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Rome, Italy, 2Local Public Health Office, Azienda Sanitaria Locale (ASL) Roma 1, Rome, Italy,
3Laboratory of Virology, National Institute for Infectious Diseases Lazzaro Spallanzani-IRCCS, Rome,
Italy, 4Unità Operativa Complessa (UOC) Microbiology and Virology, Azienda Sanitaria Locale (ASL)
Roma 1-San Filippo Neri Hospital, Rome, Italy, 5Unità Operativa Semplice (UOS) Professioni Sanitarie
Tecniche, National Institute for Infectious Diseases Lazzaro Spallanzani-IRCCS, Rome, Italy,
6Laboratory of Cellular Immunology, National Institute for Infectious Diseases Lazzaro Spallanzani-
IRCCS, Rome, Italy, 7Unità Operativa Complessa (UOC) Transfusion Medicine and Stem Cell, San
Camillo Forlanini Hospital, Rome, Italy, 8Respiratory Infectious Diseases Unit, National Institute for
Infectious Diseases Lazzaro Spallanzani-IRCCS, Rome, Italy, 9Clinical Division of Infectious Diseases,
National Institute for Infectious Diseases Lazzaro Spallanzani-IRCCS, Rome, Italy, 10Clinical
Epidemiology, National Institute for Infectious Diseases Lazzaro Spallanzani-IRCCS, Rome, Italy
Objective: To better define the immunopathogenesis of COVID-19, the

present study aims to characterize the early immune responses to SARS-

CoV-2 infection in household contacts of COVID-19 cases. In particular,

innate, T- and B-cell specific responses were evaluated over time.

Methods: Household contacts of COVID-19 cases screened for SARS−CoV−2

infection by nasopharyngeal swab for surveillance purposes were enrolled (T0,

n=42). Of these, 28 subjects returned for a follow-up test (T1). The innate response

was assessed by detecting a panel of soluble factors by multiplex-technology in

plasma samples. Cell-mediated response was evaluated by measuring interferon

(IFN)-g levels by ELISA in plasma harvested fromwhole-blood stimulatedwith SARS

−CoV−2 peptide pools, including spike (S), nucleocapsid (N) and membrane (M)

proteins. The serological response was assessed by quantifying anti-Receptor-

Binding-Domain (RBD), anti-Nucleocapsid (N), whole virus indirect

immunofluorescence, and neutralizing antibodies.
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Results: At T0, higher levels of plasmatic IFN-a, IL-1ra, MCP-1 and IP-10, and

lower levels of IL-1b, IL-9, MIP-1b and RANTES were observed in subjects with

positive swab compared to individuals with a negative one (p<0.05). Plasmatic

IFN-a was the only cytokine detectable in subjects with positive SARS-CoV-2

swabs with high accuracy for swab score positivity (0.93, p<0.0001). Among

subjects with positive swabs, significant negative correlations were found

among the RT-PCR cycle threshold values reported for genes S and N and

IFN-a or IP-10 levels. At T0, the IFN-g T-cell specific response was detected in

50% (5/10) of subjects with positive swab, while anti-RBD/anti-N antibodies

showed a positivity rate of 10% (1/10). At T1, the IFN-g T-cell specific response

was detected in most of the confirmed-infection subjects (77.8%, 7/9), whereas

the serological response was still observed in a minority of them (44.4%, 4/9).

Overall, the swab test showed a moderate concordance with the T-cell

response (78.6%, k=0.467), and a scarce concordance with the serological

one (72.9%, k=0.194).

Conclusions: Plasmatic IFN-a and the IFN-g T-cell specific response appear

early even in the absence of seroconversion, and show a greater positivity rate

than the serological response in household contacts with positive swab.
KEYWORDS

household contacts, COVID-19, SARS-CoV-2, T-cell response, Interferon-alpha (IFN-a),
Interferon-gamma (IFN-g) release assay (IGRA), whole blood, spike protein
Introduction

The COronaVIrus Disease (COVID-19) caused by the

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV-2) is a new zoonosis that has spread since December

2019. SARS-CoV-2 infection occurs with a variety of clinical

syndromes; most people present a less severe disease and remain

asymptomatic or paucisymptomatic, while approximately 20%

of people (at least with the ancestral strain) develop severe

respiratory symptoms, which may lead to hospital admission

and eventually to death (1–4). The host itself seems to be the

major factor explaining disease severity, infection rates (5, 6),

and long-term medical consequences (7).

The host response to SARS-CoV-2 infection described

during the first epidemic wave, before vaccination, is crucial to

understand the mechanisms of effective host-defence in naïve

populations. Evidence indicates that a coordinated innate and

adaptive immune response, that includes both T and B cells, is

necessary to mount an appropriate immune protection that

counteracts SARS-CoV-2 infection (8, 9). The T-cell response

is also crucial against the variants of concerns (10).

Soluble factors including cytokines, chemokines and

growth factors act, both locally and systemically, influencing

the release of innate immune cells from the bone marrow into
02
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circulation, as well as their recruitment to inflamed and

infected tissues (11).

The variability in innate immune system components has

been correlated to the heterogeneous disease courses observed in

COVID-19 patients (12). Increased pro-inflammatory or anti-

inflammatory cytokines, including T helper type-1 and type-2

cytokines and chemokines, were reported (13–16). Interleukin

(IL)-1b, IL-6, IL-8, and Interferon (IFN)-g-inducible protein

(IP-10) were found to be correlated with severe or fatal outcome

(17–19). Strong evidence has also shown that innate immunity

mediated by type I IFN responses contributes to protection

against critical illness (20–22).

Many studies evaluating immune correlates of protection

against SARS-CoV-2 focused on the detection of neutralizing

antibodies (23–26). However, antibodies are absent in the early

stages of the disease or not detectable in patients with less severe

forms of COVID-19 (27–29). Levels of neutralizing antibodies

are highly variable (1) and antibody titers wane over time (30,

31). Moreover, there is no agreement on the cut off and, so far,

no correlates of protection are available.

Conversely, T-cell response is detectable during acute

disease and in recovery and is more durable (32–35). Different

works validated a whole-blood test based on IFN-g release for

the detection of a SARS-CoV-2 specific T-cell response to
frontiersin.org
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discriminate COVID-19 patients from uninfected individuals,

and to monitor the immune response in vaccinated individuals

(13, 36–40).

Both innate and adaptive immune responses are involved in

virus clearance, inhibition of virus replication and promotion of

tissue repair. Lack of coordination among the immune responses

has been associated with poor outcome as in the elderly (41).

Accordingly, it is of great importance to evaluate the

combination, as well as the timing (kinetics) of both immune

responses against COVID-19 disease, starting from the earliest

stages. This acquired knowledge can be useful for new diagnostic

tools or therapy interventions. However, there is a lack of

longitudinal studies on the combined analysis of innate

immunity, serological and T-cell specific responses against

SARS-CoV-2 in the same patient population during the first

epidemic wave (42). Therefore, in this study, we characterized

the innate and adaptive immune responses in individuals early

exposed to SARS-CoV-2, who have presented an asymptomatic

or mild COVID-19, correlating the results with the outcome of

the nasopharyngeal swab.
Materials and methods

Study population

The prospective study was conducted between February 10th

and June 17th 2021. The Ethical Committee of the National

Institute for Infectious Diseases (INMI) L. Spallanzani approved

the study (approval number 247/2021).

The study population was selected based on the probability

of having or not a recent SARS-CoV-2 infection compared to a

control population. Household contacts of confirmed COVID-

19 cases were enrolled among the subjects screened for

surveillance purposes at the drive in at the ASL Roma 1 Santa

Maria della Pietà (Rome, Italy). These subjects were screened for

SARS-CoV-2 infection by nasopharyngeal swab to detect early

household’s positivity. The enrolled subjects were tested at two

time points: at the execution of the first swab (T0) and for a

follow-up test after 7-20 days (T1), end of the quarantine period.

In addition to these individuals, 53 COVID-19 patients with

acute disease were recruited as positive controls. Inclusion

criteria for COVID-19 patients were a diagnosis based on a

positive nasopharyngeal swab for SARS-CoV-2 and a disease

with the clinical characteristics already described (43). The

COVID-19 group included patients with a moderate, severe or

critical disease according to WHO (44). These patients were

classified based on the highest severity score of the disease

occurring during the hospitalization as described (36, 45).

“NO-COVID-19”-individuals were enrolled among healthy

blood donors (HD) from Transfusional Medicine and Stem Cells

Unit at the San Camillo Forlanini hospital (Rome, Italy).

Inclusion criteria for the “NO-COVID-19” group were:
Frontiers in Immunology 03
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negative SARS-CoV-2 serology and/or negative swab and no

symptoms of COVID-19.

Exclusion criteria for the enrollment were: HIV infection,

having rece ived vaccinat ion against SARS-CoV-2,

communication of a previous SARS-CoV-2 infection,

incapability to sign an informed consent, and age ≤18 years.

All the enrolled patients and controls signed a written

informed consent. Demographic and clinical information were

obtained at the time of enrollment.
SARS-CoV-2 molecular testing

The molecular research of SARS-CoV-2 in nasopharyngeal

swabs was performed using Seegene automated instrumentation

(Seegene Inc., Seoul, Republic of Korea). The procedure involves

the extraction of RNA using the NIMBUS/STARlet system and

STARMag Universal Cartridge kit. The instrumentation

automatically sets microplates, which are then processed on

the real-time PCR Biorad CFX96 (Bio-Rad Laboratories, CA,

USA). Seegene’s Allplex SARS-CoV-2 Assay was used as real-

time PCR method; it detects, in a single tube, RdRP, S and N

genes for SARS-CoV-2. Allplex SARS-CoV-2 Assay was the

evolution of the technology developed by Seegene in 2020, based

on the Corman protocol (46).
SARS−CoV−2 peptide pools

Stimulations were performed with peptide pools of 15 amino

acid length with an 11 amino acid overlap encompassing the

sequence of the SARS−CoV−2 spike protein (PepTivator®

SARS-CoV-2 Prot_S1, Prot_S, and Prot_S+), nucleocapsid

phosphoprotein (PepTivator® SARS-CoV-2 Prot_N), and

membrane glycoprotein (PepTivator® SARS-CoV-2 Prot_M).

A final concentration of 0.1 µg/mL was used for S and M peptide

pools, whereas a concentration of 1 µg/mL was used for N

peptide pool according to a previous study (36). All peptides

wer e purcha s ed f rom Mi l t eny i B io t e c (Berg i s ch

Gladbach, Germany).
IFN-g whole-blood assay

Cell-mediated immune response was evaluated using an IFN-g
release test based on the stimulation of whole-blood. Briefly,

heparinized whole-blood (600 µL) was stimulated or not with

SARS−CoV−2 peptide pools in a 48-well flat-bottom plate and

incubated at 37°C (5% CO2) for 20-24h. After overnight

stimulation, plasma was harvested and stored at -80°C until

further analysis. IFN-g levels were quantified by ELISA, according

to manufacturer’s instructions (www.quantiFERON.com) and

reported after subtracting the unstimulated control. The detection
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limit of the test was 0.065 IU/mL. For pools S and N, IFN- g levels ≥
0.13 IU/mL indicated a positive response, whereas for pool M the

cut-off was ≥ 0.19 IU/mL according to the receiver operating

characteristic (ROC) analysis performed comparing COVID-19

patients and “NO-COVID-19” subjects (36).
SARS-CoV-2 antibody testing

The serological response was evaluated by measuring anti-

Receptor Binding Domain (RBD) (ARCHITECT SARS-CoV-2

IgG II Quantitative, Abbott Laboratories, Wiesbaden, Germany),

anti-Nucleocapsid (N) (ARCHITECT SARS-CoV-2 IgG, Abbott

Laboratories) and neutralizing antibodies. Anti-N IgG are

expressed as index values, i.e., Sample/Cutoff (S/CO), and

values ≥ 1.4 indicate positive samples. Anti-RBD IgG are

expressed as Binding Antibody Units (BAU/mL) and values ≥

7.1 are considered positive.

The micro-neutralization assay (MNA) was performed as

previously described (47), using the SARS-CoV-2/Human/ITA/

PAVIA10734/2020 (isolated in March and provided by Fausto

Baldanti, Pavia, Italy). The test is based on the evaluation of the

cytopathic effect (CPE) at 48h after the infection of Vero E6 cells

with 7 two-fold serial dilutions of the virus-serum mixture. The

neutralization titer was expressed as the reciprocal of serum

dilution (MNA90), i.e., the highest serum dilution inhibiting at

least 90% of the CPE. The positivity threshold was set at 1:10.
Indirect immunofluorescence assay (IFA)

To verify the specificity of cell-mediated and serological

responses in subjects with negative swab, an indirect

immunofluorescence assay was performed using home-made

slides prepared with SARS-CoV-2-infected Vero E6 cells, as

described elsewhere (48).
Cytokines/chemokines evaluation

To evaluate the cytokine/chemokine profile, blood was collected

in heparinized tubes and processed within 2 hours from collection.

Briefly, plasma was separated by centrifuging the blood at 500 x g

for 10 minutes, aliquoted and stored at -80°C until use.

Unstimulated plasma samples were analysed using the Bio-Plex

Pro Human Cytokine 27-plex Assay and the MagPix system,

according to manufacturer’s instructions (all from Bio-Rad,

Hercules, CA, USA). The multiplex allowed the detection of the

following cytokines, chemokines and growth factors: interleukin

(IL)-1b, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-
12p70, IL-13, IL-15, IL-17A, eotaxin, basic fibroblast growth factor

(FGF), granulocyte-colony stimulating factor (G-CSF), granulocyte-

macrophage colony-stimulating factor (GM-CSF), IFN-g, IP-10,
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monocyte chemoattractant protein-1 (MCP-1), macrophage

inflammatory protein (MIP)-1a, MIP-1b, platelet-derived growth

factor (PDGF), RANTES (regulated on activation, normal T-cell

expressed and secreted), tumour necrosis factor-alpha (TNF-a),
vascular endothelial growth factor (VEGF). Data were generated

using the Bio-Plex Manager software. Concentrations below the

detection range were considered zero and samples acquired with a

bead count <50 were excluded from the analysis.

In addition, unstimulated plasma samples were tested for

IFN-a and-b by an automatic ELISA (ELLA, protein simple,

R&D System, Minneapolis, MN, USA). The limit of detection of

IFN-a was 0.51 pg/mL, whereas for IFN-b was 1.03 pg/mL.
Statistical analysis

The Graph Pad software (GraphPad Prism 8 XML ProjecT,

San Diego, CA, USA) was used for the statistical analysis. IFN-g
levels and anti-RBD, anti-N and neutralizing antibody titers were

reported as median and interquartile range (IQR), whereas

categorical variables were reported as count and proportion.

The following non-parametric statistical inference tests were

used: Chi-square or Fisher’s exact test for categorical variables

with Bonferroni correction when appropriate, Mann-Whitney U-

test and Wilcoxon signed rank test for pairwise comparisons (for

unpaired and paired data, respectively), the Kruskal-Wallis test

and the Dunn’s multiple comparisons test for comparisons among

groups. Correlations between assays were assessed by non-

parametric Spearman’s Rank test. Spearman’s rho >0.7 was

considered high correlation, 0.7 >rho>0.5 moderate correlation

and rho<0.5 low correlation. ROC analysis was used for evaluating

the area under the curve (AUC) and the diagnostic performance.

Cohen’s kappa was used to assess the agreement between two

assays. Two-tailed p-values <0.05 were considered significant.
Results

Description of the studied population

The study cohort consisted of 111 individuals. In particular,

we prospectively enrolled 42 household contacts of laboratory-

confirmed COVID-19 cases, and 53 COVID-19 patients and 16

“NO-COVID-19” individuals as control groups (Table 1).

The three groups showed significant difference with respect

to age (p>0.0001). Among household contacts, 10/42 (23.8%)

scored positive for the swab on the day of sample collection (T0)

(Figure 1). After 7-20 days (T1) from the first swab, 28 subjects

returned to the follow-up. Among them, 19/20 of the subjects

remained swab negative, whereas one individual, who scored

negative in the first swab, became positive in the second one. All

subjects scored swab positive at baseline remained positive at the

follow-up (n=8) and had a mild COVID-19.
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A specific plasma cytokine/chemokine
profile was found in household contacts
with positive swab compared to those
with a negative swab

To characterize the cytokine/chemokine profile of early

SARS-CoV-2 infections, the levels of several cytokines,

chemokines and growth factors were assessed in the plasma of

the enrolled household contacts at baseline (T0) and at the

follow-up (T1). At T0, a different cytokine/chemokine profile
Frontiers in Immunology 05
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was found in subjects with a swab positive result. In particular,

significant higher levels of IFN-a, IL-1ra, MCP-1 and IP-10 were

detected in the plasma of swab positive subjects compared to

individuals with negative ones (p<0.0001, p=0.007, p=0.046 and

p<0.0001, respectively) (Figures 2A–D). By contrast, lower

levels of IL-1b, IL-9, MIP-1b and RANTES were found

compared to swab negative subjects (p=0.036, p=0.005,

p=0.003 and p=0.026) (Figures 2E–H). No significant

differences were observed at the follow-up for these cytokines

(Supplementary Figure S1) neither at both time points for the
TABLE 1 Demographical and clinical characteristics of the 111 enrolled subjects.

Characteristics Household
contacts

COVID-19 hospitalized
patients

NO-COVID-19 subjects
(blood donors)

P
value

N (%) 42 (37.8) 53 (47.7) 16 (14.4)

Age median (IQR) 48 (29-55) 58 (52-71) 42 (38-54) <0.0001*

Male N (%) 20 (47.6) 34 (64.1) 12 (75.0) 0.104§

Origin N (%) West Europe 39 (92.8) 50 (94.3) 16 (100) 0.434§

East Europe – 2 (3.8) –

Asia 1 (2.4) 1 (1.9) –

South America 2 (4.8) – –

Swab positive results at the time of
enrolment N (%)

10 (23.8) 53 (100) 0 (0)

Days from symptom onset N (%) 1-7 – 22 (41.5) –

8-14 – 21 (39.6) –

15-30 – 8 (15.1) –

> 30 – 2 (3.8) –

Cycle threshold (Ct) values gene S 24.2 (19.6-32.3) – –

gene N 22.9 (19.2-31.1) – –

Days of exposure median (IQR) 4 (4-5) – –

Time of follow-up N (%) Available 28 (66.7)

≤ 7a 13 (46.5)

8-14 9 (32.1)

15-20 6 (21.4)

Severity N (%)# Moderate – 14 (26.4) –

Severe – 30 (56.6) –

Critical – 9 (17.0) –

Cortisone therapy N (%) Available – 40 (75.5) –

26 (65)

Other diseasesb Available 7 (16.7) 0 (0) 0 (0)

Metabolic
disease

1 (14.3) – –

Cardiovascular
disease

3 (42.8) – –

Cancer in
therapy

1 (14.3) – –

Thyroid disease 2 (28.6) – –

Neurological
disease

1 (14.3) – –
frontie
COVID-19, coronavirus disease 19; N, number. *Kruskal–Wallis statistic test. §Chi-square test. #WHO criteria (ref WHO). The information regarding the hospitalized COVID-19 patients
receiving or not cortisone was available only for 40 subjects (75.5%). Among these 40 subjects, only 26 (65%) were under cortisone therapy at the time of enrolment.
aOnly one subject returned after 6 days.
bOf them, 2 subjects scored positive for the swab but they were able to mount both T-cell and antibody response.
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other soluble factors tested (Supplementary Figures S2, S3).

ROC curve analysis showed that the highest AUC was associated

with IFN-a (AUC: 0.93, 95% CI: 0.81-1.00, p<0.0001) followed

by IP-10 (AUC: 0.92, 95% CI: 0.82-1.00, p<0.0001) (Table 2).

Moreover, within the cohort of swab positive subjects,

significant negative correlations were found between the RT-PCR

Cycle threshold (Ct) values reported for genes S and N and IFN-a
(IFN-a vs gene S: rho= -0.635, p=0.009 and IFN-a vs gene N: rho=

-0.591, p=0.022), or IP-10 levels (IP-10 vs gene S: rho= -0.677,

p=0.004 and IP-10 vs gene N: rho= -0.629, p=0.010) (Table 3 and

Supplementary Figure S4).

In addition, no significant modulations were observed

comparing the two time points, except for the chemokine

MIP-1a that showed a significant increase at T1 in swab

negative subjects (p=0.008) (Supplementary Table S1).

Interestingly, at T0 the IFN-a was the only cytokine

specifically detectable in subjects with positive swab and no

longer detectable in most of the subjects at follow-up.
The IFN-g-specific T-cell response to
SARS-CoV-2 peptide pools was early
detected in household contacts

The adaptive immune response includes both cell-mediated

and humoral response. Regarding the cell-mediated response,

the positivity rate was evaluated considering any positive T-cell

response regardless of the peptides used. In the household
Frontiers in Immunology 06
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contacts tested at T0, we found a specific T-cell response in

50% (5/10) of swab positive subjects. All these individuals

responded to pool S, 3 of them scored positive also to N-

specific stimulation, while only 1 individual tested positive to

N-, M- and S-specific stimulations (Figures 3A-D). Among

subjects with negative swab (n=32), 4 individuals (12.5%)

showed a specific T-cell response. In particular, all subjects

responded to pool S, whereas 2/4 to pools N or M (Figure 3D,

right panel).

At T1, the specific T-cell response to SARS-CoV-2 peptide

pools was detected in most of the swab positive subjects

(77.8%, 7/9) (Figures 3A-C) , of whom all subjects

responded to pool S, two individuals to both pools S and N

and four subjects to all three peptide pools (Figure 3E, left

panel). Among subjects with negative swab (n=19), five

individuals (26.3%) showed a specific T-cell response

(Figure 3E, right panel). In particular, three subjects

responded to pool S, 1/5 to pool N and 4/5 to pool M.

In the “NO COVID-19” group the response to all three peptide

pools was absent in most of the subjects (14/16, 87.5%), indicating a

good accuracy of this test to discriminate “NOCOVID-19” subjects

from COVID-19 patients (pool S: p=0.0062; pool N: p=0.0043; pool

M: p=0.034) (Figures 3A-C). In the COVID-19 cohort, the specific

T-cell response to SARS-CoV-2 peptide pools was detected in

75.5% (40/53) of the individuals. Half of them responded to all

three peptide pools regardless of the number of days elapsed since

the onset of symptoms (Figure 3F). To note, the percentage of

positive T-cell responders among COVID-19 patients was similar to
FIGURE 1

Flow chart of the enrolled household contacts of COVID-19 cases. Household contacts of COVID-19 cases (n=42) were enrolled and analyzed
at the execution of the first nasopharyngeal swab (T0) and after 7-20 days (T1), at the end of the quarantine period. Twenty-eight of these
subjects returned to follow-up. Footnote: COVID-19, COronaVIrus Disease 2019.
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the percentage observed in swab positive household contacts at T1

(7-20 days from the first swab) (Figure 3E left panel). Differently, at

T0 most of the responders scored positive for both pools S and N,

but not for pool M (Figure 3D left panel).

Regarding the quantitative response, significant differences

were observed between IFN-g levels of COVID-19 patients and
Frontiers in Immunology 07
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those detected at T0 in the swab negative cohort of household

contacts in response to all three peptide pools (p<0.0001 for both

pools S and N, p=0.0058 for pool M). These differences persisted

also at T1 for pools S and N (p=0.014 and p=0.013, respectively)

(Figures 3A-C). On the contrary, the magnitude of the IFN-g-
specific response to all peptide pools was not significantly
TABLE 2 Accuracy of the eight plasmatic cytokines/chemokines significantly modulated between swab-positive and swab-negative household
contacts.

Cytokines/Chemokines ROC AUC 95% CI p

IFN-a 0.93 0.81-1.00 <0.0001

IL-1b 0.73 0.55-0.90 0.033

IL-1ra 0.77 0.60-0.95 0.011

IL-9 0.76 0.61-0.92 0.013

IP-10 0.92 0.82-1.00 <0.0001

MCP-1 0.70 0.48-0.93 0.057

MIP-1b 0.78 0.64-0.93 0.007

RANTES 0.71 0.54-0.88 0.048
frontie
AUC, area under the curve; CI, confidence interval.
A B D

E F G H

C

FIGURE 2

Plasmatic cytokines/chemokines modulated in household contacts at baseline. (A–H) Household contacts at T0 (n = 38) were stratified
according to the swab result: positive (n = 10) and negative (n = 28). Plasma harvested from unstimulated blood samples were tested for the
detection of 27 cytokines/chemokines using the Bio-Plex Pro Human Cytokine 27-plex Assay and for the detection of IFN-a and-b by means of
an automatic ELISA. Red horizontal lines indicate medians. The green triangle identifies the subject with a positive swab only at T1. Statistical
analysis was performed using Mann-Whitney U test to compare swab positive and negative subjects. A p < 0.05 was considered significant. IL,
interleukin; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; IP, Interferon-gamma induced protein; RANTES,
regulated on activation IFN, interferon.
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different between COVID-19 patients and swab positive

household contacts (p>0.05).
The serological response was detected in
a minority of household contacts

Regarding the serological response, the positivity rate was

evaluated considering any antibody response detected regardless

of the antibody type considered. Only a minority of household

contacts with positive swab showed anti-RBD/anti-N/neutralizing

antibodies at baseline (1/10, 10%) (Figures 4A-C). Among

individuals scored negative for the swab, 4 were positive for the

serology (4/32, 12.5%): 3 subjects scored positive to both serological

and cell-mediated responses, whereas one individual had only anti-

RBD antibodies (Figure 4D). Among the total 5 subjects with

detectable RBD/anti-N antibodies at T0, the neutralizing antibodies

were detected in 3/5, of whom 2were swab negative (Figure 4C). At

T1, the serological response was still found only in a minority of

swab positive subjects (44.4%, 4/9) (Figure 4E). No significant

different proportions of antibody responders were found between

swab positive subjects and negative ones (Figure 4).

Samples of the three seroconverted patients with positive

swab were collected after 7 days, 14 days and 20 days from T0.

For the other patients that did not seroconvert, samples were

collected at 8 days (for 2 subjects), 10 days (for 2 subjects) and 18

days (for one individual) from T0. Due to the similarity of the

time range, we cannot correlate the seroconversion score to the

collection time. In the subjects analysed, the seroconversion

score probably depends on the individual variability.

In particular, 3 subjects had both anti-RBD and anti-N

antibodies, whereas one showed only anti-N antibodies.

Neutralizing antibodies were detected in all 4 subjects with

anti-RBD antibodies at T1, of whom one was also swab

negative (Figure 4C).

To verify the SARS-CoV-2 specificity of the T-cell and

serological responses observed in swab negative subjects, an
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indirect immunofluorescence assay was performed. The

immunofluorescence IgG, IgM or IgA data revealed that subjects

scored positive for the T-cell response but not for the serology (T0:

n=1 and T1: n=4, see Figures 4D, E), were confirmed negative for

antibody response (Supplementary Figure S5). Therefore, the T-

cell response detected in these swab negative subjects is probably

due to a cross-reactivity with other cold coronaviruses. By contrast,

in subjects scored positive for both T-cell response and serology

(T0: n=3 and T1: n=1, see Figures 4D, E), the immunofluorescence

resulted positive. To note, plasmatic IFN-a was undetectable in

these individuals. Therefore, the results suggest that these subjects

may have had a previous SARS-CoV-2 infection.
Kinetics of the immune responses in
household contacts

To evaluate the kinetics of humoral- and cell-mediated

immune responses to SARS-CoV-2 in the household contacts

of COVID-19 cases, we compared the immune responses at T0

and T1 in 28 subjects longitudinally sampled. We observed that

the number of responders to SARS-CoV-2 peptide pools, in

particular to pools S and N, increased from T0 (4/8, 50%) to T1

(7/9, 77.8%) among swab positive subjects, although the

difference was not significant (p=0.335) (Table 4). The same

trend was also observed for the antibody response, although the

total number of positive responders was still a minority (T0: 1/8,

12.5% vs T1: 4/9, 44.4%) compared to the T-cell response. A

significant increase of the magnitude of the SARS-CoV-2 IFN-g-
N-specific response was observed at T1 compared to T0 (T0

median: 0.01 IU/mL, IQR: 0.01-0.02 vs T1 median: 0.035 IU/mL,

IQR: 0.01-0.262, p=0.042) (Supplementary Figure S6). The

same trend was also observed for the IFN-g response to pool S

(T0 median: 0.01 IU/mL, IQR: 0.01-0.047 vs T1 median: 0.035

IU/mL, IQR: 0.01-1.103, p=0.053), although not significant.

Neither the quantitative IFN-g-M-response nor the humoral

one (anti-RBD or anti-N) showed significant differences
TABLE 3 Correlations between plasmatic cytokines/chemokines and RT-PCR cycle threshold (CT) values in swab-positive subjects.

Cytokines/Chemokines CT gene S CT gene N

rho p rho p

IFN-a -0.635 0.009 -0.591 0.022

IL-1b -0.069 0.790 0.138 0.607

IL-1ra -0.476 0.055 -0.376 0.151

IL-9 0.024 0.926 0.143 0.595

IP-10 -0.677 0.004 -0.629 0.010

MCP-1 -0.374 0.139 -0.302 0.254

MIP-1b 0.095 0.713 0.326 0.215

RANTES -0.212 0.411 -0.072 0.790
frontiers
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comparing T0 and T1 (p=0.318, p=0.426 and p=0.407,

respectively) (Supplementary Figures S6C-E).

Overall, the swab result showed a moderate concordance

with the T-cell response (78.6%, k=0.467; with at T0: 78.6%,

k=0.388 and at T1: 78.6%, k=0.536), and a scarce concordance

with the serological response (72.9%, k=0.194 with at T0: 69%,

k<1 and at T1: 78.6%, k=0.444).
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Discussion

A better understanding of the host immune responses to

natural SARS-CoV-2 infection is critical to understand in depth

the mechanisms of an effective host-defence in naïve

unvaccinated populations. The results of these investigations
A B
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FIGURE 3

T-cell response in household contacts of COVID-19 subjects. (A-C) Evaluation of IFN-g levels in response to SARS-CoV-2 peptides in
household contacts at T0 (n = 42) and T1 (n = 28) after whole-blood stimulation with 0.1 µg/mL of pools S (A) and M (C), and 1 µg/mL of
pool N (B). Healthy donors (n=16) and COVID-19 patients (n = 53) were used as negative and positive control groups, respectively. The
household contacts were stratified according to the swab result. The IFN-g levels were assessed in plasma from stimulated whole-blood
samples and reported by subtracting the background. The cut-off for each peptide pool was represented by a dashed line (pools S and N:
0.13 IU/mL; pool M: 0.19 IU/mL). Green triangle indicates the subject who scored positive only at T1. The red horizontal lines indicate the
median. (D, E) Venn diagrams show the number of household contacts of COVID-19 cases at T0 and T1 with a positive response to the
different SARS-CoV-2 peptides pools. (F) Venn diagrams show the number of confirmed hospitalized COVID-19 patients with a positive
response to the different SARS-CoV-2 peptides pools, stratifying the results also with respect to days from symptom onset. The statistical
comparison was done with the Kruskal-Wallis test and the Dunn’s multiple comparisons test, and p<0.05 was considered significant. IFN,
interferon; COVID-19, COronaVIrus Disease 2019; S, spike; N, nucleocapsid; M, membrane.
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can be useful to find new strategies for diagnosis and therapy. In

this study, we investigated both the innate and adaptive immune

responses in household contacts of COVID-19 cases followed

over time to characterize the early immune responses to SARS-

CoV-2 infection and their kinetics. By studying the innate

immune response and the two compartments of adaptive

immunity, T and B cells, we observed that each component of

the SARS-CoV-2 immune response exhibited a distinct kinetic.

One primary function of the innate immune system during

viral infection is limiting viral replication by inducing an

inflammatory response. Type I IFNs, mainly consisting of

IFN-a and IFN-b, represent the first rapid defensive line

against invading pathogens, being important regulators of the

adaptive immune response.

In the present study, we showed that the innate factor IFN-a
is rapidly induced in all SARS-CoV-2-infected subjects at early

stage of infection (T0). These patients were characterized by an

asymptomatic or mild COVID-19. After 7-20 days (T1), IFN-a
quickly disappeared. This data agrees with the type I IFN

response detected by a blood transcriptome analysis in a

cohort of subjects recently exposed to SARS-CoV-2 (42). We

extended the analysis to a large panel of soluble factors

identifying other cytokines/chemokines upregulated (IP-10, IL-

1ra, MCP-1) or downregulated (IL-9, IL-1b, RANTES, MIP-1b)
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at the earliest stage of infection in household contacts with a

positive swab. Among the cytokines/chemokines significantly

modulated, IFN-a discriminated infected individuals from non-

infected subjects with the highest accuracy.

Innate immunity mediated by type I IFN responses

contributes to the protection against critical illness in COVID-

19 (20–22). Indeed, SARS-CoV-2 has evolved several strategies

to evade antiviral innate immune responses by reducing type I

IFN levels acting at post-transcriptional level (49). In this regard,

low serum levels of IFN-a have been reported in severe COVID-

19 patients (50, 51) and associated with older age (52).

Ineffective IFN-mediated innate immunity, due to neutralizing

autoantibodies to type I IFNs and genetic polymorphisms

causing a reduced expression of type I IFN receptor or

inducible genes, has been strongly associated with inability to

control the primary SARS-CoV-2 infection and a high risk of

fatal COVID-19. In addition, the innate cell immunopathology

and a plasma cytokine signature characterized by elevated IP-10,

IL-6, and IL-8 levels have been also reported (18, 19, 53–57).

The up-regulated levels of IP-10, IL-1ra and MCP-1

observed in swab positive subjects are supported also by other

findings showing that the levels of these cytokines/chemokines

are prominent during the second week after disease onset and

are even more pronounced in severe patients (19, 58, 59). The
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FIGURE 4

Antibody response in household contacts of COVID-19 cases. Evaluation of SARS-CoV-2-specific anti-RBD (A), anti-N (B) and neutralizing (C)
antibodies in household contacts at T0 (n=42) and T1 (n=28). Anti-RBD, anti-N and neutralizing antibodies were evaluated in sera samples and reported
as Binding Antibody Units (BAU)/mL (A), Sample/Cutoff (S/CO) (B), and reciprocal of dilution (MNA90) (C), respectively. Red dots indicate subjects with
also a concomitant IFN-g specific response as shown in the figure legend. Green triangle indicates the subject with positive swab only at T1. Dashed
lines indicate the cut-off (anti-RBD: 7.1 BAU/mL; anti-N: 1.4 (S/CO); MNA90: 8). The black horizontal lines indicate the median. (D, E) Venn diagrams
show the number of household contacts of COVID-19 cases at T0 and T1 with an IFN-g response and/or the serological one (anti-RBD and anti-N).
Statistical analysis was performed using Fisher’s exact test with Bonferroni correction and p<0.01 was considered significant. IFN, interferon; COVID-19,
COronaVIrus Disease 2019; RBD, receptor binding domain; N, nucleocapsid.
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pro-inflammatory chemokine IP-10 and the monocyte

chemoattractant factor MCP-1 contribute to the excessive

inflammatory and immune response, favoring the recruitment

of monocytes, macrophages, and T cells to the infection sites.

The higher levels of IL-1ra found in the swab positive cohort are

probably the consequence of the inflammatory process in

progress. In this context, IL-1ra, as an early inhibitory

immune factor, acts by controlling the inflammatory response.

Serum concentrations of IL-1ra associated with COVID-19

severity. In particular, much higher levels of IL-1ra were

observed in severe cases, indicating the presence of an

overactive immune response (60, 61). The lower levels of the

pro-inflammatory factors IL-1b, RANTES and MIP-1b, and of

IL-9, a cytokine with direct and indirect effects on multiple cell

types that affect the development of immunity and

inflammation, may be indicative in our study cohort of a

controlled inflammatory process, in which the IL-1ra exerts an

effective action. Indeed, a higher production of IL-1b, RANTES,
MIP-1b and IL-9 have been found in the severe disease (18, 59,

62). The differences, in terms of cytokine amount, observed

between swab positive and negative subjects in our cohort are

highly significant (at least p=0.007) for certain immune factors

(IFN-a, IL-1ra, IP-10, IL-9 and MIP-1b). Moreover, the

cytokine levels detected are comparable with what was

reported in mild COVID-19 (61, 63). The cytokine profile

observed might be indicative of the ongoing immune response
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to SARS-CoV-2 infection that distinguishes swab positive

subjects from negative ones. Certainly, what we detect in the

plasma is only a partial mirror of what happens in the

respiratory tract, which is the target tissue of the virus. Further

longitudinal studies on a larger cohort of subjects early exposed

to COVID-19 and with different disease outcomes would be

important to learn more about.

Regarding the adaptive immune response, it has been

reported that CD4+ and CD8+ T-cell responses appear early

after infection (32, 36) or vaccination (64–67), cross-recognize

viral variants (10, 68), are over time stable and persist in

vulnerable populations, albeit with a low amount (37, 38). In

this manuscript, we showed that the T-cell response evaluated by

a simple IGRA method based on the stimulation of whole blood

with SARS-CoV-2 peptides from the S-, N-, or M-region,

appears simultaneously or later compared to the innate

immunity. It also increases over time becoming detectable in

the majority of infected subjects (77.8%) after 7-20 days from

the first swab. Moreover, the percentage of T-cell responders and

the magnitude of the response in swab positive household

contacts at T1 was similar to what was observed in the cohort

of COVID-19 patients (75.5%).

Among the peptides tested, the best stimuli were those for

the S- and N-region that detected the greater number of

responders among the infected subjects. On the contrary,

other works identified M- and N-related immunodominant
TABLE 4 T-cell and antibody responses in household contacts of COVID-19 patients evaluated at both time points (T0 and T1).

T0 T1

Positive swab
N = 8

Negative swab
N = 20

Tot N
=28

Positive swab
N = 9

Negative swab
N = 19

Tot N
= 28

P
value*

Positive T-cell
responders
N over total

4 (50) 2 (10) 6 (21.4) 7 (77.8) 5 (26.3) 12 (42.8) 0.335

Pool S responders
[N (% among positive T-
cell responders)]

4 (100) 2 (100) 6 (100) 7 (100) 3 (60) 10 (83.3) 0.335

Pool N responders
[N (% among positive T-
cell responders)]

3 (75) 1 (50) 4 (66.7) 6(85.7) 1 (20) 7 (58.3) 0.345

Pool M responders
[N (% among positive T-
cell responders)]

1 (25) 2 (100) 3(50) 4 (57.1) 4 (80) 8 (66.7) 0.294

Positive antibody
responders
N over total

1 (12.5) 1(5) 2 (7.1) 4 (44.4) 1 (10.5) 5 (41.7) 0.606

anti-RBD responders
[N (% among positive T-
cell responders)]

1 (100) 1 (100) 2 (100) 3 (75) 1 (100) 4 (80) 0.576

anti-N responders
[N (% among positive T-
cell responders)]

1 (100) 1 (100) 2 (100) 4 (100) 1 (100) 5 (100) 0.606
fronti
S, spike; N, nucleocapsid; M, membrane; RBD, receptor binding domain. *Chi-square test calculated among swab positive responders at the two time points.
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peptides as the most effective in detecting the T-cell response.

Discrepancies with our findings could be explained by the

different methodologies (IGRA method vs flow cytometry

analysis), populations analysed (household contacts early

exposed vs COVID-19 convalescent and not convalescent

patients), as well as the peptide format used (32, 69).

It is known that plasmatic type I IFN levels can be also

detectable in response to acute respiratory infections different

from SARS-CoV-2 (70). Differently, the IFN-g response detected
in the present study was specifically induced in vitro in response

to SARS-CoV-2 peptides. However, the detection of a T-cell

response also in some subjects with a negative swab and serology

(5 five subjects in our household cohort) could be ascribed: i) to a

cross-reactivity probably arising from previous seasonal

coronavirus exposure, ii) or to previous exposure to SARS-

CoV-2 without seroconversion or subsided antibody titers.

The presence of SARS-CoV-2-specific T-cell response, whether

due to SARS-CoV-2 infection or cross-reactivity, might explain

the mild symptoms in infected household contacts and the

resistance of other contacts to symptomatic SARS-CoV-2

infection (71).

By contrast, the humoral response was delayed by 1-2 weeks

compared to the T-cell response, and it was detectable only in a

minority (44%) of household contacts with confirmed infection.

To note, the antibody response was further assessed for its ability

to neutralize the virus. In this context, neutralizing antibodies

were detectable in the few subjects scored positive for the

serological response.

SARS-CoV-2 antibodies are detected later or can be absent

in patients with less severe forms of COVID-19 (27–29) and

their titers are not constant over time (31, 38, 72). Therefore,

the IFN-g T-cell specific response is important for viral

containment (8) and potentially useful for the detection of

infected subjects, even more in the context of the emerging

variants that escape the antibody response (73, 74).

The present study is unique in terms of clinical cohort

studied. In literature, the immune response in household

contacts of COVID-19 cases was studied at only one time

point (42, 71, 75, 76). Differently, our enrolled subjects were

analysed at two time points (i.e., at the first nasopharyngeal swab

and after 7-20 days), and with an easy-to-use assay to detect the

T-cell specific response discriminating among the responses to

N, M and S peptides. Moreover, both innate and adaptive

immunity were evaluated and correlated to the SARS-CoV-2

viral load detected in swab specimens. In this respect, we showed

that both plasma IFN-a and IP-10 levels were strongly

associated with the viral load in swab specimens. Moreover,

the swab test showed a moderate concordance with the T-cell

response (78.6%, k=0.467), whereas a scarce concordance with

the serological response (72.9%, k=0.194).

Some limitations of the study need to be considered. Firstly,

the number of the enrolled household contacts was relatively

small (42 subjects). This is due to the increasing uptake of the
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vaccination campaign that made more difficult the enrolment of

unvaccinated individuals. However, the results are robust and in

agreement with the recent findings generated in a larger cohort

(42). Secondly, SARS-CoV-2 infections included in this study

were likely caused by the Alpha variant, dominant between

February and June 2021. Therefore, innate and adaptive immune

responses may differ in timing and magnitude for the current

and future variants.

Another important consideration needs to be made

regarding the vaccination. In countries with high vaccination

coverage, the T-cell specific response against pool S or anti-RBD

antibodies cannot be longer used to discriminate infected and

not-infected subjects, therefore the T-cell response to pool N

might be a supporting approach for the diagnosis (9, 77).

In conclusion, we showed that household contacts with positive

swab for SARS-CoV-2 present detectable plasmatic IFN-a and a

viral–specific T-cell response, even in the absence of seroconversion,

thus representing better indicators of SARS-Co-V-2 exposure than

antibodies. The results of our exploratory study underline the role of

plasmatic IFN-a and viral–specific T-cell response for a better

understanding of the early immunological kinetic and for

epidemiological studies.
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Interferons (IFNs) are a group of cytokines with antiviral, antiproliferative,

antiangiogenic, and immunomodulatory activities. Type I IFNs amplify and

propagate the antiviral response by interacting with their receptors, IFNAR1

and IFNAR2. In COVID-19, the IFNAR2 (interferon alpha and beta receptor

subunit 2) gene has been associated with the severity of the disease, but the

soluble receptor (sIFNAR2) levels have not been investigated. We aimed to

evaluate the association of IFNAR2 variants (rs2236757, rs1051393, rs3153,

rs2834158, and rs2229207) with COVID-19 mortality and to assess if there

was a relation between the genetic variants and/or the clinical outcome, with

the levels of sIFNAR2 in plasma samples from hospitalized individuals with

severe COVID-19. We included 1,202 subjects with severe COVID-19. The

genetic variants were determined by employing Taqman® assays. The levels of

sIFNAR2 were determined with ELISA in plasma samples from a subgroup of

351 individuals. The rs2236757, rs3153, rs1051393, and rs2834158 variants were

associated with mortality risk among patients with severe COVID-19. Higher

levels of sIFNAR2 were observed in survivors of COVID-19 compared to the

group of non-survivors, which was not related to the studied IFNAR2 genetic

variants. IFNAR2, both gene, and soluble protein, are relevant in the clinical

outcome of patients hospitalized with severe COVID-19.
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Introduction

Interferons (IFNs) are a group of pleiotropic cytokines based

upon the expression of thousands of interferon-stimulated genes

(ISGs), such as antiviral, antiproliferative, antiangiogenic, and

immunomodulatory activities (1). The innate IFN type I and III

(a/b and g, respectively) amplify and propagate the antiviral

response. While responses to IFN-l are limited by receptor

expression to the mucosal epithelium, all nucleated cells respond

to IFN-a/b, being this IFN essential in the antiviral defense

mechanism (2).

Type I IFN binds to the receptor complex composed of IFN-

a/b receptors 1 and 2 (IFNAR1 and IFNAR2, respectively),

associated with the Janus kinases, Tyk2 and Jak1, respectively.

The activation of these kinases produces the tyrosine

phosphorylation of STAT1 and STAT2, leading to the

formation of a heterotrimer with the IFN-stimulated gene

factor 3 (ISGF3) transcription factor and with the IRF-family

member IRF-9 (1). The IFNAR2 subunit has a soluble isoform

(sIFNAR2) that can be produced by alternative splicing of the

IFNAR2 (interferon alpha and beta receptor subunit 2) gene

through a transcript that lacks the transmembrane and

cytoplasmic domain (3) or can be cleaved by specific proteases

such as TNF-alpha converting enzyme (known as TACE or

ADAMS) and presenilins (PSEN) (4).

There are scarce studies of sIFNAR2 levels in body fluids.

However, differences in the levels of this receptor have been

reported in patients with multiple sclerosis (5), in variable

clinical response to IFN-b treatment in the same disorder (6),

as well as in cytomegalovirus-related vascular pathologies (7).

Likewise, investigations including genetic variants in IFNAR2

are limited, but rare mutations in this gene have been found in

patients with immunodeficiency after measles-mumps-rubella

vaccination (2, 8).

In coronavirus disease 2019 (COVID-19), IFNAR2 has

demonstrated relevance in the available genetic association

studies. Pairo-Castineira, in collaboration with different

consortiums, performed a GenOMICC (Genetics Of Mortality

In Critical Care) genome-wide association study in 2,244

critically ill patients with COVID-19 from 208 UK intensive

care units. They reported that the rs2236757 IFNAR2 variant is

associated with critical illness among individuals with COVID-

19 (9). The locus also showed pleiotropic association with
02
22
COVID-19 severity using the summary data-based Mendelian

randomization (SMR) method (10). Likewise, other studies

using different methodologies have identified IFNAR2 as an

important causal gene of COVID-19 severity (11–14),

although the levels of the soluble receptor have not

been determined.

Single-nucleotide variants (SNVs) in IFNAR2 could lead to

variation in the receptor structure, affect the binding site to IFN,

or alter the gene expression (15). Currently, IFNAR2 SNVs have

not been widely studied, but several of them have been

investigated in the susceptibility to hepatitis B virus (16), and

an utterly IFNAR2 deficiency was observed in cases of

encephalitis-induced following measles, mumps, and rubella

vaccination (2).

We aimed to evaluate the association of IFNAR2 SNVs

(rs2236757, rs1051393, rs3153, rs2834158, and rs2229207)

with COVID-19 mortality and to assess if there was a relation

between the genetic variants and/or the clinical outcome, with

the levels of sIFNAR2 in plasma samples from hospitalized

subjects with severe COVID-19.
Subjects and methods

Subjects

We included 1,202 individuals with COVID-19, hospitalized

in the Instituto Nacional de Enfermedades Respiratorias Ismael

Cosio Villegas (Mexico City, Mexico) from July 2020 to March

2021. All patients were ≥18 years old and had a SARS-CoV-2

infection confirmed by reverse transcriptase-polymerase chain

reaction (RT-PCR) test. The study protocol was approved by the

local Research Ethics Committee (C53-20) and complied with

the Helsinki Declaration statements. Each participant or

patient’s relative was informed about the study and signed

informed consent before the sample acquisition.

The patients enrolled presented a severe COVID-19 since

they had dyspnea, a respiratory rate ≥30 breaths per minute,

blood oxygen saturation ≤90%, and PaO2/FiO2 ≤300. The

clinical outcome evaluated was the in-hospital mortality;

subjects were classified as survivors if they were discharged

from the hospital once a clinical improvement was achieved

and non-survivors if they died during the hospital stay.
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Genotyping

Genomic DNA was isolated by standard techniques from a

blood sample collected in tubes with EDTA as an anticoagulant.

The IFNAR2 rs2236757, rs1051393, rs3153, rs2834158, and

rs2229207 were assessed by Taqman® assays (C__11354003_30,

C___2443247_30, C___9479908_10, C__16072683_20,

C__16172148_10), according to the supplier instructions,

employing a StepOnePlus™ Real-Time PCR System (Applied

Biosystems, Carlsbad, CA, USA). The IFNAR2 SNVs were selected

according to a review of the scientific literature, the minor allele

frequencies of the variants in Mexican, American, or Latin

American populations, and the availability of genotyping

methodologies. Hardy-Weinberg equilibrium and linkage

disequilibrium analyses were assessed in Haploview (17).

Determination of soluble IFNAR2 levels
in plasma samples

The determination of the sIFNAR2 was performed in a

subgroup of 351 individuals, chosen from a total of 1,202

according to the following criteria: a) IFNAR2 genotypes, b)

the clinical outcome, and c) the sampling time considering the

days since symptoms onset. The sIFNAR2 levels were measured

in plasma samples acquired between 0 and 15 days after the

onset of the symptoms. The plasma samples were obtained by

centrifugation of blood samples in EDTA tubes at 4500 rpm for

5 minutes and stored at -80°C until assayed. The soluble form of

the subunit receptor was determined by the Human IFN alpha/

beta R2 ELISA Kit of Invitrogen (Catalog # EH248RB, Life

Technologies Corporation, Carlsbad, CA, USA), following the

manufacturer’s protocol. A standard curve was generated for

each plate including the following concentrations: blank, 0.16

ng/mL, 0.41 ng/mL, 1.02 ng/mL, 2.56 ng/mL, 6.4 ng/mL, and 16

ng/mL. The absorbance was read at 450 nm. Data were

processed using computer software that plots the mean

absorbance (y-axis) against the protein concentration (x-axis).

The supplier’s recommended reduction method was employed

to interpolate the samples’ absorbance for the concentration

estimation. All samples were assessed by duplicate, reporting in

ng/mL the mean values of the wells.

The blood group was determined by the serological test with a

Novaclone® kit (Licon,Mexico City, Mexico) to assess the influence

of the blood groups on the sIFNAR2 plasma levels. For this analysis,

blood group data was only available for 302 individuals.
Statistical analyses

Continuous data are presented as the median and

interquartile range (IQR), and categorical data are as

frequencies in percentage. Normal distribution was assessed

employing the Kolmogorov-Smirnov test. The association
Frontiers in Immunology 03
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study of IFNAR2 variants was performed in PLINK v1.07 (18).

As required, the sIFNAR2 values were compared with Mann-

Whitney U, Kruskal-Wallis, or Spearman’s rank correlation

tests. The results were evaluated for multiple comparisons with

the Benjamini-Hochberg method. The statistical analysis was

performed in R/Rstudio (19).
Results

Clinical and demographic data of
individuals with severe COVID-19

Four-hundred and twenty-six (35.4%) individuals with severe

COVID-19 died during their hospital stay. Non-survivors were

older (63 vs. 56 years old) and more frequently male than

survivors (OR=1.36, CI 95%=1.05-1.75). Comorbidities were

more frequent among non-survivors, but we observed

significant differences for pre-existing chronic respiratory

(OR=1.66, CI 95%=1.10-2.52) and ischemic heart (OR=2.33, CI

95%=1.30-4.20) diseases. A tendency was observed for systemic

arterial hypertension (p=0.06). Meanwhile, most individuals in

the non-survivor group required invasive mechanical ventilation

(IMV), and their hospital stay was longer for this group.

Dyspnea, cough, and fever were the most common

symptoms reported for individuals with severe COVID-19 in

both groups, while anosmia and emesis were the least frequent

clinical manifestations. We observed significant differences in

fever, myalgia, ageusia, chest pain, and anosmia, and these

symptoms were more frequent among the survivors’ group

than among non-survivors (Table 1).
IFNAR2 single-nucleotide variants are
associated with clinical outcomes among
individuals with severe COVID-19

The allele and genotype frequencies of IFNAR2 SNVs are

presented in Table 2. The genotypic frequencies of IFNAR2

single-nucleotide variants accomplish with Hardy-Weinberg

equilibrium, except for the rs2236757. The minor alleles of the

rs2834158, rs3153, and rs1051393 were more frequent in the

non-survivor group than in survivors. For the rs2229207 variant,

there were no significant differences in the allele and genetic

frequencies among the studied groups.

The genotype frequencies of rs2834158, rs2236757, and

rs3153 differed between the studied groups, although the

statistical significance did not remain after correction for

multiple comparisons. However, these two same variants were

associated with mortality risk in the analysis of the dominant

model (Table 3). Regarding the recessive model, there were no

significant differences in the genotype frequencies between the

study groups (Supplementary Table 1).
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In addition, we performed a linkage disequilibrium (LD)

analysis for the IFNAR2 variants included in the study. High D’

values (D’>0.80) were observed for the four variants included in

the analysis (the rs2236757 was excluded due to deviation to

Hardy-Weinberg equilibrium) (Supplementary Figure 1a);

however, a low r2 was observed for the rs2229207 with the

rs3153, rs1051393, and rs2834158 (r2 = 0.12) (Supplementary

Figure 1b). The solid spine method formed one block including

the four variants (rs3153/rs2229207/rs1051393/rs2834158).

According to the allele combinations, the haplotypes ATGT

and GTGC were associated with low and high mortality risk,

respectively (Table 4).
The levels of soluble IFNAR2 are related
to the clinical outcome of COVID-19

The sIFNAR2 levels were determined in 351 subjects with

severe COVID-19. Low values of sIFNAR2 (<1 ng/mL) were
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observed in 297 individuals, the median was 0 ng/mL (IQR 0 -

0.33 ng/mL), while the highest level was 55.89 ng/mL. We found

significantly higher sIFNAR2 levels among survivors than non-

survivors (p=0.027) (Supplementary Figure 2). Four individuals

exhibited high receptor levels, observed as outliers in the graph

(>30 ng/mL). The clinical and demographic data were revised

for each individual. However, we did not observe a striking

similarity: two of them survived, three were females, age range

55-66 years, they were no smokers, mostly without the studied

comorbidities, one was overweight, and three presented obesity,

the days since symptoms onset vary 2-11 days, and all presented

PaO2/FiO2 <200. We performed the analysis again, excluding the

outliers, and the significant difference in the sIFNAR2 levels

among groups remained (p=0.015, Figure 1). The subsequent

analyses were carried out without the outliers (n=347)

In addition, higher sIFNAR2 levels were found among

patients that did not use invasive mechanical ventilation when

compared to those ventilated (0.05 ng/ml [0.00-0.82 ng/mL] vs.

0.00 ng/mL [0.00-0.15 ng/mL]). A Spearman’s correlation test
TABLE 1 Demographic and clinical data of patients with severe COVID-19.

Non-survivors, n = 426 (%)a Survivors, n = 776 (%)a pb

Age, years 63 (55-71) 56 (48-64) <0.001

Sex (n,%)
Male
Female

301 (70.7)
125 (29.3)

496 (63.9)
280 (36.1)

0.018

Smoking 128 (30.0) 217 (28.0) 0.460

T2DM 134 (31.5) 203 (26.3) 0.060

Pre-existing Respiratory disease 46 (10.8) 53 (6.9) 0.020

Ischemic heart disease 26 (6.1) 21 (2.7) 0.005

SAH 162 (38.2) 254 (32.7) 0.060

IMV 395 (92.7) 468 (60.3) <0.001

Length IMV, days 18.8 (11-28) 7 (0-16) <0.001

BMI, kg/m2 28.74 (25.7-33.1) 29.7 (26.6-33.3) 0.025

Symptoms onset, days 8 (4-8) 8 (5-9) 0.122

Hospital stay, days 20 (13-29) 18 (11-28) 0.020

Symptoms (n,%)

Dyspnea 361 (84.7) 651 (84.2) 0.860

Cough 289 (68.0) 526 (68.0) 1.000

Fever 285 (67.1) 575 (74.3) 0.010

Myalgia 253 (59.5) 511 (66.1) 0.020

Arthralgia 248 (58.2) 485 (62.7) 0.130

Headache 183 (43.1) 353 (45.6) 0.420

Odynophagia 97 (22.8) 203 (26.3) 0.180

Rhinorrhea 73 (17.1) 118 (15.3) 0.410

Ageusia 41 (9.6) 116 (15.0) 0.010

Diarrhea 38 (8.9) 82 (10.6) 0.360a

Chest pain 31 (7.3) 88 (11.4) 0.026

Anosmia 14 (3.3) 68 (8.8) <0.001

Emesis 11 (2.6) 25 (3.2) 0.730
frontiers
Continuous data are presented as median (interquartile range, IQR) and categorical data as n and frequency in percentage (%). aClinical data were not available for some individuals.
bStatistical tests employed for the comparisons: Mann-Whitney U and Fisher’s Exact Test. BMI, body mass index; IMV, invasive mechanical ventilation; SAH, systemic arterial
hypertension; T2DM, Type 2 diabetes mellitus.
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showed a low correlation between sIFNAR2 levels and the length

(days) of invasive mechanical ventilation (p=0.004, rho= -0.160).

Nevertheless, this information should be cautiously considered

since some patients requiring invasive mechanical ventilation

did not accept the procedure, implying a possible bias in

the study.
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We evaluated if non-genetic factors influenced the sIFNAR2

values. Differences were observed when systemic arterial

hypertension was considered (Mann-Whitney U Test, p=0.003)

(Figure 2), and a weak correlation was found between sIFNAR2

levels and age or BMI (p<0.001, r=-0.253; p=0.012, r=0.135).
Meanwhile, no differences in the receptor levels were observed
TABLE 2 Genetic association study of IFNAR2 variants with mortality in patients with severe COVID-19.

IFNAR2 single-
nucleotide variant

All, n = 1202 Non-survivors, n = 426 Survivors, n = 776 p OR (CI 95%) FDRb

rs2834158

TT
TC
CC

412 (0.343)
563 (0.468)
227 (0.189)

126 (0.296)
209 (0.490)
91 (0.214)

286 (0.368)
354 (0.456)
136 (0.175)

0.029 1 (reference)
1.34 (1.02-1.75)
1.51 (1.08-2.13)

0.072

T
C

1,387 (0.577)
1,017 (0.423)

461 (0.541)
391 (0.459)

926 (0.597)
626 (0.403)

0.008 1.25 (1.06-1.48) 0.029

rs2236757a

AA
AG
GG

396 (0.330)
541 (0.450)
265 (0.220

119 (0.280)
205 (0.481)
102 (0.239)

277 (0.356)
336 (0.433)
163 (0.210)

0.023 1 (reference)
1.42 (1.07-1.87)
1.45 (1.04-2.02)

0.116

A
G

1,333 (0.554)
1,071 (0.446)

443 (0.520)
409 (0.480)

890 (0.573)
662 (0.427)

0.012 1.24 (1.05-1.47) 0.029

rs3153

AA
AG
GG

400 (0.333)
564 (0.469)
238 (0.198)

122 (0.286)
212 (0.498))
92 (0.216)

278 (0.358)
352 (0.454)
146 (0.188)

0.039 1 (reference)
1.37 (1.04-1.80)
1.43 (1.02-2.01)

0.065

A
G

1,364 (0.567)
1,040 (0.433)

456 (0.535)
396 (0.465)

908 (0.585)
644 (0.415)

0.018 1.22 (1.03-1.45) 0.030

rs1051393

GG
GT
TT

389 (0.324)
578 (0.481)
235 (0.195)

122 (0.286)
212 (0.498)
92 (0.216)

267 (0.344)
366 (0.472)
143 (0.184)

0.099 NA 0.124

G
T

1,356 (0.564)
1,048 (0.436)

456(0.535)
396 (0.465)

900 (0.580)
652 (0.420)

0.035 1.20 (1.01-1.42) 0.043

rs2229207

TT
TC
CC

811 (0.675)
348 (0.289)
43 (0.036)

286 (0.671)
125 (0.293)
15 (0.035)

525 (0.677)
223 (0.287)
28 (0.036)

0.974 NA 0.974

T
C

1,970 (0.819)
434 (0.181)

697 (0.818)
155 (0.182)

1,273 (0.820)
279 (0.180)

0.895 NA 0.895
frontier
aDeviation from Hardy-Weinberg Equilibrium p<0.01; bBenjamini-Hochberg method. CI, confidence interval; FDR, false discovery rate; NA, does not apply; OR, odds ratio.
TABLE 3 Dominant model analyses for IFNAR2 genetic variants were included in the study.

IFNAR2 single-nucleotide variant Genotypes Non-survivors
n = 426

Survivors
n = 776

p OR (CI 95%) FDRb

rs2834158 TT
TC + CC

126 (0.296)
300 (0.704)

286 (0.369)
490 (0.631)

0.011 1.38 (1.07-1.79) 0.027

rs2236757a AA
AG +GG

119 (0.279)
307 (0.721)

277 (0.357)
499 (0.643)

0.006 1.43 (1.10-1.85) 0.030

rs3153 AA
AG + GG

122 (0.286)
304 (0.714)

278 (0.358)
498 (0.642)

0.011 1.39 (1.07-1.79) 0.019

rs1051393 GG
GT + TT

122 (0.286)
304 (0.714)

267 (0.344)
509 (0.656)

0.041 1.3 (1.01-1.69) 0.061

rs2229207 TT
TC + CC

286 (0.671)
140 (0.329)

525 (0.677)
251 (0.323)

0.854 NA 0.854
s

aDeviation from Hardy Weinberg Equilibrium p<0.01; bBenjamini-Hochberg method. CI, confidence interval; FDR, false discovery rate; NA, it does not apply; OR, odds ratio.
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according to sex, respiratory and ischemic heart diseases, or

diabetes, although higher sIFNAR2 levels were observed in

patients without the comorbidities (Supplementary Figures 3-5).

Moreover, the plasma levels of sIFNAR2 were compared

according to the blood type as a previous report has suggested

that cytokines’ levels are different for the O and A/B/AB

individuals (20). We found a marginal difference in sIFNAR2

values according to the blood groups (p=0.048), but the

difference was lost when the outliers were excluded (p=0.112)

(Supplementary Figure 6).

Moreover, we evaluated whether the sIFNAR2 levels were

influenced by the sampling time. We did not find a correlation

between the sIFNAR2 levels and the sampling day after

symptoms onset (p=0.857, r=0.010, Spearman’s correlation

test), and no difference in the sampling day after symptoms

onset was observed among the survivor and non-survivor groups

(9 [6-9 days] vs. 8 [5-9 days], p=0.122, Mann-Whitney U test).

Finally, we neither observed any influence of the IFNAR2

rs2236757, rs1051393, rs3153, rs2834158, and rs2229207 on

the sIFNAR2 plasma levels in individuals with severe COVID-

19 (Supplementary Figures 7-11).
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Discussion

The dynamics of cytokines have been crucial in individuals’

progress with COVID-19. Variability in the cytokines and their

receptors levels are related to the severity and clinical outcome of

COVID-19. To the best of our knowledge, this is the first study

reporting the plasma levels of sIFNAR2 in patients with COVID-

19 and their association with the mortality risk of individuals

with severe disease.

The association of IFNAR2 locus with COVID-19 severity

has been reported in different GWAS and multi-omic analyses

(9, 10, 13, 14), as well as in a transcriptome-wide association

study (21). In the present study, the IFNAR2 rs2236757,

rs2834158, rs3153, and rs1051393 were associated with

mortality risk.

The rs2236757 was associated in a GWAS including

individuals with critical illness in COVID-19 (9); herein, we

also found an association with mortality in individuals with

severe COVID-19. The departure from the Hardy-Weinberg

equilibrium limits the magnitude of the finding, but, on the other

hand, this probably highlights the relevance of the locus in the
TABLE 4 Association analysis of IFNAR2 haplotypes (rs3153/rs2229207/rs1051393/rs2834158) with mortality risk among patients with severe
COVID-19.

Haplotypes Frequencies p OR

Non-survivors
n = 426

Survivors
n = 776

GTTC 0.421 0.383 0.068 NA

ATGT 0.334 0.391 0.005 0.78 (0.65-0.93

ACGT 0.166 0.161 0.740 NA

ATTT 0.025 0.024 0.840 NA

GTGC 0.020 0.010 0.040 2.08 (1.03-4.19

GTGT 0.010 0.013 0.600 NA
Linkage disequilibrium analysis performed in Haploview, Block studied through the solid spine method. OR, odds ratio; NA, it does not apply.
FIGURE 1

Soluble IFNAR2 (sIFNAR2) plasma levels of severe COVID-19 patients (n = 347) divided into non-survivor (n = 108, yellow dots) and survivor
(n = 239, purple dots). sIFNAR2 level was evaluated by ELISA. Statistical comparison was performed using Mann-Whitney U Test, p < 0.05.
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severity and mortality of the disease. Unfortunately, there is

insufficient available data to compare the frequencies with other

Mexican reports and drive additional conclusions.

The rs2236757, rs3153, and rs2834158 are intron variants

previously explored in response to pegylated interferon-2a plus

ribavirin to treat chronic hepatitis C virus infection (22). The

frequencies of these IFNAR2 variants present a relevant

interethnic variability (23) that warrants further studies in

different populations and elucidates the impact of these

variants on the structure and/or function of the receptor IFN

a/b. Nevertheless, the present report confirms the relevance of

the IFNAR2 locus in the severity and mortality of COVID-19.

The rs1051393 is a missense variant leading to a change of

phenylalanine to valine in the 10th amino acid, and it is located

in the signal peptide region affecting the IFNAR2 protein

trafficking the membrane. This variant has been previously

associated with chronic Hepatitis B virus infection, including

3,128 subjects of Han Chinese (24). According to their results,

the authors suggested that the IFNAR2 variants affect the

receptor’s expression, limiting the antiviral effects of the IFN

a/b. The rs1051393 has also been studied in colorectal cancer

susceptibility and survival (25) and radiation-induced toxicity

following the treatment of non-small cell lung cancer (26).

Although conclusions are controversial, several cytokines’

plasma levels have been related to COVID-19 severity and the

clinical outcome. The IFN I and III levels have been related to

COVID-19 susceptibility and severity (27, 28). Although the plasma

levels of sIFNAR2 have not been previously reported, a reduced

expression of IFNAR2 was associated with COVID-19 severity (21).

In agreement, we observed lower levels of the soluble receptor in the

non-survivors group. Therefore, the relevance of the interferon

pathway, mainly IFNAR2, in the COVID-19 severity has been
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evidenced at the genetic and transcription level and now with the

amount of the soluble protein in plasma samples.

We observed extremely low plasma levels of the sIFNAR2 in

most patients. The ELISA kit employed in this study presents a

low limit detection (0.16 ng/mL), but the determination with

lower quantification systems may be required. However, the

decreased concentration of sIFNAR2 found in our study agrees

with previous studies describing that the SARS-CoV-2 proteins

inhibit the IFN-I pathway (29–31), resulting in a decline of IFN-

a and -b among patients with COVID-19 (28, 32). Moreover,

the higher sIFNAR2 levels observed among the survivor group

compared to non-survivors match with the enhanced IFN

antiviral activity due to the stability of the cytokine conferred

by the sIFNAR2 at moderate concentrations (approximately 12

ng/mL) (33). This finding suggests that the sIFNAR2 could be

implicated in the stability of the remaining IFN after infection

with SARS-CoV-2.

Unfortunately, we could not assess the sIFNAR2 levels in

uninfected individuals. However, a previous investigation

reported sIFNAR2 levels in serum samples from healthy

controls above those found in our study (median 134.3 ng/mL

[IQR 76.10–179.21 ng/ml]) (34). In addition, this study reported

the stability of the sIFNAR2 stored at -20°C and after four cycles

of freezing/thawing, which shows the low risk of receptor

degradation during the sample storage.

Regarding the blood group, we did not find significant

differences in the sIFNAR2 plasma levels according to the ABO

blood group of individuals with COVID-19, contrary to the

previously reported for other cytokines and such as TNF-a, IFN-
a, and several other cytokines and interleukins (20). Although

higher receptor values were observed among individuals with A/B/

AB groups compared to the O group, additional studies are
FIGURE 2

Soluble IFNAR2 (sIFNAR2) plasma levels of severe COVID-19 patients (n = 347) divided according to the comorbidity systemic arterial
hypertension (SAH) (Yes: n = 121, yellow dots; No: n = 226, purple dots). sIFNAR2 level was evaluated by ELISA. Statistical comparison was
performed using Mann-Whitney U Test, p < 0.01.
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required to clarify the relevance of the blood group in the prognosis

of COVID-19.

The plasma levels of the receptor were also different

considering the comorbidity of systemic arterial hypertension.

The lower sIFNAR2 levels observed in individuals with

hypertension could contribute to the critical and mortality risk

of COVID-19; although, only a marginal p-value was observed

for this variable in Table 1 (p=0.06). In the scientific literature,

only cases of pulmonary arterial hypertension related to IFN-b
treatment have been reported (35, 36). Therefore, further studies

could be required to clarify this difference in the sIFNAR2 levels

according to the hypertension condition and if this is related to

the severity of COVID-19.

The levels of several circulating cytokines have been found

disturbed in COVID-19 and other infectious diseases, which is

related to the disease severity and clinical outcome. The

involvement of particular cytokines gives a clue about the

pathophysiologic mechanisms involved in the diseases and the

main immune pathways involved in the severity of the disease.

Our findings highlight the relevance of the IFNAR2 pathway in

the severe COVID-19, so this could be considered for the clinical

management of the diseases or the therapeutic design.

Our study is not exempt from limitations. We could not

recruit individuals with mild or moderate COVID-19 since the

study center is a tertiary-care hospital; therefore, the relevance of

IFNAR2 in less severe COVID-19 or asymptomatic individuals

requires further investigation. In addition, the determination of

sIFNAR2 plasma levels in healthy subjects, with evidence of no

current or prior SARS-CoV-2 infection, would be interesting.

Nevertheless, this report contributes to the severe COVID-19

insight and provides information for the design of further studies

and the target of new and repurposed drugs.
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Abdiel Absalón-Aguilar1,6, José Luis Maravillas-Montero7,
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1Department of Immunology and Rheumatology, Instituto Nacional de Ciencias Médicas y
Nutrición Salvador Zubirán, Mexico City, Mexico, 2Operative Solutions, Carlos Slim Foundation,
Mexico City, Mexico, 3Sección de Estudios de Posgrado e Investigación, Escuela Superior de
Medicina-Instituto Politécnico Nacional (IPN), Mexico City, Mexico, 4Laboratorio de Inmunoquimica
1, Posgrado en Ciencias Quı́micobiológicas, Escuela Nacional de Ciencias Biológicas, Instituto
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Background: Until now, most of the research addressing long-term humoral

responses in coronavirus disease 2019 (COVID-19) had only evaluated the

serum titers of anti-severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) IgGs, without the assessment of the baseline antiviral clinical and
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immune profile, which is the aim of this study andmay be the key factor leading

to a broad and sustained antibody response.

Methods: We included 103 patients with COVID-19. When the patients sought

medical attention (baseline), a blood sample was drawn to perform

immunophenotype of lymphocytes by flow cytometry. The patients were

assessed 15 days after baseline and then every month until the third month,

followed by a last visit 6 months after recruitment. We evaluated the anti-SARS-

COV-2 IgG at all time points, and the serum levels of cytokines, chemokines,

anti-cellular (AC) antibodies and neutrophil extracellular traps were also

assessed during the follow-up. The primary outcome of the study was the

presence of a sustained immune humoral response, defined as an anti-SARS-

CoV-2 IgG titer >4.99 arbitrary units/mL in at least two consecutive measures.

We used generalized lineal models to assess the features associated with this

outcome and to assess the effect of the changes in the cytokines and

chemokines throughout time on the development of a sustained humoral

immune response.

Results: At baseline the features associated to a sustained immune humoral

response were the diagnosis of critical disease, absolute number of

lymphocytes, serum IP-10, IL-4, IL-2, regulatory T cells, CD8+ T cells, and

positive AC antibodies. Critical illness and the positivity of AC antibodies were

associated with a sustained humoral immune response after 3 months, whilst

critical illness and serum IL-13 were the explanatory variables after 6 months.

Conclusion: A sustained immune humoral response is strongly related to

critical COVID-19, which is characterized by the presence of AC antibodies,

quantitative abnormalities in the T cell compartment, and the serum cytokines

and chemokines during acute infection and throughout time.
KEYWORDS

SARS-CoV-2, humoral response, COVID-19, lymphopenia, anti-cellular antibodies
Introduction

Severe acute respiratory syndrome (SARS-CoV-2) has

affected 78 million individuals and is responsible for over 1.7

million deaths to date (1). After its emergence, initial scientific

efforts were focused on the understanding of the acute antiviral

immune response (2), but currently, the long-term cellular and

humoral immune responses against SARS-CoV-2 have become

relevant (3). In this regard, there is an increased interest in the

detection of a sustained humoral immune response as a marker

of anti-SARS-CoV-2 vaccination, as well as a key risk factor for

re-infection (3, 4), and for the development of post-coronavirus

disease 2019 (COVID-19) syndrome (5).

Nearly all patients with COVID-19 develop a humoral

antiviral immune response (6). The magnitude of the humoral
02
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immune response is strongly correlated with the disease severity

(7) and the duration of active infection (8), highlighting the

importance of the initial antiviral response in the development

of sustained humoral immunity. A prolonged and severe

COVID-19 is the clinical consequence of a disturbed adaptive

and innate antiviral immune response. In this regard, patients

with COVID-19 are characterized by the expression of PD1 and

CD57 in the T cell compartment, which has been related to an

enhanced production of TNF, CD107a, IFN-g, IL-2 and IL-17

(9). Many pro-inflammatory cytokines and chemokines are

chemoattractant and activator of neutrophils, promoting an

exuberant myeloid immune response, which is another typical

feature of severe COVID-19 (10). After activation, neutrophils

secrete extracellular traps (NETs), which are key drivers of

COVID-19 severity, by the promotion of immunothrombosis
frontiersin.org
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and the cytokine storm (11). Regarding the B cell compartment,

during acute SARS-CoV-2 infection, there is evidence of an

extrafollicular B cell response, resulting in non-class-switched

memory B cell development. Also, during acute COVID-19,

some B cells enter the germinal center and differentiate into

class-switched memory B lymphocytes and plasma cells (12).

Although patients with severe COVID-19 have a potent

inflammatory response, it is usually ineffective for viral

clearance, which may lead to higher viral antigen loads with

epitope spreading, resulting in a broad and robust anti-SARS-

CoV-2 humoral response (12). Compared with uninfected

controls, COVID-19 patients exhibit dramatic increases in

autoantibody reactivity, including a high prevalence of

autoantibodies against immunomodulatory proteins, such as

cytokines, chemokines, complement components, and cell

surface proteins, altogether leading to impaired immune

function (13).

Currently, most of the research about the long-term humoral

immune response in COVID-19 has been focused on the

assessment of the serum titers of anti-SARS-CoV-2 IgG

throughout time (14), without any insight into the

dysregulated immune response at baseline, which may be the

key driver of a sustained humoral immunity. In this study we

aimed to explore the previously unrecognized role of the clinical

and immunological profile of patients with COVID-19 during

the acute infection as drivers of the development of a sustained

humoral immune response. Our data contributes to the

characterization of the clinical and immunological features

leading to a broad and persistent antibody response in patients

with COVID-19.
Methods

An observational cohort study was conducted in 103 patients

with COVID-19 diagnosis, which was confirmed by a positive

polymerase chain reaction (PCR) test from a nasopharyngeal

swab. The patients were seen at the Temporary COVID-19

Hospital, which served as the main reference center for the

care of patients with COVID-19 in Mexico City. Patients were

recruited between August 2020 and February 2021 and were

followed up until August 2021. The Institutional Ethics and

Research committees from the Temporary COVID-19 Hospital

approved the study protocol (Ref. 3341). All participants

provided written informed consent to participate in the study

at enrollment. The present research study was in accordance

with the ethical principles outlined in the Declaration

of Helsinki.

When the patients sought medical attention, which

corresponded to the baseline evaluation, clinical data and

laboratory parameters were obtained. According to their

disease severity, patients were classified into the following
Frontiers in Immunology 03
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categories: mild/moderate (patients with or without

pneumonia who also had fever and upper respiratory infection

symptoms); severe (patients presenting respiratory failure with

≥30 breaths per minute, a resting oxygen saturation ≤93% or

PaO2/FiO2 ≤300); or critical (patients in a state of shock,

multiple organ failure or those requiring invasive mechanical

ventilation) (15). The exclusion criteria were the diagnosis of

cancer, chronic infections, autoimmune diseases, pregnancy,

and puerperium.

A blood sample was drawn to isolate peripheral blood

mononuclear cells (PBMCs) at baseline. Patients were followed

up two weeks after the onset of symptoms, then every month

until the third month, and at 6 months post recruitment. Serum

samples were collected in all patients at baseline and at all visits.

Sera were stored at −80 °C until analyses. Immunophenotyping

of T and B cell subsets was performed by multiparametric flow

cytometry, and serum samples were analyzed for detection of

anti-SARS-CoV-2 IgG antibodies, anti-cellular (AC) antibodies,

chemokines/cytokines, and circulating neutrophil extracellular

traps (NETs), as described in detail below. The primary outcome

of the study was the development of a sustained humoral

immune response, which was defined as the positivity of anti-

SARS-CoV-2 IgG antibodies in at least two consecutive

measurements. Positivity was defined as a titer higher than

4.99 arbitrary units (AU)/mL, as previously reported (16). We

decided to use this cutoff point because this titer correlated with

the neutralizing activity and can be widely used in many

laboratories without access to the viral neutralizing assays (16).

Samples processing was carried out in a blinded manner, that is,

by investigators who were unaware of the study outcome. There

were no missing serum samples from any patient at any

timepoint and all subjects completed follow-up.
Immunophenotyping

PBMCs were purified by density gradient from peripheral

blood using Ficoll-Paque (GE Healthcare Life Sciences, Chicago,

IL, USA) and centrifugation. After isolation, cells were washed

twice with phosphate-buffered saline (PBS). Viability was then

assessed by Zombie Aqua staining (Biolegend, San Diego, CA,

USA). Then, PBS was used for washing the cells, which were

incubated with the FcX blocker (Biolegend) for 30 min at room

temperature using several combinations of the following

fluorochrome-coupled antibodies: CD4-Alexa Fluor 488,

CD25-BV421, CD45RA-PE/Cy7, CD8-PE/Dazzle-594,

CD45RO-PerCP, CD62L-PE, CCR7-Alexa Fluor 700, CD57-

BV785, CD21-APC/Fire-750, CD24-PerCP, CD73-BV711,

CD11c-PE/Dazzle-594, IgM-PE, CD27-APC, CD38-Alexa

Fluor 488, CD3-APC/Fire-750, IgD-Alexa Fluor 700, PD-1-

APC, CD127-BV650, CD19-Pacific Blue, and CD138-BV605

(all from Biolegend). For the assessment of Th and Tc cell
frontiersin.org
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subsets, phorbol 12-myristate 13-acetate (50 ng/mL), ionomycin

(1µg/mL), and monensin (4 µL/6 mL) were used for stimulating

the PBMCs for 5 h at 37°C. The fluorochrome-coupled

antibodies (IFN-g-APC, IL-4-PE, and IL-17-BV421

[Biolegend]) were used for the detection of intracytoplasmic

cytokines. According to the manufacturer’s instructions, fixation

and permeabilization were performed using the Cytofix/

Cytoperm fixation/permeabilization kit (BD Biosciences,

Franklin Lakes, NJ, USA). A 4-laser LSR Fortessa flow

cytometer (BD Biosciences) was used for sample acquisition.

Characterization of the following lymphocyte subsets was

performed: CD4+ T cells (CD3+CD4+), naïve T cells (CD3+CD4+

or CD8+CD45RA+CD45RO-), CD8+ T cells (CD3+CD8+), memory

T cells (CD3+CD4+ or CD8+CD45RA-CD45RO+), effector memory

T cells (CD3+CD4+ or CD8+CD45RA-CD45RO+CD62L-CCR7-),

central memory T cells (CD3+CD4+ or CD8+CD45RA-

CD 4 5 RO + CD 6 2 L + C C R 7 + ) , e x h a u s t e d T c e l l s

(CD3+CD4+CD8+PD-1+/hi), senescent T cells (CD3+CD4+

CD8+CD57+), regulatory T cells (CD4+CD25hiCD127lo/-) and

anergic T cells (CD3+CD4+CD8+CD73+) as depicted in

Supplementary Figure 1 and Supplementary Figure 2; Th1

(CD4+IFNg+), Th2 (CD4+IL-4+), Th17 (CD4+IL-17+), Tc1

(CD8+IFNg+), Tc2 (CD8+IL-4+) and Tc17 (CD8+IL-17+) as

displayed in Supplementary Figure 3; total B cells (CD3-CD19+),

CD21- transitional B cells (CD19+CD27-CD38hiCD24hiCD21-/lo),

CD21+ transitional B cells (CD19+CD27-CD38hiCD24loCD21+),

activated naïve B cells (CD19+CD27-IgD+CD38-CD24-CD11c+),

resting naïve B cells (CD19+CD27-IgD+CD38-CD24-CD11c-),

mature B cells (CD19+CD27-CD24-/lo), unswitched classical

memory B cells (CD19+CD27+IgD+), plasmablasts (CD19+CD27hi

CD38hi), switched classical memory B cells (CD19+CD27+IgD-),

non-classical CD27-IgD- memory B cells (CD19+CD38-/

loCD24+CD27-IgD-), and non-classical CD27-IgD+ memory B

cells (CD19+CD38-/loCD24+CD27-IgD+) as depicted in

Supplementary Figure 4.

PBMCs subset proportions at baseline were expressed as

absolute numbers according to the number of lymphocytes in

the complete blood count. The FlowJo v10.7 software (BD

Biosciences) was used for the analyses.
Assessment of cytokine/
chemokine profiles

At baseline, 3 and 6 months after recruitment, twenty-nine

serum cytokines and chemokines were measured using the

MILLIPLEX Multi-Analyte Profiling Human Cytokine/

Chemokine Magnetic Bead Panel 29-plex kit (EMD Millipore,

Darmstadt, Germany) and a 2-laser Bio-Plex 200 suspension

array system coupled to a Bio-Plex Pro Wash Station (Bio-Rad,

Hercules, CA, USA), following the manufacturer’s instructions.

Bead-fluorescence intensity readings for all the samples and

standards were converted to the corresponding analyte
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concentrations using the Bio-Plex Manager software v6·2

(Bio-Rad).

The following analytes were measured: IL-1a, IL-1b, IL-
1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-

12p70, IL-13, IL-15, IL-17A, IFNa2, IFNg, tumor necrosis

factor-a (TNF-a), TNF-b, macrophage inflammatory protein-

1a/CCL3, monocyte chemoattractant protein 1/C–C motif

chemokine ligand (CCL) 2, macrophage inflammatory protein-

1b/CCL4, IP-10/C-X-Cmotif chemokine ligand 10, granulocyte-

macrophage colony-stimulating factor, eotaxin-1/CCL11,

granulocyte colony-stimulating factor, epidermal growth

factor, and vascular endothelial growth factor.
Assessment of circulating NETs

As previously described, serum NETs levels were assessed

using a neutrophil elastase enzyme-linked immunosorbent assay

(ELISA) (17) at baseline and 3 months after recruitment. Briefly,

mouse anti-human neutrophil elastase (Calbiochem, Darmstadt,

Germany) was diluted 1:2000 in coating buffer from the cell death

detection ELISA kit (Roche, Basil, Switzerland) and incubated in

high-binding 96-well plates overnight at 4 °C to generate mouse

anti-human neutrophil elastase-coated plates. Plates were washed

three times with PBS/Tween20 and then blocked with 1% bovine

serum albumin (BSA) in PBS for 6 h at room temperature.

Afterward, serum samples (1:10 in 1% BSA) were added to the

plates and incubated overnight at 4 °C. Following three washes

with PBS/Tween20 solution, the samples were incubated with

anti-human DNA-peroxidase antibody (1:10 dilution in

incubation buffer) from the cell death detection ELISA kit

(Roche) for 1 h at room temperature. Next, the plates were

washed five times with PBS/Tween20 before adding TMB

substrate (Thermofisher Scientific, Waltham, MA, USA),

followed by a stop solution. The plates were read at 450 nm,

and the optic density index was calculated as previously described

(17) in a Sunrise-RC/ST Evolyzer Plate Reader (Tecan Life

Sciences, Männendorf, Switzerland).
Assessment of anti-cellular
(AC) antibodies

At baseline 3 and 6 months after recruitment, AC/

antinuclear IgG antibodies were detected by indirect

immunofluorescence using the HEp-2 cell line as substrate and

the NOVA Lite HEp-2 ANA kit, according to the manufacturer’s

instructions (INOVA Diagnostics, San Diego, CA, USA). Serum

samples were tested at a 1:40 dilution using a Bee Line System

(HTZ, East Grinstead, West Sussex, UK). Three experts read

data for all samples, and the results were discussed and registered

(AutoCyte Image Titer software, Burlington, NC, USA).
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Assessment of anti-SARS-CoV-2
IgG antibodies

According to the manufacturer’s instructions, anti-spike S1

domain antibodies were measured using an anti-SARS-CoV-2

ELISA IgG Kit (EUROIMMUN; Lübeck, Germany). The plates

were processed using a DSX System (DYNEX Technologies,

Chantilly, VA, USA). We calculated the cutoff value to be <0.51

AU at the 99th percentile using serum samples from our healthy

donor bank that were collected from 2017 to 2018. Using this

cutoff, we observed a sensitivity of 98.2%, a specificity of 98.9%,

and an area under the curve (AUC) of 0.99. The cutoff value

suggested by the manufacturer is ≥1.1 AU.
Statistical analysis

We reported quantitative variables as medians and

interquartile range (IQR). Medians were compared with

Kruskal–Wallis and Wilcoxon tests. An iterative imputation

method based on random forest was performed for missing

data. For the assessment of the clinical and immunological

features associated with the development of a sustained

humoral immune response, we performed a univariate

generalized linear model with binomial error using the

variables at baseline, 3, and 6 months after recruitment. In this

assessment, we performed an analysis for each one of the time-

points. Since the most important factor for the development of a

sustained humoral immune response is the COVID-19 severity,

the model included this feature as a two-level fixed factor

(critical vs non-critical). We included the significant variables

in a multivariate generalized linear model and performed

stepwise selection using minimum Akaike information criteria.

Odds ratios (OR) with 95% confidence intervals (95% CI) were

calculated. Finally, to address the effect of the changes of the
Frontiers in Immunology 05
34
serum levels of cytokines and chemokines throughout the

follow-up in the development of a sustained humoral immune

response, we performed a univariate generalized linear mixed

model with binomial error. Post-hoc comparisons were

performed for significant variables at 6 months after

recruitment in the following group of patients: critical

COVID-19 with and without sustained humoral immune

response and non-critical COVID-19 with and without this

primary outcome. Statistical analysis was performed using the

R project software (R Core Team (2021, R: A language and

environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. URL http://www.R-

project.org/).
Results

Of the 103 patients in this study, 56 (54.3%) were women.

The cohort’s median (IQR) of age was 50.0 (41.5–58.0) years.

The most frequent comorbidities were obesity, hypertension,

and type 2 diabetes, which were reported in 48 (46.2%), 28

(26.9%), and 24 (23.1%) patients, respectively. At baseline, 46

(44.2%) patients had mild/moderate disease, 31 (29.8%) had

severe disease, and 27 (25.9%) had critical disease. The baseline

clinical and laboratory features of patients with COVID-19

according to disease severity are shown in Tables 1 and 2.

Similar to previous COVID-19 cohorts, patients with critical

disease were older and had a higher body mass index (Table 1).

Likewise, patients with severe and critical COVID-19 had many

markers of adverse prognosis including neutrophilia,

lymphopenia, and increased D-dimer (Table 2).

Using our calculated cutoff value, 67 patients (65%) had

positive anti-SARS-CoV-2 IgGs at baseline. Fifty-eight (56.3%)

were positive for anti-SARS-CoV-2 antibodies at baseline using

the cutoff value recommended by the manufacturer (≥1.1 AU).
TABLE 1 Clinical characteristics of patients with mild to critical COVID-19 at recruitment.

Variable Mild/moderate n = 46 Severe n = 30 Critical n = 27 P-value

Female, n (%) 27 (48.21) 19 (33.92) 10 (17.85)

Male, n (%) 19 (40.42) 11 (23.40) 17 (38.17)

Age (years) 47.50 (31.75–55.00) 52.00 (43.50–47.25) 58.00 (44.00–64.00) 0.023

Number of symptoms 4.50 (3.00–6.00) 4.80 (4.00–6.00) 4.00 (2.50–5.00) 0.035

Body mass index (kg/m2) 27.00 (24.25–31.00) 29.50 (27.25–34.00) 31.00 (29.00–33.00) <0.001

SpO2 (%) 94.00 (93.00–96.00) 93.5 (90.25–94.75) 92.86 (91.50–95.00) 0.257

Systolic blood pressure (mmHg) 121.00 (113.00-129.5) 118.00 (108.00-120.50) 120.00 (115.00-129.00) 0.115

Diastolic blood pressure (mmHg) 76.00(64.00-96.00) 74.00 (64.75-79.25) 80.00 (70.00-86.00) 0.122

Mean arterial pressure (mmHg) 90.67 (82.50-96.17) 86.33 (80.50-92.75) 91.67 (88.00-97.00) 0.071

Respiratory rate (breaths/min) 20.00 (18.00-22.00) 20.00 (19.00-21.25) 20.50 (19.00-25.35) 0.160

Temperature (°C) 36.50 (36.30-36.60) 36.45 (36.30-36.60) 36.40 (36.20-36.60) 0.648

Heart rate (beats/min) 80.00 (66.00-93.50) 88.00 (82.75-96.00) 81.00 (75.00-91.00) 0.045
front
All values are expressed as median (interquartile range) unless otherwise specified.
SpO2, oxygen saturation.
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The positivity for anti-SARS-CoV-2 antibodies remained over

95% in the following time points regardless of the used cutoff

point. Afterward, we aimed to evaluate the proportion of

patients maintaining a virus-neutralizing humoral response as

described in our primary outcome. Sixty-eight (66%) patients

had a sustained humoral immune response, which was more

frequent in subjects with critical disease in comparison to those

with non-critical COVID-19 (88% vs 57%, respectively,

P=0.004). In Figure 1 we show the titers and kinetics of the

anti-SARS-CoV-2 IgG according to disease severity and the

development of a sustained humoral immune response.

Patients with critical COVID-19 and a sustained humoral

response were characterized by a higher amount of anti-SARS-

CoV-2 IgG, but the amount of anti-SARS-CoV-2 IgG at baseline

was not different in patients with and without sustained

humoral immunity.

In Supplementary Table 1, we depict the comparison of the

immunological features at baseline between patients who
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developed the primary outcome and those who did not. As

shown in the Supplementary Table 1 and in accordance with

their more frequent critical status and more pronounced

lymphopenia, patients with sustained humoral immune

response were characterized by a lower proportion of many

CD4+ T cell subsets, CD8+ lymphocytes and B cell subtypes.

The immunological features that were different between patients

with and without a sustained humoral immune response at

baseline and that achieve statistically significance are described

in Figure 2.

In the Supplementary Tables 2, 3 we show the comparison of

the variables 3 and 6 months after recruitment between patients

who developed a sustained humoral immune response and those

who did not. In Figure 3, we depict the variables that achieve a

statistically significant difference between patients with and

without a sustained humoral immune response during follow-

up. Three months after recruitment, patients with a sustained

humoral immune response had higher levels of IL-2, whilst at 6
TABLE 2 Laboratory characteristics of patients with mild to critical COVID-19 at baseline.

Variable Mild/moderaten=46 Severen=30 Criticaln=27 P-value

Leukocytes (cells/mm3) 6000.00
(4625.00–7750.00)

7250.00
(5050.00–8775.00)

7900.00
(7100.00–10750.00)

<0.001

Total lymphocytes (cells/mm3) 1714.20
(1348.80–2371.70)

965.80
(759.70–1410.80)

737.00
(547.80–942.60)

<0.001

Total lymphocytes (%) 31.45
(21.93–39.95)

17.15
(10.12–26.60)

8.10
(5.65–11.95)

<0.001

Total neutrophils (cells/mm3) 3321.00
(2536.00–4244.00)

5700.00
(3750.00–7003.00)

6975.00
(6049.00–9419.00)

<0.001

Total neutrophils (%) 55.95 (50.35–65.00) 77.05 (64.05–84.55) 86.80 (81.40–90.95) <0.001

Total monocytes (cells/mm3) 477.60
(387.90–607.20)

337.40
(261.80–472.60)

318.00
(227.00–518.00)

0.033

Total monocytes (%) 8.15 (6.52–10.15) 5.20 (3.27–7.87) 4.00 (2.70–6.50) <0.001

N/L ratio 1.71 (1.28–3.00) 4.43 (2.41–8.49) 10.81 (7.21–16.35) <0.001

Haemoglobin (g/dL) 14.25 (13.30–15.28) 14.25 (12.85–14.88) 14.00 (13.35–15.05) 0.892

Haematocrit (%) 42.30 (40.50–45.50) 43.20 (39.00–45.05) 42.80 (40.30–45.60) 0.732

Platelets (cells/mm3) 272.50
(204.00–362.50)

267.60
(182.00–348.20)

306.00
(236.00–362.50)

0.248

Glucose (mg/dL) 123.64 (95.75–162.12) 129.70 (93.25–149.00) 123.00 (110.00–134.00) 0.889

HbA1c (%) 7.04 (6.22–7.70) 7.01 (6.02–7.65) 6.70 (5.45–7.13) 0.040

ALP (U/L) 85.70 (76.46–98.18) 85.84 (72.25–99.21) 73.00 (58.00–89.50) 0.018

AST (U/L) 32.48 (25.25–42.36) 35.00 (19.00–51.49) 31.00 (19.00–42.71) 0.390

Albumin (g/dL) 3.82 (3.66–4.07) 3.79 (3.57–4.00) 3.60 (3.39–4.15) 0.123

Creatinine (g/dL) 0.80 (0.70–1.08) 1.22 (0.80–1.31) 0.90 (0.65–1.09) 0.643

CRP (mg/dL) 40.77 (10.38–69.69) 39.30 (4.20–73.05) 32.00 (2.90–103.33) 0.718

Ferritin (ng/dL) 262.60
(117.80–490.80)

382.10
(130.40–574.70)

405.30
(198.90–756.60)

0.166

CPK (U/L) 53.05 (33.50–63.46) 43.50 (28.50–54.19) 34.00 (23.00–52.00) 0.034

D-dimer (ng/mL) 230.00
(189.00–345.00)

320.00
(190.00–492.50)

530.00
(350.00–920.00)

<0.001

PAFI ratio 312.00 (280.50–361.50) 273.00 (209.00–310.00) 248.00 (187.00–298.00) 0.001
front
All values are expressed as median (interquartile range) unless otherwise specified. ALP, alkaline phosphatase; AST, aspartate aminotransferase; CPK, creatine phosphokinase; CRP, C-
reactive protein; HbA1c, A1c Hemoglobin; N/L ratio, neutrophil/lymphocyte ratio; PAFI ratio, PaO2/FiO2; SpO2, oxygen saturation.
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months they had increased serum levels of MIP-1b, MCP-1, IL-3

and IL-12p40 (Figure 3).

Using the development of a sustained immune humoral

response as an outcome variable, we performed a univariate

analysis with the variables that were available at baseline, 3 and 6

months after recruitment. The results obtained from this

analysis are depicted in the Supplementary Table 4. In the

multivariate analysis, the features independently associated

with a sustained humoral immune response at baseline were

the following: critical disease (OR 58.823 [95% CI 4.480–

1666.66], P<0.0001), absolute number of lymphocytes (cells/

mm3) (OR 1.001 [95% CI 1.0001–1.002], P=0.025), serum IP-10

(pg/mL) (OR 1.001 [95% CI 1.0003–1.002], P<0.0001), IL-4 (pg/

mL) (OR 0.997 [95% CI 0.995–0.999], P=0.001), IL-2 (pg/mL)

(OR 1.358 [95% CI 1.010–3.553], P=0.038), absolute number of

regulatory T cells (cells/mm3) (OR 0.913 [0.826–0.991],

P=0.025), absolute number of CD8+ T cells (cells/mm3) (OR

0.996 [95% CI 0.993–0.999], P=0.038), and positive AC

antibodies (OR 14.459 [95% CI 2.645–147.395], P<0.001).

Three months after recruitment, the features independently

associated with a sustained humoral immune response were the

diagnosis of critical disease (OR 6.944 [95% CI 2.008–35.714],

P=0.001) and the positivity of AC antibodies (OR 10.975 [95%

CI 1.855–192.629], P=0.005). The presence of critical COVID-19

(OR 6.666 [95% CI 1.886–34.481], P=0.002) and serum levels of
Frontiers in Immunology 07
36
IL-13 (pg/mL) OR 0.978 [95% CI 0.957-0.997], P=0.028) were

the explanatory features of a sustained humoral immune

response 6 months after recruitment. The effect of the

explanatory variables at each timepoint on the possibility to

develop a sustained immune humoral response is depicted in

Figure 4. As shown in the graphs, patients with a higher

possibility to develop a sustained humoral immune response

(close to 1 or 100%) were those with critical disease, positive AC

antibodies, higher amounts of IL-2, IP-10 and of total

lymphocytes, and decreased IL-4, Tregs, CD8+ T cells, and

IL-13.

Finally, we aimed to assess if the changes of the cytokines

and chemokines throughout time were related to the

development of the sustained immune humoral response.

With the univariate generalized linear mixed model, we

observed that the changes in the serum levels of 5 cytokines

(TNF-b, IL-5, IL-3, IL-1a and IL-13) during follow-up were

associated with the development of a sustained immune

humoral response. To include the effect of the disease severity

in the analysis, we assessed the serum levels of these cytokines 6

months after recruitment among the following comparison

groups: critical and non-critical COVID-19 patients with and

without the presence of a sustained humoral immune response.

The findings of this analysis are presented in Supplementary

Table 5. As shown in Supplementary Figure 5, the main
A B

FIGURE 1

Assessment of the anti-SARS-CoV-2 IgG throughout time in the cohort of patients from mild to critical COVID-19. (A) The titers of anti-SARS-
CoV-2 IgG was higher at all timepoints in patients with critical COVID-19 (P<0.05). (B) Patients with a sustained humoral immune response had
a higher amount of anti-SARS-CoV-2 IgG at all timepoints (P<0.05) but not at baseline (n.s.). Anti-SARS-CoV-2 IgG titers are expressed as
medians with interquartile range and were compared with the Wilcoxon test. AU: arbitrary units; IgG: immunoglobin G; SARS-CoV-2: severe
acute respiratory syndrome coronavirus 2. n.s: non-significant.
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differences in cytokine levels were found in critical patients

without a sustained humoral immune response. This patient

group showed the highest serum cytokine levels compared with

critical patients with a sustained humoral response and both

groups of non-critical patients. However, patients with critical

disease and sustained humoral immune response had higher

levels of IL-3 compared with the other groups.
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Discussion

In this study, we stablished associations between the clinical

and immunological features during acute COVID-19 and the

development of a sustained humoral immune response. Also,

with the longitudinal follow-up, we were able to describe not

only the kinetics of the anti-SARS-CoV-2 IgGs, but also the
FIGURE 2

Baseline differences in the immunological profile of patients with COVID-19 according to the development of a sustained immune humoral
response. The absolute numbers of T and B cell subsets, the cytokines, chemokines and AC/ANA titers are expressed as medians and
interquartile ranges and were compared with the Wilcoxon test.
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changes in the serum cytokines and chemokines related to this

outcome. In our study, we found that critical COVID-19 is a key

factor associated with the development of a sustained immune

humoral response with anti-SARS-CoV-2 IgG titers that

correlate with a viral neutralizing capacity. At baseline and in

the prospective analysis, the diagnosis of critical COVID-19 was

the main factor associated with a sustained humoral immune

response. In addition, this response was related to lower serum

levels of IL-4, IL-13 and a decreased proportion of CD8+ and

regulatory T cells, a higher absolute number of total lymphocytes

and increased serum concentrations of IP-10, IL-2, and

AC antibodies.

Zhang, et al. described that SARS-CoV-2 neutralizing

antibodies could persist in 49% of patients after disease onset

and are positively associated with disease severity (18). Also,

patients who survive severe COVID-19 have a faster and more

robust humoral response compared with patients with less

severe disease and develop higher titers of anti-SARS-CoV-2

antibodies (19), which agrees with our findings.

We observed that an immune profile associated with critical

COVID-19 is a fundamental driver of the development of a

sustained humoral immune response. In this regard, an effective

T cell response is a key prognostic factor in COVID-19. CD4+

and CD8+ lymphopenia are hallmarks of severe COVID-19 (20).

The expression of genes related to apoptosis has been observed

in memory T cells from patients with COVID-19 (20). One

theory is that these memory cells experience activation-induced

cell death, which is difficult to overcome in the context of

lymphopenia (20).This is in line with our results since we

found that patients with severe COVID-19 had a lower

proportion of memory CD4+ T cells and of total lymphocytes.

A dysfunction in the cytotoxic response and the production of

IFN-g in CD8+ T cells has been demonstrated in severe COVID-
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19 (21). Our results coincide with other reports, which state that

during severe infection, most patients present lower amounts of

CD8+ T cells. CD8+ T cell lymphopenia is especially prominent

in patients with prolonged disease courses (22). Previous studies

have demonstrated that an effective CD8+ T cells response is the

key factor for the resolution of the SARS-CoV-2 infection (23).

Therefore, the CD8+ T cell lymphopenia may be the reflection of

the progression to a critical disease state, which was the main

factor associated to the development of a sustained humoral

immune response in our study.

In this work, we found a direct relationship between the

amount of lymphocytes and the development of a sustained

humoral immune response. Although lymphopenia is a

characteristic feature of severe COVID-19, previous studies

have shown that an effective humoral response to vaccines is

related to a higher percentage of B lymphocytes in multiple

myeloma patients (24). Likewise, subjects receiving B cell

depletion therapies are less likely to have a humoral response

after SARS-CoV-2 vaccination (25). Also, it has been shown that

hospitalized patients with COVID-19 have a higher amount of

follicular T helper cells, which directly correlates with anti-

SARS-CoV-2 antibodies and is inversely correlated with the

proportion of regulatory T cells (26). Therefore, even in the

context of lymphopenia, a high number of certain lymphocyte

subsets may be necessary for the development of a sustained

humoral immune response.

Following viral antigen-mediated lymphocyte stimulation,

there is a robust production of IFN-g, TNF-a, and IL-2 in

COVID-19 (27). A previous study found that this potent CD4+

response correlates with serum anti-SARS-CoV-2 IgGs (28),

consistent with our results since we found that IL-2 is a

determinant of the sustained humoral immune response. In

this regard, this prominent inflammatory response may not be
FIGURE 3

Differential expression of serum cytokine and chemokines 3 and 6 months after recruitment of patients with COVID-19 according to the
presence of a sustained immune humoral response. The serum levels of the cytokines and chemokines are expressed as medians and
interquartile ranges and were compared with the Wilcoxon test.
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counteracted by the low levels of regulatory T cells, which we

found to be inversely related to sustained humoral immunity.

Previous work has suggested that the decrement in regulatory T

cells in patients with severe COVID-19 is the result of their re-

distribution into the lung, since animal models have proven that

these cells are fundamental for the resolution of acute respiratory

distress syndrome (ARDS) (20). Other theories to explain the

decreased amount of this cell subset in COVID-19 are the IL-6

induced transformation of regulatory T cells into Th17 effector

cells and the hypoxia-induced degradation of Foxp3 through the

activation of the hypoxia-inducible factor-1a (29). This prior

evidence supports our findings. Besides, regulatory T cells are

fundamental to prevent immune system hyperactivation,

including autoimmunity (29), which may be related to our
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finding of a correlation between AC antibodies and a

sustained immune humoral response. The production of AC

antibodies could be caused by infection-induced clonal

expansion and the infiltration of self-reactive cells, leading to

the development and activation of lymphoid follicles, favoring a

broad and robust humoral response that may include the

production of autoantibodies, as described in other viral

infection, such as Epstein-Barr virus (30).

Critical COVID-19 patients also present IP-10 driven

extrafollicular humoral responses, which are strongly

correlated with large antibody-secreting cells expansion and

early production of high concentrations of SARS-CoV-2-

specific neutralizing antibodies (31). IP-10 and IL-2 are

biomarkers of disease severity (32), which supports our
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FIGURE 4

Independent variables associated with the presence of a sustained immune humoral response at baseline (A–H), 3 (I, J) and 6 months (K, L)
after COVID-19 onset. The proportion of patients with a sustained immune humoral response was defined as those maintaining anti-SARS-CoV-
2 IgG titers above 4.99, which has been shown to correlate with a viral neutralizing capacity. The graphs represent the effect of the explanatory
variables on the probability to have a sustained immune humoral response, being the maximum probability 1 (100%).
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findings. Also, extrafollicular B cell responses are related to a

higher production of anti-SARS-CoV-2 autoantibodies and

could cause autoimmunity because of the lack of certain

immune checkpoints that help avoid the production of

autoantibodies (33). Previous studies have found a correlation

between the production of autoantibodies and anti-SARS-CoV-2

IgGs in patients with critical disease. Anti-chromatin antibodies

are a sign of severe and critical COVID-19 and a sign of adverse

prognosis (34), which agrees with our findings.

During the longitudinal follow-up, we observed that changes

in growth factors, chemokines, and interleukins were associated

with the presence of a sustained immune humoral response in

COVID-19. Serum levels of IL-4 and IL-13 were negatively

correlated with the robust inflammatory response and CD8+ T

cell counts. Although hyperinflammation is a hallmark of critical

COVID-19, previous research has shown that this leads to a

lower immune response to subsequent stimuli (35). In line with

these previous findings, the longitudinal cytokine behavior

observed in our study showed that most patients with a

sustained humoral immune response had lower levels of

cytokines at the end of follow-up, despite being in a critical

stage of the disease at baseline, with a peak of IL-3 and IL-2 at 3

months post recruitment. Only the increased levels of IL-3

persisted at 6 months after baseline in critical patients,

whereas patients with higher concentrations of cytokines had

no sustained humoral immune response. In this regard, we

hypothesize that the lower amount of cytokines in patients

with sustained humoral immune response who were

previously critically-ill, may be the result of a higher threshold

in the capacity to respond to an immune stimuli, but further

studies are needed to confirm this theory. Because IL-3 is a key

factor in activating B cells and inflammatory disease (36) we

conclude that exceptionally high levels of IL-3 are directly

related to disease severity and humoral immune response.

The role of IL-4 in COVID-19 severity is controversial.

Consistent with the current findings, several previous studies

have demonstrated that serum IL-4 levels are not increased in

critical COVID-19 patients (37) however, contradictory

evidence also exists. IL-4 is a regulatory cytokine that limits

the inflammatory response against microorganisms (38).

Moreover, IL-4 regulates the secretion of IL-1, TNF-b, and
prostaglandin E2; therefore, lower serum IL-4 concentrations

may favor a higher production of these mediators, which are

known to promote tissue damage. IL-4 also limits autoimmune

responses (38) consistent with our finding of a lower IL-4

concentration and positive AC antibodies among patients with

a sustained humoral immune response. Other studies have

found a negative correlation between IL-4 and serum levels of

anti-SARS-CoV-2 antibodies (r=−0.208, P=0·023) (39) which

agrees with our results.

The main limitation of our study is its observational design,

which only allow us to establish associations without inferring
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any causality. In this regard, we acknowledge that the

interpretation of our results is based in the extensive research

regarding the COVID-19 immune response and not in a

functional or experimental analysis of the features that we

found to be associated with the sustained humoral immune

response. Furthermore, we only included Mexican-mestizo

patients, and we did not assess the viral load and SARS-CoV-2

genotyping, which were unavailable when the study was

conducted. Additionally, we could not address the neutralizing

capacity of anti-SARS-CoV-2 specific antibodies. Nonetheless,

in the clinical practice, the assessment of the CD8+ and

regulatory T cells as well as the serum levels of IL-4 and IP-10

can be used to identify patients with a more robust humoral

immunity allowing us to address the clinical significance of these

antibodies in the appearance of post-COVID-19 syndrome and

as markers of a sustained humoral immunity.
Conclusion

A sustained humoral immune response against SARS-CoV-

2 was associated with severe disease and quantitative alterations

in the T cell subsets, cytokines and chemokines as well as with

the production of AC antibodies. It is possible that a defective

cellular anti-viral response leads to a more prolonged and severe

disease with a higher antigen exposure and a more robust

production of antibodies. A low amount of regulatory T cells

and IL-4 may not be able to counteract this hyperinflammation,

which may allow the B cells to produce a high quantity of IgGs,

some of them against self-antigens which is clinically manifested

as the presence of AC antibodies. Eventually, this

hyperstimulation of the immune system may result in a higher

activation threshold in the long-term, which may explain the

finding of a lower amount of cytokines in patients with a

sustained immune humoral response who were previously

critically-ill.
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Background: Since December 2019, SARS-CoV-2 has been keeping the world

in suspense. Rapid tests, molecular diagnosis of acute infections, and

vaccination campaigns with vaccines are building blocks of strategic

pandemic control worldwide. For laboratory diagnostics, the quantification of

the antibody titer of convalescents and vaccinated patients is thus increasingly

coming to the fore.

Methods: Here we present an evaluation on the comparability of five

serological tests on a cohort of 13 patients with mild COVID-19 disease. Also

participants who were vaccinated after recovery were included in this study. All

common immune methods (ELISA, CLIA, PETIA) and SARS-CoV-2 specific

antigens (N-, S1- and RBD-) were specifically tracked and directly compared

for up to 455 days. The titer of recovered participants was also set to the degree

of symptoms during infection and the occurrence of Long-COVID. In addition,

relative comparability of different serological tests, all standardized to WHO,

was set in reference to the neutralizing potential of the corresponding

participants.

Findings: The individual immune responses over 455 days after a mild SARS-

CoV-2 infection remain stable, in contrast to vaccinated participants. All sero-

tests reveal comparable performance and dynamics during the study and

compared well to a surrogate neutralization test.
frontiersin.org01
43

https://www.frontiersin.org/articles/10.3389/fimmu.2022.915338/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.915338/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.915338/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.915338/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.915338/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.915338/full
https://orcid.org/0000-0001-9609-3405
https://orcid.org/0000-0002-0048-2279
https://orcid.org/0000-0003-2860-3391
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.915338&domain=pdf&date_stamp=2022-08-17
mailto:matthias.grimmler@ext.hs-fresenius.de
https://doi.org/10.3389/fimmu.2022.915338
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.915338
https://www.frontiersin.org/journals/immunology


Brehm et al. 10.3389/fimmu.2022.915338

Frontiers in Immunology
Conclusion: The information presented here will help clinicians in the daily

laboratory work in the selection and evaluation of different serological tests

offered. The data also will support in respect of a sero-test-based

neutralization cutoff.
KEYWORDS

mild progression COVID-19, SARS-CoV-2, long-COVID, quantification immune
response, long-term assay comparison, neutralizing potential
Introduction

In December 2019 the new Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2) emerged inWuhan, China, causing a

devastating worldwide pandemic (1). SARS-CoV-2 infection can

lead to the acute respiratory Coronavirus Disease 2019 (COVID-19)

which can display asymptomatic, mild, or severe progression (2).

Up to now over 446 million confirmed COVID-19 cases and about

6 million deaths have occurred worldwide (data from JohnHopkins

University, March 20, 2022) (3).

While the acute infection is diagnosed by real-time reverse

transcription-polymerase chain reaction (qRT-PCR) in

respiratory samples, several assays have been developed to

assess the serological status in individuals. Current serological

tests quantify antibodies circulating in the blood of patients in

response to the patient’s infection with the SARS-CoV-2

coronavirus (4–6). The dynamics of quantification of

antibodies in regard to a SARS-CoV-2 infection can vary

drastically upon patient-specific factors: the disease severity

(asymptomatic – mild - severe), the rise and fall of associated

immune globulin (Ig)-isotypes of a patient or his/her age, and

respective immune status (7–10). The kinetics, the onset, and the

progression of a SARS-CoV-2 immune response upon infection

have not yet been conclusively investigated and compared for all

methodical principles and antigens. In particular, the onset of

antibodies and the seroconversion was described 10-14 days

after the onset of symptoms (7). IgM and IgA class/isotypes of

SARS-CoV-2 antibodies do appear earlier, followed by IgG. IgG

class of antibodies can be detected much longer after the

infection has subsided (11–13). In the case of SARS-CoV-2

comparatively early appearance of IgG antibodies was reported

(14). Interestingly Moura et al. observed an increase of specific

isotypes IgG1 and IgG3 already 8 days after onset of symptoms,

while IgG4 levels overall were less detectable. Surprisingly,

patients who died within 21 days after onset of symptoms also

showed higher levels of IgG4, compared with recovered patients,

suggesting that some life-threatened patients can elicit IgG4 to

RBD antibody response in the first weeks of symptom onset.

Specific IgG subtypes for this may be important as prognostic
02
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markers e.g., in predicting survival or sensitivity of patients to

Long-COVID (15).

Quantification of antibodies also depends on the principle of

the assay utilized including the used SARS-CoV-2 specific antigen.

So far serological test principles of SARS-CoV-2 (ELISA, enzyme-

linked immunosorbent assay; CLIA, chemiluminescence

immunoassays, PETIA, particle-enhanced turbidimetric

immunoassay) essentially differ by the detection of classes of

antibodies. Assays do either individually detect specific isotypes of

antibodies (IgG, IgM, IgA, IgE) or detect all classes of antibodies (5,

16). Spaeth et al. evaluated a variety of commercial assays and

principles in regard of their kinetics, specificity and sensitivity upon

patient-individual antibody serotype conversion (16). On the other

hand, the viral protein selected to build the assay system is crucial to

bind and detect a patient’s SARS-CoV-2 specific antibodies. An

important aspect in this context is the degree of sequence

concordance of the SARS-CoV-2 proteins with other viral

proteins and the specificity of the available assays in regard of the

seven known human pathogenic coronaviruses (HCoV). Four of

these species circulate endemically worldwide (HCoV-229E,

HCoV-NL63, HCoV-HKU1, and HCoV-OC43), predominantly

causing mild colds but can also cause severe pneumonia in early

childhood and elderly individuals (17–20). Available serological

tests primarily utilize the viral nucleocapsid proteins (N), the spike

protein (S), and the receptor-binding domain of the spike protein

(RBD) of SARS-CoV-2 (5, 6, 21–23). The N-protein is the most

abundant protein in SARS-CoV-2 (20). Antibodies to the viral N-

protein decline faster than those to the receptor-binding domain or

the entire spike protein, and therefore may substantially

underestimate the proportion of SARS-CoV-2 exposed

individuals (24). Besides clear limitations in the uses of N-based

serological tests, some very recent reports describe its utilization in

diagnostic settings and monitoring of SARS-CoV-2 (25, 26).

As neutralizing antibodies especially target the site of the RBD

of the highly dynamic S protein, they are predesignated to induce

protective immunity against viral infections (24, 27). The time point

(s) of sampling and the selected kind of test for all of this has a

crucial impact on quantification and the sensitivity and specificity of

a test. It has been reported both that antibody titers vary with
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disease severity and that no differences in titer levels could be

observed between severe and non-severe COVID-19 cases (7–10,

28–33). Furthermore, it has been shown that antibody titers decline

rapidly, especially in mild and asymptomatic patients, while other

studies report on stable antibody levels over several months (7, 9, 10,

34–38). High levels of neutralizing antibodies are good predictors

for immune protection (39). However, reports differ regarding

differences or changes in titer levels in mild vs. severe cases (40–

44). The dynamics of SARS-CoV-2 infections are of particular

interest in the management of the pandemics since the majority of

the affected patient is mildly affected. This also will be of more

importance due to the progression of the pandemic, especially when

specific variants of concern (VOC) like the so-called omicron

variants (line B.1.1.529, subtype BA.1 and BA.2), characterized by

a higher rate of infection but less aggressive progression will further

spread (45, 46). Several reports on the aspect of suitability of current

sero-tests or neutralization assays in detecting antibodies generated

by VOC strains are availably so far, indicating a diverse picture in

the efficiency of assays to detect or neutralize variants of SARS-

CoV-2 (44, 47–52). Overall, mildly affected patients so far are

remarkably underrepresented in studies covering the diverse effects

of the pandemic.

After a COVID-19 disease, it often takes several months for

convalescents to get fit again. Even in those affected with a rather

mild course of the disease, COVID-19 still affects health after

recovery. The late symptoms of SARS-CoV-2 (also called Long-

COVID) are diverse (53). The most common are exhaustion,

difficulties in breathing, and muscle weakness followed by sleep

disorders as well as cognitive disorders and depression, but also a

significant increase in Diabetes type I is reported, especially in

children (54, 55). How frequent symptoms occur and how long

patients are affected strongly differ. Women are somewhat more

affected (56). The late symptoms of COVID-19 are very

nonspecific and sometimes difficult to assess (57, 58). Previous

studies primarily cover affected persons with severe progressions

and indicate a correlation of Long-COVID to the specific titer of

IgM and IgG3 (53, 59, 60). An evaluation of mild progression

with corresponding symptoms at the beginning of the disease as

well as a follow-up of the corresponding patients to Long-

COVID does not yet exist. A study on the correlation of direct

and Long-COVID syndrome with comparative antibody

concentrations in patients is also not yet available.

In summary, it is not yet clear, how long the humoral immunity

lasts after a SARS-CoV-2 infection or vaccination. Another open

question is, whether the existing serological tests and their different

detection principles and used antigens reflect the kinetics of

individual immune responses upon infection and mild

progression in a comparable way. Also, no comprehensive

evaluation of serological methods upon recent WHO

standardization of the tests, a uniform cutoff, and the correlation

to the neutralizing property of the respective immune-titer is

available in this mildly affected cohort so far. This ongoing debate

on the suitability of serological tests and their correlation to
Frontiers in Immunology 03
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neutralizing assays is well summarized in the recent publications

by Castillo-Olivares et al. and Lippi et al. (50, 61)

To investigate these questions, we compared the antibody

response of 13 COVID-19 patients (confirmed by qRT-PCR)

displaying mild COVID-19 symptoms up to 455 days post-

infection to those of eight healthy control individuals (one

unvaccinated, six fully vaccinated and one vaccinated post-

COVID-19 infection). Antibody response after infection or

vaccination, respectively, was determined simultaneously using

four different quantitative immunoassays (detecting either

antibodies against the S protein or the RBD) and one

quantitative surrogate immunoassay to determine neutralizing

antibodies. Quantitative surrogate immunoassay of neutralizing

antibodies have been demonstrated to correlate with direct live

cell-based neutralization assays (49, 62–64). In contrast to cell-

based neutralization assays, surrogate immunoassay of

neutralizing antibodies can be easily performed in all

laboratories without the need for high biosafety level 3 (65,

66). Furthermore, a qualitative immunoassay detecting

antibodies against the N protein was applied to distinguish

between virus infection and vaccination.
Material and methods

Patient samples

In this retrospective study, all serum samples sent to our

laboratory for SARS-CoV-2-IgG determination between March

2020 and June 2021 from participants with a positive result of

SARS−CoV-2 RT-PCR in a nasopharyngeal swab between

March and April 2021 (at least 10 days before serum

collection) were considered for analysis (n = 169). At the time

of the start of the study (March 2020), VOC of SARS-CoV-2

were not present in Germany and no routine molecular

diagnostics to differentiate among viral subtypes was available

at this time. For this no further information is reported on the

genetic background of SARS-CoV-2 of the participants.

Information about clinical symptoms and the day of onset of

symptoms and on repeated examination of participants in the

course of the study were obtained.by respective medical doctors.

Physician were provided a standardized questionnaire to check

and report on appearance, frequency and intensity of symptoms.

Participants that experienced problems on vaccination (beside

fatigue, irritation/painful injection site for 2-3 days) were also

excluded from this study. Participants with hospital treatment

for COVID-19 (n = 38) and participants in whom clinical

information could not be obtained (n = 72) have been

excluded from the analysis. All together 59 follow-up samples

from 13 participants fulfilling the clinical diagnostic criteria for

SARS-CoV-2 remained for further analysis (67). Additionally,

serum samples of six healthy fully vaccinated individuals (3x

Comirnaty®, BioNTech/Pfizer; 3x Spikevax®, Moderna) and
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one post-COVID-19 vaccinated participant with Comirnaty®,

BioNTech/Pfizer were included in the analysis. Both vaccines

used are RNA-based. Pfizer/BioNTech (BNT16b2) is

administered intramuscularly 30 mg per dose (0.3 ml) on an

injection dose interval of 21 days, second dose. Moderna

(mRNA-1273) is administered intramuscularly 100 mg per

dose (0.5 ml) on an injection dose interval of 28 days, second

dose. Further characteristics on efficacy and effectiveness against

SARS-CoV-2 of these vaccines are summarized in Fiolet et al.

(68) Samples of participants were frozen after routine analysis

was finalized and stored at -80°C until respective measurements.
Assays and instruments

One qualitative and four quantitative immunoassays were

applied to determine SARS-CoV-2 antibodies. The SARS-CoV-2

UTAB FS (RBD-based antigen, DiaSys Diagnostic Systems GmbH

Holzheim, Germany) was performed on the Cobas 8000© c502

(Roche Diagnostics, Mannheim, Germany). The Elecsys® Anti-

SARS-CoV-2 (N-based) and Elecsys® Anti-SARS-CoV-2-S (RBD-

based) were performed both on the Cobas 8000© e601 (Roche

Diagnostics, Mannheim, Germany). The Liaison® SARS-CoV-2

TrimericS IgG was performed using the Liaison® XL (S-based;

DiaSorin, Dietzenbach, Germany). The Anti-SARS-CoV-2-

QuantiVac ELISA IgG (S1 antigen-based, EUROIMMUN,

Luebeck, Germany) was conducted according to the

manufacturer’s instructions and data were recorded using a

Sunrise™ absorbance microplate reader (Tecan Group,

Maennedorf, Switzerland).

One quantitative surrogate immunoassay was applied to

determine the SARS-CoV-2 neutralizing antibodies. The SARS-

CoV-2 Neutralization Antibody Assay (TECOmedical AG, Sissach,

Switzerland) was conducted according to the manufacturer’s

instructions and data were assessed using a Sunrise™ absorbance

microplate reader (Tecan Group, Maennedorf, Switzerland).

All quantitative immunoassays were calibrated to the WHO

International Standard for anti-SARS-CoV-2 immunoglobulin

(human) (NIBSC Code 20-136) (69) and results were evaluated
Frontiers in Immunology 04
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according to Table 1. All measurements were performed in

parallel after thawing and careful homogenization of samples

to ensure a comparable setting on each instrument and assay.
Statistical analysis

Calculation and statistical analyses were performed using

XLSTAT® software, version 2016.06.35661 (NY, USA),

following the principles of C24A3E-Statistical Quality Control

for Quantitative Measurement Procedures: Principles and

Definitions; Approved Guideline–Third Edition. MedCalc®

Version 18.10.2 – 64-bit (MedCalc Software Ltd, Belgium

MedCalc Software bvba, Ostend, Belgium; http://www.

medcalc.org; 2018) was used for Passing & Bablok regression

by its particular function “Scatter diagram & regression line”.
Institutional review board statement

The retrospective evaluation was exclusively performed on

pre-existing patient samples obtained after routine analysis was

completed. All the leftover samples were completely anonymized

and de-identified. The study has been approved by the local

ethics committee (Ärztekammer Sachsen-Anhalt, No. 100/21)

and is registered by DRKS-ID DRKS00028039. The research

complied with the World Medical Association Declaration of

Helsinki regarding the ethical conduct of research (71).
Results

Characterization of participants and
sero-assay performance of SARS-CoV-2
recovered participants

Three to five serum samples from 13 participants collected

between day 11 and 455 after the onset of symptoms were

analyzed to study the antibody levels longitudinally post
TABLE 1 Result interpretation.

Manufacturer: DiaSorin DiaSys EUROIMMUN ROCHE TECO

Assay name: LIAISON® SARS-CoV-2
TrimercS IgG

SARS-CoV-2
UTAB FS

Anti-SARS-CoV-2
QuantiVac ELISA (IgG)

Elecsys® Anti-
SARS-CoV-2

Elecsys® Anti-
SARS-CoV-2 S

SARS-CoV-2 Neutralizing
Antibody Assay

Antigen Spike Trimer Spike RBD Spike S1
(incl. RBD)

Nucleocapsid Spike RBD Spike RBD

specific units: BAU/ml BAU/ml BAU/ml COI U/ml* IU/ml

negative/not
reactive:

< 33.8 ≤ 30 < 25.6 < 1.0 < 0.8 < 20.00

intermediate: – – 25.6-35.2 – – –

positive/reactive: ≥ 33.8 > 30 > 35.2 ≥ 1.0 ≥ 0.8 ≥ 20.00
*Manufacturer-specific U/ml are considered as equivalent to BAU/ml, based on the manufacturer’s applicable documents (70).
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COVID-19 infection. Clinical data from three male and ten

female participants aged between 20 and 61 (mean 50.5) were

obtained (Table 2). Seven participants had contact to an RT-PCR

confirmed COVID-19 patient and all participants had only mild

symptoms such as fever, cough, general weakness/fatigue,

headache, myalgia, sore throat, coryza, dyspnea, anosmia or

ageusia (mean six of ten symptoms). None of the participants

had a chronic respiratory or coronary disease, adiposity, or

diabetes. One participant was taking immunosuppressive drugs

due to rheumatoid arthritis. In addition to the detection of

antibody titers, symptoms of long-term consequences of

COVID-19 disease were recorded for the corresponding

participants after the infection had subsided (Long-

COVID symptoms).

SARS-CoV-2 antibody levels in COVID-19 recovered

participant’ samples were measured with six different

immuno-assays simultaneously (five sero-assays and one

quantitative surrogate immunoassay to determine neutralizing

antibodies). All participants developed antibodies against SARS-

CoV-2 though in quite different levels (Figure 1). In general, over

time a steady decrease of detectable antibodies always resulted in

a persisting, stable condition up to one year post-infection

(Supplement Figure 4 and Supplement Table 3 and 4). The

specific antibody levels of the observed participants showed

significant differences in scale. In particular four participants

(2, 6, 7, and 10) developed only low antibody quantities

sometimes near their respective assay positive cut-off (20-50

Binding Antibody Units (BAU/ml)). Two participants (5 and 12)

developed low to mid amounts of antibodies (up to 200 BAU/

ml) while four participants (1, 3, 4, and 8) showed high amounts

(up to 1000 BAU/ml). Very high amounts (>1000 BAU/ml were

found in three participants (9, 11, 13). For all participants, any

detected antibodies reacted neutralizing in the TECO-

neutralization assay preventing recombinant viral spike-RBD

from binding to ACE2.
Individual immune response of
vaccinated participants

Seven participants fully vaccinated with either Comirnaty®

(BioNTech/Pfizer) or Spikevax® (Moderna) were measured

accordingly (Figure 2). In contrast to recovered participants, the

vaccination resulted in a higher overall production of anti-Spike-

protein antibodies while anti-Nucleocapsid-antibodies were not

detectable. The only fully vaccinated participant that showed

detectable anti-N-antibodies was recovered from prior COVID-19

(Figure 2C, participant 20). Although antibody titers rapidly

increased to their maximum they decreased subsequently.

However, they never dropped below respective assay cut-offs but

rather seemed to stabilize. The observed minimal antibody levels of

vaccinated participants remain at an overall higher level, compared

to the minimal level of infected participant (overall medianminimal
Frontiers in Immunology 05
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antibody level infected participans 62.4 IU/ml; overall median

minimal antibody level vaccinated participants 446.5 IU/ml,

Supplement Figure 5A). The maximal value is reported in

relation to the initial antibody value (145.6 IU/ml infected

participants, 1615.4 IU/ml vaccinated participants, Supplement

Figure 5B). The maximal decrease was calculated in respect to

this maximal observed level of antibody concentration. The

observed timepoints of maximal increase as well as the kinetics of

decrease do strongly vary among participants. Further information

on initial, maximum, minimum and mean antibody levels, detected

in vaccinated participants and infected participants is summerized

in Supplement Table 3. A comparison of the decline rates of

antibody levels, detected in COVID-19 patients and vaccinated

participants is given in Supplement Table 4 and Supplement

Figure 4. Antibody levels of TECO NT method (IU/mL) were

calculated in %, setting the highest value to 100%. Concentration

values of themeasuring times before highest concentration were not

considered. On the contrary to vaccinated participants,

concentrations of the COVID-19 patients are lower at the

beginning but they remain constant in general during the time.

The two regression lines clearly differ (slopes p = 0.009503,

intercepts p = 0.006324), indicating the rapid decrease of

vaccinated participants in contrast to that of COVID-19

recovered participants. For all participants the neutralization assay

also showed that those antibodies have an inhibiting

effect (Figure 3).
Correlation of neutralizing antibodies in
recovered mild COVID-19 as well as
vaccinated participants

According to the manufacturer’s instructions, all assays

except for the Elecsys® Anti-SARS-CoV-2 (N-based) are

calibrated to the first WHO International Standard. Thus, a

direct comparison of obtained results with those assays is largely

possible. The result of each applied assay was plotted against

respective values obtained from TECO neutralization assay to

assess correlation (Figure 4). However, the closest correlation

was found to SARS-CoV-2-UTAB FS from DiaSys whereas the

highest deviation occurred with Elecsys® Anti-SARS-CoV-2 (S-

based) assay from Roche. Since the Elecsys® Anti-SARS-CoV-2

(N-based) assay was a semi-quantitative assay, a confident

correlation could not be carried out.

Furthermore, the results from participants’ samples obtained

with the TECO neutralization assay (IU/ml) were calculated into

inhibition values and were plotted against the respective

antibody titers (Figure 5). This plot resulted in a typical

sigmoidal saturation curve with a linear behavior between

33.16 to 170.21 IU/ml (30% to 76% inhibition, respectively)

with R2 = 0.9985 (Supplement Figure 2). Exceeding 170.21 IU/

ml, the curve flattened almost reaching saturation. With the help

of this curve, IU/ml values of serological testes could be
frontiersin.org
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TABLE 2 Medical background of participants recovered from mild COVID-19 (No. 1 -13) and of vaccinated participants (No. 14 - 20).

Participant COVID-19 symptoms drugs Long-
COVID

headache myalgia sore
throat

coryza dyspnea anosmia ageusia Immuno-
suppressive

+ + + – – + + – –

+ + – – – + + – –

+ + – + – + + – –

+ + – – + – – – +

+ + – – + + + – +

+ + – – – + + – n.d.a.

– – + – – + + – n.d.a.

+ + – – + + + – +

+ + + – + + + – +

– – + – + + + + n.d.a.

– + + – + – – – n.d.a.

– – + + – + + – +

+ + – – – – – – +

n.d.a. – n.d.a.

n.d.a. – n.d.a.

n.d.a. – n.d.a.

n.d.a. – n.d.a.

n.d.a. – n.d.a.

n.d.a. – n.d.a.

+ + + + – + + – +

nced problems on vaccination (beside fatigue, irritation/painful injection site for 2-3 days) were excluded from this study. For a
toms (vaccinated group) or did not agree on disclosure of specific symptoms on Long-COVID are indicated (n.d.a.).
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COVID-19
(COV) vs.
vaccinated
(VAC)

No. Age Sex RT-PCR
positive after

first
symptoms
(days)

contact to
COVID-19

fever
(>38°C)

cough weakness/
fatigue

COV 1 36 f 4 – + + +

COV 2 57 f 1 + + – +

COV 3 58 m 2 – + – +

COV 4 61 f 4 + – – +

COV 5 53 f 4 + – + +

COV 6 20 f 4 – – – –

COV 7 55 f 2 – + – +

COV 8 56 m 2 + + + +

COV 9 55 f 4 – + + +

COV 10 55 f 4 – – – +

COV 11 56 m 5 + + – +

COV 12 46 f 4 + – – +

COV 13 49 f 5 + + + +

VAC 14 50 m n.d.a. –

VAC 15 56 f n.d.a. –

VAC 16 62 m n.d.a. –

VAC 17 57 f n.d.a. –

VAC 18 52 f n.d.a. –

VAC 19 37 f n.d.a. –

COV/VAC 20 46 f n.d.a. + + – +

Chronic diseases such as respiratory diseases, coronary diseases, diabetes or adiposity were not reported. Participants that experie
more detailed description on Long-COVID symptoms please refer to Supplement Table 1. Participants that did not show sym
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transferred to the percentage of inhibition (Table 3). Based on

this conversion we roughly divided and classified inhibition

efficacy groups concerning their inhibition potency, revealing a

half-maximal inhibition at 67.4 IU/ml.
Discussion

In this study, we did directly compare all so far utilized

methodical principles (ELISA, enzyme-linked immunosorbent

assay; CLIA, chemiluminescence immunoassays, PETIA,
Frontiers in Immunology 07
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particle-enhanced turbidimetric immunoassay) and different

bound antigens for quantitative detection of SARS-CoV-2

specific antibodies (N-, S1- and RBD-antigens). Only assay

systems suitable for high throughput platforms of the clinical

laboratory were evaluated. Qualitative “lateral flow” kind of

assays were not considered for this evaluation.

To assess the suitability of all evaluated test systems

concerning the mentioned heterogeneity of antibody dynamics

and the binding to the antigen of the test system, 13 participants

were continuously measured over a period up to 455 days,

directly after the onset of SARS-CoV-2 specific symptoms. A
FIGURE 1

Individual humoral antibody immune response of participants recovered from COVID-19 monitored over respective days with different
immuno-assays. Signals were measured in BAU/ml (y-axis) except for Roche (N) in cut-off-index (COI). The respective cut off values of the
different assays are reported in Table 1. X-axis represents duration of evaluation in days. Participants 6 and 7 stopped after 270 days due to the
first vaccination. For a more detailed analysis of the participants please also refer to Supplement Table 3.
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clear limitation of this study is the small sample size, based on

the early start of the study in Germany inMarch 2020 and also in

the willingness of participants to take part in a longitudinal study

of 455 days. Motivation of participants to continue also was

challenging in the course of the study due to the upcoming

controversial political debates on SARS-CoV-2. Consequently,

the clear focus of the present work is the long-term monitoring

and direct comparison of all principal methods of quantifying

the immune response of patients upon infection with SARS-

CoV-2 or vaccination by routine high throughput

serological assays.

Only participants with a SARS-CoV-2 infection that was

confirmed by RT-PCR were considered, as was one SARS-CoV-2

positive participant with a suppressed immune system (Figure 1,

participant No. 10). Except for the Roche S test, all other systems

similarly map the dynamics of individual participants from the

onset to the continuous drop of antibodies within 455 days

(Figure 1). For all participants (with exception of participants

No. 3, 5), Roche S shows a lower starting signal and a

comparable but slightly increased dynamic in long time
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monitoring (except participants No. 8 and 10, which reveal a

constant increase over time). Compared to all other assay

systems, Roche (S- and N-) are working with a significantly

lower cutoff (0.8 U/ml and 1 COI compared to 20-35 Binding

Antibody Units (BAU)/ml, see also Table 1). The overall

observed low initial signal, as well as some increase at higher

values, maybe due to the mode of BAU/ml-standardization of

Roche S, especially at the cutoff, affecting the dynamics of the

calibration on the whole analytical range. As Roche utilized an

RBD-antigen same as other manufacturers, and also detects

multiple isotypes (IgA, IgM, and IgG, Supplement Table 2),

this observed effect probably is not associated to the different

binding properties of antibody isotypes to the chosen RBD-

antigen of the Roche S assay.

In the light of the recent WHO standardization of all

evaluated serological tests, the difference in the absolute signal

of all tests is striking (all reported in BAU/ml, Figure 1 and

Supplement Figure 1, 3). This especially ascribes to Supplement

Figure 3 on the overview of the linear correlation among all

evaluated assays. Also, all manufacturers report to be traceable to
B

C

A

FIGURE 2

Individual humoral antibody immune response of vaccinated participants monitored over respective days post vaccination with different
immuno-assays. All signals were measured in BAU/ml as indicated by respective manufacturer (y-axis), except for Roche (N), the latter was
measured in cut-off-index (COI). The respective cut off values of the different assays are reported in Table 1. X-axis represents duration of
evaluation in days. Participants were vaccinated with either (A) Comirnaty®, BioNTech/Pfizer or (B) Spikevax®, Moderna. Participant 20 was
vaccinated with Comirnaty® after COVID-19 recovery, represented by a later start of vaccination specific data (C). For a more detailed analysis
on of the participants please also refer to Supplement Table 3.
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the material of WHO (WHO/BS/2020.2403; NIBSC code 20/

136) (69) and standardized to BAU/ml, all assays show

remarkable differences by direct linear comparison and

recovery of samples. The observed variation among tests, even

after correlation to the WHO standard is in accordance with

resent work by Perkmann et al. (72) The difference, in particular,

applies to the onset of the immune response. A different

recognition of the antibody subclasses by the respective tests

may explain this finding. Also, the composition of the WHO

standard itself, which may not sufficiently reflect variability and

dynamics in its immunoglobulin composition may contribute to

the observed effect.

The N-based test from Roche was used to evaluate and confirm

deviations in the detection between S/RBD and N- as described in

the literature (Figure 1, participants No. 1-13) and also to check the

reactivity after vaccination with S1- or RBD-based RNA vaccine

(Figure 2, participants No. 14-20) (5, 6, 20–24). Striking

significantly different kinetic progressions can be observed by the

use of the N-test of Roche in Figure 1, in particular participants No.

5, 12, and 13 with a significant drop, compared to the other test

systems. Antibodies to the viral N-protein decline faster than those

to the receptor-binding domain or the entire spike protein (24).

The reason for the observed faster decline in some participants

remains unclear. In the group of vaccinated participants (Figure 2),

participant No. 20 attributes an exceptional role. This participant,

despite positive PCR and also positive on N-antibody sero-status

upon subsided infection, did not form S-protein derived antibodies

above the limit of detection. Strikingly S-protein derived antibodies

in participant No. 20 first did emerge after vaccination (Figure 2C,

participant 20). This participant may have been affected by a very

rapidly subsiding infection in which larger amounts of viral

proteins were released by virus degradation and lysis. As the N-

protein by far is the most abundant protein in SARS-CoV-2,

immune reactivity directed against N-protein of SARS-CoV-2 is
Frontiers in Immunology 09
51
preferred (20, 24). Due to a rapid elimination of the virus and its

fragments, only marginal reactivity of S-/RBD-specific antibodies

may have occurred. Also a preceding infection with another human

pathogenic coronavirus (HCoV), leading to a de-sensibilization of

the S-/RBD-derived immune response may have biased the

observed low values of S-/RBD-derived antibodies (73, 74). As

this is a single case observation, interpretation needs to be handled

with care and remains unsolved.

As expected, the N-antigen is increased in participant 20 due

to a previous infection. For participants 14-19 there is no

increase with the Roche N test. The reactivity and dynamics

after vaccination show similar shape and height depending on

the starting values and patient-specific speed of the immune

response (Figure 2) by all sero-assays. Also, the participant with

a suppressed immune system (No. 10) shows comparable

dynamics in response to the infection in all tests. Probably due

to administered immuno-suppressive substances, this

participant revealed an overall weak immune response and

also a rapid decline. As only one participant of this study was

presenting with immune suppressive medication, this

observation needs to be considered with care. Already after

200 days, post-infection neutralization potential was marginal.

Comparing the vaccination derived immune-response with the

response initiated by a SARS-CoV-2 infection, striking different

dynamics are evident: While infection-derived antibody titers

rise to 1000 BAU and stay constant over 455 days, vaccination-

derived ones substantially rise to 5000 - 10000 BAU/ml but also

drop fast in a short time (Supplement Table 3, 4 and Supplement

Figure 4). The observed fast decline rates of vaccinated

participants on average decreased within 100 days post

vaccination to the titers that infected participants do reach

after 455 days - and continue to decrease. In this context it is

important to note, that, during the time of the study, the

observed drop in minimal antibody levels in vaccinated
BA

FIGURE 3

Neutralizing antibodies in recovered mild COVID-19 participants (A) and vaccinated participants (B) over time. The blue line shows the immune-
suppressed participant 10. The red line shows participant 20 (post-COVID-19 and fully vaccinated with Comirnaty®, BioNTech/Pfizer). The
dashed lines indicate the TECO assay positive cut-off (20 IU/ml).
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participants remain on a significant higher level, compared to

the minimal level of infected participant (overall median

minimal antibody level infected participants 62.4 IU/ml;

overall median minimal antibody level vaccinated participants

446.5 IU/ml, Supplement Figure 5). In addition, most SARS-

CoV-2 infected participants already revealed the maximal

antibody titer at the initial time point/quantification of the

study (Supplement Table 3). This probably is due to the well-

defined time of vaccination and the blood sampling at an early

stage of onset of the immune response of the vaccinated group,

compared to the variable and sometimes quite late time point of

first presentation and blood sampling of the infected

participants. This is especially the case since in this study only

mild courses of infection and symptoms were considered for this

study. For this reason, onset of the immune response and isotype
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switch of antibodies may have already occurred at the first time

point of sampling. As this study does focus on the overall

kinetics of the antibody titer and their reactivity towards

different methods of quantification of SARS-CoV-2 derived

sero-titers, the initial time point of infected participants

probably has minor impact to this study. However, a putative

effect of antibody conversion among different methods was

already addressed in a previous study by Spaeth at al (16).

A subsided infection with SARS-CoV-2 or a corresponding

vaccination provides a certain protection against re-infection with

SARS-CoV-2. To what extent, duration and to which threshold

level of antibodies the acquired immunity is sufficient to gain a

protective immune-response currently cannot conclusively be

answered by so far literature (75–79). Methodologically, the

detection of antibodies that block entry of the virus into the cell,
B

C D

E

A

FIGURE 4

Logarithmic correlation for each immuno-assay (A–E), compared to neutralizing antibody titer measured with the TECO-ELISA. Results for
Roche N-Test (E) are only semi-quantitative and reported as cut-off-index (COI); due to observed kind of correlation of Roche N, no R2 is
indicated. A total of 83 samples (COVID-19 patients and vaccinated individuals) was measured. Additional evaluation of corresponding
correlations by Passing & Bablok / Spearman coefficient is given in Supplement Figure 1B.
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primarily in the area of the S1/RBD structure of SARS-CoV-2,

represents the gold standard for quantifying immune protection

(SARS-CoV-2 virus neutralization tests or neutralization

surrogate tests). For most serological methods, this has not yet

been comprehensively and directly compared. In this study, the

determined values of the individual serological tests were set in

reference to analogous measurements with a quantitative

surrogate immunoassay (TECOmedical AG) to reflect the

effective immunological protection of SARS-CoV-2 neutralizing

antibodies (Figure 3, reported in IU/ml). As shown in Figure 3A

and Supplement Table 3, the neutralizing antibody activity in all

recovered participants remain stable throughout the study period.

In contrast, the protective immune response after vaccination

does reveal an exaggerated increase, followed by a rapid drop

within the period of measurement (Figure 3B and Supplement

Table 3, 4 and Supplement Figure 4), supporting a recent

publication about a less sustainable immune protection by

RNA-vaccination (80). Interestingly the neutralizing titer,
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measured by the surrogate virus neutralization test declines over

time in some participants, while anti-RBD or anti-S titers,

measured by serological assays, seem to remain constant. Our

data confirm similar observations previously pointed out by

L’Huillier et al. (81) The observed effect could be ascribable to

potential biased results for the anti-RBD/anti-S measurement of

serological assays. Indeed, some of the assays employed in the

present work do determine total Ig and not only IgG (see also

Supplement Table 2). Furthermore, the anti-RBD or anti-S assays

results are more affected by higher-affinity antibodies.

Consequently, the anti-RBD or anti-S measuring immunoassays

could generate an increased signal. This in turn is indicating

higher antibody concentrations, what actually would reflect

antibody affinity maturation over time more than the

concentrations themselves. The latter actually should maintain

stable or even decreases during time, as already supposed by

L’Huillier and colleagues (81).

To directly comparewhether and towhich extent the serological

tests reflect virus-neutralizing protection, the TECOmedical values

were correlated to the individual serological tests (Figure 4 and

Supplement Figure 1). Besides Roche N Test, all tests revealed a

good agreement with the neutralization surrogate test. Interestingly

theDiaSys SARS-CoV-2 PETIA test exhibits an excellent correlation

(R2 = 0,92) aswell as a low degree of scattering, compared to all other

tests, showing an R2 in between 0,64 and 0,75 (Supplement

Figure 1A). However, please note, that due to the principle of the

surrogate neutralization test on generating kinetics of immune-

inhibition this can only be compared to serological test based on S-

orRBD-antigens and to tests,well-standardized toBAU/ml. For this,

the N antigen-based test by Roche cannot be directly compared to

neutralization inhibition testing per se.

Although neutralization tests are seen as the gold standard for

detecting the neutralizing potential of SARS-CoV-2 specific

antibodies, there is currently no reliable classification or value

assignment available (see also resent review on this debate by Lippi

et al.) (61). In a further report, Castillo-Olivares et al. compared a

variety of commercial and non-commercial sero-tests and

neutralization assays (ranging from lateral flow test, S-/N-based

ELISAs, Roche N and S ECLIA, multiplexed particle flow

cytometry assay, multiplex antigen semi-automated immuno-

blotting pseudo-typed microneutral ization test and

electroporation-dependent neutralization assay) in mild, moderate

and severe infections. This short-term study (up to 5 month) by

Castillo-Olivares et al. indicated, based on a pseudo-type virus and

standardization into IU/ml or BAU, that overall, severe COVID-19

patients showed higher levels of SARS-CoV-2-specific neutralizing

antibodies (average 1029 IU/ml) compared to those observed in

seropositive mild or asymptomatic infections (379 IU/ml). Clinical

severity in the study of Castillo-Olivares et al. was tightly correlated

with neutralization and RBD/S antibodies. In addition, there was a

positive correlation between severity, N-antibody assays and

intracellular virus neutralization (50). Due to good overall

accordance with the work of Castillo-Olivares et al. and the good
FIGURE 5

Inhibition curve of neutralizing antibodies divided into inhibition
efficacy groups dependent on respective measured antibody
concentration. The cut-off is given as a continuous red line. For
better visualization and estimation, the neutralizing potential was
marked by gradual inhibition areas (dashed red lines). For
classification of antibody titers (in %), according to their
inhibition potency (IU/mL, derived from TECO neutralization
assay), please also refer to Table 3. Green dashed line represents
half-maximal inhibition (50%), corresponding to 67.4 IU/ml.
TABLE 3 Classification of antibody titers according to their inhibition
potency derived from TECO neutralization assay.

inhibition % neutralizing IU/ml

negative ≤ 30 < 33.16

low 30 - 49 ≥ 33.16 – 65.86

mid 50 - 69 > 65.86 – 126.05

high 70 - 89 > 126.05 – 434.43

very high ≥ 90 > 434.43
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agreement of all S-/RBD-based serological tests observed inour long-

termstudy, a classificationbasedon the shapeof the inhibitions curve

was derived in this work in addition to the cutoff given by the

manufacturersof commercialhigh throughput routineassays (20 IU/

ml). To this end, the values of serological testes could be converted to

the percentage of inhibition of the TECO neutralization assay,

revealing a half-maximal inhibition at 67.4 IU/ml (Table 3 and

Figure 5). Please note that also it is possible to transfer IU/ml to the

percentage of inhibition, an inhibitory saturation curve only is

possible to be used to a limited extent for all tests, even if these tests

are standardized toBAU/ml.Most tests are structuredverydifferently

utilizing the target antigen (e.g., based on spike protein, only RBD

spike, spike trimer, etc.), its way of production (e.g., recombinant in

bacteria or eukaryotic cells), Lot to Lot variation, and purity of the

antigens. Also, in regard to VOC, the kinetics of neutralization

probably are different. This especially may be due to the recent

omicronvariants of SARS-CoV-2, characterizedby several variations

within theRBDareaof theviral spike structure (45, 82–84).Toobtain

solid and robust conversion factors, long-time surveys on different

lots and cohorts of patients are necessary. The data provided here

clearly point out that a common conversion is achievable on

serological and neutralization tests. However, the observed test

variations and new SARS-CoV-2 variants demonstrate that up to

now it is difficult to define a cut off value for immune protection as

suggested recently. A randomized efficacy trial of the ChAdOx1

nCoV-19 (AZD1222) vaccine in the United Kingdom analyzed the

antibody levels associated with protection against SARS-CoV-2 and

did showapproximate 80%efficacy of a vaccine at 26 IU/ml. Binding

and neutralizing antibodies at 28 days after the second dose in this

study were measured in infected and noninfected vaccine recipients.

Anti-SARS-CoV-2 Spike and RBD IgG were measured by a

multiplex immunoassay on the MSD platform (85). A further, very

recent study by Cantoni et al. indicated that, using an estimated

threshold of 50% protection (corresponding to 54 IU/ml as also

indicated by Khoury et al. (39)), that most asymptomatic and mild

cases of SARS-CoV-2 did not produce titers above this cut off (49).

TheworkbyFeng et al., Cantoni et al. andourownwork implies, that

an overall correlation of sero-tests and neutralizing assays appears to

be possible on the respectively usedmethods. The strongmethodical

assayheterogeneity among these studies, the varietyofusedanalyzers

and platforms, the sample material used for correlation (infected vs.

vaccinated, varying VOC background as well as individual sero-

conversion and Ig-isotypes), and the challenge of traceability to an

international standard still seem to limit a universally valid transfer

up to now. Considering also the high structural dynamics of the

Spike-structureof SARS-CoV-2 itself and thederivedconsequence in

a varying individual immune response could also impede a clear

conversion and a defined cut off (21). This topic may also need

guidance of national and international organizations on

standardization of SARS-CoV-2.

Many reports differ regarding variation or changes in titer

levels in mild vs. severe cases of COVID-19 (7–10, 28–38). For

this, the clear characterization of participants and the assessment
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of symptoms during the progression of the infection was an

important aspect of this study. Participants were included in this

study, when the respective RT-PCT result did confirm a SARS-

CoV-2 infection. Besides age and sex, COVID-19 symptoms,

further medication, and chronic diseases were reported

(Table 2). During the progress of the study also Long-COVID

symptoms were assessed in addition (Supplement Table 1). The

kind and frequency of symptoms in this cohort of mild

progression (Supplement Table 1) are in good agreement with

recently published studies (57, 58), also the distribution of Long-

COVID is in line with a very recent work by Huang et al. (59)

The number of symptoms of this cohort during the onset of

infection or Long-COVID, however, seem not to be associated

with the intensity or dynamics of the immune response in all

participants of this study. In this context it is important to note,

that the small size of SARS-CoV-2 infected participants (3 males

and 10 females) are limited in their statistical power in

interpretation of the observed relation of symptoms, sex, age

or Long-COVID. The presented data primarily serve for a robust

characterization of the presented participants.

Taken together, the data presented here show that the immune

responses over 455 days after a mild symptomatic SARS-CoV-2

infection is very individual and although there is a moderate decline

throughout the study period the antibody levels of all COVID-19

patients reach a stable plateau, independentwhetherweak or strongly

seropositive. All participants exhibit neutralizing antibodies in the

periodof the survey.Also, agoodoverall correlation to the total SARS-

CoV-2 antibody content of all assays can be observed. Antibody

stability upon infection is much more pronounced compared to a

vaccination-derived immune response.Theobserveddynamicsof the

immuneresponseafter infectionalsodonot seemtoshowarelation to

the number of symptoms, differences in sex, or any age-related

dependency or Long-COVID. Overall, all evaluated tests reveal

comparable dynamics within the 455 days of data collection. Roche

S in particular has chosen a different cutoff and also has the strongest

deviations from the other tests. All serological tests can be compared

well against a surrogate neutralization test. An estimation of the

neutralization potential derived from the serological tests also is

possible on the evaluated assays and manufacturers of this study.
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Immunologic phenotype of patients
with long-COVID syndrome of
1-year duration.
Front. Immunol. 13:920627.
doi: 10.3389/fimmu.2022.920627

COPYRIGHT

© 2022 Garcı́a-Abellán, Fernández,
Padilla, Garcı́a, Agulló, Lozano, Ena,
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Immunologic phenotype of
patients with long-COVID
syndrome of 1-year duration

Javier Garcı́a-Abellán1,2,3, Marta Fernández1,3,
Sergio Padilla1,2,3, José Alberto Garcı́a1,3, Vanesa Agulló1,3,
Valle Lozano4, Nuria Ena1, Lidia Garcı́a-Sánchez1,
Félix Gutiérrez1,2,3*† and Mar Masiá 1,2,3*†

1Infectious Diseases Unit, Hospital General Universitario de Elche, Alicante, Spain, 2Clinical Medicine
Department, Universidad Miguel Hernández, Alicante, Spain, 3CIBER de Enfermedades Infecciosas,
Instituto de Salud Carlos III, Madrid, Spain, 4Department of Clinical Chemistry, Hospital General
Universitario de Elche, Alicante, Spain
Background: The pathophysiology of long-COVID remains unknown, and

information is particularly limited for symptoms of very long duration. We

aimed to assess the serological, T-cell immune responses and ANA titers of

patients with long-COVID-19 syndrome of 1-year duration.

Methods: Prospective, longitudinal study of hospitalized COVID-19 patients

followed-up for 12 months. Sequential blood samples and COVID-19 symptom

questionnaires (CSQ) were obtained, and humoral and cellular immune responses,

antinuclear antibodies (ANA) and inflammation biomarkers were analyzed.

Results: Of 154 patients discharged from hospital, 72 non-vaccinated with

available CSQ in all visits were included. Of them, 14 (19.4%) reported persistent

symptoms both at 6-months and 12-months, mainly asthenia (15.3%), myalgia

(13.9%), and difficulty concentrating/memory loss (13.9%). Symptomatic

patients were more frequently women, smokers, showed higher WHO

severity score, and a trend to higher ICU admission. In the adjusted analysis,

long-COVID syndrome was associated with lower frequency of detectable

neutralizing antibodies (adjusted hazard ratio [aHR] 0.98; 95% confidence

interval [CI], 0.97-0.99) and lower SARS-CoV-2-S1/S2 titers (aHR [95%CI]

0.14 [0.03–0.65]). T-cell immune response measured with a SARS-CoV-2-

interferon-g release assay was not different between groups. There was a

higher frequency of positive ANA titers (≥160) in symptomatic patients (57.1% vs

29.3%, p=0.04), that was attenuated after adjustment aHR [95% CI] 3.37 [0.84-

13.57], p=0.087. Levels of C-reactive protein and D-dimer were higher during

follow-up in symptomatic patients, but with no differences at 12 months.
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Conclusion: Patients with 1-year duration long-COVID-19 syndrome exhibit

a distinct immunologic phenotype that includes a poorer SARS-CoV-2

antibody response, low-degree chronic inflammation that tends to

mitigate, and autoimmunity.
KEYWORDS

COVID-19, long COVID, post-COVID-19 syndrome, antibody response, antinuclear
antibodies (ANA), one year, T-cell immune response, cellular immune response,
humoral immune response
Introduction

Following acute SARS-CoV-2 infection, a variable

proportion of patients ranging from 10% to 80% report long-

lasting symptoms involving one or multiple organs, a condition

termed long-COVID, or post-COVID-19 syndrome when

duration is longer than 12 weeks (1–3). An unexpectedly high

percentage of patients remain symptomatic at 6 months after

symptom onset (4, 5) and, although data are limited, even 12

months following acute infection (6, 7). The pathophysiology of

this multisystem disease remains largely unknown. Dysregulated

immune/inflammatory responses have been described several

weeks after SARS-CoV-2 infection, some of which were found to

occur more frequently in patients with long-COVID features (8–

10). However, available information on the immune profile is

scarce in patients with longer duration of the post-COVID-19

syndrome, and particularly in those who remain symptomatic 1

year after SARS-CoV-2 infection.

We aimed to characterize the immunologic phenotype,

including humoral and cellular immune responses and the

presence of autoantibodies, in patients with post-COVID-19

syndrome beyond 6 months and up to 1 year.
Methods

We conducted a prospective, longitudinal study at Hospital

General Universitario de Elche, Spain. All patients admitted for

COVID-19 between March 10th and June 30th, 2020, with

microbiologically confirmed infection through real-time

polymerase chain reaction were initially included in the analysis.

Patients were managed according to a predefined local protocol that

included the diagnostic and therapeutic procedures during hospital

stay and blood sampling for biochemical and sero-virological

measurements at 1, 2, 6 and 12 months after discharge.

Inflammatory biomarkers, including lymphocyte count,

interleukin-6, ferritin, D-dimer, fibrinogen and C-reactive protein

levels were measured at all visits. Lymphocyte count was measured

by flow citometry (ADVIA ® 2120i System, Siemens; normal range
02
59
of 0.02 to 400 x 10^3 cell/µL); interleukin-6 was measured by

electrochemiluminescence immunoassay (Cobas e411 System,

Roche; normal range of 1.5 to 5000 pg/mL). Ferritin was

analyzed using enhanced chemiluminescence immunoassay

(VITROS® 5600 System, Ortho Clinical Diagnostics; normal

range of 1.25 to 1000 ng/mL). D-dimer was analyzed using

particle-enhanced immunoturbidimetric assay (Sysmex CS-2500

System, Siemens; normal range of 0.17 to 4.40 mg/L). Fibrinogen

was measured by clotting assay (Sysmex CS-2500 System,Siemens;

normal range of 150 to 500 mg/dL). C-reactive protein was

measured by immunoturbidimetric assay (VITROS® 5600

System, Ortho Clinical Diagnostics; normal range of 0.24 to 330

mg/L).

Each visit, patients filled out a self-administered, self-rated

COVID-19 symptom questionnaire (CSQ, Annex 1) comprising

11 items that patients graded using a 10-point increasing

intensity scale (0=absence of the symptom and 10=the

maximum perceived intensity of the symptom). We used a

locally developed questionnaire because when we conducted

the study no standardized validated questionnaire was

available for the evaluation of long-COVID syndrome.

Persistence of symptoms was defined as a score above the

third quartile in any of the CSQ items both on 6-month and

12-month visits. Serum, EDTA plasma and whole blood

specimens were obtained for measuring SARS-CoV-2–specific

antibodies, neutralizing antibodies and interferon (IFN)-g
release assays, respectively.

IgG against the surface S1 domain of the spike protein (S-

IgG) (Euroimmun, Lubeck, Germany) was measured at hospital

admission and at 1, 2, 6 and 12 months after patients’ discharge,

using commercial semi-quantitative EIA kits. Antibody levels

were evaluated by calculating the ratio of the optical density

(OD) of the patient sample over the OD of the calibrator (sample

OD/calibrator OD= absorbance/cut-off [S/CO]). Results were

interpreted according to the following criteria: ratio <1.1 was

defined as negative and ratio ≥1.1 as positive. At the 12-month

visit, S1- and S2-IgG antibody levels were measured using

commercial immunoassay kits (LIAISON® SARS-CoV-2 S1/S2

IgG assay, DiaSorin, Saluggia, Italy). Results were interpreted
frontiersin.org
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according to the following criteria: ratio <15 was defined as

negative and ratio ≥15 as positive.

Detection of neutralizing antibodies against SARS-CoV-2

was performed at the 12-month visit in an automated

instrument by means of a surrogate neutralizing antibody test

(SARS-CoV-2 NeutraLISA, Euroimmun, Lübeck, Germany),

that determines the inhibitory effect of antibodies that can

compete with the biotinylated host-cell receptor (ACE2) for

the binding to the receptor-binding domain (RBD) of the S1

subunit of SARS-CoV-2 spike protein (inhibition percentage, %

IH). Results were interpreted as follows: %IH <35 was

considered negative, and %IH ≥35 was considered positive.

SARS-CoV-2 cellular response was measured using a specific

quantitative IFN-g release assay in whole blood following the

manufacture instructions (SARS-CoV-2 IGRA stimulation tube

set, Euroimmun, Lübeck, Germany). Results were interpreted as

follows: IFN-g[SARS-CoV-2] - IFN-g[blank] <100 mIU/mL was

considered negative, 100-200 was considered borderline, and >200

was considered positive.

Detection of antinuclear antibodies was performed at the 12-

month visit by indirect immunofluorescence assay (ANA-

Mosaik 1A EUROPattern, Euroimmun, Lübeck, Germany) by

automated incubation (IF Sprinter, Euroimmun) and assisted

detection by EUROPattern Microscope (EUROLabOffice

software). To increase the specificity of positive results, we

considered positive ANA titers with a dilution ≥ 1/160.

Binomial logistic regression models were used to identify

predictors of persistence of symptoms at 12 months. Covariates

of interest with a p-value <0.05 in the crude comparison between

groups and clinical relevant variables were included in

multivariate analyses. To compare the curves of plasma

biomarkers levels between groups, generalized additive mixed

models were used. Interpolations in the graphs were carried out

with cubic splines. Statistical analysis was performed using R-

project version 3.6.2.
Results

Of 166 hospitalized COVID-19 patients (148 non-critical

and 18 admitted to the ICU), 154 were discharged and 123

(79.9%) had available follow-up with a filled questionnaire 1 year

after admission, of whom 21 (17.1%) were excluded due to

previous vaccination, and 30 (24.4%) because no data were

available on the 6-month questionnaire leaving 72 patients for

the final analysis. Of them, 14 (19.4%) reported persistent

symptoms both at 6 and 12 months after admission, mainly

asthenia (15.3%), myalgia (13.9%), difficulty concentrating and

memory loss (13.9%), and insomnia (12.5%) (Supplementary

Table 1). Characteristics of the patients according to the

presence of 1-year long-COVID are shown in Table 1.

Symptomatic patients were more frequently women (p=0.04),

smokers (p=0.02), showed a higher score in the WHO ordinal
Frontiers in Immunology 03
60
severity scale on admission (p=0.02), and a trend to higher

frequency of ICU admission (p=0.07).

The humoral immune responses are shown in Table 1 and

Figure 1A. The levels of S-IgG were lower in patients with post-

COVID-19 syndrome during follow-up, with differences

reaching statistical significance at months 2 and 6 after

discharge compared to non-symptomatic patients (Figure 1A).

At 12 months, the frequency of positive neutralizing antibodies

was significantly lower in patients with post-COVID-19

syndrome, and titers of SARS-CoV-2 S1/S2 IgG tended to be

lower. In the analysis adjusted for sex and ICU stay (both ICU

stay and WHO severity score could not be simultaneously

included in the model due to multicollinearity), the post-

COVID-19 syndrome was associated with lower frequency of

positive neutralizing antibodies, with adjusted hazard ratio

(aHR) of 0.98 (95% confidence interval, CI, 0.97-0.99); and

lower SARS-CoV-2 S1/S2 titers, with aHR (95% CI) of 0.14

(0.03–0.65). Sensitivity analyses replacing ICU stay for WHO

ordinal scale on admission in the adjusted model showed similar

results (data not shown).

T-cell immune response measured with a SARS-CoV-2

interferon-g release assay was not different between groups

with/without post-COVID-19 syndrome (Table 1).

There was a higher frequency of positive ANA titers (≥160)

in patients with 1-year long-COVID features (57.1% vs 29.3%,

p=0.04). Differences between groups remained, although were

attenuated after adjustment (aHR [95% CI] 3.37 [0.84-13.57],

p=0.087) (Table 1). A sensitivity analysis replacing ICU stay by

previous autoinmmune diseases in adjustment showed similar

results (aHR [95% CI] 1.01 [1-1.02], p=0.07). An additional

sensitivity analysis excluding patients with prior autoimmune

disease did neither differ substantially from the described results:

53.8% vs 28.1% positive ANA titers in participants with

persistent vs those with non-persistent symptoms, respectively

(p=0.07) and aHR (95% CI) of 3.31 (0.81-13.55), p=0.096. The

most common pattern was nucleolar in 42.9% of patients.

Figures 1B, C shows the trajectories of the plasma

concentrations of CRP and D-dimer. Levels of both

biomarkers were higher during follow-up in patients with

post-COVID-19 syndrome, although there were no differences

at the 12-month visit. The trajectories of interleukin-6, ferritin

and the neutrophil-to-lymphocyte ratio were not different

between groups (data not shown).
Discussion

Our findings suggest a dysregulated immune response in

hospitalized patients with long-COVID-19 syndrome of 1-year

duration, consisting of decreased frequency of detectable

neutralizing antibodies, decreased anti-spike antibody levels,

and higher frequency of positive ANA titers. No abnormal

findings were however observed in T-cell responses measured
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with a SARS-CoV-2 interferon-g release assay. Convalescent

patients also showed a differential trajectory of inflammation

biomarkers, consisting of higher levels of C-reactive protein

(CRP) and D-dimer, although with no differences at month 12.

The poorer antibody response observed in patients with 1-

year long-COVID-19 syndrome is in line with our previous
Frontiers in Immunology 04
61
findings in convalescents with ongoing symptoms 6 months

after hospital admission, although neutralizing antibodies, T-cell

immunity and ANA titers were not measured in that study (11).

The mechanisms involved in the inferior humoral response are

unknown. Severe acute SARS-CoV-2 infection has been

associated with impaired formation of germinal centers and a
TABLE 1 Clinical, serological and biomarker data according to the persistence of symptoms at 6 and 12 months after hospital admission for COVID-19.

Persistent symptoms at 6 and 12 months

Yes* No P value Adjusted Hazard Ratio 95% CI Adjusted P
Patients, no. 14 (19.4) 58 (80.6)

Male sex 5 (35.7) 39 (67.2) 0.037 0.28 (0.11-0.70) 0.007

Age, years 59.5 (53-71) 60 (52-71) 0.938 – –

Current smoking 3 (21.4) 1 (1.7) 0.021 12.02 (1.52-94.51) 0.01

Comorbidity, no. (%) – –

Any comorbidity# 10 (71.4) 38 (65.5) 0.761

CCI, median (Q1, Q3) points 2 (1-3.5) 2 (1-3) 0.8

Cardiovascular disease 3 (21.4) 10 (17.2) 0.708

Hypertension 8 (57.1) 23 (39.7) 0.368

Diabetes 3 (21.4) 8 (13.8) 0.438

Chronic obstructive lung disease 0 (0) 2 (3.4) 1.000

Autoimmune diseases 1 (7.1) 1 (1.7) 0.353

Cancer 0 (0) 1 (1.7) 1.000

WHO severity score 0.021 2.22 (1.41-3.50) 0.001

3 points 9 (64.3) 53 (91.4)

4 points 1 (7.1) 0 (0)

5 points 0 (0) 1 (1.7)

6 points 4 (28.6) 4 (6.9)

Bilateral lung infiltrates in CR 12 (85.7) 54 (93.1) 0.33 – –

Length of hospital stay, days 11 (7-28.5) 11 (9-16) 0.852 – –

Admission to the ICU 4 (28.6) 5 (8.6) 0.065 5.05 (1.62-15.76) 0.005

Immunomodulatory therapy& 9 (64.3) 40 (69) 0.756 – –

Serological features

SARS-CoV-2 S1/S2 IgG, AU/Ml 49 (16-96) 96.3 (46.4-133) 0.066 0.14 (0.03-0.65) 0.012

SARS-CoV-2 S-IgG (S/CO) 1.9 (1-4.3) 3.3 (1.9-4.6) 0.252 – –

SARS-CoV-2-NeutraLISA, % IH 27.3 (16-75) 69.7 (39-83) 0.155 – –

SARS-CoV-2-NeutraLISA positive, n (%) 6 (42.9) 46 (79.3) 0.007 0.98 (0.97-0.99) 0.023

SARS-CoV-2 IGRA, mIU/mL 1067 (341-1920) 1184 (544-2027) 0.739 – –

SARS-CoV-2 IGRA positive, n (%) 11 (78.6) 49 (86) 0.524 – –

Inflammatory biomarkers 12 months – –

Serum C-reactive protein, mg/L 1.8 (0.6-5.1) 1(0.6-3.4) 0.825

Serum IL-6, pg/mL 3.6 (3.4-5.9) 3.4 (2.5-4.9) 0.466

Serum Ferritin, ng/mL 49.3 (29-93.8) 66.2 (37.9-124) 0.453

Serum D-dimer, mcg/mL 0.4 (0.2-0.8) 0.3 (0.2-0.4) 0.234

Serum neutrophil/lymphocyte ratio 3.4 (3.1-4.6) 3.8 (3.1-4.5) 0.89

Lymphocytes nadir count 0.6 (0.5-0.9) 0.9 (0.7-1.2) 0.065

Antinuclear antibodies>1/160, n (%) 8 (57.1) 17 (29.3) 0.049 3.37 (0.84-13.57) 0.087
f

*Patients were allocated into the persistent symptomatic group if the score obtained in any of the symptoms of the Covid-19 Symptoms Questionnaire at the 6th and the 12th months was
included in the top quartile. #This category included at least one of the following: diabetes, cardiovascular (including hypertension) respiratory, kidney, neurological disease, cirrhosis or
malignant neoplasm. &Immunomodulatory therapy included corticosteroids and/or tocilizumab. CCI, Charlson Comorbidity Index score; CR, Chest radiography; ICU, Intensive care unit;
Q1, first quartile; Q3, third quartile; AU/mL, arbitrary units per mililiters, % IH, inhibition percentage, IGRA, Interferon-Gamma Release Assays; S/CO, absorbance/cut-off. IL-6,
Interleukin-6. Summary statistics are provided as medians with interquartile ranges or numbers with percentages as appropriate.
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striking reduction in Bcl-6-expressing B cells, leading to

dysregulated SARS-CoV-2-specific humoral immunity and

systemic inflammation (12). Patients developing post-COVID-

19 syndrome in our study were more severely ill, and might

potentially have had greater and/or long-lasting damaging effect

on germinal centers, leading to defective recovery of protective

immunity against SARS-CoV-2. Long-COVID has been

associated with decreased concentrations of the IgG3 subclass

immunoglobulin, both during acute infection and at 6 months

(13). The IgG3, along with IgG1, constitute the predominant

antibody responses against several viral diseases, including

SARS-CoV-2 (14). Patients with persistent symptoms 3

months after infection were described as having neutrophil

dysfunction that tended to interfere with the production of

anti-SARS-CoV-2-S1 neutralizing antibodies (15). The

presence of anti-idiotype antibodies against SARS-CoV-2 S-

IgG has recently been proposed as a mechanism of down-

regulation of the specific humoral response by binding to

protective neutralizing antibodies, resulting in immune-

complex formation and clearance. These anti-idiotype

antibodies have also been related with the persistence of
Frontiers in Immunology 05
62
symptoms in long-COVID and possible vaccines´ adverse

effects (16).

An impaired humoral immune response, particularly when

involving the protective neutralizing antibodies, might favor

persistent SARS-CoV-2 infection or antigenic reservoir (17), as

well as immune stimulation, sustained inflammation and auto-

reactivity (18), which may contribute to perpetuation of

symptoms. Accordingly, a deficient humoral response might

be linked with the increased frequency of positive ANA levels in

our long-COVID patients. SARS-CoV-2 may act as a triggering

factor for the development of a rapid autoimmune

autoinflammatory dysregulation. Positive ANA have been

detected in up to 50% of patients with acute SARS-CoV-2

infection (19, 20) but, conversely, long-term data are limited

and contradictory (21, 22). ANAs have been suggested to play a

pathogenic role in disease through different mechanisms,

including the formation and deposition of immune complexes

containing ANA and nuclear autoantigen, molecular mimicry

and direct interaction on target cells or penetration into cells

(23). It remains to be determined whether they might potentially

contribute to the severity and persistence of symptoms
A

B C

FIGURE 1

Temporal changes in the levels of antibodies and biomarkers during follow-up according to persistence of symptoms. (A)Serum titers of SARS-
CoV-2 S-IgG on admission and at different time points after discharge according to the persistence of symptoms; (B) Serum levels of D-dimer
during follow-up since hospital admission according to the persistence of symptoms; (C) Serum levels of C-reactive protein during follow-up
since hospital admission according to the persistence of symptoms”.
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associated with COVID-19. Our results are in agreement with

findings from Seeßle et al, who described a higher proportion of

positive ANA titers 12 months after COVID-19, particularly in

association with neurocognitive symptoms (21).

We did not find differences in T-cell responses measured with

an interferon-g release assay according to the occurrence of 1-year

post-COVID-19 syndrome. Although not measured in our study,

the levels of cytotoxic CD8+ T cells have been found to be increased

and activated in patients with long-COVID up to 8 months after

acute infection (24, 25), and activation of CD8+ T cells has been

associated with autoimmunity (26, 27) and with enhanced ability to

produce inflammatory mediators (28). Our results suggest ongoing

chronic inflammation lasting up to one year in patients with long-

COVID, a longer period than that described so far (24, 29).

The sample size is a limitation of the study. In the absence of

a definition of long-COVID, we selected patients with the

highest CSQ scores, and therefore those with milder

symptoms are not represented. Neutralizing antibodies could

not be determined at the beginning of the study to analyze

neutralization kinetics between baseline and 12 month visit,

since the SARS-CoV-2 NeutraLISA test was not initially

available. Our study, however, provides long-term longitudinal

data of a prospective cohort of long-COVID patients with close

and thorough follow-up, and comprehensive characterization of

the 12-month immune responses.

In conclusion, patients with 1-year duration long-COVID-

19 syndrome exhibit a distinct immunologic phenotype that

includes decreased levels of anti-SARS-CoV-2 anti-spike and

neutralizing antibodies, autoimmunity, and low-degree chronic

inflammation that tends to dissipate. Although these findings

have yet to be confirmed in larger cohorts, they may contribute

to deepen into the pathogenesis of long-COVID.
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Regulated necrosis in COVID-19:
A double-edged sword
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Jing Wang1, Yuqing Zhang1, Xuemei Chen3, Chao Jiang4,
Junmin Wang3*, Xiaochong Fan1* and Jian Wang1,3*

1Department of Pain Medicine, The First Affiliated Hospital of Zhengzhou University, Zhengzhou,
China, 2Medical Genomics Unit, National Human Genome Research Institute, Bethesda, MD, United
States, 3Department of Human Anatomy, School of Basic Medical Sciences, Zhengzhou University,
Zhengzhou, China, 4Department of Neurology, Fifth Affiliated Hospital of Zhengzhou University,
Zhengzhou, China
COVID-19 caused by SARS-CoV-2 can cause various systemic diseases such as

acute pneumonia with cytokine storm. Constituted of necroptosis, pyroptosis,

and ferroptosis, regulated necrosis constitutes the cell death patterns under the

low apoptosis condition commonly observed in COVID-19. Regulated necrosis

is involved in the release of cytokines like TNF-a, IL-1 b, and IL-6 and cell

contents such as alarmins, PAMPs, and DAMPs, leading to more severe

inflammation. Uncontrolled regulated necrosis may explain the poor

prognosis and cytokine storm observed in COVID-19. In this review, the

pathophysiology and mechanism of regulated necrosis with the double-

edged sword effect in COVID-19 are thoroughly discussed in detail.

Furthermore, this review also focuses on the biomarkers and potential

therapeutic targets of the regulated necrosis pathway in COVID-19, providing

practical guidance to judge the severity, prognosis, and clinical treatment of

COVID-19 and guiding the development of clinical anti-SARS-CoV-2 drugs.

KEYWORDS

COVID-19, necrosis, mechanisms, biomarkers, clinical treatment
Highlights

1. Regulated necrosis plays a critical role in the pathologic process of COVID-19.

2. The mechanisms and “double-edged sword” effects of regulated necrosis

are discussed.

3. The potential therapeutic targets can guide the development of anti-SARS-CoV-

2 drugs.
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1 Introduction

An unprecedented worldwide spread of coronavirus-2 of the

severe acute respiratory syndrome (SARS-CoV-2), the cause of

coronavirus disease 2019 (COVID-19), has imposed tough

challenges on the health and medical infrastructure around the

world (1). As of 1 May 2022, 510 million people had been

diagnosed with COVID-19, including 6 million deaths

worldwide (2). The initial clinical manifestations are mainly

nonspecific respiratory syndromes (3–5) followed by complex

complications, including multiple organ failure, septicemia, and

cytokine storm (6–8). SARS-CoV-2 infects the host with the cell

receptor angiotensin-converting enzyme-2 (ACE2) through

respiratory droplets and causes various pathophysiological

changes and syndromes. Cell metabolism is interpreted as the

trigger for cell death through multiple pathways that coexist in

COVID-19 (9). More components and increased cell damage

lead to systemic inflammatory response syndrome (SIRS) and a

SIRS-like immune response (10). With the aggravation of the

now dysfunctional inflammatory system, inflammatory

monocytes and neutrophils increase, and lymphocytes decrease

markedly (6, 11, 12). Cytokine storms and a high burden of

systemic inflammation accelerate subclinical disorders and lead

to complications through inflammatory cell death (12). In this

process, regulated necrosis plays a vital role in the

pathophysiology of COVID-19 (13); exploring its connection

to COVID-19 can provide a crucial theoretical basis for our

treatment of COVID-19.

Necrosis is an old concept that has recently gained new

attention (14). Traditional necrosis, characterized by organelle

disintegration, oncosis, degeneration of proteins and enzymes in

vivo, and plasma membrane rupture (15), evokes inflammatory

responses by releasing damage-associated molecular patterns

(DAMP) that trigger an immune response known as

necroinflammation (16). During inflammation, necrotic cells

and neutrophils exude lysosomal enzymes, promoting further

necrosis and local parenchymal lysis of multiple cells

simultaneously (17).

More recently, regulated necrosis has emerged as a

revolutionary concept (18). Unlike traditional necrosis, which

is understood to be a disordered, passive, gene-independent, and

pathological process, regulated necrosis is genetically

programmed. It biochemically represents various signaling

pathways, such as kinase-mediated necroptosis, gasdermin-

mediated necrosis downstream of inflammasomes, and an

iron-catalyzed mechanism (14, 19, 20). Regulated necrosis

comes in different forms, such as necroptosis, pyroptosis, and

ferroptosis, all of which play an essential role in host defense and

maintaining tissue homeostasis (18). Furthermore, regulated

necrosis also contributes to the pathophysiology of various

inflammatory, infectious, tumor, and degenerative diseases (21,

22). Like apoptosis, regulated necrosis can be controlled by
Frontiers in Immunology 02
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specific molecular modulations on therapeutic targets [e.g.,

RPM1-induced protein kinase (RIPK1), iron] (14, 18, 23–25).

Specific molecules require regulatory pathways that involve the

Fas-associated protein with a new death domain, caspase-8,

caspase-1, RIPK3, mixed lineage kinase domain-like

pseudokinase (MLKL), nuclear factor-kB (NF-kB), etc. (26).
b-coronavirus proteins or infection with the complete virus

can lead to coronavirus-induced cell death, necroptosis, and

pyroptosis (27). Infection with SARS-CoV-2 activates caspase-8

(a master regulator of pyroptosis and necroptosis) and RIPK3 to

initiate inflammatory cytokines within lung epithelial cells (28).

Necroptosis depends on forming a molecular complex called the

necrosome, which incorporates the phosphorylation of RIPK1,

RIPK3, and the recruitment of mixed lineage kinase domain-like

pseudokinase (MLKL), and pro–caspase-8 (29). Serum levels of

RIPK3 have been demonstrated to be upregulated in patients

with COVID-19, suggesting the necroptosis-driven response to

host defense of SARS-CoV-2 (16). Pyroptosis depends on

inflammasomes, caspase-1/11, gasdermin-D (GSDMD), and

the release of interleukin-1b (IL-1 b) and IL-18 (30).

Ferroptosis triggered by iron overload or glutathione

peroxidase 4 (GPX4) inactivation leads to lipid peroxidation

and the release of cell contents (31).

Studies on the molecular mechanism of regulated necrosis

have improved our understanding of the role regulated necrosis

plays in COVID-19. Although the essential functions of

regulated necrosis in the immune system are fully described,

their roles in COVID-19 are still quite complex and elusive. For

example, necroptosis is vital in maintaining T-cell homeostasis

(32). Furthermore, excess activated T cells can be removed after

clonal expansion, while deregulation can result in

immunodeficiency or autoimmunity (32). This review

discusses the potential roles and specific consequences of

regulated necrosis, including necroptosis, ferroptosis, and

pyroptosis, in the pathophysiological process of COVID-19.

Furthermore, the mechanism of regulated necrosis and

potential therapeutic targets are comprehensively reviewed.

The relevance of regulated necrosis in anti-COVID-19 therapy

makes it possible to inhibit further infection of COVID-19, in

turn giving the development of anti-SARS-CoV-2 drugs a high

clinical value.
2 Regulated necrosis in COVID-19: A
double-edged sword?

Previous studies have shown that regulated necrosis is a

double-edged sword in cancer development and progression. It

has pro- and antitumor effects that drive oncogenesis and defend

against the emergence of cancer, respectively (33). Regarding the

SARS-CoV-2 infection process, regulated necrosis results from

viral replication in permissive cells, which dominates in the early
frontiersin.org
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stage of infection. Therefore, it can inhibit virus invasion by

killing cells and activating immune defense function. However,

later in the disease, regulated necrosis has extremely pro-

inflammatory effects. Pro-inflammatory cytokines (tumor

necrosis factor (TNF-a), IFN-g, IL-1, or IL-6) are the main

functional activity of the immune system (18, 20). This process

leads to the recruitment of immune cells, the generation of

immune complexes, and relevant injury (34). Additionally, the

release of processed inflammatory cytokines and the

amplification of inflammatory reactions together induce

necroptosis and pyroptosis in macrophages, which aggravate

lymphopenia through the direct killing of lymphocytes and limit

the appropriate immune response (28).

Regulated necrosis can play a protective role in limiting

SARS-CoV-2 infection. It seems that SARS-CoV-2 infection

manipulates the necrosis process by regulating NF-k B-

dependent cell survival and mitochondria among various

pathways to inhibit regulated necrosis and allow SARS-CoV-2

to replicate and spread. Additionally, the anti-SARS-CoV-2 role

of regulated necrosis may be mediated by killing cells invaded by

SARS-CoV-2, activating innate and adaptive immunity, and

promoting apoptosis. In infected cells, the initiation of

regulated necrosis, such as necroptosis, ferroptosis, and

pyroptosis, rapidly eliminates infected cells to limit the viral

spread and avoid harmful host pathogenesis (35). Similarly,

regulated necrosis, a third mechanism by which TNF

contributes to innate immune control of pathogens,

strengthens antiviral responses in regulating virus-induced

inflammation and other inflammatory processes (22).

Furthermore, necroptosis releases damage-associated

molecular patterns (DAMP) to induce robust cross-priming of

CD8+ T cells (36). Again, the close interaction between

necroptosis and apoptosis also removes infectious cells that

terminate virus infection. It seems that apoptosis at the initial

stage of the disease wreaks havoc on viral replication (37).

Complex IIa induced by deubiquitination of RIPK1 activates

caspase-8 and further facilitates apoptosis (13). However, when

caspase-8 is blocked, complex IIb is formed and starts necroptosis

(13). The two pathways can counteract the upregulation of the

cellular FLICE inhibitory protein, an antiapoptotic protein, which

defers cell death and benefits SARS-CoV-2 replication (37, 38).

Consequently, inhibiting regulated necrosis might be an

emerging viral immune evasion strategy.

However, due to the replication and liberation of SARS-

CoV-2, regulated necrosis releases a large number of pathogen-

associated molecular patterns (PAMP) and damage-associated

molecular patterns (DAMP), including inflammatory cytokines

and cell contents such as SARS-CoV-2 particles, chemokines,

lactate dehydrogenase, adenosine triphosphate (ATP), and

reactive oxygen species (ROS). These mediators are beneficial

in causing an immune and inflammatory response of the

surrounding cells (39, 40). At the same time, adjacent

epithelial and endothelial cells are induced to release pro-
Frontiers in Immunology 03
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inflammatory mediators during necrosis (41). In addition,

neutrophil infiltration, macrophage activation, Th17, and the

high mobility group box-1 protein (HMGB1) promote the

inflammatory cascade reaction, which eventually leads to a

cytokine storm in host cells and cytokine release syndrome

(CRS) in the human body (42–44).

Cytokine storm and inflammatory immune reactions,

mainly due to uncontrolled necrosis, occupy a crucial position

in COVID-19 complications (45). Due to vascular leakage,

inflammatory cells such as T cells, monocytes, and

macrophages are recruited from the blood to the lungs (46).

Inflammatory mediators such as IL-2, IL-6, and tumor necrosis

factor (TNF) are also infiltrated by inflammatory cells into the

lungs due to increased production, destroying lung structure

(47). In addition, aerobic granular sludge and SARS-CoV-2

RNA spread in the bloodstream, produce immune complexes,

and deposit in target organs such as the kidneys, causing a severe

inflammatory cascade (48). Furthermore, the cytokine storm

reaches other organs through the vascular system (44), leading to

multiple organ dysfunction syndromes (MODS) and sequential

cell necrosis. For example, pyroptosis and necroptosis are

effective mechanisms for the secretion of IL-1b and IL-18,

ATP, HMGB1, S100 proteins, and IL-1a, leading to acute

phase reactions, inflammatory tissue damage, fever, cytokine

release syndrome, neurotoxicity, and potential systemic organ

failure in sepsis and other diseases (49).

In addition to regulated necrosis, traditional necrosis can be

caused directly by vital pathogenic factors or developed from

reversible damage in COVID-19 (13). COVID-19 causes

necrotic damage to the lungs, and the resulting cytokine storm

can also spread to multiple organs through the circulatory

system, resulting in cell necrosis of various organs and leading

to MODS (50). Kidney injury and subsequent clinical

complications such as hematuria and proteinuria are present

in approximately 40% of COVID-19 patients (51).

Nephrocortical necrosis is caused by an ACE2 pathway, acute

tubular necrosis, and hypercoagulation (51). Neurocyte necrosis

i s p re sen t in pa t i en t s w i th acu te demye l ina t ing

encephalomyelitis (52), and dermatic necrosis in COVID-19 is

characterized by infectious exanthemas (41). Data in China

showed that one in five patients with COVID-19 has

myocardial necrosis (53), with an inflammation response and

cytokine storm as possible mechanisms (54). Furthermore,

trophoblast necrosis appears in the placentas in pregnant

women (55). SARS-CoV-2-induced vasculitis can induce

fibrinoid necrosis of small vessel walls (56).

Based on an increasing understanding of the complexity of

regulating host cell necrosis in COVID-19 and the connection

with the intrinsic immune defense mechanism of SARS-CoV-2

infection (innate immunity of cells), we speculate that regulated

necrosis plays a double-edged sword role in COVID-19 and

seems to depend on many factors, including downstream

effector molecules (various cytokines and chemokines), the
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specific cell death pathway involved, and the immune response

at different clinical stages of COVID-19 progression. However,

the driving factors of regulated necrosis still need more studies to

fully explain this mechanism.
2.1 Necroptosis in COVID-19

Necroptosis is an essential programmed cell death model

with a necrotic morphology mediating by RIPK1, RIPK3, and

MLKL (57, 58). Previous research has shown that necroptosis

could be a double-edged sword during viral infection (59).

Necroptosis can lead to cell suicide to prevent viral replication

completion and further block disease progression (60).

Furthermore, necroptosis stimulates wild antiviral immune

responses and accelerates adequate viral clearance from

infected organs when apoptosis is inhibited (61). However,

with cell rupture, intracellular viruses successfully evade cell

death and spread throughout the body (62). Furthermore,

uncontrolled lytic cell death can cause tissue injury and severe

diseases, including acute respiratory distress syndrome (ARDS),

neurodegenerative diseases, and inflammatory diseases (62).
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Investigating whether SARS-CoV-2 can cause necroptosis

begins with the human lung cancer cell line Calu-3 (28). After

Calu-3 cells were infected with SARS-CoV-2, MLKL

phosphorylation (pMLKL) was up-regulated in infected cells,

and antibody staining showed that pMLKL was expressed in the

cell membrane. Scientists inactivated infected cells with

ultraviolet light, which prevented viral replication and

phosphorylation of MLKL, suggesting that necroptosis is

virus-dependent (28). Excessive immune response and

cytokine production were discovered at the SARS-CoV-2

infection site (10). Necroptosis creates an abundant

inflammatory environment by releasing DAMPs to recruit

immune cells and chemokines or cytokines to prevent virus

infection (63). Critical cytokines discovered in the SARS-CoV-2

condition include TNF-a, IL-1b, and IL-6, all common

cytokines released in necroptosis (64–66). However, these

robust inflammatory responses lead to complications in

COVID-19 patients, such as ARDS, vascular injury, and

neurological sequelae leading to physiological deterioration

and death (67–69). The discussion elaborates on the double-

edged sword effects of necroptosis in COVD-19. The mechanism

of necroptosis in COVID-19 is described in Figure 1.
FIGURE 1

Mechanism of necroptosis in COVID-19. The SRAS-CoV-2 infection leads to severe cytokine storms contributing to necroptosis in uninfected
cells. TNF-a binds to TNFR1, forming a stable complex that deubiquitinates and includes complexes II A and II B Complex II b contains
phosphorylated RIPK1, RIPK3, and MLKL, triggering the necroptosis pathway. MLKL is oligomerized to form pores in the membrane, leading to
cytokine leakage. The other two pathways lead to caspase-8 production, including the RIPK1-independent and the RIPK1-dependent pathways.
Then, caspase-8 promotes the production and leakage of IL-1b. FADD, FAS‐associated death domain; MLKL, pseudokinase similar to the mixed
lineage kinase domain-like pseudokinase; RIPK1, receptor-interacting protein kinase 1; RIPK3, receptor-interacting protein kinase 3; TNF-a,
Tumor Necrosis Factor-alpha; TNFR1, tumor necrosis factor receptor 1; TRADD, TNFR-associated death domain.
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However, relevant research in this field is still relatively scarce,

and detailed mechanisms need to be explored.

As one of the critical cell death pathways in SARS-CoV-2

infection, necroptosis can be orchestrated to alleviate the damage

the cytokine storm causes. Therefore, some drugs that can

specifically inhibit the necrotic progression of COVID-19 will

hopefully contribute to the treatment of COVID-19.

Necrostatin-1 (Nec-1) is a specific RIPK1 inhibitor that

suppresses the necroptosis signaling pathway. Recently, Nec-1

has been found to prevent COVID-19 complications potentially

(23). Furthermore, Nec-1 can alleviate the release of DAMP and

pro-inflammatory cytokines, inhibit the inflammatory NF-kB
pathway, and reduce ROS damage.

Furthermore, after Nec-1 administration, T cell exhaustion

in patients with COVID-19 can be alleviated by modulating host

defense (23). However, considering the role of viral promotion

in necroptosis, here is the question: Will Nec-1 promote viral

infection by inhibiting necroptosis? Relevant studies are needed

to explore the connection. Primidone is another inhibitor to

block RIPK1 activation and TNF-a-induced necroptosis (70).

Necrosulfonamide is an effective inhibitor to decrease pMLKL

(59). Additionally, nocodazole, cytochalasin B, and brefeldin A

can overtly inhibit pMLKL accumulation in the membrane to

prevent rupture of the plasma membrane (71). RIPK3 is a

potential target with a predominant increase in SARS-CoV-2

infection (72), but there have been no necroptosis studies

relevant for RIPK3 inhibitors. This may be attributed to the

fact that RIPK3 also mediates other inflammatory pathways; the

removal of RIPK3 does not directly show the performance of

necroptosis (73).
2.2 Pyroptosis in COVID-19

Pyroptosis, an essential component of the human antiviral

innate immune system and one of the critical pathways of

programmed cell death after SARS-CoV-2 infection, depends

on recognising pattern recognition receptors and the activation

and assembly of the inflammasome. Inflammasome activation

triggers the influx of sodium ions and water-mediated by

gasdermin D, resulting in pyroptosis and the maturation and

release of cytokines. PAMPs and DAMPs, such as SARS-CoV-2

RNA, activate cytoplasmic pattern recognition receptors (74),

among which the NACHT, LRR, and PYD domains contain

protein 3 (NLRP3), an essential receptor that causes pyroptosis.

Pyroptosis may play a dual role in antiviral and viral

promotion in the COVID-19 process: pyroptosis is critical for

the induction of effective antiviral immune responses and

disease resolution to limit pathogen infection and kill viruses-

invading cells. A protective role of inflammasome signaling and

IL-1b release has been demonstrated against multiple pathogens,

particularly in the acute phase of the disease (75). Studies in

patients with mild asymptomatic COVID-19 suggest that the
Frontiers in Immunology 05
69
activation of inflammasomes and pyroptosis may benefit the

host due to the initiation of the protective response against

SARS-CoV-2. However, its prolonged late-stage activation and

uncontrolled pyroptosis may be the basis for immunopathology

with the rapid release of a substantial number of PAMPs (SARS-

CoV-2 particles, cell contents, etc.), DAMPs (ATP, ROS, etc.),

and excessive production of pro-inflammatory cytokines (IL-1a/
b, IL-6, TNF, etc.) and chemokines into the inflammatory

microenvironment to recruit more immune cells (39). The

activation of macrophages and HMGB1, as well as neutrophil

infiltration, can promote the inflammatory chain reaction of

surrounding cells, causing an excessive immune response and

tissue damage that eventually leads to severe COVID-19 and an

increased risk of ARDS (39, 42–44, 75). ARDS results from

dysregulated hyperinflammation, rather than viral replication or

infection that causes lung injury (76).

Additionally, SARS-CoV-2 antigens and RNA are

disseminated in the bloodstream after pyroptosis and likely

produce immune complexes that deposit in target organs, such

as the kidneys, to induce a severe inflammatory cascade (48) and

may explain the poor prognosis of severe COVID-19. Besides,

many biomarkers in the models of death in COVID-19 have

been described in Table 1 to predict immune responses and

further evaluate the prognosis. Pyroptosis is also the key cause of

overexuberant inflammation and cytokine release observed in

severe and fatal cases of COVID-19, damage to the lung

endothelium accompanied by immune cell infiltration, and

systemic hypercoagulability (88). Targeting the NLRP3

Inflammasome and mitigating aberrant inflammatory

responses may play an important role in severe COVID-19

and complicat ions of SARS-CoV-2 infect ion (48) .

Mechanisms, potential targets, and double-edged sword effects

of the NLRP3 inflammasome and pyroptosis in COVID-19 are

described in Figure 2.

A deep understanding of the molecular mechanisms and role

of pyroptosis will allow selective interference of the deleterious

actions of pyroptosis in pathological contexts and promote the

beneficial effects for therapeutic purposes. Many potential

therapeutic agents and their targets have been studied to

manipulate the COVID-19-related immune response and

pyroptosis, summarized in Table 2. As the mechanisms of pro-

infective activity by pyroptosis are well understood, inhibiting

the pyroptosis process can limit intracellular replication of

SARS-CoV-2 and inhibit extensive cytokine storm and tissue

inflammation induced by the NLRP inflammasome by causing

pyroptosis, which is expected to be used in COVID-19 treatment

(88). Disulfiram and necrosulfonamide, effective inhibitors of

pyroptosis and GSDMD pore formation (88, 103), can limit

intracellular virus replication and inhibit extensive cytokine

storm and tissue inflammation by causing apoptosis, which is

also expected to be used in COVID-19 treatment (104). A phase

2 randomized (2:1), double-blind placebo-controlled trial

of disulfiram evaluates the effect of disulfiram on the severity
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of COVID-19 symptoms, the viral load of SARS-CoV-2, and

biomarkers of inflammation and pyroptosis over 31 days.

(ClinicalTrials.gov Identifier: NCT04485130). Furthermore,

rapamycin and genipin can significantly inhibit the expression

level of the NLRP3 inflammasome-related protein (93) or

alleviate the inflammatory response by activating the

antioxidant system (24). Recently, a single-center double-blind

placebo-controlled randomized clinical trial assessed the clinical

effectiveness of rapamycin in minimizing or decreasing the

severity of (acute lung injury/ARDS) in participants infected

with mild to moderate COVID-19 (ClinicalTrials.gov Identifier:

NCT04482712). B-hydroxybutyrate can inhibit K+ outflow and

caspase-1 activation (92), which may greatly benefit patients

with COVID-19. A randomized placebo-controlled double-

blind cross-over acute intervention study showed that beta-

hydroxybutyrate had acute beneficial hemodynamic effects in

pa t i en t s wi th hear t f a i lure and hea l thy contro l s

(ClinicalTrials.gov Identifier: NCT04573764).

Although the appropriate phage for patients with COVID-

19 to accept pharmacological interventions is worth exploring,

much remains obscure regarding potential agonists to provide a

host for pyroptosis Downstream cytokine antagonists may have

advantages in treating COVID-19, given that the overexpression

of IL-1b, specifically in the lungs, is sufficient to recapitulate

many of the ARDS phenotypes (90). Anakinra, an inhibitor of

IL-1, and canakinumab, a half-life-prolonged IL-1b, may have
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potential benefits in the treatment of COVID-19, for which

prospective randomized controlled trials are currently underway

(90). RNA sequencing of the early recovery stage of COVID-19

showed that classical CD14++ and CD14++ IL-1b+;monocytes are

of greater abundance with high expression of inflammatory

genes, indicating that IL-1b may be a potential target for the

COVID-19 intervention (105). Furthermore, existing

retrospective cohort trials have shown that high doses of

anakinra, with or without dexamethasone, can improve the

survival rate of COVID-19 (25, 91). However, a prospective

study did not show clinical results and required further

investigation (106).
2.3 Ferroptosis in COVID-19

Due to intracellular iron overload caused by many factors

such as hepcidin, transferrin receptor (TfR), free iron release,

and inhibition of GPX4 (107–111), ferroptosis is an iron-

dependent programmed cell death separate from pyroptosis. It

is characterized by an increase in membrane lipid peroxide levels

and is accompanied by a decrease in glutathione and GPX4

expression levels (112–115). Therefore, the imbalance of

intracellular iron homeostasis caused by SARS-CoV-2, which

leads to fatal ferroptosis, is closely related to the mechanism of

COVID-19 and the pathophysiological process of various
TABLE 1 Biomarkers in the modes of cell death in COVID-19.

Cell death
modes

Biomarkers Functions References

Necroptosis RIPK3 The serum RIPK3 level is high in COVID-19 patients in severe cases but does not
directly indicate necroptosis.

(72)

MLKL Robust phosphorylation of MLKL shows that necroptosis occurs. (77)

IL-1b Demonstrates the development and severity of COVID-19. (28, 78)

RIPK1 Elevated RIPK1 levels show apoptosis or necroptosis, or both. (70)

Ferroptosis F4-hydroxynonenal (4-HNE) Cytotoxic
malondialdehyde

Product of ferroptosis lipid peroxide degradation.
Cytotoxic and damage heart cells, resulting in cardiac dysfunction and heart failure.

(79, 80)

Serum ferritin Increase related to severity and mortality risk in COVID-19 patients. (6, 81)

Transferrin receptor (TfR) TfR expression plays a bridge role between iron overload and the gender and age
difference in the severity of COVID-19.

(82)

Total iron, nonheme iron in the lavage fluid, and
intracellular Tf and lactoferrin (Lf)

Increase in Acute Respiratory Distress Syndrome (ARDS) patients. (83)

Pyroptosis IL-6 Significant increase in non-survivors vs. survivors and severe vs. non-severe disease;
connected to cytokine storm, additional tissue damage, and multiple organ failure
(MOF).

(84)

ASC Forms the NLRP3 inflammasome. (85)

IL-1b The most severe patients are correlated with increased pro-inflammatory cytokines,
evocative of a cytokine storm.

(85)

IL-18/IFN-g Activates macrophages, resulting in multiple cytokine release, hemophagocytosis,
coagulopathy, and ARDS.

(86)

miRNAs (miR-223-3p) Regulates the NLRP3 inflammasome and acts at a priming and activation level of
NLRP3 formation.

(87)
fr
ASC, Apoptosis-associated speck-like protein containing a caspase recruitment domain; COVID-19, Coronavirus Disease 2019; IFN, interferon; IL, interleukin; MLKL, mixed lineage kinase
domain-like pseudokinase; NLRP3, NLR family, pyrin domain containing 3; RIPK1, receptor-interacting protein kinase 1; RIPK3, receptor-interacting protein kinase 3.
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complications. The means of ferroptosis in COVID-19 are

described in Figure 3.

More and more evidence has shown that excessive

inflammatory reactions and complications caused by COVID-

19, such as acute respiratory distress, heart and kidney injury,

and dysfunction of the blood and immune system, are closely

related to oxidative stress and ferroptosis (116, 117). Elevated

serum ferri t in levels caused by COVID-19-related

hyperinflammation are likely to trigger further tissue damage

(116). Ferroptosis of immune cells during infection is considered

immunogenic and pro-inflammatory, beneficial for disease

progression, and causes cell death, which may explain the

clinical characteristics of MODS in COVID-19 (118). Cell

death can induce the release of DAMPs, PAMPs, and alarmins

recognized by immune receptors and, finally, aggravate

ferroptosis and inflammation (118). One of the main processes

in the pathogenesis of COVID-19 infected with SARS-CoV-2

may be the imbalance of intracellular iron homeostasis and fatal

ferroptosis (119). Four possible factors mainly induce this
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process: massive release of the iron homeostasis regulator

Hepcidin, excessive iron influx dependent on the transferrin

receptor (TfR), which mediates cellular iron uptake through

endocytosis of iron-loaded transferrin during SARS-CoV-2

replication, attack of hemoglobin to release free iron into the

circulation, and inhibition of GPX4 by SARS-CoV-2 (107–109).

ROS, reactive nitrogen species, and reactive sulfur species

(116, 120, 121) produced during pathological conditions can

cause oxidative damage and ischemia-reperfusion injury to

different organs, such as the lungs, liver, kidney, heart,

intestine, and brain (122–124). To a great extent, ferroptosis is

associated with hyperinsulinemia, hypercoagulable state,

hemorrhagic stroke injury, shock, and MODS (123, 125, 126).

Iron overload is also cardiotoxic; the Haber-Weiss and Fenton

reactions produce harmful hydroxyl radicals that increase ROS

levels in the heart and oxidative stress. Malondialdehyde and F4-

hydroxynonenal are cytotoxic and damage heart cells, leading to

cardiac dysfunction and heart failure. Furthermore, iron

overload may play a role in the hypercoagulable state of
FIGURE 2

NLRP3 inflammasome, pyroptosis, and their mechanisms in COVID-19. The pyroptosis process can be divided into four stages: (1) activation, (2)
formation of the inflammasome, (3) release of IL-1 b and IL-18, and (4) GSDMD-induced pyroptosis. When the SARS-COV-2 protein binds to the
ACE2 receptor and is internalized by endocytosis, the SARS-COV-2 RNA is translated and replicated, transcribing the structural proteins ORF3a,
ORF8b, and SARS-COV-2 (N, S, M and E proteins). The NLRP3 inflammasome assembly signal, provided by PAMP and DAMP, is involved in the
imbalance of intracellular ion concentration (Ca2+ concentration increased and K+ concentration decreased), mitochondrial dysfunction leading
to release of ROS, Ca2+ and mtDNA, cardiolipin translocation of cardiolipin from inner to the outer mitochondrial membrane, phagocyte and
lysosome rupture that releases cathepsin, etc. Activation of NLRP3 results in recruitment, oligomerization, and binding to ASCs, which then
recruit and bind to pro-caspase-1 through their shared domain to drive the assembly of NLRP3-ASC-procaspase-1. The formation of the NLRP3
inflammasome leads to two results: (1) the release of IL-1 b and IL-18 and (2) GSDMD-induced pyroptosis. ACE2R, Angiotensin converting
enzyme 2 receptor; ASC, Apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC); ATP, adenosine triphosphate;
BTK, Bruton’s tyrosine kinase; Ca/CaMK, Calcium/Calmodulin-dependent protein kinase; CpG, Cytosine Phosphate Guanosine; DAMPs,
damage-associated molecular patterns; ER, endoplasmic reticulum; FADD, Fas-associated death domain; Golgi, Golgi apparatus; GSDMD-NT,
gasdermin D-N terminal; IL, Interleukin; IRAK, Interleukin-1 receptor-associated kinase; LRR, leucine-rich repeat; MCU, mitochondrial Ca2+

uniporter; MtDNA, mitochondrial DNA; MyD88, myeloid differentiation factor 88; NF-kB, Nuclear factor-kB; NLRP3, NLR family, pyrin domain
containing 3; NOD, nucleotide-binding and oligomerization; ORF3a, Open reading frame 3a; ORF8b, Open reading frame 8b; PAMPs pathogen-
associated molecular patterns; PRR, pattern recognition receptor; P2X7R, purinergic ligand-gated ion channel 7 receptor; RNAase L, latent
endoribonuclease; ROS, reactive oxygen species; TNF, tumor necrosis factor; TNFR, tumor necrosis factor receptor; TRAF3, TNF receptor-
associated factor 3; Trim33, Tripartite motif-containing protein 33; TLR 4, Toll-like receptor 4; JAKUb, Ubiquitin; VDAC1/2, voltage-dependent
anion-selective channel ½.
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patients with severe COVID-19. The destruction of hemoglobin

increases the amount of free iron in the blood, leading to iron-

induced oxidative stress, thrombocytosis, and changes in red

blood cell viscosity. Then fibrinogen is transformed into fibrin

clots, leading to pathological thrombosis. Furthermore,

hemoglobin loses its ability to bind to oxygen and deliver to

major organs, leading to multiple organ failures (127).

Previous studies have shown that iron overload plays a vital

role in the pathogenesis of multiple system diseases caused by
Frontiers in Immunology 08
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SARS-CoV-2 infections (31). Reducing iron levels in infected

cells can effectively inhibit virus growth and disease progression

caused by SARS-CoV-2 (128). Lipophilic antioxidants, including

vitamin E, ferrostatin-1, and liproxstatin-1, can alleviate

ferroptosis by inhibiting lipid autoxidation, which may have

potential value in treating COVID-19 (97, 98). Iron chelators,

such as deferoxamine, deferoxamine mesylate, and deferiprone,

can bind to free iron to inhibit its redox properties, prevent the

Fenton reaction, down-regulate hepcidin, remove iron from
TABLE 2 Treatment targets and mechanisms in the modes of cell death in COVID-19.

Cell death
mode

Potential
therapeutic
targets

Treatment pathways and mechanisms Potential drugs References

Necroptosis RIPK1 Inhibits RIPK1 specifically Nec-1 (23)

Blocks RIPK1 activation and further blocks the TNFa-induced
necroptosis

Primidone (70)

MLKL Decreases the phosphorylation of MLKL Necrosulfonamide (NSA) (59)

Inhibits pMLKL accumulation in the membrane to prevent the
plasma membrane from disintegration

Nocodazole, Cytochalasin B, and
Brefeldin A(NCB)

71)

TNF-a and IFN-g Blocks TNF-a and IFN-g to alleviate necroptosis in COVID-19 Neutralizing antibody (Anti-TNF-a,
Anti-IFN-g)

(77)

Anexelekto (AXL) Oppresses the p38/mitogen-activated protein kinase (MAPK)
pathway and further reduces cytokine production and virus
replication

Gilteritinib (89)

NF-kB pathway Inhibits NF-kB pathway and reduces ROS damage. Nec-1 (23)

DAMPs and pro-
inflammatory
cytokines

Alleviates the release of DAMP and pro-inflammatory cytokines. Nec-1 (23)

Pyroptosis Release of cytokine Inhibits the cytokine storm.
Improves the survival rate of COVID-19.

IL-1 inhibitor (Anakinra)
half-life-prolonged IL-1b
(canakinumab) rilonacept

(25, 90, 91)

ROS Alleviates inflammatory reaction by activating the antioxidant
system.

Rapamycin, genipin, agrabine, and
resveratrol

(24)

ASC oligomerization Blocks ASC oligomerization.
Inhibits K+ efflux and caspase-1 activation.

B-hydroxybutyrate (BHB) (92)

NLRP3
oligomerization

Binds to the NACHT domain of NLRP3 to inhibit its
oligomerization.

Tranilast (24)

Inhibits the expression level of NLRP3 inflammasome-related
proteins.

Rapamycin, genipin, agrabine, and
resveratrol

(93)

Autophagy Induces autophagy.
Inhibits macrophage mitochondrial damage.

Resveratrol, HU-433 and HU-308. (94, 95)

Ferroptosis System Xc- Inhibits system Xc- to cause intracellular glutathione (GSH)
depletion, inducing ferroptosis.

Erastian, Sulfasalazine (SAS),
Sorafenib,
extracellular glutamate accumulation.

(96)

ROS regulation Inhibits lipid oxidation and decreases ROS of intracellular lipids. Lipid antioxidants (vitamin E, Fer-1,
and Lip-1).

(97, 98)

Prevents the formation and scavenging of ROS. Reducing agents (methemoglobin
reductase, ascorbic acid, and
glutathione).

(99)

Iron Binds to free iron to inhibit its redox properties.
Prevents membrane lipid oxidation and the Fenton reaction.
Removes iron from iron-binding proteins.

Iron chelators (desferrioxamine,
deferoxamine mesylate, and deferrione)

(25, 100, 101)

Iron autophagy Inhibits fermodulin. Analogues of fermodulin-1 and
liproxistatin-1.

(102)
fr
ASC, Apoptosis-associated speck-like protein containing a caspase recruitment domain; COVID-19, Coronavirus Disease 2019; DAMP, damage-associated molecular patterns; IFN-g,
interferon-g; IL, interleukin; MLKL, mixed lineage kinase domain-like pseudokinase; NF-kB, Nuclear factor-kB; Nec-1, Necrostatin-1; NLRP3, NLR family, pyrin domain containing 3;
RIPK1, receptor-interacting protein kinase 1; ROS, reactive oxygen species; TNF-a, Tumor Necrosis Factor-alpha.
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iron-binding proteins, etc. (100, 101, 128). Treatment of

COVID-19 with reducing agents, including methemoglobin

reductase, ascorbic acid, and glutathione to prevent formation

and scavenging, may be of great value (99). A new generation of

ferroptosis inhibitors, such as improved ferrostatin-1 and

liproxstatin-1 analogs, may also be potential drug candidates

for COVID-19 (102). The process and therapeutic targets of

ferroptosis in COVID-19 are described in Figure 3.
3 Conclusions

In conclusion, this review elaborates on the biochemical and

molecular mechanisms of regulated necrosis in COVID-19 and

introduces the latest research progress. Furthermore, we discuss

the two sides of regulated necrosis to provide a new view on the

treatment of COVID-19. After analyzing the difference between

traditional and regulated necrosis, we showed the overall effects

of necrosis on the pathophysiology of COVID-19. However, to

better understand the two sides of regulated necrosis, future
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research should investigate the following problems: (i) the

driving factors of activation in regulated necrosis in COVID-

19; (ii) the possible mechanism of how inflammatory molecular

interaction and the influence of the inflammatory environment

caused by SARS-CoV-2 affect the regulation of regulated

necrosis; and (iii) the effects of regulated necrosis on the

regulation of immune cells, antiviral immunity, and the

efficiency of targeted therapy. In clinical use, diagnostic

criteria, disease severity classification system, combined

antiviral treatment, secondary infection, and cytokine

measurement should be considered. The disease severity

classification system is vital to prompt the initiation of

immunomodulatory therapy, which may be beneficial only for

severe cases of COVID-19. Still, aggressive anti-inflammatory

therapy can prevent progression in mild or moderate patients.

The timing of treatment, the variability in the course of the

disease, and the proper patient stratification will be essential for

identifying the ‘sweet spot’ (appropriate time and stage of

inflammasome-inhibi t ing intervent ions) . In short ,

understanding the double-edged sword of regulated necrosis
FIGURE 3

Ferroptosis and its mechanism in COVID-19. Ferroptosis is a kind of programmed cell death characterized by an imbalance in intracellular iron
metabolism or a distortion of the glutathione peroxidation pathway. The transferrin receptor recognizes excess transferrin carrying Fe3+ and
enters cells through endocytosis after SARS-COV-2 infection. Metal reductase Steap3 reduces Fe ions from trivalent to divalent, while iron
channels DMT1 and TRPML1 in the endosome membrane transport Fe2+ to the cytoplasm, accompanied by iron accumulation. In the case of
intracellular iron overload, chemical substances in the mitochondrial electron transfer chain react with H2O2, Fe 2+, and lipids, together
inducing the Fenton reaction, which produces large amounts of ROS. Due to GPX4 depletion and iron overload in LIP, lipid, nucleic acid, and
protein peroxidation results in cell membrane damage due to oxidative stress and ferroptosis. DAMPs and Alarmin (HMGB1, IL-33, TNF) are
released, eventually aggravating cell death and inflammation. Tf and prominin 2 can effectively excrete iron from cells and inhibit ferroptosis.
ACE2R, Angiotensin-converting enzyme 2 receptor; ALOXs, arachidonate lipoxygenases; BH4, tetrahydrobiopterin; CoQ10, coenzyme Q10;
DAMP, damage-associated molecular patterns; DFO, deferoxamine; DMT1, divalent metal transporter 1; DPI, diphenyleneiodonium; ER,
endoplasmic reticulum; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4; GSH, glutathione; GSSG, oxidized GSH; HMGB1,
high mobility group box-1 protein; HSPGs, heparan sulfate proteoglycans; H2O2, hydrogen peroxide; IL, interleukin; Lf, lactoferrin; LIP, labile
iron pool; LOXs, lysyl oxidases; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, nicotinamide adenine dinucleotide phosphate;
NCOA4, nuclear receptor coactivator 4; NOXs, NADPH oxidases; PLOOH, phospholipid hydroperoxide; PUFAs, polyunsaturated fatty acids; ROS,
reactive oxygen species; RSL3, 1S,3R-RSL3; Se, selenocysteine; Steap3, six-transmembrane epithelial antigen of prostate 3; TFR1, transferrin
receptors 1; TNF, tumor necrosis factor; TRPML1, transient receptor potential mucolipin 1; VitE, vitamin E.
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with SARS-CoV-2-manipulated molecular details and applying

drugs to target regulated necrosis or its downstream pathway

alone or in combination with other immunotherapy methods

will have great potential as a new treatment method for COVD-

19. With further studies in progress, promising results will

emerge in the future.
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Basic research for prevention and treatment of coronavirus disease 2019

(COVID-19), caused by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), continues worldwide. In particular, multiple newly reported

cases of autoimmune-related diseases after COVID-19 require further

research on coronavirus-related immune injury. However, owing to the

strong infectivity of SARS-CoV-2 and the high mortality rate, it is difficult to

perform relevant research in humans. Here, we reviewed animal models,

specifically mice with coronavirus-related immune disorders and immune

damage, considering aspects of coronavirus replacement, viral modification,

spike protein, and gene fragments. The evaluation of mouse models of

coronavirus-related immune injury may help establish a standardised animal

model that could be employed in various areas of research, such as disease

occurrence and development processes, vaccine effectiveness assessment,

and treatments for coronavirus-related immune disorders. COVID-19 is a

complex disease and animal models cannot comprehensively summarise the

disease process. The application of genetic technology may change this status.

KEYWORDS

COVID-19, coronavirus, immune injury, mouse model, SARS-CoV-2
Introduction

Coronaviruses are large, enveloped, positive-sense, single-stranded RNA viruses.

They can infect a variety of vertebrates, including mammals, such as humans, and

poultry, and cause multisystem diseases of the respiratory tract, liver, and gastrointestinal

tract. Since late 2019, the coronavirus disease 2019 (COVID-19) pandemic has affected
Abbreviations: ACE2, angiotensin-converting enzyme 2; COVID-19, coronavirus disease 2019; IFN,

interferon; LPS, lipopolysaccharide; MHV-A59, mouse hepatitis virus strain-A59; SARS-CoV, severe acute

respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TLR,

Toll-like receptor; VAERD, vaccine-associated enhanced respiratory disease.
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216 countries and endangered the health of more than 200

million people, making it one of the most serious infectious

diseases (1). Alpha, Beta, Gamma, Delta, Omicron, and other

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

variants (2) have emerged and are significantly impacting

human society, economy, and life. Increasing attention is now

focused on the prevention and treatment of viral pneumonia

caused by SARS-CoV-2. The host immune-response disorder

caused by SARS-CoV-2 is a key factor in the damage to multiple

systems, including the lungs (3); however, the effects of

prevention and treatment methods are difficult to evaluate. In

this regard, it is also difficult to conduct extensive drug trials as

the virus is highly infectious. Therefore, an effective animal

model is useful for coronavirus-related immune injury

research. In particular, an increasing number of autoimmune

diseases related to COVID-19 infection have been reported

recently, which has drawn more attention to the immune

system damage caused by the imbalance of inflammatory

factors after SARS-CoV-2 infection (4, 5). Previous reports of

multiple cases of immune system damage after COVID-19 have

revealed that very little is known about the complexity of

COVID-19, and a reliable animal model of coronavirus-

associated immune damage is necessary to support related

research. Mice are widely used in biomedical research owing

to their small size, ease of use, rapid reproduction, inbreeding

ability, and ease of genetic modification. Here, we reviewed

studies using mouse models of coronavirus pneumonia and

explored potential mouse models of immune injury caused by

coronavirus pneumonia. The findings may not provide a basis

for experimental research on drugs for the prevention and

treatment of COVID-19, but they do provide a foundation for

the research on the physiological mechanisms and pathological

damages of COVID-19.
Mouse hepatitis virus strain-A59
mouse model

Mouse hepatitis virus strain-A59 (MHV-A59) and various

coronaviruses have similar structures, which overlap well in

multiple domains and show significant overall structural

homology (6). The infectivity of coronaviruses may be closely

related to fusion peptides (7), which participate in binding cell

receptors and induce fusion between the virus and cell

membrane. This structure also exists in MHV-A59, which is

beneficial for the establishment of a mouse virus infection-

related model. Therefore, fusion peptides in MHV-A59 are

research candidates for antiviral drugs and candidate

vaccines (8).

In addition, MHV-A59 and coronaviruses follow a similar

pathological course after infection. Recently, evidence has shown

that MHV-A59 infection can produce multisystem pathological
Frontiers in Immunology 02
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processes, including autoimmune hepatitis-like disease, thymic

degeneration, hypergammaglobulinemia, and temporary nerve

demyelination (9). The respiratory tract and lung tissue may also

be infected with MHV-A59, resulting in severe pathological

damage, similar to the acute inflammation caused by SARS-

CoV (10).

MHV-A59 is pneumophilic when mice are inoculated

nasally, and it reproduces several clinical features of SARS-

CoV-2 infection, including increased systemic inflammation in

the heart, adipose tissues, and hypothalamus, as well as

neutrophilia (10, 11). SARS-CoV-2 infection replacement

models were successfully established using both C57BL/6J and

BALB/c mice. Within 24 h from the viral infection, the mice

developed symptoms such as increased body temperature,

decreased activity or restlessness, accelerated breathing, weight

loss, hypoxemia, anorexia, quadriplegia, and abdominal muscle

spasms. Therefore, MHV-A59 can be used as a surrogate for

SARS-CoV-2. Currently, multiple researchers have selected

MHV-A59 as an alternative model for SARS-CoV-2 and have

achieved good results with a wide range of systemic effects.

Respiratory distress syndrome also develops in addition to the

induction of hepatitis and encephalomyelitis by MHV-A59. All

other MHV strains require a background of A/J or type-I

interferon (IFN) deficiency to lead to serious diseases (12). In

addition, some researchers have used ageing mice and MHV-

A59 to simulate severe symptoms after COVID-19 infection,

including up to 30% weight loss, anorexia, decreased oxygen

saturation, and a series of pathological changes in the lungs,

including neutropenia, monocytosis, gd T cell loss, lymphocyte

decline, and increased circulating pro-inflammatory cytokines

(11). These studies provide an impetus for further studies on

virus replacement models of coronavirus pneumonia.
Mouse-adapted SARS-CoV-2-
related immune injury model

Variation in the amino acid sequence in the viral receptor-

binding domain of mouse angiotensin-converting enzyme 2

(ACE2) renders mice unable to be SARS-CoV-2 hosts (13).

Therefore, by modifying the spike protein of SARS-CoV-2, a

mouse-adapted SARS-CoV-2 strain that binds to the mouse

ACE2 can be obtained. For example, MASCp6 can induce

inflammatory responses and moderate pneumonia in young

and old mice (14), which can cause histopathological changes

such as tracheal degeneration and alveolar inflammation; viral

antigens can be detected in the trachea, bronchioles, and type II

pneumocytes. Based on reverse genetics, researchers (15) have

constructed a recombinant virus SARS-CoV-2 MA that can

utilise mouse ACE2; this replicates in the upper and lower

respiratory tracts of BALB/c mice of all ages, resulting in mild

to moderate pneumonia.
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Notably, these constructed SARS-CoV-2 strains, which are

adapted to mouse ACE2, can better simulate the clinical and

pathological manifestations of human infection with SARS-

CoV-2; therefore, they can be used to study the efficacy of

antiviral drugs. The mouse-adapted strains are less pathogenic

and infectious to humans and more suitable for drug and related

research with broader prospects.
Inactivated or recombinant virus-
related immune injury model

Inactivated whole-virus vaccines have the advantage of

relatively easy mass production and stable expression of a

conformation-dependent epitope (16, 17). However, the

disadvantages of inactivated preparations include the risk that

vaccine preparations contain infectious viruses, and the immune

responses can lead to abnormal presentations (18). Some

researchers found that an inactivated SARS-CoV vaccine was

able to induce neutralising antibodies in healthy young mice.

However, the inactivated vaccine failed to induce enough

antibodies in aged mouse models to show clinical

manifestations similar to human infection with SARS-CoV

(including increased levels of SARS-CoV replication and

pathological changes in lung tissues). After inoculation of aged

BALB/c mice with recombinant SARS-CoV containing the

mutant spike glycoprotein, severe lung injury similar to that of

human diseases is reproduced, including diffuse alveolar injury,

hyaline membrane formation, and death. Because these

recombinant BALB/c mice show high-titre replication of the

virus in vivo, liver damage, multifocal interstitial lymphocyte

infiltration, and other complications, they can be used as a model

to evaluate vaccine effectiveness or viral pneumonia-related

effects (19). Another study showed that although a double-

inactivated SARS-CoV vaccine can provide protection against

fatal diseases in young mice after homologous and heterologous

attacks, it underperforms in aged animal models, exhibits

increased eosinophilic immunopathology in the lungs, and

does not significantly prevent viral replication (20). In most of

these studies, the evaluation index was the viral load in the

mouse lung that reached a certain standard.

Vaccine-associated enhanced respiratory disease (VAERD)

was observed in a subset of preclinical models of the SARS-CoV-

2 vaccine. VAERD is a modified or more severe presentation of

the disease involving the lower respiratory tract and is caused by

a pathogenic infection following vaccination with the same

pathogen. VAERD may cause post-infectious, possibly

immune-mediated, systemic diseases (21). This may be related

to the fact that the vaccine again induces the required pathway

for viral infection but produces many low-quality and low-

activity antibodies (22).
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Spike protein-associated immune
injury model

SARS-CoV-2 triggers infection by attaching surface-exposed

spike glycoproteins to the host cell receptors. Spike proteins are

promising targets for inducing an immune response and

providing protection. Therefore, continuous efforts to develop

SARS-CoV-2 vaccines and treatments focus on spike proteins

(23). Research on SARS-CoV-2 vaccines found that subunit

vaccines based on the spike protein induced an immune

response (24). In a study from 2020 (25), immunogens based

on spike protein-associated multi-epitope proteins were

inoculated into different mouse strains, and all multi-epitope

proteins were found to be highly immunogenic and capable of

inducing antigen-specific antibody responses. Responses

included a specific CD8+ T cell response that may upregulate

IFN-g, which is associated with the inhibition of viral replication

and enhanced antigen delivery. This may benefit further

development of SARS-CoV-2 vaccines or therapies (26). In

many related studies, spike protein-related polypeptide

preparations were injected intraperitoneally into C57BL/6J and

BALB/c mice, and serum antibody concentrations and multiple

cytokines were observed at different times (23, 27). This research

on spike protein-related models has provided a basis for the

development of vaccines and treatments for SARS-CoV-

2 infections.

mRNA vaccine-related immune
injury model

Studies on coronaviruses have shown that mRNA vaccines

can effectively elicit both humoral and cellular immunities. For

SARS-CoV-2, the mRNA vaccines widely used worldwide

include BNT162b2 (Pfizer- BioNTech) and mRNA-1273

(Moderna, Inc.). mRNA can effectively convey antigen

expression and has good antigenicity. Researchers injected

mRNA-1273 intramuscularly into multiple strains of mice and

found that mRNA-1273 is a potent immunogen; a single dose

can stimulate immunity and induce pseudo virus-neutralising

antibody responses (28). Furthermore, intramuscular injection

of low-dose mRNA-1273 in mice can effectively increase CD4+

T lymphocytes and germinal centre B cells, activate related

immune pathways, and simultaneously activate IFN-g and

interleukin (IL)-4. This results in an appropriate ratio of

IgG2a/IgG1 with good neutralising activity.

Abnormal immune responses caused by mRNA vaccines

mostly manifest as allergic reactions to the active ingredients of

the vaccine itself or to other components of the vaccine related to

the lipid-based nanoparticle carrier. Therefore, mRNA vaccines

are relatively safe and effective in inducing antibodies, but they

can induce immune disorders related to antiviral protection and
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even clinical manifestations of VAERD in rare cases (22, 29).

This might be because the mRNA vector has no characteristics of

antibiotic resistance, genomic integration, or a strong

immunogenic response (29). However, the mRNA vaccine

BNT162b2 has an increased risk of causing multisystem

inflammatory syndrome in minors (30), with symptoms

including high fever, hypotension, weakness, pericardial

effusion, elevated C-reactive protein/brain natriuretic peptide/

troponin T/D-dimer ratio, and cardiac involvement. To the best

of our knowledge, the abnormal respiratory symptoms caused by

the mRNA vaccine have not been investigated, and research on

the underlying immune mechanism is still insufficient.
Lipopolysaccharide (LPS)-induced
immune injury model

Administration of LPS to the airways causes inflammatory

damage to the lungs (31). LPS is a component of the cell wall of

gram-negative bacteria and is one of their main pathogenic

factors. LPS is composed of a O-antigen, core polysaccharide,

and lipid A, which is the main centre of toxicity and the main

bioactive part of LPS. Therefore, LPS is widely used in animal

models of lung injury (32, 33). C57BL/6J and BALB/c mice are

often chosen as animal models. However, macrophages mainly

exist in the liver and spleen, which means that LPS in the blood is

mostly deposited in these organs after systemic administration,

and the pulmonary inflammatory response and resultant

damage are not as obvious in mice as in humans. Therefore,

oral, nasal, or tracheal administration and inhalation are

preferable administration methods in mice because they are

more likely to cause inflammatory damage to the lungs and

accumulation of cytokines compared to that seen with systemic

administration (31). The American Thoracic Society

recommends that acute inflammatory injury in the lung

should be observed within 24 h after stimulation to distinguish

it from chronic and sub-chronic lung injury (34). Most studies

also performed acute lung injury studies within 24 h from LPS

stimulation, as lung inflammation and immune responses are

significantly elevated during this period (35, 36).

LPS-induced and virus-related lung injury may activate a

common pathway, namely the Toll-like receptor (TLR)-related

pathway. Therefore, the LPS-induced mouse lung injury model

holds significance for the study of virus-related lung injury (37).

Normal activation of TLRs is important for the human body to

prevent microbial infections, including bacterial and viral.

Excessive activation can lead to chronic inflammatory diseases

such as diabetes and autoimmune diseases, whereas insufficient

activation can lead to infectious diseases. The inflammatory

response and autoimmune damage caused by LPS may be

related to its effect on the TLR-dependent MyD88/NF-kB
signalling pathway (38, 39).
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Conclusions and prospects

We reviewed mouse models of coronavirus-related immune

injury, which are summarised in Table 1. Through the horizontal

analysis of various mouse models, we found different advantages

and limitations among the coronavirus-related immune injury

mouse models. First, the biosecurity risk. Live viruses, such as

mouse hepatitis virus strain-A59 or mouse-adapted SARS-CoV-

2, present a structure similar to SARS-COV-2 and induce

immunological and pathological damages comparable to

SARS-COV-2 infection. However, these models are

accompanied by a low but non-zero probability of infection in

humans and other mammals, requiring higher laboratory

biosafety levels. Second, genetic mutations may affect the

stability of the models. The continuous mutation of key

residues may have played a pivotal role in the ACE2 receptor

modification in the newly prevalent SARS-COV-2 mutant (40).

Gene mutations may change the structure of key proteins, such

as the spike protein and ACE2, and affect immune responses,

influencing the evaluation and establishment of mouse models

with a mouse-adapted SARS-CoV-2 and spike protein. Similarly,

the mRNA COVID-19 vaccine can effectively and stably cause

immune damage in mice, but the risk of gene mutation is

unpredictable (41). Third, inactivated or recombinant

coronaviruses as well as LPS are easily obtained but present

some disadvantages. Inactivated or recombinant coronaviruses

cause different degrees of immune damage in mice of different

ages, which may affect the stability of the mouse model (19, 20).

LPS can induce severe immune damage similar to that of

coronaviruses in the mouse lung, but since the structure of

LPS and the coronavirus differs, it is difficult to simulate the

exact pathological process (29, 30, 42).

As COVID-19 continues to spread worldwide, its scope of

influence is increasing, and there are increasing scientific

problems related to viral pneumonia. It is even more necessary

to use scientific animal models as the basis for research in viral

pneumonia and related lung injury. The establishment of correct

models can improve the speed of clinical trials and ensure their

effectiveness. We have chosen the most widely used mouse

models for discussion, but there are other animal models

besides mice. Recently, researchers successfully used multiple

SARS-CoV-2 variants, including Omicron, to cause pathological

damage to the lung of a hamster, in which the virus replicated at

high titres (43). Ferrets are widely used in respiratory studies,

and inoculation with SARS-CoV-2 through the nose can cause

pathological damage to the lungs (44). Other models such as

cats, minks, and rhesus monkeys can be successfully infected

with SARS-CoV-2, causing the related pathological damage (45,

46). However, no single animal model can reproduce the overall

pathogenesis or predict autoimmune responses as accurately as

humans. Animal models also cannot fully reproduce the

multisystem damage caused by virus invasion in humans due
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to multisystem interactions. In addition, animal models differ

from humans in their physiological structure, molecular

biological pathways, and their susceptibility to viruses,

warranting further research.

Transgenic technology may change this situation (47).

Recently, researchers proposed CAG promoter-driven human

ACE2-transgenic mouse models, which, to some extent,

reproduce the immune response and pathological damage after

COVID-19 infection (48). Additionally, a mouse model

expressing human ACE2, which was generated using CRISPR/

Cas9 knock-in technology, was infected with SARS-CoV-2,

developed interstitial pneumonia, and had elevated cytokines

(49). In the future, the application of transgenic technology may

provide accessible immune injury models, which will not only be

applied to research studies on autoimmune-related diseases but

also contribute to the establishment of an accessible and

standardised animal model l ibrary (50) . Different

characteristics of these animal models could be explored by

researchers in various pathologic injuries, in turn enhancing

study reproducibility.
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TABLE 1 Comparison of different mouse models of coronavirus-related immune injury.

Researchers Mouse Influence Factor Indicators

Mouse hepatitis virus
strain-A59 mouse model

Cowley TJ, Long SY, Weiss
SR et al. (9)

4- to 5-week-old male C57BL/6
mice

A59/JHM
recombinant
viruses

IFN-g, viral titres, CD8+ T cells and CD4+ T cells in
liver and brain cells

Zhao Z, Xiao Y, Xu L et al.
(10)

6-week-old female BALB/c mice MHV-A59 virus IL-6, IFN-g, TNF-a, IP-10, TGF-b, and MCP-1

Ryu S, Shchukina I, Youm
YH et al. (11)

2–6 months old and 20–24
months old male C57BL/6 mice

MHV-A59 virus CD4+ T cell, CD4/CD8 T cell ratio, gd T cell, and
neutrophils in the lungs

Mouse-adapted SARS-
CoV-2-related immune
injury model

Sanclemente-Alaman I,
Moreno-Jiménez L, Benito-
Martıń MS et al. (14)

9-month-old and 6-week-old
BALB/c mice

SARS-CoV-2
MASCp6 virus

TNF-a, IL-1b, IL-6, IL-5, MCP-1, G-CSF, and
pulmonary tissue viral load

Dinnon KH, Leist SR,
Schäfer A et al. (15)

12-month-old BALB/c mice SARS-CoV-2 MA
virus

Body weight, lung function, and bronchiolar or
alveolar pathology

Inactivated or
recombinant virus-
related immune injury
model

Rockx B, Sheahan T,
Donaldson E et al. (19)

6-week-old female BALB/c mice
and 12-month-old female BALB/
c mice

Recombinant
SARS-CoV Urbani
strain

Viral titres in tissue samples, bronchiolar or alveolar
pathology

Bolles M, Deming D, Long
K et al. (20)

6 to 8 weeks old female BALB/c
mice and 12 to 14 months old
female BALB/c mice

Double-inactivated
SARS-CoV vaccine

Viral titres of lungs, tissue damage and
characterization of inflammation in the lungs,
eosinophils, IL-4,IL-5, IFN-g, antigen-specific IgG

Spike protein-associated
immune injury model

Vishwakarma P, Yadav N,
Rizvi ZA et al. (23)

7–8-week-old female BALB/c
mice

SARS-CoV-2 spike
glycoprotein

Peptide-specific IgG, CD8+ T cells

Shrivastava T, Singh B, Rizvi
ZA et al. (27)

7–8-week-old male C57BL/6
mice

SARS-CoV-2 spike
protein

IgG subclass, CD4+ T cells, CD8+ T cells, IFN-g, IL-
17

mRNA vaccine–related
immune injury model

Corbett KS, Edwards DK,
Leist SR et al. (28)

6-week-old female BALB/cJ,
C57BL/6J, and B6C3F1/J mice

mRNA-1273, an
mRNA vaccine of
SARS-CoV-2

Peptide-specific IgG, IFN-g, IL-4, IL-5, IL-13, CD4+
T cells, CD8+ T cells

Lipopolysaccharide
(LPS)-induced immune
injury model

Zhou Y, Li P, Goodwin AJ
et al. (31)

7–8-week-old CD-1 outbred
mice

Intratracheal
instillation of LPS

BALF cell number, TNF-a, IL-6, IL-1b, IFN-g, MIP-
1, lung tissue myeloperoxidase activity

Zhou M, Fang H, Du M
et al. (32)

8–10-week-old myeloid-specific
PTEN knock-in mice

Intratracheal
instillation of LPS

TGF-b, TNF-a, IL-1b, IL-17A, IL-23,
myeloperoxidase activity

Toki S, Zhou W,
Goleniewska K et al. (33)

9–13-week-old female C57BL/6
mice

Intranasally
challenged with
LPS

6-keto-PGF1a, TNF-a, IL-1a, IL-1b, IL-6, IL-10,
mouse myeloperoxidase
IFN, interferon; IL, interleukin; TNF-a, tumour necrosis factor a; IP-10, inducible protein 10; TGF-b, transforming growth factor b; MCP-1, monocyte chemotactic protein 1; IgG,
immunoglobin G; BALF, bronchoalveolar lavage fluid; MIP-1, macrophage inflammatory protein 1; 6-keto-PGF1a, 6 keto prostaglandin F1a.
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Impact of hypertension
on long-term humoral
and cellular response to
SARS-CoV-2 infection
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and Digital Health Baden-Württemberg, Center for Preventive Medicine and Digital Health Baden-
Württemberg (CPDBW), Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany,
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Heidelberg, Mannheim, Germany, 8Key Laboratory of Study and Discovery of Small Targeted
Molecules of Hunan Province, School of Medicine, Hunan Normal University,
Changsha, China, 9Reproductive and Genetic Hospital of China International Trust Investment
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It was shown that hypertension delays SARS CoV-2 viral clearance and
exacerbates airway hyperinflammation in the respiratory tract. However, it
is unknown whether hypertension determines the long-term cellular and
humoral response to SARS Cov2. Health care workers (HCWs) after an
outbreak of SARS Cov-2 infections were analyzed. Infected HCWs were
not vaccinated before blood collection. 5-14 months (median 7 months)
after detection of SARS CoV-2 infection, blood was taken to analyze humoral
response (S1 IgG and SARS CoV-2 neutralizing antibodies) and cellular (T cell
responses to SARS-CoV-2 with Lymphocyte Transformation Test). To iden-
tify clinical factors that determine the immune response, a multivariate
regression analysis was done considering age, BMI, sex, diabetes, hyperten-
sion, smoking, COPD, asthma and time between PCR positivity and blood
collection as confounding factors. Infected hypertensive HCWs more often
needed to be hospitalized than non-hypertensive HCWs, but were less likely
to develop anosmia and myalgia. The long-term humoral and cellular
immune response was significantly strengthened in hypertensive versus
normotensive infected HCWs. Multivariate regression analysis revealed that
hypertension was independently associated with the humoral response to
SARS CoV-2 infection. Multivariate regression analysis using same con-
founding factors for the humoral response showed a clear trend for an
association with the cellular response to SARS CoV-2 infection as well. In
conclusion, SARS CoV-2 infection strengthened immune response to SARS
CoV-2 infection in hypertensive HCWs independent of other risk factors.

KEYWORDS

hypertension, humoral and cellular response, SARS-CoV-2 infection, COVID - 19,
immune response
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Introduction

Infections with the SARS Cov-2 virus led to cellular and

humoral responses of the human immune system (1). Systematic

comparisons of the humoral and cellular response of the

immune system after SARS CoV-2 infection and vaccination

in well-defined populations are necessary to better understand

clinical factors that regulate the humoral and cellular response of

the immune system after infection and vaccination, respectively.

We did this by following staff at a hospital where a severe

COVID-19 outbreak occurred. The COVID-19 outbreak at

Potsdam’s Ernst von Bergmann Hospital (EvB) made

headlines across Germany. In March and April 2020, 47

people infected with SARS CoV-2 died at the municipal

hospital. According to the hospital, 44 of the cases were

patients who had not come to the hospital because of a SARS

Cov-2 infection, but with a different diagnosis. This has probably

been the most severe corona outbreak in a German hospital.

After the outbreak, the hospital’s hygiene measures were

tightened. All staff members were given a nasal-oral swab

twice a week thereafter. The swab material was analyzed by

PCR for possible infections with the SARS CoV-2 virus.

The aim of this study was to understand which clinical

factors in a middle-aged European health care worker

population (employees of the Ernst von Bergmann Hospital,

Potsdam, Germany) influence the long-term humoral and

cellular response to SARS CoV-2 infection or vaccination. We

were particularly interested in the impact of hypertension on the

long-term humoral and cellular immune response to SARS

CoV-2 virus infection, since it was recently shown that

hypertension delays viral clearance and exacerbates airway

hyperinflammation in patients with COVID-19 (2).
Methods

Study population

After the COVID-19 outbreak in the Ernst von Bergmann

Hospital, Potsdam, Germany, in March and April 2020, all

health care workers (HCWs) were given a nasal-oral swab

analyzed by PCR for possible SARS CoV-2 infections twice

a week.

Sixteen months later, we offered staff who had been infected

and not yet vaccinated to examine the humoral and cellular

response after infection. The infection had to have occurred at

least 4 months prior. We also recruited a second group of

employees who had not been infected during the observation

period and were fully vaccinated (two doses of a COVID-19

vaccine approved in Germany) against SARS CoV-2 between

May and July 2021. Blood was drawn from these subjects 21 to

195 days after vaccination. All study participants were examined
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by study physicians. The following parameters were recorded:

age, sex, BMI, type 1 or 2 diabetes (yes/no), hypertension

(hypertensive blood pressure levels according to the European

Society of Hypertension guidelines (3) or drug treatment of

known hypertension) (yes/no), smoking (yes/no), COPD (yes/

no) and asthma (yes/no). We recorded the time from PCR

detection of SARS CoV-2 infection to blood collection and the

time from complete vaccination to blood collection. We also

recorded, whether the subjects became symptomatic after

infection or whether vaccination side effects were observed.

The study was approved by the ethical committee of the

association of physicians in the province of Brandenburg,

Germany. All study participants gave their written, informed

consent to the study.
Measurement of T cell responses to
SARS-CoV-2 with lymphocyte
transformation test (lymphocyte
proliferation test)

Heparinized venous blood was processed by density gradient

centrifugation to obtain peripheral blood mononuclear

cells (PBMCs). After washing the cells twice with PBS (SIGMA-

Aldrich), cell pellet was resuspended to obtain a cell count of 1 x

106/ml in cell culture medium (RPMI 1640; Biowest)

supplemented with 2 mM L-glutamine, 100 mg/ml gentamicin

(all from Biowest) and 5% autologous serum. Specific T cell

reactions were assessed by a lymphocyte proliferation assay

(LTT). Therefore, 2 x 105 PBMCs were either incubated with

peptide pool 1 or 2 of SARS-CoV-2 spike glycoprotein (PM-

WCPV-S from JPT) using a concentration of 1µg/ml per peptide,

together with 1µg/ml anti-CD28 Abs (clone CD28.2 from BD

Biosciences). Both pools contained 15-mer peptides that

overlapped 11 amino acids, respectively and in total spanned

the entire SARS-CoV-2 spike glycoprotein. The N-terminal part,

containing the RBD-region, was covered by pool 1 (N-Term) and

the C-terminal part of the protein was covered by pool 2 (C-

Term). Detailed information about the peptide pools have been

given before (4). Two positive controls were performed by

stimulating cells with a mixture of recall-antigens, containing

tetanus, influenza and candida albicans (antigen control) as well as

with pokeweed mitogen (mitogen control). For base level control

cells were left unstimulated. All stimulations were performed in

triplicates in a 96-well plate for 5 days at 37°C and 5% CO2

atmosphere. Cells were labeled with 3H-thymidine (1 mCi/ml,

HARTMANN ANALYTIC) 12 hours prior to cell harvest. A cell

harvester (PerkinElmer) was used to harvest cells on glass fiber

filters. The incorporated 3H-thymidine activity was measured as

“counts per minute” (cpm) using a solid phase beta counter

(PerkinElmer). For analysis mean values of the triplicates were

calculated. The results for each stimulation were finally given as a

stimulation index (SI; ratio of cpm of cell culture with and without
frontiersin.org
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stimulation). A SI ratio of >2 was considered as a positive SARS-

CoV-2 lymphocyte transformation test, because in a control

cohort of 88 patients without any clinical or laboratory evidence

for SARS-CoV-2 infection (all criteria needed to be fulfilled in the

control cohort: no contacts to patients with proven SARS Cov-2

infection, absence of any symptoms of a SARS Cov-2 infection, no

detection of virus RNA in a nasal swob by RT-PCR, no detection

of SARS-CoV-2 antibodies), all SI values were below 2 (5).
Measurement of humoral immune
response to SARS-CoV-2

Serum samples were measured for the presence of anti-

SARS-CoV-2 IgG using commercial kits. For quantitative

detection of IgG against SARS-CoV-2 spike glycoprotein 1

(S1) enzyme-l inked immunosorbent assay (ELISA;

EUROIMMUN) was performed on an automated ANALYZER

sys tem (Quant iVac , EUROIMMUN) accord ing to

manufacturer´s instructions. The assay relies on 6 calibrators

in order to quantify the IgG (S1)-concentration given as BAU/ml

(Binding Antibody Units) and highly correlates with the “First

WHO International Standard” (NIBSC code: 20/136). Values

between 25.6 and 35.2 BAU/ml are considered to be borderline,

values above 35.2 BAU/ml were interpreted as positive. The

assay is based on the previously established semi-quantitative

assay, which has been already described (6).
Surrogate virus neutralization
test (sVNT)

SARS-CoV-2 sVNT Kit (cPAss from Genscript) was used to

evaluate the neutralizing capacity of anti-SARS-CoV-2

antibodies present in the serum. This is a blocking enzyme-

linked immunosorbent assay (ELISA), which mimics the virus-

host interaction. Binding of a horseradish peroxidase conjugated

RBD-fragment of the SARS-CoV-2 (HRP-RBD) to the human

host ACE2 receptor can be blocked by neutralizing antibodies

against the SARS-CoV-2 spike protein, containing the RBD in

the serum or plasma. The strength of HRP signal indicates the

degree of blockage and therefore indirect the neutralizing

capacity. The sVNT assay from Genscript has been validated

and described previously (7–10).
Statistical analysis

Descriptive variables are shown as medians (interquartile

ranges) or numbers (percentage). Comparisons were assessed by

Mann-Whitney U test, or c2 test, as appropriate. Spearman

correlation analysis was performed to assess correlation for
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humoral and cellular response parameters. Multivariate linear

regression analysis was performed with wild bootstrapping to

determine the humoral and cellular response coefficients of the 9

candidate factors in infected or vaccinated HCWs, i.e., age

(years), sex (M/F), body mass index (BMI), diabetes (yes/no),

hypertension (yes/no), COPD (yes/no), Asthma (yes/no),

smoking (yes/no), time from infection/vaccination to blood

collection. In vaccinated HCWs, the type of vaccinations was

extra added in the model. All statistical analyses were performed

using SPSS 25.0 software (SPSS, Chicago, IL, USA). The level of

significance was set at p<0.05.
Results

Study population

268 HCWs were detected by the twice weekly PCR testing as

positive after the COVID-19 outbreak. 180 HCWs got at least

one dose of a COVID-19 vaccine approved in Germany. 71

HCWs were fully vaccinated at time of blood taking. We asked

either the infected but not vaccinated HCWs (n=88) and the

fully vaccinated but not infected HCWs (n=71) to participate in

our study. Among 71 fully vaccinated HCW, 37 had

AstraZeneca, 31 had BioNTech, 2 had Moderna as the first

shot, 47 had BioNTech, 19 had AstraZeneca, 4 had Moderna as

the second shot, one of 71 HCWs had Johnson. No significant

statistical difference in anti-hypertensive treatment between

hypertensive HCWs in the infected group and hypertensive

HCWs in the vaccinated group.

Clinical data, humoral and cellular immune response of

SARS-CoV-2 infected HCWs are shown in Table 1. Males

comprised 34.1% of the cohort (30 males, 58 females).

Underlying health conditions were diabetes in 8 cases (9.1%),

hypertension in 25 cases (28.4%), COPD in 2 cases (2.3%),

asthma in 9 cases (11.5%). Blood was taken at a median of 6.8

(4.8, 14.4) months after SARS-CoV-2 infection proven by

validated RT-PCR. Clinical data, humoral and cellular

immune response parameters of vaccinated HCWs, and

comparisons between vaccinated HCWs with and without

hypertension are shown in Table 2. Blood was taken at a

median of 2.0 (1.0, 2.0) months after vaccination. Table 3

provides data on symptoms and duration between infection

and blood taking of infected HCWs, shows that infected

hypertensive HCWs more often needed to be hospitalized

than non-hypertensive HCWs, but were less likely to develop

anosmia and myalgia. Table 4 presents bivariate associations

between humoral and cellular response parameters.

Measurements of SARS-CoV-2 IgG-Ab (S1) and the SARS

CoV-2 surrogate neutralization test showed a strong

association (rho=0.887, p<0.0001), as well as LTT Spike-N-

Term and Spike-C-Term (rho=0.828, p<0.0001).
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Humoral and cellular immune response
to SARS-CoV-2

The humoral response to SARS Cov-2 infection in the

HCWs was analyzed by measuring SARS-CoV-2 IgG-Ab (S1)

and the SARS CoV-2 surrogate neutralization test. Both tests

consistently showed markedly enhanced activation of the

humoral immune system in infected hypertensive HCWs

compared with infected HCWs with normal blood pressure

(Table 1 and Figure 1). The cellular response to SARS Cov-2

infection in the HCWs was analyzed by the Lymphocyte

Transformation Test (LTT) adding either peptides from the

N- or C-terminus of the spike protein to the purified

lymphocytes of the patient. This analysis likewise showed a

significantly enhanced activation of the specific cellular

immune system in hypertensive infected HCWs (Table 1

and Figure 1).

Analyzing the humoral and cellular immune system in fully

vaccinated HCWs - on the other side - showed elevated humoral

response to SARS CoV-2, both SARS-CoV-2 IgG-Ab (S1) and

SARS CoV-2 surrogate neutralization test, in the vaccinated

non-hypertensive HCWs as compared to the vaccinated

hypertensive HCWs, whereas the cellular response, both LTTs

did not show differences between vaccinated hypertensive and

not-hypertensive HCWs (Figure 2 and Table 2).
Multivariate regression analysis

Multivariate regression analysis revealed that hypertension

was independently associated with humoral responses to SARS

CoV-2 infection in the HCWs (Table 5 and Supplementary
Frontiers in Immunology 04
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Tables 1A, B) and showed a clear trend for hypertension being

associated with the cellular response to SARS CoV-2 infection

(Table 5 and Supplementary Tables 1C, D). However, in

vaccinated HCWs, hypertension was not significantly

associated with any of the humoral and cellular response

parameters in multivariate regression analysis (Table 6 and

Supplementary Tables 2A–D).
Discussion

The aim of the study was to characterize factors that determine

the long-term humoral and cellular response of the immune system

after SARS CoV-2 infection in a well-defined population of HCWs

from a hospital with a SARS CoV-2 outbreak. Factors such as age,

BMI, sex, diabetes, hypertension, smoking, COPD, asthma and time

from infection/vaccination to blood collection were taken into

account. The examination of the study participants at a median

of 7 months after infection showed that humoral and probably

cellular immunity after SARS Cov-2 infection were determined by

pre-existing hypertension. In hypertensives, humoral and probably

cellular immune responses were enhanced after infection. The

hypertension effect was independent of factors such as age, BMI,

sex, diabetes, smoking, COPD, asthma and time after infection.

In other words, our study clearly showed that the long-term

response of the immune system to SARS CoV-2 infection is

significantly influenced by the presence of hypertension.

Interestingly, this association between hypertension and immune

response was not found in vaccinated HCWs, and this is consistent

with a previous study, which reported that BMI and hypertension

are not associated with different immune responses in vaccinated

HCWs (11). So far, only the opposite scientific question has been
TABLE 1 Characteristics of SARS-CoV-2 infected health care workers (HCWs).

Parameters Infected HCWs (n=88) Infected HCWs with
hypertension (n=25)

Infected HCWs without
hypertension (n=63)

p value

Age (years) 46.0 (34.0, 59.0) 60.0 (51.0, 66.0) 41.0 (31.0, 51.0) p<0.0001

Sex (M/F) 30/58 14/11 16/47 p=0.007

BMI 24.8 (22.8, 28.4) 27.5 (24.4, 32.8) 24.1 (22.7, 26.7) p=0.006

Diabetes (yes/no) 8/80 7/18 1/62 p=0.0001

Hypertension (yes/no) 25/63 25/0 0/63 -

COPD (yes/no) 2/86 2/23 0/63 p=0.024

Asthma (yes/no) 9/78 3/22 6/56 p=0.749

Smoking (yes/no) 6/82 3/22 3/60 p=0.227

SARS-CoV-2 IgG-Ab (S1) (BAU/ml) 116.0 (47.3, 265.0) 224.0 (79.5, 768,0) 85.9 (39.7, 207.0) p=0.004

SARS surrogate neutralization test (%) 63.5 (41.0, 88.5) 83.0 (49.8, 94.0) 57.5 (37.3, 83.5) p=0.009

T cell responses to SARS-CoV-2 Spike-N-Term (SI) 5.4 (2.8, 9.2) 9.1 (4.5, 20.6) 4.1 (2.4, 6.6) p=0.001

T cell responses to SARS-CoV-2 Spike-C-Term (SI) 4.1 (2.7, 7.8) 7.5 (4.0, 12.0) 3.5 (2.1, 5.1) p=0.001

Time from infection to blood collection (days) 204 (144, 432) 188 (131, 429) 204 (162, 436) p=0.266
fronti
SARS-CoV-2 infection was confirmed by PCR test. Continuous variables are given as medians (interquartile range) or numbers. Body mass index (BMI) was calculated as weight in
kilograms divided by height in meters squared. COPD, chronic obstructive pulmonary disease. Comparison between hypertension and non-hypertension group was performed by Mann-
Whitney U test.
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TABLE 2 Characteristics of vaccinated health care workers (HCWs).

Parameters Vaccinated HCWs(n=71) Vaccinated HCWs with
hypertension (n=15)

Vaccinated HCWs without
hypertension (n=56)

p value

Age (years) 44.0 (32.0, 55.0) 57.0 (54.0, 65.0) 37.0 (31.3, 50.5) p<0.0001

Sex (M/F) 21/50 2/13 21/39 p=0.123

BMI 24.9 (22.3, 28.0) 28.4 (25.0, 31.2) 23.7 (21.6, 26.9) p=0.001

Diabetes (yes/no) 4/67 4/11 0/60 p<0.0001

Hypertension (yes/no) 15/56 15/0 0/60 -

COPD (yes/no) 0/71 0/15 0/60 1.000

Asthma (yes/no) 8/63 3/12 6/54 0.232

Smoking (yes/no) 15/56 4/11 13/47 0.557

SARS-CoV-2 IgG-Ab (S1) (BAU/ml) 768.0 (218.3, 768.0) 233.0 (120.0, 768.0) 768.0 (290.0, 768.0) 0.006

SARS surrogate neutralization test (%) 93.5 (71.0, 97.0) 79.0 (60.0, 96.0) 95.0 (78.0, 97.0) 0.048

T cell responses to SARS-CoV-2 Spike-N-Term
(SI)

5.6 (3.4, 8.9) 4.2 (2.1, 5.8) 6.0 (3.9, 9.8) 0.088

T cell responses to SARS-CoV-2 Spike-C-Term (SI) 4.4 (2.6, 6.7) 4.4 (2.2, 7.9) 4.5 (2.8, 6.7) 0.464

Time from vaccination to blood collection (days) 71 (54, 77) 71 (62, 99) 70 (53, 77) 0.747
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fronti
SARS-CoV-2 infection was confirmed by PCR test. Continuous variables are given as medians (interquartile range) or numbers. Body mass index (BMI) was calculated as weight in
kilograms divided by height in meters squared. COPD, chronic obstructive pulmonary disease. Comparison between hypertension and non-hypertension group was performed by
Mann-Whitney U test.
TABLE 4 Bivariate associations between humoral and cellular response parameters.

Correlation analysis

SARS-CoV-2 IgG-Ab (S1)
(BAU/ml)

SARS surrogate
neutralization test (%)

Spike-N-
TermLTT (SI)

Spike-C-
TermLTT (SI)

SARS-CoV-2 IgG-Ab (S1)
(BAU/ml)

Correlation
Coefficient

- 0.887 0.455 0.370

Sig. (2-tailed) <0.0001 <0.0001 <0.0001

SARS surrogate
neutralization test (%)

Correlation
Coefficient

0.887 - 0.451 0.363

Sig. (2-tailed) <0.0001 <0.0001 <0.0001

Spike-N-Term LTT (SI) Correlation
Coefficient

0.455 0.451 - 0.828

Sig. (2-tailed) <0.0001 <0.0001 <0.0001

Spike-C-Term LTT (SI) Correlation
Coefficient

0.370 0.363 0.828 -

Sig. (2-tailed) <0.0001 <0.0001 <0.0001
Spearman rank correlation analysis was used to determine the correlations between humoral and cellular response parameters.
TABLE 3 Comparison of baseline symptoms and blood taking duration between SARS-CoV-2 infected patients with and without hypertension.

Parameters hypertension patients (n=25) non-hypertension patients (n=63) p value

Symptom (yes/no) 25/0 57/5 0.316

Anosmia (yes/no) 8/17 36/26 0.034

Headache (yes/no) 8/17 22/40 0.757

Fever (yes/no) 12/13 25/37 0.512

Dyspnea (yes/no) 7/18 8/54 0.092

Myalgia (yes/no) 1/24 15/47 0.032

Hospital-admitted (yes/no) 9/16 3/59 0.0005

Time from infection to blood collection (days) 236.7 ± 146.3 272.1 ± 146.9 0.266
Continuous variables are given as mean ± SD. Data on clinical symptoms of one non-hypertension patients were missing. Comparisons were assessed by c2 test.
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studied well i.e., the role of the immune system and its impact on

blood pressure regulation. In the past years, the involvement of both

the innate and adaptive immune system in the pathogenesis of

hypertension has been established (12). The concept that the

immune system has effects on blood pressure was established

more than 50 years ago by Grollman et al. (13, 14)

demonstrating that immunosuppression blunted hypertension in

a model of renal infarction and that transfer of lymphocytes from

rats with renal infarction induced hypertension in non-hypertensive

animals. Later, it was shown that mice lacking adaptive immune

cells, including recombinase-activating gene-deficient mice and rats,

and mice with severe combined immunodeficiency have blunted

blood pressure responses to classical stimuli causing hypertension

such as ANG II, high salt, and norepinephrine (12, 15).

For SARS CoV-2 infections it was shown that hypertension is

a key risk factor for poor outcome (16–19). A recent study by
Frontiers in Immunology 06
90
Trump et al. (2) using clinical data and single-cell RNA

sequencing data of airway samples with in vitro experiments

provided good evidence that high blood pressure delays viral

clearance and exacerbates airway hyperinflammation in patients

with SARS CoV-2 infection. The authors suggested that this might

at least partially explain why hypertension is an independent risk

factor for poor clinical outcome of COVID-19 patients what is in

line with our findings that infected hypertensive HCWs were

hospitalized likewise more frequently. The hypertension related

delayed SARS CoV-2 clearance and exacerbated airway

hyperinflammation may likewise explain our findings that

hypertension is the only significant clinical risk factor associated

with enhanced long-term immune response of the immune

system to SARS CoV-2 infection. It is, however, important to

note that the enhanced long-term stimulation of the immune

response is specific to the SARS CoV-2 infection of the airways in
B

C D

A

FIGURE 1

(A) SARS-CoV-2 IgG-Ab (S1) (BAU/ml) in SARS-CoV-2 infected health care workers (HCWs) with and without hypertension. (B) SARS surrogate
neutralization test (%) in SARS-CoV-2 infected HCWs with and without hypertension. (C) Spike-N-Term LTT (SI) in SARS-CoV-2 infected HCWs
with and without hypertension. (D) Spike-C-Term LTT (SI) in SARS-CoV-2 infected HCWs with and without hypertension. Lines show median.
Comparison was made by Mann-Whitney U test.
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hypertensive patients, because it was not observed after SARS

CoV-2 vaccination (Figures 1, 2; Tables 5, 6), The hypertension

specific alterations of the local immune system in the airways

seems to be a prerequisite for the enhanced humoral and cellular

immune response. If the contact of viral antigens (spike protein in
Frontiers in Immunology 07
91
case of vaccination) with the human body takes not place in the

airway system, the answer of the immune system seems to be less

pronounced. This hypothesis fits to the observations in the

vaccinated HCWs (Tables 2, 6, and Figure 2), After vaccination

with a mRNA vaccine the immune system is stimulated by the
B

C D

A

FIGURE 2

(A) SARS-CoV-2 IgG-Ab (S1) (BAU/ml) in vaccinated health care workers (HCWs) with and without hypertension. (B) SARS surrogate
neutralization test (%) in vaccinated HCWs with and without hypertension. (C) Spike-N-Term LTT (SI) in vaccinated HCWs with and without
hypertension. (D) Spike-C-Term LTT (SI) in vaccinated HCWs with and without hypertension. Lines show median. Comparison was made by
Mann-Whitney U test.
TABLE 5 Wild bootstrapping multivariate regression of hypertension with humoral and cellular response parameters as dependent variables in
infected health care workers.

Cellular and humoral response parameters B Bias Std. Error Sig. BCa 95% Confidence Interval

Lower Upper

SARS-CoV-2 IgG-Ab (S1) (BAU/ml) a 238.119 -5.462 80.72 0.013 91.835 376.501

SARS surrogate neutralization test (%) b 16.544 -.891 6.747 0.020 4.892 26.704

Spike-N-Term LTT (SI) c 6.599 0.062 3.153 0.078 0.325 12.943

Spike-C-Term LTT (SI) d 4.792 0.058 2.456 0.066 0.045 9.805
f

The multiple regression models were performed with humoral and cellular response parameters as one dependent variable, respectively, i.e., SARS-CoV-2 IgG-Ab (S1) (BAU/ml) in model
a, and R2 of the model is 0.255; SARS surrogate neutralization test (%) in model b, and R2 of the model is 0.194; Spike-N-Term LTT (SI) in model c, and R2 of the model is 0.304; Spike-C-
Term LTT (SI) in model d, and R2 of the model is 0.260. We include confounding factors such as age (years), sex (M/F), BMI (body mass index, calculated as weight in kilograms divided by
height in meters squared), diabetes (yes/no), hypertension (yes/no), chronic obstructive pulmonary disease (COPD) (yes/no), asthma (yes/no), smoking (yes/no), time from infection to
blood collection (days) into the models. BCa, Bias-corrected and accelerated. Details of the individual models are shown in Supplementary Table 1.
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expressed spike protein on the muscles where the vaccine was

injected and the thereafter circulating spike protein in the blood.

The hypertension specific airway alteration in the response

to SARS CoV-2 infection - delayed viral clearance and

exacerbates airway hyperinflammation in hypertensive patients

- that were recently described by Trump et al. (2) and

Landmesser et al. (18) are obviously less important when the

antigen (spike protein) circulates in the blood or is expressed on

muscle cells where the vaccine was originally injected. Of course,

a potential pathophysiological role of other viral components

such as NC protein or M protein cannot be excluded.

It is furthermore of note that the long-term humoral and

cellular response is independent of the symptoms after infection.

Since it has been suggested that an altered expression of genes

in immune and epithelial cells typically seen in hypertensive

patients is responsible for the augmented immune response in

hypertensive SARS-CoV-2-positive COVID-19 patients (20), it thus

would be of interest to see, whether treatment of hypertensive

SARS-CoV-2 infected patients with dexamethasone, that will blunt

the exacerbated airway hyperinflammation in patients with SARS

Cov-2 infection and was clinically proven to improve outcome in

complicated COVID-19 patients (21) will also result in a reduced

long-term humoral and cellular response.

It is an obvious strength of our study that we were able to

analyses a well-controlled study population getting twice weekly

nasal/oral swabs for SARS-CoV-2 PCR testing and not being

vaccinated. This ensures that we know exactly the time of infection

(PCR positivity during systematic observation over 14 months). It is

likewise a strength of the study that we applied wild bootstrapping

multivariate regression analysis, which does not require

homoskedasticity and considers potential bias. Given the nowadays

good availability of vaccines such well controlled cohorts are very

hard to establish. On the other hand, there are also limitations such as

being a single center study with a middle-aged population. Since age

is a key risk factor for poor COVID-19 outcome and immune

response, long-term responses in elderly SARS CoV-2 infected

hypertensive patients would be of interest. Moreover, the viral load

at the infection points and some of treatment data concerning

hypertension are missing in infected participants.
Frontiers in Immunology 08
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It is of note that hypertension exacerbates airway

hyperinflammation in patients with COVID-19 and that

treatment with ACE inhibitors might ameliorate airway

hyperinflammation (2). Airway hyperinflammation was

suggested to play a key pathophysiological role for COVID-19

disease severity and hence mortality. This might at least partially

explain the clinical beneficial effects of ACEi/ARB treatment of

hospitalized COVID-19 patients on mortality (16, 22–25).

In conclusion, our study demonstrated that SARS CoV-2

infection - even with mild or no symptoms - led to a long-lasting

stimulation of the humoral and cellular immune system,

probably because hypertension specifically delays viral

clearance and exacerbates airway hyperinflammation.
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TheWorld Health Organization has defined long COVID-19 (LC) as a condition that

occurs in individuals with a history of SARS-CoV-2 infection who exhibit persistent

symptoms after its acute phase that last for at least two months and cannot be

explained by an alternative diagnosis. Sincewe had previously reported residual viral

antigens in tissues of convalescent patients, we aimed to assess the presence of

such antigens in long COVID tissues. Here, we established the presence of the

residual virus in the appendix, skin, and breast tissues of 2 patients who exhibited LC

symptoms 163 and 426 days after symptom onset. With multiplex

immunohistochemistry, we detected viral nucleocapsid protein in all three

tissues. The nucleocapsid protein was further observed to colocalize with

macrophage marker CD68, suggesting that immune cells were direct targets of

SARS-CoV-2. Additionally, using RNAscope, the presence of viral RNA was also

detected. Our positive finding in the breast tissue is corroborated by the recent

reports of immunocompromised patients experiencing LC symptoms and

persistent viral replication. Overall, our findings and emerging LC studies raise the

possibility that the gastrointestinal tractmay function as a reservoir for SARS-CoV-2.

KEYWORDS

long covid, residual SARS-CoV-2, viral persistence, multiplex immunohistochemistry,
post-acute COVID-19 syndrome
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Introduction

Two years have passed since the onset of the coronavirus

disease 2019 (COVID-19) pandemic. Although many

individuals have succumbed to this disease, the success stories

of patients overcoming COVID-19 are aplenty. Tremendous

efforts have been made toward understanding acute COVID-19

in its early stages, however, the research focus has now shifted to

post-acute COVID-19 syndrome. Long COVID (LC) is a term

that has been created and interchangeably used in the survivor

community. In October 2021, the World Health Organization

officially defined LC as a condition in which patients exhibit

prolonged and persistent symptoms of the disease after its acute

phase, which are not explained by other diagnoses (1). These

symptoms include chronic fatigue, brain fog, and shortness

of breath.

Convalescent patients often test negative for severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2). Yet,

multiple reports have described the persistence of viral RNA

and/or antigen(s) in the tissues of these patients – particularly in

gastrointestinal tissues and fecal samples (2–7). Although

surprising, the gastrointestinal tract is a major viral shedding

route with high expression of ACE2 (8). It has garnered

attention in the field of COVID-19 pathophysiology and is

proposed to function as a viral reservoir for SARS-CoV-2 (2, 3).

Previously, we reported the persistence of residual SARS-

CoV-2 RNA and antigens for up to 180 days in the

gastrointestinal tissues of convalescent patients with COVID-19

(6). Here, we conducted similar experiments on tissues obtained

from two LC patients using multiplex immunohistochemistry

and RNAscope.
Case presentation

Patient 1

A 44-year-old woman with peritonitis and appendiceal

lymphoid hyperplasia presented with acute symptoms (low

grade fever of 37.3°C, pharyngitis, choking, bronchospasm and

dysphagia, loss of smell and taste, anorexia, expectoration,

migraine headache, chills in the spinal cord, palate petechiae,

nausea and diarrhea, weight loss by 8.5%, etc.) on 7 March 2020

and was diagnosed with COVID-19 via serology testing.

On 11 May 2020, the patient received her first negative

polymerase chain reaction (PCR) test result, although her

symptoms persisted (Table 1). A year later, on 4 May 2021,

the patient presented with generalized abdominal pain, loss of

appetite, and nausea. Urgent exploratory laparotomy and

appendectomy were performed, and tissue histology showed

reactive lymphoid hyperplasia. A biopsy of the skin of the lower
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limb was also obtained, and the patient was diagnosed with

superficial and deep perivascular dermatitis. Before the

procedures, the patient had a negative PCR test result for

SARS-CoV-2.

The patient’s appendix and skin tissue were obtained 426

days after initial symptom onset (Table 1). Using multiplex

immunohistochemistry, SARS-CoV-2 nucleocapsid proteins

(NP) and spike proteins (Figures 1A, B, Supplementary

Figure 1) were detected in the appendix, co-localized with

myeloid and macrophage markers CD68 (Figure 1C), CD14,

CD206, and CD169 (Supplementary Figure 2). These findings

support our prior investigation, in which residual viral antigens

were consistently detected in the gastrointestinal tissues (colon,

appendix, ileum) of a patient and were co-localized in

ACE2+CD68+ cells (6). Having no access to the colon and

ileum, we then examined the skin as a non-gastrointestinal

tissue to further study SARS-CoV-2 distribution in a single

patient. Interestingly, viral NP was also detected in skin

macrophages (Figures 1D–F). The specificity of the used

antibody was reported in our previous study (6).

Having established the presence of the residual viral antigen

in the appendix and skin tissues, we then aimed to assess its

genomic presence. Using RNAscope in situ hybridization, we

detected viral RNA within both extracellular (Figure 1G) and

intracellular space (Figure 1H) of the appendix, providing

evidence of viral persistence for up to 426 days after symptom

onset. This technique was not performed on the skin tissue due

to limited tissue availability. The specificity of the used probe

was tested on normal colon tissue obtained from an independent

cohort in 2018 or earlier (Figure 1I).
Patient 2

A 45-year-old woman with ductal carcinoma in situ

presented with acute symptoms (intensive headache, upper

stomach pain, nausea, diarrhea, myalgias, and fatigue, etc.) on

14 March 2020 and was diagnosed with COVID-19 via PCR.

Over the next two months, the patient reported that several

of her symptoms worsened. On 8 May 2020, the patient received

her first negative PCR test result for SARS-CoV-2, although the

symptoms persisted (Table 1). On 12 August 2020 and 1

September 2020, the patient underwent partial breast resection

and margin control surgery, respectively. Before the procedures,

the patient underwent preoperative PCR testing for SARS-

CoV-2 and received a negative result.

Breast tissue was obtained from the patient 175 days after

symptom onset further to investigate the presence of viral

antigens and RNA in non-gastrointestinal tissues. With the

same techniques used for patient 1, viral NP and spike protein

was detected and observed in the tumor-adjacent area
frontiersin.org
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(Figures 2A, B, Supplementary Figure 1). These viral antigens

also co-localized with myeloid and macrophage markers CD68

(Figure 2C), CD14, CD206, and CD169 (Supplementary Figure 3).

Viral RNA was also detected in the breast, within both the

extracellular space of the tissue (Figure 2D) and within the cells

(Figure 2E). Similar to patient 1, the specificity of the used

antibody was reported in our previous study (6). The specificity

of the used probe was tested on normal breast tissue obtained

from an independent cohort in 2018 or earlier (Figure 2F).
Discussion

This report presents two cases of LC with persistent viral

antigen and/or RNA. Patient 1 harbored residual SARS-CoV-2

in both gastrointestinal and non-gastrointestinal tissues, while

patient 2 in non-gastrointestinal tissues only due to the nature of
Frontiers in Immunology 03
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surgery. Both patients experienced symptoms related to the

gastrointestinal tract, such as inflammatory bowel disease, loss

of appetite, and abdominal pain.

Several studies have reported persistent shedding of viral

RNA for an extended period after the onset of acute symptoms,

as well as the presence of viral RNA and/or antigen in the

gastrointestinal tissues of convalescent patients (4–7, 9).

Nevertheless, we believe that these two cases are the first to

report detected viral antigen and/or RNA in the tissues of

patients with LC. Despite the lack of definitive consensus on

the underlying pathophysiology of LC, emerging evidence

suggests that LC is associated with gut dysbiosis and aberrant

immune activation in response to residual virus (2, 3, 10, 11). A

growing body of evidence also suggests and supports the

possibility that the gastrointestinal tract may serve as a SARS-

CoV-2 reservoir in both convalescent and LC patients (3, 6, 12).

In a recent paper investigating the association between SARS-
TABLE 1 Cohort characteristics.

ID 1 2

Patient profile Age/Sex 44/Female 45/Female

Pertinent medical
history/comorbidities

Peritonitis, appendiceal lymphoid hyperplasia Ductal carcinoma in situ

COVID-19 History Date of symptom onset 07/03/2020 14/03/2020

Hospitalization (Y/N) N Y

ICU admission (Y/N) N N

Symptomatic (Y/N) Y Y

Post COVID-19
symptoms and
complication(s)

Otorhinolaryngology:
Lingual tonsil hyperplasia, mucositis, tongue inflammation breakouts,
laryngospasm, recurrent pharyngitis with secondary bacterial infection,
tinnitus
Ocular:
Loss of near vision, conjunctivitis, dry eye
Respiratory: Bronchospasm, bronchial hyperresponsiveness
Cardiac:
Reactive sinus tachycardia with minimal effort
Digestive:
Inflammatory bowel disease
Neurological:
Chronic fatigue syndrome/post-COVID-19 encephalomyelitis, headache,
dizziness, mental fog, loss of spatial orientation
Osteomuscular: Myalgia, cervicalgia, dorsalis with breakouts
Dermatology:
Skin flare-ups co-occurring with the acute phase of COVID-19 for 18
months
Gynaecological:
Menstrual disorders

Respiratory:
Mild paralysis of the right hemidiaphragm,
dyspnoea
Cardiac:
Tachycardia, high blood pressure
Digestive:
Stomachache, loss of appetite, pain in the
liver and spleen area
Neurological:
Headache, mental confusion, dysarthria,
mood swings, sleep disorders, lack of
concentration
Osteomuscular:
Muscle pain, arthralgia, asthenia, extremity
debilitation
Dermatology:
Spontaneous bruises

Surgical History
and Sample
Collection

Type of Surgery Exploratory laparotomy and appendectomy Partial breast resection

Surgery date
(Days upon symptom
onset)

06/05/2021
(426 days)

04/09/2020
(175 days)

Tissue(s) obtained Appendix, skin Breast, sentinel lymph nodes

Investigation and
Results

RNAscope for SARS-
CoV-2 (+/-)

+ (appendix) + (breast)

Multiplex IHC for
SARS-CoV-2 (+/-)

+ (appendix)
+ (skin)

+ (breast)
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CoV-2 viral persistence and LC, patients negative for mucosal

SARS-CoV-2 RNA (30%) did not experience LC symptoms.

Notably, amongst patients that tested positive (70%), majority

(65.5%) experienced LC symptoms (9). These findings not only

support the above notion of viral persistence in the

gastrointestinal tract, but also additionally associates viral

persistence with LC symptoms. Further understanding of the

immunity of the gastrointestinal mucosa could provide insight

into the underlying pathophysiology of LC. The presence of

residual SARS-CoV-2 in non-gastrointestinal tissues, such as

skin and breast, also warrants further investigation of viral

distribution across different organs in patients with LC.

Furthermore, it should be noted that in 2021, the Centers for

Disease Control and Prevention indicated that nearly half of the

fully vaccinated people hospitalized for COVID-19 were

immunocompromised (13). These patients had a prolonged

SARS-CoV-2 infection and shedding and were more likely to

transmit the virus to household contacts. This was corroborated

by our detection of the residual virus in the breast tissue of
Frontiers in Immunology 04
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patient 2 and supported by recent studies describing the

susceptibility of immunocompromised cancer patients to LC

(13–16). In addition, concerns have been raised about the

viability, transmissibility, and evolution of the residual virus in

these immunocompromised patients.

While the two presented cases have kickstarted the

investigation of residual SARS-CoV-2 in the tissues of LC

patients, future studies should confirm our observations. Being

a case report, there are limitations of our study. The study

comprises of a small n number of 2 patients and therefore given

their diagnoses, our findings likely do not reflect majority of LC

patients. Additionally, fresh tissues and blood samples were not

collected for follow-up studies. As a result, we were also unable

to determine viral viability as the virus would be inevitably

destroyed during tissue fixation for international transport.

Addition of a control group comprising convalescent COVID-

19 patients without LC and/or residual virus would be

advantageous as well. Despite our previous report of residual

SARS-CoV-2 present in convalescent COVID-19 patients
B C

D E F

G H I

A

FIGURE 1

Residual SARS-CoV-2 detected in the appendix and skin tissues of patient 1 using multiplex immunohistochemistry and RNAscope (A, D)
Representative images of the (A) appendix and (D) skin tissues stained with hematoxylin and eosin, with differentiated staining of nuclear
(hematoxylin) and cytoplasmic (eosin) components. (B, E) Representative images of the (B) appendix and (E) skin tissues stained for DAPI (blue),
CK/EpCAM (red), CD45 (cyan), SARS-CoV-2 nucleocapsid protein (COVID NP; green), and CD68 (yellow). (C, F) Representative images of the (C)
appendix and (F) skin tissues stained for DAPI (blue), SARS-CoV-2 nucleocapsid protein (COVID NP; green), and CD68 (red). (G–I)
Representative images of the (G, H) appendix tissue obtained from patient 1 and (I) normal colon tissue obtained from patients not affected by
COVID-19, subjected to RNAscope in situ hybridization with a nuclear component (hematoxylin) counterstained. SARS-CoV-2 spike RNAs are
labelled as green dots, examples of the green dots are marked by black arrows. (A–F) Scale bar, 100 mm. (G–I) Scale bar, 20 mm.
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without LC symptoms for up to 180 days, we established that

residual viral RNA and/or antigen could be present for much

longer, for up to 426 days. The inclusion of comparable controls

in future studies is necessary to confirm the validity of a possible

association between viral persistence and LC symptoms.
Methods

Study approval

We obtained tissue samples from two patients who had

confirmed COVID-19 infection and subsequently underwent

surgery for unrelated conditions (Table 1). The age of the

patients ranged from 44 to 45 years. Both patients tested

negative for SARS-CoV-2 using two consecutive nasopharyngeal

PCR swabs at the time of surgery. The Agency of Science,

Technology and Research (A*STAR) granted approval for the

use of all tissue materials in this study (IRB: 2021-161).
Specimen collection

The type of tissue obtained from the patients is indicated in

Table 1. Tissues from more than 20 patients not affected by
Frontiers in Immunology 05
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COVID-19 were acquired in 2018 or earlier for use as a negative

control. All samples of the explanted fresh tissue were sent to the

SingHealth tissue repository for further formalin-fixed paraffin-

embedded (FFPE) processing and analysis.
Multiplex immunohistochemistry

Multiplex immunohistochemistry (mIHC) was performed

using the Opal Multiplex fIHC kit (Akoya Biosciences, USA), as

described previously (17–19). In brief, FFPE tissue sections with

a thickness of 4-µm were subjected to deparaffinization,

rehydration, and heat-induced retrieval of epitopes using the

Leica Bond Max autostainer (Leica Biosystems, Melbourne),

followed by peroxidase blocking (Leica Biosystems, Newcastle)

(20). The slides were then incubated with primary antibodies

(Table 2), followed by incubation with polymeric HRP-

conjugated secondary antibodies (Leica Biosystems,

Newcastle). Next, the samples were incubated with Opal

tyramide signal amplification reagents (Akoya Biosciences,

USA). Then, the slides were again subjected to heat-induced

epitope retrieval to remove tissue-bound complexes of primary/

secondary antibodies before further labeling. These steps were

repeated until the samples were labeled with all four markers and

spectral DAPI (Akoya Biosciences, USA) and mounted in
B C

D E F

A

FIGURE 2

Residual SARS-CoV-2 detected in the breast tissue of patient 2 using multiplex immunohistochemistry and RNAscope (A) Representative images
of the breast tissue stained with hematoxylin and eosin, with differentiated staining of nuclear (hematoxylin) and cytoplasmic (eosin)
components. (B) Representative images of the breast tissue stained for DAPI (blue), CK/EpCAM (red), CD45 (cyan), SARS-CoV-2 nucleocapsid
protein (COVID NP; green), and CD68 (yellow). (C) Representative images of the breast tissue stained for DAPI (blue), SARS-CoV-2 nucleocapsid
protein (COVID NP; green), and CD68 (red). (D–F) Representative images of (D, E) the breast tissue obtained from patient 2 and (F) normal
breast tissue obtained from patients not affected by COVID-19, subjected to RNAscope in situ hybridization with a nuclear component
(hematoxylin) counterstained. SARS-CoV-2 spike RNAs are labelled as green dots, examples of the green dots are marked by black arrows.
(A–C) Scale bar, 100 mm. (D–F) Scale bar, 20 mm.
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ProLong Diamond Anti-fade Mountant (Molecular Probes, Life

Technologies, USA). Images were captured for each case under

the Vectra 3 pathology imaging system microscope (Akoya

Biosciences, USA) and then analyzed and scored by a

pathologist using inForm (version 2.4.2; Akoya Biosciences)

and HALO (Indica Labs) software. Raw images have been

posted on https://immunoatlas.org/MIHC/211022-2/

MIHC21711/ and https://immunoatlas.org/MIHC/211022-1/

MIHC21710/. https://immunoatlas.org/MIHC/210723-

2/MIHC21048/
RNAscope

RNAscope in situ hybridization assay (Advanced Cell

Diagnostics, USA) was performed on FFPE tissue sections

according to the manufacturer’s standard protocol (21).

Deparaffinized tissues were subjected to peroxidase inhibition

and pre-treatment, followed by incubation with the SARS-CoV2

Spike probe (Cat# 848561). Subsequently, tissues were

counterstained with hematoxylin and mounted in the

VectaMount Mounting Medium (Vector Labs, Cat# H-5000).

The RNAscope 2.5 HD Duplex Reagent Kit (Cat# 322430) was

used for the probe/RNA detection (22, 23). Appropriate positive

and negative controls were included in the assay as per the

manufacturer’s recommendation. Images were acquired using

Axio Scan.Z1 (Carl Zeiss, Germany).
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TABLE 2 Antibodies used for multiplex immunohistochemistry.

Primary antibody Manufacturer Clone Catalog number

SARS-CoV-2 nucleocapsid protein Novus Biologicals Polyclonal NB100-56576

CD68 Agilent-Dako PG-M1 DKO.M0876

CD45 Agilent-Dako 2B11 + PD7/26 DKO.M0701

Cytokeratin Agilent-Dako AE1/AE3 M3515

EpCAM BioLegend 9C4 Biolegend 324202
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected

half a billion people, including vulnerable populations such as cancer patients.

While increasing evidence supports the persistence of SARS-CoV-2 months

after a negative nasopharyngeal swab test, the effects on long-term immune

memory and cancer treatment are unclear. In this report, we examined post-

COVID-19 tissue-localized immune responses in a hepatocellular carcinoma

(HCC) patient and a colorectal cancer (CRC) patient. Using spatial whole-

transcriptomic analysis, we demonstrated spatial profiles consistent with a

lymphocyte-associated SARS-CoV-2 response (based on two public COVID-

19 gene sets) in the tumors and adjacent normal tissues, despite intra-tumor

heterogeneity. The use of RNAscope and multiplex immunohistochemistry

revealed that the spatial localization of B cells was significantly associated with
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lymphocyte-associated SARS-CoV-2 responses within the spatial

transcriptomic (ST) niches showing the highest levels of virus. Furthermore,

single-cell RNA sequencing data obtained from previous (CRC) or new (HCC)

ex vivo stimulation experiments showed that patient-specific SARS-CoV-2

memory B cells were the main contributors to this positive association.

Finally, we evaluated the spatial associations between SARS-CoV-2-induced

immunological effects and immunotherapy-related anti-tumor immune

responses. Immuno-predictive scores (IMPRES) revealed consistent positive

spatial correlations between T cells/cytotoxic lymphocytes and the predicted

immune checkpoint blockade (ICB) response, particularly in the HCC tissues.

However, the positive spatial correlation between B cells and IMPRES score was

restricted to the high-virus ST niche. In addition, tumor immune dysfunction

and exclusion (TIDE) analysis revealed marked T cell dysfunction and

inflammation, alongside low T cell exclusion and M2 tumor-associated

macrophage infiltration. Our results provide in situ evidence of SARS-CoV-2-

generated persistent immunological memory, which could not only provide

tissue protection against reinfection but may also modulate the tumor

microenvironment, favoring ICB responsiveness. As the number of cancer

patients with COVID-19 comorbidity continues to rise, improved

understanding of the long-term immune response induced by SARS-CoV-2

and its impact on cancer treatment is much needed.
KEYWORDS

case report, SARS-CoV-2, spatial transcriptomics, intra-tumor heterogeneity, tissue-
localized immunity, immunotherapy
Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused

by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) has now infected half a billion people, resulting in six

million deaths worldwide. As the world enters the third year of

the pandemic, research attention has gradually expanded from

COVID-19 pathogenesis and treatment to comorbidity

management. Cancer patients with compromised immune

systems are susceptible to viral infection; thus, cancer

represents an important COVID-19 comorbidity (1–4).

Increasing evidence supports the prolonged persistence of

SARS-CoV-2 in tissues (5–8) and the corresponding long-term

immune memory (9, 10), while transcriptional aberrations (11)

have been observed months after negative nasopharyngeal swab

tests. However, the impact of the in situ SARS-CoV-2 immune

response on cancer treatment efficacy is unclear.

COVID-19 is closely associated with heightened inflammatory

responses. Hence, its post-recovery persistence in the tumor

microenvironment (TME) could greatly affect the efficacy of anti-

tumor treatment; this finding is particularly relevant for

immunotherapies such as immune checkpoint blockade (ICB),
02
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which is rapidly emerging as a treatment modality due to its

durable response (12, 13). Interestingly, three independent lung

cancer cohort studies have counter-intuitively shown that patients

with COVID-19 comorbidity who received ICB alone exhibited an

equivalent or better response than those receiving other cancer

treatments (14). Despite an accumulation of information regarding

SARS-CoV-2 immune responses, previous studies did not include

cancer patients and were limited to blood analyses (9, 15, 16) and

dissociation techniques (10). Furthermore, spatial immune profiling

techniques, particularly multiplex immunohistochemistry (mIHC)

and digital spatial profiling have demonstrated intra-patient

variability in SARS-CoV-2 immune responses across multiple

sites (5, 7, 17), underscoring the limitations of blood-based analyses.

In this report, we present spatial whole-transcriptomic

profi l ing analysis of two cancer patients: one with

hepatocellular carcinoma (HCC) and one with colorectal

cancer (CRC). These patients harbored persistent SARS-CoV-2

in the tissues post-recovery, as we reported previously (5). We

evaluated the intra-tissue heterogeneity and immune cell type

specificity of the COVID-19 response as well as the potential

tissue-localized effects of SARS-CoV-2 persistence on anti-

tumor immunity. We aimed to provide additional data on the
frontiersin.org
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ICB response in non-lung cancer types. This information will

help to lay the foundation for the future development of

management strategies for cancer patients who have recovered

from COVID-19.
Case description

A 49-year-old Asian male who was diagnosed with hepatitis

B virus (HBV)-positive HCC with no evidence of macrovascular

involvement underwent curative segment VII liver resection (3.8

cm × 2.8 cm) 85 days after testing COVID-19 negative using RT-

PCR swab test. A second patient, a 45-year-old Asian male

diagnosed with invasive stage II T3N0 cecal adenocarcinoma

(right-sided CRC), underwent laparoscopic right hemicolectomy

9 days after testing COVID-19 negative using RT-PCR swab test.

Patient details have been reported previously (5). The two

patients had mild symptoms of acute respiratory infection and

were hospitalized for isolation purposes; in addition, they were

unvaccinated and did not require oxygen therapy or any medical

treatment for COVID-19. Importantly, the patients had not

undergone any cancer treatment before COVID-19 infection

or surgery, ruling out immunological effects caused by other

therapy. While the CRC patient did not have other co-

morbidities, the HCC patient had chronic HBV and past

TB infections.

Initially, we conducted spatial transcriptomic (ST) profiling

on paired specimens consisting of tumor and adjacent normal

tissue from the HCC and CRC patients. This analysis was

performed on fresh frozen sections using the Visium Spatial

Gene Expression (10× Genomics) assay. The tissue sections

placed on the capture areas of the Visium slide were fixed,

stained with hematoxylin and eosin, and imaged (18). After

tissue permeabilization, mRNA molecules were reverse

transcribed to generate spatially barcoded cDNA molecules,

which were then PCR-amplified and sequenced at 50,000 reads

per capture spot. All bioinformatic analysis was performed on

individual tissues using the sctransform-normalized data

computed by R package Seurat (v4.0.3) (unless stated

otherwise) (Supplementary Figure 1A).

Using the Visium ST data (Supplementary Figure 2), we

carried out spatial enrichment analysis (AddModuleScore

function in Seurat) based on the SARS-CoV-2 immune

response signatures from two public databases (15, 16)

(Supplementary Table 1). In the first database, Lee et al. (15)

identified lymphocyte-associated (CD8+ T cells and NK cells)

and myeloid-associated (monocyte and dendritic cells) COVID-

19 signatures, using influenza patients as a reference. In the

second, Ren et al. (16) determined three lymphocyte-associated

(B cell, T cell, and NK cell) COVID-19 signatures and one

myeloid-associated (neutrophil) signature, using COVID-19-

negative peripheral blood mononuclear cells (PBMCs) as a

reference. For the four lymphocyte signatures, spatial profiles
Frontiers in Immunology 03
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were broadly consistent in all four tissues analyzed (Figure 1);

however, some differences in localization were observed for the

SARS-CoV-2 response signatures associated with T cells and NK

cells in the CRC-adjacent normal tissue (Figures 1L, P). By

contrast, myeloid-associated SARS-CoV-2 responses did not

demonstrate distinctive spatial localization, except in the

HCC-adjacent normal tissue (Supplementary Figure 3, see

panels B and F).

Independent of these SARS-CoV-2 immune responses, we

identified four regions with distinct ST niches within each tissue

using a spatially-aware clustering method (BayesSpace R

package v1.2.0) (19) (Figures 2A–D); the four clusters were

selected arbitrarily to balance resolution and interpretability.

Generation of uniform manifold approximation and projection

(UMAP) plots was based on the top 30 principal components

(RunPCA and RunUMAP functions in Seurat) of the ST niches

(Supplementary Figure 4). The distribution of SARS-CoV-2

immune responses was consistent in the ST niches in the HCC

tissues but heterogenous in the CRC tissues (Supplementary

Figures 5 and 6).

As other viral infections (e.g., HBV in the HCC patient) can

induce similar immune responses, we further localized SARS-

CoV-2 specific immune responses in tissues. This analysis was

performed by quantifying SARS-CoV-2 spike protein (SP)

counts on serial tissue sections, using RNAscope (Figures 2E–

H; brightfield images presented in Supplementary Figures 7-8,

raw counts given in Supplementary Table 2; Supplementary

Materials). The SARS-CoV-2 SP counts were spatially variable,

especially in the CRC tumor tissue (Figures 2I–L). Despite the

variability, the viral-high regions (defined as the ST niches

exhibiting the highest average SARS-CoV-2 SP counts) were

confirmed by mIHC performed on FFPE sect ions

(Supplementary Figure 9; Supplementary Materials). Both

RNAscope and mIHC analyses were based on multiple high-

quality regions of interest (ROIs; marked as boxes in Figures 2E–

H and Supplementary Figures 9A–D) that were selected by a

pathologist (JY). To compute ST niche-average counts, the

images were manually overlaid onto the Visium tissue images,

and the ROIs were assigned to the closest ST niches

(Supplementary Table 2; average SP and NP counts of ROIs

assigned to individual ST niches are shown in Figures 2I–L and

Supplementary Figures 9E–H). Furthermore, using a pathologist

(JY)-trained machine-learning classifier in QuPath (v0.3.2;

Supplementary Materials), the viral-high regions were

predominantly identified as stromal or normal epithelial

tissues (Supplementary Figure 10).

Subsequently, we conducted immune cell type analysis using

the microenvironment cell population (MCP)-counter

(MCPcounter R package v1.2.0) (20), whereby the presence of

a cell type in the Visium spots was defined using a threshold of

MCP-counter-estimated log2 expression > 0. The results

revealed intra-tissue heterogeneity in terms of tissue coverage

(% spots) and detectability (Figure 2M). B cells were detected
frontiersin.org
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homogeneously within viral-high regions in all tissues (although

they were relatively sparse in the HCC-adjacent normal tissue),

while other immune cells were either sparse or dispersed

throughout the tissue (Figure 2M, Supplementary Figures 11-

12). To identify the immune cells that elicited the SARS-CoV-2

immunological effect, we examined the association between the

presence of immune cells and public COVID-19 signature

scores. Analysis of the COVID-19 signatures identified by Lee

et al. (15) showed that within viral-high regions, the

lymphocyte-associated SARS-CoV-2 response was significantly
Frontiers in Immunology 04
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positively associated with the spatial localization of B cells across

HCC and CRC tissues (P < 0.005, Figures 3A–D); in contrast, the

myeloid COVID-19 signature was only significantly associated

with T cells in HCC tissues (P < 0.005, Figures 3A, B). Similar

findings were obtained using the COVID-19 signatures from

Ren et al. (16); the lymphocyte-specific SARS-CoV-2 responses

(i.e., B, T, and NK-associated responses) were significantly

associated with the spatial localization of B cells across HCC

and CRC tissues (P < 0.005), but not CRC-adjacent normal

tissue (Supplementary Figure 13).
A B D

E F G

I

H

J K L

M N

C

O P

FIGURE 1

Spatial enrichment of COVID immune response signatures in biopsied HCC and CRC tissues from COVID-19-recovered patients. (A–P) Visium-based
(10× Genomics) spatial transcriptomics-generated tissue heat maps show the spatial localization of COVID immune responses in HCC (A, E, I, M) and
CRC (C, G, K, O) tumors and their adjacent normal tissues (B, F, J, N, D, H, L, P, respectively). Analysis was based on lymphocyte-associated COVID
immune response gene signatures (Lee et al. (15), A–D; and Ren et al. (16), E–P): CD8+ T/NK cells-associated (A–D), B cell-associated (E–H), T cell-
associated (I–L), and NK cell-associated (M–P).
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FIGURE 2

Distribution of SARS-CoV-2 spike protein (SP) and immune cell types in the spatial transcriptomic (ST) niches of HCC and CRC biopsies from
COVID-19-recovered patients. (A–D) From left to right: HCC, HCC-adjacent normal, CRC, and CRC-adjacent normal tissues; ST niches (clusters
1–4) were determined using the spatially-aware BayesSpace (BS) transcriptomic clustering method. (E–L) RNAscope-detected SARS-CoV-2 SP
was quantified in regions of interest (marked as boxes) in the Visium-defined ST niches (E–H); see Supplementary Table 2 for raw data and
assignment of ROIs to ST niches. Bar charts (I–L) show the relative SP counts in the ST niches; SP counts in ROIs assigned to the same ST niche
were averaged. Areas with poor staining quality (F) and smooth muscle and collagen (H, L) were omitted. (M) Distribution of immune cell
abundance (estimated by a deconvolution-based microenvironment cell population-counter) in ST niches. The orange stars indicate viral-high
regions (ST niches with the highest SARS-CoV-2 SP counts).
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To further dissect the specificity of B cell subsets involved in

the tissue-localized lymphocyte-based COVID-19 response, we

characterized and annotated individual B cell phenotypes

(memory [MBCs], naïve, intermediate, and plasmablasts) by

single-cell analysis of ex vivo SARS-CoV-2-stimulated patient-

matched samples. Stimulated lymph node samples (CRC) had

been obtained previously (5), while PBMCs from the HCC

patient were stimulated following the same procedure (5) prior

to analysis (Supplementary Materials). Single-cell sequencing
Frontiers in Immunology 06
106
used Chromium Single Cell 5’ and 3′ Reagent Kits v2 and v3

(10× Genomics, San Francisco, CA, USA) (21), while paired-end

sequencing (2×150 bp) was performed using the NovaSeq 6000

platform (Illumina, Inc., San Diego, CA, USA) (Supplementary

Materials; bioinformatic analysis is depicted in Supplementary

Figure 1B). Marker genes for the B cell phenotypes were

identified by comparing SARS-CoV-2-stimulated and

unstimulated samples (using the FindMarkers function in

Seurat; Supplementary Table 3). The above-identified patient-
A

B

D

C

FIGURE 3

Spatial colocalization of immune cell types and COVID immune response. (A–D) Immune cell types (determined by a deconvolution-based
microenvironment cell population-counter) and COVID immune responses (quantified as enrichment scores for the COVID response-
associated gene signatures reported in Lee et al. (15) within the viral-high regions in HCC (A) and CRC (C) tumors and the corresponding
adjacent normal tissues (B, D, respectively). Lymphocyte and myeloid-associated COVID responses are represented by triangles and circles,
respectively. The vertical green dashed line delineates log-fold change (FC) = 0 (log-FC > 0 for cell types with higher COVID immune scores in
Visium spots where the immune cell type was detected than in spots where it was not detected). The horizontal green dashed line represents
P = 0.05; above the line, P < 0.05. Red text and annotations represent P < 0.005. P-values were computed using the Kruskal-Wallis test. CTLs,
cytotoxic lymphocytes; DCs, dendritic cells.
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and SARS-CoV-2-specific B cell phenotypes were then mapped

to individual Visium spots using robust cell type decomposition

(RCTD package v1.2.0), whereby the presence of a cell type was

recorded if detected as a singlet or a doublet. Within the viral-

high regions, plasmablasts and MBCs exhibited the highest spot

coverage in HCC and CRC tissues, respectively (Supplementary

Figures 14-15); however, only the spatial localization of MBCs

demonstrated a consistently positive association with

lymphocyte-associated SARS-CoV-2 immunological effects

(Supplementary Figures 16A–H). Notably, MBC infiltration

(measured by spot coverage) was higher in the viral-high

regions of CRC tissues, compared with the viral-high regions

of HCC tissues (Supplementary Figure 14).

We evaluated the potential impact of a persistent SARS-

CoV-2-induced B cell immune response on spontaneous or

immunotherapy-induced anti-tumor activity in situ by

determining the immuno-predictive scores (IMPRES).

IMPRES, a transcriptomic biomarker for ICB, was computed
Frontiers in Immunology 07
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by summing the binary outcomes (gene 1 > gene 2, using spot-

level log-normalized counts) of 15 pairs of immune checkpoint

genes (Supplementary Table 4) and normalizing by the available

pairs (22). In individual tissues, the spatial localization of B cells

exhibited variable associations (positive and negative) with

IMPRES scores across the ST niches. However, within viral-

high regions, spots with detection of B cells showed consistently

higher IMPRES scores for all four tissues (Figure 4; viral-high

regions are indicated by orange stars/red arrows). By contrast,

spots with detection of T cells and cytotoxic lymphocytes

(representing key effector cells in immunotherapy)

demonstrated consistently higher IMPRES scores across the ST

niches, although they were undetected in some CRC regions.

Although the differences in scores were not significant, they were

indicative of overall trends. CD8+ T cells were generally sparse

and not detected in any of the viral-high regions of the four

tissues. Other immune cells, including NK cells, myeloid

dendritic cells, monocytic lineage cells, and neutrophils, were

either not positively associated with IMPRES scores or were

undetected in the viral-high regions.

We also evaluated another transcriptomic predictor of ICB,

the tumor immune dysfunction and exclusion (TIDE) framework,

which simultaneously measures T cell dysfunction and exclusion

as key mechanisms of tumor immune evasion. TIDE analysis was

conducted on the web platform http://tide.dfci.harvard.edu/ (23),

along with the analysis of individual immune components.

Specifically, T cell-dysfunction/exclusion, interferon gamma

(IFNG), Merck18 (T-cell inflammatory), microsatellite

instability (MSI), and tumor-associated macrophages (TAMs;

M2 subtype) were analyzed based on ST niche-average log-

normalized counts (normalized by log-normalized counts of all

other ST niches as a reference). While spatially heterogeneous

TIDE scores were observed across the ST niches, TIDE-predicted

ICB responsiveness (TIDE scores < 0) was detected in the viral-

high regions in both HCC and CRC tumor tissues

(Supplementary Figure 17A). Notably, compared with other ST

niches, the viral-high regions in both HCC and CRC tumor tissues

harbored the highest T cell dysfunction, IFNG, and Merck18

signatures (Supplementary Figure 17B), alongside the lowest T cell

exclusion, microsatellite instability (MSI), and TAM M2

signatures (Supplementary Figure 17C). In addition, the viral-

high region in HCC tumor tissue harbored the highest expression

of the checkpoint molecule CD274 (PD-L1) and the lowest

immune cytolytic activity; however, such immune exhaustion

was not replicated in the viral-high region of CRC tumor tissue,

which might be due to the shorter time elapsed since infection

(Supplementary Figure 18). Immune cytolytic activity scores were

obtained by averaging the sctransform-normalized values of two

key cytolytic effectors, granzyme A and perforin. Mapping of HBV

transcripts (based on 73 HBV variants downloaded from NCBI

GenBank; Supplementary Table 5) onto ST niches revealed that

HBV was detected homogeneously across the HCC tumor tissue

but was relatively sparse within the viral-high region; in addition,
FIGURE 4

Spatial associations of immune cell types and immuno-
predictive scores (IMPRES) in individual spatial transcriptomic
niches. From left to right, BayesSpace (BS) clusters 1–4 in HCC,
HCC-adjacent normal tissue, CRC, and CRC-adjacent normal
tissue are shown. Each BS cluster was stratified by the presence
of the immune cell of interest (determined by a deconvolution-
based microenvironment cell population-counter) as follows: B
lineage, T cells, CD8+ T cells, cytotoxic lymphocytes, NK cells,
myeloid dendritic cells, monocytic lineage, and neutrophils (from
top to bottom). Orange stars indicate viral-high regions
(transcriptomic niches with the highest SARS-CoV-2 spike
protein/nucleocapsid protein counts); red arrows indicate higher
IMPRES scores in Visium spots analyzed for B lineage cells, T
cells, and cytotoxic lymphocytes within the viral-high regions.
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HBV was not detected in the adjacent normal HCC tissue

(Supplementary Figure 19).

All analyses were conducted in R (version 4.1.0).

Associations were evaluated by the non-parametric Kruskal-

Wallis test. Statistical significance was judged using a two-sided

a significance level of 0.05.
Discussion

This case report presents spatial whole-transcriptomic

immune analysis of HCC and CRC tissue biopsies that were

collected 85 and 9 days, respectively, after the patients had tested

negative for COVID-19. These analyses enabled us to investigate

the potential impact of long-term immunomodulation induced

by tissue-localized SARS-CoV-2 on in situ anti-tumor responses.

To our knowledge, no similar spatial immune studies have so far

been reported for cancer patients with COVID-19 comorbidity.

In distinction to previous studies that were limited to blood

analyses (9, 15, 16) and dissociation techniques (10, 11), our

analysis revealed intra-tissue heterogeneity in the SARS-CoV-2

immune response. In addition, the results suggested a robust

lymphocyte-associated SARS-CoV-2 post-recovery response,

given that the spatial profiles for lymphocyte-associated SARS-

CoV-2 responses (based on gene signatures from two

independent public databases) were largely comparable. In

contrast, the spatial profiles relating to myeloid-associated

SARS-CoV-2 responses were weak and heterogeneous. Of

note, the gene signatures reported in Ren et al. (16) were

obtained specifically from patients with highly active COVID-

19; thus, our data indicated that tissue-localized immune

responses remained active in the patients in our study

following recovery from the virus.

Leveraging the spatial information afforded by the 10×

Visium technology, we investigated the immune cells involved

in this persistent tissue-localized lymphocyte-based SARS-CoV-

2 response. Within viral-high regions, B cells showed

consistently positive associations with the lymphocyte-

mediated SARS-CoV-2 response in both HCC and CRC

tissues. Data obtained from ex vivo SARS-CoV-2 peptide

stimulation provided statistically significant evidence of the

key role played by a specific B cell subset (i.e., MBCs) in

eliciting these SARS-CoV-2-specific lymphocyte responses.

These findings support previous reports that SARS-CoV-2

infection generates persistent circulating (8) and tissue-

localized MBCs (10), detectable by flow cytometry 6 months

after infection. In addition, comparison of the 9-day (CRC) and

85-day (HCC) post-COVID-19 data suggested a potential

decrease in MBC-associated SARS-CoV-2 protection with

length of time since the negative swab test.

Apart from the observation that SARS-CoV-2 infection

generates MBCs that protect against viral reinfection, our

analysis suggests that these cells also change the anti-tumor
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properties of the TME. We demonstrated that, despite

consistently higher IMPRES scores (predictive of ICB

response) within regions containing T cells and cytotoxic

lymphocytes (key effector cells in ICB treatment), the spatial

localization of B cells was associated with higher IMPRES scores

only within the viral-high regions. These findings imply that the

SARS-CoV-2-specific B cell response may modulate the TME in

favor of ICB responsiveness. Moreover, they might potentially

explain, in part, the better performance of cancer patients in

response to ICBs alone than those treated with other cancer

treatments (14). Indeed, it has been suggested that B cell-

mediated tumor killing is part of the ICB response (24).

Potential ICB responsiveness within the viral-high regions in

both HCC and CRC tumor tissues was confirmed in silico using

TIDE as another predictor of ICB. Spatially resolved analysis of

TIDE component scores further revealed that ICB

responsiveness could be attributed to highly infiltrated T cells

(i.e., low T cell exclusion) that were dysfunctional (i.e., high T

cell dysfunction) but rescuable by ICB. Furthermore, IFNG and

T cell-inflamed (Merck18) signatures were enriched within the

viral-high regions, while immunosuppressive M2 TAMs were

depleted. Interestingly, MSI transcriptomic scores were relatively

low within these viral-high regions, suggesting that high T cell

infiltration was driven by viral infection, especially SARS-CoV-2

or HBV, rather than by mutation. These data, i.e., exhaustion of

B cells and depletion of T cells within the viral-high regions, may

explain the long-term co-existence of SARS-CoV-2 and its

associated B cells in HCC tissues. Moreover, the rather

depleted levels of HBV in the viral-high regions of HCC tissue

and the total absence of HBV in adjacent normal tissue

suggested that the immune exhaustion and decreased immune

cytolytic activity was driven mainly by SARS-CoV-2, with

limited influence exerted by HBV.

Due to difficulties obtaining post-COVID-19 tissues

(especially treatment-naïve tissues, to rule out treatment

effects), we could only include single patients for HCC and

CRC. However, the consistency of our findings in two different

tumor types suggests that these effects were unlikely to be

patient-specific. Although the HCC patient had co-morbidities

of HBV and TB, HBV was relatively depleted in the SARS-CoV-

2-high tissue region, while the associated B-cell response was

consistent with that identified in the CRC patient (who lacked

co-morbidities). Taken together with the SARS-CoV-2

stimulation results, these data support the hypothesis that

persistent B-cell immune response and any potential effects on

ICB therapy are highly likely to be specific to SARS-CoV-2.

Moreover, while intra-tumor heterogeneity is recognized as a

clinically significant aspect of a comprehensive TME assessment,

there is currently no consensus on resolution level. We applied

the spatially-aware BayesSpace clustering method to define four

micro-TME regions in each of the tissues, selected arbitrarily to

ensure a balance between resolution and interpretability.

However, sensitivity analysis should be performed on the size
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and resolution of the micro-TMEs when a larger sample size is

available. In addition, as the COVID-19 cases we examined

occurred in the pre-vaccine era, our study did not account for

the effect of vaccine-induced MBCs. Finally, the degree of

persistence of SARS-CoV-2-induced immune responses in

long COVID cases (patients exhibiting long-term persistence

of COVID symptoms) requires further investigation, using

tissues collected at different times after recovery. Nonetheless,

we have demonstrated a nuanced view of the persistent in situ

immunological effects of SARS-CoV-2 infection. These findings

provide a foundation to evaluate the observed B cell-mediated

immunomodulation of the TME, which appears to favor ICB

responsiveness. Furthermore, our results underscore the

importance of developing strategies for the management of the

increasing number of cancer patients with COVID-

19 comorbidity.
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Medicine, Tsinghua University, Beijing, China, 3Institute for Hepatology, National Clinical Research
Center for Infectious Disease, Shenzhen Third People’s Hospital, Shenzhen, China, 4The Ministry of
Education Key Laboratory of Protein Science, Beijing Advanced Innovation Center for Structural
Biology, Beijing Frontier Research Center for Biological Structure, Collaborative Innovation Center
for Biotherapy, School of Life Sciences, Tsinghua University, Beijing, China, 5U.S. Army Medical
Research Institute of Infectious Diseases (USAMRIID), Fort Detrick, MD, United States, 6Brii
Biosciences Inc., Beijing, China, 7Center for Pathogen Research, Department of Microbiology and
Immunology, University of Maryland School of Medicine, Baltimore, MD, United States, 8Integrated
Research Facility, Division of Clinical Research, National Institute of Allergy and Infectious Diseases
(NIAID), Fort Detrick, MD, United States
Monoclonal antibodies (mAbs) targeting the severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) spike protein have demonstrated clinical efficacy

in preventing or treating coronavirus disease 2019 (COVID-19), resulting in the

emergency use authorization (EUA) for several SARS-CoV-2 targeting mAb by

regulatory authority. However, the continuous virus evolution requires diverse

mAb options to combat variants. Here we describe two fully human mAbs,

amubarvimab (BRII-196) and romlusevimab (BRII-198) that bind to non-

competing epitopes on the receptor binding domain (RBD) of spike protein

and effectively neutralize SARS-CoV-2 variants. A YTE modification was

introduced to the fragment crystallizable (Fc) region of both mAbs to

prolong serum half-life and reduce effector function. The amubarvimab and

romlusevimab combination retained activity against most mutations associated

with reduced susceptibility to previously authorized mAbs and against variants

containing amino acid substitutions in their epitope regions. Consistently, the

combination of amubarvimab and romlusevimab effectively neutralized a wide

range of viruses including most variants of concern and interest in vitro. In a

Syrian golden hamster model of SARS-CoV-2 infection, animals receiving
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combination of amubarvimab and romlusevimab either pre- or post-infection

demonstrated less weight loss, significantly decreased viral load in the lungs,

and reduced lung pathology compared to controls. These preclinical findings

support their development as an antibody cocktail therapeutic option against

COVID-19 in the clinic.
KEYWORDS

monoclonal antibody (mAb), severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), receptor binding domain (RBD), M252Y/S254T/T256E (YTE), amubarvimab
(BRII-196), romlusevimab (BRII-198), variant of concern (VOC), half-maximal
inhibitory concentration (IC50)
Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused

by severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) continues to be a tremendous challenge to healthcare

system that has resulted in nearly 522 million confirmed cases

and over 6 million deaths worldwide as of 22 May 2022 (1).

While several SARS-CoV-2 vaccines have demonstrated efficacy

at reducing severe disease and death, the effective control of

COVID-19 remains vulnerable as steeply increased infection

continued to be found not only among unvaccinated but also

vaccinated individuals. Such continuous and wide-spread

infection and breakthrough infection are expected to generate

and select variants with increased transmissibility and immune

evasion, rendering many therapeutics and vaccines less effective.

Thus, additional medical countermeasures are needed to reduce

COVID-19 induced morbidity and mortality.

Neutralizing monoclonal antibodies (mAbs) represent an

important therapeutic option in the prevention and treatment of

known and emerging infectious diseases (2, 3). SARS-CoV-2

uses the angiotensin-converting enzyme 2 (ACE2) to enter cells

via interaction with the receptor binding domain (RBD) of its

spike protein (4). Therefore, several RBD-targeting mAbs

including casirivimab/imdevimab, bamlanivimab/etesevimab,

sotrovimab were selected for clinical development (5–8). The

first 4 mAbs have epitopes fully or partially overlapping with the

receptor-binding motif (RBM) on the RBD thereby blocking

viral entry by preventing ACE2 from binding to RBM, whereas
oncentration; mAb,
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non-RBM mAbs such as sotrovimab appears to block viral

infection by sterically interfering the viral membrane fusion

after ACE2 engagement with RBM (9). Besides different

mechanisms of action (MoA) exerted by these antibodies,

various modifications to their fragment crystallizable (Fc) were

also employed to prolong their half-lives and alleviate potential

antibody-dependent enhancement of infection in vivo. For

example, Fc effector function was abolished by the L234A/

L235A (LALA) modification (etesevimab) whereas half-life was

extended with the M248L/N434S (LS) modification

(sotrovimab). Other clinical antibodies, however, were

developed as wild-type IgG1 (casirivimab/imdevimab,

bamlanivimab) (10). It is gratifying to see that all these clinical

mAbs demonstrated efficacy in reducing viral burden,

hospitalization, and death among mild to moderate COVID-

19 compared to untreated placebo controls. Many of these

antibodies have been authorized under emergency use

authorization (EUA) for the treatment and/or prevention of

severe disease in outpatients with mild to moderate COVID-19

who are at high risk of clinical progression (11–14). However,

like other infectious organisms, SARS-CoV-2 continues to

mutate over time, generating antigenically distinct variants

that are responsible for multiple waves of rapidly spread

infection worldwide. Some variants are resistant to these

mAbs, resulting in substantial reduction or completely loss of

their clinical efficacy for the treatment and prevention of SARS-

CoV-2 infection (15). In particular, the recent emergence of

Omicron subvariants is the most distinctive in antigenic

properties and capable of escaping from many therapeutic

antibodies (15–17). FDA has recently revised authorizations

for casirivimab/imdevimab, bamlanivimab/etesevimab, and

sotrovimab in geographic regions where infection is likely to

have been caused by a non-susceptible SARS-CoV-2 variant.

Thus, antibody therapeutics capable of overcoming viral escape

and mitigate the impact of variants are highly desirable.

Amubarvimab (BRII-196) and romlusevimab (BRII-198) are

human IgG1 mAbs derived from their respective precursor
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antibodies, P2C-1F11 and P2B-1G5, which were isolated directly

from B cells of a convalesced COVID-19 patient showing

specific activity against wild-type SARS-CoV-2 and no cross-

reactivity against other coronaviruses (18). Amubarvimab binds

to two regions spanning amino acids 453-505 in the RBM and

amino acids residues 403-421 in the core region of RBD. Among

its predicted contact residues, 11 of 23 overlap with the ACE2

binding sites on SARS-CoV-2 RBD, providing the structural

basis for amubarvimab in competing with ACE2 for binding to

the RBD and blocking subsequent virus entry (19). In addition,

the Fc region of amubarvimab and romlusevimab was

engineered with a triple-amino-acid (M252Y/S254T/T256E

[YTE]) substitution to allow an extended half-life to

potentially prolong the treatment window and reduce effector

functions (20–23).

Here we characterized the antiviral activity and resistance

profile of amubarvimab and romlusevimab in vitro and in vivo.

These two mAbs simultaneously bind to the distinct non-

competing epitopes on the RBD of the spike protein, showing

distinctive Fc receptor binding features which led to their

extended half-life and reduced effector functions. Furthermore,

the combination of amubarvimab and romlusevimab can

effectively neutralize several SARS-CoV-2 live virus variants in

vitro as well as most emerging variants of concern/interest

(VOC/VOI) and variants that confer resistance to previously

authorized mAbs in pseudotyped virus assays. Phenotypic

analysis of the predicted contact residues in the epitope region

of both antibodies indicates the potential for a high barrier to

resistance due to the complementary effects of the cocktail

strategy. Additionally, data derived from the Syrian golden

hamster model demonstrates anti-viral efficacy in vivo.

Recently, amubarvimab and romlusevimab in combination

demonstrated efficacy at reducing risk of progression to severe

disease among high risk outpatients with mild to moderate

COVID-19 at a period of time with multiple circulating

variants (24). Taken together, these data indicate that

amubarvimab and romlusevimab are valuable antibody

cocktail for the treatment of COVID-19.
Materials and methods

Antibody binding and competition
measured by surface plasmon resonance

Measurement of equilibrium dissociation constants between

RBD and antibodies: The CM5 sensor chip was activated with

400 mM EDC and 100 mM NHS (prepared immediately before

use) for 420 s at a flow rate of 10 mL/min with the mixture. Thirty

mg/mL of goat anti-human IgG Fc antibody in 10 mMNaAc (pH

4.5) was then injected to channels for 420 s at a flow rate of

10 mL/min. The chip was deactivated by 1 M ethanolamine-HCl
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(GE) for 420 s at a flow rate of 10 mL/min. Antibodies in running

buffer 1×HBS-EP+ (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA,

0.05% surfactant P20, pH 7.4) were captured onto Fc2 via anti-

human IgG Fc at a flow rate of 10 mL/min. Six concentrations of

RBD (1.5625, 3.125, 6.25, 12.5, 25 and 50 nM) in running buffer

were injected into Fc1 and Fc2 at a flow rate of 30 mL/min for an

association phase of 120 s, followed by 240 s dissociation. 10 mM

glycine (pH 1.5) as regeneration buffer was injected to flow cells

for 30 s twice at a flow rate of 30 mL/min following every

dissociation phase.

Competition of antibodies for binding to RBD measured by

SPR: To determine the competitive binding of antibodies to RBD

of spike protein, SARS-CoV-2 RBD was immobilized to a CM5

sensor chip via amine groups in 10 mM sodium acetate buffer

(pH 5.0) for a final RU around 250. Next, P2C-1F11 and P2B-

1G5 were sequentially injected and monitored for binding

activity to determine whether the two mAbs recognized

separate or closely situated epitopes (18).

Antibody competition with ACE2 for binding to RBD

measured by SPR: The spike protein (20 µg/ml) was captured

on the anti-His antibody biosensor for 30 s and stabilized for 30

s. The serially diluted antibodies (0.781-200 nM) were incubated

with the sensors for 120 s to allow antibody and spike protein

binding. Immediately, the sensors were dipped in the ACE2

solution (300 nM) for 120 s to record the response signal. For

analysis of the half-maximal inhibition concentration (IC50), the

dose-blocking curves were plotted and the blocking IC50 values

were calculated by nonlinear fit using GraphPad Prism

9 software.

Antibody binding affinity to neonatal Fc receptor (FcRn)

measured by SPR: mAb was immobilized by amine coupling to a

sensor chip. An 8-fold dilution series of human FcRn was

prepared at 46.875, 93.75, 187.5, 375, 750, 1500, 3000 and

6000 nM in pH 6.0 1x PBST buffer, then individually injected

over the mAb surface and the binding responses were recorded.

Antibody binding affinity to FcgR measured by SPR: The

activator was prepared by mixing 400 mM N-ethyl-N’-

(dimethylaminopropyl) carbodiimide and 100 mM N-

hydroxysuccinimide immediately prior to injection. The CM5

sensor chip was activated for 420 s at a flow rate of 10 mL/min

with the mixture. Thirty mg/mL of THE™His tag antibody in 10

mM NaAc (pH 4.5) was then injected for 400 s at a flow rate of

30 mL/min. The chip was deactivated by 1 M ethanolamine-HCl

(GE) for 420 s at a flow rate of 10 mL/min. Optimal

concentration of FcgRs in running buffer (1×HBS-EP+) was

injected to Fc2 at a flow rate of 10 mL/min. Eight concentrations

of mAbs and running buffer were injected to Fc1-Fc2 at a flow

rate of 30 mL/min for optimized duration of association and

dissociation phases. Ten mM glycine (pH 1.5) as regeneration

buffer was injected to the sensor chip surface for 30 s twice at a

flow rate of 10 mL/min following every dissociation phase. The

chip was next regenerated with 10 mM glycine (pH 1.5).
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In vitro escape mutants screening

Generation of replication-competent recombinant vesicular

stomatitis virus (VSV)-SARS-CoV-2: The recombinant VSV-

SARS-CoV-2 virus was generated using the method described

previously by co-transfection of pVSV-N, pVSV-P, pVSV-L, and

pVSV-SARS-CoV-2 S-eGFP, and a recombinant vaccinia virus

expressing T7 polymerase in BHK-21 cells. After 48 h

incubation, the cells were frozen/thawed three times. The

supernatants were added to fresh Vero E6 cells for virus

recovery before centrifugation at 2000g for 10 min. The

recovered recombinant VSV-SARS-CoV-2 virus was then

propagated in Vero E6 cells at 37°C until the development of

cytopathic effect (CPE) and stored at -80°C. Virus titers were

determined by the number of foci forming units (FFU) after 24 h

infection. In brief, Vero E6 cells were inoculated in 96-well plates

(~ 2 × 104 per well) a day before viral inoculation. Serial diluted

virus stock was added to 96-well plates at 80-90% confluency of

Vero E6 cells in DMEM media supplemented with 2% FBS and

20 mM NH4Cl. The cells were incubated for 24 h at 28°C. The

FFU were detected by eGFP signals of infected Vero E6 cells with

Opera Phenix.

Antibody escape studies: Antibodies were serially diluted 5-

fold starting at 25 µg/mL for the first round of selection. The

cocktail of amubarvimab and romlusevimab contained equal

amounts of each antibody and the concentration used for

selection represents the total concentration of the two

antibodies. A total of 1 × 105 FFU of the VSV-SARS-CoV-2

virus was added to each dilution and incubated at 37°C for

30 min. After incubation, the mixture was added to 1 × 105 Vero

E6 cells and incubated for 4 days in 24-well plates. Cells were

screened for virus replication by monitoring for fluorescent foci.

Supernatants and RNA were collected from wells under the

highest concentration antibody selection with detectable viral

replication measured by fluorescent units using the Opera

Phenix. This is P1 supernatant.

For a second round of selection, 50 mL of the P1 supernatant

was mixed with 50 mL DMEM with 2% FBS and transferred into

each well of a 48-well plate that contained freshly prepared Vero

E6 cells with increasing antibody concentrations ranging from

0.008-250 µg/mL. The plate was incubated for 4 days.

Fluorescent units were quantitated using Opera Phenix and

exported values were analyzed. RNA was extracted from the

well containing the highest antibody concentration with

detectable viral replication. The RNA was sequenced from

both passages to identify escape mutants.

Sequence analysis: The total RNA in the supernatant of GFP

positive wells with the highest antibody concentration was

extracted and reverse transcribed into cDNA. The RBD gene

fragment was amplified by PCR using the following primers:

Forward: 5’ CACGTGTGATCAGATATCGCGGCCGCG

TTCCCAAACATCACAAAC 3’,
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Reverse : 5 ’ TAGAAGGCACAGCAGATCTGGAT

CCACTCGGTGAGCACGCCTG 3’. The amplified PCR

product was cloned into the PVRC8400 vector and

transformed into bacteria. DNA minipreps from twenty

bacterial colonies were sequenced in each condition.
Crystallization and structure
determination

The SARS-CoV-2 RBD and the fragment antigen-binding

(Fab) fragments of BRII-196 and BRII-198 were mixed at a

molar ratio of 1:1:1, incubated for 2 h at 4 °C and were further

purified by gel-filtration chromatography. The purified complex

concentrated to approximately 10 mg/mL in HBS buffer (10 mM

HEPES, pH 7.2, 150 mM NaCl) was used for crystallization. The

screening trials were performed at 18 °C using the sitting-drop

vapor-diffusion method by mixing 0.2 mL of protein with 0.2 mL
of reservoir solution. Crystals were successfully obtained in 0.2

M NaCl, 0.1 M MES, pH 6.0, 20% PEG 2000 MME. Crystals

were harvested, soaked briefly in mother liquid with 20%

glycerol, and flash-frozen in liquid nitrogen. Diffraction data

were collected at the BL17U beam line of the Shanghai

Synchrotron Research Facility (SSRF). Diffraction data were

auto processed with aquarium pipeline.

The structure was determined by the molecular replacement

method in CCP4 suite. The search models were the SARS-CoV-2

RBD structure (PDB ID: 6M0J) and the structures of the variable

domain of the heavy and light chains available in the PDB with

the highest sequence identities. Subsequent model building and

refinement were performed using COOT and PHENIX,

respectively. Final Ramachandran statistics: 93.86% favored,

5.32% allowed and 0.82% outliers for the final structure. All

structural figures were generated using PyMOL.

Production of pseudoviruses bearing
envelopes of SARS-CoV-2
wild-type and variants

The human immunodeficiency virus (HIV) or murine

leukemia virus (MLV)-based vectors carrying SARS-CoV-2

spike protein were constructed and co-transfected into

pseudoviral particle-producing cells to generate pseudovirus

variants that contain single mutation in the RBD or all amino

acid mutations in the spike protein of representative SARS-CoV-

2 lineages. The variant B.1.1.7 (Alpha) was constructed with total

of 9 mutations including 69-70del, 144del, N501Y, A570D,

D614G, P681H, T716I, S982A, and D1118H. The variant

B.1.351 (Beta) was constructed with 9 mutations including

L18F, D80A, D215G, 242-244del, K417N, E484K, N501Y,

D614G, and A701V. The variant B.1.1.248/P.1 (Gamma) was

constructed with 12 mutations including L18F, T20N, P26S,

D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y, T1027I,
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and V1176F. The variant B.1.427/429 (Epsilon) was constructed

with 4 mutations including S13I, W152C, L452R, and D614G.

The variant B.1.526 (Iota) was constructed with 6 mutations

including L5F, T95I, D253G, E484K, D614G, and A701V. The

variant B.1.617.1 (Kappa) was constructed with 8 mutations

including T95I, G142D, E154K, L452R, E484Q, D614G, P681R,

and Q1071H. The variant B.1.617.2 (Delta) was constructed with

9 mutations including T19R, G142D, 156-157del, R158G,

L452R, T478K, D614G, P681R, and D950N. The variant

B.1.525 (Eta) was constructed with 8 mutations including

Q52R, A67V, H69-V70del, Y144del, E484K, D614G, Q677H,

and F888L. The variant C.37 (Lambda) was constructed with 8

mutations including G75V, T76I, R246-D252del, D253N,

L452Q, F490S, D614G, and T859N. The variant B.1.621 (Mu)

was constructed with 9 mutations including T95I, Y144S,

Y145N, R346K, E484K, N501Y, D614G, P681H, and D950N.

The B.1.617.2 sub-lineage AY.1/AY.2 (Delta+) was constructed

with total of 13 mutations including T19R, T95I, G142D, E156G,

F157del, R158del, W258L, K417N, L452R, T478K, D614G,

P681R, and D950N. The B.1.617.2 (Delta) sub-lineage AY.4.2

variant was constructed with total of 14 mutations including

T19R, T95I, G142D, Y145H, E156G, F157del, R158del, A222V,

L452R, K458R, T478K, D614G, P681R, and D950N. The

Omicron BA.1 variant was constructed with total of 32

mutations including A67V, 69-70del, T95I, G142D/143-145del,

211del/L212I, ins214EPE, G339D, S371L, S373P, S375F, K417N,

N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R,

N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H,

N764K, D796Y, N856K, Q954H, N969K, and L981F. The

BA.1.1 (Omicron+R346K) was constructed with total of 33

mutations including A67V, 69-70del, T95I, G142D/143-145del,

211del/L212I, ins214EPE, G339D, R346K, S371L, S373P, S375F,

K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S,

Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K,

P681H, N764K, D796Y, N856K, Q954H, N969K, and L981F.

The BA.2 was constructed with total of 29 mutations including

T19I, L24-26del, A27S, G142D, V213G, G339D, S371F, S373P,

S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K,

E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y,

N679K, P681H, N764K, D796Y, Q954H, and N969K. The

BA.2.12.1 was constructed with total of 31 mutations including

T19I, D24-26, A27S, G142D, V213G, G339D, S371F, S373P,
S375F, T376A, D405N, R408S, K417N, N440K, L452Q, S477N,

T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y,

N679K, P681H, S704L, N764K, D796Y, Q954H, and N969K.

The BA.3 was constructed with total of 28 mutations including

A67V, 69-70del, T95I, G142D/143-145del, 211del/L212I,

G339D, S371F, S373P, S375F, D405N, K417N, N440K, G446S,

S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G,

H655Y, N679K, P681H, N764K, D796Y, Q954H, and Q992H.

BA.4/5 was constructed with total of 31 mutations including

T19I, D24-26, A27S, D69-70, G142D, V213G, G339D, S371F,
S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R,
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S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G,

H655Y, N679K, P681H, N764K, D796Y, Q954H, and N969K.

Microneutralization assays of
pseudotyped variants

Plasmids pCMVDR8.2, pHR’CMVLuc and expressing

plasmids encoding the wild-type or mutant spikes (codon

optimized) were co-transfected into 293T cells to produce

HIV-based pseudovirus variants that contain single mutation

in the RBD or all mutant residues in the spike of representative

SARS-CoV-2 lineages. The pseudovirus variants were evaluated

in the microneutralization assay using 293T cells transduced

with ACE2 and TMPRSS2 genes for stable expression (BEI

Resources NR-55293), as previously described (25). Briefly,

pseudoviruses with titers of approximately 106 relative light

unit (RLU)/ml of luciferase activity were incubated with

antibodies for one hour at 37°C. Pseudovirus and antibody

mixtures (100 ml) were then inoculated onto 96-well plates

that were seeded with 3.0 x 104 cells/well one day prior to

infection. Pseudovirus infectivity was scored 48 hours later by

luciferase activity. The antibody dilution or mAb concentration

causing a 50% reduction of RLU compared to control (ID50 or

IC50, respectively) were reported as the neutralizing antibody

titers. Titers were calculated using a nonlinear regression curve

fit with GraphPad Prism software. The mean 50% reduction of

RLU compared to control from at least two independent

experiments, each with intra-assay duplicate, was reported as

the final titer or IC50.

Alternat ive ly , SARS-CoV-2 wildtype or mutant

pseudoviruses were generated by co-transfection of HIV

backbones expressing firefly luciferase (pNL43R-E-luciferase)

and pcDNA3.1 (Invitrogen) expressing the respective spike

proteins into HEK-293T cells. Viral supernatants were

collected 48 h later and measured the infectivity by luciferase

activity in relative light units (Bright-Glo Luciferase Assay

Vector System, Promega Biosciences). Neutralization assays

were performed by incubating 1000 TCID50 pseudoviruses

with serial dilutions of purified mAbs at 37°C for 1 h. HeLa-

ACE2 cells (approximately 1.5 × 104 per well) were added in

duplicate to the virus-antibody mixture. Half-maximal

inhibitory concentrations (IC50) of the evaluated mAbs were

determined by luciferase activity measured 48 h after exposure to

virus-antibody mixture using GraphPad Prism 9 software (18).

In addition, SARS-CoV-2 pseudovirus encoding spike

protein (614G) or spike proteins containing the respective

point mutation, or all mutations was generated by co-

transfection of murine leukemia virus backbone pCMV-

MLVgag-pol, pTG-Luc and pcDNA3.1 expressing the

respective spike proteins into HEK-293T cells. To enhance the

incorporation, the C-terminal 19 residues in the cytoplasmic tail

of the SARS-CoV-2 S protein were deleted. Viral supernatants

were collected 48 h later and measured the infectivity by

luciferase activity using Firefly Luciferase Assay Kit (Codex
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BioSolutions). To prepare for infection, 7.5 x 103 HEK293 cells,

which stably express full-length human ACE2, were plated into a

384-well white-clear plate coated with poly-D-Lysine in 15 µl

culture medium. On the day 2, 12.5 µl of SARS-CoV-2 MLV

pseudoviruses were mixed with 5 µl of each mAb at a serial of

concentrations and incubated at 37°C for 1 hour. After removing

the medium supernatant in each well, 17.5 ml of individual

mAb–virus mixture was added. The plate was centrifuged at 54g

for 15 min at 4°C and an additional 7.5 ml of culture medium was

then added. The total final volume in each well was 25 ml. The
cells were then incubated at 37°C for 42 h. Luciferase activities

were measured with Firefly Luciferase Assay Kit. IC50 values

were calculated based on curve fitting in GraphPad Prism 9

software. All data were derived from at least two independent

experiments (26).
Microneutralization assays of live
SARS-CoV-2 isolates

The live viruses tested in the assay were sequenced and

compared with consensus sequences. The B.1.1.7-CA (hCoV-19/

USA/CA_CDC_5574/2020 (BEI Cat#NR-54011) contained total

of 10 mutations including 69-70del, N74K, 144del, N501Y,

A570D, D614G, P681H, T716I, S982A, and D1118H. The

B.1.1.7-PHE (hCoV-19/England/204820464/2020 (BEI Cat#

NR-54000) contained total of 9 mutations including 69-70del,

144del, N501Y, A570D, D614G, P681H, T716I, S982A, and

D1118H. The B.1.351 (hCoV-19/South Africa/KRISP-

K005325/2020 (BEI Cat#NR-54009) contained 10 mutations

including L18F, D80A, D215G, 242-244del, E484K, N501Y,

D614G, Q677H, R682W, and A701V. This assay was

performed by incubating a fixed volume of virus (0.5

multiplicity of infection (MOI)) with the mAbs for 1 hour at

37°C prior to adding to Vero E6 cells plated in 96-well plates.

Following addition to Vero E6 cells, the virus was allowed to

infect the cells and propagate for 24 hours at 37°C, 5% CO2, at

which time the cells were fixed with neutral buffered formalin.

Following fixation, the cells were permeabilized with

radiolabeled immunoprecipitation buffer (RIPA) buffer and

probed with a SARS-CoV-2 nucleoprotein-specific rabbit

primary antibody (Sino Biological, Wayne, PA, #40143-R001)

followed by an Alexa647-conjugated secondary antibody (Life

Technologies, San Diego, CA, #A21245). Cells were

counterstained with Hoechst nuclear stain (Life Technologies,

#H3570). Cells in four fields per well were counted with each

field containing at least 1000 cells, with four wells per dilution

for each test sample. Plates were read and quantified using an

Operetta high content imaging system (PerkinElmer, Waltham,

MA). Antibodies were screened using a 2-fold serial 12-step

dilution. The lower limit of detection was either 1:20 or 1:40

depending upon the dilution series. Assays were controlled using
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a spike protein specific antibody as a positive control in addition

to virus-only and uninfected cell controls.

Alternatively, neutralization activity of mAbs against live

virus using focus reduction neutralization test (FRNT) was

performed in a certified Biosafety level 3 laboratory. The live

viruses tested in the assay were sequenced and compared with

consensus sequences. Wild-type live SARS-CoV-2 is a clinical

isolate (Beta/Shenzhen/SZTH-003/2020, EPI_ISL_406594 at

GISAID) previously obtained and subsequently expanded from

a nasopharyngeal swab of an infected patient. The variant

B . 1 . 351 (GDPCC-nCoV84 s t r a in , Acce s s i on No .

GWHBDSE01000000 at the Genome Warehouse in National

Genomics Data Center) was obtained from Guangdong

Provincial Center for Disease Control and Prevention,

Guangdong Center for Human Pathogen Culture Collection

(GDPCC) containing 9 mutations including L18F, D80A,

D215G, 242-244del, K417N, E484K, N501Y, D614G, and

A701V. The variant B.1.617.2 is a clinical isolate (SZTH012

strain, Accession No. GWHBFWZ01000000 at the Genome

Warehouse in National Genomics Data Center) containing 9

mutations including T19R, G142D, 156-157del, R158G, L452R,

T478K, D614G, P681R, and D950N. Serial dilutions of mAbs

were conducted, mixed with the same volume (1:1) of 100 FFU

SARS-CoV-2 in 96-well microwell plates and incubated for 1 h

at 37°C. Mixtures were then transferred to 96-well plates seeded

with Vero E6 cells and allowed to absorb for 1 h at 37°C.

Inoculums were then removed before adding the overlay media

(100 ml opti-MEM containing 1.6% Carboxymethylcellulose,

CMC). The plates were then incubated at 37°C for 24 h. Next,

overlays were removed, and cells were fixed with 4%

paraformaldehyde solution for 30 min. Cells were

permeabilized with 0.2% Triton X-100, washed with PBS twice

and incubated with cross-reactive rabbit anti-SARS-CoV-N IgG

(Sino Biological, Inc) for 1 h at room temperature before adding

HRP-conjugated goat anti-rabbit IgG (H+L) antibody

(TransGen Biotech). Cells were further incubated at room

temperature. The reactions were developed with KPL TrueBlue

Peroxidase substrates (Seracare Life Sciences Inc). The numbers

of SARS-CoV-2 foci were calculated using an ELISpot reader

(Cellular Technology Ltd).

In addition, neutralization activity of mAbs against live virus

was performed in a certified Biosafety level 3 laboratory. The live

viruses tested in the assay including wild-type SARS-CoV-2

WA1/2020 (CDC): hCoV-19/USA/WA1; BA.1: hCoV-19/

USA/GA-EHC-2811C/2021; BA.1.1: hCoV-19/USA/HI-CDC-

4359259-001/2021 (B.1.1.529+R346K); BA.2: hCoV-19/USA/

CO-CDPHE-2102544747/2021; BA.2.12.1: hCoV-19/USA/NY-

MSHSPSP- PV56475/2022 were obtained, sequenced, and

confirmed to be aligned with consensus sequences. BA.4:

hCoV-19/USA/MD-HP30386/2022 was obtained, sequenced,

and confirmed to be aligned with consensus sequences except

containing an additional V3G in the spike protein. mAbs are
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diluted from 10,000 to 4.88 ng/ml across 12 wells with duplicate

rows for each sample. Multiplicity of infection (0.01) for each

strain is added to dilution wells and incubated for 1 hour at 37°C.

Virus and mAb are added to 96-well plates of Vero-TMPRSS2

cells and incubated at 37°C in 5% CO2 incubator for 72 h (wild-

type) and 96 h (Omicron subvariants), after which plaques are

read for each row. The first mAb dilution to show cytopathic

effects was reported as the minimum mAb concentration

required to neutralize >99% of the concentration of SARS-

CoV-2 tested (neut99) (27).
Amino acid conservation calculation

The score of amino acid conservation (%) is calculated based

on the data downloaded from COVID-19 Viral Genome

Analysis Pipe Line website (https://cov.lanl.gov/components/

sequence/COV/int_sites_tbls.comp?t=2).
In vivo animal study

Syrian golden hamster studies were conducted at U.S. Army

Medical Research Institute of Infectious Diseases (Fort Detrick,

MD). Briefly, PBS or the 1:1 combination of saline, 10 mg/kg or

50 mg/kg of amubarvimab and romlusevimab in 1:1

combination, were administered intraperitoneally (i.p.) to

Syrian hamsters 24 hours before or 8 hours after intranasal

(i.n.) instillation of 100,000 PFU of SARS-CoV-2 USA-WA1/

2020 (US Centers for Disease Control and Prevention, Atlanta,

GA) isolate in 100 uL of PBS. A group of animals with mock

exposure was also included as weight controls. After challenge,

the animals were weighed and observed daily until the end of the

study. On day 3 and day 7, lung samples were collected to

determine the viral load by plaque assay and by quantitative RT-

PCR assay based on E gene subgenomic RNA. Briefly, lung

samples were homogenized in cell culture medium, clarified by

centrifugation, and supernatants removed. Plaque titrations

were performed on serial dilutions of the clarified homogenate

to quantify infectious virus in PFU as previously reported (28).

Total RNA was extracted from clarified lung homogenates in

Trizol™ LS, and the viral RNA was quantified using E gene

subgenomic RT-PCR assay as previously described (29). The

histopathology of the lung was evaluated based on lung tissue

sections fixed with 10% neutral buffered formalin, paraffin

embedded, and then hematoxylin and eosin (H&E) stained

(30). Slides were visualized and scored for the degree of

interstitial pneumonia based on the percent of tissue affected

as 1 = 0-25%, 2 = 26-50%, 3 = 51-75%, and 4 = 76-100%. One

animal was excluded from both 10 mg/kg and 50 mg/kg groups

in the prophylactic setting due to a failed infusion of mAbs based

on Day 3 Human IgG levels in serum by ELISA or PsVNA50

titer in the pseudovirus neutralization assay.
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Results

Amubarvimab and romlusevimab
non-competitively bind to RBD
with modified Fc

The SARS-CoV-2 neutralizing antibodies P2C-1F11

(precursor of amubarvimab) and P2B-1G5 (precursor of

romlusevimab) were selected as candidate antibodies for the

development of a therapeutic mAb cocktail based on their potent

anti-viral activities and distinct competition binding profiles

with ACE2 (18, 31, 32). Amubarvimab and romlusevimab

exhibited high binding affinity to the RBD with equilibrium

dissociation constant (KD) values of 5.88 nM and 0.56 nM,

respectively (Figure 1A). P2C-1F11 exhibited no or minimal

competition with P2B-1G5 for the binding to RBD (Figure 1B).

Furthermore, amubarvimab and the combination of

amubarvimab and romlusevimab blocked the binding of

human ACE2 receptor to RBD with half-maximal inhibitory

concentration (IC50) values of 7.04 nM and 16.36 nM,

respectively. By contrast, romlusevimab alone did not compete

with ACE2 for binding to RBD even at the highest concentration

tested (IC50 >200 nM) (Figures 1A, C), suggesting that these two

mAbs are an ideal pair of non-competing mAbs that can bind

RBD simultaneously to block SARS-CoV-2 entry.

The YTE substitutions were engineered into the Fc region of

the precursor antibodies P2C-1F11 and P2B-1G5 to yield

amubarvimab and romlusevimab. These modifications resulted

in an approximately 10-fold increase of binding affinity to human

neonatal Fc receptor (FcRn) at pH 6.0 compared to precursor

control antibodies (Figure 1D) and a 2- to 4-fold extended serum

half-life (t1/2) in cynomolgus monkeys (Supplementary Figure 1)

and in humans (33). The YTE substitutions also reduced their

binding affinities to Fcg receptors by approximately 3-fold

(Figure 1E), consistent with the design to reduce effector

functions and resulted in minimal antibody-dependent cellular

toxicity and undetected antibody-dependent enhancement of viral

entry and/or viral replication in cell-culture based assays (data not

shown). The neutralizing activity of Fc-engineered mAbs were

evaluated against wild-type live virus in microneutralization

assays. Amubarvimab and romlusevimab alone or in

combination exhibited potent neutralizing activity with mean

IC50 values of 0.026, 0.156, and 0.047 µg/mL respectively, which

were comparable to those of their respective precursor antibodies

(Figure 1F; Supplementary Figure 2).
In vitro selection and characterization
of SARS-CoV-2 resistant viruses to
amubarvimab and romlusevimab

The monoclonal antibody resistant mutants (MARMs) were

selected by serial passage of a replication-competent
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recombinant VSV-SARS-CoV-2 system in the presence of a

single antibody (amubarvimab or romlusevimab) as well as the

combination of the two antibodies. Analysis of RBD sequences

of selected viruses from two independent experiments revealed

two single amino acid changes at position F456 and N460 for

amubarvimab, and four R346, N354, L452 and F490

substitutions for romlusevimab. The N460 was identified at

the highest frequency in the presence of amubarvimab whereas
Frontiers in Immunology 08
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R346 was for romlusevimab in both passage 1 and 2 (Table 1).

However, in the presence of combination of amubarvimab and

romlusevimab, no reproducible amino acid changes were

detected following two passages, indicating that the antibody

combination can prevent mutational escape. As expected, all

amino acid changes identified in these MARMs were located in

the binding sites of amubarvimab or romlusevimab defined by

structural determination (19).
B C

D E F

A

FIGURE 1

Amubarvimab and romlusevimab non-competitively bind to RBD with modified Fc. (A) Amubarvimab and romlusevimab binding affinity
measured by SPR to RBD and degree of competition with RBD to bind to ACE2. (B) Competition of P2B-1G5 and P2C-1F11, the precursors of
amubarvimab and romlusevimab, for binding to RBD measured by SPR. Blocking efficiency was determined by comparison of response units
(RU) with and without prior antibody incubation. (C) Competition of amubarvimab and romlusevimab together with ACE2 for binding to SARS-
CoV-2 RBD. Measurements were taken across a series of mAb concentrations and the resulting nonlinear regression curves were used to
calculate IC50 values. (D) Binding affinity of amubarvimab, romlusevimab and their precursors P2C-1F11 and P2B-1G5 to human FcRn at pH 6.0
measured by SPR. (E) Binding affinity of amubarvimab and romlusevimab to human FcgRs measured by SPR. (F) Neutralization potency of
amubarvimab, romlusevimab, and their 1:1 combination against SARS-CoV-2 wild-type live virus. All data are representative of at least two
independent experiments.
TABLE 1 Neutralization of amubarvimab and romlusevimab against pseudovirus encoding amino acid substitutions identified in the escape mutants.

mAbs Amino acid substitutions
in the variants tested

Mutant variants (%)* Average fold change in IC50 relative to wild-type

Passage 1 Passage 2 Amubarvimab Romlusevimab Amubarvimab +
Romlusevimab

Amubarvimab F456V 30% >90.0 1.1 6.2

N460H 50%, 100% 100%, 100% >115.7 0.9 4.7

Romlusevimab R346Q 10%, 35% 100% 0.3 >140.6 0.3

R346W 80% 100% 0.7 >140.6 0.3

N354D 5%, 15% 1.0 >267.7 0.5

L452R 35% 1.0 199.9 1.3

F490S 5% 1.2 >17 n.d.
*: numbers representing results from two independent experiments; undetected (0%) not listed; n.d., not determined.
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To evaluate the effect of the amino acid substitutions

identified in the MARMs on the susceptibility to neutralization

by amubarvimab and romlusevimab, the pseudoviruses carrying

these single substitutions were generated and subjected to a

microneutralization assay. The F456V and N460H substitutions

resulted in greatly reduced susceptibility to amubarvimab

neutralization (>90- or >116-fold, respectively) but no

detectable effect on romlusevimab alone or in combination

with amubarvimab (Table 1). The pseudoviruses bearing

R346Q/W, N354D, L452R, F490S substitutions exhibited

substantial resistance to romlusevimab, with respective

estimated IC50 of >140-fold, >268-fold, 200-fold, or >17-fold

relative to the parental strain. No detectable impact, however,

was found on amubarvimab. Importantly, all variants evaluated

showed no or up to 6-fold reduction to neutralization by the

combination of amubarvimab and romlusevimab (Table 1),

supporting the choice of the two antibodies for the

development of effective therapeutics to overcome resistance.
Characterization the impact of natural
polymorphisms in the epitopes of
amubarvimab and romlusevimab

To investigate the epitopes of romlusevimab, we determined

the crystal structures of the Fab fragments of amubarvimab and

romlusevimab in complex with SARS-CoV-2 RBD at a

resolution of 4.01 Å (Figure 2). Consistent with our previous

report (19), amubarvimab exclusively binds to the RBM region,

extensively overlapping with the ACE2 binding site. By contrast,

romlusevimab bound to RBD from an opposite side of RBD and

has no clash with amubarvimab (Figure 2), consistent with the

noncompetitive feature of amubarvimab and romlusevimab. The

structure analysis revealed a discontinuous epitope of
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romlusevimab that contained 18 amino acid residues largely

located in the core domain of RBD with only one residue shared

with the ACE2-binding site. These residues clustered within two

regions spanning amino acids 334-360 in the core region and

444-466 in the RBM of RBD, with no overlap with amubarvimab

binding sites (Figure 2).

To determine the impact of natural polymorphisms

identified in the epitopes of amubarvimab and romlusevimab,

pseudoviruses carrying 20 of 23 and 16 of 18 substitutions were

successfully generated and tested for their susceptibilities to

amubarvimab and romlusevimab individually or in

combination. Among all the substitutions tested, those

confined to 4 positions resulted in reduced susceptibility to

amubarvimab alone with IC50 increased more than ~100-fold

(Supplementary Table 1; Figure 2). Likewise, mutant

pseudoviruses containing contact residues at 4 positions in the

epitope of romlusevimab exhibited 100-fold or higher reduced

susceptibility to romlusevimab neutralization (Supplementary

Table 2; Figure 2). The combination of amubarvimab and

romlusevimab maintained activity against 50 of 61 mutant

pseudoviruses tested and had moderate 5- to 25-fold reduced

activity against the remaining 10 pseudoviruses (Supplementary

Table 1; Supplementary Table 2). Notably, these 10 amino acid

substitutions were only detected in low frequencies, i.e., <0.1%

out of 2,731,077 GISAID sequences analyzed as of May

31st, 2022.
Low cross-resistance potential of
amubarvimab and romlusevimab to
other mAb therapeutics

We next investigated to what extent the cross-resistance

occurred to 21 single substitutions in the spike protein that
FIGURE 2

Co-crystal structure of SARS-CoV-2-RBD/amubarvimab/romlusevimab. Amubarvimab and romlusevimab simultaneously bind to distinct,
nonoverlapping epitopes on the RBD of spike protein. A side-view depiction shows cartoon representations of amubarvimab (magenta) and
romlusevimab (red) together with RBD (cyan) in surface representation based on co-crystal structure of amubarvimab and romlusevimab Fabs
with RBD. Romlusevimab epitope (red) and amubarvimab epitope (magenta) with mutation sites of impact on neutralization IC50 over
approximately 100-fold are marked in blue.
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confer reduced susceptibility to the mAbs authorized by EUA to

treat COVID-19. To this end, pseudoviruses bearing these

substitutions were generated and subjected to neutralization by

amubarv imab and romlusev imab combina t ion in

microneutralization assays. Of 21 mutant pseudoviruses tested,

17 remained sensitive to amubarvimab and romlusevimab

combination with their IC50 maintained within 3-fold changes

relative to that of wild-type. Only four mutant pseudoviruses

containing K417E, L455F, F486V, or Q493K substitutions

resulted in considerable reduction of neutralizing activity of

amubarvimab and romlusevimab combination (~6- to 25-fold

changes in IC50s) (Table 2).
Amubarvimab and romlusevimab
demonstrate broad neutralization against
most SARS-CoV-2 variants in vitro

We further evaluated combination of amubarvimab and

romlusevimab against wide varieties of VOCs/VOIs emerged

during pandemic. In the pre-Omicron era, amubarvimab or the
Frontiers in Immunology 10
120
combination of amubarvimab and romlusevimab maintained

neutralizing activities against all pseudovirus expressing the

spike of Alpha (B.1.1.7), Beta (B.1.351), Gamma (B.1.1.248/P.1),

and Delta (B.1.617.2), although romlusevimab alone showed

significantly reduced activity against VOCs/VOIs containing

R346K, L452R/Q, or F490S single substitutions, which is

consistent to its MARM profile (Figures 3A-C).

The impact of the highly immune evasive B.1.1.529

(Omicron) variants on amubarvimab and romlusevimab was

also assessed using the pseudovirus system. Significant activity

reductions in susceptibility of these sub-lineage variants tested

(BA.1, BA.1.1, BA.2, BA.2.12.1, BA.3, and BA.4/5) were observed

to the neutral ization by amubarvimab (Figure 3A;

Supplementary Table 3). However, romlusevimab maintained

activity against BA.1 and BA.3 (<3-fold change in IC50s), showed

moderate activity reduction against BA.2 (~20-fold change in

IC50), and significant activity reduction against BA.1.1,

BA.2.12.1, and BA.4/5 likely due to the additional R346K or

L452Q/R identified in these subvariants (Figure 3B and

Supplementary Table 3). Compared to wild-type pseudovirus,

the combination of amubarvimab and romlusevimab exhibited
TABLE 2 Neutralization of amubarvimab and romlusevimab against variant pseudoviruses conferring reduced susceptibility to authorized mAbs.

Amino acid substitution in tested variant mAb with reduced
susceptibility

Average Fold change in IC50 relative to wild-type

Amubarvimab Romlusevimab Amubarvimab +
Romlusevimab

P337L sotrovimab 1.0 4.1 2.0

P337R sotrovimab 0.7 1.8 0.8

E340A sotrovimab 0.6 0.5 0.4

E340K sotrovimab 0.5 0.5 0.6

K417E casirivimab 31.9 0.3 5.5

K417N casirivimab
etesevimab

3.1 0.5 2.2

N439K imdevimab 0.9 0.8 1.3

K444Q imdevimab 0.6 0.6 0.8

V445A imdevimab 0.9 0.8 1.0

G446V imdevimab 1.0 0.4 0.6

N450D imdevimab 0.6 11.0 0.9

Y453F casirivimab 1.1 1.0 1.2

L455F casirivimab 477.3 1.6 24.5

E484K bamlanivimab
casirivimab

1.6 3.6 2.7

E484Q bamlanivimab 1.5 2.6 1.6

F486V casirivimab 52.8 0.9 7.3

F490S bamlanivimab 1.3 134.9 1.1

Q493E casirivimab 1.8 0.8 0.9

Q493K bamlanivimab,
casirivimab
etesevimab

20.0 1.0 6.5

S494P bamlanivimab,
casirivimab

0.7 0.7 0.6

P499S imdevimab 0.8 0.8 0.7
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varying activity reduction in IC50s (ranging from 10- to 200-

fold) against Omicron subvariants (Figure 3C; Supplementary

Table 3), consistent with results generated in other independent

studies (15–17, 34–36).

We next measured neutralizing activity of amubarvimab and

romlusevimab against authentic live virus whenever possible

including recently prevalent Omicron subvariant isolates.

Amubarvimab alone or amubarvimab and romlusevimab in

combination revealed similar levels of neutralizing activity
Frontiers in Immunology 11
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against live virus Alpha, Beta and Delta compared to wild-

type, although romlusevimab showed moderate to significant

reduction of activities against these variants (7 to >320-fold

change in IC50s) (Table 3 and Figures 3D-F). Neutralizing

activity against Omicron sub-lineage live virus was also

evaluated using an endpoint assay in which the first mAb

dilution to show cytopathic effects was reported as the

minimum concentration required to neutralize >99% of the

SARS-CoV-2 tested (Neut99). Based on this assay, there were
B

C

D

E

F

A

FIGURE 3

Amubarvimab, romlusevimab and amubarvimab+romlusevimab neutralize SARS-CoV-2 VOCs/VOIs in vitro. (A–C) Neutralization potency of
amubarvimab, romlusevimab, and their 1:1 combination against SARS-CoV-2 VOCs/VOIs. Data shown represents fold-change in neutralization
potencies (IC50) of amubarvimab (A), romlusevimab (B) and amubarvimab+romlusevimab (C) against the past and present circulating VOCs/VOIs
compared with the D614G wild-type pseudotyped VLPs. (D–F) In vitro neutralization of wild-type, Beta and Delta authentic live virus with
amubarvimab (D), romlusevimab (E), and amubarvimab and romlusevimab together (F). Results are representative of at least two independent
experiments.
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minor to moderate reductions in neutralizing activity of the

amubarvimab and romlusevimab combination against BA.1,

BA.2, BA.2.12.1, and BA.4/5 (ranging from 3- to 16-fold)

compared to wild-type live virus, with Neut99s ranging

between 0.47 and 2.50 µg/mL, respectively. The activity of

amubarvimab and romlusevimab in combination against

BA.1.1 decreased >64-fold to a Neut99 of >10.00 mg/mL

(Table 3). Altogether, amubarvimab and romlusevimab

demonstrate broad neutralizing activity against a wide range of

SARS-CoV-2 variants including various Omicron subvariants.
Amubarvimab and romlusevimab
display potent activity against
SARS-CoV-2 in vivo

To assess whether the potency against SARS-CoV-2

exhibited by amubarvimab and romlusevimab in vitro can be

translated to protectivity in vivo, weight-based doses of

amubarvimab and romlusevimab combination were

admini s te red to Syr ian go lden hamsters through
Frontiers in Immunology 12
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intraperitoneal injection. One day later, animals were

intranasally challenged with 105 plaque forming unit (PFU)

SARS-CoV-2 live virus (USA-WA1/2020) and monitored for

survival and body weight change. Lungs were harvested at day 3

and day 7 to determine viral load and pathology scores

(Figure 4A). Compared to the untreated control animals,

hamsters receiving either the 10 mg/kg or 50 mg/kg dose of 1:

1 amubarvimab and romlusevimab exhibited no body weight

loss during the 7-day observation period (Figure 4B).

Furthermore, we tested therapeutic potential of amubarvimab

and romlusevimab combination in the same animal model by

administrating these antibodies into animals 8-hours post

infection. Treated animals showed minor weight loss (<3%) at

days 1 and 2 but quickly regained body weight day 3 compared

to control animals (Figure 4C).

The viral load in the lung tissues collected from each group on

day 3 and 7 post infection was determined by plaque forming

assay and RT-PCR. Consistent with body weight changes,

administration of 10 mg/kg of amubarvimab and romlusevimab

in either a prophylactic or therapeutic setting resulted in >3.5 logs

viral load reduction in PFU on day 3 as compared to the mock
TABLE 3 Amubarvimab and romlusevimab effectively neutralize most live viruses tested.

Lineage WHO naming
convention

Key amino acid
substitutions in RBD

Amubarvimab Romlusevimab Amubarvimab +
Romlusevimab

Average fold-change in IC50 relative to SARS-CoV-2 wild-type USA-WA1/2020

USA-WA1/2020 NA None 1.0 1.0 1.0

B.1.1.7-CA Alpha N501Y 0.5 0.5 0.4

B.1.1.7-PHE Alpha N501Y 0.2 0.3 0.2

B.1.351 Beta E484K, N501Y 0.7 7.0 1.4

Average fold-change in IC50 relative to SARS-CoV-2 wild-type Beta/Shenzhen/SZTH-003/2020

Beta/Shenzhen/SZTH-
003/2020

NA None 1.0 1.0 1.0

B.1.351 Beta K417N, E484K, N501Y 0.4 15.3 0.4

B.1.617.2 Delta L452R, T478K 2.1 >320.5 2.9

Neutralization data of amubarvimab and romlusevimab together against live viruses of Omicron sub-lineages and wild-type WA1/2020

SARS-CoV-2 Sub-lineages Key amino acid substitutions in RBD Neut99 of amub. + roml.
(mg/ml)

Fold-change in Neut99 relative to
wild-type

Wild-type WA1/2020 (CDC) None 0.16 1.0

B.1.1.529 BA.1 G339D, S371L, S373P, S375F, K417N, N440K,
G446S, S477N, T478K, E484A, Q493R, G496S,

Q498R, N501Y, Y505H

0.63 4.0

BA.1.1 G339D, R346K, S371L, S373P, S375F, K417N,
N440K, G446S, S477N, T478K, E484A, Q493R,

G496S, Q498R, N501Y, Y505H

>10.00 >64.0

BA.2 G339D, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, S477N, T478K, E484A,

Q493R, Q498R, N501Y, Y505H

2.50 16.0

BA.2.12.1 G339D, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, L452Q, S477N, T478K,

E484A, Q493R, Q498R, N501Y, Y505H

0.47 2.9

BA.4/5 G339D, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, L452R, S477N, T478K,

E484A, F486V, Q498R, N501Y, Y505H

0.94 5.9
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FIGURE 4

Amubarvimab and Romlusevimab together show in vivo efficacy in a hamster model of SARS-CoV-2 infection. (A) Overview of in vivo study
design. mAb or PBS was injected i.p. 24 hr before (B, D, F, H) or 8 hr after (C, E, G, I) intranasal challenge with 100,000 PFU live virus on day 0.
(B, C) Body weigh change of Syrian hamsters relative to day 0. Animals were weighed daily, and the percent of weight change was plotted.
Symbols represent mean ± standard error of the mean (SEM). (D, E) Viral burden reflected by PFU in the lung tissues. PFU was measured and
normalized with weights. Bars represent the geometric means ± SEM in PFU per gram. (F, G) Viral burden reflected by subgenomic (sg) RNA of
virus E gene in the lung tissues. Quantitative PCR was performed to measure the copies of sgRNA of virus E gene in lung tissue homogenates.
The bars represent the geometric mean of subgenomic RNA copies per gram ± SEM. (H, I) Pathology scores of lung sections. A pathology score
was assigned by board-certified veterinary pathologist based on histologic findings on H&E-stained lung sections. Data are presented as mean +
SEM. Significant differences relative to the comparative group using unpaired t-test are shown as asterisk: *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001 (unpaired two-tailed Student’s t-test).
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treated control group. Higher dose of 50 mg/kg resulted in >4.5

logs viral load reduction in PFU on day 3 in both settings,

demonstrating a dose-dependent response. By day 7 post

infection, the infection was naturally resolved and no significant

difference in lung PFU was found between treated and mock

treated groups (Figures 4D, E; Supplementary Table 4). Similarly,

administration of 10 mg/kg of amubarvimab and romlusevimab

reduced lung sgRNA copies by approximately 3 logs in the

prophylactic or by approximately 1 log in the therapeutic

setting. In the higher dose of 50 mg/kg treated animals, lung

sgRNA copies reduced by approximately 3.5 logs in the

prophylactic setting or by approximately 2 logs in therapeutic

setting on day 3 after infection, further supporting a dose-

dependent response (Figure 4F, G; Supplementary Table 4).

Consistent with the reduced viral loads in the lung, prophylactic

administration of a 10 mg/kg or 50 mg/kg dose of amubarvimab

and romlusevimab combination can also significantly alleviate

interstitial pneumonia, demonstrated by substantially reduced

pathology scores on day 3 and day 7 after infection (Figure 4H).

Similar findings were observed on day 7 in the therapeutic setting

(Figure 4I). Collectively, these in vivo animal studies further

reinforce the potent efficacy of amubarvimab and romlusevimab

combination in protecting animals from infection in both

prophylactic and therapeutic settings.
Discussion

In this study, amubarvimab and romlusevimab

demonstrated high-affinity binding to distinct non-competing

epitopes on the RBD of SARS-CoV-2 spike protein and effective

neutralization of wild-type SARS-CoV-2 live virus in vitro. In

addition, this mAb combination preserved activity against most

MARMs of mAbs previously authorized for emergency use, as

well as most single-mutant variants in the epitope region,

therefore building a high barrier to resistance. Consistently,

these two mAbs in combination retained activity against most

circulating VOCs/VOIs tested using pseudoviruses and live virus

isolates, proving to be an ideal mAb pair to control viral spread

and prevent resistance. In a Syrian golden hamster infection

model, animals receiving amubarvimab and romlusevimab

together pre- or post-infection with wild-type SARS-CoV-2

showed less weight loss, significantly decreased viral load in

the lungs, and reduced lung pathology compared to controls.

The YTE modification on amubarvimab and romlusevimab not

only reduced binding to FcgRs as desired but also increased

recirculation through the enhanced binding to FcRn resulted in

an extended mAb half-life in a cynomolgus monkey PK study.

Therefore, based on the in vitro neutralization activity and PK

analysis, a clinical dose of 1000 mg each for amubarvimab and

romlusevimab was selected to treat non-hospitalized adults with

mild to moderate COVID-19 at high risk of progression to

severe disease in a Phase 2/3 study (ACTIV-2/A5401) and
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positive clinical outcomes were obtained showing this mAb

combination significantly reduced the risk of hospitalization

and death among COVID-19 outpatients at high risk (24).

Taken together, the combination of amubarvimab and

romlusevimab demonstrated potent therapeutic efficacy in

both preclinical and clinical studies, adding another pair of

mAb options to the current antibody therapeutics pool to fight

against COVID-19.

Overall, the amubarvimab and romlusevimab combination

has a good breadth of coverage against SARS-CoV-2 variants.

Firstly, most predicted contact residues in the amubarvimab and

romlusevimab epitope regions remain highly conserved among

available sequences of circulating virus with ≥99.9% conservation

as of May 31st, 2022. Secondly, the remaining several contact

residues including R346 (76.12%), K417 (23.22%), L452 (77.63%),

S477 (21.11%), Q493 (21.32%), and Y505 (21.28%) showed

reduced conservation because these mutations appear in VOC

spike proteins such as Beta (K417), Gamma (K417), Omicron 4

subvariants BA.1, BA.1.1, BA.2, BA.3 (K417, S477, Q493, Y505),

Mu/BA.1.1 (R346), and Delta (L452), suggesting mutations arose

at these sites under immune selection pressure (17, 37). However,

the amubarvimab and romlusevimab combination effectively

neutralized pseudotyped variants encoding single amino acid

substitutions at these sites due to the complementary

neutralizing effects of the mAbs when one mAb was affected.

Thirdly, amubarvimab and romlusevimab together retained

effective antiviral activity against most SARS-CoV-2 VOCs/

VOIs in both pseudovirus and l ive virus in vitro

microneutralization assays. Intriguingly, the variants most

refractory to therapeutic antibodies and sera neutralization from

convalescent and vaccinated individuals, such as Beta and BA.1

(17, 37, 38), are fully susceptible to the combination of

amubarvimab and romlusevimab, indicating the breath of their

coverage. This is further supported by a recent in vivo study that a

single intraperitoneal injection of amubarvimab and

romlusevimab together at 10 mg/kg can effectively protect K18-

hACE2 transgenic mice from BA.1 challenge, showing significant

viral load reduction in the lungs and reduced lung pathology

compared to the controls (16). Lastly, the breadth of coverage is

further supported by the clinical data from the Phase 2/3 ACTIV-

2 study using 1000 mg each of amubarvimab and romlusevimab

concomitantly administered to treat outpatients with mild to

moderate COVID-19. In this study, significant clinical

improvements were observed in participants infected with

Alpha, Beta, Gamma, or Delta (~20% of participants) variants

(Evering et al. in preparation), showing that patients infected with

these variants are susceptible to the combination of amubarvimab

and romlusevimab, consistent with in vitro analysis. This also

indicates that in vitro neutralizing activity of amubarvimab and

romlusevimab is a good predictor for the in vivo efficacy of the

combination, which was also observed with AZD7442 (39).

As of July 2022, BA.4/5 is the most prevalent SARS-CoV-2

variant worldwide. BA.4/5 exhibited reduced susceptibility (6-fold
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change in Neut99 relative to wild-type live virus) to the

combination of amubarvimab and romlusevimab in in vitro live

virus microneutralization assays. To estimate the impact of the

BA.4/5 variant on the presumptive clinical efficacy of the antibody

combination, we performed a detailed analysis and prediction based

on BA.4/5 live virus neutralization result and PK modeling

generated from the interim human population PK analysis

performed as part of the ACTIV-2/A5401 study of non-

hospitalized COVID-19 patients. The PK model predicts median

serum concentrations at day 14 of 86.8 and 81.9 mg/mL following

IV infusion of 1000 mg each of amubarvimab and romlusevimab,

respectively, and the corresponding predicted concentrations at day

28 are 56.3 and 68.6 mg/mL (unpublished). The estimated total

serum mAb concentrations at day 14 and day 28 post-infusion are

>170- and >120-fold of the Neut99 (0.94 mg/mL) of amubarvimab

and romlusevimab combination against live virus isolate BA.4/5.

Therefore, based on the PK data and these cell-based neutralization

assay results using authentic viruses, the amubarvimab and

romlusevimab total serum exposures are anticipated to be

effective in vivo against current circulating Omicron subvariant

BA.4/5 during the commonly recognized 2-week treatment window

post administration. Adequate therapeutic exposures are expected

to persist for a minimum of 4 weeks, or longer. Nevertheless, further

pressure on the clinical regimen is possible due to the continuing

mutation of SARS-CoV-2, requiring continued vigilant surveillance.

Taken together, the in vitro and in vivo data suggest that

amubarvimab and romlusevimab are a pair of well-chosen non-

competing mAbs with superior efficacy, extensive breadth of

coverage, prolonged half-life, and high serum exposure during

the treatment window, warranting them another noteworthy

drug to fight against COVID-19.
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Reaction of SARS-CoV-2
antibodies with other
pathogens, vaccines, and
food antigens

Aristo Vojdani1,2*, Elroy Vojdani3, Ashley L. Melgar4

and Joshua Redd5

1Immunosciences Lab, Los Angeles, CA, United States, 2Cyrex Laboratories, Limited Liability
Company (LLC), Phoenix, AZ, United States, 3Regenera Medical, Los Angeles, CA, United States,
4Biological Sciences, UC Irvine, Irvine, CA, United States, 5RedRiver Health and Wellness, South
Jordan, UT, United States
It has been shown that SARS-CoV-2 shares homology and cross-reacts with

vaccines, other viruses, common bacteria and many human tissues. We were

inspired by these findings, firstly, to investigate the reaction of SARS-CoV-2

monoclonal antibody with different pathogens and vaccines, particularly DTaP.

Additionally, since our earlier studies have shown immune reactivity by

antibodies made against pathogens and autoantigens towards different food

antigens, we also studied cross-reaction between SARS-CoV-2 and common

foods. For this, we reacted monoclonal and polyclonal antibodies against

SARS-CoV-2 spike protein and nucleoprotein with 15 different bacterial and

viral antigens and 2 different vaccines, BCG and DTaP, as well as with 180

different food peptides and proteins. The strongest reaction by SARS-CoV-2

antibodies were with DTaP vaccine antigen, E. faecalis, roasted almond,

broccoli, soy, cashew, a+b casein and milk, pork, rice endochitinase,

pineapple bromelain, and lentil lectin. Because the immune system tends to

form immune responses towards the original version of an antigen that it has

encountered, this cross-reactivity may have its advantages with regards to

immunity against SARS-CoV-2, where the SARS-CoV-2 virus may elicit a

“remembered” immune response because of its structural similarity to a

pathogen or food antigen to which the immune system was previously

exposed. Our findings indicate that cross-reactivity elicited by DTaP vaccines

in combination with common herpesviruses, bacteria that are part of our

normal flora such as E. faecalis, and foods that we consume on a daily basis

should be investigated for possible cross-protection against COVID-19.

Additional experiments would be needed to clarify whether or not this cross-

protection is due to cross-reactive antibodies or long-term memory T and B

cells in the blood.
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Introduction

The SARS-CoV-2 virus that is responsible for the COVID-

19 pandemic is part of the family of coronaviruses that normally

cause from mild to moderate upper-respiratory tract illness very

similar to that of the common cold. However, the difference

between SARS-CoV-2 and other viruses is its induction of

serious illness with the involvement of multiple tissue

abnormalities that may result in death (1).

When the body is exposed to different pathogens, it will

launch an immune response, and afterwards the body will retain

some disease-fighting cells called memory T and memory B cells.

Upon exposure to the same pathogen or cross-reactive antigens,

these memory cells are ready to fight again with greater speed

and more efficiency (2). In some people, pre-existing memory

cells generated against, for example, common cold

coronaviruses, can cross-recognize the SARS-CoV-2 virus

because of cross-reactive antigen binding between SARS-CoV-

1 and SARS-CoV-2 (3, 4). This was shown by the generation of

memory T cell lines that recognized many fragments from spike

and non-spike regions of SARS-CoV-2, which were then tested

for epitope similarity against a peptide pool of other

coronaviruses. It was found that memory T cells made against

SARS-CoV-2 cross-reacted with 57% of “common cold”

coronavirus fragments (5, 6).

Furthermore, after the performance of antigen-specific T-

cell studies, it was reported that 20-50% of individuals

unexposed to SARS-CoV-2 had significant T-cell reactivity to

various SARS-CoV-2 peptide sequences (2, 3, 7–10). This may

be an answer to why, after contracting COVID-19, some people

present only mild or moderate symptoms, but others get severely

ill (11–13). The memory T cells generated against common cold

coronaviruses may be responsible for this extensive

heterogeneity in the human immune response to SARS-CoV-2

and its contribution to herd immunity (6, 13, 14).

All of this indicates that, immunologically, humans are not

naïve, and that when they encounter new infections, the host

immune system will activate its memory B and T cells, allowing

quicker immune responses to a multitude of antigens, resulting in

the production of both protective and cross-reactive antibodies (1,

2). In this context,we refer to the potential cross-reactivity toSARS-

CoV-2 from common human pathogens and vaccines (15). This is

based on the hypothesis that children may already have some

degree of protection against SARS-CoV-2 due to the presence of

cross-reactive immunity induced through their vaccinations with

differentbacterial andviral antigens (16–18).Because the immunity

elicited by vaccines declines with aging, the adult population

becomes more susceptible to COVID-19 (15). Of course, this

possible cross-protection resulting from cross-reactive immunity

most likely would not give the same degree of protection as specific

SARS-CoV-2 vaccines.

Based on the hypothesis that the elderly are more prone to

SARS-CoV-2 infection and children are largely spared due to
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pediatric vaccinations, a systemic search for peptide matches in

18 viruses and 7 bacteria with SARS-CoV-2 was conducted to

identify potential cross-reactive epitopes by Reche in 2020 (15).

While other researchers found that common herpesviruses were

poor sources of cross-reactivity, Reche found that the

combination of diphtheria, tetanus and pertussis (DTaP) in

the DTaP vaccine proved to be a significant cause of cross-

reactive immunity to SARS-CoV-2 (15). Comparing the amino

acid sequences of overlapping 15-mer peptides from some of

these pathogens with 10 SARS-CoV-2 residues, he reported as

low as 1 epitope (polio virus) to 3,807 epitopes (Bacillus

Calmette-Guerin or BCG) that cross-reacted with SARS-CoV-2

spike protein. Measles had 8 cross-reactive epitopes, HSV 1&2

had 77, Epstein-Barr virus 94, cytomegalovirus 169, diphtheria

340, tetanus 601, and Bordetella pertussis 3,359 (15). Based on

these and other findings, Reche concluded that cross-reactive

immunity elicited by DT antigens in combination with DTaP

vaccines is likely responsible for keeping children safe from

worldwide infection with SARS-CoV-2 (15).

In search of possible cross-reactivity between SARS-CoV-2

and human autoantigens, in our own earlier studies we first

reacted animal and then human monoclonal antibodies (19, 20)

made against SARS-CoV-2 spike protein and nucleoproteins

with more than 55 human tissue antigens, and found that the

SARS-CoV-2 antibodies had moderate to strong reactions with

more than 20 of the human tissue antigens. We concluded that a

potential risk for autoimmunity may come from cross-reactivity

between SARS-CoV-2 antigens and our own tissue antigens

(19, 20).

Furthermore, in additional studies we investigated antigenic

mimicry between dietary proteins and human autoantigens not

only by epitope sharing but also through the interaction of food-

specific antibodies with human tissue antigens and vice-versa

(21–24). We found that an extensive number of food antigens

reacted with tissue-specific antibodies, and many food

antibodies such as lectins and agglutinins reacted with

numerous tissue antigens (25, 26). We also showed significant

immunological cross-reactivity between different viruses and

other pathogens (27). Observing this interaction between

polyclonal and monoclonal antibodies made against food

antigens and pathogens with various tissue antigens led us to

hypothesize the following:
1. SARS-CoV-2 antibody may cross-react with common

viral and bacterial antigens, including some which were

not examined in the 2020 study by Reche (15).

2. SARS-CoV-2 proteins may share cross-reactive epitopes

with many food antigens that have not previously been

studied.

3. The production of cross-reactive antibodies against

viral, bacterial and food antibodies may be responsible

for extensive heterogeneity in their response to SARS-

CoV-2 in different countries in the world.
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To identify possible cross-reactive immunity to SARS-CoV-

2, we reacted SARS-CoV-2 monoclonal antibodies with 14

different viral and bacterial antigens, and 180 different food

antigens and peptides. We then reacted human sera with very

low levels of antibodies to selected pathogens and food antigens

versus sera with very high levels of these same antigens, for

comparative purposes, with SARS-CoV-2 antigens. Finally, we

conducted systematic searches for sequences shared by SARS-

CoV-2, and pathogens and food antigens with which SARS-

CoV-2 antibodies had reacted.
Methods

Pathogens and vaccines

E. coli and Salmonella lipopolysaccharides (LPS), and

Enterococcus faecalis were purchased from Sigma Aldrich (St.

Louis, MO USA).

ELISA microwell plates coated with B. burgdorferi, EBV-

VCA, EBV-EAD, EBV-EBNA, CMV, VZV and measles antigens

were purchased from Trinity Biotech (Jamestown, NY USA).

HHV-6 A and B were purchased from Bio-Synthesis

(Lewisville, TX, USA).

ELISA well plates coated with HSV 1 + 2 antigens were

obtained from Gold Standard Diagnostics (Davis, CA USA).

H. influenza, BCG and DTaP vaccines were purchased from

the local pharmacy.
SARS-CoV-2 antibodies and antigens

Human IgG1 monoclonal antibody made against SARS-

CoV-2 spike protein S1 domain (CR3022) Catalog #NBP3-

11813 was purchased from Novus Biologicals (Centennial, CO

USA). This antibody binds specifically to amino acids 318-510 in

the S (spike) domain of the SARS-CoV spike protein as well as

the SARS-CoV-2 (COVID-19) spike protein

Human IgG1 monoclonal antibody made against SARS-

CoV-2 nucleoprotein (CR3009) SKU: MAB12434 was obtained

from The Native Antigen Company (Kidlington, Oxfordshire,

UK). This antibody recognizes and binds the non-linear/

conformational epitope of the N protein of SARS-CoV and

SARS-CoV-2.

Recombinant SARS-CoV-2 spike protein S1 subunit and

recombinant SARS-CoV-2 nucleocapsid protein were purchased

from RayBiotech (Atlanta, GA USA).
Food proteins and peptides

For the preparation of the food antigens, food products were

purchased from a Whole Foods supermarket. Food proteins
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undergo structural epitope transformation when the food is

cooked, so, when necessary, foods underwent preparation so

that the resulting food proteins would accurately represent the

raw and cooked foods of typical human diets. Using a process

similar to the one used in our earlier study (28), a total of 180

different foods representing different meats, seafoods, vegetables,

fruits, grains, nuts, seeds, beans, spices, gums and more

were prepared.

Lectins and agglutinins such as wheat germ agglutinin

(WGA), soybean agglutinin, phytohemagglutinin, peanut

agglutinin and concanavalin A were purchased from Sigma

Aldrich (St. Louis, MO USA).

Gliadin peptides were synthesized by Bio-Synthesis

(Lewisville, TX USA).

Food products were ground at 4°C in either 70% ethanol, or

coco buffer containing 0.55 M of NaHCO3, 1% NaCl pH 8.5.

Each food item was left on the stirrer at 25°C for 4 h. The food

processor was decontaminated after each food was stirred. The

mixture was centrifuged for 15 minutes at 2000 g, after which the

top layer containing oil bodies was discarded. To ensure that all

small molecules were removed, each solvent’s liquid phase was

dialyzed against a buffer of 0.01 M phosphate buffered saline

(PBS) using dialysis bags with a cutoff of 6000 DA for 72 h, with

the buffer changed every 24 h. The protein concentration was

subsequently measured using a kit obtained from Biorad

(Hercules, CA USA). The complete list of the 180 foods can be

found in Supplementary Material.
Antibodies against food proteins
and peptides

Rabbit anti-gluten was purchased from Sigma Aldrich (St.

Louis, MO USA).

Rabbit anti-phytohemagglutinin was obtained from Abcam

(Fremont, CA USA).

Rabbit anti-WGA, anti-soybean agglutinin, anti-wheat, anti-

a-gliadin, anti-egg, anti-corn, anti-peanut agglutinin and others

were prepared by Bio-Synthesis (Lewisville, TX USA).
Reaction of anti-SARS-CoV-2 polyclonal
and monoclonal antibodies with different
pathogens, vaccine antigens, and food
proteins and peptides

Commercially available microwell plates coated with

different bacterial and viral antigens including BCG vaccine,

DTaP vaccine, SARS-CoV-2 spike protein and nucleoprotein

were prepared at an optimal concentration of 1-3 mg/mL. After

dilution at 1:100 in 0.01 M PBS, pH 7.4, 100 microliters

containing 1-3 mg of these antigens were added to a series of

96-well microtiter plates.
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Food antigenswere prepared at a concentration of 1mg/mL. In

coating the ELISA plate, we determined the optimal concentration

of each food antigen by examining the concentration of antigens

that gave the most reproducible results in quadruplicate.

Consequently, we diluted the stock solution from 1:25 to 1:100 in

0.1 M carbonate-bicarbonate buffer (pH 9.5). One hundred

microliters were added to each well of the polystyrene flat-

bottom ELISA plate. All plates were kept for 6 h at room

temperature (RT) and 18 h at 4°C. Plates were washed 4 times

using an ELISAwasher, and 200microliters of 2%BSAwere added

to eachwell and incubated for 24 h at 4°C in order to block the non-

specific binding of the antibody to the antigen-coated wells. To

examine the binding of SARS-CoV-2 antibodies to each one of

these antigens, 100 microliters of human anti-spike protein and

human anti-nucleoprotein at optimal dilutions of 1:100-1:200, and

rabbit anti-envelope and rabbit anti-membrane proteins at a

dilution of 1:100 were each added to quadruplicate wells of

microtiter plates coated with various antigens. After 1 h of

incubation and washing, an optimal dilution of alkaline-

phosphatase-labeled anti-human or anti-rabbit IgG was added to

the appropriate sets of plates,whichwere then incubated again for 1

h at RT. To remove the unbound antibodies, plates were washed 5

times, and 100 microliters of substrate para-nitrophenylphosphate

were added. After 45mins, color development wasmeasured using

an ELISA reader at 405 nm. We calculated the means of the

respective quadruplicate wells and used them in the graphs.

We calculated the percentage of each antibody’s tissue

reaction according to the following formula:

% of reaction with the antibody

=
OD of tissue reactivity–OD of background

OD of SARS-COV-2 reactivity–OD of background
� 100

In order to determine the specificity of human monoclonal

and rabbit polyclonal antibodies in binding to pathogens,

vaccines and food antigens, these antibodies were replaced

with the same dilution of human serum from a healthy subject

or with non-immunized rabbit serum and added to

quadruplicate wells. Furthermore, the antibodies and other

reagents were added to 4 wells coated with 2% HSA and BSA

alone and used as negative controls. After completion of all

ELISA steps, the ODs of these control wells were measured.
Binding of SARS-CoV-2 antibodies to
serially diluted spike proteins,
nucleoproteins, vaccine and
food antigens

For the demonstration of the specificity of SARS-CoV-2

antibody binding to SARS-CoV-2 antigens, bacterial, viral,

vaccine and food antigens were prepared at a concentration of 1

mg/mL. Each antigenwas then diluted 1:200, 1:400, and 1:800, after
Frontiers in Immunology 04
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which100microlitersof each antigenwas added todifferent rowsof

microtiter plates. This way, each row was coated with no antigen

(blank), or with final amounts of 500, 250 and 125 nanograms of

each antigen: E. faecalis, HSV 1 + 2, EBV EAD, DTaP, a+b casein,
gliadin peptide, and peanut proteins. These antigens were chosen

because they showed from low to strong reactivity with either

SARS-CoV-2 spike and nucleoprotein antibodies. After the

completion of the antigen-coating steps, SARS-CoV-2

monoclonal antibodies at a dilution of 1:100 was added to the

wells coated with different concentrations of antigens. After

completion of the other ELISA steps, the ODs were recorded at

405 nM.
Reaction of food-specific antibodies with
SARS-CoV-2 spike proteins
and nucleoproteins

Different wells of ELISA plates were coated with 0.5

micrograms of either spike protein or nucleoprotein that had

been dissolved in 100 ml of 0.01 M PBS pH 7.4 and were then

kept for 8 h at RT followed by 16 h at 4°C. Plates were washed 4

times with 0.01M PBS containing 0.05% Tween 20. After washing,

200mlof 2%BSAwas added and incubated again for 8 h atRT, and

16h at 4°C toblock the uncoated surfaces. Following removal of the

BSA andwashing, the plates were ready for antibody reactivity. 100

microliters of serum diluent were added to the first 4 wells of a

microtiter plate coated with spike protein or nucleoprotein. 100

microliters of unimmunized rabbit serum diluted 1:100 was added

to the second set of 4 wells, and 100microliters of rabbit anti-spike

or anti-nucleoprotein antibody was added to a third set of 4 wells.

The second and third sets of wells, 4 in each set, 8 in total, served as

negative and positive controls. 100microliters of rabbit serumwith

very high titers of IgG antibody to wheat, a-gliadin, WGA, milk,

a+b casein, soy, soy agglutinin, peanut agglutinin,

phytohemagglutinin, egg, and corn antibodies diluted 1:100.

After 60 mins of incubation and washing, 100 microliters of goat

anti-rabbit IgG labeled with alkaline phosphatase at a dilution of

1:200 was added. Color development and optical densities were

recorded at 405 nM after completion of ELISA steps.
Reaction of human sera containing low
or high levels of antibodies to viral and
food antigens with SARS-CoV-2
spike protein

Using ELISA methodology, we screened 200 sera for the

presence or absence of IgG antibodies against EBV EAD, HSV

1 + 2, HHV-6, peanut proteins, wheat, gliadin peptide,

gluteomorphin + dynorphin, milk, a + b casein, and pineapple

bromelain.We then selected 24 sera with very low levels and 24 sera

with very high levels of antibodies against each of these viral or food
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antigens-coated plates. After dilution of each serum 1:50, and the

completion of ELISA steps, the ODs were compared.
Reaction of human sera with low or high
levels of SARS-CoV-2 antibody with
other viral, food, and vaccine antigens

Using SARS-CoV-2 Zeus ELISA, we screened many sera and

selected 24 with non-detectable and 24 with high levels of IgG

antibody to SARS-CoV-2 spike protein and nucleoprotein. We

then applied the selected sera at a dilution of 1:20 to ELISA plates

coated with EBV EA, CMV, HSV 1 + 2, HHV-6, DTaP and BCG

vaccines, peanut butter, wheat, gliadin peptide, gluteomorphin +

dynorphin, milk, a+b casein, and pineapple bromelain. The

selection of these vaccines, viral and food antigens was based on

their reactivity to SARS-CoV-2 monoclonal antibody. After

completion of all the ELISA steps, the ODs were recorded.
Amino acid sequence similarity between
SARS-CoV-2 spike protein, nucleoprotein
and other viruses and food antigens

We used the NIH/US National Library of Medicine’s BLAST

(Basic Local Alignment Search Tool) sequence matching program

to study the degrees of possible mimicry or amino acid (AA)

sequence homology shared by SARS-CoV-2 spike protein and

nucleoprotein with EBV EA, EBV VCA, EBV EBNA, CMV,

HSV-1, HSV-2, HHV-6, peanut ARA H2 allergen, peanut

agglutinin, wheat gliadin, glutenin, wheat germ agglutinin, casein,

lentil lectin, pineapple bromelain and rice endochitinase.
Statistical analysis

Statistical analysis was performed by comparing the ODs

obtained for the reactive tissue antigens with the mean OD of

non-reactive tissue antigens + 3SD using STATA 14.2 software.

Independent t-tests were performed to evaluate mean differences

of optical densities between controls and antigens. A Bonferroni

adjustment was conducted to account for type 1 errors with

multiple comparisons and alpha was set to< 0.001.
Results

Reaction of human SARS-CoV-2
monoclonal antibodies with different
vaccine, bacterial and viral antigens

We used human monoclonal antibodies made against SARS-

CoV-2 spike proteins and nucleoproteins to measure the degree
Frontiers in Immunology 05
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of immune reactivity of these antibodies with 15 different

bacterial and viral antigens and 2 different vaccines, Bacillus

Calmette-Guérin (BCG) and Diphtheria, Tetanus and Pertussis

(DTaP). An earlier study showed that these 2 vaccines had a high

degree of amino acid sequence similarity with SARS-CoV-2 (18).

As expected, in comparison to the blank OD of 0.1 or less, the

reaction of spike protein and nucleoprotein antibodies with

recombinant spike proteins and nucleoproteins was greater

than 3.5, which is very close to the maximum detection limit

of the assay.

As shown in Figure 1, with spike protein reactivity as 100%,

significant immune reactivity was observed between spike

protein monoclonal antibody and DTaP vaccine (OD 1.4, or

36%), E. faecalis (OD 1.3 or 32%), and HSV 1 + 2 (OD 0.9, or

22%), but not with BCG vaccine. The immune reactivity was

lower with CMV and most EBV antigens, ranging from 0.58

(13%) – 0.84 (21%) ODs. The ODs for VZV, measles and HHV-

6 ranged from 0.38 (7%) – 0.43 (9%). Finally, for antigens such as

LPS, E. coli+Salmonella CDT peptides, EBV VCA, and Borrelia

burgdorferi, the ODs were very close to 3SD above the

background OD of the controls, or OD< 0.27. The percentages

of significant reactivity between SARS-CoV-2 spike antibodies

and different bacterial and viral antigens are also shown in

Figure 1. Overall, DTaP, E. faecalis, HSV 1 + 2, EBV-EAD,

EBV-EBNA, CMV, HHV-6, measles, and VZV had significant p

values (p< 0.001), while the other antigens were insignificant.

At 3SD above the background OD of the controls (0.3), the

human monoclonal antibody to nucleoprotein had weak to

strong reactions with 10 out of the 14 bacterial and viral

antigens. As shown in Figure 2, with nucleoprotein reactivity

as 100%, the strongest immune reactivity was with DTaP (OD

1.58 or 39%), E. faecalis (OD 0.93 or 21%), EBV-VCA (OD 0.82

or 18%), CMV (OD 0.77 or 17%) and Borrelia burgdorferi (OD

0.63 or 13%), all of which had p values< 0.001. For E. coli +

Salmonella CDT peptides, EBV-EBNA, EBV-EAD, VZV, HHV-

6, H. influenza, HSV 1 + 2, measles, and BCG, the ODs were

below the cutoff or very close to the blank, and their p values

were insignificant. The percentages of significant reactivity

between SARS-CoV-2 nucleoprotein antibodies and different

bacterial and viral antigens are also shown in Figure 2.
Reaction of human SARS-CoV-2
monoclonal antibodies with different
food antigens and peptides

Similar to what we did with pathogen and vaccine antigens,

we reacted monoclonal antibody made against SARS-CoV-2

spike proteins and nucleoproteins with 180 different

commonly consumed food proteins and peptides.

Anti-SARS-CoV-2 spike protein antibody had a significant

reaction with 28 out of 180 food antigens. Reactions with beef

and corn were weaker. The reactivity between SARS-CoV-2
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1003094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vojdani et al. 10.3389/fimmu.2022.1003094
monoclonal antibody and different foods was considered

positive only if the obtained ODs were higher than the reagent

controls and the mean ODs of the other foods + 3SD. The cutoff

OD for spike protein antibody reaction with various foods was

determined to be 0.56. Figure 3 shows that the most significant

reactions (p< 0.001) of spike protein antibody were with soy
Frontiers in Immunology 06
133
(35%), a+b casein (34%), roasted almond (32%), lentil lectin

(31%), milk (30%), gliadin toxic peptide (28%), squid (28%),

cooked chicken (27%), broccoli (27%), and pea protein (26%).

Compared to its reaction with SARS-CoV-2 nucleoprotein

(100%), the application of SARS-CoV-2 nucleoprotein antibody

to 180 food antigens resulted in the strongest reactions with the
FIGURE 1

Reaction of human SARS-CoV-2 spike protein monoclonal antibody with spike protein and different bacterial and viral antigens, including DTaP
and BCG vaccines. At 3SD above the OD of background or 0.27, significant reaction between spike protein antibody and bacterial and viral
antigens was observed. Each determination of antigen-antibody reaction was performed in quadruplicate. The standard deviations (SDs) for all
the reactions were less than 0.1, and are shown as error bars. In these experiments, when monoclonal anti-SARS-CoV-2 antibodies were
replaced with sera from healthy subjects, non-significant reactions with a mean of 0.25 were observed from the sera with spike protein.
Percentages of significant reactivity are shown. DTaP is shown to be the most reactive. * = Antigens whose reactions were under the cutoff
and/or close to the blank.
FIGURE 2

Reaction of human SARS-CoV-2 nucleoprotein monoclonal antibody with nucleoprotein and different bacterial and viral antigens, including
DTaP and BCG vaccines. At 3SD above the OD of background or 0.3, significant reaction between spike protein antibody and bacterial and viral
antigens was observed. Each determination of antigen-antibody reaction was performed in quadruplicate. The SDs for all the reactions were
less than 0.12, and are shown as error bars. In these experiments, when monoclonal anti-SARS-CoV-2 antibodies were replaced with sera from
healthy subjects, non-significant reactions with a mean of 0.29 were observed from the sera with nucleoprotein. The ODs of these reactions
were lower than 0.3. Percentages of significant reactivity are also shown. DTaP is shown to be the most reactive. * = Antigens whose reactions
were under the cutoff and/or close to the blank.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1003094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vojdani et al. 10.3389/fimmu.2022.1003094
following foods: broccoli (39%), roasted almond (39%), cashew

(34%), soy bean (32%), squid (32%), rice endochitinase (32%),

pork (31%), pineapple bromelain (30%), and gliadin toxic

peptide (30%). The cutoff OD for nucleoprotein was 0.64. The

reactions with an additional 24 foods were not as strong; those

still above the cutoff but weaker ranged from peanut agglutinin

(14%) to egg (29%) while roasted peanut, beef and corn were

below the cutoff (Figure 4). Overall, the difference in reactivity of

SARS-CoV-2 monoclonal antibody with 22 of the reactive foods

was very significant at p< 0.001, significant with 4 foods at p =

0.001, and insignificant for the rest.
Serial dilutions of human SARS-CoV-2
spike and nucleoprotein antibodies with
the same concentration of vaccines and
food antigens

Monoclonal antibodies made against both spike protein and

nucleoprotein were applied to spike protein and nucleoprotein,

as well as bacterial, viral and food antigens that had been serially

diluted at dilutions of 1:200, 1:400 and 1:800. These antigens

were selected because they had reacted significantly with these

antibodies in prior experiments. As shown in Figure 5, the

reaction of the anti-SARS-CoV-2 spike protein antibodies with

E. faecalis, HSV 1 + 2, EBV-EAD, DTaP vaccine, a+b casein,

gliadin toxic peptide and pea protein decreased in proportion to

an increase in the dilution.
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Similar to spike protein antibody, the reaction of SARS-

CoV-2 nucleoprotein antibody with bacterial, viral and food

antigens decreased in proportion to an increase in the dilution

(Figure 6). This corollary decline, however, is more pronounced

and noticeable with antigens that reacted strongly with anti-

nucleoprotein antibody, such as DTaP, gliadin toxic peptide, E.

faecalis, and pea protein, while the decline with HSV 1 + 2, EBV-

EAD and a+b casein, although present, are less obvious due to

the closeness of their ODs to the background.
Reaction of rabbit polyclonal affinity-
purified food-specific antibodies with
SARS-CoV-2 spike protein
and nucleoprotein

Using ELISA methodology, we reacted affinity-purified

antibodies made against phytohemagglutinin (PHA), soy

protein, soy agglutinin, peanut agglutinin, wheat, wheat germ

agglutinin (WGA), a-gliadin-33 mer, milk, a+b casein, egg and

corn by applying them to ELISA microwells coated with spike

protein or nucleoprotein. We found that unimmunized rabbit

serum diluted 1:100 did not react significantly with SARS-CoV-2

proteins. The ELISA indices for the unimmunized rabbit serum

for all the reactions were within 3SD above the mean OD of

control wells (0.36 – 0.39). The reactions and percentages of

reactivity between SARS-CoV-2 antibodies and different food

antigens are shown in Figure 7.
FIGURE 3

Reaction of human SARS-CoV-2 spike protein monoclonal antibody with various food antigens. At 3SD above the OD of antibody reaction with
non-reactive foods or OD of 0.56, the spike protein antibody reacted significantly with 28 out of 180 tested food proteins and peptides. These
reactions of SARS-CoV-2 spike protein antibody with different food antigens was obtained from quadruplicate testing. The SDs for all the
reactions were less than 0.1, and are shown as error bars. * = Antigens whose reactions were under the cutoff and/or close to the blank. Glia
Tox Pep, Gliadin Toxic Peptide; Peanut Agg, Peanut Agglutinin; Soy Bean Agg, Soy Bean Agglutinin; Bean Agg, Bean Agglutinin; Pineapple Br,
Pineapple Bromelain; Ck, Cooked.
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The data presented in Figure 7 show that the following food

antibodies had moderate to strong reactions with both SARS-

CoV-2 spike proteins (SP) and nucleoproteins (NP): anti-wheat

(SP 22%, NP 28%), anti-a-gliadin (SP 35%, NP 34%), anti-milk

(SP 33%, NP 19%), anti-a+b casein (SP 29%, NP 22%), anti-

soy (SP 28%, NP 20%), anti-PHA (SP 25%, NP 22%), anti-egg (SP

41%, NP 29%) and anti-corn (SP 33%, NP 26%). The reactions of

WGA antibody with the SARS-CoV-2 proteins were low (SP 15%,

NP 13%), and the reactions of anti-soy agglutinin and anti-peanut

agglutinin with those proteins was comparable to reaction of

unimmunized rabbit serum with SARS-CoV-2 spike and

nucleoproteins. To facilitate the clarity of results, the

percentages of reactivity are also shown in Figure 7.
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Reaction of human sera containing low
or high levels of antibodies to different
viral and food antigens with spike protein

Summary results of the reaction of sera containing low or

high levels of IgG antibodies against EBV-EAD, HSV 1 + 2 and

HHV-6 with SARS-CoV-2 spike protein are shown in Figure 8.

Compared to the reaction of 24 sera with low levels (negative) of

IgG antibody against EBV-EAD, HSV 1 + 2 and HHV-6, the

reaction of 24 sera containing high levels of antibodies against

these viral antigens with SARS-CoV-2 spike protein resulted in

higher ELISA ODs with p values of 0.052, 0.028 and 0.006

respectively for EBV-EAD, HSV 1 + 2, and HHV-6.
FIGURE 4

Reaction of human SARS-CoV-2 nucleoprotein monoclonal antibody with various food antigens. At 3SD above the OD of antibody reaction
with non-reactive foods or OD of 0.64, the nucleoprotein antibody reacted significantly with 26 out of 180 tested food proteins and peptides.
The data was obtained from quadruplicate testing. The SDs for all the reactions were less than 0.1, and are shown as error bars. * = Antigens
whose reactions were under the cutoff and/or close to the blank. Glia Tox Pep, Gliadin Toxic Peptide; Peanut Agg, Peanut Agglutinin; Soy Bean
Agg, Soy Bean Agglutinin; Bean Agg, Bean Agglutinin; Pineapple Br, Pineapple Bromelain; Rice Endo, Rice Endochitinase; Ck, Cooked.
FIGURE 5

Reaction of human SARS-CoV-2 spike protein monoclonal antibody with different bacterial, viral and food antigens at dilutions of 1:200 ,

1:400 , and 1:800 . Note that in proportion to the dilution of the antigens, a significant decline in antibody-antigen reaction is observed.

Each determination of antibody-antigen reaction was performed in triplicate. The SDs for all the reactions were less than 0.1, and are shown as
error bars.
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In Figure 8, the data shows that the reactions of human sera

containing high levels of IgG antibody to peanut agglutinin and

soy agglutinin with spike protein were comparable to those of

sera containing low levels (negative) of antibody with non-

significant p-values. However, most sera with high levels of

IgG antibody against a-gliadin peptide, milk, a+b casein, and

pineapple bromelain reacted strongly with SARS-CoV-2 spike

protein, resulting respectively in p values of 0.020, 0.0003, 0.016,

and 0.034.
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Amino acid sequence similarity between
SARS-CoV-2 proteins and other viruses
and food antigens

We used BLAST to find the degree of identity between

SARS-CoV-2 proteins and other viruses and pathogens,

including HSV-1, HSV-2, EBV, CMV, HHV-6, measles, VZV

and Borrelia burgdorferi. SARS-CoV-2 proteins shared a

significant number of peptides with each of these pathogens,
FIGURE 6

Reaction of human SARS-CoV-2 nucleoprotein monoclonal antibody with different bacterial, viral and food antigens at dilutions of 1:200 ,

1:400 , and 1:800 . Note that in proportion to the dilution of the antigens, a significant decline in antibody-antigen reaction is observed

only in the antigens with ODs that are >0.5. Each determination of antibody-antigen reaction was performed in triplicate. The SDs for all the
reactions were 0.1 or less, and are shown as error bars. .
FIGURE 7

Reaction of affinity-purified rabbit polyclonal antibodies made against different food antigens with recombinant SARS-CoV-2 spike or

nucleoprotein . Each determination of antigen-antibody reaction was performed in quadruplicate. The SDs for all the reactions were 0.1 or

less, and are shown as error bars. * = Antigens whose reactions were under the cutoff and/or close to the blank. WGA, Wheat Germ Agglutinin;
Peanut Agg, Peanut Agglutinin; Soy Agg, Soy Agglutinin; PHA, Phytohemagglutinin. Percentages of significant reactivity are also shown.
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as can be seen in Table 1A and Table 1B. These SARS-CoV-2

sequences shared 50-100% identity with different viruses. An

almost similar number of peptide sequences with identity

percentages ranging from 30 to 49% were also observed but

are not shown in these tables. Similar to SARS-CoV-2 homology

with other viruses and pathogens, we used BLAST to find a

significant number of peptides from different foods that are

consumed on a daily basis which shared 50-73% identity with

SARS-CoV-2 sequences. These foods were peanuts, almonds,

wheat, milk, rice, lentil and pineapple (see Table 2A and

Table 2B). In both cases these subject sequences actually made

a match with more than one section of the SARS-CoV-2

sequences; the multiple matches are indicated by asterixes in

Tables 1(A & B) and 2(A & B).
Discussion

In our earlier investigation, we applied anti-SARS-CoV-2

monoclonal antibody to 55 different tissue antigens and showed

that these specific antibodies reacted with 28 autoantigens (20).

We also sought selective peptide matches shared by spike protein

and nucleoproteins with mitochondria M2, F-actin, and thyroid

peroxidase, and found extensive cross-reactivity between

them (20).

In another article in the same journal (15), Reche et al.

explored potential cross-reactive immunity to SARS-CoV-2

from common human pathogens and vaccines. Among the

tested 25 human pathogen and vaccine antigens, they found

that viruses such as mumps, measles and rubella used in

pediatric vaccinations did not contain SARS-CoV-2 cross-

reactive epitopes, and concluded that immunity against these

viruses may not provide any general protection against SARS-
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CoV-2. In comparison, the authors found combination vaccines

against diphtheria, tetanus and pertussis (DTaP vaccine) to be

significant sources of possible cross-reactive immunity to SARS-

CoV-2 spike protein, which included numerous CD4, CD8, and

B cell epitopes (15).

We were inspired by these findings, firstly, to investigate the

reaction of SARS-CoV-2 monoclonal antibody with different

pathogens and vaccines, particularly DTaP. Secondly, since in

additional studies we showed evidence of immune reactivity by

antibodies made against pathogens and human autoantigens

towards different food antigens (22, 23, 26), we extended this

current research to cross-reaction between SARS-CoV-2

proteins and foods that we consume on a daily basis. This is

because it has been shown that the entry of undigested food

antigens into the circulation results in the production of food-

specific antibodies not just in individuals with disturbed

microbiota and enhanced intestinal permeability but also in

healthy subjects (23–33). The cross-reactive immunity elicited

by food antigens and peptides in combination with bacterial,

viral, and vaccine antigens is highly important since it may

protect the general population against SARS-CoV-2 and other

cross-reactive viruses (15, 27).

However, because epitope sharing between two proteins by

itself is not necessarily an indication of immune cross-reactivity

(34), based on our earlier experience (19, 20), we applied

monoclonal antibodies made against SARS-CoV-2 spike

protein and nucleoprotein to DTaP and BCG vaccine antigens,

as well as to several common viruses and bacteria to which our

immune system has most likely been exposed during our

lifetime, to determine if in fact the shared epitopes and

homology actually resulted in cross-reactions (16, 17, 35–37).

We chose to use human IgG1 monoclonal antibody made

against SARS-CoV-2 spike protein S1 domain and human IgG1
FIGURE 8

Reaction of human sera with low (Negative) or high levels of IgG antibody against EBV-EAD, HSV 1 + 2, HHV-6 and different food antigens with
SARS-CoV-2 spike protein-coated plates. Black bars = means.
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TABLE 1 Potential cross-reactive epitopes between SARS-CoV-2 proteins and Herpesvirus antigens.

SARS-CoV-2 antigen SARS-CoV-2
sequence

Mapped
start to end

Herpesvirus
sequence

ID
(%)

HSV-1 Chain R, Spike protein S1, SARS-CoV-2 LYFQGGSGDS 14-23 LY—DSGDS 60

Chain A, Spike protein S1, SARS-CoV-2 VADYSVLYNS 56-65 VAGFLALYDS* 50

Chain A, Spike protein S2, SARS-CoV-2 QLIRAAEIRAS 309-319 QLERVLETAAS* 55

Chain A, Spike glycoprotein, SARS-CoV-2 LPDPSKPSKR 804-813 LPSVSLATKR* 50

Chain A, Spike glycoprotein, SARS-CoV-2 VLFQGPGSGGLNDIFEAQ 1241-1258 VLFSGPSP–L—EAQ 50

SARS-CoV-2 spike D614G variant, minus RBD, SARS-CoV-2 PGSGYIPEAP 1220-1229 PARGKYNGAP 50

HSV-2 Chain B Spike glycoprotein, SARS-CoV-2 AAYYVGYLQPRT 251-262 AA–IAYL–RT* 50

Dissociated S1 domain of SARS-CoV-2 spike bound to ACE2 (non-
uniform refinement), SARS-CoV-2

VFNATRFASV 372-381 VFFAASFAAI* 50

Chain A, Spike protein S2, SARS-CoV-2 NDILSRLDKVEA 276-287 NDLISR-D–EA* 58

Chain A, Spike glycoprotein, SARS-CoV-2 NDILSRLDPPEA 952-962 NDLISR-D–EA* 58

Chain A, Spike glycoprotein, SARS-CoV-2 NDILSRLDKCEA 965-976 NDLISR-D–EA 58

Chain A, Spike glycoprotein, SARS-CoV-2 PGDSS–SGWTAGA-AA 251-264 PTDSSILS—PGALAA* 53

Chain A, Spike glycoprotein, SARS-CoV-2 DS–LSSTASAL 936-945 DSSILSP–GAL* 50

Chain A, Spike glycoprotein, SARS-CoV-2 DS–LSSTPSAL 936-945 DSSILS–PGAL* 58

EBV-VCA Chain A, Spike glycoprotein, SARS-CoV-2 LS-TFLSGLEVLF 1233-1244 LSLTF—–VLF 54

Chain A, Spike glycoprotein, SARS-CoV-2 TM–SLGAENSV 670-679 TMAKSL–ENSV* 67

Chain A, Spike glycoprotein, SARS-CoV-2 LG–VENS–VAYS 696-705 LGCTVEKGDHVAYS* 57

Chain A, Spike glycoprotein, SARS-CoV-2 TTLDSKTQSLLI 108-119 TTVEKK–SLTI* 50

Chain A, Spike protein S2, SARS-CoV-2 YICGDSTECSN 34-49 YICTVSNPISN 55

EAD Chain A, Spike protein S1, SARS-CoV-2 ALDPLSETKC 280-289 ALAVLS–KC* 60

Chain B Spike glycoprotein, SARS-CoV-2 RPSQAEFGTATM 82-93 RP—EFVKLTM 50

Chain E, Spike protein S1, SARS-CoV-2 VK-GFNCYFPL 151-160 VKQAFN–PL 55

EBV-EBNA SARS-CoV-2 spike D614G variant, minus RBD, SARS-CoV-2 GSPGSGYIPEAPRGDQ 1218-1233 GPPGIG–PEGPL-GQ* 56

SARS-CoV-2 spike D614G variant, minus RBD, SARS-CoV-2 GSPGSGYIPEAPR 1218-1230 GSP-SG—–PR* 54

Chain A, ORF3a protein, SARS-CoV-2 EPIYDEPTTTT—SV 261-273 EP—PTVTTQRQSV 50

CMV Chain A, Spike glycoprotein, SARS-CoV-2 KCVNFN—FNGLTG 511-522 KC—NDKKFNG-TG* 53

Chain A, Spike protein S2, SARS-CoV-2 IRAA–EIRASAN 311-321 IRQAHCNI–SAN* 54

Chain D, Spike protein S2, SARS-CoV-2 LEEVAKKLEE 20-29 LKQVAQKLHE 60

Chain A, Spike protein S1, SARS-CoV-2 TPINLVRDLPQGFSAL 195-210 TSIRLV-D—GFLAL* 56

HHV-6 Crystal Structure of NendoU (Uridylate-specific endoribonuclease,
nsp15)

SHHHHHHSSG 4-13 SHHHHHHSSG 100

Peptide-bound SARS-CoV-2 Nsp9 RNA-replicase HHHHHHSAAL 3-12 HHHHHHSSGL 80

Crystal structure of 2019-nCoV nucleocapsid N-terminal domain
(NTD) protein

HHHHHH–GL 1-8 HHHHHHSSGL* 80

Structure of the RNA-dependent RNA polymerase QVLSEM–VM 652-659 EVL—MMDVM* 50

SARS-CoV-2 Envelope Protein Transmembrane Domain: Pentameric
Structure Determined by Solid-State NMR

LFLAFV—VF 12-19 LFIVFVLLYVF 55

Cryo-EM structure of SARS-CoV-2 ORF3a IVGVALLAVFQ 47-57 IVFV-LLYVFH 64

Cryo-EM structure of SARS-CoV-2 Spike ectodomain LTDEMIAQYT 852-861 LTDNRTIVYT* 50

X-ray Crystallographic Structure of Orf9b QIQ–LAVTRME 18-27 QVQKPLSVTWMD 50

SARS-CoV-2 RdRp/RNA complex VQ–LSEISMD 168-176 VQKPLSVTWMD* 55

SARS-CoV-2 RdRp/RNA complex VIVNNLDKSA 494-503 VI-NNLTKSA* 80

Measles Chain A, Spike glycoprotein, SARS-CoV-2 PSPGMPALLS 5-14 PSSTKPPALS* 50

Chain A, Nucleoproprotein, SARS-CoV-2 SSSTKKSAAEAS 15-26 SSTTKSPASSAS 58

Chain A, Nucleoproprotein, SARS-CoV-2 SNATKKSAAEAS 1-12 SSTTKSPASSAS* 50

Chain A, Spike glycoprotein, SARS-CoV-2 TNSPRRAASVAS 678-689 TKSP—ASSAS 58

(Continued)
Frontiers in Im
munology 11
138
frontiers
in.org

https://doi.org/10.3389/fimmu.2022.1003094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vojdani et al. 10.3389/fimmu.2022.1003094
monoclonal antibody made against SARS-CoV-2 nucleoprotein.

We used rabbit polyclonal antibodies to react with different

food antigens.

Why did we choose to focus mainly on monoclonal

antibodies to study reactivity by SARS-CoV-2 with pathogens

and vaccines? It is true that polyclonal antibodies have the ability

to detect multiple epitopes on an antigen, giving them a higher

overall affinity for their antigen and, therefore, greater detection

efficiency. However, the heterogenous nature of polyclonal

antibodies also makes them more prone to batch-to-batch

variability and cross-reactivity with other molecules, resulting

in a higher background. Monoclonal antibodies, on the other

hand, only detect one epitope per antigen, thus reducing cross-

reactivity with other molecules. This also reduces the possibility

of false positives, which is precisely the reason why we chose to

focus mainly on monoclonal antibodies (38, 39).

We chose this specific antibody from Novus because it binds

specifically to amino acids 318-510 in the S (spike) domain of the

SARS-CoV spike protein as well as the SARS-CoV-2 (COVID-

19) spike protein, giving us a broad range with which to work.

More importantly, this antibody binds to the receptor binding

domain (RBD), which is the most important component of the

viral spike glycoprotein that is found on SARS-CoV-2. The virus

uses this spike protein to anchor itself to the ACE2 receptor on

human cells before infecting them. The RBD ise used as an

antigen to generate neutralizing antibodies that are used in

monoclonal antibody therapy against the progression of

COVID-19 (40, 41).
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Likewise, we used human SARS-Cov-2 nucleoprotein

monoclonal antibody because it recognizes and binds the non-

linear/conformational epitope of the N protein of SARS-CoV

and SARS-CoV-2. This protein, as opposed to other viral

components (S1, S2), can induce innate memory in human

primary monocytes. This innate memory from viral

nucleoproteins may contribute to the overall response to viral

or bacterial infections or the response to vaccination (42).

In this present study, we found that SARS-CoV-2 spike

protein specific antibody reacted most significantly with DTaP

vaccine, to a somewhat lesser degree with E. faecalis bacteria

which commonly resides in the human gut, to even lesser

degrees with EBV-EAD, EBNA, HSV 1 + 2 CMV, and B.

burgdorferi, but not significantly at all with BCG, measles, H.

influenza, EBV-VCA, HHV-6, VZV, E. coli CdT and LPS

(Figure 1). While the reaction of SARS-CoV-2 nucleoprotein

monoclonal antibody with DTaP vaccine was the strongest, the

overall reaction of anti-nucleoprotein antibody with the

vaccines, viral and bacterial antigens was less strong

(Figure 2). These results further confirm the findings of Reche

(15), that the combination of DTaP vaccines are significant

sources of T and B cell cross-reactivity to SARS-CoV-2, and

cross-reactive immunity to DTaP vaccines can be protective

against SARS-CoV-2.

BCG is a live attenuated strain of M. bovis used against

tuberculosis. It has been shown that BCG can elicit protective

heterologous immunity to SARS-CoV-2 (43–47). This

protection of BCG and the induction of heterologous
TABLE 1 Continued

SARS-CoV-2 antigen SARS-CoV-2
sequence

Mapped
start to end

Herpesvirus
sequence

ID
(%)

Varicella
zoster

Chain B, Nucleoproprotein, SARS-CoV-2 TPGSSRGTSP 8-17 TPSEGRQPSP 50

Chain A, Spike glycoprotein, SARS-CoV-2 PS-GRLVPRGSP 1210-1220 PSEGRQ-PSPSP* 58

Chain A, Spike protein S2, SARS-CoV-2 RLQSLQTYVTQ 298-308 RLQDLSSCITQ* 55

Chain N, Spike glycoprotein, SARS-CoV-2 GLPQGFSALE 215-224 GLPNFFRALE* 70

Chain A, Spike glycoprotein, SARS-CoV-2 LRTRTQLPPA 18-27 LQT-TTLPPA* 70

Chain A, Spike glycoprotein, SARS-CoV-2 QTQTNSPQQAQ 675-685 QTTTLPP–AQ 55

Borrelia
burgdor-feri

Chain B, Spike protein S1, SARS-CoV-2 YNYLYRLFRLSNL 115-127 YNYL——SNL* 54

Chain A, Spike glycoprotein, SARS-CoV-2 LS—TFLENLYFQGD-YK 1230-1244 LSSLTFL-NL–
LGNPYK*

56

Chain A, Spike glycoprotein, SARS-CoV-2 RKD-GEWVLLSTFLENL 1222-1237 RKDFAG—L-TFLEEL* 56

Chain E, Spike protein S1, SARS-CoV-2 TGVLTESN—KKF 231-241 TG—ETNSLIKKF* 50

Chain A, Spike glycoprotein, SARS-CoV-2 LS-ETKCTLKSFT 327-338 LSTGETNSLIKKFT* 50

Chain A, Spike glycoprotein, SARS-CoV-2 ITNGSLEVLFQ 332-342 ITDES—LFQ 55

Chain N, Spike glycoprotein, SARS-CoV-2 VFLV-LLPLVSSQ 3-14 VFLVPCLL—SQ* 57

Chain A, Spike protein S2, SARS-CoV-2 SLQTYVTQQLI 301-311 SLQT—–LI* 55

Chain A, Spike glycoprotein, SARS-CoV-2 LVDLPIGIN-ITRF 209-221 LV-LKISRNAITTF* 57

Chain A, Spike glycoprotein, SARS-CoV-2 SFCTQLNRAL 777-786 SF-TQEQQAL* 60
frontiers
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TABLE 2 Potential cross-reactive epitopes between SARS-CoV-2 proteins and food antigens.

SARS-CoV-2 antigen SARS-CoV-2 sequence Mapped
start to
end

Food sequence ID
(%)

Peanut
ARA H2
allergen

The crystal structure of COVID-19 main protease in the apo state TITVNVLAWLY–AA 197-209 TILV-ALA-LFLLAA* 53

Chain A, Spike glycoprotein LVSL-LSVLL 15-23 LVALALF-LL* 60

Chain A, Spike glycoprotein SQILPDPSKPS 777-787 SQ—DPYSPS* 55

Chain A, Spike glycoprotein SPS—–GAGSVASQ 699-709 SPSPYDRRGAGS–SQ* 56

Replicase ORF1a polyprotein LVA-EWFL-A 2323-2330 LVALALFLLA* 60

Replicase ORF1a polyprotein MPILTLTRAL 4634-4643 MAKLTILVAL 50

Membrane glycoprotein KLIFLWLLWPVTLACFVLAA 50-69 KLTIL—–VALALFLLAA 50

Structure of Disulphide-stabilized SARS-CoV-2 Spike Protein Trimer
(x2 disulphide-bond mutant, G413C, V987C, single Arg S1/S2 cleavage
site)

CEAEVQI—–DRL 978-987 CEALQQIMENQSDRL 53

a−gliadin Structure of SARS-CoV-2 3Q-2P full-length prefusion spike trimmer
(C3 symmetry), SARS-CoV-2

PQ-QAQSVASQ 681-690 PQLQPQN-PSQ 55

Chain A, Spike protein S2, SARS-CoV-2 QSLQTYVTQQ 300-309 QILQ—–QQ* 50

Chain A, Spike protein S2, SARS-CoV-2 QQLIRAAEIRASANLA 308-323 QQLPQFEEIR—NLA* 56

Chain A, Spike protein S1, SARS-CoV-2 SLV-SLLSVLL 14-23 SLVSSLVSMIL* 64

Chain A, Spike protein S1, SARS-CoV-2 PALLSLV-SLLSVL 10-22 PAQLEVIRSL–VL* 50

Glutenin Chain A, Spike glycoprotein, SARS-CoV-2 EVAKNLNESL 1185-1194 EVQANL–SL* 50

Chain A, Spike protein S1, SARS-CoV-2 STNLVK–NKGSLE 215-226 STNLQKALSK-ALE 57

Chain A, Nucleoprotein, SARS-CoV-2 DLKFPRG-QG 16-24 NLDFSKGHQG* 50

Chain A, Spike glycoprotein, SARS-CoV-2 TQTNSPASVASQSI 676-689 TQTPTQAS-NSQFI 57

Chain A, Spike glycoprotein, SARS-CoV-2 TRTQLPPAYTNS 20-31 TPTQ—A-SNS* 50

Chain A, Spike glycoprotein, SARS-CoV-2 IQHSG–RPLESR 1246-1256 1HHPGAFPPLPSR* 54

Rice
endochiti-
nase

Chain A, Spike glycoprotein, SARS-CoV-2 RASANLAAIKIM 1019-1029 RALA-LAVVAM* 55

Chain B Spike glycoprotein, SARS-CoV-2 RASANLAATKM 1111-1121 RALA-LAVVAM* 55

Chain A, Spike glycoprotein, SARS-CoV-2 GGG—–SGGGSGGSS 1261-1272 GGGPTPPSSGGGSGVAS* 59

Chain A, Spike glycoprotein, SARS-CoV-2 SGAGS-VASQSII 701-712 SGGGSGVA–SII* 69

Chain R, Spike protein S1, SARS-CoV-2 CGGG——GSGSG 219-227 CGGGPTPPSSGGGSG 53

Chain A, Spike glycoprotein, SARS-CoV-2 PSSA-SSVASQSII 681-693 PSSGGGSGVAS–II 60

Chain A, Spike glycoprotein, SARS-CoV-2 SPGGSGSVASQSII 667-680 SSGGGSGVA–SII 57

Chain A, Spike glycoprotein, SARS-CoV-2 GSGSGRVQPTESIV 1-14 GGGSG-V—ASII 50

a-casein Chain A, Spike protein S2, SARS-CoV-2 LQSLQTYVTQQLIR 299-312 LQ-LQAAHAQEQIR* 50

Dynorphin Chain A, Spike glycoprotein, SARS-CoV-2 TPSALGKLQD 915-924 TPSTLG-LND* 70

Peanut
agglutinin

Chain A, Spike glycoprotein, SARS-CoV-2 TQCVNLTTRTQLPP 4-17 TQHPNVTT—LAP* 50

Chain A, Spike glycoprotein, SARS-CoV-2 CSFGGVSVITP 564-574 CS—VSTATP* 55

Chain A, Spike protein S2, SARS-CoV-2 FIAGLIAVLV 4-14 FIGG—IVLV 64

Wheat
germ
agglutinin

Chain B Spike glycoprotein, SARS-CoV-2 VLSHHFGKEL 72-81 VLSQKFEKEL 70

Chain A, Spike glycoprotein, SARS-CoV-2 LVKQLSSNFG 53-62 LVIQLKESFG* 60

Chain A, Spike glycoprotein, SARS-CoV-2 TGD—VNLTTRT 19-28 TGNIARVNLTTNT 62

Chain A, Spike glycoprotein, SARS-CoV-2 PSAYTNSF-TRGV 25-36 PSA-SNAFMVCGV 54

Lentil
lectin

Chain A, Spike protein S2, SARS-CoV-2 SLQTYVTQQLI 301-311 SLQT—QMI* 55

Chain A, Spike glycoprotein, SARS-CoV-2 NGLTVLPPLLT 830-84 NVLTVT—LT* 55

Pineapple
bromelain

Chain A, Spike glycoprotein, SARS-CoV-2 VASQSIIAYT 674-683 VA-Q—YT* 50

Chain A, Spike protein S1, SARS-CoV-2 KRFDNPVLPFND 64-75 KR—EPVVSFDD* 50

Chain A, Spike glycoprotein, SARS-CoV-2 KQGNFKNLSE 182-191 KRGNLVSLSE* 60

Chain A, Spike protein S2, SARS-CoV-2 VTQQLIRAAEIRASAN 306-321 VSNQPI-AAALDASGN* 50

Chain A, Spike protein S2, SARS-CoV-2 HFPREGVFVSN-GT 386-398 HYKR-GVFTGPCGT* 50

(Continued)
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protective immunity against SARS-CoV-2 and other viruses is

explained by the induction of trained immunity and functional

reprogramming of innate immunity (15, 48–50). This

conclusion was based on the observation that countries that

implement BCG vaccination have fewer COVID-19 cases (43–

46). Thus, we were consequently surprised when our purchased

monoclonal antibodies made against both SARS-CoV-2 spike

protein and nucleoprotein did not react with BCG vaccine

antigens. In fact, the OD obtained from these reactions was

comparable to the ELISA background, or less than 0.3. The lack

of immune reactivity by SARS-CoV-2 spike protein and

nucleoprotein antibodies with BCG may show that the

presence of cross-reactive epitopes between two proteins does

not necessarily result in cross-reactive immunity (34). However,

our own results may be due to our use of human SARS-CoV-2

spike protein monoclonal antibody that binds specifically to

amino acids 318-510 in the S domain of the SARS-CoV and

SARS-CoV-2 spike proteins, and to our use of human SARS-

Cov-2 nucleoprotein monoclonal antibody which recognizes

and binds the non-linear/conformational epitope of the N

protein of SARS-CoV and SARS-CoV-2. We admit that it is

all too possible that BCG may be reacting with one or more of

the many other SARS-CoV-2 epitopes different from the ones we

used, such as the non-structural proteins also shown in our

tables. Interestingly, while studying potential cross-reactivity

between SARS-CoV-2 and BCG, Reche found 120, out of

which 41 were for B-cell epitopes, 21 were for CD8 epitopes,

and 11 were for CD4 epitopes (15).

Regarding common bacteria and viruses, including

herpesviruses, we found significant reactivity by monoclonal

antibody to spike protein with E. faecalis and moderate reactions

with some of the herpes family of viruses (Figure 1). These

reactions with this enterobacter, EBV and HSV 1 + 2 may be

significant, because IgG antibody against these pathogens is

found in various degrees in the blood of the general

population (51). More research is needed on whether or not
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these common bacteria and viruses can be protective against

SARS-CoV-2.

Because in our earlier studies we had shown that antibodies

specific to both SARS-CoV-2 and food reacted with a variety of

human tissue antigens (19–28, 30–32), in this study we

hypothesized that many food proteins and peptides may share

homology with SARS-CoV-2 proteins, and thus immune reaction

against food proteins may be protective against SARS-CoV-2

infection. To test this hypothesis, we applied monoclonal

antibody against SARS-CoV-2 spike protein to 180 different food

proteins or peptides. This resulted in a significant reaction with 28

foods and weaker reactions with 2 foods, while immune reactivity

with theother150 food resulted inODsof less than0.56or themean

± 3SD of all the non-reactive foods, the ODs of which were very

close to the background. Milk, a+b casein, gliadin toxic peptide,

soy, pea protein, roasted almond, lentil lectin and other commonly

consumed foods were among those that reacted with SARS-CoV-2

spike protein antibody (Figure 3). With SARS-CoV-2

nucleoprotein antibody the reaction was strongest with broccoli,

roasted almond, cashew, soy bean, rice endochitinase, pork,

pineapple bromelain, and gliadin toxic peptide. The reaction

between SARS-CoV-2 nucleoprotein antibody and 20 other

foods, although significant, was not as strong (Figure 4).

Additional experiments performed in this research supports the

hypothesis that this anti-SARS-CoV-2-specific antibody reaction

with common vaccine antigens (DTaP), bacteria (E. faecalis),

common viruses (EBV, HSV 1 + 2), and food proteins such as

a+b casein, gliadin peptide, pea protein and others is specific:
1. Reaction of anti-SARS-CoV-2 protein antibodies

resulted in a significant decline in antibody reaction

with vaccine, viral and food antigens in proportion to

their dilutions (Figures 5, 6)

2. Reaction of affinity-purified polyclonal antibodies made

against different foods with SARS-CoV-2 spike protein

and nucleoprotein resulted in a significant reaction only
TABLE 2 Continued

SARS-CoV-2 antigen SARS-CoV-2 sequence Mapped
start to
end

Food sequence ID
(%)

Chain A, Nucleoprotein, SARS-CoV-2 QDPNSSSTKK 11-20 QD—SSGKK 60

Almond
allergen

Chain E, Spike protein S1, SARS-CoV-2 FVF-LVLLPLV 2-11 FVFSLCLL-LV* 73

Chain B, Spike glycoprotein, SARS-CoV-2 AFFFFLQLLGNVLV 57-70 AFVFSLCLL—LV 57

Chain A, Spike protein S2, SARS-CoV-2 GINASVVNIQ 4-13 GVAASRITIQ* 50

Chain A, Spike glycoprotein, SARS-CoV-2 QELGKYEQGSG 1188-1198 QE—QQGSG* 55

Chain A, Spike protein S1, SARS-CoV-2 NENGTITDAVDCALD 268-282 NENG—DAI—LD* 53

Chain A, Spike glycoprotein, SARS-CoV-2 YQTQTNSRRRAR 672-683 YQI—SREQAR* 50
frontiersin
* This subject sequence made a match with more than one section of the SARS-CoV-2 sequence. Only a selection of the overwhelming number of matches are shown in this table, with a
cutoff of ID% of 50 and above.
.org

https://doi.org/10.3389/fimmu.2022.1003094
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vojdani et al. 10.3389/fimmu.2022.1003094

Fron
if the anti-food antibodies were made against the food

items with which SARS-CoV-2 antibody had reacted in

the earlier experiment (Figures 5–7). Rabbit polyclonal

antibodies were used because monoclonal antibodies for

these foods are not available.

3. Only human sera that had high levels of IgG antibodies

to herpesviruses and food antigens such as gliadin, milk,

a+b casein and pineapple bromelain, reacted

significantly with SARS-CoV-2 spike protein (Figure 8)

4. We found significant homology between SARS-CoV-2

proteins and vaccine antigens as well as common viruses

shown previously (15) and in this study (Tables 1, 2),

and between SARS-CoV-2 proteins and different food

items shown for the first time in this manuscript
Finally,wewould like to admit that at this levelwedon’t know if

these cross-reactive antibodies produced against a virus likeEBVor

foods like gliadin ora+b casein are protective or not against SARS-
CoV-2. Considering the phenomenon that has been referred to as

the “original antigenic sin” (17, 52), “whereby a history of a

response to cross-reactive antigens can bias the response towards

those antigens and inhibit the response to a new infection or

vaccine” (17, 52), we should interpret our results with caution.

Especially, since, very recently indifferent articles, itwas shown that

not only is EBV DNA increased in COVID-19 patients, but EBV

reactivation and lytic replication induces ACE2 expression and

enhances SARS-CoV-2 entry into the epithelial cell (53–55).

Additionally, antibody cross-reactivity between casein and myelin

associated glycoprotein (MAG) was shown to result in central

nervous system demyelination (56). Thus, we do not definitively

know if cross-reactive antibodies produced against viral and food

epitopes that share similarity with SARS-CoV-2 proteins are

helpful in controlling SARS-CoV-2 infections.
Conclusion

The findings presented in this manuscript indicate that

cross-reactivity elicited by DTaP vaccines in combination

with common herpesviruses to which we are exposed at an

early age, bacteria that are part of our normal flora (E. faecalis,

E. coli), and food that we consume on a daily basis may be

keeping some individuals safe from COVID-19 in different

parts of the world. This cross-reactivity between different

pathogens and food antigens may explain why a significant

percentage of the population who were repeatedly exposed to

different variants of SARS-CoV-2 never became seriously ill.

Additional in vivo and in vitro experiments are needed to clarify

whether or not this cross-protection was due to the presence of

cross-reactive antibodies or long-term memory T and B cells in

the blood. Although cross-reactivity is mainly viewed as

negative, this cross-reaction involving vaccine antigens,

common viruses and food antigens may be protective.
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Limitations of the study
• We admit that there are several limitations to our study.

• We applied human monoclonal antibodies made against

SARS-CoV-2 spike protein and nucleoprotein in some

experiments but used purified rabbit polyclonal

antibodies in others due to lack of availability. Upon

their availability, experiments should be performed

comparing different clones of monoclonal antibodies

and different preparations of polyclonal antibodies,

testing their reactivity with different vaccines,

pathogens and food proteins.

• We studied only a limited number of vaccines, bacteria

and viruses in comparison to 180 different food antigens

for the presence of cross-reactive immunity.

• Due to the high costs of SARS-CoV-2 recombinant

antigens, for determining the specificity of antibody-

antigen reaction we performed only serial dilutions and

did not perform inhibition studies, which require high

concentrations of antigens

• We used the BLAST sequence matching program to

study the degrees of possible amino acid sequence

homology shared by SARS-CoV-2 proteins with

different viruses and food antigens, but not with T-

and B-cell cross-reactive epitopes, as was done by

Reche (15).
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The highly infectious coronavirus disease (COVID-19) is caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), which is a new coronavirus

that has been spreading since late 2019 and has caused millions of deaths

worldwide. COVID-19 continues to spread rapidly worldwide despite high

vaccination coverage; therefore, it is crucial to focus on prevention. Most

patients experience only mild symptoms of COVID-19. However, in some

cases, serious complications can develop mainly due to an exaggerated

immune response; that is, a so-called cytokine storm, which can lead to

acute respiratory distress syndrome, organ failure, or, in the worst cases,

death. N-3 polyunsaturated fatty acids and their metabolites can modulate

inflammatory responses, thus reducing the over-release of cytokines. It has

been hypothesized that supplementation of n-3 polyunsaturated fatty acids

could improve clinical outcomes in critically ill COVID-19 patients. Some

clinical trials have shown that administering n-3 polyunsaturated fatty acids

to critically ill patients can improve their health and shorten the duration of their

stay in intensive care. However, previous clinical studies have some limitations;

therefore, further studies are required to confirm these findings.

KEYWORDS

fatty acid, fish oil, inflammation, nutrition, SARS-CoV-2, bioactive metabolites,
human health
Introduction

Coronavirus disease (COVID-19) caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) is a highly infectious disease. The first known case was

identified in Wuhan, China, in December 2019. The disease first spread in China and

then worldwide, resulting in the World Health Organization (WHO) declaring COVID-

19 a global pandemic on March 11, 2020 (1). Coronaviruses can infect animals and
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humans and affect the respiratory, central nervous,

cardiovascular, or gastrointestinal systems (2, 3). The

symptoms of COVID-19 include fatigue, muscle pain,

headache, fever, dry cough, breathing difficulty, vomiting,

diarrhea, and loss of taste and smell. However, many people

do not experience any symptoms at all (4–6). Although

approximately 80% of symptomatic individuals have a

relatively mild disease course, 20% may develop acute

respiratory distress syndrome (ARDS), sepsis, heart failure, or

multi-organ dysfunction (7). The risk of severe disease increases

with age and is higher in individuals with comorbidities such as

hypertension, obesity, diabetes, metabolic syndrome, and

chronic lung disease (8–11).

The first 2 weeks after the onset of COVID-19 are crucial (9,

11). Whether a patient develops severe complications depends

on the initial viral load and innate immunity. The virus can be

blocked in the upper airways and not reach the lungs. In this

case, the patient has a much better chance of a mild course of

infection. However, if the virus reaches the alveoli, it can

replicate without local resistance (12). Due to a severe delayed

adaptive immune response, there may be an excessive and

uncontrolled release of pro-inflammatory cytokines, a so-called

cytokine storm, leading to ARDS, cardiovascular damage, or

multi-organ failure (7). The pro-inflammatory cytokine,

interleukin 6 (IL-6) plays a key role in cytokine storms. Several

studies have shown that serum levels of pro-inflammatory

cytokines, particularly IL-6, are elevated in patients diagnosed

with COVID-19. There is a strong correlation between mortality

in patients with COVID-19 and the serum levels of pro-

inflammatory cytokines. This suggests that an uncontrolled

inflammatory response is a major factor in the adverse

reactions observed in patients with COVID-19. Given these

findings, minimizing the inflammatory response and reducing

cytokine release could be a suitable preventive approach (13–15).

Immune responses to various infections, including virus

infections, are strongly associated with nutritional state and

lifestyle (16). Based on current knowledge, many nutrients,

including proteins, essential fatty acids, vitamins, and

minerals, play an important role in immune responses (16, 17).

Several studies have shown that n-3 polyunsaturated fatty

acids (n-3 PUFAs) and their metabolites exhibit a range of

biological effects that can modulate inflammatory responses and

reduce cytokine release (18–20). These compounds may also

affect viral entry and replication. Several clinical trials have

provided evidence that adequate supplementation of n-3

PUFAs can improve clinical outcomes in patients with ARDS

and sepsis, which are among the most common causes of death

in critically ill patients with COVID-19 (21). Given these

positive effects and their low-risk profile, it is appropriate to

consider administering n-3 PUFAs as a supportive treatment for

patients with COVID-19. From the outset of the pandemic,

many authors published articles in which numerous nutritional

compounds were described as important factors for the immune
Frontiers in Immunology 02
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response. This review is focused on the effect of n-3 PUFAs in

COVID-19 patients because of their well-documented beneficial

effects on human health. It is difficult to find conclusive

information in existing literature regarding the ideal dose of

n-3 PUFAs in a regular diet or as a supplement taken during the

SARS-CoV-2.
Highly pathogenic human
coronaviruses

Coronaviruses are coated RNA viruses belonging to the

Coronaviridae family, which are named after their typical

appearance. Prior to the severe acute respiratory syndrome

(SARS) outbreak in 2002, these viruses were thought to cause

mild upper respiratory tract infections in humans and rarely

cause lower respiratory tract infections (22, 23).

A new human coronavirus, severe acute respiratory

syndrome coronavirus 1 (SARS-CoV-1), the virus that causes

SARS, was first identified in 2002 in China (24). It was later

determined that SARS-CoV-1 was transmitted to humans,

probably due to a mutation occurring in bats. However, this

transmission is relatively inefficient because it requires direct

contact with an infected individual (22).

In 2012, another new human coronavirus, Middle East

respiratory syndrome coronavirus (MERS-CoV), was first

identified in the Middle East, causing respiratory tract infections

with a mortality rate of approximately 50% (25). However, it did

not spread widely during the following year and it was brought

under control by 2014. This virus is thought to have arisen from a

mutation of a coronavirus occurring in a non-human host, with

camels being the most likely natural hosts (22).

In December 2019, several cases of pneumonia of unknown

origin were reported inWuhan, China. The virus that causes this

pneumonia showed phylogenetic similarities to MERS-CoV and

SARS-CoV-1. The disease rapidly spread beyond China, which

led theWHO to declare COVID-19 a public health emergency of

international concern on January 30, 2020, and a pandemic on

March 11, 2020 (1). Brief comparison of SARS-CoV-1, MERS-

CoV, and SARS-CoV-2 is summarized in Table 1.
Pathogenesis of coronavirus disease

The spike (S) protein present in the viral envelope is key to

the entry of SARS-CoV-2 into the host cell, ensuring that the

virus attaches to the host cell (30, 31). Viral entry is mediated by

the binding of S protein to the angiotensin-converting enzyme 2

(ACE2) receptor, which is strongly expressed on the surface of

pulmonary and intestinal epithelial cells, explaining their

susceptibility to SARS-CoV-2. ACE2 receptors are also present

in a number of other tissues, such as the kidneys and heart (32).

SARS-CoV-2 is much more easily transmitted than MERS or
frontiersin.org
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SARS-CoV-1, due to its approximately 10–20-fold greater

affinity for ACE2 receptors. Increased affinity of the virus for

the ACE2 receptor is also correlated with disease severity (33,

34). After binding of the S protein to the ACE2 receptor, there

may be a phase of penetration where the virus enters the cell via

endocytosis, where an increase in the flow of H+ into the

endosome activates L-cathepsin, which activates the S protein

and facilitates fusion of the viral membrane and the release of

ssRNA from the endosome (35). Once viral RNA is found in the

cytoplasm or endosomes, it is detected by pattern-recognition

receptors, such as toll-like receptors, which in turn initiate a

defense by the innate immune system. The intensity of the

innate immune and inflammatory response varies depending on

the type of virus and viral load and is also influenced by the

immune state and the age of the host (36). Innate immune

system cells first trigger the expression of interferon 1, followed

by activation of nuclear factor kappa B and production of pro-

inflammatory cytokines to eliminate viruses (21, 37, 38).

In general, cytokines play a key role in the immune response

against viruses and bacteria. However, excessive and uncontrolled

release of pro-inflammatory cytokines, known as a cytokine

storm, can lead to necrosis or apoptosis of the affected cells (7,

39, 40). Cell damage can also lead to the release of damage-

associated molecular patterns, which are molecules derived from

the nuclei or cytosol of damaged cells. These damage-associated

molecular patterns can be recognized and, when pattern-

recognition receptors are activated, can stimulate the production

of pro-inflammatory cytokines and chemokines, contributing to

the intensification of the inflammatory response (41).
Frontiers in Immunology 03
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The inflammatory cascade is further fueled by increased

blood vessel permeability, resulting in the accumulation of

inflammatory monocytes, macrophages, and neutrophils in

various organs. Monocytes, macrophages, and neutrophils

have been shown to be major sources of pro-inflammatory

chemokines and cytokines during COVID-19, and as the

cytokine storm grows stronger, the regulation of the immune

response is compromised, leading to severe consequences (40,

42). Infected immune cells can migrate in the body and can thus

cause systemic dissemination of the virus, which also contributes

to the overall clinical deterioration (43).

Although approximately 80% of symptomatic individuals

have a relatively mild course of the disease, which may include

fatigue, muscle pain, fever, loss of appetite, smell, or cough,

approximately 20% of patients develop ARDS, sepsis, respiratory

failure, heart failure, liver damage, kidney damage, or multi-

organ dysfunction, which may lead to death (7, 44–47). Several

scientific publications have shown that sepsis, ARDS,

coagulopathy, heart and respiratory failure, or multi-organ

failure are the most common causes of death in critically ill

patients with COVID-19 (11, 48–50).

Patients with severe COVID-19 have been shown to have

increased levels of cytokines such as interleukins IL-6, IL-7,

IL-8, IL-9, IL-10, IL-1b, IL-1RA, fibroblast growth factor,

platelet-derived growth factor, tumor necrosis factor-alpha

(TNF-a), granulocyte-macrophage colony-stimulating

factor, monocyte chemoattractant protein, and vascular

endothelial growth factor (8, 9, 51, 52). A significant finding

is that there is a strong correlation between mortality in
TABLE 1 Brief comparison of SARS-CoV-1, MERS-CoV, and SARS-CoV-2.

SARS-CoV-1 MERS-CoV SARS-CoV-2 References

Family Coronaviridae Coronaviridae Coronaviridae (26)

First
outbreak

Shunde, China Saudi Arabia Wuhan City, China (26)

First
identification

2002 2012 2019 (26)

Major
reservoir

Bats Camels Bats (22)

Transmission respiratory droplets, close contact
with infected persons, aerosol

respiratory droplets, close contact with infected person
or camel, consumption of raw milk or meat from
infected camel

respiratory droplets, close contact with
infected persons, touching or eating
infected object

(27)

Case Fatality
Rate

~ 10% ~ 36% 1.25% (till 5. April 2022) (26)

Incubation
Period

2-7 days 2-14 days 2-14 days (28)

Common
symptoms

fever, headache, nausea, vomiting,
fatigue, dry cough, sore throat,
diarrhea, myalgia

fever, cough, diarrhea, sore throat, fever, cough, headache, nausea, vomiting,
fatigue, myalgia, diarrhea, sore throat

(26)

Prevention social distance, hand hygiene hand hygiene, avoidance of consumption of raw camel
milk or meat

social distance, hand hygiene,
vaccination

(26, 29)
fr
SARS-CoV-1, Severe acute respiratory syndrome coronavirus 1; MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2.
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COVID-19 patients and elevated serum pro-inflammatory

cytokine levels (3).

In addition, one study found that the median time from

onset of symptoms to hospital admission, ARDS, and intensive

care unit (ICU) admission was 7 days, 9 days, and 10.5 days,

respectively (9). A worsening clinical condition with decreasing

viral load and a gradual increase in pro-inflammatory cytokine

levels were also observed in patients with severe COVID-19,

suggesting that severe lung damage in COVID-19 patients is

largely due to the immune response, rather than due to the direct

effects of infection. This suggests that an uncontrolled

inflammatory response is a major factor in the adverse

reactions observed in COVID-19 patients. Given these findings

(3, 7), minimizing the inflammatory response and reducing

cytokine release could be an effective prevention strategy.

Because n-3 PUFAs and their metabolites exhibit a variety of

biological effects that can modulate inflammatory responses and

the release of cytokines (Figure 1), and also interact at different

stages of viral infection, especially in viral entry and replication,
Frontiers in Immunology 04
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the benefits of n-3 PUFA supplementation in people with

COVID-19 is the subject of current research. Currently,

several clinical trials have shown that supplementation of n-3

PUFAs in adequate doses can improve the clinical outcomes in

critically ill patients (7, 18–21).
N-3 polyunsaturated fatty acids

N-3 PUFAs include a-linolenic acid (ALA, C18:3 n-3),

eicosapentaenoic acid (EPA, C20:5 n-3), and docosahexaenoic

acid (DHA, C22:6 n-3) (53). These fatty acids are considered

essential because the simplest n-3 PUFA, ALA, cannot be

synthesized de novo in mammals, due to the absence of the

necessary enzymes. ALA can be partially transformed in the

body into EPA and DHA by elongation and desaturation. As

these compounds are considered essential, they must be

obtained through the diet (54). For humans, the most

important source of EPA and DHA is fish, such as anchovy,
FIGURE 1

Potential benefits of n-3 PUFA on SARS-CoV-2 outcomes. EPA and DHA from dietary sources and supplements can replace the pro-
inflammatory arachidonic acid (ARA) in cell membranes. EPA and DHA can also be metabolized to specialized pro-resolving mediators (SPMs),
which inhibit the synthesis of pro-inflammatory cytokines such as IL-1, IL-6, and IL-8 via down-regulation of the kappa B nuclear factor
pathway. (This figure was created by BioRender.com software).
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herring, mackerel, mullet, sardines, salmon, sturgeon, tuna, and

trout (55). EPA and DHA are not only found in fish oil but are

also present in seaweed; however, these compounds are present

in much smaller amounts in algae (56). Unlike EPA and DHA,

foods of plant origin with a high fat content are a source of ALA,

particularly flax seeds, walnuts, rapeseeds, and quinoa (57).

Based on current knowledge, the range of the stipulated

intake of n-3 fatty acids is 0.5–2% of total energy, and the

minimum requirement of EPA + DHA is 250 mg/day for adults

(58). This adequate intake of omega-3 fatty acids is ensured by

consuming at least two portions of fish per week. In the case of

pregnant and lactating women, the stipulated intake of DHA +

EPA is 0.3 g/day and at least 0.2 g/day of DHA is stipulated to be

consumed (58–62). In the case of children, adequate intake is

dependent on age. For example, for infants aged 0–6 months,

ALA accounts for 0.1–0.18% energy. The ALA requirement for

children aged 6–12 months is 10–12 mg/kg (61).

However, a vast majority of the population in many

countries, including the Czech Republic and Poland, does not

regularly consume fatty fish and therefore, does not receive

sufficient amounts of omega-3 fatty acids (63). Insufficient

consumption of fish is caused by many factors, such as

aversion to fish, costs, alternative diets that do not allow the

consumption of fish, or concerns about contaminants such as

mercury. In case of insufficient fish consumption, intake of

omega-3 fatty acids through dietary supplements is

recommended (57). Harton et al. (2013) reported that the

intake of n-3 in the daily diet of pregnant women was too low.

The average intake of EPA + DHA was 122 ± 205 mg/day and

that of DHA was 87.1 ± 126 mg/day. Nowacka et al. (64) have

also reported that the daily diet of canoeists and sport shooters

was deficient in n-3 fatty acids. Sioen et al. (62), in an overview of

n-3 intake in European countries, stated that there is a paucity of

literature on this topic.

N-3 PUFAs have been studied for several years because of

their widespread positive effects on human health. They improve

cardiovascular health, brain function, and mental health. They

also have a clinically significant positive effect on inflammatory

diseases (56, 65).

N-3 PUFAs belong to a group of food supplements known as

„generally regarded as safe”, meaning they are considered safe

and only rarely cause mild side effects when consumed at the

recommended dose. The side effects include an unpleasant fishy

taste, bad breath, a change in body odor, and mild

gastrointestinal discomfort accompanied by nausea or

increased stool frequency. However, these side effects are

generally mild and resolve spontaneously after discontinuation

of n-3 PUFAs (27, 66).

As n-3 PUFAs reduce inflammatory reactions, which are

very common in critically ill patients diagnosed with COVID-19

and may also affect virus replication, it is predictable that

administration of an appropriate amount of n-3 PUFAs may

accelerate recovery in COVID-19 patients (3, 21). N-3 PUFAs
Frontiers in Immunology 05
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can act preventively against viral diseases, unlike anti-

inflammatory drugs, which are already used during treatment

and cannot be used as prophylactics. In addition, we can regulate

the number of fatty acids used before and during the disease

itself, by adjusting the diet to one rich in n-3 PUFAs. Currently,

n-3 PUFA intake in Western countries is considerably lower

than the recommended intake (21).
N-3 polyunsaturated fatty acids can
affect viral replication by influencing
sterol regulatory element-binding
protein

Fatty acids, including n-3 PUFAs, have a strong effect on

many aspects of virus biology. In general, they can modulate

changes in membrane composition which interferes with the

accessibility of different viral receptors, changes the activity of

membrane-linked enzymes, and modifies membrane ion

transport. N-3 PUFAs specifically modulate the formation of

membrane rafts (67) in which SARS-CoV-2 receptor (ACE2)

and coreceptor (TMPRSS2) are located and therefore can

decrease the level of interaction between the virus and the host

cell (68). N-3 PUFAs can also modulate antiviral and

proinflammatory responses via modulation of CD8+ T cell

activity (69).

Viruses use host metabolic mechanisms to facilitate their

replication. To obtain sufficient lipids for their replication, they

manipulate the lipid metabolism of the host (21). This metabolic

reprogramming is mediated by sterol regulatory element-

binding protein (SREBP) transcription factor isomers. For

example, to ensure MERS-CoV reproduction, the virus

modifies the host cellular lipid metabolism and reprograms the

de novo SREBP-dependent lipogenesis pathway (21, 70). MERS-

CoV non-structural proteins nsp3 and nsp4 are used by the virus

to reprogram cellular pathways leading to the formation of

double-membrane vesicles (DMVs). DMVs are crucial cellular

organelles necessary for replication of MERS-CoV as they

provide the anchoring scaffold for viral replication and

transcription complexes leading to the formation of so-called

viral factories. The formation of DMVs may be disrupted by the

blockade of fatty acid synthesis pathways. For example, AM580,

an inhibitor of SREBP, also effectively inhibits replication of

MERS-CoV via blocking of DMV formation (21, 70).

Three SREBPs have been identified: SREBP1a and SREBP1c,

which regulate fatty acid metabolism genes, and SREBP2, which

regulates cholesterol metabolism genes. SREBPs are regulated

post-transcriptionally, and their inactive precursor form is

localized in the endoplasmic reticulum membrane, where it is

associated with SREBP cleavage-activating protein (SCAP) (71,

72). When sterols are abundant, SREBP is maintained by

binding to regulatory SCAP. The SREBP/SCAP complex is

anchored by insulin-regulated protein (Insig). As sterols in the
frontiersin.org
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intracellular space drop, Insig dissociates from the SREBP/SCAP

complex. The SREBP/SCAP complex is subsequently

translocated to the Golgi complex, where it undergoes

proteolytic cleavage to produce a transcriptionally active

amino-terminal fragment of SREBP called n-SREBP (73, 74).

Several research laboratories have demonstrated that n-3

PUFAs s ign ificant ly reduce the concentra t ion of

transcriptionally active n-SREBP. The ability of n-3 PUFAs to

decrease the concentration of transcriptionally active n-SREBP is

probably due to both their physical and biochemical effects (73,

75–77).

Using large and small unilamellar vesicles as a model for

plasma and intracellular membranes, Johnson et al. (78) found

that when n-3 PUFA was added to these model membranes,

cholesterol affinity for phospholipids decreased, resulting in

increased cholesterol transfer from cholesterol-rich regions

(such as the plasma membrane) to cholesterol-poor areas (such

as endoplasmic reticulum). Another mechanism by which n-3

PUFAs decrease the concentration of transcriptionally active n-

SREBP is by changing the composition of cell membranes. N-3

PUFAs can increase sphingomyelin hydrolysis. Sphingomyelin,

which is present in plasma membranes, is hydrolyzed to ceramide

and phosphocholine. The presence of lower amounts of

sphingomyelin results in reduced ability to absorb free

cholesterol, resulting in a decrease in SREBP-mediated gene

transcription (73, 79–81). Ceramide has also been shown to be

a potential inhibitor of SREBP (79).
Effect of n-3 polyunsaturated fatty acids
on inflammation

Possibly the best-known feature of n-3 PUFAs is their ability

to reduce inflammation and their beneficial effect on

inflammatory-related disorders. N-3 PUFAs can be

incorporated into phospholipid membranes, where they can

replace n-6 PUFAs (56). Most cells contain relatively large

amounts of arachidonic acid (ARA, C20:4 n:6) in their cell

membranes compared with other polyunsaturated fatty acids

(82). These 20-carbon fatty acids with four double bonds can be

released from the cell membrane by phospholipase A2 (83). ARA

can be metabolized to several pro-inflammatory eicosanoids by

the action of lipoxygenase (LOX), cyclooxygenase (COX), and

epoxygenase P-450 enzymes. For example, COX catalyzes the

conversion of ARA to prostaglandin G2 and subsequently to

prostaglandin H2, which is a substrate for the production of other

prostaglandins (prostaglandin D2, prostaglandin E2, and

prostaglandin F2a), thromboxanes (thromboxane A2 and

thromboxane B2), and prostacyclin. These compounds are

collectively called prostanoids. LOX first metabolizes ARA to

the corresponding hydroperoxyeicosatetraenoic acids, which are

further metabolized to the corresponding hydroxyeicosatetraenoic

acids, from which leukotrienes (leukotriene B4, leukotriene C4,
Frontiers in Immunology 06
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leukotriene D4, and leukotriene E43) are synthesized (3, 84). N-3

PUFAs may compete with ARA for the same metabolic enzymes

and thus become preferential substrates, resulting in the

production of fewer pro-inflammatory and anti-inflammatory

metabolites. Increasing the n-3 PUFA content in cell

membranes can therefore reduce inflammatory responses (3).

The benefits of n-3 PUFA supplementation were confirmed

in a study conducted by Gerling et al. (85), which examined the

effect of n-3 PUFA supplementation on the n-6/n-3 PUFA ratio

in the muscle and mitochondrial membranes of healthy men.

Consuming 3 g of EPA + 2 g of DHA per day for 12 weeks

increased the EPA and DHA content of the membranes and

consequently decreased the n-6/n-3 PUFA ratio. These results

suggest that n-3 PUFA supplementation may reduce the

availability of ARA for the synthesis of pro-inflammatory

eicosanoids, and thereby reduce inflammatory reactions.

N-3 PUFAs can also be metabolized into high specialized

pro-resolving mediators (SPMs), including protectins, maresins,

resolvins, and lipoxins. These biologically active compounds are

formed by the action of COX, LOX, and cytochrome P450 on

EPA and DHA. SPMs show strong anti-inflammatory effects

that are necessary to end the inflammatory processes in the

body, accelerating tissue regeneration and tissue repair (86, 87).

SPMs can inhibit the synthesis of pro-inflammatory cytokines

such as IL-1, IL-6, and IL-8 via down-regulation of the kappa B

nuclear factor pathway (88). EPA-derived resolvins (E-series

resolvins), DHA-derived resolvins (D-series resolvins), and

DHA-derived protectins exhibit anti-inflammatory effects by

limiting leukocyte infiltration into damaged tissues (89, 90).

Maresins, which are synthesized from DHA, stimulate

macrophagocytosis and reduce neutrophil infiltration into

damaged tissue (91). 13(S),14(S)-epoxymaresin also inhibits

the production of a pro-inflammatory cell mediator derived

from ARA through direct inactivation of the leukotriene-A4

hydrolase enzyme, which catalyzes the conversion of leukotriene

A4 into the pro-inflammatory metabolite, LTB4 (86). SPMs also

promote the removal of apoptotic cellular debris from inflamed

tissue and limit the formation of free radicals (92).

The effect of n-3 PUFA on inflammatory status has been

evaluated in obese patients diagnosed with diabetes. After 8

weeks of consuming 1.44 g/day of EPA + 0.96 g/day of DHA, an

overall improvement in insulin sensitivity and reduction in

inflammatory markers such as IL-1b, IL-6, and TNF-a was

observed (93). Improvements in the inflammatory status were

also observed in a study conducted by Moghadam et al. (94),

which assessed the effect of consuming 1.548 g/day of EPA +

0.828 g/day of DHA + 0.338 g/day of n-3 PUFA in patients

diagnosed with type 2 diabetes. After 8 weeks of consumption,

an overall decrease in the blood concentrations of IL-2 and

TNF-a was observed.

The anti-inflammatory effects of high doses of n-3 PUFA (1.5

g/day EPA + 1.0 g/day DHA for 4 weeks) were also confirmed in a

randomized controlled trial in which significant reductions in
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plasma levels of IL-6, IL-1b, and TNF-a were observed in patients

with chronic venous ulcers in their lower legs. The results of this

study also suggest that n-3 PUFAs may affect the major

components of a cytokine storm (95).

Several studies have examined the effects of SPMs on viral

diseases. Morita et al. (96) investigated the effects of protectin D1

on the course of influenza caused by the H5N1 virus in mice.

This study found that protectin D1 suppressed influenza virus

replication, and its administration improved survival and disease

pathology in mice. Ramon et al. (97) investigated the effects of

17-hydroxydocosahexaenoic acid on the adaptive immune

response in mice infected with the H1N1 influenza virus.

DHA-derived SPM 17-hydroxydocosahexaenoic acid increased

antibody levels, leading to greater resistance to the H1N1

influenza virus. Moreover, DHA pretreatment of SH-SY5Y

cells infected with Zika virus has been reported to increase cell

viability, reduce apoptotic cells, increase the proliferative

capacity of infected cells, significantly reduce viral load, and

reduce the secretion of proinflammatory cytokines IL6 and

monocyte chemoattractant protein-1, thereby alleviating the

pro-inflammatory response caused by Zika virus (98).
Effect of n-3 polyunsaturated fatty acids
on acute respiratory distress syndrome

Patients with severe COVID-19 often develop ARDS. ARDS

is caused by a dysregulated inflammatory response in the lung

tissue or a cytokine storm (99, 100). During the inflammatory

response, the pulmonary capillaries and alveoli are damaged,

causing increased permeability to fluid and proteins, leading to

fluid accumulation in the lungs. Consequently, there is an

increase in the number of inflammatory cells in the lung tissue

and alveoli, a reduction in pulmonary pliability, pulmonary

hypertension, and prolongation of the oxygen diffusion

pathways. ARDS manifests as dyspnea, rapid breathing, and

hypoxemia (101, 102). Patients with severe ARDS are at

increased risk of developing sepsis and cardiac arrest (9).

ARDS can lead to the failure of other vital organs, which may

lead to death (103). According to a meta-analysis conducted by

Singer et al. (104), which included 10815 patients diagnosed with

ARDS, the overall mortality was 39%.

Several studies have evaluated the effects of consuming EPA,

gamma-linolenic acid (GLA), and antioxidants on ARDS

outcomes. Singer et al. (105) found that in 100 patients

diagnosed with ARDS, consuming an enteral diet enriched

with EPA, GLA, and antioxidants for 14 days resulted in

significant improvements in oxygenation and reduced the

duration of mechanical ventilation. A meta-analysis conducted

by Pontes-Arruda et al. (106), found that administration of

enteral nutrition enriched with EPA, GLA, and antioxidants to

mechanically ventilated patients with acute lung injuries or

ARDS significantly reduced their mortality, incidence of new
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organ failure, duration of mechanical ventilation, and duration

of ICU stay. Moreover, a study conducted by Shirai et al. (107)

found that the administration of an EPA, GLA, and antioxidant-

containing enteral diet to critically ill patients with ARDS

shortened the duration of their ICU stay. However, this study

did not find a reduction in the need for mechanical ventilation or

reduced mortality. A randomized double-blind study (108)

performed on 58 adult patients with mild to moderate ARDS

showed that the administration of n-3 PUFA in the form of 720

mg n-3 PUFA capsules containing 360 mg EPA and 240 mg

DHA thrice daily led to improvements in certain parameters,

such as indices of lung mechanics and oxygen partial pressure.

Both groups received pantoprazole for prophylaxis against stress

ulcers prophylaxis and heparin for prophylaxis against deep vein

thrombosis. However, there was no statistically significant

difference in the length of ICU stay between the intervention

and the control groups.

A meta-analysis by Langlois et al. (19) found that the

consumption of n-3 PUFAs, GLAs, and antioxidants can

improve the exchange of lung gases, leading to a shorter ICU

stay in critically ill and a shortened duration of mechanical

ventilation in critically ill patients with ARDS, although

significant heterogeneity was found in the individual studies

and most of the studies showing positive effects were published

prior to 2011. Langlois et al. (19) stressed that the effects of n-3

PUFAs, GLA, and antioxidants are dependent on the route and

method of administration.

In summary, it can be said that the consumption of n-3

PUFAs could provide certain benefits during the treatment of

patients with ARDS, such as shortening stays in ICUs,

improving oxygenation, reducing the risk of death, and

reducing the duration of mechanical ventilation. However, to

definitively confirm these positive effects, further and more

extensive studies on COVID-19 patients are needed.
Effect of n-3 polyunsaturated fatty acids
on sepsis

Sepsis is caused by the host’s dysregulated immune response

to infection, which can lead to the onset of systemic

inflammatory response syndrome (SIRS). SIRS refers to a

condition in which at least two of the following criteria are

met: hypothermia or fever (body temperature < 36°C or > 38°C),

tachypnea (respiratory rate > 20 breaths/min) or CO2 < 32

mmHg, tachycardia (heart rate > 90 bpm), and abnormal

leukocyte counts (leukocytes >12,000/µl or < 4,000/µl

or > 10% immature forms) (109).

A study by Pontes-Arruda et al. (110) investigated the effect

of administering an enteral diet enriched with EPA, GLA, and

vitamins with antioxidant effects for 28 days in patients with

severe sepsis or septic shock who required mechanical

ventilation. The study found that diets enriched with EPA,
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GLA, and antioxidant vitamins were associated with more

favorable outcomes, including lower mortality and a reduced

duration of ICU stay.

Hosny et al. (111) conducted a study of the effects of short-

term high-dose n-3 PUFA supplementation. The study results

showed that short-term administration of high-dose n-3 PUFAs

(9 g/day) to patients with early sepsis without associated organ

dysfunction appeared to be safe and may have a beneficial effect.

Intervention group had significantly lower levels of C-reactive

protein (CRP), IL6, and procalcitonin than those in the control

group, were less likely to require mechanical ventilation, had a

shorter duration of mechanical ventilation (in cases where it was

required), and were significantly less likely to develop severe

sepsis, but did not experience a significant reduction in the 28-

day mortality rate.

In their correlation analysis, which included 25 randomized

controlled trials, Chen et al. (112) examined the effect of n-3

PUFA administration as part of enteral or parenteral nutrition on

mortality in adult patients of various ages diagnosed with sepsis.

In this review, it was found that supplementation with n-3 PUFAs

as part of enteral or parenteral nutrition could reduce sepsis and

ARDS-induced mortality. A meta-analysis conducted by Wang

et al. (113) which included 20 suitable randomized clinical trials

comprising a total of 1514 patients with sepsis indicated a possible

reduction in mortality in patients with sepsis after administration

of n-3 PUFA, shortening of the length of ICU stay, and a reduced

need for mechanical ventilation. In a subgroup analysis, n-3

PUFAs were found to be positive, especially in patients with

sepsis and gastrointestinal dysfunction. However, the authors of

the study also pointed out that the improvement of certain

parameters could also be caused by the addition of other

nutrients, such as antioxidant vitamins and amino acids

(arginine or glutamine), which can be added to enteral

mixtures. Moreover, a meta-analysis conducted by Mo et al.

(114), which included 12 studies and a total of 721 patients with

sepsis who received n-3 PUFAs as part of parenteral nutrition,

concluded that parenteral nutrition enriched with n-3 PUFAsmay

be beneficial for patients with sepsis. However, the authors have

stated that these data should be interpreted with caution.

In conclusion, it can be said that n-3 PUFAs could show

beneficial effects in sepsis, such as a reduction in mortality, shorter

stays in ICUs, and shortened durations of mechanical ventilation.

However, to definitively confirm these positive effects, more

extensive studies on COVID-19 patients are required.
Clinical studies on the effect of n-3
polyunsaturated fatty acids
supplementation in COVID-19 patients

As the positive effects of n-3 PUFA supplementation on the

key components of the cytokine storm, which is likely to be a major

factor leading to a more severe clinical course of COVID-19, have
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been demonstrated previously, several randomized controlled trials

have been conducted to examine the effect of n-3 PUFA

supplementation on overall outcomes in patients with COVID-19.

A randomized, double-blind clinical trial examined the effect

of n-3 PUFA supplementation on clinical and biochemical

parameters in critically ill COVID-19 patients whose

symptoms included severe pneumonia, fever, fatigue, dry

cough, and ARDS. The study included 101 patients who were

divided into intervention (28 patients) and control (73 patients)

groups. Both groups received hydroxychloroquine. The

intervention group was administered 400 mg EPA and 200 mg

DHA daily for 14 days as part of enteral nutrition. EPA and

DHA supplementation was associated with improved 1-month

survival and had a positive effect on respiratory and metabolic

acidosis (improved arterial pH, bicarbonate concentration, and

base excess) and renal function (115).

In another randomized clinical trial involving 30 adults

hospitalized with COVID-19, the effect of 2 g EPA + DHA

supplementation on inflammatory reactions and clinical

symptoms of the disease was investigated. N-3 PUFA

supplementation has been found to improve some clinical

signs of COVID-19, such as reduced body pain, fatigue, and

increased appetite. Significant improvements in inflammatory

markers, such as the serum erythrocyte sedimentation rate and

serum C-reactive protein, were observed; however, n-3 PUFA

supplementation did not improve olfactory dysfunction or affect

circulating liver enzyme levels (116).

A pilot study of 100 patients with confirmed COVID-19

examined the relationship between the tissue levels of n-3

PUFAs and the risk of death. Patients with a higher n-3 PUFA

index had a lower risk of death, although this result was not

statistically significant (7).

An open-label randomized controlled trial is currently being

conducted, to investigate the effect of n-3 PUFA supplementation

(EPA 2 g/day) in hospitalized COVID-19 patients. The aim of the

study is to clarify the effect of n-3 PUFA supplementation on

oxygen saturation, IL-6 levels, mortality, duration of ICU stay,

duration and need for mechanical ventilation, and overall

duration of hospitalization (117).

Although these studies suggest that PUFA supplementation

has potential benefits in patients with COVID-19, additional

larger studies are needed to confirm the benefits of PUFA

supplementation in patients with COVID-19, given the

limitations of previous studies, such as small sample sizes and

short study duration.
Appropriate dosage of n-3
polyunsaturated fatty acids for adjunctive
therapy in patients with COVID-19

When considering the inclusion of n-3 PUFA as adjunctive

therapy in patients with COVID-19, it is important to determine
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the appropriate time to initiate treatment, the duration of

treatment, route of administration, and overall formulation.

The literature suggests that it may take several weeks for n-3

PUFAs to show a biological effect due to the time taken to

replace ARA in cell membranes when receiving a normal

dose (3).

It has been hypothesized that acute n-3 PUFA supplementation

may influence the inflammatory response in critically ill patients.

This hypothesis has been confirmed by a number of studies in

patients with inflammatory diseases such as ARDS or sepsis even

before the outbreak of the COVID-19 pandemic. However, the

literature is not entirely consistent with regard to the effective dose

at which anti-inflammatory effects are manifested.

According to Calder (118), the anti-inflammatory effects of n-

3 PUFA manifest only when at least 2 g of EPA + DHA are

consumed daily. The intake of such an amount of n-3 PUFA can

be achieved by eating approximately one portion of fatty fish per

day. However, fish intake is well below current recommendations

in most Western countries, so most people in Western countries

consume less than this amount.

According to Bistrian (119), mild anti-inflammatory effects

can be achieved by consuming approximately 1 g of n-3 PUFA

per day. Stronger effects on pro-inflammatory cytokine secretion

can only be achieved by consuming larger amounts of n-3

PUFA, in the range of 4–6 g/day. However, the intake of such

an amount of n-3 PUFA cannot be obtained from dietary

sources alone and requires supplemental intake in enteral or

parenteral form (118, 120). In addition, when n-3 PUFA is

administered parenterally, there is no loss during the digestion

and absorption process (121).

Acute administration of higher doses of n-3 PUFA could

potentially lead to a significant improvement in clinical

outcomes in patients with severe COVID-19. However, based

on the evidence from the currently available clinical trials, it is

not possible to reliably determine the most appropriate amount

of n-3 PUFA or route of administration for patients with

COVID-19 (3). For that reason, it would be advisable to carry

out a larger study aimed at finding out the levels at which doses

of n-3 PUFA manifest anti-inflammatory effects in COVID-19

positive patients.
Conclusion

Despite the availability of COVID-19 vaccines, COVID-19 is

still spreading rapidly worldwide; therefore, it is very important

to place a greater emphasis on prevention.

There is evidence that administering n-3 PUFA as an

adjunctive therapy in patients with COVID-19 has potential

benefits. Previous studies have confirmed the beneficial effects of

n-3 PUFA administration on the inflammatory state and

cytokine storms. However, most of these studies were
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conducted before 2019 and were therefore not conducted in

patients with COVID-19. The available evidence suggests that

consuming an adequate amount of n-3 PUFA could improve the

recovery of critically ill patients with COVID-19, shorten their

ICU stay, reduce the need for mechanical ventilation, and

generally accelerate recovery. Recent studies in patients with

COVID-19 have shown a similar trend. The limitation of these

studies were usually a short duration of experiment and a small

number of participants. However, to confirm the beneficial

effects of n-3 PUFA on the course of COVID-19, further

larger studies are required.
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Correlation of antigen-specific
immune response with disease
severity among COVID-19
patients in Bangladesh

Taufiqur Rahman Bhuiyan1†, Hasan Al Banna1†,
M. Hasanul Kaisar1, Polash Chandra Karmakar1, Al Hakim1,2,
Afroza Akter1, Tasnuva Ahmed1, Imam Tauheed1,
Shaumik Islam1, Mohammad Abul Hasnat3,
Mostafa Aziz Sumon3, Asif Rashed4, Shuvro Ghosh4,
John D. Clemens1,5,6, Sayera Banu1, Tahmina Shirin7,
Daniela Weiskopf8, Alessandro Sette8,9,
Fahima Chowdhury1‡ and Firdausi Qadri1*‡

1Infectious Diseases Division, International Centre for Diarrhoeal Disease Research Bangladesh
(ICDDRB), Dhaka, Bangladesh, 2Department of Genetic Engineering and Biotechnology, Jagannath
University, Dhaka, Bangladesh, 3Department of Cardiology, Department of Oncology, Kurmitola
General Hospital, Dhaka, Bangladesh, 4Department of Microbiology, Department of Medicine,
Mugda Medical College and Hospital, Dhaka, Bangladesh, 5Department of Epidemiology, University
of California Los Angeles (UCLA) Fielding School of Public Health, Los Angeles, CA, United States,
6International Vaccine Institute, Seoul, South Korea, 7Institute of Epidemiology, Disease Control and
Research (IEDCR), Dhaka, Bangladesh, 8Center for Infectious Disease and Vaccine Research, La
Jolla Institute for Immunology (LJI), La Jolla, CA, United States, 9Department of Medicine, Division
of Infectious Diseases and Global Public Health, University of California, San Diego (UCSD), La Jolla,
CA, United States
Coronavirus disease 2019 (COVID-19) is a protean disease causing different

degrees of clinical severity including fatality. In addition to humoral immunity,

antigen-specific T cells may play a critical role in defining the protective

immune response against SARS-CoV-2, the virus that causes this disease. As

a part of a longitudinal cohort study in Bangladesh to investigate B and T cell-

specific immune responses, we sought to evaluate the activation-induced

marker (AIM) and the status of different immune cell subsets during a

COVID-19 infection. We analyzed a total of 115 participants, which included

participants with asymptomatic, mild, moderate, and severe clinical symptoms.

We observed decreased mucosal-associated invariant T (MAIT) cell frequency

on the initial days of the COVID-19 infection in symptomatic patients

compared to asymptomatic patients. However, natural killer (NK) cells were

found to be elevated in symptomatic patients just after the onset of the disease

compared to both asymptomatic patients and healthy individuals. Moreover,

we found a significant increase of AIM+ (both OX40+CD137+ and

OX40+CD40L+) CD4+ T cells in moderate and severe COVID-19 patients in

response to SARS-CoV-2 peptides (especially spike peptides) compared to

pre-pandemic controls who are unexposed to SARS-CoV-2. Notably, we did
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not observe any significant difference in the CD8+ AIMs (CD137+CD69+), which

indicates the exhaustion of CD8+ T cells during a COVID-19 infection. These

findings suggest that patients who recovered from moderate and severe

COVID-19 were able to mount a strong CD4+ T-cell response against shared

viral determinants that ultimately induced T cells to mount further immune

responses to SARS-CoV-2.
KEYWORDS

COVID-19, SARS-CoV-2, Bangladesh, activation induced marker, CD4+ T cells,
MAIT cells
Introduction

Coronavirus disease 2019 (COVID-19) caused by the novel

coronavirus SARS-CoV-2 has created an unprecedented global

pandemic, causing over 588 million confirmed cases and over 6.4

million deaths as of 12 August 2022 (1). In spite of the number of

available COVID-19 vaccines, the spread of the disease is still

not controlled everywhere. This disease shows several stages of

severity, different systemic nature from other respiratory

diseases, and unpredictable outcomes with possible

comorbidities including cardiovascular disease, obesity,

diabetes, lung diseases, kidney diseases, and cancer (2). These

have made the management of COVID-19 patients challenging.

Moreover, most of the vaccine efforts so far focused on

generating neutralizing antibodies by using different surface

proteins only, including spike proteins. Nonetheless, T-cell

epitopes are derived from both structural and surface proteins

(3). Particularly in SARS-CoV-2, the antigen hierarchy as T-cell

recognition targets is more distributed across the proteome (4).

It is also found that SARS-CoV-2 allows cell-to-cell viral

transmission by inducing host–cell fusion, which may act as a

resistance to antibody neutralization. Therefore, an

understanding of antigen-specific T-cell response to SARS-

CoV-2 is imperative to obtain a complete understanding of the

adaptive immune response due to COVID-19. Furthermore, this

knowledge will provide insights into the pathogenesis of SARS-

CoV-2 infection, which in turn helps us to provide targeted

interventions to protect vulnerable populations. Apart from that,

a thorough understanding of T-cell immune response is needed

for vaccine design and evaluation of the next generation of

broad-spectrum candidate vaccines.

There are a number of assays conventionally used for

measuring the quantity and quality of antigen-specific T cells

in humans, either at the single cell level by flow cytometry or

enzyme-linked immunospot (ELISpot) and intracellular

cytokine staining (ICS) assays or at the population level by

enzyme-linked immunosorbent assay (ELISA) (5–7). Several
02
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research groups have overcome the limitations of antigen-

specific T cells assays based on the upregulation of T-cell

receptor (TCR)-stimulated surface markers called activation-

induced markers (AIMs), which can effectively determine the

overall antigen-specific T-cell response (8). Several studies have

successfully used the AIM assays to detect virus-specific,

vaccine-specific, or tuberculosis-specific CD4+ T cells (9–11).

However, a concern has arisen because a decline of

antibodies has been observed within the first few months after

recovery from SARS-CoV-2 infection (12, 13). Apart from

natural infections, the effectiveness of currently available

vaccines has also been reported to decline over time. Initial

studies had shown that a single dose of vaccines was overall 41%

effective at preventing SARS-CoV-2 infections and 95% effective

at preventing COVID-19-related death (14). Nonetheless, more

recent studies on the duration of effectiveness of vaccines against

SARS-CoV-2 infection decreased from 1 to 6 months after full

vaccination by 21% (15). The alarming fact is that vaccines are

found to respond very differently to different variants of the virus

reported by a study that investigated efficacy after primary

immunization with two doses of BNT162b2 (Pfizer,

BioNTech), ChAdOx1 nCoV-19 (AstraZeneca), or mRNA-

1273 (Moderna) vaccine (16). More specifically, their study

reported that vaccine effectiveness against the symptomatic

disease was higher for the delta variant than for the omicron

variant. Consequently, more studies are essential focusing on

different aspects of human immune response to design better

vaccines with broad efficacy. We believe that identifying the

particular immune cells that are being activated by SARS-CoV-2

may have a substantial impact on evaluating the immune

response to COVID-19 and adopting different strategies to

design future vaccines. Therefore, to understand the attributes

of adaptive immunity, in the present study, we have examined

the T-cell responses to activation-induced markers and

measured the frequency of different immune cells in the blood

and the stability of immune memory in patients suffering from

COVID-19 with varying degrees of severity.
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Methods and materials

Participants and study design

The demographic characteristics (age, sex, and blood group) of

the participants are shown in Supplementary Table 1. A total of 86

patients (10 of whom expired), 19 healthy controls, and 10

unexposed controls were included in this study. The unexposed

controls, also referred to as pre-pandemic controls, were healthy

individuals who were enrolled at icddr,b, Dhaka, in prior studies

and whose samples were collected before SARS-CoV-2 had been

detected in China. The healthy controls were individuals who had

no history of COVID-19 during the pandemic, exhibited no clinical

symptoms for at least 2 weeks before enrollment, and further tested

negative for SARS-CoV-2 by reverse transcription polymerase

chain reaction (RT-PCR) during enrollment. The COVID-19

patients were individuals whose nasopharyngeal swabs tested

positive for SARS-CoV-2 by RT-PCR. The enrolled patients were

further classified using theWHO guidelines into four categories, i.e.,

asymptomatic, mild, moderate, and severe, depending on the

clinical symptoms and oxygen saturation during enrollment (17).

The patients were enrolled from Mugda Medical College and

Hospital, Dhaka, Bangladesh, and Kurmitola General Hospital,

Dhaka, Bangladesh, while the non-hospitalized patients were

enrolled from the community.

Blood samples were collected, and peripheral blood

mononuclear cells (PBMCs) were isolated and cryopreserved

from the patients on Days 1 (day of enrollment), 7, 14, and 28

and from healthy controls on Day 1. The frequency of different T-

cell subsets was analyzed from freshly isolated PBMCs of all healthy

controls and patients at all day points. Depending on the availability

of PBMCs, the frequency of natural killer (NK) cells (n = 40) and

mucosal-associated invariant T (MAIT) cells (n = 33) were also

analyzed. In addition, SARS-CoV-2 specific T-cell responses were

also evaluated using AIM assay in a subset (every fourth/fifth) of

COVID-19 patients from each category, i.e., asymptomatic (n = 5,

every fifth), mild (n = 6, every fourth), moderate (n = 6, every

fourth), and severe (n = 15, alternate). Samples from all the expired

patients (n = 10), unexposed controls (n = 10), and healthy controls

(n = 10) were also assessed using an AIM assay in order to compare

the responses with those from patients.

This study was approved by the Institutional Review Board

(IRB) of icddr,b and the Directorate General of Health Services

(DGHS), Bangladesh. All procedures were performed after

written consent had been obtained from the study participants

before enrollment.
Isolation of peripheral blood
mononuclear cells

Blood samples were collected in a sodium-EDTA tube, and

isolation of PBMCs was performed by density gradient method
Frontiers in Immunology 03
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using Ficoll-Paque PLUS (Cytiva, Marlborough, MA, USA).

Before cells were isolated, plasma was separated using

centrifugation. After plasma was separated, the whole blood

was diluted at a 1:1 ratio using R-10 media (89% Roswell Park

Memorial Institute (RPMI) 1640 (Gibco, Grand Island, NY,

USA), 10% fetal bovine serum (FBS; Gibco), and 1% penicillin–

streptomycin (Gibco)). Isolated PBMCs were resuspended to a

concentration of 1 × 106 cells/ml in RPMI complete medium

(87% RPMI 1640, 10% FBS, 1% penicillin–streptomycin, 1%

sodium pyruvate (Gibco), and 1% L-glutamine (Gibco)).

Fractions of the cells were used fresh for flow cytometry, and

the rest of the cells were cryopreserved using the cryoprotectant

(90% FBS and 10% dimethyl sulfoxide (DMSO)). These

cryopreserved cells were later used in different immune assays,

including the AIM assay.
Flow cytometry and T-cell phenotyping

All immunophenotyping experiments were performed on

FACSAria Fusion instruments (BD Biosciences, San Jose, CA,

USA). Freshly separated PBMCs were stained with fluorochrome-

tagged antibodies, which are listed in Supplementary Table 2.

After staining, the cells were washed with PBS with 2% FBS

(fluorescence-activated cell sorting (FACS) buffer), and antibody-

tagged cells were fixed using Cytofix (BD Biosciences, Cat#

554655). Then the data were acquired using the FACSDiva

software program the next day. During analyses, live singlet

lymphocytes were gated to quantitate different types of T cells

(see representative gating in Supplementary Figure 1).

Helper T cells were gated as CD19−veCD3+veCD4+ve cells,

and cytotoxic T cells were gated as CD19−veCD3+veCD8+ve.

Follicular helper T cells are CXCR5+ve cells gated on helper T

cells. Fluorochrome-tagged antibodies that were used to stain

MAIT cells are listed in Supplementary Table 3. MAIT cells were

gated on live singlets as CD3+veCD8+ve TCR Va7.2+veCD161+ve

(see representative gating in Supplementary Figure 2). Again,

antibodies used for NK cell staining are listed in Supplementary

Table 4. During NK cell analysis, CD19 and CD14 were dumped

using a single channel, and then the NK cells were gated as

CD3−veCD16+veCD56+ve. Lastly, the central memory T (Tcm)

and effector memory T (Tem) cells were gated as

CD45RO+veCD27+ve and CD45RO+veCD27−ve, respectively, on

either CD4 or CD8 cells. All the phenotyping results are

expressed as a percentage of the parent population. The

acquired data were analyzed with FlowJo software (version

10.6.1, TreeStar Inc., Ashland, OR, USA).
Activation-induced marker assay

To identify and quantitate the SARS-CoV-2-specific CD4+

as well as CD8+ T-cell responses, TCR-dependent AIM assays
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(4) were performed using cryopreserved PBMCs. The PBMCs of

COVID-19 patients and other control samples were stimulated

with four different SARS-CoV-2-specific peptide megapools

(MPs). SARS-CoV-2 specific CD4 peptide MPs were divided

into two groups: spike protein as spike MP and all other

polyproteins as non-spike MPs. Again, the antigen-specific

analyses of CD8 T cells were performed using the class I

peptide megapool prepared from the whole virus proteome

and consisting of 628 peptides. The megapool was split into

two parts consisting of 314 peptides each, CD8-A MP and CD8-

B MP (18). Cryopreserved cells were thawed and rested

overnight in a 37°C incubator supplemented with 5% CO2.

The next day, they were distributed into a 96-well U-bottom

plate in a total of 0.3 × 106 PBMCs per well, and different peptide

MPs were added at 1 mg/ml concentration. An equimolar

quantity of DMSO (vehicle) and phytohemagglutinin (PHA)

were used as negative and positive controls, respectively.

Moreover , cy tomega lov i rus-der ived pept ides , l ike

cytomegalovirus (CMV) CD4 MP and CMV CD8 MP, were

used as positive controls to compare the stimulations with the

SARS-CoV-2 MPs. The PBMCs were stimulated for 24 h in a

37°C incubator supplemented with 5% CO2.

The stimulated cells were stained for 1 h at 4°C in the dark

with a cocktail of antibody panels (Supplementary Table 5)

targeting the AIM+ T cells. Following the surface staining, cells

were washed with PBS with 2% FBS and fixed using Cytofix (BD

Biosciences). Later, data acquisition was carried out in a

FACSAria Fusion cytometer through FACSDiva software. Data

analyses were performed using FlowJo 10.6.1. During analysis,

live singlet lymphocytes were gated, and CD14+ve and CD16+ve

cells were discarded by a dump channel. Then both

OX40+veCD40L+ve and OX40+veCD137+ve cells were gated on

CD4+ve cells, while CD137+veCD69+ve cells were gated on

CD8+ve cells (see representative gating in Supplementary

Figure 3). We measured the stimulation index (SI) for each

participant for every type of stimulation to quantify the extent of

stimulation. SI has been defined by dividing the percentage of

megapool-stimulated AIM+ cells by the percentage of DMSO-

stimulated AIM+ cells. Stimulation due to SARS-CoV-2 CD8

MP was determined using the combined SI data of CD8-A and

CD8-B MP.
Statistical analysis

All statistical analysis was performed using GraphPad Prism

6.0. Flow cytometry figures were generated using FlowJo

software and other plots were generated using GraphPad

Prism. The statistical tests performed for different experiments

are included in the corresponding figures. To compare DMSO

versus spike, non-spike, CMV, or PHA in both Unexposed and

COVID-19 cases we used Wilcoxon matched-pairs signed rank
Frontiers in Immunology 04
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test because the data were paired and nonparametric. To

compare unexposed versus COVID-19 cases we performed a

two-tail Mann-Whitney test because the data were unpaired and

nonparametric. For comparing between groups, we used

ordinary one-way ANOVA with Tukey’s multiple comparison

test. We also performed a Mann-Whitney test while comparing

immune cell frequency in symptomatic and asymptomatic

patients. Again, while comparing different day points of the

same category of disease condition we utilized paired t-test as the

data was parametric. Moreover, we conducted a one-way

ANOVA to compare the immune cell frequency of multiple

groups with a single group (healthy control) followed by

Dunnett's Multiple Comparison Tests to see the differences

compared to control. All tests are specified in the

corresponding figure legends. All the statistical analyses were

done considering a 95% confidence level.
Results

Frequency of helper, cytotoxic, and
follicular helper T cells with disease
severity and time points

We conducted phenotypic analyses of fresh PBMCs for

different subsets of T cells. We did not observe any statistically

significant difference in frequency for helper, cytotoxic, and

follicular T cells among different disease categories in different

day points from disease onset (Figures 1A-C). It was observed

that during the initial days of infection (Day 1), CD8+ T cells had

a greater reduction in frequencies than CD4+ T cells, which

happened for neither less severe patients nor in later day points

since the infection. This trend was also found for follicular helper

T (Tfh) cells (Figure 1C) in severe patients where there was

decreased frequency of Tfh cells up to the second follow-up

(Day 7).
Mucosal-associated invariant T cell
frequency in symptomatic patients
during the initial days of infection

We found that MAIT cell frequency tends to decrease

significantly (p = 0.0111) in the initial days of infection (both

on Day 1 and Day 7). In later days (Day 14 and Day 28), this

difference became statistically insignificant in symptomatic

patients compared to both asymptomatic patients and healthy

participants (Figure 1D). We further investigated MAIT cells by

including an activation marker (CD69) and observed a higher

expression (p < 0.05) of the marker in symptomatic patients

throughout the infection compared to asymptomatic patients

until 1 month (Day 28) (Figure 1E).
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Natural killer cells in symptomatic
patients

During the early days of infection, we observed a

significantly higher frequency of NK cells in symptomatic

patients (p = 0.0014) compared to asymptomatic patients. We

also found that NK cell activity was significantly higher in

symptomatic patients compared to healthy controls, as

expected. However, this difference did not remain significant

in the later day points of infection (Days 14 and 28) (Figure 1F).
Frontiers in Immunology 05
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Frequency of CD4+ and CD8+ central
and effector memory T cells

To see the status of the Tcm cells and Tem cells, we

measured their frequency in both CD4+ and CD8+ T cells

(Figure 2). We found that the frequency of CD4+ Tcm cells

significantly (p = 0.0119) differed from that of the control

group, but CD4+ Tem cells did not (Figures 2A, B).

However, we observed a statistically significant (p =

0.0055) difference for CD8+ Tem cells and not for CD8+
B

C

D

E

F

A

FIGURE 1

Frequency of different immune cell types in different categories of COVID-19 patients (asymptomatic (n=18), mild (n=19), moderate (n=19), and
severe (n=16)) at different day points from the onset of infection and compared with the Healthy controls (n=19). (A) Percentage of Helper T
cells in CD3+ cells, (B) percentage of Cytotoxic T cells in CD3+ cells, (C) percentage of Follicular Helper T cells in CD4+ cells. In plots (D-E)
symptomatic and asymptomatic COVID-19 patients are compared for (D) MAIT cells as a percentage of CD8+ cells, (E) CD69+ activated MAIT
cells (healthy (n=11), asymptomatic (n=10), symptomatic (n=12) patients). (F) Percentage of Natural Killer (NK) cells (healthy (n=13),
asymptomatic (n=11), symptomatic (n=16) patients). Bars represent the mean value with the Standard Error of Mean. Statistical comparisons
were done (D-F) using a two-tail Mann-Whitney test. *p <0.05; **p <0.01; ns, non-significant.
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Tcm cells, when compared with the healthy control group

(Figures 2C, D).
Cell recovery tends to decrease after
thawing for severe patients

While we thawed cryopreserved PBMCs for AIM assays, we

observed a very low count of PBMCs on Day 1 in the case of

severe COVID-19 patients compared to healthy patients and

other categories. This trend remained the same after overnight

resting at 37°C in the CO2 incubator. Therefore, we plotted the

values and found a significant decrease in recovery of the PBMCs

in severe patients compared to healthy controls (Supplementary

Figure 4A). Recovery after thawing from Day 1 PBMCs of

unexposed, healthy, asymptomatic, and dead participants

showed no significant differences. This scenario led us to

analyze the number of PBMCs per ml of the blood of these

samples before cryopreservation, and we again found

significantly less number of PBMCs from Day 1 samples of

severe cases compared to healthy controls (Supplementary

Figure 4C). PBMCs on Day 28 from the different patient

groups did not show any remarkable difference in the case of
Frontiers in Immunology 06
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the percentages of recovery and number of PBMCs per ml of

blood (Supplementary Figures 4B, D).
SARS-CoV-2-specific CD4+ T-cell
responses in severe COVID-19 patients

To explore the T cells primed for anti-viral immune response,

we evaluated the SARS-CoV-2 specific CD4+ T cells in the TCR-

dependent AIM assay in COVID-19 patients of different disease

severity. We found that AIM+ (OX40+CD137+) CD4+ T cells

showed a significant increase over the DMSO control in response

to both peptide MP spanning the spike domain (spike) and the

MP covering the remainder of the SARS-CoV-2 genome (non-

spike) (Figures 3A, B). When compared with the unexposed

response to OX40+CD137+ of recovered severe patients (Day

28), we found statistically significant differences for spike (p =

0.002), but not for non-spike MPs (Figure 4B). Again, both SARS-

CoV-2 spike and non-spike reactive AIM+ (OX40+CD40L+)

CD4+ T cells also showed a significant increase over DMSO

control (Supplementary Figure 5). Similarly, CMV MP and

PHA were also used as positive controls. Notably, SI was also

found to be significantly higher for both spike (p = 0.0007) and
B

C D

A

FIGURE 2

Frequency of Memory T cell subtypes in different categories of COVID-19 patients (asymptomatic (n=18), mild (n=19), moderate (n=19), and
severe (n=18)) at different day points from the onset of infection and compared with the Healthy controls. (A) CD4+ Central Memory T cells, (B)
CD4+ Effector Memory T cells, (C) CD8+ Central Memory T cells, and (D) CD8+ Effector Memory T cells. One-way ANOVA was performed for
each of the plots to compare differences of each column with corresponding Healthy control data.
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non-spike (p = 0.0054) MPs in response to this (OX40+CD40L+)

AIM panel in severe COVID-19 patients compared to the

unexposed participants (Figure 4A). In the case of both AIM

panels, the unexposed donors consistently responded to the CMV

peptide MP and the PHA superantigen significantly over the

DMSO control (Supplementary Figure 5A, B). Therefore,

according to data, severe COVID-19 patients consistently had a

substantial CD4+ T-cell response against SARS-CoV-2 after 1

month from the onset of the infection.
SARS-CoV-2-specific CD8+ T-cell
responses in severe COVID-19 patients

To measure the SARS-CoV-2 specific CD8+ T cells in

unexposed and severe COVID-19 patients, we used CD8-A

and CD8-B peptide MPs where the whole virus proteome was

split between these groups of MPs. Though both unexposed and
Frontiers in Immunology 07
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COVID-19 patients responded consistently to CMV and PHA,

they did not respond to CD8-A and CD8-B MPs substantially

(Supplementary Figure 6A, B). When we combined the SI for

CD8-A and CD8-B MPs, we obtained a somewhat higher AIM+

(CD137+CD69+) CD8+ T-cell response, but it was not

statistically significant (Figure 4C). In essence, when

comparing the recovered severe COVID-19 patients to the

unexposed participants, antigen-specific T-cell studies revealed

a predominant role of CD4+ T cells over CD8+ T cells.
SARS-CoV-2-specific CD4+ and CD8+ T-
cell response in patients who
had expired

We compared the AIM assay in COVID-19 patients who

expired on different days after the onset of symptoms. Very high

levels of CD4+ AIMs (OX40+137+ and OX40+CD40L+) were
B

A

FIGURE 3

(A) Representative plot for Fluorescence-activated cell sorting (FACS) gating for AIM+ (OX40+ CD137+) cells gated on CD4+ T cell; (B) AIM+
CD4+ T cell reactivity in unexposed control (n=10) and COVID-19 cases (n=15) between the negative control (DMSO) and different antigen-
specific stimulations (Spike, Non-spike MP, CMV, PHA). Wilcoxon matched pairs signed rank test was performed to compare between groups.
*p <0.05; **p <0.01; ***p < 0.001; ****p < 0.0001; ns: non-significant.
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observed on Day 7 and Day 14 after the onset of symptoms to

spike and non-spike proteins. Similarly, we observed that CD8+

AIMs (CD137+CD69+) were also upregulated on Day 7 after the

onset of symptoms (Figures 4D-F). In addition, we used one-way

ANOVA to see the differences in response to spike and non-

spike MPs among respective groups of day points. The mean of

SI given by samples taken on the last visit before their death for

all 10 expired patients showed no significant differences with the

responses found in individual day points. This result indicated

that deceased patients generally had a very high antigen-specific

T-cell response before death and looked similar when compared

in combination as well as individually at different day points

since infection.
AIM+ T-cell response to spike generated
over time

To investigate the periodic scenario of the COVID-19

disease condition from every category, we performed the AIM
Frontiers in Immunology 08
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assay for all categories as well as for healthy controls in the

presence of both spike and non-spike MPs. When we compared

the SI against spike MPs by paired analysis between Day 1 and

Day 28 of infection, we found that every category responded

significantly for AIM+ (OX40+CD40L+) CD4+ T cells (Figure 5).

This conveys the message that the T-cell response was

augmented due to the COVID-19 infection over time. Though

the AIM+ T-cell response looked somewhat elevated in every

case for Day 28, it was not statistically significant for either non-

spike MPs or another AIM panel (OX40+CD137+).
Activation of follicular helper T cells due
to COVID-19

To determine the role of Tfh cells in recovered severe

COVID-19, we performed the same stimulation experiment

utilizing both spike and non-spike MPs and analyzed the

cultured cells by flow cytometry using two different activation

markers. We found that the frequency of CXCR5+CD40L+ cells
B C

D E F

A

FIGURE 4

Antigen specific response to different CD4+ and CD8+ AIM markers. (A-C) AIM expression in Unexposed (n=10) & COVID-19 participants (n=15).
Stimulation Index (SI) quantitation of the AIM+ T cells after stimulation with CD4-nCOV-Spike, Non-spike (CD4-nCOV-all MP), and the class I
CD8 peptide MPs (CD8-A and CD8-B). COVID-19 patient samples are collected after one month (day 28) after infection. (D-F) AIM expression
in “Expired” participants. The left column (purple) shows SI of expired participants (n=10) from samples collected immediate visit before their
death. Ordinary one-way ANOVA (with Tukey’s multiple comparison test) was done to compare the groups (for D-F). The figure shows the
mean SI with error bars representing standard errors of the means (mean ± SEM). Statistical comparisons were performed by a two-tail Mann-
Whitney test (for A-C). **p<0.01; ***p<0.001; ns: non-significant.
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tends to increase significantly (p < 0.05 for both spike and non-

spike), while CXCR5+PD1+ helper T cells tend to decrease,

though not significantly, after 1 month of infection (Figure 6).

These data suggest the possibility of the role played by Tfh cells

against SARS-CoV-2.
Discussion

Understanding of adaptive immunity to COVID-19 has

increased but remains limited and unclear, especially in acute

and convalescence COVID-19 patients. As the study was

exploratory, the antigen-specific antibody and T-cell data

suggest the following conditions: i) AIMs may limit COVID-

19 severity; ii) with prominent roles, SARS-CoV-2-specific

helper T cells are associated with less COVID-19 severity (19);

iii) aging and lack of naive T cell number are possibly linked to

the unsuccessful synchronized AIM responses that result in

increased vulnerability to severe COVID-19. These findings

have significant involvement both to understand immunity

and pathology to novel coronavirus and in designing an

effective COVID-19 vaccine. Moreover, cellular immunity

mediated by T cells (20, 21) and memory B cells (22, 23) plays

a crucial role in the resolution of SARS-CoV-2 infections.

Initially, for the development of vaccines against COVID-19,

most of the focus was given to the role of neutralizing antibodies.

Nonetheless, evidence suggests that neutralizing capabilities

were lost both over time and in response to new variants. All

the evidence gathered so far suggests that for durable and broad

protection from old infections or by a vaccine, T cells can play a

better role (4, 24–26). Considering the continuous generation of

new variants of SARS-CoV-2, T cell-based immunity should be

the focus of immune surveillance as well as vaccine development.

This is because it was found that 70% to 80% of the CD4+ and

CD8+ T cell epitopes in the spike protein were not affected by

Omicron mutations, and immune responses generated by T cells

were mostly preserved (27). The current study can provide some

valuable insight regarding T-cell immunity because among

different cellular assays, AIM approaches can provide a more

in-depth characterization of antigen-specific T cells and

their subtypes.

In our earlier reports, we presented clinical, genomic, and

humoral antibody responses to COVID-19 (28–30). This is the

first longitudinal study in Bangladesh that has been carried out

to evaluate the adaptive T-cell immune responses in patients

with differing levels of severity of illness after SARS-CoV-2

infection. Bangladesh is similar to other countries globally

regarding age, gender, and comorbid conditions (31, 32).

However, the death rate due to COVID-19 is low in

Bangladesh, as the demographic characteristics of our

population are different compared to those of other countries,

and the elderly population (>50 years) is only 10%–15% (33).
Frontiers in Immunology 09
165
Therefore, this study is particularly important for a population

of similar demographic criteria. Again, when the current study

samples were collected in Dhaka city (November 2020 to July

2021), multiple variants of SARS-CoV-2 were prevalent, for

example, the Wuhan-like variant (up to February 2021), the

B.1.1.7 (Alpha) variant from the UK (during the first half of

March 2021), the B.1.351 (Beta) variant from South Africa (from

March to May 2021), and the B.1.617 (Delta) variant from India

(starting from June 2021) (34). Consequently, the T-cell

response data presented in our study do not represent any

particular variant of SARS-CoV-2 but rather reflect an overall

immunity present in the population. This can be considered

another strength of the study. However, we did not confirm this

diversity of prevalent variants by genotyping the virus from each

participant. Hence, there is a lack of proof behind our

assumption and a limitation of the study.

We used two different types of controls, namely, pre-

pandemic controls (unexposed to SARS-CoV-2) and healthy

controls (collected during the pandemic). The reason behind

using these two types of controls was to see any cross-reactive T-

cell responses from pre-pandemic cells for SARS-CoV-2, to

evaluate SARS-CoV-2 antigen-specific T-cell response, and to

compare with COVID-19 patient groups. When we compared

the T-cell response of healthy controls with that of the cells

preserved from the pre-pandemic time point, there was no

significant difference in reactivity to SARS-CoV-2 MPs

(Figure 5). Thus, it was important to take two types of

controls to make our data more credible. Moreover, our data

also suggest that either our control groups were equally

protected by cross-reactive immunity, as suggested by the

literature (24, 35, 36), or both groups were unexposed to

seasonal coronaviruses. As we did not evaluate any cross-

reactive immunity of our samples, it cannot be confirmed.

Furthermore, we could not use pre-pandemic control in the

phenotyping analysis of different immune cells, because we had

limited amounts of cryopreserved PBMCs. Along with this

limitation, the current study has analyzed a small number of

samples for the AIM assay in each severity patient group (n = 5/6

for asymptomatic, mild, moderate, and n = 15 for severe) due to

high cost, extensive labor, and longer time. Moreover, due to the

small sample size in each disease category, it was not possible to

conduct any variant-specific AIM assay. Therefore, in the

current manuscript, we combined the COVID-19-infected

participants (Figures 1D–F, 4 and 6) and reported the data in

general, although the outcome might be different if the analyses

were performed based on different variants. However, in this

study, this was out of the scope and a limitation of the study. A

further in-depth study needs to be carried out for understanding

variant-specific B- and T-cell immune responses, and we can

follow such kinds of analyses in the future. A potential bias may

come from flow cytometric data acquisition when control and

case samples are stained and run in the cytometer through
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FIGURE 5

AIM expression in different categories of COVID-19 patients (asymptomatic (n=5), mild (n=5), moderate (n=6), and Severe (n=6)) immediately
after infection (Day1) and after one month of infection (Day 28) and compared with both unexposed (n=10) and healthy (n=9) controls. (A)
Stimulation of AIM+ (OX40+ CD40L+ and OX40+ CD137+) CD4+ T cells in response to Spike antigen; (B) Stimulation of AIM+ (OX40+ CD40L+
and OX40+ CD137+) CD4+ T cells in response to non-spike megapool peptides; (C) Stimulation of AIM+ (CD137+ CD69+) CD8+ T cells in
response to CD8-A and CD8-B megapool peptides. Paired t test is done to compare statistically groups. *p<0.05; **p<0.01; ns: non-significant.
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separate experiments spanning several months. For this study,

the AIM assay was performed with case and control samples in a

few combined experiments, but phenotyping of fresh PBMCs

was performed separately on the day of collection. This had the

potential to generate some errors in data; however, we used all

kinds of compensation and fluorochrome controls to minimize

any unwanted bias among data.

In this study, we investigated the general frequency of T-

cell subtypes as well as antigen-specific T-cell responses in

different categories of patients based on severity and have

compared the responses with those of two different types of

control groups—a pre-pandemic control group (referred to as

unexposed controls) and healthy control group. One of the

most interesting findings from the frequency of T-cell subtype

analysis is that MAIT cells were found to decrease in the blood

of symptomatic patients (mild, moderate, and severe)

compared to asymptomatic patients during the initial days of

infection (Figure 1D). MAIT cells are innate-like T cells that

are supposed to protect during mucosal and viral infections.

The reduction of MAIT cell frequency in symptomatic patients

suggests that these MAIT cells might provide significant

protection during COVID-19 infections. Some other groups

have also found similar results including the fact that these

changes in MAIT cell frequency positively correlate with the

activation of some other innate cells, proinflammatory

cytokines, interleukin (IL)-18, with the severity of the

disease, and mortality due to COVID-19 (37, 38).
Frontiers in Immunology 11
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Among other peripheral immune cells, the frequency of NK

cells remained quite higher in symptomatic patients compared

to both asymptomatic patients and healthy controls

subsequently after infection (Figure 1F). NK cells are innate

effector lymphocytes that can directly target and kill infected

cells and can influence adaptive T-cell responses. Thus, our data

suggest that NK cells rapidly respond during the acute phase of

infections and might also contribute to the immunopathology of

symptomatic patients. An initial study by Maucourant et al.

characterized NK cells in patients with moderate or severe

COVID-19, which supports our findings (39). A more recent

study suggested that viral clearance, antibody response, and

disease progression correlate with NK cell status in patients

with COVID-19 (40). They have also suggested that NK cell

dysfunction is linked with increased susceptibility to COVID-19

and plays a key role in the switch from effective to harmful

immune responses against SARS-CoV-2. However, our

understanding of NK cells in the pathogenesis of COVID-19

remains elusive, which demands further investigation.

This study demonstrates the presence of robust antigen-

specific CD4+ T-cell responses specific for SARS-CoV-2 in the

PBMCs of severe COVID-19 patients. Higher viral loads may

develop stronger SARS-CoV-2 specific T-cell responses among

patients who had severe disease and may reflect a poor early T-cell

response that might be inadequate to clear/control the virus.

Consistent with current findings (4), a high frequency of helper

T-cell responses specific to spike protein was observed in
BA

FIGURE 6

Activation of Follicular Helper T cells (Tfh) in unexposed controls (n= 10)& severe COVID-19 patients (n=15). Samples were collected after one
month (Day 28) of infection and response was observed for stimulation by both Spike and Non-spike antigens. (A) Frequency of CXCR5+ PD1+
cells in helper T cells; (B) Frequency of CXCR5+ CD40L+ cells in helper T cells. Statistical comparisons were done using a two-tail Mann-
Whitney test. *p<0.05; ns: non-significant.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.929849
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bhuiyan et al. 10.3389/fimmu.2022.929849
recovered COVID-19 patients. This is much like influenza

infection, where surface hemagglutinin of the virus elicited

helper T-cell responses, whereas the greater part of cytotoxic T-

cell responses was found specific to viral internal proteins (41).

Antigen-specific CD8+ T cells recognize and kill host cells already

infected by the virus, and according to our results, they became

exhausted after 1 month of infection, which corresponds to an

earlier study (42). However, the reduction of frequency of CD8+ T

cells at Day 1 in fresh PBMCs of severe patients, not others,

compared to CD4+ T cells indicates that the presence of CD8+ T

cells helps to clear initial viral loads, which also corresponds to a

previous study (43). Interestingly, CD4+ AIM response between

Day 1 and Day 28 in asymptomatic patients was more significant

than in all other symptomatic patients (Figure 5A). This suggests

that a strong T-cell response must have protected them from

being sick or developing symptoms.

Understanding the roles, timing, and strength of different

subsets of T cells in the protection of SARS-CoV-2 is crucial for

the prevention and treatment of a COVID-19 infection. By that

time, several vaccines are available andWHO-approved globally,

and different countries including Bangladesh are administrating

vaccines in the population and trying to increase the coverage

rate as much as possible. The current COVID-19 infection is

more challenging than prophylaxis. The data presented here

suggest that SARS-CoV-2-specific CD4+ T cells have an

association with resolving acute COVID-19 infection. These

findings suggest that the introduction of a vaccine can elicit

both helper and cytotoxic T cells specific to SARS-CoV-2, along

with protective neutralizing antibodies, and thus may generate

immunity to provide an adaptive antiviral immune response in

SARS-CoV-2 infection. However, further understanding is

required to determine adaptive T-cell immune responses in

current vaccines simultaneously and correlate the responses

with natural infection. By studying antigen-specific T cells, we

can monitor the development of crucial immunological

responses. As the helper T-cell responses are significantly

diverse, detection of antigen-specific helper T cells with the

production of one or more cytokines is likely to remarkably

miscalculate the amount of the total antigen-specific

response (44).

In the current longitudinal study, we reported that moderate

or severe disease patients had significantly higher antibody

responses to SARS-CoV-2 RBD compared to mild or

asymptomatic infection (28). In further analyses, the kinetics

of IgG antibody has shown persistence until Day 270 in

moderate and severe patients, and in contrast, mild and

asymptomatic participants’ antibodies dropped from Day 180

after the onset of COVID-19 diagnosis. The IgM antibody

responses showed transient immune responses and dropped

after Day 30 after the onset of diagnosis. Developing IgG and

IgM isotypes of antibodies by the patients suggest a key role for

CD4+ T cells in isotype switching and memory responses after a
Frontiers in Immunology 12
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COVID-19 infection (45). It has been reported earlier that the

SARS-CoV-2-specific antibodies along with SARS-CoV-2-

specific helper and cytotoxic cells persist for approximately 6–

8 months (46). In the current study, we have analyzed adaptive

T-cell responses until Day 28 after the onset of diagnosis and

showed the COVID antigen-specific T-cell responses, and

further time points can be evaluated in our future studies. All

10 individuals who expired in this longitudinal study due to the

COVID-19 infection had COVID-19-specific antibody

responses prior to death that are comparable to those of other

patients, suggesting that their humoral and adaptive immune

responses are inadequate to control and clear the infection. As

we observed higher responses on Day 7 for AIMs in deceased

patients, it may be due to more cytokine production [cytokine

storm (CS)], which was creating vulnerable immune responses

in these patients. In literature, it has been shown that CS during a

COVID-19 infection is triggered by increased production of IL-

6, IL-10, TNF-a, IFN-g, etc. (47). These can be produced by an

uncontrolled immune response, like continuous activation and

expansion of immune cells, lymphocytes, and macrophages.

Although cytokines can be produced by different immune cells

like DC, NK, and B cells, along with T cells, CS could be a reason

for obtaining high CD4+ T-cell activation a few days before the

participants’ death. There is evidence that SARS-CoV-2-specific

T cells predominantly produced proinflammatory cytokines, like

effector and T helper 1 (Th1) cytokines, as well as Th2 and Th17

cytokines (48). We can assume that after CS some days were

needed to develop severe systemic inflammation, other

complications, and organ failure, which ultimately lead to death.

In summary, we found robust CD4+ AIM responses that

were observed in COVID-19 patients, and these responses are

more in severe patients compared to asymptomatic and mild

patients. Patients with moderate and severe disease developed

higher levels of AIM responses that may help to generate good

humoral responses to clear the infection in COVID-19 patients.

Our data also suggest that T-cell response plays a key role as a

regulator of disease severity, possibly recovery from SARS-CoV-

2 infection, and consequently has the potential to be the new

focus for future vaccine design.
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SUPPLEMENTARY FIGURE 1

Representative plot and gating strategy for T cell phenotyping.

SUPPLEMENTARY FIGURE 2

Representative plot and gating strategy for Mucosa Associated Invariant T

(MAIT) cell.

SUPPLEMENTARY FIGURE 3

Representative plot and gating strategy for Activation Induced Marker
(AIM) assay.

SUPPLEMENTARY FIGURE 4

Percentages of PBMCs recovery of different disease groups (healthy
controls, n = 9; asymptomatic, n = 4; mild, n =7; moderate, n =7;

severe, n = 6; expired n = 9) after thawing at day 1 (4A) and day 28 (4B).

Number of PBMCs (in million) per mL of blood from the disease groups at
day 1 (4C) and day 28 (4D). Dunnett’s Multiple Comparison Tests were

performed in both cases to compare between groups and *p < 0.05.

SUPPLEMENTARY FIGURE 5

(A) Presentative plot for Fluorescence-activated cell sorting (FACS) gating

for AIM+ (OX40+ CD40L+) cells gated on CD4+ T cell; (B) AIM+ CD4+ T

cell reactivity in unexposed control (n=10) and COVID-19 cases (n=15)
between the negative control (DMSO) and different antigen-specific

stimulations (Spike, Non-spike MP, CMV, PHA). Wilcoxon matched-pairs
signed rank test was performed to compare between groups. *p < 0.05;

**p < 0.01; ***p < 0.001; ns: non-significant.

SUPPLEMENTARY FIGURE 6

(A) Presentative plot for Fluorescence-activated cell sorting (FACS) gating
for AIM+ (CD69+ CD137+) cells gated on CD8+ T cell; (B) AIM+ CD8+ T cell

reactivity in unexposed control (n = 10) and COVID-19 cases (n = 15)
between the negative control (DMSO) and different antigen-specific

stimulations (CD8-A MP, CD8-B MP, CMV, PHA). Wilcoxon matched-
pairs signed rank test was performed to compare between groups. *p <

0.05; **p < 0.01; ***p < 0.001; ns: non-significant.
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HLA-C dysregulation as a
possible mechanism of immune
evasion in SARS-CoV-2 and
other RNA-virus infections

Eleonora Loi1, Loredana Moi1, Paola Cabras2, Giulia Arduino2,
Giulia Costanzo3, Stefano Del Giacco3, Henry A. Erlich4,
Davide Firinu3†, Aldo Caddori2† and Patrizia Zavattari1*

1Department of Biomedical Sciences, Unit of Biology and Genetics, University of Cagliari,
Cagliari, Italy, 2Department of Internal Medicine, Hospital SS. Trinità, Cagliari, Italy, 3Department of
Medical Sciences and Public Health, University of Cagliari, Cagliari, Italy, 4Department of Genetics
and Genomics, Children’s Hospital Oakland Research Institute, Oakland, CA, United States
One of the mechanisms by which viruses can evade the host’s immune system

is to modify the host’s DNA methylation pattern. This work aims to investigate

the DNA methylation and gene expression profile of COVID-19 patients,

divided into symptomatic and asymptomatic, and healthy controls, focusing

on genes involved in the immune response. In this study, changes in the

methylome of COVID-19 patients’ upper airways cells, the first barrier against

respiratory infections and the first cells presenting viral antigens, are shown for

the first time. Our results showed alterations in the methylation pattern of

genes encoding proteins implicated in the response against pathogens, in

particular the HLA-C gene, also important for the T-cell mediated memory

response. HLA-C expression significantly decreases in COVID-19 patients,

especially in those with a more severe prognosis and without other possibly

confounding co-morbidities. Moreover, our bionformatic analysis revealed that

the identified methylation alteration overlaps with enhancers regulating HLA-C

expression, suggesting an additional mechanism exploited by SARS-CoV-2 to

inhibit this fundamental player in the host’s immune response. HLA-C could

therefore represent both a prognostic marker and an excellent therapeutic

target, also suggesting a preventive intervention that conjugate a virus-specific

antigenic stimulation with an adjuvant increasing the T-cell mediated

memory response.

KEYWORDS

COVID-19, SARS-CoV-2, DNA methylation, HLA-C, gene expression, enhancer
transcriptional regulation, symptomatic and asymptomatic COVID-19, upper

airways cells
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1 Introduction

The present study is part of a project that aimed to compare

the genomic DNA methylation profile of cells collected by

nasopharyngeal swabs from symptomatic patients with severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

infection, responsible for the coronavirus disease 2019

(COVID-19), with that of comparable samples from subjects

positive for SARS-CoV-2 but asymptomatic, from subjects

negative for SARS-CoV-2 and from individuals with a

previous SARS-CoV-2 infection. The epithelial respiratory cells

represent the first barrier between the organism and the

surrounding environment. They are known to act as antigen-

presenting cells (APCs) during respiratory viral infections (1, 2).

This study is based on previous knowledge obtained on cells

infected with another pathogenic coronavirus, such as MERS-

CoV, of alterations in the methylome of the infected host cell. In

particular, previous studies have shown that MERS-CoV targets

regions of the host cell genome that are essential to trigger an

immune response against pathogens such as bacteria and

viruses, e.g. HLA (Human Leukocyte Antigens) genes,

inhibiting them in this role and thus rendering the infected

individual incapable, or much less efficient in triggering an

effective immune response against infection (3).

HLA genes encode proteins essential in immune function

(the Major Histocompatibility Antigens), involved in the

presentation of the antigen to the immune system; they belong

to two different types: HLA class I and class II antigens. HLA/

MHC class I molecules (A, B, and C) present intracellular

antigens, such as viral or tumor antigens, to CD8 positive T

cells (cytotoxic T lymphocytes, CTLs), stimulating a cytotoxic

immune response and to natural killer (NK) cells. For example,

if the cell becomes infected with a virus, the HLA system carries

protein fragments of the virus to the surface of the cell so that it

can be destroyed by the immune system. These peptides, usually

small polymers of 9 amino acids, are produced from proteins

digested in proteasomes. CTLs can recognize HLA-peptide

complex through their T cell receptor.

HLA/MHC class II (DP, DM, DOA, DOB, DQ and DR)

present extracellular antigens, to CD4 lymphocytes, inducing a

helper T cell response which consists of supporting the activation of

CD8 lymphocytes and establishing long-term memory. In addition,

helper T lymphocytes support the production by B lymphocytes of

neutralizing antibodies against the specific antigen.

Viruses are intracellular antigens, and they can be subjected

to proteolytic digestion in the proteasome. In the endoplasmic

reticulum, these antigenic peptides bind HLA class I molecules.

However, both class I and II HLA molecules can process

intracellular and extracellular antigens. The HLA-peptide

complexes are then translocated to the cell membrane, where

class I are ubiquitously expressed, while class II are expressed by

cells specialized for antigen presentation, such as dendritic cells,

monocytes, macrophages and B lymphocytes.
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As noted above, one of the mechanisms by which viruses

modify the expression of immune-related genes in the host cell,

including HLA genes, is to induce changes in the methylation

profile of genomic DNA. DNA methylation, at cytidines

adjacent to guanosines (CpG loci), is an epigenetic mechanism

normally used in cells contributing to regulate gene expression.

Typically, a methylation status of a gene’s CpGs in the regulatory

sequences is associated with its shutdown, while the absence of

methyl groups in those regions is typically associated with active

transcription of that gene. Dysregulation of this crucial

mechanism is involved in the development and progression of

many human diseases (4), including cancer as the most

noteworthy example in which the identification of DNA

methylation alterations has also provide the definition of

clinically-relevant biomarkers (5–11). In the context of

infectious diseases, a growing body of evidence underlines its

role in their pathogenesis and in the development of chronic

diseases triggered by the modifications induced by the

pathogens (12).

Since SARS-CoV-2 belongs to coronaviruses such as SARS-

CoV-1 and MERS-CoV, we hypothesized that it may act

similarly by influencing the expression of HLA genes by

modulating their methylation profile.

Recently, the research group of Prof. Esteller conducted an

epigenome-wide association study (EWAS) to identify candidate

loci regulated by DNA methylation, potentially involved in the

onset of COVID-19 in patients without comorbidities. Among the

main findings of this study, whole blood DNA methylation

alteration was observed in genes, including HLA class I C

(HLA-C), mainly involved in the response of interferon to viral

infection (13). It is also important to consider that HLA-C, the

most recently evolved class I locus (only present in humans and

great apes (14)), although expressed on the cell surface about ten

times lower thanHLA-A and B, represents a potentially particular

target for the mechanisms put in place by viral infections, acting as

a ligand for both T cell receptors and NK cell receptors (15, 16).

More recently, Balnis and colleagues published the results of

a study in which they compared differentially methylated regions

of circulating blood DNA from hospitalized COVID-19-positive

and COVID-19-negative patients and previously reported data

from healthy individuals collected before the pandemic. The

authors also conducted an mRNA expression analysis of

immuno-related genes, showing that DNA methylation

alterations were inversely correlated with gene expression

levels, confirming a prevalence of promoter hypermethylated

profile in severe COVID-19 patients (17).

Our study investigated the levels of HLA-C expression in

upper respiratory tract cells, showing that symptomatic patients

show significantly lower levels than asymptomatic patients and

SARS-CoV-2 negative people. These results are consistent with

previous observations and contribute to our understanding of

the role that these DNA methylation alterations may play in the

pathological course of COVID-19.
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Figure 1 shows an overview of possible mechanism used by

SARS-CoV-2 to evade the host’s immune response.
2 Materials and methods

2.1 Study design and sample cohort

Enrolment of the participants took place between May

2020 and April 2021. The study workflow is summarized

in Figure 2.
2.1.1 Sample cohort for the genome-wide
methylation study

The genome-wide methylation study was performed on 13

COVID-19 patients and three healthy controls.

COVID-19 patients were recruited at “Santissima Trinità”

hospital (Cagliari, Italy). Eligibility criteria for the COVID-19

group included: at least 18 years of age, positivity to

nasopharyngeal swab for SARS-CoV-2 by PCR. Patients were

classified as symptomatic (n=8), who were hospitalized for

severe COVID-19 pneumonia (n=7) and/or showed other

COVID-19 related symptoms, and as asymptomatic (n=5).
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Healthy controls were healthcare workers from the

University Hospital “Policlinico Duilio Casula” (Monserrato,

Italy) resulted negative to screening for SARS-CoV-2.

Clinicopathological characteristics of the COVID-19

patients and relevant data of healthy controls are summarized

in Supplementary Table 1.

2.1.2 Sample cohort for the HLA-C gene
expression study

HLA-C gene expression was tested in 61 COVID-19 patients

(including the 13 patients subjected to the global DNA

methylation profiling and 48 additional patients), eight healthy

controls and eight subjects with a previous SARS-CoV-2 infection.

COVID-19 patients were enrolled at “Santissima Trinità”

(Cagliari, Italy) and “Policlinico Duilio Casula” (Monserrato,

Italy) hospitals, post-COVID-19 participants were recruited

from “Policlinico Duilio Casula”. COVID-19 patients (>18 years

old and positive for SARS-CoV-2 infection) were symptomatic

(n=45) and asymptomatic (n=8). Clinicopathological information

were not available for eight samples.

Participants were eligible as post-COVID-19 subjects if

they had a previous SARS-CoV-2 infection (5 symptomatic

and 3 asymptomatic) and resulted negative to two

consecutive (in a range of 2-3 days) SARS-CoV-2 screening
FIGURE 1

Schematic overview of the possible mechanism used by SARS-CoV-2 to downregulate HLA-C and evade the host’s immune response. Created
with BioRender.com.
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tests by PCR. Of note, one subject was analysed before SARS-

CoV-2 infection (T0) and at two time points post

asymptomatic COVID-19: T1, coincident with the date of

the first negative swab (last day of treatment with

hydroxychloroquine) and T2, 18 days after.

SARS-CoV-2 test negative participants were healthcare

workers from “Policlinico Duilio Casula”.

Supplementary Table 1 reports clinicopathological

characteristics of the COVID-19 patients and relevant data of

post-COVID-19 and healthy subjects.

A further analysis was conducted by applying the same

criteria applied in Castro de Moura et al. work (13) to exclude

patients with age > 61 years and comorbidities (including

obesity, diabetes, hypertension, autoimmune disorders, and

chronic cardiovascular or lung diseases).
2.2 Sample collection and processing

Nasopharyngeal swabs were collected from the participants

and immediately stored in a tube with TRIzol reagent (Thermo

Fisher Scientific, Waltham, Massachusetts, USA).
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2.2.1 DNA and RNA extraction
and quantification

After removing the swab, taking care to carefully squeeze all

the mucus soaked in it, chloroform is added to TRIzol. After

homogenization, different phases are separated: a clear upper

aqueous layer (containing RNA), an interphase, and a lower

organic layer (containing the DNA and proteins). The addition

of isopropanol to the aqueous phase allows for the isolation of

RNA by precipitation. Adding ethanol to the interphase/organic

layer allows DNA to precipitate. The addition of isopropanol to

the phenol-ethanol supernatant allows the proteins to

precipitate. After washing to remove any impurities, DNA,

RNA and proteins are resuspended in aqueous solutions and

used for molecular investigations.

DNA and RNA concentration was quantified by UV

spectrophotometry (NanoPhotometer™ Pearl, Implen) and by

fluorometric reading (Quant-iT™ PicoGreen® dsDNA Assay

Kit; Quant-iT RiboGreen RNA Kit).

2.2.2 Bisulfite conversion
DNA samples were treated with sodium bisulfite using EZ

DNA Methylation Gold Kit (Zymo Research).
FIGURE 2

Study design, workflow and main results. The upper part describes the sample cohort used for the genome-wide methylation and HLA-C gene
expression analyses. Below, workflow and main results are summarized. Created with BioRender.com.
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2.2.3 Whole-genome methylation assay
Bisulfite converted samples were shipped to the “Italian

Institute for Genomic Medicine” (Candiolo, Italy) and subjected

to DNA methylation analysis using the Illumina Infinium

MethylationEPIC BeadChips, which interrogate >850,000 loci.

Following a rigorous quality control of the post-analysis data,

the company communicated that all the samples analysed passed

this control. Raw data were transmitted to the research group

by Wetransfer.

2.2.4 Gene expression assay
Reverse transcription of 1 mg (with the exception of few cases

with limited RNA amount) of RNA to cDNA was performed

using the High-Capacity Kit (Applied Biosystems, Carlsbad, CA,

USA). Gene expression analysis of HLA-C (Hs03044135_m1)

and GAPDH (Hs03929097_g1), used as endogenous gene, was

performed by TaqMan Gene Expression Assays (FAM-MGB)

(Thermo Fisher Scientific, Waltham, Massachusetts, USA). The

assays were conducted in triplicate and the experiment was

conducted on a DNA Engine Opticon 2 Real-Time Cycler (Bio-

Rad, Hercules, CA, USA) using the following PCR conditions:

initial activation 95°C for 10 minutes, 50 cycles of denaturation

at 95°C for 15 seconds and annealing/extension at 60°C for

1 minute.
2.3 Genome-wide methylation
data analysis

Raw DNA methylation data (idat files) were analysed using

RnBeads (18, 19) installed in R environment. RnBeads workflow

consists in: quality control, filtering and normalization, export of

processed data, exploratory analysis and differential DNA

methylation analysis. The background was subtracted using the

methylumi package (method “enmix.oob”) (20). The methylation

b values were normalized using the BMIQ normalization method

(21). The differential methylation analysis was performed based

on two comparisons: COVID-19 vs controls and asymptomatic vs

symptomatic COVID-19 patients.

CGIs were annotated to the nearest genes and transcripts

using R annotation package FDb.InfiniumMethylation.hg19 (22).

We focused our attention on differentially methylated CpG

islands (CGI) (comb.pval < 0.05 and/or Db > 0.05 indicating

hypermethylated CGI or Db < -0.05, indicating hypomethylated

CGI) associated with immunologically relevant genes. The list of

genes curated with functions and Gene Ontology terms was

retrieved from Immport.org. The categories included: Antigen

Processing and Presentation (148 genes), Antimicrobials (535

genes), BCR Signaling Pathway (272 genes), Chemokine

Receptors (53 genes), Chemokines (102 genes), Cytokine

Receptors (307 genes), Cytokines (456 genes), Interferon

Receptor (3 genes), Interferons (17 genes), Interleukins (47

genes), Interleukins Receptor (42 genes), Natural Killer Cell
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Cytotoxicity (134 genes), TCR signaling Pathway (291 genes),

TGFb Family Member (33 genes), TGFb Family Member

Receptor (12 genes), TNF Family Members (12 genes), TNF

Family Members Receptors (19 genes).

For HLA-C gene, the analysis was also conducted at the CpG

site level.
2.4 Validation dataset

Processed Illumina EPIC methylation data of bisulfite

converted DNA from whole blood of 102 COVID-19 patients

and 26 non-COVID-19 patients (17) were retrieved from the

NCBI Gene Expression Omnibus (GEO) Portal under the

accession number GSE174818. Data were downloaded using

the Bioconductor package “GEOquery” (23).
2.5 Bioinformatic enhancer analysis

We consulted HACER database (http://bioinfo.vanderbilt.

edu/AE/HACER/index.html) to investigate the potential

presence of integrated enhancers associated with HLA-C gene.
2.6 Statistics

2.6.1 DNA methylation data
As reported above, DNA methylation data were analysed

using RnBeads (18, 19). This tool performs the differential

methylation analysis with hierarchical linear models as

implemented in the limma package (24). Gender and age data

were used as covariate for adjusting p-values in the limma

differential methylation analysis. RnBeads computes p-values

for all covered CpG sites. The uncorrected CpG-level p-values

are then combined at the level of predefined genomic regions

using a generalization of Fisher’s method (25). Aggregate p-

values are subjected to multiple-testing correction using

Bonferroni-Benjamini false discovery rate (FDR).

2.6.2 Gene expression data
Gene expression data were analysed by the DDCt method

(26). Statistics was calculated using Welch’s t-test considering

the average DCt for each tested group.
2.7 Ethics statement

The study was conducted in accordance with the Declaration

of Helsinki, and the protocol was approved by the Ethics

Committee of “ATS Sardegna” (224/2020/CE). All the

analysed biological samples were obtained with written

informed consent from participants prior to inclusion in

the study.
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3 Results

We performed a whole genome methylation profiling of 13

COVID-19 patients, divided into asymptomatic and

symptomatic patients, and three healthy controls.
3.1 DNA methylation alterations
of immune-related genes in
COVID-19 patients

Based on the knowledge that the infection of other

coronaviruses is associated with DNA methylation alteration

of genes involved in the generation of immune responses against

viruses and bacteria, we focused our attention on CGIs

associated with immunologically relevant genes belonging to

the categories reported in Table 1. The table shows the number

of differentially methylated CGIs according to different criteria.

The comparison between COVID-19 and control samples

did not reveal alterations in these categories: Interferon

Receptor, Interferons, TGFb Family Member Receptor, TNF

Family Members and TNF Family Members Receptors. The

most affected categories resulted: Cytokine Receptors (20%),
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Antimicrobials (19%), and Cytokines (16%) (Figure 3A). Of

note, most differentially methylated CGIs were hypomethylated.

In the differential methylation analysis between

asymptomatic and symptomatic patients, no alterations were

detected in Interferon Receptor, Interferons, Interleukins

Receptor, Interleukins, TGFb Family Member, TNF Family

Member. The most affected categories were: Antimicrobials

(24%), Cytokine Receptors (23%) and Cytokines (17%)

(Figure 3B). The majority of DNA methylation alterations

were hypermethylation events.
3.2 DNA methylation alteration of HLA-C
in COVID-19 patients

It has been previously hypothesized that other coronaviruses

such as SARS-CoV-1 and MERS-CoV affect the methylation

pattern of HLA genes (3). Recently, a large epigenome-wide

study of 407 COVID-19 patients has shown that methylation

alteration of two CpG loci (cg08309069 and cg05030953) was

negatively associated with the clinical severity of the disease.

The DNA methylation analysis of immune-related genes has

pointed out a CGI (chr6:31276242-31276526) associated withHLA-
TABLE 1 Differentially methylated CpG islands in COVID-19 patients vs controls and asymptomatic vs symptomatic COVID-19 patients.

COVID-19 vs controls Asymptomatic vs symptomatic

Category Comb.p.val <0.05 Db ≥
0.05

Db ≤
-0.05

Comb.p.val <0.05 Db ≥
0.05

Db ≤
-0.05

Antigen Processing and
Presentation

2 (hypomethylated) 1 7 0 2 1

Antimicrobials 5 (hypomethylated) 16 15 6 (hypermethylated) 11 5

BCR Signaling Pathway 2 (hypomethylated) 3 12 1 (hypermethylated) 2 4

Chemokine Receptors 0 0 2 1 (hypermethylated) 1 1

Chemokines 1 (hypomethylated) 3 2 2 (hypermethylated) 3 1

Cytokine Receptors 3 (hypomethylated) 20 15 8 (7 hypermethylated and 1
hypomethylated)

10 3

Cytokines 4 (hypomethylated) 9 17 3 (hypermethylated) 7 6

Interferon Receptor 0 0 0 0 0 0

Interferons 0 0 0 0 0 0

Interleukins Receptor 0 1 1 0 0 0

Interleukins 1 (hypomethylated) 0 1 0 0 0

Natural Killer Cell Cytotoxicity 4 (3 hypomethylated and 1
hypermethylated)

4 15 2 (hypermethylated) 3 2

TCR signaling Pathway 2 (hypomethylated) 2 13 1 (hypermethylated) 2 2

TGFb Family Member
Receptor

0 0 0 1 (hypermethylated) 0 0

TGFb Family Member 0 2 3 0 0 0

TNF Family Members 0 0 0 0 0 0

TNF Family Members
Receptors

0 0 0 0 1 0

Total number of alterations 24 61 103 25 42 25
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FIGURE 3

Immune related gene categories affected by DNA methylation alterations. (A) Pie chart showing the percentage of DNA methylation alterations
in COVID-19 patients vs controls. (B) Pie chart showing the percentage of DNA methylation alterations in COVID-19 asymptomatic vs
symptomatic patients.
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C that was hypermethylated (Db=0.05) in COVID-19 patients

compared to controls (Table 2, Figure 4A). We carried out a

comprehensive analysis of all CpG sites associated with HLA-C

gene (Table 2, Figures 4A, B). It should be noted that from both

the case-control and symptomatic-asymptomatic differential

methylation analyses, no CGI associated with the transcription

start site of the HLA-A and HLA-B genes was significantly altered

(Supplementary Figures 1A, B).

The results confirmed hypomethylation of the two CpG sites

reported by Castro de Moura et al. (13) in symptomatic patients

compared to asymptomatic ones but also in COVID-19 patients

compared to controls (Table 2 andFigure 4B).Hypomethylationwas

also extended to adjacent CpG sites in the S-shore of CGI located at

chr6:31238852-31240120 (average Db= |0.14| and average Db= |

0.10|, respectively in the differential methylation analyses between

COVID-19 patients vs controls and asymptomatic vs symptomatic

patients) (Table 2 and Figures 4A, B). COVID-19 patients also

displayed hypomethylation of the N-shore region of the same CGI

(average Db= |0.09|), while the CGI itself was not differentially

methylated (Table 2 and Figures 4A, B).

Of note cg13273236 was not differentially methylated

between COVID-19 patients and controls but hypermethylated

in symptomatic patients (Table 2 and Figure 4A, B) as well as the

region between the S-shore of CGI at chr6:31238852-31240120

and the altered CGI at chr6:31276241-31276526.

3.2.1 Validation in a publicly available dataset
In order to validate our results, we analysed GSE174818 dataset

including methylation data from whole blood samples of 102

COVID-19 patients and 26 non-COVID-19 subjects (17). As

evident from Figure 4C, we observed a similar methylation pattern

throughoutHLA-C gene although with less pronounced alterations.
3.3 HLA-C downregulation in
COVID-19 patients

Transcript expression of HLA-C was evaluated in 61

COVID-19 patients, eight post-COVID-19 subjects and eight

controls with no previous infection of SARS-CoV-2.

A statistically significant downregulation (p-value < 0.0001)

was observed in COVID-19 patients compared to controls. Of

note, post-COVID-19 subjects showed intermediate transcript

levels between COVID-19 patients (p-value < 0.0001) and controls

(p-value < 0.0001) (Figure 5A). In order to eliminate potential

confounding factors that can affect HLA-C gene expression, we

applied the same criteria of Castro de Moura et al. (13) as

described in Materials and Methods. The reduction of HLA-C

transcript levels was even more pronounced (p-value < 0.0001) in

this restricted sample group (n=18) (Figure 5B).

We also investigated whether HLA-C expression could be

correlated with COVID-19 severity. For this analysis, samples

with missing clinical information were excluded. Indeed, the
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symptomatic group of patients (n=45) displayed statistically

significant lower expression levels (p-value < 0.0001) than the

asymptomatic (n=8) group (Figure 5C), that displayed a similar

expression to post-COVID-19 subjects. Overall, both

symptomatic and asymptomatic COVID-19 patients showed

lower HLA-C expression than controls (p-value < 0.0001).

Notably, among the symptomatic group, one patient, also

analysed in the methylation study, was paucisymptomatic and

actually displayed methylation and expression patterns more

similar to asymptomatic patients and for this reason was finally

considered in this group in the expression analysis.

Finally, we explored HLA-C expression in one subject at

three different time points (Figure 5D): T0 before SARS-CoV-2

infection and T1 and T2 after COVID-19 recovery (both at a

clinical point of view and negative to SARS-CoV-2 test), the last

day of hydroxychloroquine treatment (T1) and 18 days after

treatment (T2). A statistically significant decrease of HLA-C

levels (p-value=0.027) was observed at T1 compared to T0,

followed by statistically significant increase at T2 to levels even

higher than T0 (p-value= 0.011).
3.4 Potential enhancers regulating
HLA-C expression

By consulting the HACER database, we found several

integrated enhancers associated with this gene (Figure 6A).

Interestingly, CGI chr6:31276241-31276526 (Db=0.05 in

COVID-19 patients vs controls) overlaps with an integrated

enhancer (chr6:31260493-31279454) (Figure 6B). Moreover, the

analysis showed that the enhancers (AE_hg19_GM12878-

ENCODE_504492 and AE_hg19_GM12878_21928) located at

chr6:31275830-31276119 and chr6:31274921-31278342 (sub-

regions of the integrated enhancer at chr6:31260493-

31279454) in GM12878 (B-lymphocyte) cell line are bound by

NFYB (among other transcription factors: EBF1, PBX3 and SP1)

and regulates HLA-C, among others but the only HLA-class I

gene targeted.

Moreover, part of the S-shore region of CGI chr6:31238852-

31240120 altered in our work and in Castro de Moura et al. (13),

belongs to an associated enhancer chr6:31240851-31241006,

proximal to HLA-C gene (Figure 6C).

Figure 6D describes a hypothetic mechanism of HLA-C

regulation by an enhancer.
4 Discussion

This study takes start from an EWAS analysis conducted on

nasopharyngeal swab samples of a small group of 13 COVID-19

patients and three controls. As far as we know, this is the only

methylome study performed to date on upper airway cells of

COVID-19 patients, the first cells interested in the infection
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TABLE 2 DNA methylation analysis in CpG sites associated with HLA-C gene in COVID-19 patients vs controls and asymptomatic vs symptomatic
COVID-19 patients.

ID Chromosome Start CGI Relation to Island Db COVID-19 patients
vs controls

Db Asymptomatic
vs symptomatic

cg09556042 chr6 31237013 chr6:31238852-31240120 N_Shore -0.11 -0.01

cg11917734 chr6 31237029 chr6:31238852-31240120 N_Shore -0.05 -0.02

cg11574174 chr6 31237034 chr6:31238852-31240120 N_Shore -0.14 0.00

cg24710520 chr6 31237199 chr6:31238852-31240120 N_Shore -0.16 0.10

cg01521131 chr6 31237664 chr6:31238852-31240120 N_Shore -0.05 0.04

cg11867651 chr6 31237722 chr6:31238852-31240120 N_Shore -0.12 0.06

cg11247343 chr6 31237824 chr6:31238852-31240120 N_Shore -0.02 0.02

cg25149637 chr6 31238020 chr6:31238852-31240120 N_Shore -0.06 0.08

cg13872627 chr6 31238036 chr6:31238852-31240120 N_Shore -0.12 0.02

cg18511546 chr6 31238388 chr6:31238852-31240120 N_Shore -0.06 0.01

cg26392102 chr6 31238751 chr6:31238852-31240120 N_Shore -0.07 0.00

cg17096289 chr6 31238788 chr6:31238852-31240120 N_Shore -0.13 -0.07

cg01230067 chr6 31239063 chr6:31238852-31240120 Island -0.03 0.00

cg15397231 chr6 31239074 chr6:31238852-31240120 Island -0.02 0.00

cg12965927 chr6 31239093 chr6:31238852-31240120 Island 0.00 0.00

cg18919024 chr6 31239133 chr6:31238852-31240120 Island 0.01 0.00

cg26128383 chr6 31239158 chr6:31238852-31240120 Island -0.03 0.00

cg16181043 chr6 31239175 chr6:31238852-31240120 Island 0.00 0.00

cg18020334 chr6 31239243 chr6:31238852-31240120 Island 0.00 -0.01

cg18747378 chr6 31239247 chr6:31238852-31240120 Island -0.01 0.00

cg24877963 chr6 31239266 chr6:31238852-31240120 Island 0.00 0.00

cg10409680 chr6 31239320 chr6:31238852-31240120 Island 0.03 0.03

cg17974398 chr6 31239324 chr6:31238852-31240120 Island 0.01 0.01

cg05619024 chr6 31239411 chr6:31238852-31240120 Island -0.01 0.00

cg01006124 chr6 31239767 chr6:31238852-31240120 Island 0.00 0.00

cg06659144 chr6 31239939 chr6:31238852-31240120 Island 0.00 0.01

cg02827714 chr6 31240045 chr6:31238852-31240120 Island 0.01 0.00

cg27358585 chr6 31240050 chr6:31238852-31240120 Island 0.00 0.00

cg07505391 chr6 31240223 chr6:31238852-31240120 S_Shore 0.00 0.01

cg08309069* chr6 31240651 chr6:31238852-31240120 S_Shore -0.19 0.08

cg00620824 chr6 31240784 chr6:31238852-31240120 S_Shore -0.17 0.05

cg12321669 chr6 31240814 chr6:31238852-31240120 S_Shore -0.11 0.09

cg05030953* chr6 31241000 chr6:31238852-31240120 S_Shore -0.18 0.17

cg05338672 chr6 31241294 chr6:31238852-31240120 S_Shore -0.16 0.18

cg13273236 chr6 31250765 OpenSea -0.01 -0.13

cg04772476 chr6 31251137 OpenSea -0.01 0.00

cg02119909 chr6 31261260 OpenSea 0.02 -0.15

cg16265787 chr6 31262996 OpenSea 0.03 -0.03

cg03813170 chr6 31269586 OpenSea -0.07 0.07

cg25128801 chr6 31269662 OpenSea -0.08 -0.04

cg01413481 chr6 31272449 chr6:31276241-31276526 N_Shelf -0.06 -0.10

cg01830271 chr6 31275148 chr6:31276241-31276526 N_Shore 0.01 0.02

cg11794033 chr6 31275267 chr6:31276241-31276526 N_Shore 0.00 -0.02

cg03555881 chr6 31275551 chr6:31276241-31276526 N_Shore -0.04 0.00

cg25107000 chr6 31275643 chr6:31276241-31276526 N_Shore -0.08 0.03

cg14801238 chr6 31275664 chr6:31276241-31276526 N_Shore -0.01 -0.01

cg26343358 chr6 31275666 chr6:31276241-31276526 N_Shore -0.06 0.03

(Continued)
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acting as APCs during respiratory diseases, since most of the

previous research has been conducted on whole blood samples

(13, 17, 27–29).

It is important to take into account that a mechanism

observed in epithelial cells might be not evident in blood cells.

In fact, Bortolotti and colleagues demonstrated that by setting up

co-cultures of lung epithelial cells transfected with spike proteins

and NK cells, intracellular expression of S1 SARS-CoV-2 protein

in the epithelial cells reduces the activation of NK cells but this

does not happen using lymphoblastoid cultures (30). The

authors conclude that this phenomenon could explain the

observation of a break in the interplay of lung epithelial cells

and immune cells in SARS coronavirus patients, leading to an

exhausted immune response (31).

The present research is based on the findings of a study

conducted on epithelial cell cultures infected with various

pathogenic viruses that has shown that MERS-CoV inhibits

the antigen presentation by altering the epigenetic landscape

of the host cell. In particular, the results suggested that DNA

methylation, rather than histone modifications, plays a crucial

role in MERS-CoV-mediated antagonism of antigen-

presentation gene expression. Indeed, the authors observed,

after infection, hypermethylation, and down-regulation, of

genes associated with antigen presentation (3).

Despite the immense amount of scientific publications on

SARS-CoV-2 infection, it is surprising that there has not been

much attention on the expression levels of the genes of the HLA/

MHC system, whose role in the immune response makes them
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very strong candidate genes. Nevertheless, the groups that have

analyzed this aspect have generally found a reduced expression

of HLA class I and II genes in agreement with our results (30,

32–35).

In fact, class I genes characterize the cell-mediated adaptive

response, but MHC is also highly upregulated during the initial

innate immune response.

Our work confirmed the presence of significant alterations in

DNA methylation profiles between patients and controls and

between symptomatic and asymptomatic patients. As in other

published studies, although performed on different biological

matrices (upper airway cells in the present study, blood in

previous studies (13, 17)), the analysis of DNA methylation

profiles reveals that most of the alterations are hypomethylation

events and map at CGI associated with immune-related genes

(17), in particular with those belonging to antimicrobials,

cytokines and cytokines receptors categories.

Interestingly, in agreement with the results of Menachery

et al. (3), we found a differentially methylated CGI

(chr6:31276241-31276526) associated with HLA-C, a gene

belonging to antigen processing and presentation category.

Interestingly, Menachery et al. did not confirm HLA-C

alteration neither at methylation nor gene expression level in

cell lines infected by H1N1 influenza virus (3), as can also be

observed in gene expression results obtained from a patient we

examined, infected by H1N1 (data not shown). By analysing the

methylation status of the entire HLA-C region, we focused our

attention on an interesting overlap with the results obtained by
TABLE 2 Continued

ID Chromosome Start CGI Relation to Island Db COVID-19 patients
vs controls

Db Asymptomatic
vs symptomatic

cg27071793 chr6 31275718 chr6:31276241-31276526 N_Shore -0.03 0.01

cg27258561 chr6 31275767 chr6:31276241-31276526 N_Shore -0.08 0.01

cg12076350 chr6 31275791 chr6:31276241-31276526 N_Shore -0.08 0.04

cg02446475 chr6 31275807 chr6:31276241-31276526 N_Shore -0.09 0.05

cg17250082 chr6 31275875 chr6:31276241-31276526 N_Shore -0.10 0.08

cg12846737 chr6 31276088 chr6:31276241-31276526 N_Shore 0.01 0.00

cg23536255 chr6 31276105 chr6:31276241-31276526 N_Shore 0.07 -0.03

cg00648423 chr6 31276146 chr6:31276241-31276526 N_Shore 0.03 0.06

cg15225267 chr6 31276187 chr6:31276241-31276526 N_Shore 0.02 0.09

cg04953552 chr6 31276212 chr6:31276241-31276526 N_Shore -0.02 0.03

cg02145102 chr6 31276418 chr6:31276241-31276526 Island 0.06 0.01

cg05419812 chr6 31276437 chr6:31276241-31276526 Island 0.00 0.04

cg06414921 chr6 31276504 chr6:31276241-31276526 Island 0.11 0.05

cg22993154 chr6 31276653 chr6:31276241-31276526 S_Shore 0.06 0.05

cg20412244 chr6 31276664 chr6:31276241-31276526 S_Shore -0.01 0.07

cg13429614 chr6 31276667 chr6:31276241-31276526 S_Shore -0.02 0.05

cg23366493 chr6 31276669 chr6:31276241-31276526 S_Shore 0.05 0.07

cg03634778 chr6 31276797 chr6:31276241-31276526 S_Shore -0.04 -0.01
*CpG sites identified as altered in Castro de Moura et al. (13).
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A

FIGURE 4

DNA methylation profile of HLA-C regions. The upper part shows HLA-C isoforms, CpG islands and their chromosomic localization. The arrow
indicates direction of transcription (A) DNA methylation profile in the discovery dataset (upper airways) in COVID-19 patients (red line) and
controls (blue line). (B) DNA methylation profile in the discovery dataset (upper airways) in COVID-19 symptomatic (red line) and asymptomatic
patients (blue line). (C) DNA methylation profile in the validation dataset (blood) in COVID-19 patients (red line) and controls (blue line). Asterisks
indicate the altered CpG sites identified in Castro de Moura et al. (13).
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Castro de Moura et al. (13) and also validated in Balnis et al. data

(17), regarding two hypomethylated CpG loci, associated with

the clinical severity of COVID-19, in an S-shore region of a CGI

encompassing the first exons of HLA-C gene. Notably, our

results showed that this association with the clinical severity is

even accentuated and the alteration is also extended to other

CpG sites in the S-shore and N-shore region of the same CGI

(chr6:31238852-31240120), per se not altered. This observation

may be due to the different type of cells analysed suggesting a

more pronounced effect on respiratory cells, the first barrier of

defense against respiratory infections. Of note, the region

between the S-shore of this CGI and the next CGI displayed

an extended hypermethylation in symptomatic COVID-19

patients compared to asymptomatic ones. Interestingly, as

noted above, this last-mentioned CGI (chr6:31276241-

31276526), upstream HLA-C, was hypermethylated in

COVID-19 patients compared to controls. This observation is

replicated by analyzing the data made available by Balnis and

colleagues (17), obtained from a much larger cohort of patients.

The identification of a differential methylation pattern

among patients with different prognosis, led us to investigate

the expression levels of the gene. The consequent analysis of

HLA-C expression by q-PCR actually showed a very statistically
Frontiers in Immunology 12
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significant down-regulation of the gene in patients compared to

controls, even more pronounced in the symptomatic ones,

especially in those without other comorbidities, that could

affect HLA-C expression. The levels seem to re-normalize after

the viral clearance and disappearance of symptoms (post-

COVID-19). Of note, it has been shown that ciliated cells

from severe COVID-19 patients display a reduced

overexpression of HLA-C, among other genes, compared with

those from patients with moderate symptoms (36).

The association between the methylation status of the HLA-

C-associated distal CGI and the region upstream HLA-C (S-

shore region of CGI chr6:31238852-31240120) and the

expression levels of the gene seems to fit perfectly with the

hypothesis that this region represents enhancers for the HLA-C

gene, as highlighted by the bioinformatic analysis and by the

evidence that these regions are sensitive to DNase I and

coincident with peaks of H3K27Ac, associated with the higher

activation of transcription and therefore defined as an active

enhancer mark. Importantly, it has been shown that DNA

methylation may regulate the transcription of HLA-A locus

(37), while it has been supposed that HLA-B and HLA-C

expression is not regulated by DNA methylation since these

alleles have been shown to be unmethylated (37). However, we
B

C D

A

FIGURE 5

HLA-C expression in different sample groups. (A) Box plot showing HLA-C expression levels (as fold difference) in controls, COVID-19 and post-
COVID-19 patients. Outliers are shown as dots outside the boxes. (B) Box plot showing HLA-C expression levels (as fold difference) in controls and
the restricted group of COVID-19 patients (without potential confounding factors, see Materials and Methods). (C) Box plot showing HLA-C
expression levels (as fold difference) in controls, asymptomatic, symptomatic and post-COVID-19 patients. (D) Bar plot showing HLA-C expression
levels (as Delta Ct) in one subject at three time points. * indicates p-value <0.05, ** indicates p-value <0.01 and *** indicates p-value <0.001.
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FIGURE 6

Potential altered mechanisms of HLA-C regulation in COVID-19 disease. (A) Integrated enhancers associated with HLA-C. (B) Integrated
enhancer (chr6:31260493-31279454) associated with CGI chr6:31276241-31276526, found hypermethylated in COVID-19 patients.
(C) Integrated enhancer (chr6:31240851-31241006) associated with S-shore region of CGI chr6:31238852-31240120, found hypomethylated in
COVID-19 patients. (D) Schematic illustration of a possible mechanism of HLA-C downregulation observed in upper airway cells of COVID-19
patients. Lollipops are exemplificative representation of CpG sites, where empty and filled circles represent hypomethylated and
hypermethylated CpG sites, respectively. Illustrations in panels A–C are from HACER database (http://bioinfo.vanderbilt.edu/AE/HACER/index.
html); illustration in panel D was created with BioRender.com.
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found an altered DNA methylation pattern of this region in

COVID-19 patients. Interestingly, the distal regulatory region is

bound by NFYB, a transcription factor, part of the

enhanceosome known to regulate HLA genes (38), and

resulting to regulate HLA-C from the bioinformatic analysis.

In fact, as known, while HLA class II molecules are expressed in

specialized APCs, HLA class I molecules are ubiquitously

expressed and different regulators are involved in their

expression. NLRC5/CITA (NOD-like receptor family CARD

domain containing 5/Class I TransActivator) is the MHC class

I regulator in selected cell subset (38). However, this factor lacks

a DNA binding domain and thus requires other factors, that

collectively form the enhanceosome, to contact the MHC class I

promoter region at the level of an SXY-module containing a S,

X1, X2 and Y box (38, 39). Y box is bound by an NFY-complex

consisting of NFYA, NFYB and NFYC subunits (40). Moreover,

HLA class I genes are additionally regulated by distal enhancers

other than core promoter elements. Interestingly, it has been

shown that the mechanism by which SARS-CoV-2 can inhibit

MHC class I pathway is the suppression both at transcriptional

and functional level of NLRC5 in the lung and airway epithelial

cells during infection, consequently interfering with the CD8 T

cell action and leading to higher risk of exacerbation of viral

loads and prolonged infection (34). However, as the authors

explained the inhibitory effect of SARS-CoV-2-ORF6 on MHC

class I suppression can be observed only under IFNg treatment

and thus cannot explain the downregulation observed in

COVID-19 patients (34). Moreover, it is important to consider

that HLA-C, in contrast to HLA-A and HLA-B do not present

NF-kB binding sites and indeed its expression is weakly induced

by inflammatory cytokines such as IFNg (41). Therefore, it is

plausible that DNA methylation of HLA-C regulatory region

bound by the enhanceosome complex and the distal enhancer

may be an additional mechanism contributing to HLA class I

downregulation directly or by non-coding RNAs mapping on

HLA-C regulatory region, as already suggested (42). In fact, it is

known that DNA methylation of enhancers is associated with

gene expression dysregulation (43). Moreover, also NLRC5

expression may be dysregulated by other mechanisms such as

promoter methylation, copy number alterations and genetic

mutations and, as suggested, its expression levels may be

associated with COVID-19 severity and mortality (34). For

instance, HIV has been shown to alter the expression of

NLRC5 by regulating its DNA methylation pattern (44).

Interestingly, we found that COVID-19 patients displayed

altered methylation in NLRC5.

A further confirmation of the association between HLA-C

expression levels and disease severity, is the case of a

paucysymptomatic patient, although not statistically

representative. The patient was initially classified in the

symptomatic group, although presenting modest clinical signs.

From the analysis of the methylation profile, the beta values of

the loci examined were more similar to those found in non-
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symptomatic patients. HLA-C expression levels confirmed a

phenotype more similar to asymptomatic patients than to

symptomatic ones. Another interesting observation has

emerged from the study of a subject followed since before the

infection and at two different time points after the viral

clearance. This subject showed a reduction of HLA-C

expression levels at T1 and a recovery to the initial situation

with even higher levels of expression.

The hypothesis above described, that DNA methylation,

normally not used in cells to regulate HLA-C expression, could

be instead exploited as a mechanism induced by SARS-CoV-2 to

downregulate this locus, would be absolutely plausible

considering the observations made in infections due to other

viruses, such as HIV, particularly persistent and capable of

evading the host’s immune response. Many pathogens evade

CTLs by downregulating HLA molecules on infected cells. The

strategy of a virus to induce HLA molecules downregulation, in

particular HLA-C, is well known for retroviruses. For example,

most primary HIV-1 clones downregulate HLA-C, reducing the

ability of HLA-C restricted CTLs to suppress viral replication in

CD4 + cells (15). The down-modulation of HLA-C can be also

associated with its reduced binding to the respective inhibitory

receptors (KIR) present on the surface of NK cells, dependent on

both host genetics and the extent of virus-mediated HLA-C

downregulation (45). Therefore, also host genetics can

contribute to a different predisposition to viral infections and

to a different scenario of responses to the pathogen (45). It

should be pointed out that, although HLA-C is expressed at

lower level at cell surface than the other HLA-class I molecules

and therefore its role in the adaptive immune responses has been

considered as marginal, it acts as a natural ligand for KIR that are

able to recognize virtually all HLA-C allotypes (46). Therefore,

as mentioned in the introduction, HLA-C represents a ligand for

both T cell receptors and NK cell receptors (15, 16). These

evolutionary characteristics conferring to HLA-C locus

particular efficacy in exerting immuno pressure on viral

infection, have probably made it a preferential target by viral

mechanisms (15). It is therefore natural to consider the down-

regulation of HLA-C as a mechanism to evade both CTL and NK

mediated immune responses.

Once again, it is emblematic in this regard to observe HIV-1

infection, in which it has been shown that higher levels of HLA-

C expression, regardless of specific allotypes, and specific

peptides, are associated with better prognosis. This mechanism

would be due at least in part to the consequent increase in the

CTL-mediated response, thus exerting a higher immune

pressure on the virus (47). Differences in expression even only

twofold greater would improve CTL-mediated responses in vivo

(48). Furthermore, HLA-C expression levels correlate inversely

with viral load in patients not treated with anti-retroviral

therapy (47).

HIV-1 modulates the HLA-C expression through the

accessory protein Vpu, with different intensities by the various
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viral strains and adapting the down-modulation to the HLA-C

genotype of the host (15, 49). As mentioned, contrary to HLA-A

and HLA-B, virtually all HLA-C allotypes are recognized by a

number of inhibitory and activating KIRs, making HLA-C a

dominant ligand for the regulation of NK cell activity (50, 51). It

has also been shown that KIR+ NK cells can recognize HIV-1-

Vpu-mediated alterations of HLA-C expression (16, 45).

Consequently, it is not difficult to hypothesize that more

“evolved” viruses aim at down-regulating HLA-C, which in turn

is evolutionarily more diversified, therefore more capable of

responding to the most varied types of infections, although lower

expressed among HLA class I loci. It could be hypothesized that

SARS-CoV-2 modulates the expression of HLA-C by means of

an accessory protein similar to Vpu. In fact, among others,

SARS-CoV-2 encodes a small transmembrane protein, called

envelope (E), whose functions are not yet fully elucidated but

which forms an ion channel that resembles, although different,

viroporins such as Vpu (HIV) or M2 (influenza virus) (52).

However, as shown and discussed above, the results of our

study also strongly suggest an epigenetic mechanism, i.e.

inducing host DNA methylation alteration, by which SARS-

CoV-2 could down-modulate HLA-C expression, as

hypothesized for example for MERS-CoV (3).

A role for reduced KIR/HLA-C combination as risk factor

for severe or fatal SARS-CoV-2 evolution has been demonstrated

(in a cohort of patients coming from the same geographic area of

this study); so a reduction of HLA-C expression such that we

have found may reduce the activity of NK cells (in particular the

memory-like NK) against the virus and thereby contribute to

impaired viral clearance at early stages of infection (53).

From this evidence, it is clear that manipulation of the HLA

class I presentation pathway through various mechanisms

limiting their cell surface expression, which is shared by some

other viruses (54) and also human coronaviruses (3), may

represent a mechanism to escape/delay the early innate and

adaptive immune response. This can reduce the efficacy of CD8+

T cells to recognize viral peptides presented by HLA class I

molecules and thereby delay viral clearance, also not allowing a

long memory of the infection to develop. By acting in this way,

the virus would have shown an adaptation that makes it capable

of maintaining its stay in the host population longer.

In conclusion, our results pointed out the reduction ofHLA-C

expression in COVID-19 patients, more pronounced in the severe

cases, suggesting this molecule involved in antigen presentation as

a potential prognostic marker and therapeutic target in RNA virus

infections. Moreover, this discovery opens the possibility to design

a vaccine conjugating SARS-CoV-2-specific antigen with an

adjuvant that can stimulate the activation of T cells responsible

for the immunological memory against the infection.
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Saliva antibody-fingerprint of
reactivated latent viruses after
mild/asymptomatic COVID-19 is
unique in patients with myalgic-
encephalomyelitis/chronic
fatigue syndrome

Eirini Apostolou1*, Muhammad Rizwan1, Petros Moustardas1,
Per Sjögren2,3, Bo Christer Bertilson2,3, Björn Bragée2,3,
Olli Polo3 and Anders Rosén1*

1Division of Cell Biology, Department of Biomedical and Clinical Sciences, Linköping University,
Linköping, Sweden, 2Division of Family Medicine and Primary Care, Department of Neurobiology,
Care Sciences and Society, Karolinska Institute, Stockholm, Sweden, 3ME-center, Bragée Clinics,
Stockholm, Sweden
Background:Myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) is

a chronic disease considered to be triggered by viral infections in a majority of

cases. Symptoms overlap largely with those of post-acute sequelae of COVID-

19/long-COVID implying common pathogenetic mechanisms. SARS-CoV-2

infection is risk factor for sustained latent virus reactivation that may account

for the symptoms of post-viral fatigue syndromes. The aim of this study was

first to investigate whether patients with ME/CFS and healthy donors (HDs)

differed in their antibody response to mild/asymptomatic SARS-CoV-2

infection. Secondly, to analyze whether COVID-19 imposes latent virus

reactivation in the cohorts.

Methods: Anti-SARS-CoV-2 antibodies were analyzed in plasma and saliva

from non-vaccinated ME/CFS (n=95) and HDs (n=110) using soluble multiplex

immunoassay. Reactivation of human herpesviruses 1-6 (HSV1, HSV2, VZV,

EBV, CMV, HHV6), and human endogenous retrovirus K (HERV-K) was detected

by anti-viral antibody fingerprints in saliva.

Results: At 3-6 months after mild/asymptomatic SARS-CoV-2 infection, virus-

specific antibodies in saliva were substantially induced signifying a strong

reactivation of latent viruses (EBV, HHV6 and HERV-K) in both cohorts. In

patients with ME/CFS, antibody responses were significantly stronger, in

particular EBV-encoded nuclear antigen-1 (EBNA1) IgG were elevated

in patients with ME/CFS, but not in HDs. EBV-VCA IgG was also elevated at

baseline prior to SARS-infection in patients compared to HDs.

Conclusion: Our results denote an altered and chronically aroused anti-viral

profile against latent viruses in ME/CFS. SARS-CoV-2 infection even in its mild/
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asymptomatic form is a potent trigger for reactivation of latent herpesviruses

(EBV, HHV6) and endogenous retroviruses (HERV-K), as detected by antibody

fingerprints locally in the oral mucosa (saliva samples). This has not been shown

before because the antibody elevation is not detected systemically in the

circulation/plasma.
KEYWORDS

COVID-19, latent virus, herpesvirus reactivation, myalgic encephalomyelitis/chronic
fatigue syndrome, ME/CFS, EBV, HERV, HHV6A
Introduction

Myalgic encephalomyelitis/chronic fatigue syndrome (ME/

CFS) is a heterogeneous, chronic, and disabling morbidity with a

unknown pathogenesis and etiology that manifests with a range

of symptoms such as post-exertional malaise (PEM), postural

orthostatic tachycardia syndrome (POTS), brain fog, cognitive

impairment, unrefreshing sleep, myalgia and headache (1, 2). In

the majority, although not in all cases, the onset occurs following

a viral or bacterial infection (3, 4), with symptoms persisting and

patient health deteriorating even after the resolution of the initial

infection. Particularly, ME/CFS is mainly triggered by severe

infections, such as Epstein-Barr virus (EBV)-induced infectious

mononucleosis, Coxiella burnetii (Q-fever), Ebola virus (Ebola

hemorrhagic fever), or SARS-CoV virus (post-SARS syndrome)

(5–7). Clusters of conditions resembling ME/CFS have been

documented following epidemic infectious outbreaks (8).

The symptoms of post-infectious fatigue syndromes and

specifically ME/CFS are similar to those of post-acute sequelae

of COVID-19 (PASC, also named long-COVID), that occurs in

about 30% of infected individuals independently of severity of

SARS-CoV-2 infection (9). Viral infections may have both

immediate and long-term complications. During the acute

infection phase, certain viruses invade their target cells and

hijack to their own advantage the cellular machinery including

the mitochondria, as observed for SARS-CoV-2 (10), EBV (11)

and HHV6 (12). The ensuing compromised cellular energy

production, may affect a wide range of cellular functions, and

trigger prolonged immune and autoimmune responses (9).

Proposed disease-models for ME/CFS include chronic infection,

chronic inflammation, autoimmunity, impaired energy

metabolism, dysfunction of the autonomic nervous system, and/

or hormonal dysregulation (6). However, none of the models

explain comprehensively the clinical picture and the long-term

health deterioration occurring in ME/CFS after the triggering

infection event.

Reactivation of latent viruses occurs frequently in healthy

individuals upon physical or mental stress or traumatic events.
02
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However, this is balanced by the counteractive action of a

functional immune system. SARS-CoV-2 infection is a potential

risk factor for sustained latent virus reactivation (13–15). So far,

studies have reported sustained latent virus reactivation in cases of

severe SARS-CoV-2 infection in hospitalized/intensive care unit

(ICU) treated patients, which pose a severe threat to the patient’s

life. Serological analysis in patients with critical COVID-19

confirmed the reactivation of herpesviruses by demonstrating

increased IgG antibody levels against human simplex 1 (HSV1)

(16), varicella zoster virus (VZV), EBV, and cytomegalovirus

(CMV), as well as detectable EBV and CMV viremia in blood

(17). In ICU-admitted SARS-CoV-2 patients, HSV1, VZV, EBV,

CMV, and human herpesvirus 6 (HHV6) has been reported to be

reactivated (18). EBV reactivation specifically has been associated

with delayed recovery, and thus proposed as an underlying cause

of PASC (19), whereas similar post-viral fatigue syndromes have

been reported for HSV and CMV (16). Apart from symbiotic

herpesviruses that are acquired early in life, SARS-CoV-2

infection has been reported to upregulate the expression of

specific human endogenous retroviruses (HERVs) both in

bronchoalveolar lavage fluid cells and in peripheral blood

mononuclear cells (PBMC) (20). HERVs are unique

endogenous retroelements that have been acquired during

human evolution and represent a substantial proportion (8%) of

the human genome. Although HERVs are replication deficient,

the transcription of endogenous retroelements is evident. HERVs

are responsive to both cell-intrinsic and external signals, including

viral infections like SARS-CoV-2 (21, 22).

In patients with ME/CFS, the involvement of latent viruses

in the initiation and perpetuation of the disease is intensively

investigated but difficult to address. High rate of active EBV

infection has been reported, suggesting that at least in a subset of

patients, EBV is important factor for the development of the

disease (23). However, reports on no correlation to herpesvirus

infection highlight that the issue is not yet clear (24, 25)

Additionally, viral loads for HHV6B and HHV7, were

previously reported to be higher in saliva samples of patients

with ME/CFS compared to healthy controls (26), whereas partial
frontiersin.org

https://doi.org/10.3389/fimmu.2022.949787
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Apostolou et al. 10.3389/fimmu.2022.949787
HHV6 reactivation has been demonstrated (HHV6 small

noncoding RNA U14 in whole blood) in 40% of the

patients (12).

Both biological and clinical markers point towards a state of

acquired immunosuppression in severe SARS-CoV-2 infection

that may explain the non-supervised, prolonged latent viral

reactivation in these patients (27, 28). However, most infected

persons show mild or no symptoms (29) and reports on long-

COVID cases do not necessarily correlate with a severe initial

infection (19). The objective of this study was to investigate anti-

viral immune responses against (re)activated ubiquitous

herpesviruses and endogenous retroviruses after mild or

asymptomatic SARS-CoV-2 infection in patients with ME/CFS

and matched healthy donors.
Results

Saliva and plasma antibody response
against SARS/CoV-2 in patients with ME/
CFS and healthy donors

Antibody responses against SARS-CoV-2-spike protein

receptor-binding domain (RBD) were analyzed in plasma and

saliva of all participant before vaccination (Figure 1). COVID-19

participants in this study experienced mild or no symptoms and

did not require hospitalization. At the time of sampling, 3-6

month after the start of the pandemic, 18/95 (19%) of the ME/

CFS cohort were plasma RBD IgG-positive vs. 35/110 (32%) of

the HDs (Figure 1, mean MFI 19,678 vs 18,071, p=0.94). Plasma

samples collected in 2015 from healthy blood donors (BD2015,

n=50) were used to define the cut-off levels (mean MFI+3SD;

5,889 MFI) (Figure 1A). This relatively high cut-off level can be

explained by multiple binding-sites on the spike protein used in

the multiplex assay, and the presence of low-affinity IgG in non-

infected pre-pandemic (2015 blood donor) plasma.

Similar antibody levels in adult non-infected persons were

also observed by Dobano et al. (30). RBD antibodies of IgG, IgM,

IgA classes, were released locally onto the oral mucosa, as

detected by antibody ‘fingerprinting’ in saliva in both cohorts:

42/95 (44%) of ME/CFS donors were RBD IgG+ vs. 28/110

(25%) of HDs (Figure 1B). Cut-off levels for saliva RBD

antibodies were estimated from 19 participants (15 HD and 4

ME/CFS; mean MFI+3SD), who were RBD IgG negative in

plasma, and RBD IgG, IgM, and IgA negative in saliva, at the

time of study inclusion and then got infected during the course

of this study with documented positive PCR result and/or

established COVID-19 symptoms, as well as positive RBD-

antibodies after infection in saliva.

Taken together with RBD IgM and RBD IgA in saliva

(Figures 1C, D), 58% of ME/CFS and 41% of HDs had saliva

RBD-antibodies. Forty-two percent of RBD-antibody positive

ME/CFS and 31% of HDs were asymptomatically infected.
Frontiers in Immunology 03
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Furthermore, to evaluate whether the observed higher RBD

IgG level in ME/CFS compared with HD, was due to

difference in saliva volume, salivation rate or dry mouth, we

analyzed total IgG levels in saliva of the two cohorts. Total saliva

IgG was found to be higher in HDs compared to ME/CFS

(*p=0.0499, Figure 1E).
Differential antibody response against
SARS-CoV-2 in saliva and plasma:
stratification of the cohorts into systemic
and local responders

Since we found a number of study participants presenting with

high SARS-CoV-2-specific antibody titers in saliva, but not in

plasma, as well as donors who were both saliva and plasma-

positive, we stratified each cohort into three groups: 1. Systemic

responders (plasma RBD antibodies with or without saliva RBD,

designated systemic-ME and systemic-HDs), 2. Local responder

(saliva RBD antibodies only, designated local-ME and local-HDs),

and 3. Negative RBD-responders (negative-ME and negative-HDs).

SARS-CoV-2 RBD and NP antibodies were analyzed in

systemic and local responders in ME and HDs. Saliva RBD-

IgG levels were significantly higher in patients with ME/CFS

compared with HDs both in local and systemic responders

(*p=0.0176 and *p=0.0136, respectively) (Figure 2A, Table S3,

S7). Regarding SARS-CoV-2 nucleoprotein (NP IgG, IgM, IgA),

no differences were found between groups (Figures 2D, E, F).

Within the cohort of HDs, a higher saliva RBD IgM/IgA-

response was observed in local responders compared with

systemic responders: local-HD vs systemic-HD: IgM:

**p=0.0062, IgA: **p=0.0069; Figures 2B, C, Table S2B). This

observation underlines the importance of IgA and IgM in the

innate mucosal B cell antiviral defense.
Reactivation of latent herpesviruses EBV
and HHV6A, and human endogenous
retrovirus HERV-K in the oral mucosa
after mild/asymptomatic COVID-19

Potential contribution of SARS-CoV-2 infection to latent

virus reactivation was evidenced by antibody ‘fingerprint’

analysis in saliva. Specifically, IgG, IgM, and IgA class of anti-

viral antibodies against a panel of six human herpesviruses 1-6

(HHV1-6: HSV1, HSV2, VZV, EBV, CMV, HHV6A), and

human endogenous retrovirus-K (HERV-K) were investigated.

The results demonstrate a distinct pattern of latent virus

reactivation in saliva following mild/asymptomatic SARS-

CoV-2 infection in patients with ME/CFS compared to HDs

(Figure 3 and Figure 4).

The systemic responding ME group showed significant

upregulation of IgG levels against EBV viral capsid antigen
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(VCA) and EBNA1, as well as IgG and IgM against HHV6A

compared with the negative-ME group (Figures 3A, D, G, H, J;

Table S2A, S6). In contrast, the corresponding systemic-HD

group showed no elevation of anti-viral antibodies compared to

negative-HDs (Figure 3, Table S2B, S5).
Frontiers in Immunology 04
192
In the locally responding ME group, a significant

upregulation of anti-viral antibody levels was noted against

EBV (VCA IgG, VCA IgA, EBNA1 IgG), HHV6A (IgG and

IgM), and HERV-K (IgG) versus the negative-ME group

(Figures 3A, C, D, G, H, J; Table S2A, S6). In the
A B

D

E

C

FIGURE 1

Plasma and saliva antibody responses against SARS-CoV-2-RBD (RBD). (A) IgG in plasma of patients with ME/CFS (ME), healthy donors (HDs)
and blood donors collected before COVID-19, during 2015 (BD2015). Antibody responses against RBD in the saliva of ME, HD and a group of
study participants seroconverted during the course of the study (pre-infection donors, pre-inf), for (B) IgG, (C) IgM and (D) IgA class. Cut-off
threshold levels used to define SARS-CoV-2 positive/negative subgroups are indicated with dashed horizontal lines. For IgG responses in
plasma, cut-off level was calculated from BD2015 IgG levels (BD2015, n=50; mean MFI + 3SD = 5889 MFI). For antibody responses in the saliva,
cut-off levels were calculated from antibody titers of pre-inf donors (n=19; mean MFI + 3SD = 820 MFI for IgG, 1582 MFI for IgM and 14303 for
IgA). (E) Concentration of total IgG (ng/mL) in the saliva of patients with ME (n=95) and HDs (n=110). Lines represents mean MFI (median
fluorescence index). Statistically significant difference was calculated by nonparametric Wilcoxon test.
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corresponding local-HD group, significant upregulation of anti-

viral antibody levels was noted against EBV (VCA IgG, VCA

IgM, VCA IgA), HHV6A (IgM, IgA), and HERVK IgG, IgM,

IgA (Figures 3A–C, H–L; Table S2B, S5) compared with

negative-HD.
Latent virus reactivation is more
pronounced in ME/CFS compared
with HDs

The differential effect of SARS-CoV-2 infection on latent

virus reactivation between the two cohorts of patients with ME/

CFS and HDs was investigated by comparing pairs of either

systemic or local-responders. We first found that in systemic-

ME, VCA IgG, HHV6A IgG, and HERV-K IgG levels, were

significantly higher compared to the systemic-HDs (Figures 3A,

G, J, Table S3). Also, in the saliva-responder groups, HSV1 IgG

and HSV2 IgG titers were significantly higher in the local-ME

than in local-HDs (Figure 4D, Table S3). However, after

adjusting for age and gender as confounding factors, there was

no statistical differences detected for HSV1 IgG and HSV2 IgG

(Figure 4, Table S7). Analysis of IgM antibody titers did not
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show any differences. The two cohorts showed absence of

specific antibodies (e.g. assay background levels) for EBNA1

IgM, HSV1 IgM, VZV (IgG, IgM, IgA), CMV (IgM, IgG)

(Figure 3, Figure 4).
Testing the influence of age and gender
difference on antiviral antibody levels

The ME/CFS and HD cohorts differed in gender

distribution (ME/CFS had 82% females vs. 65% in HDs) and

age distribution (ME/CFS mean age 52 ± 11 yrs vs. 44 ± 13 for

HDs): Therefore, we performed multiple regression analysis for

each dependent (antibody) variable (n=16) using Benjamini,

Hochberg, Yekutieli FDR of 5%. Tables S5, S6 and S7 show data

from statistical analysis within and between HD and ME/CFSs

cohorts following the correction for age and sex (see also

Figure 3 and Figure 4). First, we found Neg-HDs vs Loc-HDs:

RBD IgG is higher in males (**p=0.0027), RBD IgM is lower

with increasing age (**p=0.0016). Loc-HDs vs Sys-HDs: RBD

IgA is higher in males (*p=0.0172). Neg-ME vs Loc-ME:

RBD IgA is lower in males (*p=0.0257). Loc-ME vs Sys-ME:

RBD IgM Is lower in males (*p=0.0337). Secondly, in analysis of
A B

D E F

C

FIGURE 2

SARS-CoV-2 RBD and NP antibodies in systemic and local responders in ME and HDs. (A) SARS-CoV-2-RBD (RBD) for IgG, (B) IgM and (C) IgA
class. SARS-CoV-2 NP (NP) for (D) IgG, (E) IgM and (F) IgA class. Systemic: Participants RBD-positive for systemic response in plasma. Local:
Participants RBD-positive for local response in saliva. Negative: Participants patients RBD-negative both in plasma and saliva. Data are presented
as boxplots with median values and 25th and 75th percentile. MFI, median fluorescence index. Statistically significant differences according to
nonparametric Kruskal/Wallis procedure and false discovery rate adjustment (5%), are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 and
****p < 0.0001. Dashed horizontal lines marked C/O in (A-C) indicate saliva cut-off levels as explained in Figures 1 legend.
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all the participants in the ME/CFS and HD cohorts, 2 of the 16

different measured antibody responses gender was a significant

confounding factor, in 14/16 gender was not statistically

significant. For HERV-K IgG and HHV6A IgM, the female
Frontiers in Immunology 06
194
and male showed different antibody profiles (Figures 5A, B). In

particular ME/CFS females showed a stronger elevation of

HERV-K IgG vs. males. However, due to low sample size, this

must be cautiously interpreted. In 2/16 antibodies, age was a
A B
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C

FIGURE 3

Saliva antibody reactivity to herpesviruses and endogenous retrovirus HERV-K in patients with ME/CFS (ME) and healthy donors (HDs). (A)
Epstein-Barr virus viral capsid protein (VCA) IgG, (B) VCA IgM, (C) VCA IgA, (D) Epstein-Barr nuclear antigen 1 (EBNA1) IgG, (E) EBNA1 IgM, (F)
EBNA1 IgA, (G) human herpes virus 6A (HHV6A) IgG, (H) HHV6A IgM, (I) HHV6A IgA, (J) human endogenous retrovirus K (HERV-K) IgG, (K)
HERV-K IgM, (L) HERV-K IgA. Sys, participants RBD-positive for systemic response in plasma. Loc, participants RBD-positive for local response in
saliva. Neg, participants RBD-negative both in plasma and saliva. Data are presented as boxplots with median values with 25th and 75th

percentile. MFI, median fluorescence index. Statistically significant differences according to non-parametric Kruskal-Wallis procedure and false
discovery rate adjustment (5%), are indicated as *p < 0.05, **p < 0.01, ***p < 0.001; ns, non-significant. Dimmed dots and dashed line indicates
absence of antibodies (assay background levels). Dimmed/grey p-value asteriks* indicate loss of significance after confounding factor (age and
gender) analysis with multiple linear regression and adjustment for FDR of 5% according to Benjamini, Krieger, Yekutieli. Red p-values asteriks*
indicate gain of significance after adjustment, and black p-value asteriks* indicate no change after adjustment.
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significant confounding factor: HSV1 IgG, and HSV2 IgG. We

also analyzed age as a confounding factor by inserting age as a

continuous variable. Age was found to be a confounding factor.

Detailed analysis of age distribution showed that HD had
Frontiers in Immunology 07
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several participants in the age-span 30-40 year of age, whereas

ME/CFS cohort did not. For this reason, we stratified the 2

cohorts into age intervals and found that all the age differences

related to anti-viral titers were to be found in participant < 40
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FIGURE 4

Saliva antibody reactivity to herpesviruses in patients with ME/CFS (ME) and healthy donors (HDs). (A herpes simplex-1 virus (HSV1) IgG, (B) HSV1
IgM, (C) HSV1 IgA, (D) herpes simplex-2 virus (HSV2), (E) HSV2 IgM, (F) HSV2 IgA, (G) varicella zoster virus (VZV), (H) VZV IgM, (I) VZV IgA, (J)
human cytomegalovirus (CMV) IgG, (K) CMV IgM, (L) CMV IgA. Systemic: Participants RBD-positive for systemic response in plasma. Sys,
participants RBD-positive for systemic response in plasma. Loc, participants RBD-positive for local response in saliva. Neg, participants RBD-
negative both in plasma and saliva. Data are presented as boxplots with median values with 25th and 75th percentile. MFI, median fluorescence
index. Statistically significant differences according to non-parametric Kruskal-Wallis procedure and false discovery rate adjustment (5%), are
indicated as *p < 0.05, **p < 0.01 Dimmed p-value asteriks* indicate influence of confounding factor. Dimmed dots and dashed line indicates
absence of antibodies (assay background levels). Dimmed/grey p-value asteriks* indicate loss of significance after confounding factor (age and
gender) analysis with multiple linear regression and adjustment for FDR of 5% according to Benjamini, Krieger, Yekutieli.
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FIGURE 5

Female vs Male saliva and age-based antibody profile comparisons in patients with ME/CFS (ME) and healthy donors (HDs). Male/Female IgG
responses against (A) human endogenous retrovirus K (HERVK) and (B) IgM responses against human herpesvirus 6A (HHV6A) in all female and
male participants. (C) Age-dependent IgG responses against herpes simplex virus 1 (HSV1) for participants under 40 years of age (left graph) and
over 40 years of age (right graph). IgG responses against herpes simplex virus 2 (HSV2) (D) for participants under 40 years of age (left graph)
and over 40 years of age (right graph). (E) IgA responses against VCA for participants under 40 years of age (left graph) and over 40 years of age
(right graph). Sys, participants RBD-positive for systemic response in plasma. Loc, participants RBD-positive for local response in saliva. Neg,
participants RBD-negative both in plasma and saliva. Data are presented as boxplots with median values with 25th and 75th percentile. MFI,
median fluorescence index. Statistically significant differences according to non-parametric Kruskal-Wallis procedure and false discovery rate
adjustment (5%), are indicated as *p < 0.05, **p < 0.01.
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years of age, but there was no difference in subgroups in

participants > 40 years of age (Figures 5C–E). We also

analyzed whether a previous history of infect ious

mononucleosis (IM), and/or medication with anti-viral or

corticosteroids, would affect the antibody responses against

the latent viruses included in this study. The 39 ME/CFS

participants with a history of IM as a disease trigger (disease

mean duration 13.0 years) were compared with patients without

a history. No significant difference was found. Fourteen percent

(14%) of ME/CFS participants reported medication by anti-

viral drugs such as aciklovir and/or corticosteroids vs. 3% in the

HD cohort. Statistical testing of antiviral titers in persons with

vs. without these drugs did not show any differences (p>0.05).
Frontiers in Immunology 09
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Differences in saliva antibody titers (fold-change) in local

and systemic responses relative to the corresponding negative

groups, highlights the augmented responses to EBV, HERV-K

and HHV6 are shown in Tables S5, S6, S7. A summary of the

effect of SARS-CoV-2 infection, regarding latent virus

reactivation within and between each cohort (based on IgG,

IgM, and IgA antibody response fingerprint in the oral mucosa)

show differences within respective cohort but not between

cohorts (Figures 6A, B). Hierarchical clustered heatmap

showing fold-change of saliva antibody titers in local and

systemic responses relative to the corresponding negative

groups, highlights the augmented responses to EBV, HERV-K

and HHV6 (Figure 6B, Tables S5, S6, S7).
A

B

FIGURE 6

Summary of the effect of SARS-CoV-2 infection, regarding latent virus reactivation. (A) Comparison within each cohort based on IgG, IgM, and
IgA antibody response fingerprint in the oral mucosa. Only antibody responses with statistically significant differences are displayed on charts.
Local responders: Participants RBD-positive for local response in saliva. (B) Hierarchical clustered heatmap showing fold-change of saliva
antibody titers in local and systemic responses within and between each group including p-values. Statistically signicant differences according to
nonparametric Kruskal/Wallis procedure and false discovery rate adjustment (5%), are indicated as *p < 0.05,**p < 0.01, ***p < 0.001 and ****p <
0.0001.
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Local reactivation of latent viruses was
confirmed in pairwise analysis by
following individuals before and after
SARS-CoV-2 infection

Paired analysis of sal iva antibody reactivity to

herpesviruses before and after SARS-CoV-2 infection were

analyzed in a subgroup of participants (n=19, 15 HDs and 4

ME/CFS), who were infected with SARS-CoV-2 after the first

round of sampling and during the course of this study (in the

second pandemic wave between December 2020 to January

2021). Infection was documented by either PCR and/or

established specific symptoms and was confirmed by the

significant upregulation in RBD IgG (data not shown,

p=0.03) and IgM response in paired samples (data not
Frontiers in Immunology 10
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shown, p=0.04). We found significant upregulation of VCA

IgG, HSV1 IgG, HERV-K IgM, CMV IgG, within the same

individuals when comparing antibody levels before and after

SARS-CoV-2 infection (Figures 7A–D). The limited sample

size does not allow any conclusion on whether the increase is

mote in ME/CFS cf. HD.
Baseline antibody responses against
latent viruses in the local oral mucosa is
augmented in patients with ME/CFS

To evaluate the status of latent viral reactivation

independently of SARS-CoV-2 infection, we compared the
A B

DC

FIGURE 7

Paired analysis of saliva antibody reactivity to herpesviruses before and after SARS-CoV-2 infection. (A) Epstein-Barr viral capsid antigen (VCA)
IgG, (B) herpes simplex-1 virus (HSV1) IgG, (C) endogenous retrovirus (HERV-K) IgM, and (D) cytomegalovirus (CMV) IgG in the same individuals
before and after SARS-CoV-2 infection (n=19). Data are presented as mean antibody values with SEM of 19 individuals before and after infection.
MFI, median fluorescence index. Statistically significant differences according to paired Wilcoxon-signed rank test are indicated in the graphs.
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negative-ME to the negative-HD. In negative-ME, only VCA

IgG was significantly higher compared with the negative-HD

(Figure 3A, Table S7).
SARS-CoV-2 infection generates a
distinct antibody fingerprint of latent
virus reactivation in saliva, but
not in plasma

Finally, we determined whether antibody responses against

SARS-CoV-2 and latent viruses were equivalent in the local oral

mucosa (saliva) and systemically in plasma. RBD IgG, NP IgG,

VCA IgG and HSV1 IgG were analyzed in the two

compartments. Regarding SARS-CoV-2 responses, RBD IgG

and NP IgG in plasma (Figures 8A, B, Table S4A, B)

correlated with RBD IgG response in saliva (Figures 2A, D,

Tables S2A, B, S3, S5, S6, S7) of systemic responders. On the

contrary, VCA IgG and HSV1 IgG did not show any significant

difference in plasma (Figures 8C, D), whereas saliva generated a

distinct antibody fingerprint consistent with latent EBV

reactivation as seen by elevated VCA-antibodies. Median

HSV-1 IgG levels were elevated but did not reach significance.

(Figure 3A, 4A, Table S5, S5, S7).
Frontiers in Immunology 11
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Discussion

We provide evidence that mild/asymptomatic SARS-CoV-2

infection triggers reactivation of latent symbiotic viruses as

detected by antibody responses locally in the oral mucosa.

This response was not observed systemically in plasma. The

anti-viral antibody signature is distinct between patients with

ME/CFS and HDs. Firstly, anti-EBNA1 elevation is unique for

ME/CFS. Secondly, in ME/CFS reactivation of latent viruses is

present both in local and systemic responders. There is an

overlapping antibody signature observed: compared to HDs,

the patients with ME/CFS had elevated antibodies at baseline for

VCA IgG, e.g. without SARS-CoV-2 infection.

The frequency of asymptomatic infection has recently been

estimated to be higher than anticipated. In our study, 42% of the

patients with ME/CFS and 31% of HDs were found to be

asymptomatically infected. Up till December 2020, 40.5%

among the global population with confirmed COVID-19 were

asymptomatic (29). Since we found several study participants

that had SARS-CoV-2-specific antibodies in saliva, but not in

blood, we stratified our cohorts into local and systemic

responders. In the cohort of patients with ME/CFS 35% were

local responders and 19% were systemic responders.

Corresponding percentages for HDs were 16% and 32%.
A
B

DC

FIGURE 8

SARS-CoV-2 infection generates a distinct antibody fingerprint of latent virus reactivation in saliva but not in plasma. (A) SARS-CoV-2-RBD
(RBD), (B) SARS-CoV-2 NP (NP), (C) Epstein-Barr viral capsid antigen (VCA), and (D) herpes simplex virus-1 (HSV1) in patients with ME/CFS (ME)
and healthy donors (HDs). Sys, participants RBD-positive for systemic response in plasma. Loc, participants RBD-positive for local response in
saliva. Neg, participants RBD-negative both in plasma and saliva. Data are presented as boxplots with median values with 25th and 75th

percentile. MFI, median fluorescence index. Statistically significant differences according to non-parametric Kruskal-Wallis procedure and false
discovery rate adjustment (5%), are indicated as **p < 0.01, and ****p < 0.0001.
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Remarkably, none of the local HD responders reported

symptoms, indicating an effective first-line of innate defense

mechanism. For patients with ME/CFS, due to the presence of

frequent flu-like symptoms, we could not draw any conclusions

regarding COVID-19-related symptoms and relied on blood and

saliva antibody levels for the definition of an asymptomatic/

unknown infection. It is increasingly realized that local mucosal-

innate immunity presents with a distinct signature, including

interferon activity, and has important roles in SARS-CoV-2

defense (30, 31).

A more pronounced local mucosal antibody-specific

response against SARS-CoV-2 was observed in patients with

ME/CFS compared to HDs even though, total IgG levels in saliva

were similar. This is consistent with the hypothesis of a hyper-

inflammatory response to pathogen-associated molecular

patterns (PAMPs), including SARS-CoV-2 spike protein-1, in

patients with multiple chronic diseases (32). In terms of cell-

mediated immune responses though, patients with ME/CFS

exhibit perturbations that include unresponsive natural killer

cells (33), decreased CD8+ T-cell cytotoxicity (34) and

activation, as well as increased (24)percentage of regulatory T

cells (35). While patients with ME/CFS have enhanced local

responses against SARS-CoV-2, systemic responses in plasma

were similar to those of HDs. In a recent study, samples from

patients with ME/CFS have demonstrated altered methylation

and gene expression levels for the ACE and ACE2 locus,

suggesting that the patients may have a higher risk of being

infected with SARS-CoV-2 (36).

Noteworthy, gender had a significant influence on 2/16

antiviral responses, but in 14 of the 16 no statistical

significance was found. HERV-K IgG and HHV6A antibody

responses in female ME/CFS participants showed a more

pronounced elevation vs. males. This observation renders

further studies, and due to low sample size, the gender data

should be cautiously interpreted. The influence of age on the

saliva anti-viral responses was significant for 2/16 antibodies:

HSV1 IgG and HSV2 IgG as detected by multiple linear

regression analysis and subgrouping the cohorts in <40 years

and >40 years of age (Figures 6). However, a previous medical

history of infectious mononucleosis, and/or medication with

anti-viral drugs or corticosteroids, did not have any effect on

antibody responses against reactivated latent viruses. The

influence of age on local mucosal anti-viral responses has been

observed by others (24), but renders further detailed studies.

Reactivation of latent viruses can be triggered by numerous

factors including exogenous viral infections, trauma,

environmental factors, and mental stress, and as part of the

aging process. Severe SARS-CoV-2 infection was recently

associated with herpesvirus reactivation (HSV1, VZV, EBV,

CMV, and HHV6), in hospitalized or ICU-treated patients

(19). In our study, all infected participants presented with a

mild/asymptomatic form of the infection. Still, COVID-19

triggered reactivation of EBV, HHV6 and HERV-K both in
Frontiers in Immunology 12
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ME/CFS and HDs (Figure 6). Significant upregulation of

antibodies against EBV and HERV-K was also observed in

individuals who were analyzed before and after COVID-

19 (Figure 7).

EBV infects almost all humans during their lifetime and,

following the acute phase, the virus persists lifelong. EBV infects

B cells leading to a latent residence in non-dividing resting

memory B cells as an episome. Upon reactivation, viral particles

are released into oral mucosa. These are known to cause

polyclonal activation of B-cells followed by immunoglobulin

secretion (37). Long-term B-cell activation may constitute an

increased risk for triggering autoimmune responses (38) (39).

High rate of active EBV infection has been observed among

patients with ME/CFS suggesting, at least in a subset of cases,

that EBV is an important factor for the development of the

disease (23). Whether EBV is a mere ‘initiator’ of ME/CFS or

also a ‘driver’ of the disease, remains to be clarified. This

hypothesis though, is reminiscent of EBV involvement in

multiple sclerosis where EBNA1 was recently identified as the

‘driver’ (40). Remarkably, also in the current study, EBNA1

stands out as a unique entity in the ME/CFS cohort, causing

significant local anti-EBNA1 IgG release after COVID-19. Since

anti-EBNA1 elevation was not found in HDs, it is of significant

importance to follow-up this finding. A high VCA titer indicates

current or past exposure, and a high EBNA1 IgG may indicate a

long-term release of EBNA1-DNA complexes from apoptotic

EBV+ B cells (41). Several questions remain to be answered:

Does anti-EBNA1 generate cross-reacting autoantibodies

(antigenic mimicry), similar to the situation in multiple

sclerosis? (40), What is the mechanism behind the fact that

despite the augmented anti-viral responses observed in patients

with ME/CFS, their immune defense is unable to strictly surveil

and control the reactivation of EBV?

A previous study from our group evaluated IgG antibody

responses systemically against herpesviruses in patients with

ME/CFS versus healthy donors (25). Although no significant

differences were noted, minor relative differences between

antibody reactivities indicated that the immune system of

some patients interact with the ubiquitous herpesviruses in a

way different from that of healthy controls (25). An elevated

production of EBV and HHV6A dUTPase was recently

demonstrated in patients with ME/CFS and suggested to

induce T follicular helper cell differentiation, which is critical

for high-affinity antibodies and long-lived plasma cells (42). In

this study, we provide evidence for significantly stronger saliva

antibody responses against latent viruses in both systemic-ME

and local-ME after COVID-19. Importantly, non-infected

patients with ME/CFS, had significantly elevated IgG

responses against latent EBV VCA compared to non-infected

HDs, signifying a higher ‘baseline’ status of viral reactivation.

Elevated antibody responses against herpesviruses in patients

with ME/CFS deserve further attention. A plausible scenario is

that patients with ME/CFS, and possibly PASC, have immune
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cells that reside in a state reminiscent of senescence. Senescent

cells have been suggested to alter responses to PAMPs and

contribute to a heightened but aberrant immune response.

Those immune responses involve increased production of pro-

inflammatory cytokines and chemokines by innate immune cells

that further amplify the senescent phenotype (32). Sato et al. (43)

recently found a biased B-cell repertoire in patients with ME/

CFS reporting an infectious/viral trigger of the disease. This

finding also correlated with an upregulation of interferon (IFN)

inducible genes (IFN signature) in antibody producing plasma-

blasts, which is a hallmark of viral infections.

In the present study, mild/asymptomatic SARS-CoV-2

infection was found to upregulate antibody responses against

proteins of HERV origin both locally and systemically. This is

supported by parallel studies showing that exogenous viral

infections including SARS-CoV-2, can trigger transcription of

HERVs and suggested to aid in the defense against newly

invading pathogens (44). Conversely, prior distinctive HERV

expression patterns could modulate exogenous SARS-CoV-2

infection and have been proposed to account for differential

SARS-CoV-2 severity and symptoms (45). In our study, immune

responses against HERV-K were more prominent in patients

with ME/CFS. Significantly heightened IgG responses against

HERV-K were found uniformly in all three subgroups of

patients with ME/CFS versus the respective HDs. This is in

line with previous reports on upregulated HERV-K gene

expression in PBMCs (46) of patients with ME/CFS, and

epigenetic studies demonstrating extensive hypomethylation of

non-coding genetic elements (47). The physiological significance

of elevated antibody responses against HERV-K remains to be

determined. HERVs are integrated in the germline and inherited

in Mendelian fashion and IgM antibody responses against

HERV antigens have been proposed to represent natural

antibodies (48). Ancestral retroviral envelope proteins have

been suggested to regulate herpesvirus reactivation and

persistence in the latent state (49), providing a possible link to

the altered herpesviruses’ signature in patients with ME/CFS.

Recently, a cumulative role for EBV, HERV-K/W, and HHV-6

was proposed in driving the inflammatory cascade in multiple

sclerosis (41). Further studies are needed to analyze whether

SARS vaccine will reactivate latent viruses similar to what is

observed in transplant patients (50).

One of the main findings of the present study is that the

distinct antibody fingerprint of latent virus reactivation found in

saliva was not detected in plasma. This is evident by the lack of

significant difference in group comparisons, contrary to the

strong statistical differences in saliva (Figures 3, 4, 8).

Herpesviruses are commonly found in the oral cavity (51),

therefore their reactivation and subsequent immune responses

are easily traceable in saliva, as demonstrated in our study. The

triggering event responsible for viral reactivation may not be

robust enough in the case of mild/asymptomatic versus severe

SARS-CoV-2 infection. Therefore, the antibody signature
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following mild/asymptomatic infection may be confined locally

and hence not detectable in plasma. In contrast to latent virus

responses, the response to SARS-CoV-2 in saliva samples

correlate with those in plasma. Our results further support the

use of saliva samples when investigating anti-SARS-CoV-2

antibodies (52–54). Furthermore, we propose that saliva

samples are preferable when analyzing antibody responses

against latent viruses.

Our findings demonstrate that SARS-CoV-2 infection even

in its mild/asymptomatic form is a potent trigger for reactivation

of latent herpesviruses and endogenous retroviruses. This is

particularly relevant for individuals suffering from ME/CFS,

since they have elevated immune responses against latent

viruses. Furthermore, SARS-CoV-2 infection in ME/CFS

imposes both a unique and an augmented antibody

fingerprint, adding further evidence for altered immune

responses in the syndrome. These alterations may compromise

the host defense when encountering primary/exogenous viral

infections including COVID-19. If the same phenomenon could

also be demonstrated in PASC, it could be a candidate

mechanism accounting for the prolongation of symptoms. The

findings can have important clinical implications as well. Our

results can contribute to setting immunological tests that are

easy to collect and may strengthen the diagnosis of ME/CFS and

possibly PASC. Furthermore, our results highlight that

treatment options directed to boost antiviral immune

responses, may benefit patients with ME/CFS by tuning the

fine balance between latent virus reactivation and an appropriate

immune response.
Materials and methods

Study Design. Study participants were non-vaccinated and

enrolled during the second half of 2020. Healthy donors were

enrolled by announcements at Linköping University and

Hospital. The ME/CFS cohort was enrolled amongst patients

at the Brageé Clinic diagnosed with ME/CFS, using the Swedish

national digital health care 1177.se guide for surveys. All patients

were diagnosed before the COVID-19 pandemic. Follow-up

samplings and interviews and questionnaire-responses were

conducted at 3-month intervals for both cohorts. Data from

the follow-ups were used in this study for the determination of

individuals that seroconverted during that period from negative

to SARS-CoV-2 positive. These pre-infection saliva samples

served as a cut-off baseline criterion for the SARS-CoV-2

antibody positivity.

Study population. Cohort 1 consisted of 95 patients with

ME/CFS and included post-COVID patients recovered from

mild SARS-CoV-2 infection and non-exposed patients. Patients

with ME/CFS included in this study were diagnosed according to

the 2003 Canadian Consensus Criteria (1) at the Bragée Clinic,

Stockholm with exclusion of other medical or neurological
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diseases. Cohort 2 consisted of 110 healthy donors with no prior

diagnosis for ME/CFS (cohort designation: HDs) and included

participants having had mild to moderate COVID-19

symptoms, as well as non-exposed individuals. Pre-COVID-19

plasma samples (n=50) were collected in 2015 from anonymous

healthy blood donors at Linköping University Hospital (termed

BD2015) and were used to define the cut-off levels for SARS-

CoV-2 negative and positive samples.

The exclusion criteria for participant enrollment were

existence of current active infection and/or infectious disease

symptoms and age below 18 years. Thus, participants had no

evidence of active SARS-CoV-2 or other infection at the time of

sampling. All study participants actively approached us and were

enrolled in a consecutive order. Recovered COVID-19

participants had presented with either mild or asymptomatic

infection at the time of the disease, and none had been admitted

to the hospital. Disease severity in patients with ME/CFS was

assessed by a physician in a 1 (mild) to 4 (very severe) scale.

Information related to ME/CFS trigger events (infection, trauma,

stress, vaccination or other), disease duration and past infections

were retrieved via self-reported questionnaire. Demographics and

clinical characteristics are summarized in Table 1. Study

participants were enrolled consecutively (randomly) with no

bias/no selection. Female/male gender ratio (4/5) and age

distribution (51 ± 11 yrs) agrees with epidemiological studies on

ME/CFS in Europe describing that at least 2/3 of the cases are

women in their most productive phases of life (55, 56).

Blood samples. Peripheral blood was collected in 10-mL

EDTA tubes (Cat#10331254, BD Vacutainer, Fisher Scientific,

Göteborg, Sweden). Up to 10 mL of whole blood was used for
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plasma separation by centrifugation (2,000 g, 15 min, 4°C) and

aliquots were stored at -80°C until further analysis. Blood

samples were collected at the same visit as saliva samples.

Saliva samples. Prior to saliva collection, participants were

asked to rinse their mouth with water and confirm that they had

fasted, refrained from smoking, or chewed a gum during the

previous hour. They were asked to document oral disease or

injury. They should not have taken oral medication, not brushed

the teeth for a minimum of 1 h before sampling and no dental

work was performed within 24 h prior to sample collection.

Donors were asked to provide a 5 mL saliva sample into a 50 mL

sterile conical tube by passive drool. Follow-up samplings were

conducted every 3 months during a year, then saliva samples

were collected using Saliva Bio Swabs (Salimetrics, Carlsbad,

CA) according to the manufacturer instructions. Briefly, the

participants were instructed to position the cotton swab in the

mouth for 4 min. The saturated swab was then transferred into a

15 mL storage tube, and either was frozen immediately or stored/

transported on ice upon receipt of the laboratory for processing.

Samples were centrifuged (2600g, 30 min, 4°C) to separate cells

and insoluble matter. The supernatant was removed and

complemented with 1/1000 v/v complete™ protease

(Cat#11836170001, Sigma-Aldrich Sweden AB, Stockholm,

Sweden) and Pierce™ phosphatase inhibitor cocktails

(Cat#88667, Thermo Scientific, Göteborg, Sweden),

subsequently aliquoted and stored at -80°C till analysis. On

the day of the assay, samples were thawed and micro-centrifuged

(2600 g, 30 min, 4°C) prior to analysis.

Antibody analysis in blood and saliva. Suspension multiplex

immunoassay (SMIA) analysis was performed using MagPlex®
frontiersin.o
TABLE 1 Demographics and clinical characteristics.

ME/CFS individuals (n=95) Healthy individuals (n=110)

Female % (n/total) 82% (78/95) 65% (71/110)

Age (yrs), mean ± SD (range) 51 ± 11 (21-75) 44 ± 13 (18-79)

Past Infections

Infectious mononucleosis n (%) 39 (41%) 7 (6%)

Disease Duration (years) mean (range) 13.0 (1.0-44) n/a

Disease Severity (1-4 Scale)
1=mild
2=moderate
3=severe
4=very severe
Unknown:

(n=95)
32
50
10
0
3

n/a

ME/CFS trigger event

Infection n (%) 55 (58%) n/a

Trauma n (%) 16 (17%) n/a

Stress n (%) 26 (27%) n/a

Other n (%) 10 (11%) n/a

Unknown n (%) 12 (16%) n/a
n/a, not applicable.
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microspheres (Luminex Corp., Austin, TX) for the coupling of

antigens according to the manufacturer’s protocol. Briefly, 200

µL of the stock microsphere solution (1.25 × 107 beads/mL) were

coupled by adding either 10 mg of recombinant protein antigen

(Table S1) diluted in phosphate buffered saline (PBS: 0.15 M

sodium chloride, 10 mM sodium phosphate, pH 7.4) containing

0.05% (v/v) Tween 20 and incubated for 15 min on a rocking

shaker at room temperature (RT). The beads were then washed

with 0.5 mL StabilGuard solution (Cat#SG01-1000, SurModics,

Eden Prairie, MN) using a magnetic separator (Cat#40-285,

Milliplex® MAG handheld magnetic separation block for 96-

well plates, Millipore Corp. MO) and resuspended in 400 µL of

StabilGuard solution. The coupled beads were stored at 4°C in

the dark till further use. A complete list of the coupled

recombinant protein antigens, antibodies and secondary

antibodies is given in Table S1.

For blood samples, 50 µL of plasma diluted 1/1000, and for

saliva samples 50 µL of sample diluted 1:2.5 in PBS-T containing

and 1% (v/v) BSA (Cat# SRE0036, Sigma-Aldrich Sweden AB,

Stockholm, Sweden) (PBS-T+1% BSA) was added per well of a

flat bottom, 96-well µClear non-binding microtiter plate

(Cat#655906, Greiner Bio-One GmbH, Frickenhausen,

Germany). Fifty microliters of a vortexed and sonicated

antigen-coupled bead mixture (50 beads/µL suspended in PBS-

T) was then added to each well. The plate was incubated in the

dark on plate shaker at 800 rpm for 1 h at RT. The wells were

then washed twice with 100 µL of PBS using a magnetic plate

separator (Cat#40-285, Milliplex® MAG handheld magnetic

separation block for 96-well plates, Millipore Corp. MO). The

beads were resuspended in 100 µL of 1 µg/mL of either goat anti-

human IgG-PE or goat anti-human IgM-PE labelled antibody

(Table S1) in PBST+1% BSA and incubated for 30 min at RT in

the dark with rotation at 800 rpm. The beads were subsequently

washed twice with PBS+1% BSA, resuspended in 100 µL of PBS

+1% BSA and analyzed in a FlexMap 3D® instrument (Luminex

Corporation, Austin, TX) according to the manufacturer’s

instructions. A minimum of 100 events for each bead number

was set to read and the median value was obtained for the

analysis of the data. A naked, non-antigen-coupled bead was

included as a blank and a PBS-T+1% BSA well as a

negative control.

Analysis of total IgG in saliva. Total saliva IgG levels were

evaluated using an in-house developed SMIA. Goat anti-Human

IgG-Fc affinity purified unconjugated antibodies were coupled to

MagPlex® microspheres. SMIA was performed as described

above using 2.5 µl of saliva diluted in PBS-T containing 1% (v/

v) BSA and goat anti-human IgG-PE for the detection step. Total

IgG levels (ng/mL) in saliva were calculated against an optimized

standard curve of known concentrations (ng/mL) of human

gamma-globulin.
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Statistics. Data were analyzed for the determination of

statistical significance of the observed differences between

groups, with a p value <0.05 considered as significant. All

statistical analyses were performed using the SAS Institute

JMP program (v 13.2.1) or GraphPad Prism software (v.9.1.2).

For the comparisons between ME/CFS and HDs groups, we used

the non-parametric Kruskal-Wallis test for multiple

comparisons, and controlled for false discovery rate (5%) by

using two-stage Benjamini, Krieger and Yekutieli (BKY)

procedure (57). Multiple linear regression was performed for

the determination of confounding factors (age, sex,

mononucleosis) and controlled for false discovery rate of 5%

according to BKY. For comparison before and after infection,

paired analysis and Wilcoxon signed rank test was used in a

validation group. Statistically significant differences are

indicated in the figures as *p < 0.05, **p < 0.01, ***p < 0.001

and ****p < 0.0001.

Study approval. All participant enrollment procedures and

blood/saliva sampling were performed in accordance to

established ethical standards and following a study protocol

submitted to and approved by the Regional Ethics Committee

(Dnr. 2019-0618). Demographic characteristics, medical data

and samples were collected after the study participant had

acknowledged that they had understood the study protocol

and then provided an informed consent.
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Despite the efficacy of antiviral drug repositioning, convalescent plasma (CP),

and the currently available vaccines against severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), the worldwide coronavirus disease 2019 (COVID-

19) pandemic is still challenging because of the ongoing emergence of certain

new SARS-CoV-2 strains known as variants of concern (VOCs). Mutations

occurring within the viral genome, characterized by these new emerging

VOCs, confer on them the ability to efficiently resist and escape natural and

vaccine-induced humoral and cellular immune responses. Consequently,

these VOCs have enhanced infectivity, increasing their stable spread in a

given population with an important fatality rate. While the humoral immune

escape process is well documented, the evasion mechanisms of VOCs from

cellular immunity are not well elaborated. In this review, we discussed how

SARS-CoV-2 VOCs adapt inside host cells and escape anti-COVID-19 cellular

immunity, focusing on the effect of specific SARS-CoV-2 mutations in

hampering the activation of CD8+ T-cell immunity.

KEYWORDS

SARS-CoV-2, cellular immunity, CD8 + T-cell epitope, cytotoxic T lymphocytes (CTL),
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GRAPHICAL ABSTRACT
1 Introduction
The current pandemic of coronavirus disease 2019 (COVID-

19) drives the global population in a deep phobia, as the

COVID-19–associated burden is critical, resulting in

thousands of deaths each day. As of 09 August 2022, there

have been 590,443,154 people infected with severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus

responsible for COVID-19, with 6,439,059 deaths worldwide.

Around 21,787,511 people are still actively infected, and

approximately 0.5 million new cases and 658 new deaths are

reported daily, with a re-increasing trend of new infections

observed from the beginning of the 2021 winter (https://

covid19.who.int/; https://www.worldometers.info/coronavirus/).

Several studies have reported that these new COVID-19

cases (or waves) are more likely to be caused by infections with

emerging SARS-CoV-2 variants of concern (VOCs) (in 98% of

cases) than infections with the wild-type (WT) SARS-CoV-2

strain (1–3) initially isolated in Wuhan, China in December

2019 (4, 5). Based on the Pango nomenclature system (6–9), the

WHO and the CDC defined VOCs as “variants associated with a

high degree of transmissibility, disease severity, neutralizing

antibody and vaccine resistance, reduced treatment

effectiveness, or diagnostic detection failure” (https://www.cdc.

gov/coronavirus/2019-ncov/variants/variant-classifications.

html#anchor_1632154493691). Indeed, people infected with

emerging SARS-CoV-2 VOCs are more infectious than those

infected with WT SARS-CoV-2 and other variants, suggesting

that the VOCs have a higher ability to spread than the original

SARS-CoV-2 strain (1, 3, 10). For instance, Daniloski et al.

demonstrated that SARS-CoV-2 mutants bearing only the

D614G mutation confer an increased ability to spread more

quickly than the WT SARS-CoV-2 (11). Moreover, Chen et al.
Frontiers in Immunology 02
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showed that the Omicron variant might be 10 times more

infectious than the WT virus and almost three times as

infectious as the Delta variant (12). Moreover, numerous

reports support the fact that emerging VOCs are more severe,

with a higher mortality risk than WT SARS-CoV-2, can

resist prevention and treatment strategies used so far against

WT SARS-CoV-2, and can escape preexisting WT SARS-CoV-2

immunity (3, 13–15). Beta, Gamma, and Omicron variants,

for instance, have been shown to have reduced neutralization

by monoclonal antibody therapy (including bamlanivimab

and the Rockefeller University antibody C144 for Omicron),

convalescent plasma (CP), and postvaccination sera (3, 16–

18). Immune escape by emerging SARS-CoV-2 VOCs is,

therefore, the main concern in the COVID-19 pandemic

management (19).

Mutations occurring in SARS-CoV-2 spike protein may

confer on VOCs the ability to adapt to and escape from

natural and vaccine-induced immunity and fast spread,

resulting in a detrimental effect on public health. Liu et al. (14)

reported that mutations in the receptor binding domain (RBD)

and N-terminal domain (NTD) play a crucial role in variant

resistance to humoral immunity. In particular, mutation at

residue S477 found in the Omicron variant confers resistance

to CPs, while mutation at residue E484 found in Beta, Gamma,

and Omicron variants confers resistance to neutralizing

monoclonal antibodies (NmAbs), vaccines, and postvaccine

sera (12, 14). The spike mutation at residue K417 in almost all

VOCs, but not the Alpha variant, has been predicted to cause an

overwhelmingly disruptive effect, which may make these

variants resistant to vaccine-induced humoral immunity (3,

12). Overall, at the molecular level, these spike mutations
frontiersin.org
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induce molecular tridimensional changes at the antibody

binding sites, which become inaccessible for antibodies and

therefore impede antibody binding (20, 21). Also, the residues

changed are such that mutations induce an increased binding

affinity (or interaction force) of RBD to angiotensin-converting

enzyme 2 (ACE2), like in the cases of mutations V367F, L452Q,

N501Y, and D614G, which is associated with increased

transmissibility (1, 10, 11, 21–23).

Similarly, antiviral T-cell immunity evasion by VOCs has

also been associated with mutations occurring in the SARS-

CoV-2 spike protein. More specifically, mutations in several

HLA-I-restricted SARS-CoV-2 epitopes were found to effectively

allow VOCs, including Alpha, Beta, and Delta, to escape from

viral clearance by CD8+ cytotoxic T lymphocytes (CD8+ CTLs)

(24–27). For instance, mutations L452R and Y453F found in

B.1.427/429 (also known as CAL.20C) and B1.1.298 variants are

associated with resistance to cellular immunity (24). Moreover,

infection with SARS-CoV-2 VOCs is followed by a decreased

production of IFN-g and CD8+ T-cells and, more interestingly,

an almost zero cytotoxic activity of the low titer of CD8+ T-cells

produced (25, 28). Also, Le Bert et al. (29) found that in SARS-

CoV-2 VOC infections, the cytotoxic activity of CD8+ T-cells

inversely correlates with COVID-19 severity, suggesting that

mutations in SARS-CoV-2 S protein may affect the functionality

of CD8+ T-cell immune response. More specifically, they may

probably induce mechanisms inhibiting the cytotoxic activity of

CD8+ T-cells (25, 26), which therefore allow their over-

replication and spread. Unfortunately, unlike the well-

documented detrimental effect of mutations on humoral

immunity, how the mutations in SARS-CoV-2 VOCs induce

T-cell immunity evasion at the molecular level is not

well documented.

In this review, we discussed how SARS-CoV-2 VOCs adapt

to and escape from anti-COVID-19 cellular immunity by

focusing on the effects of specific SARS-CoV-2 mutations on

cytotoxic CD8+ T-cell immunity activation.
2 Activation of CD8+ T-cells in viral
infections

Most acute respiratory viral infections trigger activation and

proliferation of both naïve CD4+ and CD8+ T-cells, as they play

central roles in viral clearance. For instance, mature effector

CD8+ CTLs are known to block virus multiplication by killing

infected cells and secrete antiviral cytokines, including IFN-g,
TNF-a, and infected-cell killer molecules [Fas-L, perforin, and

granzyme B (GrB)] (30–32).

The molecular mechanism for activating naïve CD8+ T-cells

consists of two main pathways, namely thymus-independent

(33) and thymus-dependent activation pathways (34, 35). In the

thymus-independent activation pathway, CD8+ T-cell activation
Frontiers in Immunology 03
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requires virus-infected antigen-presenting cells (APCs), which

present a cognate viral peptide to naïve CD8+ T-cells.

Specifically, following viral entry, the proteasome and other

peptidases in the cytosol progressively degrade viral proteins

to small specific peptides. The generated peptides are

transported into the endoplasmic reticulum (ER) and trimmed

by ER aminopeptidase 1, and those with the appropriate/specific

motif are loaded onto MHC I molecules. Through the Golgi,

peptide-MHC-I molecule complexes transit the plasma

membrane and display the loaded viral antigen at the APC

surface. Thus, CD8+ T-cell activation occurs when the T-cell

receptors (TCRs) of CD8+ T lymphocytes recognize viral

peptides loaded onto MHC I molecules [reviewed in (31)].

Moreover, in the absence of virus-infected APCs displaying

their cognate peptide through MHC I molecule binding to naïve

TCR CD8+ T-cells in secondary lymphoid organs (lymph nodes

and spleen), induction of CD8+ cytotoxic T lymphocytes may

require help from active CD4+ T helper cells (31, 34, 35). In this

activation pathway, two models have been described: the two-

and three-cell models. In the former model, CD4+ T-cells first

pre-activate APCs such as dendritic cells (DCs) by co-

stimulation, which subsequently activate naïve CD8+ T-cells.

In the later model, both active CD4+ Th and naïve CD8+ T-cells

interact simultaneously with the same APC, and naïve CD8+ T-

cell activation occurs through interleukin-2 (IL-2) production by

CD4+ Th cells (31, 34–37).

After activation, specific mechanisms regulating

differentiation and determining the fate of effector CD8+ T-

cells occur [reviewed in (38)]. Overall, most (but not all) effector

CD8+ T-cells expand and differentiate into mature effector CTLs

to clear viral infections. After viral clearance, the mature

effectors that have a shortened lifespan die, while the small

remaining set of activated CD8+ T-cells differentiates into

memory CD8+ T-cells, which will help to control secondary

infections more efficiently and rapidly (38).
3 Cellular immunity in SARS-CoV-2
infection

Studies on T-cell immune responses to SARS-CoV-2

infection are scarce. The substantial role of cellular immunity

in SARS-CoV-2 infection has been demonstrated in the few

available agammaglobulinemia-related studies, where a

standalone T-cell response could complete the viral clearance

and assure full recovery in humoral immunodeficiency patients

(39–42). Therefore, in COVID-19, like in other respiratory

diseases, SARS-CoV-2 infection is followed by a huge and

robust immune response mediated by a variety of T-cells,

phenotypically and functionally diverse, protecting from severe

complications, leading to a quick recovery and conferring long-

lasting (memory) immunity.
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More specifically, in symptomatic and acute COVID-19

patients, clinical reports have shown a state of characterized

lymphopenia, especially in moderate-to-critically ill COVID-19

patients (43–47), in which the T-cell count was lower than that

in mild COVID-19 patients and healthy people (normal range

955–2,860 T-cells/µl) (25, 28, 48, 49). Moreover, given that the

elderly infected with SARS-CoV-2 have the worst disease

outcomes (50), leading to death (51), aged-based studies

showed that cellular immune response is reduced, and the T-

cell count is far lower in the elderly than that in healthy donors

and mild and recovered patients (52). In contrast, in mild

COVID-19 patients, a higher T-cell response was observed

and characterized in almost all patients (detection of CD4+

and CD8+ in 80–100% and 70%–80% of COVID-19 patients,

respectively [reviewed in (53)], with a higher CD8+/CD4+ T-cell

ratio, along with a higher T-cell count than neutrophils (54, 55).

Also, in convalescent antibody-positive and -negative COVID-

19 patients, a robust T-cell response was characterized by the

presence of reactive CD4+CD154+CD137+ and CD154+CD137+

T-cells (41). Moreover, other T-cells with activated phenotypes,

including CD38+, CD39+, HLA-DR+, Ki-67+, and CD69+ T-

cells, were detected mostly in mild and convalescent COVID-19

patients [reviewed in (53)]. These observations, which positively

correlated with the clearance of COVID-19 symptoms and

recovery of almost all patients without artificial respiratory

assistance, were significantly opposite to those observed in

moderate and severe COVID-19 patients (53–55). Thus, it is

worthy to conclude that the lymphopenia state positively

correlates with COVID-19–associated death (i.e., lymphopenia

is a death-determining factor) because people who succumbed to

COVID-19 had a significantly lower absolute number of

lymphocytes (specifically CD4+ and CD8+ T-cells) than

convalescent patients (56–58). This indicates that COVID-19

patients with a decreased T-cell response, including CD4+ and

CD8+ T-cells, are likely to be more vulnerable to disease severity

and fatality, highlighting the central role of CD4+ and CD8+ T-

cells in SARS-CoV-2 clearance. Nevertheless, T-cell exhaustion

and dysregulation have been described in COVID-19 [reviewed

in (53, 56)], mainly at higher viral loads. However, in

immunocompetent patients, this condition may be transient,

with the return of CD8+ T-cells boosted by effector CD4+ and

memory CD4+ T-cells within 2 to 3 months, as observed in

SARS-CoV infections (59).

Furthermore, the diversity of T-cell response has been

associated with the production of abundant protective CTL-

and Th1-response–inducing cytokines (60). In convalescent

mild and severe COVID-19 patients, a high production

frequency of double- and triple-positive IFN-g–, TNF-a–, and
IL-2–producing CD4+ T-cells has been detected. Also, a similar

expression of IFN-g, TNF-a, GrB, and/or the CD107a marker of

degranulation producing CD8+ T-cells has been reported (41,

49, 54, 56, 61, 62). In that view, Jordan et al. (63) specified that

IL-2 and TNF-a are markers for activated CD4+ T-cells and
Frontiers in Immunology 04
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TNF-a and IFN-g for activated CD8+ T-cells. In more severe

COVID-19 cases, however, elevated and steady exhaustion levels

and reduced functional diversity of T-cells in peripheral blood

together with higher production levels of type 2 (IL-5, IL-9, IL-

10, and IL-13) and type 3 (IL-17A/F and IL-22) responses have

been found, suggesting that this later promotes the activation of

the production of proinflammatory cytokines, including IL-1b,
IL-6, CXCL8/IL-8, TNF, and CXCL10/IP-10, also associated

with neutrophils and lymphoid organ damage (blocking T-cell

response) (61, 64, 65), in severe COVID-19 patients.

The detectable reactive T-cell response in COVID-19

patients responsible for the viral clearance has a broad variable

specificity to different SARS-CoV-2 proteins. The most

dominant react ive T-cel ls , including CD4+, CD8+,

CD4+CD154+CD137+, and CD154+CD137+, detected in mild

and recovered COVID-19 patients were specific to SARS-CoV-2

structural proteins (SPs), including ORF3a, spike (S), membrane

(M), and nucleocapsid (N) (41, 53, 66). Non-structural protein

(NSP)-specific T-cells, including SARS-CoV-2 NSP13 of ORF-1,

NSP7, and ORF7/8, have also been identified (53, 66, 67).

Moreover, it is important to mention the existence of cross-

reactive cellular immunity. Indeed, several reports demonstrated

a preexisting protective T-cell immunity against COVID-19,

specific to SP and NSP from human coronaviruses (hCoVs)

other than SARS-CoV-2, in healthy and SARS-CoV-2 non-

exposed adults and in blood samples obtained before the

COVID-19 outbreak. Similarly, SARS-CoV-2–specific T-cell

response is found to cross-react with other HCoV proteins

(41, 66). This suggests that, similar to SARS-CoV–specific T-

cell response, which displays a robust cross-reactivity to SARS-

CoV-2 proteins after 17 years post-infection, SARS-CoV-2–

specific T-cell immunity may persist in recovered COVID-19

patients, allowing for rapid clearance of the infection in the case

of secondary infection with SARS-CoV-2 (66) and—probably—

SARS-CoV-2 variants, but not all (68). For instance, some

studies reported that the reinfection rate by WT SARS-CoV-2

was very low (absolute rate of 0%–1.1%) in individuals who

recovered from WT SARS-CoV-2 infection, and their immune

responses were elevated and steady for at least 10 months (68,

69). Note that this estimated law reinfection rate was related to

reinfection by the same WT SARS-CoV-2. The low reinfection

rate by VOCs due to cross-protection by SARS-CoV-2 T-cell

immunity remains speculative and confirmed, even though the

preexisting WT SARS-CoV-2 cellular immunity may contribute

to the attenuation of VOC-associated clinical severity (68).

In contrast, current newborns and children are unlikely to

have preexisting cross-reactive T-cell immunity against SARS-

CoV-2, as they have not been exposed to SARS, MERS, and/or

other circulating HCoVs. This is supported by Cohen et al. (70),

who demonstrated that memory CD4+ T-cell response increases

with age, and CD8+ T-cell response increases with time post-

infection, explaining the significantly lower SARS-CoV-2 T-cell

response and preexisting cross-reactive CD4+ and specifically
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CD8+ T-cell immunity against SARS-CoV-2 in children and

newborns than in adults (70). This suggests that CD8+ T-cell

immunity will take longer to maturate and clear SARS-CoV-2

infection in infants than in adults.
4 VOCs evade CD8+ T-cell immunity
and adapt to host cells

In a recent study, Alison et al. (71) demonstrated that WT

SARS-CoV-2–specific T-cell natural and vaccine-induced

immunity is not negatively or is lightly affected by but

could still recognize VOCs, including Alpha (B.1.1.7), Beta

(B.1.351), Gamma (P.1), and CAL.20C variants, and that only

7% and 3% of CD4+ and CD8+ T-cell epitopes are mutated,

respectively. Mazzoni et al. (72) also supported and specified

in their study that the WT SARS-CoV-2–specific CD4+ T-cell

response is more conserved against VOCs because mutations

mainly occur within non-CD4+ T-cell epitopes, which might

suggest that clearance of VOC infection could be mediated

mainly by preexisting SARS-CoV-2–specific CD4+ T-cells.

This allows them and some other scientists (73) to

hypothesize that despite mutations in T-cell epitopes and

because of the broad conserved T-cell epitope coverage, WT

SARS-CoV-2–specific T-cell immune response (regardless of

the immunity-mediating T-cell types) may still contribute to

reducing SARS-CoV-2 ( inc luding WT and VOCs)

infection severity.

However, mutations in 3% of CD8+ T-cell epitopes make a

huge difference. They may lead to indescribable fatalities due to

more virulent mutants, as reported by Elisa Guo and Hailong

Guo (74). They found that “CD8+ T-cell epitope mutants of

SARS-CoV-2 proteins lead to persistently variable SARS-CoV-2

infections with different susceptibility and severity” (74, 75).

Indeed, several other studies demonstrated with solid evidence

that, despite the preexisting SARS-CoV-2–specific cellular

immunity in COVID-19 recovered patients, the viral

replication rate after reinfection with SARS-CoV-2, but

specifically SARS-CoV-2 VOCs, is increased in these patients

(76). More importantly, although the presence of CD8+ T-cell

immune response against VOCs inWT COVID-19 convalescent

or recovered patients was reported, as claimed previously (71,

72), these CD8+ CTLs were non-functional or ineffective against

VOCs (76–78). Gallagher et al. also demonstrated that VOCs

escape from vaccine CD8+ T-cell immune response as they

found a decreased T-cell immunity against VOCs (Alpha

(B.1.1.7), Beta (B.1.351), and B.1.1.248 variants) in patients

vaccinated with specific SARS-CoV-2 mRNA vaccines from

Moderna and Pfizer compared with T-cell responses to WT

SARS-CoV-2 infection (79). These clinical features in COVID-

19 suggest that preexisting SARS-CoV-2–specific T-cell

responses might be ineffective against infection with VOCs

and imply that SARS-CoV-2, but more probably VOCs, can
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still escape from CD8+ T-cell immunity and lead to inactivation

of T-cell immunity while maintaining active viral replication

(80–83). This is the main clinical characteristic of the Omicron

variant, mainly described as mild symptomatic infection, with an

increased infection rate in SARS-CoV-2 recovered patients

(83, 84).

Furthermore, compared with CD4+ T-cell epitopes, CD8+ T-

cell epitopes are more vulnerable. Indeed, CD8+ T-cell HLA-I

epitopes are shorter (8 to 10 residues) than CD4+ T-cell HLA-II

epitopes (12 to 16 residues). A single mutation in one of the

CD8+ T-cell HLA epitopes is enough and sufficient to impair and

compromise recognition of epitopes by HLA, thus inhibiting

activation, functionality, and cytotoxic activity of CD8+ T-cells,

which considerably and specifically inhibits the destruction of

infected host cells (62, 75) and generally affects the overall T-cell

response efficacy. Understandably, subversion of CD8+ T-cell

response affects the potency of the whole T-cell response

because, in the context of the SARS-CoV-2 threat, the viral

replication mechanism is exclusively intracellular, and the main

involved T-cell response is led by CD8+ CTLs, due to efficient

presentation of endogenously produced antigens on MHC-I

molecules. Pretti et al. (85) demonstrated in an in silico

analysis of VOCs’ epitopes of CD8+ T-cells that a single

mutation including E484K in spike protein may induce T-cell

evasion as it alters the binding of the peptide onto its

corresponding HLA of MHC-I (Table 1). More interestingly, it

has been shown that non-functional and/or exhaustion of CD8+

T-cells in convalescent non-human primates significantly

decreases the protective efficacy of natural immunity against

SARS-CoV-2 and promotes infectivity and severity of SARS-

CoV-2 VOCs. Also, in critically ill COVID-19 patients, a lower

CD8+/CD4+ T-cell ratio was discovered (i.e., a low titer of CD8+

T-cells), suggesting that functional CD8+ T-cells, but better

associated with CD4+ T-cells in SARS-CoV-2 infection, are

therefore required for preventing infection severity associated

with a better viral clearance (24, 25, 28, 29, 53, 88).

Prior-to-SARS-CoV-2 outbreak studies demonstrated that

antiviral cellular immunity evasion by variants is associated with

mutations occurring in CTL epitopes (involved in T-cell

activation), which results in enhanced infection severity (89,

90) (Tables 1, 2). Similarly, recent studies corroborate these

previous findings, demonstrating that in infections with

emerging SARS-CoV-2 VOCs, there is low production of IFN-

g and CD8+ T-cells and an almost zero cytotoxic activity of the

latter (25). Specifically, they demonstrated that non-

synonymous single mutations of CD8+ T-cell epitopes found

in most VOCs induce inhibition of MHC-I binding in a cell-free

in vitro assay, resulting in reduced and non-functional CD8+ T-

cell production (25, 26), which demonstrated that mutations in

VOCs evade CD8+ T-cell immunity and adapt into host cells

(Table 1). The same results were found by Motozono et al. (24),

describing a reduced potency of CTL, followed by increased

COVID-19 infectivity and severity, in SARS-CoV-2 VOC-
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infected people. Given the demonstrated negative effect of SARS-

CoV-2 mutants on the functionality of CD8+ T-cell immune

responses, potential mechanisms underlying these effects must

be documented.
5 Mechanisms of CD8+ T-cell
immune escape by SARS-CoV-2
VOCs

In general, viral replication is a natural survival process that

viruses go through and which unfortunately causes damage to

their hosts, which, in turn, counterattacks to eliminate the viral

infection via a protective immune response. To escape the host

immunity, especially the cellular but CD8+ T-cell immune

response, in COVID-19, SARS-CoV-2 uses certain evasion

mechanisms, including genomic changes, under the host

immune pressure, which yield variants with selective and

survival advantages and enhanced viral fitness. These are

literally followed by increased infectivity and severity. These

modifications include up- or downregulation of certain viral

gene expression mechanisms or non-synonymous mutations in

gene sequences involved in immune response activation.
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5.1 SARS-CoV-2 VOCs enhance MHC-I
degradation through its ORF8 protein

The SARS-CoV-2 ORF8 protein is 121 amino acids long and

consists of a covalent disulfide-linked dimer formed through the

N-terminal sequence and a separate non-covalent interface

formed by 73YIDI76, another SARS-CoV-2–specific sequence.

Moreover, the ORF8 protein N-terminal sequence is followed by

an Ig-like fold and a signal peptide for endoplasmic reticulum

(ER) entry, where ORF8 protein interacts with host proteins,

including factors involved in ER-associated degradation (93, 94).

It has been found that SARS-CoV-2 uses the product of its

ORF8 gene to escape CD8+ T-cell immunity through disruption

or a downregulation of the mechanism of antigen presentation

to CD8+ T-cells by the MHC-I (82). Specifically, the ORF8

protein of SARS-CoV-2 directly interacts with the MHC-I

molecules and strictly induces their downregulation. The

direct interaction occurs in the ER, and once the complex

ORF8-MHC-I molecule is formed, the ORF8 product induces

MHC-I trafficking from the ER to lysosomes mediated by ER-

phagy for lysosomal vesicle degradation by autophagy. It is, in

fact, the subsequent interaction of ORF8 protein with Beclin 1 [a

key molecule in autophagy initiation (95)] that induces

activation of the autophagy pathway and the further
TABLE 1 The signature mutations of VOCs and mechanism of immune escape.

SARS-
CoV-2
VOCs

Pango
lineagesa

Mutations in spikeb Mechanism of escape/resistance cell
immunity (CD8+ T-cells)d

Alpha B.1.1.7 Q27 stopc, D69-70, D144, N501Y, A570D, D614G, P681H, T716I, S982A, D1118H ORF8 truncation enhances the downregulation of
MHC-I through the lysosomal autophagy pathway
(86)

Beta B.1.351
B.1.351.2
B.1.351.3

L18F, D80A, D215G, D242-244, R246I, K417Nc, E484Kc, N501Y, D614G, A701V Variant epitope reduces HLA-I-peptide-binding
affinity and inhibits activation of CD8+ T-cells (85,
87)

Gamma P.1
P.1.1
P.1.2

L18F, T20N, P26S, D138Y, R190S, K417Tc, E484Kc, N501Y, D614G, H655Y, T1027I,
V1176F

Variant epitope reduces HLA-I-peptide-binding
affinity and inhibits activation of CD8+ T-cells (87)

Delta B.1.617.2 T19R, D157-158, L452Rc, T478K, D614G, P681R, D950N Variant epitope reduces HLA-I-peptide-binding
affinity and inhibits activation of CD8+ T-cells (87)
or resists pre-cell immunity (24)

Kappa B.1.617.1 G142D, E154K, L452Rc, E484Qc, D614G, P681R, Q1071H Variant epitope significantly reduces the ability to
activate CD8+ T-cells through loss of affinity to
HLA-I molecules (85, 87) or resists pre-cell
immunity (24)

C.1.2 C136F, Y144del, R190S, D215G, LA242-243del, Y449H, E484Kc, N501Y, N679K, T716I,
P9L, D614G, H655Y, T859N

Variant epitope reduces HLA-I-peptide-binding
affinity and inhibits activation of CD8+ T-cells (87)

Omicronb B.1.1.529 A67V, D69-70, T95I, G142D, D143-145, D211, L212I, ins214EPE, G339D, S371L, S373P,
S375F, K417Nc, N440K, G446S, S477N, T478K, E484Ac, Q493R, G496S, Q498R,
N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H,
N969K, L981F

Variant epitope reduces HLA-I-binding peptide
affinity and inhibits activation of CD8+ T-cells (85,
87)
VOCs, variants of concern.
aPhylogenetic Assignment of Named Global Outbreak (Pango) Lineages is a dynamic nomenclature using the PANGOLIN computational system to classify genetic lineages for SARS-CoV-
2 and its relative variants (6-9).
bhttps://covdb.stanford.edu/page/mutation-viewer/#sec_alpha.
cSignature mutation in VOCs that are revealed to induce CD8+ T-cell immune escape, so far. In bold, mutations that enhance infectivity, severity, and immune escape by VOCs.
dThe described mechanism of escape/resistance cell immunity is related to mutations in bold.
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TABLE 2 Dominant and strictly validated non-conserved CD8+ T-cell–activating epitopes of SARS-CoV-2 involved in VOC immune escape.

Protein A1
a Epitope sequence Mutation(s)/mutants HLA-I genotype (Ref)

M 61 TLACFVLAAV TLACFVLAVV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLACFVPAAV HLA-A*02:01 (25)

M 61 TLACFVLAAV ILACFVLAAV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLACFVLAAF HLA-A*02:01 (25)

M 61 TLACFVLAAV TLAFFVLAAV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLACFVLAVV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLACFVLSAV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLAYFVLAAV HLA-A*02:01 (25)

M 61 TLACFVLAAV ILACFVLAAV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLVCFVLAAV HLA-A*02:01 (25)

M 61 TLACFVLAAV ILACFVLAAV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLACFVLAVV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLACFVLAPV HLA-A*02:01 (25)

M 61 TLACFVLAAV TLACFVLASV HLA-A*02:01 (25)

M 89 GLMWLSYFI GFMWLSYFI HLA-A*02:01 (25)

M 89 GLMWLSYFI GLMWLIYFI HLA-A*02:01 (25)

M 89 GLMWLSYFI GLMCLSYFI HLA-A*02:01 (25)

M 89 GLMWLSYFI CLMWLSYFI HLA-A*02:01 (25)

M 89 GLMWLSYFI GLIWLSYFI HLA-A*02:01 (25)

M 89 GLMWLSYFI GLMRLSYFI HLA-A*02:01 (25)

M 89 GLMWLSYFI GLMWLTYFI HLA-A*02:01 (25)

N 322 MEVTPSGTWL MEVTPLGTWL HLA-B*40:01 (25)

N 322 MEVTPSGTWL MEVIPSGTWL HLA-B*40:01 (25)

N 322 MEVTPSGTWL MEVTPSGTWF HLA-B*40:01 (25)

N 322 MEVTPSGTWL IEVTPSGTWL HLA-B*40:01 (25)

N 322 MEVTPSGTWL MEVTPSGTWS HLA-B*40:01 (25)

N 322 MEVTPSGTWL MEATPSGTWL HLA-B*40:01 (25)

N 322 MEVTPSGTWL MEVTLSGTWL HLA-B*40:01 (25)

N 322 MEVTPSGTWL VEVTPSGTWL HLA-B*40:01 (25)

NSP2 461 FLRDGWEIV HLA-A*02:01 (91)

NSP2 85 TFNGECPNF HLA-A*24:02 (92)

nsp3 364 LYDKLVSSF HLA-A*24:02 (92)

nsp3 1,081 YYKKDNSYF HLA-A*24:02 (92)

nsp3 1,512 AYILFTRFF HLA-A*24:02 (92)

Nsp4 486 LYQPPQTSI LYQPPQI7SI HLA-A*24:02 (92)

Nsp5 140 FLNGSCGSVc HLA-A*02:01 (91)

Nsp5 204 VLAWLYAAVc HLA-A*02:01 (91)

Nsp7 27 KLWAQCVQL HLA-A*02:01 (91)

ORF1a 2,230 IIWFLLLSV TIWFLLLSV HLA-A*02:01 (87)

S 2 FVFLVLLPLVb FVFLVLVPLV HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFFVLLPLVb HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFLVLLSLV HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFLVLLLLV HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFLVLWPLV HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFLVLLTLV HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFLVLLQLV HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFIVLLPLVb HLA-A*02:01 (75)

S 2 FVFLVLLPLVb FVFFVLLSLVb HLA-A*02:01 (75)
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TABLE 2 Continued

Protein A1
a Epitope sequence Mutation(s)/mutants HLA-I genotype (Ref)

S 2 FVFLVLLPLVb FVFFVLFPLVb HLA-A*02:01 (75)

S 133 FQFCNDPFLb FQFCNYPFLb HLA-A*02:01 (75)

S 133 FQFCNDPFLb FQFCNHPFLb HLA-A*02:01 (75)

S 612 YQDVNCTEVb YQGVNCTEVb HLA-A*02:01 (75)

S 612 YQDVNCTEVb YQNVNCTEV HLA-A*02:01 (75)

S 612 YQDVNCTEVb YQSVNCTEV HLA-A*02:01 (75)

S 612 YQDVNCTEVb YQAVNCTEV HLA-A*02:01 (75)

S 417 KIADYNYKL TIADYNYKL HLA-A*02:01 (87)

S 417 KIADYNYKL NIADYNYKL HLA-A*02:01 (25, 87)

S 417 KIADYNYKL KIVDYNYKL HLA-A*02:01 (25)

S 417 KIADYNYKL KIADNNYKL HLA-A*02:01 (25)

S 417 KIADYNYKL RIADYNYKL HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPDDFTGCV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPYDFTGCV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPDDFIGCV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPDEFTGCV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPDDFTGFV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPEDFTGCV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPDNFTGCV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPDHFTGCV HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLPDDFTGCF HLA-A*02:01 (25)

S 424 KLPDDFTGCV KLSDDFTGCVb HLA-A*02:01 (25)

S 821 LLFNKVTLA LFFNKVTLA HLA-A*02:01 (25)

S 821 LLFNKVTLA LLFNKVRLA HLA-A*02:01 (25)

S 821 LLFNKVTLA LPFNKVTLA HLA-A*02:01 (25)

S 821 LLFNKVTLA LLFNKLTLA HLA-A*02:01 (25)

S 821 LLFNKVTLA LLFNKATLA HLA-A*02:01 (25)

S 821 LLFNKVTLA PLFNKVTLA HLA-A*02:01 (25)

S 821 LLFNKVTLA LLFNKVTLT HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEVANNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEVSKNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEVVKNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL CLNEVAKNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RFNEVAKNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEAAKNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEVAKIL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLTEVAKNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEVAKNS HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEVATNL HLA-A*02:01 (25)

S 1,185 RLNEVAKNL RLNEAAKNL HLA-A*02:01 (25)

S 269 YLQPRTFLL YFQPRTFLL HLA-A*02:01 (25, 27)

S 269 YLQPRTFLL YLQPRIFLLb HLA-A*02:01 (25)

S 269 YLQPRTFLL YLQPRTFLF HLA-A*02:01 (25)

S 691 SIIAYTMSL FIIAYTMSL HLA-A*02:01 (25)

S 691 SIIAYTMSL CIIAYTMSL HLA-A*02:01 (25)

S 691 SIIAYTMSL STIAYTMSL HLA-A*02:01 (25)

S 691 SIIAYTMSL SIIPYTMSL HLA-A*02:01 (25)

S 691 SIIAYTMSL SIIAYTMLL HLA-A*02:01 (25)
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degradation of MHC-I, which is responsible for the lower

sensitivity of SARS-CoV-2–infected cells to lysis by CTLs (82)

(Figure 1). This evasion mechanism is enhanced in infections by

VOCs (82, 96, 97). Indeed, mutations in the ORF8 gene have

been associated with increased severity, transmissibility, and

especially immune evasion (86, 94, 96, 98). Specifically, many

reports have identified non-synonymous mutations or

truncations in the ORF8 gene of VOCs (86, 96), explaining in

part the enhanced immune escape by these VOCs, including the
Frontiers in Immunology 09
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variant Alpha (202012/01 or B.1.1.7), which has a mutation

(Q27 stop codon) that truncates ORF8 (86). Therefore, these

SARS-CoV-2 VOCs use their selective ORF8 mutant proteins to

enhance the above-described mechanism of activation of the

autophagy pathway and the lysosomal degradation of MHC-I,

which yields an increased inactivation of the CTL response

(Figure 1). Fortunately, experiments have demonstrated that a

knockdown or a complete deletion of ORF8 activates surface

MHC-I proper expression and significantly reduces immune
TABLE 2 Continued

Protein A1
a Epitope sequence Mutation(s)/mutants HLA-I genotype (Ref)

S 144 GVYYHKNNK GVY-HKNNK HLA-A*11:01 (87)

S 448 NYNYLYRLF NYNYRYRLFb HLA-A*24:02 (24, 87)

S 448 NYNYLYRLF NYNYLFRLFb HLA-A*24:02 (24)

S 269 YLQPRTFLLb YLQLRTFLL HLA-A*02:01 (27)

S 1,000 RLQSLQTYVb RLQSLQIYV HLA-A*02:01 (27)

S 1,000 RLQSLQTYVb RLQSLHTYVb HLA-A*02:01 (25)
frontie
aPosition of the first residue of CD8+ T-cell epitope sequence.
bDominant epitopes with the highest mutation rates and associated with a decreased recognition by WT SARS-CoV-2–specific CD8+ T-cell immunity (driving the immune escape).
cDominant epitopes with the lowest mutation rates. In bold and red, dominant mutation reported in SARS-CoV-2 variants of concern.
FIGURE 1

SARS-CoV-2 impairs antigen presentation by MHC-I to CD8+ T cells through ORF8. Once entered into the epithelial cells by endocytosis, the
genomic RNA is released. SARS-CoV-2 uses the cell protein expression machinery to synthesize the viral proteins. The antigen processing and
presentation pathways occur for viral protein lysis into peptides. Simultaneously, the MHC-I will mature in the ER and migrate to the Golgi
apparatus, where peptides will be loaded onto MHC-I molecules and presented to CD8+ cytotoxic T lymphocytes (CTLs), activating the cell
cytotoxic response (A). When infected with SARS-CoV-2, especially variants of concern, the viral proteins, including the ORF8, are produced
inside ER-derived DMVs containing LC3-I. The synthesized ORF8 protein directly interacts with the MHC-I and leads MHC-I trafficking from ER
to autophagosome vesicles, inducing the early stages of autophagy and accumulation of autophagosomes thanks to beclin 1-activated
upregulation. The matured autophagosome then fuses with the lysosome to form the autolysosome, inside which MHC-I is digested by
lysozymes. This results in the loss of sensitivity of SARS-CoV-2–infected cells to CD8+ T cells and lysis by CTLs. When infection occurs with
VOCs, the mechanism is strongly enhanced, and the SARS-CoV-2 variant easily escapes T cells (B). ER, endoplasmic reticulum; DMV, doubled
membrane vesicle; LC3-I, microtubule-associated protein 1A/1B-light chain 3B; MHC-I, major histocompatibility complex type I.
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escape (82, 96), suggesting that inhibiting ORF8 of SARS-CoV-2

by some specific body-harmless nanoparticles or nanobodies

(82) constitutes a way to alleviate immune escape by VOCs and

enhance CD8+ T-cell efficacy.
5.2 SARS-CoV-2 VOCs abolish CTL
response activation through CD8+ T-cell
epitope mutations

5.2.1 Mutations impair epitope loading onto
HLA molecules

Numerous reports demonstrate that SARS-CoV-2 uses

mutation-based strategies to downregulate activation pathways

of CD8+ T response and evade viral clearance. Thus, despite the

high rate of conserved T-cell epitopes in SARS-CoV-2 mutants

(71, 72), any changes occurring in dominant CD8+ CTL epitopes
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involved in the activation of the T-cell immune response have a

negative effect on CD8+ T-cell activation, specifically causing

deficiency of antigen HLA-A binding and CD8+ CTL activation

(75, 89, 90) (Figures 2, 3; Table 2). Pretti et al. (85) demonstrated

that in an in silico analysis of VOCs’ epitopes of CD8+ T-cells, a

single mutation including E484K in spike protein induces T-cell

evasion as it alters the binding of the peptide onto its

corresponding HLA molecules of MHC-I. Qiu et al. (75) also

demonstrated that, while dominant CD8+ T-cell epitopes

including n-Sp1 of SARS-CoV-2 induce epitope-specific T-cell

responses with cytolytic activity toward target cells through HLA-

A*02:01 binding, mutations in these epitopes cause potential

peptide–HLA-A2 binding deficiency and a decreased CTL

activation (Figures 2–4). Specifically, of the 15 predicted HLA-

A*02:01-restricted peptides of S protein, 13 peptides could bind to

HLA-A*02:01, while tetramers from seven peptides (n-Sp1, n-Sp2,

n-Sp6, n-Sp7, n-Sp11, n-Sp13, and n-Sp14) could detect antigen-
A B

DC

FIGURE 2

Molecular bases of epitope–HLA-I complexes and effects of epitope mutations. Interactions between KIA_S peptide and HLA-A*02:01 (from
PDB:7EU2) (A), NYN_S peptide and HLA-A*24:02 (7F4W) (B), RLQ peptide and HLA-A*02:01 (7N1B) (C), and YLQ peptide and HLA-A*02:01
(7N1A) (D). For all the structures, HLA heavy chains are green, the SARS-CoV-2 peptides are purple, and residues with predominant mutational
rates with an effect on immune escape are shown in yellow. Residues at the interface of the interaction of HLA with peptides are represented:
nitrogen atoms in blue, oxygen atoms in red, and hydrogen bonds are indicated by black dashed lines.
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specific CD8+ T-cells in COVID-19 convalescent patients and

activate CD8+ T-cell immunity. Subsequent analyses

demonstrated that these seven antigen peptides are the least

conserved in SARS-CoV-2 variants, bearing 19, 9, 13, 10, 12, 10,
Frontiers in Immunology 11
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and 9 types of variations, respectively, and that these variant

peptides hamper the HLA molecule binding and significantly

reduce MHC-I antigen presentation and thus CD8+ T-cell

activation. This suggests that mutations occur in high frequency
A

B

D

E

C

FIGURE 3

Molecular bases of TCR–epitope–HLA-I complexes and effects of epitope mutations. (A) Overview of RLQ3–RLQ–HLA-A2 complex (7N1E).
(B) Close-up view of interactions of T1006 (yellow), residue with predominant mutational rates in VOCs, with TCR RLQ3 and HLA-A2. (C) Overview
of YLQ7–YLQ–HLA-A2 complex (7N1F). (D, E) Close-up view of interactions of T274 and L270 (yellow), with TCR YLQ7 and HLA-A2. For all the
structures, HLA heavy chains are green, the SARS-CoV-2 peptides are purple, while residues with a predominant mutational rate with an effect on
immune escape are shown in yellow. Residues at the interface of the interaction of HLA with peptides are represented: nitrogen atoms in blue,
oxygen atoms in red, and hydrogen bonds are indicated by black dashed lines.
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in around 50% of CD8+ T-cell epitopes (7/14), reducing CD8+ T-

cell activation by half.

From a molecular point of view, Zhang et al. (87) recently

solved crystal structures of two novel crucial CD8+ T-cell epitopes

of SARS-CoV-2 (KIA_S andNYN_S) involved in cellular immunity

activation in complex with their HLA molecule receptors (HLA-

A*02:01 and HLA-A*24:02, respectively). They showed that KIA_S

and NYN_S peptides specifically form strong and stable complexes

with HLA-A*02:01 and HLA-A*24:02, respectively (Figures 2A, B),

which aligns with their respective ability to activate CD8+ T-cell

immunity. However, non-synonymous substitutions of residues

K417 (from KIA_S) (Figure 2A) and L452 (from NYN_S)

(Figure 2B), which are not conserved in either of the three VOCs

(B.1.1.7, B.1.351, or P.1), lead to the loss of affinity of the twomutant

peptides to their specific relevant HLA and significantly induce

relative VOCs to prevent the activation of and escape from CD8+

CTL responses (87). More specifically, in the KIA_S/HLA-A*02:01

complex, the cation–pi interaction (K417–W167 bound) is the

main bond that stabilizes the complex (Figure 2A) (87) over

others (salt bridge interactions), which are weakened due to the

acidic environment in the Golgi (99). In VOCs, including B.1.1.7,

B.1.351, and P.1 lineages, this highly positively charged residue

(K417) is changed by chargeless residues (Asp or Thr) (Table 2),
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which abolish the cation–pi interaction, yielding low HLA-binding

affinity. Similarly, in the NYN_S/HLA-A*24:02 complex, L452

mediating hydrophobic interactions is primarily responsible for

the high-affinity binding and stabilization of this complex

(Figure 2B), despite the presence of salt bridge interactions (99–

101). The non-silence mutation of leucine to arginine in VOCs

abolishes the hydrophobic interactions, resulting in a loss of affinity

for HLA. Overall, mutated peptides cannot be loaded onto their

respective HLA molecules and presented by MHC-I to CD8+ T-

cells, resulting in the inactivation of cytotoxic responses

(CD8+ CTLs).

5.2.2 Mutations disrupt epitope–HLA complex
recognition by TCRs

Wu et al. (27) solved two CD8+ T-cell epitope structures in

complex with HLA-A2 (RLQ–HLA-A*02:01 and YLQ–HLA-

A*02:01) and with their respective TCRs (RLQ3–RLQ–HLA-

A*02:01 and YLQ7–YLQ–HLA-A*02:01). As discussed

previously, the wild-type RLQ and YLQ peptides form strong

and stable complexes, mainly stabilized by Leu-1001 and Thr-

274, respectively (Figures 2C, D). Similarly, RLQ3 and YLQ7

TCRs form strong and stable complexes with RLQ–HLA-

A*02:01 and YLQ–HLA-A*02:01, respectively, featured by
FIGURE 4

SARS-CoV-2 S protein mutations prevent cellular immunity activation. Once entered into the target cell, SARS-CoV-2 releases its genomic RNA,
which serves to produce the viral proteins, including structural and nonstructural proteins. Recognized as non-self-molecules, antigen
processing and presentation pathways occur for viral protein lysis into peptides that are then loaded onto the MHC-I or HLA molecules and
presented to CD8+ CTLs, activating the cell cytotoxic response. The CD8+ T cells produce numerous toxic substances (perforins, granzyme, and
FasL) and cytokines (IFN-g, TNF-a, and IL-2) directly involved in SARS-CoV-2–infected cell death (A) (30, 32). However, because of the
mutations in specific antigen peptides (such as spike-mutated derived antigens), these later lose their binding affinity to HLA-I. Consequently,
the peptides are either not loaded or unstably loaded onto the corresponding HLA molecules. This leads to the reduction or non-activation of
the CD8+ T cells through low affinity or absence of HLA-I-peptide recognition by TCR, resulting in cellular immune escape and infection
maintenance by SARS-CoV-2 variants (B). MHC-I, major histocompatibility complex type I; CTL, cytotoxic T lymphocyte.
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Arg-1000, Ser-1003, Leu-1004, Gln-1005, Thr-1006, and Tyr-

1007 for the RLQ3–RLQ–HLA-A*02:01 complex and Tyr-269,

Pro-272, Arg-273, Thr-274, Phe-275, and Leu-277 for the

YLQ7–YLQ–HLA-A*02:01 complex (Figures 2C, D, 3), which

mediate binding with TCRs. These structural characteristics of

the HLA–peptide–TCR complexes perfectly align with the

respective ability of TCRs to interact with HLA peptides and

activate CD8+ T-cell responses. Interestingly, TCR RLQ3 and

YLQ7 could not recognize homologous RLQs and YLQs from

other sarbecoviruses, nor could they recognize dominant SARS-

CoV-2 RLQ and YLQ peptide variants and induce a CD8+ T-cell

response. The most dominant variants in the SARS-CoV-2

VOCs include Q1005H and T1006I for RLQ, and L270F and

P272L for YLQ (Table 2). Thus, it was evidenced that mutants

T1006I and L270F (25) drastically reduce the binding affinity of

RLQ and YLQ to and their loading onto HLA-A2s, as the

stabilized interactions mediated by T1006 in RLQ–HLA-A2

and L270 in YLQ–HLA-A2 are abolished (Figures 2C, D, 3).

In HLA–peptide–TCR complexes, mutation T1006I impairs

HLA-A2–RLQ recognition by TCR RLQ3 because, together with

Gln-1005, Thr-1006 are principal stabilizers of RLQ3–RLQ–

HLA-A*02:01 complex as they establish the strongest bonds,

including hydrogen and van der Waals interactions in the

structure (27) (Figures 3A, B). Similarly, in the YLQ7–YLQ–

HLA-A*02:01 structure, Arg-273 and Thr-274 form the most

and strongest contacts (38/62 van der Waals and 14/15 contacts)

with YLQ7 (Figures 3B–E); thus, mutations in one or both of

these residues completely disrupt the recognition of YLQ–HLA-

A*02:01 by YLQ7. Taken together, these mutations disrupt not

only epitope binding to HLA-A2 but also and especially HLA-

A2–epitope binding to TCRs, which corroborates the inability of

mutated RLQ and YLQ to activate CD8+ T-cell responses.

This phenomenon of selective mutations at specific antigenic

sites or at CD8+ T-cell epitopes aiming to reduce affinity to HLA

molecules and TCRs, demonstrated for these four amino acids, is

commonly used by all VOCs to hamper immune response

activation and successfully escape from it (Figure 4; Table 2).

Table 2 presents the validated CD8+ T-cell epitopes for which

mutations induce a reduced T-cell immunity against VOCs and

virus immune escape. The direct impact of CD8+ T-cell

inactivation through mutated CD8+ T-cell-dominant epitopes

is the loss of chemotactic mechanisms, allowing the production

and accumulation of proinflammatory cytokines and the

recruitment of immune cells involved in eliminating the VOC-

infected cells (25).
5.3 SARS-CoV-2 VOCs induce
lymphopenia by targeting T-cells and
lymphoid organs

Another mechanism suggested to be adopted by SARS-CoV-

2 VOCs to escape the CD8+ T-cell response includes the direct
Frontiers in Immunology 13
218
destruction of the T-cells and/or the damage of the lymphoid

organs producing T-cells. In fact, during infection, SARS-CoV-2

targets and infects the lymphocytes, which they kill (102),

yielding lymphocyte depletion, known as lymphopenia (or

lymphocytopenia), which is a common characteristic of

COVID-19 severity (102, 103). More interestingly,

lymphopenia is also well explained by the fact that SARS-

CoV-2 may trigger the production of proinflammatory

cytokines, including IL-1b, IL-8, IL-6, CXCL8/IL-8, TNF, and
CXCL10/IP-10 in infected macrophages and dendritic cells,

which directly decimate lymphoid organs, including spleen,

lymph nodes, bone marrow, and thymus, and therefore

blocking T-cell (including CD8+ T-cell) activation (61, 64, 65,

102–104). Specifically, postmortem autopsies from spleens of

deceased COVID-19 patients showed that CD8+ T-cells were

extremely low in all patients, and inflammatory cytokines (IL-6,

IL-8, and IL-10) were increased, along with severe spleen tissue

damage. Also, necrosis and lymphocyte apoptosis were detected

in most patients, whereas artery thrombosis and spleen damage

were observed in all patients (103, 104). This suggests that SARS-

CoV-2 infection directly damaged the spleen and atrophied

lymphoid follicles, yielding low production of CD8+ T-cells

and NK cells.

Moreover, a positive link has been established between T-

cell death (or exhaustion) and an increased expression of

immune checkpoint inhibitor proteins (PD-1/PD-L1) at the

CD4+ and CD8+ T-cell surface in severe SARS-CoV-2 patients

(105, 106). For instance, in SARS-CoV-2 patients, it was

demonstrated that overexpression of PD-1 and PD-L1

induces the activation of the PD-1/PD-L1 signaling pathway,

which downregulates the activation of effector T-cell responses

through a programmed T-cell death mechanism and predicts

COVID-19 severity (52, 106). In the study of Ronchi et al.

(106), severe COVID-19 patients and patients who died from

COVID-19 had a depleted T-cell response, especially CD8+ T-

cells, and a high viral load with a hyperexpression of PD-L1 by

pneumocytes. This suggests that SARS-CoV-2 infection

induces upregulation of a PD-1/PD-L1 signaling pathway,

which is responsible for the T-cell death and CD8+ T-cell

immune escape. Consequently, the virus gains the advantage of

this state being more threatening. These mechanisms might be

enhanced in SARS-CoV-2 VOC infection cases given the

successful and noteworthy evasion by VOCs of CD8+ T-cell

response. Future studies should address the contribution of

SARS-CoV-2 VOCs to programmed lymphocyte death and

lymphoid organ damage.
6 Discussion and concluding
remarks

Humoral immunity to SARS-CoV-2 is widely studied as it

plays an essential role in virus recognition and neutralization
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through neutralizing antibodies. However, this role is only

limited to extracellular environmental scenarios. Moreover,

memory antibodies and B-cells are relatively short-lived,

non-persistent over the years, and become undetectable after

4 years post-infection (107, 108), compared with T-cells that

can last longer and persist for more than a decade (66).

Moreover, occasionally and paradoxically, antibodies can

increase virus severity through the antibody-dependent

enhancement (ADE) phenomenon. These limits would push

scientists to focus on cellular immune response, which plays an

important role, too, as it is involved in the destruction and

eradication of the infected cells carrying virus particles.

Therefore, cellular immunity is as essential as humoral

immunity in infection clearance.

Despite the efforts put toward the development of

strategies to fight against SARS-CoV-2 infections and

COVID-19, we still have a long way to go because of the

emergence of new SARS-CoV-2 variants, including VOCs,

which are more virulent and severe than authentic SARS-

CoV-2, and especially resistant to CPs, SARS-CoV-2-specific

NmAbs, and the current vaccines (13, 14). Remarkably, since

the beginning of the outbreak, the pattern of the COVID-19

pandemic shows surges in new cases and fatalities, followed

by declines, and as of now, the world faces a new COVID-19

wave since January 2022 that peaked early in February

(https://covid19.who.int/; https://www.worldometers.info/

coronavirus/). Interestingly, most of these new cases are

caused by the new SARS-CoV-2 strains (1–3) classified by

the WHO and CDC as VOCs (https://www.cdc.gov/

coronavirus/2019-ncov/variants/variant-classifications.

html#anchor_1632154493691). Indeed, it is the non-silent

mutations occurring in SARS-CoV-2 that confer to VOCs the

ability to escape from innate and adaptive immunity,

especially from CD8+ T-cell immunity, and exert their

virulence in humans (11, 12, 14) (Table 1).

While some studies have demonstrated highly conserved

CD8+ and CD4+ T-cell epitopes in VOCs (71, 72), with

evidence of T-cell response similarities between WT and

mutants (63), it is important to note that the few

mutational rates present in structural and non-structural

gene products of VOCs, specifically within the CD8+ T-cell

epitopes, can exert a cellular immune escape, leading to

fatalities. Given the small size of CD8+ T-cell epitopes (8 to

10 amino acids), a single mutation within these epitopes is

sufficient to disrupt CTL response (62, 85). This needs to be

taken into account given the fact that people who present

deficient or non-functional (or non-active) CD8+ T-cells,

even with stable CD4+ T-cell response, are vulnerable and

susceptible to COVID-19 severity (76–78, 80–83, 109). Two

shreds of evidence have been presented here: (i) high CD4+ T-

cell titers but low CD8+ T-cell titers were found in critically ill

COVID-19 patients infected with VOCs, whereas the
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opposite was found in mild and recovered COVID-19

patients (53–55); (ii) SARS-CoV-2 recovered patients have

genetically conserved T-cell immunity, which can also

specifically recognize VOCs; however, these patients can

still be reinfected by new SARS-CoV-2 VOCs and, more

interestingly, they can experience severe acute respiratory

distress syndrome (ARDS) (76, 80–83, 109). These suggest

that mutations that occurred in WT SARS-CoV-2 leading to

VOCs have negative effects on the production of CD8+ T-

cells, and VOCs can still escape from SARS-CoV-2–specific

preexisting cell immunity (80, 81), which, even at high titers,

may not be as effective as it would be if reinfection occurred

with the original WT SARS-CoV-2.

Among the evasion pathways that SARS-CoV-2 VOCs may

adopt to escape from natural and/or vaccine-induced CD8+ T-

cell immune responses specific to WT SARS-CoV-2, we

summarize three possible mechanisms:
• SARS-CoV-2 VOCs also adopt and enhance the SARS-

CoV-2 mechanism of activation of the autophagy

pathway and the lysosomal degradation of MHC-I,

which highly decreases the activation of the CD8+

CTL response due to mutations of the ORF8

(Figure 1) (86, 96);

•Mutations in CD8+ T-cell epitopes specific to SARS-CoV-

2 proteins induce a loss of affinity and cannot be loaded

onto HLA-A molecules, which results in a lack of TCR

recognition and cytotoxicity activation (Figures 2–4)

(27, 80, 81, 87);

• SARS-CoV-2 VOCs may induce enhanced direct

destruction of the T-cells and/or damage of the

lymphoid organs producing T-cells, specifically CD8+

T-cells, through the hyperactivation of the PD-1/PD-L1

signaling pathway.
While mutations in SARS-CoV-2 SP and NSP, specifically in

CD8+ T-cell epitopes, have been demonstrated to induce VOC

immune escape through the inactivation or downregulation of

CTL, future studies should address the contribution of SARS-

CoV-2 VOCs, especially mutations in CD8+ T-cell epitopes, on

programmed lymphocyte death and lymphoid organ damage,

specifically in the overexpression of PD-1 and PD-L1 on CD8+

T-cells.

From a reverse point of view, considering studies

claiming that reported mutations occurring in CD8+ T

epitopes have no effects on WT SARS-CoV-2 T-cell

response (71, 72, 80, 81), specifically on CD8+ T-cell

activation and are barely preserved within VOCs, this

could hypothetically imply that these mutations may

create new specific VOC CD8+ T-cell epitopes (25, 74, 75,

85), which might contribute to an effective but delayed
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clearance of VOCs. For instance, recovered patients from

WT SARS-CoV-2 infection or WT SARS-CoV-2 vaccinees

or both acquired a protective memory T-cell immunity fully

against WT SARS-CoV-2 [with a negligible reinfection

absolute rate of 0%–1.1% (68)] but more than 50%

reduced against new variants (80, 81, 109). In the case of

new infection with VOCs, this less than 50% T-cell

immunity, especially CD8+ T-cells (80, 81, 109), may not

be strong enough to eliminate the new variants in reasonable

kinetics as the variant may also escape from preexisting

immunity. Thus, hypothetical new CD8+ T-cell epitopes

would be loaded onto corresponding HLA-I molecules and

trigger new and specific T-cell activation for a complete—

delayed—VOC clearance. Studies by Qiu et al. (75) and Elisa

Guo and Hailong Guo (74) demonstrated the possibility of

new CD8+ T-cell epitopes from mutated epitopes of SARS-

CoV-2, with the ability to increase T-cell activation marker

CD69 and CD137 and induce low titer CD8+ T-cell response

specific to the mutants, but then, no more specific to the WT

SARS-CoV-2. Future studies need to assess the possibility of

new epitopes from SARS-CoV-2 VOC infections and their

effectiveness in the clearance of SARS-CoV-2 VOCs. These

studies would help in developing variant-specific vaccines.

Additionally, other studies have raised the conclusion that

despite mutations occurring in SARS-CoV-2, which are

responsible for SARS-CoV-2 emerging variants (including

VOCs), recovered WT SARS-CoV-2 individuals and WT

SARS-CoV-2–specific vaccinees retain immunity that cross-

reacts with new variants and may clear the VOC infections

and prevent them from severe forms of COVID-19 (68, 73).

However, this—early—immunity effectiveness might be

mainly attributed to memory CD4+ T-cells and, to a lesser

extent, to memory B-cells and antibodies, but probably not to

memory CD8+ T-cells. This is because, as described in

Section 4, mutated epitopes carried by VOCs may no

longer be recognized by preexisting CD8+ T-cell immunity,

as mutations in SARS-CoV-2 negatively affect mainly CD8+

T-cell epitopes that are more vulnerable (62, 75), but not

CD4+ T-cell epitopes for which the same preexisting SARS-

CoV-2 immune response still retains efficacy against mutants

and may appropriately reduce VOC infection-associated

severity (72). Consequently, we suggested that the clearance

of VOC infections later on without intensive care admission

could be possibly attributed to the development of new CD8+

T-cell epitopes specific to variants, together with the

conserved preexisting CD4+ T-cell, which aligns with the

global pattern of the COVID-19 pandemic [surges in new

cases followed by prevalence declines months later (https://

covid19.who.int/)].
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In conclusion, to block the CTL-mediated cellular immune

escape by SARS-CoV-2 VOCs, studies should focus on the

development of new vaccines (such as RNA vaccines, which are

known to promote the activation of cellular immunity) and

especially on how to boost the CD8+ T-cell response against

VOCs (110, 111). Besides RNA vaccines, a better alternative for

next-generation vaccines includes epitopes-based vaccines. By

focusing on non-structural proteins and spike and

nucleocapsid protein domains of SARS-CoV-2 that are

relatively less mutated or highly conserved, numerous studies

demonstrated dominant CD8+ CTL epitopes specific for HLA-

A*24:02 and HLA-A*02:01 genotypes, with a relatively low or

zero divergence rate, that can be targeted for developing wild

spectrum COVID-19 vaccines, effective against any SARS-

CoV-2 variants—and extensively against sarbecoviruses—

with the ability to induce neutralizing antibodies and activate

specific CD8+ CTLs (27, 92, 112–115). For example,

considering five randomly evidenced CD8+ CTL-specific

epitopes with low/no mutational rates, such as FLNGSCGSV

and VLAWLYAAV (91), PDPSKPSKR, DPSKPSKRS, and

QTQTNSPRR (113), new-generation epitope-based vaccines

might consist of developing a multivalent-epitope–based

cocktail against SARS-CoV-2 from these five epitopes, with

peptide carriers and/or intramolecular adjuvants. Besides

boosting CD8+ T-cell response, one of the most attractive

advantages of such multiple epitope-based vaccines includes

the ability to reduce the potential of new SARS-CoV-2

emerging variant development. More interestingly, these

epitope-based vaccines have more benefits, including time-

and cost-effectiveness, maximal therapeutic efficacy (enhanced

antigenicity and immunogenicity), and well-tolerability with

minimal adverse effects (113, 115, 116).

Also, reports have demonstrated that a knockdown or a

complete deletion of ORF8 activates surface MHC-I proper

expression and significantly reduces immune escape (82, 96),

suggesting that inhibiting ORF8 of SARS-CoV-2 constitutes a

way to enhance CD8+ T-cell efficacy against SARS-CoV-2

VOC infections.
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Bozkurt, Özkul, Oktay, Uygut, Cinel and
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This is a single-center prospective, open-label, single arm interventional study

to test the safety and efficacy of recently described ChipEXO™ for severe

COVID-19 pneumonia. The ChipEXO™ is a natural product derived from

convalescent human immune plasma of patients recovered from moderate

COVID-19 infection. In September 2021, 13 patients with pending respiratory

failure were treated with ChipEXO™ adapted for aerosolized formulation

delivered via jet nebulizer. Patients received 1-5x1010 nano vesicle/5 mL in

distilled water twice daily for five days as an add-on to ongoing conventional

COVID-19 treatment. The primary endpoint was patient safety and survival over

a 28-day follow-up. The secondary endpoint was longitudinal assessment of

clinical parameters following ChipEXO™ to evaluate treatment response and

gain insights into the pharmacodynamics. ChipEXO™ was tolerated well

without any allergic reaction or acute toxicity. The survival rate was 84.6%

and 11 out of 13 recovered without any sequel to lungs or other organs.

ChipEXO™ treatment was effective immediately as shown in arterial blood gas

analyses before and two hours after exosome inhalation. During the 5 days of
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treatment, there was a sustainable and gradual improvement on oxygenation

parameters: i.e. respiratory rate (RR) [20.8% (P < 0.05)], oxygen saturation

(SpO2) [6,7% (P < 0.05)] and partial pressure of oxygen to the fraction of

inspired oxygen (PaO2/FiO2) [127.9% (P < 0.05)] that correlated with steep

decrease in the disease activity scores and inflammatory markers, i.e. the

sequential organ failure assessment (SOFA) score (75%, p < 0.05), C-reactive

protein (46% p < 0.05), ferritin (58% p = 0.53), D-dimer (28% p=0.46). In

conclusion, aerosolized ChipEXO™ showed promising safety and efficacy for

life-threatening COVID-19 pneumonia. Further studies on larger patient

populations are required to confirm our findings and understand the

pathophysiology of improvement toward a new therapeutic agent for the

treatment of severe COVID-19 pneumonia.
KEYWORDS

COVID-19, Coronavirus disease, Severe acute respiratory syndrome-coronavirus-2,
SARS-CoV-2, exosomes, convalescent plasma
Introduction

The coronavirus disease 2019 (COVID-19) pandemic has

posed an unprecedented need for new antiviral therapeutics that

are safe, effective, and readily available for the need to treat large

populations. Severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), the causative agent of COVID-19, is an airborne

disease targeting the lung epithelial cells resulting in viral

pneumonia in about 20% of the infected (1). This is the major

cause of mortality —so far, 6 million worldwide— due to the

development of acute respiratory distress syndrome (ARDS)

which involves inflammatory cascades and endothelial damage

(2, 3). It is characterized by disruption of lung epithelial-

endothelial barrier integrity, resulting in thickening of alveolar

walls, inflammation, and fibrosis, which leads to impaired

alveolar-capillary gas exchange and impaired immune

response (4, 5). Conventional treatments to limit viral load or

decrease inflammation have been limited as mortality rates

remain over 50% among patients with severe COVID-19

pneumonia (6, 7).

Since the early days of the pandemic, many countries have

been engaging in large-scale operations to collect and store

convalescent serum from the survivors (8). This is considered

a historical remedy, dating back to the 19th century, to provide

passive immunity when needed. In fact, successful applications

of convalescent plasma treatment (CPT) have been reported

during the epidemics by the members of Coronoviridea, SARS,

and MERS in the last two decades (9, 10). Similar observations

have been published recently for applications of CPT for severe

COVID-19 infection (11–13). Traditionally, convalescent

plasma has been used to deliver passive immunity through
02
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the antiviral antibody content to reduce the viral load.

Recently, the immunotherapeutic and biologic activities

of convalescent plasma, have been focused on harnessing

plasma content for extracellular vesicles (EV) including

exosomes for the treatment of COVID-19 by intravenous

infusion (14–16). EVs are small message-bearing vesicles

ubiquitously produced by all known types of cells. Exosomes

are a subtype of EVs of endosomal origin, and range between 30

to 200 nm in size. Through their protein and RNA cargo,

exosomes can convey biological information to other cells

upon uptake via endocytosis (17). Recently, we reported the

antiviral efficacy of convalescent human immune plasma-

derived exosome (ChipEXO™) against SARS-CoV-2 using

preclinical models (18). Based on the omics data, the cargo

content includes a range of proteins, lipids, RNA and DNA, etc,

but it is free of antibodies.

In this pilot study, we have studied ChipEXO™ as an inhaled

agent for treatment of patients with COVID-19 admitted to the

intensive care unit (ICU) for pending respiratory failure. The

results observed are promising and warrant further research to

explore underlying pathophysiology of improvement.
Patients and methods

This is a prospective, open-label, case controlled clinical

study conducted at Marmara University Anesthesiology and

Reanimation ICU in collaboration with the laboratories of

Erciyes University upon proper approvals by the Clinical

Studies Ethics Committees and Turkish Ministry of Health.

ICU patients with polymerase chain reaction (PCR) positive
frontiersin.org
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COVID-19 associated ARDS were enrolled after signed

informed consent during ICU stay for respiratory support in

the month of September 2021. The Delta variant was the most

common dominant strain during the study period. The

enrollment criteria included respiratory rate >30 breaths/min,

SpO2 <92% on room air at sea level, and a ratio of arterial partial

pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2)

<300 mmHg. Patients who have serious general conditions, such

as severe organ dysfunction and initially required mechanical

ventilation at admission were excluded. All patients were on

ongoing standard COVID-19 care per published guidelines by

the Turkish Ministry of Health (19) that included

dexamethasone 6 mg by mouth once daily (or equivalent

methyl prednisolone), favipiravir 1600 mg by mouth twice

daily for a day (loading dose) then 600 mg twice daily

(maintanence), and enoxaparin 0.4 ml subcutaneously once

daily. The primary endpoint was the safety of ChipEXO™

treatment and survival during the 28 day follow-up. The

secondary endpoints included improvement of respiratory

parameters, clinical symptoms and laboratory parameters.
Clinical follow up parameters

Patients were closely monitored for vital signs, laboratories

as well as Sequential Organ Failure Assessment (SOFA) scores

(20), Acute Physiology and Chronic Health Evaluation

(APACHE) II, heart rate, acidosis, consciousness, oxygenation,

and respiratory rate (HACOR) scores (21, 22). Thoracic

computed tomography (CT) findings were classified according

to COVID-19 Reporting and Data System (CO-RADS) (21).
ChipEXO™ collection, isolation and
application

Convalescent plasma was obtained from the survivors of

COVID-19 according to national regulations set forth by the

Turkish Ministry of Health (19). Exosomes were isolated from

convalescent plasma and prepared for usage as described

previously (18) at Erciyes University’s good manufacturing

practices (GMP) laboratories. Physical characterization

including size distribution and concentration of exosomes was

measured via nanoparticle tracking analysis (NTA) using Nano-

sight NS300 (Malvern Instruments, Malvern, UK). Samples were

diluted in phosphate-buffered solution (PBS) to contain 25–200

particles in a frame and examined by 15 captures of 20 second

each. Threshold levels were selected for each sample according

to the manufacturer’s instructions (23). The diameter analysis of

exosomes was performed by scanning electron microscopy

(Zeiss GEMINI 500). ChipEXOTM was screened for

contamination (BacTAlert system) before application. Residual
Frontiers in Immunology 03
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dextran levels was monitored by using Fourier Transform

Infrared Spectroscopy (FTIR).

The exosome stock solution was diluted with distilled water

to have 20-60 particles visible in the NTA camera. The final

dilute (1-5 x 1010 Nano-vesicle in 5 mL) ChipEXO™ was

delivered by jet nebulizer as an inhaled agent twice daily for

five days. None of the patients experienced any side effects that

were attributable to administration of ChipEXO™ inhalation

within this period.
Statistical analysis

Histogram, q-q plots were examined and Shapiro-Wilk’s test

was used to assess the data normality. Wilcoxon t and Friedman

tests were used for within group comparisons. Nemenyi test was

applied for post-hoc comparisons. Analyses were conducted on

data from 13 subjects using R 4.0.1 (24) and TURCOSA

(Turcosa Analytics Ltd. Co., Türkiye, www.turcosa.com.tr)

software. A P value less than 5% was considered as

statistically significant.
Results

Thirteen patients who were admitted to ICU for respiratory

support were studied. As shown in Table 1A, Demographics

included mean age of 55.9 years (range: 39-74), 8 males

(61.5%). The comorbid conditions included diabetes mellitus

(38.5%), hypertension (30.7%), coronary heart disease (15.4%),

asthma (7.7%), chronic obstructive pulmonary disease (7.7%), and

history of cancer (7.7%). The most common symptoms at

admission were cough (84.6%), shortness of breath (69.2%), and

fever (61.5%). There was median 7 [Interquartile range (IQR, 5-

8)]; days between detection of PCR positivity and admission to

ICU. At the time of admission, median APACHE II score was

median 12 (IQR, 9-17) and at admission. HACOR score was 6

(IQR, 5-8). Thoracic computed tomography findings were

consistent with COVID-19 CO-RADS group 5 in all patients.

As summarized in Table 1B, The clinical course of patients

during 5 days of ChipEXO™ treatment is as following: All

patients required high flow nasal oxygen (HFNO) therapy at

admission and four (30.7%) progressed to require non-invasive

mechanical ventilation (NIMV) and five patients (38.5%)

required mechanical ventilation (MV). The median duration

of HFNO therapy, NIMV and MV was 4 days (IQR, 1-8), 4 days

(IQR, 2-8) and 9 days (IQR, 6.5-10.5), respectively. Two (15.4%)

out of 13 enrolled expired from bacterial infections and sepsis

after a median duration of ICU stay for 13.5 days (IQR, 12-13.5)

12 and 13.5 days of ICU stay. The leading cause of death was

secondary bacterial infections and sepsis in both patients.

Remaining 11 (84.6%) survivors discharged successfully after a
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median duration of ICU and hospital stay of 10 days (IQR, 9-12)

and 18 days (IQR, 12-19), respectively. Mortality at 28 days was

remarkably lower (15.4%) with a shorter duration of ICU stay

and a greater probability of discharge alive (84.6%) among those

treated with ChipEXO™ in comparison to national average.

As shown in Figure 1, there was significant improvement in

the respiratory rate [median 24.0 (IQR, 23.0-31.0) vs 19.0 (IQR,

15.0-19.5), p<0.001];, SOFA score [median 8.0 (IQR, 6.5-9.0) vs

2.0 (IQR, 2.0-2.0), p<0.001]; number of lymphocytes [median
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400.0 (IQR, 300.0-650.0)/µl vs median 800.0 (IQR, 600.0-

1250.0), p=0.002];, SpO2 level [median 90.0 (IQR, 89.5-94.0) vs

96.0 (IQR, 93.5-97.0), p=0.007];, and PaO2/FiO2 ratio [median

86.0 (IQR, 60.0-107.5) vs 196.0 (IQR, 161.5-260.0), p<0.001];

during 5 days of inhaled exosome, ChipEXO™, therapy. The

levels of C-reactive protein (CRP), lactate dehydrogenase (LDH)

and fibrinogen also significantly decreased during this period.

As shown in Figure 2, when arterial blood gas analyses were

compared before exosome inhalation and two hours after exosome

inhalation, there was a rapid and robust improvement in gas

exchange and oxygenation parameters for PO2 and PaO2/FiO2. A

statistically significant increase was observed for PO2 levels on days

4 and 5, and for PaO2/FiO2 ratio on all days before and two hours

after exosome inhalation (P < 0.05). For PO2, the area under the

curve (AUC) before and after ChipEXO™ treatment was 352.50

(314.50-406.25) and 416.00 (357.25-515.50), [P <0, 05] on day 1

and day 5, respectively. Similarly, for PaO2/FiO2 levels, AUC before

and after ChipEXO™ treatment was 505.00 (387.25-683.25) on

day 1 and 625.50 (578.00-804.00) on day 1 and day 5, respectively

[P <0, 05]. Furthermore, the improvement of PO2 levels was

sustainable and additive on each consequent day over a 5 day

treatment; i.e. PO2 levels at 65.0 mmHg (49.0-89.0) and 78.0

mmHg (63.0-94.5), [P> 0.05] on day 1 and day 5, respectively.

Improvement in PaO2/FiO2 was highly striking between the first

and fifth day of inhaled exosome therapy at 90.0 (62.5-144.0) and

100 (80–164), respectively [P> 0.05]. The SPO2 levels also

significantly improved between the first and fifth day of the

treatment, i.e. 90.0% (80.0-95.5) on day 1 and 95.0% (92.5-96.5)

on day 5, [P> 0.05], although, the immediate effect of ChipEXO™

on the levels of SPO2 within 2 hours of treatment was not

statistically significant.
Discussion

As of April 2022, the number of laboratory-confirmed

patients with SARS-CoV-2 infection reached to half a billion

world-wide causing more than six million deaths (https://

covid19.who.int, last accessed on April 10, 2022 (2). So far,

dexamethasone has been the only treatment that is readily

available during the pandemic to provide significant impact.

Although it is widely used as the standard of care in critically ill

patients, the mortality from ARDS still remains high

emphasizing the urgent need for development of affordable

new therapeutic options (25).

We now report a novel therapeutic aerosol treatment

composed of exosomes derived from immune plasma,

ChipEXO™, against COVID19 pneumonia. Based on the

omics studies, we have shown that the cargo content of

ChipEXO™ differs from healthy control-derived preparation

for miRNA expression and protein composition (18). In

particular, ChipEXO™ is enriched for proteins associated with
TABLE 1A Demographics and clinical status before chipEXOTM treatment.

Total number of subjects enrolled 13

Age* ± SD 55.9±11.2

Male (%) 8 (61.5)

Previous coexisting disease, subject number (%)

Hypertension 4 (30.7)

Diabetes mellitus 5 (38.5)

Cancer history 1 (7.7)

Asthma & COPD 1 (7.7)

CHD 2 (15.4)

Symptoms, subject number (%)

Fever 8 (61.5)

Cough 11 (84.6)

Shortness of breath 9 (69.2)

Sputum 3 (23.1)

Diarrhea 1 (7.7)

Sore throat 3 (23.1)

Disease severity at enrollment, median (range )

Days since positive PCR 7 (5-8)

APACHE-II score 12 (9-17)

SOFA score 8 (6.5-9.0)

P SILI HACOR score 6 (5-8)

CO-RADS score 5 (5-5)

Table 1B Clinical follow up & final outcomes after chipEXOTM treatment.

Clinical Follow Up

Number subjects on HFNO > NIMV > MV (%) 13(100)> 4(30.7)> 5
(38.5)

Median days of HFNO > NIMV > MV (range ) 4(1-8)> 5(1-11.5)> 9(6.5-
10.5)

Final Outcome at 28 days follow-up

Number deceased (%) 2(15.4)

Total days ICU stay of deceased, median (IQR
range )

13.5 (12-13.5)

Number survivors (%) 11(84.6)

Total days of ICU stay of survivors, median (IQR
range )

10 (9-12)

Total days of hospital stay of survivors, median
(IQR range )

18 (12-19)
Age, mean in years; SD, standard deviation; PCR, polymerase chain reaction; CHD,
coronary heart disease; SOFA, Sequential Organ Failure Assessment scores; APACHE,
Acute Physiology and Chronic Health Evaluation II scores; HACOR, Heart Rate,
Acidosis, Consciousness, Oxygenation, Respiratory Rate scores; CO-RADS, Thoracic
computed tomography classification for COVID-19; HFNO, High Flow nasal oxygen
therapy; NIMV, Non-invasive mechanical ventilation; MV, mechanical ventilation.
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three main groups: immune system, microvasculature and

somatic cells. For immune activation and modulation, terms

such as “response to symbiont” (a.k.a. response to the virus),

“cytolysis by a host of symbiont cells,” and “killing by a host of

symbiont cells” included C4b-binding protein (C4BP) alpha and

beta chains, apolipoprotein L1, histidine-rich glycoprotein, and

prothrombin. The proteins under “molecular function”

annotated five proteins under “complement binding” and four

under “immunoglobulin binding,” with enrichment of 80.39-

fold and 58.72-fold, respectively, in comparison to the expected

number of proteins per the PANTHER reference list of the

Homo sapiens gene database.

All 13 patients who were enrolled had impaired gas exchange

and disturbed oxygenation and hypoxemia that are well-known

for unfavorable clinical outcomes and poor survival rates (26–29).

Furthermore, all 13 had abnormal biomarkers with elevated CRP,

D-Dimer, LDH, fibrinogen, ferritin levels, and significantly higher

SOFA, APACHE II, and HACOR risk scores and met the criteria

for severe ARDS pneumonia due to their down-trending PaO2/

FiO2 ratio and intensively infiltrated lung images.
Frontiers in Immunology 05
229
Respiratory aerosol ChipEXO™ significantly improved the

respiratory rate, PO2, SPO2, and PaO2/FiO2 from the first day

of administration to the fifth day. After aerosol exosome

administration, a hyper-acute respiratory improvement was

consistently observed in arterial blood oxygenation and gas

exchange parameters. All 11 patients survived, allowed a slow

wean of oxygen support, a known predictive factor for recovery

and eventual hospital discharge. This was in conjunction with

significant improvement in patients’ clinical scores (SOFA,

APACHE II, HACOR) and laboratory values (absolute

lymphocyte number, d-dimer, CRP, fibrinogen, LDH and

ferritin) during the 5 day treatment. The improvement of

each parameter was sustainable and in parallel allowing a

coherent course among the survivors, including those (n=5)

who required a brief period of mechanical support. Reduction

in inflammation markers during the course of ChipEXO™, as

an add-on treatment to the conventional systemic treatment,

suggests the importance of targeted treatment to break the

cascading events leading to fetal outcomes from COVID-19

pneumonia. Based on the omics data, as well as, the results of
FIGURE 1

Impact of ChipEXOTM on clinical and laboratory parameters. Subjects received twice daily aerosolized ChipEXOTM treatment for 5 days. Results
are shown as scattered boxplots to demonstrate the distribution of change for each parameter over time. P values, by Friedman test, indicate a
within-subject comparison on six time points. There was a significant improvement in the respiratory rate, SOFA score and lymphocyte count.
The SpO2 level and PaO2/FiO2 ratio dramatically increased, and CRP, LDH and fibrinogen significantly decreased during treatment. Abbreviations
(normal range): WBC, white blood cell count; CRP, C-reactive protein; LDH, lactate dehydrogenase.
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FIGURE 2

Arterial Blood Gas parameters during ChipEXOTM Treatment. The respiratory parameters of oxygenation and ventilation were followed daily
before (red) and two hours post (green) ChipEXOTM treatment for 5 days. Results are shown as grouped and scattered boxplots for the
distribution and change in each of the parameter studied. P values, by Wilcoxon test, display the levels of significance between pre- and post-
treatment at a given time point. Abbreviations (normal range): pO2, partial pressure of oxygen (83-108 mmHg); pCO2, partial pressure of carbon
dioxide (35-45 mmHg); sPO2, oxygen saturation (95%-99%); BE, base excess (-3 to 3 mmol/L); HCO3, bicarbonate (22-28 mmol/L); pH (7.35-
7.45), lactate (0.5-1.5 mmol/L).
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d-dimer levels, the cargo content is likely to have biological

activities on microvasculature.

In summary, this study showed a significant benefit of inhaled

exosome therapy in the respiratory functions of critically ill

COVID-19 patients. The treatment was safe and tolerated well;

i.e. similar to our observation on preclinical murine model, there

was no serious adverse effects, allergic or toxic reaction. Major

limitations of this study include small numbers of patient

enrollment and lack of a sham control. Nonetheless, considering

the mortality rate of 58% that we experienced among the 20,000

hospitalized COVID-19 patients during the same time period at our

institution, the survival rate accomplished in this pilot study is

encouraging. This was not due to unbiased patient selection as

evidenced by 5 progressing to require mechanical ventilation.

Although the concept of exosome based treatment is not novel,

targeted delivery of convalescent serum derived exosomes during

the pandemic has not been reported. There is an ongoing research

on the mechanism of improvement; based on our preclinical and

omics data (18), the bioactivities of ChipEXOTM are likely to be

multifactorial and may include direct inhibition of viral

propagation, immune modulation and promoting vascular health.

Thus a cocktail of key cargo components may be necessary to

initiate changes simultaneously for synergy and healing. If the

results of future clinical trials on ChipEXOTM is promising,

further pharmacologic research is warranted on molecular

pathways and feasibility of customized recombinant products.
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MÇ. Plasma samples collected by FG. Exosome production were

performed by NT, ZG, NG, OK, BB, YÖ, MK, GZ, EU, and FŞ.
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Dynamics of humoral immune
response in SARS-CoV-2
infected individuals with
different clinical stages

Yorjagis Mendez-Cortina1†, Ana Lucı́a Rodriguez-Perea1†,
Mateo Chvatal-Medina1, Tulio Jose Lopera1,
Natalia Alvarez-Mesa1, Jan Karlo Rodas-Marı́n2,
Diana Carolina Moncada3,4, Maria Teresa Rugeles1

and Paula Andrea Velilla1*

1Grupo Inmunovirologı́a, Facultad de Medicina, Universidad de Antioquia, Medellı́n, Colombia,
2Grupo de Investigación Hospital Alma Máter de Antioquia, Área de Investigación e Innovación,
Hospital Alma Máter de Antioquia, Medellı́n, Colombia, 3Infectious Diseases, Internal Medicine,
Hospital Universitario San Vicente Fundación, Medellı́n, Colombia, 4Facultad de Medicina,
Universidad de Antioquia, Medellı́n, Colombia
Background: The COVID-19 pandemic remains a global health problem. As in

other viral infections, the humoral immune response against SARS-CoV-2 is

thought to be crucial for controlling the infection. However, the dynamic of B

cells in the clinical spectrum of this disease is still controversial. This study

aimed to characterize B cell subsets and neutralizing responses in COVID-19

patients according to disease severity through a one-month follow-up.

Methods: A cohort of 71 individuals with SARS-CoV-2 infection confirmed by

RT-PCR were recruited and classified into four groups: i) asymptomatic; ii)

symptomatic outpatients; iii) hospitalized in ward, and iv) intensive care unit

patients (ICU). Samples were taken at days 0 (inclusion to the study), 7 and 30. B

cell subsets and neutralizing antibodies were assessed using multiparametric

flow cytometry and plaque reduction neutralization, respectively.

Results: Older age, male gender and body mass index over 25 were common

factors among hospitalized and ICU patients, compared to those with milder

clinical presentations. In addition, those requiring hospitalization had more

comorbidities. A significant increase in the frequencies of CD19+ cells at day 0

was observed in hospitalized and ICU patients compared to asymptomatic and

symptomatic groups. Likewise, the frequency of plasmablasts was significantly

increased at the first sample in the ICU group compared to the asymptomatic

group, but then waned over time. The frequency of naïve B cells decreased at

days 7 and 30 compared to day 0 in hospitalized and ICU patients. The

neutralizing antibody titers were higher as the severity of COVID-19

increased; in asymptomatic individuals, it was strongly correlated with the

percentage of IgM+ switched memory B cells, and a moderate correlation was

found with plasmablasts.
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Conclusion: The humoral immune response is variable among SARS-CoV-2

infected people depending on the severity and time of clinical evolution. In

severe COVID-19 patients, a higher plasmablast frequency and neutralizing

antibody response were observed, suggesting that, despite having a robust

humoral immunity, this response could be late, having a low impact on disease

outcome.
KEYWORDS

COVID-19, B cells, memory B cells, naïve B cells, neutralizing antibodies,
disease severity
Introduction

Coronavirus Disease 2019 (COVID-19) pandemic is caused

by severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2). To date, there have been 572 million reported cases

worldwide, and nearly 6.5 million have succumbed to the disease

(1). Therefore, it is imperative to understand the immune

response underlying SARS-CoV-2 infection to generate

therapeutic and preventive strategies. The clinical picture can

range from asymptomatic to severe illness, where critical

patients may course with acute respiratory distress syndrome

(ARDS) requiring mechanical ventilation and intensive care unit

(ICU) admission (2, 3). This heterogeneous response observed in

COVID-19 participants has been attributed to both viral and

host factors. Indeed, it is known that viral proteins such as

ORF3b and NSP-3 blocked IFN-I pathway and NSP-1, -10, and

-16 shutdown host mRNA translation machinery thus

contributing to viral pathogenesis (4). Furthermore, viral

evolution has been concentrated in Spike protein, with

mutations conferring higher affinity to the cellular receptor,

therefore the new variants seem to be more transmissible,

ability to evade immunity but its less virulent (5, 6). Several

host factors have been associated with higher severity as age,

gender, presence of comorbidities, and magnitude and

characteristics of the innate and adaptive immune responses (7).

The humoral immune response generated by the activation

of B cells, production of neutralizing antibodies and generation

of memory B cells is critical for the control of the infection, for

preventing reinfections and for an effective response to

vaccination. In the setting of SARS-CoV-2 infection, there is

controversial evidence regarding the response of B cells and their

subpopulations, as well as the production of neutralizing

antibodies. It has been documented that the frequencies of

CD19+ B cells are augmented in severe patients compared to

mild patients and healthy donors (8). Inside the pool of

circulating B lymphocytes, transitional B cells that are at

immature stages before they migrate to the spleen, and naïve
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but mature B cells have been found to be decreased in severe,

compared to mild COVID-19 individuals (9). However,

researchers such as Rajamanickam et al. found an increase in

the frequencies of this subset in severe cases compared to mild

cases (10). As it has been demonstrated, after exposure to SARS-

CoV-2, plasmablasts (PBs) are generated and are mainly

augmented among critical individuals compared to uninfected

ones, but decreased compared to mild COVID-19 individuals (8,

10, 11). Although memory B cell (MBC) subsets such as class-

switched (IgD-CD27+) and not class-switched (IgD+CD27+)

appear to be decreased in severe COVID-19 compared to mild

individuals (8, 10), other authors have reported an increase in

activated and resting MBCs (9). Moreover, SARS-CoV-2-

specific MBCs augment initially and are maintained for up to

4-5 months after infection (12).

The antibody response is heterogeneous among COVID-19

individuals, and not all patients develop neutralizing antibodies

(13, 14). Spike (S)-specific neutralizing antibodies have been

positively correlated with the severity of infection when

evaluated through plaque neutralization reduction tests

(PNRT) (15). However, this is controversial as other

researchers have not been able to demonstrate such a

relationship (13). Moreover, a positive correlation has been

observed between PB frequency and virus-specific IgG levels in

symptomatic and asymptomatic COVID-19 individuals (16).

Still, even a robust humoral response apparently fails to protect

against severe COVID-19 (17). These discrepancies could be due

to biological factors related to the lower potency of the

antibodies, delay in the kinetics of appearance and state of

inflammation, among others (18).

As concerns about immunity against SARS-CoV-2 persist, it

becomes crucial to elucidate aspects of B cell induction,

activation and differentiation under natural infection and its

association with disease course. In this study, we aimed to

characterize the dynamics of B cell subsets and neutralizing

responses in COVID-19 participants according to disease

severity during a one month of follow-up.
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Materials and methods

Study population

We recruited a Colombian cohort of 71 individuals, over 18

years old from Hospital Alma Mater de Antioquia, Hospital

Universitario San Vicente Fundacioń, Hospital Digital Living Lab

and the Grupo Inmunovirología of the Universidad de

Antioquia, Medellin, Colombia, with a positive RT-PCR for

SARS-CoV-2. The individuals were enrolled between

November 2020 and July 2021, and each of them was assigned

to one of the four clinical status groups: i) asymptomatic (n=20),

ii) symptomatic (n=20), iii) hospitalized in ward (n=11), and iv)

ICU (n=20). Most asymptomatic individuals did not exhibit any

signs or symptoms of COVID-19. However, we also considered

asymptomatic those who reported nonspecific symptoms of

concise duration (i.e. less than two days) but also symptoms

associated with chronic conditions or related to climatic or air

pollution conditions. We considered fever, chills, dyspnea,

anosmia and diarrhea the most suggestive symptoms of

COVID-19, according to what had been reported in the

literature (19, 20). If our participant presented any of these, it

was immediately classified as a symptomatic group.

Symptomatic individuals were those with mild-moderate signs

or symptoms related to COVID-19 who were not treated at the

hospital. Hospitalized patients (hereon referred only as

“hospitalized”) were defined as those who, due to the nature of

their disease, required hospital admission for treatment but only

required non-invasive oxygen support with high or low flow

systems. Finally, ICU patients were those who suffered from

severe disease and required treatment at the intensive care unit,

as well as mechanical ventilation.

All participants had their first nasal swab and blood sample

taken at the time of inclusion in the study. For asymptomatic

participants, samples were taken a maximum of 5 days after a

positive RT-PCR SARS-CoV-2 test or after close contact with

COVID-19 positive individuals. For symptomatic patients,

samples were withdrawn at around 5 days after the onset of

symptoms, preferably under seven days. Both, hospitalized and

ICU participants, were sampled within the first three days of

hospitalization at their respective locations. For all participants,

further blood samples were obtained at 7 ± 2 and 30 ± 5 after the

inclusion, although some patients were lost during follow-up, in

particular at the last moment of sampling, due to demise,

hospital discharge or dissent. By day 30, in the asymptomatic

group we were able to follow up eight participants; whereas in

the hospitalized in ward and ICU study groups, six and three

participants were follow-up, respectively. There were no losses in

the symptomatic group.

The exclusion criteria were as follows: children, pregnant

women, patients with acute respiratory infection who did not

meet the COVID-19 case criteria according to the Colombian
Frontiers in Immunology 03
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Ministry of Health, participants who did not accept participation

or follow-up and those vaccinated against COVID-19. All

participants provided written informed consent, and the study

was approved by the Bioethics Committee of the Faculty of

Medicine, Universidad de Antioquia (certificate of

approval No.012)
Serum and cell isolation

EDTA-whole blood samples were collected, and peripheral

blood mononuclear cells (PBMCs) were isolated through a blood

density gradient using the Histopaque reagent (Sigma-Aldrich)

according to the manufacturer’s instructions. Isolated PBMCs

were cryopreserved until the day of the test. Participants sera

were collected using serum separator tubes. After centrifugation,

samples were stored at −80°C until testing.
Flow cytometry

The phenotype of B cells was evaluated by flow cytometry on

0.8x106 cells stained with a viability dye (1:1000, Fixable

Viability Dye, ThermoFisher Scientific, USA) along with

antibodies specific against CD27 (clone: M-T271, BD

Biosciences, New Jersey, USA), CD19 (clone: HIB19, BD

Biosciences), CD20 (clone: 2H7, BD Biosciences), CD24

(clone: ML5, BD Biosciences), IgD (clone: IA6-2, BD

Biosciences), CD38 (clone: HIT2, BD Biosciences), IgG (clone:

G18-145, BD Biosciences), IgM (clone: G20-127, BD

Biosciences) and CD40 (clone: 5C3, ThermoFisher Scientific)

for 30 minutes at 4°C protected from light. Samples were

acquired on a LSR Fortessa (BD) flow cytometer, and the

results were analyzed using the FlowJo v.10.8 software.

Dimension reduction of down-sampled and concatenated data

sets was performed using the FlowJo plugin for the algorithm t-

SNE (T-distributed Stochastic Neighbor Embedding).
Immunofluorescence assay

A fluorescence immunoassay was performed to determine

the presence of anti-SARS-CoV-2 antibodies in the serum of

enrolled participants. For this purpose, 20 µL of serum at 1:20

dilution with PBS were added into slides containing Vero E6

cells infected with B.1 lineage of SARS-CoV-2 and then were

incubated for 30 minutes at 37°C. Serum from a convalescence

patient pre-analyzed was used as a positive control, and non-

infected cells were used as mock. Later, the slides were washed

twice with PBS, considering that the whole slide had to be

submerged and was allowed to air dry. Then, 20 µL of goat anti-

human IgG (Fc specific)- FITC antibody (Sigma-Aldrich) at 1:40
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dilution with PBS was added and incubated for 30 minutes using

a Humidifying Chamber. Finally, immunofluorescence was

assessed by microscopy in an Axio Vert.A1™ (Zeiss,

Oberkochen, Germany)
Neutralizing antibody assay

The neutralizing antibodies titer from serum was determined

using the plaque reduction neutralization test (PRNT) and reported

as a neutralizing endpoint. Vero E6 cells (1.1 x 105 cells per well)

were seeded in 24-well tissue culture plates and incubated at 37°C

and 5% CO2. The next day, 100 µL of heat-inactivated sera

(quadruple dilutions from 1:20 to 1:20480) were mixed with 80

PFU/0.1 mL of SARS-CoV-2 (B.1 lineage) in microcentrifuge tubes

and incubated for one hour at 37°C. We used virus in absence of

serum as a viral control, and serumwithout SARS-CoV-2 as a mock

control. Then, the mixtures were added by duplicate to Vero E6

monolayers and incubated at 37°C, 5% CO2 for 1h. Later, the

inoculum was removed and replaced by 1 mL of semisolid medium

(1.5% carboxymethyl cellulose, 2% fetal bovine serum, 1%

streptomycin, and DMEM 1X) and incubated for 3-4 days.

Finally, semisolid media was removed, monolayers were washed

twice with PBS, fixed and stained with 4% formaldehyde/1% crystal

violet for 30 min, and washed twice with PBS. The neutralizing

titers were reported as the inverse endpoint dilution of serum that

could neutralize 50% of viral plaque formation (PNRT50).
Statistical analysis

We conducted a mixed-effects model with the Geisser-

Greenhouse correction to compare the frequencies of different

B cell subsets as well as the neutralizing titers among the severity

groups over time. Then, a Tukey’s multiple comparisons test was

applied. Data are presented in percentages, median and

interquartile ranges (IQR) as they correspond. The

immunofluorescence assay results were analyzed with a

Fisher’s exact test. Correlation analyses were calculated using

the Spearman rank-order correlation coefficient. We considered

p-values < 0.05 as statistically significant. Statistical analysis was

performed using GraphPad Prism version 9.0.1, San Diego,

California, USA (GraphPad Software).
Results

Sociodemographic and clinical
characteristics

The median age was higher in hospitalized (55, IQR 41 to 64)

and ICU (64, IQR 55 to 73) groups compared to asymptomatic (30,

IQR 25 to 43) and symptomatic (34, IQR 23 to 51) groups. The
Frontiers in Immunology 04
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body mass index (BMI) also had similar behavior, being higher in

hospitalized (27.7, IQR 24.0 to 34.2) and ICU (27.2, IQR 25.6 to

30.7) groups and their medians spotted within the overweight

range. Most participants in different groups were women, except

in the hospitalized group where men prevailed (Table 1). All

participants included in our study were Hispanic/Latino adults.

Some individuals in the asymptomatic group had non-specific

symptoms that did not last longer than three days, such as fatigue

(5%), dry cough (5%), headache (15%), odynophagia (10%) and

rhinorrhea (10%). These symptoms, if experienced for said short

period, did not exclude participants from the asymptomatic group

because they could be attributed to other conditions and are

common even in healthy individuals without an undergoing

infection. The most common signs and symptoms in the

symptomatic group were fatigue (80%), odynophagia (80%),

headache (75%) and chills (65%). Meanwhile, fever and dyspnea

were the most frequent clinical manifestations among patients

admitted to the hospital. Fever was present in 73% and 65% of

individuals in hospitalized and ICU, respectively. It is worth noting

that 90% of hospitalized individuals had dyspnea and required non-

invasive oxygen support, and all individuals in the ICU group had

severe dyspnea and required invasive mechanical ventilation

(Table 1). The survival rate in the hospitalized group was 90.1%,

but fell to a mere 35% in the ICU group.

Measurements from admission laboratories were collected from

the medical records of hospitalized and ICU patients. The medians

of D-dimer level, lactate dehydrogenase (LDH), ferritin and C-

reactive protein (CRP) were higher among ICU patients compared

to their hospitalized counterparts, and ICU patients displayed a

more evident neutrophilia and lymphopenia (Table 1).
The B cell response is heterogeneous
among COVID-19 patients

We assessed the dynamic changes of several B cell

subpopulations in each group and on three time-points

through multiparametric flow cytometry. The gating strategy

used to identify B cell subpopulations is shown in Figure 1. t-

SNE plots show the composite samples for all assessed

fluorescence parameters, and cell clusters are depicted in a

Cartesian space for each severity group during the follow-up.

In general, great heterogeneity was observed among B cell

subsets in different groups in a time-dependent fashion. In

asymptomatics, we detected a low percentage of PBs at the

time of recruitment, but in the other groups there was

enrichment of PBs at day 0, which then waned throughout the

30 days of follow-up (Figure 2). Naïve B cells seem to remain

unchanged during follow-up, except at day 30 in ICU patients,

where a decrease in this population was observed. Other

interesting findings were the increase of unswitched MBCs in

symptomatic patients and the increase in switched MBCs in ICU

over time (Figure 2).
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Hospitalized but not ICU patients
achieve and maintain a higher proportion
of IgG+ plasmablasts over time

Initially, the CD19 biomarker for B cells was evaluated in

each group. We observed a significant increase in the frequencies

of CD19+ cells at day 0 of recruitment time in the hospitalized

(17.77%) and ICU (24.21%) patients compared to asymptomatic

(9.13%) and symptomatic (8.24%) groups (Figure 3A). However,

in hospitalized COVID-19 patients, the B cell frequencies
Frontiers in Immunology 05
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seemed to wane when comparing time-points during follow-

up. We did not observe any significant change in the frequency

of transitional B cells among study groups (Figure 3B).

Similarly, the frequency of PB was significantly higher at the

first sampling time in the ICU compared to the asymptomatic

group (mean 0.90% vs 6.95%, p=0.0437). Although it was not

significant, the frequency of PB also tended to be higher in the

hospitalized group (Figure 3C). However, the frequencies of PB

tended to decline over time in both hospitalized and ICU groups.

Additionally, we analyzed the IgM and IgG expression in the PB
TABLE 1 Baseline sociodemographic and clinical characteristics.

Characteristic Asymptomatic Symptomatic Hospitalized ICU
n = 20 n = 20 n = 11 n = 20

Age – yr (IQR) 30 (25-43) 34 (23-51) 55 (41-64) 64 (55-73)

Male sex - no. (%) 6 (30) 5 (25) 8 (73) 9 (45)

Weight – Kg (IQR) 66.5 (62.3-71.5) 66.5 (53.5-79.0) 80.0 (68.0-85.0) 70.0 (65.3-79.5)

BMI (IQR) 23.9 (22.1-28.0) 23.7 (22.3-26.8) 27.7 (24.0-34.2) 27.2 (25.6-30.7)

Signs and symptoms - no. (%)

Fever 0 (0) 5 (25) 8 (73) 13 (65)

Chills 0 (0) 13 (65) 3 (27) 1 (5)

Dyspnea 0 (0) 3 (15) 10 (90) 20 (100)

Fatigue 1 (5) 16 (80) 5 (45) 14 (70)

Dry cough 1 (5) 10 (50) 5 (45) 9 (45)

Myalgia 2 (10) 10 (50) 4 (36) 3 (15)

Headache 3 (15) 15 (75) 3 (27) 3 (15)

Anosmia/ageusia 0 (0) 10 (50) 3 (27) 4 (20)

Odynophagia 2 (10) 16 (80) 3 (27) 2 (10)

Rhinorrhea 2 (10) 8 (40) 3 (27) 3 (15)

Nausea/vomiting 0 (0) 5 (25) 5 (45) 2 (10)

Diarrhea 0 (0) 5 (25) 3 (27) 4 (20)

Coexisting conditions - no. (%)

Hypertension 0 (0) 3 (15) 6 (55) 7 (35)

Diabetes 0 (0) 1 (5) 2 (18) 7 (35)

Asthma 2 (10) 1 (5) 0 (0) 1 (5)

COPD 0 (0) 0 (0) 0 (0) 2 (10)

Dyslipidemia 0 (0) 1 (5) 3 (27) 2 (10)

Hypothyroidism 2 (10) 1 (5) 0 (0) 3 (15)

Any condition* 6 (30) 6 (30) 7 (64) 16 (80)

Laboratory values (median and range)

D-dimer level (µg/mL) – – 1 (0.3 – 1.8) 1.4 (0.61 – 1.8)

LDH (U/L) – – 421 (195.2 – 509.1) 709.2 (335 – 509.1)

Ferritin (mg/L) – – 1111.1 (44.5 – 1500.9) 1160.7 (193.9 – 1500.9)

CPR (mg/L) – – 9.3 (1.3 – 28.5) 15.5 (4.1 – 28.5)

Creatinine (mg/dL) – – 0.9 (0.7 – 1.3) 0.9 (0.5 – 1.3)

White blood cells — x103 per mm3 – – 9 (3.4 – 19.6) 11 (3.7 – 19.6)

Relative neutrophil count – – 79 (54.1 – 92.4) 87.5 (58.2 – 82.4)

Relative lymphocyte count – – 13.3 (3.2 – 35.7) 7.1 (2.2 – 35.7)

Platelets — x103 per mm3 – – 275 (56 – 528) 226.5 (77 – 528)
ICU: intensive care unit, IQR: interquartile range, BMI: body mass index, COPD: Chronic Obstructive Pulmonary Disease, LDH: lactate dehydrogenase, CPR: C-reactive protein.
*Any condition refers to the number of individuals in each group who had at least 1 coexisting condition, including those already listed in this table and those not listed because of their low
relevance, which was a psychiatric disease, chronic kidney disease, atopy, and rheumatism.
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population and noticed that in all study groups and during the

total follow-up time, the IgM-IgG- PB were the predominant

subset, which might correspond to IgA+ PBs. Moreover, in both

groups requiring hospital care, the IgM+ PBs tend to decrease

over time, while the IgG+ PB proportion increased, mainly in the

hospitalized group (Figure 3D).
Hospitalized and ICU individuals exhibit
significant changes in the pool of naïve
and memory B cells

We investigated whether other cells could explain the changes

observed in the pool of CD19+ B cells, and found a significant
Frontiers in Immunology 06
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reduction in the naïve B cell population in the hospitalized group at

days 7 and 30 compared with day 0 (mean: 59.3% and 62.82% vs.

71.81%, respectively, p=0.03 and p=0.03) and in the ICU group at

day 7 compared to day 0 (mean: 32.3% vs. 62.25%, p= 0.03)

(Figure 4A). Next, we analyzed the behavior and dynamics of

MBCs. A significantly increase in MBC frequencies (defined as

CD27+/IgD- or IgD+) at day 7 compared to day 0 was observed in

the hospitalized group (mean: 12.8% vs. 28.72%, p=0.03)

(Figure 4B). We also observed an augmented frequency of MBCs

in the symptomatic group at day 30, which had a statistically

significant difference with that of day 7 (Figure 4B). Although we

did not see statical differences in the total unswitched MBCs

(Figure 4C), when assessing IgM+ unswitched MBCs, we also

observed an increase in their frequency at day 30 compared with
FIGURE 1

Gating strategies to identify B cell subpopulations. Representative plots show a singlets gate identified by FSC-H vs. FSC-A parameters followed
by FSC vs. SSC plot to identify the total lymphocyte population. Live cells were selected based on negative live/dead staining. Subsequently,
CD19+ B cells were set, and several B cells subpopulations were identified based on the expression of surface markers: transitional B cells
(CD24+CD38High); plasmablasts (CD24-CD38High) that express IgM+, IgG+ or IgG-/IgM-; naïve B cells (CD24+IgD+CD27-); memory B cells (MBCs,
CD24+CD27+IgD+) that could be classified in IgM-expressing unswitched and IgM-negative memory B cells (only IgD+); memory B cells
CD27+IgD- that express IgM (pre-switched memory cells), and that express IgG (switched memory cells); and double negative B cells (DN)
(CD24+CD38+CD27-IgD-IgG-).
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day 0 in both asymptomatic (mean: 47.23% vs. 34.64%, p=0.04) and

hospitalized patients (mean: 20.95% vs. 32.13%, p=0.05)

(Figure 4D). In the latter, we saw a decrease in frequency of IgD-

only unswitched cells at day 30 compared to day 0 (mean: 51.68% vs

65.29%, p=0.03) (Figure 4E).

Regarding class-switchedMBCs, we only noticed changes in the

hospitalized group with a surge at days 7 and 30 compared to the

day of recruitment (mean: 14.63% and 14.99% vs. 7.05%, p=0.01

and p=0.04) (Figure 4F). Among switched MBCs, we also found an

increase of IgM+ (pre-switched memory cells) in the hospitalized

group at day 7 compared to day 0 (mean: 2.99% vs. 1.81%, p=0.02)

(Figure 4G). A significant reduction in the frequency of IgG+

switched B cells was observed in the symptomatic group at day

30 compared to day 7 (mean: 49.11%vs.34.80%, p=0.01)

(Figure 4H). Finally, B cells that are double negative for CD27

and IgD were expanded only in ICU individuals at day 7 compared

to day 0 (22.17% vs. 13.65%, p=0.003) (Figure 4J). No other

significant differences were observed among the study groups.
COVID-19 patients in the hospital
setting may elicit a strong neutralizing
antibody response

For determining antibody titers, first we performed an

immunofluorescence assay (IFA) which detects total IgG anti-

SARS-CoV-2 in serum at 1:20 dilution. As shown in Figure 5, the

proportion of individuals with a positive IFA was higher in both
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groups admitted to the hospital compared to asymptomatic and

symptomatic individuals at all-time points assessed. Then, only

participants with a positive IFA were evaluated for neutralizing

antibodies (NAbs) by a plaque reduction neutralization test

(PNRT50). Although both asymptomatic and symptomatic

groups showed a NAb response, the proportion of individuals

with PNRT50 equal to or higher than 1:1280 tended to be higher

in hospitalized and ICU patients and, strikingly, 86% of

symptomatic individuals had titers equal to or below 1:20 at

day 0 (Figure 6). It is worth noting that even in asymptomatic

individuals, titers as high as 1:5120 were reported, and at the

same time, some ICU patients also had low NAb responses,

although the trend of higher NAb titers as severity increased was

the rule. After 7 days, the ICU group had NAb titers markedly

higher than the asymptomatic group (3536 vs. 348, p=0.026).

Through time as well, mean NAb titers were higher as the

severity of COVID-19 increased, howbeit some differences

between groups showed a trend but not were not statistically

significant, and the NAb response was highly variable. At 30

days, the NAb titers of the individuals who did not attend a

hospital were lower than those who did require hospital care.

The hospitalized and ICU participants maintained higher NAb

titers at day 30, although there were no significant differences

among the groups at this time point (Figure 6).

Then, we decided to explore the relationship between B cell

subsets and NAb response. Interestingly, the NAb titers in

asymptomatic individuals correlated strongly with the

percentage of IgM+ switched MBCs (r=0.748, p=0.0002)
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FIGURE 2

t-SNE analysis of B cell subsets in each clinical group at days 0, 7 and 30. Each density plot is derived from random sampling of about 3.000
single events from the concatenated individual cytometry data according to the severity of COVID-19 participants. (A-D) samples at day 0, (E-H)
samples at day 7, and (I-L) samples at day 30. *L. was concatenated of only three participants.
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(Figure 7A) and moderately with PBs (r=0.506, p=0.026)

(Figure 7B). Furthermore, in symptomatic individuals, we

found a strong negative correlation between the NAb titers

and IgM-IgG- PBs (r=-0.7151, p=0.034) (Figure 7C). We did

not find correlations between NAb titers and B-cell subsets in

hospitalized and ICU groups.
Severity in COVID-19 disease is related
to inflammation state

Finally, we established correlations between clinical parameters,

different B cell subsets and neutralizing responses in the hospitalized
Frontiers in Immunology 08
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and ICU groups at the recruitment time, using the correlation

matrix shown in Figure 8. A positive correlation was found among

transaminases and transitional B cells, PBs, naïve and IgM-IgG-

switched MBCs subsets. Moreover, acute phase reactants such as

CRP, D-dimer (DD), and ferritin were positively correlated with

WBC counts and relative counts of neutrophils, but negatively with

those of lymphocytes. WBCs and neutrophil counts were

themselves positively correlated (r=0.54, p=0.002), with a negative

correlation with lymphocyte counts (r=-0.67, p= 0.00009),

highlighting the common presentation of neutrophilia and

lymphopenia in severely ill patients. Interestingly, a slight negative

correlation was observed between BMI and NAb titers. (r=-0.44,

p=0.02) (Figure 8).
A B

DC

FIGURE 3

Percentage of CD19+, transitional and plasmablasts (PB) B cells and proportion of IgM+, IgG- and IgG-IgM- plasmablasts. Bar charts illustrate the
percentage of (A) CD19+ cells, (B) Transitional and (C) PB cells, represented by mean and confidence interval (CI, 95%). (D) Parts of whole
diagrams depict the proportion of either IgM+, IgG+ or IgM-IgG- expression in the PB population. All graphs represent asymptomatic,
symptomatic, hospitalized, and ICU groups on days 0, 7 and 30 after recruitment. Data were analyzed using a mixed-effects model with the
Geisser-Greenhouse correction with Tukey’s multiple comparisons testing between groups. A p-value < 0.05 was considered significant. *p <
0.05, ***p < 0.001.
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Discussion

We characterized the dynamics of B cell subsets and

neutralizing response in 71 participants with different clinical

stages of COVID-19. As expected, the frequencies of some of the

B cell subsets were modulated according to disease severity and

changed over time. Generally, we observed an increase in the

frequency of CD19+ B cells on the first day of recruitment in

most severe cases of COVID-19 compared with mild cases,

which is similar to what has been previously reported (8, 17),

suggesting that at the initial moment of recruitment, a clonal

expansion antigen-driven was observed (21). Going into
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specifics, transitional B cells are a stage of immune

development between immature B cells at the bone marrow

and circulating mature B cells. Some authors have reported a

decay in the transitional subset as COVID-19 worsens, and it has

also been noted that this subset is waned in COVID-19 patients

compared to healthy individuals (8, 11). In contrast to these

reports, we did not find significant differences in transitional B

cells among study groups, despite the fact that this subset

showed a tendency to decrease in some of our ICU patients.

While some studies have found that there are no significant

differences in naïve B cell frequency between mild and severe

COVID-19 patients, we found that relative values of naïve B cells
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FIGURE 4

Frequencies of memory B cell subsets (MBCs) in the different study groups at days 0, 7 and 30 after recruitment. (A) Naïve B cells; (B) Total
MBCs; (C) Unswitched MBCs; (D) IgM+ unswitched MBCs; (E) IgD-only (IgM-IgG-) unswitched MBCs; (F) Switched MBCs; (G) IgM+ switched
MBCs (pre-switched); (H) IgG+ Switched MBCs; (I) IgG-IgM- Switched MBCs; (J) Double negative from the non-PB region. Bars show mean and
confidence interval (CI, 95%). Data were analyzed using a mixed-effects model with the Geisser-Greenhouse correction with Tukey’s multiple
comparisons testing between groups. A p-value < 0.05 was considered significant. *p < 0.05, **p < 0.01.
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seem to be affected in severe cases and decrease over time, while

this B cell population seems unaffected in mild patients

throughout the follow-up (8, 22). In fact, other studies have

shown similar results to our findings, as some authors have

described an altered frequency of B cell subsets in COVID-19

patients over time, and a particular increase in naïve B cells in

severe patients compared to milder cases, which could be

consistent with the development of humoral responses, as

others suggested (23). Moreover, a decrease at day 7 and 30 of

Naïve B cells in severe COVID-19 suggest a differentiation

towards PB or MBCs (10, 24).

Early after antigen encounter, Naive B cells experience a

process of expansion and differentiation towards PB, germinal

center B cells and MBCs (21). PB produces antibodies with a low
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level of somatic hypermutation outside the follicle, and in severe

COVID-19 cases has been observed a robust extrafollicular

response. In our study, the PB subset peaked in acute stages of

SARS-CoV-2 infection, with a conspicuous expansion in critical

COVID-19 patients, and then decayed over time. This same

behavior has been observed throughout several reports, both in

response to natural infection and vaccines (25–29). In addition,

among the participants of our study, all groups had a higher

proportion of IgG-IgM- PBs, which, as hypothesized by several

authors, probably corresponds to IgA+ plasmablasts and might

be crucial in mucosal viral clearance and neutralizing ability

against SARS-CoV-2 (25, 30). However, we saw an increase in

the frequency of IgG+ PBs in hospitalized patients over time,

which was distinct from those of the other study groups (31).
FIGURE 5

Detection of anti-SARS-CoV-2 total IgG antibodies. Percent of participants with anti-SARS-CoV-2 IgG in 1:20 serum using immunofluorescence
assay in each study group over a month of follow-up. Data were analyzed with Fisher’s exact test.
FIGURE 6

Identification of SARS-CoV-2 neutralizing antibodies. The bar graph shows the percentages of COVID-19 participants according to neutralizing
antibodies titers by PNRT50; follow-up for one month.
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These results suggest a variable behavior of PBs that, in the

context of Noval M et al.’s findings, could suggest a more

efficient neutralization due to a broad isotypical spectrum of

antibodies against SARS-CoV-2 (32). The peak and decay in PBs

that we showcased might be related to infection persistence, as

Gaebler et al. demonstrated a correlation between SARS-CoV-2

persistence in the intestinal tissue and the peak of PBs, hence

playing an essential role in the evolution of antibody production

(18). Although we do not analyze the response of SARS-CoV-2-

specific B cells, several authors have reported an expansion of

MBCs one-month post-symptom onset, and an increase of S-

specific IgG+ switched MBC at five- months of follow-up.

Moreover, the quality of response looks to be differential since

individuals with non-severe COVID-19 have a phenotype

associated with durable memory that is least frequently

observed in severe COVID-19 (33). In agreement with those

findings, severe COVID 19 induces an exhaustion phenotype on

S1-specific IgG+ MBCs compared with healthy and recovered

individuals (34). Although SARS-CoV-2-specific antibodies tend

to wane over time, the persistence of MBC could supply its lost

(35, 36).
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MBCs can respond quickly to repeated challenges by

differentiating between antibody-producing plasma cells or

germinal center B cells (21). However, to date there is no

consensus on the dynamics of MBCs in COVID-19 patients.

Some authors have reported a decrease over time, both in class-

switched and non-class-switched, with a particularly

pronounced decrease in individuals with severe disease

presentation (11, 22, 32, 37). In contrast, we observed an

increase in total MBCs in mild and severe cases over time

(Figure 2), although we were not able to establish the kinetics

because the follow-up was short and the loss of individuals with

severe clinical stages at day 30 was not negligible. In addition,

IgM-unswitched MBCs were increasing in asymptomatic

patients, which could be associated with healthy responses

since no symptoms were developed (38). A similar picture was

observed in hospitalized patients, with increased total switched,

and IgM-switched MBCs, which was most likely related to viral

antigen persistence (18). However, the functionality of these cells

could be compromised since an increased expression of

exhaustion markers has been reported in this population (34).

Another scenario will be the vaccination of previously infected
A B

C

FIGURE 7

Correlations between NAbs and frequencies of B cells subsets. (A) IgM+ Switched MBCs from asymptomatic, (B) PB from asymptomatic,
(C) IgM-IgG- PB from symptomatic. Spearman’s correlation coefficient (r) and p-value are shown.
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individuals who could benefit from only one shot of the vaccine,

achieving a robust response from the MBC population since it

can induce the expansion of new and persistent clones of MBC

(39–41).

Some studies have reported that an inflammatory

environment could drive the modulation of B cell subsets in

critical COVID-19 patients (8, 42). In line with these studies, we

found that hospitalized COVID-19 patients displayed a positive

correlation between some clinical parameters and changes in B

cell subsets. Also, in line with the findings from Cervantes-Dıáz

et al., ICU patients had an increase of double negative B cells

(CD24+CD38+CD27-IgD-IgG-), which was previously reported

to be modulated by both, pro- and anti-inflammatory

signatures (43).

In our study, we found a moderate correlation between the

production of NAbs and the expansion of PB in asymptomatic

individuals, which could be associated with a protective role in

the clinical course of infection. However, this correlation was not

observed in hospitalized COVID-19 patients, despite high titers

of neutralizing assays and a high frequency of PBs at day 0 of

recruitment. This finding in hospitalized group could be

associated with either a later sampling time during the

infection compared to outpatients, or with an immune

response established later on, although viral persistence and
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neutralizing antibody production by plasma cells in the bone

marrow may also have a role (44). Furthermore, much has been

reported on the heterogeneity of the NAbs response. Some

authors have found that as the severity of the disease

increases, so do the neutralizing titers in COVID-19 patients.

One of the reasons that might explain the underlying variability

is that the specific neutralizing response may be predominantly

mucosal in some individuals, thereby having low NAbs titers in

sera but high in mucosal fluids. Cervia et al. show that patients

with mild symptoms have shown mucosal IgA titers with

neutralizing capacity, even in the absence of SARS-CoV-2-

specific sera antibody titers (45). Yet, other authors such as

Woodruff et al. have shown that severe disease correlates with

high neutralizing antibody production associated with extra-

follicular activation and a repertoire of autoantibodies shared by

autoimmune diseases , suggest ing that the immune

hyperactivation could elicit such a pathogenic humoral

response (17).

Once SARS-CoV-2 infection has been established with

severe manifestations, the neutralizing antibody response

seems not to be as effective in controlling the virus. However,

in survivors, NAb titers may help to protect against future

infections due to the excellent relationship between

neutralizing response and long-term protective immune
FIGURE 8

Correlation matrix of clinical parameters and B cells subsets in the hospitalized and ICU patients at the recruitment time. Spearman’s correlation
coefficients are plotted, and the scale colored reveals the strength of correlations (shades of red= negative, shades of blue= positive). *NAb:
neutralizing antibodies, BMI: body mass index, Sat (%): oxygen saturation, FiO2: fraction of inspired oxygen, PaFi: ratio of arterial oxygen partial
pressure to fractional inspired oxygen, BUN: blood urea nitrogen, AST: aspartate aminotransferase, ALT: alanine transaminase, TB: total bilirubin,
DB: direct bilirubin, DD: D-dimer test, CRP: C-reactive protein, WBC: white blood cells.
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memory (46). Although we did not establish the total duration of

the neutralizing response, it might persist at least several

months, as has been previously described (47).

Even though a strong NAb response is triggered in severe

COVID-19, this response may not be helpful in controlling and

clearing up the viral infection. Tang J. and collaborators

observed that the NAbs from patients with fatal outcomes has

lower affinity maturation when compared to survivors during

the first month of hospitalization (48). A blockage in the

antibody affinity maturation due to the loss of Bcl-6

expression in T follicular cells at germinal centers, and

changes in the lymph node environment have been reported

in autopsies of thoracic lymph nodes and spleens from deceased

patients who succumbed to COVID-19 (48, 49).

There is still much left to understand regarding immune

responses against SARS-CoV-2. One of the most worrying

aspects is the emergence of variants and the potential impact

that they will pose on humoral immunity, particularly since

neutralizing antibody response is one of the most practical

correlates of protection in the context of COVID-19 (50).

Although we did not determine the virus linage for each

sample and the recruitment of participants was done

throughout various months, data from GISAID allow us to

infer that variants circulating at recruitment time correspond

to ancestral lineage B.1, Gamma, Lambda and Mu variants (51).

Several reports have emerged, shedding light on a possible

compromise of NAb response, and humoral responses in

general, with the emergence of variants (52). Even though we

did not carry out neutralizing assay using other variants, several

authors have observed that the antibody response breadth in

individuals with different clinical spectra of COVID-19 is

reduced against variants of concern, even in severe COVID-19

(5, 53). Interestingly, the neutralizing activity against all variants

increases after vaccination highlighting their importance as

public health policies (54). It seems that highly genetically

diverse variants stray away further from the boundaries of

protection that both natural and vaccine-elicited immunity

offer (5, 55). This seems particularly worrying in the context of

our results since immunity already seemed to wane against the

ancestral lineage. Still, more research must be conducted on the

impact of other immunity mechanisms in this matter,

particularly that of T cell responses.

Our study had some limitations. First, the recruitment time

was taken as day 0 when the diagnosis was performed, so our

participants had a few days of symptoms related to COVID-19

or a history of close contact with people confirmed for COVID-

19. Although, all of them had a positive COVID-19 RT-PCR test

within the last five days, we cannot assure the time length of the

infection. Therefore, the onset of the effector immune

mechanisms is variable among individuals. In addition, as

indicated, a comparison with a baseline and a follow-up in a

group of healthy donors were not carried out. On the other hand,

the ICU group had a limited number of participants followed up
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until day 30 because most of them perished after day 7. In

addition, we did not evaluate SARS-CoV-2-specific B cells which

has shown a more accurate reflection of the humoral response

(41), and more studies would be required to further corroborate

the relationship between changes in SARS-CoV-2 specific and

non-specific B cells.

Finally, our results suggest that COVID-19 could alter the

frequencies of different B cell subsets. However, it seems that

there are other immune mechanisms involved in the severity of

the disease, so the determination of T cell dynamics, both

functional and phenotypical, and the innate immune response,

could be essential to have a better understanding of why some

individuals evolve to a worse clinical course while others remain

with asymptomatic or mildly symptomatic manifestations. In

addition, we could establish that critical patients have a strong

NAb response, suggesting that hospitalized COVID-19 patients

who survive may have a robust memory immune response that

could protect them from future reinfections. We only followed-

up study participants for one month, thereupon, studies with

more extended follow-up periods are required to clarify the

duration of the memory immune response after natural

infection, which is still subject to intense research and debate

within the scientific community.
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The general immune state plays important roles against severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Cells of the

immune system are encountering rapid changes during the acute phase of

SARS-CoV-2-induced disease. Reduced fraction of functional CD8+ T cells,

disrupted cross-talking between CD8+ T cells with dendritic cells (DCs), and

impaired immunological T-cell memory, along with the higher presence of

hyperactive neutrophils, high expansion of myeloid-derived suppressor cells

(MDSCs) and non-classical monocytes, and attenuated cytotoxic capacity of

natural killer (NK) cells, are all indicative of low efficient immunity against viral

surge within the body. Immune state and responses from pro- or anti-

inflammatory cells of the immune system to SARS-CoV-2 are discussed in

this review. We also suggest some strategies to enhance the power of immune

system against SARS-CoV-2-induced disease.

KEYWORDS

SARS-CoV-2, CD8+ T cell, dendritic cell (DC), regulatory T cell (Treg), myeloid-derived
suppressor cell (MDSC), neutrophil, monocyte, immunity
Highlights
•Impaired pDCs and exhaustive T cells occur in severe SARS-CoV-2-induced

disease.

•Tregs act differently in acute vs. chronic phase of the disease.

•MDSC expansion causes T-cell dysfunction in severe disease.

•Low Treg fraction causes more severe disease in adults vs. children.

•Co-adjuvant with O2 boosts immunity against SARS-CoV-2.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is a beta coronavirus that emerged first in China. SARS-

CoV-2 is regarded as the etiological factor of coronavirus disease

2019 (COVID-19). The pandemic of SARS-CoV-2-induced

disease is one of the current health issues causing a huge

number of deaths worldwide (1). Clinical presentations show

high variations in symptoms and severity of the disease (2).

Patients with SARS-CoV-2-induced disease may be

asymptomatic or show severe pneumonia (3). SARS-CoV-2-

induced disease varies from mild to acute respiratory disease

syndrome (ARDS), which is life threatening. Dysregulated

immune response is behind the pathogenesis of ARDS (4).

An urgent priority is the understanding of protective

responses from immune system against SARS-CoV-2 infection

(1). SARS-CoV-2 induces unrestrained generation and secretion

of different cytokines into the bloodstream. A consequence of

this surge of inflammatory mediators is the systemic

inflammation and dysregulation of responses from innate and

adaptive immunity and further infiltration of different immune

effector cells into various organ tissues. Overexpression of

cytokines and exaggerated immune responses finally cause

organ dysfunction and cytotoxicity (2). In this review, we

aimed to discuss the immune state and responses from pro- or

anti-inflammatory cells of the immune system to SARS-CoV-2

infection and suggest some potential strategies for strengthening

the activity of immune system against this virus. Here, we have

made all our effort for gathering and interpreting information

about the position of immune cells in SARS-CoV-2-induced

disease. We described controversies in this context and gave a

reasonable answer to them. Referring also to our background

knowledge over immune cells and immune state and conditions,

such as hypoxia and its impact on cellular immunity in other

diseases, we have made our interpretations more justifiable to

the whole immune state affected by SARS-CoV-2 infection. The

novelty of this study is the whole overview on cellular immune

states and conditions affecting functionality of different immune

cells in patients with SARS-CoV-2-induced disease.
SARS-CoV-2: structural proteins

SARS-CoV-2 is a single-strand RNA enveloped virus with a

diameter of 40–60 nm and the largest genome compared with

other RNA viruses (5). SARS-CoV-2 RNA encodes four

structural proteins: membrane, nucleocapsid, envelope, and

spike. The structural membrane, nucleocapsid, and envelope

proteins are important for genomic stability and replication of

the virus, and the spike protein includes S1 and S2 subunits that

allow viral fusion to the membrane of target cells and its further

cellular entry (6). S1 subunit contains a receptor-binding

domain (RBD) for allowing engagement of the virus with
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angiotensin-converting enzyme 2 (ACE2) expressed on the

surface of target cells, and the S2 subunit allows further viral

fusion. Nasal epithelial cells, tracheal and bronchial epithelial

cells, and type II pneumocytes highly express ACE2 and are

locations for initial viral infection and spread (7). The S protein

of the virus is the primary target for developing vaccines (1).

However, there are also vaccines developed for the full

inactivation of SARS-CoV-2 (8).
Immune cells in SARS-CoV-2-
induced disease

Complex interactions are occurring in cells of the immune

system upon encountering SARS-CoV-2, a summary of which is

presented in Figure 1.
Dendritic cells

DCs are a heterogeneous population and the most potent

antigen-presenting cells (APCs) of the immune system, and their

activity is important for supporting innate immunity and

activation of adaptive responses from CD4+ and CD8+ T cells

(7, 9). DCs present two functional subtypes: conventional (or

myeloid) (cDCs) and plasmacytoid (pDCs). cDCs further

include cDC1 (CD141+) and cDC2 (CD1c+) subsets (9).

CD141+ DCs are localized in the vascular wall and mucosa

and are involved in the activation of responses from T-helper 1

(Th1) cells (5). CD1c+ DCs support responses from CD4+ T

cells. CD1c+ DCs stimulate the activity of follicular helper T

(Tfh) cells, which are known as the key promoter of humoral

adaptive immunity against viral infections (9). Another subset is

also considered for cDCs, which is the monocyte-derived DC

(mDC), also called DC3. mDCs express CD1c, CD11c, CD14,

and CD163 (7). Plasmatic level of soluble CD14 and CD163 is

higher in patients with SARS-CoV-2-induced disease compared

with healthy donors, and their assessment is indicative of the

severity of the disease (10).

pDCs are a specialized subset of DCs that display a

morphology of plasma cells. The cells express human

leukocyte antigen class DR (HLA-DR), CD4, CD123, and toll-

like receptors (TLRs) 7 and 9 (11). pDCs are presented in lung

parenchyma and airways and are involved mainly in the

production of type I interferon (IFN1) (5), namely, IFN-a
(12). pDCs are, in fact, considered as IFN factory in the

immune system in which the production of IFN by the cells

exceeds the amount generated from other cells (13), thereby

displaying high anti-viral functionality (7). Three effector subsets

of pDCs are P1, P2, and P3. P1 is contributed to the production

of IFN-I and acts in innate immunity, P2 displays a mixed

(innate and adaptive) function, and P3 stimulates T cells (14).
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DCs show reduced fraction in the blood of patients with

severe SARS-CoV-2-induced disease. CD123 is a marker for

pDCs. In patients with severe disease, CD123high pDCs are

almost lost in the lung and depleted in the blood, whereas

CD1c+ DCs migrate preferentially from the blood into the lung

(15). Reduced frequencies of cDCs and pDCs in the peripheral

blood of severe/critical cases and the increased fraction of these

cells in convalescent individuals is reported by Chen and

colleagues (16). Reduced DC fraction is thus linked to a more

severe disease. Pérez-Gómez and colleagues reported that the

reduced fraction of pDCs and CD1c+ DCs persists for 7 months

after infection with SARS-CoV-2 (12).

Defective defense from APCs is occurring in severe disease.

Zhou and colleagues in a study evaluated responses from T cells

and DCs during the acute phase of disease. Both cell types

showed functional impairment, and there was a delayed

response from antigen-specific T cells (nucleocapsid protein-

and RBD-specific T cells) despite the rapid generation of

neutralizing antibodies (17). pDC activation into effector

subsets (P1–3) is induced by SARS-CoV-2 in an initial phase

compared to the late-stage severe disease (14). Saichi and

colleagues in a single-cell RNA sequencing assay announced

multi-process defects in blood APCs in patients with severe

disease. The defects were augmented pDC apoptosis, reduced
Frontiers in Immunology 03
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innate sensors and major histocompatibility complex (MHC)-II

representation on cDC1c+ DCs, and downregulated genes

related to the stimulation of anti-viral IFN pathway (18).

SARS-CoV-2 also impairs maturation of DCs (7) and

monocytes (19), thereby hampering effective activation of

adaptive immunity against the virus.

IFN-I deficiency within the blood is a hallmark of the

severity of SARS-CoV-2-induced disease (20). The production

of IFNs is reduced in pDCs (13). A link between impaired IFN-1,

delineated by lack of IFN-b and low IFN-a formation, with a

severe/critical disease is identified. Deficient IFN-I activity is

positively related with exacerbation of inflammation and

persistent viral load (20). Impaired generation of IFN-a and

the resultant low plasma level of this cytokine in patients with

SARS-CoV-2-induced disease is also reported by Arunachalam

and colleagues (20). In patients with a critically ill disease,

systemic changes are occurring in the immune system as a

result of DC-derived autoantibodies against IFN-I (21). TNF

and nuclear factor kappa B (NF-kB) are mediators of hypoxia

and pro-inflammatory signaling that are upregulated in pDCs

(13). The activity of IL-6, TNF-a, and NF-kB is partly related to

the SARS-CoV-2-related inflammation (20). IL-3 is another

cytokine, its concentration of which is linked with disease

severity. Patients with high viral load show low IL-3 level. IL-3
FIGURE 1

Interactions among cells of the immune system in SARS-CoV-2-induced disease. SARS-CoV-2 antagonizes STAT1 phosphorylation, which is
linked to the reduced immune activation in monocyte-derived dendritic cells (DCs). The impact of SARS-CoV-2 on DCs results in the
production of autoantibodies against interferon (IFN)-1. Activation of CD8+ T cells is essential for virus clearance, and the activity of CD4+ T cells
is important for the activation of CD8+ T cells and optimal antibody responses. IL-3 released from CD4+ and CD8+ T cells stimulates IFN-a,
which is further linked to the higher fraction of plasmacytoid DCs (pDCs). The effector activity of T cells is suppressed by SARS-CoV-2 inducible
effect on myeloid-derived suppressor cells (MDSCs) and further release of ILs 6 and 10 from the cells. IL-6 stimulatory effect on Notch4
expression from regulatory T cells (Tregs) contributed to severe lung inflammation via hampering release of amphiregulin. Granulocytic (G)-
MDSCs also suppress the proliferation of T cells through the release of arginase-1 (ARG-1), which contributed to lyphocytopenia. ARG-1 activity
and the resultant low L-arginine level contributed to platelet activation and thrombosis. In addition, MDSCs block IFN-g production from T cells
through releasing transforming growth factor (TGF)-b.
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level is positively linked with increased proportion of circulating

pDCs. IL-3 has been found to be related possibly with enhanced

IFN-a activity, suggesting a protective role mediated by IL-3

against SARS-CoV-2-induced disease (22).
CD8+ T cells

CD8+ T cells or cytotoxic T lymphocytes (CTLs) are

powerful cells for eliminating intracellular pathogens and

tumor cells (23). CD8+ T cells belong to the adaptive

immunity, and they are the frontline defensive cells against

cancer (24). Based on a study, responses from CD8+ T cells were

found in more than 75% of convalescent patients (25), which is

indicative of their important anti-viral activities. An effective

defense against SARS-COV-2 is the need for immunity from

both T cells and antibodies. Activation of CD8+ T cells is

effective for virus clearance, and the activity of CD4+ T cells is

essential for the activation of CD8+ T cells and optimal antibody

responses. S-protein specific CD8+ and CD4+ T cells were

observed in the blood of 70% and 100% of convalescent

individuals, respectively (26). Early response from CD8+ T

cells against SARS-COV-2 is protective, whereas late responses

are seemingly destructive, possibly due to amplifying

inflammatory responses associated with cytokine storm and

lung damage (27). SARS-CoV-2-specific responses from CD4+

and CD8+ T cells soon after the onset of symptoms is linked with

the fast clearance of the virus and a mild disease. A delayed

response is associated with poor clinical outcomes (28). Wang

and colleagues evaluated the immune state in survived and

deceased patients. They described early, middle, late, and end

stages for survived and deceased patients based on the time from

the start of symptoms, representing ≤10, 11–20, 21–30, and >30

days, respectively. In deceased patients at early, middle, and late

stages, there were hypofunctional, hyperfunctional, and anergic

immune states, respectively. The proportion of CD8+ T cells was

lower for all stages in deceased vs. survived patients (29).

SARS-CoV-2 induces a terminal differentiation state in T

cells. T cells display a lower proliferation rate, an outcome of

which is the reduced fraction of such important anti-viral cells

(30). The fraction of CD8+ T cells along with T-helper memory

cells is reduced in the peripheral blood of patients with severe

disease, but CD4+-naive T cells are increased (27). During the

acute phase of the disease, CD4+ T cells have higher fraction

compared with CD8+ T cells, with a decrease in the latter an

indicative of weak responses. Results of the study by Zhou and

colleagues indicate the importance of both antibody surge and

CD8+ T cell functionality for reducing the severity of condition

in patients with SARS-CoV-2-induced disease (17). Besides their

role for viral clearance, CD8+ T cells play an important role for

generating immunological memory and thereby promoting a

long-lasting immunity against viral infection (31). Patients with

a history of SARS-CoV-2-induced disease will develop memory
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T cells for reinvigorating responses against re-entry of the virus

(32). In patients recently vaccinated for SARS-CoV-2, there is a

possibility of higher responses from effector memory T cells

when they have had prior Tetanus–Diphtheria–pertussis (Tdap)

or Measles–Mumps–Rubella (MMR) vaccination, thereby

experiencing reduced disease severity (28).
Natural killer cells

NK cells are defined as the two main subtypes: CD56dim

CD16bright and CD56brightCD16dim/neg (33). CD56bright cells

present low cytotoxic capacity. CD56dim cells, by contrast,

show high cytotoxic potential (34). In patients with SARS-

CoV-2-induced disease, there is a severe reduction in the NK

cell number (15). It was found that NK cells are reduced only in

patients with severe (not mild) disease (35). NK cells are low in

number but are hyper-active. The cells present a characteristic of

NKdim phenotype through evolving cytotoxic and pro-

inflammatory roles (15).

The number of perforin-expressing NK cells was compared

in intensive care unit (ICU) patients (vs. non-ICU) cases, and it

was found that there was a low NK cell proportion in patients

admitted at the ICU (36). Inflammatory and immunological

profile of NK and T cells was also checked by Chen and

colleagues in patients with SARS-CoV-2-induced disease and

in convalescent individuals. In patients with severe or critically

ill disease, there were high levels of inflammatory cytokines,

hyperactive CD8+ T cells, and NK cells with reduced cytotoxic

capacity (16). Such NK cells showed reduced cytotoxic activity

possibly due to their hyper-active state. Elevated expression of

programmed death-1 receptor (PD-1) on the surface of T cells

and NK cells in patients with SARS-CoV-2-induced disease is

indicative of this hyper-active state and their further exhaustion

and dysfunctionality (37). PD-1 is a checkpoint receptor, in

which its increased expression on the surface of T cells and NK

cells in an environment with high presence of its ligand

programmed death ligand 1 (PD-L1) is considered as a marker

of cellular dysfunctionality (38).
Monocytes and macrophages

Monocytes are cells of innate immunity that represent 10%–

15% of peripheral blood mononuclear cells (PBMCs) (39).

Monocytes are classified into classical, inflammatory

transitional, and non-classical subsets. Classical monocytes are

immature and are designated as CD14++CD16− cell subset,

whereas the other two subtypes are inflammatory and more

differentiated cells. Transitional cells are CD14+CD16+, while

non-classical cells are CD14− CD16++ (9). Macrophages and

DCs are acting as APCs for priming naive T cells and promoting

their activation. Macrophages are plastic cells that have two
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subtypes: M1 macrophage is a classical and pro-inflammatory

subtype, whereas M2 macrophage is an alternatively activated

and anti-inflammatory subset (40–42). M1-like macrophages are

more active in the early stages of anti-viral immune responses,

while M2-like macrophages are active during late stages and act

in initiating the resolution of inflammation. In fact, after

induction of an inflammatory response, a shift from M1- to

M2-like phenotype is effective for initiating such resolution and

for recovering tissue homeostasis. Imbalanced activity of M1- to

M2-like macrophages exacerbates the pathogenesis of SARS-

CoV-2-induced disease (43). The dysregulation of mononuclear

phagocytes is linked with disease severity (44). Monocyte-

derived macrophages are known as the key promoter of

inflammation in SARS-CoV-2-induced disease. By contrast,

anti-inflammatory M2 macrophages contributed to the

resolution of inflammation. Such cells regulate the duration

and magnitude of acute inflammation through releasing

protectins, resolvins, and maresins (45).

The fraction of non-classical monocytes is increased in the

peripheral blood and within the lungs of patients with SARS-

CoV-2-induced disease, particularly in cases with more severe

disease. To explain, Tincati and colleagues evaluated the

immune state in two categories of patients: mild SARS-CoV-2-

induced disease with PaO2/FiO2 > 300 and severe disease with

PaO2/FiO2 < 200. They noticed the higher fraction of circulatory

non-classical monocytes along with increased polarization

toward Th1 cells with pro-cytolytic activity in the severe vs.

mild disease (46). Sánchez-Cerrillo and colleagues found an

enrichment of lungs with inflammatory transitional and non-

classical cells in patients who were developing ARDS. It was

found that there was more preferential infiltration of

inflammatory monocytes compared with DCs during the

progressive stage of SARS-CoV-2-induced disease (9). A work

by another group showed a link between CD169 expression on

monocytes with their enhanced capacity to stimulate CD8+ T

cells. CD169+ monocytes were detected in CD14+ cells (classical

and intermediate [transitional] monocytes) and observed in

bronchoalveolar fluid and blood of patients with SARS-CoV-2-

induced disease. These CD14+ CD169+ cells were, thus,

considered as a promising source in vaccination therapy (39).

Monocyte-derived macrophages are permissive to SARS-

CoV-2 and promote host cell death. To explain, Yang and

colleagues evaluated the interplay between SARS-CoV-2 with

mDCs and macrophages. Both cell types were permissive to the

virus, but did not allow viral replication. Reduced IFN response

occurred in both cells, but the expression of pro-inflammatory

cytokines/chemokines was triggered only in monocyte-derived

macrophages (47). Zheng and colleagues announced that SARS-

CoV-2, although showing abortive infection and no efficient

replication in monocyte-derived macrophages, induced

profound death of host cells (48). A report by another group

showed no possible link between macrophages and mDCs with

first wave of cytokine storm in patients with SARS-CoV-2 in
Frontiers in Immunology 05
252
which none of the infected cells generated pro-inflammatory

cytokines. In vitro assays showed the sensitivity of such cells to

the SARS-CoV-2 infection (49). SARS-CoV-2 inhibitory effect

on STAT1 phosphorylation contributed to the reduced immune

activation in mDCs (47). A study by Lv and colleagues

delineated diverse responses from M1/M2 alveolar

macrophages upon exposure to SARS-CoV-2 . M1

macrophages were more prone to the viral fusion and

replication due to having lower endosomal pH. By contrast,

M2 macrophages were able to deliver the virus toward lysosomes

for further degradation due to their lower lysosomal but higher

endosomal pH (50) (Figure 2).

M2 macrophages expressing PD-L1 are protected against

severe SARS-CoV-2-induced disease. Trombetta and colleagues

evaluated a link between myeloid cell immune activation and

phenotype with recovery from SARS-CoV-2-induced disease.

PD-L1+ M2-like monocytes had the highest proportion among

ICU cases at discharge. The cells with such high fraction

represented a phenotype of classical monocytes (CD14+

+CD16−). The percentage of PD-L1+ M2-like monocytes was

inversely linked with levels of chemokines and inflammatory

cytokines related to the IFN pathway and was linked directly to

the anti-SARS-CoV-2 Ig (IgG and IgM) titer. A marked decrease

in the proportions of CD141+ mDCs and pDCs was also

identified in all cases, which were partially recovered in non-

ICU patients at discharge (51).
Neutrophils

Neutrophils comprise over 50% of human leukocytes in the

peripheral blood and are known as the most frequent effector

cells of innate immunity (52). High fraction of neutrophils and

increased neutrophil-to-lymphocyte ratio are considered as

initial sign of SARS-CoV-2-induced disease (53). SARS-CoV-2

induces neutrophil infiltration and stimulates a hyperactive state

in such cells for promoting hyperinflammation. Hammoudeh

and colleagues evaluated multi-organ involvement in SARS-

CoV-2-related cytokine storm. Results showed dysregulation

in cytokine generation by inflamed pulmonary and extra-

pulmonary organs, such as the kidney, liver, and heart. It was

also found that there was upregulation of genes related

to the neutrophil-associated immune responses mainly in

the lung tissue. By contrast, B cells, T cells, DCs, and

monocytes showed almost similar dysregulated responses

in all types of tissues (2). Vanderbeke and colleagues

investigated the immune cell basis of SARS-CoV-2-related

hyperinflammation and severity. A fundamental role was

identified for classical monocytes and hyperactivated

neutrophils in hypercytokinemia. Neutrophils showed higher

fraction in the lungs of patients with severe disease. Hyperactive

neutrophils were marked by the upregulation of C-X-C motif

chemokine ligand 8 (CXCL8), IL-1b, and S100A12 (54). SARS-
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CoV-2-infected cells release CXCL2 and CXCL8 for attracting

infiltration of neutrophil-inducing immune cells (6).

Neutrophils are activated in response to IL-17 release from

CD4+ and CD8+ T cells in SARS-CoV-2-related pneumonia.

The activity of this cytokine is linked positively with

strengthened inflammatory events, so it can be a target for

therapy (30). The hyperactive neutrophils seemingly have an

immature phenotype. In fact, hyperinflammation related to

SARS-CoV-2 promotes a shift in the neutrophil phenotype

toward an immature state (19).
Regulatory T cells

Tregs are the key immunosuppressive cells (55) that migrate

into areas of inflammation and contribute to the suppression of

inflammatory responses (56). Tregs act for the stimulation of

immune tolerance, and their presence is important for

preventing inflammatory and autoimmune diseases (57). Thus,
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CD4+FoxP3+ Tregs play important roles for maintaining

immune homeostasis (3). The reduction or defective Treg

functionality is partly contributed to the excessive systemic

inflammation and to the impaired lung repair in SARS-CoV-

2-induced disease (56).

Tregs possibly contributed to the amelioration of anti-viral

defense at early stage of SARS-CoV-2-induced disease, whereas

the activity of these cells will help attenuate inflammation-

induced organ damage at late stage of the disease (3). The

number of Tregs is reduced in patients with a severe disease

compared with mild disease cases (58), which may be a reason

for immune hyperactivation and lung damage (57). A point,

however, is that Treg activity can promote immunosuppression

in favor of disease progression despite the counter-effect of these

cells on SARS-CoV-2-related inflammatory responses. Based on

a report, viral particles can be observed at 70 days after the initial

diagnosis of SARS-CoV-2-induced disease, causing long

duration of infection with the virus (59). Yang and colleagues

in a study evaluated the immune state in patients with long vs.
FIGURE 2

M1/M2 cellular states in SARS-CoV-2-induced disease. M1 macrophages are pro-inflammatory and are active during the early stage of viral
entry, whereas M2 macrophages are anti-inflammatory that are active during late stages. Viral replication and fusion are high in M1
macrophages, whereas the rate of replication is low in M2 macrophages. Lower lysosomal pH favors more viral degradation in lysosomes of M2
macrophages. Therefore, M1 macrophages are more prone to viral load and lung infection. The expression of angiotensin-converting enzyme 2
(ACE2) on M2 macrophages is reduced by IL-13 released from T helper 2 (Th2) cells, which is indicative of a level of resistance among M2
macrophages. Th1 cells are induced by M1 macrophages. Th1 polarity with pro-cytolytic activity is also induced by severe SARS-CoV-2. A shift
from M1- to M2-like phenotype is required for promoting resolution of inflammation.
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short duration of SARS-CoV-2 infection. In patients with long

duration of disease, there was an increase in the number of

Tregs, but NK cell population was decreased. NK cells were less

activated in long duration compared with the short duration of

disease. Therefore, immunosuppression can be a reason for

promoting SARS-CoV-2 persistence (60), thereby causing

chronic viral infection and high loads of antigens within the

body (61).

Wei et al. compared the immune state in two groups of

patients with SARS-CoV-2-induced disease: good (n = 3) vs.

poor prognosis group (n = 3). In patients with poor prognosis at

the time of exacerbation, Th2 cells and Tregs were relatively

higher compared with the good prognosis group (62). However,

injection of allogenic Tregs for two critically ill patients admitted

at Johns Hopkins University hospital presented clinical benefits

and attenuated inflammatory markers. Both patients receiving

such therapy survived and were discharged from the hospital

(63). To support this, Meckiff and colleagues analyzed the

frequency of cytotoxic and regulatory CD4+ T cells in

hospitalized and non-hospitalized patients. Hospitalized

patients had low fraction of Tregs but high proportion of

CD4+ cytotoxic T-follicular and T-helper cells (64). From the

results, it can be postulated that there is a positive link between

low Treg fraction with more severe disease. Thus, recovering the

functionality and fraction of Tregs can be an effective strategy for

reducing disease burden. Two points, however, require attention

from what was discussed above: (1) Treg activation at early-stage

of SARS-CoV-2-induced disease dampens anti-viral defense
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systems, and (2) Treg activation at late stage of the disease

promotes immunosuppression and may cause persistence of

viral infection and delayed viral clearance. Figure 3 shows

diverse functionality among CD8+ T cells and Tregs in

patients with early- or late-stage SARS-CoV-2-induced disease.
Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a

heterogeneous population of immature cells that belong to the

innate immunity and take immunosuppressive activities (65,

66). MDSCs are mainly derived from granulocytes (G-MDSCs)

and monocytes (M-MDSCs). M-MDSCs are CD14+, while G-

MDSCs are CD15+, both of which are either negative for HLA-

DR or show low expression of this factor (65). Severe SARS-

CoV-2-induced disease coincides with the presence of MDSCs

(44). In fact, the expansion of myeloid cell compartment is

considered as a hallmark of a severe disease (67). A study by

Reizine and colleagues showed that in patients with a severe

disease (developing ARDS), both G-MDSCs and M-MDSCs

were increased compared to the cases with moderate

pneumonia, in which the fraction of both MDSC subtypes was

high at day 7 after ICU admission only in patients developing

ARDS (68). In another study, a huge expansion of MDSCs (90%

of circulatory mononuclear cells) was identified in severe (vs.

mild) disease (69). Xue and colleagues found a positive link

between CD14+HLA-DRlow/neg MDSCs (M-MDSCs) with viral
FIGURE 3

Diverse functionality of CD8+ T cells and regulatory T cells (Tregs) in patients with SARS-CoV-2-induced disease. During the early-stage of the
disease, the activity of CD8+ T cells is protective, whereas the cells are hyper-active and amplify inflammatory responses associated with
cytokine storm and lung damage at late stage of the disease. Tregs have their own pros and cons during each disease stage. At early stage,
Tregs dampen systemic inflammation, but they can hamper anti-viral defense systems. At late stage of the disease, Tregs protect body organs
from inflammatory-related damages, but they may promote immunosuppression and further persistence and delayed clearance of the virus.
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load in the oropharyngeal area and with the length of patient

stay in the hospital (70). A high fraction of MDSCs was found

within the blood but not in endotracheal or nasopharyngeal

aspirates of patients with severe disease (71).

High MDSC fraction is linked negatively with T-cell

functionality. The higher expansion of M-MDSCs contributed

to the dysfunctional T cells in patients with severe SARS-CoV-2-

induced disease. M-MDSCs release IL-6 and IL-10 to augment

the rate of inflammation and accumulating Tregs and regulatory

B cell (Bregs) (72). Tregs accumulated within the lung display

high IL-6-induced Notch4 expression, which hampers the

release of amphiregulin, a cytokine related to tissue repair,

thereby promoting severe lung inflammation and a more

severe SARS-CoV-2-induced disease (73). A positive relation

between MDSC expansion with increased serum level of

transforming growth factor (TGF)-b is reported. At the

convalescent phase of SARS-CoV-2-induced disease, a reduced

fraction of MDSCs is related with lower TGF-b levels (69). TGF-

b is a multi-tasking and a potent pro-fibrotic cytokine with

immunosuppressive activities (74–76). In patients with severe

disease, TGF-b released from G-MDSCs contributed to the

suppression of IFN-g generation from T cells, which further

hampers the effective elimination of the virus (77). From what

was discussed above, MDSC expansion, involving both M-

MDSC and G-MDSC subsets, occurs in severe SARS-CoV-2-

induced disease, and the high fraction of these cells contributed

to T-cell dysfunctionality. A contrast to these findings is a study

carried out by Takano and colleagues evaluating MDSC subsets

in Japanese patients. Here, they noticed a transient (rather than

an immense) expansion of only G-MDSCs (no other subsets) in

cases with severe SARS-CoV-2-induced disease. They showed

that this delay or transient aggregation is beneficial in improving

clinical outcomes, delineated by attenuated SARS-CoV-2-related

severe lung inflammation. Such transient expansion was not

seen in patients who died from the disease (67). From this study,

it could be postulated that a rate of MDSCs is beneficial for

patients with SARS-CoV-2-induced disease, but a high fraction

of such cells will hamper T-cell functionality against this disease.

To explain, lectin-type oxidized LDL receptor 1 (LOX-1)

expression by MDSCs is indicative of their potent

immunosuppressive activity. Coudereau and colleagues noticed

an elevation of LOX-1+ MDSCs in patients developing ARDS,

which hampers effective resolution of infection (78).
Other cells

Mast cells are cells of innate immunity that take pathogenic

roles in several inflammatory diseases. The activation of mast

cells is associated with the SARS-CoV-2-related inflammatory

events. Mast cells are among the fast-responder cells at the time

of pathogen invasion. In the serum and lungs of patients with

SARS-CoV-2-induced disease, there is a rise in the mast-cell-
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derived proteases (79). Mast cells are induced by chemokines

synthesized during SARS-CoV-2 infection (80). Mast cell

activation by the virus increases the risk of lung inflammation

and fibrosis (81). Protease production by mast cells is a feature of

hyperinflammation. Selective inhibition of mast cells using anti-

Siglec-8 antibody is reported to suppress airway infiltration and

disease severity in a model of respiratory viral infection, which is

indicative of the importance of anti-Siglec-8 antibody in the

attenuation of excess inflammatory events occurring during viral

infection (79). However, a study by Valent and colleagues

showed that in patients with mast cell activation disease, there

was no elevation in the overall risk of developing toward SARS-

CoV-2-induced disease, but they recommended to manage

mastocytosis when complications, such as acute anaphylaxis,

occur (82).

Basophil count is reduced in patients with acute disease and

is correlated with poor prognosis (83). Based on a report by

Rodriguez and colleagues, the proportion of the granulocyte

subsets eosinophils and basophils is increased in patients passing

from the acute to recovery phase, both of which were among the

cells with the most dynamic changes during the severe disease.

The number of basophils was also associated considerably with

the production of IgG antibody from B cells against SARS-CoV-

2. This is indicative of the key contribution taken by basophils to

the immunopathology of SARS-CoV-2-induced disease and

anti-viral defenses (84).

Eosinophils are a part of host immune defense against

respiratory viruses (85). There is a report of a link between

eosinopenia with acute respiratory deterioration upon SARS-

CoV-2 infection and that eosinopenia may serve as a poor

prognostic indicator and a marker of a more severe disease

(86). Vieyra and coworkers announced that the presence of

eosinophils is seemingly effective for controlling neutrophil-

induced exacerbation of inflammation. They found a negative

correlation between eosinophil count with neutrophil count and

neutrophil-to-lymphocyte ratio. Another finding of this study

was a decrease in the number of eosinophils in deceased (vs.

recovered) patients (eosinophil level < 0.01 × 109/L:

eosinopenia), while a rapid increase in their number was

identified in recovered individuals (87). Another study

demonstrated the positive link between higher eosinophil

count with protection against poor outcomes from SARS-

CoV-2-induced disease in patients receiving inhaled

corticosteroid therapy (but not in cases without corticosteroid

prescription), which is suggestive of the protective role of

corticosteroids against SARS-CoV-2 infection (88). A study by

Pala and colleagues showed the advantage of eosinophil

involvement during the initial phase of SARS-CoV-2 infection,

but eosinophilic activity in patients with severe SARS-CoV-2-

induced disease is contributed to the mal-adaptive immune

responses and is responsible for the immunopathology of the

disease. The authors suggested the inhibition of eosinophile

activation in severe SARS-CoV-2 patients as a possible strategy
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for contrasting harmful immunity (85). Lung eosinophilic

immunopathology occurring secondary to the SARS-CoV-2

vaccination is called vaccine-associated enhanced respiratory

disease. In order to reduce the risk of such immunopathology

related to the eosinophilic activity, Hemmi and colleagues

recommended intranasal vaccination therapy against S protein

of the virus along with the application of the TLR9 agonist

ODN2006 (89).
Immune-cell-based interactions for
promotion of lymphopenia in SARS-
CoV-2-induced disease

G-MDSCs contributed to the impaired proliferation of T

cells in SARS-CoV-2-induced disease (90). A study by Reizine

and colleagues attested a positive relation between high MDSC

fraction with reduced T-cell count (lymphopenia). High

arginase-1 activity of MDSCs is responsible for reduced T-cell

proliferation (68). Patients with SARS-CoV-2-induced disease

have high fraction of arginase-1+ neutrophils with an immature

phenotypical state (91). This is presumably indicative of the

implication G-MDSCs for hampering T-cell proliferation. Xiang

and colleagues found a relation between inflammation and

lymphopenia with decimation of secondary lymphoid organs

including spleen and lymph nodes. Here, the high release of IL-

1b and IL-6 from infected DCs was found as a possible reason

for the decimation of such lymphoid organs and the subsequent

lymphopenia (92). High IL-6 is also released from MHC-IIlow

monocytes (13). T cells in the acute phase of disease display a

unique metabolic profile. The cells present mitochondrial

apoptosis that, in turn, promotes lymphopenia in this phase of

SARS-CoV-2-induced disease (93).
Angiotensin-converting enzyme 2
and immune state in SARS-CoV-2-
induced disease

ACE2, which serves as the receptor for S protein of SARS-

CoV-2, is expressed by DCs and macrophages. This may indicate

that the cells, although contributed to the anti-viral defensive

system, may act to enable viral anchoring inside the lung

parenchyma (94). IL-13 reduces expression of ACE2 by M2

macrophages, which may be indicative of viral resistance of this

macrophage subtype (45). In addition, as mentioned above, due

to having lower lysosomal pH, the cells tend to deliver SARS-

CoV-2 virus to lysosomes for further degradation, thereby

hampering further replication of the virus.

Patients with active SARS-CoV-2 infection show reduced

ACE2 levels due to its cellular internalization. Engagement

between SARS-CoV-2 with ACE2 will lead to the internalization
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of ACE2 and inhibition of its activity. Thus, activation of ACE2

receptor can be a possible approach for blocking the development

of the condition toward cytokine storm in patients with SARS-

CoV-2-induced disease. In a study, macrophages were treated

with the ACE2 receptor activator diminazene aceturate, and there

was an inhibition of SARS-CoV-2-related pro-inflammatory

profile by this agent. Therefore, ACE2 receptor activator can be

suggested as a treatment schedule for SARS-CoV-2-induced

disease (95). Diminazene aceturate can also induce vascular

repair and improve alveolar remodeling. ACE2 activators can,

thus, be used as an approach for controlling the escalation of the

disease (96).
Immune cells and thromboembolic
events in SARS-CoV-2-induced
disease

Neutrophils are strongly associated with platelets in patients

with severe SARS-CoV-2-induced disease (97). Acute viral

infection is linked positively with dysregulated formation of

neutrophil extracellular traps (NETs) (52). Excessive generation

(52) and release (54) of NETs from neutrophils is related

positively with severe disease. NETs restrict viral spreading,

but they can promote thrombi formation through engaging

platelets (6). Platelet activation is also increased when L-

arginine concentration is low (98). L-Arginine is degraded by

arginase-1, and G-MDSC is a cell type displaying arginase-1

activity (65). High levels of arginase is produced from G-MDSCs

in severe SARS-CoV-2-induced disease (99). Therefore, G-

MDSCs are linked positively with the development of

thromboembolic events through their high arginase activity.
Hypoxia and cellular immunity in
SARS-CoV-2-induced disease

Severe SARS-CoV-2 infection reduces O2 levels within the

blood and affected tissues (100). Hypoxia-inducible factor (HIF)-

1a is a key mediator of severe or acute hypoxia (101). SARS-CoV-

2 activates HIF-1a, the activity of which exacerbates generation of

pro-inflammatory signaling and augments the rate of cytokine

storm (102). Monocytes are more recruited toward hypoxic tissues

and differentiated into macrophages (100). SARS-CoV-2 infection

promotes hypoxemia, which further causes expression of HIFs by

immune cells (103). The activity of HIFs on macrophages

promotes their local aggregation and activation (103). The

promoter of FoxP3 gene contains an HIF-responsive element

(104). FoxP3 shows repressed expression in lungs of patients

with severe SARS-CoV-2-induced disease. HIF-1a promotes

aerobic glycolysis, which is further contributed to degradation of

FoxP3, thereby blocking differentiation of Tregs (105).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1016304
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Mortezaee and Majidpoor 10.3389/fimmu.2022.1016304
Designing a strong vaccination system that is effective in

generating sufficient levels of neutralizing antibodies after

incubation with one dose is a preferred approach concerning

the shortage of vaccine for SARS-CoV-2 virus. A strategy that

can boost the rate and binding activity of antibody titers is to use

O2 as a co-adjuvant with SARS-CoV-2 vaccination. O2 has

strong immunological activity, and its co-adjuvant is an

effective approach for potentiating vaccine potency. O2-

generating COVID-19 cryogel-based vaccine (O2-CryogelVAX)

is an example in this context. The application of O2-CryogelVAX
in mice has found to induce high titers of antibodies and

stimulate their potent neutralizing activity. Sustained

generation of neutralizing antibodies along with promotion of

local recruitment of immune cells is a virtue for the use of O2-

CryogelVAX (106).
Immune state and SARS-CoV-2-
induced disease in children vs.
adults and elderly

Diverse susceptibility among children and elderly

individuals to SARS-CoV-2 infection is explained in the

context of the immune system. The immunological profile in
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257
response to SARS-CoV-2 is different in children compared with

adults. In children, immunophenotype is less inflammatory, and

the humoral immunity is as strong as what is seen in adults

(107). Based on the results of one study, there is increased

proportion of CD63+ neutrophils in children but no response

from these cells in adults during the acute phase of SARS-CoV-

2-induced disease, and the impact of CD63 on neutrophil

activation and secretion of pro-inflammatory mediators are all

indicative of diverse responses from innate immunity between

children and adults (108). Neeland and coworkers evaluated

the immunological mechanism behind milder symptoms in

children compared to adults. Children during acute phase of

the disease had decreased proportions of all subsets of circulating

monocytes including classical, transitional, and non-classical

subtypes, whereas only the non-classical subtype of monocytes

showed reduced fraction in adults (108). Elderly individuals, by

contrast, have increased number of inflammatory transitional

monocytes, which is a reason for more vulnerability to SARS-

CoV-2-induced disease among aged individuals (109). Aged

individuals present loss of Treg functionality, which results in

the difficulty in controlling immune responses, thereby

enhancing the inflammation rate and inflammatory storm

upon encountering SARS-CoV-2. Thymus is an organ that

acts in mediating adaptive immune responses and

immunomodulation. Tregs are active during the early life
FIGURE 4

Different orchestration of cells of the immune system within the blood or lung of patients with severe SARS-CoV-2-induced disease. Monocyte-
derived DCs (mDCs), non-classical monocytes, T helper 1 (Th1) cells, and myeloid-derived suppressor cells (MDSCs) are high in the peripheral
blood of patients with severe disease. By contrast, CD8+ T cells, plasmacytoid DCs (pDCs), CD1c+ DCs, natural killer (NK) cells, macrophage type
2 (M2) cells, and regulatory T cells (Tregs) show low fraction within the circulation. M1 macrophages are high, whereas M2 macrophages are low
within the lung of severe cases.
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period and take function as immunomodulatory cells. T cells

destroyed by virus are replaced in the thymus, so shrinkage of

this organ during adolescence period may be one possible reason

for more severe SARS-CoV-2-induced disease in adults

compared with children (110).
From therapeutic standpoint

Induction of antigen-specific CD8+ T cell immunity

provides appropriate protection against SARS-CoV-2. A

strategy to achieve this aim is to use DNA vectors expressing

different proteins of SARS-CoV-2. This approach is effective

through eliciting CD8+ T-cell responses against various antigens

in a single injection (111). N361-369-specific T-cell receptors

(TCRs) can be obtained from individuals recovered from

SARS-CoV-2-induced disease and can be exploited as a useful

strategy for promoting CD8+ T-cell cytotoxicity and effector

cytokine release from CD4+ T cells. Activation of CD8+ T cells

and their cytolytic activity by the T-cell epitope N361–369 can

cause lysis of SARS-CoV-2-infected cells and promote viral

clearance in patients with SARS-CoV-2-induced disease (25).

Lipid-based nanoparticle vaccine platform (NVP) can be

developed to promote long-lasting immunity against SARS-

CoV-2. NVPs are loaded with SARS-CoV-2 antigens for
FIGURE 5

The impact of severe SARS-Cov2 induced disease on cellular immunity. In p
and M2 macrophage is hampered. Whereas M1 macrophage, myeloid-deriv
show increased expansion. Other consequences of a severe infection are p
natural killer (NK) cell exhaustion.
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inducing antigen-specific antibodies. Such NVPs are taken up

by DCs and contribute to the maturation of DCs and

strengthening of their antigen presentation capacity (112).

Extracellular vesicles (EVs) including exosomes can be used

as a tool for developing vaccines against viral antigens. Exosomes

loaded with therapeutic cargo can be used for such purpose.

Exosomes interact with different cells of the immune system

including NK cells, T cells, DCs, and macrophages to allow cell–

cell communications and modulate anti-viral immune responses

against SARS-CoV-2 (113). The reaction from CD8+ T cells can

be induced using EVs engineered for representing viral antigens.

In this way, EVs are acting as an APC. A virtue of EV-based

therapy is the safety of this approach for designing virus-free

vaccines due to evolving low baseline immunological

profile (114).
Conclusions

Patients with severe SARS-CoV-2-induced disease show a

dysregulated orchestration and functionality in cells of the

immune system, which results in aggravation of the condition

and promotion of systemic inflammation and multi-organ injury.

MDSCs, neutrophils, and monocytes are highly present, whereas

CD8+ T cells and NK cells are reduced in severe diseases
atients with a severe disease the activity of regulatory T cell (Tregs)
ed suppressor cells (MDSCs), monocytes, neutrophils and Th1 cells
lasmacytoid dendritic cell (pDC) apoptosis, and CD8+ T cell and
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(Figure 4). This is indicative of an immunosuppressive profile in

the immune system, as depicted in the Figure 5. Strategies to bring

back the normalization in the cellular immune state will be a

valuable tool for powering the activity of the immune system

against viral entry and strengthening the efficacy of vaccination

therapy. Such strategy can reduce the involvement of other organs

and the time of hospital stay in cases with a severe disease.
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The coronavirus disease 2019 (COVID-19) pandemic caused by the infection of

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has cast a

notorious damage to the public health and global economy. The Stimulator of

Interferon Genes (STING) is a crucial element of the host antiviral pathway and

plays a pivotal but complex role in the infection and development of COVID-19.

Herein, we discussed the antagonistic mechanism of viral proteins to the STING

pathway as well as its activation induced by host cells. Specifically, we

highlighted that the persistent activation of STING by SARS-CoV-2 led to

abnormal inflammation, and STING inhibitors could reduce the excessive

inflammation. In addition, we also emphasized that STING agonists

possessed antiviral potency against diverse coronavirus and showed adjuvant

efficacy in SARS-CoV-2 vaccines by inducing IFN responses.

KEYWORDS

COVID-19, SARS-CoV-2, STING, vaccine, IFNs
Introduction

Coronavirus disease 2019 (COVID-19) has rapidly spread across the world since the

end of 2019, resulting in over 500 million confirmed infected cases and over 6 million

deaths so far (https://www.who.int/). The corresponding virus of COVID-19 was

identified as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus,

which contains a positive single-stranded RNA genome (1, 2). COVID-19 has caused

disastrous damage to the public health and the economic development of the world, and a

few treatment options and vaccines have been developed to reduce it (3, 4). Remdesivir, a

broad-spectrum antiviral drug, is the first drug approved by FDA for COVID-19

t r e a tmen t ( 5 ) . Ano the r sma l l mo l e cu l e an t i v i r a l a g en t , Pax l ov i d

(nirmatrelvir/ritonavir), was approved for the treatment of adult patients with mild-to-

moderate COVID-19 (6). Meanwhile, oral or intravenous administration of

dexamethasone was reported to reduce the 28-day mortality in patients hospitalized

with COVID-19 (7). Additionally, various therapeutic monoclonal antibodies have been

applied to treat COVID-19, such as Regkirona (regdanvimab) and REGEN-COV
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(casirivimab and imdevimab) (8–10). Combination of

interleukin-6 receptor blocker (tocilizumab or sarilumab) and

JAK inhibitor baricitinib is strong recommended for patients

with severe or critical COVID-19 (11). Moreover, a number of

vaccines has been developed to prevent the infection of SARS-

CoV-2, such as BNT162b2 and mRNA-1273, demonstrating

appreciable efficacy in phase III clinical trials (12, 13).

Nevertheless, available drugs and vaccines are insufficient to

combat the continuous emergence of viral variants, and the

excessive inflammation induced by existent treatments should be

concerned. Therefore, it is urgent to develop novel prophylactic

and therapeutical measures to prevent SARS-CoV-2 from

continuous infection, mutation, and transmission.

SARS-CoV-2 belongs to the b-coronavirus genus, which

includes SARS-CoV, Middle East respiratory syndrome

(MERS)-CoV and bat coronavirus HKU4 and so on (14–17).

The virus genome consists of 14 open reading frames (ORFs)

that encode 16 nonstructural proteins (nsp), structural proteins

(spike protein S, membrane protein M, envelope protein E, and

nucleocapsid protein N) and 9 accessory proteins (ORF3a,

ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c and

ORF10) (Figure 1A) (1, 18). The life cycle of SARS-CoV-2 is

displayed in Figure 1B, and the interaction between the S protein

of SARS-CoV-2 and the ACE2 on host cells is essential for the

infection, thus ACE2 and S protein are important targets for

treatment of COVID-19 (18, 19).

The innate immune system is the first line of defense against

evading pathogens (20). It recognizes pathogen/damage

associated molecular patterns (PAMPs/DAMPs) by pattern

recognition receptors (PPRs), including Toll-like receptors

(TLRs), Nod-like receptors (NLRs), RIG-I-like receptors

(RLRs) and the DNA sensor cyclic guanosine monophosphate

(GMP)-adenosine monophosphate (AMP) synthase (cGAS)-

stimulator of interferon genes (STING) signaling pathway.

Among them, the cGAS-STING pathway plays an important

role in innate immune response to pathogen infection.

Mechanistically, the double stranded DNA (dsDNA) of

pathogens is accumulated in cytoplasm and activates cGAS to

generate 2′3′-cyclic GMP-AMP (2′3′-cGAMP), which binds to

and activates STING (21–24). The bound STING is translocated

from endoplasmic reticulum (ER) to Golgi, where it recruits the

kinase TANK-binding kinase 1 (TBK1) and stimulate IkB kinase

(IKK), causing phosphorylation of interferon regulatory factor 3

(IRF3) and nuclear factor-kB (NF-kB) (25, 26). Subsequently,
the transcription of type I interferons (IFNs) and other

inflammatory genes was triggered, which mediate immune

response to eliminate pathogens (27–29). In addition to

dsDNA from pathogens, endogenous DNA including

chromosomal DNA and mitochondrial DNA can also trigger

the cGAS-STING signaling pathway. Normally, chromatin is

strictly compartmentalized in the nucleus to prevent cGAS-

STING activation, while chromosome mis-segregation during
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cell mitosis leads to the generation of micronuclei, induing the

aberrant recognition by cGAS (30, 31). Similarly, abnormal

packaging of mitochondrial DNA (mtDNA) facilitates the

escape of mtDNA into cytosol, which induces the activation of

cGAS-STING (32).

As an RNA virus, SARS-CoV-2 is primarily recognized by

RLRs in the host cells (33). Interestingly, increasing evidences

demonstrated that the cGAS-STING pathway, a key DNA

sensor, restricted the infection of RNA virus, and the proteins

of RNA virus could antagonize the cGAS-STING signalling (34).

For example, Sting-/- mice were more sensitive to vesicular

stomatitis virus (VSV), a negative-stranded virus, and the

production of type I IFNs was decreased in Sting-/- mice (35).

Besides, the papain-like protease (PLpro) of SARS-CoV was

reported to disrupt the STING-tumor necrosis factor receptor-

associated factor 3 (TRAF3)-TBK1 complex by directly binding

to it, and the dimerization and ubiquitination of STING were

blocked by the PLpro of SARS-CoV and human coronavirus

(HCoV) (36, 37). Hence, as an RNA virus, how SARS-CoV-2

interacts with STING pathway is worthy of further exploration.
SARS-CoV-2 regulates
STING signaling

SARS-CoV-2 infection has a double-edged effect on the

STING signaling, dependent on the stage of disease procession

and the infected tissues. Initially, Rui and colleagues

hypothesized that SARS-CoV-2 might antagonize the innate

immune pathway due to the antiviral function of STING (38).

They investigated the effect of SARS-CoV-2 proteins on STING

and RLR-mediated immune response, and found that both

ORF3a and 3CL of the virus could inhibit STING and the

downstream NF-kB signaling, but not IRF3 signaling, and this

process was independent of cGAS. Further, it was found that

ORF3a directly interacted with both the N-terminal and the C-

terminal fragment of STING and suppressed the nuclear

accumulation of p65, which then inhibited STING-mediated

NF-kB signaling. While viral 3CL, through its enzymatic

activity, inhibited the NF-kB pathway by suppressing the K63-

ubiquitination of STING. In addition, the polymorphisms of

STING from different species, including human, mouse and

chicken could be inhibited by 3CL and ORF3a. However, bat

STING, the natural host of SARS-CoV-2, was found defective to

produce type-I interferon (IFN) and thus showed compromised

anti-viral potency (39, 40). These results suggest that STING

might be involved in the transmission of the virus. This is the

first study supporting that SARS-CoV-2 can suppress STING

signaling to escape from innate immune response.

Similarly, Han and co-workers reported that the ORF9b of

SARS-CoV-2 suppressed the induction of type I and III
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1006395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Xiao and Zhang 10.3389/fimmu.2022.1006395
A

B

FIGURE 1

The structure and life cycle of SARS-CoV-2 virus. (A) The structure and genome of SARS-CoV-2 virus. The SARS-CoV-2 virus is composed of
four structural proteins (spike protein S, membrane protein M, envelope protein E, and nucleocapsid protein N) and a single-stranded RNA
genome. The virus genome contains 14 ORFs encoding 16 nonstructural proteins, 4 structural proteins and 9 accessory proteins respectively.
(B) Scheme of the SARS-CoV-2 replication cycle. At the initial step of infection of this virus, the S1 subunit of the S protein interacts with the
receptor angiotensin-converting enzyme 2 (ACE2) of host cells, and the S2 subunit is cleaved by TMPRSS2, a serine protease on the host cell
surface, to promote uptake and fusion. Subsequently, the viral RNA is released into the cytoplasm of the host cell, and the ORF1a and ORF1b at
the 5’-end are translated to polyproteins (pp1a and pp1ab), which is then cleaved by viral proteases 3CLpro and PLpro to 16 nonstructural
proteins (nsps). These nsps form the replication and transcription complex to synthesize progeny viral genomic RNA. In parallel, ORFs at 3’-end
are translated to structural proteins, and the S, M and E proteins are translocated to the ER-to-Golgi compartment, where they are assembled
with N-encapsulated genomic RNA and then secreted out of cell through exocytosis.
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interferons through multiple innate immune signaling,

including RLR, TLR and STING (41). The antiviral activity of

the host cell against SARS-CoV-2 depends on the production of

type I and III IFNs, which is impaired in the serum of COVID-

19 patients. However, the ORF9b of SARS-CoV-1 has been

reported to inhibit IFNs response (2, 42–44). Based on these

findings, they explored the effect of ORF9b on IFNs response

and found that ORF9b of SARS-CoV-2 antagonized type I and

III IFN responses induced by SeV and suppressed the activation

of RLR, TLR and the cGAS-STING pathway. Mechanistic

studies indicated that ORF9b directly interacted with RIG-I,

MDA-5, MAVS, TBK1, TRIF and STING, and suppressed the

phosphorylation of TBK1 and IRF3 along with IRF3 nuclear

translocation. Furthermore, overexpression of viral ORF9b

facilitated VSV infection, suggesting that ORF9b is closely

implicated with the pathogenesis of COVID-19.

Recently, the ORF10 of SARS-CoV-2 has also been found to

antagonize STING-dependent interferon response. Han et al.

screened 29 SARS-CoV-2 viral proteins, and found ORF10 could

suppress the activation of the cGAS-STING pathway by

interacting with STING directly. As a result, the STING-TBK1

interaction was impeded, and the translocation of STING was

blocked, leading the immune evasion of SARS-CoV-2 (45).

Taken together, various components of SARS-CoV-2 could

inhibit the STING pathway and subsequent interferon response,

leading to virus escape from innate immunity (Table 1).

Intriguingly, contrary to the aforementioned findings that

SARS-CoV-2 antagonizes the STING signaling, many other

studies suggest that infection with SARS-CoV-2 could trigger

STING signaling. Transcriptome data showed that at the time of

diagnosis, the content of STING protein was increased in the

blood of patients with mild or moderate symptoms, whereas

there is no significant change in the severe patients (46).

Furthermore, STING expression was found to be elevated only

in moderate patients at a few days after diagnosis (46). These

data indicate that activation of STING might be associated with

the severity and stage of COVID-19.

More detailed mechanistic studies indicate that cell fusion

and formation of syncytia and micronuclei play crucial roles in

SARS-CoV-2-induced cGAS-STING signaling (47, 48). Previous

study has demonstrated that cell fusion mediated by the

interaction of S protein with host ACE2 results in the

formation of syncytia, presenting as a single cell containing
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several nuclei (49). Further, Ren and co-workers explored

molecular events after syncytium formation in the well-

established syncytia model. The results showed that both S

protein and SARS-CoV-2 induced syncytium formation in

HeLa-ACE2 cells and then led to production of micronuclei.

Eventually, DNA damage and genome instability of the

micronuclei promoted the activation of the cGAS-STING

pathway as well as the downstream IFN response (50).

Furthermore, more studies were conducted to elucidate the

mechanism of innate immune activation caused by SARS-CoV-2

infection. In addition to the activation of cGAS-STING induced

by DNA from micronuclei, Zhou and co-workers further

demonstrated that syncytia formation caused cytoplasmic

chromatin by disrupting the actin cytoskeleton and nuclear

lamin A/C, which are important factors for maintaining

nuclear morphology. Meanwhile, they found that STING

agonists (diABZI and SR-717) exhibited antiviral activity

against SARS-CoV-2 (51). Meanwhile, cleavage of S protein by

host proteases was found essential for cell fusion and IFN

response (52).

The generation of syncytia provides a possible mechanism

for delayed IFN response in COVID-19 patients, indicating that

the production of type I IFN is inhibited at early stage of SARS-

CoV-2 infection, but then substantially activated at the late stage

(44, 53).
The aberrant inflammatory response
caused by STING activation

Although STING activation presents antiviral potential, the

sustained STING signaling results in excessive amounts of type I

IFNs. Indeed, patients with severe COVID-19 exhibited robust

type I interferon response, which was associated with acute

respiratory distress syndrome, lung injury and poor clinical

outcome (1, 54–57). Therefore, over-activation of STING

pathway may lead to hyperinflammation and related

syndromes in COVID-19 patients.

By profiling the transcriptome and secreted cytokines of

SARS-CoV-2-infected lung epithelial cells, Neufeldt and co-

workers found that the NF-kB and pro-inflammatory pathway

was up-regulated in infected lung epithelial cells, while the
TABLE 1 The effect of SARS-CoV-2 viral components on the STING signaling pathway.

Viral components Interaction with STING Mechanism of action Ref

ORF3a Directly bind with STING Inhibit the nuclear accumulation of p65 to inhibit the NF-kB pathway (38)

3CL Inhibit the K63-ubiquitination of STING Inhibit the NF-kB pathway and the recruitment of TBK1 and IKKb (38)

ORF9b Directly bind with STING Inhibit the phosphorylation of TBK1 and IRF3 as well as the nuclear translocation of IRF3 (41)

ORF10 Directly bind with STING Impair the STING-TBK1 interaction and STING translocation (45)
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antiviral IFN response was not enhanced (58). These

observations were consistent with the clinical features of severe

patients (2, 59). Subsequent studies further proved that the

hyper-inflammatory response is attributed to the activation of

NF-kB but not IRF3, and is mediated by cGAS-STING pathway

rather the RLR and TLR pathways. This imbalanced immune

response recruited macrophage and neutrophils to cause cell

death and lung pathology (58, 60). Finally, VS-X4 and H151, the

established STING inhibitors (61), suppressed the upregulation

of inflammatory cytokines and alleviated the abnormal immune

response, which may protect COVID-19 patients from further

suffering of this disease (62, 63).

Different from other studies on lung epithelial cells or tumor

cell models, Domizio and colleagues focus on skin

manifestations in SARS-CoV-2 infection (64). They found that

cGAS-STING signaling and subsequent type I IFN production

were initiated in endothelial cells and perivascular macrophages

around injured vessels. As a result, the production of type I IFN

in endothelial cells promoted cell death and tissue damage.

Accordingly, administration of the STING inhibitor H151

reduced type I IFN response and related lung pathology in

mice infected with SARS-CoV-2 (19).
STING agonists inhibit SARS-CoV-2

Since viral proteins suppress the STING pathway in the early

stage of infection, while the micronucleus and DNA damage

caused by cell fusion in the host activate the STING signaling to

suppress viral infection, treatment with STING agonists in the

ear ly stage of COVID-19 provides be a potentia l

antiviral strategy.

Recently, Li and co-workers found that SASR-CoV-2

infection induced delay of IFN response to evade innate

immunity, which could be controlled by type I IFN treatment

(65). Subsequently, they screened 75 agonists targeting diverse

PRR pathway and identified cyclic dinucleotides (CDNs), the

endogenous stimulator of STING (66), showing antiviral activity

against SARS-CoV-2. One of the potent STING agonists diABZI

was then tested in subsequent studies due to its significant

potency and higher bioavailability. As expected, diABZI

elicited potent and transient innate signaling and prevented

SARS-CoV-2 infection in primary human respiratory epithelial

cells as well as the lung of mice. A single intranasal delivery of

diZBAI protected mice from lethality induced by SARS-CoV-2

and its South African variant B.1.351, thus supporting the

therapeutic potential of diABZI against diverse trains of SARS-

CoV-2 (65).

Similarly, the diABZI analogue, diABZI-4, was proved as

well to prevent SARS-CoV-2 replication in ACE2-A549 cells and

in 3D-cultured embryonic stem cell–derived induced alveolar
Frontiers in Immunology 05
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type II (iAT2) cells (67). Intranasal administration of diABZI-4

before or after virus infection reduced weight loss and death in

K18-ACE2 mice without pathological damage in lung tissues.

Furthermore, diABZI induced transient pro-inflammatory

cytokines production and promoted the activation of myeloid

cells, T cells and NK cells, without pathological damage and

excessive inflammation in lung tissue (67).

Taken together, STING agonists could effectively activate the

antiviral response and prevent SARS-CoV-2 infection in vivo

and in vitro. The activation is transient, but can prevent lung

tissue damage from abnormal inflammation. Therefore, STING

agonists may provide alternative strategy for the treatment of

COVID-19 in the early stage (Table 2).
STING agonists as adjuvant of SARS-
CoV-2 vaccine

Vaccines have made great contribution to COVID-19

prevention (70). Of which subunit vaccines are the most used

due to their excellent efficacy and safety. The spike protein of

SARS-Cov-2 and its receptor binding domain (RBD) have been

considered as the two main antigens in COVID-19 vaccine,

because their corresponding epitope domains could induce the

production of neutralizing antibodies (71, 72). However, the

poor immunogenicity of the highly purified S protein and RBD

limits the development of effective SARS-CoV-2 vaccine.

Therefore, additional adjuvants are necessary to elicit robust

and durable immune response. Aluminum salts (Alum) are the

most commonly used adjuvant, however, poor antibody

immune response and predominant Th2 response restrict their

use for various antigens (73, 74). With the development of innate

immunity research, PAMPs/DAMPs has attracted attention as

potential vaccine adjuvants, and STING agonists has been

employed as adjuvants in multiple pre-clinical vaccines (75).

Mechanistically, activation of STING could maturate DCs and

prime T cells, leading to subsequent humoral immunity to

control virus (76, 77). Neutralizing antibodies produced by

humoral immunity contributes to the virus clearance potency

of vaccines, and STING agonists were reported to increase

antibody titers and trigger potent humoral immune response

(78).Additionally, STING agonists induced the formation of

germinal center (GC), where B cells were primed and

differenced into memory B cells to achieve long-lasting

profection towards virus (79, 80). Therefore, STING agonists

are promising adjuvant for constructing effective SARS-CoV-

2 vaccines.

cGAMP, the natural ligand of STING, has been widely

investigated as adjuvant in vaccine development. cGAMP and

S protein-loaded HIV-derived virus-like particles (VLPs) was

reported to induce more potential antibody response compared
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with S protein-loaded VLPs. The virus neutralizing capacity of

resulting antibodies was improved as well (81). An intranasal

subunit vaccine accompanied by liposomal cGAMP and

lyophilized S protein was reported to trigger robust

neutralizing antibodies and comprehensive immune response

in lung, spleen and nasal compartments (82). Additionally, a

ternary adjuvant system consisting of Alum, cGAMP and TLR3

agonist poly(I:C) was used to construct a S1 protein vaccine, and

the ternary adjuvant showed potent adjuvant effect on inducing

humoral and cellular immunity without apparent biological

toxicity in immunized mice (83).

In addition to cGAMP, a few novel STING agonists were

also used as adjuvants in SARS-CoV-2 vaccine. For instance, Wu

and co-workers synthesized the analogue CDGSF by modifying

cyclic di-GMP (CDG) with one phosphorothioate and one

fluorine moieties (84). The fluorine modification enhanced the

liposolubility and stability of CDG (85), and increased the

expression of CD86 in macrophage and bone marrow-derived

dendritic cells (BMDC). As adjuvant, CDGSF significantly

improved the S protein-specific IFN-g secretion and IgG titers,

more potent than classical adjuvant Alum, thus highlighting the

a d j u v a n t p o t e n t i a l o f CDGSF i n SARS -CoV - 2

vaccine preparation.

CF501 is a new STING agonist and was found to show

potent adjuvant efficacy in pan-sarbecovirus vaccine (86).

Compared with Alum- or cGAMP-adjuvanted RBD-Fc-based
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vaccines, intramuscular injection of CF501-adjuvanted RBD-Fc

vaccine (CF501/RBD-Fc) triggered stronger humoral and

cellular immune responses against various variants of SARS-

CoV-2, SARS-CoV and SARSs-CoVs from bats in mice, rabbit

and rhesus macaques models. Further, CF501/RBD-Fc induced

long-term protective immunity against SARS-CoV-2 challenge

in both macaques and hACE-transgenic mice. Moreover, CF501

transiently triggered innate immunity without obvious lesion in

the tissue of CF501/RBD-Fc-immunized mice, suggesting the

good safety profile of CF501 as adjuvant (86).
Discussion

It is well established that the STING pathway elucidates a

double-edged effect on COVID-19. At the early stage of

infection, STING signaling is suppressed by vital proteins

containing 3CL, ORF3a and ORF9b, resulting in the impaired

innate immune response (38, 41). In contrast, the fusion of S

protein of the virus with the ACE2 receptor in host cells leads to

syncytia formation, resulting in formation of micronucleus and

DNA damage, and consequently triggering the STING signaling

and antiviral response (50, 51). These may account for the

observed activation delay of type I IFN response in COVID-19

patients (57). Therefore, treatment with STING agonists could

effectively activate innate immune response to inhibit virus
TABLE 2 The effect of STING inhibitors and agonists on SARS-CoV-2.

Catalogue Compound Model Effect Mechanism of action Ref

Inhibitor VS-X4 Calu-3 cells and
A549-ACE2 cells

Limit SARS-CoV-2 mediated inflammation Decrease TNF, IL-6 and IP-10 upregulation caused
by infection; decrease p65 nuclear accumulation

(58)

H-151 Calu-3 cells and
A549-ACE2 cells

Limit SARS-CoV-2 mediated inflammation Decrease TNF upregulation caused by infection;
decrease p65 nuclear accumulation

(58)

H-151 Lung-on-chip (LoC) model;
K18-hACE2 transgenic mice

Reduce inflammatory cell infiltration;
attenuate lung injury, weight loss and

mouse death after infection

Reduce ISGs expression and cytopathic effect
induced by infection in endothelial cells

(64)

Agonist diABZI MucilAir™ reconstituted

from human bronchial
biopsies primary cells

Inhibit SARS-CoV-2 infection; prevent
epithelial damage

/ (68)

diABZI A549-ACE2 cells; human
lung tissue slices

Inhibit SARS-CoV-2 infection / (69)

diABZI Primary NHBE cells; K18-
hACE2 transgenic mice

Decrease viral replication, weight loss and
lung inflammation

Transiently stimulate IFN signaling and mildly
induce TNFa; activate JAK-STAT signaling;

decrease immune cells in lung

(65)

diABZI Calu-3 cells and
HeLa-ACE2 cells

Inhibit SARS-CoV-2 replication Increase the phosphorylation of IRF3 (51)

diABZI-4 A549-ACE2 cells; Embryonic
stem cell–derived induced

alveolar

Inhibit SARS-CoV-2 gene expression and
replication; prevent SARS-CoV-2 infection;

alleviate wight loss

Induce oligomerization of STING and ISGs
expression; activation of myeloid cells, gdT cells,

and NK cells

(67)
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infection and replication. However, excessive and sustained

activation of STING signaling leads to accumulation of

inflammatory factors, resulting in abnormal lung inflammation

and poor clinical outcomes (Figure 2) (52, 58, 64). Hence, trials

of STING agonists and inhibitors in the treatment of COVID-19

should be cautiously evaluated in context. Timing and duration

are critical factors, at the early state of infection, STING agonists
Frontiers in Immunology 07
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may be used to recuse the deficiency of IFNs production.

Instead, the inhibitors of STING could be applied to suppress

the excessive inflammatory response and to alleviate the tissue

injury caused by the disease. Since type I IFN response is the

bridge between STING pathway and COVID-19 progression, we

speculate that the content of interferons in the patients might be

a bio-marker for the use of STING regulators in clinical.
A

B

FIGURE 2

The relationship of SARS-CoV-2 infection and STING pathway. (A) At the early stage of SARS-CoV-2 infection, the viral proteins inhibited the
activation of STING pathway by direct interaction with STING (left). During the late stage of infection, the host cells fused with virus through the
interaction of ACE2 and S protein to form syncytia, which contains a large number of micronuclei, mediating DNA damage and thus activating
STING signaling. Durable and excessive STING activation lead to abnormal inflammatory response, resulting in tissue damage and poor
prognosis (right). (B) STING agonists could be used to activate STING signaling at the early stage of infection to elicit anti-viral response (left).
STING inhibitors could attenuate tissue damage by suppressing excessive STING activation and aberrant inflammatory response (right).
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