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Background: The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
infection causes coronavirus disease-2019 (COVID-19) in some individuals, while the
majority remain asymptomatic. Natural killer (NK) cells play an essential role in antiviral
defense. NK cell maturation and function are regulated mainly by highly polymorphic killer
cell immunoglobulin-like receptors (KIR) and cognate HLA class I ligands. Herein, we
tested our hypothesis that the individualized KIR and HLA class I ligand combinations that
control NK cell function determine the outcome of SARS-CoV-2 infection.

Methods: We characterized KIR and HLA genes in 200 patients hospitalized for COVID-
19 and 195 healthy general population controls.

Results: The KIR3DL1+HLA-Bw4+ [Odds ratio (OR) = 0.65, p = 0.03] and KIR3DL2+HLA-
A3/11+ (OR = 0.6, p = 0.02) combinations were encountered at significantly lower
frequency in COVID-19 patients than in the controls. Notably, 40% of the patients
lacked both of these KIR+HLA+ combinations compared to 24.6% of the controls (OR
= 2.04, p = 0.001). Additionally, activating receptors KIR2DS1+KIR2DS5+ are more
frequent in patients with severe COVID-19 than patients with mild disease (OR = 1.8,
p = 0.05). Individuals carrying KIR2DS1+KIR2DS5+ genes but missing either
KIR3DL1+HLA-Bw4+ combination (OR = 1.73, p = 0.04) or KIR3DL2+HLA-A3/11+

combination (OR = 1.75, p = 0.02) or both KIR3DL1+HLA-Bw4+ and KIR2DL2+HLA-
A3/11+ combinations (OR = 1.63, p = 0.03) were more frequent in the COVID-19 cohort
compared to controls.
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Conclusions: The absence of KIR3DL1+HLA-Bw4+ and KIR3DL2+HLA-A3/11+

combinations presumably yields inadequate NK cell maturation and reduces anti-
SARS-CoV-2 defense, causing COVID-19. An increased frequency of
KIR2DS1+KIR2DS5+ in severe COVID-19 patients suggests vigorous NK cell response
triggered via these activating receptors and subsequent production of exuberant
inflammatory cytokines responsible for severe COVID-19. Our results demonstrate that
specific KIR-HLA combinations that control NK cell maturation and function are underlying
immunogenetic variables that determine the dual role of NK cells in mediating beneficial
antiviral and detrimental pathologic action. These findings offer a framework for developing
potential host genetic biomarkers to distinguish individuals prone to COVID-19.

Keywords: COVID-19 susceptibility, NK cells, KIR-HLA association, KIR receptors, HLA association, SARS-CoV-2
susceptibility, antiviral immunity, COVID-19 host genetics

INTRODUCTION

Since the emergence of severe acute respiratory syndrome
coronavirus (SARS-CoV) in 2002, the world has experienced
the outbreak of middle east respiratory syndrome coronavirus
(MERS-CoV) in 2012, and presently of SARS-CoV-2 started in
2019. These repeated episodes make coronaviruses a continuous
threat to humanity. Approximately 80% of those infected with
SARS-CoV-2 experience mild symptoms such as cough and fever,
and do not require hospitalization (https://covid19.who.int).
Nearly 50% of hospitalized individuals develop coronavirus
disease 2019 (COVID-19) (Drake et al., 2021). The outcomes
of SARS-CoV-2 infection cover a broad spectrum ranging from
the control of infection to the development of acute respiratory
distress syndrome (ARDS), a life-threatening lung injury that
leaves breathing difficult, and death, indicating a role for intrinsic
host factors in the pathogenesis of COVID-19. Older age, male
gender, pre-existing conditions (e.g., hypertension, diabetes,
coronary heart disease), ethnic and racial minority (African
Americans, Hispanics) render a person more vulnerable to the
severe health consequences of SARS-CoV-2 infection (Bhala et al.
, 2020). Genome-wide association analyses in a large case-control
study identified the 3p21.31 gene cluster and ABO blood-group
system associated with patients suffering from COVID-19
(Severe Covid-19 GWAS Group et al., 2020). However, the
influence of germline-encoded genetic variations in the host
that control the immune response to SARS-CoV-2 infection
and differential disease manifestations remains unclear.

Natural killer (NK) cells are fast-acting innate lymphocytes
that play a central role in early controlling viral infections (Biron
et al., 1989; Bjorkstrom et al., 2021), including in SARS-CoV-2
infection (Maucourant et al., 2020). Fruit bats, a natural reservoir
of numerous zoonotic viruses including SARS andMERS, remain
asymptomatic due to immune genes that largely control NK cell
antiviral defense (Pavlovich et al., 2018). The lower NK cell
counts were associated with COVID-19 progression and severe
symptoms (Osman et al., 2020; Wang et al., 2020), longer
duration of viral shedding (Bao et al., 2021), severe COVID-19
illness (Song et al., 2020; Zheng et al., 2020; Bao et al., 2021), and
poor patient survival (Bao et al., 2021). The NK cells are enriched
in the human lung compared with peripheral blood during

COVID-19 (Zhou et al., 2020). Although a reduction in total
NK cell counts, the function of NK cells seems to be intensified in
COVID-19 patients. More mature (CD56dimCD16+ phenotype)
and memory (CD57+CD85j+ phenotype) NK cells with increased
expression of KIR receptors were found in hospitalized patients
with early (Bozzano et al., 2021) and severe COVID-19 illness
(Maucourant et al., 2020). These findings collectively indicate a
dual role for NK cells in responding to acute SARS-CoV-2
infections but might also contribute to COVID-19 pathology.
However, the molecular mechanism underlying such a dual role
of NK cells against SARS-CoV-2 infection remains elusive.

Human NK cells use a complex germline-encoded receptor-
ligand system that calibrates signals triggered by an array of
inhibitory and activating receptors to ensure self-tolerance
against healthy cells while killing virally infected target cells
(Lanier, 1998; Rajalingam, 2018). NK cells also produce high
levels of interferon-γ (IFN-γ) and a wide range of pro-
inflammatory cytokines, as well as chemokines (Stetson et al.,
2003). The HLA class I binding killer cell immunoglobulin-like
receptors (KIR) are the key regulators of human NK cell effector
function (Lanier, 1998). Fourteen distinct KIR receptors are
defined that trigger either inhibition (3DL1-3, 2DL1-3, 2DL5)
or activation (3DS1, 2DS1-5), or both function (2DL4)
(Parham, 2005) (Figure 1). The HLA ligands are well defined
for inhibitory KIRs, while the ligands for activating KIRs remain
elusive. The inhibitory KIR2DL2 and KIR2DL3 receptors bind to
group 1 HLA-C (HLA-C1) allotypes, which has an asparagine at
amino acid position 80, while KIR2DL1 binds to group 2 HLA-C
(HLA-C2) allotypes, which has a lysine at the same position
(Winter et al., 1998). The inhibitory KIR3DL1 binds with HLA-
Bw4, and KIR3DL2 binds with HLA-A3/11 (Gumperz et al., 1995;
Hansasuta et al., 2004). TheNK cells expressingKIR3DL1 aremore
potently inhibited by the HLA-Bw4 subset possessing isoleucine at
amino acid position 80 (I80) than those with threonine (T80)
(Gumperz et al., 1995). Some activating KIR receptors exhibit high
amino acid sequence homology with the corresponding inhibitory
KIRs in their extracellular immunoglobulin-like domains.
Therefore, these activating KIRs presumably share the HLA
class I ligands with inhibitory KIR counterparts. For example,
KIR2DS1 and 2DL1 differ by only seven amino acids in their
extracellular immunoglobulin-like domains, and therefore,
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KIR2DS1 is known to bind weakly to HLA-C2 (Chewning et al.,
2007; Foley et al., 2008; Hayley et al., 2011; Sivori et al., 2011;
Carlomagno et al., 2017). The KIR3DS1 shares the highest
sequence homologies with KIR3DL1 in their extracellular
immunoglobulin-like domains and therefore is considered
binding to HLA-Bw4 (O’Connor et al., 2015; Carlomagno et al.,
2017). The KIR2DS2, whose extracellular domain differs from
KIR2DL2 and 2DL3 by only three and four amino acids,
respectively, binds to HLA-A*11:01 complexed with a vaccinia
viral peptide (Liu et al., 2014). Using KIR-Fc fusion protein on
HLA class I molecule-conjugated Luminex microbeads, specific
alleles of the activating KIR2DS5 were shown to bind HLA-C2
(Blokhuis et al., 2017). The activating KIR2DS3 does not bind any
HLA (Saulquin et al., 2003; Hilton et al., 2012).

By interacting with specific cognate HLA class I ligands, the
inhibitory KIRs beget NK cell maturation and acquisition of full
effector function, developmental programming called “licensing”
(Anfossi et al., 2006; Kim et al., 2008). In the absence of inhibitory
KIR-HLA interactions, NK cells become hyporesponsive or
anergic.

The KIR and HLA gene families are highly polymorphic, and
they map to distinct human chromosomes 19 and 6, respectively.
The independent segregation of these gene families yields
individuals expressing KIR receptors for which they lack HLA
class I ligands and vice versa, creating a heterogeneity between
individuals in the number and type of KIR-HLA gene
composition inherited (Du et al., 2007). Consequently, certain
combinations of KIR-HLA variants correlate with susceptibility
to diseases as diverse as autoimmunity, viral infections, and
cancer (Rajagopalan and Long, 2005; Khakoo and Carrington,
2006; Kucuksezer et al., 2021). We hypothesize that the
individualized KIR and cognate HLA class I ligand
combinations that control NK cell function determine the
outcome of SARS-CoV-2 infection.

MATERIALS AND METHODS

Study Cohorts
The study includes 200 individuals hospitalized for COVID-19
care at the University of California San Francisco Medical Center
from March to October 2020. Patients were sub-grouped into

mild (N = 93) or severe (N = 107) according to the Centers for
Disease Control and Prevention guidance. Clinical characteristics
of COVID-19 patients and clinical groups are provided in
Table 1. None of the patients with mild disease needed ICU
care or had ARDS or acute organ failure. The study was reviewed
and approved by the UCSF Institutional Review Board of human
research protection (IRB Number: 20-31107). The control group
includes 195 healthy volunteers from the same geographical
region collected at the pre-pandemic period.

KIR and HLA Genotyping
Genomic DNAwas extracted from PBMC using the Qiagen DNA
extraction kit (Qiagen, Valencia, CA, United States). KIR
genotyping was performed using the Luminex-based
oligonucleotide probe hybridization method according to the
manufacturer’s instructions (One Lambda, Canoga Park, CA,
United States). HLA genotyping of COVID-19 patients was done
by long-range PCR-based next-generation sequencing (NGS)
reagent on the MiSeq sequencer (Illumina, San Diego, CA,
United States) per the manufacturer’s recommendations
(Omixon, Inc. Budapest, Hungary). The control samples were
HLA typed using a commercially available Sequence-Specific
Oligonucleotide hybridization kit (LABType® SSO, One
Lambda, Canoga Park, CA). We described the KIR genotyping
(Sun et al., 2021) and HLA genotyping protocols by NGS (Kong
et al., 2021) and SSO (Sun et al., 2021) elaborately in our previous
publications.

KIR and HLA Data Analysis and Statistical
Methods
Based on the presence and absence of KIR genes, the KIR
genotypes are defined as AA and Bx genotypes. The presence
of only KIR3DL3-2DL3-2DL1-2DP1-3DP1-2DL4-3DL1-2DS4-
3DL2 genes that are characteristic of A-haplotype are defined
as AA genotype, and the presence of all other KIR gene
combinations are defined as Bx genotype. The Bx genotypes
were further examined for the presence and absence of
centromeric and telomeric KIR clusters (Figure 1). The
centromeric cluster consists of KIR2DS2-2DL2-2DS3-2DL5
genes and is termed the C4 linkage group. The telomeric
cluster consists of KIR3DS1-2DL5-2DS5-2DS1 genes and is

FIGURE 1 | Schematic representation of the KIR genetic complex. Two common KIR haplotypes, A and B, carry contrasting numbers and types of KIR genes.
Genes encoding KIR receptors for cognate HLA class I ligands are identified in dotted boxes. Genes encoding activating KIRs are shown in red boxes. The framework
genes are shown in dark boxes. The centromeric and telomeric KIR halves and C4 and T4 gene clusters are marked.
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termed the T4 linkage group. The percentage of each KIR and
HLA class I ligand between the COVID-19 patient and general
population was calculated by direct counting (number of
individuals positive for the gene divided by the total number
of individuals in the group X 100). The distribution of each KIR
genotypes, KIR genes, HLA ligands, and KIR-HLA combinations
between the study groups were estimated by Pearson chi-square,
and a p-value of less than 0.05 was considered significant. The
odds ratio (OR) was calculated with a 95% confidence
interval (CI).

RESULTS

Lack of KIR3DL1+HLA-Bw4+ and
KIR3DL2+HLA-A3/11+ Gene Combinations
are Associated With COVID-19
To investigate the role of variable KIR genes and HLA class I
ligands in conferring susceptibility to COVID-19, we compared
the frequency of KIR genes, KIR genotypes, and HLA class I
ligands between patients and the general population. The
frequency of individual KIR genes and genotypes are
comparable between patients and the general population
(Figure 2; Table 2). Among the HLA class I ligands, only
HLA-A3 was significantly decreased in patients [11.5 vs.
26.2%, p = 0.0003, Odds ratio (OR) = 0.37, 95% confidence
interval (CI) = 0.21–0.63].

To investigate the receptor-ligand combinatorial effect in
predisposing COVID-19, we compared the frequency of
individuals carrying specific KIR genes and their cognate

HLA class I ligands between the COVID-19 patients and the
general population. The frequency of both three Ig-domain
containing inhibitory KIRs and their cognate HLA class I
ligand combinations, such as KIR3DL1+HLA-Bw4+ (44.5 vs.
55.4%, p = 0.03, OR = 0.65, CI = 0.43–0.96) and KIR3DL2+HLA-
A3/11+ (25 vs. 35.4%, p = 0.02, OR = 0.6, CI = 0.4–0.94), were
significantly decreased in patients hospitalized with COVID-19
compared to the general population controls (Table 3). More
patients with COVID-19 lack at least one of these KIR+HLA+

combinations compared to the general population controls (60
vs. 75.4%, p = 0.001, OR = 0.49, CI = 0.32–0.75). Notably, 40% of
the COVID-19 patients were negative for both KIR3DL1+HLA-
Bw4+ and KIR3DL2+HLA-A3/11+ combinations compared to
24.6% of the general population (OR = 2.04, p = 0.001, CI =
1.33–3.14).

We then examined the subsets of HLA-Bw4 and HLA-A3/
11 ligands with their respective KIRs (Table 3). A
significantly lower incidence of the low-affinity
KIR3DL1+HLA-Bw4 T80+ combination (18.5 vs. 27.7%,
p = 0.03, OR = 0.6, CI = 0.37–1.0) was observed in
COVID-19 patients than the general population. Similarly,
the frequency of the KIR3DL2+HLA-A3+ combination (11.5
vs. 26.1%, p = 0003, OR = 0.37, CI = 0.21–0.63) was
significantly lower in COVID-19 patients than in the
general population controls. The frequencies of
KIR3DL1+HLA-Bw4 I80+ and KIR3DL2+HLA-A11+

combinations were comparable between patients and the
general population controls. The allelic sequence variant
compositions of HLA-A3 and Bw4 T80 + groups are
comparable to those of the general population (Cao et al.,
2001; Hurley et al., 2020).

TABLE 1 | Demographic and clinical characteristics of the hospitalized COVID-19 patients.

Characteristic All patients
n = 200

Mild
n = 93

Severe
n = 107

p-value Severe vs mild
OR (95% CI)

% (N) % (N) % (N)
Male gender 56.0 (112) 45.2 (42) 65.4 (70) 0.004 2.3 (0.26–0.77)
Median age (IQR) 55 (45.5–67.5) 52 (43–66) 59 (47–70)
Race
White 31.5 (63) 32.3 (30) 30.8 (33)
African American 10.0 (20) 11.8 (11) 8.4 (9)
Asian 12.5 (25) 10.8 (10) 14.0 (15)
Unknown 46.0 (92) 45.2 (42) 46.7 (50)

Clinical characteristics
Fever 33.5 (67) 21.5 (20) 43.9 (47) 0.001 2.9 (0.18–0.65)
Hypoxia 67.0 (134) 49.5 (46) 82.2 (88) 0.0001 4.7 (0.11–0.40)
Chest pain 26.0 (52) 29.0 (27) 23.4 (25)
Caugh 18.0 (36) 20.4 (19) 15.9 (17)
Pneumonia 67.5 (135) 52.7 (49) 80.4 (86) 0.0001 3.7 (0.15–0.51)
Diarrhea 9.5 (19) 6.5 (6) 12.1 (13)
Shortness of breath 40.5 (81) 37.6 (35) 43.0 (46)
Respiratory illness 59.5 (119) 40.9 (38) 75.7 (81) 0.0001 4.5 (0.12–0.41)
Ventilator support 32.0 (64) 10.8 (10) 50.5 (54) 0.0001 8.46 (0.05–0.25)
ICU 24.0 (48) 0.0 (0) 44.9 (48) 0.0004 152.4 (9.2–2519.2)
Acute organ failure 44.0 (88) 0.0 (0) 82.2 (88) 0.0001 848.7 (50.4–14269.5)
ARDS 18.5 (37) 0.0 (0) 34.6 (37) 0.001 99.5 (6.0–1647.8)
Death 10.0 (20) 0.0 (0) 18.7 (20) 0.008 43.8 (2.6–735.4)

%, Percentage of individuals in each category is defined as the number of individuals having the characteristics (N) divided by the number of individuals studied (n) in the study group; OR,
odds ratio; CI, confidence interval; IQR, interquartile range.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 8454744

Maruthamuthu et al. KIR-HLA Combinations Predispose to COVID-19

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


FIGURE 2 |Gene content KIR genotypes in COVID-19 patients and controls. Fifty-two distinct KIR genotypes differ from each other by the presence (shaded box)
or absence (white box) of 16 KIR genes. The frequency (%F) of each genotype is expressed as a percentage and defined as the number of individuals having that specific
genotype (N) divided by the number of individuals studied (n) in each group. Red and blue boxes, respectively, mark the C4 and T4 linkage groups.
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Activating KIRs 2DS1+2DS5+ are Associated
With the Risk of Developing Severe
COVID-19
To investigate the role of variable KIR and HLA class I ligands in
modulating the severity of COVID-19 disease, we compared the
frequency of KIR genes, HLA class I ligands, and KIR-HLA
combinations between patients with mild or severe COVID-19
illness. Although statistically not significant, the incidence of three
activating KIR genes (i.e., 3DS1, 2DS1, 2DS5) located at the
telomeric half of KIR B-haplotypes was increased in patients
developing severe COVID-19 disease compared to those
developing mild disease (Table 2). Notably, the co-occurrence
of KIR2DS1+KIR2DS5+ genes was significantly increased in
patients developing severe COVID-19 illness than those
developing mild disease (41.1 vs. 28%, p = 0.05, OR = 1.8, CI =

1.0–3.3). Moreover, those with KIR2DS1+2DS5+ but lacking either
KIR3DL1+HLA-Bw4+ combination (27.1 vs. 14%, p = 0.025, OR =
2.3, CI = 1.1–4.7) or KIR3DL2+HLA-A3/11+ (30.8 vs. 22.6%,
p=NS) combination or both KIR3DL1+HLA-Bw4+ and
KIR2DL2+HLA-A3/11+ (40.2 vs. 25.8%, p = 0.03, OR = 1.9, CI
= 1.05–3.53) combinations were more frequent in patients with
severe disease compared to patients with mild disease (Table 4).

KIR2DL1+HLA-C2+ Combination in the
Absence of the Activating Counterpart
KIR2DS1 Protects From Developing Severe
COVID-19 Illness
Among the five inhibitory KIR and cognate HLA class I
combinations, only KIR2DL1+HLA-C2+ combinations occur
more frequently in patients with mild disease than those with

TABLE 2 | Frequency of KIR genotypes, KIR genes, and HLA class I ligands in the control group and COVID-19 patients.

Hospitalized COVID-19 patients

All patients (A)
n = 200

Mild (M)
n = 93

Severe (S)
n = 107

Controls (C)
n = 195

Comparisons:
p-value, OR (95% CI)

KIR Genotypes %F(N+) %F (N+) %F (N+) %F (N+)
AA genotypes 30.0 (60) 32.3 (30) 28.0 (30) 30.8 (60)
Bx genotypes 70.0 (140) 67.7 (63) 72.0 (77) 69.2 (140)
C4 cluster 19.0 (38) 18.3 (17) 19.6 (21) 25.7 (50)
T4 cluster 33.5 (67) 28.0 (26) 38.3 (41) 27.2 (53) SxC: 0.0001, 4.3 (2.6–7.1)
B haplotype-associated genes
Centromeric genes
2DS2 52.5 (105) 51.6 (48) 53.3 (57) 49.7 (97)
2DL2 49.5 (99) 48.4 (45) 50.5 (54) 49.2 (96)
2DS3 26.0 (52) 22.6 (21) 29.0 (31) 28.2 (55)
2DL5 53.5 (107) 50.5 (47) 56.1 (60) 52.8 (103)

Telomeric genes
3DS1 40.0 (80) 36.6 (34) 43.0 (46) 39.5 (77)
2DS5 38.0 (76) 31.2 (29) 43.9 (47) 35.9 (70)
2DS1 42.5 (85) 36.6 (34) 47.7 (51) 37.4 (73)
3DS1 +2DS5 + 34.0 (68) 28.0 (26) 39.3 (42) 30.3 (59)
3DS1 +2DS1 + 39.0 (78) 35.5 (33) 42.1 (45) 32.3 (63)
2DS1 +2DS5 + 35.0 (70) 28.0 (26) 41.1 (44) 30.8 (60) SxM: 0.05, 1.8 (1–3.3)
3DS1 +2DS5 +2DS1 + 33.5 (67) 28.0 (26) 38.3 (41) 27.2 (53) SxC: 0.046, 1.7 (1.0–2.7)

A haplotype-associated genes
2DL1 94.5 (189) 95.7 (89) 93.5 (100) 96.9 (189)
2DL3 93.0 (186) 93.5 (87) 92.5 (99) 88.7 (173)
3DL1 93.0 (186) 94.6 (88) 91.6 (98) 94.9 (185)
2DS4 92.0 (184) 93.5 (87) 90.7 (97) 94.9 (185)

Pseudogenes and Framework genes
2DP1 94.5 (189) 95.7 (89) 93.5 (100) 98.0 (191)
3DP1 100.0 (200) 100.0 (93) 100.0 (107) 100.0 (195)
2DL4 99.5 (199) 100.0 (93) 99.1 (106) 100.0 (195)
3DL2 100.0 (200) 100.0 (93) 100.0 (107) 100.0 (195)
3DL3 100.0 (200) 100.0 (93) 100.0 (107) 100.0 (195)
KIR-binding HLA class I ligands
C1 86.0 (172) 86.0 (80) 86.0 (92) 80.0 (156)
C2 58.5 (117) 64.5 (60) 53.3 (57) 58.5 (114)
Bw4 48.0 (96) 46.2 (43) 49.5 (53) 55.9 (109)
Bw4 I80 34.5 (69) 34.4 (32) 34.6 (37) 34.4 (67)
Bw4 T80 22.0 (44) 17.2 (16) 26.2 (28) 30.3 (59) MxC: 0.019, 0.48 (0.3–0.89)
A3/11 25.0 (50) 26.9 (25) 23.4 (25) 35.4 (69) AxC: 0.025, 0.61 (0.39–0.94); SxC: 0.032, 0.56 (0.33–0.95)
A3 11.5 (23) 14.0 (13) 9.3 (10) 26.2 (51) AxC: 0.0003, 0.37 (0.21–0.63)
A11 15.0 (30) 12.9 (12) 16.8 (18) 11.3 (22)

Frequency (%F) of each genotype is expressed as a percentage and defined as the number of individuals having the genotype (N+) divided by the number of individuals studied (n) in the
study group;OR, Odds ratio; CI, Confidence interval; Comparisons: AxC, all patients vs. controls, MxC, mild vs. controls, SxC, severe vs. controls, SxM, sever vs. mild.Values shows
significant difference are shown in bold.
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severe disease (62.4 vs. 49.5%); however, the difference was
statistically insignificant (Table 3). We then examined the
coexistence of inhibitory KIR, its cognate ligand, and the
activating KIR counterpart known to bind the same HLA class
I ligand. The KIR2DL1+HLA-C2+ combination without an
activating counterpart of either KIR2DS1 (39.8 vs. 25.2%, p =
0.03, OR = 0.51, CI = 0.23–0.93) or KIR2DS5 (41.9 vs. 27.1%, p =
0.03, OR = 0.51, CI = 0.28–0.93) or both KIR2DS1 and KIR2DS5
were more frequent in mild COVID-19 cases than severe
COVID-19 cases (36.6 vs. 23.4%, p = 0.04, OR = 0.53, CI =
0.29–0.98). The KIR3DL1+HLA-Bw4+ combination with and
without the activating counterpart KIR3DS1 occurs in patients
and the general population at a comparable frequency.

DISCUSSION

Despite the rapid spread of SARS-CoV-2 worldwide, a great
majority of the infected individuals do not develop active

disease, indicating the ability of human immune responses to
contain the infection. The unanswered question is why only a
fraction of infected individuals develop COVID-19 disease while
most remain asymptomatic. NK cells are fast-acting effector
lymphocytes that provide the crucial first line of defense against
viral pathogens by their ability to kill infected cells and produce
pro-inflammatory cytokines spontaneously (Biron et al., 1999). To
understand the role of diverse KIR+HLA+ gene combinations in
NK cell defense to SARS-CoV-2, we studied the host genetic
polymorphism of KIR and their cognate HLA class I ligands in
hospitalized COVID-19 patients and the general population. We
observed that the KIR3DL1+HLA-Bw4+ and KIR3DL2+HLA-A3/
11+ gene combinations were encountered at significantly lower
frequency in COVID-19 patients than in the general population.
Additionally, the activating KIR genes 2DS1 and 2DS5 were
increased considerably in COVID-19 patients with severe illness
compared to patients with mild disease.

The presence of both the inhibitory KIR receptors and their
cognate HLA class I ligand is paradoxically associated with

TABLE 3 | Frequency of KIR and HLA class I ligand combination in the control group and COVID-19 patients.

Hospitalized COVID-19 patients

All patients (A)
n = 200

Mild (M)
n = 93

Severe (S)
n = 107

Controls (C)
n = 195

Comparisons:
p-value, OR (95% CI)

Inhibitory KIR + HLA class I ligand %F (N+) %F (N+) %F (N+) %F (N+)
2DL1+C2+ 55.5 (111) 62.4 (58) 49.5 (53) 55.4 (108)
2DL2+C1+ 42.5 (85) 43.0 (40) 42.1 (45) 37.9 (74)
2DL3+C1+ 80.0 (160) 79.6 (74) 80.4 (86) 72.3 (141)
3DL1+Bw4+ 44.5 (89) 45.2 (42) 43.9 (47) 55.4 (108) AxC: 0.03, 0.65 (0.43–0.96)
3DL1+Bw4 I80+ 32.5 (65) 34.4 (32) 30.8 (33) 32.8 (64)
3DL1+Bw4 T80+ 18.5 (37) 15.1 (14) 21.5 (23) 27.7 (54) AxC: 0.03, 0.6 (0.37–1.0); MxC: 0.02, 0.46 (0.24–0.9)
3DL2+A3/A11+ 25.0 (50) 26.9 (25) 23.4 (25) 35.4 (69) AxC: 0.02, 0.6 (0.4–0.94); SxC: 0.03, 0.56 (0.3–0.95)
3DL2+A3+ 11.5 (23) 15.1 (14) 8.4 (9) 26.1 (51) AxC: 0.0003, 0.37 (0.21–0.63); MxC: 0.037, 0.5 (0.26–0.96);

SxC: 0.0004, 0.26 (0.1–0.6)
3DL2+A11+ 15.0 (30) 12.9 (12) 16.8 (18) 11.3 (22)
3DL1+Bw4+ and 3DL2+A3/A11+ 9.5 (19) 10.8 (10) 8.4 (9) 15.4 (30)
3DL1+Bw4+ and/or

3DL2+A3/A11+
60.0 (120) 61.3 (57) 58.9 (63) 75.4 (147) AxC: 0.001, 0.49 (0.32–0.75); MxC: 0.015, 0.52 (0.3–0.9);

SxC: 0.003, 0.5 (0.28–0.77)
(3DL1+ Bw4+)- or

(3DL2+A3/A11+)-
50.5 (101) 50.5 (47) 50.5 (54) 60.0 (117)

(3DL1+Bw4+)- and
(3DL2+A3/A11+)-

40.0 (80) 38.7 (36) 41.1 (44) 24.6 (48) AxC: 0.001, 2.04 (1.33–3.14); MxC: 0.015, 1.93 (1.1–3.3);
SxC: 0.003, 2.14 (1.3–3.5)

Activating KIR + HLA class I ligand
3DS1+Bw4+ 19.5 (39) 18.3 (17) 20.6 (22) 21.5 (42)
2DS1+C2+ 25.5 (51) 24.7 (23) 26.2 (28) 22.5 (44)
2DS2+C1+ 45.0 (90) 45.2 (42) 44.9 (48) 37.9 (74)
2DS2+A11+ 7.5 (15) 5.4 (5) 9.3 (10) 4.6 (9)
2DS5+C2+ 23.5 (47) 21.5 (20) 25.2 (27) 22.1 (43)

Inhibitory KIR + HLA class I ligand +
Activating KIR
3DL1+Bw4+ and 3DS1- 28.5 (57) 28.0 (26) 29.0 (31) 36.9 (72)
3DL1+Bw4+ and 3DS1+ 16.0 (32) 17.2 (16) 15.0 (16) 18.5 (36)
2DL1+C2+ and 2DS1- 32.0 (64) 39.8 (37) 25.2 (27) 34.9 (68) SxM: 0.03, 0.51 (0.23–0.93)
2DL1+C2+ and 2DS1+ 23.5 (47) 22.6 (21) 24.3 (26) 21.0 (41)
2DL1+C2+ and 2DS5- 34.0 (68) 41.9 (39) 27.1 (29) 34.9 (68) SxM: 0.03, 0.51 (0.28–0.93)
2DL1+C2+ and 2DS5+ 21.5 (43) 20.4 (19) 22.4 (24) 20.5 (40)
2DL1+C2+ and 2DS1-2DS5- 29.5 (59) 36.6 (34) 23.4 (25) 31.3 (61) SxM: 0.04, 0.53 (0.29–0.98)
2DL1+C2+ and 2DS1+2DS5+ 19.0 (38) 17.2 (16) 20.6 (22) 17.4 (34)

Frequency (%F) of each genotype is expressed as a percentage and defined as the number of individuals having the genotype (N+) divided by the number of individuals studied (n) in the
study group;OR, Odds ratio; CI, Confidence interval; Comparisons: AxC, all patients vs. controls, MxC, mild vs. controls, SxC, severe vs. controls, SxM, sever vs. mild.Values shows
significant difference are shown in bold.
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TABLE 4 | Frequency of inhibitory KIR, cognate HLA class I ligands, and activating KIR gene combinations in the control group and COVID-19 patients.

Inhibitory KIR +
HLA class I
ligand + activating
KIR

Hospitalized COVID-19 patients

All patients
n = 200

Mild
n = 93

Severe
n = 107

Controls
n = 195

Comparisons:
p-value, OR (95% CI)

%F (N+) %F (N+) %F (N+) %F (N+)
3DL1+Bw4+ and 2DS1-2DS5- 30.5 (61) 31.2 (29) 29.9 (32) 41.5 (81) AxC: 0.02, 0.62 (0.41–0.94); SxC: 0.047, 0.6 (0.36–1)
(3DL1+Bw4+)- and 2DS1+2DS5+ 21.0 (42) 14.0 (13) 27.1 (29) 13.3 (26) AxC: 0.04, 1.73 (1.0–2.9); SxC: 0.0036, 2.4 (1.3–4.4);

SxM: 0.025, 2.3 (1.1–4.7)
3DL2+A3/11+ and 2DS1-2DS5- 17.0 (34) 21.5 (20) 13.1 (14) 22.1 (43)
(3DL2+A3/11+)- and 2DS1+2DS5+ 27.0 (54) 22.6 (21) 30.8 (33) 17.4 (34) AxC: 0.02, 1.75 (1.1–2.8); SxC: 0.008, 2.1 (1.2–3.7)
(3DL1+Bw4+)- and/or (3DL2+A3/11+)-

2DS1+2DS5+
15.0 (30) 10.8 (10) 18.7 (20) 7.2 (14) AxC: 0.02, 2.28 (1.17–4.45); SxC: 0.003, 2.97 (1.4–6.2)

(3DL1+Bw4+)- and (3DL2+A3/11+)- and
2DS1+2DS5+

33.5 (67) 25.8 (24) 40.2 (43) 23.6 (46) AxC: 0.03, 1.63 (1.04–2.53); SxC: 0.003, 2.2 (1.3–3.6);
SxM: 0.03, 1.9 (1.05–3.53)

(3DL1+Bw4+)- and/or (3DL2+A3/11+)- and
2DL1+C2+ and 2DS1+2DS5+

7.5 (15) 6.5 (6) 8.4 (9) 2.1 (4) AxC: 0.02, 3.87 (1.26–11.88); SxC: 0.016, 4.4 (1.3–14.6)

(3DL1+Bw4+)- and/or (3DL2+A3/11+)- and
2DL1+C2+ and 2DS1-2DS5-

8.5 (17) 11.8 (11) 5.6 (6) 8.2 (16)

(3DL1+Bw4+)- and (3DL2+A3/11+)- and
2DL1+C2+ and 2DS1+2DS5+

17.0 (34) 15.1 (14) 18.7 (20) 9.7 (19) AxC: 0.04, 1.90 (1.04–3.46); SxC: 0.03, 2.1 (1.1–4.2)

(3DL1+Bw4+)- and (3DL2+A3/11+)- and
2DL1+C2+ and 2DS1-2DS5-

26.5 (53) 31.2 (29) 22.4 (24) 26.7 (52)

Frequency (%F) of each genotype is expressed as a percentage and defined as the number of individuals having the genotype (N+) divided by the number of individuals studied (n) in the
study group;OR, Odds ratio; CI, Confidence interval; Comparisons: AxC, all patients vs. controls, MxC, mild vs. controls, SxC, severe vs. controls, SxM, sever vs. mild.Values shows
significant difference are shown in bold.

FIGURE 3 | The schematic framework of KIR-HLA interactions by NK cells in anti-SARS-CoV-2 immunity. (A) Interactions of KIR3DL1 and KIR3DL2 with their
cognate HLA class I ligands, HLA-Bw4 and HLA-A3/11 respectively, influence NK cell licensing and set a high threshold for NK cell lysis. The licensed NK cells recognize
SARS-CoV-2-infected and trigger an antiviral response. (B) The unlicensed NK cells developed from those lacking KIR3DL1+Bw4+ and KIR3DL2+HLA-A3/11
+ combinations are hyporesponsive and do not trigger an antiviral response, consequently leading to COVID-19 illness. (C) NK cells of patients lacking
KIR3DL1+Bw4+ and KIR3DL2+HLA-A3/11 + combinations but expressing activating KIR2DS1 and 2DS5 presumably triggers abundant cytokines and chemokines
arbitrating severe COVID-19.
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protection in several epidemiological studies (Rajagopalan and
Long, 2005). Consistent with these findings, we observed a
significantly decreased frequency of KIR3DL1+HLA-Bw4+ and
KIR3DL2+HLA-A3/11+ gene combinations in hospitalized
COVID-19 patients suggesting a protective role for these
inhibitory KIR-HLA gene combinations to COVID-19.
Presumably, the licensing mediated by these inhibitory KIR-
HLA interactions is essential for producing potent NK cells to
defend against SARS-CoV2 (Figure 3). Those missing these KIR-
HLA gene combinations probably generate hyporesponsive NK
cells and thus fail in mounting an effective anti-SARS-CoV2
defense. In support of this, blunted NK cell cytolytic activities
were observed in severe COVID-19 patients (Osman et al., 2020;
Bozzano et al., 2021). Moreover, COVID-19 patients were
reported to have reduced NK cell functional markers such as
CD107a+ (a degranulation marker), granzyme B, IFN-γ+, IL-2+,
and TNF-α+ compared to healthy controls (Zheng et al., 2020).
Future mechanistic studies are warranted to confirm the
molecular basis of the decreased KIR3DL1+HLA-Bw4+ and
KIR3DL2+HLA-A3/11+ gene combinations in dampening the
effector functions of NK cells in COVID-19 patients.

Several functional studies support the role of KIR3DL1 and
HLA-Bw4 interactions during the “licensing” process of NK cells.
KIR3DL1+ NK cells isolated from HLA-Bw4+ individuals
exhibited a higher amount of IFN-γ and cytotoxic potential
than KIR3DL1+ NK cells isolated from HLA-Bw4- individuals
(Parsons et al., 2010). Similarly, another experiment
demonstrated that KIR3DL1+ NK cells isolated from HLA-
Bw4+ individuals showed higher degranulation potential
against HLA-negative target cells compared to KIR3DL1+ NK
cells isolated from HLA-Bw4- individuals (Kim et al., 2008;
Boudreau et al., 2013). These mechanistic studies strongly
support the importance of KIR3DL1 recognizing self HLA-
Bw4 during NK cell education to eliminate virally infected
target cells. Future studies are needed to investigate the
molecular mechanism underlying the KIR3DL1+HLA-Bw4+

interaction-driven licensed NK cell recognition of the SARS-
CoV2-infected targets.

Consistent with our findings, the coinheritance of inhibitory
KIR3DL1 and its cognate ligand HLA-Bw4 is associated with
clearance of several viral infections (Bashirova et al., 2006),
including conferring protection against influenza A (H1N1/09)
virus infection (La et al., 2011). Furthermore, the combined
genotype of KIR3DL1+ and HLA-Bw4+ was strongly associated
with slower progression to acquired immunodeficiency syndrome
(AIDS) in human immunodeficiency virus (HIV) infection
(Martin and Carrington, 2013; Maruthamuthu et al., 2018).
Protection from the progression of cervical neoplasia, a disease
caused by the human papillomavirus, is correlated with the
pairing of KIR3DL1 and its cognate ligand HLA-Bw4
(Carrington et al., 2005). Altogether, the KIR3DL1+HLA-Bw4+

combination protects an array of viral infections, including
SARS-CoV2, H1N1/09, HIV, and human papillomavirus.

The functional interaction of KIR3DL2 with HLA-A3/11 is
poorly studied, and this interaction is weaker than the other KIRs
with HLA-C and HLA-B ligands (Dohring et al., 1996). Since
KIR3DL2 is a framework gene present in all individuals, the

functional role of the receptor is arguably dependent on its
interaction with HLA-A3/11 (Sun et al., 2021). Although the
mechanism of anti-SARS-CoV2 activity rendered by inhibitory
KIR3DL2+HLA-A3/11+ interaction is unclear, our results
indicate that NK cell recognition through 3DL2+HLA-A3+

interaction may trigger more robust NK cytolysis when HLA-
A3 is presented with viral peptides (Hansasuta et al., 2004).

In our study, specific activating KIR genes located in the
telomeric half of KIR B-haplotypes were found to be more
frequent in patients with severe COVID-19 illness. Specifically,
the coexistence of KIR2DS1 and KIR2DS5 genes were more
frequent in severe COVID-19 patients. Although the ligand is
unknown, the mechanistic studies using anti-KIR2DS5
antibodies revealed that the activation of KIR2DS5 triggers
both NK cell cytotoxicity and IFN-γ release (Della Chiesa
et al., 2008). Activating KIR2DS1 has been shown to bind
HLA-C2, the same ligand as their structurally related
inhibitory counterpart KIR2DL1, but at low affinity (Biassoni
et al., 1997). Moreover, KIR2DS1 has displayed a certain degree of
peptide selectivity in its binding to HLA-C2 (Stewart et al., 2005),
and thus not always sufficient to trigger NK effector responses
(Moretta et al., 1995). The activating KIR2DS1 and KIR2DS5may
recognize the SARS-CoV2 infected cells and contribute to
abundant pro-inflammatory cytokines that facilitate the
development of severe COVID-19 illness (Del Valle et al.,
2020) (Figure 3).

An increased frequency of KIR2DL1+HLA-C2+ combination,
particularly without the activating counterpart KIR2DS1 or
KIR2DS5 in mild COVID-19 cases than severe COVID-19
cases, suggests a protective role for KIR2DL1+HLA-C2+

against developing severe COVID-19. Perhaps the protection
is conferred by NK cell licensing driven by KIR2DL1+HLA-
C2+ interaction. In the presence of activating KIR2DS1 or
KIR2DS5, the protective effect of KIR2DL1+HLA-C2+

engagement is lifted. This data is in line with our previous
finding of increased prevalence of KIR2DL1+KIR2DS1+HLA-
C2 gene constellations in patients with advanced breast cancer
(Ashouri et al., 2021). In mouse models, prolonged NKG2D
engagement impairs NK cell function (Coudert et al., 2008).
When mouse NK cells are chronically exposed to the ligand of
the activating receptor (Ly49H), these cells become unresponsive
to infected target cells (Sun and Lanier, 2008). In acute myeloid
leukemia, an anti-leukemic effect was shown in patients who
received hematopoietic stem-cell transplantation from
KIR2DS1+HLA-C1/C1+ or KIR2DS1+HLA-C1/C2+ donors,
whereas grafts from donors who were homozygous for HLA-
C2 did not provide any advantage (Venstrom et al., 2012). The
interaction of KIR2DS1 with high levels of its ligands HLA-C2
reduces KIR2DS1+ NK cell functionality (Venstrom et al., 2012).
Thus, the ligation of KIR2DS1 with HLA-C2 on infected cells may
result in overactivated or anergic KIR2DS1+ NK cells that may
have a deleterious effect on COVID-19 severity.

Only five studies have investigated the impact of KIR receptors on
SARS-CoV-2 infection (Beksac et al., 2021; Bernal et al., 2021; Lesan
et al., 2021; Littera et al., 2021; Hajeer et al., 2022). In contrast to our
findings, a study with a small number of 16 patients from the
German Caucasian cohort revealed that patients with activating
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KIR2DS5were recovered fromCOVID-19 in a shorter time than the
individuals negative for the KIR2DS5 gene (Lesan et al., 2021).
Although the ligand for activating KIR2DS2 is unknown, the
combination of KIR2DS2 and HLA-C1 was found to have a
potent protective effect against adverse outcomes of COVID-19
in Sardinia, a large Italian island in the Mediterranean Sea (Littera
et al., 2021). Moreover, this study also found a significant association
between AA KIR-haplotypes and patients with severe COVID-19
disease compared to symptomatic-paucisymptomatic patients. In
contrast to the Sardinian study, Bx genotypes were associated with
COVID-19 patients in Soudhi Arabian population (Hajeer et al.,
2022). A study in Turkey revealed an association between COVID-
19 and specific centromeric and telomeric halves of KIR haplotypes
with HLA class I ligands (Beksac et al., 2021). However, this study
did not determine the frequencies of specific KIR and cognate HLA
class I ligand combinations. Higher frequencies for KIR2DS4 in
severe COVID-19 patients and KIR3DS1+HLA-B*15:01+ in mild/
moderate cases of COVID-19 than in control in Spanish indicate a
potentially detrimental effect of activatingKIR in COVID-19 (Bernal
et al., 2021). However, none of these genes and combinations were
found to be significant in our study, probably because of the limited
sample sizes in these other studies. In addition to small sample sizes,
the KIR and HLA gene frequency among different human
populations varies largely (Du et al., 2007; Rajalingam et al.,
2008; Ashouri et al., 2009), explaining the observed discrepancies.
Notably, none of these studies analyzed KIR3DL2+HLA-A3/11+

combinations.
A few clinical trials are ongoing with a straightforward

assumption that infusing ex vivo expanded NK cells into
COVID-19 patients can reinstate immune capacity and
increase chances of recovery (ClinicalTrials.gov Identifier:
NCT04344548, NCT04365101, NCT04280224). Replenishing
expanded NK cells is risky because the supplementary NK
cells may become detrimental by producing a massive amount
of cytokines and chemokines instead of playing a beneficial
antiviral killer response. Considering the novel finding from
the current study, we propose to use NK cells from the donor
carrying KIR3DL1+HLA-Bw4+ and KIR3DL2+HLA-A3/11+

interactions but lacking activating KIR receptors 2DS1 and 2DS5.
A limitation of the present study was the utilization of samples

from the pre-pandemic general population as a control. Studying the
KIR-HLA combination frequency in asymptomatic SARS-CoV2
positive individuals would be a more appropriate control group.
However, due to testing strategy limitations, identifying these
subjects was difficult during the early stages of the pandemic. All
five previous studies investigated the role of KIR receptors in COVID-
19 also used the general population controls collected pre-pandemic,
signifying challenges associated with these initial correlative studies. In
theory, all control subjects included in this study should have been
infected with SARS-CoV-2. Based on the epidemiological data
(Menachemi et al., 2021), assuming all controls were infected, only
2.1% of the controls (n = 4) are estimated to have been hospitalized for
COVID-19 care, and the remaining 97.9% (n = 191) remain to be
asymptomatic. Therefore, comparing this pre-pandemic general
population with 200 patients hospitalized for COVID-19 care is a

seemingly reasonable approach. Our study cohorts are insufficient to
evaluate the impact of multiple KIR-HLA combinations in different
clinical phenotypes. Future systematic studies using multivariate
analysis on larger cohorts are required to substantiate our findings
and determine the role of multiple KIR-HLA pairs on the diverse
outcomes of SARS-CoV2 infection. Nonetheless, our data support our
hypothesis and provide novel insights into the molecular mechanisms
for dual functions of NK cells in responding to acute SARS-CoV2
infections and contributing to COVID-19 immunopathology.
Presumably, the reduced antiviral defense due to the absence of
KIR3DL1+HLA-Bw4+ and KIR3DL2+HLA-A3/11+ interactions
coupled with exuberant hyperinflammatory response mediated by
activating KIR2DS1 and 2DS5 arbitrate the development of severe
COVID-19. Future functional studies are warranted to elucidate the
mechanism of these host genetic associations of COVID-19.
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