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Infection with the human immunodeficiency virus (HIV), when left untreated, typically leads
to disease progression towards acquired immunodeficiency syndrome. Some people
living with HIV (PLWH) control their virus to levels below the limit of detection of standard
viral load assays, without treatment. As such, they represent examples of a functional HIV
cure. These individuals, called Elite Controllers (ECs), are rare, making up <1% of PLWH.
Genome wide association studies mapped genes in the major histocompatibility complex
(MHC) class I region as important in HIV control. ECs have potent virus specific CD8+ T cell
responses often restricted by protective MHC class I antigens. Natural Killer (NK) cells are
innate immune cells whose activation state depends on the integration of activating and
inhibitory signals arising from cell surface receptors interacting with their ligands on
neighboring cells. Inhibitory NK cell receptors also use a subset of MHC class I antigens as
ligands. This interaction educates NK cells, priming them to respond to HIV infected cell
with reduced MHC class I antigen expression levels. NK cells can also be activated
through the crosslinking of the activating NK cell receptor, CD16, which binds the
fragment crystallizable portion of immunoglobulin G. This mode of activation confers NK
cells with specificity to HIV infected cells when the antigen binding portion of CD16 bound
immunoglobulin G recognizes HIV Envelope on infected cells. Here, we review the role of
NK cells in antibody independent and antibody dependent HIV control.

Keywords: HIV, elite controllers, NK cells, killer immunoglobulin-like receptors, HLA, ADCC, antibody dependent
NK cell activation
INTRODUCTION

Natural Killer (NK) cells are innate immune cells with anti-viral and anti-tumor activity (1). NK
cells detect and respond to neighboring cells that lack “self” human leukocyte antigens (HLA). This
response pattern arises from a process called education that involves the interaction of inhibitory
NK cell receptors (NKR) with their self HLA ligands (2–4). Educated NK cells respond to virus-
infected, stressed and damaged cells that appear to NK cells as “missing self” due to their having a
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reduced expression of cell surface HLA. Educated NK cells are
tolerant to self-cells expressing sufficient HLA to bind inhibitory
NKRs that signal NK cells to remain in a resting state. NK cell
activation not only requires reduced signaling through inhibitory
NKRs but also activating signals through the interaction of
activating NKR with their ligands (5). NK cells can be
activated directly when the integration of signals from
inhibitory and activating NKRs upon binding their ligands on
neighboring cells favors activation. They can also be activated in
an antibody dependent (AD) manner. Modulation of NK cell
activity by antibodies and their ability to interact with
dendritic cells to shape adaptive immune responses positions
NK cells at the intersection of innate and adaptive immunity (6).
NK cells have been implicated in host responses to several viral
infections, including to the human immunodeficiency virus
(HIV), human cytomegalovirus, hepatitis B virus, hepatitis C
virus and influenza virus (7–14). The importance of NK cells in
the control of HIV infection is illustrated by the emergence
of HIV mutations able to escape NK cell mediated immune
pressure (15).

Treatment naïve people living with HIV (PLWH) display a
wide range of HIV disease progression rates. Elite Controllers
(ECs) are a subset of PLWH at one extreme of this range. They
are rare, making up between 0.2% - 0.5% of PLWH. They
suppress HIV viral load to below the limit of detection of
standard viral load assays [<50 copies/milliliter (ml) of plasma]
often maintaining high CD4+ T-cell counts without treatment
(16–21). Viral Controllers (VCs) maintain viral loads of between
50 and either 2000 or 3000 copies/ml of plasma without
treatment depending on the cohort studied (16, 18, 19, 22).
ECs and VCs are subsets of a larger group known as long term
non progressors (LTNPs) that make up approximately 5% of
PLWH with the slowest rate of HIV disease progression. Since
the term LTNPs was coined before the availability of HIV viral
load assays, LTNPs are defined by their ability to maintain
elevated CD4 counts for 7 or more years without treatment
(16, 22).

ECs and VCs are heterogeneous groups whose classification is
based on length of follow up, viral load cut off, presence/absence and
frequency of viral load blips and CD4 counts. The specific criteria
used to define ECs and VCs differ from one cohort to another (16,
23–25). In this review, we will use the terms “EC” to refer to PLWH
who have a viral load of <50 copies/ml plasma and “VC” to refer to
PLWH with a viral load of between 50 and 3000 copies/ml plasma
with rare viral load blips (16). Terms such as slow progressors,
LTNPs, HIV controllers (HIC) and controllers have been used to
describe individuals who are not strictly ECs or VCs, as defined by
these criteria. In this review, we will use the term “controller” to
refer to individuals who are not ECs or VCs. The term “non-
controllers” will be used to identify individuals not meeting the
criteria for classification as “ECs”, “VCs” or “controllers”. Non-
controllers are PLWH who are in the chronic phase of HIV
infection and are either untreated, viremic progressors or treated
PLWH. There also exist a group of PLWH who started anti-
retroviral therapy (ART) early in infection, remained on ART for
various durations and who were able to control their viral load after
Frontiers in Immunology | www.frontiersin.org 2
ARTwas stopped (26). As little information is available on a role for
NK cells in these post-treatment controllers, they will not be
discussed further in this review.

Several mechanisms have been proposed to underlie HIV
control. Among these are infection with defective virus (18, 27,
28) and anti-virus-specific immune responses (29–31). HIV-
specific CD8+ T cell responses in controllers are more
polyfunctional and more likely to degranulate and release
perforin and granzyme B upon stimulation than CD8+ T cells
from non-controllers (32–34). HIV-specific CD4+ T cells from
controllers are more likely to secrete Interleukin (IL)-2 and
proliferate upon stimulation than those from non-controllers
(35–37). The HIV proviral landscape in ECs differs from that in
successfully treated PLWH. ECs have fewer proviral sequences
than PLWH on ART, but the proportion of proviruses that are
intact and likely to be replication competent is higher in EC than
in treated PLWH (38). In ECs, compared to treated PLWH, HIV
provirus is more likely to integrate into genetic regions
characterized by deep latency, where reactivation is unlikely
(38). Should reactivation occur, HIV from ECs express intact
gene products targeted by the potent T cell responses often seen
in this population. Some ECs can suppress HIV very early after
infection, possibly before the emergence of adaptive immune
responses (39, 40). Such early control suggests that innate
responses may be involved in early HIV control in some ECs
(41). This review will explore the role of NK cell mediated anti-
HIV responses in HIV viral control.
NKR-LIGAND PAIRS - GENETICS,
STRUCTURE AND NK CELL EDUCATION

Genome wide association studies (GWAS) found several single
nucleotide polymorphisms (SNPs) associated with viral load
control that mapped to the major histocompatibility complex
(MHC) on human chromosome 6 (42, 43). A SNP within an
endogenous retroviral element associated with the gene encoding
the protective HLA-B*57:01 antigen and a second one 35
kilobases upstream of HLA-C accounted for nearly 15% of the
variation in viral load setpoint in untreated PLWH (42). A
second GWAS confirmed these results and identified
additional MHC class I alleles associated with protection and
risk of HIV disease progression (43). These specific associations
with HIV control mapped to amino acids within the MHC class
I’s peptide binding groove implicating an important role for
CD8+ T cell responses in HIV control (32–34, 43). It should be
noted, however, that many HLA allotypes also interact with
inhibitory killer immunoglobulin-like receptors (KIRs)
expressed on NK cells and other lymphocyte subsets (44, 45).

KIR and HLA are both encoded by highly polymorphic and
polygenic genetic regions on chromosomes that segregate
independently from each other allowing for a great diversity of
receptor ligand combinations (46, 47). KIRs are encoded by up to
15 distinct polymorphic genes within the leukocyte receptor
complex on human chromosome 19q13.4 (48) (Figure 1).
KIRs share structural features, They can have two or three
May 2022 | Volume 13 | Article 879124
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extracellular immunoglobulin-like domains (i.e. 2D or 3D in the
protein’s name) and either long (L) or short (S) cytoplasmic
domains, transmitting inhibitory or activating signals,
respectively (49). ”P” in the KIR nomenclature refers to
pseudogene. Both inhibitory and activating receptors can
contribute to NK cell education. Education through inhibitory
receptors reduce the threshold for NK cell responses to missing-
self cells while education through activating receptors dampen
NK cell activation levels (2, 50).

The KIR gene locus is classified into KIR-A and KIR-B
haplotypes, which are distinguished by their activating KIR
gene content (Figure 1) (46, 51, 52). KIR haplotypes share 3
framework genes and 1 pseudogene. KIR3DL3 and KIR3DP1
flank the centromeric KIR region genes, while KIR3DL2 and
KIR2DL4 flank the telomeric KIR region genes. KIR2DP1 and
KIR2DL4 are separated from each other by an intergenic region,
which is a recombination hotspot. The genes in the KIR-A
haplotype encode inhibitory receptors, with the exception of
KIR2DS4 receptor, which encodes an activating receptor that is
often truncated and not cell surface expressed (53, 54). KIR-B
haplotypes include the framework genes and varying numbers of
activating KIR genes. The genes in the telomeric and centromeric
regions are in linkage disequilibrium with each other and tend to
be inherited together.

The ligands for inhibitory NKR are a subset of HLA antigens
(Table 1). KIR3DL1 is an inhibitory receptor that interacts with
the subset of HLA-A and -B antigens carrying the serological
Bw4 motif (55, 56). Bw4 antigens have either an isoleucine (*80I)
or a threonine (*80T) at position 80 of the HLA heavy chain,
which influences their cell surface expression density and ligand
binding affinity (57–59). Bw4*80I variants are usually expressed
at a higher density than Bw4*80T antigens (59). The remaining
HLA-B antigens have a HLA-Bw6 motif that does not interact
with KIR3DL1 such that NK cells expressing KIR3DL1 as their
Frontiers in Immunology | www.frontiersin.org 3
only NKR remain uneducated in HLA-Bw6 homozygotes (60).
The KIR3DL1/S1 locus encodes inhibitory KIRs expressed at
high (KIR3DL1-high) and low (KIR3DL1-low) cell surface
dens i t i e s and hav ing no ce l l su r f a ce expre s s ion
(KIR3DL1*004). KIR3DS1, also encoded at this locus is an
activating receptor (59, 61). In general, KIR3DL1-high
receptors have a higher affinity for Bw4*80I than Bw4*80T
allotypes while the affinity of KIR3DL1-low receptors for
Bw4*80I and Bw4*80T antigens is similar (59).

The inhibitory KIRs, KIR2DL1, KIR2DL2 and KIR2DL3 use
HLA-C allotypes as ligands. HLA-C allotypes can be
dichotomized into HLA-C1 and HLA-C2 groups based on
whether they have an asparagine or lysine at position 80 of
their heavy chain. C1 allotypes are ligands for KIR2DL3 (62). C2
allotypes are ligands for KIR2DL1 and KIR2DS1 (63–65).
KIR2DL2 is an intermediate receptor, which also binds HLA-
C1 and some HLA-C2 allotypes (64).

Besides KIRs, other inhibitory NKR contribute to NK cell
education and tolerance to self. The NK group 2 member A
(NKG2A)/CD94 heterodimer are C-type lectin receptors that
recognize epitopes from the leader region of HLA-A, -B, -C and
-G presented by the MHC class Ib HLA-E antigen (Table 1) (66–
68). The leukocyte immunoglobulin-like receptor 1 (LIR-1) also
interacts with conserved regions of HLA antigens (69). The
signaling lymphocytic activation molecule (SLAM) family can
provide NK cells with either activating or inhibitory signals (70).

Binding of inhibitory NKRs to their HLA ligands transduces
intracellular inhibitory signals that generally dominate activating
ones to support tolerance to healthy HLA expressing autologous
cells (5, 71, 72). NK cell education occurs when inhibitory NKR+

NK cells interact with healthy self HLA+ cells during
development. Education prevents auto-reactivity to self-cells
and primes NK cells for activation when they encounter target
cells with reduced levels of HLA ligands as can occur in virus
FIGURE 1 | Killer Immunoglobulin-like Receptor Haplotypes. KIR genes are organized into haplotypes A and B. KIR haplotype A is comprised of four framework
genes present in most KIR haplotypes (KIR3DL3 at the centromeric end, KIR3DL2 at the telomeric end and the pseudogene KIR3DP1 and KIR2DL4 in the middle)
plus genes encoding inhibitory KIRs KIR2DL1, KIR2DL3, KIR3DL1, activating KIR KIR2DS4 and pseudogene KIR2DP1. The more diverse group B haplotypes
include the framework genes with various combinations of genes encoding inhibitory KIRs KIR2DL2, KIR2DL5A/B and activating KIRs KIR2DS1, KIR2DS2, KIR2DS3,
KIR2DS5 and KIR3DS1. Most KIR region haplotypes are composed of one of 3 centromeric and one of 3 telomeric KIR motifs that include combinations of KIR
genes in linkage disequilibrium with each other, which are usually inherited together. The hotspot in the center between the centromeric and telomeric regions allows
for frequent recombination between the two regions. The centromeric region is delimited by the framework genes KIR3DL3 and KIR3DP1 while the telomeric region
is delimited by framework genes KIR2DL4 and KIR3DL2. KIR2DP1 and KIR2DP1 are pseudogenes. CA01 = genes in the centromeric region of KIR haplotype A 1;
CB01 = genes in the centromeric region of KIR haplotype B 1; CB02 = genes in the centromeric region of KIR haplotype B 2; TA01 = genes in the telomeric region
of KIR haplotype A 1; TA02 = genes in the telomeric region of KIR haplotype A 2; TB01 genes in the telomeric region of KIR haplotype B 1.
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infected, transformed and stressed or damaged cells (73)
(Figure 2). NK cell education levels depend on the number of
inhibitory NKR-ligand interactions, inhibitory NKR-ligand
density and the avidity of this interaction, which, in turn,
correlates with the level of activation mature NK cells achieve
when they encounter cells with aberrant HLA expression levels
(2, 59, 74). NKRs are expressed stochastically on overlapping NK
Frontiers in Immunology | www.frontiersin.org 4
cell subsets. Thus, both educated and uneducated NK cells can
co-exist as can NK cells with varied levels of education and
responses to stimulation, due to allelic NKR and HLA variation
(57, 59, 64). The inhibitory NKR+ NK cell subsets unable to
interact with self HLA during development remain uneducated
and are hyporesponsive unless activating signals predominate (4,
60, 75, 76).
A B

FIGURE 2 | Antibody independent NK cell anti-HIV activity. (1) HIV-uninfected CD4+ cells express major histocompatibility complex (MHC) class I antigens (i.e. HLA-
B*57/*27). These MHC class I ligands can interact with the inhibitory Killer Immunoglobulin-like Receptor (KIR) KIR3DL1. (A) When this interaction occurs during NK
cell ontogeny, NK cells are educated to be tolerant to normal self-cells. (B) In HIV infected CD4 cells, Nef (orange circle) downregulates MHC I (i.e. HLA-B*57/*27),
which are ligands for the inhibitory KIR3DL1 (1). Absence of the cell surface ligands for KIR3DL1 abrogates negative signaling through this receptor changing the
balance between negative and positive signals received towards NK cell activation (2) and release of inflammatory cytokines such as tumor necrosis factor a (TNF-a)
and interferon g (IFN-g) and chemokines such as CCL3, CCL4 and CCL5 (3). CCL4 (and CCL3 and CCL5) bind to CCR5, the co-receptor for HIV entry (4), which
blocks the infection of uninfected, bystander CD4+ cells (5).
TABLE 1 | NK Receptor-Ligand Pairs.

Inhibitory receptor-ligand pairs Activating receptor-ligand pairs

Inhibitory
Receptor

Ligand Activating
receptor

Ligand

KIR2DL1 HLA-C2 group (Lys80) KIR2DS1 HLA-C2 group (Lys80)
KIR2DL2/3 HAL-C1 (Asn80) KIR2DS2 HLA-C1 group, with

viral peptide
HLA-C2 group (Lys80)
(variable)

KIR2DL5A/B Unknown KIR2DS3 unknown
KIR2DL3 Unknown KIR2DS5 HLA-C2 (variable)
KIR3DL1 HLA-A and HLA-B allotypes with

Bw4 motifs
KIR3DS1 HLA-F

KIR3DL2 HLA-A*03 and HLA-A*11 KIR2DS4 Subsets of HLA-A*03 and HLA-A*11
NKG2A/CD94 HLA class I signal peptides

presented by HLA-E
KIR2DL4 HLA-G

LILRB1 HLA class I CD16 Immunoglobulin G Fc region
NKp30 B7 family member B7-H6, HLA-B associated transcript 3 (Bat-3)
NKp44 heparan sulfate, proteoglycan, proliferating cell nuclear antigen
NKp46 heparan sulfate, proteoglycan, heparin, vimentin
NKG2C HLA-E complexed with the peptides from the leader sequence of HLA-A, -B, -C, and -G and

Human cytomegalovirus UL40
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KIR/HLA RECEPTOR LIGAND
COMBINATIONS IN HIV CONTROL

Epidemiological studies have identified specific KIR/HLA
combined genotypes that influence the outcome of HIV
infection (12, 13). Inhibitory KIR3DL1 and its activating
KIR3DS1 counterpart are associated with slower time to the
acquired immunodeficiency syndrome (AIDS) (using the 1987
definition for AIDS of the US Centers for Disease Control and
Prevention), time to CD4 counts of >200 cells/mm3, HIV viral
load control and in the case of KIR3DS1 protection against
opportunistic infection late in disease, when co-expressed with
certain Bw4 allotypes (12, 13, 77). In these studies, Bw6
homozygotes with uneducated KIR3DL1+ NK cells served as
controls for the effect of educated KIR3DL1+ NK cells on
HIV outcomes.

The protectiveHLA-B*57 andHLA-B*27 alleles are present in
a higher frequency of controllers than non-controllers (43, 78–
81). The KIR3DL1*h/*y + B*57 genotype encodes at least 1 copy
of a KIR3DL1-high receptor. This combination conferred the
strongest protection against HIV disease progression compared
to Bw6 homozygotes (13). This is consistent with HLA-B*57’s
protective effect on HIV disease outcome not only being due to
its function in restricting CD8+ T cells responses but also to its
role in mediating protective NK cell responses to HIV. While
B*57 is enriched in ECs, most B*57+ PLWH fail to control their
infection and progress to AIDS at a rate indistinguishable from
that seen in PLWH without B*57 (16, 35, 78). A nonsynonymous
variant of the KIR3DL1 (I47V) with a valine rather than an
isoleucine at codon 47 modifies the protection conferred by
B*57:01 but not B*57:03 (82). The rs643347G SNP which
encodes the KIR3DL1 47V variant is associated with EC status,
lower viral loads and higher CD4 counts (82).

The KIR3DL1*l/*x + B*27 combined genotype, where *l/*x
encodes either two copies of KIR3DL1-low receptors or one
KIR3DL1-low and a KIR3DL1*004 null receptor, also confers
protection against HIV disease progression, though the protective
effect is not as strong as the one associated with the KIR3DL1*h/*y +
B*57 genotype combination (13). Other KIR/HLA combinations
associated with slower time to AIDS and lower viral load than seen
in Bw6 homozygotes includeKIR3DL1*004 + Bw4,KIR3DL1*h/*y +
Bw4*80I, KIR3DL1*h/*y + B*27, KIR3DL1*l/*x + B*57 and
KIR3DS1 + Bw4*80I (12, 13).

The involvement of HLA-C in HIV control has been
controversial (16, 83). Some have questioned whether any
influence attributed to HLA-C on HIV control could be
explained by its linkage disequilibrium with protective HLA-B
allotypes such as B*57:01 (80). On the other hand, there is
support for the independent involvement of HLA-C molecules in
HIV-1 infection outcomes (84, 85). GWAS studies found that
SNP rs9264942 located 35 kilobases upstream of the HLA-C
locus was associated with HIV viral load control (42, 43), slower
progression to AIDS (86) and HLA-C cell surface expression
levels in Caucasians (87). The rs9264942 SNP is marking another
SNP, rs67384697 in the 3’ untranslated region of HLA-C,
encoding either guanine or a deleted base pair at codon 263
Frontiers in Immunology | www.frontiersin.org 5
mapping to the 3′ untranslated region of HLA-C that affects the
binding of the microRNA miR-148a to this site (88). Weakly
expressed HLA-C allotypes possess an intact miR-148a binding
site (i.e. a guanine nucleotide at codon 263) while HLA-C
antigens expressed at high levels have a deletion at this site,
which prevents binding of this microRNA (88). Independent
evidence for a causal effect of HLA-C expression levels on HIV
control comes from the correlation between the frequency of
escape mutations in predicted HLA-C epitopes and viral load
(89, 90) and from the strong positive correlation between the
frequency of HLA-C peptide-restricted CTL responses and HLA-
C expression levels (90). It is not clear whether the immune
mechanisms of HIV protection associated with these SNPs
involve NK cells.

Malnati et al. compared Caucasian ECs with undetectable
viral loads and LTNPs with persistent detectable viremia for
genetic markers on chromosome 6 in combination with their
KIR genotypes (91). They found that genotypes encoding HLA-
C2 groups antigens expressed at high cell surface levels, due to
their having HLA-C2 alleles insensitive to miR-148 regulation,
co-carried with telomeric KIR-B haplotype genes encoding
activating KIR3DL1 and KIR2DS receptors were a hallmark of
EC status. In contrast, homozygosity for HLA-Bw4*80I but not
homozygosity for the HLA-C linked rs67384697 243/del SNP
predicted LTNPs status. Classification as an LTNP was not
associated with the presence of telomeric activating KIRs.
These findings implicate a role for activating KIR2DS receptors
in HIV elite control.

The ligand for the inhibitory NKG2A NKR is HLA-E,
stabilized by signal peptides originating from the leader
sequence of HLA-A, -B and -C molecules corresponding to
amino acids -22 to -14 (66, 67, 92) (Table 1). Position 2 of this
signal peptide can be either a methionine (-21M) or a threonine
(-21T) (93, 94). All HLA-A and HLA-C isotypes are -21M, while
HLA-B antigens can be dichotomized into -21M or -21T variants
(94). The HLA-B -21 M/T variant distinguishes two types of
HLA haplotypes, each having distinct influences on NK cell
education. HLA-B -21M variants contribute more effectively to
NKG2A mediated education while HLA-B -21T variants
preferentially contribute to education through inhibitory KIRs
(94). As HLA-B -21M and HLA-Bw6/HLA-C1 are in linkage
disequilibrium, the HLA antigens encoded by -21M HLA-B
haplotypes are usually HLA-Bw6 positive, which does not
interact with KIR3DL1 and HLA-C1 antigens are often
expressed at low cell surface densities and interact with
KIR2DL2/3 with lower avidities than do HLA-C2 with
KIR2DL1, consequently affecting the potency of NK cell
education and NK cell activation upon missing-self recognition.

HLA-A expression levels vary from one allotype to another
(95). A higher density of HLA-A expression is associated with
worse prognosis in PLWH (95). HLA-A expression levels
distinguish ECs from non-controllers (95). HLA haplotypes
that carry HLA-B -21M and high expression HLA-A alleles
encode HLA antigens that preferentially provide epitopes that
stabilize cell surface HLA-E expression, augmenting its cell
surface expression, such as on HIV infected cells; this biases
May 2022 | Volume 13 | Article 879124
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NK cell education through inhibitory NKG2A (94). Once
NKG2A+ NK cells, educated in this manner, encounter HIV
infected cells expressing high levels of HLA-E, inhibition of NK
cell effector function ensues, which negatively impacts HIV
control (13, 95).

In adult HIV infection, the most important immunogenetic
factors contributing to time to AIDS and HIV viral load are the
protective and disease-susceptible HLA-B allotypes (37, 42, 96,
97). Several KIR3DL1 + Bw4 combinations also contribute to
more favorable HIV outcomes in adults (13, 98). In contrast, in
untreated pediatric HIV infection, the HLA-B antigens that are
protective in adults do not significantly contribute to HIV
outcomes (98). A study performed on >300 children from sub-
Saharan Africa classified children as progressors, slow
progressors who were viral non-controllers and slow
progressors who were viral controllers. This classification was
based on how old the children were when they reached pre-
determined CD4 count criteria to start ART if this occurred after
five years of age and whether their plasma viral load was <10,000
versus >10,000 RNA copies/ml plasma (98). Carriage of Bw4 and
low expression HLA-A alleles were strongly associated with HIV
control and slow HIV disease progression in this pediatric cohort
(98, 99). As carriage of KIR3DS1 is rare in many African
populations, Bw4 is likely co-expressed with KIR3DL1, which
educates these NK cells. The viral controller children, compared
to the other pediatric groups, were likely to be controlling HIV
through NK cell responses using a KIR based education program.
LINKS BETWEEN KIR/HLA GENOTYPES
AND NK CELL FUNCTIONAL POTENTIAL

When HLA-null cells such as 721.221 and K562 cells stimulate
NK cells, negative signaling through inhibitory KIRs is abrogated
while signals through activating receptors binding their ligands
on HLA-null cells persist. In this scenario, NK cells are activated
in accordance with the potency with which they were educated,
revealing their functional potential. HLA-null cell stimulation of
NK cells from carriers of the KIR3DL1-high + HLA-B*57
genotype combination activates a higher frequency of NK cells
to secrete IFN-g, the chemokine CC motif ligand 4 (CCL4) and
externalize the degranulation marker CD107a than NK cells
from carriers of other KIR3DL1/HLA combinations or from
Bw6 homozygotes (100). This is the case for NK cells from
both HIV uninfected persons (100) and from PLWH (101). It
should be noted, however, that HIV infection has a negative
impact on NK cell functionality, though NK cells from
controllers have higher functional potential than those from
non-controllers (102–106).

NK cells from individuals carrying the KIR3DL1 + HLA-B*27
and KIR3DL1*004 + HLA-Bw4 genotype combinations had
higher functional potential when stimulated with HLA-null
cells than those from Bw6 homozygotes (107, 108). The latter
finding suggests that the KIR3DL1-null allotype KIR3DLI*004,
while not expressed on the surface of NK cells, does support NK
cell education (109, 110). Korner et al. showed a similar pattern
Frontiers in Immunology | www.frontiersin.org 6
of responses to HLA-null cells for KIR2DL+ NK cells (111). A
higher frequency of NK cells educated though KIR2DL1 and
KIR2DL3 than their uneducated counterparts responded HLA-
null 721.221 cell stimulation by secreting tumor necrosis factor
alpha (TNF-a) and externalizing CD107a (111).
KIR/HLA GENOTYPES INFLUENCE
RESPONSES TO AUTOLOGOUS HIV
INFECTED CD4 T CELLS

The HIV negative regulatory factor (Nef) and the viral protein U
(Vpu) are HIV encoded accessory protein with several functions,
including the ability to down-modulate HLA-A, -B and -C from
the surface of HIV infected cells (112–116). Most HIV isolates
can reduce the levels of HLA-A and -B expression while HIV
isolates differ in their ability to downmodulate HLA-C (111, 112,
114, 117). The lower HLA antigen expression levels on infected
CD4 cells reduces signaling through inhibitory NKRs on
autologous educated NK cells, which leads to their activation
(112, 114). NK cells, activated by missing-self recognition of
autologous HIV infected cells, control HIV replication, at least in
part, by secreting soluble CCL3, CCL4, and CCL5, which binds
the C-C chemokine receptor 5 (CCR5), the co-receptor for HIV
entry, thus blocking the infection of new HIV susceptible CD4
target cells (118, 119).

Inhibitory KIR+ NK cells educated through interactions with
their HLA ligands on neighboring cells have higher responses to
autologous HIV-infected CD4 cells than their uneducated
counterparts. This can be observed by gating on NK cells
expressing a single inhibitory KIR by flow cytometry. The
frequency of single positive KIR3DL1 NK cells secreting IFN-g,
CCL4 and externalizing CD107a, all of which have anti-HIV
activity is higher in educated, than uneducated, KIR3DL1+ NK
cells responding to autologous HIV-infected CD4 cells
stimulation (117). Expression levels of both the KIR3DL1
receptor and its HLA-B ligand and their binding affinity
influence single positive KIR3DL1+ NK cell education potency
and responsiveness to autologous HIV-infected CD4 cells (59,
117). For example, NK cells from KIR3DL1-high + HLA-B*57
carriers have a superior ability to inhibit HIV replication in
autologous infected CD4 cells compared to carriers of other KIR/
HLA combinations and Bw6 homozygotes (118).

Carriage of the KIR3DS1 + HLA-Bw4*80I allele combination,
associated with slower time to AIDS produces NK cells with a
superior ability to suppress HIV replication in autologous HIV-
infected CD4 cells compared to carriers of either the receptor or
ligand alone or neither (12, 77, 120). Direct evidence for an
interaction between KIR3DS1 and most HLA-Bw4*80I antigens
is lacking with the exception of one report showing that
KIR3DS1 interacted with HLA-B*57, if certain HIV peptides
were present (121–124). KIR3DS1 binds the open conformation
of the non-classical MHC class Ib antigen, HLA-F (121). NK cells
stimulated by the HLA-F expressing HLA-null cell line, 721.221
and autologous HIV-infected CD4 cells, stimulated a higher
frequency of NK cells to produce IFN-g, CCL4 and CD107a
May 2022 | Volume 13 | Article 879124

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bernard et al. NK Cells in HIV Control
than control non-HLA-F expressing stimuli (121, 125, 126).
Blocking this interaction with either antibodies to HLA-F or
KIR3DS1-Fc chimeric proteins significantly reduced KIR3DS1+

NK cell activation. Further investigations are needed to
understand the anti-viral activity of KIR3DS1+ NK cells from
individuals who are HLA-B*80I+ given that interactions between
this receptor and ligand pair have been challenging to
demonstrate experimentally.

NK cell education through HLA-C ligand/inhibitory KIR2DL
receptor interactions, also contribute to responsiveness to
autologous HIV infected cells. As was the case for single
positive KIR3DL1 NK cells, a higher frequency of educated
than uneducated single positive KIR2DL1, KIR2DL2 and
KIR2DL3 NK cells responded to autologous HIV-infected CD4
cells by producing IFN-g, CCL4 and CD107a with the strongest
effect seen for CCL4 secretion (117). Similar results were
observed for KIR2DL1+ and KIR2DL3+ NK cells responding to
co-cultured autologous HIV infected cells, using inhibition of
viral replication as a read out. Educated NK KIR2DL1+ and
KIR2DL3+ cells also had a superior ability, compared to their
uneducated counterparts, to reduce viral load levels in these co-
cultures (111).

In summary, NK cell interactions with autologous HIV-
infected CD4 cells stimulate a higher frequency of educated
than uneducated NK cells to elicit functions that control HIV.
The frequency of NK cells secreting CCL4 appears to be
particularly important in discriminating inhibitory KIR/HLA
combinations with variations in education potency (117).
Larger study populations will be required to determine
whether individual protective HLA alleles identified in
epidemiological studies and by GWAS educate NK cells for
anti-HIV activity, as was observed for HLA-null cell
stimulation of NK cell (13, 42, 43, 100, 101, 117).
ASSOCIATION BETWEEN NK CELL
ACTIVITY AND THE HIV RESERVOIR SIZE

The KIR/HLA combinations discussed above educate NK cells,
which then respond to autologous HIV infected cells with
reduced cell surface HLA levels by stimulating functions that
control HIV. HIV control is assessed by measuring viral load in
supernatant, the frequency of activated NK cells producing anti-
HIV functions and the frequency of HIV infected cells in NK
cell/HIV infected cell co-cultures. PLWH have proviral DNA
integrated into long-lived HIV reservoirs, which are an obstacle
to viral clearance and HIV cure (127). ECs who exhibit the
features of a functional HIV cure, are distinguished from
successfully treated PLWH by having smaller HIV viral
reservoirs (128). The size of the HIV proviral reservoir is
thought to reflect immune mechanisms that contain HIV
replication. What these mechanisms are is an active area of
investigation. There is some evidence that NK cell subsets play a
role in shaping the size of the integrated HIV DNA reservoir.

Using mass cytometry to measure the expression of twenty-
four cell surface markers on peripheral NK cells, two machine
Frontiers in Immunology | www.frontiersin.org 7
learning approaches were used to identify NK cell
subpopulations that distinguished ECs from untreated, viremic,
non-controllers and that correlated with the size of integrated
HIV DNA reservoir. The frequency of the CD11b+, CD57-,
CD161+, Siglec-7+ subset of CD56dim CD16+ NK cells was
significantly more abundant in ECs and HIV uninfected
controls than in untreated, viremic non-controllers and
correlated with cell associated proviral HIV DNA levels (129).
These markers identify highly active, partially mature, cytotoxic
NK cells with proliferative capacity and responsiveness to
cytokines such as IL-12/IL-18. This NK cell sub-population
had an enhanced ability to respond to IL-12/IL-18 stimulation
by secreting IFN-g and to HLA-null cell stimulation by
externalization of CD107a compared to CD11b-, CD161- or
Siglec-7- CD56dim CD16+ NK cells (129). The activity of this
subpopulation may be contributing to HIV control in
untreated ECs.

Marras et al. investigated NK cell functional features that were
inversely correlated with total and integrated HIV DNA copy
number in circulating CD4 T cells (128). The higher the
frequency of NK cells induced to secrete IFN-g following IL-2
and IL-15 stimulation and the higher the induction of activating
NKp30/NKp46 natural cytotoxicity receptors over baseline by
IL-2, the smaller the HIV reservoir size. The fold increase over
background in induced NKp30/NKp46 expression positively
correlated with the cytotoxic potential of these NK cells. NK
cells from controllers and treated non-controller PLWH differed
in the transcriptional program of their IL-2 induced NK cells.
The functional pathways induced in NK cells from controllers
upon IL-2 stimulation involved IFN-g, IL-2/IL-12 and TNF-a
signaling pathways, the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) pathway, lysosome
signaling and cytolysis. Activated NK cells from controllers,
but not from treated PLWH, dramatically suppressed viral
replication and reduced levels of integrated HIV DNA in NK
cell/infected CD4 T cell co-cultures (128). The control of HIV
DNA copies observed predominantly in ECs supports a role for
in vivo NK cell function in this control, even when these NK cells
fail to control viral load and HIV replication.
ANTIBODY DEPENDENT NK CELL
ACTIVITY IN HIV CONTROL

Most CD56dim NK cells express the activating immunoglobulin
fragment crystallizable (Fc) gamma III a receptor, FcRgIIIa or
CD16, that binds the Fc portion of immunoglobulin G (IgG),
particularly to IgG1 and IgG3 subtypes (130). The antibody’s
antigen binding site interacts specifically with antigens, such as
those on the surface of target cells while the antibody Fc region
binds and cross-links CD16 on NK cells. Antibodies thus form a
bridge between NK cells and target cells, which activates NK cells
to secrete cytokines, chemokines and to externalize CD107a,
which are measured by AD NK cell activation (ADNKA). ADCC
measures the cytolysis arising from the activation of NK cells
through this interaction. Although other cell types such as
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macrophages, resident monocytes, neutrophils and eosinophils
can also mediate ADCC, NK cells are considered the most
important cell type mediating this activity.

Antibody binding to CD16 can be modified by glycosylation
patterns with afucosylated antibodies having the strongest
affinity for CD16 (131, 132). There can be regulation of ADCC
activity at the effector cell level since there are two major allelic
variants of CD16, which are distinguished by a SNP that affects
ADCC activity (133, 134). A valine at amino acid 158 of CD16
confers enhanced affinity for IgG1 and IgG3 compared to a
phenylalanine at this position (130). Individuals expressing the
V158 variant have enhanced ADCC activity (135).

Methodological Considerations –
Antibodies, Target Cells and ADCC/
ADNKA Assays
AD functional assays targeting HIV infected cells depend on the
presence of antibodies specific for HIV Envelope, the only gene
product expressed on the surface of infected cells and virions
(136). Anti-HIV Envelope-specific antibodies are present in all
PLWH as well as in recipients of vaccines that include Envelope
gp120 antigens in the vaccine regimen (137–141). Most assays
measuring the ADCC competence of antibodies in PLWH use
either CD4+ CEM.NKR.CCR5 (CEM) cells coated with
monomeric recombinant HIV Envelope gp120 (142–151) or
HIV-infected cells (152–155) as target cells. In both cases,
CD4-induced (CD4i) epitopes that are normally hidden within
the native trimeric Envelope expressed on genuinely HIV
infected cells are exposed while the CD4 binding site (CD4bs)
epitopes are occluded by binding CD4 expressed on coated cells
Frontiers in Immunology | www.frontiersin.org 8
CEM cells or on uninfected CD4 bystander cells present in the
same culture as infected CD4 cells (156). The Envelope’s CD4bs
epitopes are highly conserved and antibodies to this epitope are
among the most potent broadly neutralizing antibodies
(Figure 3). HIV Envelope gp120-CD4 interactions produce an
open Envelope conformation exposing CD4i epitopes that are
hidden in trimeric closed conformation HIV Envelope (140,
157). CD4i epitopes are exposed on gp120-coated target cells and
bystander CD4+ cells that have bound gp120 shed from co-
cultured HIV infected cells (156, 158). The open Envelope
conformation is recognized by antibodies to CD4i epitopes
such as A32, some broadly neutralizing antibodies but not by
most broadly neutralizing antibodies (154–156). Since gp120-
coated CEM cells are not infected, the HIV Envelope, Nef and
Vpu are absent. The Fc portion of antibodies to the CD4i epitope
binds the activating NK cell receptor, CD16, which activates NK
cells to secrete cytokine, chemokines and externalize lytic
granules to kill target cells by ADCC. In infected cells, HIV
Nef and Vpu downmodulate CD4 preventing it from interacting
with HIV Envelope (159). The Envelope is thus presented on the
surface of HIV infected cells in its closed conformation (155,
156). Most broadly neutralizing antibodies recognize the closed
Envelope conformation while antibodies to the CD4i epitope do
not (155, 156). The Fc portion of Envelope bound antibodies
bind CD16 to activate NK cells to secrete cytokine, chemokines
and lytic granules to kill target cells by ADCC. We generated
HIV-infected CEM cells that were sorted to exclude uninfected
bystander cells. The advantage of using these sorted, infected
CEM (siCEM) cells as target cells is that they express Envelope in
a closed conformation that resembles what is present on
A B

FIGURE 3 | Comparison of ADCC using target cells coated with HIV Envelope gp120 versus Envelope on HIV infected cells. (A) HIV Envelope gp120-CD4
interactions produce an open Envelope conformation exposing CD4 induced (CD4i) epitopes that are hidden in trimeric closed conformation HIV Envelope. This
occurs when target cells are gp120-coated cells or bystander CD4+ cells binding gp120 shed from co-cultured HIV infected cells. This conformation can be
recognized by antibodies to CD4i epitopes (shown in blue), some broadly neutralizing antibodies (BnAbs, shown in black) but not by most BnAbs (shown in red). In
gp120-coated cells, the HIV proteins Envelope (green), Nef (orange circle) and Vpu (light blue circle) are absent. The Fc portion of antibodies to the CD4i epitope bind
the activating NK cell receptor, CD16/FcR, which activates NK cells to secrete cytokine, chemokines and lytic granules to kill target cells by ADCC. (B) Nef and Vpu
encoded by HIV downmodulate CD4 preventing CD4 from interacting with HIV Envelope. The Envelope is thus presented on the surface of HIV infected cells is its
closed conformation. BnAs shown in red and black recognize this closed Envelope conformation while antibodies to the CD4i epitope shown in blue do not. The Fc
portion of Envelope bound antibodies binds CD16/FcR to activate NK cells to secrete cytokine, chemokines and lytic granules to kill target cells by ADCC.
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genuinely HIV-infected cells in which the CD4i epitope is hidden
and CD4bs epitopes are exposed (155) (Figure 3). Head-to-head
comparisons of ADCC assay results using gp120-coated CEM
and siCEM cells correlate with each other. However, the
abundance of antibodies specific for gp120 on coated CEM
cells is 7-fold or more, higher than that of antibodies specific
for the closed Envelope conformation on siCEM cells (155, 160).

A plethora of assays have been developed to measure ADCC
activity. The earliest assays used was 51Chromium release from
gp120-coated target as a read out for ADCC activity. Some of the
disadvantages of the 51Chromium release assay include the use of
radioisotopes and challenges related to the quantification of
target cell death. Using 51Chromium release assays, plasma
from controllers and untreated, viremic non-controllers bound
similarly to a panel of HIV Envelope antigens. Higher ADCC
activity was detected in plasma from controllers that non-
controllers using gp120-coated CEM cells (146). The flow
cytometry-based rapid and fluorometric ADCC (RFADCC)
assay has been widely used to measure ADCC activity (161).
This assay measures the loss of carboxyfluorescein succinimidyl
esther dye from gp120-coated CEM target cells also stained with
the lipophilic membrane dye, PKH-26 (161). The RFADCC
assay was eventually shown to measure monocyte mediated
AD cellular trogocytosis (ADCT) rather than NK cell mediated
ADCC activity as it detected the uptake of PKH-26-stained
membranes from the target cells by monocyte effector cells
(162) . The high throughput , flow cytometry-based
GranToxiLux assay measures the frequency of target cells that
have taken up granzyme B released from activated NK cells
(163). ADCC activity can also be evaluated by measuring the
disappearance of live HIV-infected p24+ target cells by flow
cytometry, or decreased luciferase activity when target cells are
infected with luciferase-based HIV constructs, or more directly,
by measuring apoptosis induction in target cells (139, 140, 154,
155, 164–167). The ADNKA assay measures NK cell activation
for secretion of IFN-g and externalization of CD107a; in some
assays, secretion of TNF-a and/or CCL4 are also measured
(105, 168).
ADCC AND ADNKA ACTIVITY IN
HIV CONTROL

Madhavi et al. compared plasma from 22 controllers and 44
untreated, viremic non-controllers using several ADCC and
ADNKA assays (147). Controllers, compared to untreated,
viremic non-controllers, had higher levels of gp120-specific
antibodies capable of 1) binding CD16, 2) inducing IFN-g
secretion and/or CD107a externalization from NK cells in an
ADNKA assay and 3) generating granzyme B positive Envelope
gp140-coated CEM cells using the GranToxiLux assay (147). The
higher level of ADCC activity in plasma from controllers than in
untreated, viremic non-controllers measured using the
GranToxiLux assay was confirmed by others (163, 169).

In contrast, Ackerman et al. compared ECs VCs, untreated,
viremic non-controllers and treated non-controllers in chronic
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phase infection for antibodies binding to gp120-coated beads, for
activity in the RFADCC assay and for ADNKA activity using
gp120-coated CEM cells opsonized with IgG isolated from study
subject plasma to stimulate NK cells (142). The titer of plasma
anti-gp120 IgG was lower in ECs than that in VCs and untreated,
viremic non-controllers. No between-group differences were
observed in the RFADCC and ADNKA assays, with the
exception that ECs, compared to VCs, had lower activity in the
RFADCC assay and a lower frequency of NK cells secreting
CCL4 (142). To our knowledge, these functional results were not
normalized to the concentration of gp120-specific antibodies
present in each of the samples tested.

Using a different study population meeting the same
classification criteria, Kant et al. evaluated the concentration of
anti-gp120- (using gp120 coated CEM target cells) and anti-
Envelope- specific antibodies (using siCEM target cells) in
plasma from PLWH. ADCC activity was evaluated using an
assay that measured target cell apoptosis, which correlates with
target cell cytolysis (138, 155, 170). The concentration of
antibodies in plasma from ECs, VCs and untreated, viremic
non-controllers that bound gp120-coated CEM cells and
Envelope on siCEM cells was similar and higher than the
concentration of these antibodies in treated non-controllers.
This was also the case for ADCC activity (155). When ADCC
assay results were normalized to the concentration of anti-
gp120- and anti-Envelope-specific antibodies in each plasma
sample, all between-group differences fell below the level of
significance. This finding suggested that between-group
differences in ADCC competent antibodies were driven by
differences in the concentration of the antibodies in plasma
able to bind the closed conformation of HIV Envelope on
siCEM cells. Thus, the four subject groups did not differ from
each other in their per-anti-Envelope-specific antibody ADCC
potency (138). Of particular interest, ECs and VCs with an HIV
reservoir size that was below the limit of detection had
significantly higher normalized ADCC activity measurements
than those with a detectable HIV reservoir size, implicating a role
for ADCC activity in HIV reservoir size control (138). Others
have reported that production of IFN-g by NK cells was
associated with lower viral load (171–174) and lower HIV
reservoir size (128).

More recent studies have expanded the AD functions tested to
include AD cellular phagocytosis (ADCP), AD neutrophil
phagocytosis (ADNP), AD complement deposition (ADCD),
and ADCT in addition to ADNKA in one study (142) and
ADCP, ADCT and ADCD in another (138). Comparisons of
these activities in ECs, VCs, untreated, viremic non-controllers
and treated non-controllers found minor between-group
differences in ADCD and CCL4 secretion (142). As for ADCC
activity, plasma from ECs, VCs and untreated, viremic non-
controllers generated higher levels of ADCP, ADCT and ADCD
activity than plasma from treated non-controllers (138).
Between-group differences were lost upon normalizing these
values to the concentration of anti-gp120-specific antibodies
for ADCP, and anti-Envelope-specific antibodies for ADCT
and ADCD. One clear difference in the patterns of anti-gp120-
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and anti-Envelope-specific antibodies and in AD functions
detected in ECs, VCs, untreated, viremic non-controllers and
treated non-controllers was that they were highly correlated with
each other in ECs but not in the other groups (138, 142).

A systems serology approach to assess antibody features
associated with HIV control included assessments of the
antibody specificity to a panel of HIV protein variants, the
ability of these antibodies to recruit innate immune cells by
determining their titer, Ig class and subclass, antibody Fc
glycosylation patterns, antibody binding to Fc gamma
receptors, lectin binding properties and AD functionality (175).
Anti-HIV-specific antibodies with bisected glycoforms were
enriched in ECs compared to untreated, viremic progressors.
Gp120-specific antibodies with these glycosylation patterns have
a greater capacity to bind CD16 and mediate ADCC. Antibodies
specific for HIV p24 were enriched in ECs compared with treated
non-controllers as were Fc gamma receptor ligating antibodies to
internal HIV gene products other than HIV capsid (175). These
observations confirmed previous findings but have the potential
to identify novel features of humoral immunity that differentiate
ECs from non-controllers, whether on-ART or not. The interest
of applying systems serology approaches to compare controllers
to non-controllers is its potential to generate new information on
what antibody features define functionally potent immunity and
to contribute to the identification of mechanisms that correlate
with potent AD effector function.
ROLE OF NK CELL EDUCATION IN ADCC
AND ADNKA ACTIVITY

Although many reports refer to ADNKA and ADCC activity
interchangeably, the former measures NK effector cell
Frontiers in Immunology | www.frontiersin.org 10
activation while the later measures the consequences of NK
cell activation at the target cell level (Figure 4). The role NK
cell education in ADCC and ADNKA activity was investigated.
ADCC activity was measured using a GranToxiLux assay that
assessed the frequency of granzyme B positive gp120-coated
CEM target cells opsonized with the same source of
antibodies recognizing HIV gp120. The effector cells were
NK cells negatively sorted for a single inhibitory KIR
that originated from subjects expressing, or not, HLA
antigens able to educate NK cells that expressed the
inhibitory KIR being sorted for. No differences were
observed between educated and uneducated NK cells isolated
for a single inhibitory KIR. This was the case for KIR3DL1,
KIR2DL1 and KIR2DL2. This finding suggested that education
does not play an important role in ADCC activity (176, 177).
The reason for this may be due to signaling through the CD16
activating receptor overwhelming any effect on NK cell
responsiveness resulting from NK cell education. ADNKA
activity was measured as the frequency of NK cells positive
for IFN-g, CCL4 and/or CD107a following stimulation by
opsonized gp120-coated CEM cells. Unlike ADCC activity, a
consistently higher frequency of educated, than uneducated,
NK cells responded to this stimulus (176). Together these
results underline important differences in these two NK cell
functions, which are often referred to interchangeably in the
literature (178).
ADAPTIVE NK CELLS IN HIV VIRAL
CONTROL

Human cytomegalovirus (HCMV) infection expands a
population of NK cells with adaptive-like features (8). These
FIGURE 4 | ADNKA and ADCC activity. Nef- and Vpu-mediated downregulation of cell surface CD4 prevents the interaction of CD4 with HIV Envelope leaving it in a
closed trimeric conformation on the HIV infected cell surface. The antigen combining site of BnAbs (shown in red) bind this Envelope conformation while the Fc
region of the BnAbs bind the activating receptor CD16/FcR on NK cells. ADNKA assesses the secretion of inflammatory cytokines such as TNF-a (green) and IFN-g
(red), and expression of the degranulation marker CD107a (purple) from NK effector cells (left) whereas ADCC assesses the cytopathic effects of cytolytic granules
containing perforin and granzyme B released by NK cells on antibody opsonized target cells (right).
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adaptive NK (adapNK) cells express the activating receptor,
NKG2C, which belongs to the C-type lectin family (179). The
NKG2C activating receptor, like its inhibitory counterpart,
NKG2A, is expressed as a heterodimer with CD94 (180). The
ligand for NKG2C and NKG2A is HLA-E, a nonclassical MHC
class Ib antigen cell surface stabilized by peptides derived from
leader sequence of classical MHC class I antigens, the
nonclassical MHC Ib HLA-G antigen or epitopes derived
from the HCMV encoded viral protein UL40 (Table 1) (66,
68, 181). The interaction of NKG2C with its ligand transmits
signals that activate cells expressing this receptor (66, 182).
AdapNK cells undergo DNA methylation-dependent
epigenetic modifications, which distinguish them from
conventional NK cells and influence their functionality
(183, 184).

Some individuals do not express cell surface NKG2C due
to a homozygous deletion of approximately 16 kb that
includes the nkg2c gene encoding NKG2C (185, 186). In
several Caucasian populations, a Japanese and a Tanzanian
cohort, the frequency of the NKG2C deletion allele is close to
20% with a homozygous deletion genotype frequency of
approximately 4% (186–189). Several studies have questioned
whether NKG2C+ cells play a role in HIV viral control
in PLWH.

Treatment-naive viral load set point is associated with the
rate of HIV disease progression, as measured by time to CD4
counts of <200/mm3, AIDS, and death (190, 191). Thomas
et al. found a positive correlation between HIV viral load and
the proportion of NKG2C+ NK cells enumerated at the same
time viral load was assessed in a group of 6 NKG2C+/+ PLWH
(192). HCMV status was not assessed in these individuals,
which would influence the frequency of NKG2C+ NK cells.
However, most PLWH are HCMV co-infected (193). Ma et al.
found a negative correlation between the percentage of
NKG2C+ NK cells and concurrent viral load in 22 treatment-
naive PLWH infected for at least 120 days, which
corresponded to the viral load set point (194). Gondois-Rey
et al. also found a negative correlation between the percentage
of NKG2C+ NK cells and concurrent viral load in 18
treatment-naive PLWH tested at time points in acute/early
HIV infection (172). Alsulami et al. assessed the pre-treatment
viral load set point in 160 NKG2C+/+, 83 NKG2C+/-, and 6
NKG2-/- PLWH. They found that HIV viral load set points
were similar in carriers of the three NKG2C genotypes (137).
They also correlated plasma viral load in 43 HCMV
seropositive PLWH with the frequency of NKG2C+ CD56dim

NK cells and the intensity of NKG2C expression on these cells.
Neither the percentage of NKG2C+ CD56dim NK cells nor the
intensity of NKG2C expression on these cells was significantly
correlated with viral load set point when all observations were
considered together or when results were stratified according
to NKG2C genotype. The later results suggest no association
between the frequency of NKG2C+ NK cells or the intensity of
NKG2C expression on NK cells with viral load control.
However, as there are inconsistencies in this finding these
results need to be confirmed.
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A ROLE FOR NK CELLS IN VACCINE
RESPONSES ABLE TO CONTROL HIV

The only HIV vaccine trial to show significant though modest
efficacy against HIV infection was the RV144 HIV vaccine trial
(195). Correlates of protection analyses revealed that vaccine
induced antibodies able to bind HIV Envelope structures and
support NK cell mediated ADCC activity were associated with
protection from HIV infection (196). However, a similar vaccine
strategy used in a South African population, which induced
similar immune responses failed to show efficacy in preventing
HIV infection (197). This highlights the importance of
investigating strategies that can improve the efficacy of vaccine
induced immune responses. ECs spontaneously control HIV
without treatment. ECs, compared to non-controllers, are more
likely to have polyfunctional HIV-specific T cell responses and
highly correlated polyfunctional anti-Envelope antibody
dependent activity (32, 142, 170). The RV144 trial provides an
example of a role for NK cells in protection from HIV infection
while immune responses distinguishing ECs from non-controller
implicate a role for NK cells in HIV control.

Early in an immune response, NK cells secrete cytokines and
chemokines such as IFN-g, TNF-a, CCL3, CCL4 and CCL5 and
granulocyte‐macrophage colony-stimulating factor (198). These
secreted factors contribute to recruiting and activating antigen
presenting cells such as dendritic cells, which in turn induce
adaptive immunity (199). IFN-g derived from NK cells can
promote type 1 T helper cell differentiation and stimulate
isotype class switching in B cells (200, 201). Designing vaccines
able to harness the activity of NK cells may be able to improve
the induction of adaptive immune responses able to exert HIV
control (202), generate innate immune memory (203), and
collaborate with other vaccine induced immune responses to
increase the prophylactic and therapeutic potential of HIV
vaccines (204). The incorporation of novel adjuvants into
vaccine formulations may induce NK cell activities that
increase adaptive immune responses (205–208).

Most PLWH are also HCMV co-infected (193). CMV
infection drives the expansion of adaptive-like NK cells
expressing NKG2C and/or that are negative for the FcRg
signaling molecule. These adaptive-like NK cells have
epigenetic changes that confer AD effector functions such as
IFN-g secretion and ADCC activity that is superior to that seen
in conventional NK cells (8, 183, 184, 209, 210). Vaccines
designed to induce adaptive-like NK cells together with HIV-
specific antibodies would be an interesting strategy to consider
for controlling several pathogens including HIV and HCMV.

However, NK cells can also negatively regulate immune
responses through their cytolytic activity. NK cell mediated
cytolysis can reduce vaccine antigen persistence, eradicate
responding T cells, suppress the establishment of adaptive
memory and block the evolution of antibody responses (199,
211, 212). The dichotomous activity of NK cells adds complexity
to targeting these cells through vaccination. Future investigations
will need to consider this issue when designing vaccines targeting
NK cells.
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CONCLUDING REMARKS AND
FUTURE DIRECTIONS

Although HIV-specific CD8 T cell responses play a predominant
role in HIV control, particularly in adults, there is accumulating
and compelling evidence from epidemiological, genetic and
functional studies that educated NK cells also contribute to HIV
control. In fact, in children, NK cells educated through inhibitory
KIR play a more important role than CD8 responses restricted by
protective HLA allotype. Certain NK cell subsets are also
associated with EC status through less well-defined mechanisms.

A survey of the literature on AD activities in controllers (ECs,
VCs) compared to untreated, viremic non-controllers and in
some cases treated non-controllers has revealed few consistent
patterns of AD functions associated with control other than ECs
having more coordinated AD functions than other groups of
PLWH. The discrepancies in whether and how AD activities
differ in these groups of PLWH may be due to the assays used,
what they measure and how results are analyzed. Quantification
of antibodies specific for gp120 on coated CEM cells or specific
for Envelope on siCEM cells and using these values to normalize
AD function results should be applied. The reason for this is that
the titer of antibodies specific for monomeric gp120 and trimeric
Envelope vary from person to person. ECs, VCs, and untreated,
viremic non-controllers have higher titers of these antibodies
than do treated non-controllers. The observation that ECs and
VCs with undetectable HIV DNA reservoir sizes in circulating
CD4+ T cells have higher levels of ADCC activity than in ECs
and VCs with measurable HIV reservoir sizes supports a role for
ADCC in HIV control at the HIV reservoir level.

As innate immune cells, NK cells are primed to participate in
anti-viral responses and exert antibody independent anti-viral
activity at the earliest times post infection and certainly earlier
than anti-viral T cell activity can be induced. NK cells can only
exercise anti-viral functions through ADCC and ADNKA once
antibodies specific for HIV gp120/Envelope appear. Future
research should more thoroughly evaluate whether antibody
independent NK cell responses are more likely to contribute to
the functional HIV cure phenotype exhibited by ECs than AD
activities. Future investigations of the anti-HIV activity of NK cells
should include the evaluation of HIV reservoir size in addition to
viral load in plasma and co-cultures, viral replication, and the
frequency of circulating HIV infected cells. It is important at this
time to remain open to the possibility that multiple NK cell
dependent mechanisms may be involved in HIV control in ECs.
Frontiers in Immunology | www.frontiersin.org 12
An interesting feature of ECs, compared to treated PLWH, is
their ability to maintain high levels of potent anti-gp120- and
anti-Envelope-specific antibodies with ADNKA/ADCC
functionality in the absence of detectable viremia. Initiation of
ART in untreated, viremic non-controllers leads to a decline in
HIV-specific immune responses as seen in treated non-
controllers (170). This may in part be due to the higher levels
of gp-120/Envelope-specific memory B cells maintained in ECs
compared to treated PLWH (213–215). This would be an
important area for further investigation.

There are many challenges to these studies. Controllers,
particularly ECs, are a rare subset of PLWH, impeding
recruitment of large EC populations. Furthermore, is has
become clear that ECs are a heterogeneous population further
hampering the recruitment of homogeneous populations for
investigation. There are discrepancies from one cohort to
another in how controllers are defined in terms of their viral
load cut offs, CD4 counts, length of follow up, among other
parameters. The wide range of assays used to measure AD
functions, the target cells used to measure ADCC activity and
the use of ADCC and ADNKA interchangeably likely also
contribute to discrepant results between studies. Overall, the
assays used to assess NK cell mediated AD functionality require
further standardization in order to better elucidate the role of NK
cells in mediating HIV control.
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Quebec-Santé (FRQ-S) AIDS and Infectious Diseases
Network grant.
REFERENCES
1. Trinchieri G. Biology of Natural Killer Cells. Adv Immunol (1989) 47:187–

376. doi: 10.1016/S0065-2776(08)60664-1
2. Boudreau JE, Hsu KC. Natural Killer Cell Education and the Response to

Infection and Cancer Therapy: Stay Tuned. Trends Immunol (2018) 39
(3):222–39. doi: 10.1016/j.it.2017.12.001

3. Brodin P, Karre K, Hoglund P. Nk Cell Education: Not an on-Off Switch But
a Tunable Rheostat. Trends Immunol (2009) 30(4):143–9. doi: 10.1016/
j.it.2009.01.006
4. Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song YJ, Yang L, et al.
Licensing of Natural Killer Cells by Host Major Histocompatibility Complex
Class I Molecules. Nature (2005) 436(7051):709–13. doi: 10.1038/nature03847

5. Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. Controlling Natural
Killer Cell Responses: Integration of Signals for Activation and Inhibition.
Annu Rev Immunol (2013) 31:227–58. doi: 10.1146/annurev-immunol-
020711-075005

6. Munz C, Steinman RM, Fujii S. Dendritic Cell Maturation by Innate
Lymphocytes: Coordinated Stimulation of Innate and Adaptive Immunity.
J Exp Med (2005) 202(2):203–7. doi: 10.1084/jem.20050810
May 2022 | Volume 13 | Article 879124

https://doi.org/10.1016/S0065-2776(08)60664-1
https://doi.org/10.1016/j.it.2017.12.001
https://doi.org/10.1016/j.it.2009.01.006
https://doi.org/10.1016/j.it.2009.01.006
https://doi.org/10.1038/nature03847
https://doi.org/10.1146/annurev-immunol-020711-075005
https://doi.org/10.1146/annurev-immunol-020711-075005
https://doi.org/10.1084/jem.20050810
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bernard et al. NK Cells in HIV Control
7. Oliviero B, Varchetta S, Paudice E, Michelone G, Zaramella M, Mavilio D,
et al. Natural Killer Cell Functional Dichotomy in Chronic Hepatitis B and
Chronic Hepatitis C Virus Infections. Gastroenterology (2009) 137(3):1151–
60. doi: 10.1053/j.gastro.2009.05.047

8. Guma M, Cabrera C, Erkizia I, Bofill M, Clotet B, Ruiz L, et al. Human
Cytomegalovirus Infection Is Associated With Increased Proportions of Nk
Cells That Express the Cd94/Nkg2c Receptor in Aviremic HIV-1-Positive
Patients. J Infect Dis (2006) 194(1):38–41. doi: 10.1086/504719

9. Guma M, Angulo A, Vilches C, Gomez-Lozano N, Malats N, Lopez-Botet
M. Imprint of Human Cytomegalovirus Infection on the Nk Cell Receptor
Repertoire. Blood (2004) 104(12):3664–71. doi: 10.1182/blood-2004-05-
2058

10. Ahlenstiel G, Martin MP, Gao X, Carrington M, Rehermann B. Distinct Kir/
Hla Compound Genotypes Affect the Kinetics of Human Antiviral Natural
Killer Cell Responses. J Clin Invest (2008) 118(3):1017–26. doi: 10.1172/
JCI32400

11. Khakoo SI, Thio CL, Martin MP, Brooks CR, Gao X, Astemborski J, et al. Hla
and Nk Cell Inhibitory Receptor Genes in Resolving Hepatitis C Virus
Infection. Science (2004) 305(5685):872–4. doi: 10.1126/science.1097670

12. Martin MP, Gao X, Lee JH, Nelson GW, Detels R, Goedert JJ, et al. Epistatic
Interaction Between Kir3ds1 and Hla-B Delays the Progression to Aids. Nat
Genet (2002) 31(4):429–34. doi: 10.1038/ng934

13. Martin MP, Qi Y, Gao X, Yamada E, Martin JN, Pereyra F, et al. Innate
Partnership of Hla-B and Kir3dl1 Subtypes Against HIV-1.Nat Genet (2007)
39(6):733–40. doi: 10.1038/ng2035

14. Savoy SKA, Boudreau JE. The Evolutionary Arms Race Between Virus and
Nk Cells: Diversity Enables Population-Level Virus Control. Viruses (2019)
11(10):1–17. doi: 10.3390/v11100959

15. Alter G, Heckerman D, Schneidewind A, Fadda L, Kadie CM, Carlson JM,
et al. HIV-1 Adaptation to Nk-Cell-Mediated Immune Pressure. Nature
(2011) 476(7358):96–100. doi: 10.1038/nature10237

16. Deeks SG, Walker BD. Human Immunodeficiency Virus Controllers:
Mechanisms of Durable Virus Control in the Absence of Antiretroviral
Therapy. Immunity (2007) 27(3):406–16. doi: 10.1016/j.immuni.2007.08.010

17. Lambotte O, Boufassa F, Madec Y, Nguyen A, Goujard C, Meyer L, et al.
HIV Controllers: A Homogeneous Group of HIV-1-Infected Patients With
Spontaneous Control of Viral Replication. Clin Infect Dis (2005) 41(7):1053–
6. doi: 10.1086/433188

18. Gonzalo-Gil E, Ikediobi U, Sutton RE. Mechanisms of Virologic Control and
Clinical Characteristics of HIV+ Elite/Viremic Controllers. Yale J Biol Med
(2017) 90(2):245–59.

19. El-Far M, Kouassi P, Sylla M, Zhang Y, Fouda A, Fabre T, et al.
Proinflammatory Isoforms of Il-32 as Novel and Robust Biomarkers for
Control Failure in HIV-Infected Slow Progressors. Sci Rep (2016) 6:22902.
doi: 10.1038/srep22902

20. Okulicz JF, Lambotte O. Epidemiology and Clinical Characteristics of Elite
Controllers. Curr Opin HIV AIDS (2011) 6(3):163–8. doi: 10.1097/COH.
0b013e328344f35e

21. Blankson JN. Control of HIV-1 Replication in Elite Suppressors. Discov Med
(2010) 9(46):261–6.

22. Okulicz JF, Marconi VC, Landrum ML, Wegner S, Weintrob A, Ganesan A,
et al. Clinical Outcomes of Elite Controllers, Viremic Controllers, and Long-
Term Nonprogressors in the Us Department of Defense HIV Natural
History Study. J Infect Dis (2009) 200(11):1714–23. doi: 10.1086/646609

23. Olson AD, Meyer L, Prins M, Thiebaut R, Gurdasani D, Guiguet M, et al. An
Evaluation of HIV Elite Controller Definitions Within a Large Seroconverter
Cohort Collaboration. PloS One (2014) 9(1):e86719. doi: 10.1371/journal.
pone.0086719

24. Gurdasani D, Iles L, Dillon DG, Young EH, Olson AD, Naranbhai V, et al. A
Systematic Review of Definitions of Extreme Phenotypes of HIV Control and
Progression. AIDS (2014) 28(2):149–62. doi: 10.1097/QAD.0000000000000049

25. Chereau F, Madec Y, Sabin C, Obel N, Ruiz-Mateos E, Chrysos G, et al.
Impact of Cd4 and Cd8 Dynamics and Viral Rebounds on Loss of
Virological Control in HIV Controllers. PloS One (2017) 12(4):e0173893.
doi: 10.1371/journal.pone.0173893

26. Saez-Cirion A, Bacchus C, Hocqueloux L, Avettand-Fenoel V, Girault I,
Lecuroux C, et al. Post-Treatment HIV-1 Controllers With a Long-Term
Virological Remission After the Interruption of Early Initiated Antiretroviral
Frontiers in Immunology | www.frontiersin.org 13
Therapy Anrs Visconti Study. PloS Pathog (2013) 9(3):e1003211.
doi: 10.1371/journal.ppat.1003211

27. Blankson JN, Bailey JR, Thayil S, Yang HC, Lassen K, Lai J, et al. Isolation
and Characterization of Replication-Competent Human Immunodeficiency
Virus Type 1 From a Subset of Elite Suppressors. J Virol (2007) 81(5):2508–
18. doi: 10.1128/JVI.02165-06

28. Wang B, Dyer WB, Zaunders JJ, Mikhail M, Sullivan JS, Williams L, et al.
Comprehensive Analyses of a Unique HIV-1-Infected Nonprogressor Reveal
a Complex Association of Immunobiological Mechanisms in the Context of
Replication-Incompetent Infection. Virology (2002) 304(2):246–64.
doi: 10.1006/viro.2002.1706

29. Pernas M, Casado C, Arcones C, Llano A, Sanchez-Merino V, Mothe B, et al.
Low-Replicating Viruses and Strong Anti-Viral Immune Response
Associated With Prolonged Disease Control in a Superinfected HIV-1
Ltnp Elite Controller. PloS One (2012) 7(2):e31928. doi: 10.1371/journal.
pone.0031928

30. Edwards BH, Bansal A, Sabbaj S, Bakari J, MulliganMJ, Goepfert PA. Magnitude
of Functional Cd8+ T-Cell Responses to the Gag Protein of Human
Immunodeficiency Virus Type 1 Correlates Inversely With Viral Load in
Plasma. J Virol (2002) 76(5):2298–305. doi: 10.1128/jvi.76.5.2298-2305.2002

31. Berger CT, Frahm N, Price DA, Mothe B, Ghebremichael M, Hartman KL,
et al. High-Functional-Avidity Cytotoxic T Lymphocyte Responses to Hla-
B-Restricted Gag-Derived Epitopes Associated With Relative HIV Control.
J Virol (2011) 85(18):9334–45. doi: 10.1128/JVI.00460-11

32. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, Abraham J, et al.
HIV Nonprogressors Preferentially Maintain Highly Functional HIV-
Specific Cd8+ T-Cells. Blood (2006) 107(12):4781–9. doi: 10.1182/blood-
2005-12-4818

33. Almeida JR, Price DA, Papagno L, Arkoub ZA, Sauce D, Bornstein E, et al.
Superior Control of HIV-1 Replication by Cd8+ T Cells Is Reflected by Their
Avidity, Polyfunctionality, and Clonal Turnover. J Exp Med (2007) 204
(10):2473–85. doi: 10.1084/jem.20070784

34. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, Hallahan
CW, et al. HIV-Specific Cd8+ T Cell Proliferation Is Coupled to Perforin
Expression and Is Maintained in Nonprogressors. Nat Immunol (2002) 3
(11):1061–8. doi: 10.1038/ni845

35. Emu B, Sinclair E, Hatano H, Ferre A, Shacklett B, Martin JN, et al. Hla Class
I-Restricted T-Cell Responses May Contribute to the Control of Human
Immunodeficiency Virus Infection, But Such Responses Are Not Always
Necessary for Long-Term Virus Control. J Virol (2008) 82(11):5398–407.
doi: 10.1128/JVI.02176-07

36. Emu B, Sinclair E, Favre D, Moretto WJ, Hsue P, Hoh R, et al. Phenotypic,
Functional, and Kinetic Parameters Associated With Apparent T-Cell
Control of Human Immunodeficiency Virus Replication in Individuals
With and Without Antiretroviral Treatment. J Virol (2005) 79(22):14169–
78. doi: 10.1128/JVI.79.22.14169-14178.2005

37. Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, Rathod A, et al.
Genetic and Immunologic Heterogeneity Among PersonsWho Control HIV
Infection in the Absence of Therapy. J Infect Dis (2008) 197(4):563–71.
doi: 10.1086/526786

38. Jiang C, Lian X, Gao C, Sun X, Einkauf KB, Chevalier JM, et al. Distinct Viral
Reservoirs in Individuals With Spontaneous Control of HIV-1. Nature
(2020) 585(7824):261–7. doi: 10.1038/s41586-020-2651-8

39. Madec Y, Boufassa F, Porter K, Prins M, Sabin C, d’Arminio Monforte A,
et al. Natural History of HIV-Control Since Seroconversion. AIDS (2013) 27
(15):2451–60. doi: 10.1097/01.aids.0000431945.72365.01

40. Goujard C, Chaix ML, Lambotte O, Deveau C, Sinet M, Guergnon J, et al.
Spontaneous Control of Viral Replication During Primary HIV Infection:
When Is “HIV Controller” Status Established? Clin Infect Dis (2009) 49
(6):982–6. doi: 10.1086/605504

41. Alter G, Teigen N, Ahern R, Streeck H, Meier A, Rosenberg ES, et al.
Evolution of Innate and Adaptive Effector Cell Functions During Acute
HIV-1 Infection. J Infect Dis (2007) 195(10):1452–60. doi: 10.1086/513878

42. Fellay J, Shianna KV, Ge D, Colombo S, Ledergerber B, Weale M, et al. A
Whole-Genome Association Study of Major Determinants for Host Control
of HIV-1. Science (2007) 317(5840):944–7. doi: 10.1126/science.1143767

43. Pereyra F, Jia X, McLaren PJ, Telenti A, de Bakker PI, Walker BD, et al. The
Major Genetic Determinants of HIV-1 Control Affect Hla Class I Peptide
May 2022 | Volume 13 | Article 879124

https://doi.org/10.1053/j.gastro.2009.05.047
https://doi.org/10.1086/504719
https://doi.org/10.1182/blood-2004-05-2058
https://doi.org/10.1182/blood-2004-05-2058
https://doi.org/10.1172/JCI32400
https://doi.org/10.1172/JCI32400
https://doi.org/10.1126/science.1097670
https://doi.org/10.1038/ng934
https://doi.org/10.1038/ng2035
https://doi.org/10.3390/v11100959
https://doi.org/10.1038/nature10237
https://doi.org/10.1016/j.immuni.2007.08.010
https://doi.org/10.1086/433188
https://doi.org/10.1038/srep22902
https://doi.org/10.1097/COH.0b013e328344f35e
https://doi.org/10.1097/COH.0b013e328344f35e
https://doi.org/10.1086/646609
https://doi.org/10.1371/journal.pone.0086719
https://doi.org/10.1371/journal.pone.0086719
https://doi.org/10.1097/QAD.0000000000000049
https://doi.org/10.1371/journal.pone.0173893
https://doi.org/10.1371/journal.ppat.1003211
https://doi.org/10.1128/JVI.02165-06
https://doi.org/10.1006/viro.2002.1706
https://doi.org/10.1371/journal.pone.0031928
https://doi.org/10.1371/journal.pone.0031928
https://doi.org/10.1128/jvi.76.5.2298-2305.2002
https://doi.org/10.1128/JVI.00460-11
https://doi.org/10.1182/blood-2005-12-4818
https://doi.org/10.1182/blood-2005-12-4818
https://doi.org/10.1084/jem.20070784
https://doi.org/10.1038/ni845
https://doi.org/10.1128/JVI.02176-07
https://doi.org/10.1128/JVI.79.22.14169-14178.2005
https://doi.org/10.1086/526786
https://doi.org/10.1038/s41586-020-2651-8
https://doi.org/10.1097/01.aids.0000431945.72365.01
https://doi.org/10.1086/605504
https://doi.org/10.1086/513878
https://doi.org/10.1126/science.1143767
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bernard et al. NK Cells in HIV Control
Presentation. Science (2010) 330(6010):1551–7. doi: 10.1126/science.
1195271

44. Trowsdale J, Barten R, Haude A, Stewart CA, Beck S, Wilson MJ. The
Genomic Context of Natural Killer Receptor Extended Gene Families.
Immunol Rev (2001) 181:20–38. doi: 10.1034/j.1600-065X.2001.1810102.x

45. Middleton D, Gonzelez F. The Extensive Polymorphism of Kir Genes 1.
Immunology (2010) 129(1):8–19. doi: 10.1111/j.1365-2567.2009.03208.x

46. Jiang W, Johnson C, Jayaraman J, Simecek N, Noble J, Moffatt MF, et al.
Copy Number Variation Leads to Considerable Diversity for B But Not a
Haplotypes of the Human Kir Genes Encoding Nk Cell Receptors. Genome
Res (2012) 22(10):1845–54. doi: 10.1101/gr.137976.112

47. Kim S, Sunwoo JB, Yang L, Choi T, Song YJ, French AR, et al. Hla Alleles
Determine Differences in Human Natural Killer Cell Responsiveness and
Potency. Proc Natl Acad Sci USA (2008) 105(8):3053–8. doi: 10.1073/
pnas.0712229105

48. Wende H, Colonna M, Ziegler A, Volz A. Organization of the Leukocyte
Receptor Cluster (Lrc) on Human Chromosome 19q13.4. Mamm Genome
(1999) 10(2):154–60. doi: 10.1007/s003359900961

49. Carrington M, Norman P. The Kir Gene Cluster [Internet]. Bethesda MD,
USA: National Center for Biotehnology Information US. pg 1–165. Available
at: https://www.ncbi.nlm.nih.gov.

50. Fauriat C, Ivarsson MA, Ljunggren HG, Malmberg KJ, Michaelsson J.
Education of Human Natural Killer Cells by Activating Killer Cell
Immunoglobulin-Like Receptors. Blood (2010) 115(6):1166–74.
doi: 10.1182/blood-2009-09-245746

51. Hsu KC, Chida S, Geraghty DE, Dupont B. The Killer Cell Immunoglobulin-
Like Receptor (Kir) Genomic Region: Gene-Order, Haplotypes and Allelic
Polymorphism. Immunol Rev (2002) 190:40–52. doi: 10.1034/j.1600-
065X.2002.19004.x

52. Pyo CW, Guethlein LA, Vu Q, Wang R, Abi-Rached L, Norman PJ, et al.
Different Patterns of Evolution in the Centromeric and Telomeric Regions of
Group a and B Haplotypes of the Human Killer Cell Ig-Like Receptor Locus.
PloS One (2010) 5(12):e15115. doi: 10.1371/journal.pone.0015115

53. Maxwell LD, Wallace A, Middleton D, Curran MD. A Common Kir2ds4
Deletion Variant in the Human That Predicts a Soluble Kir Molecule
Analogous to the Kir1d Molecule Observed in the Rhesus Monkey. Tissue
Antigens (2002) 60(3):254–8. doi: 10.1034/j.1399-0039.2002.600307.x

54. Middleton D, Gonzalez A, Gilmore PM. Studies on the Expression of the
Deleted Kir2ds4*003 Gene Product and Distribution of Kir2ds4 Deleted and
Nondeleted Versions in Different Populations. Hum Immunol (2007) 68
(2):128–34. doi: 10.1016/j.humimm.2006.12.007

55. Cella M, Longo A, Ferrara GB, Strominger JL, Colonna M. Nk3-Specific
Natural Killer Cells Are Selectively Inhibited by Bw4-Positive Hla Alleles
With Isoleucine 80. J Exp Med (1994) 180(4):1235–42. doi: 10.1084/
jem.180.4.1235

56. Gumperz JE, Litwin V, Phillips JH, Lanier LL, Parham P. The Bw4 Public
Epitope of Hla-B Molecules Confers Reactivity With Natural Killer Cell
Clones That Express Nkb1, a Putative Hla Receptor. J Exp Med (1995) 181
(3):1133–44. doi: 10.1084/jem.181.3.1133

57. Carr WH, Pando MJ, Parham P. Kir3dl1 Polymorphisms That Affect Nk
Cell Inhibition by Hla-Bw4 Ligand. J Immunol (2005) 175(8):5222–9.
doi: 10.4049/jimmunol.175.8.5222

58. O’Connor DH, Allen TM, Vogel TU, Jing P, DeSouza IP, Dodds E, et al.
Acute Phase Cytotoxic T Lymphocyte Escape Is a Hallmark of Simian
Immunodeficiency Virus Infection. Nat Med (2002) 8(5):493–9.
doi: 10.1038/nm0502-493

59. Boudreau JE, Mulrooney TJ, Le Luduec JB, Barker E, Hsu KC. Kir3dl1 and
Hla-B Density and Binding Calibrate Nk Education and Response to HIV.
J Immunol (2016) 196(8):3398–410. doi: 10.4049/jimmunol.1502469

60. Anfossi N, Andre P, Guia S, Falk CS, Roetynck S, Stewart CA, et al. Human
Nk Cell Education by Inhibitory Receptors for Mhc Class I. Immunity (2006)
25(2):331–42. doi: 10.1016/j.immuni.2006.06.013

61. Trundley A, Frebel H, Jones D, Chang C, Trowsdale J. Allelic Expression
Patterns of Kir3ds1 and 3dl1 Using the Z27 and Dx9 Antibodies. Eur J
Immunol (2007) 37(3):780–7. doi: 10.1002/eji.200636773

62. Biassoni R, Falco M, Cambiaggi A, Costa P, Verdiani S, Pende D, et al.
Amino Acid Substitutions Can Influence the Natural Killer (Nk)-Mediated
Recognition of Hla-C Molecules. Role of Serine-77 and Lysine-80 in the
Frontiers in Immunology | www.frontiersin.org 14
Target Cell Protection From Lysis Mediated by “Group 2” or “Group 1” Nk
Clones. J Exp Med (1995) 182(2):605–9. doi: 10.1084/jem.182.2.605

63. Colonna M, Borsellino G, Falco M, Ferrara GB, Strominger JL. Hla-C Is the
Inhibitory Ligand That Determines Dominant Resistance to Lysis by Nk1-
and Nk2-Specific Natural Killer Cells. Proc Natl Acad Sci USA (1993) 90
(24):12000–4. doi: 10.1073/pnas.90.24.12000

64. Moesta AK, Norman PJ, Yawata M, Yawata N, Gleimer M, Parham P.
Synergistic Polymorphism at Two Positions Distal to the Ligand-Binding
Site Makes Kir2dl2 a Stronger Receptor for Hla-C Than Kir2dl3. J Immunol
(2008) 180(6):3969–79. doi: 10.4049/jimmunol.180.6.3969

65. Winter CC, Gumperz JE, Parham P, Long EO, Wagtmann N. Direct Binding
and Functional Transfer of Nk Cell Inhibitory Receptors Reveal Novel
Patterns of Hla-C Allotype Recognition. J Immunol (1998) 161(2):571–7.

66. Braud VM, Allan DS, O’Callaghan CA, Soderstrom K, D’Andrea A, Ogg GS,
et al. Hla-E Binds to Natural Killer Cell Receptors Cd94/Nkg2a, B and C.
Nature (1998) 391(6669):795–9. doi: 10.1038/35869

67. Lee N, Llano M, Carretero M, Ishitani A, Navarro F, Lopez-Botet M, et al. Hla-E
Is a Major Ligand for the Natural Killer Inhibitory Receptor Cd94/Nkg2a. Proc
Natl Acad Sci USA (1998) 95(9):5199–204. doi: 10.1073/pnas.95.9.5199

68. Llano M, Lee N, Navarro F, Garcia P, Albar JP, Geraghty DE, et al. Hla-E-
Bound Peptides Influence Recognition by Inhibitory and Triggering Cd94/
Nkg2 Receptors: Preferential Response to an Hla-G-Derived Nonamer. Eur J
Immunol (1998) 28(9):2854–63. doi: 10.1002/(SICI)1521-4141(199809)
28:09<2854::AID-IMMU2854>3.0.CO;2-W

69. Yawata M, Yawata N, Draghi M, Partheniou F, Little AM, Parham P. Mhc
Class I-Specific Inhibitory Receptors and Their Ligands Structure Diverse
Human Nk-Cell Repertoires Toward a Balance of Missing Self-Response.
Blood (2008) 112(6):2369–80. doi: 10.1182/blood-2008-03-143727

70. Wu N, Veillette A. Slam Family Receptors in Normal Immunity and
Immune Pathologies. Curr Opin Immunol (2016) 38:45–51. doi: 10.1016/
j.coi.2015.11.003

71. Long EO. Regulation of Immune Responses Through Inhibitory Receptors.
Annu Rev Immunol (1999) 17:875–904. doi: 10.1146/annurev.immunol.17.1.875

72. Watzl C, Stebbins CC, Long EO. Nk Cell Inhibitory Receptors Prevent
Tyrosine Phosphorylation of the Activation Receptor 2b4 (Cd244).
J Immunol (2000) 165(7):3545–8. doi: 10.4049/jimmunol.165.7.3545

73. Elliott JM, Yokoyama WM. Unifying Concepts of Mhc-Dependent Natural
Killer Cell Education. Trends Immunol (2011) 32(8):364–72. doi: 10.1016/
j.it.2011.06.001

74. Joncker NT, Fernandez NC, Treiner E, Vivier E, Raulet DH. Nk Cell
Responsiveness Is Tuned Commensurate With the Number of Inhibitory
Receptors for Self-Mhc Class I: The Rheostat Model. J Immunol (2009) 182
(8):4572–80. doi: 10.4049/jimmunol.0803900

75. Yu J, Heller G, Chewning J, Kim S, Yokoyama WM, Hsu KC. Hierarchy of
the Human Natural Killer Cell Response Is Determined by Class and
Quantity of Inhibitory Receptors for Self-Hla-B and Hla-C Ligands.
J Immunol (2007) 179(9):5977–89. doi: 10.4049/jimmunol.179.9.5977

76. Fernandez NC, Lozier A, Flament C, Ricciardi-Castagnoli P, Bellet D, Suter
M, et al. Dendritic Cells Directly Trigger Nk Cell Functions: Cross-Talk
Relevant in Innate Anti-Tumor Immune Responses In Vivo. Nat Med (1999)
5(4):405–11. doi: 10.1038/7403

77. Qi Y, Martin MP, Gao X, Jacobson L, Goedert JJ, Buchbinder S, et al. Kir/Hla
Pleiotropism: Protection Against Both HIV and Opportunistic Infections.
PloS Pathog (2006) 2(8):0741–5. doi: 10.1371/journal.ppat.0020079

78. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti MP, Marincola FM,
Martino L, et al. Hla B*5701 Is Highly Associated With Restriction of Virus
Replication in a Subgroup of HIV-Infected Long Term Nonprogressors. Proc
Natl Acad Sci USA (2000) 97(6):2709–14. doi: 10.1073/pnas.050567397

79. Kaslow RA, Carrington M, Apple R, Park L, Munoz A, Saah AJ, et al.
Influence of Combinations of Human Major Histocompatibility Complex
Genes on the Course of HIV-1 Infection. Nat Med (1996) 2(4):405–11.
doi: 10.1038/nm0496-405

80. Leslie AJ, Pfafferott KJ, Chetty P, Draenert R, Addo MM, Feeney M, et al.
HIV Evolution: Ctl Escape Mutation and Reversion After Transmission. Nat
Med (2004) 10(3):282–9. doi: 10.1038/nm992

81. Gao X, Bashirova A, Iversen AK, Phair J, Goedert JJ, Buchbinder S, et al. Aids
Restriction Hla Allotypes Target Distinct Intervals of HIV-1 Pathogenesis.
Nat Med (2005) 11(12):1290–2. doi: 10.1038/nm1333
May 2022 | Volume 13 | Article 879124

https://doi.org/10.1126/science.1195271
https://doi.org/10.1126/science.1195271
https://doi.org/10.1034/j.1600-065X.2001.1810102.x
https://doi.org/10.1111/j.1365-2567.2009.03208.x
https://doi.org/10.1101/gr.137976.112
https://doi.org/10.1073/pnas.0712229105
https://doi.org/10.1073/pnas.0712229105
https://doi.org/10.1007/s003359900961
https://www.ncbi.nlm.nih.gov
https://doi.org/10.1182/blood-2009-09-245746
https://doi.org/10.1034/j.1600-065X.2002.19004.x
https://doi.org/10.1034/j.1600-065X.2002.19004.x
https://doi.org/10.1371/journal.pone.0015115
https://doi.org/10.1034/j.1399-0039.2002.600307.x
https://doi.org/10.1016/j.humimm.2006.12.007
https://doi.org/10.1084/jem.180.4.1235
https://doi.org/10.1084/jem.180.4.1235
https://doi.org/10.1084/jem.181.3.1133
https://doi.org/10.4049/jimmunol.175.8.5222
https://doi.org/10.1038/nm0502-493
https://doi.org/10.4049/jimmunol.1502469
https://doi.org/10.1016/j.immuni.2006.06.013
https://doi.org/10.1002/eji.200636773
https://doi.org/10.1084/jem.182.2.605
https://doi.org/10.1073/pnas.90.24.12000
https://doi.org/10.4049/jimmunol.180.6.3969
https://doi.org/10.1038/35869
https://doi.org/10.1073/pnas.95.9.5199
https://doi.org/10.1002/(SICI)1521-4141(199809)28:09&#60;2854::AID-IMMU2854&#62;3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-4141(199809)28:09&#60;2854::AID-IMMU2854&#62;3.0.CO;2-W
https://doi.org/10.1182/blood-2008-03-143727
https://doi.org/10.1016/j.coi.2015.11.003
https://doi.org/10.1016/j.coi.2015.11.003
https://doi.org/10.1146/annurev.immunol.17.1.875
https://doi.org/10.4049/jimmunol.165.7.3545
https://doi.org/10.1016/j.it.2011.06.001
https://doi.org/10.1016/j.it.2011.06.001
https://doi.org/10.4049/jimmunol.0803900
https://doi.org/10.4049/jimmunol.179.9.5977
https://doi.org/10.1038/7403
https://doi.org/10.1371/journal.ppat.0020079
https://doi.org/10.1073/pnas.050567397
https://doi.org/10.1038/nm0496-405
https://doi.org/10.1038/nm992
https://doi.org/10.1038/nm1333
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bernard et al. NK Cells in HIV Control
82. Martin MP, Naranbhai V, Shea PR, Qi Y, Ramsuran V, Vince N, et al. Killer
Cell Immunoglobulin-Like Receptor 3dl1 Variation Modifies Hla-B*57
Protection Against HIV-1. J Clin Invest (2018) 128(5):1903–12.
doi: 10.1172/JCI98463

83. Corrah TW, Goonetilleke N, Kopycinski J, Deeks SG, Cohen MS, Borrow P,
et al. Reappraisal of the Relationship Between the HIV-1-Protective Single-
Nucleotide Polymorphism 35 Kilobases Upstream of the Hla-C Gene and
Surface Hla-C Expression. J Virol (2011) 85(7):3367–74. doi: 10.1128/
JVI.02276-10

84. Kulpa DA, Collins KL. The Emerging Role of Hla-C in HIV-1 Infection.
Immunology (2011) 134(2):116–22. doi: 10.1111/j.1365-2567.2011.03474.x

85. Zipeto D, Beretta A. Hla-C and HIV-1: Friends or Foes? Retrovirology (2012)
9:39. doi: 10.1186/1742-4690-9-39

86. Fellay J, Ge D, Shianna KV, Colombo S, Ledergerber B, Cirulli ET, et al.
Common Genetic Variation and the Control of HIV-1 in Humans. PloS
Genet (2009) 5(12):e1000791. doi: 10.1371/journal.pgen.1000791

87. Thomas R, Apps R, Qi Y, Gao X, Male V, O’hUigin C, et al. Hla-C Cell
Surface Expression and Control of HIV/Aids Correlate With a Variant
Upstream of Hla-C. Nat Genet (2009) 41(12):1290–4. doi: 10.1038/ng.486

88. Kulkarni S, Savan R, Qi Y, Gao X, Yuki Y, Bass SE, et al. Differential
Microrna Regulation of Hla-C Expression and Its Association With HIV
Control. Nature (2011) 472(7344):495–8. doi: 10.1038/nature09914

89. Blais ME, Dong T, Rowland-Jones S. Hla-C as a Mediator of Natural Killer
and T-Cell Activation: Spectator or Key Player? Immunology (2011) 133
(1):1–7. doi: 10.1111/j.1365-2567.2011.03422.x

90. Apps R, Qi Y, Carlson JM, Chen H, Gao X, Thomas R, et al. Influence of Hla-
C Expression Level on HIV Control. Science (2013) 340(6128):87–91.
doi: 10.1126/science.1232685

91. Malnati MS, Ugolotti E, Monti MC, Battista D, Vanni I, Bordo D, et al.
Activating Killer Immunoglobulin Receptors and Hla-C: A Successful
Combination Providing HIV-1 Control. Sci Rep (2017) 7:42470.
doi: 10.1038/srep42470

92. Braud V, Jones EY, McMichael A. The Human Major Histocompatibility
Complex Class Ib Molecule Hla-E Binds Signal Sequence-Derived Peptides
With Primary Anchor Residues at Positions 2 and 9. Eur J Immunol (1997)
27(5):1164–9. doi: 10.1002/eji.1830270517

93. Lee N, Goodlett DR, Ishitani A, Marquardt H, Geraghty DE. Hla-E Surface
Expression Depends on Binding of Tap-Dependent Peptides Derived From
Certain Hla Class I Signal Sequences. J Immunol (1998) 160(10):4951–60.

94. Horowitz A, Djaoud Z, Nemat-Gorgani N, Blokhuis J, Hilton HG, Beziat V,
et al. Class I Hla Haplotypes Form Two Schools That Educate Nk Cells in
Different Ways. Sci Immunol (2016) 1(3). doi: 10.1126/sciimmunol.aag1672

95. Ramsuran V, Naranbhai V, Horowitz A, Qi Y, Martin MP, Yuki Y, et al.
Elevated Hla-A Expression Impairs HIV Control Through Inhibition of
Nkg2a-Expressing Cells. Science (2018) 359(6371):86–90. doi: 10.1126/
science.aam8825

96. Carlson JM, Listgarten J, Pfeifer N, Tan V, Kadie C, Walker BD, et al.
Widespread Impact of Hla Restriction on Immune Control and Escape
Pathways of HIV-1. J Virol (2012) 86(9):5230–43. doi: 10.1128/JVI.06728-11

97. Leslie A, Matthews PC, Listgarten J, Carlson JM, Kadie C, Ndung’u T, et al.
Additive Contribution of Hla Class I Alleles in the Immune Control of HIV-
1 Infection. J Virol (2010) 84(19):9879–88. doi: 10.1128/JVI.00320-10

98. Vieira VA, Adland E, Malone DFG, Martin MP, Groll A, Ansari MA, et al.
An Hla-I Signature Favouring Kir-Educated Natural Killer Cells Mediates
Immune Control of HIV in Children and Contrasts With the Hla-B-
Restricted Cd8+ T-Cell-Mediated Immune Control in Adults. PloS Pathog
(2021) 17(11):e1010090. doi: 10.1371/journal.ppat.1010090

99. Singh KK, Qin M, Brummel SS, Angelidou K, Trout RN, Fenton T, et al.
Killer Cell Immunoglobulin-Like Receptor Alleles Alter HIV Disease in
Children. PloS One (2016) 11(3):e0151364. doi: 10.1371/journal.
pone.0151364

100. Boulet S, Song R, Kamya P, Bruneau J, Shoukry NH, Tsoukas CM, et al. HIV
Protective Kir3dl1 and Hla-B Genotypes Influence Nk Cell Function
Following Stimulation With Hla-Devoid Cells. J Immunol (2010) 184
(4):2057–64. doi: 10.4049/jimmunol.0902621

101. Kamya P, Boulet S, Tsoukas CM, Routy JP, Thomas R, Cote P, et al.
Receptor-Ligand Requirements for Increased Nk Cell Poly-Functional
Frontiers in Immunology | www.frontiersin.org 15
Potential in *H/*Y+B57 HIV-1 Infected Slow Progressors. J Virol (2011)
85(12):5949–60. doi: 10.1128/JVI.02652-10

102. Alter G, Teigen N, Davis BT, Addo MM, Suscovich TJ, Waring MT, et al.
Sequential Deregulation of Nk Cell Subset Distribution and Function
Starting in Acute HIV-1 Infection. Blood (2005) 106(10):3366–9.
doi: 10.1182/blood-2005-03-1100

103. Mavilio D, Lombardo G, Benjamin J, Kim D, Follman D, Marcenaro E, et al.
Characterization of Cd56-/Cd16+ Natural Killer (Nk) Cells: A Highly
Dysfunctional Nk Subset Expanded in HIV-Infected Viremic Individuals.
Proc Natl Acad Sci USA (2005) 102(8):2886–91. doi: 10.1073/pnas.
0409872102

104. O’Connor GM, Holmes A, Mulcahy F, Gardiner CM. Natural Killer Cells
From Long-Term Non-Progressor HIV Patients Are Characterized by
Altered Phenotype and Function. Clin Immunol (2007) 124(3):277–83.
doi: 10.1016/j.clim.2007.05.016

105. Parsons MS, Wren L, Isitman G, Navis M, Stratov I, Bernard NF, et al. HIV
Infection Abrogates the Functional Advantage of Natural Killer Cells
Educated Through Kir3dl1/Hla-Bw4 Interactions to Mediate Anti-HIV
Antibody-Dependent Cellular Cytotoxicity. J Virol (2012) 86(8):4488–95.
doi: 10.1128/JVI.06112-11

106. Vieillard V, Fausther-Bovendo H, Samri A, Debre P. Specific Phenotypic and
Functional Features of Natural Killer Cells From HIV-Infected Long-Term
Nonprogressors and HIV Controllers. J Acquir Immune Defic Syndr (2010)
53(5):564–73. doi: 10.1097/QAI.0b013e3181d0c5b4

107. Bernard NF, Melendez-Pena C, Kamya P, Tsoukas CM, Boulassel M-R,
Routy J-P, et al. Natural Killer Cells From HIV Infected Slow Progressors
Who Carry the Protective Hla-B* 27 Allele and Inhibitory Kir3dl1 Receptors
Have Elevated Poly-Functional Potential Compared to Bw6 Homozygotes.
In: DA Aghdassi, editor. HIV Infection in the Era of Highly Active
Antiretroviral Treatment and Some of Its Associated Complications. Rijeka,
Croatia: InTech (2011).

108. Parsons MS, Boulet S, Song R, Bruneau J, Shoukry NH, Routy JP, et al. Mind
the Gap: Lack of Association Between Kir3dl1*004/Hla-Bw4-Induced
Natural Killer Cell Function and Protection From HIV Infection. J Infect
Dis (2010) 202(Suppl 3):S356–S60. doi: 10.1086/655966

109. Pando MJ, Gardiner CM, Gleimer M, McQueen KL, Parham P. The Protein
Made From a Common Allele of Kir3dl1 (3dl1*004) Is Poorly Expressed at
Cell Surfaces Due to Substitution at Positions 86 in Ig Domain 0 and 182 in
Ig Domain 1. J Immunol (2003) 171(12):6640–9. doi: 10.4049/
jimmunol.171.12.6640

110. Taner SB, Pando MJ, Roberts A, Schellekens J, Marsh SG, Malmberg KJ, et al.
Interactions of Nk Cell Receptor Kir3dl1*004 With Chaperones and
Conformation-Specific Antibody Reveal a Functional Folded State as Well
as Predominant Intracellular Retention. J Immunol (2011) 186(1):62–72.
doi: 10.4049/jimmunol.0903657

111. Korner C, Simoneau CR, Schommers P, Granoff M, Ziegler M, Holzemer A,
et al. HIV-1-Mediated Downmodulation of Hla-C Impacts Target Cell
Recognition and Antiviral Activity of Nk Cells. Cell Host Microbe (2017)
22(1):111–9 e4. doi: 10.1016/j.chom.2017.06.008

112. Cohen GB, Gandhi RT, Davis DM, Mandelboim O, Chen BK, Strominger JL,
et al. The Selective Downregulation of Class I Major Histocompatibility
Complex Proteins by HIV-1 Protects HIV-Infected Cells From Nk Cells.
Immunity (1999) 10(6):661–71. doi: 10.1016/S1074-7613(00)80065-5

113. Bonaparte MI, Barker E. Killing of Human Immunodeficiency Virus-
Infected Primary T-Cell Blasts by Autologous Natural Killer Cells Is
Dependent on the Ability of the Virus to Alter the Expression of Major
Histocompatibility Complex Class I Molecules. Blood (2004) 104(7):2087–
94. doi: 10.1182/blood-2004-02-0696

114. Apps R, Del Prete GQ, Chatterjee P, Lara A, Brumme ZL, Brockman MA,
et al. HIV-1 Vpu Mediates Hla-C Downregulation. Cell Host Microbe (2016)
19(5):686–95. doi: 10.1016/j.chom.2016.04.005

115. Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D. HIV-1 Nef
Protein Protects Infected Primary Cells Against Killing by Cytotoxic T
Lymphocytes. Nature (1998) 391(6665):397–401. doi: 10.1038/34929

116. Schwartz O, Marechal V, Le Gall S, Lemonnier F, Heard JM. Endocytosis of
Major Histocompatibility Complex Class I Molecules Is Induced by the HIV-
1 Nef Protein. Nat Med (1996) 2(3):338–42. doi: 10.1038/nm0396-338
May 2022 | Volume 13 | Article 879124

https://doi.org/10.1172/JCI98463
https://doi.org/10.1128/JVI.02276-10
https://doi.org/10.1128/JVI.02276-10
https://doi.org/10.1111/j.1365-2567.2011.03474.x
https://doi.org/10.1186/1742-4690-9-39
https://doi.org/10.1371/journal.pgen.1000791
https://doi.org/10.1038/ng.486
https://doi.org/10.1038/nature09914
https://doi.org/10.1111/j.1365-2567.2011.03422.x
https://doi.org/10.1126/science.1232685
https://doi.org/10.1038/srep42470
https://doi.org/10.1002/eji.1830270517
https://doi.org/10.1126/sciimmunol.aag1672
https://doi.org/10.1126/science.aam8825
https://doi.org/10.1126/science.aam8825
https://doi.org/10.1128/JVI.06728-11
https://doi.org/10.1128/JVI.00320-10
https://doi.org/10.1371/journal.ppat.1010090
https://doi.org/10.1371/journal.pone.0151364
https://doi.org/10.1371/journal.pone.0151364
https://doi.org/10.4049/jimmunol.0902621
https://doi.org/10.1128/JVI.02652-10
https://doi.org/10.1182/blood-2005-03-1100
https://doi.org/10.1073/pnas.0409872102
https://doi.org/10.1073/pnas.0409872102
https://doi.org/10.1016/j.clim.2007.05.016
https://doi.org/10.1128/JVI.06112-11
https://doi.org/10.1097/QAI.0b013e3181d0c5b4
https://doi.org/10.1086/655966
https://doi.org/10.4049/jimmunol.171.12.6640
https://doi.org/10.4049/jimmunol.171.12.6640
https://doi.org/10.4049/jimmunol.0903657
https://doi.org/10.1016/j.chom.2017.06.008
https://doi.org/10.1016/S1074-7613(00)80065-5
https://doi.org/10.1182/blood-2004-02-0696
https://doi.org/10.1016/j.chom.2016.04.005
https://doi.org/10.1038/34929
https://doi.org/10.1038/nm0396-338
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bernard et al. NK Cells in HIV Control
117. Kiani Z, Dupuy FP, Bruneau J, Lebouche B, Retiere C, Geraghty DE, et al.
The Education of Nk Cells Determines Their Responsiveness to Autologous
HIV-Infected Cd4 T Cells. J Virol (2019) 93(23):1–14. doi: 10.1128/
JVI.01185-19

118. Song R, Lisovsky I, Lebouche B, Routy JP, Bruneau J, Bernard NF. HIV
Protective Kir3dl1/S1-Hla-B Genotypes Influence Nk Cell-Mediated
Inhibition of HIV Replication in Autologous Cd4 Targets. PloS Pathog
(2014) 10(1):e1003867. doi: 10.1371/journal.ppat.1003867

119. Oliva A, Kinter AL, Vaccarezza M, Rubbert A, Catanzaro A, Moir S, et al.
Natural Killer Cells From Human Immunodeficiency Virus (HIV)-Infected
Individuals Are an Important Source of Cc-Chemokines and Suppress HIV-
1 Entry and Replication In Vitro. J Clin Invest (1998) 102(1):223–31.
doi: 10.1172/JCI2323

120. Alter G, Martin MP, Teigen N, Carr WH, Suscovich TJ, Schneidewind A,
et al. Differential Natural Killer Cell-Mediated Inhibition of HIV-1
Replication Based on Distinct Kir/Hla Subtypes. J Exp Med (2007) 204
(12):3027–36. doi: 10.1084/jem.20070695

121. Garcia-Beltran WF, Holzemer A, Martrus G, Chung AW, Pacheco Y,
Simoneau CR, et al. Open Conformers of Hla-F Are High-Affinity Ligands
of the Activating Nk-Cell Receptor Kir3ds1. Nat Immunol (2016) 17
(9):1067–74. doi: 10.1038/ni.3513

122. Gillespie GM, Bashirova A, Dong T, McVicar DW, Rowland-Jones SL,
Carrington M. Lack of Kir3ds1 Binding to Mhc Class I Bw4 Tetramers in
Complex With Cd8+ T Cell Epitopes. AIDS Res Hum Retroviruses (2007) 23
(3):451–5. doi: 10.1089/aid.2006.0165

123. Tallon BJ, Bruneau J, Tsoukas CM, Routy JP, Kiani Z, Tan X, et al. Time to
Seroconversion in HIV-Exposed Subjects Carrying Protective Versus Non
Protective Kir3ds1/L1 and Hla-B Genotypes. PloS One (2014) 9(10):e110480.
doi: 10.1371/journal.pone.0110480

124. O’Connor GM, Vivian JP, Gostick E, Pymm P, Lafont BA, Price DA, et al.
Peptide-Dependent Recognition of Hla-B*57:01 by Kir3ds1. J Virol (2015) 89
(10):5213–21. doi: 10.1128/JVI.03586-14

125. Kiani Z, Dupuy FP, Bruneau J, Lebouche B, Zhang CX, Jackson E, et al. Hla-F
on Hla-Null 721.221 Cells Activates Primary Nk Cells Expressing the
Activating Killer Ig-Like Receptor Kir3ds1. J Immunol (2018) 201(1):113–
23. doi: 10.4049/jimmunol.1701370

126. Kiani Z, Bruneau J, Geraghty DE, F BN. Hla-F on Autologous HIV-Infected
Cells Activates Primary Nk Cells Expressing the Activating Killer
Immunoglobulin-Like Receptor Kir3ds1. J Virol (2019) 93(18):1–14.
doi: 10.1128/JVI

127. Maldarelli F. The Role of HIV Integration in Viral Persistence: No More
Whistling Past the Proviral Graveyard. J Clin Invest (2016) 126(2):438–47.
doi: 10.1172/JCI80564

128. Marras F, Casabianca A, Bozzano F, Ascierto ML, Orlandi C, Di Biagio A,
et al. Control of the HIV-1 DNA Reservoir Is Associated In Vivo and In Vitro
With Nkp46/Nkp30 (Cd335 Cd337) Inducibility and Interferon Gamma
Production by Transcriptionally Unique Nk Cells. J Virol (2017) 91(23):1–19
. doi: 10.1128/JVI.00647-17

129. Pohlmeyer CW, Gonzalez VD, Irrinki A, Ramirez RN, Li L, Mulato A, et al.
Identification of Nk Cell Subpopulations That Differentiate HIV-Infected
Subject Cohorts With Diverse Levels of Virus Control. J Virol (2019) 93
(7):1–15. doi: 10.1128/JVI.01790-18

130. Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N, Jorieux S,
et al. Specificity and Affinity of Human Fcgamma Receptors and Their
Polymorphic Variants for Human Igg Subclasses. Blood (2009) 113
(16):3716–25. doi: 10.1182/blood-2008-09-179754

131. Shields RL, Lai J, Keck R, O’Connell LY, Hong K, Meng YG, et al. Lack of
Fucose on Human Igg1 N-Linked Oligosaccharide Improves Binding to
Human Fcgamma Riii and Antibody-Dependent Cellular Toxicity. J Biol
Chem (2002) 277(30):26733–40. doi: 10.1074/jbc.M202069200

132. Anand SP, Ding S, Tolbert WD, Prevost J, Richard J, Gil HM, et al. Enhanced
Ability of Plant-Derived Pgt121 Glycovariants to Eliminate HIV-1-Infected
Cells. J Virol (2021) 95(18):e0079621. doi: 10.1128/JVI.00796-21

133. Ravetch JV, Perussia B. Alternative Membrane Forms of Fc Gamma Riii
(Cd16) on Human Natural Killer Cells and Neutrophils. Cell Type-Specific
Expression of Two Genes That Differ in Single Nucleotide Substitutions.
J Exp Med (1989) 170(2):481–97. doi: 10.1084/jem.170.2.481
Frontiers in Immunology | www.frontiersin.org 16
134. Wu J, Edberg JC, Redecha PB, Bansal V, Guyre PM, Coleman K, et al. A
Novel Polymorphism of Fcgammariiia (Cd16) Alters Receptor Function and
Predisposes to Autoimmune Disease. J Clin Invest (1997) 100(5):1059–70.
doi: 10.1172/JCI119616

135. Weng WK, Levy R. Two Immunoglobulin G Fragment C Receptor
Polymorphisms Independently Predict Response to Rituximab in Patients
With Follicular Lymphoma. J Clin Oncol (2003) 21(21):3940–7. doi: 10.1200/
JCO.2003.05.013

136. Checkley MA, Luttge BG, Freed EO. HIV-1 Envelope Glycoprotein
Biosynthesis, Trafficking, and Incorporation. J Mol Biol (2011) 410
(4):582–608. doi: 10.1016/j.jmb.2011.04.042

137. Alsulami K, Bolastig N, Dupuy FP, Mabanga T, Gilbert L, Kiani Z, et al.
Influence of Nkg2c Genotypes on HIV Susceptibility and Viral Load Set
Point. J Virol (2021) 95(16):e0041721. doi: 10.1128/JVI.00417-21

138. Kant S, Zhang N, Barbe A, Routy JP, Tremblay C, Thomas R, et al.
Polyfunctional Fc Dependent Activity of Antibodies to Native Trimeric
Envelope in HIV Elite Controllers. Front Immunol (2020) 11:583820.
doi: 10.3389/fimmu.2020.583820

139. Richard J, Veillette M, Batraville LA, Coutu M, Chapleau JP, Bonsignori M,
et al. Flow Cytometry-Based Assay to Study HIV-1 Gp120 Specific
Antibody-Dependent Cellular Cytotoxicity Responses. J Virol Methods
(2014) 208:107–14. doi: 10.1016/j.jviromet.2014.08.003

140. Veillette M, Desormeaux A, Medjahed H, Gharsallah NE, CoutuM, Baalwa J,
et al. Interaction With Cellular Cd4 Exposes HIV-1 Envelope Epitopes
Targeted by Antibody-Dependent Cell-Mediated Cytotoxicity. J Virol
(2014) 88(5):2633–44. doi: 10.1128/JVI.03230-13

141. Yates NL, Liao HX, Fong Y, DeCamp A, Vandergrift NA, WilliamsWT, et al.
Vaccine-Induced Env V1-V2 Igg3 Correlates With Lower HIV-1 Infection
Risk and Declines Soon After Vaccination. Sci Transl Med (2014) 6
(228):228ra39. doi: 10.1126/scitranslmed.3007730

142. Ackerman ME, Mikhailova A, Brown EP, Dowell KG, Walker BD, Bailey-
Kellogg C, et al. Polyfunctional HIV-Specific Antibody Responses Are
Associated With Spontaneous HIV Control. PloS Pathog (2016) 12(1):
e1005315. doi: 10.1371/journal.ppat.1005315
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