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Purpose: This study aimed to understand the pathophysiology of host responses to infec-
tions caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)/(COVID-
19) and Middle East respiratory syndrome coronavirus (MERS-CoV) and to identify proteins
for patient stratification with different grades of illness severity.

Patients and Methods: Peripheral blood samples from 43 patients with different grades of
COVID-19, 7 MERS-CoV patients admitted to the ICU, and 10 healthy subjects were
analyzed using label-free quantitative liquid chromatography—mass spectrometry (LC-MS).
Results: We identified 193 and 91 proteins that differed significantly between COVID-19
and MERS-CoV sample groups, respectively, and 49 overlapped between datasets. Only 10
proteins are diagnostic of asymptomatic cases, 12 are prognostic of recovery from severe
illness, and 28 are prognostic of a fatal outcome of COVID-19. These proteins are implicated
in virus-specific/related signaling networks. Notable among the top canonical pathways are
humoral immunity, inflammation, acute-phase response signaling, liver X receptor/retinoid
X receptor (LXR/RXR) activation, coagulation, and the complement system. Furthermore,
we confirmed positive viral shedding in 11.76% of 51 additional peripheral blood samples,
indicating that caution should be taken to avoid the possible risk of transfusion of infected
blood products.

Conclusion: We identified COVID-19 and MERS-CoV protein panels that have potential as
biomarkers and might assist in the prognosis of SARS-CoV-2 infection. The identified
markers further our understanding of COVID-19 disease pathophysiology and may have
prognostic or therapeutic potential in predicting or managing host cell responses to human
COVID-19 and MERS-CoV infections.
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Brief Commentary
Background

Identifying key protein—protein interactions involved in responses to different corona-
virus infections may improve disease management. We analyzed the peripheral blood
of patients with different severity grades of COVID-19 and MERS-CoV to determine
whether there were distinct molecular changes characteristic of disease outcomes.

Translational Significance
We identified objective markers that may be used to predict COVID-19 outcomes at
the point of care and biomarkers to identify asymptomatic individuals; those who
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will progress to develop mild, moderate, or severe disease;
and those who will recover without life-threatening com-
plications of COVID-19. This study supports some pre-
vious findings and describes new additional diagnostic
markers for asymptomatic individuals. The results also
offer a means of objectively predicting disease outcomes
among severely ill COVID-19 patients.

Introduction

Within the past two decades, there have been three major
coronavirus outbreaks: the first two were SARS-CoV-1 in
2002 and the Middle East respiratory syndrome coronavirus
(MERS-CoV) epidemic outbreak in the Arabian Peninsula in
2012."” MERS-CoV infected about 3000 individuals, caus-
ing approximately 850 deaths. The most recent outbreak of
a new coronavirus, SARS-CoV-2, was first reported in
Wuhan, China, and causes the disease known as COVID-
19.*7 The outbreak developed into a pandemic, and the latest
report from the World Health Organization (WHO) as of
March 1st, 2021, indicates that well over 123 million people
have been infected, with more than 2.7 million deaths. All
coronaviruses belong to a large family of viruses known to
cause respiratory illness, with clinical manifestations includ-
ing but not limited to lung infections, flu-like symptoms, and
severe acute respiratory distress.

Presently, reports show that SARS-CoV-2 is less patho-
genic than SARS-CoV-1 and MERS viruses but poses an
unprecedented global threat due to its high transmission
rate.® Although a large fraction of infected people are asymp-
tomatic, the disease is aggressively virulent in some patients,
many of whom progress to hospitalization and require
Intensive Care Unit (ICU) admission. Worldwide, the overall
mortality rate is 2—15%, which varies depending on age and
other underlying health problems.’ "

As the COVID-19 pandemic is still ongoing, comparative
analysis with previous coronavirus-related diseases such as
MERS-CoV may be particularly informative. Different gene
expression studies, including those applying proteomic
approaches, have been performed using biological samples
from COVID-19 patients.'>'* Many of these studies have
focused primarily on COVID-19. However, inter-laboratory
comparative analysis of the generated data has been challen-
ging because of differences in the technologies used, pre-
analysis sample handling, and lack of a standardized universal
protocol.'” In the present study, the peripheral blood plasma of
patients with different severity grades of COVID-19 and
MERS-CoV were analyzed to determine whether there were
distinct molecular changes characteristic of disease outcomes.

We anticipate that these molecular changes will improve our
understanding of the pathophysiology of the disease and aid in
the discovery of therapeutic targets for both SARS-CoV-2 and
MERS-CoV patients.

The added value and uniqueness of this study lie in the
discovery of objective markers that may be used to predict
COVID-19 outcomes at the point of care and to identify
asymptomatic individuals, those who will progress to
develop mild, moderate, or severe disease, and those who
will recover without life-threatening complications of
COVID-19.

Materials and Methods

Study Design and Subjects

This study included three different groups: (1) One hundred
and twenty-two confirmed COVID-19 cases, comprising indi-
viduals who were asymptomatic and those with mild, moder-
ate, and severe infections with respiratory tract symptoms as
well as multi-organ involvement; (2) seven cases of severely
infected individuals with MERS-CoV, all of whom were
admitted to the ICU; and (3) ten negative control subjects
with flu-like symptoms who were RT-qPCR negative for
both SARS-CoV-2 and MERS-CoV. All COVID-19-positive
cases were admitted to King Faisal Specialist Hospital and
Research Center, Riyadh (KFSH&RC-Riyadh), Saudi Arabia,
between March and September 2020, while patients with
MERS-CoV were admitted between 2018 and 2019. Our
institutional Office of Research Affairs and Internal Review
Board at KFSHRC-Riyadh approved the study (MERS:
RAC# 2180024 and COVID-19 RAC# 2200011). The clinical
and demographic characteristics of all analyzed samples are
detailed in Table 1, and the analysis workflow for this study is
illustrated in Figure 1.

Sample Collection and Preparation Prior

to Protein Expression Analysis

Peripheral blood plasma (PBP) samples from patients with
an RT-qPCR-confirmed diagnosis of SARS-CoV-2 or
MERS-CoV were separated into plasma and serum for pro-
teomic analysis and viral load measurements, respectively.
Prior to proteomic analysis, the PBP samples were depleted
of common high-abundance plasma proteins using human
albumin removal reagents from Agilent Technologies (Santa
Clara, California, United States). Label-free quantitative
expression proteomics by liquid chromatography—tandem
mass spectrometry (LC-MS/MS) was used for the analysis
of the complex protein mixtures from all sample groups.
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Table | Clinical and Demographic Characteristics of Analyzed COVID-19 and MERS- CoV Infected Patients’ samples
Characteristics Total COVID-19 Patients MERS-CoV
Patients
Healthy **Asymptomatic **Mild **Moderate **Sever Sever ICU-
Donors Grade A Grade B Grade C Grade D Cases
Number of Participants (%) 139 10 (7.2%) 29 (20.86%) 47 24 (17.27%) 22 (15.83%) 7 (5.03%)
(33.81%)
Median Age (Years) 47 38 38 41 58 62 51
Gender
Female 58 (41.73%) 5 12 21 12 8 0
Male 81 (58.27%) 17 26 12 14
Underlying Disease
Hypertension 30 (21.6%) 0 0 5 13 7 5
Diabetes Mellitus 24 (17.3%) 0 | | 9 8 5
Kidney Diseases 13 (9.4%) 0 2 3 5 3 0
Heart Diseases 7 (5%) 0 2 2 2 | 0
Other* 28 (20.14%) 0 2 5 8 7 6
Disease Severity/ICU 34 (20.4%) 0 | 3 I 12 7
Admission:
Alive 25 | 9 8 4
Dead 9 0 0 2 4 3
Virus Shedding in Plasma:
Positive 51 0 0 3 3 NA
Negative 12 16 5 12 NA
Outcome
Deceased 5 (4.1%) 0 0 2 3
Alive 118 (96.7%) 28 47 22 19 4
Number of samples for
proteomics analysis:
Deceased 5 0 0 2 3 3
Alive 38 10 10 6 12 4

Notes: *Other conditions include; Heart, Lung and Renal Disease and Malignancy. **Asymptomatic; Grade A, are patients with no signs or symptoms of infection; Mild;
grade B include Patients with upper respiratory tract infection symptoms and other mild symptoms such as fever and gastrointestinal symptoms without evidence of
pneumonia. In KFSHRC guidelines, we have an additional category, which is the Moderate cases: grade C, patients with hypoxia, with oxygen saturation less than 93% at rest
or presence of pneumonia. The Severe disease; grade D refers to dyspnea, respiratory rate 230/ min, blood oxygen saturation <93%, partial pressure of arterial oxygen to
fraction of inspired oxygen ratio <300, or lung infiltrates >50% within 24 to 48 hours.

Biological and Analytical Replicates
Because of the inherently low throughput of the LC-MS/
MS analysis platform, only samples with the same diag-
nosis and with comparable values of total protein contents,
as assessed by protein concentration assay, were pooled
together into an analysis cohort. This practice in LC-MS-
based analysis has potential risks of confounding the
results if due care is not taken.'®'” All samples within
an analysis group were initially pre-screened for intra-
sample homogeneity prior to pooling as previously
described.'®

All other samples that were excluded in the expression
analysis were evaluated in the validation phase of the

analysis for variability in individual changes observed in
the analyzed pooled samples. Each group of pooled sam-
ples was run in triplicate to measure method reproducibil-
ity and minimize instances of missing values in the
generated datasets.

Handling COVID-19 Biomaterial,

Biosafety, and Pathogen Inactivation

The currently known coronaviruses are usually transmitted
by direct contact with infectious pathogens via the upper
or lower respiratory tract rather than through the blood-
borne route. However, viral shedding in bodily fluids such
as plasma or serum has been reported to vary between 1
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Figure | Workflow illustration. Peripheral blood samples collected from different sample cohorts were pre-processed. The biomaterials were inactivated prior to
proteomic analysis, and complex differentially expressed protein (DEP) data were subjected to multivariate computational analysis for biological interpretation of the
different stages of the coronavirus disease process. The datasets were filtered, and potential COVID-19-related biomarker panels were identified. The details of the clinical

and demographic characteristics of all the samples are listed in.Table |

and 3%.'® 2! Different pathogen inactivation methods for
coronaviruses have been described, including different
solvents and detergents as well as heat inactivation.'® We
used a modified heat inactivation method prior to handling
the biomaterials, as previously reported.'® Briefly, all per-
ipheral blood samples were heat-inactivated at 65 °C for
30 min, and all samples were handled in accordance with
BSC IIA protocols. The experimental setup and analysis
workflow for this study are illustrated in Figure 1.

Data Collection

Collaborating physicians and research staff collected clin-
ical data from hospital electronic medical records. The
clinical data were then analyzed with respect to SARS-
CoV-2 viral dynamics, including demographics and
comorbidities. The documented comorbidities included

diabetes mellitus, heart disease, chronic lung disease,

renal failure, and other conditions such as cancer
(Table 1). We considered the symptoms to have started
when any of the following appeared: fever, cough, chills,
dizziness, headache, and fatigue. The severity of illness
was evaluated according to guidelines for the diagnosis
and management of coronavirus disease 2019 (COVID-19)
updated in late November 2020 by WHO. The modified
descriptions of the grade and clinical spectrum of analyzed

COVID-19 samples are summarized in Table 1.

Protein Characterization by Mass

Spectrometry Analysis
In-Solution Protein Digestion
Crude plasma from each patient was first depleted of the
top ten most abundant plasma proteins using a human
albumin removal kit (Agilent Technologies), and the pro-
tein concentrations of all samples were normalized as
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previously described.'® A total of 100 pg comprising equal
amounts of protein contributed by each sample constitut-
ing a pool of one analysis cohort was in-solution digested
prior to LC-MS/MS analysis, as previously described.'®
Briefly, complex proteins were heat-denatured at 80 °C for
15 min, reduced in 10 mM DTT at 60 °C for 30 min, and
then alkylated in 10 mM iodoacetamide (IAA) for 40 min
at room temperature in the dark. The calculated amount of
1 pg/pL trypsin (Promega, US) was added (50:1 sample/
trypsin ratio) for overnight digestion at 37 °C. All samples
were normalized-diluted with aqueous 0.1% formic acid to
a concentration of 1 pg/uL, and 3 pL (corresponding to 3
ug) of each sample was injected for LC-MS/MS analysis.
All the samples were spiked with yeast alcohol dehydro-
genase (ADH; P00330) as an internal standard for
quantitation.

Protein ldentification

The resulting peptides from the in-solution-digested pro-
teins were analyzed using one-dimensional Nano Acquity
liquid chromatography coupled to Synapt G2 HDMS on
a Trizaic Nano-flow source (Waters, Manchester, UK).
Complex proteomic data were generated between the sam-
ple groups as previously described.'®** The MS data were
acquired in an m/z range of 50-2000 Da with a gradient
acquisition run time of 120 min using ion-mobility separa-
tion experiments (HDMS"). Each sample was analyzed in
triplicate runs using the Mass Lynx platform (Version. 4-1,
SCN833).

Bioinformatics and Data Analysis

Progenesis QI for proteomics (QIfP) V 3.0 (Waters/
Nonlinear Dynamics, UK) was used for all automated
data processing and database searching, and differentially
expressed proteins between sample groups were identified
as previously described.'®** Briefly, the acquired list of
peptide ions for protein identification was queried in the
unified UniProt/SwissProt non-redundant human protein
sequence database (www.uniprot.org). The list of identi-
fied protein datasets was further reviewed using multivari-
ate  statistical = analyses. = Normalized label-free
quantification was performed for each of the identified
proteins using the ‘Hi3’ algorithm in Progenesis QI soft-
ware (Nonlinear Dynamics/Waters). A known protein,
alcohol dehydrogenase (ADH, P00330), was used as an
internal standard to determine the absolute amount of each
identified protein as previously described.'®** The gener-

ated expression data were filtered using two overlapping

parameters to include only proteins that were markedly
statistically different (ANOVA, P < 0.05; >2-fold change
in expression) and the so-called on/off proteins (present or
absent). The derived differentially expressed protein data-
sets were subjected to principal component analysis (PCA)
and hierarchical cluster analysis.

COVID-19 Viral Detection in Serum/
Plasma Samples and Multiplex One-Step
RT-gPCR SARS-CoV-2 Assay

Serum samples were stored at —80 °C until viral RNA
extraction in the BSL3 research laboratory. Five-hundred-
microliter aliquots were used for each extraction. Viral
RNA extraction was conducted by our in-house automated
RNA extraction protocol using KingFisher FlexTM from
Thermo Fisher Scientific, as previously described in.**
Samples with cycle threshold (CT) values of <40.0 were
considered positive for SARS-CoV-2 RNA. Viral load was
calculated by plotting CT values against the SARS-CoV-2
RNA template.

Results

Development of Protein Biomarker Panel
for Prediction of Disease Progression
from Asymptomatic to Mild, Moderate,
and Severe COVID-19 Infection

Overall, we evaluated 122 peripheral blood samples from
patients with different grades of COVID-19, including
asymptomatic, mild, moderate, and severe cases. Owing
to the low throughput of the mass spectrometry analysis
platform, only 43 samples were subjected to quantitative
proteomics analysis. Fifty-one (51) samples were analyzed
for viral shedding, and 28 samples were not sufficient for
proteomic analysis. The experimental setup and analysis
workflow for this study are illustrated in Figure 1. The
mean age of all patients was 47 years (range 02—86 years).
The clinical and demographic characteristics of all ana-
lyzed samples are detailed in Table 1. All but severe cases
of COVID-19 recovered from the disease, and 6 of 12
severely ill patients admitted to the ICU died of the dis-
ease. The average number of identified proteins from
triplicate runs of each sample group was 303, of which
193 were significantly differentially expressed (>2-fold
change and ANOVA p < 0.05) between all five sample
groups (Supplementary Table S1). We observed distinct

sample clusters using unsupervised principal component
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analysis and hierarchical cluster analysis of the 193 pro-
teins. Asymptomatic, mild, and moderate cases of the
disease formed a cluster that was distinct from ICU-
admitted patients who recovered from severe illness and
ICU-admitted patients died of the
(Figure 2A). A similar pattern was observed in the heat

who disease
map of comparative protein expression patterns of asymp-
tomatic, mild, and moderate cases against the profiles of
severe patients (Figure 2A).

Analysis of Cellular Processes and
Biofunctional Annotations of Identified

Proteins

The 193 identified differentially expressed proteins
between the five grades of COVID-19 patients were
further assessed for their functional characteristics and
implications in infectious disease and immune-mediated
disorders using Ingenuity Pathway Analysis (IPA). The
majority of the 193 proteins were associated with four
signaling networks: (1) cellular function and maintenance,
metabolic disease, and organismal injury and abnormal-
(2) humoral
response, and hematological system development and

ities; immune response, inflammatory
function; (3) cell death and survival, cardiovascular dis-
ease, and cell-to-cell signaling and interaction; (4) mole-
cular transport, cellular assembly and organization, and
cellular compromise.

The

include, among others, calcium channel, transmembrane

biofunctional annotations of these proteins
receptor, activator, and enzyme, while other functions
include transporter, peptidase, and kinase.

The protein—protein interactions and gene names of
these proteins are highlighted in Figure 2B and C. The
representations of expression changes of some of the dif-
ferentially expressed proteins between samples from
SARS-CoV-2-infected patients with five different grades

of severity are illustrated in Supplementary Figure 1.

Canonical/Essential Pathway Analysis and
Pathophysiology of COVID-19

The associations and protein—protein interactions of the
molecules were further evaluated to assess whether they
were directly involved in virus-specific/related signaling
networks. Notable among the top canonical/essential path-
ways are acute-phase response signaling, liver X receptor/
retinoid X receptor (LXR/RXR) activation, Farnesoid
X receptor (FXR)/RXR activation, complement system,

and atherosclerosis signaling, with several implicated
molecules overlapping between the different pathways.
The interactions of some of the proteins with respect to
their involvement in the pathophysiology of COVID-19
are summarized in Figure 3A. Comparison of the canoni-
cal pathways and toxicity functions in different pairwise
analyses of COVID-19 patients showed higher gene
expression changes (overexpression) between severe and
asymptomatic COVID-19 pairs than between mild or mod-
erate and asymptomatic disease pairs (Supplementary
Figure 2). We observed that proteins associated with
LXR/RXR activation, acute-phase reaction, and produc-
tion of nitric oxide and reactive oxygen species were
upregulated in severely ill COVID-19 patients compared
with the other groups with less severe disease. The expres-
sion changes of the implicated molecules were distinct, as
shown in the heat maps in Figure 3B.

The cellular process and disease annotations of some of
these protein expression signatures among the different
grades of SARS-CoV-2
Supplementary Table S1 and Supplementary Figure 3A—C.

infections are described in

Viral Shedding in Blood of COVID-19

Patients

Previous reports have suggested an association between
shedding
samples.'® 2! Blood samples with adequate amounts of
RNA from the SARS-CoV-2 cohort were subjected to
viral RNA extraction followed by RT-qPCR to identify
SARS-CoV-2 genes. We were able to conduct this experi-

viral disease severity and in biological

ment on 51 samples (41% of the total number). We
detected positive viral shedding in 6 (11.76%) of the 51
samples (Table 1). Three of the six samples were collected
from patients who were diagnosed with grade D (severe)
disease, and the other three samples were from patients
who progressed from grade C (moderate) to grade
D (severe).

Protein Signatures for Disease Outcomes
of ICU-Admitted MERS-CoV Patients for

the Discovery of Predictive Markers

We analyzed PBP sample groups of severe MERS-CoV
patients (n = 7) who required ICU admission and died of
the disease and those who survived the infection. Samples
of healthy subjects without a history of MERS-CoV infec-
tion and seasonal flu infection were used as the negative
control group (n = 10). The mean age of all ICU patients
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Figure 2 (A) (Left panel) Principal component analysis (PCA) using the expression dataset of 193 differentially expressed proteins between grades of COVID-19 patients.
Three distinct clusters are apparent, with asymptomatic (Asymp), mild, and moderate (Mod) forming a close cluster distinct from ICU-admitted patients who recovered
from severe illness (Severe-R) and ICU-admitted patients who died of severe illness (Severe-D). (Right panel) Hierarchical cluster analysis using the above dataset of the 193
differentially expressed proteins between grades of COVID-19 patients. Asymptomatic, mild, and moderate cases show remarkably similar heat map patterns, while
recovered severely ill and deceased severely ill are distinctively different. The heat map shows the relative amounts of proteins by color as either upregulation with positive
z-scores in red or downregulation with negative z-scores in blue. The representations of the trend in the expression changes of some of these proteins between all five
grades of COVID-19 patients are illustrated in Supplementary Figure |, and a complete list of the proteins is in Supplementary Table S|. The figure was generated using
Qlucore Omics Explorer version 3.7 (Lund, Sweden). (B) Ingenuity pathway analysis of the 193 differentially expressed proteins between the five grades of COVID-19. Some
of the 193 proteins that were mapped/implicated in the IPA database in the pathway analysis of two signaling networks, including Cell Death and Survival, Cardiovascular
Disease, and Cell-To-Cell Signaling and Interaction. (C) Cellular Compromise, Inflammatory Response, and Hematological System Development and Function. (The figure
was partly generated using a licensed Ingenuity Pathway Analysis program (www.qiagen.com)).
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controlling cytokine release in response to viral infection (step 6). (B) Comparison of the canonical pathways from the different pairwise analyses of COVID-19 patients.
Overexpression changes are more notable between severe and asymptomatic COVID-19 pairs than in mild or moderate pairs with asymptomatic disease. Hierarchical
cluster analysis using the expression dataset of differentially expressed proteins that were implicated in three of the top canonical pathways including LXR-RXR activation,
acute-phase reaction and production of nitric oxide and reactive O2 respectively. Asymptomatic and moderate cases showed remarkably similar heat map patterns while
recovered severely ill and deceased severely ill were distinctively different. The heat map shows the relative amounts of proteins by color as either upregulation with positive
z-scores in red or downregulation with negative z-scores in blue using Qlucore Omics Explorer version 3.7 (Lund, Sweden).
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who survived is 57 years (range 31-75 years), while the
mean age of all ICU patients who died is 45.6 years (range
42-49 years). Table 1 details the clinical and demographic
characteristics of all analyzed samples. The average num-
ber of proteins identified in triplicate runs of the samples
was 235, of which only 91 proteins were significantly
differentially expressed between the three sample groups
(Supplementary Table S2). The protein expression changes

were considered significant when p value < 0.05 and when
more than a 2-fold difference was detected between the
compared sample groups. Principal component and hier-
archical cluster analyses of the expression profiles of the
91 differentially expressed proteins resulted in three dis-
tinct clusters, as shown in Figure 4A. The representations
of trends in the expression changes of some of these
proteins between MERS-CoV patients and control subjects
are illustrated in Figure 4B.

Identification of Biomarkers Implicated in
Pathogenesis and Regulation of Various
Pathways in the Two Sub-Types of
Coronaviruses, SARS-CoV-2 and
MERS-CoV

We analyzed two extreme groups of MERS-CoV patients,
namely, those with severe disease who were admitted to the
ICU and died of the disease and those who recovered from
the infection. In addition, we used healthy control subjects
without a history of MERS-CoV for baseline comparisons.

We evaluated the intersection between 193 and 91
differentially expressed proteins between COVID-19 and
MERS-CoV cohorts, respectively. Only 49 proteins over-
lap between the two datasets, indicating some level of
homogeneity in the protein expression profiles associated
with the two implicated coronaviruses. The expression
profiles of the 49 proteins could distinguish the sub-
groups of the two COVID-19 and MERS-CoV sample
cohorts (Figure 5A). The list and cellular processes of
some of these proteins are as listed in Supplementary
Tables S3 and S4. In addition, changes in the abundance
of some of the proteins are illustrated in Figure 5B.

Discovery/Development of COVID-19
Biomarker Protein Panel for Objective

Prediction of Disease Prognosis
We compared the most significant canonical pathways
between the COVID-19 and MERS-CoV datasets using

comparative IPA. This analysis enables the mapping of
molecules from the two datasets and displays significant
associations with canonical pathways.

It further allows for assessments or predictions of the
roles of the implicated molecules to determine whether
they act as either activators or inhibitors of canonical
pathways, irrespective of their expression status. The hier-
archical clustering heat maps show that both COVD-19
and MERS-CoV are involved in similar canonical path-
ways, but with greater enrichment among COVID-19 sam-
ples than MERS-CoV. We also observed that certain
organs are more significantly perturbed in COVID-19
than MERS samples, including the liver and kidney
(Supplementary Figure 3A—C).

Discovery/Development of Potential
Protein Panel for Diagnosis of
Asymptomatic Cases and Prognosis of
COVID-19 Disease Progression

We further evaluated the expression signatures of the 49
above-mentioned differentially expressed proteins to assess
their potential use for objectively predicting the progression
of COVID-19 patients between asymptomatic, combined
non-severe disease, and severe illness. The majority of the
49 differentially expressed peripheral blood proteins were
upregulated in severely ill patients compared with non-
severe cases. Only 9 of the 49 proteins were upregulated in
asymptomatic COVID-19 samples compared with the other
groups. On the other hand, 12 of the 49 proteins were highly
expressed in patients who recovered from severe cases of
COVID-19 compared with severely ill patients with a fatal
outcome and patients with non-severe disease. The remain-
ing 28 of the 49 proteins were highly expressed in patients
who died from severe cases of COVID-19 compared with the
other samples. These proteins, therefore, could be potential
COVID-19 diagnostic markers for asymptomatic cases and
prognostic markers for severely ill patients who will recover
and those with a fatal outcome of the disease. The gene
names and fold changes in expression levels between patients
with non-severe and severe illness are indicated in Figure 6A,
and a heat map of the expression profiles of these potential
COVID-19 biomarkers is presented in Figure 6B.

The list and functional annotations/disease associations
of some of the proteins involved in coronavirus infections
other cellular described in

and processes are

Supplementary Table S3, S4 and Supplementary
Figure 3A—C.
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Figure 4 (A) PCA and hierarchical cluster analysis using the expression dataset of 91 differentially expressed proteins between MERS-CoV patients and control subjects.
The expression changes of these proteins separate the samples into three distinct clusters, indicating the potential use of these proteins for accurate stratification and as
prognostic biomarkers for MERS-CoV patients (see Supplementary Table S2). (B) The representations of the expression changes of some of these proteins between MERS-
CoV patients and control subjects. The normalized quantitative values of individual proteins across all sample groups are depicted as box plots using the Qlucore Omics
Explorer version 3.7 (Lund, Sweden) (https://qlucore.com).
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individual proteins across all the sample groups are depicted as box plots, which were generated using the using the Qlucore Omics Explorer version 3.7 (Lund, Sweden)
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Figure 6 (A) Potential protein panel for diagnosis of asymptomatic cases, prognosis of COVID-19 disease progression from mild to severe COVID-19, and prediction of
disease outcomes among severely ill patients. (B) The heat map shows the relative amounts of proteins by color as either upregulation with positive z-scores in red or
downregulation with negative z-scores in blue using Qlucore Omics Explorer version 3.7 (Lund, Sweden).

Discussion

The ability to identify biological markers, including key
protein—protein interactions, involved in the response to
different coronavirus infections may improve disease man-
agement. Several studies to date have shown that, although
people from all age groups are vulnerable to infection by
SARS-CoV-2, certain COVID-19 patients are at higher
risk, particularly the older population and patients with
comorbidities.>** Previous studies have also shown that
the disease course after MERS-CoV exposure is unique®
and distinct from that of SARS-CoV-2. Moreover, the re-
emergence of coronavirus outbreaks indicates their capa-
city to mutate or re-combine to become infectious and
pathogenic across species barriers and may potentially
result in future pandemics. Since genetic changes in
viruses are part of their evolutionary process, the host
responses to these viruses may vary at the molecular path-
way level, including protein expression. Therefore, the aim

of this study was to explore the detailed molecular
mechanisms of the host immune response to SARS-CoV
-2 among groups with different disease severity and
further compare host responses between SARS-CoV-2
and MERS-CoV. To our knowledge, a comparative analy-
sis of the molecular pathways of host responses to SARS-
CoV-2 and MERS-CoV has not been reported before. The
findings of this study could be critical for precision med-
icine and the discovery of new therapeutic targets, as well
as for the development of significant cost-effective and
life-saving applications.

Here, we show that patients infected with SARS-CoV
-2 display a molecular signature that corresponds to the
severity of the disease and involves a number of biological
pathways. Liver X receptor (LXR) activation, acute-phase
reaction (APR), and production of nitric oxide and reactive
02 species (NO-ROS) are markedly affected in samples
from severe COVID-19 cases and are able to differentiate
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severely ill patients who recovered from the disease from
patients with a fatal outcome of the disease, while asymp-
tomatic, mild, and moderate cases showed unique expres-
sion profiles that differed from those of severely ill
patients. The liver X receptors (LXRs) and agonists
(RXRs) play central roles in the transcriptional control of
lipid metabolism. They have also been found to modulate
immune and inflammatory responses in macrophages. The
ability of LXRs to integrate metabolic and inflammatory
signals makes them particularly attractive targets for inter-
vention not only in metabolic diseases but also in response
to viral infection.””*® APR is a prominent systemic reac-
tion of the organism to local or systemic disturbances in its
homeostasis caused by infection, tissue injury, trauma or
surgery, neoplastic growth, or immunological disorders,
and it involves responses from a large number of pro-
inflammatory cytokines.?®° In response to viral infection,
this pathway may have a role in mediating the severity of
symptoms or causing the cytokine storm response
(Figure 3A). Interestingly, two recent genome-wide studies
indicate that changes in the genetic makeup of certain
cytokines are associated with disease severity.*® NO-ROS
bioavailability and increased expression are implicated in
damage to cardiovascular tissues.’’ The occurrence of
severe SARS-CoV-2 infection and a high risk of poor
outcomes of COVID-19, particularly in patients with
comorbidities (including hypertension and diabetes), com-
bined with the observation of NO-ROS pathway involve-
ment in severely ill (recovered and deceased) patients,
highlights the importance of this pathway as a COVID-
19 severity marker.

Several studies have applied proteomic approaches to
discover blood biomarkers for COVID-19.'"'* However,
differences in the analytical platforms, pre-analysis sample
handling, cohort of patients, and the timing of sample
that
laboratory comparisons of results. In Park et al,'® the

collection are among the factors limit inter-

authors compared their COVID-19 proteomic signature
with those described by Messner et al and Shen et al,'*"
and they reported that approximately 71% of identified
proteins overlapped among the three different datasets.'?
In spite of this relative homogeneity, only seven (7) differ-
entially expressed proteins were common between Part
et al and Shen et al, with varying expression changes
between the analyzed sample cohorts.'*> However, the
third study (Messner et al) described 27 differentially
expressed proteins between COVID-19 patients requiring
oxygen support and critical cases not requiring oxygen.

Despite the above-listed confounding factors in inter-
laboratory comparisons of proteomic data, 22 of 27 pre-
viously reported proteins were among the 49 potential
COVID-19 biomarkers identified in this study.

Only 9 of the 49 proteins were upregulated in asymp-
tomatic samples compared with the other groups. On the
other hand, 12 of the 49 proteins were highly expressed in
patients who recovered from a severe case of COVID-19
compared with those with a fatal outcome and other
groups, and the remaining 28 of the 49 proteins were
highly expressed in patients who died of severe COVID-
19 compared with the other samples. These proteins, there-
fore, could be potential COVID-19 diagnostic markers for
asymptomatic cases and prognostic markers for severely
ill patients who will recover and those with a fatal out-
come of the disease. Unlike previously reported proteomic
data that were focused on disease severity, our observed
biomarkers have potential applications for the diagnosis of
asymptomatic cases (9 markers) as well as prognosis of
severely ill patients, with 12 and 28 markers for patients
who recovered and those with a fatal outcome of the
disease, respectively. Furthermore, the additional unique-
ness of this study is the utility of these markers in MERS-
CoV patients in addition to SARS-CoV infections.

This study also shows that the host response to SARS-
CoV-2 is markedly different from the host response to
MERS-CoV. The results of the clustering analysis of
MERS-CoV vs SARS-CoV-2 indicate a MERS-CoV-
specific profile that differs from the SARS-CoV-2 profile,
affecting a number of canonical/essential pathways as well
as organ-associated pathways. The host responses to the
two types of infections involve 49 differentially expressed
proteins, with unique expression profiles that differentiate
the two infections. NO-ROS, LXRs, and APR protein
expression levels generate a SARS-CoV-2 cluster that is
distinct from MERS-CoV. Similarly, the expression levels
affecting vital organs such as the liver and kidney
(Supplementary Figure 2) indicate that the response to

MERS-CoV across different organ-dependent pathways
differs from the response to SARS-COV-2. There was
a differential expression profile distinct to MERS-CoV
patients in a number of pathways involving the injury of
tissues, particularly the kidney and liver, in which MERS-
CoV expression was lower than that of SARS-CoV-2.

We also investigated whether SARS-CoV-2 virus par-
ticles are circulating in the blood and whether this is
associated with disease symptoms, severity, or outcome.
Coronaviruses are not blood-borne diseases; rather, they
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are usually transmitted by direct contact with infectious
pathogens via the upper or lower respiratory tract. Despite
this transmission mode, viral shedding in bodily fluids
such as plasma or serum has been detected.'®?' We con-
firmed positive viral shedding in 6 (11.76%) of the 51 per-
ipheral blood samples analyzed. Therefore, medical and
laboratory staff need to strictly adhere to safety protocols
when handling coronavirus samples and particularly
COVID-19 patients. Furthermore, such safety precautions
should be implemented to avoid the risk of transmitting
coronaviruses through the transfusion of infected blood
products.'®!?

Elevated concentrations of immunological markers (eg,
interleukins) are consistent with the “cytokine storm”
hypothesis.>*> A number of studies have reported associa-
tions between protein concentrations and disease severity,
and predictive algorithms have begun to be formulated on
this basis. The first mass-spectrometry-based proteomic
analyses of patients’ blood were reported,®*>* and the
picture emerging from these studies is one of systemic
perturbation. There is now a need for clinical sensitivity
and specificity for any specific biomarker signature asso-
ciated with COVID-19 used to make clinical decisions.
Thus, this initial assessment of major protein components
in samples from COVID-19 patients and comparison with
those from MERS-CoV shed light on SARS-CoV-2-speci-
fic host response pathways. Based on these findings, we
propose the rapid deployment of plasma proteomics or
throat swab proteomics in a well-regulated discovery pro-
teomics environment with sufficient samples to lend power
to studies; this will be a key part of future developments in
combatting this disease. The overall objective can include
genomic data and should certainly include advanced health
informatics approaches to translate data into clinically
useful information.

Conclusion

Multiple protein panels have been described as promising
COVID-19 biomarkers. Surprisingly, only a handful of
them overlap among the different published studies, and
none of them have been validated as protein panels for
routine clinical diagnostics. In the present study, the per-
ipheral blood of patients with different severity grades of
SARS-CoV-2 and MERS-CoV infections were analyzed to
determine whether there were distinct molecular changes
characteristic of disease outcomes. The benefit and unique-
ness of our study lie in the discovery of objective markers
that may be used to predict COVID-19 outcomes at the

point of care and protein panels to identify asymptomatic
individuals, those who will progress to develop mild,
moderate, or severe disease, and those who will recover
without life-threatening complications of COVID-19 dis-
ease. The results reveal detailed molecular mechanisms of
the host immune response to SARS-CoV-2 in different
diagnosed groups and further indicate how the SARS-
CoV-2 host response compares to the MERS-CoV host
response. Taken together, the findings in this study support
some of the previously described potential COVID-19
protein biomarkers and further define new additional diag-
nostic markers for the identification of asymptomatic indi-
viduals. The results also offer a means of objectively
predicting disease outcomes among severely ill COVID-
19 patients. Finally, we detected viral shedding in more
than 11% of analyzed peripheral blood samples of these
patients, highlighting the need for caution to avoid the
possible risk of transfusion of infected blood products.
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virus; SARS-CoV-2, Severe Acute respiratory syndrome
coronavirus-2; COVID-19, Disease caused by SARS-CoV
-2.
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