar studies in HCV infection, where it has
been implicated in the progression to advanced stages
of cirrhosis [144]. Most importantly however, the mas-
sive depletion of CD4+ T-cells, general inflammation
and immune activation occur at times when the adaptive
immune system has not mounted an effective immune
response yet. As mentioned above, some markers as-
sociated with the innate immune system, particularly
KIR and Toll-like receptors (TLR) have been associ-
ated with variable levels of HIV control in these early
stages of infection. As such, recent host genetic studies
indicate that individuals co-expressing KIR3DS1 and
HLA-Bw4-80I (family of HLA alleles that presumably
bind to KIR3DS1 and activate NK cells) have lower
viral loads and show a reduced risk of progression to
AIDS [62,145]. In addition, polymorphisms in toll-like
receptor 9, which mediates innate immune response
against DNA motifs common in bacteria and viruses,
have recently been shown to impact clinical outcomes
as well [146]. However, significant functional data
supporting the innate immunity and its linkage to dis-
ease pathogenesis is still scarce and needs to be further
explored. In addition, extensive cohorts of individuals
captured in earliest period of acute HIV infection will
need to be comprehensively studied to assess the impact
of these markers on initial peak viremia and the level
of CD4+ T-cell depletion. However, the recent identi-
fication of immune memory mediated by NK cell pop-
ulations may offer novel approaches for preventative
and therapeutic interventions in HIV infection [147].

11. Conclusions and implications for vaccine
design

Control of viral replication in HIV infection is a mul-
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tifactorial process. Polyfunctional CD8+ T-cell immu-
nity against particular viral proteins along with virus-
reactive CD4+- T-cell help have been most consistently
implicated in modulating HIV infection in vivo. Viral
factors such as specific mutations often emerging as a
consequence of immune selection pressure and entire
gene segment deletions have also been associated with
reduced viral burden and slower progression of HIV
disease. In addition, specific host genetic markers, par-
ticularly HLA, has been most compellingly linked to
relative control of HIV replication. While such host
genetic markers may provide great help in understand-
ing the (immune)-pathology of HIV, they will likely not
be directly informative for HIV vaccine development.
However, they can guide vaccine immunogen design,
although care needs to be taken that such immunogen
design is not overly guided by observations made in
individuals with favourable host genetics. To avoid the
resulting vaccine product to be tailored unreasonably
strongly towards individuals with beneficial genetics,
subjects who do not express these markers yet control
HIV on their own will be most informative. In addition,
while immune parameters that could mediate steriliz-
ing immunity, i.e. resistance to infection, still need to
be defined, the development of vaccines that are able to
induce partial in vivo control, albeit not prevent infec-
tion, would have significant impact on individual health
by slowing HIV disease progression and would help
to contain the HIV pandemic by reducing transmission
rates.

In this regard, the early assessments of vaccine suc-
cess in phase I and phase II trials will be based on
immune read-outs, rather than prevention of infection
(which would be the central end-point in a phase ITb/I11
trial). Thus, the definition of precise immune correlates
of controlled HIV infection is crucial since vaccine in-
duced responses will be compared to these parame-
ters. If their definition is flawed or represents epiphe-
nomena of otherwise controlled HIV infection, valu-
able vaccine candidates may be discarded premature-
ly. Together with immune parameters of controlled in-
fection, the identification of host genetic markers may
in the future facilitate the design of gene therapy ap-
proaches that would try to either block expression of un-
favourable genes or introduce beneficial components.
Although not based on gene-therapy, the case of the
CCR5-A32 stem-cell transplanted individual referred
to above, points towards the potential feasibility of such
approaches.
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