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Abstract

:

Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) infection induces elevated levels of inflammatory cytokines, which are mainly produced by the innate response to the virus. The role of NK cells, which are potent producers of IFN-γ and cytotoxicity, has not been sufficiently studied in the setting of SARS-CoV-2 infection. We confirmed a different distribution of NK cell subsets in hospitalized COVID-19 patients despite their NK cell deficiency. The impairment of this innate defense is mainly focused on the cytotoxic capacity of the CD56dim NK cells. On the one hand, we found an expansion of the CD56dimCD16neg NK subset, lower cytotoxic capacities, and high frequencies of inhibitory 2DL1 and 2DL1/S1 KIR receptors in COVID-19 patients. On the other hand, the depletion of CD56dimCD16dim/bright NK cell subsets, high cytotoxic capacities, and high frequencies of inhibitory 2DL1 KIR receptors were found in COVID-19 patients. In contrast, no differences in the distribution of CD56bright NK cell subsets were found in this study. These alterations in the distribution and phenotype of NK cells might enhance the impairment of this crucial innate line of defense during COVID-19 infection.
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1. Introduction


Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has continued as a worldwide pandemic since December 2019 [1,2]. More than 200 million confirmed cases and more than 4 million deaths have been reported globally as of October 2021 [3]. Most infected patients recover spontaneously with mild symptoms, but others develop symptoms that require hospitalization, including acute respiratory distress syndrome, multiorgan failure, and death [4]. Immune responses to this disease have been extensively studied, but the role of innate immunity remains unclear [5,6].



The major subset of innate lymphocytes that plays an important role in early protection against viruses is natural killer (NK) cells [7,8,9]. These are also important in the regulation of the humoral and cellular adaptive immune responses. NK cells can be subdivided into subsets based on their relative surface expression of CD56 and CD16 receptors: the CD56dimCD16pos cell subset is considered to be the cytolytic cell subset, the CD56brightCD16neg cell subset includes the cytokine-producing cells, and the unconventional CD56dimCD16neg cell subset has been reported to expand in several clinical conditions [10,11,12].



It has been reported that NK cells in patients with severe COVID-19 are depleted and functionally impaired; show activated phenotypes, proliferation markers, and effector function gene signatures; and present exhaustion phenotypes [13,14].



The CD56dimCD16pos NK cell subset with high a KIR expression represents most of the lymphocytes present in the lungs [15]. This cell subset includes the memory-like NK cells that seem to play an important role in the fight against SARS-CoV-2 infection, modulating the immune response through their KIR receptors [16,17].



In the present study, we analyzed the phenotypic distribution of NK cell subpopulations and the expression of activating and inhibitory KIRs in hospitalized COVID-19 patients compared to convalescent and infection-naïve individuals.




2. Materials and Methods


2.1. Study Design, Participants and Methods


This was a retrospective cross-sectional study comparing three cohorts of individuals. Cohorts included COVID-19 patients hospitalized in the University Hospital Ramón y Cajal, Madrid, Spain, during the first wave of the pandemic (April to May 2020). These patients were diagnosed an average of 8.2 days from the onset of symptoms by the detection of SARS-CoV-2 RNA in patients’ nasopharyngeal swabs using real-time RT-PCR and specific IgA, IgM, and IgG antibodies (COVID-19 IgG/IgM Rapid Test Kit, UNscience Biotechnology, Wuhan, China; COVID-19-SARS-CoV-2 IgA ELISA, Demeditech, Germany). We also collected samples from health care workers (HCW) of the same hospital who had asymptomatic or mild COVID-19 who did not need hospitalization. These were diagnosed by serology and real-time RT-PCR (in individuals with symptoms). Seronegative HCWs without any compatible COVID-19 symptoms were included as infection-naïve individuals. Samples from HCWs were collected from May to June 2020.



EDTA blood was collected from all of the subjects. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll–Paque density gradient centrifugation using a lymphocyte separation medium (Corning, New York, NY, USA) and cryopreserved until use.



All individuals included in the study provided either oral or written informed consent. This study was conducted following the Declaration of Helsinki (1996) and approved by our Hospital Ethics Review Committee (EC162/20).




2.2. Cytokine Quantification


Plasma were used for the quantification of IFN-γ, IL6 cytokines (MACSPlex Cytokine kit, Miltenyi, Bergisch Gladbach, Germany), and C-reactive protein (CRP Human ELISA kit, Thermofisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.




2.3. NK Cell Immunophenotyping


For NK cell flow cytometry, cryopreserved PBMCs were thawed and stained for surface protein staining using the viability fixable dye (Viability 405/520 Fixable Dye, Miltenyi, Bergisch Gladbach, Germany) for 5 min at room temperature in the dark. Then, the cells were stained with multiple fluorochrome-conjugated antibodies against surface proteins for 20 min at 4 °C and washed with PBS. Antibodies used for the analysis included CD3-VioGreen, CD14-ViGreen, CD19-VioGreen, CD56-FITC, CD16-VioBlue, 2DL5-PE Vio770, 2DL4-PE, 3DL1-APC-Vio770, 2DS4-APC, 3DL1/L2-PE-Vio770, 2DL2/L3-PE, 2DL1/S1-APC-Vio770, and 2DL1-APC (Miltenyi, Bergisch Gladbach, Germany). For the analysis of NK cell subpopulations from PBMCs, the gating strategies are presented in Figure 1A. Briefly, after singlet cells were gated (FSS-A/FSS-H dot plot), positive cells for live/dead, anti-CD14, anti-CD19, and anti-CD3 were excluded. CD56+ and CD16+ cells were gated as NK cells and analyzed for conventional CD56brightCD16neg (cCD56bright), conventional CD56dimCD16pos (cCD56dim), and uCD56dim NK cells. The expression of KIR receptors within each NK subpopulation was also analyzed. Flow cytometry was performed using a MACSQuant 10 instrument and the data were analyzed using the MACSQuantify software (Miltenyi, Bergisch Gladbach, Germany).




2.4. Statistical Analysis


Continuous variables were expressed as medians and interquartile ranges (IQ25–75) and categorical variables by frequencies and proportions. The Mann–Whitney U test (non-parametric) for independent samples was used to compare continuous variables. The nonparametric Spearman rank correlation test was used to evaluate correlations between two parameters. The 2-way ANOVA test was used in group comparisons. Differences between categorical variables were evaluated using contingency tables (Chi-square distribution). Two-sided test was used for all statistics and p < 0.05 was considered statistically significant. Data analysis was performed using the Statistical Package for Social Sciences software (SPSS Version 22.0, Chicago, IL, USA). Figures were created using the Prism software version 8.4.3 (GraphPad Software, San Diego, CA, USA).





3. Results


A total of 80 individuals, including 20 hospitalized patients (with no need for intensive care unit admission) with COVID-19 (SOFA score ≤ 3), 30 convalescent individuals who were not hospitalized, and 30 infection-naïve individuals, were included in this study. The clinical characteristics of the participants are shown in Table 1. Hospitalized COVID-19 patients were older (p < 0.001), were mostly male (p < 0.001), and had elevated BMI scores (p = 0.008) and comorbidities (p = 0.015) compared to the convalescent and infection-naïve individuals (ANOVA analysis).



We analyzed the phenotype of the NK cells among singlet live CD3negCD14negCD19neg lymphocytes using multiparametric flow cytometry analysis (gating strategy shown in Figure 1A). A slightly lower level of total NK cells in lymphocytes was found in COVID-19 patients compared to infection-naïve individuals (p = 0.093; Figure 1B).



3.1. High Levels of CD56brightCD16neg NK Cell Subset Positive for KIR2DS4 Receptor in Hospitalized COVID-19 Patients


The frequency of the CD56brightCD16neg NK cells did not differ in the three groups studied, as shown in Figure 1C,D. Nevertheless, a higher expression of the activating 2DS4 receptor was found on CD56brightCD16neg NK cells in COVID-19 patients compared to infection-naïve individuals (p = 0.019), as shown in Figure 2B (see Figure 2A for flow cytometry strategy for KIR receptors). We also found elevated plasma levels of IFN-γ, IL6, and C-reactive protein in samples from COVID-19 patients (Figure 3).




3.2. Expansion of CD56dimCD16neg NK Cell Subset and Higher Frequency of KIR2DL1 and KIR2DL1/S1 Inhibitor Receptors in Hospitalized COVID-19 Patients


The frequency of the CD56dimCD16neg NK cell subset was significantly higher compared to that of either convalescents (p < 0.001) or infection-naïve (p < 0.001) individuals (Figure 1C). The CD56dimCD16neg cell subset expressing the 2DL1 and 2DL1/S1 receptors was higher in COVID-19 patients compared to both convalescent (p < 0.001 and p = 0.002, respectively) and infection-naïve individuals (p < 0.001 and p = 0.006, respectively), as shown in Figure 2B.




3.3. Depletion of CD56dimCD16dim and CD56dimCD16bright NK Cell Subsets with a Higher Frequency of KIR2DL1 Inhibitory Receptor


The frequency of both CD56dimCD16dim and CD56dimCD16bright NK cell subsets was lower compared to that of convalescent (p = 0.021 and p < 0.001, respectively) and infection-naïve individuals (p = 0.033 and p < 0.001, respectively), as shown in Figure 1C. In parallel, the frequency of CD56dimCD16dim/bright NK cells positive for 2DL1 inhibitory receptors was higher in hospitalized COVID-19 patients compared to infection-naïve individuals (p = 0.039), as shown in Figure 2B.




3.4. NKs Cell Subset and KIRs Associations to Inflammatory Markers


Correlations between NK cell subsets and KIRs are shown in Figure 4 as a heatmap graph. No correlation was found between the total NK cells or NK cell subset and inflammation markers in COVID-19 patients, convalescents, or infection-naïve individuals (Figure 4A). On the other hand, a significant positive correlation between KIR 2DS4 expressed in the CD56brightCD16neg/dim cell subset and both the IFN-γ and IL6 levels (p = 0.002 and p = 0.008, respectively) was found in COVID-19 patients (Figure 4B).





4. Discussion


The role of NK cell subtypes and the killer immunoglobulin-like receptors (KIRs) that regulate their function during SARS-CoV-2 infection is still under investigation, since research has been mainly focused on the adaptive immune responses. Impaired NK cell counts and functionality [18], as well as deficits in other members of the innate immunity such as dendritic cells that include alterations in their homing and activation markers in SARS-COV-2-infected patients [19], have been reported. In the present study, we aimed to characterize the phenotypic and KIR expression changes in NK cells during COVID-19. Our results showed an overall reduction in total NK cells and an expansion of the CD56dimCD16neg NK cell subset in parallel with the depletion of the CD56dimCD16dim/bright NK cell subsets, in line with other reports [20,21,22,23]. Interestingly, the expansion of the CD56dimCD16neg NK cell subset was concomitant with the expansion of this subset positive for inhibitory KIR receptors 2DL1 and 2DL1/S1 in hospitalized COVID-19 patients. On the other hand, a reduction in the frequency of either CD56dimCD16dim or CD56dimCD16bright in parallel with a higher frequency of these cell subsets positive for inhibitory 2DL1 receptor reinforced the impaired situation of this innate NK cell defense line. Moreover, although COVID-19 patients showed similar frequencies of CD56brightCD16neg NK cells compared to convalescent and infection-naïve individuals, higher levels of positive cells for activating 2DS4 receptor were found in COVID-19 patients. This NK cell subset was reported to express reduced levels of KIR receptors and mainly produce cytokines upon infection [20,24]. Of note, neither gender nor age was associated with the different distribution of NK cell subsets or the expression of KIRs. Our study showed a direct correlation of the activating 2DS4 receptor with the plasma level of IFN-γ and IL6 in COVID-19 patients, biomarkers that are reported to be elevated during SARS-CoV-2 infection [25] in accordance with our study, although the production of these cytokines is systemic and can be partially attributed to the NK cell production. One recent study reported that the frequency of the 2DS4 gene was significantly increased in COVID-19 patients compared to controls [26].



NK cells play an important role in the innate immune response. Two main populations of these cells are characterized for the absence of lineage-specific markers for T cells CD3, B cells CD19, and monocytes CD14: CD56bright and CD56dimCD16pos cells [27]. Nevertheless, among the first population, other two populations can be differentiated: CD56brightCD16neg and CD56brightCD16dim. NK cells that are characterized by cytokine production, including IFN-γ and TNF-α, are an important defense against virus infections. We found a correlation between IFN-γ and CD56brightCD16neg NK cells among hospitalized COVID-19 patients. Despite the decreased level of total NK cells observed in these patients compared to convalescents or infection-naïve individuals, the production of IFN-γ was not impaired in patients with moderate COVID-19 in a clinical setting (with no need for ICU admission). The situation of severe COVID-19 is reported to be worse compared to moderate COVID-19 patients or healthy controls [28]. This production of proinflammatory cytokines allows them to promote the activation of inflammation or even autoimmunity [29].



The CD56dimCD16pos NK cell subset is characterized by a strong cytotoxicity and high expression of KIR receptors. CD16 binds to the Fc part of the IgG molecules mediating antibody-dependent cellular cytotoxicity (ADCC), allowing the killing of target cells through cytotoxic function (CD56dim) or leading to a late inflammatory process (CD56bright) [30,31]. In this way, the COVID-19 patients in our study showed a deep depletion of both CD56dimCD16dim and CD56dimCD16bright NK cell subsets. This depletion was found in convalescents (two months post-infection) only for the CD56dimCD16bright NK cell subsets compared to infection-naïve individuals. These two cellular functions, cytotoxicity and cytokine secretion, are further regulated by a balance between the inhibitor and activating receptors [20]. The high frequency of positive subset cells for KIR2DL1 suggests that not only there is a deficient amount of the cytotoxic NK subset, but also that these are impaired by the expression of inhibitory KIR receptors.



Finally, CD56dimCD16neg NK cells are unconventional CD56dim cells whose cytotoxic capacity has been found to be lower compared to that of CD56dimCD16pos NK cells [32,33]. In this regard, the downregulation of CD16 expression has been also described in Herpes and Varicella zoster infections and might be associated with abnormal NK cell maturation during infection or prolonged cellular activity/activation, driving CD16 shedding, which might be a regulatory mechanism to prevent activation-induced cell death [34,35,36,37]. CD56dimCD16neg NK cells are considered to be the precursors of CD56dimCD16pos NK cells. In our study, this cell subset was expanded in moderate COVID-19 patients, and the frequency of cells positive for inhibiting 2DL1 and 2DL1/S1 receptors was higher compared to that of convalescents and infection-naïve individuals, which might accentuate the impairment of their cellular functions. This expansion was also found in convalescent individuals two months post-infection, although with less difference compared to infection-naïve individuals. The overexpression of inhibitory 2DL1 in CD56dimCD16neg and CD56dimCD16pos NK cell subsets was found by Littera et al., who described a higher frequency of the KIR2DL1 and 2DL3 inhibitory KIR gene profile in individuals infected with SARS-CoV-2, suggesting that they are more susceptible to contracting this viral infection, in line with our study [35]. Unfortunately, this study did not differentiate among different NK cell subsets.



On the other hand, the CD56negCD16bright NK cell subset was found to be depleted in COVID-19 patients in our study; this subset is reported to be an unconventional cytotoxic mediator for chronic diseases [15]. NK cells participate in a complex network, interacting with dendritic cells as well as T and B cells through chemokines and a variety of cytokines involved in the differentiation and function of NK cells [23,30,31,38,39].



This study has a number of limitations, including the absence of severe COVID-19 patients and the fact that no longitudinal samples of the patients could have been collected. In addition, functional cell assays and the determination of the KIR genotypes could not be performed in this study due to the limited biological material obtained.



In summary, not only did we find that a different distribution of NK cell subsets in COVID-19 patients could lead to an impaired innate cellular barrier, but we also found that a higher frequency of inhibitory KIR receptors could enhance the impairment of these cells. Another mechanism that can suppress NK cell antiviral activity is the elevated IL-6 and IL-10 levels in COVID-19 through the down-modulation of the activating receptor NKG2D [40,41]. Importantly, this impaired NK cell cytotoxicity is partially recovered earlier after infection. Thus, therapies targeting IL-6 and IL-10 could be investigated as a means for improving NK cell antiviral immunity, especially in severe cases of COVID-19.
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Figure 1. NK cell subset distribution and phenotypes using flow cytometry. Data from samples obtained from COVID-19 patients, convalescent, and infection-naïve individuals are presented. (A) Representative flow cytometry plots showing the gating strategy for NK cell phenotyping in CD3negCD14negCD19neg lymphocytes using CD56 and CD16 antibodies. The percentage of each NK cell subset is shown. (B) Bar plot showing cumulative data regarding the frequency of total NK cells in COVID-19 patients (red, n = 20), convalescents (blue, n = 30), and infection-naïve (green, n = 30) individuals. One dot represents one patient. (C) Bar plots showing cumulative data regarding the relative frequencies of each subset among total NK cells in COVID-19 patients (red), convalescents (blue), and infection-naïve (green) individuals with the identification of each NK cell subset: subset 1 represents CD56brightCD16neg NK cells, subset 2 presents CD56brightCD16dim NK cells, subset 3 presents CD56dimCD16neg NK cells, subset 4 presents CD56dimCD16dim NK cells, subset 5 presents CD56dimCD16bright cells, and subset 6 presents CD56negCD16bright cells. The relative frequencies of each subset among NK cells are presented. (D) Bar plot showing cumulative data regarding the frequency of CD56bright (subsets 1 and 2) and CD56dim (subsets 3, 4, and 5) in COVID-19 patients (red), convalescents (blue), and infection-naïve (green) individuals. FSC-A, forward scatter-area; SSC-A, side scatter-area; statistically significant values are showed in bold when p < 0.05 and italic when p < 0.1. 
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Figure 2. Frequency of NK cell subsets positive for KIR receptors. (A), Representative flow cytometry plots of one infection-naïve individual showing the gating strategy for KIR receptors: 2DS4, 2 DL4, 2DL5, 3DL1/L2, 3DL1, 2DL1, 2DL2/L3, and 2DL1/S1 in CD56dimCD16neg NK cell subset showing the percentage of cells for each KIR. (B), Bar plot showing cumulative data regarding the frequency of CD56brightCD16neg, CD56dimCD16neg, and CD56dimCD16pos NK cell subsets for the different KIR receptors in COVID-19 patients (red, n = 20), convalescents (blue, n = 30), and infection-naïve (green, n = 30) individuals. Only statistically significant values are shown in bold when p < 0.05. 
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Figure 3. Plasma levels of IFN-γ, IL6 and CRP in COVID-19 patients (red, n = 20), convalescents (blue, n = 30), and infection-naïve (green, n = 30) individuals. Significant when p < 0.05. 
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Figure 4. Association of NK cell subsets and KIRs with inflammatory markers. Heatmap graphs representing correlations between the percentages of NK cell subsets (A) and KIR receptors (B) with inflammatory marker levels in COVID-19 patients, convalescents, and infection-naïve individuals. The blue color represents a positive correlation and the red color represents a negative correlation. The intensity of the color indicates the R2 coefficient. (C), correlation graphs for those correlations that are significant in A and B. Statistical significance data are highlighted with white squares. * p < 0.05; ** p < 0.01. Spearman test was used for nonparametric correlations. 
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Table 1. Characteristics of study’s participants at inclusion.
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	Hospitalized

COVID-19

n = 20
	Convalescent

n = 30
	Infection Naive

n = 30





	Age (years)
	60 (52–72)
	45 (31–54)
	40 (33–50)



	Sex (Female n, %)
	1 (5%)
	18 (60%)
	19 (65.5%)



	Body Mass Index (Kg/m2)
	29.1 (24.9–31.1)
	23.5 (22.0–24.6)
	23.6 (20.8–26.0)



	Obesity (>30 BMI)
	7 (35%)
	1 (3.3%)
	1 (3.3%)



	Comorbidities (n, %)
	
	
	



	Hypertension
	7 (35%)
	3 (10%)
	3 (10%)



	Diabetes
	6 (30%)
	1 (3.5%)
	1 (3.5%)



	History of positive SARS-CoV-2 RT-PCR
	17 (85%) *
	19 (63.3%) **
	-



	History of positive anti-SARS-CoV-2 IgA/IgM/IgG n-specific antibodies
	20 (100%) *
	30 (100%)
	0



	History of SARS-CoV-2-compatible symptoms
	20 (100%) *
	19 (63.3%)
	0



	SARS-CoV-2 IgG S-specific antibodies at inclusion
	16 (80%)
	30 (100%)
	0



	Sepsis-related organ failure assessment (SOFA) score
	
	
	



	1
	15 (75%)
	-
	-



	2–3
	5 (25%)
	-
	-



	Time since SARS-CoV-2 diagnosis (days)
	7 (5–9)
	60 (26–75)
	-







HCW, health care workers; *, at inclusion; **, RT-PCR was performed only in those individuals with SARS-CoV-2 clinical symptoms.
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