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Abstract

Background

The diversity in the clinical course of COVID-19 has been related to differences in innate
and adaptative immune response mechanisms. Natural killer (NK) lymphocytes are critical
protagonists of human host defense against viral infections. It would seem that reduced cir-
culating levels of these cells have an impact on COVID-19 progression and severity. Their
activity is strongly regulated by killer-cell immuno-globulin-like receptors (KIRs) expressed
on the NK cell surface. The present study’s focus was to investigate the impact of KIRs and
their HLA Class | ligands on SARS-CoV-2 infection.

Methods

KIR gene frequencies, KIR haplotypes, KIR ligands and combinations of KIRs and their HLA
Class | ligands were investigated in 396 Sardinian patients with SARS-CoV-2 infection.
Comparisons were made between 2 groups of patients divided according to disease
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severity: 240 patients were symptomatic or paucisymptomatic (Group A), 156 hospitalized
patients had severe disease (Group S). The immunogenetic characteristics of patients were
also compared to a population group of 400 individuals from the same geographical areas.

Results

Substantial differences were obtained for KIR genes, KIR haplotypes and KIR-HLA ligand
combinations when comparing patients of Group S to those of Group A. Patients in Group S
had a statistically significant higher frequency of the KIR A/A haplotype compared to
patients in Group A [34.6% vs 23.8%, OR = 1.7 (95% CI 1.1-2.6); P = 0.02, Pc = 0.04].
Moreover, the KIR2DS2/HLA C1 combination was poorly represented in the group of
patients with severe symptoms compared to those of the asymptomatic-paucisymptomatic
group [33.3% vs 50.0%, OR = 0.5 (95% CI 0.3-0.8), P = 0.001, Pc = 0.002]. Multivariate
analysis confirmed that, regardless of the sex and age of the patients, the latter genetic vari-
able correlated with a less severe disease course [ORy, = 0.4 (95% CI1 0.3-0.7), Py =
0.0005, Pyc=0.005].

Conclusions

The KIR2DS2/HLA C1 functional unit resulted to have a strong protective effect against the
adverse outcomes of COVID-19. Combined to other well known factors such as advanced
age, male sex and concomitant autoimmune diseases, this marker could prove to be highly
informative of the disease course and thus enable the timely intervention needed to reduce
the mortality associated with the severe forms of SARS-CoV-2 infection. However, larger
studies in other populations as well as experimental functional studies will be needed to con-
firm our findings and further pursue the effect of KIR receptors on NK cell immune-mediated
response to SARS-Cov-2 infection.

Introduction

Since the emergence of COVID-19 which was formally declared a pandemic in March 2020 by
the World Health Organization [1], a large range of pharmaceutical and non-pharmaceutical
measures have been adopted in the hope to counter the effects of infection with the SARS-
CoV-2 virus but, so far, none of these have led to radical changes in the management of
patients [2]. The recent availability of safe and effective vaccines represents a major break-
through but it may take months or even years in some countries before the effects of the pan-
demic can be efficiently mitigated. Meanwhile repeated lockdowns and other extreme
preventive strategies have somewhat succeeded in curbing the spread of the virus.

The large majority of infected individuals are asymptomatic, pre-symptomatic or present
with mild flu-like symptoms such as low grade fever and/or a dry cough. Unfortunately, many
of these individuals remain undetected (~50%) and unknowingly continue to spread the virus
[3]. In mild cases, the virus mainly affects the upper respiratory tract, particularly the large air-
ways [4]. Unfortunately, some individuals (20%) become seriously ill and often require hospi-
talisation for ventilatory support. It has been established that 4-6% of infected individuals
develop critical and life-threatening symptoms.
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Respiratory complications ranging from pneumonia to acute respiratory distress syndrome
(ARDS) are the hallmark of severe COVID-19. However, the clinical course may also be con-
stellated by neurological and gastrointestinal manifestations, heart failure, renal failure, liver
damage, hypercoagulability, septic shock and multi-organ failure (MOF). Elderly male patients
with comorbidities are those at the highest risk of a severe prognosis [5-9]. Moreover, alarm-
ing news continues to mount on both young and elderly patients—commonly referred to as
“long haulers”—who have recovered from the disease but continue to have symptoms. Several
hypotheses have been put forward to offer a plausible explanation for long-term lingering
COVID-19 symptoms but none have managed to solve the problem. It is suspected that the
immune systems of such patients may continue to overreact or perhaps trigger lasting changes
in immune response mechanisms long after the infection has passed and patients have stopped
shedding the virus.

Never before have so many world scientists and researchers focused on a single disease with
such urgency that within less than a year, the scientific community has acquired a deep knowl-
edge of the structure and functioning of the SARS-CoV-2 virus, its modes of transmission and
the unusually variegated clinical pictures [10, 11]. The clinical features of infected individuals
do not soley depend upon viral load [12]. As previously observed in the SARS and MERS epi-
demics, the coordinated activities of host innate and adaptive immunity are critical to effective
control of infection, viral clearance and evolution of the disease [13-16]. Combined innate
and adaptive responses of the host, confronted with the virulence and capacity of the virus to
evade these host responses, will eventually dictate outcome of the disease [16].

Like in other respiratory RNA viral infections, human airway epithelial cells are among the
first targets to encounter SAR-CoV-2. These cells represent a first line of defense and have a
major role in triggering inflammatory response through specific receptors called pattern rec-
ognition receptors (PRRs) [17]. Toll-like receptor 3 (TLR3), TLR7, TLR8, melanoma differen-
tiation-associated protein 5 (MDA-5) and retinoic acid-inducible gene I (RIG-I) are PRRs
expressed by immune and non-immune cells that are critical to recognition of viruses by the
innate immune system, especially RNA viruses such as those of the coronaviridae family [16].
Sensing through PRRs leads to the transcription of genes involved in the inflammatory
response, with the production of type I interferons (IFNs), particularly IFN-a/b, being an
essential step in antiviral response [18]. Type I IFNs are produced by many immune and non-
immune cells [16, 19, 20] and elicit intrinsic antiviral responses [21]. In particular, they are
essential to prime innate and adaptive lymphocytes, including natural killer (NK) cells [22].

Natural Killer cells are fundamental components of the innate and adaptative immune sys-
tems [23] and have an important role in the response to viral infections in both humans and
animal models [24-26]. Despite their beneficial antiviral activity, NK cells have been impli-
cated as mediators of immunopathology in infectious diseases, such as those caused by respira-
tory syncytial virus (RSV) [27], influenza A virus [28-32], hepatitis B virus [33] and hepatitis C
virus [34].

Some authors have suggested that NK cells may also play an important role in SARS-CoV-1
infection. They found that the total number of NK cells and the percentage of CD158b+ NK
cells (NK cells KIR2DL2/3+ and KIR2DS2+) were significantly lower in patients with SARS-
CoV-1 infection than in healthy subjects. Moreover, NK cell expression of CD158b+ correlated
with disease severity and the presence of anti-SARS coronavirus—specific antibodies [35].

NK cells only represent 5 to 10% of peripheral blood circulating lymphocytes but are a
prominent lymphocyte population in human and mouse lungs. In the healthy human lung,
NK cells make up for 10 to 20% of all lymphocytes, most of which are CD56dimCD16+. NK
cells in the lung represent a highly differentiated population with a CD57+NKG2A- phenotype
and high KIR expression [36]. This phenotipe (CD57+KIRs+ and the absence of the inhibitory
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receptor NKG2A) characterizes the so-called memory-like NK cells which seem to have a deci-
sive role in countering SARS-CoV-2 [37, 38]. In view of these considerations, it is plausible to
hypothesize that KIR receptors play an important role in modulating the immune response of
NK cells against SARS-CoV-2 infection.

NK cells rely on the balance of both inhibitory and activating receptor signals to determine
which target cells will be attacked or tolerated. Killer immunoglobulin-like receptors (KIRs)
expressed on the NK cell surface are considered to be protagonists among the receptors regu-
lating NK cell responsiveness. The KIR locus comprises two broad groups of haplotypes based
on gene content. Group A haplotypes contain the KIR3DL3, KIR2DLI, KIR2DL3, KIR2DL4,
KIR3DL1, and KIR3DL2 inhibitory KIR genes along with KIR2DS4 as the only activating KIR
gene whereas Group B haplotypes have a variable gene content with one or more genes encod-
ing activating KIRs (KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5 and KIR3DS1) and genes encod-
ing inhibitory KIRs (KIR2DL2, KIR2DL5A and KIR2DL5B) [39-41].

KIR receptors expressed on the NK cell surface regulate their functions through binding to
human leukocyte antigen (HLA) Class I ligands on cells. HLA-C is the predominant ligand for
KIR on NK cells. KIRs recognize two groups of HLA-C allotypes based on a single amino acid
substitution at position 80 of the alpha-1 domain of the alpha helix. HLA-C group 1 alleles
(HLA CI) have an asparagine at this position whereas HLA-C group 2 alleles (HLA C2) have a
lysine [42, 43].

The KIR2DL2 and KIR2DL3 inhibitory receptors and the KIR2DS2 activating receptor bind
molecules of the C1 group while the KIR2DL1 inhibitory receptor and the KIR2DS] activating
receptor bind molecules of the C2 group. Additionally, it has been shown that the KIR3DL1
inhibitory receptor and also the KIR3DS] activating receptor can interact with HLA-B mole-
cules expressing the Bw4 epitope. The binding strength of these KIR/HLA ligands is deter-
mined by the presence of an amino acid residue at position 80 of the Bw4 molecule (Bw4I1e80
are stronger ligands for their specific receptors, KIR3DS1 and KIR3DL1, than Bw4Thr80)
[44]. However, variations in KIR-ligand interactions and binding affinities may further com-
plicate this scenario. A typical example is that some alleles of KIR2DL2 and KIR2DL3 also
interact with specific HLA antigens of the C2 group [45].

Sardinia with its relatively high level of genetic homogeneity is among the Italian regions
with the lowest rates of SARS-CoV-2 infection and mortality. Thousands of years of isolation
are responsible for the unique genetic characteristics of the Sardinian population which, in the
case of COVID-19, may possibly represent an advantage. This background is particularly use-
ful when we need to understand which defense mechanisms of innate and adaptive immunity
are deployed in the host to combat viral infection.

The present study of the Sardinian population was aimed at investigating the impact of NK
cells on the development and course of COVID-19 with particular emphasis on the KIR gene
repertoire and the dual function exerted by HLA class I molecules as preferential ligands for
NK cell KIR receptors and CD8+ T cell activators.

Materials and methods

A panel of 396 patients were recruited from 1 June to 1 December 2020. The diagnosis of
SARS-CoV-2 infection was confirmed in all patients by RT-PCR from nasopharyngeal swab.
The patients were assigned to one of two groups according to disease severity: 156 patients
with severe disease were assigned to Group S and 240 patients who were either asymptomatic
or paucisymptomatic (a-paucisymptomatic) were assigned to Group A. Patients in Group A
had been confined to home isolation whereas patients in Group S had been hospitalized in the
Covid Unit of the S.S.Trinita Hospital in Cagliari. Fourteen of the 156 hospitalized patients
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died from cardio-respiratory arrest related to severe pulmonary impairment (interstitial
pneumonia).

The large majority of patients in Group S required high-flow nasal oxygen supplementation
or invasive treatment with mechanical ventilation. The second group of patients (Group A)
were a- paucisymptomatic with symptoms such as a runny nose, loss of taste or smell, head-
aches, a dry cough and/or other flu-like symptoms [46].

A panel of 400 individuals of Sardinian origin going back at least two generations were
selected from the regional bone marrow donor registry to represent the genetic background of
the Sardinian population [47]. This population group appropriately represented the male-to-
female ratio and genetic profiles of the population in the central-south geographical areas
from where the COVID-19 patients were recruited.

The KIR genes, KIR haplotypes and, KIR-HLA ligand combinations observed in the 396
patients with SARS-CoV-2 infection were compared to those of the 400 unrelated individuals
within the population group. Analogous analyses were performed to compare the two groups
of patients (Group S vs Group A). Comparisons of the KIR ligand frequencies (HLA-A, -B, -C
allele groups) were also performed.

Ethics statement

Patients were recruited and enrolled in the study protocol at the Department of Medical Sci-
ences and Public Health of the University of Cagliari, the University Hospital of Cagliari
(AOUCA) and the SS.Trinita Hospital of the Sardinian Regional Company for the Protection
of Health (ATS Sardegna). Written informed consent was obtained from all patients and con-
trols in accordance with the ethical standards (institutional and national) of the local human
research committee. The study protocol, including informed consent procedures, conforms to
the ethical guidelines of the Declaration of Helsinki and was approved by the responsible ethics
committee (Ethics Committee of the Cagliari University Hospital; date of approval: May, 27,
2020; protocol number GT/2020/10894). Records of written informed consent are kept on file
and are included in the clinical record of each patient.

HLA and KIR gene typing

DNA from nasopharyngeal swab was extracted with the Qiagen QIAamp DNA Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. Briefly, each
swab was washed with PBS (200 ul). The recovered washing buffer was mixed with 20 ul of
proteinase k and 200 pl of the AL buffer was added to the mix. After 10 minutes of incuba-
tion at 56°C, the sample was processed according to the kit instructions. Purity and quan-
tification of total DNA were assessed with the NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific).

Patients and the population group were typed for HLA alleles using a next generation
sequencing (NGS) platform. The samples were genotyped for Class I (HLA-A, -B, and -C), and
Class II (HLA-DRBI, HLA-DQA1, HLA-DQBI and HLA-DPBI) loci using a commercially
available NGS 7-Loci amplification kit (Omixon Holotype HLA™, for MiSeq llumina®),
according to the manufacturer’s instructions. HLA genotypes were assigned using HLA Twin
software (Omixon, Inc).

Rare or ambiguous HLA alleles were methodically re-typed according to the Sanger
sequencing-based typing (SBT) method using the following SBT kits: AlleleSSEQR®HLA for
the HLA-A, -B, -C and -DRBI loci and SBTexcellerator® for the HLA-DQA1, -DQBI and
-DPBI loci (GenDx & GenDx Products, Utrecht, The Netherlands).

PLOS ONE | https://doi.org/10.1371/journal.pone.0255608  August 5, 2021 5/22


https://doi.org/10.1371/journal.pone.0255608

PLOS ONE

KIRs on NK cells trigger differences in immune response to SARS-Cov-2 infection

HLA-C alleles were assigned to the CI or C2 ligand group according to the presence of
asparagine or lysine at position 80 of the HLA-C molecule. HLA-B alleles were classified as
Bw4 or Bw6 depending on the amino acids between positions 77 and 83.

The two isoforms of HLA-Bw4 were distinguished by the presence of leucine (Bw4Ile80) or
threonine (Bw4Thr80) in position 80. HLA-A23, -A24, and -A32 pertain to the HLA-Bw4Ile80
group of serological epitopes [44].

Genomic DNA from both patients and the population group was typed for the presence of
the 14 KIR genes KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL4, KIR2DL5, KIR3DL1, KIR3DL2,
KIR3DL3, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DS1 using PCR-SSP
with primers specific for each locus according to a previously reported method [48-50].

KIR typing was validated on a panel of 192 randomly selected samples taken from patients
and individuals of the population group by PCR-SSP using a commercial kit (Olerup SSP®
KIR Genotyping- https://labproducts.caredx.com/products/olerup-ssp/kir/?ProductNo=104.
101-12&LotNo=9L3). The two methods yielded 99.8% concordance for the presence or
absence of the KIR genes.

KIR2DS4 alleles with a 22 base pair (bp) deletion variant in exon 5 (KIR2DS4 alleles *003,
*004, *006, *010, *012 and *013) were distinguished from functional, full-length KIR2DS4
alleles (KIR2DS4 FL) using the method and set of primers described by Yawata et al. [51]. This
made it possible for us to establish which patients only carried the deletion variants (DV) of
KIR2DS4 (KIR2DS4 DV) and, therefore, completely lacked NK cells expressing functional acti-
vating KIRs.

Haplotype group assignment and KIR-ligand combinations

KIR haplotypes were assigned as previously described [48, 52, 53] with group B haplotypes
defined by one or more of the following genes: KIR2DL5, KIR2DS1, KIR2DS2, KIR2DS3,
KIR2DS5 and KIR3DS1 and Group A haplotypes characterized by the absence of all these
genes [54].

Patients were stratified into two groups according to homozygosity for KIR A haplotype
(KIR haplotype AA), heterozygosity or homozygosity for KIR B haplotype. KIR haplotype AA
was compared to KIR haplotype B/x (AB and BB groups combined) [5, 55].

All KIR haplotypes contain a combination of four centromeric (cA01, ¢cB01, cB02, cB03)
and two telomeric (tA01, tBOI) gene-content motifs. The ¢cB03 motif is present on a single hap-
lotype, whereas the remaining three centromeric and two telomeric motifs can be present on
all KIR haplotypes. The centromeric and telomeric regions of the KIR haplotypes in this study
were assigned as previously described [56, 57]. Analyses were based on the content of the
inhibitory (L-long) or activating (S-short) KIR genes and their frequencies among the popula-
tion group and COVID-19 patients with different clinical manifestations. Particular focus was
put on KIR-HLA ligand interactions because of their essential role in the educational process
of functional and potentially alloreactive NK cell clones.

Statistical analysis

First of all, we analyzed a series of clinical and demographic characteristics and genetic traits
in the two groups of patients stratified for being a-paucisymptomatic (Group A) or hospital-
ized with severe symptoms and/or clinical manifestations of SARS-CoV-2 infection (Group S).

Subsequently, we compared the KIR gene frequencies, KIR haplotypes, KIR ligands and
combinations of KIRs and their HLA Class I ligands between the entire group of 396 patients
and the population group of 400 individuals. And finally, the aforesaid genetic variables were
also compared between Group S and Group A COVID-19 patients.
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We computed mean and standard deviation (SD) for all continuous variables and used per-
centages and 95% confidence intervals (95% CI) for categorical data. The two-tailed Fisher’s
exact test was used to compute all P values and calculate the odds ratios (OR) with a 95% CI
for categorical data. The Student test was used for all continuous variables. Only P values
below 0.05 were considered to be statistically significant.

Considering the large size of the data sets of KIR genes, HLA ligands and clinical conditions
used for association analysis, all significant P values were adjusted by the conservative Bonfer-
roni correction method for multiple comparisons. In particular, a corrective factor of 11 (14
KIR genes minus the 3 framework KIR genes present in all subjects) was used to calculate the
Pc values for differences in KIR gene frequencies observed between the different groups.

All calculations and statistical analysis for evaluation of the KIR haplotypes in patients and
the population group were performed using a specific programming code written with R lan-
guage (© 2016 The R Foundation-R Core Team 2020) version 4.0.3 [58].

Multivariate logistic regression analysis was performed to calculate the independence from
age and gender of the clinical and genetic variables that were included in the comparisons
between the two groups of patients and whose P values yielded statistically significant results
in the univariate analysis (P < 0.05). Given that at least 10 observations per variable is crucial
for obtaining valid and reliable results with the logistic regression model, the beta-thalassemic
trait and the three-loci HLA haplotype (HLA-B*58:01, C*07:01, DRB1*03:01) were excluded
from the analysis. Age and gender were the most relevant factors and therefore the P value and
odds ratios of the ten statistically significant factors were adjusted accordingly. The multivari-
ate P values (Py;) were corrected for multiple comparisons by the Bonferroni method (Pyc).

From the analyses, it emerged that regardless of age and sex, the functional unit KIR2DS2/
HLA CI was the most informative genetic predictor of less severe outcomes in patients with
SARS-CoV-2 infection. This prompted us to evaluate the frequency of the KIR2DS2/HLA C1
functional unit in the population group (N = 177/400), Group A patients (N = 120/240), alive
patients in Group S (N = 50/142) and deceased patients in Group S (N = 2/14). The compari-
sons are illustrated in Fig 1, where the error bars represent the 95% confidence intervals of the
KIR2DS2/HLA Cl1 frequency in each of the considered groups.

Results
Main clinical and genetic characteristics of Sardinian COVID-19 patients

Table 1 shows the main clinical and genetic features of SARS-CoV-2 positive patients. Mean
age at diagnosis was 55.9 years (mean + SD: 55.9 * 17.5; 95% CI 49.7-56.4). More specifically,
36.4% (n = 144) of the patients had an age of up to 50 years; 30.3% (n = 120) of the patients
were over 65 years of age. Also in our study, adults over 65 years experienced more severe
symptoms and clinical manifestations [OR = 3.4 (95% CI 2.1-5.5), P = 5.5-10"%]. The incidence
of COVID-19 was more or less the same in males and females with only a slightly higher per-
centage of female patients (50.8%). However, female patients would seem to be less vulnerable
to the severe effects of COVID-19. Indeed, in our study 111 of the 156 critically ill patients
were males [71.2% vs 28.8%, OR = 4.6 (95% CI 2.9-7.3), P = 1.6:10""%].

Another parameter that could possibly have an influence on the COVID-19 disease course
is the seasonal flu vaccine [59]. We found a lower frequency of vaccinated subjects in the hos-
pitalized patients (Group S) compared to the a-paucisymptomatic patients isolated at home
(Group A) [8.3% vs 16.3%, OR = 0.5 (95% CI 0.2-0.9), P = 0.023]. However, the small sample
size of vaccinated patients (13%) yielded a confidence interval that was too wide to draw
conclusions.
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Fig 1. Frequency of the KIR2DS2/HLA CI functional unit compared between patients stratified according to the severity of COVID-19 clinical manifestations
[Group A (N = 120/240, 50.0%), alive in Group S (N = 50/142, 35.2%) and deceased patients in group S (N = 2/14, 14.3%)]. The comparison between Group A
(N = 120/240, 50.0%) and the population group (N = 177/400, 44.3%) showed a similar frequency in the two groups. The error bars represent the 95% confidence
intervals of the KIR2DS2/HLA CI frequency in each group of patients and the population group.

https://doi.org/10.1371/journal.pone.0255608.g001

Alongside sex and age, several comorbidities have been implicated in the disease course of
COVID-19. However, evidence for the association of comorbidities to the risk of severe and
fatal outcomes is still incomplete. In our cohort of patients, 7.3% presented ischemic heart dis-
ease, 14.6% arterial hypertension, 10.4% hypercholesterolemia, 18.9% autoimmune diseases
and 3.5% type I diabetes mellitus. To investigate the possibility of association, we compared
Group S and Group A patients for each comorbidity present in the total cohort of patients.
Hypercholesterolemia was more common in Group S, but did not reach statistical significance.
[14.1% vs 7.9%, OR = 1.9 (95% CI 1.0-3.7), P = 0.063]. The only significant difference found
for comorbidities was a higher frequency of autoimmune disorders in the group of patients
with severe disease [26.9% vs 13.7%, OR = 2.3 (95% CI 1.3-4.0), P = 0.002]. These were Hashi-
moto’s thyroiditis (12 in Group S vs 8 in Group A), type I diabetes mellitus (8 in Group S vs 4
in Group A), rheumatoid arthritis (9 in Group S vs 4 in Group A), autoimmune hepatitis (6 in
Group S vs 3 in group A), and other diseases with an autoimmune etiopathogenesis (7 in
group S vs 14 in Group A).

Taken separately, none of these autoimmune disorders were significantly associated with a
more severe disease course. Even diabetes, which is widely reported to be associated with
increased COVID-19 mortality, did not reach statistical significance in our study.

Chronic drug intake was similar among the two groups of patients. No significant differ-
ences were found for GGPDH enzyme deficiency. In line with our previous study [59], none of
the severely ill patients carried the B°39-thalassemia mutation of the beta globin chain [0% vs
12.5%, P = 1.8-10"7]. Moreover, the three-loci HLA haplotype HLA-B*58:01, C*07:01,
DRBI1*03:01 was completely absent in the 156 patients of Group S [0% vs 5.0%, P = 0.004]
which confirms a possible protective effect of this haplotype in the Sardinian population.
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Table 1. Comparisons of baseline clinical, genetic and biochemical parameters between COVID-19 patients with severe disease (Group S) and a-paucisymptomatic
patients (Group A).

Characteristics of Sardinian COVID-19 Total patients (N = 396) Group A (N =240) Group S (N =156) Comparison Group S vs
patients Group A

Mean + SD 95% CI Mean + SD 95% CI Mean + SD 95% CI P value | Ax (95% CI)°
Age (yr) 559+ 17.5 49.7-56.4 50.8 +17.4 46.5-52.4 63.7 £ 14.7 60.8-72.1 22-107 12.9 (12.3-

13.5)
n (%) 95% CI n (%) 95% CI n (%) 95% CI Pvalue | OR (95% CI)
Age <50 yr 144 (36.4) | 31.6-41.1 | 117(48.8) | 42.4-55.1 27 (17.3) 11.3-233 1 9.0-10°" | 0.2(0.1-0.4)
50 yr < Age < 65 yr 132 (33.3) 28.7-38.0 75 (31.3) 25.4-37.1 57 (36.5) 28.9-44.2 0.278 1.3 (0.8-2.0)
Age > 65 yr 120 (30.3) | 25.8-34.8 48 (20.0) 14.9-25.1 72 (46.2) 38.3-54.0 | 55107 | 3.4(2.1-5.5)
Male 195 (49.2) 44.3-54.2 84 (35.0) 28.9-41.1 111 (71.2) 64.0-78.3 1.6:1072| 46 (2.9-7.3)
Female 201 (50.8) 45.8-55.7 156 (65.0) 58.9-71.1 45 (28.8) 21.7-36.0 1.6:1072| 02 (0.1-0.3)
FLU vaccine 2019 52 (13.1) 9.8-16.5 39 (16.3) 11.6-20.9 13 (8.3) 4.0-12.7 0.023 0.5 (0.2-0.9)
Comorbidities
Cancer 7 (1.8) 0.5-3.1 6(2.5) 0.5-4.5 1(0.6) 0.0-1.9 0.252 0.3 (0.0-2.1)
Diabetes 14 (3.5) 1.7-5.4 6(2.5) 0.5-4.5 8(5.1) 1.6-8.6 0.176 2.1(0.6-7.5)
Chronic pulmonary disease’ 4(1.0) 0.0-2.0 4(1.7) 0.0-3.3 0 0 0.157
Ischemic heart disease? 29 (7.3) 4.7-9.9 21(8.7) 5.2-12.3 8(5.1) 1.6-8.6 0.236 0.6 (0.2-1.4)
Hypertension 58 (14.6) 11.2-18.1 35 (14.6) 10.1-19.1 23 (14.7) 9.1-20.4 1 1.0 (0.5-1.9)
Autoimmune disease’ 75 (18.9) 15.1-22.8 33 (13.7) 9.4-18.1 42 (26.9) 19.9-33.9 0.002 2.3 (1.3-4.0)
Hypercholesterolemia 41 (10.4) 8.0-14.2 19 (7.9) 4.5-11.3 22 (14.1) 10.2-21.8 0.063 1.9 (1.0-3.7)
Chronic Medication use
Steroidal anti-inflammatory drug 21(5.3) 3.1-7.5 9 (3.8) 1.3-6.2 12(7.7) 3.5-11.9 0.108 2.1(0.8-5.9)
Non steroidal anti-inflammatory clrug4 23 (5.8) 3.5-8.1 12 (3.8) 2.2-7.8 11(7.1) 3.0-11.1 0.390 1.4 (0.6-3.7)
ACE II inhibitor® 41 (10.4) 7.3-13.4 21(8.8) 52-12.3 20 (12.8) 7.5-18.1 0.237 1.5(0.8-3.1)
Angiotensin II receptor blocker® 22 (5.5) 3.3-7.8 12 (5.0) 2.2-7.8 10 (6.4) 2.5-10.3 0.654 1.3 (0.5-3.4)
Beta and calcium channel blockers” 54 (13.6) 10.2-17.0 27 (11.3) 7.2-15.3 27 (17.3) 11.3-23.3 0.100 1.6 (0.9-3.0)
Levothyroxine 24 (6.1) 3.7-84 19 (7.9) 52-12.3 5(3.2) 0.0-4.1 0.083 0.4 (0.1-1.1)
Genetic trait
Beta-thalassemic Trait 30(7.8) 5.0-10.2 30 (12.5) 8.3-16.7 0 0 1.8:1077
G6PDH deficiency 45 (11.4) 8.2-14.5 24 (10.0) 6.2-13.8 21 (13.5) 8.1-18.9 0.332 1.4 (0.7-2.7)
HLA-B*58:01, C*07:01, DRB1*03:01® 12 (3.0) 1.5-4.9 12 (5.0) 2.2-7.8 0 0 0.004
Serology Mean + SD 95% CI Mean + SD 95% CI Mean + SD 95% CI P value | Ax (95% CI)°
(IQR) (IQR) (IQR)

White blood cell count (xlOS/pL) 8.2+28 7.4-8.9 (4.5) 8.1+23 7.7-8.4 (4.5) 84+37 7.6-9.3 (4.6) 0.352 0.3 (0.0-1.1)
Lymphocyte count (x10*/pL) 1.1+0.6 | 1.0-1.3(0.5) | 12405 | 1.1-12(0.7) | 1.0+0.8 | 0.8-1.2(0.6) | 0.112 0.1 (0.0-0.3)

! Chronic obstructive pulmonary disease was defined as a diagnosis of emphysema and/or bronchitis.

% Ischemic heart disease was categorized as history of myocardial infarction or angina.

3 Autoimmune diseases included 20 cases of Hashimoto’s thyroiditis, 12 cases of type I diabetes mellitus, 13 cases of rheumatoid arthritis, 9 cases of autoimmune
hepatitis and 21 cases of other autoimmune disorders.

* Non-steroidal anti-inflammatory drugs included aspirin, ibuprofen, diclofenac, naproxen, indomethacin, celecoxib, and meloxicam.

> Angiotensin converting enzyme inhibitors included captopril, enalapril, lisinopril, fosinopril, ramipril, and quinapril.

6 Angiotensin II receptor blockers included losartan, candesartan, irbesartan, olmesartan, and valsartan.

7 Dihydropyridine calcium channel blockers included amlodipine, nifedipine. Beta blockers included atenolol, bisoprolol, labetalol, metoprolol, nebivolol.
®None of the patients with SARS-CoV-2 infection in Group S, carried the extended haplotype HLA-A*02:05, B*58:01, C*07:01, DRBI*03:01 which was present in 5.3% of
the 400 individuals of the population group selected for being highly representative of the Sardinian population [OR = 0 (95% CI 0-0.5), P = 0.002].

° Mean difference (for continuous variables): Ax = |x; (patients in Group S)—x, (patients in Group A)|.

Abbreviations: SD = standard deviation; CI = confidence interval; IQR = interquartile range.

https://doi.org/10.1371/journal.pone.0255608.t001
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Differences in KIR genes and KIR haplotype frequencies between the
population group and COVID-19 patients

Table 2 shows the differences between 396 Sardinian COVID-19 patients and 400 individuals
of the population group for frequencies of activating and inhibitory KIR genes, KIR haplotypes
and KIR gene motifs.

Opverall, the frequency of KIR genes with an inhibitory role on NK cell function was
increased in patients compared to the population group. In particular, statistically significant

Table 2. KIR genes and genotype frequencies compared between patients and the population group.

Population group (400) COVID-19 patients (396) P value OR (95% CI) Pc*
n (%) n (%)

Inhibitory KIR genes
2DL1 381 (0.953) 393 (0.992) 0.001 6.5 (1.9-34.7) 0.011
2DL2 232 (0.580) 249 (0.629) 0.17 1.2 (0.9-1.6) 1
2DL3 343 (0.858) 372 (0.939) 0.0002 2.6 (1.5-4.4) 0.0022
2DL4 400 (1.00) 396 (1.00)
2DL5 223 (0.558) 231 (0.583) 0.48 1.1 (0.8-1.5) 1
3DL1 373 (0.933) 369 (0.932) 1 1.0 (0.5-1.8) 1
3DL2 400 (1.00) 396 (1.00)
3DL3 400 (1.00) 396 (1.00)
Activating KIR genes
2DS1 155 (0.388) 175 (0.442) 0.13 1.3 (0.9-1.7) 1
2DS2 231 (0.578) 244 (0.616) 0.28 1.2 (0.9-1.6) 1
2DS3 145 (0.363) 147 (0.371) 0.82 1.0 (0.8-1.4) 1
2DS4 376 (0.940) 378 (0.955) 0.43 1.3 (0.7-2.7) 1
-2DS4 DV+ 334 (0.835) 324 (0.818) 0.58 0.9 (0.6-1.3) 1
-2DS4 FL+ 125 (0.313) 123 (0.311) 1 1.0 (0.7-1.4) 1
2DS5 127 (0.318) 144 (0.364) 0.18 1.2 (0.9-1.7) 1
3DS1 148 (0.370) 165 (0.417) 0.19 1.2 (0.9-1.6) 1
Genotypes
A/A 115 (0.288) 111 (0.280) 0.87 0.97 (0.7-1.3) 1
-2DS4 DV/DV 72 (0.180) 69 (0.174) 0.85 0.96 (0.7-1.4) 1
- 2DS4 DV/FL and FL/FL 43 (0.108) 42 (0.106) 1 0.99 (0.6-1.5) 1
B/x 285 (0.713) 285 (0.720) 0.87 1.0 (0.8-1.4) 1
Centromeric KIR motifs
cA01/cA01 169 (0.423) 144 (0.364) 0.09 0.8 (0.6-1.0) 1
cA01/cB01, cA01/cB02 176 (0.440) 228 (0.575) 0.0001 1.7 (1.3-2.3) 0.0003
c¢B01/cB01, cB01/cB02, cB02/cB02 55(0.138) 24 (0.061) 0.0003 0.4 (0.2-0.7) 0.0009
Telomeric KIR motifs
tA01/tA01 237 (0.592) 207 (0.523) 0.05 0.7 (0.6-1.0) 0.16
tA01/tB01 139 (0.348) 156 (0.394) 0.19 1.2 (0.9-1.6) 0.56
tB01/tB01 24 (0.060) 33 (0.083) 0.22 1.4 (0.8-2.6) 0.65

*P values were calculated for comparisons between Sardinian COVID-19 patients and the population group. Pc corresponds to P values corrected for multiple
comparisons.

Abbreviations: OR = odds ratio; CI = confidence interval; B/x = KIR haplotypes AB and BB; 2DS4 DV+ = deletion variant alleles of the KIR2DS4 gene; 2DS4 DV/DV =
homozygous for deletion variant alleles of the KIR2DS4 gene; 2DS4 DV/FL and FL/FL = heterozygous and homozygous for full-length allele variants of the KIR2DS4
gene. Group A and B KIR haplotypes have distinctive centromeric and telomeric KIR gene-content motifs as described by Pyo CW et al. [56]. No ¢B03 motifs were
found in COVID-19 patients or the population group.

https://doi.org/10.1371/journal.pone.0255608.t002
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Table 3. Comparisons of KIR genes and their cognate HLA ligands between COVID-19 patients and the population group.

KIR Ligands

C1/C1

C2/C2

C1/c2

HLA Bw4

- Bw4 11e80

-Bw4 Thr80

HLA Bwé6

Activating KIR/HLA ligands
2DS1+/HLA-C2+
2DS2+/HLA-C1+
2DS4+/HLA-A*11+ or -C* 04+
3DS1+/HLA-Bw4+
Inhibitory KIR/HLA ligands
2DL1+/HLA C2+
2DL2+/HLA CI1+
2DL3+/HLA C1+
3DL1+/HLA Bw4+
2DL2-3+/HLA CI1+

Population group (400) COVID-19 patients (396) P value OR (95% CI)
n (%) n (%)
109 (0.273) 102 (0.258) 0.69 0.9 (0.7-1.3)
98 (0.245) 111 (0.280) 0.26 1.2 (0.9-1.7)
193 (0.483) 183 (0.462) 0.57 0.9 (0.7-1.2)
301 (0.753) 306 (0.773) 0.51 1.1 (0.8-1.6)
269 (0.673) 267 (0.674) 1.00 1.0 (0.7-1.4)
77 (0.193) 93 (0.235) 0.17 1.3 (0.9-1.8)
344 (0.860) 336 (0.848) 0.69 0.9 (0.6-1.4)
119 (0.298) 139 (0.351) 0.11 1.3 (0.9-1.7)
177 (0.443) 172 (0.434) 0.83 1.0 (0.7-1.3)
105 (0.263) 101 (0.255) 0.87 1.0 (0.7-1.3)
118 (0.295) 123 (0.311) 0.64 1.1 (0.8-1.5)
278 (0.695) 294 (0.742) 0.16 1.3 (0.9-1.7)
178 (0.445) 177 (0.447) 1.00 1.0 (0.8-1.3)
259 (0.648) 267 (0.674) 0.45 1.1 (0.8-1.5)
282 (0.705) 288 (0.727) 0.53 1.1 (0.8-1.5)
137 (0.343) 159 (0.402) 0.09 1.3 (1.0-1.7)

The diverse combinations of activating and inhibitory KIR genes with their cognate HLA ligands were analyzed and compared between the population group and

patients.

Abbreviations: OR = odds ratio; CI = confidence interval; + = present.

https://doi.org/10.1371/journal.pone.0255608.t003

increments were observed for the KIR2DL1 and KIR2DL3 inhibitory KIR genes in patients
[99.2% vs 95.3%, OR = 6.5 (95% CI 1.9-34.7), P = 0.001: Pc = 0.011 and 93.9% vs 85.8%,

OR =2.6 (95% CI 1.5-4.4), P = 0.0002, Pc = 0.0022, respectively]. No significant differences
were observed between the two groups for the number of activating KIR genes. Homozygosity
for KIR A haplotype displayed a similar distribution in the two groups of patients and the pop-
ulation group and could therefore be excluded as having a potential role in disease
susceptibility.

Analysis of the centromeric regions of the KIR locus revealed a higher frequency of the
cA01/cB01, cA01/cB02 KIR haplotype motifs (characterized by the KIR2DL3, KIR2DS2 and/or
KIR2DL2 genes) in patients with SARS-CoV-2 infection compared to the population group
[57.6% vs 44.0%, OR = 1.7 (95% CI 1.3-2.3), P = 0.0001, Pc = 0.0003]. Consequently, cA01/
cA0I and cB01/cB01, cB01/cB02, cB02/cB02 KIR haplotype motifs had a reduced frequency in
patients [36.4% vs 42.3%, OR = 0.8 (95% CI 0.6-1.0), P = 0.38 and 6.1% vs 13.8%, OR = 0.4
(95% CI0.2-0.7), P = 0.0003, Pc = 0.0009, respectively]. No significant differences were
observed in comparisons of the telomeric region of the KIR locus between patients and the
population group.

Furthermore, all genes characterizing the centromeric and telomeric regions of the KIR
locus were analyzed in combination with their respective HLA ligands (KIR-HLA functional
units). The results are reported in Table 3.

A substantial overlap of HLA ligand (HLA CI group, HLA C2 group and Bw epitopes)
group frequencies was observed in patients and the population group. Overall, patients had
more inhibitory KIR-HLA ligand combinations than those exerting an activating function.
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In fact, all inhibitory functional units examined were found to have higher frequencies in
COVID-19 patients than in the population group (KIR2DL1/HLA C2 group 74.2% vs 69.5%,
KIR2DL2/HLA CI group 44.7% vs 44.5%, KIR2DL3/HLA CI group 67.4% vs 64.8%, KIR3DL1/
HLA Bw4 epitope 72.7% vs 70.5% and KIR2DL2-3/HLA CI group 40.2% vs 34.3%). However,
none of these combinations achieved statistical significance, including the combination repre-
sented by KIR2DL2-3/HLA CI [40.2% vs 34.3%, OR = 1.3 (95% CI 1.0-1.7) P = 0.09].

Correlation of KIR genes and haplotype frequencies to the clinical
manifestations of SARS-CoV-2 infection

The results of the analysis of KIR genes and haplotypes in patients with SARS-CoV-2 infection
appeared to be very interesting in relation to the severity of the clinical picture (Table 4).

The most interesting finding emerging from the analysis of the KIR genes and genotype fre-
quencies evaluated in the two groups of patients divided according to the severity of the clini-
cal manifestations was represented by the significant reduction observed for the KIR2DS2
activating KIR gene and the KIR2DL2 inhibitory KIR gene in Group S compared to group A
[52.6% vs 67.5%, OR = 0.5 (95% CI 0.3-0.8), P = 0.003, Pc = 0.033 and 55.8% vs 67.5%,

OR = 0.6 (95% CI 0.4-0.9), P = 0.02, Pc = 0.22 respectively].

However, only KIR2DS2 maintained statistical significance after correction for multiple
comparisons, thus suggesting a protective effect of this gene against the severe clinical manifes-
tations of SARS-CoV-2 infection.

In our population group, like in other Caucasian populations, the KIR2DS2 and KIR2DL2
genes are found in strong linkage disequilibrium [60].

It is interesting to note that in our cohort of patients with SARS-CoV-2 infection, particu-
larly those with severe symptoms (Group S), we observed different frequencies for these two
genes. In fact, five patients of Group S had KIR gene profiles characterized by the presence of
KIR2DL2 and the absence of KIR2DS2. Although such KIR gene profiles (KIR2DL2
+/KIR2DS2-) are rare, they have previously been described in other Caucasian as well as North
American populations [51]. A possible explanation for these rare haplotypes could be
KIR2DS2 deletion from the original cluster, or alternatively, the variant KIR gene profile might
stem back to an ancestral haplotype existing before the duplicative event responsable for the
two paralogues [57]. The presence of this variant KIR gene profile (KIR2DL2+/KIR2DS2-) in
the group of severely ill SARS-CoV-2 patients leads to the hypothesis that the presence of
KIR2DL2 and the absence of KIR2DS2 determine a lower efficiency of NK cell-mediated
defense against viral infection which consequently increases the risk of serious clinical
manifestations.

The reduction of KIR2DS2 and KIR2DL2 in Group S patients can also be partially corre-
lated to the statistically significant higher frequency of the KIR A/A haplotype in this group of
patients compared to those of Group A [34.6% vs 23.8%, OR 1.7 (95% CI 1.1-2.7); P = 0.02, Pc
0.04]. KIR A haplotype does not contain KIR2DS2 and is characterized by the presence of a sin-
gle activating KIR gene that is often non-functional (KIR A/A KIR2DS4 DV homozygous) and
a series of inhibitory KIR genes with the exception of KIR2DL2 and KIR2DL5.

Also the cA01/cA01 KIR haplotype motifs were significantly more frequent in Group S
[44.2% vs 31.3%, OR 1.7 (95% CI 1.1-2.7), P = 0.01, Pc = 0.03]. These KIR haplotype motifs
are characterized by the absence of the KIR2DS2 activating gene and confirms the increased
risk of a severe disease course in patients lacking this gene. This hypothesis is furthermore sup-
ported by the results emerging from the analysis of KIRs and their HLA ligands as well as KIR
and HLA functional units (Table 5).
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Table 4. KIR genes and genotype frequencies compared between patients divided according to clinical manifestations.

Group A 240 patients Group S 156 patients P value* OR (95% CI) Avs S Pcr
n (%) n (%)

Inhibitory KIR genes
2DL1 237 (0.987) 156 (1.00) 0.28 1
2DL2 162 (0.675) 87 (0.558) 0.02 0.6 (0.4-0.9) 0.22
2DL3 222 (0.925) 150 (0.962) 0.19 2.0 (0.8-5.2) 1
2DL4 240 (1.00) 156 (1.00)
2DL5 147 (0.613) 84 (0.538) 0.15 0.7 (0.5-1.1) 1
3DLI 222 (0.925) 147 (0.942) 0.54 1.3 (0.6-3.0) 1
3DL2 240 (1.00) 156 (1.00)
3DL3 240 (1.00) 156 (1.00)
Activating KIR genes
2DSI1 114 (0.475) 61 (0.391) 0.12 0.7 (0.5-1.1) 1
2DS2 162 (0.675) 82 (0.526) 0.003 0.5 (0.3-0.8) 0.033
2DS3 79 (0.329) 68 (0.436) 0.07 1.5 (0.9-2.3) 0.77
2DS4 231 (0.962) 147 (0.942) 0.46 1.6 (0.6-4.0) 1
-2DS4DV+ 195 (0.812) 129 (0.827) 0.79 1.1 (0.7-1.9) 1
- 2DS4 FL+ 69 (0.287) 54 (0.346) 0.22 1.3 (0.9-2.0) 1
2DS5 96 (0.400) 48 (0.308) 0.07 0.7 (0.4-1.0) 0.77
3DS1 102 (0.425) 63 (0.404) 0.75 0.9 (0.6-1.4) 1
Genotypes
A/A 57 (0.238) 54 (0.346) 0.02 1.7 (1.1-2.6) 0.04
- 2DS4 DV/DV 36 (0.150) 33 (0.202) 0.14 1.5 (0.9-2.6) 0.28
- 2DS4 DV/FL and FL/FL 21 (0.088) 21 (0.135) 0.18 1.6 (0.9-3.1) 0.36
B/x 183 (0.762) 102 (0.654) 0.02 0.6 (0.4-0.9) 0.04
Centromeric KIR motifs
cA01/cA01 75 (0.313) 69 (0.442) 0.01 1.7 (1.1-2.7) 0.03
cA01/cB01, cA01/cB02 147 (0.612) 81 (0.519) 0.08 0.7 (0.5-1.0) 0.24
¢B01/cB01, cB01/cB02, cB02/cB02 18 (0.075) 6 (0.039) 0.19 0.5 (0.2-1.3) 0.57
Telomeric KIR motifs
tA01/tA01 123 (0.513) 84 (0.538) 0.68 1.1 (0.7-1.7) 1
tA01/tB01 96 (0.400) 60 (0.385) 0.83 0.9 (0.6-1.4) 1
tB01/tB01 21 (0.087) 12 (0.077) 0.85 0.9 (0.4-1.8) 1

*P values were calculated for comparisons between patients with severe clinical manifestations (Group S) and a-paucisymptomatic patients (Group A).

APc represents the P values corrected for multiple comparisons. Abbreviations: OR = odds ratio; CI = confidence interval; B/x = KIR haplotypes AB and BB; 2DS4 DV+
= deletion variant alleles of the KIR2DS4 gene; 2DS4 DV/DV = homozygous for deletion variant alleles of the KIR2DS4 gene; 2DS4 DV/FL and FL/FL = heterozygous
and homozygous for full-length allelic variants of the KIR2DS4 gene. Group A and B KIR haplotypes have distinctive centromeric and telomeric KIR gene-content
motifs as described by Pyo CW et al. [56].

https://doi.org/10.1371/journal.pone.0255608.t004

Despite a substantial overlap of the HLA ligand frequencies in the two groups of patients,
when the KIR/HLA functional units were analyzed, a reduced frequency of KIR2DS2/HLA Cl
and KIR2DL2/HLA CI were observed in Group S compared to Group A patients [33.3% vs
50.0%, OR = 0.5 (95% CI 0.3-0.8), P = 0.001, Pc = 0.002 and 36.5% vs 50.0%, OR = 0.6 (95%
CI0.4-0.9), P = 0.01, Pc = 0.02 respectively. However, the statistical significance found for
KIR2DL2/HLA CI was lower than that found for KIR2DS2/HLA CI in the group of patients
with severe clinical manifestations [60].
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Table 5. Comparisons of KIR genes and their cognate ligands among COVID-19 patients divided according to severity of the clinical manifestations.

KIR Ligands

C1/C1

c2/c2

c1/cz

HLA Bw4

- Bw4 I1e80

-Bw4 Thr80

HLA Bw6

Activating KIR/HLA ligands
2DS1+/HLA C2+
2DS2+/HLA C1+
2DS4+/HLA-A*11 or -C* 04+
3DS1+/HLA Bw4+
Inhibitory KIR/HLA ligands
2DL1+/HLA C2+
2DL2+/HLA CI1+
2DL3+/HLA-CI+
3DL1+/HLA-Bw4+
2DL2-3+/HLA CI1+

Group A 240 patients Group S 156 patients P value* OR (95% CI) A vs S Pch
n (%) n (%)

57 (0.237) 45 (0.288) 0.29 1.3 (0.8-2.1) 0.87
63 (0.263) 48 (0.308) 0.36 1.5 (0.8-1.9) 1
120 (0.500) 63 (0.404) 0.06 0.7 (0.5-1.0) 0.18
183 (0.763) 123 (0.788) 0.62 1.2 (0.7-1.9) 1
168 (0.700) 99 (0.635) 0.19 0.7 (0.5-1.1) 0.38
57 (0.238) 36 (0.231) 0.90 1.0 (0.6-1.6) 1
201 (0.838) 135 (0.865) 0.48 1.2 (0.7-2.2) 0.96
87 (0.363) 52 (0.333) 0.59 0.9 (0.6-1.3) 1
120 (0.500) 52 (0.333) 0.001 0.5 (0.3-0.8) 0.002
59 (0.246) 42 (0.269) 0.64 1.1 (0.7-1.8) 1
72 (0.300) 51 (0.327) 0.58 1.1 (0.7-1.7) 1
183 (0.763) 111 (0.712) 0.29 0.8 (0.5-1.2) 0.58
120 (0.500) 57 (0.365) 0.01 0.6 (0.4-0.9) 0.02
162 (0.675) 105 (0.673) 1.00 1.0 (0.6-1.5) 1
171 (0.713) 117 (0.750) 0.42 1.2 (0.8-1.9) 0.84
105 (0.438) 54 (0.346) 0.08 0.7 (0.4-1.0) 0.16

Different combinations of activating and inhibitory KIR genes with their ligands were analyzed and compared between patients with a-paucisymptomatic disease

(Group A) and patients with severe disease (Group S).

PcA = P value corrected for multiple comparisons. Abbreviations: OR = odds ratio; CI = confidence interval; + = present.

https://doi.org/10.1371/journal.pone.0255608.t005

The possible impact of the KIR2DS2/HLA C1 functional unit on the evolution of SARS-
CoV-2 infection was investigated by first comparing its frequency between Group A (N = 120/
240) and the population group (N = 177/400). Subsequent comparisons were made among
patients stratified according to the severity of the COVID-19 clinical manifestations [group A
(N = 120/240), alive in Group S (N = 50/142) and deceased patients in Group S (N = 2/14)]
(Fig 1). The results showed a drop in frequency starting from 50.0% in Group A patients,
through 35.2% in subjects with severe symptoms (alive in Group S) to a final low of 14.3% in
people who died in intensive care units (ICU). More specifically, the frequencies of the
KIR2DS2/HLA CI functional unit differed significantly between patients alive in Group S and
those in Group A [35.2% vs 50.0%, OR = 0.54 (95% CI 0.35-0.85); P = 0.006]. Even between
the deceased patients of Group S (despite their numbers being particularly small) and patients
in Group A, the difference calculated for frequencies of the KIR2DS2/HLA C1 combination
reached statistical significance [14.3% vs 50.0%, OR = 0.17 (95% CI 0.02-0.78); P = 0.012].

Multivariate analysis of clinical, immunological and genetic factors and the
clinical manifestations of SARS-CoV-2 infection

Multivariate analysis based on a logistic regression model (Table 6) was used to adjust for age
and gender (the most relevant factors in the comparisons between Group S and Group A). The
analysis included all the clinical immunological and genetic variables found significantly asso-
ciated (P value < 0.05 in univariate analysis) with the course of the viral infection: age > 65 yr,
gender, flu vaccine, concomitant autoimmune diseases, KIR2DS2, KIR2DL2, KIR haplotype
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Table 6. Multivariate analysis of clinical and immunogenetic factors associated with the severity of the SARS-CoV-2 disease course.

Characteristics of Sardinian COVID-19 patients

Age > 65 yr

Male gender

FLU vaccine 2019
Autoimmune disease®
KIR haplotype AA
KIR2DS2+/HLA Cl1+
KIR2DL2+/HLA CI+
KIR2DS2

KIR2DL2

cA01/cA01

Total Group A Group S Comparisons of Group S vs Group A
patients | (N=240) | (N=156) Univariate Analysis Multivariate analysis
(N = 396)
n |% |n (% |n |% OR | 95% CI Py ORy" | 95% CI,* Pum Pumc

120 1303 |48 [20.0 |72 |462 | 34 | 21-55 | 55.107° | 50 30-85 | 1.2107° | 1.2-107°
195 (492 |84 [350 [111 |712 | 46 | 29-73 | 1.6107* | 6.2 3.8-103 | 4.1.1107 | 4.1.1072
52 131 (39 [163 |13 |83 | 05 | 02-09 | 0.023 0.5 0.2-0.9 0.037

75 1189 |33 |13.7 |42 [269 | 23 | 1.3-40 | 0.002 3.2 1.7-6.1 | 4.0-10™* | 4.0.107

111 |28.0 |57 |238 |54 |346 | 1.7 | 1.1-2.7 0.02 1.5 0.9-2.5 0.110
172 | 43.4 | 120 |50.0 |52 333 | 0.5 | 0.3-0.8 0.001 0.4 0.3-0.7 4.610* | 4.6.107°
177 |44.7 | 120 |50.0 |57 |36.5 | 0.6 | 0.4-0.9 0.01 0.5 0.3-0.9 0.011
244 | 61.6 | 162 |67.5 |82 52,6 | 0.5 | 0.3-0.8 0.003 0.6 0.4-0.9 0.03
249 | 629 | 162 |67.5 |87 558 | 0.6 | 0.4-0.9 0.02 0.7 0.4-1.2 0.170
144 | 364 |75 313 |69 442 | 1.7 | 1.1-2.7 0.01 1.5 0.9-2.4 0.092

In the comparisons between Group S and Group A, age and gender were the most relevant factors. Therefore, the odds ratios of all variables were adjusted accordingly.

The Table shows the adjusted odds ratios of the variables which in univariate analysis resulted to be significantly different in the two groups of patients.

*Py = P value in univariate analysis; Py; = P value in multivariate regression analysis. Py;c = P value in multivariate analysis after correction for multiple tests.

*ORy = Odds ratio adjusted for age and gender; *95% Cly; = 95% confidence interval calculated using the logistic regression model

“rheumatoid arthritis, type I diabetes mellitus and autoimmune hepatitis; + = present.

https://doi.org/10.1371/journal.pone.0255608.t006

AA, the cA01/cA01 KIR gene content motifs, the KIR2DL2/HLA CI and KIR2DS2/HLA C1
KIR-ligand combinations. Two variables, -thalassemic trait and HLA-B*58: 01, C*07:01,
DRBI1*03:01 three-loci haplotype, were present in less than 10 subjects per group and were
therefore excluded from the analysis.

The results confirmed the strong correlation between the severe clinical manifestations of
SARS-CoV-2 infection and three clinical factors: age > 65 years [ORy; = 5.0 (95% CI 3.0-8.5),
Ppr=12-10"%, Ppc = 1.2-107°], male gender [ORy; = 6.2 (95% CI 3.8-10.3), P, = 4.1-107",
Ppic = 4.1-107"?] and autoimmune comorbidities [ORy; = 3.2 (95% CI 1.7-6.1), Py; = 4.0-107%,
Ppic = 4.0-107%]. After Bonferroni correction, the only genetic variable that maintained consid-
erable statistical power following multivariate analysis was represented by the KIR-ligand com-
bination KIR2DS2/HLA C1 [ORy; = 0.5 (95% CI 0.3-0.8), Py, = 0.0005, Py;c = 0.005]. This
evidence indicates a strong role for this KIR-ligand combination in protection against severe
and life-threatening disease (Table 6).

Discussion

More than a year has passed since COVID-19 caused by SARS-CoV-2 infection was officially
declared a worldwide public health concern. During this time, global and combined interna-
tional research efforts have answered many of the questions concerning the disease and its
modes of transmission, clinical course and risk factors. On the other hand, advances in treat-
ment options are disappointing and despite the recent introduction of effective vaccines, an
ongoing increase of mild, severe and fatal COVID-19 cases continues to be reported in most
European countries, with alarming rises registered in non-Schengen areas, such as India and
Brazil. The likelihood of severe illness is significantly higher in persons over 65 years of age,
particularly males.

Other risk factors include hypertension, diabetes, cardiovascular disease, chronic respira-
tory disease, compromised immune status, cancer and obesity. The comorbidities that we
found associated with an increased risk for severe disease were represented by autoimmune
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diseases (Hashimoto thyroiditis, rheumatoid arthritis, type I diabetes mellitus and autoim-
mune hepatitis). In these autoimmune disorders, it is likely that impaired cell-mediated
immune response mechanisms may increase the release of proinflammatory cytokines and
chemokines by T cells—leading to the so-called cytokine storm—and thus cause the life-
threatening inflammatory syndromes seen in the course of COVID-19 [6]. Autoimmune dis-
eases are a common finding in the Sardinian population, but because of the limited numbers
of subjects affected by each of the aforesaid autoimmune disorders, it was not possible to dis-
tinguish their individual influence on the outcome of SARS-CoV-2 infection.

Another interesting finding was the lower frequency of severe clinical manifestations in
patients with a recent history of flu vaccination, thereby confirming the partially protective
effect of the flu vaccine described in previous reports [61, 62]. Also the genetically inherited
B%39-thalassemia mutation exhibited a potentially protective effect against severe symptoms
and death [59, 63]. However, the statistical power obtained for these two associations was not
strong enough to draw definite conclusions and further studies on larger patient samples will
be warranted to clarify these findings.

One of the topics that is currently being extensively investigated but which continues to baf-
fle scientists worldwide is why people react so differently to being infected with SARS-CoV-2.
Alongside factors that contribute to disease severity such as the environment, lifestyle and pre-
existing conditions, there is a growing intensity of research into the role of the immune system.
Indeed, in order to guarantee safe and appropriate care to patients affected by COVID-19, it
will be important to identify markers that are able to predict how severe the disease will be and
how it will progress.

Innate immune responses contribute to the control of viral replication before the onset of
the more specific adaptive immune responses. Within this context, NK cells play a vital role in
the eradication of viral infections, including those of the airways such as respiratory syncytial
virus and influenza virus [27, 29, 32].

In the human lung, NK cells comprise up to 20% of all lymphocytes, most of which are
CD56dimCD16+. Here they represent a highly differentiated population with a CD57
+NKG2A- phenotype and high expression of killer-cell immunoglobulin-like receptors [36].
Surface receptors of NK cells are capable of recognizing virally infected cells as well as stressed
cells, pathogens and tumors. Killer-cell immunoglobulin-like receptors are prominent media-
tors of NK cell function and the transition of NK cells from a quiescent state to activation
largely relies on interactions between KIRs and their HLA-C Class I ligands. The impact of
these interactions on immune response to SARS-CoV-2 infection has yet to be unveiled.

Preliminary studies suggest that following SARS-CoV-2 infection, a reduction in the num-
ber of circulating NK cells and/or a prevalently inhibitory receptor phenotype hint toward the
dampening of NK cell responses by coronaviruses [64]. Our study is in line with these observa-
tions, highlighting that an NK cell inhibitory KIR gene receptor profile prevails in patients
with SARS-CoV-2 infection. In particular, our patients had a higher frequency of the KIR2DLI
and KIR2DL3 inhibitory receptors (Table 2). It can be assumed that patients with these inhibi-
tory KIR gene profiles are more susceptible to contracting SARS-CoV-2 viral infection.

The negative effect suspected for the prevalently inhibitory KIR gene receptor profile in the
battle against SARS-CoV-2 infection became increasingly evident when patients with severe
clinical manifestations (Group S) were compared to a-paucisymptomatic patients (Group A).
The group of severely ill patients resulted to have a significantly higher frequency of the KIR
A/A haplotype which contains KIR genes that mainly code for receptors with an inhibitory
function and a single activating but often non-functional KIR2DS4 receptor (Table 3). Indeed,
around 60% of these patients carried the 22bp deletion variant of the KIR2DS4 gene which is
not expressed on the NK cell surface. The frameshift mutation caused by this deletion in exon
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5 translates into a truncated KIR2DS4 protein that loses the transmembrane and cytoplasmic
domains of the full-length KIR2DS4 protein and can therefore only be secreted in a soluble
form [52, 65].

An even more interesting finding was the significant reduction of the gene coding for the
KIR2DS2 activating receptor in the group of hospitalized patients with severe forms of infec-
tion (Table 3). The KIR2DS2 activating KIR gene codes for a receptor that is labeled with the
CD158b monoclonal antibody and pertains to the phenotypic profile of the memory-like
human lung NK cells (CD158b+/NKG2C+/CD57+/NKG2A-). Compared to conventional NK
cells, this subtype of NK cells are capable of strong cytotoxic activity and effector functions and
have been shown to effectively counteract a wide spectrum of human viruses (hantavirus, chi-
kungunya virus, cytomegalovirus, and type I human immunodeficiency virus) including
SARS-CoV-1 [35, 66].

The reduction observed for the KIR2DS2 activating KIR gene in Group S patients acquired
additional relevance in the analysis combining the KIR2DS2 gene to its high affinity ligands of
the HLA CI ligand group (Table 4). This highly significant finding points to a protective effect
of the KIR2DS2/HLA C1 functional unit which probably stimulates effective activity of NK
cells against the virus and thereby contributes to viral clearance in the early stages of the infec-
tion. Indeed, eradication of the virus at an early stage holds the key to avoiding the severe clini-
cal manifestations of COVID-19 such as acute lung injury and the development of acute
respiratory distress syndrome (ARDS) [67].

Conversely, the KIR A/A haplotype and/or any KIR gene profile with a predominantly
inhibitory effect on NK cell function, would promote ongoing viral replication and more pro-
longed inflammatory responses that could act as the catalyst for the significant morbidity and
mortality associated with SARS-CoV-2 infection.

Market and colleagues, after analyzing reports in the literature describing NK cell pheno-
type and function during the SARS, MERS, and novel COVID-19 epidemics, hypothesized a
dual role for NK cells in counteracting SARS-CoV-2 infection [68]. On the one hand, effective
and early action of NK cells is beneficial and contributes to viral clearance and, on the other, a
lower efficiency of NK cells limits response to SARS-CoV-2 infection, which is furthermore
complicated by the immune evasion strategies exploited by the virus. All this results in exces-
sive and prolonged stimulation of the immune system with the progressive accumulation of
infected epithelial cells, inflammatory monocyte-macrophages and neutrophils in the lungs
which, in turn, leads to the production of chemokines and cytokines and further recruitment
of immune cells, including NK cells, to the lungs. Interferon-gamma (IFN-y) is predominantly
produced by lymphoid cells including T cells, NK cells and other innate lymphoid cells. Con-
sidering that NK cells are among the main producers of IFN-v, they are possibly among the
leading culprits behind the cytokine storm led by IFN-y that triggers inflammation-mediated
acute lung injury, acute respiratory distress syndrome (ARDS), systemic inflammatory
response syndrome (SIRS)/sepsis and subsequent morbidity and mortality associated with
COVID-19 69, 70].

The different KIR gene profiles that we observed in the two groups of a-paucisymptomatic
(Group A) and severely ill patients (Group S) may at least partly explain the variability in the
response of NK cells and the different ways they employ to effectively counteract SARS-CoV-2
infection.

The multivariate analysis (Table 6) performed in our study, which included the most signif-
icant clinical and immunogenetic variables observed in our two groups of patients, confirmed
that the strong protective effect of the KIR2DS2/HLA C1 functional unit against COVID-19
was independent of all other variables including sex, age and autoimmune disease. The impact
of this combination (KIR2DS2/HLA CI) on the evolution of SARS-CoV-2 became increasingly
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apparent when we observed the patients grouped according to disease severity (Fig 1). In fact,
it had a frequency inversely proportional to the severity of the clinical manifestations, pro-
gressing from 50.0% in a-paucisymptomatic patients (group A) to 35.2% in patients with
severe symptoms (alive in group S) and 14.3% in patients who died of the illness in the ICU.

The contribution of NK cell activity in early viral clearance and late immunopathology has
yet to be extensively studied. In the era of COVID-19, this challenge becomes particularly
important and will require the accelerated and collaborative efforts of researchers worldwide
This is the first report to investigate the role of KIR genes and combinations of KIR genes and
their HLA ligands in the pathogenesis of COVID-19. Our findings were obtained on a small
and rather genetically homogeneous population in Italy and would certainly benefit from stud-
ies on larger sample sizes and/or populations with distinct genetic background and ancestry.
However, the frequencies of KIR genes, KIR haplotypes and KIR-HLA ligand combinations of
the Sardinian population are comparable to those observed in Northern American and other
Caucasian populations [71], suggesting that our data may be valuable in determining the risks
of COVID-19 in other populations. In the Sardinian population, the presence of the KIR2DS2
gene in combination with HLA-C alleles of the C1 group seems to represent a reliable marker
for the prediction of NK cell function, disease course and outcome. Combined to other clinical
and immunogenetic markers, it can be used by the physician to identify patients at high risk of
developing the severe clinical manifestations of COVID-19. High-risk patients could then ben-
efit from early therapeutical intervention against SARS-CoV-2 with drugs such as remdesivir,
hyperimmune plasma and/or monoclonal antibodies which are currently mainly restricted to
the overt phases of the infection i.e. when the patient’s respiratory and other body functions
are already compromised.

Furthermore, our findings provide a rationale for pursuing NK cell-based therapies such as
CAR-NK (chimeric-antigen receptor-engineered NK) cell therapy [68] in the battle against
COVID-19. Although NK cell-based therapies have mostly been developed for use against can-
cer, similar concepts and mechanisms could serve as a guide in the current battle against the
virus. Taken together, our study only adds another small piece of knowledge toward solving
the countless dilemmas surrounding the prevention and treatment of COVID-19. Larger mul-
ticenter studies in other populations as well as experimental functional studies will be needed
to confirm our findings and further pursue the effect of KIR receptors on NK cell immune-
mediated response to SARS-Cov-2 infection.
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