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Abstract

The spread of coronavirus disease 2019 (COVID-19) viral pneumonia caused by severe

acute respiratory syndromecoronavirus 2 (SARS-CoV-2) has becomeaworldwidepan-

demic claiming several thousands of lives worldwide. During this pandemic, several

studies reported the use of COVID-19 convalescent plasma (CCP) from recovered

patients to treat severely or critically ill patients. Although this historical and empir-

ical treatment holds immense potential as a first line of response against eventual

future unforeseen viral epidemics, there are several concerns regarding the efficacy

and safety of this approach. This critical review aims to pinpoint the possible role of

mass spectrometry-basedanalysis in the identificationof uniquemolecular component

proteins, peptides, andmetabolites of CCP that explains the therapeuticmechanism of

action against COVID-19. Additionally, the text critically reviews the potential applica-

tion of mass spectrometry approaches in the search for novel plasma biomarkers that

may enable a rapid and accurate assessment of the safety and efficacy of CCP. Con-

sidering the relative low-cost value involved in the CCP therapy, this proposed line of

research represents a tangible scientific challenge that will be translated into clinical

practice and help save several thousand lives around the world, specifically in low- and

middle-income countries.
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1 INTRODUCTION

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-

2) outbreak in 2019 has led to the human coronavirus disease-19

(COVID-19) pandemic (Guan et al., 2020), spreading across different

continents and to almost every country. SARS-CoV-2 belongs to the

family of Coronaviridae which are characterized as large, enveloped,

positive-sense, single-strandedRNA (26-32kilobases in length) viruses

(Masters, 2006).Members of theCoronaviruses are distributed largely

among vertebrates, mainly mammals and birds, and can cause respi-

ratory, enteric, hepatic, and neurological diseases in various animal

species (Lu et al., 2020). Over the last two decades, there have been

two other coronavirus disease outbreaks, namely Severe Acute Respi-

ratory Syndrome (SARS) (Nie et al., 2003) andMiddle East Respiratory

Syndrome (MERS) (Zaki et al., 2012) in 2003 and 2012, respectively.

SARS and MERS are characterized by the symptoms they cause, such

as severe fever, non-productive cough, myalgia, dyspnea and, ulti-

mately, admission to intensive care units (ICUs) (Nie et al., 2003; Phua

et al., 2020). In this regard, there are many similarities between SARS,

MERS, and the clinical findings of COVID-19. However, unlike SARS

and MERS coronaviruses, the novel SARS-CoV-2, is highly transmis-

sible and responsible for the unprecedented numbers of infections,
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claiming an alarming number of deaths worldwide. According to the

World Health Organizations’ (WHO) last update on 7 February 2022,

there have been 394,381,395 confirmed cases of COVID-19 world-

wide, including 5,735,179 reported deaths. Countries such as the

United States of America, India, andBrazil, withmore than 75,725,243,

42,272,014 and 26,473,273 confirmed cases, respectively, are now

breeding ground for variants. On the same date, the WHO reported

857,657 confirmed cases and 2264 deaths in the United Arab Emi-

rates (World Health Organization, 2021). As such, the COVID-19

pandemic has had a tremendous impact in the health & socioeco-

nomic condition of billions of people across the globe. All the while,

the scientific community joined forces to find a secure solution for

COVID-19.

In the initial waves of the pandemic, the potential to use the

classical and historical interventions of convalescent plasma (CP) to

treat severely ill patients emerged as a viable and highly practical

option, especially in the absence of alternative effective treatments

(Duan et al., 2020; Kumar et al., 2010; Klassen et al., 2021). Sub-

sequently, four antiviral drugs have demonstrated clinical benefit in

randomized controlled trials (RCT), namely dexamethasone (RECOV-

ERYCollaborative Group, 2021b), remdesivir (Beigel et al., 2020), mol-

nupiravir (Jayk Bernal et al., 2022), and ritonavir-boosted nirmatrelvir

(Paxlovid) (Hammond et al., 2022). Anti-SARS-CoV-2 monoclonal anti-

body (mAbs) treatments, such as bebtelovimab and sotrovimab, have

also been developed and are recommended for non-hospitalized

patients with mild to moderate COVID-19 who are at elevated risk

of progressing to severe disease. Immunization to SARS-CoV-2 infec-

tion is made possible through multiple authorized, safe, and effective

vaccines, however equitable vaccine access has yet to be realized. Sim-

ilarly, the accessibility and cost of currently available antiviral andmAb

treatments remain problematic in middle- and low-income countries.

The use of CP to treat COVID-19 in countries with little access to vac-

cines or newgeneration treatments thus remains a relevant strategy to

save lives.

2 CP TO TREAT VIRAL CONDITIONS,
INCLUDING COVID-19 DISEASE

CP administration for the treatment of severe acute respiratory viral

infections is a longstanding strategy of passive immunization and was

first used in the early twentieth century to control outbreaks of viral

diseases (Marano et al., 2016). CP was used in the management of the

H1N1 influenza virus pandemic where convalescent serum antibody

preparationswere used to remedy severely ill patients requiring inten-

sive care (Hung et al., 2011). During the West African Ebola epidemic

in 2013, convalescent blood was administered to treat patients suf-

fering from Ebola virus disease (EVD) (Sahr et al., 2017). Importantly,

CP was applied in the treatment of cases with SARS-CoV and MERS-

CoV infections, diminishing viral load and improving clinical outcomes

(Cheng et al., 2005; Ko et al., 2018).

Since the COVID-19 outbreak, the FDA has provided guidelines

for the collection and use of COVID-19 convalescent plasma (CCP)

(Figure 1) under emergency use authorization (EUA) or investigational

new drug application (IND) regulations (FDA and HHS, 2021). A pilot

study fromChina reported clinical findingsCP from recovered patients

(Shen et al., 2020). Within 3 days after CCP treatment, the body tem-

peratures for four of the five patients normalized, and 12days after the

transfusion, their viral loads became undetectable. Within two weeks

post-treatment, three of the patients were dischar of five severely

ill patients with COVID-19 and acute respiratory distress syndrome

(ARDS) thatwere treatedwithCged, and twowere in a stable condition

(Shenet al., 2020). A separate studyalso reported a successful outcome

where the administration of CCP resulted in the significant improve-

ment of all 10 severely ill patientswith no severe adverse effects (Duan

et al., 2020). Here, within seven days, the viral load was undetectable

in patients who had suffered viremia. A randomized controlled trial

also revealed the immunomodulatory potential of CP in reducing the

cytokine storm and disease severity indices in COVID-19 patients, but

also found CP to have no significant impact on mortality (Pouladzadeh

et al., 2021).

In contrast, results of a randomized clinical trial of CCP treatment

in hospitalized COVID-19 patients with moderate to severe disease

showed no clinical improvement relative to the placebo, providing sup-

port against the use of CCP treatment for COVID-19 pneumonia (van

den Berg et al., 2022). The results from a randomized controlled, open-

label, platform trial also showed no improvement in survival or other

clinical outcomes in hospitalizedCOVID-19 patients treatedwith high-

titer CP (RECOVERY Collaborative Group, 2021a). Indeed, CCP can

be used for either prophylaxis of infection or treatment of disease

(Casadevall & Pirofski, 2020), however as highlighted above (Duan

et al., 2020; Shen et al., 2020; van den Berg et al., 2022), and by

other experts in the field (Dzik, 2020), it is important to conduct addi-

tional studies and randomized controlled investigations to confirm the

effectiveness and safety of using CCP in all types of COVID-19 hospi-

talized patients, particularly for those at risk of progressing to critical

state. For example, Allahyari et al. (2021) evaluated the efficacy and

safety of CCP in severe COVID-19 patients with mild or moderate

ARDSand found that early administrationofCPassistedwith symptom

resolution (Allahyari et al., 2021).

While the United States Food and Drug Administrations (FDA) has

very recently approved the use of CCP to treat critically ill COVID-

19 patients (Tanne, 2020), the potential use of CP treatments remains

somehow controversial and, as already highlighted, a matter of safety

concern (Arabi et al., 2015; Roback & Guarner, 2020). For exam-

ple, non-infectious risks such as transfusion-related acute lung injury

(TRALI) and transfusion-associated circulatory overload (TACO) are

well-documented serious adverse effect of serum/plasma transfusion.

Therefore, there is a justified concern that CCP administration to

patients who are affected by severe pulmonary disease is associated

with high risk of TACO or TRALI (Caccamo et al., 2020). Addition-

ally, antibody-dependent enhancement (ADE) is a risk that has already

occurred in numerous viral diseases and entails the exacerbation of

disease severity in the presence of certain antibodies from a prior

infection. In the case of coronaviruses, various mechanisms of ADE

have been reported, raising concern that one type of coronavirus could
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F IGURE 1 Diagram of the process of COVID-19 convalescent plasma (CCP) collection and treatment. Fully recovered COVID-19 patients
donate blood containing anti-SARS-CoV-2 antibodies. Neutralizing antibody-rich plasma is separated and administered to severely or critically ill
COVID-19 patients via intravenous infusion

introduce antibodies that enhance infection of a different strain (Wan

et al., 2020).

Neutralizing antibody (nAb) titers and the symptomatic state of

the patient are key considerations in establishing CCP efficacy (Bloch

et al., 2020). Evidence from recently published RCTs (Agarwal et al.,

2020; Li et al., 2020; Rasheed et al., 2020) and large observational

studies (Liu et al., 2020; Perotti et al., 2020; Salazar et al., 2021)

suggest that CCP is most likely to be effective when high nAb titer

units are administered early in the course of disease. However, the

dynamic pandemic landscape has introduced confounding factors that

present challengeswhen assessing the efficacy ofCCP in observational

studies and RCTs. A global review of experimental and clinical evi-

dence concerning CP therapy for COVID-19was presented by Klassen

et al. (2021). The authors also performed a meta-analysis and qualita-

tive inspection on all available daily Kaplan–Meier survival data from

RCTs and matched-control studies and observed a directionally con-

sistent pattern, suggesting convalescent plasma efficacy in COVID-19

patients.

3 SARS-CoV-2 VARIANTS AND CCP

Newly emerged SARS-CoV-2 variants of concern (VOCs) include

Omicron (lineage B.1.1.529), Delta (lineage B.1.617.2), Beta (lineage

B.1.351), Alpha (lineage B.1.1.7) and Gamma (lineage P.1). The Beta

variant identified in South Africa harbours nine mutations in the spike

gene, including three substitutions (K417N, E484K andN501Y) within

the receptor-binding domain (RBD) (Tegally et al., 2020). The Alpha

variant first contains eight mutations in the spike gene, including one

substitution (N501Y) in the RBD. The Gamma variant identified in

Brazil contains three substitutions (K417T, E484K and N501Y) at the

same RBD residues as Beta (Faria et al., 2021). Compared to wild-

type SARS-CoV-2, the Beta variant is significantly more resistant to

neutralization by CCP and sera from vaccinated individuals (Hoffmann

et al., 2021; Wang et al., 2021). On the other hand, the Alpha variant

shows no increased resistance to CCP or sera from SARS-CoV-2 vacci-

nated individuals. The E484K substitution shared by Beta and Gamma

appears to confer partial resistance against neutralization by multi-

ple individualmAbs against theRBDreceptor-bindingmotif (Weisblum

et al., 2020). Therefore, Beta and Gamma, but not Alpha, could poten-

tially increase the risk of infection in convalescent and/or vaccinated

individuals (Greaney et al., 2021; Planas et al., 2021; Wibmer et al.,

2021).

First identified in India in late 2020, the Delta variant became the

dominant strain worldwide prior to the Omicron variant. Similar to

the other VOCs, the transmission of the Delta variant was found to

be associated with an escape from neutralizing mAbs elicited by pre-

vious infection with SARS-CoV-2 or by COVID-19 vaccination (Planas

et al., 2021). Outcompeting Delta, the highly transmissible Omicron

variant was first detected in Botswana. It is the most heavily mutated

VOC with over 30 mutations in the spike protein, which is the primary

neutralization target of CP, vaccines, and therapeutic mAbs (Hoffmann

et al., 2020; Lan et al., 2020). Cao et al. (2022) demonstrated that 85%

of mAbs of diverse epitopes were ineffective against Omicron (Cao

et al., 2022). In addition, VanBlargan et al. (2022) found that several,

but not all, clinically utilized anti-receptor-binding domain (RBD)mAbs

lost neutralizing activity against the variant (VanBlargan et al., 2022).

The diverse mutations in the spike genes of these variants indicate

antigenic drift and raise notable concerns regarding potential immune

evasion. Moreover, these variants pose new challenges for mAb treat-

ments and threaten the protective efficacy of current vaccines (Wang

et al., 2021). RegardingCCPadministration, the FDAalso clearly stated

that CP is a promising solution, although it has not been shown to

be effective in every disease studied. So far, studies in CCP have not

reported any adverse event associated with its administration (Chen

& Xia, 2020; RECOVERY Collaborative Group, 2021a). Nevertheless,

it remains crucial that we find molecular tools that allow us to mea-

sure and predict the safety of CCP before its administration. Thus,

beside the need to further investigate the safety and efficacy of CCP

in high-quality trials as a consensus reached by a majority of experts in

the field (Dzik, 2020), herein we advocate a technological approach to

understand the performance of CP at molecular level.

4 SUGGESTED CP MECHANISMS OF ACTION

As previously mentioned, despite the historical and recurrent use of

CP as a medical emergency response to unforeseen viral diseases, the
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exact molecular mechanism of action by which the plasma neutral-

izes the virus remains unclear (Casadevall & Pirofski, 2020; Cheng

et al., 2005; Rojas et al., 2020). One obvious explanation for suc-

cessful use of CP therapy is that the nAbs from the plasma mediate

protection and viral neutralization. Although, the efficacy of the CP

treatment has been often associated with the concentration of nAb

in plasma from recovered donors (Rajendran et al., 2020; Tiberghien

et al., 2020; van Griensven et al., 2016). Other probable mechanisms,

including phagocytosis and/or antibody-dependent cellular cytotoxic-

ity, could also enhance the efficacy of CP (Casadevall & Pirofski, 2020;

Rojas et al., 2020). Aside from antibodies, other mediators present in

the plasma might protect against SARS-CoV-2 infection. For example,

molecules such as CCL28 chemokines, which were reported to protect

against HIV-1 infection at mucosal sites (Rainone et al., 2011), might

also be involved in protecting against coronavirus infection (Mohan

et al., 2017).

Based on the concept that CP immunotherapy is linked with the

concentration of nAbs, Arabi et al. (2015) proposed a protocol for

MERS-CoV infection where CP is evaluated through antibody based

assay (ELISA) to inform whether the donor has sufficiently high anti-

body titers (Arabi et al., 2015, 2016). This method has been recently

adapted to recovered patients with SARS-CoV-2 (Duan et al., 2020;

Shen et al., 2020). Interestingly, in a study that utilized a sensi-

tive SARS-CoV-2 pseudotyped-lentiviral-vector-based neutralization

assay to quantify specific nAbs in plasma from recovered COVID-19

patients (Rojas et al., 2020), the data presented clearly indicated an

unexpected variation in nAbs titers where nearly one-third of patients

did not develop high nAbs titers post-infection (Wuet al., 2020). Differ-

ent factors, such as age, lymphocyte count, andC-reactive protein level

in blood, have been linked to these disparities in nAbs titers, indicating

that other plasma constituents contribute to patient recovery (Rojas

et al., 2020; Smith et al., 2021; Wu et al., 2020). Finally, a more recent

study evaluated multiple sero-diagnostic assays for anti-SARS-CoV-2

antibody detection. The head-to-head comparison of the serological

tests revealed an agreement between ELISAs and latera flow assays

up to 94.8% (Whitman et al., 2020). The authors concluded that stud-

ies aimed at understanding the serological mechanistic correlates of

protective immunity to SARS-CoV-2 are necessary for guiding ratio-

nal clinical and public health policies (Whitman et al., 2020). Therefore,

despite the potential utility of this therapy, there is a need to take

a more sophisticate approach to characterize CP and gain important

molecular insights into its mechanism of action of CP.

5 MASS SPECTROMETRY ANALYSIS AS A WAY
FORWARD TO COMPREHENSIVELY CHARACTERIZE
CCP

Plasma proteomics can provide relevant and unbiased data relating to

disease progression and potential therapeutic agents (Messner et al.,

2020). Proteomic biomarkers are easily accessible and have proven

useful for infectious diseases as they vary with different disease states

of the patient (Whetton et al., 2020). Owing to the number of dif-

ferent analytes and their range of concentrations, plasma has one of

the most complex peptidomes, proteomes and metabolomes in the

human body. Because the dynamic range of compound concentra-

tion can vary >10 orders of magnitude, attaining in-depth profiling of

plasma peptidome/proteome/metabolome has proven difficult (Baker

et al., 2012). In contrast to enzymatic and antibody-based methods,

mass spectrometry (MS) methods measure the highly accurate mass

and fragmentation of small molecules such as peptide and metabo-

lites (Baker et al., 2012; Geyer et al., 2017). In this regard, MS-based

analyses offer an attractive avenue to comprehensively profile human

plasma both at proteomic (Geyer et al., 2017; Ignjatovic et al., 2019;

Schwenk et al., 2017) and metabolomic-levels (Anesi et al., 2019; Telu

et al., 2016).

MS-based techniques have been applied for plasma biomarker dis-

covery and profiling for various human diseases (Bringans et al., 2017;

Geyer et al., 2017, 2021; Huang et al., 2017,) and may be valuable

for early COVID-19 diagnosis, disease surveillance, and predictions

of treatment response in patients (Ignjatovic et al., 2019). Patel et al.

(2021) demonstrated that blood protein profiling of mild-to-critical

COVID-19 positive patients lead to the identification of six proteins

associated with disease severity (Patel et al., 2021). Likewise, other

studies have shown the successful application of proteomics in the

detection of COVID-19 biomarkers (Li et al., 2020; Messner et al.,

2020; Shen et al., 2020; Whetton et al., 2020). Hence, identifying

COVID-19 biomarkers of clinical value, such as defining disease sever-

ity, predicting disease phases and patient outcomes may be useful in

helping to manage the current pandemic (Park et al., 2020). COVID-19

also comprises several phases and it is important to identify biomarkers

to aid clinical decisions at each point (Whetton et al., 2020).

Plasma metabolic profiles provide unique information concern-

ing disease severity as it reflects both endogenous and exogenous

influences while supplying a functional readout of relevant cellular

biochemistry (Telu et al., 2016). Correlating metabolic profiles with

patient outcomes can therefore be used for the assessment of patient

response to treatments and biomarker discovery (Figure 2) (Dunn

et al., 2011). Gas chromatography-mass spectrometry (GC–MS), liquid

chromatography-mass spectrometry (LC–MS/MS) and nuclear mag-

netic resonance spectroscopy (NMR) are commonly used analytical

techniques for metabolite analysis. Properties of the metabolites of

interest and factors such as the samplematrix, quantity, and concentra-

tion determine the optimal analysis technique. GC-MS and LC-MS/MS

exceed the sensitivity, resolution and dynamic range afforded byNMR,

making them more suitable for the characterization of blood dis-

ease biomarkers (Zeki et al., 2020). In addition, metabolomic profiling

may represent a step toward personalized therapeutics for COVID-

19 patients as there is prospect for the stratification of COVID-19

patients based on their metabolic phenotype to optimize drug efficacy

(Migaud et al., 2020).

Metabolomics analyses are based on either targeted or untargeted

approaches. With targeted metabolomic applications being most

common, information on analysing different classes of metabolites is

readily available. However, metabolomics studies are moving toward

untargeted profiling to identify a broader range of novel metabolites
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Recovered COVID-19 patients Convalescent plasma treated COVID-19
survivors

Healthy controls

Plasma sample collection

Metabolomics

Clinical data

Identification of COVID-19-associated
molecules and pathways

COVID-19 biomarker discovery

F IGURE 2 Experimental workflow for metabolomic characterization of COVID-19 patient CCP. Plasma is harvested from a cohort of
recovered COVID-19 patients (CCP donors), CCP treated COVID-19 survivors, and healthy controls. The plasmametabolomes are analysed using
mass spectrometry. Themetabolomic profiles coupled with clinical patient information can be used to identify COVID-19-associatedmolecules,
pathways, and biomarkers

in each measurement without bias. Untargeted metabolomics has

been used to discover new plasma biomarkers for the early diagnosis

of CKD in plasma from paediatric patients (Benito et al., 2018) and

urea cycle disorders (UCDs) (Burrage et al., 2019). Table 1 summarizes

the MS-based proteomic and metabolic studies mentioned in this

review.

6 MULTI-OMICS DATASETS MAY LEAD TO AN
UNDERSTATING CCP MECHANISMS OF ACTION
AND TO PREDICT ITS TREATMENT EFFICACY

A recent study by Song et al. (2020) examined the plasma lipidome

and metabolome of COVID-19 patients with varying disease sever-

ity against healthy controls. It was revealed that the plasma lipidome

of COVID-19 patients mirrors that of monosialodihexosyl ganglio-

side (GM3)-enriched exosomes. They further demonstrated a positive

association between GM3-enriched exosomes and COVID-19 disease

severity. Lastly, the study identified a subset of 10 plasma metabo-

lites that can distinguish COVID-19 patients from healthy controls

(Song et al., 2020). Similarly, plasma lipidomic and metabolomic profil-

ing of a cohort of COVID-19 patients revealed a correlation between

lipid andmetabolite alteration and clinical symptoms (Wu et al., 2020).

Shu et al. (2020) performed a quantitative proteomic analysis on a

cohort of COVID-19 patients to profile host responses to SARS-CoV-2

infection. The study used plasma samples from survivors that recov-

ered from mild or severe symptoms, as well as non-survivors, and

revealed COVID-19-related alterations for host proteins implicated

with inflammation and coagulation. In addition, theydeveloped anduti-

lized amachine-learning-based pipeline for biomarker identification to

accurately classify different samples. This pipeline demonstrated the

potential of MS-based proteomics to produce predictive biomarker

signatures that support clinical decision making through the identifi-

cation of 11 protein biomarkers and a set of biomarker combinations

capable of accurately predicting different COVID-19 outcomes or

differentiating between them (Shu et al., 2020).

Acosta-Ampudia et al. (2021) assesseduntargetedmetabolomic and

lipidomic profiles of severe COVID-19 patients, recovered COVID-19

patients, and un-exposed healthy controls to evaluate CP composi-

tion. They confirmed altered sera cytokine and metabolite compo-

sition in severe COVID-19 patients when compared to recovered

patients. Interestingly, recovered COVID-19 patients exhibited sus-

tained perturbed unsaturated fatty acid levels and did not revert to

a pre-pandemic phenotype. In addition, it was determined that total

immunoglobulin A (IgA) and immunoglobulin G (IgG) anti-S1-SARS-

CoV-2 antibodies correlate with nAbs and should be considered as

important factors for CP selection (Acosta-Ampudia et al., 2021).

7 CONCLUSION AND FUTURE DIRECTIONS

Before clinicians can select safe and efficient CP before administra-

tion, future multi-omics translational studies are needed to determine

the presence of CP biomarkers, other than nAbs, that correlate with

treatment response and could be used to inform the selection of spe-

cific CP samples for therapeutic use. Employing multi-omics studies

to shed light on the mechanisms of CP will also lead to a robust MS-

based quality control protocol that supports the use of CP therapy as

a sophisticated and reliable frontline resource for current and future

viral epidemics based on a panel of biomarkers. Such a protocol will

assist clinicians all over the world in optimizing CCP therapy for both

safety and effectiveness, thereby providing confidence and quality

assurance to this controversial treatment, and ultimately allowing it to

be utilized to savemillions of lives. Given that CCP therapy can be pro-

duced locally and affordably, we envisage that this projected approach

will have enormous potential to improve the health care systems in

low- and middle-income countries, subsequently having a significant

positive impact on their socioeconomic condition.
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