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Abstract
Human immunodeficiency virus type 1 (HIV-1) mostly owes its success to its ability to evade host
immune responses. Understanding viral immune escape mechanisms is prerequisite to improve
future HIV-1 vaccine design. This review focuses on the strategies that HIV-1 has evolved to
evade recognition by natural killer (NK) cells.
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1. Introduction
Since the first reported cases of acquired immunodeficiency syndrome (AIDS) in 1982,
about 30 million AIDS-related deaths have occurred globally [1]. In its most recent update,
UNAIDS estimated that worldwide there were 34 million adults and children living with
human immunodeficiency virus type 1 (HIV-1) infection. Further, a total of about 2.7
million new infections occurred and 1.8 million people died from AIDS in 2010. Means to
prevent the transmission of HIV-1 are urgently needed to stop the epidemic.

In the history of global human health, preventive vaccines have been the most effective
approaches to reduce the transmission of infections and to increase human health. However,
the design of a preventive HIV-1 vaccine has been proven largely elusive to date. Two
major vaccine trials, one aimed at inducing protective antibody responses and one aimed at
inducing antiviral T cell responses, have failed, while in a more recent trial the use of a
candidate vaccine combining both approaches lowered the rate of infection by about 30%
with marginal significance [2]. The failure or modest success of previous vaccine
approaches to protect from HIV-1 infection have highlighted that our understanding of
protective immunity in HIV-1 infection is very limited, and that novel, innovative
approaches are needed to overcome the tremendous challenges we are facing in HIV-1
vaccine design.

The immune response to pathogens depends on the interplay of different cell subsets each
with their own role in pathogen uptake, recognition, clearance, and generation of an
effective memory response. Following infections, the first line of defense consists of a
highly organized innate immune response, which precedes the induction of the adaptive
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immune response and plays a central role in determining its quality. While traditional
vaccine strategies have largely focused on the induction of adaptive immunity, only recently
attention has been directed towards rationally exploring ways to harness the antiviral activity
of innate immune cells [3].

Natural killer (NK) cells represent the major antiviral effector cell population of the innate
immune system. They play an important role in containing viral replication in the very early
stages of the infection, and in shaping the subsequent adaptive immune response by
interacting with other immune cells, including dendritic cells (DCs) and CD4 T cells [4–7].
Mounting evidence supports the importance of NK cell function in determining the outcome
of HIV-1 infection [8, 9]. In addition, NK cell contribution to the immune control of HIV-1
infection has been further highlighted by several studies describing strategies evolved by
HIV-1 to specifically evade NK cell-mediated immune responses, and the demonstration
that NK cells significantly impact HIV-1 evolution [10]. Here, we review known and
recently discovered mechanisms employed by HIV-1 to evade NK cell immunity.
Understanding these HIV-1 immune escape schemes will enable identifying novel targets to
manipulate NK cell responses to HIV-1.

2. NK cell receptors
The precise mechanisms by which NK cells recognize and eliminate malignant or virally
infected cells are complex and still not entirely understood. Unlike other lymphocytes, NK
cells lack specific antigen receptors but lyse target cells following the integration of
inhibitory and activating signals generated by an arsenal of cell surface receptors, with
effector functions taking place when activating signals overcome inhibitory ones [11].
Receptors expressed at the surface of NK cells mostly belong to three major groups of cell
surface signaling molecules, namely the killer cell immunoglobulin-like receptors (KIR), C-
type lectins (NKG2) and natural cytotoxicity receptors (NCR), the latter representing a
family of NK cell receptors that are characteristic markers for NK cells.

2.1. NCRs
NCRs are activating receptors and include NKp46 and NKp30, which are constitutively
expressed on NK cells, and NKp44, which is up-regulated upon IL-2-mediated NK cell
activation [12]. The precise ligands for these receptors remain largely undefined, yet several
viral or tumor-associated molecules that can interact with NCRs have been identified so far
(Table 1).

2.2. KIRs
A second group of receptors that has recently received much attention includes members of
the KIR family. Genes encoding KIRs are located on human chromosome 19q13.4 and
consist of the second most diverse family of genes after the HLA class I locus [26]. The
number and the type of KIR genes present in the human genome differ from one individual
to another and an important allelic polymorphism further contributes to the variability of the
KIR locus. KIRs can be either inhibitory or activating, a characteristic that depends on the
size of their intracellular tail. Inhibitory KIRs usually have a long (L) intraplasmatic tail with
two immunoreceptor tyrosine-based inhibition motifs (ITIMs) that can recruit the
phosphatases SHP-1 and -2 upon engagement with their ligands, while activating KIRs have
a short (S) tail that interacts with immunoreceptor tyrosine-based activation motif (ITAM)-
containing adaptor proteins via a transmembrane lysine residue when they are bound to their
ligand [11]. KIRs primarily recognize specific allotypes of the classical (-A, -B, -C) and
non-classical (-G) HLA class I receptors, and engagement of inhibitory KIRs to their HLA
class I ligands protects cells from NK cell-mediated lysis. Extracellular domains of
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activating KIRs are very similar to those of their inhibitory counterparts, however they
appear to have less avidity for their ligands. Thus far only KIR2DS1 has been shown to
directly interact with HLA-C, while the ligands for other activating KIRs still remain to be
identified [27].

2.3. NKG2 receptors
NK cells also express c-type lectins. These are highly conserved receptors that can deliver
activating or inhibitory signals. The activating receptor NKG2D recognizes human
cytomegalovirus (HCMV) glycoprotein UL16-binding proteins (ULBPs) as well as the
MHC class I chain-related molecules MICA and MICB that are expressed upon cell stress.
Inhibitory CD94/NKG2A and activating CD94/NKG2C heterodimers bind the non-classical
HLA-E loaded with peptides derived from other HLA class I molecules, thereby monitoring
the overall expression level of HLA class I.

2.4. LILRB1
Leucocyte immunoglobulin-like receptors (LILRs) are mostly expressed on cells of myeloid
lineage, but one of these immunomodulatory molecules, LILRB1 (LIR1/CD85j/ILT2), is
also present on NK cells [28]. The cytoplasmic tail of LILRB1 carries ITIMs, and therefore
this particular LILR probably functions as an inhibitory receptor. Moreover, similarly to
other members of this family, LILRB1 has the ability to broadly interact with HLA class I
molecules, yet it has an increased affinity for the non-classical HLA-G [29], which is highly
expressed by trophoblasts during pregnancy, and for the HCMV protein UL18. The LILRB1
receptor on NK cells might thus contribute to monitoring the HLA class I expression status
of cells, and act in concert with KIRs to regulate NK cell function. Although a wide range of
HLA class I can bind LILRB1, its interaction with HLA-G probably plays a dominant role
in modulating NK cell activity during pregnancy to ensure immune tolerance.

2.5. Other NK cell receptors
Almost 90% of NK cells in the peripheral blood express CD16, which is the low-affinity
FcγRIIIa receptor that allows recognition and lysis of antibody-coated cells via antibody-
dependent cellular cytotoxicity (ADCC) [30, 31]. NK cells also express Toll-like receptors
(TLRs), including TLR2, TLR3, TLR7/8 and TLR9, which can sense pathogen-associated
molecular patterns, with the TLR3, 7/8 and 9 being specific for nucleic acids [32–34]. For
instance, several HIV-1-derived single stranded RNAs can be recognized by the intracellular
TLR7/8 [35–37]. However, it has been demonstrated that a direct contact with other immune
cells, including plasmacytoid DCs (pDCs) and monocytes, is required to potently stimulate
NK cells with TLR7/8 ligands [38]. Finally, immunoregulatory molecules such as 2B4,
Tim-3, and CD160 are highly expressed on NK cells. While these immune receptors have
been associated with negative regulation of T cell activity, their relevance for NK cell
function and/or and development is not completely understood.

2.6. NK cell subsets
Human NK cells have been classically defined as CD3negCD56pos lymphocytes,
representing about 15% of peripheral blood lymphocytes. Based on the expression of CD16
and the expression levels of CD56, NK cells can be further subdivided into three subsets
with distinct functional properties, namely CD56bright, CD56dim and CD56neg NK cells.
CD56bright lack the expression of CD16 and KIRs, and have a high proliferation potential.
These cells might have important immunoregulatory functions as they are able to secrete
large amounts of pro-inflammatory cytokines [39]. The most abundant NK cell
subpopulation in the peripheral blood consists of CD56dim NK cells (~90%), which express
CD16 and KIRs, have strong cytotoxic activity and a modest ability to secrete cytokines [30,
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40]. It is still controversial whether CD56bright NK cells mature into CD56dim NK cells, or if
these are two independent lineages [41, 42]. Finally, a subset of CD56negCD16pos NK cells
has been described [43]. This subpopulation of NK cells appears to be expanded in HIV-1
infection and other chronic viral infections, and does not respond to stimulation with HLA
class I-devoid target cells or mitogens, despite the expression of KIRs [44, 45], suggesting
that these NK cells represent an exhausted/anergic subset of NK cells.

3. Role of NK cells in the host defense against HIV-1 infection
A number of epidemiological and functional studies have put forth evidence that NK cells
may be directly involved in limiting HIV-1 replication, and have suggested that specific
KIRs play an important role in this process.

3.1. Impact of KIR3DS1 on HIV-1 disease outcome
First, data from Dr. Carrington’s group have shown a strong association between the
genomic presence of KIR3DS1 along with HLA-Bw4 alleles that encode isoleucine at
position 80 (Bw4 80I), and slower HIV-1 disease progression [8]. KIR3DS1+ NK cells can
not only potently inhibit HIV-1 replication in Bw4-80I+ cells in vitro [46], but KIR3DS1+
NK cells also preferentially expand during HIV-1 acute infection in individuals bearing at
least one HLA-B Bw4 allele [47]. This indicates that NK cells expressing KIR3DS1 might
be preferentially activated by HIV-1-infected cells expressing HLA-B Bw4. However, there
is no demonstration to date that KIR3DS1 can physically interact with HLA-Bw4 molecules,
despite more than 97% similarity to KIR3DL1 in its extracellular domain [48], and the
mechanisms by which KIR3DS1+ NK cells might eliminate HIV-1-infected cells remain
unclear. NK cells from KIR3DS1+ subjects with recent untreated HIV-1 infection were
found to display enhanced functional activity, and particularly produced increased amounts
of IFN-γ in response to HLA class I-devoid target cells, corroborating the idea that
KIR3DS1+ NK cells might have a higher capacity to kill HIV-1-infected targets [49].
However, this effect was largely independent of the presence of the putative HLA-Bw4
ligand, with the exception of the protective alleles HLA-B57 and HLA-B58, which appeared
to contribute to the augmented cytotoxic function of NK cells in KIR3DS1+ patients. In
contrast, other studies focusing on NK cells from HIV-1 elite controllers, who are naturally
able to maintain HIV-1 viral loads below the level of detection, as well as high CD4 cell
counts without any antiretroviral treatment, suggested that NK cells and KIR3DS1 do not
play a significant role in the control of HIV-1 infection [50]. Of note, the presence of other
activating KIR receptors, including KIR2DS2, has been associated with a detrimental
outcome of HIV-1 infection [51]. Therefore, the significance of KIR3DS1 and its putative
HLA-Bw4 ligand and that of other activating KIRs in the control of HIV-1 infection remains
to be fully elucidated.

3.2. Impact of KIR3DL1 on HIV-1 disease outcome
In addition to the activating KIR3DS1 receptor, various distinct combinations of inhibitory
KIR3DL1 and HLA-Bw4 alleles also have an influence on HIV-1 disease. In particular,
KIR3DL1 alleles associated with high expression of KIR3DL1 on the cell surface
(KIR3DL1*h alleles) significantly enhance protection conferred by Bw4-80I alleles [9]. Co-
expression of KIR3DL1*h alleles and one particular HLA-Bw4-80I molecule, HLA-B57, is
not only strongly associated with reduced risk to progress towards AIDS, but has also been
shown to have a protective effect against HIV-1 acquisition [52]. In accordance with these
epidemiological data, KIR3DL1+ NK cells from individuals carrying both HLA-B57 and
KIR3DL1*h have an increased functional potential in response to HLA class I-devoid target
cells compared to NK cells from subjects expressing other HLA-Bw4 alleles or being
homozygous for HLA-Bw6 [53]. Furthermore, among HIV-1-infected individuals with a
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slow progression towards AIDS, polyfunctional NK cells, namely NK cells that can produce
large amounts of CD107a, IFN-γ and TNF-α upon stimulation, were only present in subject
expressing both KIR3DL1 and HLA-Bw4 [54]. Interestingly, the genes encoding KIR3DL1
and KIR3DS1 are found in variable numbers of copies among individuals as a result of gene
duplication or deletion. It appears that protection against HIV-1 increases with the number
of gene copies of KIR3DL1, provided that at least one copy of the KIR3DS1 gene and the
ligands for both receptors are also present [55]. Further investigations to assess the activity
of KIR3DL1+ NK cells against HIV-1, and to understand the mechanisms by which they
might mediate protection from HIV-1 disease, are warranted.

3.3. Enhanced NK cell function in HIV-1-exposed uninfected individuals
Studies looking into the innate immune responses in individuals who are persistently
exposed to HIV-1 but remain uninfected also support a critical role for NK cells in the
protection from HIV-1 acquisition. NK cells from exposed uninfected intravenous drug
users (IDUs) display increased levels of cytolytic activity and enhanced production of
cytokines before and after in vitro stimulation with target cell lines [56]. The presence of
pDCs with a higher maturation status compared to normal blood donors [57], and a distinct
expression pattern of NK cell receptors [58] have both been proposed to be associated with
enhanced NK cell activation in HIV-1-exposed uninfected IDUs. NK cells from sexually
HIV-1-exposed individuals who remain seronegative also display a higher capacity to
produce IFN-γ than those from low-risk uninfected subjects [59]. While most studies did
not report any enrichment in protective KIR alleles or their putative ligands in HIV-1-
exposed uninfected cohorts [60], homozygosity for the activating receptor KIR3DS1 might
contribute to the enhanced NK cell activity observed in these individuals [61]. Less
suppression of NK cell activation by inhibitory KIRs might provide another explanation.
Along those lines, the presence of inhibitory KIRs that lack their cognate HLA class I
ligand, and therefore of NK cells that can be more easily activated, has been associated with
resistance to HIV-1 among sex workers [62]. Differences in the characteristics and sizes of
HIV-1-exposed uninfected cohorts studied might account for the discrepancies between
some of the abovementioned reports. Nevertheless, altogether, these data provide evidence
that NK cells can have an important role in preventing HIV-1 infection and in eliminating
HIV-1-infected cells.

4. HIV-1 infection affects NK cell phenotype and function
Many studies have linked HIV-1 infection to severe NK cell dysfunction and changes in NK
cell subsets distribution, and a comprehensive review of these major observations was
recently published by Ianello et al., and will not be discussed in great detail here [63] (Table
2 and Fig. 1, left panel). While these deregulations might largely reflect the overall
impairment of the immune system during chronic HIV-1 infection rather than specific NK
cell evasion mechanisms, they contribute importantly to dampening the NK cell responses to
HIV-1 and as such can be viewed as part of HIV-1 evasion strategies.

4. 1. HIV-1-associated changes in NK cell receptor expression
Progressive HIV-1 infection is associated with a preferential depletion of cytotoxic CD56dim

NK cells, which is counterbalanced by a parallel increase in the dysfunctional subset of
CD56neg NK cells (reviewed in [64]). HIV-1 infection of NK cells, as well as enhanced
apoptosis of NK cells might account for their depletion in HIV-1 infection, although
alternate mechanisms might be involved. Important changes in NK cell receptor expression
co-occur with a major redistribution in NK cell subsets and have been connected to altered
NK cell activity (reviewed in [65])(Fig. 1, left panel). These phenotypic perturbations have
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been essentially described in viremic chronic HIV-1 infection and usually correlate with
viral loads.

4. 2. HIV-1 associated changes in NK cell functions
Chronic HIV-1 infection can significantly affect NK cell function, leading to a reduced
ability to lyse target cells and to produce cytokines and chemokines [63] (Table 2). Several
factors might contribute to impairing NK cell activity. This includes persistent generalized
immune activation, NK cell subsets redistribution, and also direct effects of HIV-1 viral
proteins on NK cells, including Tat and Vpu [63, 66]. HIV-1 Vpu has been recently
proposed to down-regulate the expression of NTB-A, a receptor previously described for its
ability to enhance NK-cell mediated killing of HIV-1-infected CD4 cells [67]. Removal of
NTB-A, which might act as an activating co-receptor for NKG2D, from the cell surface,
protects HIV-1 infected cells from NK cell lysis.

As other NK cell-mediated cytolytic functions, ADCC activity also declines with
progressive HIV-1 infection [63]. Interesting novel data show that KIR3DL1+ NK cells,
which normally display stronger ADCC activity compared to KIR3DL1- NK cells in HLA-
Bw4+ individuals, lose their increased ability to respond to ADCC target cells in HIV-1
infection [68]. While further studies are needed to elucidate how HIV-1 affects the
efficiency of NK cells to perform ADCC, low expression levels of CD16 on NK cells from
subjects with chronic HIV-1 infection have been linked to a reduced ADCC activity [69].
Viral escape from HIV-1-specific non-neutralizing ADCC antibodies could also account for
defects in ADCC activity. Recent data demonstrate that chronic HIV-1 infection is
associated with the presence of ADCC antibodies that are unable to recognize autologous
HIV-1 strains, suggesting that NK-cell mediated ADCC activity exerts a significant
selective pressure to drive HIV-1 evolution [70].

4. 3. Impaired NK-DC cross-talks in HIV-1 infection
HIV-1 infection also impairs crucial interactions between NK cells and other immune cells,
including DCs. Aberrant killing of mature DCs by NK cells during chronic HIV-1 infection
has been described [63, 71]. In addition, it has been suggested that the viral proteins Tat and
Nef can both directly impair NK-DC cross-talks [72]. Understanding how the interactions
between dysfunctional NK cells and other immunocytes impact the quality of the adaptive
immune response and HIV-1 disease outcome is warranted to become an important area of
study in the upcoming years. Finally, while NK cells undergo many functional and
phenotypic changes as HIV-1 disease progress, most studies describe largely normalized NK
cell numbers and function following effective antiretroviral therapy. Overall, these data
suggest that active HIV-1 replication and associated immunopathology result in significant
perturbation in the proportion and activity of NK cell subpopulations.

5. Selective dysregulation of HLA-A and HLA-B expression by HIV-1: how
to evade both CD8 T cell and NK cell recognition

In an effort to avoid recognition by CD8+ T cells, several viruses, including HIV-1, down-
regulate HLA class I molecules on the surface of infected cells [73–75]. However, this
immune evasion strategy can result in increased susceptibility to NK cell lysis, as NK cells
sense changes in HLA class I molecules via inhibitory KIRs. Viruses have therefore
developed ways to counterbalance this enhanced sensitivity. Two main strategies, exploited
notably by human cytomegalovirus to efficiently escape NK cell recognition, have been
extensively described in the literature (reviewed in [76]). They consist on the one hand in
encoding for alternate ligands for inhibitory NK cell receptors, and on the other hand in
down-modulating preferentially the HLA class I molecules that present peptides to CD8 T
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cells, while sparing the expression of others in order to keep a sufficient level of NK cell
inhibition.

5.1. Down-regulation of HLA-A and -B by HIV-1 Nef
In the case of HIV-1, Nef activity leads to the selective down-regulation of HLA-A and
HLA-B, the two families of HLA class I molecules restricting most of the virus-specific
CD8+ T cells responses, but not that of HLA-C and HLA-E (Fig. 1, right panel). This results
in maintaining the surface expression of important ligands for inhibitory NK cell receptors,
including several inhibitory KIRs of the KIR2DL family and NKG2s. In contrast, HLA-A
and -B are only recognized by KIR3DL1 in the context of HLA-Bw4 [73, 77].

The fact that Nef does not affect the expression of HLA-C and HLA-E might help to explain
why bulk peripheral blood NK cells are not able to efficiently kill autologous infected CD4
cells in vitro [78, 79]. However, HLA-A and -B are not the only molecules that are down-
modulated by Nef, as this viral protein has also been suggested to decrease the surface
expression of the cellular ligand for NKp44 on infected CD4 cells [80], thereby providing an
alternative way of protecting HIV-1-infected cells from NK cell lysis. Interestingly, HIV-1
infection might also trigger overexpression of NKp44 ligands on uninfected CD4 cells,
rendering healthy functional CD4 cells susceptible to NK cell-mediated killing in
chronically infected individuals [81].

5. 2. Dysregulation of HLA-A and -B expression by other HIV-1 proteins
Besides Nef, two other HIV-1 accessory proteins, Tat and Vpu, have also been suggested to
impair the expression of HLA class I. Tat can bind to the basal promoters of the HLA class I
heavy chain and β2-microglobulin genes, thereby repressing their transcription [82]. In the
same study, the authors show that TAR, an element of HIV-1 RNA that is essential to
initiate HIV-1 transcription upon its interaction with Tat, enhances Tat-mediated repression
of β2-microglobulin expression. Vpu plays a role in HIV-1 pathogenesis by increasing the
amount of released viral particles from infected cells and by enhancing CD4 degradation in
the endoplasmic reticulum. Vpu has also been proposed to contribute to the decreased
expression of HLA class I on HIV-1-infected CD4 cells, probably by inducing the
proteolysis of newly synthesized HLA class I molecules in the endoplasmic reticulum, and
as such probably contributes to hide HIV-1 infected cells from NK cell surveillance [83].

5. 3. Modulated expression of non-A non-B HLA class I molecules in HIV-1 infection
Despite Nef, Tat and Vpu activities, HIV-1-infected CD4 cells maintain significant levels of
HLA class I surface expression. This is in part explained by the fact that Nef does not trigger
the degradation of HLA-E and HLA-C but also by a potential HIV-1-mediated enhanced
expression and stabilization of the non-classical HLA-E molecule, further favoring
inhibition of NK cell cytotoxicity [84]. Martini et al. demonstrated that HLA-E expression
levels on CD4 cells from chronic HIV-1-infected individuals correlate with viremia. One
proposed mechanism to explain these observations is the presentation of an HIV-1 p24
epitope, which has been suggested to stabilize HLA-E at the surface of infected cells [85].
Further research in this area is needed to reproduce these findings, and to understand their
contribution to the ability of the virus to evade NK cell recognition. Expression levels of
HLA-G on HIV-1-infected CD4 is still controversial, as this non-classical molecule has been
reported to be down-modulated by Vpu [77, 86], yet it is still significantly expressed in
HIV-1-infected patients [87, 88].

Taken together, the results of these studies show that modulating the expression of the
different HLA class I molecules at the surface of infected cells is a major mechanism
employed by HIV-1 to evade recognition by inhibitory NK cell receptors. However, another
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strategy consists in avoiding engagement of NK cell activating receptors, and particularly
that of NKG2D.

6. HIV-1 escape from NKG2D recognition
Viral infections do not only affect HLA class I expression but also generally trigger the up-
regulation of stress receptors that can serve as NKG2D ligands (reviewed in [89]), resulting
in increased recognition by NK cells. Upon HIV-1 infection, NKG2D ligands, and
particularly ULPBs, are up-regulated, and their expression has been suggested to account for
the ability of NK cells to kill HIV-1-infected CD4 cells [67, 90]. Moreover, induction of
significant levels of NKG2D ligands can trigger NK cell lysis of infected cells, even in the
presence of normal amounts of HLA class I [91]. Given the high capacity of NKG2D
ligands to activate NK cells, HIV-1, as other viruses, have evolved mechanisms to reduce
the expression of NKG2D ligands on infected cells. Several strategies have been suggested
by which HIV-1 might escape from NKG2D recognition (Fig. 1, right panel).

6. 1. Degradation of NKG2D ligands by HIV-1 Nef
HIV-1 Nef limits the expression of NKG2D ligands by mediating the degradation of
ULBP-1 and -2, and to a lesser extent, that of MICA [92]. Indeed, CD4+ T cells infected
with HIV-1 viruses lacking Nef are killed very strongly by NK cells in vitro through
NKG2D-dependent mechanisms (Alter and Altfeld, unpublished data), and this mechanism
might account to some extend for the observed protection from disease in delta-Nef SIV-
infected rhesus macaques, as well as delayed disease progression in humans infected with
delta-Nef HIV-1 viruses (reviewed in [93]).

6. 2. Shedding of MICA from the surface of HIV-1-infected cells
Alternative ways for HIV-1 to impair NKG2D-mediated NK cell activation have been
recently suggested. Enzymatique cleavage of MICA and MICB from the surface of cancer
cells leads to engagement of NKG2D by the soluble forms of MICA/B and its subsequent
down-regulation, thus promoting the generation of anergic NK cells and tumor immune
evasion (reviewed in [89]). A similar mechanism might be used by HIV-1 to reduce
susceptibility of HIV-1-infected cells to NKG2D-dependent elimination as elevated plasma
levels of soluble MICA and compromised NKG2D-mediated NK cell responses were both
found to be associated with chronic HIV-1 infection [94]. The matrix metalloproteinases
MMP-2 and -7 might be responsible for the shedding of MICA, as transcription of these
proteolytic enzymes is up-regulated upon HIV-1 infection. Differential expression of such
proteolytic enzymes would explain why studies reported that following HIV-1 infection,
MICA is barely detectable at the surface of CD4 cells [67, 90], while it appears to be up-
regulated on cell lines, including Jurkat cells [92].

6. 3. Inhibition of APOBEC3G-mediated up-regulation of NKG2D ligands
NKG2D ligands are not exclusively up-regulated in response to viral infection but rather
upon the development of any general cell stress. HIV-1 Vpr has long been identified as a
viral factor able to induce cell cycle arrest. However it is only recently that this observation
has been linked to DNA damage responses, notably through activation of the ATR pathway
(reviewed in [95]), and to the overexpression of NKG2D ligands [96, 97]. Novel data from
Norman et al. shows that Vpr affects the DNA repair machinery in response to viral DNA
editing by intracellular innate immune effectors, such as APOBEC3G. This study describes
an as yet unidentified consequence of the antiviral activity of these DNA editing enzymes,
which leads to the expression of NKG2D ligands on HIV-1-infected cells, and is
counteracted by HIV-1 Vif [91].
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APOBEC3G is an editing enzyme that belongs to a family of polynucleotide cytidine
deaminases initially recognized for its ability to inhibit retroviruses, including HIV-1, and as
the target of HIV-1 Vif (reviewed in [98]). APOBEC3G is packaged into the virion and once
in the target cell, it remains associated with the reverse transcription complex and
deaminates cytidine residues into uridine residues in the growing minus-strand viral DNA,
leading to G-to-A changes in the plus strand synthesized from this template. U-rich
transcripts can become integrated into the host genome but yield proviruses that are largely
nonfunctional due to G-to-A hypermutation. In addition to the lethal editing of the nascent
viral reverse transcript, APOBEC3G activities trigger a dramatic decrease in viral cDNA
products, possibly resulting from their degradation by DNA repair enzymes, as well as
defects in all the reverse transcription steps. Most lentiviruses have evolved strategies to
escape APOBEC3G restriction, notably via the expression of the Vif protein, which induces
the proteasome-mediated degradation of APOBEC3G. In addition, Vif decreases the
translation of the APOBEC3G mRNA, further reducing the levels of cytidine deaminases in
the cell.

Therefore, Vif allows HIV-1 to replicate in target cells which express APOBEC3G or other
members of the polynucleotide cytidine deaminase family. However, recent data show that
Vif activity has another crucial function in protecting HIV-1 replication against innate
immune effectors, and acts in tandem with Nef to help HIV-1-infected cells escaping
NKG2D-mediated NK cell lysis [91]. Indeed, it is known that DNA damage leads to the up-
regulation of NKG2D ligands [99]. Similarly, in the absence of Vif, DNA editing by
APOBEC3G activates DNA damage pathways, leading to the up-regulation of NKG2D
ligands at the surface of HIV-1-infected T cells, thereby increasing their susceptibility to NK
cell mediated lysis [91]. Corroborating this observation, the amount of NKG2D ligands at
the surface of HIV-1-infected cells directly depends on the expression levels of
APOBEC3G.

Interestingly, in accordance with previous data showing that production of Vpr in HIV-1
infected cells leads to an increased surface expression of NKG2D ligands [96, 97],
APOBEC3G-mediated up-regulation of NKG2D ligands depends on the binding of HIV-1
Vpr to Uracil DNA glycosylase 2 (UNG2), an nuclear enzyme that removes uracil from
single- and double-stranded DNA, and that has previously been shown to interact with Vpr
(reviewed in [100]). The elegant study from Norman et al. suggests that Vpr is required to
enhance DNA repair by UNG2 of APOBEC3G-induced mutations, a process which
generates DNA breaks, thereby activating DNA damage pathways, and results in the up-
regulation of NKG2D ligands. It is of prime importance for HIV-1 to be able to repair
uridines incorporated into their genome by host intracellular immune factors as it would
seriously impair infectivity of the progeny virions. The critical relevance of this pathway is
highlighted by the fact that two HIV-1 viral proteins, Vif and Vpr, are involved in limiting
uridine incorporation into the HIV-1 genome.

7. Selection of viral sequence polymorphisms to escape from NK cell-
mediated recognition

Loss or reduction of HLA class I expression is one mechanism underlying the increased
sensitivity of virally-infected cells to NK cell-mediated lysis. However, the nature of the
presented peptide can also significantly impact the ability of KIR to bind to the HLA class I/
peptide complex, thereby affecting NK cell function [101, 102]. Recent data furthermore
suggest that changes in peptide repertoire can be more potent at activating NK cells than
HLA class I down-regulation alone. Indeed, peptides that can bind to HLA class I molecules
but not KIRs can disrupt KIR-mediated inhibition of NK cell activation. Peptides conferring
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weak recognition by KIRs can antagonize the inhibitory effect of other peptides inducing
strong KIR binding to the HLA class I ligand, and trigger NK cell degranulation [103]

7.1. Peptide-specific recognition of HLA ligands by KIRs
Peptide-specificity in the recognition of HLA class I molecules by NK cells has been
described for a number of inhibitory KIR receptors. For instance, it has been long known
that binding of KIR2DL1 to HLA-Cw4 only occurs when the HLA class I molecule is
loaded with peptides, and certain substitutions in position 8 abolish the interaction with KIR
while still allowing the epitope to bind to HLA class I [104]. More recently, it was reported
that amino acid changes at position 8 in an HLA-A3/A11-restricted epitope can abolish
binding of KIR3DL2-expressing NK cells [105]. Similarly, HLA-Cw*0304 and -Cw7
interaction with KIR2DL2 is modulated by the sequence of the peptide presented by the
HLA class I molecules [106, 107]. This data have been supported by the analysis of the
crystal structure of KIR2DL2 in complex with HLA-Cw3, demonstrating that KIR contact
requires the amino acid in position 8 to be a small residue, otherwise binding does not occur
[108].

7.2. Impact of the presented peptide on KIR3DL1 binding to its HLA ligand
The combination of KIR3DL1*h and HLA-Bw4 is associated with a protective effect in
HIV-1 infection [9]. Interestingly, as for other KIRs, there is accumulating evidence that the
nature of the presented peptide influences the binding of KIR3DL1 to its HLA class I ligand.
It was initially described that HLA-B*2705 interaction with KIR3DL1 shows some degree
of peptide-specificity with residues at position 7 and 8 [109–111] (Fig. 2). Furthermore,
various KIR3DL1 allotypes were reported to have a differential ability to bind to HLA-
A2402, and their binding to HLA class-I ligands is affected by the sequence of the loaded
peptide [112]. Finally, the importance of amino acid 8 of the HLA class I-presented epitope
has been further emphasized by the recent resolution of the crytal structure of KIR3DL1
bound to HLA-B5701 complexed with a self-peptide, which revealed that position 8 (and 9)
is directly involved in the contact between KIR3DL1 and its ligand [48].

Increased recognition of HIV-1-infected cells by NK cells, mediated by an HIV-1-driven
change in peptide presentation, could provide a possible explanation for the protective effect
associated with the expression of KIR3DL1 in conjunction with its HLA-Bw4 ligand. This
hypothesis is supported by the fact that KIR3DL1 can discriminate between common HIV-1
peptide variants presented by HLA-B57, leading to promotion or abrogation of KIR3DL1
binding to HLA-B57 [113, 114]. Presentation of HIV-1-derived epitopes that leads to weak
KIR3DL1/HLA-B57 binding might promote NK cell lysis. On the other hand, HIV-1
peptides that trigger increased binding between the inhibitory KIR3DL1 receptor and HLA-
B57 might allow the virus to escape NK cell recognition. Numerous single amino acid
mutations in the HIV-1 genome have been identified thus far that promote virus escape from
TCR-mediated recognition by CD8 T cells (Reviewed in [115]). Among these, mutations in
the HLA-B57 restricted epitope TW10 have been described and allow the virus to rapidly
escape adaptive immune responses in HLA-B57+ individuals [116]. Interestingly, TW10
CTL escape mutations abrogate binding to KIR3DL1, suggesting that although such mutants
escape HIV-1-specific CD8 recognition, they are able to activate NK cell function, allowing
to maintain some control of HIV-1 replication. The impact of CTL escape mutations on NK
cell responses to HIV-1 was further illustrated by another study describing two TW10 CTL
escape mutations (G9E and T3N) that appeared very early in viruses isolated from two
KIR3DL1+ HLA-B57+ subjects with acute HIV-1 infection [113]. In contrast to the T3N
mutation, the C-terminal G9E change did not abrogate recognition of the TW10 epitope by
CD8 T cells, but rather significantly impaired the binding of KIR3DL1 to HLA-B57. A
decreased affinity between KIR3DL1 and its ligand is expected to increase NK cells lysis of
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the infected cells and would be a potential disadvantage to the virus. However, the
appearance of this mutation could benefit viral replication at other levels. For example,
expression of KIR3DL1 on CD8 may act as a coreceptor stabilizing the interaction between
TCR and HLA class I. In this instance, G9E mutation could impair CD8 T cell function by
impairing TCR engagement. Further investigations will be required to fully understand the
impact of HIV-1 escape mutations on NK cell responses.

7.3. Identification of KIR footprints in the HIV-1 genome
Overall, these studies demonstrate that changes in the sequences of the peptides presented
on HLA class I molecules have an important influence on the affinity of the binding between
KIRs and their respective HLA class I ligands, and potentially on NK cell recognition of
HIV-1-infected cells. If the HLA class I-presented viral peptide impacts the subsequent NK
cell responses, the virus might evolve to either escape NK cell recognition by activating
KIRs and/or repress NK cell function by increasing binding of inhibitory KIRs. While
numerous studies have focused on the emergence of amino acid changes involved in CTL
escape, it is only recently that mutations arising in the HIV-1 genome and associated with
KIR recognition were described, further supporting the involvement of this family of
receptors in the response to HIV-1 infection. Screening of 91 HIV-1 sequences from
individuals with untreated chronic HIV-1 infection led to the identification of 22 amino acid
polymorphisms in HIV-1 that were significantly more represented in individuals carrying a
specific KIR gene [10]. Of particular interest, patients possessing at least one copy of the
KIR2DL2 gene were more likely to have two characteristic amino acid changes (Vpu(71)
and Vpu(74)) at positions located in the region overlapping the c-terminal region of Vpu and
the n-terminal region of Env compared to individuals who do not possess any copy of the
gene encoding KIR2DL2. Consistent with these observations, in vitro, NK cells lose their
ability to inhibit the replication of an engineered HIV-1 virus expressing the two mutations
commonly found in KIR2DL2+ subjects. One potential mechanism underlying this
observation is that presentation of peptides derived from the HIV-1 sequence carrying the
observed polymorphisms increases the binding affinity between the inhibitory KIR2DL2
receptor and its HLA ligand, thereby increasing the inhibitory signal delivered to NK cells.
Overall, these findings reflect the evolutionary pressure exerted by NK cells on HIV-1.

8. Future perspectives
A better understanding of the interplay between HIV-1 infection and NK cell function will
allow to identifying novel approaches to restore and/or enhance NK cell function in HIV-1
infected patients, and potentially harness NK cell activity to improve future HIV-1 vaccine
strategies. Notably, there is mounting evidence emerging from studies conducted in the
mouse model that NK cells can be antigen-specific and can mediate immunological memory
[117–121]. While the existence of similar properties in humans has not been demonstrated
so far, the identification of potential memory human NK cells would open the possibility to
use NK cells with activity against HIV-1 to enhance viral control in infected individuals, or
to prevent infection by inducing NK cells at mucosal sites. However, many aspects of the
NK cell immune response remain to be understood in order to comprehend how to harness
their activity for HIV-1 vaccine design. First, the physiological ligands for NCRs have not
been characterized yet, and it will be of paramount importance to identify whether NCRs
can recognize HIV-1-infected cells. Then, due to the lack of commercially available
reagents to specifically assess the expression of most activating KIRs and some inhibitory
KIRs, the role played by these receptors in the NK cell response to HIV-1 is difficult to
study. The development of tools to characterize KIR-HLA class I interactions for each of
these receptors is urgently needed. Finally, the cross talks between NK cells and other
immune cells, such as DCs and CD4 cells, is becoming an area of intense investigation and
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will probably uncover new pathways that can be manipulated in the context of vaccine
design.

9. Conclusion
Overall, HIV-1 accessory proteins seem to have evolved to counteract immune responses,
and notably NK cell responses. These viral escape mechanisms reflect the strong
evolutionary pressure exerted by NK cells on HIV-1, and indicate that NK cells represent an
important component to consider in future interventions to harness antiviral immune
responses against HIV-1.
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Figure 1. Major changes in the expression of NK cell receptors and their ligands in HIV-1
infection
The left panel represents major reported changes in NK cell receptors expression in HIV-1
chronic infection. The right panel depicts how viral or HIV-1-induced host proteins affect
the expression of ligands for NK cell receptors on HIV-1-infected cells, thereby impairing
NK cell recognition. Relevant references are indicated next to each protein involved in
HIV-1 escape from NK cell recognition. Dark red: increased expression; Faded dark red:
induced expression counteracted by HIV-1 proteins or HIV-1-induced host factors; Faded
blue: decreased expression; Grey: stable expression. *: HIV-1 specific antibody
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Figure 2. Influence of the presented peptide on KIR3DL1-HLA-Bw4 interaction and NK cell
activation
Single amino acid changes in the C-terminus of the peptide presented by HLA-Bw4 can
significantly impact KIR3DL1-HLA-Bw4 interactions, and therefore NK cell function.
Presentation of an endogenous or a viral peptide that can bind to KIR3DL1 with a high
affinity might result in a strong inhibitory signal to NK cells. In such cases, NK cell
activation, and potentially killing of a target cell, might only occur in the presence of strong
concomitant activating signals delivered via other NK cell receptors. In contrast, mutations
leading to a weaker binding between KIR3DL1 and its HLA-Bw4 ligand might lower the
threshold of NK cell activation and favor target cell lysis.
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Table 1

Pathogen- and tumor-associated ligands for NCRs

NKp30 NKp44 NKp46 References

Heparan sulfates + + + [13–16]

Influenza virus haemagglutinin Sendai virus haemagglutinin-neuraminidase − + + [17, 18]

HCMV tegument protein pp65 + − − [19]

Duffy-binding-like (DBL)-1α of Plasmodium falciparum erythrocyte membrane protein-1
(PfEMP-1)

+ ND + [20]

Leukocyte antigen-B-associated transcript 3 (BAT3) + ND − [21, 22]

B7-H6 + ND − [23]

Mycobacteria, Nocardia farcinica and Pseudomonas aeruginosa surface protein − + − [24]

West Nile virus and Dengue virus E glycoprotein − + − [25]

ND: not determined
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Table 2

Dysregulation of NK cell phenotype and function in HIV-1 infection and HIV-1 proteins contributing to these
defects

Major observations HIV-1 proteins involved

Redistribution of NK cell subsets

 - Depletion of NK cells and particularly immunoregulatory

CD56bright NK cells

 - Increase in dysfunctional CD56neg NK cells

Dysregulation of NK cell receptor expression Vpu

 - Increase in inhibitory receptors

 - Decrease in activating receptors

Decreased production of cytokines and chemokines

Decreased cytotoxic activity Tat, Vpu

Impaired ability to perform ADCC Tat

Impaired interactions with other immune cells, including DCs Tat, Nef

Enhanced apoptosis gp120, Tat
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