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Abstract: In the race against COVID-19 for timely therapeutic developments, mass spectrometry-
based high-throughput methods have been valuable. COVID-19 manifests an extremely diverse
spectrum of phenotypes from asymptomatic to life-threatening, drastic elevations in immune re-
sponse or cytokine storm, multiple organ failure and death. These observations warrant a detailed
understanding of associated molecular mechanisms to develop therapies. In this direction, high-
throughput methods that generate large datasets focusing on changes in protein interactions, lipid
metabolism, transcription, and epigenetic regulation of gene expression are extremely beneficial
sources of information. Hence, mass spectrometry-based methods have been employed in several
studies to detect changes in interactions among host proteins, and between host and viral proteins in
COVID-19 patients. The methods have also been used to characterize host and viral proteins, and
analyze lipid metabolism in COVID-19 patients. Information obtained using the above methods are
complemented by high-throughput analysis of transcriptomic and epigenomic changes associated
with COVID-19, coupled with next-generation sequencing. Hence, this review discusses the most
recent studies focusing on the methods described above. The results establish the importance of mass
spectrometry-based studies towards understanding the infection process, immune imbalance, disease
mechanism, and indicate the potential of the methods’ therapeutic developments and biomarker
screening against COVID-19 and future outbreaks.

Keywords: mass spectrometry; proteomics; liquid chromatography; lipidomics; inflammation;
apoptosis; epigenetics; RNA-sequencing; ChIP-sequencing; ATAC-sequencing

1. Introduction

The ongoing pandemic of coronavirus disease 2019 (COVID-19) has resulted in over
4.6 million deaths worldwide in a span of less than 2 years. COVID-19 is caused by a
coronavirus called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Coron-
aviruses are a family of enveloped viruses with a large single-stranded positive-sense RNA
genome. Although several human coronaviruses have been linked to the common cold,
more notorious human coronaviruses have emerged. According to the National Institute
of Allergy and Infectious Diseases, much higher case fatality rates have been observed
with these coronaviruses, namely SARS-associated coronavirus (SARS-CoV; case fatality
rate ~ 10%) and Middle East respiratory syndrome coronavirus (MERS-CoV; case fatality
rate ~ 34%).

Despite higher case fatality rates, coronaviruses such as SARS-CoV and MERS-CoV are
self-limiting and, therefore, have been well contained. SARS-CoV-2 is a novel coronavirus
with a much lower case fatality rate than SARS-CoV or MERS-CoV. Yet, SARS-CoV-2
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has proven harder to contain. The difficulty in containing SARS-CoV-2 has underscored
the need for techniques such as mass spectrometry in the diagnosis and treatment of
COVID-19 [1-3].

1.1. Mass Spectrometry

Mass spectrometry (MS) is a technique used to analyze the composition of biological
samples. Using a mass spectrometer, the molecular masses of ions can be determined
through the evaluation of an ion’s mass-to-charge ratio (m/z). Common methodologies
in large molecule liquid chromatography-mass spectrometry (LC-MS) include collision-
induced dissociation (CID). Collision induced dissociation (CID) leads to the breakage of
bonds for precursor ion fragmentation [4]. Other fragmentation methods include higher-
energy C-trap dissociation (HCD) and electron-transfer dissociation (ETD) [5]. Subsequent
tandem mass spectrometry (MS-MS) generates large datasets that facilitate elucidation of
structure for proteins (proteomics) and lipids (lipidomics).

Different types of mass spectrometry method are available which include data-
dependent and data-independent, label and label-free methods. Based on their features,
methods are chosen to detect membrane-bound proteins and soluble proteins. Conven-
tional data-dependent acquisition (DDA) methods involve the digestion of a proteomic
sample into peptides, followed by ionization and mass spectrometry analysis [6]. In a
full-scan mass spectrum, peptide signals which appear greater than the noise are selected
for fragmentation leading to the production of tandem (MS/MS) mass spectra [6]. The
results are subjected to matching with spectra in a database. MS assays are used for high-
sensitivity detection of peptides with high accuracy in targeted proteomics approaches
like selected reaction monitoring (SRM) [6]. Data-independent acquisition (DIA) utilizes
the advantages of DDA and SRM, where all peptides in a specified mass-to-charge (m/z)
window undergo fragmentation. Repetition of the analysis is performed with the mass
spectrometer exploring the full range of m/z window [6]. Hence, peptides are quantified
accurately bypassing the limitations associated with profiling only peptides that were
previously determined to be of interest [6].

MS-based isobaric labeling is used for quantitative proteomics where chemical groups
which are isobaric, i.e., identical masses, are used to label peptides or proteins. The tags
differ in terms of heavy isotopes distribution around their structure and are called tandem
mass tags. In MS-based label-free protein quantification, relative changes in two or more
biological samples are identified and quantified, instead of labeling proteins using a stable
isotope-containing compound. This method is good for high-throughput clinical- and
biomarker-related studies because it does not limit sample numbers or types. Various
non-labeled techniques are used in combination with statistical analysis for identification
of differential expression and absolute quantification of proteins [7].

1.2. Mass Spectrometry and Proteomics

Proteomic MS studies often utilize two approaches: bottom-up and top-down meth-
ods. These methods differ in both the size of the protein that is analyzed by the mass
spectrometer and the complexity of the sample that can be analyzed. In bottom-up meth-
ods, protein samples are digested into fragments prior to mass spectrometric analysis. In
top-down methods, complete proteins are fragmented as the sample is nebulized within
a mass spectrometer. While LC-MS/MS bottom-up methods are more appropriate for
complex biological samples (e.g., blood or tissue homogenates), the top-down approach is
often adequate for purified proteins [8].

MS proteomics has identified specific interactions between proteins in the SARS-CoV-2
and human proteomes. Gordon et al. (2020) utilized affinity purification mass spectrometry
(AP-MS) to identify 332 protein interactions between proteins in the SARS-CoV-2 and hu-
man proteomes [1]. As described by the European Molecular Biology Laboratory-European
Bioinformatics Institute (EMBL-EBI), AP-MS is a technique specifically used for identifying
interactions between proteins. It works by coupling affinity purification, a technique which
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segregates molecules based upon binding ability, with mass spectrometry. The interactions
between the human and SARS-CoV-2 proteins were identified after observing human cells
exhibiting 26 SARS-CoV-2 proteins. While the success of this study was achieved without
the use of a lung tissue derived cell line, as lung tissue is the main location of viral infection,
the increased presence of the examined “prey proteins” in lung tissue proves the efficacy
of the experiment [1].

MS proteomics has also identified case-severity related proteins and protein interac-
tions. Notably, LC-MS/MS proteomics has identified specific proteins and protein—protein
interactions linked to mild and severe COVID-19 cases. Upregulation of heparin cofactor
II and downregulation of cubilin are associated with COVID-19 severity [9]. Differential
regulation of 27 proteins discovered through LC-MS/MS was likewise linked to COVID-19
severity [10]. Another study discovered peptides specific to SARS-CoV-2 that may be of
potential diagnostic relevance [11]. The assessment of protein—protein interactions can also
be accomplished by in situ cross-linking and mass spectrometry, which has been recently
used to structurally probe Nsp1, Nsp2, and nucleocapsid (N) proteins of SARS-CoV-2 [12].
The method includes integrative modeling to computationally combine cross-linking data
with domain structures for determination of full-length atomic models. The study was able
to generate a single consistent all-atom model of the full-length Nsp2 whose cross-links re-
ported a complex topology with long-range interactions. The model presents three putative
metal binding sites indicative of Nsp2’s role in zinc regulation within the replication-
transcription complex [12]. Multiple intra- and interdomain cross-links were detected for
the N protein. Hence, the technique provides significant stereochemical and electrostatic
information on proteins, and their structural probing to highlight their importance in the
cellular context [12].

1.3. Mass Spectrometry and Lipidomics

MS is also a powerful technique for the interrogation of lipid metabolism and mem-
brane biophysics. Lipidomic implications of COVID-19 are less understood than changes to
the proteome or transcriptome. Lipidomic profiles of COVID-19 patients could prove useful
for disease diagnosis and treatment. Altered circulating lipoprotein levels are associated
with COVID-19 pathophysiology [13]. In a comparative analysis of mild, severe, and criti-
cal COVID-19 patient status, serum levels of LDL-cholesterol (LDL-C) and total cholesterol
(TC) progressively declined from mild to critical [13]. Despite some limitations in this study
as mentioned by the authors, the observations suggests a diminished hepatic function with
greater severity of respiratory distress. Diminished hepatic lipoprotein production and
mobilization is likely downstream of organ failure induced by lower respiratory capacity
(and thus bulk oxygen transport) in COVID-19 patients.

Another important element of lipid metabolic response to COVID-19 is intracellular
signaling through long chain polyunsaturated fatty acid oxygenation. Twenty carbon and
22 carbon fatty acids (eicosanoic and docosanoic acids) are commonly linked to glycerol
and sphingosine phospholipids in the plasma-membrane fraction of mammalian cells,
including those of COVID-19 infected lung and serum leukocytes and lymphocytes [14].
Phospholipase A2 and fatty acid hydrolases can cleave these lipids to release free fatty
acids, whereupon intracellular acyl-CoA synthetase re-esterifies them as coenzyme A-
linked thioesters. C20/C22-CoA esters are substrates for cyclooxygenases, lipoxygenases,
and P450 oxygenases to produce eicosanoids and docosanoids (local stress hormones often
during active COVID-19 infection) [15].

In a study examining the bronchoalveolar lavage (BAL) specimens from COVID-19
patients, cyclooxygenase (COX) generated eicosanoids (e.g., vasoconstrictive thromboxanes
and leukotrienes) were elevated above healthy controls [16]. Lipoxygenase (LOX) products
(e.g., hydroxy and oxy-eicosa- and docosa (C22) tri- and tetra-, penta- and hexaenoic acids)
were also elevated in these patients [16].

COVID-19 infection associated pro-inflammatory cytokines like IL-1f3, are known to
increase expression of COX2, which synthesizes TXA2 from arachidonic acid (20:4 w-6) [17].
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TXA2 promotes bronchoconstriction while acting as an activator of both leucocytes and
platelets. Other COX products such as the prostaglandins can activate lymphocytes. Both
leucocytes and lymphocytes are integral in the hyper-inflammatory respiratory distress
syndrome (RDS) implicated in COVID-19 [18,19].

Membrane raft components (e.g., ceramide and cholesterol) are also likely critical
for SARS-CoV-2 intracellular entry. While ceramide promoted uptake of SARS-CoV-2
virion into epithelial cells, sphingosine-1-phosphate (S1P) receptor activation inhibited
entry [20]. Neutral and acid sphingomyelinase regulate distribution of voltage gated
channels, glucose and lipid uptake [21,22] and may, therefore, also regulate SARS-CoV-2
spike protein binding and proteolytic processing. Multiple biochemical pathways produce
ceramide, with S1P and ceramide interconversion potentially altering the balance of viral
transmission. Taken together, these findings suggest that the COVID-19 lipidome is a
biomedically relevant target that deserves further inquiry.

1.4. Mass Spectrometry in Disease Research

With the improvement of MS-based proteomics, over 5000 new plasma protein
biomarkers have been discovered [23]. In the context of COVID-19, proteomic studies
revealed COVID-19 pathology [24-28] and associated characteristics of plasma protein [29],
serum [30], and prognostic markers [31]. MS-based lipidomics has shed significant in-
sights into biomarkers, inflammation, infection, and biological profiles associated with
COVID-19 [32-38], gut microbiome alterations [39], and drug response [40].

MS-based studies on proteomics and lipidomics complement transcriptomic and
epigenomic studies well. This is because transcriptomics and epigenomics analyses can
reveal further upstream biological processes, and help to connect them with resulting
proteomics and lipidomics profiles. Hence, there is a growing popularity of all the above
high-throughput multiomics methods involving next-generation sequencing for a well-
rounded understanding of COVID-19. MS-based methods have been employed in several
clinical studies worldwide, some of which are summarized in Table 1, and have also
been indicated to be a superior method for COVID-19 screening [41,42]. This review
will, therefore, discuss both mass spectrometry and next generation sequencing-based
approaches to interrogate COVID-19.

Table 1. Some clinical trials against coronavirus disease 2019 (COVID-19) using mass spectrometry.

National Clinical . Method .
Trial Identifier Study Title Overview Patients Country
Analyze blood before,
IVIG in Patients With during, after intravenous
Severe COVID-19 immunoglobulin (IVIG)
. administration, to screen for inflammatory =~ Severe COVID-19
NCT04616001 Requiring - . . USA
Mechanical & non-inflammatory cytokines, Infections
Ventilation biomarkers for endothelial injury and
coagulation using mass
spectrometry
. Collect breath samples from COVID-19
Detection (;)fyCOVID—19 positive patients to identify Volatile COVID-19 patients
NCT04714333 Volatile Organic Organic Compounds specific to at the time of Canada

Compounds in Exhaled
Breath (COVID-VOCQ)

SARS-CoV-2 viral
infection, measured by gas
chromatography-mass spectrometry

diagnosis, during
and after recovery
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Table 1. Cont.
National Clinical . Method .
Trial Identifier Study Title Overview Patients Country
Study effect of high-dose intravenous
vitamin C
Lessening Orean versus placebo on mortality or persistent
& LI organ dysfunction in COVID-19 patients, COVID-19 patients
Dysfunction With . . .
NCT04401150 . by measuring vitamin C volume of at 28 days of Canada
VITamin C—COVID-19 distribution, clearance, plasma hospitalization
(LOVIT-COVID) s cearance, p P
concentration using
chromatography-tandem mass
spectrometry
Characterize COVID-19 odor profile People screened by
Canine COVID-19 using gas dogs for volatile United
NCT04509713 Detection chromatography coupled mass odors Kingdom
spectrometry
Bioavailability and
Pharmacokinetics of
Dot ®) im e, resence and somcontration innasal | COVID-19 patients
NCT04922996 . P . . treated with Switzerland
Nasal Mucosal Tissue, mucosa and saliva using tandem mass . .
. calcium dobesilate
Saliva and Blood of spectrometry
Treated Patients
(CaDoBio)
Analysis of Volatile
Organic Cc.)mpounds n Detect volatile organic Patients varieties:
Exhaled Air and Sweat: compounds in exhaled air and sweat COVID-19 +ve
NCT04817371 Interest in Rapid P . 4 France
. by mass —ve, vaccinated,
Screening for spectrometr etc
COVID-19 Infection. P y :
(VOCSARSCOVDep)
Assesme.nt Qf the Metabolomic p.roﬁhn.g of serum and COVID-19 patients
NCT04497272 Metabolomic Signature urine using with varvin France
in COVID-19 Patients liquid chromatography with mass . ymg
. disease severity
(SignCov) spectrometry
Biomarkers for .
Patients
Dexamethasone hospitalized for
Response in SARS-CoV-  Change in biomarkers in blood samples P
NCT04619693 2/COVID-19 measured by mass spectrometr proven France
. y P y SARS-CoV-2
Pneumonia neumonia
(CortiCORONA) p
Diagnostic Validation
of Rapid Detection of
the COVID-19 Adults screening
NCT04712175 [43] Causative Virus Detecting SARS-CoV-2 in saliva samples for COVID-19, France

(SARS-CoV-2) in Saliva
Samples by Mass
Spectrometry
(SALICOV)

using mass spectrometry

patients with severe
COVID-19

2. Proteomics and Mass Spectrometry in Disease Research

Proteomics is a discipline that investigates the full complement of proteins expressed
by a cell, tissue, or organism. Proteins play a significant role in cellular function, structure,
and regulation. Therefore, the ability to identify the location and function of proteins is
an integral component of biological sciences, especially when determining the differential
expression and turnover of polypeptides in an active disease state such as an infection by

COVID-19.
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Although proteomics is a relatively recent discipline, with its own methodology,
proteomics has quickly become a major biochemical technique. When attempting to
analyze biological networks or patterns, proteomics is often the most applicable discipline,
when compared to disciplines such as genomics or transcriptomics, because proteins are a
final product of gene expression.

Proteomics has proven to be a principal method in diagnosing and treating disease
through the identification of the proteins present in a healthy sample compared to a
diseased sample [44]. The discovery of these proteins, known as biological markers or
biomarkers, has been especially important to the improvement of biomedical sciences.

While current proteomic workflows can differ, one of the most efficient workflows
includes the use of MS-based approaches. The generic structure of a proteomic workflow
using MS involves the simplification of the sample through fractionation or depletion,
digestion of the sample, purification of the sample, and finally MS analysis [23,45]. The
development of MS-based proteomics has greatly improved the rate at which protein
biomarkers are discovered, enabling a much more efficient system for disease diagnosis
and treatment.

The discovery of the first disease-related protein biomarkers provided a foundation
for modern day biomarker research. One of the earliest protein biomarkers to be discovered
was C-reactive protein, which was identified in 1930 and has implications in inflamma-
tory diseases [46]. Because modern technologies were not readily available while early
biomarker discoveries were being made, the comprehensive list of protein biomarkers
grew at a slow rate for many years.

Even as recently as 2010, approximately only two protein biomarkers were being
discovered annually due to the limitations of the methods used to analyze protein samples.
These methods included the more often used immunoassay-based approaches, which
were limited by specificity and multiplexing, and less advanced MS-based proteomics
approaches, which were limited by the large number of proteins within samples. In recent
years, the limitations that hindered MS-based proteomics have been addressed.

Proteomic studies have since identified numerous disease-specific protein biomarkers.
Many of these disease-related protein biomarkers exhibit differential expression. One
disease-specific protein biomarker that exhibits differential expression is pancreatic cancer-
related apolipoprotein E, for which increased expression has been observed in pancreatic
cancer patients [47]. In addition to apolipoprotein E, raised levels of lipoprotein (a) in
plasma have been implicated in atherosclerosis [48].

Several other disease-specific protein biomarkers exhibit dysregulation. A disease-
specific protein biomarker that exhibits dysregulation is galectin-3, for which dysregulation
has been connected to diseases of the kidney, diseases of the heart, and cancers [49].
Another disease-specific protein biomarker that exhibits dysregulation is Mucin 1, for
which upregulation has been observed in breast cancer samples [50].

3. Proteomics and Mass Spectrometry in Coronavirus Disease 2019 (COVID-19)

MS-based proteomics is currently being used to identify SARS-CoV-2 infections and
develop treatments for COVID-19. Liquid chromatography paired with tandem mass
spectrometry (LC-MS/MS) is a technique that incorporates both the separation capabilities
of liquid chromatography and the comprehensive analysis acquired by combining multiple
mass spectrometers [51-53]. It is a method being utilized to positively identify the presence
of SARS-CoV-2 in human samples. This method has been able to discern the SARS-CoV-
2 nucleoprotein NCAP_SARS2 from 1500 distinguished proteins in COVID-19 positive
nasopharyngeal samples (which were already determined as positive through quantitative
reverse transcription PCR) [54]. Compared to methods such as RT-PCR and rapid tests,
LC-MS/MS has shown both high sensitivity and specificity while also decreasing the risk
of false-positives [41,55]. These findings support the use of MS-based proteomics in the
diagnosis of COVID-19.
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3.1. COVID-19-Linked Host Protein Characterization Discovered through Mass
Spectrometric Proteomics

Along with the initial diagnosis of COVID-19, MS-based proteomic methods have
been utilized to determine specific biomarkers of severe COVID-19 cases. A study by
Shen et al. utilized Tandem Mass Tag pro, a chemical tag used for the identification of
proteins in samples [56], coupled with ultra performance LC-MS/MS (a highly sensitive
type of LC-MS/MS) to identify the abnormal regulation of several apolipoproteins in
COVID-19 positive blood serum samples [30]. Several of these lipoproteins, namely
APOA-I (Apolipoprotein Al) and APOM (Apolipoprotein M), had implications in severe
COVID-19 cases.

The retrograde delivery of cholesterol back to the liver is considered a salvage route to
remove oxysterol from the periphery and to minimize the production of reactive oxy-
gen species (ROS) and the potential of foam cell formation in conjunction with pro-
inflammatory macrophages. Because of these mechanisms, HDL-associated APOA-I has
been implicated as a positive blood serum biomarker during recovery from cardiovascular
disease (CVD), including atherosclerosis, by controlling the extent of local inflamma-
tion [57].

Case severity-related protein genes (SAA1 and SAA2, i.e., Serum Amyloid Al and 2)
were also identified during the Shen et al. study. The identification of these case severity
related proteins/protein-related entities could determine the potential severity of COVID-
19 cases before the disease advances to a severe state [30].

Proteins in blood serum carry free fatty acids and fatty acyl CoA. SAA protein has
been classified as an acute phase protein that modulates according to the inflammatory
burden. SAA responds positively to infection, inflammation, and chronic disease, being
considered a blood serum biomarker for obesity-linked type-2 diabetes mellitus (T2D),
autoinflammatory illnesses, tumors, and metabolic disease [58]. SAA is synthesized and
secreted by the liver after induction by several pro-inflammatory cytokines including tumor
necrosis factor (TNF), and IL-1 and IL-6.

Circulating innate immune cells including macrophages and neutrophils along with
lung vascular epithelia also secrete SAA [59]. Although SAA has been associated with
PLA-2 mediated fatty acid release and oxygenation to pro-inflammatory eicosanoids, its
binding to blood serum HDL has been linked to a suppression of inflammation [60].

MS-based proteomic methods have also been used to identify biological process
disturbed by the SARS-CoV-2 virus. Using AP-MS, Stukalov et al. discovered a network
of interactions between bait proteins in SARS-CoV-2 and proteins in lung carcinoma
cells. This network disclosed cellular processes typically disturbed by the SARS-CoV-2
virus, including the actions of innate immunity regulators and DNA damage response
mediators. Using the same cell line, the study also identified the functions of several
SARS-CoV-2 proteins, such as ORF9b and NSP6. According to the findings of the study,
SARS-CoV-2 ORF9b binds to TOMM?Y0 (a mitophagy regulator), leading to abnormalities in
mitochondrial regulation. SARS-CoV-2 NSP6 causes an upregulation in proteins associated
with cholesterol metabolism [61].

3.2. Proteomics in COVID-19 Treatment Identification

Several treatments for COVID-19 have been identified through MS-based proteomics;
the development of these treatments relies on the identification of SARS-CoV-2 replication
machinery.

A study by Gordon et al. pursued ligands of SARS-CoV-2 interacting proteins in an
attempt to distinguish targets for treatment [1]. After the discovery of 69 such compounds,
further testing was performed to name two successful treatment classes: inhibitors of
protein synthesis (such as ternatin-4 and zotatifin) and ligands of Sigma receptors (such
as hydroxychloroquine and haloperidol). Both classes were observed to have effects on
SARS-CoV-2 replication, identified through a decrease in the viral nucleoprotein over an 8
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h timespan. The prior identification of virus-host protein interactions through AP-MS was
an integral step in the discovery of the two treatment classes [1].

In addition to host-virus protein interactions, the discovery of case severity related
protein biomarkers has also contributed to the identification of COVID-19 treatments. By
distinguishing 38 proteins with differing levels of expression in mild versus severe cases
of COVID-19, utilizing label-free quantitative MS, Suvarna et al. identified disruptions in
several cellular processes. These processes include blood coagulation, for which proteins
such as alpha-2-macroglobulin and fibrinogen gamma chain are upregulated in severe
COVID-19 cases, and inflammation, for which proteins such as Serpin Family A Mem-
ber 3 are upregulated in severe COVID-19 cases. Nine of the 38 identified proteins were
then utilized to test the efficacy of COVID-19 treatments, resulting in additional support-
ing evidence for previously identified treatments such as Selinexor (an inhibitor of viral
replication) [31].

3.3. Proteomics to Monitor Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
Mutation Rates

Because the SARS-CoV-2 virus is a single-stranded positive-sense RNA virus, it likely
has a mutation rate between 10~% and 10~ substitutions per nucleotide site per cell
infection (s/n/c). This rate of mutation is one of the highest of several studied viral
classifications (including single-stranded RNA viruses, double-stranded DNA viruses,
single-stranded negative-sense RNA viruses, double-stranded RNA viruses, and retro-
viruses) [62]. Understanding that SARS-CoV-2 mutates at a quicker rate than other viruses
has been a driving factor for the discovery of treatment targets and vaccine development.

In order to better understand SARS-CoV-2 mutation, genomic approaches must first
be utilized. Once mutations have been identified using genomic approaches, proteomic
approaches can be utilized to validate the genomic findings. The initial gene mutations
to be investigated in SARS-CoV-2 mutation are those responsible for the emergence of
the zoonotic SARS-CoV-2 virus. A study by Kang et al. suggests that a mutation in the
receptor-binding domain of the SARS-CoV-2 virus’ spike domain is largely responsible for
the emergence of the novel coronavirus from sarbecoviruses, a subgenus of coronaviruses.
This mutation, a substitution of threonine (T372) in the studied sarbecoviruses to alanine
(A372) in SARS-CoV-2, allows SARS-CoV-2 to more easily replicate in human lung cells [63].

Following the mutation that likely caused the emergence of the SARS-CoV-2 virus,
several other mutations in the SARS-CoV-2 genome arose. One of these mutations, a
spike protein mutation first identified in early 2020, quickly became a dominant mutation
among COVID-19 cases in 2020 [64]. A study by Zhang et al. shows that this mutation, a
substitution of aspartic acid (D614) with glycine (G614) in the spike protein’s S1 domain,
has shown an increased rate of pathogenicity for the SARS-CoV-2 virus [65].

4. Lipidomics in Disease Research

Much like proteomics, lipidomics has become a central feature for disease diagnostics
and progression including therapeutic recovery. Mass spectrometry coupled with gas and
liquid chromatography have become essential for determining lipid profiles in healthy
vs. diseased states. To understand the plenum of lipids in biochemistry, it is necessary to
provide a primer on nomenclature and biosynthesis.

Viral infection and the host immune response are directed via multiple lipid signaling
circuits including those associated with obesity, fatty acid oxygenation, phospholipase
induction and membrane lipid raft dynamics. Therefore, the mass-spectral investigation
of these parameters is necessary to apprehend their role in COVID-19 transmission and
severity [66-69].

4.1. General Features of Fatty acid Metabolism and Nomenclature

Polyunsaturated fatty acids (PUFAs) are synthesized from two sources: dietary and
endogenous de novo fatty acid synthesis (FAS). PUFAs can be characterized by the number,
geometry and position of double bonds. These double bonds are introduced into preformed
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saturated fatty acids (long-chain aliphatic monocarboxylic acids) most commonly of C16,
C18, C20, and C22 chain length. Some of these double bonds can be introduced prior to
consumption and two in particular of these polyunsaturated fatty acids are essential in
the diet. These are linoleic acid (18:2 A9, 12) and « linolenic acid (18:3 A9, 12, 15). The
position of the double bonds as counted from the CH3 terminus of the fatty acid provides
the omega (w, last C atom) classification system. Hence linoleic acid is an w-6 fatty acid
and o-linolenic acid is an w-3.

The position of these double bonds is biologically significant as this chemical structure
is responsible for differential function subsequent to elongation and further desaturation of
these essential fatty acids to arachidonic acid (AA: 20:4 A5, 8, 11, 14), eicosapentaenoic acid
(EPA: 20:5 A 5, 8,11, 14, 17) and docosahexaenoic acid 22:6 A(DHA: A4, 7,10, 13, 16, 19).
There are also intermediates in these pathways Some dietary and endogenously derived
saturated, monoenoic and polyenoic acids of different omega series classification are also
produced. There are also geometric isomers such as the naturally occurring w-7, trans fatty
acid found in sphingolipids called palmitoleic acid (16:1 (t) A7).

Once the fatty acids have been fully elongated and desaturated, they become substrates
for complex lipid synthesis involving sphingosine and glycerol biochemical pathways
involving CoA thioester metabolism. Fatty acids are rarely free in the cell except in severely
dyslipidaemic patients. In this case, serum albumin can non-covalently transport free fatty
acids throughout the body where they may confer lipotoxicity due in part to their ability to
disrupt membrane physiology [70]. The study of lipids causing bioenergetic, signaling and
membrane structural damage has been extensively studied using MS and much emphasis
has been placed on saturated fatty acids such as palmitate (16:0) and stearate (18:0) as
major contributors to microsomal and mitochondrial events in lipotoxicity [71]. Free fatty
acid-induced lipotoxicity is typically a component of illnesses associated with the obesity
epidemic [72,73].

To what extent free fatty acid-induced lipotoxicity plays a role in COVID-19 patho-
physiology has not yet been fully characterized. However, MS studies involving viral
protein palmitoylation and ER-associated lipotoxicity have been implicated in COVID-19
disease progression and transmittance although the roles of TAG and membrane lipid
turnover require a more complete lipid metabolic analysis. Viral protein acylation plays a
role in transmission and this includes several viral protein products in all tissues where the
virus is replicating [74].

The complex lipid-associated omega-3 and omega-6 PUFA’s will be removed from
their oxygen or amide linked ester bonding in response to cellular stress including infection
and inflammation only to be re-esterified to CoA as a thioester, where they may be oxy-
genated by three types of enzyme that reside in multiple subcellular compartments. These
include cyclooxygenases, lipoxygenases and P450 oxygenases thus producing eicosanoids
and docosanoids which act as potent local hormones-autocoids and paracoids. These
oxygenation pathways are common in lung epithelial cells and contribute directly to the
immune responses including the trafficking of neutrophils, the activation of macrophages
plus activation of T-helper cell acuity to APC’s [75].

These oxygenated fatty acids are then linked to regulating the guanylate cyclase
mediated synthesis of cGMP which is a component of the control molecular switch for K+
and Ca++ conductance in muscle-including the myocardia. In severe pathological states,
some of these eicosanoids (especially those derived from AA) may result in vasoconstriction
which can cause systemic hypertension and with that decrease in blood flow; this may
cause ischemic heart attack or MI. Cardiomyocytes, lung and cardiovascular endothelial
cells plus circulating lymphocytes are implicated in the pathogenesis of viral transmission
and immune response [76].

4.2. Inflammatory Response Linked to Fatty Acid Oxygenation

In general, local eicosanoids serve to initialize the stress preconditions that lead to an
immune response and the potential for inflammation. This has been well described in both



BioChem 2021, 1

219

the innate (macrophage, neutrophil, dendritic cells, NK cells) and acquired (T and B cell
lineages [77,78].

Tandem mass spectrometric analyses of C20 eicosanoids and C22 docosanoids have
been implicated in the inflammatory rise observed in lung epithelia during active COVID-
19 infection [16]. This evidence confirms decades long biomedical research establishing
oxygenated fatty acid association with endothelial membrane-linked signaling (via phos-
pholipase removal of VLCPUFA'’s and subsequent in situ oxygenation) This response leads
to a pro-inflammatory induction via innate immune cell signaling [79]. These oxygenated
fatty acids thus serve as an initiator of the inflammatory response by pathogens including
COVID-19.

Once oxygenated fatty acid metabolism is initiated, a cascade of events may occur
that involve the neuroendocrine system and a stimulation of the corticosteroid axis in the
CNS along with the induction of transcription, translation, glycosylation and secretion of
pro-inflammatory cytokine, chemokines and growth factors which all serve to further the
potential for a system -wide hyperimmune response. This response includes vasoconstric-
tion, diapedesis of leucocytes and lymphocytes, and a cascade of REDOX mediated ROS
production that can lead to cellular degeneration via apoptosis, necroptosis and ferroptosis
in local tissue beds such as that associated with the pulmonary system. These activities
occur in various endothelial and epithelial cell lineages especially those in the infected
lung [77].

5. Lipidomics and Mass Spectrometry in COVID-19
5.1. The Immunomodulatory Axis of COVID-19 Disease Burden

During an active COVID-19 infection with lung presentation, a burst of hyperinflam-
mation involving the production of pro-inflammatory secreted glycoproteins (cytokines)
exacerbates the immune reaction and leads to loss of cellular integrity leading to a profound
enhancement in immune-mediated responses. This cytokine eruption in the infected lung
epithelia and endothelia is the product of cellular membrane VLCPUFAs transformation to
eicosanoids which promote the migration and activation of macrophages and granulocytes
including basophils and neutrophils [80]. High levels of the growth factor, macrophage-
stimulating colony factor (MSCF) will promote myeloid differentiation to macrophages
along with costimulatory IL-3 and IL-6. The granulocyte lineage are differentiated from
the myeloid precursor population via GSCF along with the same pro-inflammatory cy-
tokines [81].

Type 1 macrophages (M1) are pro-inflammatory and induce virally infected cellular
death while type 2 macrophages (M2) inhibit this process while secondarily functioning
to remove cellular debris via the phagocytic functions of this subgroup. PPAR transcrip-
tionally regulates the production of fatty acid beta oxidation genes. M1 pro-inflammatory
macrophages work through the TLR 2 receptor to promote glycolysis over fatty acid
B-oxidation and thus remain polarized as potent pro-inflammatory macrophages [82].

When the transcription factor, PPAR « is expressed and shuttled to the nucleus,
this results in the polarization to the M2 macrophages which produce anti-inflammatory
cytokines. Underlying this transcription pattern is a transition toward fatty acid vs. glucose
oxidation for bioenergetics. Fatty acid oxidation is necessary for M2 polarization and thus
decreases the pro-inflammatory status encountered in diabetic and obese patients. This is a
significant clinical consideration as these patients are high risk COVID-19 patients [82].

When apoptosis is induced in infected cells, macrophages will clear the cellular debris
and little signaling will occur thus avoiding a massive recruitment of pro-inflammatory
cells and mediators. However, if the programmed cell death is directed toward necroptosis
of ferroptosis, the cellular debris is released from the dying cell and this will trigger a
neutrophil -granulocyte response that will enhance the production of pro-inflammatory
cytokines such as IL1§3, IL6 and TNF« plus the pro-trafficking chemokine, MCP1. COVID-
19 replication and advancing infection will thus enhance the endoplasmic reticulum (ER)
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stress response which involves the induction of COX, LOX and the epoxide synthases and
hydrolases which form multiple lineages of AA based eicosnaoids.

While PGE 2 (a COX product) enhances the proinflammatoiry response, epoxide fatty
acids from the soluble epoxide hydrolase will shut down further inflammation. The ER
stress response specifically activates the COX lineage enzymes microsomal prostaglandin
E synthase-1 and prostaglandin-endoperoxide synthase 2 [82]. The products of this path-
way include a constellation of pro-inflammatory eicosanoids including prostaglandins,
thromboxanes and the peptido-leukotrienes.

Conversely, the P450 epoxide synthases generate epoxyeicosatrienoic acids which are
anti-inflammatory and vaso-dilating but they can be metabolized by the soluble epoxide
hydrolase. Thus, there is feed-forward and feedback regulation of the immediate proximal
eicosanoid autocoid response regulating a balance between pro and anti-inflammatory
eicosanoid biosynthesis. These enzymatic modifications are found in pulmonary vascular
beds especially those associated with active infection and viral replication [83].

Once eicosatrienoic fatty acids are produced they can also be shuttled into the produc-
tion of a class of eicosanoids known as resolvins. These eicosnoids mediate the resolution
of the inflammatory response which started with the granulocyte induced necroptosis or
ferroptosis cellular destruction that launched the hyperinflammation initially [84].

The induction of eicosanoid biosynthesis during active infection or comorbid respi-
ratory disease is under neuroendocrine control. Specifically, corticosteroids perform a
suppressive function during cellular and vascular inflammation in the lung and cardiac
muscle [85].

COVID-19 infection can occur during pregnancy so the immediate concern is related
to the use of pharmacotherapy for pregnant women and their unborn child. There are
American Obstetrics and Gynecology Association (AOGA) recommendations for this infec-
tion that have included the use of immune-suppressive corticosteroids either in lieu of or
with a currently available vaccine. Corticosteroids are cholesterol-derived lipid mediators
that are synthesized via the hypothalamo—pituitary—adrenocortical (HPA) axis [86].

Since endogenous corticosteroids suppress the respiratory disease inflammatory re-
sponse (at least in part) through the down-regulation of lung eicosanoid metabolism via
interferon mediated responses, the COVID-19 pandemic and its symptomatic association
with ARDS has been evaluated. During the SARS and MERS viral outbreaks, which were
far more virulent and, therefore, self contained, the timing of lung epithelia and endothelia
corticosteroid suppression was highly correlated to the valence of disease pathophysiol-
ogy [87].

COVID-19 transmission and infection kinetics appear to map onto a biphasic progres-
sion wherein there is an asymptomatic phase that may end the disease progression or, if
virion titre is sufficient and co-morbidities obtain, there can be a second phase where frank
respiratory disease presents with a sizable increase in cytokine and chemokine expression
and secretion followed by a hyperimmune response [88].

Depending on the progression curve of the disease presentation, the inappropriate
introduction of pharmacotherapeutic corticosteroids to COVID-19 patients, prior to massive
cytokine and chemokine expression, can actually increase disease severity and enhance
the possibility of poor prognosis and the ultimate outcome axis [86]. It has been shown
that classical epithelial immune initiation starts with the production of pro-inflammatory
mediators including the eicosanoids, LTB4 and PG2 which enhance inflammation until the
“eicosanoid switch”, which marks the end of initiation; this is when the relative cellular
concentrations of PGE2 plus PGD2 are equal to LTB4 [52].

At this point, resolution is apprehended by the production of anti-inflammatory
eicosanoids, the resolvins and PGF2a. Pathogenic induction of endocrine stress hormones
such as norepinephrine trigger subsequent cortisol resistance such that the “eicosanoid
switch” is invoked when the molar concentration of norepinephrine balances out the con-
centrations of glucose-sensing serum insulin plus that of cortisol, after which, corticosteroid
efficacy is restored. When norepinephrine levels drop to the non-stimulated nadir, steady-
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state corticosteroid tonicity is restored [52]. Therefore, the alteration of cortisol efficacy
with the inflammatory signaling axis recommends that the pharmacological introduction of
corticosteroids during an active infection, of COVID-19, could corrupt this balance leading
to a hyper-inflammatory response and poor disease outcome.

Given previous evidence on IFN responses in SARS, a delayed corticosteroid therapy
would clearly be indicated as more beneficial. The study examined above describes
sequential change in eicosanoids, catecholamines and cortocsteroids as emblematic of these
in vivo interactions during disease progression. During the early stages of infection, the
induction of the stress response involves the expression and activation of COX and LOX
activities which cause an increase in AA derived pro-inflammatory eicosanoids including
PGE2 and LTB4. The stress hormones produced by the HPA and other neuroendocrine
axes are also intimately involved in the immune response.

Subsequent to a pathogen-associated infection, the norepinephrine (NE) systemic
stress response links both obesity and type II diabetes induced insulin and cortisol resis-
tance to an alteration in eicosanoid molecular species accumulation thus ending the initial
phase of the stress response. This is represented by the change in the ratio of COX activity
linked PGE2 plus PGD2 concentration resting at the same levels of LOX generated LTB4 in
lung tissue [89].

During this initiation phase of disease progression (e.g., COVID-19), the serum ratio of
NE/ cortisol goes from exceedingly high to roughly 1:1 at the same time LTB levels increase
hyperbolically while PGE2 increases in a curvilinear pattern ultimately reaching that ratio
of PGE2 + PGD2/LTB4 = 1. This constitutes the peak of the proinflammatory stage and
it is followed by a steady decline in inflammation thus entering the resolution phase of
the stress response curve. This inflammatory phase transition maps on to the COVID-19
disease presentation in the interstitia of the lung of infected patients [90].

Once the resolution phase of the systemic inflammatory response is invoked, the
production of anti-inflammatory eicosanoids such as the resolvin D and E series which
are derived from w-3 VLCPUFAs are produced. The resolvins represent the antagonism
between w-3 and w-6 fatty acid endothelial autocoid agency [91].

Resolvins abrogate the inflammatory response and limit its potential for causing
massive tissue damage that can result in cellular degeneration, hyperinflammation and
collapse of the endothelial support of lung capacity. Resolvins thus resolve the inflamma-
tory response by promoting neutrophil apoptosis while promoting the anti-inflammatory
type 2 macrophage lineage which serves to clean up cellular debris and thus close the
infection court from further inflammatory signaling [92]. The resolvin, 14S,21R-dihydroxy
docosahexaenoic acid (145,21R-diHDHA) acts as an autocrine to stimulate the M2 mediated
repair of vascular endothelia [93,94].

The corpus of this research effort was entirely supported by host endothelial and serum
associated membrane fractions from circulating leucocytes and lymphocytes analyzed via
LC-MS-MS [95]. This method is the only reliable and precise means for the determination
of a multitude of lipid molecular species including positional and geometrical isomeric
structures from biological specimens where the molar concentration can reach the very
limits of accurate detection and quantification.

5.2. Focus on the Innate Immune Response

Much of what we have been focusing on with regard to COVID-19 lipidomics has
been associated with the innate immune response. While lymphocytic based immunity
including the Th1 responses and the cytotoxic T lymphocytes from the CD8+ lineage are
critical for a robust acquired-memory based assault against COVID-19, B cells and antibody
producing Plasma cells are also of critical importance depending on the progression of the
disease. These lymphocytes play the essential role in generating natural multivalent long
term immunity when memory cells become paramount [96,97]. Vaccines are also used to
target these responses [98,99].
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This review will continue to focus on the plenum of innate immune responses for two
reasons:

1.  extensive literature exists on omics of the innate response;
2. the emphasis on reducing transmission necessarily places the innate immune response
to the front of clinical and diagnostic agenda.

Toll-like receptors (TLRs) play a major role with the innate immune response. Re-
cently it has been demonstrated that TLR2 and MYD88 may be a key component of the
inflammatory response linked to COVID-19 infection [100].

There are two functionally different major classes of pattern-recognition receptors
(PRRs): endocytic pattern-recognition receptors and signaling pattern-recognition receptors.
Endocytic PRRs are found on the surface of phagocytes and promote the attachment of
microorganisms to them, leading to their subsequent engulfment and destruction. These
PRRs include:

1. Mannose receptors on the surface of phagocytes bind mannose-rich glycans, the
short carbohydrate chains with the sugar mannose or fructose as the terminal sugar
that are commonly found in microbial glycoproteins and glycolipids but are rare
in those of humans. Human glycoproteins and glycolipids typically have terminal
N-acetylglucosamine and sialic acid groups. C-type lectins found on the surface of
phagocytes are mannose receptors

2. Scavenger receptors found on the surface of phagocytic cells bind to bacterial cell
wall components such as LPS, peptidoglycan and lipoteichoic acids. There are also
scavenger receptors for certain components of other types of microorganisms, as well
as for stressed, infected, or injured cells. Scavenger receptors include CD-36, CD-68,
and SRB-1.

3. Opsonin receptors. Opsonins are soluble molecules produced as a part of the body’s
immune defenses that bind microbes to phagocytes. One portion of the opsonin
binds to a pathogen-associated pattern receptor (PAMP) on the microbial surface and
another portion binds to a specific receptor on the phagocytic cell.

5.3. Mass Spectrometry-Based Studies on Spike Protein Helps in Vaccine Development

Techniques based on mass spectrometry have been critical for understanding the
glycosylation of SARS-CoV-2 spike protein [27,101-106]. Glycosylation of the spike protein
of coronavirus and other viral proteins are crucial to the infection process because the
modification shields immunogenic epitopes, and impact immunological pressure across the
protein surface [107,108]. In this regard, the entire signature of carbohydrates in a cell or or-
ganism is called glycome, which is under immense focus in SARS-CoV-2 research [109-112].
The studies have contributed towards the design and development of some of the vaccines
against COVID-19 [113-116].

5.4. Signaling Pattern-Recognition Receptors (PRRs) Are Found on Multiple Host-Cell Surfaces

A series of signaling pattern-recognition receptors known as toll-like receptors (TLRs)
are found on the surface of a variety of defense cells and other cells. These TLRs play
a major role in the induction of innate immunity and contribute to the induction of
adaptive immunity.

The binding of a microbial PAMP to its intracellular immune or epithelial cell TLR (or
other PRR) transmits a signal to the host cell’s nucleus inducing the expression of genes
coding for the synthesis of intracellular regulatory molecules including cytokines [117]. The
cytokines, in turn, bind to cytokine receptors on other defense cells. Unique combinations
of TLRs appear in different cell types and may occur in pairs. Different TLRs directly or
indirectly bind different microbial surface molecules. These signaling PRRs, which are
found in the membranes of the endosomes (phagolysosomes) are used to enhance the
intracellular degredatioin of the pathogens.

It has been established that TLR-3 binds to the replicative (sub-genomic) double-
stranded viral RNA, while TLR-7—binds uracil-rich single-stranded viral RNA.TLR-8—
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also binds single-stranded viral RNA and TLR-9—binds unmethylated cytosine-guanine
dinucleotide sequences (CpG DNA) found in either bacterial and viral genomes. Most of the
TLRs that bind to viral components trigger the synthesis of cytokines called interferons that
block viral replication within infected host cells. TLR’s work through a set of transcription
factors and adaptor molecules including Myd88 [118].

It has been reported that dysregulated type I interferon and inflammatory monocyte-
macrophages (IMM) are directly linked to the lethal pneumonia obtained in SARS-CoV-
infected mice. While SARS is far more virulent that COVID-19, it is a virus with very
comparable aetiology as there is a spectrum of respiratory-illness related coronaviruses,
some of which can cause an acute lethal disease which presents with innate immune
associated lung inflammation [119].

Coronavirus genomic replication is controlled by the delayed type I interferon (IFN-I)
signaling pathway which initiates the inflammatory phase of the infection ultimately associ-
ated with severe immunopathology, morbidity and death. In this study, which predates the
COVID-19 pandemic, evidence show that endogenous lung associated IFN-I is measurable
even until viral titers peak. However, early pharmacotherapeutic administration of IFN-I
is associated with a blockade of lung immunopathology. This strongly supports a role
for IFN-I promoting the observed enhanced accumulation of disease severity-linked in-
flammatory monocyte-macrophages (IMMs). The appearance and activity of IMMs results
in an increase in pro-inflammatory cytokine and chemokine accumulation coupled with
endo-vascular damage and a nadir of T lymphocyte immune-based responses that would
otherwise control disease severity. Indeed, knockout of the IFN-«f3 receptor (IFNAR) or
the removal of IMM’s abrogates lethality but has no immediate effect on viral titre [119].

To demonstrate the link between the IFN responses and associated macrophage
hyperinflammation and coronavirus carriage, it was learned that CNS-resident microglia
and astrocytes also produce these type 1 interferons (T1 IFNs) signaling through the
heterodimeric IFN-a/ 3 receptor IFNAR). Binding of T1 IFNs with the receptor stimulates
JAK/STAT-signaling leading to the transcription of IFN-stimulated genes (ISGs) which
mediate either pro- or anti-inflammatory sequelae depending on down-stream signaling
including lipid metabolism. Fatty acids and complex membrane and signaling lipids play
major roles in bioenergetics and cell fate (e.g., apoptosis, senescence, or autophagy [120].

This interferon system also impacts sphingolipid metabolic pathways expressed in
various cellular environments including those of lung epithelia and both leucocytes and
lymphocyte lineages contributing to viral respiratory lung pathology and disease sever-
ity [20].

Indeed, the T1 IFN response in the CNS may arise from viral infections and trau-
matic brain injury (TBI) and peripheral or neurodegeneration will activate this response
systemically. Therefore, T1 IFNs can be protective or deleterious as in multiple sclerosis
(MS), where T1 IFNs are thought to exert and perform an anti-inflammatory response
via production of anti-inflammatory cytokine IL10 with simultaneous suppression of pro-
inflammatory cytokine IL-1. IFN- pharmacotherapy is common in MS patients since it has
been shown to inhibit lymphocyte infiltration into the brain where this event is associated
with a decline in relapse rate. Paradoxically, overexpression of the IFN-« gene has been
observed in the murine CNS with links to neuroinflammation and neurodegeneration.
Obviously IEN subtype, concentration, titration and cellular residency are all critical to this
pathology [120].

Hence, it is important to emphasize that innate immunity as afforded by neutrophils,
macrophages, dendritic cells and accompanying intracellular TLR’s and signaling through
classical lipid pathways are the initial and most formidable means to thwart viral infec-
tion. Virions of appropriate host recognition epitope synapse formation will trigger IFN
mediated gene expression via ISGs which are controlled via the IFN-regulatory factor (IRF)
family and signal transducer and activator of transcription (STAT) family transcription fac-
tors. The canonical IRF and STAT signal transduction cascade involves post-translational
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covalent modifications, protein aggregate and subunit complex formation, leading to
nuclear translocation of these nascent transcription factors [121].

5.5. Sphingolipids at the Center of COVID-19 Infection Dynamics

As shown in animal model muscle tissue, sphingomyelinase (SMase) -mediated ce-
ramide accumulation will generate membrane microdomains. These membrane fragments
will merge spontaneously into mobilized raft platforms that can aggregate protease (e.g.,
ACE2) receptors plus associated signaling lipids and proteins thus functioning to trans-
duce a signal first generated via eicosanoid/pro-inflammatory cytokine response to viral
transmission [122].

Several sphingosine-based bioactive lipids that are found within membranes or traf-
ficking through them, have been implicated in normal and pathophysiological states as
regulatory signaling molecules. Besides sphingomyelin (SM), the major lipid found in the
myelin sheath of critical neuronal tracts in the CNS are the associated metabolites, ceramide,
ceramide-1-phosphate (C1P), sphingosine, and sphingosine-1-phosphate (51P), which are
necessary bioactive sphingolipids in lung epithelia, various circulating leucocytes and
lymphocytes during active infection [123].

The role of cerebrosides (galactosyl, glucosyl, sialyl and sulfonyl sphingolipids)
are very well described in the biomedical literature as associated with inborn errors of
metabolism, neurotransmission, immune responses and basic developmental biology.
These cellular and extracellular-trafficking SM sphingolipids are interconvertible via en-
zymatic pathways that are not always expressed constitutively in any cell or tissue type,
across time [124]. It has been shown that cerebroside turnover is associated with HIV
infection so future MS-based omics research on COVID-19 needs to examine these complex
lipids in infected individuals [125].

Sphingolipids and glycerol phosophlipids are implicated in various physiological
phenomena including inflammation, stress resistance, proliferation, differentiation, and
in the plastic and elastic remodeling of neuronal and glial cell fates in the CNS. The
dynamic and potentiating sphingolipids are implicated in cell division, growth, apoptosis,
autophagy, senescence, adhesion, migration, inflammation, angiogenesis, and endosomal
plus organellar intracellular trafficking.

Opposing or reinforcing modes of action have been ascribed to individual sphingolipid
classes and molecular specific subclasses; (e.g., CER as harbinger of PCD, while C1P and
S1P sustain cell vitality and transformational viability). Mere addition or removal of
ATP-derived anhydride phosphate as an ester to preformed polypeptides can reverse the
direction of signaling without any change in transcription or translation of the participating
molecules thus proving a molecular circuitry network to mediate cell fate. It is therefore not
a surprise that bioactive sphingolipids will be involved in the initial and closing arguments
toward viral pathogenesis, aging, and the morbidity of obesity.

Unlike biochemical reactions requiring the synthesis of loss of covalent, ionic and H-
bonds, additional activation energy needed for specific annular-held proteins to translocate
into specific membrane rafts is of a distinct character that is typically disassociated with
transcription and translation. Thus, lipid signaling in health and disease has much more
to do with biophysical phenomena such as hydrophobic interactions wherein the more
solvation-associated chemistry of a fully mature and folded polypeptide 3-D state is the
more likely it will diffuse into a lipid raft or membrane upon its synthesis when its chemical
structure formation allows for a propensity toward a lower energy state.

Hence, lipid interactions are in the realm of a hydrophobic effect, where protein and
lipid raft inclusion will titrate according to delocalized distributional processing, where
there is a meta-stabilized lower energy potential. Besides these dominant hydrophobic
interactions, there are processive activation energy potentials for non-homeostatic transition
state free energy obtaining polypeptide inclusion. Whether a protein such as the COVID-19
receptor ACE 2 is included in a CER/cholesterol rich membrane raft requires Van der Walls
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limiting co-segregation of the protein/annular lipid during co-biosynthesis, processing
and turnover.

Whether these processes are the result of non-specific chaperonin flux or unique
monomer-polymer associations depending on membrane fluidity, cellular mixing and
regular turnover of oxidized or oxygenated membrane lipids according to age or stress is
largely unexplored. This research requires new techniques in mass spectrometry and sol-
vent chemistry manipulation combined with in situ SMase and phospholipase bioorganic
reaction kinetics and dynamics.

There is good reason to assume the protein transmembrane domains, typically com-
posed of hydrophobic amino acid side chains, induce their insertion into the membrane
via higher order lipid domain transformations from helix type II to bilayer transitions as
coordinated by surface tension molecular regulation [126].

In a recent review of sphingolipids and SARS-CoV-2, it was established that lung cell
ceramide facilitated the infection process, while sphingosine-1P inhibited it [20].

This implicates the sphingomyelinase biosynthetic route since the neutral SMAse
isoform of the enzyme is located in the plasma membrane and upon activation would
generate in situ CER from membrane sphingomyelin thus promoting this metabolic route
for viral entry instead of de novo synthesis from palmitoyl CoA plus L-serine or the salvage
routes through sphingosine phosphate or glycosphingolipid pathways.

However, acid SMase (aSMase) inhibitors such as amitriptyline and pharmacothera-
peutics such as hydroxychloroquine that raise the pH of the phagolysosome (thus inhibiting
aSMase) may suggest intracellular CER synthesis and thus membrane lipid raft assembly
is also involved in the decrease of COVID-19 transmission and disease severity. Figure 1
provides a general outline for the proteomic/lipidomic axis in COVID-19 transmittance
and pathology.
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Figure 1. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and associated proteomic/lipidomic

axis.

5.6. Contributions of Lipidomics in Understanding and Treating COVID-19

Overall, lipidomics studies reveal several important phenomenon associated with
COVID-19 as outlined below. The viral replication and life-cycle is critically impacted
by host lipids serving as double-membrane vesicles and other roles. Viral entry and
propagation are regulated by lipid biogenesis [33]. Lipidomic analysis of COVID-19
patients in conjunction with quantification of proinflammatory cytokines and alarmins
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show a correlation between patient lipid profiles and factors like IL-26, TSLP (thymic
stromal lymphopoietin) and adiponectin [33].

Lipidomic and metabolomic profiles showed common signatures despite heteroge-
neous clinical symptoms of COVID-19 patients, where treatment with the immunosuppres-
sive drug tocilizumab partially reversed the metabolic changes caused by COVID-19 [40].
Dislipidemia, i.e., lipid imbalance with pathological consequences, is reported in a study
which observed changes in levels of ceramides [35], increased triglycerides and decreased
cholesteryl esters [34]. A study on COVID-19 acute phase patients reported severe dyslipi-
demia which impacts size and distribution of lipoprotein particles, dysregulation of central
metabolism, accumulation of ketone bodies, and upregulation of succinate similar to the
oncogenic pseudohypoxic environment [38].

Another study showed dyslipidemia in COVID-19 patients, and alterations in malic
acid and carbamoyl phosphate leading to disruption in energy metabolism and hepatic
dysfunction, respectively [32]. Patients who did not survive exhibited drastic downreg-
ulation of carbamoyl phosphate. Another biomolecule, guanosine monophosphate, also
significantly varied between healthy controls versus COVID-19 patients, and between
mild and fatal cases [32]. A study investigating oral and gut microbiome correlations with
lipidomics of COVID-19 patients showed that in comparison to confirmed patients, 47
lipid molecules, including sphingomyelin and monoglyceride were depleted, and 122 lipid
molecules, including phosphatidylcholine, phosphatidylethanolamine, and diglyceride,
were enriched in confirmed patients recovery [39].

The contributions of lipidomics studies to COVID-19 research has been extensively
reviewed in previous publications [36,37]. Collectively, the above lipidomics studies can
potentially contribute to disease classification and course, monitor treatment outcomes,
biomarker and therapeutic developments. Highlights of findings on COVID-19 from
proteomics and lipodomics studies are outlined in Figure 2.
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Lipidomics Analysis
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<+ Impact of host lipids on viral replication & life cycle

Identification of biomarkers including lipoproteins, e.g., APOA-l and APOM,
in severe COVID-19 cases

Identification of biomarkers including serum amyloid A (SAA) proteins that
reflect changes in inflammatory burden

Cellular processes perturbed by SARS-CoV-2, including innate immunity
regulators and DNA damage response mediators

Unraveling of protein-protein interactions leading to mitochondrial
regulation & cholesterol metabolism

Detecting interactions between viral and host proteins to screen for ligands
as therapeutic targets

Identification of biomarkers for different severities of COVID-19
Detecting cellular processes impacted by COVID-19, e.g. blood coagulation
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19 patients, mild versus fatal cases

Impact on patient microbiobiome — alterations in lipids including
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Figure 2. Information obtained from proteomics and lipidomics analyses of COVID-19 patients. <+ interactions between
viral and host proteins; colored rectangles—elevated proteins and lipids.

6. Multiomics-Based Approaches to Understand COVID-19: Transcriptomics

Studies against COVID-19 have integrated mass spectrometry-based methods with
other multiomics approaches. Multiomics methods have proven to be extremely beneficial
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in COVID-19 research ranging from discovery to clinical levels [127-134]. In addition
to proteomics and lipidomics, other “omics” approaches that have been implemented in
COVID-19 research are transcriptomics and epigenomics. Collectively, the high-throughput
methods provide well-rounded understanding of molecular mechanisms associated with
COVID-19.

6.1. Bulk and Single-Cell RNA-Sequencing

Transcriptomic profiling or RNA-sequencing (RNA-seq) helps to quantify and se-
quence all RNA transcripts [135]. Briefly, RNA is extracted from cells followed by reverse
transcription to generate cDNA libraries which are sequenced and analyzed bioinformat-
ically. RNA-seq can be performed on bulk or single cells. Bulk RNA-seq reveals the
collective transcriptome of all kinds of cells in a sample, i.e., it reveals overall expression
levels of each gene as a collective output from a given population of cells.

On the other hand, single-cell RNA-seq distinguishes between transcriptomes of
individual cells in a sample, which requires that cells be bar-coded prior to sequencing.
Processing single cells through a channel where individual cells are tagged enables a unique
RNA library to be obtained from each cell. Raw library sequencing data (reads) undergo
alignment and quantification against reference transcriptomes using bioinformatic software
to enable transcript identification and quantitation. For human studies, the current human
reference assembly is Genome Reference Consortium Human Build 38 (GRCh38).

6.2. RNA-Sequencing and COVID-19

To date, most COVID-19 transcriptomic studies are based on RNA-seq of peripheral
blood mononuclear cells (PBMCs) obtained from COVID-19 patients with varying degrees
of disease severity. A recent study by Xianwen Ren et al., employed a single-cell RNA-seq
on 1.46 million cells using 284 samples from 196 COVID-19 cases and healthy controls [136].
The authors assessed PBMCs (obtained by standard density gradient centrifugation of
whole blood), and lymphocytes from bronchoalveolar lavage fluid (BALF), and sputum
from oropharyngeal swabs. In addition to transcriptomic alterations of the human host,
the study also investigated viral RNA in the single cells. Sequencing reads were aligned
against a customized reference genome where the SARS-CoV-2 genome (NC_045512, NCBI
Refseq) was integrated as an additional chromosome. Parameters were set to screen for
single cells having desired quantitation of viral RNA reads.

The large number of samples and multi-tissue comparison in this study provided an
integrated analysis to understand how characteristics like age, gender, COVID-19 severity,
and stage associate with molecular changes in immune cells, which may explain some of
the clinical implications. Transcriptomic changes in precursor cells of B and T cells, and
diversity of T and B cell receptor repertoires were found to be impacted by gender and
age, while plasma B and proliferative T cells correlated with disease severity. The study
discusses how potential cell—cell interactions are likely affected by the presence of SARS-
CoV-2 mRNA in epithelial cells. Subsets of monocytes and megakaryocytes may be critical
peripheral causes of cytokine storms due to interactions between hyper-inflammatory cell
subtypes belonging in peripheral blood and pulmonary tissue. Accordingly, data from
this study could inform targeted therapies against COVID-19 that specifically focus on
infected cells.

Single-cell omics analysis was utilized by a large cohort study for combined analysis
of transcriptome and surface proteome of PBMCs obtained from COVID-19 patients clas-
sified as asymptomatic, mild, moderate, severe and critical across different geographical
locations [127]. One of the “omics” methods used in the study is cellular indexing of
transcriptomes and epitopes by sequencing (CITE-seq), in which antibodies are labeled
with oligonucleotides to integrate the analysis of transcriptome and cellular protein, in a
format compatible with single-cell sequencing technology [137].

Among 1.1 million cells from 143 samples, ~800,000 cells satisfied quality control
criteria. Cells were grouped into clusters using a computational tool called the Leiden
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algorithm (an improved method for grouping of related cells into communities) [138]. Cells
were then subjected to manual annotation according to proteins expressed on their surfaces
corresponding to RNA expression of known marker genes, with the help of flow cytometry.
This process led to the classification of distinct subpopulations.

The study found relative expansion of proliferating immune cells like lymphocytes
and monocytes, platelets, mobilized hematopoietic stem and progenitor cells (HSPCs) as
COVID-19 severity worsened. Severe and critical COVID-19 showed expansion of plas-
mablasts and B cells. Disease severity was found to impact immune landscape alterations
when cells were compartmentalized into phenotypic hyperspheres according to surface
protein expression. A hypersphere is a four-dimensional analog of a sphere. Cell num-
ber of individual severity groups in the hyperspheres was quantified to reveal that 608
hyperspheres have significant differences in abundance with rising severity. Every major
immune compartment contained hyperspheres of differential abundance. Elevation was
observed for B cells, plasma cells, HSPCs, and myeloid compartment remodeling.

Ren et al. [136], and Stephenson et al. [127] employed transcriptomics-heavy pipeline,
sorting cell populations via single-cell sequencing, and characterizing protein activity based
on transcriptomic data [136], or with sequencer-compatible oligo-tags [127]. However,
correlational studies, such as that conducted by Overmyer et al. [129] demonstrate how
direct assays of patient proteomes can be analyzed alongside transcriptomic data to paint
a more holistic picture of COVID-19 disease phenotypes. Researchers conducted high-
throughput sequencing along with MS of 128 clinically validated patient samples, identified
17,000 unique biomolecules (either sequencer-identified transcripts or mass-spec-identified
protein markers). Researchers then cross-analyzed the clinical data with the transcriptomics-
and proteomics-characterized biomolecules to find 219 molecules that were correlated with
COVID-19 disease phenotype [129]. Not only do broad-scope correlation studies illuminate
new targets of study, but they also begin to provide clues about the cellular mechanisms of
COVID infection, disease progression, and immune response. More clues are found the
more clinical variables are combined with more samples for transcriptomic and proteomic
studies employing high-throughput methods such as RNA-seq and MS.

Other examples which used RNA-seq is a study which implemented single-cell RNA-
seq and metagenomic next generation sequencing of RNA from tracheal aspirate of COVID-
19 patients [139]. Transcriptomic and proteomic methods have been implemented in
understanding host responses during fatal cases of COVID-19 [140]. Studies have also
focused on only bioinformatics analysis of available datasets of bulk and single-cell RNA-
seq obtained from COVID-19 patients to understand how viral transcripts impact the
pathogenesis of moderate and severe cases [141].

7. Epigenomics

A major application of omics-based methods is focused on the epigenome or chromatin
landscape. Chromatin is composed of nucleosomes which are constituted by ~146 bp of
DNA wrapped around an octamer of histone proteins for condense packaging inside nuclei
of eukaryotic cells [142,143]. In this direction, popular omics-based methods are Assay
for Transposase-Accessible Chromatin using sequencing (ATAC-seq) [144] and chromatin
immunoprecipitation followed by sequencing (ChIP-seq) [145]. ATAC-seq maps genome-
wide regions of transcriptionally accessible chromatin versus closed/repressed chromatin.
ChIP-seq maps genome-wide localizations of proteins of interest. COVID-19 studies have
performed multi-omic profiling using a combination of single-cell ATAC-seq and RNA-
seq [146,147] and the importance of epigenetic processes associated with COVID-19 has
been established [148-153].

In one study, single-cell ATAC-seq was performed for epigenomic profiling of periph-
eral immune cells of 10 convalescent individuals at 4-12 weeks following recovery from
moderate or severe COVID-19 [154]. Furthermore, T-cells were analyzed using a combi-
natorial method of single-cell T cell-receptor (TCR) sequencing (scTCR-seq), fluorescence-
activated cell sorting (FACS) with index sorting and ATAC-seq, called TCR-FACS-index-
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ATAC sequencing (Ti-ATAC-seq). Data were obtained for cell-surface markers expression,
paired TCR sequences and chromatin accessibility profiles at single cell resolution. Key
revelations from this study include the identification and annotation of 13 subclusters of
monocytes, a facilitated program for B-cell development, roles of effector CD8" T cells in
initial viral control, and formation of memory CD8* T cells.

Epigenomic technology like ChIP-seq was employed in a study on COVID-19 using
topotecan (TPT), an FDA-approved inhibitor of topoisomerase 1 (TOP1) [155]. ChIP-seq
was performed to map the genome-wide localization of the epigenetic mark of H3K27ac
which occupies regions of active transcription like promoters and enhancers. The results re-
veal a strong association between dynamic reorganization of genome compartmentalization
during SARS-CoV-2 infection and transcriptional activity.

Overall, the study showed that lethal inflammation response resulting from SARS-
CoV-2 infection is suppressed by TOP1 inhibition, and it implemented multidimensional
epigenomic and transcriptomic analyses. The results indicate that TOP1 inhibitors likely
can contribute to precise host-directed therapy to combat severe COVID-19. The study
also implemented techniques like high-throughput chromosome conformation capture
(Hi-C) and promoter capture Hi-C (PCHi-C). Hi-C is a technique that measures changes in
chromatin architecture [156-158], while PCHi-C analyzes promoter interactions which was
combined with Hi-C library generation [159,160].

Other factors that have previously been associated with epigenetic regulations of gene
expression, disease, and recently implicated in COVID-19 are microRNA (miRNA) [161-165]
and competitive endogenous RNA (ceRNA) [166-169]. miRNA has been associated with
active COVID-19 infection with several molecular species upregulated (e.g., miR-31-5p)
and down regulated [164]. However, the molecular targets for these miRNAs have not
been extensively examined so it remains unclear if these are associated with specific clades
of mRINA or, rather, function as an associated consortium of miRINAs as in the ceRNA
mechanism where they function as a regulatory network to control the level of protein in
the cell at the RNA molecular level [170].

8. Conclusions

Overall, the various studies on mass spectrometry-based approaches and multiomics
technology have shown promise in providing significant new insights towards our under-
standing of COVID-19 (Figure 3). Collectively, the studies have provided molecular details
for how COVID-19 impacts cellular content across stages of disease severity. Large datasets
generated by the high-throughput multiomics methods contain a wealth of information
that will surely inform therapeutic developments. With more research being focused in this
direction, it is likely that the understanding and prediction of such outbreaks will improve,
leading to better clinical outcomes in the future.
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Figure 3. Epigenomics and transcriptomics methods reveal molecular perturbations caused by SARS-CoV-2 infection.
COVID-19 alters epigenomic and transcriptomic events in host cells which are detected by high-throughput technology
involving next-generation sequencing (NGS) like RNA-seq, ChIP-seq, ATAC-seq, Hi-C, etc. Contributions of results include
therapeutic developments and biomarker identification.
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