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SUMMARY

The altered molecular proteins and pathways in response to COVID-19 infection
are still unclear. Here, we performed a comprehensive proteomics-based investi-
gation of nasopharyngeal swab samples from patients with COVID-19 to study
the host response by employing simple extraction strategies. Few of the host
proteins such as interleukin-6, L-lactate dehydrogenase, C-reactive protein,
Ferritin, and aspartate aminotransferase were found to be upregulated only in
COVID-19-positive patients using targeted multiple reaction monitoring studies.
The most important pathways identified by enrichment analysis were neutrophil
degranulation, interleukin-12 signaling pathways, and mRNA translation of pro-
teins thus providing the detailed investigation of host response in COVID-19
infection. Thus, we conclude that mass spectrometry-detected host proteins
have a potential for disease severity progression; however, suitable validation
strategies should be deployed for the clinical translation. Furthermore, the in sil-
ico docking of potential drugs with host proteins involved in the interleukin-12
signaling pathway might aid in COVID-19 therapeutic interventions.

INTRODUCTION

The COVID-19 outbreak first identified in China in December 2019 has been officially declared a global

pandemic by the World Health Organization (WHO). Last year, pneumonia-like symptoms caused by a

new flu-like virus seemed to wipe out a part of the population in Wuhan, China, which was later named

as 2019-novel coronavirus or severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by WHO.

This viral disease manifests with mild fever, throat pain, dry cough, and severe respiratory difficulties to

acute respiratory distress leading to breathlessness, pneumonia, and later multiple organ failure, which

is the major cause of fatality rates (Chen et al., 2020). A positive viral infection is often diagnosed by either

of the two ways; detection of viral load by real-time polymerase chain reaction (RT-PCR) and antibody-

based tests (Chan et al., 2020). However, these techniques experience several drawbacks, such as RT-

PCR faces several technical artifacts, including a high risk of cross-reaction with other potential coronavi-

ruses and the amplicons to be contaminated; whereas, serological tests have very low-sensitivity in the

early infection phase (Tang et al., 2020). Although it is important to screen individuals, mostly asymptomatic

individuals, for a country with a large population such as India, it is crucial to use all its available infrastruc-

ture based on RT-PCR, next-generation sequencing (NGS), and mass spectrometry platforms, as well as

antibody-based assays to expedite the testing. Further, for patients with COVID-19 with mild symptoms,

identification of biological markers that define COVID-19 disease severity could help clinicians to provide

better health-care facilities to patients in need. Therefore, exploring alternate and effective testing strate-

gies, as well as identification of predictive biomarkers are very crucial to combat this pandemic.

One of the major concerns is the lack of any established therapy or treatment after COVID-19 infection and

health-care systems around the world are relying on symptomatic care and supportive medicine. Currently,

the disease is being treated by a combination of available antiviral drugs such as remdesivir, lopinavir, and

ritonavir (Kim, 2020), and so on. Here, the scenario becomes burdensome when it comes to treating post-
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infection lung injury followed by multi-organ failure (Matthay et al., 2020). To target such key issues, prote-

omics-based investigations for the identification of biomarkers for COVID-19 has already begun among the

scientific community all over the globe. Proteomics study on SARS-CoV-2-infected Caco-2 cells presented

evidence of remodeling of cellular translation to overcome the changes occurring in host translation capac-

ity as a response to the viral attack (Bojkova et al., 2020). Mass spectrometry-based proteomics from diluted

gargle samples was able to identify the presence of a unique SARS-CoV-2 peptide, which belongs to viral

nucleoprotein (Ihling et al., 2020).

Nasopharyngeal swab has a high viral titer, and it is one of the easiest, cheapest, and non-invasive ways of

sample acquisition, currently being used for the RT-PCR-based detection of SARS-CoV-2 virus. Study con-

ducted by Nikolaev et al. resulted in identification of SARS-CoV-2 nucleocapsid (N) protein, which pio-

neered the idea of developing COVID-19 biomarkers using nasopharyngeal swab samples (Nikolaev et

al., 2020). It is evident that nasopharyngeal swab could be used to identify viral peptides for COVID-19

detection as well as for studying the host protein alteration using high-resolution mass spectrometry.

Host pathobiology plays a significant role in RNA virus infection. Pathomechanism of SARS-CoV-2 shows virus

hijacks and modulates host cell machinery in multiple ways upon its entry. Till now, it is unclear how SARS-

CoV-2 alters the host molecular pathways, although recent research has made some progress identifying and

characterizing the biomolecular findings for disease onset and progression (Bock and Ortea, 2020). Previously,

Bock et al. have re-analyzed the publicly available proteomic data generated by infecting SARS-CoV-2 in a cell

line model and found several host proteins alteration, which were linked to various intracellular pathways (Bock

and Ortea, 2020; Bojkova et al., 2020). In a study when nasopharyngeal swab samples from COVID-19-infected

patients were analyzed, proteins belonging to the innate immune system were found to be significantly altered.

Recent study on plasma proteomics revealed the potential clinical classifiers of COVID-19 infection (Messner

et al., 2020). Such observationsmade at themacromolecular levelmay explainwhy a large part of innate immune

machinery experiences the quintessential change. Till date, very few studies are available, which focuses on the

unique biomolecular signature, that can play a crucial role in understanding the disease mechanism and clinical

translation aiming at prognosis and cure.

In this study, we have used high-resolution mass spectrometry-based proteomics to identify viral peptides

for detection and host proteins for the prognosis of COVID-19 disease severity. We have validated differ-

entially expressed host proteins using multiple reaction monitoring (MRM)-based mass spectrometry

assay. This is the first comprehensive proteomics study from an Indian hot spot COVID region, Mumbai,

displaying the potential of proteins identified from mass spectrometry-based approaches for understand-

ing the COVID-19 pathogenesis.

RESULTS

Detection of viral peptides from COVID-19 nasopharyngeal swab samples

The mass spectrometry-based label-free quantification is an efficient technique for a simple, rapid, and

high-throughput analysis of the peptides from the clinical samples. One of themajor challenges associated

with the successful mass spectrometry-based detection of the unique peptides and proteins depends on

the initial steps of protein precipitation and peptide enrichment. Here, we investigated the use of three

different organic solvents (ethanol, acetone, and isopropanol) for the enrichment of peptides from a total

of 101 nasopharyngeal swab samples collected in viral transport media (VTM). The swab samples in VTM

tubes were heat-inactivated before addition of solvents. The detailed workflow for the mass spectrom-

etry-based analysis of respiratory specimen is shown in Figure 1A. To study the disease progression,

only those patients with COVID-19 who were confirmed by RT-PCR and presented non-severe-to-severe

symptoms were selected. The clinical details of all the patient samples are shown in Table S1.

At the initial phase of the study, we performed shotgun mass spectrometry analysis for swab samples in

three different solvent conditions. Comparison of the three solvents in detecting unique viral peptides

showed that for spike glycoprotein and nucleoprotein similar number of peptides were obtained using

each of the three solvents, whereas, in the case of replicase polyprotein 1ab protein, acetone exclusively

yielded a higher number of enriched peptides (Figure 1B).

To further validate the viral peptides detected from the discovery study comprising a set of 13 patients, 12

peptides were selected, and MRM assays were performed on a set of 5 COVID-19-positive, 5 COVID-19-
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Figure 1. The workflow of sample preparation for detection of viral load and mass spectrometry analysis

Swab samples were collected in viral transfer media and RNA was extracted followed by cDNA preparation which was

analyzed by RT-PCR for determining the viral load. For MS analysis, proteins in swab samples were precipitated using

three organic solvents namely acetone, ethanol and isopropanol. The proteins were digested, desalted and subjected to

mass spectrometry analysis. Raw files from Mass Spectrometry were analyzed using Maxquant and significant proteins

were selected for MRM analysis.

(A) Schematic representation for RT-PCR and mass spectrometry-based detection of swab proteins.

(B) Comparison of various extraction methods. The sample pool used in this study was prepared from all three solvents,

which yielded the maximum average number of unique viral peptides as compared to the other extraction methods.

(C) Representative MRM spectra for three viral peptides as observed in COVID-19 positive swab samples. The peptides

belong to Replicase 1ab, Nucleocapsid and Spike proteins respectively.
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negative, and 3 non-COVID/healthy controls (samples collected before COVID pandemic). The workflow

and quality control checks for TSQ Altis mass spectrometer used for MRM assay is shown in Figures S2

and S3. The representative MRM spectra for three viral peptides (Replicase 1ab, Nucleocapsid and Spike

proteins) as observed in COVID-19-positive swab samples are shown in Figure 1C. The final MRM list had 4

viral peptides (IQDSLSSTASALGK, NTQEVFAQVK, FLPFQQFGR, and QIAPGQTGK) belonging to SARS-

CoV-2 Spike glycoprotein (P0DTC2); 4 peptides belonging to SARS-CoV-2 nucleoprotein

(P0DTC9)(NSTPGSSR, GGSQASSR, DGIIWVATEGALNTPK, and RPQGLPNNTASWFTALTQHGK; 4 more

peptides (NGSIHLYFDK, ELLQNGMNGR, DGHVETFYPK, DFMSLSEQLR) (P0DTD1) belonging to Replicase

polyprotein 1ab (Table S5) and a SpikeTide (Schnatbaum et al., 2011) having sequence FEDGVLDPDYPR

that was spiked into all these samples as an internal standard. Distinct MRM spectra were seen for all

the selected viral peptides in the COVID samples but not in healthy controls (refer to the Skyline files in

the data availability section). This study should be further validated on the larger cohort of COVID-19-pos-

itive and COVID-19-negative samples.

Alteration of host proteome in response to COVID-19 infection

To investigate the alteration in host proteome, mass spectrometry-based label-free quantification was per-

formed on 68 patient’s swab samples, extracted using three different solvents (ethanol, acetone, and iso-

propanol). These clinical samples were run in two batches, first batch consisted of 44 samples (26 COVID-

19-positive, 11 recovered, and 7 negative) and the second batch consisted of 24 samples (11 severe and 13

non-severe). The mass spectrometry generated raw data sets were processed with MaxQuant software

against the Human Swiss-Prot database, which includes a total of 20,353 proteins. The total number of pro-

teins identified in all the groups is shown in Table S6. Around 164 common significant proteins were iden-

tified from the comparison between 3 groups (COVID-19 positive, negative, and recovered) (Figure S4).

Interestingly, Partial least squares-discriminant analysis (PLSDA) indicated sample-ID 30 belonging to

the recovered group, to be a part of cluster consisting of positive samples. This analysis indicates that

the patient sample-ID 30 might have not recovered completely and thus was showing clustering with the

COVID-19-positive samples (Figure 2A). The heatmap of top 25 proteins from 164 common significant pro-

teins between 3 groups revealed that the protein angiotensinogen, complement component C3, T-com-

plex protein 1 subunit delta and signal transducer and activator of transcription 1 (STAT1) was found to

be highly upregulated in COVID-19-positive patients when compared with negative and recovered pa-

tients (Figure 2B). The two different comparisons of positive samples with recovered samples and true

negative samples identified several significant proteins and they were also able to form a distinct cluster

based on the dysregulated proteins (Figure S5). These results show that the panel of significant proteins

was able to distinguish the three clusters even on different group comparisons.

Further, the batch of 24 COVID-19-positive samples which includes 11 non-severe and 13 severe patient

samples were separately analyzed in MaxQuant using the same parameters discussed above. One sample

of 24 samples was found to be an outlier due to its low correlation coefficient and hence removed. From the

heatmap of top 25 proteins, 6 significant proteins were identified to be differently expressed in COVID-19

severe when compared to COVID-19 non-severe patient samples (Figure 2C). A few of the significant pro-

teins identified were lipocalin-1, myeloid-derived growth factor, fibrinogen silencer-binding protein, and

Cofilin-1. The partial least square-discriminant analysis of 23 samples was performed which found to

show a clear distinction between the severe and non-severe cohorts (Figure 2D). VIP score based on PLSDA

has been used to select top 15 features and 7 of these 15 features were found to be significantly differen-

tially expressed between non-severe and severe cohort (Figure S6).

The proteomic analysis of COVID-19-positive and COVID-19-negative patients revealed few links with the

clinical parameters. We found the protein lactate dehydrogenase A (LDH-A), lactate dehydrogenase B

(LDH-B), STAT1 (a key regulator of IL-6), hemoglobin subunit alpha (HBA) and hemoglobin subunit beta

(HBB) protein (hemoglobin subunits) to be upregulated in COVID-19-positive patients when compared

to COVID-19-negative patients (Figure 2E). These results correlated with the symptoms of the patients

and hence the significant proteins identified from positive and negative comparison were taken forward

for the validation assay and pathway analysis.

Targeted MRM assay and clinical validation of the host proteins for COVID-19 prognosis

A few proteins such as L-lactate dehydrogenase A chain (P00338), L-lactate dehydrogenase B chain

(P07195), Ferritin heavy chain (P02794), Ferritin light chain (P02792), aspartate aminotransferase,
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Figure 2. Alteration of host proteome in response to COVID-19 infection

To study the host proteome profile the mass spectrometry generated raw datasets were processed with MaxQuant

software against the Human Swiss-Prot database.

(A) Map of the Segregation of Positive, True Negative, and Recovered samples using PLSDA. Analysis of 18 positive, 11

recovered and 7 true negative samples showed segregation into three clusters. True negative clusters distinctly classified

from recovered and positive samples. Sample 30, a recovered sample found to be placed within the positive sample

cluster.
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mitochondrial (P00505), aspartate aminotransferase, cytoplasmic (P17174) and albumin (P02768) which

were found to be upregulated in COVID-19-positive patients when compared to COVID-19-negative pa-

tients in the LFQ data were selected and used for a targeted MRM study. Also, we checked for the clinical

markers such as interleukin – 6 (IL-6), C-reactive protein, as well as proinflammatory cytokines such as tumor

necrosis factor (TNF-a) which we could not identify in LFQ data but is clinically significant using targeted

MRM assay. The following analysis was performed on the swab samples of 6 COVID-19-negative and 16

COVID-19-positive patients (consisting of 8 severe and 8 mild samples) were run on a triple quadrupole

mass spectrometer coupled to an HPLC. The peak shapes of representative peptides for clinically signifi-

cant proteins validated using MRM, as seen in Skyline are shown in Figures 3A and S7. Table S7 shows the

list of MRM identified peptides between 16 COVID-19-positive and 6 COVID-19-negative samples, used for

validation. Intensities of the peptide for proteins interleukin-6 (IL-6), L-lactate dehydrogenase A chain

(LDH-A) and aspartate aminotransferase, and cytoplasmic (GOT1) were observed to be statistically signif-

icant between COVID-19-positive andCOVID-19-negative patient samples (p < 0.05; Fold change > 1.5 at a

confidence interval of 99%). A refined list of transitions that provided validated clinical marker proteins us-

ing MRM and gave statistically significant peptides (adjusted p value < 0.05; fold change > 1.5) between

COVID-19-positive and COVID-19-negative swab samples are shown in Figure 3B and Table S8.

Molecular pathway perturbations with the progression of COVID-19 infection

A list of 452 significant proteins from COVID-19-positive samples, when compared to COVID-19-negative

samples, were taken forward for Gene Ontology (GO) enrichment analysis using Metascape. The most

prominent pathways identified were neutrophil degranulation, platelet degranulation, interleukin-12

signaling pathways, mRNA translation of proteins, and co-factor metabolomic process (Figures 4 and

S8). The abundance of few proteins mapping into the prominent pathways such as peroxiredoxin-6

(PRDX6), macrophage migration inhibitory factor (MIF), glutathione S-transferase omega-1, 40S ribosomal

protein S28 (RPS28), eukaryotic translation initiation factor 4H (EIF4H) and elongation factor 2 (EEF2) for

COVID-19-positive and COVID-19-negative controls are shown in the violin plot (Figure 4).

Although we could not identify some of the proinflammatory cytokines in LFQ analysis, the GO enrichment

analysis did reveal several proteins that might be upregulated in response to the stimulus from proinflam-

matory cytokines or might be inducing its release. For example, proteins such as RPS3 with the role in bio-

logical process response to TNF-a agonist, MIF protein involved in the interleukin-12 family signaling

capable of activating T cells to produce proinflammatory cytokines such as TNF-a, interleukin (IL) 1b, IL-

2, IL-6, IL-8, and interferon-g, leading to inflammatory responses. Thus, the GO enrichment analysis showed

several proteins belonging to the IL-6, IL-1, IL-23, IL-12, and IL-7 signaling pathway which plays an impor-

tant role in the COVID-19 progression to severity (Table S9). We also identified ILK pathways such as inter-

leukin-12 family and interleukin-1 signaling which belongs from cytokine signaling in the immune system

pathway. We also found STAT1, a key regulator of IL-6, significantly upregulated in most of the COVID-

19-positive when compared with the negative sample group (Figure S8).

Molecular docking of drugs with host proteins

We used the in silico approach of molecular docking to analyze the inhibition mechanism of few drugs on

pathways related to immune response. In our study, we have docked the identified proteins from

Figure 2. Continued

(B) HeatMap of Positive, True Negative and Recovered samples. A list of 164 significant proteins found to be common

between Positive vs Negative, Positive vs Recovered and Positive vs True Negative has been used to draw a hierarchical

clustering based heatmap. The figure depicts the top 25 significant proteins found to segregate the groups using the

ward clustering algorithm.

(C) The unsupervised heatmap of 25 significant protein shows a perturbation between the non-severe and severe group.

(D) Clustering analysis to segregate the Positive severe and non-severe samples. 12 severe positives and 11 non-severe

positive samples were found to be segregated into two clusters in PLSDA.

(E) Violin plot showing the expressional difference of clinical protein markers of COVID diagnosis. Violin plot of LDH-A

and LDH-B – the subunits of Lactate dehydrogenase found to be significantly upregulated in COVID-19-positive samples

when compared with COVID-19-negative samples. STAT1, a key regulator of interleukin also found to be significantly

upregulated in COVID-19-positive, having biological connections with D-dimers and creatine phosphokinase which are

clinical markers. HBA and HBB subunits of hemoglobin are also found to be significantly upregulated in the COVID-19-

positive samples. (UnpairedWelch’s T test; ns: 5.00e-02 < p <= 1.00e+00; *: 1.00e-02 < p <= 5.00e-02; **: 1.00e-03 < p <=

1.00e-02; ***: 1.00e-04 <p <= 1.00e-03; ****: p <= 1.00e-04).
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neutrophil degranulation, translation and interleukin pathway against 29 FDA-approved, 9 clinical, and 20

pre-clinical trial drugs (Table S10). The inhibitors well established in the literature (Gordon et al., 2020) were

used as a positive control against these target proteins. The control inhibitor gives us a possible cutoff for

Figure 3. MRM validation of the host proteins upregulated in COVID-19-positive samples

The MRM analysis was performed on 6 COVID-negative and 16 COVID-positive patient swab samples. 1 mg peptide from each sample was injected into a

Vanquish HPLC coupled to a TSQ Altis� triple quadrupole and run against a transition list of peptides belonging to important clinical markers. The list of

transitions was prepared for unique peptides of these selected proteins using Skyline (Version 20.2.1.286). This list included a spiked-in synthetic heavy

peptide (THCLYTHVCDAIK) used for monitoring the consistency of the mass spectrometry runs. For identification of the sensitivity of the peptide detection,

we performed serial dilution of two crude synthetic peptides (heavy and light). The concentration of peptide was calculated using the Scopes method from

its O.D. value at 205 nm and 280 nm. Different concentrations of the peptides starting from 25 to 125 ng were run in TSQ Altis� Triple Quadrupole Mass

Spectrometer.

(A) Peak shapes of representative peptides for clinical marker proteins validated using MRM. The statistically significant change in the expression of the

proteins was observed between COVID-19-positive and COVID-19-negative patient samples (T-test, **p < 0.05; Fold change > 1.5 at a confidence interval of

99% - determined by Skyline).

(B) Box plots of representative peptides for clinical marker proteins validated using MRM.

(C) Standard curve of heavy synthetic peptide HSGFEDELSEVLENQSSQAELK. The crude heavy synthetic peptide was diluted in the range of 25 to 125 ng

concentration. The standard curve for this peptide was plotted using the peak area against the concentration of the peptide. The intensity of the peak area

was proportional to the amount of the synthetic peptide. The lowest amount of synthetic peptide detected was at 30.9 ng.

(D) Standard curve of light synthetic peptide HSGFEDELSEVLENQSSQAELK. The crude light synthetic peptide was diluted in the range of 25 to 125 ng

concentration. The standard curve for this peptide was plotted using the peak area against the concentration of the peptide. The intensity of the peak area

was proportional to the amount of the synthetic peptide. The lowest amount of synthetic peptide detected was at 19.8 ng.
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the docking score. The selection of drugs for the protein was done by considering a couple of criteria. First,

the binding energy of the drug was expected to be equal or higher than that of the control inhibitor. Sec-

ond, the binding pocket of the drug was expected to be similar to the control drug. The proteins involved in

the neutrophil degranulation, translation, and interleukin pathways are the mediators to distinguish be-

tween two cohorts (COVID-19-positive and COVID-19-negative) and hence were taken forward as potential

drug targets to perform further computational studies. Based on our docking analysis, we observed that 1

pre-clinical trial drug binds to protein involved in the translation pathway (Figure S9) and 7 FDA-approved

drugs to target neutrophil degranulation pathway (Figure S10); and 2 FDA-approved and 2 pre-clinical

drugs for interleukin pathway (Figure 5). One FDA-approved drug loratadine (ZINC537931) and another,

currently in pre-clinical studies, UCPH-101 (ZINC000040914195) was found to bind three major proteins

(ADP-ribosylation factor 1, carbonic anhydrase 1 and MIF) from the interleukin pathway. Both, loratadine

and UCPH-101 bind to the control ligand-binding pocket with a binding affinity more negative than control

(<-8 Kcal/mol) (Figure 5). Similarly, few more drugs were found to bind proteins belonging to eukaryotic

translation, as well as neutrophil degranulation pathway.

DISCUSSION

We have performed a comprehensive proteomics study from an Indian hot spot COVID region, Mumbai,

displaying the potential of mass spectrometry-based approaches for severity progression of COVID-19 and

clinical translation. To obtain highly efficient peptide enrichment from COVID-19-infected swab samples,

we precipitated protein from swab using three different organic solvents namely, ethanol, isopropanol, and

acetone, as well as prepared a pool of peptides from all three conditions. A few MS-based studies have

relied on a complex sample preparation protocol, using TCA-acetone and in-gel digestion or a single

organic solvent for the extraction of proteins identifying only a few unique peptides (Gouveia et al.,

2020; Nikolaev et al., 2020). However, we observed the pool of peptides from three methods identified

the maximum number of viral peptides using Orbitrap Fusion mass spectrometer. The MRM-based assay

could specifically detect SARS-CoV-2 peptides from spike glycoprotein, nucleoprotein, and replicase poly-

protein 1ab protein. These peptides showed a distinct elution profile and were eluted between 0.5 to 8 mi-

nutes. Thus, MRM-based assay confirmed the presence of SARS-CoV-2 peptides in COVID-19-positive

samples as compared to healthy controls.

Currently, several researcher groups have studied the host proteome alteration in response to COVID-19

infection (Shen et al., 2020; Overmyer et al., 2020). However, still panel of host proteins to be routinely

monitored in the patients or the pathways to be targeted are not yet identified and validated. Thus, to iden-

tify the potential prognostic markers and therapeutic targets, we performed a deep proteome profiling of

COVID-19 respiratory samples based on label-free quantification using a high-resolution mass spectrom-

eter. The nasopharynx being the primary site of the viral entry, the nasopharyngeal swab might be the bet-

ter sample to study the complex molecular and immune response events in the infected host. From over

3749 host proteins, we could identify around 164 significant proteins in COVID-19-positive when compared

to COVID-19-negative and recovered patients. Using targeted MRM assay, we could detect a statistically

significant change in the intensity of the peptide of proteins such as interleukin-6, L-lactate dehydrogenase

A chain, L-lactate dehydrogenase B chain, Ferritin heavy chain, Ferritin light chain, aspartate aminotrans-

ferase (mitochondrial), aspartate aminotransferase (cytoplasmic), C-reactive protein, and proinflammatory

cytokines, TNF-a in COVID-19-positive patients when compared to COVID-19-negative patients. However,

targeted assays based on these host proteins on a large cohort of patients using longitudinal samples are

required for the successful clinical translation.

Currently, we have limited understanding of molecular pathways altered during the SARS-CoV-2 infection

(Shen et al., 2020; Overmyer et al., 2020). Using enrichment analysis, we could identify proteins involved in

neutrophil degranulation, platelet degranulation, interleukin-12 signaling related pathway, translational

mechanism, and co-factor metabolomic process to be key GO enriched pathways altered in the COVID-

19-positive patients. Recent studies state that there is an evidence of increased peripheral neutrophil-

to-lymphocyte-ratio in the case of severe COVID-19 patients (Zheng et al., 2020), suggesting the fact

Figure 4. Molecular pathway perturbations with the progression of COVID-19 infection

The figure represents the enriched GO biological processes with their co-expressed proteins in the form a bipartite network where few proteins has been

shown in the form of violin plot for COVID-19-positive (high and low viral load patients) and COVID-19-negative controls. (Unpaired Welch’s T-test, p-value

annotation legends: ns: 5.00e-02 < p <= 1.00e+00; : 1.00e-02 < p <= 5.00e-02; *: 1.00e-03 < p <= 1.00e-02; *: 1.00e-04 < p <= 1.00e-03; **: p <= 1.00e-04).

The representative images from the Reactome depicting the key pathways perturbed in the host are also shown.
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that neutrophil degranulation is one of the major events that modulate the immune system post-infection.

We identified several host proteins such as complement C3, glucose-6-phosphate isomerase, SERPINB3,

peroxiredoxin-6, and transitional endoplasmic reticulum ATPase (VCP) mapping to neutrophil degranula-

tion pathway. In recent studies, it has also been argued that neutrophils play a dual role during pathogen

attack. They help our immune system to get rid of viruses or bacteria by releasing granule-derived medi-

ators and activating complement, but accumulation or overreaction due to these mediators may lead to

hyperinfection, tissue injury, or septic shock (Lacy, 2006). However, it is quite unclear whether SARS-

CoV-2 directly targets the neutrophil degranulation pathway or is just a consequence of severe immune

complications of SARS-CoV-2 infection. The interleukin IL-6 is a hallmark of the cytokine storm observed

in the COVID-19 severe patients (Sun, 2020). We also identified several proteins such as STAT1 (a key regu-

lator of IL-6) belonging to the interleukin signaling pathway upregulated in COVID-19-positive patients as

compared to the COVID-19-negative patients (Matsuyama, 2020).

We also identified several host proteins belonging to platelet activation, aggregation, and degranulation

pathways such as fibrinogen gamma chain, profilin-1, albumin, serotransferrin, and alpha-2-macroglobulin.

Platelets function as exocytotic cells, secreting a plethora of effector molecules at sites of vascular injury.

The increased fibrin formation and breakdown correlated with the high level of D-dimers observed in the

COVID-19 patients with the worst outcomes (Tang, 2020). The increasing levels of FGG in severe cases

might be due to liver injury, impairing hepatic fibrinogen secretion with acquired fibrinogen storage dis-

ease (Fraga, 2020).

Translation event inside a eukaryote system requires several hundred proteins to act in sync. It becomes

impossible for a virus to carry that much information in its genome thereby increasing its dependence

on the host to make viral proteins. To achieve that, viral mRNAs compete with the host mRNAs to access

limited cellular translational resources (Katze et al., 1985). Almost all coronavirus families initiate their trans-

lation in a ‘cap-dependent pathway’ with the help of SARS-CoV-2 N protein (Nakagawa et al., 2016). We

identified several proteins such as EEF2 (P13639), ATP-dependent RNA helicase DDX18 (Q9NVP1), 60S

Figure 5. Molecular docking studies of drugs binding to the host proteins involved in interleukin-12 signaling

pathways

Autodock Vina (1.1.2) was used to identify the drugs binding to the host proteins involved in the neutrophil degranulation,

translation, and interleukin pathway. A screening of 29 FDA-approved, 9 clinical, and 20 pre-clinical trial drugs against the

host protein identified several potential drug candidates targeting the interleukin-12 signaling pathway.

(A) shows the drug Loratadine (green) docked with three proteins from the interleukin pathway; ADP-ribosylation factor 1

(binding energy or BE -9.8 kcal/mol), carbonic anhydrase 1 (BE -8.3 kcal/mol) and macrophage migration inhibitory factor

(MIF) (BE -8 kcal/mol).

(B) shows the same proteins docked with the drug UCPH-101 (cyan); ADP-ribosylation factor 1 (BE -9.9 Kcal/mol), carbonic

anhydrase 1 (BE -8.5 kcal/mol) and MIF (BE -8.8 kcal/mol).

Both of the drugs bind to all three proteins with negative binding energy greater than their respective control inhibitor.

The interacting amino acid residues, which are present on the ligand-binding pocket are labeled. Almost all of the

interacting residues belong to hydrophobic amino acids.
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acidic RP P1 (P05386), 40S RP S4, X isoform (P62701), 40S RP S12 (P25398), elongation factor 1-gamma

(Q15056), EIF4H (Q15056) belonging to the translational pathway. One of the proteins EIF4H was known

to stimulate the RNA helicase activity of EIF4A in the translation initiation complex (Cencic et al., 2011). Kro-

gan et al. reported that eIF4H, which interacts with NSP9 SARS-CoV-2 protein, is a partner of eIF4A, and

observed a strong antiviral effect after treatment with the eIF4A inhibitor Zotatifin (Gordon et al., 2020). Af-

ter infection by some viruses, the translation of the host mRNA is often suppressed, whereas translation

initiation of RPs mRNA might increase and persist late (Shuo, 2019). We observed significant upregulation

of 40S RP and 60S RP which might be a result of the virus-host interaction for enhancing the production of

few RPs to maintain viral propagation. These results reveal that the composition of ribosome proteins may

be different between COVID-19-infected hosts and in uninfected populations.

Interleukin-12 signaling pathway plays an important role in the coordination of the innate and adaptive im-

mune response (Liu, 2005). We identified several host proteins such as plastin-2, MIF, glutathione S-trans-

ferase A2, carbonic anhydrase 1 (CA1), and ADP-ribosylation factor 1 (ARF1) involved in the interleukin-12

signaling pathways. The MIF secreted in response to viral infection can activate the T cells and macro-

phages to produce inflammatory cytokines, including TNF-a, IL-6 and others, leading to elevated inflam-

matory response also called ‘‘cytokine storm’’ (Vandenbark, 2020). In our study, we have detected high

levels of MIF, TNF-a and IL-6 in COVID-19 patients which correlates with the symptoms of acute respiratory

distress syndrome (ARDS) in severe patients. Thus, targeting these host proteins involved in the interleukin-

12 signaling or inflammatory response might protect the patients from developing ARDS.

Further, we investigated the binding of the drug to the host proteins involved in the molecular pathways

altered in the infected host. An extensive docking study of 29 FDA-approved, 9 clinical, and 20 pre-clinical

trial drugs was performed to target neutrophil degranulation, translation, and interleukin-12 signaling

pathways. We identified Loratadine and UCPH-101 as a potential drug to target the host proteins such

as MIF, CA1, and ARF1 involved in the interleukin-12 signaling. Loratadine is an anti-histamine used for

the treatment of allergies and is known for reducing the excessive cytokine proinflammatory storm (Canon-

ica, 2011). UCPH-101 an inhibitor of excitatory amino acid transporter subtype 1 (EAAT1), is also shown to

bind to these host proteins and thus might play an important role in blocking inflammatory response (Abra-

hamsen, 2013). We also identified several drugs and small molecules inhibiting the proteins involved in the

translational and neutrophil degranulation pathways. These small molecules and drug candidates should

further be validated using in vitro human cell line model.

In conclusion, our data emphasize that nasopharyngeal swab respiratory samples, which are routinely

collected for the COVID-19 RT-PCR testing; could also be used for mass spectrometry-based detection

of host proteins. Further, we have validated these proteins using MRM-based mass spectrometry assay.

The significant proteins involved in the translational and neutrophil degranulation pathways might be po-

tential targets for the COVID-19 therapeutics. This study opens up new opportunity for the researchers to

understand the alteration of the host response to SARS-CoV-2 in the Indian population.

Limitations of the study

Considering the high viral count, swab samples are clinically used for the detection of COVID-19 by RT-

PCR, however, using these samples for routine monitoring of biomarkers is a challenge. Swab samples be-

ing highly infectious, in the clinical settings most of the biochemical and immunoassay are designed for

application using blood-based sample. The VTM components in the swab samples will also interfere

with the immunoassay, thus might not be suitable for the clinical application. However, suitable validation

strategies could be developed directly from swab samples and should be validated on large cohort of pa-

tients before the identified biomarkers could be taken forward for clinical translation.

Resource availability

Lead contact

Further information and request for resources and reagents should be directed to andwill be fulfilled by the

lead contact, Dr. Sanjeeva Srivastava (sanjeeva@iitb.ac.in).

Materials availability

This study did not generate any new unique reagents and/or materials.
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Data and code availability

All proteomics data associated with this study are present in the manuscript or the Supplementary informa-

tion. The accession number for the raw MS data and search output files for proteomics data sets deposi-

teded to the Proteome Xchange Consortium via the PRIDE partner repository is ‘‘PRIDE: PXD020580’’

and ‘‘PRIDE: PXD023016’’ (Link: https://www.ebi.ac.uk/pride/archive/loginreviewer20505@ebi.ac.uk.

https://www.ebi.ac.uk/pride/archive/loginreviewer_pxd023016@ebi.ac.uk) The targeted proteomics data

is deposited in the Panorama Public and can be accessed through this link: ‘‘Panorama Public: https://

panoramaweb.org/COVID_Swab_MRM.url’’ panorama+srivastava@proteinms.net. The additional supple-

mental items are available from ‘‘Mendeley Data: https://doi.org/10.17632/rnfn3vhg63.1’’. The present

research did not use any new codes.

METHODS

All methods can be found in the accompanying Transparent methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2021.102135.
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Supplemental Figures and Tables 

 

Figure S1. Quality check of the Mass Spectrometry run showing the distribution of all QC Pools, the pool-

to-pool correlation and the Pearson r correlation between the pools and individual pool distribution 

respectively. Related to Figure 1 and transparent methods “sample preparation for LFQ”.  

 

 

 



 

Figure S2. Workflow for Multiple Reaction Monitoring. Related to Figure 1C. 

 

 



 

Figure S3. Quality check of TSQ Altis mass spectrometer used for MRM experiments showing the response 

of peak areas and retention times of the representative peptide for BSA and Spike-in peptide response. 

Related to Figure 1C.  

 

 

 

 

 



                 

Figure S4. Venn diagram represents a list of 164 common significant proteins. Related to Figure 2A. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S5. Unsupervised heat map and principal component analysis of differentially expressed proteins of 

COVID-19 Positive Vs True negative and recovered patients. Related to Figure 2B.   

 

 

 

 

 

 



 

Figure S6.  VIP score based PLSDA for COVID-19 severe when compared to COVID-19 non-severe. 

Related to Figure 2D.  

 

 

 

 

 

 

 

 

 

 

 



 

        

Figure S7. MRM analysis of clinically relevant markers performed on 6 COVID-19 negative and 16 COVID-

19 positive samples. (T-test, p < 0.05; Fold change > 1.5 at a confidence interval of 99%). Related to Figure 

3.  

 

 



 

 

Figure S8. Gene ontology enrichment analysis of COVID-19 positive Vs negative using Metascape 

Pathway, protein-protein interaction network and STAT1 is shown in the form of violin plot (Unpaired 

Welch’s T-test; ns: 5.00e-02 < p <= 1.00e+00; *: 1.00e-02 < p <= 5.00e-02; **: 1.00e-03 < p <= 1.00e-02; 

***: 1.00e-04 <p <= 1.00e-03; ****: p <= 1.00e-04). Related to Figure 4.  

 

 

 

 

 

 



 

 

Figure S9. In-silico docking of host proteins involved in translational pathways. Related to Figure 5.  

 

 

 

 

 

 

 

 

 



 

Figure S10. In-silico docking of host proteins involved in neutrophil degranulation pathways. Related to 

Figure 5.  

 

 

 

 

 

 

 

 

 

 

 



Table S2. MS settings used for running the samples in Mass Spectrometry. Related to Figure 1A and 

Transparent Methods “MS analysis”.  

 

 

 

 

 

 

 

 

 

 

 



 

 



Table S3. MaxQuant analysis parameter file. Related to Transparent Methods. Related to Figure 1A and 

Transparent methods “LFQ data analysis”.  

 

Parameter Value 

Version 1.6.6.0 

User name Admin 

Machine name ADMIN-PC 

Include contaminants TRUE 

PSM FDR 0.01 

PSM FDR Crosslink 0.01 

Protein FDR 0.01 

Site FDR 0.01 

Min. peptide Length 6 

Min. score for unmodified peptides 0 

Min. score for modified peptides 40 

Min. delta score for unmodified peptides 0 

Min. delta score for modified peptides 6 

Min. unique peptides 0 

Min. razor peptides 1 

Min. peptides 1 

Use only unmodified peptides and TRUE 

Modifications included in protein quantification Oxidation (M);Acetyl (Protein N-term) 

Peptides used for protein quantification Razor 

Discard unmodified counterpart peptides TRUE 

Label min. ratio count 2 

Use delta score FALSE 

iBAQ FALSE 

Instrument Type Orbitrap 

Match between runs TRUE 

Matching time window [min] 0.7 

Match ion mobility window [indices] 0.05 

Alignment time window [min] 10 

Alignment ion mobility window [indices] 1 

Find dependent peptides FALSE 

Decoy mode revert 

Include contaminants TRUE 

Advanced ratios TRUE 

Second peptides TRUE 

Stabilize large LFQ ratios TRUE 

Separate LFQ in parameter groups FALSE 

Require MS/MS for LFQ comparisons TRUE 

Main search max. combinations 200 



Advanced site intensities TRUE 

Max. peptide mass [Da] 4600 

Min. peptide length for unspecific search 8 

Max. peptide length for unspecific search 25 

Razor protein FDR TRUE 

Disable MD5 FALSE 

Max mods in site table 3 

Match unidentified features FALSE 

Evaluate variant peptides separately TRUE 

Variation mode None 

MS/MS tol. (FTMS) 20 ppm 

Top MS/MS peaks per Da interval. (FTMS) 12 

Da interval. (FTMS) 100 

MS/MS deisotoping (FTMS) TRUE 

MS/MS deisotoping tolerance (FTMS) 7 

MS/MS deisotoping tolerance unit (FTMS) ppm 

MS/MS tol. (ITMS) 0.5 Da 

Top MS/MS peaks per Da interval. (ITMS) 8 

Da interval. (ITMS) 100 

MS/MS deisotoping (ITMS) FALSE 

MS/MS deisotoping tolerance (ITMS) 0.15 

MS/MS deisotoping tolerance unit (ITMS) Da 

MS/MS ammonia loss (ITMS) TRUE 

MS/MS dependent losses (ITMS) TRUE 

MS/MS recalibration (ITMS) FALSE 

MS/MS tol. (Unknown) 0.5 Da 

Top MS/MS peaks per Da interval. (Unknown) 8 

Da interval. (Unknown) 100 

 

 

 

 

 

 

 

 

 

 



Table S4. The COVID-19 database from Uniprot (SwissProt Database) with 13 proteins. Related to Figure 

1C and Transparent Methods (LFQ data analysis). 

 

Entry Entry name Protein names Length 

P0DTD1 R1AB_SARS2 Replicase polyprotein 1ab 7,096 

P0DTC7 NS7A_SARS2 ORF7a protein 121 

P0DTD2 ORF9B_SARS2 ORF9b protein 97 

P0DTC9 NCAP_SARS2 Nucleoprotein 419 

P0DTC3 AP3A_SARS2 ORF3a protein 275 

P0DTD8 NS7B_SARS2 ORF7b protein 43 

P0DTC8 NS8_SARS2 ORF8 protein 121 

P0DTC6 NS6_SARS2 ORF6 protein 61 

P0DTC1 R1A_SARS2 Replicase polyprotein 1a 4,405 

P0DTD3 Y14_SARS2 Uncharacterized protein 14 73 

P0DTC5 VME1_SARS2 Membrane protein 222 

P0DTC2 SPIKE_SARS2 Spike glycoprotein 1,273 

P0DTC4 VEMP_SARS2 Envelope small membrane protein 75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S5. Peptide sequences and MRM details of the SARS-CoV-2 peptides. Related to Figure 1C. 

 

Protein Name Compound Polarity 
Precursor 

(m/z) 
Product (m/z) 

Collision 

Energy 

(V) 

Replicase 

DFMSLSEQLR(+3) Positive 409.2 632.336215 17.8 

DFMSLSEQLR(+3) Positive 409.2 416.261593 17.8 

DFMSLSEQLR(+3) Positive 409.2 316.671745 17.8 

DGHVETFYPK(+3) Positive 398.192 244.165568 17.4 

DGHVETFYPK(+3) Positive 398.192 442.231636 17.4 

DGHVETFYPK(+3) Positive 398.192 392.697429 17.4 

DGHVETFYPK(+3) Positive 398.192 328.176132 17.4 

DGHVETFYPK(+3) Positive 398.192 340.843153 17.4 

DGHVETFYPK(+3) Positive 398.192 295.156849 17.4 

ELLQNGMNGR(+2) Positive 566.282 477.223828 19.9 

ELLQNGMNGR(+2) Positive 566.282 232.140415 19.9 

ELLQNGMNGR(+2) Positive 566.282 445.219068 19.9 

ELLQNGMNGR(+2) Positive 566.282 324.647747 19.9 

ELLQNGMNGR(+2) Positive 566.282 267.626284 19.9 

ELLQNGMNGR(+2) Positive 566.282 239.115552 19.9 

NGSIHLYFDK(+3) Positive 398.536 822.414465 17.4 

NGSIHLYFDK(+3) Positive 398.536 409.208161 17.4 

NGSIHLYFDK(+3) Positive 398.536 262.139747 17.4 

NGSIHLYFDK(+3) Positive 398.536 468.252903 17.4 

NGSIHLYFDK(+3) Positive 398.536 343.181415 17.4 

NGSIHLYFDK(+3) Positive 398.536 229.123368 17.4 

NGSIHLYFDK(+3) Positive 398.536 88.051433 17.4 

Spike 

glycoprotein 

QIAPGQTGK(+3) Positive 300.503 658.351865 13.7 

QIAPGQTGK(+3) Positive 300.503 490.261987 13.7 

QIAPGQTGK(+3) Positive 300.503 204.134267 13.7 

QIAPGQTGK(+3) Positive 300.503 329.67957 13.7 

QIAPGQTGK(+3) Positive 300.503 245.634632 13.7 

QIAPGQTGK(+3) Positive 300.503 102.570772 13.7 

QIAPGQTGK(+3) Positive 300.503 145.085025 13.7 

QIAPGQTGK(+3) Positive 300.503 102.398833 13.7 

QIAPGQTGK(+3) Positive 300.503 68.716273 13.7 

FLPFQQFGR(+2) Positive 570.303 507.267407 20 

FLPFQQFGR(+2) Positive 570.303 379.208829 20 

FLPFQQFGR(+2) Positive 570.303 232.140415 20 

FLPFQQFGR(+2) Positive 570.303 391.700837 20 

FLPFQQFGR(+2) Positive 570.303 318.16663 20 

FLPFQQFGR(+2) Positive 570.303 254.137341 20 

NTQEVFAQVK(+2) Positive 582.306 820.45633 20.4 



NTQEVFAQVK(+2) Positive 582.306 691.413737 20.4 

NTQEVFAQVK(+2) Positive 582.306 592.345323 20.4 

NTQEVFAQVK(+2) Positive 582.306 445.276909 20.4 

NTQEVFAQVK(+2) Positive 582.306 374.239795 20.4 

NTQEVFAQVK(+2) Positive 582.306 410.731803 20.4 

NTQEVFAQVK(+2) Positive 582.306 346.210506 20.4 

NTQEVFAQVK(+2) Positive 582.306 296.676299 20.4 

IQDSLSSTASALGK(+4) Positive 345.185 204.134267 15.4 

IQDSLSSTASALGK(+4) Positive 345.185 367.705785 15.4 

IQDSLSSTASALGK(+4) Positive 345.185 273.665932 15.4 

IQDSLSSTASALGK(+4) Positive 345.185 159.112804 15.4 

IQDSLSSTASALGK(+4) Positive 345.185 245.472949 15.4 

IQDSLSSTASALGK(+4) Positive 345.185 159.100675 15.4 

IQDSLSSTASALGK(+4) Positive 345.185 130.089999 15.4 

Nucleoprotein 

(NCAP) 

DGIIWVATEGALNTPK(+3) Positive 562.301 700.398815 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 643.377351 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 572.340238 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 459.256174 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 244.165568 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 550.800945 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 504.952203 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 467.257515 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 429.562827 23.6 

DGIIWVATEGALNTPK(+3) Positive 562.301 367.536389 23.6 

DGIIWVATEGALNTPK(+3).

2 
Positive 562.301 277.151987 23.6 

DGIIWVATEGALNTPK(+3).

2 
Positive 562.301 234.137789 23.6 

DGIIWVATEGALNTPK(+3).

2 
Positive 562.301 115.742599 23.6 

GGSQASSR(+3) Positive 250.456 349.183009 11.8 

GGSQASSR(+3) Positive 250.456 262.15098 11.8 

GGSQASSR(+3) Positive 250.456 318.159002 11.8 

GGSQASSR(+3) Positive 250.456 274.642988 11.8 

GGSQASSR(+3) Positive 250.456 210.613699 11.8 

GGSQASSR(+3) Positive 250.456 175.095142 11.8 

GGSQASSR(+3) Positive 250.456 183.431084 11.8 

GGSQASSR(+3) Positive 250.456 140.744891 11.8 

GGSQASSR(+3) Positive 250.456 88.055177 11.8 

NSTPGSSR(+3) Positive 269.131 262.15098 12.5 

NSTPGSSR(+3) Positive 269.131 252.132256 12.5 

NSTPGSSR(+3) Positive 269.131 203.605874 12.5 

NSTPGSSR(+3) Positive 269.131 175.095142 12.5 

NSTPGSSR(+3) Positive 269.131 131.579128 12.5 

 



Table S6. The number of proteins and peptides identified in each dataset. Related to Figure 2A. 

Subject Number of Proteins 

Total Protein Identified 2445 

COVID-19 Positive 2203 

COVID-19 Recovered 1540 

COVID-19 True Negative 1288 

COVID-19 Positive vs COVID-19 Negative (Significant 

protein) 

452 

COVID-19 Positive vs COVID-19 Recovered (Significant 

protein) 

374 

COVID-19 Positive vs COVID-19 True Negative (Significant 

protein) 

266 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S7. Table depicting the adjusted p value and fold change between 16 COVID-19 positive and 6 

COVID-19 negative samples, used for validation. Related to Figure 3A. 

 

Protein 
accession 

Protein 
Gene 
name 

Peptide 
Isotope 
Label 
Type 

Fold Change 
Result 

Adjusted 
P-Value 

P02794 FTH1 NVNQSLLELHK light 
1.89 (99% 

CI:1.07 to 3.35) 
0.0116 

P02794 FTH1 YFLHQSHEER light 
1.96 (99% 

CI:1.09 to 3.52) 
0.0116 

P02794 FTH1 MTTASTSQVR light 
1.51 (99% 

CI:0.89 to 2.55) 
0.0375 

P02792 FTL LNQALLDLHALGSAR light 
2.06 (99% 

CI:1.14 to 3.72) 
0.0103 

P02792 FTL KPAEDEWGK light 
1.65 (99% 

CI:0.93 to 2.9) 
0.0242 

P02792 FTL ALFQDIK light 
1.61 (99% 

CI:0.9 to 2.89) 
0.0326 

P17174 GOT1 IVASTLSNPELFEEWTGNVK light 
2.03 (99% 

CI:1.08 to 3.81) 
0.0116 

P17174 GOT1 NLDYVATSIHEAVTK light 
3.11 (99% 

CI:1.31 to 7.38) 
0.0077 

P17174 GOT1 IANDNSLNHEYLPILGLAEFR light 
1.66 (99% 

CI:0.94 to 2.94) 
0.0242 

P00505 GOT2 FVTVQTISGTGALR light 
1.91 (99% 

CI:0.96 to 3.83) 
0.021 

P00505 GOT2 DAGMQLQGYR light 
1.61 (99% 

CI:0.93 to 2.81) 
0.0252 

P00505 GOT2 IGASFLQR light 
2.16 (99% 

CI:1.18 to 3.95) 
0.0083 

P00505 GOT2 ASAELALGENSEVLK light 
2.46 (99% 

CI:1.06 to 5.72) 
0.0116 

P00505 GOT2 DDNGKPYVLPSVR light 
13.68 (99% 
CI:2.54 to 

73.65) 
0.0038 

P00338 LDHA DQLIYNLLK light 
1.88 (99% 

CI:1.07 to 3.33) 
0.0116 

P00338 LDHA GEMMDLQHGSLFLR light 
2.52 (99% 

CI:1.36 to 4.66) 
0.0038 

P00338 LDHA SADTLWGIQK light 
1.96 (99% 

CI:1.18 to 3.27) 
0.0077 

P00338 LDHA DLADELALVDVIEDK light 
1.99 (99% 

CI:1.09 to 3.63) 
0.0116 

P00338 LDHA VHPVSTMIK light 
2.55 (99% 

CI:1.08 to 5.99) 
0.0116 

P07195 LDHB IHPVSTMVK light 
1.75 (99% 

CI:1.03 to 3) 
0.0116 

P01375 TNF ETPEGAEAKPWYEPIYLGGVFQLEK light 
1.61 (99% 

CI:0.96 to 2.72) 
0.0217 

P02741 CRP QDNEILIFWSK light 
2.48 (99% 

CI:1.04 to 5.9) 
0.0116 



P02741 CRP APLTKPLK light 
6.13 (99% 
CI:1.84 to 

20.45) 
0.0038 

P05231 IL6 EALAENNLNLPK light 
2.07 (99% 

CI:1.04 to 4.1) 
0.0116 

P05231 IL6 YILDGISALR light 
1.82 (99% 

CI:1.04 to 3.18) 
0.0116 

P05231 IL6 EFLQSSLR light 
1.57 (99% 

CI:0.96 to 2.57) 
0.0217 

P05231 IL6 VLIQFLQK light 
1.75 (99% 

CI:0.96 to 3.17) 
0.021 

 Spike-in 
peptide 

THCLYTHVCDAIK heavy 
0.96 (99% 

CI:0.85 to 1.08) 
0.3093 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S9. List of the human proteins found to be mapped with the Interleukin Signaling Pathway. Related 

to Figure 4. 

Gene 
Symbol 

Description Biological Process (GO) 

HDGF heparin binding 
growth factor 

GO:0098760 response to interleukin-7;GO:0098761 cellular response to 
interleukin-7;GO:0036498 IRE1-mediated unfolded protein response 

PSME2 proteasome 
activator subunit 2 

GO:0035722 interleukin-12-mediated signaling pathway;GO:0071349 
cellular response to interleukin-12;GO:0070671 response to interleukin-
12 

CANX calnexin GO:0034975 protein folding in endoplasmic reticulum;GO:0070106 
interleukin-27-mediated signaling pathway;GO:0070757 interleukin-35-
mediated signaling pathway 

PDIA3 protein disulfide 
isomerase family A 
member 3 

GO:0034975 protein folding in endoplasmic reticulum;GO:0098760 
response to interleukin-7;GO:0098761 cellular response to interleukin-7 

STIP1 stress induced 
phosphoprotein 1 

GO:0098760 response to interleukin-7;GO:0098761 cellular response to 
interleukin-7;GO:0071345 cellular response to cytokine stimulus 

GSTA2 glutathione S-
transferase alpha 2 

GO:1901685 glutathione derivative metabolic process;GO:1901687 
glutathione derivative biosynthetic process;GO:0035722 interleukin-12-
mediated signaling pathway 

RPLP0 ribosomal protein 
lateral stalk subunit 
P0 

GO:0000027 ribosomal large subunit assembly;GO:0035722 interleukin-
12-mediated signaling pathway;GO:0071349 cellular response to 
interleukin-12 

P4HB prolyl 4-
hydroxylase 
subunit beta 

GO:0038155 interleukin-23-mediated signaling pathway;GO:0046598 
positive regulation of viral entry into host cell;GO:0034378 chylomicron 
assembly 



H3C14 H3 clustered 
histone 14 

GO:0038111 interleukin-7-mediated signaling pathway;GO:0000183 
chromatin silencing at rDNA;GO:0098760 response to interleukin-7 

H3C1 H3 clustered 
histone 1 

GO:0038111 interleukin-7-mediated signaling pathway;GO:0006335 DNA 
replication-dependent nucleosome assembly;GO:0034723 DNA 
replication-dependent nucleosome organization 

CA1 carbonic 
anhydrase 1 

GO:0006730 one-carbon metabolic process;GO:0015701 bicarbonate 
transport;GO:0035722 interleukin-12-mediated signaling pathway 

TUBA1B tubulin alpha 1b GO:0071353 cellular response to interleukin-4;GO:0070670 response to 
interleukin-4;GO:0030705 cytoskeleton-dependent intracellular transport 

RAC1 Rac family small 
GTPase 1 

GO:0032707 negative regulation of interleukin-23 
production;GO:0032627 interleukin-23 production;GO:0032667 regulation 
of interleukin-23 production 

HNRNPF heterogeneous 
nuclear 
ribonucleoprotein F 

GO:0035722 interleukin-12-mediated signaling pathway;GO:0071349 
cellular response to interleukin-12;GO:0070671 response to interleukin-
12 

 

 

 

 

 

 

 

 

 

 

 



Transparent Methods 

Subject recruitment and swab collection 

For this study, we obtained nasopharyngeal swab samples from 101 adult patients who visited Kasturba 

hospital, Mumbai. The study was approved by the Indian Institute of Technology (IIT), Bombay ethical 

committee, and Kasturba hospital for infectious diseases, Institutional Review Board. Based on the RT-

PCR results and clinical information these patients were grouped into positive (n = 70), true negative (n = 

21) and recovered (n = 10). The positive patients were further categorized into non-severe (n = 41) and 

severe (n = 23) based on the clinical symptoms and oxygen supplementation (Table S1). A nasopharyngeal 

swab was collected by a medical practitioner maintaining proper infection control. A sterile cotton swab was 

used to collect a clinical specimen and store it in a tube containing viral transport media (VTM) at 4 °C.  

Sample processing was performed in the BSL-2 facility as per WHO and ICMR guidelines. Around 800 µL 

of the sample from the stored tube was dispensed into a sterile tube. The tube was incubated at 65 °C for 

45 minutes for heat inactivation of the virus. Further, 200 µL of swab samples collected in VTM was added 

into the Eppendorf tube containing 600 µL of acetone, ethanol, and isopropanol (1:3) each. All the tubes 

were kept at -20 °C for 4 hours. Next, the Eppendorf tubes were centrifuged at 15,000 g for 20 minutes at 

4 °C. Proteins present in the samples precipitated in the form of pellet and supernatant was discarded. 

Dried pellets in the Eppendorf tubes were stored at -80 °C till further processing.  

Sample preparation for Label-Free-Quantification (LFQ)-based mass spectrometry analysis 

The Eppendorf tubes containing precipitated proteins obtained using different solvent conditions were 

further processed using in-solution digestion. Around 75 µL of freshly prepared urea lysis buffer (8 M urea, 

50 mM Tris pH 8.0, 75 mM NaCl, 1mM MgCl2) was added to each protein pellet. After ensuring pellets are 

completely dissolved, the sample was stored at 4°C until use. The protein quantification was performed by 

Bradford protein assay using standard concentrations of Bovine Serum Albumin (BSA).  The distribution of 

all sample (human tissue samples) pools (quality control (QC)) and the Pearson correlation between the 

pools and individual pool distribution respectively are shown in Figure S1. From each sample, ~ 30 µg of 

protein was taken in a fresh Axygen 1.5 ml tube for enzymatic digestion. Further to reduce the disulfide 

bonds in the proteins, around 20 mM (final concentration) of tris (2-carboxyethyl) phosphine (TCEP) was 



added and the tubes were incubated at 37 °C for 60 minutes. After reduction, Iodoacetamide (IAA) was 

added to a final concentration of 37.5 mM alkylate and incubated for 20 minutes at room temperature in the 

dark. The sample was diluted with a buffer containing 25 mM Tris pH 8.0 and 1 mM CaCl2. This step was 

necessary to dilute the urea concentration to less than 1 M. Trypsin (Pierce) was added at an 

enzyme/substrate ratio of 1:30 and tubes were incubated at 37°C in a shaking dry bath for 16 hours. The 

samples were dried completely in a vacuum centrifuge. Once digested, peptides were desalted using C18 

spin columns (Pierce, catalog number 89870) (Venkatesh et al., 2020). The desalting protocol was followed 

as per the manufacturer’s instructions.  

Quantification of desalted peptides and MS analysis 

Desalted peptides were reconstituted in 0.1 % (v/v) formic acid (FA). Absorbance was measured using 

MultiSkan Go (Thermo Fischer Scientific). Peptide concentrations were quantified using the Scopes 

method. 0.1 % FA was used to equilibrate the pre-column (Thermo Fisher Scientific, P/N 164564, S/N 

10694527) and analytical column (Thermo Fisher Scientific, P/N ES803A, S/N 10918620). 1 µg of peptides 

were injected into the liquid chromatography (LC) column at a flow rate of 300 nl/min, and the LC gradient 

was set to 120 minutes. The peptides were then analyzed on Orbitrap Fusion Tribrid Mass Spectrometer 

(Thermo Fischer Scientific) with easy nano-LC 1200 system. DDA (Data Dependent Acquisition) mode was 

used along with a scan range and mass resolution of 375-1700 m/z and 60,000 respectively. A mass 

tolerance window was kept to 10 ppm and High energy Collision Dissociation method (HCD) of 

fragmentation was used to collect all MS/MS data. The specification of the fusion pre column used was 

Acclaim PepMap 100, 100um*2cm, nanoviper C18, 5um ,100 A and for the fusion Analytical column was 

PepMap RSLC C18 2um,100A, 75um*50cm, 75um*50cm. An LC gradient of 120 minutes was used to 

separate peptides on the nano-LC column. Solvent A comprised of 0.1% FA in water and solvent B 

comprised of 80% ACN in 0.1% FA water. Solvent B was increased from 5% to 30% from the 5th minute 

to 80th minute of the run followed by an increase of solvent B to 60% and then to 90% till the 115th minute. 

Solvent B was maintained at 90% for the last 5 minutes.  Before processing the samples quality check of 

the instrument was also done by monitoring some peptides of the BSA sample via Panorama software. 



Thermo Xcalibur software version 4.0 was used for data acquisition. Table S2 shows the LC-MS/MS 

settings of label-free quantification performed using high-resolution mass spectrometry. 

LFQ Data analysis and statistical data analysis 

The MaxQuant analysis parameter file is shown in Table S3. The raw datasets were processed with 

MaxQuant (Tyanova et al., 2016) (v1.6.6.0) against the Human Swiss-Prot database (Version: 2020_04) 

which includes a total of 20,353 proteins and severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) Swiss-Prot database of 13 proteins (Table S4), searched with the built-in Andromeda Search 

Engine of MaxQuant (Tyanova et al., 2016). All these datasets were downloaded between 09.07.2020 to 

13.07.2020. Raw files were processed using Label-Free-Quantification (LFQ) parameters and setting label-

type as "standard" with a multiplicity of 1. The Orbitrap was set to Orbitrap Fusion mode. Trypsin was used 

for digestion with a maximum missed cleavage of 2 for Human and COVID. Carbamido-methylation of 

Cysteine (+57.021464 Da) was set as the fixed modification, whereas oxidation of Methionine (+15.994915 

Da) was set as the variable modification. The False-Discovery-Rate (FDR) was set to 1% for the protein 

and peptide levels to ensure high reliability of the protein detection. Decoy mode was set to "revert", and 

the type of identified peptides was set to "unique+razor". The unique peptides were filtered using the Human 

Swiss-Prot database in Skyline (Version 20.1).  

 The protein output file of MaxQuant was taken forward, removing contaminants, and proteins identified 

with q-value greater than 0.05.3749 proteins were identified from 68 samples. The chromatograms of these 

samples were checked and the coefficient of Correlation analysis (Spearman Rank correlation) was taken 

forward to understand the quality of the datasets. 8 samples out of 44 samples were found to have quality 

issues and have been excluded from the study before any statistical analysis.  LFQ intensities of 36 samples 

provided 2445 proteins, which includes 18 COVID-19 Positive samples, 11 recovered samples, and 7 True 

negative samples. The analysis was performed without any missing value imputation, log 2-fold change 

intensities were taken forward and a Welch's t-test was performed. The p-value cut-off of less than 0.05 

was determined for the significance level. A list of 164 common significant proteins was found between 

Positive vs Negative, Positive vs Recovered and Positive vs True Negative.  



The second batch of 24 COVID positive samples which includes 11 non-severe and 13 severe patient 

samples were separately analyzed in MaxQuant using the same parameters. 1 sample out of 24 samples 

was having the least correlation coefficient and was coming as an outlier were removed. The partial least 

square-discriminant analysis was performed using 23 samples and proteins were selected based on 

variable importance in projection (VIP) score in Metaboanalyst software (Xia et al., 2015). 

The violin plots were drawn with the Log2 transformed data, where the significance level was calculated 

based on t-test independent samples with Bonferroni correction, (p-value annotation legend: ns: 5.00e-02 

< p <= 1.00e+00; *: 1.00e-02 < p <= 5.00e-02; **: 1.00e-03 < p <= 1.00e-02; ***: 1.00e-04 < p <= 1.00e-03; 

****: p <= 1.00e-04. The heatmap has been plotted using Metaboanalyst where Distance measure 

parameter were set to Euclidean and the clustering algorithm were set to Ward clustering. All the statistical 

data analysis were done using Microsoft excel, R (Version 4.0.2), Python (Version 3.7.6), Metaboanalyst 

(Xia et al., 2015), and Hierarchical Clustering Explorer (Version 3.0) (Seo and Shneiderman, 2002).   

Multiple Reaction Monitoring (MRM) assays 

For all the MRM experiments, a TSQ Altis mass spectrometer (ThermoFisher Scientific, USA) coupled to a 

Vanquish UHPLC system (ThermoFisher Scientific, USA) was used. The peptides were separated using a 

Hypersil Gold C18 column 1.9 μm, 100 X 2.1 mm (ThermoFisher Scientific, USA) at a flow rate of .45 ml/min 

for a total time of 10 minutes. The binary buffer system used was 0.1% FA as buffer A and 80% ACN in 

0.1% FA as the buffer B. The gradient used for chromatographic separation of the peptides was as follows 

- 2-45% buffer B for 6 minutes, 45-95% buffer B for 0.5 minutes, 95% buffer B for 0.5 minutes, 95%-2% 

buffer B for 0.5 minutes, and 2% buffer B for 2.5 minutes. The transition lists were prepared on Skyline 

(MacLean et al., 2010). The missed cleavage criterion was 0, precursor charges +2, +3, and product 

charges +1, +2 with y ion transitions (from ion 2 to last ion -1) were included.  

For experiments dealing with viral peptide detection, 16 peptides corresponding to 3 proteins were 

monitored resulting in a final list consisting of 12 peptides we used for MRM assays (Table S5). All the 

collision energy values used in the experiment were as determined by Skyline software (Ver 20.1.1.196) 

(MacLean et al., 2010). For each of the 10 COVID patient samples and 3 non-COVID/healthy controls the 

peptides from all three extraction solvents were pooled and used for the MRM study. The non-COVID 



samples were used to establish baseline cut-off for the peaks being detected. A SpikeTide (Schnatbaum 

et al., 2011), having sequence FEDGVLDPDYPR was spiked into the sample to monitor the consistency of 

the mass spectrometry runs. This synthetic peptide has C-terminal Arginine (R) heavy labelled. 1 µg of 

peptides from each sample were injected and run against the list. After the data acquisition of the samples, 

all the downstream data analysis was performed in Skyline (MacLean et al., 2010).  

Besides, a few host proteins such as L-lactate dehydrogenase A chain (P00338), L-lactate dehydrogenase 

B chain (P07195), Ferritin heavy chain (P02794), Ferritin light chain (P02792), Aspartate aminotransferase, 

mitochondrial (P00505), Aspartate aminotransferase, cytoplasmic (P17174) and Albumin (P02768) which 

were found to be upregulated in COVID-19 positive when compared to COVID-19 negative in the LFQ data 

were selected and used for a targeted MRM study. We have also checked for the clinical markers such as 

IL-6 – Interleukin – 6, CRP – C reactive protein as well as proinflammatory cytokines TNF-α – Tumor 

necrosis factor which we could not identify in LFQ analysis but are clinically significant in literature. The 

following analysis was performed on swab samples of 6 COVID-19 negative and 14 COVID-19 positive 

patients (consisting of 6 severe and 8 mild samples). Around 30 µg of protein was digested using trypsin, 

which resulted in approximately 15 µg peptides. The concentration of peptide was calculated using the 

Scopes method from its OD value at 205 nm and 280 nm. 1µg peptide of each sample was injected in the 

Vanquish UHPLC system (ThermoFisher Scientific, USA) linked to TSQ Altis™ Triple Quadrupole Mass 

Spectrometer. The peptides were separated and analyzed under the experimental conditions explained 

above. The list of transitions was prepared for unique peptides of these selected proteins using Skyline 

(Ver 20.2.1.286) and SRM Atlas. The list had 27 peptides from 9 host proteins mentioned above. This list 

also included a spiked-in heavy synthetic peptide (THCLYTHVCDAIK) essential for monitoring the 

consistency of the mass spectrometry runs. Also, the standard curve for the heavy and light synthetic 

peptide was monitored and the lowest range of detection for both the synthetic peptides was found to 25 

ng (Figure 3C-D). Equal amounts of BSA were also run daily in sequence with the samples to check the 

uniformity of the instrument response. This was to monitor any day-wise fluctuation in the response of the 

instrument (Figure S3). 

Pathways and Protein Interaction Network data analysis  



The GO enrichment analysis was performed in Metascape and the biological pathway mapped proteins 

were taken forward for visualization. STRING (Szklarczyk et al., 2019) (Version 11) and Reactome.org 

(Fabregat et al., 2018) (Version 73) were used to perform protein-protein interaction analysis and pathway 

mapping respectively.  

Molecular docking  

The docking experiment was performed using AutoDock Vina 1.1.2 (Trott, O., Olson, 2019). The 3D 

structure of the drugs was obtained from the PubChem database (Kim et al., 2019) and the ZINC15 

database. The drugs were converted from SDF format to PDB format using PyMOL software (Rigsby and 

Parker, 2016). The coordinates for the proteins were retrieved from the Protein Data Bank (PDB) (Berman 

et al., 2002). Using PyRx software, the PDB format of the protein and the drugs were converted to a PDBQT 

format, which is a readable file format for AutoDock Vina. The docking was done with the exhaustiveness 

value set to 50 using the blind docking method. In this method, the grid box is large enough to select the 

entire protein. This increases the chances of obtaining all possible ligand-receptor complexes. The docked 

complexes were visualized using PyMOL software. The binding interactions between the drug and the 

protein were calculated using the protein-ligand interaction profiler (PLIP) server (Salentin et al., 2015). 
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