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Abstract: Natural killer (NK) cells are multifaceted innate effector cells that critically influence
antiviral immunity, and several protective NK cell features that modulate HIV-1 acquisition and
viral control have been described. Chronic HIV-1 infection leads to NK cell impairment that has
been associated with metabolic dysregulations. Therapeutic approaches targeting cellular immune
metabolism represent potential novel interventions to reverse defective NK cell function in people
living with HIV.
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1. Introduction

Natural killer (NK) cells are immune cells of lymphoid lineage that were initially de-
scribed for their distinctive “spontaneous” cytotoxicity with no apparent need for priming
or prior sensitization [1], and as such were assigned to the innate arm of immunity. Years of
intensive research have debunked their reputation as mere killers and exposed functional
complexity far beyond initial assumption. The antitumor and antiviral activities of NK cells
are mediated through cytotoxic programmes, principally the release of cytolytic granules
and the expression of death ligands, which lead to the induction of cell death pathways
in target cells. The importance of these cytotoxic mechanisms is particularly apparent in
persons with NK cell deficiencies or functional defects that present with recurrent infec-
tion [2,3]. Moreover, NK cells contribute to inflammation and exhibit immunoregulatory
attributes that shape innate and adaptive immunity.

NK cells constitute 5–15% of peripheral blood mononuclear cells under homeostatic
conditions. Common identification is based on the lack of CD3/CD19 and expression of
the adhesion molecule CD56, with around 90% of NK cells expressing CD16 (FcγRIIIa).
The relative surface expression of CD56 molecules further distinguish NK cells as CD56dim

or CD56bright [4,5]. In blood, CD56dim and CD56bright NK cells account for approximately
90% and 10% of absolute NK cells, respectively. Subset proportions are reversed within
secondary lymphoid tissues where CD56bright NK cells preferentially reside [6]. CD56dim

and CD56bright NK cell subsets are functionally distinct; the CD56dim NK cell subset
exhibits robust cytotoxicity, whereas CD56bright NK cells are potent cytokine producers
with higher proliferation potential. A third NK cell subset, CD56neg cells, are rare in
healthy individuals, but expand during chronic viral infection at the expense of CD56-
expressing NK cells. The CD56neg NK cell subset has been shown to be functionally
impaired, either lacking or exhibiting defective effector capabilities [7]. Although NK cell
subset classification is commonly based on the relative expression of CD56 molecules, other
established designations pertain to location (circulating vs. tissue-resident), the expression
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of inhibitory NK cell receptors (uneducated vs. educated) and, most recently, on energy
metabolism (basal vs. activated) [8,9].

NK cells do not express antigen-specific receptors; instead, differentially expressed,
germline-encoded surface molecules facilitate the detection of virus-infected or transformed
target cells. These surface receptors are either NK cell exclusive or expressed broadly on
hematopoietic lineage cells; and principally comprise of killer-cell immunoglobulin-like
receptors (KIRs), C-type lectins (NKG2), natural cytotoxicity receptors (NCRs) and the
CD16 receptor [10]. KIRs are transmembrane glycoproteins that are either activating or
inhibitory in nature and are distinguished by the length and structure of the cytoplasmic
tail. Activating KIRs have short cytoplasmic tails that, via transmembrane lysine residues,
interact with immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptor
proteins; whilst inhibitory KIRs have long cytoplasmic tails with two immunoreceptor
tyrosine-based inhibition motifs (ITIMs) that upon ligand interaction recruit phosphatases
SHP-1 and SHP-2 [10,11]. Activating NK cell receptors (NKRs), consisting of activat-
ing KIRs, NCRs (NKp30, NKp44 and NKp46), CD94/NKG2C heterodimer, NKG2D and
the coactivating/adhesion DNAX-activating molecule (DNAM-1), recognise and directly
bind to pathogen-derived or stress-induced antigens expressed on target cells [12]. In-
hibitory NKRs, including inhibitory KIRs, lymphocyte-activation gene 3 (LAG-3), T cell
immunoreceptor with Ig and ITIM domains (TIGIT), T cell immunoglobulin and mucin
domain-containing protein 3 (Tim-3) and the CD94/NKG2A heterodimer, convey signals
of health through engagement with self-ligands, specifically human leukocyte antigen
(HLA) molecules, which counteract activation signalling. During immune surveillance,
NK cells engage in numerous receptor-ligand interactions, each with a unique signalling
transduction. The overall responsiveness of NK cells is governed by a balanced integration
of activating and inhibitory signals [13].

The maturation and functional capacity of an individual NK cell is established during
the development process of NK cell education or licensing. Specific NKRs, predominantly
inhibitory KIR, interact with cognate HLA ligands expressed on adjacent self-cells. KIR and
HLA genes segregate independently and together constitute the most polymorphic and
polygenic coding regions within the human genome. Thus, allelic variation contributes to
extensive repertoire diversity of both KIR and HLA at the phenotypic level, influencing
the avidity of receptor-ligand pair interactions that ultimately define the reactivity thresh-
old and potency of individual NK cell clones. NK cells lacking surface inhibitory NKR
expression for licensing are largely hyporesponsive and require robust activation signalling
to trigger reactivity. The NK cell education process confers functional competence and a
capacity to distinguish between self and non-self [14–16]. Although NK cells are confined
to the expression of germline-encoded receptors, the unique combinations of receptor
expression on individual NK cell clones contribute to a diverse NK cell repertoire with
broad response potential; and further complexity effected by local environmental factors,
including the inflammatory milieu, metabolic mediators and non-self-stimuli, engender an
NK cell population with extensive functional heterogeneity [17,18].

2. NK Cell-Mediated Immunity to HIV-1 Infection and Viral Evasion Mechanisms

Multiple epidemiological and mechanistic studies attest to the protective features of
NK cell immunity in HIV-1 infection that is evident in both resistance to HIV-1 acquisition
and viral containment following transmission. Since NK cell reactivity is tightly controlled
through the engagement of surface KIR with their cognate HLA molecules, it is no surprise
that certain KIR/HLA combined genotypes have been associated with HIV-1 infection
outcomes [19,20]. Additionally, NK cell defence mechanisms include chemokine production
and antibody-dependent cellular cytotoxicity (ADCC). Several reports describe that HIV-1
has evolved mechanisms to evade NK cell recognition [21], which only emphasises the
importance of these NK cell-antiviral responses in the immune control of HIV-1 infection.
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2.1. KIR/HLA-Mediated Mechanisms
2.1.1. The ‘Missing Self’ Mechanism

HIV-1 proteins can target and downregulate the surface expression of HLA class I
molecules in an attempt to evade cytotoxic T cell recognition and killing, but the absence
of HLA-expression render HIV-1-infected target cells vulnerable for killing by licensed
NK cells. Viral mechanisms to evade this NK cell-mediated killing involve only partial or
incomplete HLA downmodulation, while conserving or upregulating expression of ligands
that engage inhibitory NKRs. The HIV-1 Nef protein binds HLA-A and HLA-B at the cyto-
plasmic region, impeding molecule expression at the cell membrane level [22–24]. Selective
HLA-A and HLA-B downmodulation restricts virus-specific CD8+ T cell activity, while
maintenance of HLA-C and HLA-E expression provides ligands for several inhibitory KIRs,
particularly of the KIR2DL family, protecting virus-infected cells from KIR2DL-educated
NK cells [22,25]. In comparison, different KIR3DL1 isoforms interact with HLA-B molecules
carrying the Bw4 motif, with consequences for receptor-ligand binding avidity and NK cell
education [26,27], thus KIR3DL1/HLA-Bw4 educated NK cells, in the absence of HLA-B ex-
pression and the presence of stress-induced receptors, are recalibrated toward an activated
antiviral state [28]. Reduced HLA class I surface expression is also induced through HIV-1
Tat protein-mediated repression of the β2-microglobulin promoter [29], whilst the Vpu
protein facilitates the downregulation of HLA-C molecules [30–32]. HLA-C1 and HLA-C2
isoforms are recognised by inhibitory KIR2DL receptors [33–35]. Although the strength
of binding avidity and consequences for NK cell education of different KIR2DL/HLA-C
isoforms remain incompletely understood and strongly depend on the respective HLA-C
and KIR2DL genotypes, loss of surface HLA-C expression does prompt NK cell-mediated
activity of KIR2DL-educated NK cells against autologous HIV-1-infected CD4+ T cell
targets [32] (Figure 1A). Taken together, these data highlight the impact of genetic vari-
ation in inhibitory KIR receptors and their HLA class I ligands for determining NK cell
activation thresholds via licensing and the consequences for the potency of antiviral NK
cell responses.

2.1.2. Protective and Deleterious KIR/HLA Mechanisms

The first descriptions implicating KIR3DS1/KIR3DL1 and HLA-Bw4 compound geno-
types on HIV-1 disease outcomes emanated from epidemiological analyses of people living
with HIV (PLWH) enrolled in the Multicenter AIDS Cohort Study [36,37]. Combined
KIR/HLA genotypes, specifically KIR3DL1 in combination with HLA-Bw4, co-carriage of
KIR3DL1-high and KIR3DL1-low alleles with HLA-B*57 and HLA-B*27, and the synergis-
tic effect of activating KIR3DS1 together with HLA-Bw4-80I (encoding for isoleucine at
position 80) were associated with slower time to the onset of acquired immunodeficiency
syndrome (AIDS) [36], and lowered the risk of certain opportunistic infections [38]. The
protective feature of the KIR3DS1/HLA-Bw4-801 pairing was attributed to the preferential
activation and expansion of KIR3DS1+ NK cells that strongly suppressed HIV-1 replication
in HLA-Bw4-80I infected target cells in a dose and cell contact dependent manner [39,40].
NK cells with at least one copy of the KIR3DS1 gene exhibited enhanced degranulation
and IFN-γ responses in acute phase HIV-1 infection, in particular in individuals also
encoding for HLA-B*57 and B*58 [41] (Figure 1A). Findings from the Multicenter AIDS
Cohort Study raised the question of possible protective KIR/HLA genetic pairings that
account for the superior NK cell activity observed in high-risk HIV-1-exposed seronegative
(HESN) individuals.
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Figure 1. NK cell-mediated immunity in response to HIV-1 infection. (A) HIV-1-induced downreg-
ulation of HLA class I molecules render HIV-1-infected cells vulnerable for killing by licensed NK 
cells. Certain KIR/HLA combinations are also associated with protection against HIV-1 acquisition 
or NK cell-mediated control during HIV-1 infection. (B) NK cell-mediated antibody-dependent cel-
lular cytotoxicity (ADCC) activity promotes potent lysis of HIV-1-infected cells and is associated 
with beĴer clinical outcomes in HIV-1 infection. (C) Downmodulation of HLA-E on HIV-1-infected 
cells makes them susceptible to killing by NKG2A-expressing NK cells. NKG2D receptors recognise 
and bind virus-derived cell surface molecules on HIV-1-infected cells for targeted NK-cell mediated 
killing. (D) NK cell CD94/NKG2C interaction with antigen-expressing HLA-E on virus-infected cells 
drives the expansion of virus-specific memory NK cells with superior ADCC activity in HCMV and 
HIV-1 infection. Memory-like NK cells can also be cytokine-induced during inflammation. 
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Figure 1. NK cell-mediated immunity in response to HIV-1 infection. (A) HIV-1-induced downreg-
ulation of HLA class I molecules render HIV-1-infected cells vulnerable for killing by licensed NK
cells. Certain KIR/HLA combinations are also associated with protection against HIV-1 acquisition or
NK cell-mediated control during HIV-1 infection. (B) NK cell-mediated antibody-dependent cellular
cytotoxicity (ADCC) activity promotes potent lysis of HIV-1-infected cells and is associated with
better clinical outcomes in HIV-1 infection. (C) Downmodulation of HLA-E on HIV-1-infected cells
makes them susceptible to killing by NKG2A-expressing NK cells. NKG2D receptors recognise
and bind virus-derived cell surface molecules on HIV-1-infected cells for targeted NK-cell mediated
killing. (D) NK cell CD94/NKG2C interaction with antigen-expressing HLA-E on virus-infected cells
drives the expansion of virus-specific memory NK cells with superior ADCC activity in HCMV and
HIV-1 infection. Memory-like NK cells can also be cytokine-induced during inflammation.

HESN individuals remain HIV-uninfected despite frequent exposure to the virus. The
identification of people with presumed resistance to HIV-1 infection sparked considerable
interest within several research groups [42] and it was apparent, even from earlier studies,
that the correlates of protection were not solely attributable to adaptive immunity [43–50].
Hints of NK cell-mediated protection initially emerged from a cohort of HIV-1-exposed Viet-
namese intravascular drug users (IDUs) [51]. In functional analyses, NK cells in HESN IDUs
exhibited superior cytolytic and cytokine responses in comparison to NK cells in IDUs living
with HIV, prior to and following seroconversion [51]. Similarly, enhanced NK cell-mediated
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IFN-γ responses correlated with lower risk of HIV-1 acquisition in high-risk females [52].
NK cell-mediated resistance to HIV-1 in HESN individuals have thus far been associated
with specific KIR with or without combinational HLA genotypes that are more frequent
in HESN than in HIV-1-susceptible persons. In highly HIV-1-exposed African cohorts,
inhibitory KIR genes, specifically KIR2DL2/KIR2DL3 heterozygosity and KIR3DL1 ho-
mozygosity, were more frequently present in HESN individuals without their cognate HLA
class I ligands, HLA-C1 and HLA-Bw4, respectively [53]. In contrast, HIV-1-seropositive
individuals encoded more frequently for inhibitory KIR/HLA pairings (i.e., KIR2DL3
homozygosity/HLA-C1 and a tendency for KIR3DL1/HLA-Bw4 homozygosity) [53]. Ad-
ditionally, co-carriage of the KIR3DL1 homozygous genotype (KIR3DL1*h/*y) together
with HLA-B*57 was more frequent in HESN individuals compared to persons with acute
HIV-1 infection (AHI) [54]. NK cells derived from carriers of the KIR3DL1*h/*y/HLA-B*57
gene combination displayed higher polyfunctional potential in response to HLA-devoid
target cells than carriers of other KIR3DL1*h/*y/HLA-B pairings [55,56]. Importantly, both
HESN and AHI individuals carried similar frequencies of the KIR3DL1*h/*y genotype, but
it was the combined presence of HLA-B*57 that was associated with HIV-1 resistance. Fur-
thermore, homozygosity for activating KIR3DS1 was associated with lower HIV-1 infection
risk [57] and delayed the time to HIV-1 seroconversion [58].

Paradoxically, certain KIR and KIR/HLA genotypes are also implicated in detrimental
outcomes of HIV-1 disease. KIR3DS1, in the absence of HLA-Bw4-80I, has been associated
with more rapid disease progression [36]. Similarly, other activating KIR, namely KIR2DS2
and KIR2DS4, were linked to either faster CD4+ T cell decline or higher relative viremia,
predictive of accelerated progression to AIDS [59–61]. Furthermore, higher mortality rates
were associated with KIR2DL3/HLA-C1 receptor–ligand co-carriage in PLWH [62]. These
data suggest that NK cell populations skewed toward a more activated profile could evoke
an exacerbated pro-inflammatory environment, contributing to chronic immune activation
and accelerated HIV-1 disease progression.

2.2. CD16-, NKG2A- and NKG2D-Mediated Regulation of Antiviral NK Cells

Engagement of the NK cell low-affinity CD16 receptor with opsonised membrane-
bound target antigens promotes the potent lysis of virus-infected cells via antibody-
dependent cellular cytotoxicity (ADCC) [4,63]. NK cell-mediated ADCC correlates with
better clinical outcomes in HIV-1 infection, including a lower viral set point and higher
CD4+ T cell counts [64,65], and has been associated with spontaneous viral control and
slower progression of HIV-1 infection [66,67]. The description that NK cell-mediated ADCC
activity was associated with modest protective efficacy in the RV144 HIV-1 vaccine trial [68]
garnered widespread interest and accelerated research related to NK cell-mediated ADCC
for HIV-1-immunotherapy approaches. Efficient HIV-1-specific ADCC has been linked to
NK cell education and differentiation that facilitates enhanced antibody-dependent respon-
siveness [69,70]. Viral evasion mechanisms from ADDC activity have been described; for
example, the HIV-1 accessory protein Vpu protects against ADDC-mediated clearance of
virus-infected cells by downregulation and degradation of the anti-viral factor tetherin,
with consequences for antibody recognition of virus-infected cells and NK cell-mediated
ADCC [71–73] (Figure 1B).

The activating CD94/NKG2C and inhibitory CD94/NKG2A heterodimers interact
with the non-classical HLA-E molecule, although dominant signalling is mediated via
NKG2A engagement [74,75]. HLA-E expression is dependent on the binding of a signal
peptide derived from the leader sequence of HLA class I molecules to HLA-E [76–78]. Pri-
mary HIV-1 strains can differentially modulate the surface expression of HLA-E molecules
on infected CD4+ T cells through the Nef protein [79]. Lower HLA class I surface expression
has been furthermore associated with downmodulation of HLA-E expression on infected
cells, making them susceptible to killing by NKG2A-expressing NK cells that are normally
inhibited through HLA-E [79–81]. The mechanisms by which the activating NK cell re-
ceptors NKG2D and NCRs recognise HIV-1-infected cells are less extensively studied, but
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involve the recognition of stress-induced or virus-derived cell surface molecules, including
MIC-A and MIC-B [82]. As an example, Vpr-induced upregulation of the UL16 binding
protein (ULBP)-1, -2 and -3 on infected CD4+ T lymphocytes leads to cytotoxic killing that is
NKG2D-dependent [83] (Figure 1C). Taken together, NK cells can use several mechanisms
to recognise and kill virus-infected cells, and HIV-1 has evolved mechanisms to counteract
NK cell-mediated lysis of infected cells.

2.3. NK Cell Cytokine and Chemokine Production

NK cells produce several cytokines and chemokines. Increased cytokine production by
NK cells, specifically TNF and IFN-γ, have been associated with protection against HIV-1
infection in HESN IDUs [51]. Similarly, results from serodiscordant couples suggest that
higher secretion of IFN-γ by NK cells is involved in the control of HIV-1 establishment in
seronegative partners [84]. This cytokine release promotes innate immune cell recruitment
and skews dendritic cell (DC) maturation toward a Th1 response, which together could
favour the early control of HIV-1 infection [85]. Disease progression, however, positively
correlates with higher TNF levels in chronic phase HIV-1 infection [86], plausibly as a
consequence of TNF modulation by HIV-1 proteins to enhance viral replication [87,88],
suggesting a deleterious effect in the later stages of infection.

NK cells have also been suggested to be involved in the control of HIV-1 replication
via the release of β-chemokines CCL3, CCL4 and CCL5. β-chemokines are natural ligands
for the HIV-1 co-receptor CC-chemokine receptor 5 (CCR5). Anti-HIV-1 activity is likely
exerted by blocking the binding of HIV-1 envelope to CCR5 and thereby preventing viral
usage of CCR5 for entry into target cells [89]. In vitro resistance to R5 HIV-1 strains have
been demonstrated in PMBC from elite controllers with increased CCL3 levels [90], and
natural resistance to HIV-1 infection was associated with higher frequencies of β-chemokine-
producing NK cells in HESN individuals [51].

2.4. Memory NK Cells and Their Implications in HIV-1 Infection

Although NK cells are conventionally classified as innate, short-lived effector cells,
growing evidence challenges the perception of immunological memory as an exclusively
adaptive immune trait and offers insight into the development of NK cells with memory-
like features that are broadly defined as either antigen-dependent with typical recall or as
more generalised cytokine-induced NK cell memory responses [91,92]. NK cell memory-
like traits were first observed as contact hypersensitivity responses in hapten-sensitised
RAG-1-deficient mouse models that lacked mature T and B lymphocytes [93]. Development
and persistence of virus-specific NK cell memory responses were later demonstrated
in response to structurally diverse antigens, including HIV-1-derived protein, and was
dependent on NK cells expressing CXCR6 [94]. In viral infection models, adaptive NK
cells were first described in mouse cytomegalovirus (MCMV) infection, and was largely
mediated by NK cells expressing the activating Ly49H receptor that can bind the CMV-
encoded glycoprotein m157 [95–97]. In human CMV (HCMV) infection, NK cell memory
cells have been shown to be characterised by higher expression of NKG2C, CD57 and KIRs
for HLA-C interaction, and functionally exhibit superior ADCC [98,99].

HCMV co-infection is highly prevalent in PLWH [100], and thus the reconfigura-
tion of the NK cell repertoire in HIV-1 infection is partially driven by long-lasting CMV-
experienced NK cells. In CMV-seropositive individuals, CD56dim NK cells have been
shown to transition to a memory-like NK cell phenotype and displayed heightened ADCC
to overlapping HIV-1 peptides that persisted in the presence of antiretroviral therapy
(ART) [101–104]. Presence of memory-like NK cell subpopulations have been described
to be negatively correlated with HIV-1 viremia and to be associated with lower viral set
point during primary HIV-1 infection [105,106], suggestive of a CMV-primed NK cell
subset that offers better HIV-1 control. Apart from CMV-primed adaptive NK cells, a
recent report described HIV-1-specific NK cell memory as a correlate of HIV-1 control in
elite controllers. HIV-1-specific NK cell responses were dependent on NKG2C receptor
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interaction with HLA-E-presented Gag or Env peptides [107]. Moreover, the inflammatory
environment during HIV-1 infection could potentially drive expansion of memory-like NK
cells. For example, increased IP-10 levels were correlated with adaptive NK cell expansion
in PLWH [104], and HIV-1-induced inflammation was associated with the presence of a
CD94+CD56hi NK cell population that displayed heightened cytotoxicity to virus-infected
target cells [108] (Figure 1D).

Collectively, the data highlight the diverse NK cell-meditated responses during HIV-
1 infection and the counter-mechanisms established by the virus for immune evasion.
Clearance of virus-infected cells might be enhanced by augmentation of distinct NK cell
functions, including therapeutic expansion of specific NK cell subsets with strong antiviral
activity and/or blocking the binding of inhibitory NK cell receptors that serve as checkpoint
inhibitors. Furthermore, antibodies directed against HIV-1-infected cells could enhance
elimination of infected cells by NK cells through ADCC. Finally, inhibition of viral proteins
that enable immune evasion from NK cells may enhance the antiviral potency of NK cells
in HIV-1 infection.

3. Consequences of HIV-1 Infection on NK Cells

NK cells are key effectors in the immune control of HIV-1 infection, serving as first
line antiviral responders and in facilitating the induction of quality adaptive immunity.
However, progressive HIV-1 infection profoundly affects the NK cell compartment; most
apparent are the permutations in NK cell subset distribution and dysregulations in receptor
expression that manifest in defective NK cell responses. Viral suppression with effective
ART can alleviate these virus-induced impairments of NK cell function, although to varying
degrees that is clearly dependent on the timing of ART initiation, with preferable clinical
outcomes subsequent to earlier ART initiation.

3.1. NK Cell Count and Subset Redistributions

Acute phase HIV-1 infection is associated with elevated absolute NK cell counts such
that the relative proportion of NK cells can account for up to 50% of peripheral blood
mononuclear cells, characterised specifically by an expansion of CD56dim NK cells [109].
Further investigation revealed an expansion of KIR+ NK cells [110] that is to some ex-
tent dependent on the HLA class I genotype of the respective individual. For example,
KIR3DS1+ NK cells can significantly expand in AHI in individuals encoding for HLA-Bw4
genotypes [40], and the functionality of expanding KIR2DL1+ and KIR2DL2/3+ NK cells
during primary HIV-1 infection was higher in those individuals encoding for the respective
binding HLA-C molecules [111]. Earlier studies report a reduction in CD56-expressing
NK cells as HIV-1 infection progressed from acute to chronic disease [112,113], which was
initially presumed to be the result of early NK cell death due to ongoing viral replication
or preferential trafficking of NK cells to anatomical sites that were abundant in CD4+ T
cell targets [114,115]. However, this has since been largely attributed to sequential NK
cell subset redistribution, in particular the emergence of the functionally anergic CD56neg

subset paralleled by a loss of more cytolytic CD56dim cells [109,116–118] (Figure 2A).
The dynamics surrounding NK cell trafficking during HIV-1 infection remain in-

completely understood. Previously, NK cell frequencies and distribution were found to
be unchanged in the lymph node (LN) in PLWH during the first year of infection. LN
NK cells exhibited a phenotypic profile implicative of a superior capacity for activation
and infection control. Strikingly, KIR+ NK cells were infrequent within the LN and in-
effective KIR+ NK cell recruitment, a consequence of the inferior migratory capacity of
KIR+CX3CR1lowCXCR1low cells, potentially allows for HIV-1 replication in the LN that
is largely unrestricted by NK cell-mediated control [119]. A subsequent study described
higher expression of homing receptor CCR7 on blood NK cells, although expression was
only transiently observed during AHI [110], while more recently, CX3CR1 and ICAM2,
genes linked to NK cell trafficking, were reported to be upregulated within the first week of
HIV-1 infection [120]. During chronic HIV-1 infection (CHI), CXCR5+ NK cells with higher
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activation attributes accumulate in the lymphoid tissue. Although CXCR5+ NK cells from
HIV-1-infected tissue displayed partially impaired function, frequencies of this cell subset
inversely correlated with HIV-1 burden [121]. Importantly, these findings are suggestive of
early NK cell infiltration of secondary lymphoid tissues, with potential implications in the
establishment and containment of viral reservoir.
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Figure 2. Consequences of HIV-1 infection on NK cells. (A) During acute HIV-1 infection (AHI), there
is an expansion of KIR+ NK cells with enhanced cytolytic function. Chronic HIV-1 infection (CHI) is
associated with the expansion of functionally impaired CD56neg NK cells. (B) Phenotypic permu-
tations to NK cells during HIV-1 infection contribute to impaired NK cell cytolytic responses and
dysregulated crosstalk between NK cells and dendritic cells (DCs) that negatively affect DC matura-
tion. (C) AHI induces nutrient transporter expression, and upregulates glycolysis and mitochondrial
OXPHOS that promotes increased NK cell cytolytic activity for effective killing of virus-infected cells.
During CHI, secondary immunosuppressive cytokines contribute to the downregulation of nutrient
transporters and repression of NK cell metabolic capacities and cytotoxicity.

3.2. NK Cell Phenotypic and Functional Alterations

During early phase HIV-1 infection, expansion of the CD56dim NK cell subset estab-
lishes an NK cell pool with higher cytolytic activity [122]. Recently, Kazer and colleagues
described the upregulated expression of NK cell cytotoxic genes (PRF1, GZMB) during
Fiebig stage I/II HIV-1 infection in a cohort of young females [120]. The presence of cyto-
toxic NK cells during this hyperacute stage of infection was associated with long-term viral
control [120], corroborating previous findings suggesting that robust NK cell activity within
the first 3 months of HIV-1 infection is linked to higher CD4+ T cell count maintenance for
two years post-infection in the absence of ART [123].



Viruses 2024, 16, 1584 9 of 20

However, persistent HIV-1 viremia is associated with the redistribution of NK cell
subsets, as discussed above, which contributes to defective antiviral responses. Progressive
HIV-1 infection induces substantial alterations in the surface receptor profiles and functional
activity of NK cells, and these changes are particularly pronounced within the expanding
subset of CD56neg NK cells. One marker that has been suggested to be associated with
NK cell dysregulation is the decreased surface expression of the inhibitory NKR sialic acid
(Sia)-binding immunoglobulin-like lectin 7 (Siglec-7), which appears to be highly sensitive
to virus exposure during AHI, prior to CD56 downmodulation. The differential dynamics
of Siglec-7 and CD56 receptor expression enables the identification of NK cell subsets that
distinguish progressive HIV-1-disease stages; i.e., presence of the Siglec-7negCD56dim NK
cell phenotype observed only in AHI followed by the detection of Siglec-7negCD56neg NK
cells in CHI [124]. Persistent HIV-1 viremia also diminishes the expression of inhibitory
NKG2A receptor [117], which together with the preferential expansion of NKG2C+ NK cells
described in CMV infection, skews the NKG2A/NKG2C ratio in PLWH with concomitant
HCMV infection [125]. Furthermore, elevated levels of surface inhibitory KIR and reduced
activating NCR expression have been reported in HIV-1 viremic compared to aviremic and
uninfected individuals [117,126,127]. These phenotypical perturbations observed within
NK cell profiles have been associated significantly with an impaired cytotoxic function
of NK cells due to relatively high inhibitory receptor expression [118]. Furthermore, the
CD56neg NK cell population has been shown to produce higher quantities of transforming
growth factor-β (TGF-β), a cytokine associated with homeostatic and anti-inflammatory
functions, that may hinder autologous CD8+ T cell responses [128] (Figure 2B).

HIV-1-driven inflammation plays a key role in the expansion of the CD56neg sub-
set. Milush and colleagues previously suggested that this pathological NK cell subset
was the consequence of activated mature NK cells that had recently engaged with target
cells [129]. The augmented NK cell activation observed in progressive HIV-1 infection
is primarily restricted to CD56dim NK cells; and NK cell activation (measured by CD38
and HLA-DR) directly associated with inflammatory mediators, particularly IP-10, and
monocyte activation [130]. Importantly, these NK cell aberrancies are not observed in elite
controllers [124,130], thus providing important clues to the mechanisms underlying viral
control in individuals who naturally suppress HIV-1 viremia.

Under physiological conditions, reciprocal interactions between NK cells and DCs
augment DC maturation and their ability to present antigens to T cells. On the other
hand, DC-secreted cytokines can activate and expand NK cells, thereby enhancing NK
cell-mediated killing of virus-infected cells during acute viral infections [131]. However,
HIV-1 infection can perturbate this crosstalk between NK cells and DCs. Lower cytokine
production (IL-12, IL-15 and IL-18) by DCs during AHI has direct consequences for IFN-
γ production by NK cells. In turn, diminished IFN-γ and TNF production by NK cells
negatively affects DC maturation. Moreover, accumulation of CD56neg NK cells hinders
the capacity of NK cells to execute DC-editing [109,118,132]. Increased IL-10 production,
characteristic in CHI, prompts the induction of tolerogenic DCs through direct and indirect
mechanisms [133,134], including this dysregulation of NK cells in their crosstalk with DCs.
Lastly, the HIV-1 proteins Tat and Nef have been implicated in impairing the crosstalk
between NK cells and DCs [135] (Figure 2B). Collectively, these data demonstrate NK cell
dysregulation in HIV-1 infection, with consequences for effective innate immune crosstalk
that can result in an impairment of adaptive immunity, which ultimately lead to defective
viral control and disease progression.

3.3. The Effect of ART on HIV-Induced NK Cell Dysregulation

Effective suppression of HIV-1 viremia leads to partial immune restoration that varies
with the timing of ART administration [136–141]. Previous reports suggest moderate
improvement of NK cell subset distribution, surface molecule expression and cytotoxic
responses after ART initiation. Gradual recovery of Siglec-7 and CD56 expression on NK
cells was observed within 24 months on suppressive therapy [124], and ART alone or in
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combination with IL-2 therapy promoted CD56dim NK cell expansion [142,143]. Similarly,
normalisation of the NKG2A/NKG2C ratio required at least 24 months of undetectable
HIV-1 replication [125]. Expression of inhibitory NKRs and NCRs are for the most part
reversed to levels comparable to that of uninfected individuals [117], whilst other markers
of NK cell activation, including CD69 and CD38/HLA-DR co-expression, seemingly per-
sist in ART-positive patients, independent of HIV-1 viremia, CD4+ T cell count or T cell
activation [144,145]. However, one study, which attributes increased NK cell activation to
CD56dim NK cells in immunological non-responder PLWH, found NK cell activation to
inversely associate with recovery of CD4+ T cells [146]. ART-induced restoration of NK
cell activating and inhibitory receptor profiles correlated with NK cell cytotoxicity [117],
and enhanced terminal differentiation of CD56dim NK cells was suggestive of functionally
mature NK cells post-ART initiation [147]. Furthermore, rescue of NK cell-mediated ADCC
was more pronounced when ART was initiated prior to seroconversion [148]. Importantly,
the positive effects of ART on other immune subsets augments recovery of NK cell re-
sponses; specifically, the proper maturation and restoration of cytokine production by
DCs in PLWH favourably influences NK cell priming and IFN-γ production [149]. Taken
together, suppressive ART can partially reverse HIV-induced NK cell defects; however,
persistent NK cell activation possibly contributes to chronic inflammation and risk for
comorbid diseases.

3.4. Cellular Metabolism and NK Cell Functionality in HIV-1

Cellular metabolism is a critical factor in the fate of immune cells; the key outputs
of which contribute to homeostasis, energy production and the regulation of biosynthetic
precursors that are essential for cellular processes. These metabolic processes are sustained
primarily by two interlinked pathways: glycolysis and mitochondrial oxidative phospho-
rylation (OXPHOS). Accumulating evidence describes the indispensable link between
cellular metabolism and the modulation of immune effector functions, with implications
for immune responses during times of metabolic dysregulation [150]. NK cell homeostasis
is sufficiently supported by relatively low rates of OXPHOS, which during short-term
activation can sustain NK cell function without significant metabolic modulation [151–153].
Longer periods of exposure to stimuli induce “metabolic reprogramming” in NK cells
to incorporate the upregulation of both glycolysis and OXPHOS to support the growing
energy demands needed for the maintenance of NK cell function. Although mitochondrial
OXPHOS is a more efficient pathway for ATP generation, a shift towards glycolysis is
integral for rapid production of ATP, cellular proliferation and the generation of precursors
that are necessary for the synthesis of immune effector molecules [154,155].

The metabolic dynamics adopted by individual immune cells are further determined
by the energy requirements relating to cell type, functional phenotype and the differen-
tial impact of extrinsic cues. Increased cellular metabolism is supported by enhanced
nutrient transporter expression to facilitate an influx of nutrient sources and an upregu-
lation of metabolic enzymes [9,151,152,156,157]. In particular, glucose is a major fuel for
cellular metabolism in lymphocytes, as evidenced by augmented glucose transporter 1
(GLUT1) expression and uptake of glucose upon activation [151,156,158]. Apart from glu-
cose metabolism, other fuel sources include glutamine and fatty acids, both of which are con-
verted to intermediates that downstream supply mitochondrial respiration. Cytokine stim-
uli induces higher expression of the L-type amino acid transporter CD98 on NK cells [9,157],
whilst data pertaining to the contribution of fatty acid oxidation to NK cell metabolism are
currently lacking. The availability of nutrients within the local microenvironment, such
as tissues, can be sensed by intracellular metabolic regulators that subsequently affect
the modulation of metabolic pathways. As such, nutrient excess or deprivation greatly
influences metabolic plasticity with consequences for cellular fate [159,160].

Recent studies investigating immune metabolism of NK cell subsets have started to
reveal the distinct metabolic pathways that are preferential to specific immune outputs.
In peripheral blood, the CD56bright NK cell subset exhibited superior metabolic activity
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in comparison to CD56dim cells [153]. In response to cytokine stimulus, CD56bright NK
cells upregulated nutrient transporters and glucose metabolism, but were more susceptible
to metabolic inhibition [153]. Nutrient receptor profiles of NK cell subsets are further
influenced by compartment localisation. For example, peripheral blood CD56bright NK cells
displayed higher GLUT1 expression indicative of glucose metabolism relative to matched
tissue-resident CD56bright cells that preferentially expressed L-type amino acid transporter
CD98, indicating the capacity for metabolic adaptation in response to nutrient variability
within the respective microenvironment [9]. Moreover, functional dependency on cellular
metabolism is emphasised by the distinct metabolic reprogramming observed between une-
ducated and educated NK cells. Murine models demonstrated the significance of metabolic
regulator mammalian target of rapamycin (mTOR) activity in the attainment of cytotoxic
potential during NK cell development [151]. These findings were later confirmed in NK
cells sorted for uneducated and educated NK cell populations from KIR/HLA-genotyped
individuals [161]. Functional activities subsequent to cellular activation relied solely on
OXPHOS in uneducated NK cells, whilst licensed NK cells engaged in both glycolysis and
mitochondrial-dependent glutaminolysis for optimal cytotoxic function [161].

Assessment of glycolytic and mitochondrial respiratory pathway suppression with
the inhibitory drugs, 2-deoxyglucose and oligomycin, respectively, has begun to deduce
the intricacies of metabolic pathway regulation during cellular activation that directly
impacts immune cell function. Inhibition of either glycolysis or OXPHOS led to lower
IFN-γ production by NK cells, whereas selective suppression of glycolysis reduced degran-
ulation marker and Fas ligand expression associated with NK cell-mediated cytotoxicity
in the context of NKR/ligand-induced activation [152,162]. Furthermore, the activity of
mTOR, which is central to the maintenance of glycolytic pathways, has been investigated.
During cellular activation, enhanced mTOR activity results in increased glucose uptake
and glycolysis upregulation, promoting the production of IFN-γ and granzyme B effector
molecules in NK cells. Rapamycin-induced inhibition of mTOR activities directly limited
glycolysis, resulting in inferior NK cell–antiviral responses [153,156].

Chronic viral infections induce NK cell impairments that have been well characterised;
however, data pertaining to the metabolic changes linked to these functional impairments
are not well defined. CMV remains the most common model for understanding NK cell
biology in the context of viral infection. MCMV infection studies demonstrated induction of
nutrient transporter expression on NK cells to support nutrient uptake, gene upregulation
associated with aerobic glycolysis, and higher oxygen consumption and extracellular
acidification rates indicative of increased cellular respiration [163,164]. Inhibition of glucose
metabolism in MCMV-infected mice reduced NK cell-mediated clearance of target cells
and significantly increased susceptibility to MCMV-induced mortality [165]. Similarly,
NK cell-specific mTOR suppression negatively impacted cytokine responses during early
MCMV infection [151] and deletion of the lactate dehydrogenase A (LDHA) enzyme, which
is central to glycolysis signalling, resulted in defective NK cell antiviral protection [163].
In humans, HCMV-induced adaptive NK cells exhibited more pronounced mitochondrial
OXPHOS and spare respiratory capacity compared to canonical NK cells [166], plausibly to
support specialised effector and memory functions.

Although studied less extensively, the modification of NK cell metabolism induced by
HIV-1 infection likely bear similarities to those observed for other chronic viral infections
where metabolism defects lead to functional impairment of NK cells [167]. HIV-1-induced
secondary immunosuppression, which is biologically intended to counteract persistent
systemic inflammation in HIV-1 infection, is largely implicated in compromising effec-
tor immunity and predisposing PLWH to non-AIDS-related morbidities. In particular,
the anti-inflammatory cytokine TGF-β has been identified as an important contributor
to HIV-1-associated immunosuppression, and TGF-β is persistently elevated in PLWH,
even when on suppressive ART [168,169]. In vitro studies have implicated TGF-β activity
in the inhibition of cytokine-induced NK cell nutrient transport expression, repression
of NK cell metabolic capacities and reduced NK cell cytotoxicity [170,171]. Importantly,
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suppression of the TGF-β signalling pathway was shown to lead to both NK cell metabolic
restoration and improved functional responses [171]. Recently, adaptive NK cells from
HCMV-experienced PLWH showed a loss of the bioenergetic advantages that is character-
istic of these adaptive NK cells during CHI. Instead, phenotypic CD57+NKG2C+ NK cells
exhibited structural and functional mitochondrial defects, which notably could be allevi-
ated with IL-15 pre-treatment [172] (Figure 2C). Taken together, these data are suggestive
of the virus-induced metabolic defects of canonical and adaptive NK cells during chronic
viral infection, including HIV-1 infection, that associate with NK cell dysregulation, and
that could be compensated for through pharmacological metabolic reprogramming.

Overall, the relationship between cellular metabolism and immune function has
prompted accelerated research in the field of immune cell metabolism, and there is clear
evidence of metabolic perturbations that are associated with reduced NK cell functions.
However, in-depth investigations are warranted to elucidate the intricate mechanisms
underpinning NK cell metabolism and their relation to NK cell differentiation and function.
Nonetheless, modulation of NK cell metabolism could represent new targets for improved
NK cell functions during viral infections.

4. Conclusions

Suppression of viral replication by ART has significantly reduced HIV-1-associated
morbidity and mortality in PLWH. However, life-long ART is required and is associated
with elevated immune activation and residual immune dysfunctions, emphasising the
need for efficacious immunotherapies to reconstitute immune function. NK cells are potent
anti-HIV-1 immune cells, and the emerging understanding of their functional diversity
now offer several potential approaches to leverage NK cells that, in conjunction with
adaptive immunity, could be harnessed for therapeutic intervention in HIV-1. These
interventions would essentially encompass a multifaceted approach that enhances both NK
cell antiviral and immunoregulatory functions. In particular, enhanced ADCC responses
that are directed at key viral reservoir sites is a promising strategy for improving viral
control. However, CHIinduces permutations of NK cell populations and their functions
that are only partially restored by ART. Increasing data have elucidated the critical link
between cellular metabolism and the immune function of NK cells and identifying novel
metabolic pathways that alleviate NK cell impairment might serve as targets for therapies
that reconstitute and enhance NK cell functions in PLWH.

Author Contributions: Conceptualization, K.K.N. and M.A.; writing—original draft preparation,
K.K.N.; writing—review and editing, K.K.N. and M.A.; visualization, K.K.N.; funding acquisition,
M.A. All authors have read and agreed to the published version of the manuscript.

Funding: Deutsche Forschungsgemeinschaft (grant AL 1043/6-2).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Greenberg, A.H. The origins of the NK cell, or a Canadian in King Ivan’s court. Clin. Investig. Med. 1994, 17, 626–631.
2. Orange, J.S. Human natural killer cell deficiencies. Curr. Opin. Allergy Clin. Immunol. 2006, 6, 399–409. [CrossRef] [PubMed]
3. Voss, M.; Bryceson, Y.T. Natural killer cell biology illuminated by primary immunodeficiency syndromes in humans. Clin.

Immunol. 2017, 177, 29–42. [CrossRef] [PubMed]
4. Cooper, M.A.; Fehniger, T.A.; Caligiuri, M.A. The biology of human natural killer-cell subsets. Trends Immunol. 2001, 22, 633–640.

[CrossRef]
5. Caligiuri, M.A. Human natural killer cells. Blood 2008, 112, 461–469. [CrossRef]
6. Fehniger, T.A.; Cooper, M.A.; Nuovo, G.J.; Cella, M.; Facchetti, F.; Colonna, M.; Caligiuri, M.A. CD56bright natural killer cells

are present in human lymph nodes and are activated by T cell-derived IL-2: A potential new link between adaptive and innate
immunity. Blood 2003, 101, 3052–3057. [CrossRef]

7. Bjorkstrom, N.K.; Ljunggren, H.G.; Sandberg, J.K. CD56 negative NK cells: Origin, function, and role in chronic viral disease.
Trends Immunol. 2010, 31, 401–406. [CrossRef]

8. Pfeifer, C.; Highton, A.J.; Peine, S.; Sauter, J.; Schmidt, A.H.; Bunders, M.J.; Altfeld, M.; Korner, C. Natural Killer Cell Education Is
Associated with a Distinct Glycolytic Profile. Front. Immunol. 2018, 9, 3020. [CrossRef]

https://doi.org/10.1097/ACI.0b013e3280106b65
https://www.ncbi.nlm.nih.gov/pubmed/17088643
https://doi.org/10.1016/j.clim.2015.11.004
https://www.ncbi.nlm.nih.gov/pubmed/26592356
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1182/blood-2002-09-2876
https://doi.org/10.1016/j.it.2010.08.003
https://doi.org/10.3389/fimmu.2018.03020


Viruses 2024, 16, 1584 13 of 20

9. Salzberger, W.; Martrus, G.; Bachmann, K.; Goebels, H.; Hess, L.; Koch, M.; Langeneckert, A.; Lunemann, S.; Oldhafer, K.J.;
Pfeifer, C.; et al. Tissue-resident NK cells differ in their expression profile of the nutrient transporters Glut1, CD98 and CD71.
PLoS ONE 2018, 13, e0201170. [CrossRef]

10. Sivori, S.; Vacca, P.; Del Zotto, G.; Munari, E.; Mingari, M.C.; Moretta, L. Human NK cells: Surface receptors, inhibitory
checkpoints, and translational applications. Cell Mol. Immunol. 2019, 16, 430–441. [CrossRef]

11. Lanier, L.L. NK cell receptors. Annu. Rev. Immunol. 1998, 16, 359–393. [CrossRef] [PubMed]
12. Barrow, A.D.; Martin, C.J.; Colonna, M. The Natural Cytotoxicity Receptors in Health and Disease. Front. Immunol. 2019, 10, 909.

[CrossRef] [PubMed]
13. Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of natural killer cells. Nat. Immunol. 2008, 9, 503–510.

[CrossRef] [PubMed]
14. Kim, S.; Poursine-Laurent, J.; Truscott, S.M.; Lybarger, L.; Song, Y.J.; Yang, L.; French, A.R.; Sunwoo, J.B.; Lemieux, S.;

Hansen, T.H.; et al. Licensing of natural killer cells by host major histocompatibility complex class I molecules. Nature 2005, 436,
709–713. [CrossRef]

15. Anfossi, N.; Andre, P.; Guia, S.; Falk, C.S.; Roetynck, S.; Stewart, C.A.; Breso, V.; Frassati, C.; Reviron, D.; Middleton, D.; et al.
Human NK cell education by inhibitory receptors for MHC class I. Immunity 2006, 25, 331–342. [CrossRef]

16. Boudreau, J.E.; Hsu, K.C. Natural Killer Cell Education and the Response to Infection and Cancer Therapy: Stay Tuned. Trends
Immunol. 2018, 39, 222–239. [CrossRef]

17. Horowitz, A.; Strauss-Albee, D.M.; Leipold, M.; Kubo, J.; Nemat-Gorgani, N.; Dogan, O.C.; Dekker, C.L.; Mackey, S.; Maecker, H.;
Swan, G.E.; et al. Genetic and environmental determinants of human NK cell diversity revealed by mass cytometry. Sci. Transl.
Med. 2013, 5, 208ra145. [CrossRef]

18. Strauss-Albee, D.M.; Fukuyama, J.; Liang, E.C.; Yao, Y.; Jarrell, J.A.; Drake, A.L.; Kinuthia, J.; Montgomery, R.R.; John-Stewart, G.;
Holmes, S.; et al. Human NK cell repertoire diversity reflects immune experience and correlates with viral susceptibility. Sci.
Transl. Med. 2015, 7, 297ra115. [CrossRef]

19. Carrington, M.; Martin, M.P.; van Bergen, J. KIR-HLA intercourse in HIV disease. Trends Microbiol. 2008, 16, 620–627. [CrossRef]
20. Martin, M.P.; Carrington, M. Immunogenetics of HIV disease. Immunol. Rev. 2013, 254, 245–264. [CrossRef]
21. Jost, S.; Altfeld, M. Evasion from NK cell-mediated immune responses by HIV-1. Microbes Infect. 2012, 14, 904–915. [CrossRef]

[PubMed]
22. Bonaparte, M.I.; 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, 2087–2094. [CrossRef] [PubMed]

23. Mwimanzi, P.; Markle, T.J.; Ogata, Y.; Martin, E.; Tokunaga, M.; Mahiti, M.; Kuang, X.T.; Walker, B.D.; Brockman, M.A.;
Brumme, Z.L.; et al. Dynamic range of Nef functions in chronic HIV-1 infection. Virology 2013, 439, 74–80. [CrossRef]
[PubMed]

24. Mwimanzi, F.; Toyoda, M.; Mahiti, M.; Mann, J.K.; Martin, J.N.; Bangsberg, D.; Brockman, M.A.; Goulder, P.; Kirchhoff, F.;
Brumme, Z.L.; et al. Resistance of Major Histocompatibility Complex Class B (MHC-B) to Nef-Mediated Downregulation
Relative to that of MHC-A Is Conserved among Primate Lentiviruses and Influences Antiviral T Cell Responses in HIV-1-Infected
Individuals. J. Virol. 2018, 92, e01409-17. [CrossRef]

25. Cohen, G.B.; Gandhi, R.T.; Davis, D.M.; Mandelboim, O.; Chen, B.K.; Strominger, J.L.; Baltimore, D. The selective downregulation
of class I major histocompatibility complex proteins by HIV-1 protects HIV-infected cells from NK cells. Immunity 1999, 10,
661–671. [CrossRef]

26. Boudreau, J.E.; Mulrooney, T.J.; Le Luduec, J.B.; Barker, E.; Hsu, K.C. KIR3DL1 and HLA-B Density and Binding Calibrate NK
Education and Response to HIV. J. Immunol. 2016, 196, 3398–3410. [CrossRef]

27. Saunders, P.M.; Pymm, P.; Pietra, G.; Hughes, V.A.; Hitchen, C.; O’Connor, G.M.; Loiacono, F.; Widjaja, J.; Price, D.A.;
Falco, M.; et al. Killer cell immunoglobulin-like receptor 3DL1 polymorphism defines distinct hierarchies of HLA class I recogni-
tion. J. Exp. Med. 2016, 213, 791–807. [CrossRef]

28. Davis, Z.B.; Sowrirajan, B.; Cogswell, A.; Ward, J.P.; Planelles, V.; Barker, E. CD155 on HIV-Infected Cells Is Not Modulated by
HIV-1 Vpu and Nef but Synergizes with NKG2D Ligands to Trigger NK Cell Lysis of Autologous Primary HIV-Infected Cells.
AIDS Res. Hum. Retroviruses 2017, 33, 93–100. [CrossRef] [PubMed]

29. Carroll, I.R.; Wang, J.; Howcroft, T.K.; Singer, D.S. HIV Tat represses transcription of the beta 2-microglobulin promoter. Mol.
Immunol. 1998, 35, 1171–1178. [CrossRef]

30. Kerkau, T.; Bacik, I.; Bennink, J.R.; Yewdell, J.W.; Hunig, T.; Schimpl, A.; Schubert, U. The human immunodeficiency virus type 1
(HIV-1) Vpu protein interferes with an early step in the biosynthesis of major histocompatibility complex (MHC) class I molecules.
J. Exp. Med. 1997, 185, 1295–1305. [CrossRef]

31. Apps, R.; Del Prete, G.Q.; Chatterjee, P.; Lara, A.; Brumme, Z.L.; Brockman, M.A.; Neil, S.; Pickering, S.; Schneider, D.K.;
Piechocka-Trocha, A.; et al. HIV-1 Vpu Mediates HLA-C Downregulation. Cell Host Microbe 2016, 19, 686–695. [CrossRef]
[PubMed]

32. Korner, C.; Simoneau, C.R.; Schommers, P.; Granoff, M.; Ziegler, M.; Holzemer, A.; Lunemann, S.; Chukwukelu, J.; Corleis, B.;
Naranbhai, V.; et al. HIV-1-Mediated Downmodulation of HLA-C Impacts Target Cell Recognition and Antiviral Activity of NK
Cells. Cell Host Microbe 2017, 22, 111–119.e4. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0201170
https://doi.org/10.1038/s41423-019-0206-4
https://doi.org/10.1146/annurev.immunol.16.1.359
https://www.ncbi.nlm.nih.gov/pubmed/9597134
https://doi.org/10.3389/fimmu.2019.00909
https://www.ncbi.nlm.nih.gov/pubmed/31134055
https://doi.org/10.1038/ni1582
https://www.ncbi.nlm.nih.gov/pubmed/18425107
https://doi.org/10.1038/nature03847
https://doi.org/10.1016/j.immuni.2006.06.013
https://doi.org/10.1016/j.it.2017.12.001
https://doi.org/10.1126/scitranslmed.3006702
https://doi.org/10.1126/scitranslmed.aac5722
https://doi.org/10.1016/j.tim.2008.09.002
https://doi.org/10.1111/imr.12071
https://doi.org/10.1016/j.micinf.2012.05.001
https://www.ncbi.nlm.nih.gov/pubmed/22626930
https://doi.org/10.1182/blood-2004-02-0696
https://www.ncbi.nlm.nih.gov/pubmed/15117765
https://doi.org/10.1016/j.virol.2013.02.005
https://www.ncbi.nlm.nih.gov/pubmed/23490051
https://doi.org/10.1128/JVI.01409-17
https://doi.org/10.1016/S1074-7613(00)80065-5
https://doi.org/10.4049/jimmunol.1502469
https://doi.org/10.1084/jem.20152023
https://doi.org/10.1089/aid.2015.0375
https://www.ncbi.nlm.nih.gov/pubmed/27296670
https://doi.org/10.1016/S0161-5890(98)00107-2
https://doi.org/10.1084/jem.185.7.1295
https://doi.org/10.1016/j.chom.2016.04.005
https://www.ncbi.nlm.nih.gov/pubmed/27173934
https://doi.org/10.1016/j.chom.2017.06.008
https://www.ncbi.nlm.nih.gov/pubmed/28704647


Viruses 2024, 16, 1584 14 of 20

33. Moesta, A.K.; Parham, P. Diverse functionality among human NK cell receptors for the C1 epitope of HLA-C: KIR2DS2, KIR2DL2,
and KIR2DL3. Front. Immunol. 2012, 3, 336. [CrossRef]

34. Frazier, W.R.; Steiner, N.; Hou, L.; Dakshanamurthy, S.; Hurley, C.K. Allelic variation in KIR2DL3 generates a KIR2DL2-like
receptor with increased binding to its HLA-C ligand. J. Immunol. 2013, 190, 6198–6208. [CrossRef]

35. David, G.; Djaoud, Z.; Willem, C.; Legrand, N.; Rettman, P.; Gagne, K.; Cesbron, A.; Retiere, C. Large spectrum of HLA-C
recognition by killer Ig-like receptor (KIR) 2DL2 and KIR2DL3 and restricted C1 SPECIFICITY of KIR2DS2: Dominant impact of
KIR2DL2/KIR2DS2 on KIR2D NK cell repertoire formation. J. Immunol. 2013, 191, 4778–4788. [CrossRef]

36. Martin, M.P.; Gao, X.; Lee, J.H.; Nelson, G.W.; Detels, R.; Goedert, J.J.; Buchbinder, S.; Hoots, K.; Vlahov, D.; Trowsdale, J.; et al.
Epistatic interaction between KIR3DS1 and HLA-B delays the progression to AIDS. Nat. Genet. 2002, 31, 429–434. [CrossRef]

37. Martin, M.P.; Qi, Y.; Gao, X.; Yamada, E.; Martin, J.N.; Pereyra, F.; Colombo, S.; Brown, E.E.; Shupert, W.L.; Phair, J.; et al. Innate
partnership of HLA-B and KIR3DL1 subtypes against HIV-1. Nat. Genet. 2007, 39, 733–740. [CrossRef] [PubMed]

38. Qi, Y.; Martin, M.P.; Gao, X.; Jacobson, L.; Goedert, J.J.; Buchbinder, S.; Kirk, G.D.; O’Brien, S.J.; Trowsdale, J.; Carrington, M.
KIR/HLA pleiotropism: Protection against both HIV and opportunistic infections. PLoS Pathog. 2006, 2, e79. [CrossRef]

39. Alter, G.; Martin, M.P.; Teigen, N.; Carr, W.H.; Suscovich, T.J.; Schneidewind, A.; Streeck, H.; Waring, M.; Meier, A.;
Brander, C.; et al. Differential natural killer cell-mediated inhibition of HIV-1 replication based on distinct KIR/HLA subtypes.
J. Exp. Med. 2007, 204, 3027–3036. [CrossRef]

40. Alter, G.; Rihn, S.; Walter, K.; Nolting, A.; Martin, M.; Rosenberg, E.S.; Miller, J.S.; Carrington, M.; Altfeld, M. HLA class
I subtype-dependent expansion of KIR3DS1+ and KIR3DL1+ NK cells during acute human immunodeficiency virus type 1
infection. J. Virol. 2009, 83, 6798–6805. [CrossRef]

41. Long, B.R.; Ndhlovu, L.C.; Oksenberg, J.R.; Lanier, L.L.; Hecht, F.M.; Nixon, D.F.; Barbour, J.D. Conferral of enhanced natural
killer cell function by KIR3DS1 in early human immunodeficiency virus type 1 infection. J. Virol. 2008, 82, 4785–4792. [CrossRef]
[PubMed]

42. Meyers, A.F.; Fowke, K.R. International symposium on natural immunity to HIV: A gathering of the HIV-exposed seronegative
clan. J. Infect. Dis. 2010, 202 (Suppl. S3), S327–S328. [CrossRef] [PubMed]

43. Clerici, M.; Giorgi, J.V.; Chou, C.C.; Gudeman, V.K.; Zack, J.A.; Gupta, P.; Ho, H.N.; Nishanian, P.G.; Berzofsky, J.A.; Shearer, G.M.
Cell-mediated immune response to human immunodeficiency virus (HIV) type 1 in seronegative homosexual men with recent
sexual exposure to HIV-1. J. Infect. Dis. 1992, 165, 1012–1019. [CrossRef]

44. Clerici, M.; Levin, J.M.; Kessler, H.A.; Harris, A.; Berzofsky, J.A.; Landay, A.L.; Shearer, G.M. HIV-specific T-helper activity in
seronegative health care workers exposed to contaminated blood. JAMA 1994, 271, 42–46. [CrossRef]

45. Pinto, L.A.; Sullivan, J.; Berzofsky, J.A.; Clerici, M.; Kessler, H.A.; Landay, A.L.; Shearer, G.M. ENV-specific cytotoxic T lymphocyte
responses in HIV seronegative health care workers occupationally exposed to HIV-contaminated body fluids. J. Clin. Investig.
1995, 96, 867–876. [CrossRef]

46. Beretta, A.; Furci, L.; Burastero, S.; Cosma, A.; Dinelli, M.E.; Lopalco, L.; DeSantis, C.; Tambussi, G.; Carrow, E.; Sabbatani, S.; et al.
HIV-1-specific immunity in persistently seronegative individuals at high risk for HIV infection. Immunol. Lett. 1996, 51, 39–43.
[CrossRef]

47. Mazzoli, S.; Trabattoni, D.; Lo Caputo, S.; Piconi, S.; Ble, C.; Meacci, F.; Ruzzante, S.; Salvi, A.; Semplici, F.; Longhi, R.; et al.
HIV-specific mucosal and cellular immunity in HIV-seronegative partners of HIV-seropositive individuals. Nat. Med. 1997, 3,
1250–1257. [CrossRef]

48. Kaul, R.; Rowland-Jones, S.L.; Kimani, J.; Dong, T.; Yang, H.B.; Kiama, P.; Rostron, T.; Njagi, E.; Bwayo, J.J.; MacDonald, K.S.; et al.
Late seroconversion in HIV-resistant Nairobi prostitutes despite pre-existing HIV-specific CD8+ responses. J. Clin. Investig. 2001,
107, 341–349. [CrossRef] [PubMed]

49. Kaul, R.; Rowland-Jones, S.L.; Kimani, J.; Fowke, K.; Dong, T.; Kiama, P.; Rutherford, J.; Njagi, E.; Mwangi, F.; Rostron, T.; et al.
New insights into HIV-1 specific cytotoxic T-lymphocyte responses in exposed, persistently seronegative Kenyan sex workers.
Immunol. Lett. 2001, 79, 3–13. [CrossRef]

50. Alimonti, J.B.; Kimani, J.; Matu, L.; Wachihi, C.; Kaul, R.; Plummer, F.A.; Fowke, K.R. Characterization of CD8 T-cell responses in
HIV-1-exposed seronegative commercial sex workers from Nairobi, Kenya. Immunol. Cell Biol. 2006, 84, 482–485. [CrossRef]

51. Scott-Algara, D.; Truong, L.X.; Versmisse, P.; David, A.; Luong, T.T.; Nguyen, N.V.; Theodorou, I.; Barre-Sinoussi, F.; Pancino, G.
Cutting edge: Increased NK cell activity in HIV-1-exposed but uninfected Vietnamese intravascular drug users. J. Immunol. 2003,
171, 5663–5667. [CrossRef] [PubMed]

52. Naranbhai, V.; Altfeld, M.; Abdool Karim, Q.; Ndung’u, T.; Abdool Karim, S.S.; Carr, W.H. Natural killer cell function in women
at high risk for HIV acquisition: Insights from a microbicide trial. AIDS 2012, 26, 1745–1753. [CrossRef] [PubMed]

53. Jennes, W.; Verheyden, S.; Demanet, C.; Adje-Toure, C.A.; Vuylsteke, B.; Nkengasong, J.N.; Kestens, L. Cutting edge: Resistance
to HIV-1 infection among African female sex workers is associated with inhibitory KIR in the absence of their HLA ligands.
J. Immunol. 2006, 177, 6588–6592. [CrossRef] [PubMed]

54. Boulet, S.; Kleyman, M.; Kim, J.Y.; Kamya, P.; Sharafi, S.; Simic, N.; Bruneau, J.; Routy, J.P.; Tsoukas, C.M.; Bernard, N.F. A
combined genotype of KIR3DL1 high expressing alleles and HLA-B*57 is associated with a reduced risk of HIV infection. AIDS
2008, 22, 1487–1491. [CrossRef] [PubMed]

https://doi.org/10.3389/fimmu.2012.00336
https://doi.org/10.4049/jimmunol.1300464
https://doi.org/10.4049/jimmunol.1301580
https://doi.org/10.1038/ng934
https://doi.org/10.1038/ng2035
https://www.ncbi.nlm.nih.gov/pubmed/17496894
https://doi.org/10.1371/journal.ppat.0020079
https://doi.org/10.1084/jem.20070695
https://doi.org/10.1128/JVI.00256-09
https://doi.org/10.1128/JVI.02449-07
https://www.ncbi.nlm.nih.gov/pubmed/18305035
https://doi.org/10.1086/655975
https://www.ncbi.nlm.nih.gov/pubmed/20887218
https://doi.org/10.1093/infdis/165.6.1012
https://doi.org/10.1001/jama.1994.03510250058035
https://doi.org/10.1172/JCI118133
https://doi.org/10.1016/0165-2478(96)02553-9
https://doi.org/10.1038/nm1197-1250
https://doi.org/10.1172/JCI10714
https://www.ncbi.nlm.nih.gov/pubmed/11160158
https://doi.org/10.1016/S0165-2478(01)00260-7
https://doi.org/10.1111/j.1440-1711.2006.01455.x
https://doi.org/10.4049/jimmunol.171.11.5663
https://www.ncbi.nlm.nih.gov/pubmed/14634071
https://doi.org/10.1097/QAD.0b013e328357724f
https://www.ncbi.nlm.nih.gov/pubmed/22781225
https://doi.org/10.4049/jimmunol.177.10.6588
https://www.ncbi.nlm.nih.gov/pubmed/17082569
https://doi.org/10.1097/QAD.0b013e3282ffde7e
https://www.ncbi.nlm.nih.gov/pubmed/18614872


Viruses 2024, 16, 1584 15 of 20

55. Boulet, S.; Song, R.; Kamya, P.; Bruneau, J.; Shoukry, N.H.; Tsoukas, C.M.; Bernard, N.F. HIV protective KIR3DL1 and
HLA-B genotypes influence NK cell function following stimulation with HLA-devoid cells. J. Immunol. 2010, 184, 2057–2064.
[CrossRef]

56. Kamya, P.; Boulet, S.; Tsoukas, C.M.; Routy, J.P.; Thomas, R.; Cote, P.; Boulassel, M.R.; Baril, J.G.; Kovacs, C.; Migueles, S.A.; et al.
Receptor-ligand requirements for increased NK cell polyfunctional potential in slow progressors infected with HIV-1 coexpressing
KIR3DL1*h/*y and HLA-B*57. J. Virol. 2011, 85, 5949–5960. [CrossRef]

57. Boulet, S.; Sharafi, S.; Simic, N.; Bruneau, J.; Routy, J.P.; Tsoukas, C.M.; Bernard, N.F. Increased proportion of KIR3DS1 homozy-
gotes in HIV-exposed uninfected individuals. AIDS 2008, 22, 595–599. [CrossRef]

58. Tallon, B.J.; Bruneau, J.; Tsoukas, C.M.; Routy, J.P.; Kiani, Z.; Tan, X.; Bernard, N.F. Time to seroconversion in HIV-exposed subjects
carrying protective versus non protective KIR3DS1/L1 and HLA-B genotypes. PLoS ONE 2014, 9, e110480. [CrossRef]

59. Gaudieri, S.; DeSantis, D.; McKinnon, E.; Moore, C.; Nolan, D.; Witt, C.S.; Mallal, S.A.; Christiansen, F.T. Killer immunoglobulin-
like receptors and HLA act both independently and synergistically to modify HIV disease progression. Genes. Immun. 2005, 6,
683–690. [CrossRef]

60. Jennes, W.; Verheyden, S.; Demanet, C.; Menten, J.; Vuylsteke, B.; Nkengasong, J.N.; Kestens, L. Low CD4+ T cell counts among
African HIV-1 infected subjects with group B KIR haplotypes in the absence of specific inhibitory KIR ligands. PLoS ONE 2011,
6, e17043. [CrossRef]

61. Merino, A.; Malhotra, R.; Morton, M.; Mulenga, J.; Allen, S.; Hunter, E.; Tang, J.; Kaslow, R.A. Impact of a functional KIR2DS4
allele on heterosexual HIV-1 transmission among discordant Zambian couples. J. Infect. Dis. 2011, 203, 487–495. [CrossRef]
[PubMed]

62. Mori, M.; Wichukchinda, N.; Miyahara, R.; Rojanawiwat, A.; Pathipvanich, P.; Tsuchiya, N.; Miura, T.; Yasunami, M.; Ariyoshi, K.;
Sawanpanyalert, P. The effect of KIR2D-HLA-C receptor-ligand interactions on clinical outcome in a HIV-1 CRF01_AE-infected
Thai population. AIDS 2015, 29, 1607–1615. [CrossRef] [PubMed]

63. Lo Nigro, C.; Macagno, M.; Sangiolo, D.; Bertolaccini, L.; Aglietta, M.; Merlano, M.C. NK-mediated antibody-dependent cell-
mediated cytotoxicity in solid tumors: Biological evidence and clinical perspectives. Ann. Transl. Med. 2019, 7, 105. [CrossRef]
[PubMed]

64. Chen, X.; Lin, M.; Qian, S.; Zhang, Z.; Fu, Y.; Xu, J.; Han, X.; Ding, H.; Dong, T.; Shang, H.; et al. The Early Antibody-Dependent
Cell-Mediated Cytotoxicity Response Is Associated with Lower Viral Set Point in Individuals with Primary HIV Infection. Front.
Immunol. 2018, 9, 2322. [CrossRef]

65. Sawyer, L.A.; Katzenstein, D.A.; Hendry, R.M.; Boone, E.J.; Vujcic, L.K.; Williams, C.C.; Zeger, S.L.; Saah, A.J.; Rinaldo, C.R.,
Jr.; Phair, J.P.; et al. Possible beneficial effects of neutralizing antibodies and antibody-dependent, cell-mediated cytotoxicity in
human immunodeficiency virus infection. AIDS Res. Hum. Retroviruses 1990, 6, 341–356. [CrossRef]

66. Wren, L.H.; Chung, A.W.; Isitman, G.; Kelleher, A.D.; Parsons, M.S.; Amin, J.; Cooper, D.A.; ADCC Study Collaboration
Investigators; Stratov, I.; Navis, M.; et al. Specific antibody-dependent cellular cytotoxicity responses associated with slow
progression of HIV infection. Immunology 2013, 138, 116–123. [CrossRef]

67. Ackerman, M.E.; Mikhailova, A.; Brown, E.P.; Dowell, K.G.; Walker, B.D.; Bailey-Kellogg, C.; Suscovich, T.J.; Alter, G. Poly-
functional HIV-Specific Antibody Responses Are Associated with Spontaneous HIV Control. PLoS Pathog. 2016, 12, e1005315.
[CrossRef]

68. Haynes, B.F.; Gilbert, P.B.; McElrath, M.J.; Zolla-Pazner, S.; Tomaras, G.D.; Alam, S.M.; Evans, D.T.; Montefiori, D.C.; Karnasuta,
C.; Sutthent, R.; et al. Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N. Engl. J. Med. 2012, 366, 1275–1286.
[CrossRef]

69. Parsons, M.S.; Loh, L.; Gooneratne, S.; Center, R.J.; Kent, S.J. Role of education and differentiation in determining the potential of
natural killer cells to respond to antibody-dependent stimulation. AIDS 2014, 28, 2781–2786. [CrossRef]

70. Gooneratne, S.L.; Richard, J.; Lee, W.S.; Finzi, A.; Kent, S.J.; Parsons, M.S. Slaying the Trojan horse: Natural killer cells exhibit
robust anti-HIV-1 antibody-dependent activation and cytolysis against allogeneic T cells. J. Virol. 2015, 89, 97–109. [CrossRef]

71. Alvarez, R.A.; Hamlin, R.E.; Monroe, A.; Moldt, B.; Hotta, M.T.; Rodriguez Caprio, G.; Fierer, D.S.; Simon, V.; Chen, B.K. HIV-1
Vpu antagonism of tetherin inhibits antibody-dependent cellular cytotoxic responses by natural killer cells. J. Virol. 2014, 88,
6031–6046. [CrossRef] [PubMed]

72. Arias, J.F.; Heyer, L.N.; von Bredow, B.; Weisgrau, K.L.; Moldt, B.; Burton, D.R.; Rakasz, E.G.; Evans, D.T. Tetherin antagonism
by Vpu protects HIV-infected cells from antibody-dependent cell-mediated cytotoxicity. Proc. Natl. Acad. Sci. USA 2014, 111,
6425–6430. [CrossRef] [PubMed]

73. Kramski, M.; Stratov, I.; Kent, S.J. The role of HIV-specific antibody-dependent cellular cytotoxicity in HIV prevention and the
influence of the HIV-1 Vpu protein. AIDS 2015, 29, 137–144. [CrossRef] [PubMed]

74. Kaiser, B.K.; Barahmand-Pour, F.; Paulsene, W.; Medley, S.; Geraghty, D.E.; Strong, R.K. Interactions between NKG2x immunore-
ceptors and HLA-E ligands display overlapping affinities and thermodynamics. J. Immunol. 2005, 174, 2878–2884. [CrossRef]
[PubMed]

75. Vales-Gomez, M.; Reyburn, H.T.; Erskine, R.A.; Lopez-Botet, M.; Strominger, J.L. Kinetics and peptide dependency of the binding
of the inhibitory NK receptor CD94/NKG2-A and the activating receptor CD94/NKG2-C to HLA-E. EMBO J. 1999, 18, 4250–4260.
[CrossRef]

https://doi.org/10.4049/jimmunol.0902621
https://doi.org/10.1128/JVI.02652-10
https://doi.org/10.1097/QAD.0b013e3282f56b23
https://doi.org/10.1371/journal.pone.0110480
https://doi.org/10.1038/sj.gene.6364256
https://doi.org/10.1371/journal.pone.0017043
https://doi.org/10.1093/infdis/jiq075
https://www.ncbi.nlm.nih.gov/pubmed/21216870
https://doi.org/10.1097/QAD.0000000000000747
https://www.ncbi.nlm.nih.gov/pubmed/26372271
https://doi.org/10.21037/atm.2019.01.42
https://www.ncbi.nlm.nih.gov/pubmed/31019955
https://doi.org/10.3389/fimmu.2018.02322
https://doi.org/10.1089/aid.1990.6.341
https://doi.org/10.1111/imm.12016
https://doi.org/10.1371/journal.ppat.1005315
https://doi.org/10.1056/NEJMoa1113425
https://doi.org/10.1097/QAD.0000000000000489
https://doi.org/10.1128/JVI.02461-14
https://doi.org/10.1128/JVI.00449-14
https://www.ncbi.nlm.nih.gov/pubmed/24623433
https://doi.org/10.1073/pnas.1321507111
https://www.ncbi.nlm.nih.gov/pubmed/24733916
https://doi.org/10.1097/QAD.0000000000000523
https://www.ncbi.nlm.nih.gov/pubmed/25396265
https://doi.org/10.4049/jimmunol.174.5.2878
https://www.ncbi.nlm.nih.gov/pubmed/15728498
https://doi.org/10.1093/emboj/18.15.4250


Viruses 2024, 16, 1584 16 of 20

76. Braud, V.M.; Allan, D.S.; O’Callaghan, C.A.; Soderstrom, K.; D’Andrea, A.; Ogg, G.S.; Lazetic, S.; Young, N.T.; Bell, J.I.;
Phillips, J.H.; et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B and C. Nature 1998, 391, 795–799. [CrossRef]

77. Braud, V.M.; Allan, D.S.; Wilson, D.; McMichael, A.J. TAP- and tapasin-dependent HLA-E surface expression correlates with the
binding of an MHC class I leader peptide. Curr. Biol. 1998, 8, 1–10. [CrossRef]

78. Lee, N.; Goodlett, D.R.; Ishitani, A.; Marquardt, H.; Geraghty, D.E. HLA-E surface expression depends on binding of TAP-
dependent peptides derived from certain HLA class I signal sequences. J. Immunol. 1998, 160, 4951–4960. [CrossRef]

79. van Stigt Thans, T.; Akko, J.I.; Niehrs, A.; Garcia-Beltran, W.F.; Richert, L.; Sturzel, C.M.; Ford, C.T.; Li, H.; Ochsenbauer, C.;
Kappes, J.C.; et al. Primary HIV-1 Strains Use Nef To Downmodulate HLA-E Surface Expression. J. Virol. 2019, 93, 10–1128.
[CrossRef]

80. Davis, Z.B.; Cogswell, A.; Scott, H.; Mertsching, A.; Boucau, J.; Wambua, D.; Le Gall, S.; Planelles, V.; Campbell, K.S.; Barker, E. A
Conserved HIV-1-Derived Peptide Presented by HLA-E Renders Infected T-cells Highly Susceptible to Attack by NKG2A/CD94-
Bearing Natural Killer Cells. PLoS Pathog. 2016, 12, e1005421. [CrossRef]

81. Lisovsky, I.; Isitman, G.; Song, R.; DaFonseca, S.; Tremblay-McLean, A.; Lebouche, B.; Routy, J.P.; Bruneau, J.; Bernard, N.F.
A Higher Frequency of NKG2A+ than of NKG2A− NK Cells Responds to Autologous HIV-Infected CD4 Cells irrespective of
Whether or Not They Coexpress KIR3DL1. J. Virol. 2015, 89, 9909–9919. [CrossRef] [PubMed]

82. Cifaldi, L.; Doria, M.; Cotugno, N.; Zicari, S.; Cancrini, C.; Palma, P.; Rossi, P. DNAM-1 Activating Receptor and Its Ligands:
How Do Viruses Affect the NK Cell-Mediated Immune Surveillance during the Various Phases of Infection? Int. J. Mol. Sci. 2019,
20, 3715. [CrossRef] [PubMed]

83. Richard, J.; Sindhu, S.; Pham, T.N.; Belzile, J.P.; Cohen, E.A. HIV-1 Vpr up-regulates expression of ligands for the activating
NKG2D receptor and promotes NK cell-mediated killing. Blood 2010, 115, 1354–1363. [CrossRef]

84. Montoya, C.J.; Velilla, P.A.; Chougnet, C.; Landay, A.L.; Rugeles, M.T. Increased IFN-gamma production by NK and CD3+/CD56+
cells in sexually HIV-1-exposed but uninfected individuals. Clin. Immunol. 2006, 120, 138–146. [CrossRef] [PubMed]

85. Alter, G.; Altfeld, M. Mutiny or scrutiny: NK cell modulation of DC function in HIV-1 infection. Trends Immunol. 2011, 32, 219–224.
[CrossRef]

86. Wada, N.I.; Jacobson, L.P.; Margolick, J.B.; Breen, E.C.; Macatangay, B.; Penugonda, S.; Martinez-Maza, O.; Bream, J.H. The effect
of HAART-induced HIV suppression on circulating markers of inflammation and immune activation. AIDS 2015, 29, 463–471.
[CrossRef]

87. Osborn, L.; Kunkel, S.; Nabel, G.J. Tumor necrosis factor alpha and interleukin 1 stimulate the human immunodeficiency virus
enhancer by activation of the nuclear factor kappa B. Proc. Natl. Acad. Sci. USA 1989, 86, 2336–2340. [CrossRef]

88. Kumar, A.; Abbas, W.; Herbein, G. TNF and TNF receptor superfamily members in HIV infection: New cellular targets for
therapy? Mediat. Inflamm. 2013, 2013, 484378. [CrossRef]

89. Fauci, A.S.; Mavilio, D.; Kottilil, S. NK cells in HIV infection: Paradigm for protection or targets for ambush. Nat. Rev. Immunol.
2005, 5, 835–843. [CrossRef]

90. Walker, W.E.; Kurscheid, S.; Joshi, S.; Lopez, C.A.; Goh, G.; Choi, M.; Barakat, L.; Francis, J.; Fisher, A.; Kozal, M.; et al. Increased
Levels of Macrophage Inflammatory Proteins Result in Resistance to R5-Tropic HIV-1 in a Subset of Elite Controllers. J. Virol.
2015, 89, 5502–5514. [CrossRef]

91. O’Sullivan, T.E.; Sun, J.C.; Lanier, L.L. Natural Killer Cell Memory. Immunity 2015, 43, 634–645. [CrossRef] [PubMed]
92. Terren, I.; Orrantia, A.; Astarloa-Pando, G.; Amarilla-Irusta, A.; Zenarruzabeitia, O.; Borrego, F. Cytokine-Induced Memory-Like

NK Cells: From the Basics to Clinical Applications. Front. Immunol. 2022, 13, 884648. [CrossRef]
93. O’Leary, J.G.; Goodarzi, M.; Drayton, D.L.; von Andrian, U.H. T cell- and B cell-independent adaptive immunity mediated by

natural killer cells. Nat. Immunol. 2006, 7, 507–516. [CrossRef] [PubMed]
94. Paust, S.; Gill, H.S.; Wang, B.Z.; Flynn, M.P.; Moseman, E.A.; Senman, B.; Szczepanik, M.; Telenti, A.; Askenase, P.W.;

Compans, R.W.; et al. Critical role for the chemokine receptor CXCR6 in NK cell-mediated antigen-specific memory of haptens
and viruses. Nat. Immunol. 2010, 11, 1127–1135. [CrossRef]

95. Arase, H.; Mocarski, E.S.; Campbell, A.E.; Hill, A.B.; Lanier, L.L. Direct recognition of cytomegalovirus by activating and
inhibitory NK cell receptors. Science 2002, 296, 1323–1326. [CrossRef]

96. Smith, H.R.; Heusel, J.W.; Mehta, I.K.; Kim, S.; Dorner, B.G.; Naidenko, O.V.; Iizuka, K.; Furukawa, H.; Beckman, D.L.;
Pingel, J.T.; et al. Recognition of a virus-encoded ligand by a natural killer cell activation receptor. Proc. Natl. Acad. Sci. USA 2002,
99, 8826–8831. [CrossRef] [PubMed]

97. Sun, J.C.; Beilke, J.N.; Lanier, L.L. Adaptive immune features of natural killer cells. Nature 2009, 457, 557–561. [CrossRef]
98. Hammer, Q.; Ruckert, T.; Borst, E.M.; Dunst, J.; Haubner, A.; Durek, P.; Heinrich, F.; Gasparoni, G.; Babic, M.; Tomic, A.; et al.

Peptide-specific recognition of human cytomegalovirus strains controls adaptive natural killer cells. Nat. Immunol. 2018, 19,
453–463. [CrossRef]

99. Nikzad, R.; Angelo, L.S.; Aviles-Padilla, K.; Le, D.T.; Singh, V.K.; Bimler, L.; Vukmanovic-Stejic, M.; Vendrame, E.; Ranganath,
T.; Simpson, L.; et al. Human natural killer cells mediate adaptive immunity to viral antigens. Sci. Immunol. 2019, 4, eaat8116.
[CrossRef]

100. Freeman, M.L.; Lederman, M.M.; Gianella, S. Partners in Crime: The Role of CMV in Immune Dysregulation and Clinical
Outcome during HIV Infection. Curr. HIV/AIDS Rep. 2016, 13, 10–19. [CrossRef]

https://doi.org/10.1038/35869
https://doi.org/10.1016/S0960-9822(98)70014-4
https://doi.org/10.4049/jimmunol.160.10.4951
https://doi.org/10.1128/JVI.00719-19
https://doi.org/10.1371/journal.ppat.1005421
https://doi.org/10.1128/JVI.01546-15
https://www.ncbi.nlm.nih.gov/pubmed/26202228
https://doi.org/10.3390/ijms20153715
https://www.ncbi.nlm.nih.gov/pubmed/31366013
https://doi.org/10.1182/blood-2009-08-237370
https://doi.org/10.1016/j.clim.2006.02.008
https://www.ncbi.nlm.nih.gov/pubmed/16624619
https://doi.org/10.1016/j.it.2011.02.003
https://doi.org/10.1097/QAD.0000000000000545
https://doi.org/10.1073/pnas.86.7.2336
https://doi.org/10.1155/2013/484378
https://doi.org/10.1038/nri1711
https://doi.org/10.1128/JVI.00118-15
https://doi.org/10.1016/j.immuni.2015.09.013
https://www.ncbi.nlm.nih.gov/pubmed/26488815
https://doi.org/10.3389/fimmu.2022.884648
https://doi.org/10.1038/ni1332
https://www.ncbi.nlm.nih.gov/pubmed/16617337
https://doi.org/10.1038/ni.1953
https://doi.org/10.1126/science.1070884
https://doi.org/10.1073/pnas.092258599
https://www.ncbi.nlm.nih.gov/pubmed/12060703
https://doi.org/10.1038/nature07665
https://doi.org/10.1038/s41590-018-0082-6
https://doi.org/10.1126/sciimmunol.aat8116
https://doi.org/10.1007/s11904-016-0297-9


Viruses 2024, 16, 1584 17 of 20

101. Mela, C.M.; Burton, C.T.; Imami, N.; Nelson, M.; Steel, A.; Gazzard, B.G.; Gotch, F.M.; Goodier, M.R. Switch from inhibitory to
activating NKG2 receptor expression in HIV-1 infection: Lack of reversion with highly active antiretroviral therapy. AIDS 2005,
19, 1761–1769. [CrossRef] [PubMed]

102. Peppa, D.; Pedroza-Pacheco, I.; Pellegrino, P.; Williams, I.; Maini, M.K.; Borrow, P. Adaptive Reconfiguration of Natural Killer
Cells in HIV-1 Infection. Front. Immunol. 2018, 9, 474. [CrossRef]

103. Hwang, I.; Zhang, T.; Scott, J.M.; Kim, A.R.; Lee, T.; Kakarla, T.; Kim, A.; Sunwoo, J.B.; Kim, S. Identification of human NK cells
that are deficient for signaling adaptor FcRgamma and specialized for antibody-dependent immune functions. Int. Immunol.
2012, 24, 793–802. [CrossRef]

104. Zhou, J.; Amran, F.S.; Kramski, M.; Angelovich, T.A.; Elliott, J.; Hearps, A.C.; Price, P.; Jaworowski, A. An NK Cell Population
Lacking FcRgamma Is Expanded in Chronically Infected HIV Patients. J. Immunol. 2015, 194, 4688–4697. [CrossRef]

105. Ma, M.; Wang, Z.; Chen, X.; Tao, A.; He, L.; Fu, S.; Zhang, Z.; Fu, Y.; Guo, C.; Liu, J.; et al. NKG2C (+)NKG2A (−) Natural
Killer Cells Are Associated with a Lower Viral Set Point and may Predict Disease Progression in Individuals with Primary HIV
Infection. Front. Immunol. 2017, 8, 1176. [CrossRef] [PubMed]

106. Gondois-Rey, F.; Cheret, A.; Mallet, F.; Bidaut, G.; Granjeaud, S.; Lecuroux, C.; Ploquin, M.; Muller-Trutwin, M.; Rouzioux, C.;
Avettand-Fenoel, V.; et al. A Mature NK Profile at the Time of HIV Primary Infection Is Associated with an Early Response to
cART. Front. Immunol. 2017, 8, 54. [CrossRef] [PubMed]

107. Jost, S.; Lucar, O.; Lee, E.; Yoder, T.; Kroll, K.; Sugawara, S.; Smith, S.; Jones, R.; Tweet, G.; Werner, A.; et al. Antigen-specific
memory NK cell responses against HIV and influenza use the NKG2/HLA-E axis. Sci. Immunol. 2023, 8, eadi3974. [CrossRef]
[PubMed]

108. Wang, Y.; Lifshitz, L.; Gellatly, K.; Vinton, C.L.; Busman-Sahay, K.; McCauley, S.; Vangala, P.; Kim, K.; Derr, A.; Jaiswal, S.; et al.
HIV-1-induced cytokines deplete homeostatic innate lymphoid cells and expand TCF7-dependent memory NK cells. Nat.
Immunol. 2020, 21, 274–286. [CrossRef]

109. Alter, G.; Teigen, N.; Davis, B.T.; Addo, M.M.; Suscovich, T.J.; Waring, M.T.; Streeck, H.; Johnston, M.N.; Staller, K.D.;
Zaman, M.T.; et al. Sequential deregulation of NK cell subset distribution and function starting in acute HIV-1 infection. Blood
2005, 106, 3366–3369. [CrossRef]

110. Naranbhai, V.; Altfeld, M.; Karim, S.S.; Ndung’u, T.; Karim, Q.A.; Carr, W.H. Changes in Natural Killer cell activation and
function during primary HIV-1 Infection. PLoS ONE 2013, 8, e53251. [CrossRef]

111. Korner, C.; Granoff, M.E.; Amero, M.A.; Sirignano, M.N.; Vaidya, S.A.; Jost, S.; Allen, T.M.; Rosenberg, E.S.; Altfeld, M. Increased
frequency and function of KIR2DL1-3 (+) NK cells in primary HIV-1 infection are determined by HLA-C group haplotypes. Eur. J.
Immunol. 2014, 44, 2938–2948. [CrossRef] [PubMed]

112. Bekesi, J.G.; Tsang, P.; Lew, F.; Roboz, J.P.; Teirstein, A.; Selikoff, I.J. Functional integrity of T, B, and natural killer cells in
homosexual subjects with prodromata and in patients with AIDS. Ann. N. Y. Acad. Sci. 1984, 437, 28–38. [CrossRef]

113. Ahmad, R.; Sindhu, S.T.; Tran, P.; Toma, E.; Morisset, R.; Menezes, J.; Ahmad, A. Modulation of expression of the MHC class
I-binding natural killer cell receptors, and NK activity in relation to viral load in HIV-infected/AIDS patients. J. Med. Virol. 2001,
65, 431–440. [CrossRef]

114. Scott-Algara, D.; Paul, P. NK cells and HIV infection: Lessons from other viruses. Curr. Mol. Med. 2002, 2, 757–768. [CrossRef]
115. Iannello, A.; Debbeche, O.; Samarani, S.; Ahmad, A. Antiviral NK cell responses in HIV infection: II. viral strategies for evasion

and lessons for immunotherapy and vaccination. J. Leukoc. Biol. 2008, 84, 27–49. [CrossRef]
116. Hu, P.F.; Hultin, L.E.; Hultin, P.; Hausner, M.A.; Hirji, K.; Jewett, A.; Bonavida, B.; Detels, R.; Giorgi, J.V. Natural killer cell

immunodeficiency in HIV disease is manifest by profoundly decreased numbers of CD16+CD56+ cells and expansion of a
population of CD16dimCD56 cells with low lytic activity. J. Acquir. Immune Defic. Syndr. Hum. Retrovirol 1995, 10, 331–340.
[CrossRef]

117. Mavilio, D.; Benjamin, J.; Daucher, M.; Lombardo, G.; Kottilil, S.; Planta, M.A.; Marcenaro, E.; Bottino, C.; Moretta, L.;
Moretta, A.; et al. Natural killer cells in HIV-1 infection: Dichotomous effects of viremia on inhibitory and activating receptors
and their functional correlates. Proc. Natl. Acad. Sci. USA 2003, 100, 15011–15016. [CrossRef]

118. Mavilio, D.; Lombardo, G.; Benjamin, J.; Kim, D.; Follman, D.; Marcenaro, E.; O’Shea, M.A.; Kinter, A.; Kovacs,
C.; Moretta, A.; 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, 2886–2891. [CrossRef]

119. Luteijn, R.; Sciaranghella, G.; van Lunzen, J.; Nolting, A.; Dugast, A.S.; Ghebremichael, M.S.; Altfeld, M.; Alter, G. Early viral
replication in lymph nodes provides HIV with a means by which to escape NK-cell-mediated control. Eur. J. Immunol. 2011, 41,
2729–2740. [CrossRef]

120. Kazer, S.W.; Aicher, T.P.; Muema, D.M.; Carroll, S.L.; Ordovas-Montanes, J.; Miao, V.N.; Tu, A.A.; Ziegler, C.G.K.; Nyquist, S.K.;
Wong, E.B.; et al. Integrated single-cell analysis of multicellular immune dynamics during hyperacute HIV-1 infection. Nat. Med.
2020, 26, 511–518. [CrossRef]

121. Guo, A.L.; Jiao, Y.M.; Zhao, Q.W.; Huang, H.H.; Deng, J.N.; Zhang, C.; Fan, X.; Xu, R.N.; Zhang, J.Y.; Zhen, C.; et al. Implications
of the accumulation of CXCR5 (+) NK cells in lymph nodes of HIV-1 infected patients. EBioMedicine 2022, 75, 103794. [CrossRef]

122. Alter, G.; Teigen, N.; Ahern, R.; Streeck, H.; Meier, A.; Rosenberg, E.S.; Altfeld, M. Evolution of innate and adaptive effector cell
functions during acute HIV-1 infection. J. Infect. Dis. 2007, 195, 1452–1460. [CrossRef]

https://doi.org/10.1097/01.aids.0000183632.12418.33
https://www.ncbi.nlm.nih.gov/pubmed/16227783
https://doi.org/10.3389/fimmu.2018.00474
https://doi.org/10.1093/intimm/dxs080
https://doi.org/10.4049/jimmunol.1402448
https://doi.org/10.3389/fimmu.2017.01176
https://www.ncbi.nlm.nih.gov/pubmed/28979268
https://doi.org/10.3389/fimmu.2017.00054
https://www.ncbi.nlm.nih.gov/pubmed/28239376
https://doi.org/10.1126/sciimmunol.adi3974
https://www.ncbi.nlm.nih.gov/pubmed/38064568
https://doi.org/10.1038/s41590-020-0593-9
https://doi.org/10.1182/blood-2005-03-1100
https://doi.org/10.1371/journal.pone.0053251
https://doi.org/10.1002/eji.201444751
https://www.ncbi.nlm.nih.gov/pubmed/25043727
https://doi.org/10.1111/j.1749-6632.1984.tb37119.x
https://doi.org/10.1002/jmv.2053
https://doi.org/10.2174/1566524023361781
https://doi.org/10.1189/jlb.0907649
https://doi.org/10.1097/00042560-199511000-00005
https://doi.org/10.1073/pnas.2336091100
https://doi.org/10.1073/pnas.0409872102
https://doi.org/10.1002/eji.201040886
https://doi.org/10.1038/s41591-020-0799-2
https://doi.org/10.1016/j.ebiom.2021.103794
https://doi.org/10.1086/513878


Viruses 2024, 16, 1584 18 of 20

123. Jiao, Y.; Song, J.; Zhang, Y.; Li, W.; Zhang, T.; Qi, S.M.; Wu, H. Short communication: Longitudinal changes in peripheral blood
NK cells during the first year of HIV-1 Infection in CD4Low and CD4High patient groups. AIDS Res. Hum. Retroviruses 2015, 31,
229–236. [CrossRef]

124. Brunetta, E.; Fogli, M.; Varchetta, S.; Bozzo, L.; Hudspeth, K.L.; Marcenaro, E.; Moretta, A.; Mavilio, D. The decreased expression
of Siglec-7 represents an early marker of dysfunctional natural killer-cell subsets associated with high levels of HIV-1 viremia.
Blood 2009, 114, 3822–3830. [CrossRef]

125. Brunetta, E.; Fogli, M.; Varchetta, S.; Bozzo, L.; Hudspeth, K.L.; Marcenaro, E.; Moretta, A.; Mavilio, D. Chronic HIV-1 viremia
reverses NKG2A/NKG2C ratio on natural killer cells in patients with human cytomegalovirus co-infection. AIDS 2010, 24, 27–34.
[CrossRef]

126. Kottilil, S.; Shin, K.; Planta, M.; McLaughlin, M.; Hallahan, C.W.; Ghany, M.; Chun, T.W.; Sneller, M.C.; Fauci, A.S. Expression of
chemokine and inhibitory receptors on natural killer cells: Effect of immune activation and HIV viremia. J. Infect. Dis. 2004, 189,
1193–1198. [CrossRef]

127. De Maria, A.; Fogli, M.; Costa, P.; Murdaca, G.; Puppo, F.; Mavilio, D.; Moretta, A.; Moretta, L. The impaired NK cell cytolytic
function in viremic HIV-1 infection is associated with a reduced surface expression of natural cytotoxicity receptors (NKp46,
NKp30 and NKp44). Eur. J. Immunol. 2003, 33, 2410–2418. [CrossRef]

128. Ma, M.; Yin, X.; Zhao, X.; Guo, C.; Zhu, X.; Liu, T.; Yang, M.; Zhang, Z.; Fu, Y.; Liu, J.; et al. CD56 (−) CD16 (+) NK cells from
HIV-infected individuals negatively regulate IFN-gamma production by autologous CD8 (+) T cells. J. Leukoc. Biol. 2019, 106,
1313–1323. [CrossRef]

129. Milush, J.M.; Lopez-Verges, S.; York, V.A.; Deeks, S.G.; Martin, J.N.; Hecht, F.M.; Lanier, L.L.; Nixon, D.F. CD56negCD16 (+) NK
cells are activated mature NK cells with impaired effector function during HIV-1 infection. Retrovirology 2013, 10, 158. [CrossRef]

130. Kuri-Cervantes, L.; de Oca, G.S.; Avila-Rios, S.; Hernandez-Juan, R.; Reyes-Teran, G. Activation of NK cells is associated with
HIV-1 disease progression. J. Leukoc. Biol. 2014, 96, 7–16. [CrossRef]

131. Altfeld, M.; Fadda, L.; Frleta, D.; Bhardwaj, N. DCs and NK cells: Critical effectors in the immune response to HIV-1. Nat. Rev.
Immunol. 2011, 11, 176–186. [CrossRef]

132. Tasca, S.; Tambussi, G.; Nozza, S.; Capiluppi, B.; Zocchi, M.R.; Soldini, L.; Veglia, F.; Poli, G.; Lazzarin, A.; Fortis, C. Escape of
monocyte-derived dendritic cells of HIV-1 infected individuals from natural killer cell-mediated lysis. AIDS 2003, 17, 2291–2298.
[CrossRef]

133. Steinbrink, K.; Wolfl, M.; Jonuleit, H.; Knop, J.; Enk, A.H. Induction of tolerance by IL-10-treated dendritic cells. J. Immunol. 1997,
159, 4772–4780. [CrossRef]

134. Alter, G.; Kavanagh, D.; Rihn, S.; Luteijn, R.; Brooks, D.; Oldstone, M.; van Lunzen, J.; Altfeld, M. IL-10 induces aberrant deletion
of dendritic cells by natural killer cells in the context of HIV infection. J. Clin. Investig. 2010, 120, 1905–1913. [CrossRef]

135. Quaranta, M.G.; Napolitano, A.; Sanchez, M.; Giordani, L.; Mattioli, B.; Viora, M. HIV-1 Nef impairs the dynamic of DC/NK
crosstalk: Different outcome of CD56 (dim) and CD56 (bright) NK cell subsets. FASEB J. 2007, 21, 2323–2334. [CrossRef]

136. Moir, S.; Buckner, C.M.; Ho, J.; Wang, W.; Chen, J.; Waldner, A.J.; Posada, J.G.; Kardava, L.; O’Shea, M.A.; Kottilil, S.; et al. B cells
in early and chronic HIV infection: Evidence for preservation of immune function associated with early initiation of antiretroviral
therapy. Blood 2010, 116, 5571–5579. [CrossRef]

137. Schuetz, A.; Deleage, C.; Sereti, I.; Rerknimitr, R.; Phanuphak, N.; Phuang-Ngern, Y.; Estes, J.D.; Sandler, N.G.; Sukhumvittaya, S.;
Marovich, M.; et al. Initiation of ART during early acute HIV infection preserves mucosal Th17 function and reverses HIV-related
immune activation. PLoS Pathog. 2014, 10, e1004543. [CrossRef]

138. Kok, A.; Hocqueloux, L.; Hocini, H.; Carriere, M.; Lefrou, L.; Guguin, A.; Tisserand, P.; Bonnabau, H.; Avettand-Fenoel, V.;
Prazuck, T.; et al. Early initiation of combined antiretroviral therapy preserves immune function in the gut of HIV-infected
patients. Mucosal Immunol. 2015, 8, 127–140. [CrossRef]

139. Sereti, I.; Krebs, S.J.; Phanuphak, N.; Fletcher, J.L.; Slike, B.; Pinyakorn, S.; O’Connell, R.J.; Rupert, A.; Chomont, N.;
Valcour, V.; et al. Persistent, Albeit Reduced, Chronic Inflammation in Persons Starting Antiretroviral Therapy in Acute HIV
Infection. Clin. Infect. Dis. 2017, 64, 124–131. [CrossRef]

140. Hellmuth, J.; Slike, B.M.; Sacdalan, C.; Best, J.; Kroon, E.; Phanuphak, N.; Fletcher, J.L.K.; Prueksakaew, P.; Jagodzinski, L.L.;
Valcour, V.; et al. Very Early Initiation of Antiretroviral Therapy during Acute HIV Infection Is Associated with Normalized
Levels of Immune Activation Markers in Cerebrospinal Fluid but Not in Plasma. J. Infect. Dis. 2019, 220, 1885–1891. [CrossRef]

141. Ndhlovu, Z.M.; Kazer, S.W.; Nkosi, T.; Ogunshola, F.; Muema, D.M.; Anmole, G.; Swann, S.A.; Moodley, A.; Dong, K.;
Reddy, T.; et al. Augmentation of HIV-specific T cell function by immediate treatment of hyperacute HIV-1 infection. Sci. Transl.
Med. 2019, 11, eaau0528. [CrossRef] [PubMed]

142. Michaelsson, J.; Long, B.R.; Loo, C.P.; Lanier, L.L.; Spotts, G.; Hecht, F.M.; Nixon, D.F. Immune reconstitution of CD56 (dim)
NK cells in individuals with primary HIV-1 infection treated with interleukin-2. J. Infect. Dis. 2008, 197, 117–125. [CrossRef]
[PubMed]

143. Kuylenstierna, C.; Snyder-Cappione, J.E.; Loo, C.P.; Long, B.R.; Gonzalez, V.D.; Michaelsson, J.; Moll, M.; Spotts, G.; Hecht, F.M.;
Nixon, D.F.; et al. NK cells and CD1d-restricted NKT cells respond in different ways with divergent kinetics to IL-2 treatment in
primary HIV-1 infection. Scand. J. Immunol. 2011, 73, 141–146. [CrossRef]

https://doi.org/10.1089/aid.2014.0083
https://doi.org/10.1182/blood-2009-06-226332
https://doi.org/10.1097/QAD.0b013e3283328d1f
https://doi.org/10.1086/382090
https://doi.org/10.1002/eji.200324141
https://doi.org/10.1002/JLB.3A0819-171RR
https://doi.org/10.1186/1742-4690-10-158
https://doi.org/10.1189/jlb.0913514
https://doi.org/10.1038/nri2935
https://doi.org/10.1097/00002030-200311070-00003
https://doi.org/10.4049/jimmunol.159.10.4772
https://doi.org/10.1172/JCI40913
https://doi.org/10.1096/fj.06-7883com
https://doi.org/10.1182/blood-2010-05-285528
https://doi.org/10.1371/journal.ppat.1004543
https://doi.org/10.1038/mi.2014.50
https://doi.org/10.1093/cid/ciw683
https://doi.org/10.1093/infdis/jiz030
https://doi.org/10.1126/scitranslmed.aau0528
https://www.ncbi.nlm.nih.gov/pubmed/31118290
https://doi.org/10.1086/524141
https://www.ncbi.nlm.nih.gov/pubmed/18171294
https://doi.org/10.1111/j.1365-3083.2010.02484.x


Viruses 2024, 16, 1584 19 of 20

144. Lichtfuss, G.F.; Cheng, W.J.; Farsakoglu, Y.; Paukovics, G.; Rajasuriar, R.; Velayudham, P.; Kramski, M.; Hearps, A.C.; Cameron,
P.U.; Lewin, S.R.; et al. Virologically suppressed HIV patients show activation of NK cells and persistent innate immune activation.
J. Immunol. 2012, 189, 1491–1499. [CrossRef] [PubMed]

145. Hearps, A.C.; Agius, P.A.; Zhou, J.; Brunt, S.; Chachage, M.; Angelovich, T.A.; Cameron, P.U.; Giles, M.; Price, P.; Elliott, J.; et al.
Persistence of Activated and Adaptive-Like NK Cells in HIV (+) Individuals despite 2 Years of Suppressive Combination
Antiretroviral Therapy. Front. Immunol. 2017, 8, 731. [CrossRef]

146. Luo, Z.; Li, Z.; Martin, L.; Hu, Z.; Wu, H.; Wan, Z.; Kilby, M.; Heath, S.L.; Huang, L.; Jiang, W. Increased Natural Killer Cell
Activation in HIV-Infected Immunologic Non-Responders Correlates with CD4+ T Cell Recovery after Antiretroviral Therapy
and Viral Suppression. PLoS ONE 2017, 12, e0167640. [CrossRef]

147. Ahmad, F.; Tufa, D.M.; Mishra, N.; Jacobs, R.; Schmidt, R.E. Terminal Differentiation of CD56 (dim)CD16 (+) Natural Killer Cells
Is Associated with Increase in Natural Killer Cell Frequencies After Antiretroviral Treatment in HIV-1 Infection. AIDS Res. Hum.
Retroviruses 2015, 31, 1206–1212. [CrossRef]

148. Jensen, S.S.; Fomsgaard, A.; Borggren, M.; Tingstedt, J.L.; Gerstoft, J.; Kronborg, G.; Rasmussen, L.D.; Pedersen, C.; Karlsson, I.
HIV-Specific Antibody-Dependent Cellular Cytotoxicity (ADCC)-Mediating Antibodies Decline while NK Cell Function Increases
during Antiretroviral Therapy (ART). PLoS ONE 2015, 10, e0145249. [CrossRef]

149. Mavilio, D.; Lombardo, G.; Kinter, A.; Fogli, M.; La Sala, A.; Ortolano, S.; Farschi, A.; Follmann, D.; Gregg, R.; Kovacs, C.; et al.
Characterization of the defective interaction between a subset of natural killer cells and dendritic cells in HIV-1 infection. J. Exp.
Med. 2006, 203, 2339–2350. [CrossRef]

150. O’Neill, L.A.; Kishton, R.J.; Rathmell, J. A guide to immunometabolism for immunologists. Nat. Rev. Immunol. 2016, 16, 553–565.
[CrossRef]

151. Marcais, A.; Cherfils-Vicini, J.; Viant, C.; Degouve, S.; Viel, S.; Fenis, A.; Rabilloud, J.; Mayol, K.; Tavares, A.; Bienvenu, J.; et al.
The metabolic checkpoint kinase mTOR is essential for IL-15 signaling during the development and activation of NK cells. Nat.
Immunol. 2014, 15, 749–757. [CrossRef]

152. Keppel, M.P.; Saucier, N.; Mah, A.Y.; Vogel, T.P.; Cooper, M.A. Activation-specific metabolic requirements for NK Cell IFN-gamma
production. J. Immunol. 2015, 194, 1954–1962. [CrossRef]

153. Keating, S.E.; Zaiatz-Bittencourt, V.; Loftus, R.M.; Keane, C.; Brennan, K.; Finlay, D.K.; Gardiner, C.M. Metabolic Reprogramming
Supports IFN-gamma Production by CD56bright NK Cells. J. Immunol. 2016, 196, 2552–2560. [CrossRef]

154. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029–1033. [CrossRef]

155. Gardiner, C.M. NK cell metabolism. J. Leukoc. Biol. 2019, 105, 1235–1242. [CrossRef]
156. Donnelly, R.P.; Loftus, R.M.; Keating, S.E.; Liou, K.T.; Biron, C.A.; Gardiner, C.M.; Finlay, D.K. mTORC1-dependent metabolic

reprogramming is a prerequisite for NK cell effector function. J. Immunol. 2014, 193, 4477–4484. [CrossRef]
157. Almutairi, S.M.; Ali, A.K.; He, W.; Yang, D.S.; Ghorbani, P.; Wang, L.; Fullerton, M.D.; Lee, S.H. Interleukin-18 up-regulates amino

acid transporters and facilitates amino acid-induced mTORC1 activation in natural killer cells. J. Biol. Chem. 2019, 294, 4644–4655.
[CrossRef]

158. Rathmell, J.C.; Vander Heiden, M.G.; Harris, M.H.; Frauwirth, K.A.; Thompson, C.B. In the absence of extrinsic signals, nutrient
utilization by lymphocytes is insufficient to maintain either cell size or viability. Mol. Cell 2000, 6, 683–692. [CrossRef]

159. Michelet, X.; Dyck, L.; Hogan, A.; Loftus, R.M.; Duquette, D.; Wei, K.; Beyaz, S.; Tavakkoli, A.; Foley, C.; Donnelly, R.; et al.
Metabolic reprogramming of natural killer cells in obesity limits antitumor responses. Nat. Immunol. 2018, 19, 1330–1340.
[CrossRef] [PubMed]

160. Terren, I.; Orrantia, A.; Vitalle, J.; Zenarruzabeitia, O.; Borrego, F. NK Cell Metabolism and Tumor Microenvironment. Front.
Immunol. 2019, 10, 2278. [CrossRef] [PubMed]

161. Schafer, J.R.; Salzillo, T.C.; Chakravarti, N.; Kararoudi, M.N.; Trikha, P.; Foltz, J.A.; Wang, R.; Li, S.; Lee, D.A. Education-dependent
activation of glycolysis promotes the cytolytic potency of licensed human natural killer cells. J. Allergy Clin. Immunol. 2019, 143,
346–358.e6. [CrossRef] [PubMed]

162. Wang, Z.; Guan, D.; Wang, S.; Chai, L.Y.A.; Xu, S.; Lam, K.P. Glycolysis and Oxidative Phosphorylation Play Critical Roles in
Natural Killer Cell Receptor-Mediated Natural Killer Cell Functions. Front. Immunol. 2020, 11, 202. [CrossRef] [PubMed]

163. Sheppard, S.; Santosa, E.K.; Lau, C.M.; Violante, S.; Giovanelli, P.; Kim, H.; Cross, J.R.; Li, M.O.; Sun, J.C. Lactate dehydrogenase
A-dependent aerobic glycolysis promotes natural killer cell anti-viral and anti-tumor function. Cell Rep. 2021, 35, 109210.
[CrossRef] [PubMed]

164. Khan, A.U.H.; Almutairi, S.M.; Ali, A.K.; Salcedo, R.; Stewart, C.A.; Wang, L.; Lee, S.H. Expression of Nutrient Transporters on
NK Cells during Murine Cytomegalovirus Infection Is MyD88-Dependent. Front. Immunol. 2021, 12, 654225. [CrossRef]

165. Mah, A.Y.; Rashidi, A.; Keppel, M.P.; Saucier, N.; Moore, E.K.; Alinger, J.B.; Tripathy, S.K.; Agarwal, S.K.; Jeng, E.K.;
Wong, H.C.; et al. Glycolytic requirement for NK cell cytotoxicity and cytomegalovirus control. JCI Insight 2017, 2, e95128.
[CrossRef]

166. Cichocki, F.; Wu, C.Y.; Zhang, B.; Felices, M.; Tesi, B.; Tuininga, K.; Dougherty, P.; Taras, E.; Hinderlie, P.; Blazar, B.R.; et al.
ARID5B regulates metabolic programming in human adaptive NK cells. J. Exp. Med. 2018, 215, 2379–2395. [CrossRef]

167. Cong, J. Metabolism of Natural Killer Cells and Other Innate Lymphoid Cells. Front. Immunol. 2020, 11, 1989. [CrossRef]

https://doi.org/10.4049/jimmunol.1200458
https://www.ncbi.nlm.nih.gov/pubmed/22745371
https://doi.org/10.3389/fimmu.2017.00731
https://doi.org/10.1371/journal.pone.0167640
https://doi.org/10.1089/aid.2015.0115
https://doi.org/10.1371/journal.pone.0145249
https://doi.org/10.1084/jem.20060894
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/ni.2936
https://doi.org/10.4049/jimmunol.1402099
https://doi.org/10.4049/jimmunol.1501783
https://doi.org/10.1126/science.1160809
https://doi.org/10.1002/JLB.MR0718-260R
https://doi.org/10.4049/jimmunol.1401558
https://doi.org/10.1074/jbc.RA118.005892
https://doi.org/10.1016/S1097-2765(00)00066-6
https://doi.org/10.1038/s41590-018-0251-7
https://www.ncbi.nlm.nih.gov/pubmed/30420624
https://doi.org/10.3389/fimmu.2019.02278
https://www.ncbi.nlm.nih.gov/pubmed/31616440
https://doi.org/10.1016/j.jaci.2018.06.047
https://www.ncbi.nlm.nih.gov/pubmed/30096390
https://doi.org/10.3389/fimmu.2020.00202
https://www.ncbi.nlm.nih.gov/pubmed/32153568
https://doi.org/10.1016/j.celrep.2021.109210
https://www.ncbi.nlm.nih.gov/pubmed/34077737
https://doi.org/10.3389/fimmu.2021.654225
https://doi.org/10.1172/jci.insight.95128
https://doi.org/10.1084/jem.20172168
https://doi.org/10.3389/fimmu.2020.01989


Viruses 2024, 16, 1584 20 of 20

168. Wiercinska-Drapalo, A.; Flisiak, R.; Jaroszewicz, J.; Prokopowicz, D. Increased plasma transforming growth factor-beta1 is
associated with disease progression in HIV-1-infected patients. Viral Immunol. 2004, 17, 109–113. [CrossRef]

169. Maina, E.K.; Abana, C.Z.; Bukusi, E.A.; Sedegah, M.; Lartey, M.; Ampofo, W.K. Plasma concentrations of transforming growth
factor beta 1 in non-progressive HIV-1 infection correlates with markers of disease progression. Cytokine 2016, 81, 109–116.
[CrossRef]

170. Viel, S.; Marcais, A.; Guimaraes, F.S.; Loftus, R.; Rabilloud, J.; Grau, M.; Degouve, S.; Djebali, S.; Sanlaville, A.; Charrier, E.; et al.
TGF-beta inhibits the activation and functions of NK cells by repressing the mTOR pathway. Sci. Signal. 2016, 9, ra19. [CrossRef]

171. Zaiatz-Bittencourt, V.; Finlay, D.K.; Gardiner, C.M. Canonical TGF-beta Signaling Pathway Represses Human NK Cell Metabolism.
J. Immunol. 2018, 200, 3934–3941. [CrossRef]

172. Moreno-Cubero, E.; Alrubayyi, A.; Balint, S.; Ogbe, A.; Gill, U.S.; Matthews, R.; Kinloch, S.; Burns, F.; Rowland-Jones, S.L.;
Borrow, P.; et al. IL-15 reprogramming compensates for NK cell mitochondrial dysfunction in HIV-1 infection. J. Clin. Investig.
2024, 9, e173099. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1089/088282404322875502
https://doi.org/10.1016/j.cyto.2016.02.009
https://doi.org/10.1126/scisignal.aad1884
https://doi.org/10.4049/jimmunol.1701461
https://doi.org/10.1172/jci.insight.173099

	Introduction 
	NK Cell-Mediated Immunity to HIV-1 Infection and Viral Evasion Mechanisms 
	KIR/HLA-Mediated Mechanisms 
	The ‘Missing Self’ Mechanism 
	Protective and Deleterious KIR/HLA Mechanisms 

	CD16-, NKG2A- and NKG2D-Mediated Regulation of Antiviral NK Cells 
	NK Cell Cytokine and Chemokine Production 
	Memory NK Cells and Their Implications in HIV-1 Infection 

	Consequences of HIV-1 Infection on NK Cells 
	NK Cell Count and Subset Redistributions 
	NK Cell Phenotypic and Functional Alterations 
	The Effect of ART on HIV-Induced NK Cell Dysregulation 
	Cellular Metabolism and NK Cell Functionality in HIV-1 

	Conclusions 
	References

