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Early indications of the likelihood of severe coronavirus disease 2019 COVID-19 can
influence treatments and could improve clinical outcomes. However, knowledge on the
prediction markers of COVID-19 fatality risks remains limited. Here, we analyzed and
quantified the reactivity of serum samples from acute (non-fatal and fatal) and convalescent
COVID-19 patients with the spike surface glycoprotein (S protein) and nucleocapsid
phosphoprotein (N protein) SARS-CoV-2 peptide libraries. Cytokine activation was also
analyzed. We demonstrated that IgM from fatal COVID-19 serum reacted with several N
protein peptides. In contrast, IgM from non-fatal serum reacted more with S protein
peptides. Further, higher levels of pro-inflammatory cytokines were found in fatal
COVID-19 serum compared to non-fatal. Many of these cytokines were pro-infammatory
and chemokines. Differences in IgG reactivity from fatal and non-fatal COVID-19 sera were
also demonstrated. Additionally, the longitudinal analysis of IgG reactivity with SARS-CoV-2
S and N protein identified peptides with the highest longevity in humoral immune response.
Finally, using IgM antibody reactivity with S and N SARS-CoV-2 peptides and selected
cytokines, we have identified a panel of biomarkers specific to patients with a higher risk of
fatal COVID-19 compared with that of patients who survive. This panel could be used for the
early prediction of COVID-19 fatality risk.

Keywords: peptide, COVID-19, SARS-CoV-2, fatal, cytokine

INTRODUCTION

A local outbreak of a severe pneumonia of unknown etiology in Wuhan, China, spread rapidly and
was declared a pandemic in 2020; since then, there have been hundreds of millions of cases and over
four million deaths worldwide (1). A novel member of the beta-coronavirus family, severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) was isolated early during the outbreak and it
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was found to cause coronavirus-induced disease (COVID)-19
(2). A large proportion of COVID-19 cases are asymptomatic,
while disease severity is mostly linked with cases in older patients
and those with underlying conditions (3-6). Infection is
characterized by early activation of humoral immune responses
where IgM and IgG peak at week five of the disease (7).
Conversely, Iyer et al. have shown that IgM, IgG, and IgA
levels reach the highest levels between 14 and 28 days followed
by a gradual decline (8). SARS-CoV-2 Spike (S) and nucleocapsid
(N) proteins have been identified as major immunogens (9) with
IgG antibodies against the N and S proteins detected at the same
time, supporting their highly immunogenic status (10).

Anti-SARS-CoV-2 antibodies contribute to severity and
recovery from COVID-19. Sun et al. reported high anti-S
protein IgG antibodies in non-intensive care unit (ICU)
patients, while high anti-N protein IgG antibodies have been
found in ICU patients (9). In addition, Roltgen et al.
demonstrated a higher ratio of anti-S IgG/anti-N IgG
antibodies in outpatients with mild COVID-19 (11). These
data suggest differences in the antibody immune response to
SARS-CoV-2 which may contribute to differences in severity of
COVID-19. However, there is limited knowledge on how
reactivity with SARS-CoV-2 S and N protein peptides differs
between COVID-19 patients who require ICU treatment and
those with only mild COVID-19.

Multiple S and N protein epitopes have been identified through
COVID-19 patient serum reactivity studies conducted globally,
including in China and the United States 12-14). These data will
help to determine common peptides in the immune response to
SARS-CoV-2 around the world. Upon identification of
immunogenic regions of S and N proteins, they can be used to
design subunit vaccines against SARS-CoV-2 infection. In addition,
immunogenic peptides identified in COVID-19 sera could be used
to determine the similarity of the immune recognition between
SARS-CoV-2-infected and vaccinated individuals.

It is documented that antibody levels in response to SARS-
CoV-2 infection decline over time (15, 16). This decline in
antibody titer could contribute to COVID-19 reinfection (17).
Ibarrondo et al. have reported that antibody titer declines rapidly
with the half-life of 36 days in mild form cases of COVID-19
(18). Authors express concern about the duration of antibody
responses to SARS-CoV-2 after infection and, as a result, the
extent of lasting immunity following natural infection. Data on
antibody response in COVID-19 are mainly based on the
analysis of reactivity to whole S and N proteins and their
peptides (12-14). This immune response analysis recognizes
multiple epitopes across these proteins. However, the extent of
lasting reactivity to specific peptides after infection remains
largely unknown. By identifying peptides containing epitopes
inducing long circulating antibodies, it may be possible to
achieve better selection of strong and long-lasting targets
for vaccination.

In the present study, we have further advanced our
understanding of the biomarkers of fatal COVID-19 outcomes
by examining serum reactivity with S and N protein peptides as
well as cytokine activation. We show that in fatal cases, IgM

reactivity is greater with N peptides than with S peptides but
higher with S peptides in milder cases of COVID-19. Further,
higher serum levels of pro-inflammatory cytokines were found in
fatal COVID-19 cases. Among these cytokines, increased
interleukin (IL)-18 and IL-6 appear to be the most significant
observation, confirming the role of these cytokines in fatal
COVID-19. Additionally, the increased serum level of
chemokines and cytokines activating macrophages and
neutrophils was demonstrated in fatal COVID-19 cases. We
also observed differences in IgG reactivity between fatal and
non-fatal COVID-19 sera. Additionally, the longitudinal analysis
of IgG reactivity with SARS-CoV-2 S and N proteins identified
peptides having the highest longevity in humoral immune
response. We also identified S and N protein peptides and
cytokines which could be used as early indicators of fatal
COVID-19 outcomes.

MATERIALS AND METHODS
Subjects

Acute serum samples were collected from 88 (70.8 + 10.3 years
old) COVID-19 patients (37 males and 51 females). Out of these
acute samples, 62 and 26 samples were collected from non-fatal
and fatal COVID-19, respectively. We also collected samples
from 18 controls (65.3 * 9.1 years old, 7 males and 11 females)
which were age-matched to acute COVID-19. These age-
matched control samples were used to analyze the acute
serum data.

Additionally, 44 samples (37.7 + 13.4 years old; 12 male and
32 female) were collected between 32 and 65 days (median days
42.0 + 11.1; D42) and 32 serum samples (42.9 + 13.5 years old; 8
male and 24 female) between 280 and 363 days (median days
306.0 £ 21.1; D306) after having positive SARS-CoV-2 RNA
qPCR results and/or symptoms. D42 and D306 are herein
referred to as early and late convalescent samples, respectively.
To match the age of convalescent COVID-19 patients, serum
samples from 27 controls were collected (47.1 + 13.7 years old; 11
males, 16 females). This age-matched control group was used to
analyze the convalescent data.

Clinical records were also collected for all patients. The
diagnosis of COVID-19 was established based on clinical
presentation and was confirmed by qPCR. All control serum
samples were tested for anti-SARS-CoV-2 antibodies using the
SARS-CoV-2 CoronaPass ELISA Kit (Genetico, Moscow,
Russia). Only samples that are negative based on ELISA results
were included as controls. Serum samples were stored at -80°C
until used.

Ethics Statement

The ethics committee of the Kazan Federal University approved
this study, and signed informed consent was obtained from each
patient and controls according to the guidelines adopted under
this protocol (protocol 4/09 of the meeting of the ethics
committee of the KSMA dated September 26, 2019). Sample
collection in 2015-2016 was done according to a protocol
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approved by the Institutional Review Board of the Kazan Federal
University, and informed consent was obtained from each
respective subject according to the guidelines approved under
this protocol (Article 20, Federal Law “Protection of Health Right
of Citizens of Russian Federation” N323-FZ, 11.21.2011).

COVID-19 Peptides

S and N protein peptides (20 aa) with 3-aa overlaps for SARS-
CoV-2 were synthesized by Genscript (Jiangsu, China). SARS-
CoV-2 S and N protein peptide aa sequences (purity >95%) are
summarized in Table 1.

COVID-19 ELISA

The SARS-CoV-2-CoronaPass ELISA Kit (Genetico, Moscow,
Russia) was used to determine SARS-CoV-2-specific antibodies
IgM, IgG, and IgA according to the manufacturer’s instructions.
The specificity and sensitivity of the SARS-CoV-2-CoronaPass
ELISA Kit are 100% and 98.7%, respectively (19). Briefly, COVID-
19 and control sera were mixed with conjugate-1 at a 1:10 ratio
and incubated for 30 min at 37°C in a 96-well plate with pre-
adsorbed SARS-CoV-2 antigens. Inactivated human serum
without antibodies to SARS-CoV-2 served as a negative control
(provided within the kit). Following washes (3x; 0.5% Tween 20 in
PBS, PBS-T), wells were incubated with anti-human-IgG+IgM
+IgA-HRP-conjugated antibodies for 30 min at 37°C. Post
incubation and washes (3x; 0.5% Tween 20 in PBS), wells were
incubated with 3,3',5,5'-tetramethylbenzidine (Chema Medica,
Moscow, Russia). The reaction was stopped by adding an equal
amount of 10% phosphoric acid (TatKhimProduct, Kazan,
Russia). Data were measured using a Tecan 200 microplate
reader (Tecan, Switzerland) at OD,s, with reference ODgso. The
result was considered as positive when the ratio of the tested
sample ODyso to the negative control ODy50+0.15 was greater
than 1.

Peptide Reactivity With Serum Antibodies

Several peptides were analyzed for reactivity with COVID-19
sera as well as controls. Peptide sequences are summarized in
Table 1. Each peptide (1 ng/100 ul) was added into a 384-well
plate and incubated at 4°C for 18 h. The washed plates were
incubated with serum samples (1:100; 50 pul American Qualex
Technologies, San Clemente, CA, USA) at 4°C for 18 h.
Following washes [3x; 0.5% Tween 20 in PBS (PBS-T)], wells
were incubated with anti-human-IgG-HRP-conjugated

antibodies (1:10,000 in PBS-T, American Qualex Technologies,
USA) for 30 min at 37°C. The washed (3x; 0.5% PBS-T) wells
were incubated with 3,3’,5,5'-tetramethylbenzidine (Chema
Medica, Moscow, Russia). The reaction was stopped by adding
an equal amount of 10% phosphoric acid (TatKhimProduct,
Kazan, Russia). Data were captured using a microplate reader
Tecan 200 (Tecan, Switzerland) at ODys, with reference ODgsy.

Multiplex Analysis

Serum cytokine levels were analyzed using the Bio-Plex (Bio-
Rad, Hercules, CA, USA) multiplex magnetic bead-based
antibody detection kit following the manufacturer’s
instructions. The Bio-Plex Pro Human Cytokine 48-Plex
Screening Panel (12007283, Bio-Rad, Hercules, USA) was used
for detection of serum cytokines. Serum aliquots (50 pl) were
analyzed with a minimum of 50 beads per analyte acquired.
Median fluorescence intensities were collected using a MAGPIX
analyzer (Luminex, Austin, TX, USA). Each sample was analyzed
in triplicate. Data collected were analyzed with MasterPlex CT
control software and MasterPlex QT analysis software (MiraiBio,
San Bruno, CA, USA). Standard curves for each cytokine were
generated using standards provided by the manufacturer.

Statistical Analysis

Statistical analysis was performed in the R environment (20).
Statistically significant differences between comparison groups
were accepted as p < 0.05, assessed by the Kruskal-Wallis test
with Benjamini-Hochberg (BH) adjustment for multiple
comparisons. Correlations were analyzed using the R psych
package (21) (based on Spearman’s rank correlation coefficient,
p-values were adjusted with the Benjamini-Hochberg method).

RESULTS
Clinical Presentation of COVID-19

There were 88 acute and 76 convalescent serum samples
collected. The convalescent samples were split into early
(median 42.0 + 11.1 days) or late (median 306.0 + 21.1 days)
convalescence based on number of days after the first symptoms
of COVID-19 and/or positive SARS-CoV-2 PCR test. Diagnosis
of COVID-19 was established based on epidemiological
anamnesis and clinical presentation and confirmed by SARS-
CoV-2 qPCR analysis of nasopharyngeal swab. Clinical

TABLE 1 | Sequence and position of SARS-CoV-2 S and N protein peptides.

Peptide aa sequence Position  Peptide aa sequence Position

Covid-N.1  MSDNGPQNQRNAPRITFGGP 1-20  Covid-N.10 NAAIVLQLPQGTTLPKGFYA  154-173 Covid-N.18 ELIRQGTDYKHWPQIAQFAP  290-309
Covid-N.2 GGPSDSTGSNQNGERSGARS ~ 18-37  Covid-N.11 FYAEGSRGGSQASSRSSSRS 171-190 Covid-N.19 FAPSASAFFGMSRIGMEVTP  307-326
Covid-N.3  ARSKQRRPQGLPNNTASWF 35-564  Covid-N.12 SRSRNSSRNSTPGSSRGTSP 188-207 Covid-N.20 VTPSGTWLTYTGAIKLDDKD  324-343
Covid-N.4 WFTALTQHGKEDLKFPRGQG ~ 52-71  Covid-N.13 TSPARMAGNGGDAALALLLL 205-224 Covid-N.21 DKDPNFKDQVILLNKHIDAY  341-360
Covid-N.5 GQGVPINTNSSPDDQIGYYR 69-88 Covid-N.14 LLLDRLNQLESKMSGKGQQQ 222-241 Covid-N.22 DAYKTFPPTEPKKDKKKKAD  358-377
Covid-N.6  YYRRATRRIRGGDGKMKDLS ~ 86-105 Covid-N.15 QQQQGQTVTKKSAAEASKKP 239-268 Covid-N.23 KADETQALPQRQKKQQTVTL 375-394
Covid-N.7 DLSPRWYFYYLGTGPEAGLP ~ 103-122 Covid-N.16 KKPRQKRTATKAYNVTQAFG 256-275 Covid-N.24 VTLLPAADLDDFSKQLQQSM  392-411
Covid-N.8 GLPYGANKDGIIWVATEGAL 120-139 Covid-N.17 AFGRRGPEQTQGNFGDQELI 273-292 Covid-N.25 LDDFSKQLQQSMSSADSTQA 409-428
Covid-N.9 GALNTPKDHIGTRNPANNAA  137-156
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manifestation included mild (60 cases), moderate (51 cases), and
severe (53 cases) forms. Out of 88 acute COVID-19 cases, 62
samples were from non-fatal and 26 samples were fatal COVID-
19. These fatal cases had a severe form of COVID-19. The scale
of lung damage of less than 20%, 20-40%, and more than 40%
was found in 137, 23, and 4 patients, respectively. Fever was
detected in all patients (37.92 + 0.66°C) with a duration 6.31 +
4.04 days. None of the COVID-19 convalescent patients required
artificial ventilation or were hospitalized in an ICU.

Analysis of S and N SARS-CoV-2 Peptide
Reactivity in Acute COVID-19 Sera

Analysis of anti-SARS-CoV-2 IgM reactivity with S and N
peptides revealed distinct patterns between cases of acute non-
fatal and fatal COVID-19 (Figure 1A). COVID-19 serum
reactivity was significantly increased with a total of eight S [S3
(p < 0.0001), $4 (p < 0.0001), S6 (p < 0.0001), S9 (p = 0.022), S10
(p =0.046), S14 (p = 0.018), S19 (p = 0.018), and S20 (p = 0.028)]
and five N peptides [N6 (p < 0.0001), N8 (p < 0.0001), N13 (p <
0.0001), N14 (p < 0.0001), and N19 (p < 0.0001)] compared to
controls. However, when samples were analyzed based on patient
outcome, reactivity with the five N peptides was only
significantly higher [N6 (p < 0.0001), N8 (p < 0.0001), N13
(p <0.0001), N14 (p < 0.0001), and N19 (p < 0.0001)] in cases of
fatal COVID-19. These fatal cases also only showed higher
reactivity with three of the S peptides [S3 (p < 0.0001), $4 (p <

0.0001), and S6 (p < 0.0001)]. In contrast, five S peptides (S9, S10,
S14, S19, and S20) and none of the N peptides had increased
reactivity with non-fatal COVID-19 serum compared with
controls (Figure 1B).

Collectively, analysis of IgM revealed more frequent reactivity
of acute fatal COVID-19 with N protein peptides, while non-fatal
COVID-19 sera had more reactivity with S protein peptides.
When the locations of the reactive peptides were analyzed, we
found that all S peptides identified by acute fatal IgM were in the
N-terminal domain (NTD) of the S protein (Figure 2). In
contrast, S peptides highly reactive in non-fatal COVID-19
were located in the NTD and receptor-binding domain (RBD)
(Figure 2A). Increased reactivity with N protein peptides was
only found in fatal cases of COVID-19. These peptides were
located in the NTD, linked region (LKR), and C-terminal
domain (CTD) of N protein (Figure 2B).

IgG Antibody Reactivity

Analysis of acute IgG reactivity with S and N peptides revealed a
difference in S peptide reactivity between serum samples from
fatal and non-fatal COVID-19 cases (Figures 3A, B). Fatal
COVID-19 sera significantly reacted with S34 (p < 0.0001) and
S53 (p < 0.0001), while non-fatal COVID-19 significantly reacted
with $34 (p < 0.0001), S53 (p = 0.008), and S68 (p = 0.032)
peptides. There was no reactivity of IgG with N peptides from
both COVID-19 serum groups.
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FIGURE 1 | Serum IgM reactivity with S and N SARS-CoV-2 peptide in non-fatal and fatal COVID-19. Serum from acute COVID-19 was used to determine IgM
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with BH adjustment); Grey — reactivity does differ significantly between COVID-19 and control samples. Data is presented as fold change — mean value of reactivity to
peptide in COVID-19 sera divided by mean of reactivity to the same peptides in control sera.
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$29 (p < 0.0001), S30 (p = 0.014), S31 (p = 0.0008), $34 (p = 0.038),
$45 (p < 0.0001), S51 (p = 0.007), S62 (p = 0.0001), S68 (p = 0.018),
S70 (p = 0.013), S71 (p < 0.0001), N6 (p = 0.042), and N13 (p =
0.033)] and late convalescence (12 peptides) [S6 (p = 0.007), S20
(p < 0.0001), S28 (p = 0.002), S29 (p = 0.001), S31 (p < 0.0001), $34
(p = 0.001), S51 (p = 0.020), S53 (p = 0.0008), S62 (p < 0.0001),
S69 (p = 0.0006), S70 (p = 0.0007), and S71 (p < 0.0001)] when
compared to controls. Three features of the convalescent serum
reactivity were recognized; firstly, more peptides were reactive
following recovery compared to the acute COVID-19 stages
(Figures 3B, C). Secondly, peptides S34, S53, and S68 were
consistently significantly reactive during acute and either the
early or late convalescent COVID-19 when compared to
controls (Figures 3B, C). Additionally, peptides S6 (p = 0.018, p
=0.007), $28 (p = 0.034, p = 0.002), S29 (p < 0.0001, p = 0.001),
S31 (p = 0.0008, p < 0.0001), $34 (p = 0.038, p = 0.001), S51 (p =
0.007, p = 0.020), S62 (p = 0.0001, p < 0.0001), S70 (p = 0.013, p =
0.0007), and S71 (p < 0.0001, p < 0.0001) were significantly
reactive in the early and late convalescent COVID-19 stages
when compared to controls (Figures 3C, D). Some peptides
remained reactive up to 12 months postinfection with 12
peptides showing increased reactivity with late convalescence
serum in contrast to only three peptides in acute serum samples
(Figures 3B, D). Finally, the number of reactive peptides declined

with months postinfection with 18 peptides in early convalescence
samples vs. 12 in late convalescent samples (Figures 3B, D).
Interestingly, at the early convalescent phase, two N protein
peptides (N6 (p = 0.042) and N13 (p = 0.033) were significantly
reactive with COVID-19 IgG, while reactivity to N proteins was
absent in late convalescence as compared to controls.

We have also found a difference in the dynamics of reactivity
with SARS-CoV-2 S and N peptides (Figure 4 and Table 2). There
were three groups of peptides identified based on longevity of the
reactivity with SAR-CoV-2 peptides. Group 1 contained peptides
with which reactivity with COVID-19 convalescent serum declined
between early and late convalescence. The peptide with the greatest
decline in reactivity from early to late convalescence was $45
(Figure 4A). Other peptides possessing declined reactivity were
S3, 89, S15, S23, S29, S30, N6, and N13. Group 2 included peptides
whose reactivity with COVID-19 convalescent serum remained
mostly unchanged (S6, S34, S51, S62, S68, S70, and S71)
(Figure 4B). Peptides in group 3 were more reactive in late
compared to early convalescence samples. These peptides were
S20, 28, S31, S53, and S69 (Figure 4C).

Peptides reacting with early and late convalescent serum
samples were mapped to different domains of the S protein
(Figure 5). We found that reactivity of peptides in the N-
terminal domain (NTD), receptor-binding domain (RBD), and
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FIGURE 4 | Dynamics of convalescent COVID-19 IgG antibody reactivity with SARS-CoV-2 S protein peptides. Serum from early (median 42.0+11.1) and late
(median 306.0+21.1) convalescent COVID-19 was used for analysis. IgG reactivity with SARS-CoV-2 S protein peptides was analyzed using ELISA. (A) IgG reactivity
decreased in 5 out of 7 COVID-19 convalescent serum with time post infection; (B) reactivity with peptides remained mostly unchanged; (C) IgG reactivity increased
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TABLE 2 | Analysis of longitudinal reactivity of COVID-19 serum with SARS-CoV-2 S and N protein peptides.

Peptide
N
Group 1 S3 31/44
S9 27/44
S15 22/44
S23 35/44
S30 31/44
S45 36/44
N6 30/44
N13 31/44
Group 2 S6 30/44
S28 27/44
S29 36/44
S31 30/44
S34 25/44
S47 21/44
S51 30/44
S68 28/44
S20 3/44
Group 3 S53 22/44
S62 33/44
S69 26/44
S70 29/44
S71 38/44

COVID-19 (D42)

COVID-19 (D306)

% N %
70.45 14/42 33.33
61.36 17/42 40.48
50.00 9/42 21.43
79.55 8/42 19.05
70.45 18/42 42.86
81.82 3/42 714
68.18 14/42 33.33
70.45 12/42 28.57
68.18 29/42 69.05
61.36 28/42 66.67
81.82 30/42 71.43
68.18 33/42 78.57
56.82 28/42 66.67
47.73 24/42 57.14
68.18 24/42 57.14
63.64 25/42 59.52

6.82 16/42 35.71
50.00 31/42 73.81
75.00 36/42 85.71
59.09 33/42 78.57
65.91 32/42 76.19
86.36 42/42 100.00

n, number of COVID-19 convalescent serum samples with SARS-CoV-2 S and N peptides higher than the mean + SE in control; %, percent COVID-19 convalescent serum samples with

reactivity higher than the mean + SE in control.

heptad repeat 2 (HR2) was high in both early and late
convalescence samples, whereas peptides in the Spike 2 (S2)
domain, namely, the fusion peptide (FP), were only highly
reactive in early convalescence samples. We also examined the
location of the N protein peptides with high reactivity in
convalescent samples. Reactivity of peptides in the NTD and
linker region (LKR) of the N protein was found in early
convalescence samples but only located in the NTD in late
convalescence samples. These data suggest that during the
convalescent phase, there are still antibodies circulating, which
could have a potential to neutralize the virus.

Serum Cytokine Analysis in COVID-19

We analyzed serum levels of cytokines in cases of fatal and non-
fatal COVID-19. We first observed a significantly elevated level of
7 serum cytokines (IL-1Ra, IL-2, IL-3, IL-10, IL-12p40, CXCL10,
and HGF) in all COVID-19 cases when compared with controls
(Figure 6A). Of these cytokines, a greater number [20 cytokines:
IL-1Ra (p = 0.0006), IL-10t (p = 0.003), IL-2 (p = 0.038), IL-2Ra (p
=0.0001), IL-3 (p < 0.0001), IL-6 (p = 0.002), IL-10 (p = 0.006), IL-
12p40 (p < 0.0001), IL-16 (p = 0.008), IL-18 (p = 0.001), CCL2 (p =
0.017), CCL7 (p < 0.0001), CCL27 (p = 0.004), CXCL10 (p <
0.0001), bFGF (p = 0.031), HGF (p = 0.0001), LIF (p = 0.0002), M-
CSEF (p = 0.030), SCF (p = 0.028), and SCGF-b (p = 0.029)] were
significantly elevated in fatal cases than in non-fatal cases [7
cytokines; IL-1Ra (p = 0.006), IL-2 (p = 0.0003), IL-3 (p <
0.0001), IL-10 (p = 0.014), IL-12p40 (p = 0.022), CXCLI10 (p =
0.01)] (Figures 6A, B). We also compared the levels of cytokines
in fatal to those in non-fatal cases. There were 15 cytokines [IL-10
(p = 0.002), IL-2Ra (p = 0.0008), IL-6 (p = 0.004), IL-12p40 (p =

0.004), IL-16 (p = 0.008), IL-18 (p = 0.0008), CCL2 (p = 0.01),
CCL7 (p = 0.001), CXCLI0 (p = 0.002), bFGF (p = 0.01), HGF (p
=0.020), LIF (p = 0.002), M-CSF (p = 0.019), SCF (p = 0.002), and
SCGEF-b (p = 0.049)] with significantly higher levels in fatal cases
compared with non-fatal cases (Figures 6A, B).

As expected, significantly increased activation of pro-
inflammatory cytokines (IL-1c, IL-2Ra, IL-6, IL-8, and IL-18) in
fatal COVID-19 compared to non-fatal COVID-19 sera was
measured (Figure 6C). Additionally, the level of multiple
chemokines (IL-12p40, CCL2, CCL7, CXCL10, and M-CSF) was
significantly increased in fatal COVID-19 cases. These data support
previous evidence that highly elevated cytokines and the “cytokine
storm” contribute to fatal COVID-19 pathogenesis (22-24).

Diagnostic Value of Peptide Reactivity and
Cytokine Activation

Using the data presented here on IgM SARS-CoV-2 peptide
reactivity and serum cytokine levels of IL-1ct, IL-6, and IL-18, we
have identified a unique biomarker panel which could be used for
early identification of COVID-19 patients with increased risk of
severe and potentially fatal disease (Figure 7).

DISCUSSION

Distinct immune responses and patterns of cytokine activation
previously documented have uncovered several biomarkers
associated with COVID-19 severity (25-27). Our data provide a
more comprehensive picture and significantly advance the current
understanding about the humoral immune response in fatal and
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non-fatal COVID-19 cases through identification of a distinct
pattern of antibody recognition of S and N protein peptides. The
most striking difference was a lack of IgM antibody reactivity with N
protein peptides in non-fatal patients. Also, we report that the
panels of S protein peptides reacting with fatal and non-fatal
COVID-19 differ. Specifically, only non-fatal COVID-19 sera had
reactive peptides located in the RBD of S protein. Importantly, the
RBD is one of the targets for neutralizing antibodies (28) and anti-
RBD antibody levels have been shown to correlate with neutralizing
activity (18). Our analysis revealed that S20, a peptide exclusively
reacting with non-fatal acute IgM, contains neutralizing epitopes
identified by Barnes et al. (28), thus supporting previous
observations that development of neutralizing antibodies is
delayed in fatal COVID-19 compared to non-fatal COVID-19
cases (29). In addition to the RBD, the NTD can be targeted by
neutralizing antibodies (30), although there is higher potency of
RBD-recognizing antibodies demonstrated by Graham et al. (31).
Therefore, we suggest that a larger number of peptides recognized
by survivor IgM antibodies on the RBD and the NTD regions
contribute to convalescence.

Evidence shows that the immune response to SARS-CoV-2
infection contributes to COVID-19 outcomes (32, 33). Reactivity
to S and N proteins appears to differ between non-fatal and fatal
cases (34); however, little is known about the location of
immunogenic regions in these proteins. We identified multiple N
protein peptides reacting with fatal COVID-19 IgM. These peptides
were located in the NTD and LKR and C-terminal domain (CTD)
regions of the N protein. These regions were previously shown to
contain immunogenic epitopes (35-37). Similarly, Heffron et al.
identified N protein peptides located in the CTD which highly
correlated with intubated patients, when compared with non-
hospitalized patients (37). Multiple epitopes in the NTD and LKR
regions have also been identified as reacting with severe COVID-19
patient sera (14). This commonly observed reactivity to N protein in
severe and fatal patients suggests that early screening for the
presence of anti-N protein antibodies could be a prognostic factor
for clinical outcome, helping to identify patients for high risk of
developing severe and fatal COVID-19 during admission (38). The
role of anti-N protein antibodies in pathogenesis of severe COVID-
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FIGURE 7 | Diagnostic panel for early identification of fatal COVID-19. Serum cytokine (IL-1o, IL-6 and IL-18) level and reactivity of anti-SARS-CoV-2 IgM and 1gG
with S and N protein peptides selected for a diagnostic panel for early identification of fatal COVID-19. Red — cytokine level and SARS-CoV-2 peptide reactivity in
fatal COVID-19; Blue - cytokine level and SARS-CoV-2 peptide reactivity in non-fatal COVID-19. Dotted line — fold change = 1, level in control. Data is presented as
fold change — mean value of cytokines in COVID-19 divided by mean of cytokines in control.

19 remains largely unknown. Recently, Batra et al. have suggested
that SARS-CoV-2 N protein could contribute to the severity of the
disease by inducing non-neutralizing antibodies with the ability to
induce an antibody-dependent enhancement (ADE) response (38).
This assumption is supported by the high homology between N
protein from SARS-CoV-2 and other coronaviruses (38). It was
suggested that previous exposure could lead to the circulation of the
large quantity of cross-reacting anti-coronavirus N protein
antibodies capable of ADE (38, 39).

We have also found that peptides recognized during early and
late convalescence differ following two major trends: firstly, the
number of reactive peptides declined with time post
convalescence, and secondly, the overall intensity of antibody
binding to peptides declined from early to late convalescence.
These data corroborate previous observations that the humoral
immune response declines with time post recovery (15, 40).
Substantial reduction in the number of peptides and reaction
intensity to NTD and RBD peptides of the S protein was found in
late convalescence. Similarly, reactivity to N peptides was reduced
as time passed such that there was no reactivity to these peptides
by 306 days after recovery. These data are in agreement with
previous reports showing that anti-S protein IgG levels remained
elevated for longer compared to anti-N protein IgG levels (41, 42).
Therefore, it could be suggested that anti-S protein antibodies are
the optimal markers of an anti-SARS-CoV-2 immune response.

Changes in serum cytokine levels were also examined as these
factors were identified early during the pandemic outbreak in
playing a central role in COVID-19 pathogenesis (27). The
“cytokine storm” and its major contributor IL-6 (43) have been
highlighted as potential therapeutic targets (44). We have
identified multiple cytokines known to induce and maintain
inflammation as activated in fatal but not non-fatal COVID-19
cases. Among these cytokines was IL-6, confirming previous
observations of its role in severe COVID-19 pathogenesis (45).
Additionally, we found an increased level of M-CSF in
fatal COVID-19 but not non-fatal COVID-19 sera. This
inflammatory mediator has overlapping functions with GM-
CSF, another cytokine previously identified as being highly
upregulated in fatal COVID-19 (46). The “cytokine storm”
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hypothesis is further supported by our findings given that an
increased level of two powerful pro-inflammatory cytokines, IL-10t
and IL-18, were found in fatal, not in non-fatal, COVID-19. These
are IL-1 family cytokines with distinct functions. IL-1o is a
principal cytokine maintaining inflammatory moiety in necrotic
tissue (23). Therefore, a substantial increase in the level of this
cytokine could indicate necrosis in COVID-19 patients. IL-18 is
also a pro-inflammatory cytokine, produced by activated
inflammasomes (47). This cytokine is released by activated
macrophages and synergizes with IL-12 to activate T cell
immune response which can induce fatal inflammation through
activation of natural killer (NK) cells (22, 48, 49).

In addition to pro-inflammatory cytokines, we have found an
increased level of multiple chemokines capable of attracting
activated leukocytes to the site of infection. These chemokines,
CCL2, CCL7, CCL27, and CXCL10, were shown to stimulate
chemotaxis of monocytes, CD8 T cells, and NK cells which were
identified as infiltrating tissues in COVID-19 (50, 51). Our data
also confirm the role of CCL2 and CXCL10 in severe COVID-19
as these chemokines were found to be increased in serum of
patients admitted to ICU (46, 52). Additionally, our data further
support the hypothesis of dysregulation of mononuclear
phagocytes (52, 53), as CCL2, increased in COVID-19,
promotes macrophage migration and differentiation (54). The
role of neutrophils in the pathogenesis of fatal COVID-19 could
also be suggested as CCL7 contributes to the accumulation of
these granulocytes in the lung (55). Interestingly, Xie et al. (52)
showed that neutralization of CCL7 attenuated angiotensin II-
induced macrophage infiltration. This role of macrophages in
pathogenesis of COVID-19 is supported by an increased level of
M-CSF found in fatal cases. Together, excessive M-CSF-driven
monocyte/macrophage proliferation and CCL2/CCL7 activation
and chemotaxis could be the mechanism of severe and fatal
COVID-19 pathogenesis.

Levels of IL-1P were not affected, while, in contrast, serum IL-
18 was increased in fatal COVID-19 cases. A previous study
using an animal model of acute respiratory distress syndrome
(ARDS), that is frequently diagnosed in critical COVID-19 cases
(56), demonstrated that serum levels of IL-18 could serve as a
biomarker of severity and mortality (57). A similar conclusion
was presented by Satis et al., who showed that higher levels of IL-
18 were found in serum of COVID-19 with worse outcomes (58).

We have identified SARS-CoV-2 S and N peptides that can be
used for early prediction of fatal COVID-19 outcomes. Our data
confirm that reactivity with N protein peptides is more prevalent
in fatal than non-fatal COVID-19 sera. Additionally, we have
found higher levels of pro-inflammatory cytokines and
chemokines in fatal COVID-19 sera, supporting the role of
“cytokine storm” in the pathogenesis of severe COVID-19.
Among these cytokines, IL-18 appears to have a special role as
it can be released by activated macrophages and neutrophils and,
thus, combined with IL-12, could contribute to COVID-19
fatality. Higher levels of CCL2 and CCL7 chemokines as well
as M-CSF also implicate the role of macrophages and neutrophils
in pathogenesis of cytokine storm. From these data on S and N
protein peptide reactivity and cytokine activation, we provide a

panel of clinically significant biomarkers which could be used for
early prediction of COVID-19 fatality.

In conclusion, we have identified several markers that could
be used for the early prediction of fatal COVID-19 outcomes. We
also confirm the prediction value of antibody reactivity with
SARS-CoV-2 N protein and the high serum levels of IL-6 in
COVID-19 patients. Moreover, we have identified novel
markers, including N and S protein peptides, that are reactive
in the case of fatal COVID-19. Higher levels of IL-10. and IL-18
pro-inflammatory cytokines were also found in fatal COVID-19
serum. Using these novel markers, we have developed a panel of
biomarkers that could be used for the early prediction of
COVID-19 fatality risk.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The ethics committee of the Kazan Federal University approved
this study, and signed informed consent was obtained from each
patient and controls according to the guidelines adopted under
this protocol (protocol 4/09 of the meeting of the ethics
committee of the KSMA dated September 26, 2019). Sample
collection in 2015-2016 was done according to a protocol
approved by the Institutional Review Board of the Kazan
Federal University, and informed consent was obtained from
each respective subject according to the guidelines approved
under this protocol (Article 20, Federal Law “Protection of
Health Right of Citizens of Russian Federation” N323-FZ,
11.21.2011). The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

EM, SH, EG, VS, NK, and MB designed and performed the
experiments. EM, SH, MM, EG, YD, VS, NK, MB, RS-M, TF, and
SK analyzed the data. All authors contributed to the writing of
the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was supported by the Kazan Federal University
Strategic Academic Leadership Program and by the subsidy
allocated to Kazan Federal University for the state assignment
in science (project #0671-2020-0058). Also, this work was
supported by the Kazan Federal University Strategic Academic
Leadership Program (PRIORITY-2030).

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 830715


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Martynova et al.

SARS-CoV-2 Protein Peptide Prediction of COVID-19

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kumar A, Singh R, Kaur J, Pandey S, Sharma V, Thakur L, et al. Wuhan to
World: The COVID-19 Pandemic. Front Cell Infect Microbiol (2021) 11:242.
doi: 10.3389/fcimb.2021.596201

. Gorbalenya AE, Baker SC, Baric RS, De Groot RJ, Drosten C, Gulyaeva AA,

et al. The Species Severe Acute Respiratory Syndrome Related Coronavirus:
Classifying 2019-Ncov and Naming it SARS-CoV-2. Nat Microbiol (2020)
5:536-44. doi: 10.1038/s41564-020-0695-z

. Oran D, Topol E. Prevalence of Asymptomatic SARS-CoV-2 Infection: A

Narrative Review. Ann Internal Med (2020) 173(5):362-7. doi: 10.7326/M20-
3012

. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus

From Patients With Pneumonia in China, 2019. N Engl ] Med (2020)
382:727-33. doi: 10.1056/NEJM0a2001017

. Wortham JM. Characteristics of Persons Who Died With COVID-19—

United States, February 12-May 18, 2020. MMWR Morbidity mortality
weekly Rep (2020) 69:152-64. doi: 10.1186/s40779-021-00342-3

. Ruan Q, Yang K, Wang W, Jiang L, Song J. Clinical Predictors of Mortality

Due to COVID-19 Based on an Analysis of Data of 150 Patients From
Wuhan, China. Intensive Care Med (2020) 46(5):846-8. doi: 10.1007/s00134-
020-05991-x

. LiK, Huang B, Wu M, Zhong A, Li L, Cai Y, et al. Dynamic Changes in Anti-

SARS-CoV-2 Antibodies During SARS-CoV-2 Infection and Recovery From
COVID-19. Nat Commun (2020) 11(1):1-11. doi: 10.1038/s41467-020-
19943-y

. Iyer A, Jones F, Nodoushani A, Kelly M, Becker M, Slater D, et al. Dynamics

and Significance of the Antibody Response to SARS-CoV-2 Infection.
MedRxiv (2020) 2020.07.18.20155374. doi: 10.1101/2020.07.18.20155374

. Sun B, Feng Y, Mo X, Zheng P, Wang Q, Li P, et al. Kinetics of SARS-CoV-2

Specific IgM and IgG Responses in COVID-19 Patients. Emerging Microbes
infections (2020) 9(1):940-8. doi: 10.1080/22221751.2020.1762515

To KKW, Tsang O, Leung W, Tam A, Wu T, Lung D, et al. Temporal Profiles
of Viral Load in Posterior Oropharyngeal Saliva Samples and Serum Antibody
Responses During Infection by SARS-CoV-2: An Observational Cohort Study.
Lancet Infect Dis (2020) 20(5):565-74. doi: 10.1016/S1473-3099(20)30196-1
Réltgen K, Powell AE, Wirz OF, Stevens B, Hogan C, Najeeb J, et al. Defining
the Features and Duration of Antibody Responses to SARS-CoV-2 Infection
Associated With Disease Severity and Outcome. Sci Immunol (2020) 5(54):
eabe0240. doi: 10.1126/sciimmunol.abe0240

Poh CM, Carissimo G, Wang B, Amrun SN, Lee CYP, Chee RSL, et al. Two
Linear Epitopes on the SARS-CoV-2 Spike Protein That Elicit Neutralizing
Antibodies in COVID-19 Patients. Nat Commun (2020) 11(1):1-7. doi:
10.1038/s41467-020-16638-2

Zhang BZ, Hu YF, Chen LL, Yau T, Tong YG, Hu JC, et al. Mining of Epitopes
on Spike Protein of SARS-CoV-2 From COVID-19 Patients. Cell Res (2020)
30(8):702-4. doi: 10.1038/s41422-020-0366-x

Shrock E, Fujimura E, Kula T, Timms RT, Lee IH, Leng Y, et al. Viral Epitope
Profiling of COVID-19 Patients Reveals Cross-Reactivity and Correlates of
Severity. Science (2020) 370(6520):4239-50. doi: 10.1126/science.abd4250
Self WH, Tenforde MW, Stubblefield WB, Feldstein LR, Steingrub JS, Shapiro
NI Decline in SARS-CoV-2 Antibodies After Mild Infection Among
Frontline Health Care Personnel in a Multistate Hospital Network—12
States, April-August 2020. Morbidity Mortality Weekly Rep (2020) 69
(47):1762. doi: 10.15585/mmwr.mmé6947a2

Seow ], Graham C, Merrick B, Acors S, Pickering S, Steel KJ, et al.
Longitudinal Observation and Decline of Neutralizing Antibody Responses
in the Three Months Following SARS-CoV-2 Infection in Humans. Nat
Microbiol (2020) 5(12):1598-607. doi: 10.1038/s41564-020-00813-8

Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralizing Antibody Levels are Highly Predictive of Immune Protection
From Symptomatic SARS-CoV-2 Infection. Nat Med (2021) 27(7):1205-11.
doi: 10.1038/541591-021-01377-8

Ibarrondo FJ, Fulcher JA, Goodman-Meza D, Elliott J, Hofmann C, Hausner
MA, et al. Rapid Decay of Anti-SARS-CoV-2 Antibodies in Persons With
Mild Covid-19. New Engl ] Med (2020) 383(11):1085-7. doi: 10.1056/
NEJMc2025179

Genetico. Coronapass Sars-Cov-2 (2022). Available at: https:/pass.genetico.ru/.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

R-project. The R Project for Statistical Computing (2020). Available at: https://
www.r-project.org/.

Revelle W. Procedures for Personality and Psychological Research. Evanston,
Illinois, USA: Northwestern University (2019). Available at: https://CRAN.R-
project.org/package=psych.

Raué HP, Brien JD, Hammarlund E, Slifka MK. Activation of Virus-Specific
CD8+ T Cells by Lipopolysaccharide-Induced IL-12 and IL-18. J Immunol
(2004) 173(11):6873-81. doi: 10.4049/jimmunol.173.11.6873

Rider P, Kaplanov I, Romzova M, Bernardis L, Braiman A, Voronov E, et al.
The Transcription of the Alarmin Cytokine Interleukin-1 Alpha is Controlled
by Hypoxia Inducible Factors 1 and 2 Alpha in Hypoxic Cells. Front Immunol
(2012) 3:290. doi: 10.3389/fimmu.2012.00290

Zhang J, Hao Y, Ou W, Ming F, Liang G, Qian Y, et al. Serum Interleukin-6 is an
Indicator for Severity in 901 Patients With SARS-CoV-2 Infection: A Cohort
Study. J Trans Med (2020) 18(1):1-8. doi: 10.1186/s12967-020-02571-x

Atyeo C, Fischinger S, Zohar T, Slein MD, Burke J, Loos C, et al. Distinct Early
Serological Signatures Track With SARS-CoV-2 Survival. Immunity (2020) 53
(3):524-32.E4. doi: 10.1016/j.immuni.2020.07.020

Ravichandran S, Lee Y, Grubbs G, Coyle EM, Klenow L, Akasaka O, et al.
Longitudinal Antibody Repertoire in “Mild” Versus “Severe” COVID-19
Patients Reveals Immune Markers Associated With Disease Severity and
Resolution. Sci Adv (2021) 7(10):eabf2467. doi: 10.1126/sciadv.abf2467
Hojyo S, Uchida M, Tanaka K, Hasebe R, Tanaka Y, Murakami M, et al. How
COVID-19 Induces Cytokine Storm With High Mortality. Inflammation
Regeneration (2020) 40(1):1-7. doi: 10.1186/s41232-020-00146-3

Barnes CO, Jette CA, Abernathy ME, Dam KMA, Esswein SR, Gristick HB,
et al. SARS-CoV-2 Neutralizing Antibody Structures Inform Therapeutic
Strategies. Nature (2020) 588(7839):682-7. doi: 10.1038/s41586-020-2852-1
Lucas C, Klein J, Sundaram ME, Liu F, Wong P, Silva J, et al. Delayed
Production of Neutralizing Antibodies Correlates With Fatal COVID-19. Nat
Med (2021) 27(7):1178-86. doi: 10.1038/s41591-021-01355-0

Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q, et al. Potent Neutralizing
Antibodies Against Multiple Epitopes on SARS-CoV-2 Spike. Nature (2020)
584(7821):450-6. doi: 10.1038/s41586-020-2571-7

Graham C, Seow ], Huettner I, Khan H, Kouphou N, Acors S, et al. Neutralization
Potency of Monoclonal Antibodies Recognizing Dominant and Subdominant
Epitopes on SARS-CoV-2 Spike is Impacted by the B. 1.1 7 Variant. Immunity
(2021) 54(6):1276-89.E6. doi: 10.1016/j.immuni.2021.03.023

Mishra KP, Singh AK, Singh SB. Hyperinflammation and Immune Response
Generation in COVID-19. Neuroimmunomodulation (2020) 27(2):80-86.
doi: 10.1159/000513198

Garcia LF. Immune Response, Inflammation, and the Clinical Spectrum of
COVID-19. Front Immunol (2020) 11:1441. doi: 10.3389/fimmu.2020.01441
Ambrosch A, Rockmann F, Klawonn F, Lampl B. Effect of a Strict Hygiene
Bundle for the Prevention of Nosocomial Transmission of SARS-CoV-2 in the
Hospital: A Practical Approach From the Field. (2020). doi: 10.1016/
1.jiph.2020.10.005

Kang .,S, Yang M, He S, Wang Y, Chen X, Chen YQ, et al. A SARS-CoV-2
Antibody Curbs Viral Nucleocapsid Protein-Induced Complement
Hyperactivation. Nat Commun (2021) 12(1):1-11. doi: 10.1038/s41467-021-
23036-9

Liang T, Cheng M, Teng F, Wang H, Deng Y, Zhang J, et al. Proteome-Wide
Epitope Mapping Identifies a Resource of Antibodies for SARS-CoV-2
Detection and Neutralization. Signal Transduction targeted Ther (2021) 6
(1):1-3. doi: 10.1038/s41392-021-00573-9

Heffron AS, Mcllwain S], Amjadi MF, Baker DA, Khullar S, Armbrust T, et al.
The Landscape of Antibody Binding in SARS-CoV-2 Infection. PloS Biol
(2021) 19(6):€3001265. doi: 10.1371/journal.pbio.3001265

Batra M, Tian R, Zhang C, Clarence E, Sacher CS, Miranda JN, et al. Role of
IgG Against N-Protein of SARS-CoV2 in COVID19 Clinical Outcomes. Sci
Rep (2021) 11(1):1-9. doi: 10.1038/s41598-021-83108-0

Pang NYL, Pang ASR, Chow VT, Wang DY. Understanding Leutralizing
Antibodies Against SARS-CoV-2 and Their Implications in Clinical Practice.
Military Med Res (2021) 8(1):1-17. doi: 10.1186/s40779-021-00342-3
Yamayoshi S, Yasuhara A, Ito M, Akasaka O, Nakamura M, Nakachi I, et al.
Antibody Titers Against SARS-CoV-2 Decline, But do Not Disappear for
Several Months. EClinicalMedicine (2021) 32:100734. doi: 10.1016/
j-eclinm.2021.100734

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 830715


https://doi.org/10.3389/fcimb.2021.596201
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.7326/M20-3012
https://doi.org/10.7326/M20-3012
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1186/s40779-021-00342-3
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1038/s41467-020-19943-y
https://doi.org/10.1038/s41467-020-19943-y
https://doi.org/10.1101/2020.07.18.20155374
https://doi.org/10.1080/22221751.2020.1762515
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1126/sciimmunol.abe0240
https://doi.org/10.1038/s41467-020-16638-2
https://doi.org/10.1038/s41422-020-0366-x
https://doi.org/10.1126/science.abd4250
https://doi.org/10.15585/mmwr.mm6947a2
https://doi.org/10.1038/s41564-020-00813-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1056/NEJMc2025179
https://doi.org/10.1056/NEJMc2025179
https://pass.genetico.ru/
https://www.r-project.org/
https://www.r-project.org/
https://CRAN.R-project.org/package=psych
https://CRAN.R-project.org/package=psych
https://doi.org/10.4049/jimmunol.173.11.6873
https://doi.org/10.3389/fimmu.2012.00290
https://doi.org/10.1186/s12967-020-02571-x
https://doi.org/10.1016/j.immuni.2020.07.020
https://doi.org/10.1126/sciadv.abf2467
https://doi.org/10.1186/s41232-020-00146-3
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1038/s41591-021-01355-0
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1016/j.immuni.2021.03.023
https://doi.org/10.1159/000513198
https://doi.org/10.3389/fimmu.2020.01441
https://doi.org/10.1016/j.jiph.2020.10.005
https://doi.org/10.1016/j.jiph.2020.10.005
https://doi.org/10.1038/s41467-021-23036-9
https://doi.org/10.1038/s41467-021-23036-9
https://doi.org/10.1038/s41392-021-00573-9
https://doi.org/10.1371/journal.pbio.3001265
https://doi.org/10.1038/s41598-021-83108-0
https://doi.org/10.1186/s40779-021-00342-3
https://doi.org/10.1016/j.eclinm.2021.100734
https://doi.org/10.1016/j.eclinm.2021.100734
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Martynova et al.

SARS-CoV-2 Protein Peptide Prediction of COVID-19

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Henss L, Scholz T, von Rhein C, Wieters I, Borgans F, Eberhardt FJ, et al.
Analysis of Humoral Immune Responses in SARS-CoV-2 Infected Patients.
J Infect Dis (2020) 6(2):1722. doi: 10.1093/infdis/jiaa680

Whitcombe AL, McGregor R, Craigie A, James A, Charlewood R, Lorenz N,
et al. Comprehensive Analysis of SARS-CoV-2 Antibody Dynamics in New
Zealand. Clin Trans Immunol (2021) 10(3):e1261. doi: 10.1002/cti2.1261
Santa Cruz A, Mendes-Frias A, Oliveira Al, Dias L, Matos AR, Carvalho A,
et al. IL-6 is a Biomarker for the Development of Fatal SARS-CoV-2
Pneumonia. Front Immunol (2021) 12:263. doi: 10.3389/fimmu.2021.613422
Du P, Geng J, Wang F, Chen X, Huang Z, Wang Y. Role of IL-6 Inhibitor in
Treatment of COVID-19-Related Cytokine Release Syndrome. Int | Med Sci
(2021) 18(6):1356. doi: 10.7150/ijms.53564

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical Features of
Patients Infected With 2019 Novel Coronavirus in Wuhan, China. Lancet
(2020) 395(10223):497-506. doi: 10.1016/S0140-6736(20)30183-5

Thwaites RS, Sanchez Sevilla Uruchurtu A, Siggins MK, Liew F, Russell CD,
Moore SC. ISARIC4C Investigators**, Inflammatory Profiles Across the
Spectrum of Disease Reveal a Distinct Role for GM-CSF in Severe COVID-
19. Sci Immunol (2021) 6(57):eabg9873. doi: 10.1126/sciimmunol.abg9873
Van de Veerdonk FL, Netea MG, Dinarello CA, Joosten LA. Inflammasome
Activation and IL-1f and IL-18 Processing During Infection. Trends Immunol
(2011) 32(3):110-6. doi: 10.1016/j.it.2011.01.003

Schindler H, Lutz MB, Réllinghoff M, Bogdan C. The Production of IFN-y by
IL-12/IL-18-Activated Macrophages Requires STAT4 Signaling and is
Inhibited by IL-4. ] Immunol (2001) 166(5):3075-82. doi: 10.4049/
jimmunol.166.5.3075

Carson WE, Dierksheide JE, Jabbour S, Anghelina M, Bouchard P, Ku G, et al.
Coadministration of Interleukin-18 and Interleukin-12 Induces a Fatal
Inflammatory Response in Mice: Critical Role of Natural Killer Cell
Interferon-y Production and STAT-Mediated Signal Transduction. Blood ]
Am Soc Hematol (2000) 96(4):1465-73. doi: 10.1182/blood.V96.4.1465
Palomino DCT, Marti LC. Chemokines and Immunity. Einstein (Sao Paulo)
(2015) 13:469-73. doi: 10.1590/S1679-45082015RB3438

Ding Y, Wang H, Shen H, Li Z, Geng J, Han H, et al. The Clinical Pathology of
Severe Acute Respiratory Syndrome (SARS): A Report From China. J Pathol:
A ] Pathological Soc Great Britain Ireland (2003) 200(3):282-9. doi: 10.1002/
path.1440

Merad M, Martin JC. Pathological Inflammation in Patients With COVID-19:
A Key Role for Monocytes and Macrophages. Nat Rev Immunol (2020) 20
(6):355-62. doi: 10.1038/s41577-020-0331-4

53. Schulert GS, Grom AA. Pathogenesis of Macrophage Activation Syndrome
and Potential for Cytokine-Directed Therapies. Annu Rev Med (2015) 66:145—
59. doi: 10.1146/annurev-med-061813-012806

Gschwandtner M, Derler R, Midwood KS. More Than Just Attractive: How
CCL2 Influences Myeloid Cell Behavior Beyond Chemotaxis. Front Immunol
(2019) 10:2759. doi: 10.3389/fimmu.2019.02759

Mercer PF, Williams AE, Scotton CJ, José R], Sulikowski M, Moffatt JD, et al.
Proteinase-Activated Receptor-1, CCL2, and CCL7 Regulate Acute
Neutrophilic Lung Inflammation. Am ] Respir Cell Mol Biol (2014) 50
(1):144-57. doi: 10.1165/rcmb.2013-01420C

Xu W, Sun NN, Gao HN, Chen ZY, Yang Y, Ju B, et al. Risk Factors Analysis
of COVID-19 Patients With ARDS and Prediction Based on Machine
Learning. Sci Rep (2021) 11(1):1-12. doi: 10.1038/s41598-021-82492-x
Dolinay T, Kim YS, Howrylak J, Hunninghake GM, An CH, Fredenburgh L,
et al. Inflammasome-Regulated Cytokines are Critical Mediators of Acute
Lung Injury. Am J Respir Crit Care Med (2012) 185(11):1225-34. doi: 10.1164/
rcem.201201-00030C

Satis H, Ozger HS, Yildiz PA, Hizel K, Gulbahar O., Erbas G, et al. Prognostic
Value of Interleukin-18 and its Association With Other Inflammatory
Markers and Disease Severity in COVID-19. Cytokine (2021) 137:155302.
doi: 10.1016/j.cyt0.2020.155302

54.

55.

56.

57.

58.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Martynova, Hamza, Markelova, Garanina, Davidyuk, Shakirova,
Kaushal, Baranwal, Stott-Marshall, Foster, Rizvanov and Khaiboullina. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 830715


https://doi.org/10.1093/infdis/jiaa680
https://doi.org/10.1002/cti2.1261
https://doi.org/10.3389/fimmu.2021.613422
https://doi.org/10.7150/ijms.53564
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1126/sciimmunol.abg9873
https://doi.org/10.1016/j.it.2011.01.003
https://doi.org/10.4049/jimmunol.166.5.3075
https://doi.org/10.4049/jimmunol.166.5.3075
https://doi.org/10.1182/blood.V96.4.1465
https://doi.org/10.1590/S1679-45082015RB3438
https://doi.org/10.1002/path.1440
https://doi.org/10.1002/path.1440
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1146/annurev-med-061813-012806
https://doi.org/10.3389/fimmu.2019.02759
https://doi.org/10.1165/rcmb.2013-0142OC
https://doi.org/10.1038/s41598-021-82492-x
https://doi.org/10.1164/rccm.201201-0003OC
https://doi.org/10.1164/rccm.201201-0003OC
https://doi.org/10.1016/j.cyto.2020.155302
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Immunogenic SARS-CoV-2 S and N Protein Peptide and Cytokine Combinations as Biomarkers for Early Prediction of Fatal COVID-19
	Introduction
	Materials and Methods
	Subjects
	Ethics Statement
	COVID-19 Peptides
	COVID-19 ELISA
	Peptide Reactivity With Serum Antibodies
	Multiplex Analysis
	Statistical Analysis

	Results
	Clinical Presentation of COVID-19
	Analysis of S and N SARS-CoV-2 Peptide Reactivity in Acute COVID-19 Sera
	IgG Antibody Reactivity
	Serum Cytokine Analysis in COVID-19
	Diagnostic Value of Peptide Reactivity and Cytokine Activation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


