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A B S T R A C T   

This study tested the hypothesis that high frequencies of natural killer (NK) cells are protective against symp
tomatic SARS-CoV-2 infection. Samples were utilized from the COVID-19 Health Action Response for Marines 
study, a prospective, observational study of SARS-CoV-2 infection in which participants were enrolled prior to 
infection and then serially monitored for development of symptomatic or asymptomatic infection. Frequencies 
and phenotypes of NK cells (CD3− CD14− CD19− CD56+) were assessed by flow cytometry. Individuals that 
developed asymptomatic infections were found to have higher pre-infection frequencies of total NK cells 
compared to symptomatic individuals (10.61% [SD 4.5] vs 8.33% [SD 4.6], p = 0.011). Circulating total NK cells 
decreased over the course of infection, reaching a nadir at 4 weeks, while immature NK cells increased, a finding 
confirmed by multidimensional reduction analysis. These results indicate that NK cells likely play a key role in 
controlling the severity of clinical illness in individuals infected with SARS-CoV-2.   

1. Introduction 

SARS-CoV-2 has infected over 650 million people worldwide and 
caused close to 6.6 million deaths as of January 2023. While much has 
been learned regarding the pathophysiology of infection, little is known 
regarding the immune factors that provide protection against symp
tomatic disease. In this study, we tested the hypothesis that high fre
quencies of NK cells, innate immune cells that are critical for clearing 
virus-infected cells early in the course of infection, are associated with 
protection against symptomatic SARS-CoV-2 infection. 

In humans, NK cells make up 5–20% of circulating lymphocytes and 
can target infected, transformed, or stressed cells (Abel et al., 2018; 
Björkström et al., 2022). There are several subsets of NK cells that are 
characterized by the receptors they display and their functional activity. 

Immature NK cells are defined as being CD56bright and CD16− and are 
primarily cytokine producing cells with limited cytotoxicity (Björkström 
et al., 2022). Mature CD16+ NK cells are defined as being CD56dim and 
CD16+ and they are functionally more cytotoxic than immature NK 
cells. Cells that are CD56dimCD16− are believed to be mature NK cells 
that have lost CD16 expression, which can occur after NK cell activation 
(Romee et al., 2013). Another subset are adaptive NK cells, which have 
been identified in people with chronic viral infections like cytomega
lovirus, or human immunodeficiency virus (Freud et al., 2017; Gumá 
et al., 2004; Béziat et al., 2013; Lopez-Vergès et al., 2011; Gondois-Rey 
et al., 2017). An increase in adaptive NK cells has also been identified in 
patients with severe SARS-CoV-2 infection (Maucourant et al., 2020). 
Adaptive NK cells are memory-like cells that can survive longer than 
other NK cell subsets, can rapidly proliferate, and have effector functions 
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when re-exposed to a virus (Maucourant et al., 2020). NK cell activation 
is controlled by a balance between activating and inhibitory signals. 
Healthy somatic cells typically express surface ligands that are inhibi
tory for NK cell receptors. However, a reduction in inhibitory ligands 
and/or an increase in activating ligands induces NK cells to become 
activated and kill the target cell by lysis or apoptosis (Ralainirina et al., 
2007). 

NK cells typically respond vigorously with rapid activation and 
homing to affected tissues during acute viral infections (Björkström 
et al., 2022). Additionally, tissue-resident NK cells at the site of infection 
can become activated and contribute to the response (Björkström et al., 
2022). NK cells possess several effector functions that aid in antiviral 
immunity, including natural cytotoxicity, antibody dependent cellular 
cytotoxicity (ADCC), and cytokine production (Ralainirina et al., 2007). 
NK cells play a central role in protection against numerous viral in
fections (Waggoner et al., 2016). Studies examining individuals with NK 
cell deficiencies have found increased susceptibility to several viral in
fections (Björkström et al., 2022; Jordan, 2002). Similarly, mouse 
studies have found that depletion of NK cells prior to viral challenge 
results in higher virus titers and more severe disease (Bukowski et al., 
1983). In the context of a respiratory viral infection like influenza, 
mouse studies show that depletion of NK cells increases morbidity and 
mortality during the early course of medium-dose influenza infection 
(Stein-Streilein and Guffee, 1986; Stein-Streilein et al., 1988; Nogusa 
et al., 2008). 

Several studies have evaluated NK cell frequency and phenotype 
during SARS-CoV-2 infection (Maucourant et al., 2020; Varchetta et al., 
2021; Osman et al., 2020; Bozzano et al., 2021; Zheng et al., 2020). 
These studies find that individuals with moderate to severe SARS-CoV-2 
infection have lower frequencies of NK cells in the circulation during 
infection compared to uninfected controls (Maucourant et al., 2020; 
Varchetta et al., 2021; Osman et al., 2020; Bozzano et al., 2021; Zheng 
et al., 2020). A limitation of these studies is that the evaluated samples 
were obtained once symptomatic infection had already been estab
lished, limiting the ability to discern if low NK cell frequencies were 
caused by the infection or were a factor for susceptibility to symptomatic 
infection. In this study we tested the hypothesis that individuals with 
high frequencies of NK cells at baseline, prior to infection, would 
experience less symptomatic infection with SARS-CoV-2 than those with 
lower NK cell frequencies. Because we wanted to conduct this analysis 
on individuals who did not have adaptive immunity to SARS-CoV-2, we 
utilized peripheral blood mononuclear cells (PBMCs) obtained during 
the COVID-19 Health Action Response for Marines (CHARM) study, a 
prospective, longitudinal study conducted from May to November of 
2020 (prior to widespread vaccination and infection). The CHARM study 
serially monitored marine recruits for development of symptomatic or 
asymptomatic SARS-CoV-2 infection with repeated nasal PCR testing 
and symptom assessments. All participants included in the current 
analysis were selected on the basis of being SARS-CoV-2 PCR and anti
body negative at their first CHARM study visit, becoming PCR positive 
for SARS-CoV-2 during the CHARM study, and having baseline PBMCs 
available for analysis. We also evaluated longitudinal specimens to 
evaluate the kinetics of NK cell subsets during infection. 

2. Methods 

2.1. Study participants 

Details of the CHARM study have been published previously (Letizia 
et al., 2021). Briefly, from May 11 to November 4, 2020, Marine recruits 
were placed into a two week supervised-quarantine, prior to reporting 
for recruit training at Parris Island. Upon entry into the quarantine, 
recruits were asked if they wanted to participate in the study. Inclusion 
criteria included being 18 years of age or older and being available for 
follow-up appointments. Baseline evaluation included medical history, 
SARS-CoV-2 serology, and polymerase chain reaction (PCR) testing of 

mid-turbinate swabs for SARS-CoV-2 RNA. Additionally, PBMCs were 
obtained and cryopreserved at enrollment from every recruit who con
sented to the study. After enrollment, participants were evaluated once a 
week for PCR testing of mid-turbinate swabs and for assessment of any 
viral respiratory symptoms while in quarantine. If negative on the last 
day of quarantine, they proceeded to training and were assessed every 
two weeks. If a participant tested PCR positive for SARS-CoV-2, addi
tional PBMCs were collected two times per week for the first two weeks 
after PCR positivity and every two weeks thereafter until they graduated 
from boot camp. The subset of participants evaluated for this study were 
randomly selected from a pool of individuals that A) were SARS-CoV-2 
PCR and IgG Spike antibody negative at study entry, B) developed a 
positive SARS-CoV-2 PCR test during the study, C) had cryopreserved 
PBMCs available from the baseline study visit, seven days or fewer from 
time of PCR positivity, and one to two months post initial PCR positivity, 
and D) completed symptom questionnaires at each clinic visit. The study 
was approved by the institutional review board of the Naval Medical 
Research Center and complied with all applicable federal regulations 
governing the protection of human subjects. All participants provided 
written informed consent. 

2.2. Collection of viral respiratory symptoms 

At all visits in the CHARM study, participants filled out a detailed 
questionnaire that asked whether, since the last visit (or in the preceding 
14 days for the first visit), they had experienced fever above 100.4 ◦F, 
subjective fever (felt feverish), chills, muscle aches, fatigue, runny nose, 
sore throat, cough, shortness of breath, nausea or vomiting, headache, 
decreased ability to taste or smell, abdominal pain, diarrhea, or other 
symptoms to specify with choices to select being yes, no or unknown. 
Participants were instructed on how to fill out the symptom question
naire by reviewing each question with a study team member at the first 
visit. At all subsequent encounters, participants completed the symp
toms questionnaire on their own. 

2.3. qPCR 

For SARS-CoV-2 quantitative PCR testing, all swabs in viral transport 
media were kept at 4 ◦C. All assays were performed within 48 h of 
sample collection at high complexity Clinical Laboratory Improvement 
Amendments-certified laboratories using the US Food and Drug 
Administration-authorised Thermo Fisher TaqPath COVID-19 Combo 
Kit (Thermo Fisher Scientific, Waltham, MA, USA). Lab24Inc (Boca 
Raton, FL, USA) performed PCR testing from study initiation (May 11, 
2020) until Aug 24, 2020, and the Naval Medical Research Center 
(NMRC, Silver Spring, MD, USA) from Aug 24, 2020, until the conclu
sion of the study (Nov 2, 2020). 

2.4. PBMC isolation and purification 

Peripheral blood (4ml/subject) from CHARM participants was 
collected in one sodium heparin blood collection tube per person (BD 
Vacutainer Heparin Tubes) and then shipped to NMRC overnight to be 
processed immediately. Briefly, sterile 15-ml conical tubes (Corning 
Reference # 430052) were filled with 4 ml of Ficoll-Paque Plus (GE 
Healthcare #17-1440-03). Vacutainer tubes containing blood were 
inverted several times to mix the blood. The whole blood was slowly 
overlaid on top of the Ficoll. The tubes were centrifuged at 800×g for 15 
min at room temperature with brake turned off. PBMCs at the interface 
of Ficoll and plasma were carefully collected into 15-ml tubes (Corning 
Reference # 430052), and washed with 1x PBS (without Ca++ and 
Mg++) (Quality Biological, Gaithersburg, MD) twice at 400×g for 10 min 
at room temperature. PBMCs were gently mixed with 10% Dimethyl 
Sulphoxide (DMSO) (Fisher Bioreagents, https://www.fishersci.com/ 
)/90%FBS (Hyclone, https://www.gehealthcare.com/) freezing solu
tion and placed in cryo-vials (VMR.com) on ice and then transferred to 
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StrataCooler Cryo Preservation containers (Stratagene, La Jolla, CA) to 
− 80 ◦C for 24 h prior to transfer into liquid nitrogen for long-term 
storage. 

2.5. Cell preparation and flow cytometry for NK cell phenotyping 

Frozen PBMC samples were thawed and then washed with pre- 
warmed complete RPMI media (RPMI, 10% FBS, and 1% Penicillin/ 
Streptomycin). Cells were then incubated at 37 ◦C for 1 h with pre- 
warmed complete RPMI with 50 U/ml DNase (Invitrogen). After incu
bation, cells were counted and put into tubes at 1 × 106 cells per vial in 
100 μl cold PBS. At this time an unstained control tube was made with 1 
× 106 cells and a viability control tube made that contained 5 × 105 live 
cells and 5 × 105 cells killed by heating to 70 ◦C for 10 min. All tubes 
except for the unstained control tube were then incubated with 1 μL of 
LIVE/DEAD™ Fixable Blue (Invitrogen) viability dye for 30 min on ice 
in the dark. Cells were then washed, resuspended in PBS/0.5% BSA, and 
incubated for 5 min with BD Horizon™ Brilliant Stain Buffer. Cells were 
then incubated for 30 min on ice in the dark with fluorochrome- 
conjugated antibodies to CD16 (BUV496), CD3 (BUV737), NKG2D 
(Super Bright 436), CD14 (BV510), CD19 (BV510), KIR3DL1 (BV711), 
CD57 (BV785), CD56 (FITC), CD107a (PE), KIR2DL2/L3/S2 (PE-Cy5.5), 
NKG2A (PE-Vio770), NKG2C (APC), CD69 (APC-R700), and KIR2DL1 
(APC-Vio770) (Supplemental Table 1). The cells were washed, sus
pended in fixation buffer (BD Biosciences), and then incubated for 15 
min at room temperature in the dark. After fixation the cells were 
washed and resuspended in PBS/0.5% bovine serum albumin (BSA) and 
stored at 4 ◦C until flow cytometric analysis. In addition to the unstained 
and viability controls using cells, single color reference controls were 
made using UltraComp eBeads™ Compensation Beads. The antibodies 
were incubated with compensation beads for 15 min on ice then washed 
and resuspended in PBS/0.5% BSA. All antibodies were titrated prior to 
use to determine optimal staining concentrations. Fluorescence minus 
one (FMO) controls were made by staining control cells with all of the 
antibodies except one to a tube. FMO cells were used to establish posi
tivity cut-offs for CD69, CD107a, CD56, CD16, CD57, NKG2A, NKG2C, 
NKG2D, KIR2DL1, KIR2DL2/L3/S2, and KIR3DL1. All samples were run 
on a Cytek Aurora spectral cytometer (Cytek Biosciences) at the Uni
formed Services University Biomedical Instrumentation Center Flow 
Cytometry facility. The data was analyzed with Flowjo Software v10 (BD 
Biosciences). 

2.6. Dimensionality reduction analysis 

For the dimensionality reduction analysis of NK cells, FCS3.0 files 
were exported from FACSDiva and imported into FlowJo v.10.8.1 for 
subsequent analysis. The following plug-ins were used: DownSample 
(3.3) and UMAP (3.1). First, dataset as such was used for the down
stream analysis in both manual gating and automated analysis. For the 
automated analysis, events were first downsampled from the NK gate 
across all samples using DownSample. Categorical values for each 
sample were added to downsampled populations as metadata to enable 
identification of the two groups, and these were then concatenated for 
analysis. Five thousand cells per sample were exported from the NK gate, 
making a total of 1.284 x10e6 concatenated events. When assigning 
categorical groups formed by different clinical parameters and time
points (T0: baseline, T4-7:days 4 or 7 post-pcr positive, T35: 35 days 
post-pcr positive), there was an uneven number of patients represented 
in each group (e.g., asymptomatic donors n-42: T0: 2.14 x10e5 cells, T4- 
7: 1.92 x10e5 cells, T35: 2.01 x10e5 cells, for symptomatic donors: n-45: 
T0: 2.24 x10e5 cells, T4-7: 2.22 x10e5 cells, T35: 2.27 x10e5 cells). 
UMAP was run using all parameters from the panel except Live/Dead, 
dump, CD3, CD69, CD45 and CD107a. 

2.7. Statistical analyses 

Mann Whitney U test was performed for comparisons between un
paired groups, Spearman’s correlation was performed to evaluate rela
tionship of one factor to another, and Dunnett’s multiple comparison’s 
test for comparisons between multiple timepoints. Statistical analyses 
were performed using GraphPad 9. 

3. Results 

3.1. Participant demographics and symptomatology 

The initial CHARM study enrolled 3472 individuals. Of these, 1205 
participants tested PCR positive for SARS-CoV-2 on longitudinal sur
veillance testing (34.7%). Among those that were PCR positive, 567 
(47.1%) were symptomatic and 638 (52.9%) were asymptomatic. 

At the time of this analysis, cryopreserved PBMCs from baseline (pre- 
infection) and post-infection visits were available from 88 participants 
(46 symptomatic and 42 asymptomatic), once eight samples were 
excluded due to low recovery of PBMCs. Of the 88 participants analyzed, 
88.6% identified as male and the mean age was 19.08 years (SD 1.69) 
(Table 1). Participants identified their race as White (69.3%), Black 
(12.5%), American Indian/Alaska Native (2.3%), other (3.4%), multi- 
racial (3.4%) or non-specified (9.1%). Among the 88 participants, 42 
were classified as asymptomatic because they reported no symptoms at 
the time of first PCR positivity and during subsequent encounters. The 
other 46 individuals were classified as having symptomatic SARS-CoV-2 
infection based upon reported symptoms within the first 14 days of 
positive SARS-CoV-2 PCR test. Among the symptomatic cohort, the 
number of symptoms experienced during infection ranged from one to 
twelve with a mean of 5.3 (SD 3.05) (Supplemental Fig. 1). Individuals 
experienced a variety of different symptoms, with the most common 
symptoms being headache (71%), sore throat (54.3%), cough (52.2%), 
and fatigue (52.2%), as outlined in Supplemental Table 2. All symp
tomatic participants were treated as outpatients and required, at most, 
only symptomatic therapy with acetaminophen and/or non-steroid anti- 
inflammatory medications. 

3.2. Individuals that develop asymptomatic SARS-CoV-2 infection have 
higher baseline frequencies of total and mature NK cells 

Flow cytometry was performed on baseline PBMC samples collected 
on average 38 (SD 7.9 Range 7–56) days before the date of the first 
positive PCR test for each participant. NK cells were defined as 
CD3− CD14− CD19− CD56+ cells (Supplemental Fig. 2). NK cells subsets 
were defined as mature CD16+ (CD56dimCD16+), mature CD16−

Table 1 
Study demographics.   

All n/N 
(%) 

Asymptomatic n/N 
(%) 

Symptomatic n/N 
(%) 

Sex 
Female 10/88 

(11.4) 
0/42 (0) 10/46 (21.7) 

Male 78/88 
(88.6) 

42/42 (100) 36/46 (78.3) 

Race 
White 61/88 

(69.3) 
25/42 (59.5) 36/46 (78.3) 

Black 11/88 
(12.5) 

7/42 (16.7) 4/46 (8.7) 

American Indian 
\Alaska Native 

2/88 (2.3) 1/42 (2.4) 1/46 (2.2) 

Other 3/88 (3.4) 2/42 (4.8) 1/46 (2.2) 
Multiracial 3/88 (3.4) 1/42 (2.4) 2/46 (4.3) 
Non-specified 8/88 (9.1) 6/42 (14.2) 2/46 (4.3) 
Age 
Mean age (range) 19 (18–28) 19 (18–28) 19 (18–23)  
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(CD56dimCD16-) immature (CD56brightCD16-), and adaptive 
(CD56dimCD16+NKG2C+CD57+). The percentage of NK cells present in 
each participant was calculated by dividing the number of cells in the 
“Total NK Cells” gate out of the number of cells in the “Total Cells” gate 
(Supplemental Fig. 2). As seen in Fig. 1A, individuals that experienced 
asymptomatic SARS-CoV-2 infections had significantly greater per
centages of total NK cells than individuals that developed symptomatic 
infections (10.61% [SD 4.5] vs 8.33% [SD 4.6], p = 0.011). 

Percentages of the four NK cell subsets were determined with respect 
to the “Total NK Cells” gate (Supplemental Fig. 2). While there were no 
differences in percentages of immature, mature CD16− , or adaptive NK 
cells, asymptomatic individuals had significantly greater percentages of 
mature CD16+ NK cells than symptomatic individuals prior to infection 
(76.27% [SD 14.32] versus 69.58% [SD 17.04], p = 0.048, Fig. 1C). 

Interestingly, we observed that all 10 females who were PCR positive 
for SARS-CoV-2 exhibited symptomatic infection. Sensitivity analysis 
excluding females demonstrated that total and mature NK cell fre
quencies remained higher in asymptomatic males than in symptomatic 
males (10.61% [SD 4.5] vs 8.96% [SD 4.8] and 76.27% [SD 14.3] vs 
73.27% [SD 13.6] respectively). These differences, however, were not 
statistically different (p = 0.08, p = 0.15), possibly due to the decreased 
number of symptomatic male participants in the analysis. 

3.3. No correlation between baseline NK cell frequencies and duration of 
PCR positivity 

Mean duration of PCR positivity for all participants was 10 days (SD 
6.3) and mean CT value was 21.3 (SD 4.7). No correlation was observed 
between baseline NK cell frequencies and duration of PCR positivity or 
CT values (Fig. 2). 

3.4. Baseline expression of activating and inhibitory receptors were not 
significantly different between asymptomatic and symptomatic groups 

To assess whether baseline predominance of NK cell expression of 
activating or inhibitory receptors was associated with clinical presen
tation of SARS-CoV-2 infection, we assessed surface expression of two 
major activating receptors (NKG2C, NKG2D) and four major inhibitory 
receptors (NKG2A, KIR2DL1, KIR2DL2/L3/S2, and KIR3DL1) of NK cells 
using flow cytometry of the baseline PBMC samples. The expression of 
each receptor was calculated as the number of cells positively expressing 
a specific receptor out of the number of total NK cells. Expression of each 
activating and inhibitory receptor was compared between the asymp
tomatic and symptomatic groups. There were no significant differences 
between asymptomatic and symptomatic groups in the percentages of 
cells expressing any of these receptors (Fig. 3). 

A previous study observed that NKG2A+ NK cells are highly acti
vated during SARS-CoV-2 infection and may play a key role in con
trolling SARS-CoV-2 activity (Hammer et al., 2022). While no 

differences were observed in NKG2A expression on total NK cells, as 
secondary analyses frequencies of immature and mature CD16+ NK cells 
expressing NKG2A were compared between the asymptomatic and 
symptomatic groups. We found that the asymptomatic group had 
significantly greater frequencies of NKG2A+ immature NK cells 
compared to the symptomatic group (96.32% SD 2.81, vs. 94.27% SD 
5.12; p = 0.034) (Supplemental Fig. 3A). No differences were found in 
NKG2A+ mature CD16+ NK cells between asymptomatic and symp
tomatic groups (Supplemental Fig. 3B). 

3.5. Frequencies of total NK cells decreased during SARS-CoV-2 infection 
while immature NK cells increased 

Flow cytometric analyses of total NK cells and NK cell subsets was 
conducted on longitudinal samples collected from 88 individuals for up 
to 9 weeks post-infection. As seen in Fig. 4A, a gradual decrease was 
observed in the frequency of total peripheral NK cells during the first 
four weeks following infection, dropping from a baseline of 9.4% (SD 
4.7) to a nadir of 4.9% (SD 2.9) 21–27 days post first positive PCR test (p 
= 0.0031) and then gradually returning to baseline levels around 49–55 
days (Fig. 4A). 

Interestingly, as total NK cell frequencies decreased post-infection, 
the percentages of NK cells that were immature increased (Fig. 4B). 
Percentages of immature NK cells rose from 5.9% (SD 3.5) at baseline to 
11.1% (SD 6.6) at 28–34 days post-first PCR test (p=<0.0001) (Fig. 4B). 
The percentages of total NK cells that were mature CD16+ NK cells 
decreased following SARS-CoV-2 infection, however there were no sig
nificant differences in frequencies between baseline level and the weeks 
after infection (Fig. 4C). Frequencies of the CD56dim CD16− population 
decreased significantly in the first week after PCR positivity (20.59% SD 
16.23, to 13.89% SD 8.78; p = 0.048), but overall there were no specific 
changes in the frequencies of mature CD16− NK cells longitudinally. 

To evaluate changes in NK cell populations during the course of 
infection that were not defined a priori we performed multidimensional 
reduction analyses on longitudinal samples. UMAP analyses revealed no 
differences between the clustering of populations between the asymp
tomatic donor group (Fig. 5D–F), and the symptomatic donor group 
(Fig. 5G–I). The analysis did show a cluster of cells that expanded from 
baseline, before SARS-CoV-2 infection (Fig. 5, A, D, G; Supplemental 
Fig. 4), to 4–7 days post-PCR+ with SARS-CoV-2 (Fig. 5, B, E, H; Sup
plemental Fig. 4), with further expansion at 35 days post-infection 
(Fig. 5, C, F, I; Supplemental Fig. 4). The phenotype of the cells within 
this cluster of interest is CD56hi, CD16− , NKG2A+, CD57− , and NKG2C−

(Supplemental Fig. 5). This phenotype indicates an immature popula
tion of NK cells which is expanding during infection. This directly aligns 
with the earlier data from Fig. 4B which demonstrated an increase in the 
percentage of the immature NK cell population in the weeks following 
infection with SARS-CoV-2. 

Fig. 1. Total NK cell frequencies, and mature NK cell frequencies prior to infection are greater in individuals that develop asymptomatic SARS-CoV-2 
infection. Percentages of (A) total NK cells (CD3-CD14-CD19-CD56+) (B) immature NK cells (CD56brightCD16-), (C) mature CD16+ NK cells (CD56dimCD16+), 
(D) mature CD16- NK cells (CD56dimCD16-), and (E) adaptive NK cells (CD56dimCD16+NKG2C+CD57+) were compared between baseline samples from asymptomatic 
(n = 42) and symptomatic (n = 46) SARS-CoV-2 PCR+ individuals. Data are presented as mean value ± s.d. (*p < 0.05 by Mann Whitney U Test). 
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4. Discussion 

The specific immunological factors associated with protection 
against clinical disease with SARS-CoV-2 are not completely understood 
(Boyton and Altmann, 2021). Given that NK cells are one of the first cell 
types to respond to viral infections, the baseline frequency and reper
toire of NK cells prior to SARS-CoV-2 infection may be an important 

indicator of whether an individual is at risk of developing asymptomatic 
or symptomatic infection. By conducting a flow cytometric study of NK 
cell frequencies and phenotypes in individuals enrolled in a prospective, 
observational study which monitored for development of SARS-CoV-2 
infection by serial PCR testing, we were able to confirm the primary 
hypothesis that higher baseline frequencies of NK cells are associated 
with decreased risk of developing symptomatic disease when an 

Fig. 2. No correlation observed between per
centage of NK cells at baseline and duration of 
PCR positivity or peak S gene CT value for SARS- 
CoV-2. Correlation between an individual’s baseline 
NK cell percentage and the number of days they were 
PCR+ for SARS-CoV-2 (A) and peak S gene CT values 
(B) was analyzed. No significant correlations were 
found between the percentage of NK cells and dura
tion of PCR+ or S gene CT value by Spearman Cor
relation analyses (r = 0.177, p = 0.095; r = 0.106, p 
= 0.322 respectively).   

Fig. 3. No significant differences in the expres
sion of activating or inhibitory receptors on NK 
cells at baseline between asymptomatic and 
symptomatic individuals. Percentages of NK cells 
expressing (A) the activating receptors NKG2C or 
NKG2D, or (B), the inhibitory receptors NKG2A, 
KIR2DL1, KIR2DL2/L3/S2, or KIR3DL1. Percentages 
were calculated as the number of cells positive for the 
specified receptor out of the number of total NK cells 
(CD56+). No significant differences were observed 
between the asymptomatic (n = 42) vs. symptomatic 
(n = 46) groups for any of the receptors based on 
Mann Whitney U test.   

Fig. 4. Peripheral NK cell kinetics post-infection. 
Frequencies of (A) total NK cells (CD56+), (B) 
immature NK cells (CD56brightCD16-), (C) mature 
CD16+ NK cells (CD56dimCD16+), and (D) mature 
CD16- NK cells (CD56dimCD16-) were calculated for 
samples obtained from individuals at baseline and at 
timepoints after initial PCR+ test for SARS-CoV-2. All 
available samples were analyzed. Number of samples 
at baseline n = 87, post-PCR samples analyzed at days 
0–6 (n = 27), 7–13 (n = 86), 14–20 (n = 14), 21–27 
(n = 12), 28–34 (n = 24), 35–41 (n = 47), 42–48 (n 
= 6), 49–55 (n = 35). Analyses between timepoints 
were conducted using Dunnett’s multiple compari
sons test (**p < 0.01, ***p < 0.001, ****p < 0.0001).   
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individual becomes infected with SARS-CoV-2. To the best of our 
knowledge, this represents the first study demonstrating a relationship 
between baseline NK cell frequencies and the presence or absence of 
symptoms due to SARS-CoV-2 infection. 

Our finding that NK cell frequencies are greater in asymptomatic 
compared to symptomatic individuals at baseline suggests that NK cells 
likely play a key role in controlling the severity of SARS-CoV-2 infection. 
This conclusion aligns with the general understanding of NK cell func
tion in response to viral respiratory infections. In the setting of influenza 
infection, it is recognized that NK cells have an essential role in con
trolling virus titers in the lung early in the course of infection in both 
murine models and humans (Stein-Streilein and Guffee, 1986; Stein-
Streilein et al., 1988; Nogusa et al., 2008; Ennis et al., 1981). 

One of the peculiarities of the COVID-19 pandemic has been the 
lower disease burden in the very young compared to the elderly (Mueller 
et al., 2020). Most viral respiratory infections usually impact the ex
tremes of age: the very young and the very old (Chicaiza-Ayala et al., 
2018). While many young children have become severely ill from 
COVID-19 and hundreds have died, the percentage of young children 
requiring hospitalization and experiencing lethal outcomes is far lower 
than that observed for the elderly (Weekly Updates by Select De
mographic, 2022). If NK cells play a major role in attenuating spread of 
SARS-CoV-2 in the body, it could account for the unbalanced impact on 
the elderly as NK cells become fully functional around one to five 
months of age but then decrease as individuals progress into older 
adulthood (Yabuhara et al., 1990; Hazeldine and Lord, 2013). 

In addition to evaluating total NK cell frequencies, we also assessed 
frequencies of mature CD16+, mature CD16− , immature, and adaptive 
NK cell subsets before infection. As with total NK cells, at baseline in
dividuals who developed asymptomatic infections had greater pro
portions of mature CD16+ NK cells, which are the main subset 
responsible for cytotoxic activity and killing of virally infected cells. No 
significant differences were observed between symptomatic and 
asymptomatic groups with regards to pre-infection frequencies of 
mature CD16− , immature, and adaptive NK cells, or in expression of 

various activating and inhibitory receptors. Interestingly, secondary 
subset analysis revealed that individuals who developed asymptomatic 
infection had greater frequencies of NKG2A+ immature NK cells than 
individuals that developed symptomatic infection. This finding is 
consistent with a prior study in humans that found that NKG2A+ NK 
cells are highly activated in humans with SARS-CoV-2 infection and 
strongly inhibit SARS-CoV-2 replication in vitro (Hammer et al., 2022). 

In addition to evaluating NK cells at baseline, we also had the op
portunity to observe longitudinal changes. Our data demonstrates that 
circulating NK cells decrease over the course of infection, reaching a 
nadir at 4 weeks post infection and then recovering to baseline levels by 
8 weeks post infection. This kinetic response in NK cells aligns well with 
prior studies, which have noted decreased levels of NK cells in SARS- 
CoV-2 infected individuals compared to healthy controls (Maucourant 
et al., 2020; Varchetta et al., 2021; Osman et al., 2020; Bozzano et al., 
2021; Zheng et al., 2020; Witkowski et al., 2021). Our results suggest 
that these findings are a consequence of the infection. We hypothesize 
that the drop in NK cells may reflect cellular efflux from the circulation 
to the tissues in response to virus-infected cells. Studies in mice exam
ining the frequency and phenotype of NK cells following respiratory 
infection show that NK cells accumulate in the lung in the days following 
the initial infection, which aligns with our hypothesis that the NK cells 
are leaving the peripheral blood and traveling to the site of infection 
(Wang et al., 2012; Frank and Paust, 2020). The finding that NK cell 
population frequencies do not return to baseline for about two months is 
interesting. It may be that perturbations in NK cell homeostasis simply 
take several weeks to normalize, or that the host NK cell response to 
SARS-CoV-2 infection is prolonged even when individuals have mild 
outpatient infections. Interestingly, a recent autopsy study found that 
two individuals who had mild SARS-CoV-2 infection and died of other 
causes still had detectable SARS-CoV-2 RNA distributed in several tis
sues throughout the body weeks to months after infection (Stein et al., 
2022). 

We were also able to analyze kinetics of immature and mature sub
sets during SARS-CoV-2 infection. In contrast to total NK cells, we 

Fig. 5. Longitudinal UMAP analyses of NK cell 
clusters. UMAP analyses reveal a population of NK 
cells (circled) which expands from baseline (A, D, G) 
to 4–7 days (B, E, H) and 35 days (C, F, I) post- 
infection. This expansion was found when all donor 
samples were examined (A–C), and when examining 
the asymptomatic donors (D–F) and symptomatic 
donors (G–I) separately. Alignment with phenotypic 
markers reveals this population to be comprised of 
immature NK cells (see Supplemental Fig. 2).   
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observed that immature NK cells gradually increased during the first 
four weeks after SARS-CoV-2 PCR positivity. The finding of increased 
immature NK cells was observed both with directed analyses as well as 
with unsupervised UMAP clustering analyses. This increase in immature 
NK cells may reflect a true increase in production of NK cells from the 
bone marrow in response to SARS-CoV-2 infection, or may be due to the 
egress of mature NK cells from the circulation. 

Interestingly, percentages of NK cells at baseline did not correlate 
with inferred viral load dynamics such as duration of PCR positivity or 
CT value upon first PCR positivity. We suspect this may have occurred 
because the amount of detectable RNA from nasopharyngeal (NP) swabs 
does not necessarily represent the systemic or pulmonary viral load. 
Studies have found that CT values differ between samples obtained from 
NP swabs compared to samples obtained from the lower respiratory tract 
by endotracheal aspirate or bronchoalveolar lavage (Liu et al., 2020; 
Hamed et al., 2021). It has also been recognized that virus shedding time 
is different in various parts of the respiratory tract (Liu et al., 2020). 
Additionally, a study of 287 patients in France found that viral loads 
from nasopharyngeal swabs obtained during initial management is not 
predictive of subsequent COVID-19 disease severity or mortality (Le 
Borgne et al., 2021). Due to these challenges interpreting the results 
from NP swabs, it is difficult to definitively conclude that NK cells do not 
control viral load. We speculate that NK cells may not substantially 
control viral replication at the nasal mucosal surface, but likely afford 
protection against more invasive infection in deeper sites such as the 
lungs and vascular system. 

There are several limitations to consider with regards to this study. 
First, the findings of this study may not be generalizable to the entire 
population. Our cohort was made up of United States Marine Corps re
cruits who have specific medical, physical fitness and age requirements 
to enlist. This limited our cohort to primarily men with an average age of 
19 who are generally healthy. That stated, the homogeneity of the 
population may have facilitated assessment of the role of NK cells as 
there were few confounders. Also, as this study was carried out from 
May through November 2020, the participants were likely infected with 
wild-type D614G SARS-CoV-2 (Lizewski et al., 2022) and therefore the 
findings may not extend to infection with more recent variants. An 
additional factor to contemplate is that during boot camp the partici
pants are undergoing extensive physical activity and research has shown 
that exercise does have an effect on an individual’s NK cells. One study 
found that four weeks of moderate intensity exercise, or four weeks of 
high intensity exercise, results in increased numbers of NK cells in the 
blood compared to baseline levels from before the exercise program 
(Llavero et al., 2021). However, this consideration only applies to the 
later time point samples that were obtained once participants were 
infected, since the baseline samples were collected during the quaran
tine period before boot camp began. Nonetheless, exercise could be a 
possible confounding and unmeasured variable with regards to the NK 
cell kinetics. Another limitation is that all of the observed symptomatic 
infections in this study were mild in severity. The final limitation of this 
study is that, due to limited numbers of cryopreserved PBMCs per 
participant, we did not have sufficient cells to conduct in-vitro func
tional or transcriptional studies of NK cells. 

Finally, it is interesting to note that in contrast to males, in which 
46% developed symptomatic infection, all 10 females who were PCR 
positive for SARS-CoV-2 in this analysis had symptomatic infection. 
These results are in line with the CHARM cohort overall, in which 
infected females were more often symptomatic than infected males. In 
general, males have higher rates of hospitalization and mortality 
compared to females (Gomez et al., 2021; Nguyen et al., 2021). The 
CHARM study suggests that for mild infections in young and healthy 
adults, females may be more likely to have symptoms than males. 
Sensitivity analysis revealed a similar magnitude of difference in NK cell 
frequencies between symptomatic and asymptomatic individuals when 
female participants were excluded, but the differences were not statis
tically significant (potentially due to reduced power from analyzing a 

smaller number of symptomatic participants). 
In conclusion, we observed that individuals who developed symp

tomatic COVID-19 infection had significantly fewer NK cells before they 
were infected compared to those who had asymptomatic infection. We 
also found that circulating frequencies of total and mature NK cell 
decrease while immature NK cells increase over the first month 
following initial infection. These findings suggest that NK cells may play 
a protective role in controlling the clinical severity of SARS-CoV-2 
infection. 
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