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SUMMARY 
 

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has become a global crisis. To gain 

systems-level insights into its pathogenesis, we compared the blood proteome and 

phosphoproteome of ICU patients with or without SARS-CoV-2 infection, and healthy control 

subjects by quantitative mass spectrometry. We find that COVID-19 is marked with hyperactive 

T cell and B cell signaling, compromised innate immune response, and dysregulated inflammation, 

coagulation, metabolism, RNA splicing, transcription and translation pathways. SARS-CoV-2 

infection causes global reprogramming of the kinome and kinase-substrate network, resulting in 

defective antiviral defense via the CK2-OPN-IL-12/IFN-a/b axis, lymphocyte cell death via 

aberrant JAK/STAT signaling, and inactivation of innate immune cells via inhibitory SIRPA, 

SIGLEC and SLAM family receptor signaling. Our work identifies CK2, SYK, JAK3, TYK2 and 

IL-12 as potential targets for immunomodulatory treatment of severe COVID-19 and provides a 

valuable approach and resource for deciphering the mechanism of pathogen-host interactions. 
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INTRODUCTION 

 

The severe acute respiratory syndrome coronavirus-2 or SARS-CoV-2, first identified in humans 

in December 20191, has infected tens of millions of people and claimed nearly 2 million lives 

worldwide to date. While the majority of individuals infected by the new coronavirus have mild 

symptoms or are asymptomatic, approximately 10-15% of patients develop severe diseases that 

require hospitalization. Patients with severe symptoms usually develop acute respiratory distress 

syndrome (ARDS) 2, a major cause of morbidity and mortality. The coronavirus disease 2019 

(COVID-19) pandemic has sparked an unprecedented effort from the scientific community to 

understand the disease mechanism and develop therapeutic and immunization strategies to combat 

the pandemic, cumulating in the recent approval of two vaccines for emergency use by the US 

Federal Drug Administration.  

Despite these encouraging developments, the biological and biochemical underpinnings of 

ARDS and other symptoms of severe COVID-19 are not fully understood, which has hampered 

the development of effective treatment. Studies to date have shown that the SARS-CoV-2 infection 

elicits a wide array of biochemical and cellular abnormalities that are rooted in an unbalanced 

immune response to the virus.  For example, while cytokines play an important role in antiviral 

immunity, rapid production of a large amount of proinflammatory cytokines, referred to as the 

cytokine release syndrome (CRS), is associated with severe COVID-19 cases3. Furthermore, 

severe diseases are characterized frequently with lymphopenia, manifesting in reduced circulating 

T cells, B cells or/and natural killer (NK) cells 4. However, immune profiling has revealed 

activation of subsets of T cells, extrafollicular B cells and production of neutralizing antibodies in 

severe COVID-19, suggesting robust cellular and humoral immune responses in these patients 5,6.  

Nevertheless, a large proportion of patients with a strong, early antibody response do poorly in 

controlling the infection and ultimately succumb to the disease6. These dichotomies highlight voids 

in our knowledge on the fundamental immunological processes perturbed by the SARS-CoV-2 

virus. 

To decipher the molecular, cellular and immunological basis of COVID-19 in a systematic 

and unbiased manner, we employed mass spectrometry (MS) and complementary biochemical 

assays to characterize the peripheral blood – the barometer of the immune system. By comparing 

the blood proteome and phosphoproteome of the patients under intensive care who tested positive 
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or negative for the SARS-CoV-2 virus with age- and sex-matched healthy controls, we identified 

the protein/phosphoprotein signatures and the regulatory/signaling pathways associated with 

severe COVID-19. We show that the SARS-CoV-2+ ICU patients are marked with aberrant 

changes in a wide range of hematopoietic and immunological processes and pathways. Combined 

with comprehensive cytokine/chemokine and antibody profiling, our MS analysis not only 

captured the major defects identified to date for COVID-19, but also generated novel insights into 

the signaling and regulatory mechanisms underlying the aberrant immune responses mediated by 

T cells, B cells, NK cells and myeloid cells.  Importantly, our work has identified numerous 

potential therapeutic targets, including the casein kinase 2 (CK2), the spleen tyrosine kinase (SYK), 

the Janus kinases JAK3 and TYK2, and interleukin-12 (IL-12), for the development of targeted 

immunomodulatory therapies for the treatment of patients with severe COVID-19 diseases. 

 

RESULTS 

 

Quantitative MS analysis of the blood reveals distinctive features of the COVID-19 proteome  

We employed mass spectrometry (MS) to identify proteins and phosphoproteins in the blood of 

critically ill COVID-19 patients in comparison to age- and sex-matched critically ill SARS-CoV-

2 negative and healthy control subjects. Specifically, the peripheral blood mononuclear cells 

(PBMCs) were isolated, respectively, from the blood of 5 ICU patients who tested positive for the 

SARS-CoV-2 RNA (the COV group; median years of age= 61.0; IQR = 54.8–67.0), 5 SARS-CoV-

2-negative ICU patients (the ICU group; median years of age = 58.0; IQR = 52.5–63.0), and 5 

healthy individuals (the HC group; median years of age = 57.5; IQR = 52.8–62.8) (Table S1). To 

gauge the proteome and phosphoproteome dynamics accompanying disease progression, we 

included in the MS analysis serial blood samples from the COV group drawn on days 1, 7 and 10 

(or D1, D7, and D10) of ICU admission. Peptides from the 25 PBMC were isobarically labeled 

with tandem mass tags (TMT) in three batches (Table S2) and subjected to liquid chromatography 

(LC)-MS/MS analysis (Fig. S1, Table S3).  The phosphoproteome identification was facilitated by 

SH2 superbinder enrichment for the pTyr-containing peptides 7 and by IMAC (immobilized metal 

affinity chromatography) enrichment for the pSer/pThr-containing peptides (Fig. S1). The MS 

analysis identified 3,236 non-redundant proteins containing 2,317 Ser/Thr and 394 Tyr unique 

phosphorylation sites (Tables S4-6).  
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Clustering of the 894 proteins that differed significantly in abundance correctly identified 

the COV, ICU and HC cohorts, suggesting distinctive protein expression patterns in the different 

PBMCs (Fig. 1A). In general, proteins over-expressed in the patients were found under-expressed 

in the healthy controls and vice versa (i.e., Clusters 1 and 5, Fig. 1A). In contrast, fewer than 130 

proteins (belonging to the clusters 2, 3 and 4, Fig. 1A) were significantly different in expression 

between COV and ICU, suggesting that the proteomes of the two patient groups are similar. Gene 

ontology (GO) analysis revealed a number of significantly enriched processes that included 

exocytosis, innate and adaptive immune responses, interleukin signaling, platelet activation, redox 

response, and glycolysis (Fig. 1B). Intriguingly, interleukin-12 (IL-12) signaling emerged as a 

significant feature. As described later, IL-12 expression was drastically reduced in the COV 

PBMCs. Because functionally related proteins tend to interact with one another, we employed the 

protein-protein interaction (PPI) clustering feature of Metascape to identify the enriched PPI 

networks for the 521 differentially expressed proteins between COV and HC (Fig. S2). This led to 

the identification of four PPI networks enriched in the COVID-19 samples with functions in cell 

cycle phase transition8, RNA processing, catabolism 9 and exocytosis and stress responses (Fig. 

S3).  The PPI network for RNA processing comprises a spliceosome and a translation regulation 

subnetwork (Fig. 1C), reinforcing the previous finding that SARS-CoV-2 suppresses global 

mRNA splicing and translation10.  

 

Systematic changes in the immune response, coagulation, platelet activation and metabolic 

pathways in COVID-19  

To gain further insights into the cellular and biochemical defects caused by SARS-CoV-2, we next 

focused on the differentially expressed proteins in specific pathways, taking advantage of the 

quantitative proteome data. In keeping with an essential role for regulated exocytosis (Fig. 1B) in 

the degranulation and activation of myeloid cells, we found that the neutrophil activation and 

monocyte/macrophage differentiation pathways11 were significantly upregulated in the COV 

group (D1, D7 and D10) compared to HC or ICU. Phagocytosis/endocytosis, which plays an 

important part in the elimination of virus-infected cells, was also significantly elevated in COV. 

Specifically, the Fc receptor-dependent phagocytosis pathway was progressively upregulated from 

D1 to D7 and D10 for the COV group, coinciding with increased antibody response to SARS-

CoV-2 (vide infra). In agreement with the GO enrichment analysis (Fig. S4), the complement and 
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coagulation pathway, which plays key roles in innate immunity and hemostasis in an interactive 

manner, was significantly elevated in COV in a progressive manner from D1 to D10, but not in 

ICU. The same was observed for platelet activation. Indeed, we found that the fibrinogens FGA, 

FGB and FGG, which when cleaved by thrombin, form fibrin-based blood clots, were significantly 

upregulated. Similarly, expression of the complement regulators such as C1QA, C3, C5, C7, CFB, 

CFD, CFH, and CFHR5 was significantly increased in COV (Table S4). These findings are 

consistent with the results from published data showing that  significant upregulation of cellular 

proteins related to neutrophil activation and blood coagulation12,13 and the activation of the 

complement and platelet pathways 9,14,15 in COVID-19.  

Overproduction of proinflammatory cytokines is a hallmark of severe SARS-COV-2 

infection. Indeed, we found that the cytokine/chemokine signaling pathway significantly 

upregulated in the COV, but not the ICU group. Because antigen processing and presentation is a 

significantly enriched process in the GO analysis (Fig. S4B), we analyzed the MHC-I and MHC-

II mediated antigen presentation pathways and found that the former significantly up-regulated 

and the latter down-regulated in COV (Fig. 2), suggesting defects in antigen presentation by 

professional antigen presenting cells11.  Massive metabolic change in the host cell is another 

hallmark of SARS-CoV-2 infection9,16. We found, indeed, that the TCA cycle was significantly 

downregulated while glycolysis significantly upregulated in COV, and the trend became more 

pronounced with disease progression. This suggests the SARS-CoV-2 infection reprogrammed 

energy production from aerobic metabolism inside the mitochondria to anaerobic metabolism 

outside mitochondria. In agreement with a wholesale change in metabolism, both the nucleic acid 

metabolism (not shown) and fatty acid synthesis and metabolism pathways (Fig. 2) were found 

significantly increased in COV.   

 

Kinome reprogramming by SARS-CoV-2 

Phosphorylation plays a pivotal role in cellular signal transduction and communication of the cell 

with its environment. The widespread changes in the cellular and immunological pathways implies 

that differential protein phosphorylation may play a role. Indeed, of the ~3,000 Ser/Thr and Tyr 

phosphosites identified, 25% (670 pS/pT and 94 pY sites) differed significantly between COV, 

ICU and HC (Tables S5 and S6). The proteins with differentially Ser/Thr phosphorylation were 

found enriched in various metabolic processes, RNA processing or transcription, virus-host or cell-
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cell interaction, and protein folding (Fig. S5). An increase in misfolded protein response suggests 

virus infection-induced ER stress is an important feature of COVID-19 17. In contrast, the proteins 

with differential Tyr phosphorylation were involved mainly in adaptive and immune responses 

(Fig. S6). This is expected given the importance of Tyr phosphorylation in the proximal signaling 

by immunoreceptors and their associated proteins. 

To understand the role of protein kinases in the immune response to SARS-CoV-2 infection, 

we next focused on characterizing kinase phosphorylation and activation. The activity of a kinase 

is often regulated/induced by the phosphorylation of specific residues, some of which are located 

in the activation loop. Therefore, the phosphorylation status of the regulatory site(s) provides a 

facile readout of the activity of the corresponding kinase7. Based on this rationale, seven of the 

dozen detected tyrosine kinases (TKs), including LYN, SYK, BTK, HCK, FER, TEC and PTK2, 

were more active in COV than HC (Fig. 3A). It is important to note that LYN, SYK and BTK, 

which play pivotal roles in the signal transduction by the B cell receptor (BCR) and a variety of 

other immunoreceptors, were more activated in COV than ICU. LYN was hyper-phosphorylated 

on multiple Tyr or Ser sites, including Y473 within the kinase domain and Y397 in the activation 

loop (which is identical in sequence to the HCK activation loop). In contrast, the phosphorylation 

of the inhibitory Y194 residue 18 was significantly reduced (Fig. 3A). The phosphorylation profile 

of LYN together with its increased expression (Fig. S7), suggests that  SARS-CoV-2 caused a 

significant increase in LYN activity. Similarly, both the activity (i.e, activation loop Tyr525 

phosphorylation) and the expression of SYK were significantly increased in COV vs. ICU or HC 

(Fig. 3A, Fig. S7B). BTK and TEC, both playing a critical role in PLCg1 activation and Ca2+ 

mobilization downstream of antigen receptors 19, were also highly activated in the COV group. 

Together, these data suggest that B cell signaling is escalated significantly in the COVID-19 

patients. In contrast to the B cell kinases, the status of the T cell receptor (TCR) proximal kinase 

LCK was less clear. LCK expression was drastically reduced in the COV PBMCs (Fig. S7A), 

consistent with pronounced T cell lymphopenia in severe COVID-19 cases. However, 

phosphorylation of the inhibitory Y505 residue was significantly decreased in COV. Moreover, 

CSK, the kinase that phosphorylates Y505, was reduced in both phosphorylation and expression 

(Fig. 3A; Fig. S7). Therefore, it is likely that LCK was more active in the COVID-19 patients 

despite reduced expression.   
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Numerous Ser/Thr kinases (STKs) showed significant changes in phosphorylation (Fig. 

3B). The phosphorylation of 9 STKs, including on activation or inducible residues, was 

significantly increased, suggesting potential activation of these kinase. Of note, SLK and 

PRKCD/PKCd, which can mediate/promote apoptosis, were significantly over-phosphorylated 

whereas AKT2, critical for cell survival, is under-phosphorylated at its activation site residue S478 
20, suggesting that these kinases may work in concert to promote PBMC apoptosis and thereby, 

contributing to lymphopenia for the COVID-19 patients (Table S1). The b-adrenergic receptor 

kinase ADRBK1/GRK2, a hallmark of cardiac stress and heart failure21, was highly and selectively 

phosphorylated in the COV PBMCs, suggesting that GRK2 may contribute to cardiac dysfunction 

associated with COVID-19 22. In support of this possibility, elevated myocardial and lymphocyte 

GRK2 expression and activation has been associated with heart failure23.   

In contrary to the activated kinases, WNK1 exhibited significantly reduced 

phosphorylation on multiple sites, including the activation loop S382 residue, suggesting that 

WNK1 activity is inhibited in the COVID-19 patients. As an important regulator of blood pressure 

and electrolyte homeostasis24, WNK1 may play a role in regulating blood pressure in COVID-19 

patients. The TRAF2- and NCK-interacting kinase (TNIK) is another kinase with reduced 

phosphorylation on multiple sites. TNIK is an essential activator of the Wnt signaling pathway, 

and the reduced TNIK activation together with increased activation of GSK3B/3A 25, may 

contribute collectively to reduced Wnt signaling. Because Wnt signaling is involved in dendritic 

cell (DC) maturation and survival of regulatory T cells26, the aberrant inactivation of TNIK and 

activation of GSK3B/3A may underly the reduced Treg cell population found in hospitalized 

patients 27. Moreover, TNIK is required for canonical NF-kB signaling, and reduced TNIK activity 

may contribute to reduced antiviral response28.  

While the MS analysis yielded quantitative phosphorylation information for numerous 

kinases (Table S7), not all expressed kinases were detected for phosphorylation due to the 

stochastic nature of mass spectrometry and the unfavorable chromatographic behavior for some 

phosphopeptides. However, the activity of the kinases missed in the phosphoproteomic analysis 

may be inferred by Kinase-Substrate Enrichment Analysis (KSEA). Indeed, KSEA predicted 55 

kinases with increased activity and 25 with decreased activity in COV compared to HC (Fig. 3C). 

Moreover, the vast majority of kinases were predicted to be more active in COV than ICU, 

suggesting that the SARS-CoV-2 infection reprogrammed the kinome, rendering it more active. 
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Consistent with enhanced cytokine signaling (Fig. 2), the most activated kinases based on KSEA 

are the Janus kinases JAK3, JAK2, and TYK2. Because deficiency in either JAK3 or TYK2 causes 

immunodeficiency, their over-activation may underly the autoimmune condition associated with 

severe COVID-19 29. Intriguingly, PRKG1, a key regulator of nitric oxide (NO)/cGMP signaling, 

and CK2, a promiscuous STK, were also highly active in COV compared to HC. CK2 was 

identified in a recent study as the top kinase activated in the Vero E6 cells following SARS-CoV-

2 infection 8. Our data, therefore, further underscores a critical role for CK2 in COVID-19 

pathogenesis. The placement of LCK as the 6th most active kinase based on KSEA reinforces the 

notion that T cell receptor (TCR) signaling is activated in the COVID-19 patients. It is also worth 

noting that PRKDC/DNA-PK was strongly activated in COV.  Because DNA-PK deficiency has 

been shown to potentiates cGAS-mediated antiviral innate immunity30, the increased DNA-PK 

activity suggests inhibition of antiviral immune response. 

Several kinases, including DYRK1A, CSNK1A1 (CK1a) and MARK3, were inactivated 

in COV based on KSEA, suggesting defects in alternative RNA splicing, Wnt signaling, and 

microtube dynamics. The oppositive activity patterns of CK2 and CK1 may be due to their 

differential expression (Table S4). Collectively, these data suggests that the SARS-CoV-2 

infection causes systematic reprogramming of the active kinome and the associated processes or 

pathways. While the signaling pathways for BCR, TCR, cytokine and cardiac stress were 

significantly activated in the COVID-19 PBMCs, others, including Wnt signaling, RNA splicing 

and blood pressure regulation, were apparently suppressed. 

 

Rewiring of the protein kinase-substrate network by SARS-CoV-2 

The emergence of CK2 as a highly activated kinase based on substrate enrichment is intriguing. 

Unlike many other kinases, the activity of CK2 is not regulated by the activation loop, but by the 

tetramerization of catalytic (a or a’) and regulatory b subunits into the holoenzyme (a/a’)2b2. 

However, the catalytic subunit may exhibit activity independently of the regulatory subunit 31. 

Although we were not able to detect CK2a phosphorylation, our phosphoproteome dataset 

contained 44 CK2 substrates that were differentially phosphorylated between COV and HC (Table 

S8), providing valuable information on the cellular processes/pathways regulated by CK2 in the 

context of COVID-19. In agreement with the known functions of CK2, the CK2 substrate network 

is enriched with proteins involved in DNA binding, RNA processing/transcription, protein 
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translation and folding. Of note, both the DNA replication licensing factor MCM2 (eg., pS27 and 

pS139, activating) and the RNA polymerase-associated protein LEO1 were phosphorylated on 

multiple sites. Similarly, the transcriptional activator PURB, translation initiation factor EIF3 and 

several ribonuclear proteins were highly phosphorylated in the COV group. Related to this, we 

found the heat shock protein HSP-90 phosphorylated at the activation residue S226, implicating 

increased demand for protein folding and/or ER stress.  

Besides proteins involved in the DNA-RNA-protein genetic information cascade, the most 

highly phosphorylated (in both number of sites and degree of phosphorylation) CK2 substrate is 

osteopontin (OPN or SPP1) (Fig. 4A; Fig. S8). Because phosphorylation, in general, inhibits 

osteopontin function, it is likely that CK2 shut down the many osteopontin signaling pathways 

through phosphorylation. OPN plays a critical role in the crosstalk between innate and adaptive 

immunity by regulating the differentiation of Th1 and Th17 cells, the production of IL-12 by 

macrophages and type I interferon response by plasmacytoid dendritic cells (pDCs) 32,33. Thus, the 

CK2-OPN-IL-12/IFN-a/b axis may underly a multitude of immunological defects associated with 

severe SARS-CoV-2 infection, including under-representation of Th1 subset in virus reactive 

CD4+ T cells27 and impaired type I interferon response34,35. The effect of IL-12 on the development 

of Th1 may be aided by CD44, which plays an essential role in the survival and memory 

development in Th1 cells36. We found significantly reduced in CD44-S706 phosphorylation in 

COV, suggesting reduced activation and signaling through CD44. Moreover, intracellular OPN 

enhances TLR7 and TLR9 (key antiviral innate immune receptor) and Tfh/Bcl6+ cells. SARS-

CoV-2 infection prevents Tfh (Bcl6+) cell generation and durable antibody production37. 

Therefore, the CK2-OPN axis could cause defects in inducing strong anti-viral responses.    

Because of the central role of Tyr phosphorylation in proximal signaling by immune 

receptors and cytokines, we next focused our analysis on the TK-substrate network. Of the 394 

quantifiable pTyr sites identified, 95 showed significant changes between COV and HC (Fig. S6A). 

The majority of the significantly regulated Tyr phosphorylated proteins/pTyr sites belong to a large 

TK-substrate signaling network (Fig. 4B). The tyrosine kinases LYN, SYK, LCK, SRC, FYN and 

ABL1 form the major nodes whereas BTK and JAK2/3 form the minor nodes in the network to 

connect the diverse array of phosphorylated substrates. Except for ABL1, all the TKs in the 

network were significantly more active in the COV group based on the phosphoproteome datasets 
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or KSEA prediction. This extensive TK-substrate network suggests that SARS-CoV-2 promotes 

immune signaling.  

 

Excessive JAK-STAT signaling associated with the cytokine storm  

The cytokine release syndrome (CRS) or cytokine storm is a major cause of acute lung damage 

associated with patient mortality38-43.  Because the cytokine storm is also common in sepsis caused 

by other pathogens 42,44, we determined the mRNA levels of key proinflammatory cytokines and 

chemokines in the PBMCs of the COV (D1) and ICU cohorts in comparison to the heathy controls. 

Except for IL-12, IFN-a, IFN-b, and IL-4, all the cytokines/chemokines examined were 

significantly overexpressed in COV (Fig. 5A). This is in contrast to the ICU cohort where only a 

few were significantly upregulated and by a much smaller degree. SARS-CoV-2 thus elicited a 

much stronger cytokine storm in the COVID-19+ than the COVID-19- ICU patients who had 

pneumonia and suspected sepsis (Table S1). In agreement with published data 3,39,45,46, the most 

highly expressed cytokines included TNF-a, IL-6, IFN-g, IL-2 and IL-15.  Curiously, we found 

the IL-1b level fairly low in comparison, consistent with a previous report47. Besides cytokines, 

the chemokines MCP-1/CCL2 (which recruits monocytes and/or macrophages) and IL-8/CXCL8 

(a classic neutrophil chemoattractant), the macrophage inflammatory protein MIP-1b and the 

macrophage colony-stimulating factor (M-CSF) were all significantly upregulated. These data 

agree with the important role for neutrophils, monocytes and macrophages in the pathology of 

COVID-1935,48. In support of this assertion, iNOS, which is frequently expressed by neutrophils, 

macrophages and dendritic cells to produce NO, was significantly elevated. Inflammatory 

cytokines, including TNF-a and IFN-g, may also induce NO production through the JAK-STAT1 

axis39.   

It is intriguing that IL-12, which was slightly upregulated in ICU, was significantly down-

regulated COV. In contrast, IL-10 expression, which may antagonize IL-12-mediated protection 

against acute virus infection49, is significantly increased.  IL-12, produced by dendritic cells, 

macrophages, and lymphoblastoid cells, is required for the differentiation of Th1 cells and for the 

activation of NK cells, both of which have been found defective in COVID-1946. In contrast, the 

Th2 cytokines IL-4 and IL-10 were moderately increased, suggesting the CD4+ T cell lineage is 

skewed towards Th2 in COVID-1946. Besides IL-12, we found the transcripts of the type I 

interferons, IFN-a and INF-b, significantly reduced, suggesting impaired antiviral immunity. As 
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discussed earlier, the suppression of IL-12 and IFN-a/b expression may be mediated in part by 

CK2-induced phosphorylation and inhibition of OPN/SPP1. Furthermore, the increased NO 

production via iNOS may inhibit IL-12 production by macrophages and dendritic cells 50. 

Consistent with reduced IFN-a/b signaling, we found the expression of the downstream targets 

ISG15 and EIF2A significantly reduced in the COV samples (Table S4).  

Signal transduction by cytokines is dependent on the JAK-STAT pathway. As shown in 

Fig. 3C, JAK2/3 and TYK2 were the most highly activated kinases in the COV PBMCs. Network 

analysis indicates that the JAK2/3 activation is reinforced by decreased phosphorylation/activation 

of SHP1 and STAM, which are negative regulators of cytokine signaling. Activation of the Janus 

kinases led to significant activation of STAT1, STAT3 and STAT5A. It is interesting to note that 

STAT1 was the most activated STAT despite numerous reports suggesting that the IL-6-STAT3 

axis plays a pivotal role in the cytokine storm43,46. STAT1 activation may underlie the significant 

changes in expression for proteins involved in regulating inflammation, complement, exocytosis, 

metabolism, glycosylation, cardiac myocyte survival and T cell signaling (Fig. S9). Collectively, 

the JAK-STAT pathway may signal to reduce the transcriptional activity of EP300 (i.e., increased 

S1038 phosphorylation) and the expression of FHL1/SLIM, a protein implicated in protein 

turnover and cardiomyopathy51,52. JAK2/3 may also regulate cell proliferation through the SHP2-

GRB2-SOS-RAS-RAF-MEK1/2 pathway and survival through the PI3K-AKT2 pathway. The 

reduced phosphorylation/activation of AKT2 suggests reduced cell survival, which together with 

reduced BCL2L1 expression, may contribute to increased apoptosis and  lymphopenia in COVID-

1939,46.  

 

Elevated TCR signaling in the COVID-19 PBMCs 

Immune signaling is critically dependent on immunoreceptor Tyr-based regulatory motifs 

(ITRMs)53. The phosphorylation profile of the ITRMs, therefore, provides a picture of the immune 

signaling landscape. Our MS analysis yielded phosphorylation data for numerous ITRMs (Fig. 6A; 

Table S9). Together with the quantitative expression data for many ITRM containing proteins (Fig. 

6B), we are at a unique position to gauge the activity of different immune signaling pathways. Of 

note, five of the six pairs of immunoreceptor Tyr-based activation motifs (ITAMs) on CD3z, CD3d, 

CD3e and CD3g showed increased phosphorylation in COV (Fig. 6A, 6C). This observation is 

consistent with the increased activation of LCK in the same samples (Fig. 3C). Given the pivotal 
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role of the CD3 molecules in TCR signaling, this data indicates that TCR signaling is elevated in 

the COVID-19 patients. In accordance with this assertion, NFAM1, an activator of the 

calcineurin/NFAT-signaling pathway, was phosphorylated more robustly in the patient PBMCs. 

Collectively, these data indicate that the COVID-19 patients had highly active circulating T cells 

despite having lymphopenia.   

 

Compromised NK cell signaling  

Contrary to elevated T cell signaling, we found that signaling by NK cells, which may kill virus-

infected cells, were significantly compromised in COV. The activity of NK cells is regulated by 

the SLAM family receptors that contain ITSM sequences54. We found that the Tyr phosphorylation 

of several SLAM members, including SLAM6, CD84 and CD244 (2B4), significantly reduced. 

Moreover, phosphorylation of the ITAM in TYROBP/DAP-12, an adaptor for the activating NK 

cell receptor CD94/NKG2C, was down-regulated in both the COV and ICU cohorts.  Moreover, 

both CD300A/MAIR-1, an inhibitory receptor in NK cells, and CEACAM1, a coinhibitory 

receptor in T cells, NK cells and neutrophils, were increased in expression (Fig. 6B). In contrast, 

the expression of PVR, which mediates NK cell adhesion and triggers NK cell effector functions, 

was significantly reduced (Fig. 6B). Collectively, these data suggest that NK cell receptor-

mediated signaling and effector function were compromised by SARS-CoV-2. The defective NK 

cell signaling is consistent with reduced IL-12 expression as IL-12 plays a critical role in NK cell 

activation.  

 

Antibody response and Fc receptor-mediated phagocytosis  

Phagocytosis is an important defense mechanism against pathogen infection. The elimination of 

infected cells or pathogens can be facilitated by Fc receptor-dependent phagocytosis. Consistent 

with up-regulation of the FcR pathway (Fig. 2), signaling through the Fce receptor FCER1G ITAM 

was seen elevated in both patient groups whereas the Fcg receptor FCGR2A ITAM 

phosphorylation was significantly upregulated in the COV but not the ICU group (Fig. 6A & 6C).  

To find out if this was caused by virus specific IgG, we determined the antibody response to SARS-

CoV-2 using an antigen array containing recombinant viral proteins (Fig. S10). Probing the protein 

antigen array by the COVID-19 patient plasma yielded the antibody response profiles (Fig. 6D). 

Four of the five COVID-19 patients showed robust anti-Spike and anti-nucleocapsid antibodies in 
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the plasma collected on day 7 and day 10 of ICU admission. No antibody was detected for the fifth 

patient (COV+5) using the same array, but antibody response to the Spike ecto-domain was 

detectable when the antigen concentration was increased by 10-fold (Fig. S11). Intriguingly, this 

patient was the only one who recovered from the SARS-CoV-2 infection while the remaining four 

succumbed to the disease. This suggests that robust antibody response is not an indicator of potent 

immunity against the virus, as have been shown in previous studies55. 

A possible reason behind this phenomenon is compromised phagocytosis due to co-

inhibitory signaling mediated by the immunoreceptor based inhibitory or switch motifs 

(ITIMs/ITSMs). While FcR signaling positively regulates phagocytosis by phagocytes, it can be 

countered by inhibitory receptors that bear the ITIM/ITSM motifs. A number of ITIM-containing 

receptors were found indeed activated, presumably in neutrophils or macrophages. Of note, 

phosphorylation of Y429 in the inhibitory receptor SIRPa, was significantly up-regulated (Fig. 6A 

& 6C). Coincidently, the expression of SIRPa was significantly increased in COV, but not ICU 

(Fig. 6B). PECAM1, another inhibitory receptor abundantly expressed on macrophages, was also 

significantly activated (Fig. 6A). This suggests SIRPa and PECAM1 may work together to impede 

phagocytosis by neutrophils and macrophages56. Intriguingly, we found that TREML1, a member 

of the TREM (triggering receptor expressed on myeloid cells) family, was down-regulated in both 

expression and ITIM phosphorylation. Furthermore, ITAM phosphorylation in TYROBP/DAP-12, 

an adaptor in TREM1 and TREM2 signaling57, was significantly reduced. Collectively, these data 

suggest that the Fc receptor-mediated phagocytosis via macrophages or neutrophils is 

compromised by robust inhibitory signaling in the COV group.  

SIGLECs are a family of receptors that play an important role in immune self-tolerance 

and host defense58. Different SIGLECS are expressed in different myeloid and lymphatic cells and 

plays a negative role in regulating the effector function of these cells. We found that ITIM/ITSM 

phosphorylation in SIGLEC5, SIGLEC7, SIGLEC9 and SIGLEC10 all increased in the COV 

cohort. Because the SIGLECs are found in neutrophils, monocytes, NK cells and B cells, this 

suggests immune tolerance in the COVID-19 patients may be mediated by enhanced sialic acid 

signaling in these cells. Furthermore, increased inhibitory signaling via the SIGLECs suggests 

compromised myeloid cell function. Finally, it is worth noting that SYK may be a potential target 

for intervention due to its ability to phosphorylate numerous substrates in immune cells59, 
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including the SIGLECs, PAG1- a negative regulator of T cell signaling, PTPN11/SHP-2-negative 

regulator of immune signaling, and STAT3/STAT5, key players in cytokine signaling (Fig. 6E). 

 

DICUSSION 

 

Our deep and quantitative MS analysis uncovered the largest proteome and phosphoproteome for 

the COVID-19 patient peripheral blood derived mononuclear cells (PBMCs) to date. This allowed 

for comparison of SARS-CoV-2+ ICU patients with age- and sex-matched SARS-CoV-2- ICU 

patients and heathy individuals at the proteome, phosphoproteome, network and pathway levels. 

Besides significant differences in the phagocytosis, complement/coagulation, platelet activation, 

metabolism, antigen presentation, and cytokine signaling pathways, the COVID-19 PMBCs are 

characterized with a highly active kinome and extensive kinase-substrate networks. Our work 

shows that severe COVID-19 is marked with a highly active adaptive immune response, 

compromised innate immune response, and imbalance between antiviral and proinflammatory 

responses 46.  

 

T cell and B cell activation despite of lymphopenia 

Despite a general reduction in lymphocyte count, robust T cell and B cell subsets have been 

reported in a proportion of patients5,60,61. We showed that the critically ill COVID-19 patients had 

highly activated T cell and B cell signaling that are regulated by the  tyrosine kinases LCK, LYN 

and SYK. The T cell activation was manifested in increased ITAM phosphorylation in the CD3 

proteins. At the same time, negative regulators of TCR signaling, including DOK, PAG, and CSK 

were inhibited in the COVID-19 PBMCs. It is likely that the TCR was activated be pMHC-I as 

MHC-II mediated antigen presentation was deficient in COVID-19 (Fig. 2) 62. Because DCs are a 

major source of IL-12 production, the reduced IL-12 expression observed in the COV cohort may 

reflect reduced dendritic cell numbers in the critically ill COVID-19 patients. Similarly, the 

activated TCR and BCR signaling is consistent with reports that the magnitude and functional 

breadth of virus-specific CD4 T cell and antibody responses are consistently higher among 

hospitalized patients63. 

 

Enhanced inhibitory signaling and impaired innate immunity 
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We have shown that the impairment in innate antiviral immunity involves at least three 

mechanisms. First, SARS-CoV-2 compromises phagocytosis by promoting inhibitory signaling in 

phagocytes. Activation of the ITIM/ITSM-containing inhibitory receptors SIRPa and PECAM1 

may contribute to reduced phagocytosis whereas activation of the SIGLECs may block 

phagocytosis by a wide range of professional phagocytic cells, including neutrophils, monocytes, 

dendritic cells and macrophages. By countering FcR-mediated phagocytosis, the sialic acid-

SIGLEC axis may be exploited by SARS-CoV-2 to promote immune tolerance64 or even contribute 

to antibody-dependent enhancement 65. Potential sialic acid or galactose binding domains have 

been described in the Spike protein by docking analysis66. The broad-scale impairment of 

phagocytosis mediated by the ITIM/ITSM-containing inhibitory receptors likely explains why 

patients who developed neutralizing antibodies earlier in infection had a higher rate of the disease 

and worse outcome than those who did not 67,68. Second, SARS-CoV-2 interferes with NK cell 

signaling and effector function. A number of studies have reported the association of reduced NK 

cell number and disease severity. Moreover, ex vivo NK cells from the peripheral blood of 

COVID-19 patients show impaired cytotoxicity69. We have showed that signaling through the 

SLAM family receptors, which are important regulators of NK cell activity, is significantly 

inhibited. Besides reduced FYN activation (Fig. 3A), which is responsible for SLAM receptor 

phosphorylation, IL-12 deficiency may contribute significantly to reduced NK cell activity. Third, 

SARS-CoV-2 inhibits the production of the type I interferons IFN-a/b 70. Because plasmacytoid 

dendritic cells (pDCs) are the major source of IFN-a/b and IL-12, reduced expression of these 

cytokines is consistent with previous reports showing reduced pDC function and defects in MHC-

II-dependent antigen presentation62.   

 

Targets for potential immunomodulatory therapy 

In addition to providing information on the regulatory mechanisms of adaptive and innate immune 

response, our work has identified a number of therapeutic targets, including CK2, SYK, JAK3, 

TYK2, DNA-PK and IL-2. CK2 is likely a master regulator of immune response in COVID-19. 

CK2 may directly regulate viral RNA sensing and antiviral defense via the CK2-RIG1-TKB1-

IRF3-IFN-a/b pathway. CK2 knockdown or inhibition has been shown to activate RIG1, TKB1 

and IFN-a/b response71,72. Our work suggests that CK2 may also regulate type I interferon 

response via the CK2-OPN-IFNa/b axis and inactivate NK cell effector function via CK2-OPN-
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IL-12. Furthermore, CK2 activation may impact the JAK-STAT pathway by phosphorylating 

JAK273. Therefore, by inhibiting CK2, it is possible to rejuvenate antiviral immunity and at the 

same time, reduce the damaging effect of the cytokine storm. In that vein, it is worth noting the 

CK2 inhibitor silmitasertib suppressed SARS-CoV-2 infection in vitro in cell model 8.  

SYK is another attractive target emerging from our work 74. SYK activation in COVID-19 

may be a double-edged sword75. On the one hand, it is required for the B-cell receptor and FcR-

mediated signaling pathways, and on the other hand, it is involved in promoting inhibitory 

pathways in innate immune cells59, thereby compromising FcR-mediated phagocytosis to 

eliminate the virus or virus-infected cells. In the latter capacity, it is possible that SYK may even 

contribute to ADE. Indeed, SYK has a crucial role in autoimmune diseases and haematological 

malignancies76. SYK inhibitors may thus alleviate the autoimmune response associated with 

COVID-1929.  

Lastly, we propose that IL-12 supplementary therapy alone or in combination with 

proinflammatory cytokine blockade may be effective strategies to treat critically ill patients.  The 

wide ranges of cytokines that are significantly overexpressed, which may signal to different STAT 

proteins to affect a wide range of cellular functions, may not be overcome by targeting a single 

cytokine-receptor pair. For example, there are at least 9 other cytokines of the IL-6 family that can 

activate STAT3 besides IL-6 itself 41. This may explain why tocilizumab, an inhibitor of the IL-6 

receptor, did not show significant benefits on disease progression or survival of hospitalized 

patients with COVID-19 pneumonia in clinical trials77,78. Indeed, anticytokine therapies in severe 

COVID-19 should be informed by detailed inflammatory profiling79 and be applied according to 

the underlying molecular mechanisms. Our work suggests that IL-12 should be included in future 

cytokine-based therapies. Furthermore, JAK3, JAK2 and TYK2, which are highly activated in 

COVID-19, may be explored. Because these kinases transduce signals downstream of the 

cytokines, the corresponding inhibitor may help alleviate ARDS associated with CRS.   

The pathophysiology of SARS-CoV-2-induced ARDS has similarities to that of severe 

community-acquired pneumonia and sepsis caused by other viruses or bacteria 40, as is the case 

between the COV and ICU cohorts employed in the current study. The rich proteomics and 

phosphoproteomics datasets obtained herein may inform future investigations into the mechanisms 

underpinning pneumonia and sepsis associated with virus or bacterium infection and aid in the 

development of targeted immunomodulatory therapies for the treatment of these conditions39. 
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Furthermore, quantitative MS analysis of the peripheral blood, a readily available biospecimen, 

may be used to evaluate individual responses to COVID-19 therapies or vaccines. 
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MAIN FIGURE TITLES AND LEGENDS 

 

Fig. 1. Proteome signatures of COVID-19.   

(A) Heatmap representation of differentially expressed proteins between the proteome of the COV 

(n=5, day 1 samples or COV-D1), ICU (n=5, day 1) and HC (n=5) PBMCs ordered by hierarchical 

clustering of the normalized intensities (z-scores) of the 894 proteins that were significantly 

distinguished by an ANOVA test between the groups. Over-expressed proteins (compared to the 

mean for each protein) are shown in red, and under-expressed proteins are shown in cyan. (B) 

Gene Ontology (GO) enrichment of the differentially expressed proteins based on analysis with 
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Metascape. Significant features intersecting each GO category were compared to the background 

dataset as an enrichment score and FDR (Benjamini-Hochberg) q-value from Fisher’s exact test. 

(C) A PPI network for RNA splicing (left) and translation (right) identified from the significantly 

regulated proteins (constructed using STRING).  The node color gradient corresponds to the log2 

COV-D1/HC ratio. The node border is colored with the five major functional annotation terms 

enriched in the network. 

 

Fig. 2. Pathways and processes perturbed in the PBMCs of critically ill COVID-19 patients.  

Each spot corresponds to a protein within the specified pathway based on GO annotation. The y-

axis shows the log2 value of the fold difference in protein expression for the group (relative to the 

mean of the whole proteome). The p values were calculated based on ANOVA test, *p<0.05, 

**p<0.002, NS, not significant. 

 

Fig. 3. Kinase phosphorylation and activity status in the COV and ICU PBMCs.   

The averaged log2 ratio of matched samples (e.g., the mean value of ICU1/HC1, 

ICU2/HC2...ICU5/HC5) are displayed as a heatmap with clustering. (A) Detected tyrosine kinases 

(TKs). (B) Ser/Thr kinases (STKs) showing significant changes in phosphorylation between 

patients and the heathy controls. See Supplementary Table S3 for a complete list of all detected 

kinase phosphorylation sites. “AL”: kinase activation loop, “inducible”: the phosphorylation 

induces kinase activity, “inhibitory”: the phosphorylation inhibits kinase activity. The annotations 

are based on PhosphositePlus, except for LCK-pY194 and AKT2 pSer478. (C) Kinase activity 

predicted using Kinase-Substrate Enrichment Analysis (KSEA). The combined phosphoproteome 

data (pTyr and IMAC datasets) were used to analyze which kinases may be activated or supressed 

in the COVID-19 patients compared to healthy controls, based on enrichment of phosphorylated 

substrates in the COV samples. The prediction used both the PhosphositePlus and NetworKIN 

datasets. The list of kinases was filtered and the kinases detected in any of the mass spec injections 

were retained in the figure. 

 

Fig. 4. The protein kinase-substrate network underlying COVID-19.  

The protein kinase-substrate network underlying COVID-19. (A) The CK2-substrate network. 

Known or predicted CK2 substrate phosphosites were extracted from the significantly regulated 



 20 

phosphosites (ANOVA FDR < 10% between COV-D1, ICU and HC). Phosphosites with a green 

border are known CK2 substrates based on PhosphositePlus. The phosphorylation nodes are 

colored based on the IMAC data, whereas the protein nodes are based on the proteome data. Protein 

nodes without observation/quantification are colored grey. (B) A TK-substrate network for 

COVID-19 based on quantitative proteome and phosphoproteome data. The kinase nodes were 

coloured by the log2 COV-D1/HC fold change of the full proteome protein intensities. Kinase 

proteins which were observed by mass spectrometry but without sufficient data were colored green 

(proteins with n ≥ 3 from each sample group were considered sufficient for statistical analysis). 

The thickness of the node border correspond to p-values (thicker for smaller p-values). The kinase-

substrate relationship data were retrieved from PhosphoSitePlus database (version November 

2020). 

 

Figure 5. The cytokine storm and elevated JAK-STAK signaling in critically ill COVID-19 

patients.  (A) Differential expression of cytokines and chemokines in the COV-D1, ICU and HC 

PMBCs. Data shown were normalized to b-actin to calculate relative fold change in mRNA 

transcript. Asterisks indicate significant difference between COV-D1 and ICU or HC unless 

otherwise indicated. *, p<0.05, **, p<0.002, calculated based on One-Way ANOVA (n=5, 4 

technical repeats). (B) The cytokine-JAK-STAT signaling network underlying COVID-19. The 

proteins and phosphosites are colored according to the COV-D1/HC ratio (red: upregulation, blue: 

downregulation). The nodes without sufficient data to calculate the ratio are colored grey. 

 

Fig. 6. SARS-CoV-2 augments immune signaling through immunoreceptor Tyr-based 

regulatory motifs.  (A) A heatmap showing the differences in ITRM Tyr phosphorylation in 

patient PBMCs compared to the heathy controls. (B) A heatmap of the ITRM-containing proteins 

with significant changes in expression. (C) Representative examples showing the dynamic changes 

in phosphorylation of the ITRMs. p-values calculated by One-way ANOVA (n=3-5), *, p<0.05, 

**, p<0.002. (D) Antibody response determined by a SARS-CoV-2 antigen array. (E) SYK may 

phosphorylates multiple proteins and nucleate an immune signaling hub. The SIGLEC pTyr sites 

with dashed arrows are potential SYK substrates. 
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SUPPLEMENTAL FIGURE TITLES AND LEGENDS 

 

Fig. S1. An overview of sample processing for LC/MS-MS analysis.  

PMBCs were isolated from patients or healthy control blood samples. Another PBMC sample was 

treated with pervanadate to be used as pTyr booster in the 11-plex TMT experiments. Protein 

materials were isolated and digested by LysC and trypsin. The samples were labelled with 3 sets 

of 11-plex TMT labelling reagents. The 11 peptide samples for each isobaric set were combined 

and incubated with SH2 superbinder beads. The bound peptides were enriched with tyrosine-

phosphorylated peptides. The flow-though materials were used for analysis of the full proteome 

and the phosphoproteome (mainly for pSer and pThr peptides). The Ti4+-IMAC resin was used 

for the phosphopeptide enrichment. Proteome peptides and enriched phosphopeptides were 

fractionated using a high-pH fractionation kit prior to LC-MS/MS analysis.  

 

Fig. S2. Proteins differentially expressed in COVID-19+ ICU patients compared to healthy 

controls.   

A Volcano plot comparing the identified PBMC proteome between the COVID-19 patients (day 1 

samples) and healthy controls. 521 proteins (marked red) were found significantly different 

between the two sample groups (FDR 5%). 

 

Fig. S3. PPI network clustering by Metascape on the differentially expressed proteins in the 

COVID-19 PBMCs.  

(A) A summary of enriched networks and the associated top 3 functional annotation terms. 

MCODE_1 to 4 correspond to the depicted PPI network 1-4 below. (B-E) PPI networks 

significantly enriched in the COVID-19 PMBCs. A color gradient from cyan to orange was used 

to indicate decreased to increased expression between the COV-D1 and HC groups with the dot 

size indicating Log2 of the difference (from -2.7 to 2.5).  

 

Fig. S4. Gene Ontology (GO) enrichment analysis of proteins differentially expressed 

between patients and healthy controls.  

(A) Enriched processes or functions for the Cluster 1 proteins (in Fig. 1A). (B) Enriched processes 

or functions for the Cluster 5 proteins (in Fig. 1A).  
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Fig. S5. Distinguishing features of the COVID-19 PBMC phosphoproteome compared to that 

of the heathy controls or ICU patients.  

Biological processes significantly enriched between (A) COVID-Day1 and HC, and, (B) COVID 

Day1 and ICU based on PHOTON analysis. The enrichment score and FDR (Benjamini-Hochberg) 

q-value from Fisher’s exact test are shown on the y-axis. 

 

Fig. S6. The Tyr phosphoproteome signature of COVID-19.  

(A) Heatmap showing clustering of significantly regulated pTyr sites. The 94 significantly 

regulated pTyr sites were identified based on the ANOVA test for the three sample groups with 

10% FDR cut-off, and were grouped by hierarchical clustering. (B) Enriched GO categories for all 

proteins displaying significant pTyr changes between groups. 

 

Fig. S7. Kinase protein abundance in PBMC samples from patients relative to healthy 

controls.  

The scale is in log2 ratio between the sample groups. (A) All tyrosine kinases. (B) All kinases with 

ANOVA FDR < 10% between the three groups (COV-D1, ICU, HC). 

 

Fig. S8. OPN/SPP1 phosphorylation is significantly upregulated in the COVID-19 PBMCs.  

(A) A volcano plot comparing the identified pSer/pThr sites between the COV-D1 and HC1 

samples. The OPN/SPP1 phosphorylation sites are identified in red. (B) A heatmap showing the 

intensities of all SPP1 phosphosites in the patient PBMCs relative to the healthy control. The 

significant pSer sites are identified by asterisks.  

 

Fig. S9. STAT1 regulated gene expression in the COV and ICU patients. 

Log2 fold change in expression relative to the HC group is shown. The heatmap is generated color 

gradient from blue to red, representing decreased to increased (Log2 fold change) expression. 

Significantly regulated proteins are identified in asterisks with brief functional annotation on the 

right.    
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Fig. S10. SDS PAGE images of the recombinant SARS-CoV-2 proteins used in the antigen 

array.  

 

Fig. S11. SARS-CoV-2 Proteome antigen array.  

(A) Identity and position of proteins printed in the proteome array (see also Fig. 5). (B) The plasma 

from the ICU (COVID-19 negative) and healthy control group showed no antibody response to 

any virus antigen. (C) A proteome array printed with 10 x spike Ecto domain (5 μM) was screened 

with the plasma samples from the COV+5 patient. 

 

SUPPELMENTAL TABLE TITLES 

 

Table S1. Subject demographics and clinical data 

Table S2. The list of samples for TMT labelling and mass spectrometry analysis 

Table S3. Mass spectrometer data collection parameters 

Table S4. Identified proteins 

Table S5. Identified phosphosites by IMAC enrichment 

Table S6. Identified tyrosine phosphorylation sites by superbinder enrichment 

Table S7. Identified phosphosites from protein kinases.  

ANOVA test was conducted between the three groups of COV-D1, ICU, HC. 

Table S8. Known or predicted CK2 substrates.  

Only the significantly regulated phosphosites are included (ANOVA FDR < 10% based on 

comparison between the three groups, COV-D1, ICU and HC). 

Table S9. Phosphorylated immunoreceptor tyrosine-based regulatory motifs.  

All pTyr sites of proteins that possess an ITRM motif are included here. The ANOVA test was 

conducted between the three sample groups (COV-D1, ICU, HC). 
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Fig. 1. Proteome signatures of COVID-19. (A) Heatmap representation of differentially expressed proteins between the
proteome of the COV (n=5, day 1 samples or COV-D1), ICU (n=5, day 1) and HC (n=5) PBMCs ordered by hierarchical
clustering of the normalized intensities (z-scores) of the 894 proteins that were significantly distinguished by an ANOVA test
between the groups. Over-expressed proteins (compared to the mean for each protein) are shown in red, and under-
expressed proteins are shown in cyan. (B) Gene Ontology (GO) enrichment of the differentially expressed proteins based on
analysis with Metascape. Significant features intersecting each GO category were compared to the background dataset as an
enrichment score and FDR (Benjamini-Hochberg) q-value from Fisher’s exact test. (C) A PPI network for RNA splicing (left)
and translation (right) identified from the significantly regulated proteins (constructed using STRING). The node color
gradient corresponds to the log2 COV-D1/HC ratio. The node border is colored with the five major functional annotation terms
enriched in the network.
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Fig. 2. Pathways and processes perturbed in the PBMCs of critically ill COVID-19 patients. Each spot
corresponds to a protein within the specified pathway based on GO annotation. The y-axis shows the log2 value of the
fold change in protein expression for the group (relative to the mean of the whole proteome). The p values were
calculated based on ANOVA test, *p<0.05, **p<0.002, NS, not significant.



Fig. 3. Kinase phosphorylation and activity status in the COV and ICU PBMCs.
The averaged log2 ratio of matched samples (e.g., the mean value of ICU1/HC1, ICU2/HC2...ICU5/HC5) are
displayed as a heatmap with clustering. (A) Detected tyrosine kinases (TKs). (B) Ser/Thr kinases (STKs) showing
significant changes in phosphorylation between patients and the heathy controls. See Supplementary Table S3
for a complete list of all detected kinase phosphorylation sites. “AL”: kinase activation loop, “inducible”: the
phosphorylation induces kinase activity, “inhibitory”: the phosphorylation inhibits kinase activity. The annotations
are based on PhosphositePlus, except for LCK-pY194 and AKT2 pSer478. (C) Kinase activity predicted using
Kinase-Substrate Enrichment Analysis (KSEA). The combined phosphoproteome data (pTyr and IMAC datasets)
were used to analyze which kinases may be activated or supressed in the COVID-19 patients compared to
healthy controls, based on enrichment of phosphorylated substrates in the COV samples. The prediction used
both the PhosphositePlus and NetworKIN datasets. The list of kinases was filtered and the kinases detected in
any of the mass spec injections were retained in the figure.
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Fig. 4. The protein kinase-substrate network underlying COVID-19. (A) The CK2-substrate network. Known or predicted
CK2 substrate phosphosites were extracted from the significantly regulated phosphosites (ANOVA FDR < 10% between COV-
D1, ICU and HC). Phosphosites with a green border are known CK2 substrates based on PhosphositePlus. The
phosphorylation nodes are colored based on the IMAC data, whereas the protein nodes are based on the proteome data.
Protein nodes without observation/quantification are colored grey. (B) A TK-substrate network for COVID-19 based on
quantitative proteome and phosphoproteome data. The kinase nodes were coloured by the log2 COV-D1/HC fold change of the
full proteome protein intensities. Kinase proteins which were observed by mass spectrometry but without sufficient data were
colored green (proteins with n ≥ 3 from each sample group were considered sufficient for statistical analysis). The thickness of
the node border correspond to p-values (thicker for smaller p-values). The kinase-substrate relationship data were retrieved
from PhosphoSitePlus database (version November 2020).



Figure 5. The cytokine storm and elevated JAK-STAK signaling in COVID-19. (A) Differential expression of cytokines
and chemokines in the COV-D1, ICU and HC PMBCs. Data shown were normalized to b-actin. Asterisks indicate a significant
difference between COV-D1 and ICU or HC unless otherwise indicated. *, p<0.05, **, p<0.002, calculated based on One-Way
ANOVA (n=5, 4 technical repeats). (B) The cytokine-JAK-STAT signaling network underlying COVID-19. The proteins and
phosphosites are colored according to the COV-D1/HC ratio (red: upregulation, blue: downregulation). The nodes without
sufficient data to calculate the ratio are colored grey.
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Fig. 6. SARS-CoV-2 augments immune signaling through immunoreceptor Tyr-based regulatory motifs. (A) A
heatmap showing the differences in ITRM Tyr phosphorylation in patient PBMCs compared to the heathy controls. (B) A
heatmap of the ITRM-containing proteins with significant changes in expression. (C) Representative examples showing the
dynamic changes in phosphorylation of the ITRMs. p-values calculated by One-way ANOVA (n=3-5), *, p<0.05, **, p<0.002.
(D) Antibody response determined by a SARS-CoV-2 antigen array. (E) SYK may phosphorylates multiple proteins and
nucleate an immune signaling hub. The SIGLEC pTyr sites with dashed arrows are potential SYK substrates.
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Table S1. Subject demographics and clinical data 
______________________________________________________________________________ 

Group COVID+ patients Non-COVID ICU patients 

Sample ID COV-1 COV-2 COV-3 COV-4 COV-5 ICU-1 ICU-2 ICU-3 ICU-4 ICU-5  

Age in years 63 63 62 47 55 60 63 61 45 57  

Sex M F F M M M F F M M  

Multiple organ 
dysfunction score 8 4 11 5 5 5 0 1 3 7  

Sequential Organ 
Failure 

Assessment Score 
7 2 11 2 11 5 3 4 5 n/a  

Comorbidities            

Hypertension YES NO YES NO NO YES NO NO YES NO  

Diabetes NO NO YES NO YES NO YES NO NO NO  

Chronic kidney 
disease NO NO NO NO NO NO NO NO NO NO  

Cancer NO NO NO NO NO NO NO NO NO NO  

Chronic 
obstructive 

pulmonary disease 
NO NO NO NO NO NO YES NO NO NO  

Coronary 
artery/heart 

disease 
NO NO NO NO YES NO YES NO NO NO  

Chronic heart 
failure NO NO NO NO NO NO YES NO NO NO  

Baseline labs            

WBC 12.9 6.9 41.5 10.5 23.6 7.9 6.3 19.3 11.9 17.9  

Neutrophils 11.1 5.8 24.1 9.7 21.1 7.2 5.3 16.1 10.6 15.6  

Lymphocytes* 0.9 0.8 0.7 0.3 0.5 0.3 0.6 1.4 0.4 1.2  

Hemoglobin 122 110 94 134 93 137 75 81 124 109  

Platelets 186 203 366 216 463 291 261 163 248 259  

Creatinine 993 56 565 78 82 45 56 80 46 71  

CXR finding bilateral 
pneumonia 

bilateral 
pneumonia 

bilateral 
pneumonia 

bilateral 
pneumonia 

unilateral 
pneumonia 

unilateral 
pneumonia 

bilateral 
pneumonia 

unilateral 
pneumonia normal unilateral 

pneumonia 

Pao2/Fio2 ratio 59 88 120 50 160 208 143 316 363 n/a  

Sepsis diagnosis Confirmed Confirmed Confirmed Confirmed Confirmed Suspected Suspected Suspected Suspected Suspected  

Interventions 
during study            

Antibiotics YES YES YES YES YES YES YES YES YES YES  

Anti-virals NO NO NO NO NO NO NO NO YES YES  

Steroids NO NO NO NO YES NO YES YES NO NO  

Vasoactive 
medications YES YES YES YES YES NO NO YES NO YES  

Renal replacement 
therapy YES NO YES NO NO NO NO NO NO NO  

High-flow nasal 
cannula NO YES NO YES NO NO NO NO NO NO  

Non-invasive 
mechanical 
ventilation 

YES NO NO NO NO YES YES YES NO NO  

Invasive 
mechanical 
ventilation 

YES YES YES YES YES YES NO NO YES YES  

Patient Outcome DEAD DEAD DEAD DEAD ALIVE ALIVE ALIVE ALIVE DEAD DEAD  

 
____________________________________________________________________________________________________________________________
* 1.0-4.0  (109/L) for healthy adults  



Table S2. The list of samples for TMT labeling and mass spectrometry analysis  
 

Subject Age Sex Day 
collected 

TMT 
batch & 
channels 

  
COV1 

  
63 M 

day1 A9, C2 
day7 A2 
day10 A6 

  
COV2 

  
63 F 

day1 A10, C3 
day7 A4 
day10 A7 

  
COV3 

  
62 F 

day1 A11, C4 
day7 A5 
day10 A8 

  
COV4 

  
47 M 

day1 B2 
day7 B5 
day10 B7 

  
COV5 

  
55 M 

day1 B4 
day7 B6 
day10 B8 

ICU1 60 M day1 B3, C5 
ICU2 63 F day1 C6 
ICU3 61 F day1 C7 
ICU4 45 M day1 B9 
ICU5 56 M day1 C8 
HC1 59 M   A3, C9 
HC2 63 F   C10 
HC3 62 F   C11 
HC4 47 M   B10 
HC5 55 M   B11 

PBMC, 
PV+    A1, B1, 

C1 
 
Note: The channel 3 data (A3, B3 and C3) were not used for analysis due to strong reporter ion 
interferences from channel 1 (pervanadate-treated PBMC booster channel, A1, B1 and C1). 
 



SARS-CoV-2+ patients
(day 1, 7, 10)

n=5 (15 total samples)
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patients (day 1)
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Fig. S1. An overview of sample processing for LC/MS-MS analysis.
PMBCs were isolated from patients or healthy control blood samples. Another PBMC sample
was treated with pervanadate to be used as pTyr booster in the 11-plex TMT experiments.
Protein materials were isolated and digested by LysC and trypsin. The samples were labelled
with 3 sets of 11-plex TMT labelling reagents. The 11 peptide samples for each isobaric set
were combined and incubated with SH2 superbinder beads. The bound peptides were enriched
with tyrosine-phosphorylated peptides. The flow-though materials were used for analysis of the
full proteome and the phosphoproteome (mainly for pSer and pThr peptides). The Ti4+-IMAC
resin was used for the phosphopeptide enrichment. Proteome and enriched phosphopeptides
were fractionated using a high-pH fractionation kit prior to LC-MS/MS analysis.
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Fig. S2. Proteins differentially expressed in COVID-19+ ICU patients compared to healthy
controls. A Volcano plot comparing the identified PBMC proteome between the COVID-19
patients (day 1 samples) and healthy controls. 521 proteins (marked red) were found
significantly different between the two sample groups (FDR 5%).



MCODE GO Description Log10(P)
MCODE_1 GO:0044772 mitotic cell cycle phase transition -8.7
MCODE_1 GO:0044770 cell cycle phase transition -8.3
MCODE_1 ko04340 Hedgehog signaling pathway -7.9
MCODE_2 R-HSA-8953854 Metabolism of RNA -10.6
MCODE_2 ko03040 Spliceosome -9.4
MCODE_2 hsa03040 Spliceosome -9.4
MCODE_3 GO:0034655 nucleobase-containing compound catabolic process -11.7

MCODE_3 GO:0046700 heterocycle catabolic process -11.3
MCODE_3 GO:0044270 cellular nitrogen compound catabolic process -11.3

MCODE_4 GO:0045055 regulated exocytosis -8.6
MCODE_4 R-HSA-2262752 Cellular responses to stress -6.8
MCODE_4 R-HSA-8953897 Cellular responses to external stimuli -6.8

Fig. S3. PPI network clustering by Metascape on the differentially expressed proteins in the
COVID-19 PBMCs. (A) A summary of enriched networks and the associated top 3 functional
annotation terms. MCODE_1 to 4 correspond to the depicted PPI network 1-4 below. (B-E) PPI
networks significantly enriched in the COVID-19 PMBCs. A color gradient from cyan to orange was
used to indicate decreased to increased expression between the COV-D1 and HC groups with the
dot size indicating Log2 of the difference (from -2.7 to 2.5).

B
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KVa04611: 3OatHOHt activatiRn
G2:0043687: SRVt-tranVOatiRnaO SrRtHin PRGiIicatiRn
G2:0016311: GHSKRVSKRryOatiRn
G2:0051701: intHractiRn witK KRVt
G2:0019321: SHntRVH PHtabROic SrRcHVV
5-H6A-5627123: 5H2 G73aVHV activatH 3AKV
G2:1903827: rHguOatiRn RI cHOOuOar SrRtHin ORcaOizatiRn
G2:0120031: SOaVPa PHPbranH bRunGHG cHOO SrRMHctiRn aVVHPbOy
G2:0072657: SrRtHin ORcaOizatiRn tR PHPbranH
G2:0016197: HnGRVRPaO tranVSRrt
G2:0007015: actin IiOaPHnt RrganizatiRn
5-H6A-449147: 6ignaOing by IntHrOHukinV
G2:1902749: rHguOatiRn RI cHOO cycOH G2/0 SKaVH tranVitiRn
G2:0005975: carbRKyGratH PHtabROic SrRcHVV
G2:1990748: cHOOuOar GHtRxiIicatiRn
G2:0051186: cRIactRr PHtabROic SrRcHVV
G2:0007599: KHPRVtaViV
5-H6A-5653656: 9HVicOH-PHGiatHG tranVSRrt
5-H6A-109582: HHPRVtaViV
G2:0045055: rHguOatHG HxRcytRViV

A

B

Fig. S4. Gene Ontology (GO) enrichment analysis of proteins differentially expressed
between patients and healthy controls. (A) Enriched processes or functions for the Cluster 1
proteins (in Fig. 1A). (B) Enriched processes or functions for the Cluster 5 proteins (in Fig. 1A).
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Fig. S5. Distinguishing features of the COVID-19 PBMC phosphoproteome compared to
that of the heathy controls or ICU patients. Biological processes significantly enriched
between (A) COVID-Day1 and HC, and, (B) COVID Day1 and ICU based on PHOTON
analysis. The enrichment score and FDR (Benjamini-Hochberg) q-value from Fisher’s exact
test are shown on the y-axis.
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0183: 3ID IL6 7 3A7H:AY
5-H6A-451927: IntHrOHuNLn-2 IDPLOy sLgnDOLng
G2:0050853: B FHOO rHFHStRr sLgnDOLng SDthwDy
0169: 3ID I17(G5I12 3A7H:AY
G2:0000904: FHOO PRrShRgHnHsLs LnvROvHG Ln GLIIHrHntLDtLRn
NR04670: LHuNRFytH trDnsHnGRthHOLDO PLgrDtLRn
NR04380: 2stHRFODst GLIIHrHntLDtLRn
G2:0002250: DGDStLvH LPPunH rHsSRnsH
G2:0045088: rHguODtLRn RI LnnDtH LPPunH rHsSRnsH
G2:0007015: DFtLn ILODPHnt RrgDnLzDtLRn
5-H6A-2029482: 5HguODtLRn RI DFtLn GynDPLFs IRr ShDgRFytLF FuS IRrPDtLRn
5-H6A-1500931: CHOO-CHOO FRPPunLFDtLRn
G2:0046649: OyPShRFytH DFtLvDtLRn
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5-H6A-2029480: )FgDPPD rHFHStRr ()CG5) GHSHnGHnt ShDgRFytRsLs
G2:0002253: DFtLvDtLRn RI LPPunH rHsSRnsH
5-H6A-109582: HHPRstDsLs

Fig. S6. The Tyr phosphoproteome signature of COVID-19. (A) Heatmap showing clustering of 
significantly regulated pTyr sites. The 94 significantly regulated pTyr sites were identified based on 
the ANOVA test for the three sample groups with 10% FDR cut-off, and were grouped by 
hierarchical clustering. (B) Enriched GO categories for all proteins displaying significant pTyr
changes between groups.

A upregulated in COVID-19 downregulated in COVID-19

B



Fig. S7. Kinase protein abundance in PBMC samples from patients relative to healthy controls. 
The scale is in log2 ratio between the sample groups. (A) All tyrosine kinases. (B) All kinases with 
ANOVA FDR < 10% between the three groups (COV-D1, ICU, HC).

A BA B



Fig. S8. OPN/SPP1 phosphorylation is significantly upregulated in the COVID-19 PBMCs. 
(A) A volcano plot comparing the identified pSer/pThr sites between the COV-D1 and HC1 samples. 
The OPN/SPP1 phosphorylation sites are identified in red. (B) A heatmap showing the intensities of all 
SPP1 phosphosites in the patient PBMCs relative to the healthy control. The significant pSer sites are 
identified by asterisks. 

A B
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Fig. S9. STAT1 regulated 
gene expression in the COV 
and ICU patients. Log2 fold 
change
in expression relative to the
HC group is shown. The
heatmap is generated color
gradient from blue to red,
representing decreased to
increased (Log2 fold change)
expression. Significantly
regulated proteins are
identified in asterisks with brief
functional annotation on the
right.

Function

Metabolism (TCA), accumulates in the cell when inactivated 

Complement

Complement

Exocytosis

Sarcoidosis (granuloma)

Tyr phosphatase (for LYN, SRC, etc)

Beta-Mannosidase

Beta-Mannosidase

Cardiac myocyte survival
Negative regulator of TCR



Fig. S10. SDS PAGE images of the recombinant SARS-CoV-2 proteins used in the 
antigen array. 
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Fig. S11. SARS-CoV-2 Proteome antigen array. (A) Identity and position of proteins 
printed in the proteome array (see also Fig. 5). (B) The plasma from the ICU (COVID-19 
negative) and healthy control group showed no antibody response to any virus antigen. 
(C) A proteome array printed with 10 x spike Ecto domain (5 μM) was screened with the 
plasma samples from the COV+5 patient
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SUPPLEMENTARY METHODS 

 

Study design and blood sample collection 

 

This study was approved by the Western University, Human Research Ethics Board (study number: 

116284). Patients were admitted to level-3 academic intensive care unit (ICU) at London Health 

Sciences Centre-Victoria Campus (London, Ontario) and were suspected of having COVID-19 

based on standard hospital screening procedures 1. Blood samples were collected starting at 

admission for COVID-19- patients, or day 1, 7 and 10 for COVID-19+ patients. COVID-19 status 

was confirmed as part of standard hospital testing by detection of two SARS-CoV-2 viral genes 

using polymerase chain reaction. Although ICU severity of illness scores have not been validated 

in COVID-19+ patients, we calculated multiple organ dysfunction score (MODS) and Sequential 

Organ Failure Assessment (SOFA) score for both COVID-19+2.  

Final participant groups were constructed by age- and sex-matching COVID-19+ ICU 

patients with COVID-19- ICU patients, as well as healthy controls that had blood samples 

previously banked in the Translational Research Centre, London, ON, Canada) (directed by Dr. 

D. D. Fraser; https://translationalresearchcentre.com/)3,4. 

The peripheral blood mononuclear cell (PBMC)/buffy coat and plasma samples were de-

identified prior to transfer from the hospital to a biosafety Level 3 (CL3) lab (ImPaKT, Western 

University) following Transportation of Dangerous Goods (TDG) guidelines. All plasma samples 

were heat-inactivated at 56 °C for 30 minutes and PBMCs were lysed in 9M Urea in HEPES buffer 

(20mM HEPES, 1mM sodium orthovanadate, 10mM NaF, pH8.0) at the ImPaKT CL3 facility as 

per Western university biosafety regulation. Heat inactivated plasma and lysed PBMCs samples 

were verified free of virus before they were transferred to the testing laboratory. 

 

Sample processing for proteomics and phosphoproteomics analyses by mass spectrometry  

 

Hemoglobin depletion and protein precipitation 

Hemoglobin was depleted from PBMC whole cell lysate samples according to HemogloBindTM 

manufacturer instruction with modifications. Briefly, 10 ml HemogloBind beads were added to 1 

ml whole cell lysate suspended in 20mM HEPES buffer pH 6.5 containing 1mM sodium 



orthovanadate, 10mM NaF, and the mixture was vortexed for 10 min at room temperature.  The 

Mixture was then centrifuged for 5 minutes at 10,000 rpm and the protein supernatant was 

collected and precipitated with 5 volumes of ice-cold acetone/ethanol/acetic acid/ 

(v/v/v/=50/50/0.1) at -20 oC overnight. Protein pellets were collected by centrifugation at 17,000g 

for 20 min the following day and the resulting pellets were washed with ice-cold 75% ethanol once 

and centrifuged at 17,000g for 3min. Ethanol was removed and pellets were dried briefly and then 

resuspended in urea lysis buffer (9M urea, 20 mM HEPES, 1 mM sodium orthovanadate, 10mM 

NaF, pH8.0) 

 

Protein processing and digestion 

Protein concentration was estimated by Bio-Rad protein assay kit. The protein concentration was 

adjusted to 8 µg/µl in urea lysis buffer and reduced with 10 mM dithiothreitol (DTT) for 1 hour at 

room temperature. Protein was then alkylated with iodoacetamide (IAA) to a final concertation of 

10 mM IAA followed by incubation for 45min in the dark at room temperature. Protein solution 

was then diluted 1:3 (vol/vol) with digestion buffer (50 mM HEPES, 1 mM orthovandate, 10 mM 

NaF, pH 8.0) to decrease urea concentration, LysC was then added in a ratio of 1 mAU per 50 µg 

of total protein followed by incubation of 2 hours at 25°C with gentle shaking. Trypsin was then 

added in a ratio 1:50, and incubated overnight at 28°C. The resulting peptide was desalted using 

SepPak C18 cartridges (Waters WAT054955) and SpeedVac dried. 

 

Pervanadate treatment for the booster channel PBMC  

PBMCs isolated from normal blood samples was treated by pervanadate as descried in 5 with 

modifications. Briefly, the pervanadate solution was prepared by adding 10 μl of 0.1 M sodium 

orthovanadate to 10 μl of 0.2 M hydrogen peroxide (diluted 50-fold from a 30% stock). The 

solution was then incubated at room temperature for 15 min. Excess hydrogen peroxide was 

inactivated by adding 2 μl of catalase in PBS (10 mg/ml). PBMCs were suspended in 5 volumes 

0.1 mM pervanadate in a buffer containing 20 mM HEPES-NaOH (pH 7.4) and incubated at 37° 

for 10 min. 

 

Tandem Mass Tag (TMT) labelling 



For mass spectrometry analysis, we labelled  25 patient or healthy control samples with the 11-

plex TMT isobaric labelling reagent (Thermo A37725) (Table S2) for sample identities with TMT 

set/channel numbers). In addition, we employed the pervanadate BOOST channel approach 6 by 

including the pervanadate-treated human PBMC sample as the reference channel (channel 1 of 

each 11-plex sample). Three sets of 11-plex reagents were used to label all samples.  

 The TMT labelling procedure was modified from 7. The desalted peptides were 

reconstituted in 0.1% formic acid to determine peptide concentration by the BCA protein assay kit 

(Pierce 23225). 200 µg portions of peptides from each sample were aliquoted and vacuum-dried 

to evaporate formic acid. Each of 0.8 mg 11-plex TMT labelling reagents was reconstituted in 41 

µl acetonitrile. The peptides were reconstituted in 40 µl of 50 mM HEPES (pH 8.5) to prepare 5 

mg/ml peptide solution and were mixed with 20.5 µl of the TMT reagent to label the peptides at 

room temperature for two hours. The reaction was quenched by adding 4 µl of 5% hydroxylamine. 

The 11 samples were combined (2.2 mg total peptides) and desalted by the SepPak C18 cartridge. 

We previously reported that superbinder SH2 domains could be used to enrich pTyr 

peptides for mass spectrometry analysis 8. For enrichment of pTyr peptides, the SH2 superbinder 

was covalently coupled to agarose beads (Thermo 20402). The digested peptides were 

reconstituted in 50 mM ammonium bicarbonate and incubated with the SH2 superbinder beads for 

30 min at room temperature with rotation. The flow-through fraction was saved for later analysis. 

The beads were washed four times with the same buffer. The bound pTyr peptides were eluted by 

0.4% trifluoroacetic acid (TFA).  The eluted peptides were loaded on the High pH peptide 

fractionation kit (Pierce 84868).  The peptides were separated into eight fractions and the fractions 

were combined into four vials for mass spec injections.  

 The flow-through fraction contains peptides not captured by the superbinder SH2 domain. 

A 100 µg portion was separated into 12 fractions by the High-pH fractionation kit for full proteome 

analysis. A 500 µg portion was used for phosphopeptide enrichment by the Ti4+-IMAC resin  9. 

The phosphopeptides were eluted by 10% ammonia and vacuum-dried. The dried phosphopeptides 

were separated into eight fractions and then combined into four vials for mass spec injections. 

 

LC-MS/MS experiments 

The peptides were analyzed by the data-dependent acquisition method on the EASY-nLC 1000 

system coupled to the Q-Exactive Plus mass spectrometer (Thermo Scientific). The peptides were 



separated on an EASY-Spray ES803A analytical column (Thermo Scientific) applying a flow rate 

of 300 nl/min and a linear gradient from 3 to 40% acetonitrile in 0.1% formic acid. The gradient 

length was 2 hours for pTyr phosphoproteome fractions, 4 hours for full proteome and IMAC 

phosphoproteome fractions. See Table S3 for mass spectrometry data acquisition parameters. 

Peptide identification and quantification were performed using MaxQuant version 1.6.17.0 
10. The mass spectra were searched against the human SwissProt sequences (20367 entries, 

downloaded on February 7, 2020), supplemented with common contaminants. For all searches, 

cysteine carbamidomethylation was set as the fixed modification, and methionine oxidation and 

N-terminal protein acetylation are set as variable modifications. Trypsin/P was specified as the 

proteolytic enzyme with up to two missed cleavage sites allowed. For IMAC- and superbinder 

(pTyr)-enriched datasets, Phospho (STY) was included as an additional variable modification. For 

phosphoproteomic data, the minimal peptide length for the search was set as 6, whereas the value 

was set as 7 for full proteome data. The multi-batch normalization option was used to normalize 

the three 11-plex datasets by selecting Channel 1 (common pervanadate-treated PBMC sample) as 

a reference channel, and the data were normalized by the weighted ratio to the reference channel. 

The reporter ion interference correction factors for the TMT reagent (Lot VB298423) were 

applied. The match-between-run option was turned on for peptide identification. Other MaxQuant 

parameters are left as default values. 

 

Proteome and phosphoproteome data analysis 

For data analysis, only the proteins (for proteome) or phosphosites (for phosphoproteome) 

observed in at least three samples in each of the five groups (COV-D1, D7, D10, ICU, HC) were 

retained. The median log2 value was subtracted from each sample to normalize the data. 

Phosphosites with the localization probability > 0.75 were retained. Perseus version 1.6.14.0 was 

used to analyze the data and to perform GO enrichment for pathways analysis 11. For clustering 

and heatmap preparation of proteome and phosphoproteome data, the three groups (COV-D1, ICU 

and HC) were analyzed by the ANOVA test with 10% FDR cut-off, and the Z-score was calculated 

for each protein (for proteome) or phosphosite (for phosphoproteome) for hierarchical clustering. 

The data from PhosphositePlus version 110220 12 were used to construct the kinase-pTyr substrate 

network figure in Figure 4. The list of the human kinases was based on 13. The ITRM motifs were 

based on a list previously identified 14. The KSEA App was used to predict active kinases 15. 



Functional scores of phosphoprotein interactions were calculated by PHOTON (Rudolph et al., 

2016). The Metascape server was used for gene annotation analysis 16. The heatmaps were 

prepared with the Morpheus server.  Cytoscape 17 was used to draw protein-protein interaction 

networks shown. 

 

RNA isolation and qPCR 

 

Isolation and purification of total RNA from the PBMCs was carried out according to RNeasy® 

Mini Kit followed by cDNA preparation using reverse transcriptase and random primers. The 

qPCR amplification was performed with cytokine/chemokine primers listed in the key resources 

table. After 40 cycles of PCR, ΔCt values were determined using different cytokine and chemokine 

primers and β-actin as reference genes. Differences in mRNA levels were then calculated using 

the 2−(ΔΔCt) method. The expression of human β-actin was used to normalize mRNA content and 

to calculate Log2 fold change in gene expression. Samples were tested five biological repeats and 

four technical repeats. 

 

Statistical analysis  

 

Statistical analyses were done using the GraphPad Prism9 software. Unpaired One-way ANOVA was 

conducted to test significance of difference of unpaired samples from different patient groups and 

repeated measure ANOVA was done for paired patients’ samples as described in figure legends.  

 

Protein Microarray Printing 

 

SARS-CoV-2 proteins were diluted to 0.5-10μM in PBS with 5% glycerol (IgG control at 200nM) 

and aliquots transferred to a 384-well microplate (ArrayIt). 24 copies of the microarray were 

printed on each nitrocellulose coated glass slide (ArrayIt) using a VersArray Chipwriter Pro (Bio-

Rad) equipped with a Stealth 15XB microarray quill pin (ArrayIt).  Spot to spot distance was 

850μm with two reprints of the same spot and all spots printed in duplicate in the y dimension.  A 

dwell time of 0.1sec was used for each spot with an approach speed of 12.5mm/sec.  Samples were 

printed at room temperature and subsequently stored at 4oC until time of probing. 



For probing, microarray slides were briefly rinsed twice with TBST (Tris buffered saline 

containing Tween 20: 0.1M Tris-HCl, pH 7.4, 150mM NaCl, and 0.1% Tween 20) to wet the 

surface then incubated for 2h with ChonBlock ELISA blocking and antibody dilution buffer 

(Chondrex Inc).  Slides were briefly rinsed with TBST then inserted into an ArraySlide 24-

chamber hybridization cassette (The Gel Company) and incubated with plasma from SARS CoV-

2 qPCR confirmed positive and negative patients (1:250 dilution in ChonBlock).  Slides were then 

rinsed quickly three times followed by three 5min washes with TBST before probing with goat 

anti-human IgG HRP antibody at 1:10,000 (Millipore Sigma) in ChonBlock for 1h.  The wash step 

was repeated as above, then the HRP signal was visualized on a ChemiDoc XRS+ Imager (Bio-

Rad) using Clarity ECL Substrate (Bio-Rad).  All incubation steps were performed at room 

temperature using a rocker for agitation of sample. 

 

Table of Key Regents 

 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies   

Anti-Spike-RBD antibody Novus 

Biologicals 

NBP2-90980 

Anti-nucleocapsid antibody ThermoFisher 

Scientific 

PA5-81794 

Goat anti-human IgG HRP antibody Millipore 

Sigma 

AP113P 

Goat anti-rabbit IgG HRP Bio-Rad 170-6515 

qPCR primers    

Human TGFβ 

For: CAGCAACAATTCCTGGCGATA 

Rev: AAGGCGAAAGCCCTCAATT 

 

Millipore  

Sigma 

 

Human TNFα    

For: 

TCTTCTCGAACCCCGAGTGA Rev: 

 CCTCTGATGGCACCACCAG 

 

Millipore  

Sigma 

 

 

Human IFNγ Millipore   



For: TCAGCTCTGCATCGTTTTGG 

Rev: 

GTTCCATTATCCGCTACATCTGAA 

Sigma 

 

Human IL-8 

For: GAACTGAGAGTGATTGAGAGT 

Rev: CTTCTCCACAACCCTCTG 

 

Millipore  

Sigma 

 

 

Human IL-6 

For: 

GTAGCCGCCCCACACAGACAGCC 

Rev: GCCATCTTTGGAAGGTTC 

 

Millipore  

Sigma 

 

 

Human IL-17 

For: TGAAGGCAGGAATCACAAT 

Rev: GGTGGATCGGTTGTAGTAAT 

Millipore  

Sigma 

 

 

Human IL-13 

For: ATTGCTCTCACTTGCCTT 

Rev: GTCAGGTTGATGCTCCAT 

Millipore  

Sigma 

 

 

Human IL-12 

For: TGGAGTGCCAGGAGGACAGT 

Rev: TCTTGGGTGGGTCAGGTTTG 

Millipore  

Sigma 

 

 

Human IL-10 

For: GTGATGCCCCAAGCTGAGA 

Rev: CACGGCCTTGCTCTTGTTTT 

 

Millipore  

Sigma 

 

 

Human IL-2 

For: 

AGAACTCAAACCTCTGGAGGAAG 

Rev: 

GCTGTCTCATCAGCATATTCACAC 

 

Millipore  

Sigma 

 

 

Human IL-33 

For: GCCTGTCAACAGCAGTCTACTG 

Rev: 

TGTGCTTAGAGAAGCAAGATACTC 

Millipore  

Sigma 

 

 

Human IL-1a Millipore  

Sigma 

 



For: 

TGTATGTGACTGCCCAAGATGAAG 

Rev: AGAGGAGGTTGGTCTCACTACC 

 

Human IL-1b 

For: CCACAGACCTTCCAGGAGAATG 

Rev: 

GTGCAGTTCAGTGATCGTACAGG 

Millipore  

Sigma 

 

 

Human IL-15 

For: 

AACAGAAGCCAACTGGGTGAATG 

Rev: 

CTCCAAGAGAAAGCACTTCATTGC 

Millipore  

Sigma 

 

 

Human IL18 

For: GATAGCCAGCCTAGAGGTATGG 

Rev: 

CCTTGATGTTATCAGGAGGATTCA 

Millipore  

Sigma 

 

 

Human MIP-1b 

For: GCTTCCTCGCAACTTTGTGGTAG 

Rev: GGTCATACACGTACTCCTGGAC 

 

Millipore  

Sigma 

 

 

Human M-CSF 

For: TGAGACACCTCTCCAGTTGCTG 

Rev: GCAATCAGGCTTGGTCACCACA 

Millipore  

Sigma 

 

 

Human MCP-1 

For: 

AGAATCACCAGCAGCAAGTGTCC 

Rev: 

TCCTGAACCCACTTCTGCTTGG 

Millipore  

Sigma 

 

 

Human iNOS 

For: GCTCTACACCTCCAATGTGACC 

Rev: CTGCCGAGATTTGAGCCTCATG 

Millipore  

Sigma 

 

 

Human GB 

For: CGACAGTACCATTGAGTTGTGCG 

Rev: 

TTCGTCCATAGGAGACAATGCCC 

Millipore  

Sigma 

 

 

Human β-actin  

For: CACCATTGGCAATGAGCGGTTC 

Millipore  

Sigma 

 



Rev: AGGTCTTTGCGGATGTCCACGT  

   

Human IL-4 

For: TGCATTGTTAGCATCTCTTGA 

Rev: CCCTTCTCCTGTGACCTCGTT 

Millipore  

Sigma 

 

 

Human IFNa 

For: GACTCCATCTTGGCTGTGA 

Rev: TGATTTCTGCTCTGACAACCT 

Millipore  

Sigma 

 

 

Human IFNb 

For: CAACTTGCTTGGATTCCTACAAA 

Rev: TATTCAAGCCTCCCATTCAATTG 

Millipore  

Sigma 

 

 

ChonBlock ELISA blocking and antibody 

dilution buffer 

Chondrex Inc 9068 

Human IgG (200nM) Equitech Bio 

inc 

SLH66-0001 

Spike Receptor Binding Domain (RBD) 

(14μM) 

ThermoFisher 

Scientific 

RP-87678 

Spike Ectodomain (0.5μM) (Hsieh et al. 

2020) 

ID: SARS-CoV-2 S HexaPro   

NSP3-unique (10μM) This Study The Structural Genomics Consortium  

NSP3-ADRP (10μM) This Study The Structural Genomics Consortium 

NSP3-PLPro (10μM) This Study The Structural Genomics Consortium 

NSP3-nucleic acid binding domain 

(10μM) 

This Study The Structural Genomics Consortium 

NSP4CTD (10μM) This Study The Structural Genomics Consortium 

NSP5  (10μM) This Study The Structural Genomics Consortium 

NSP7 (10μM) This Study The Structural Genomics Consortium 

NSP8 (10μM) This Study The Structural Genomics Consortium 

NSP9 (10μM) This Study The Structural Genomics Consortium 

NSP10  (10μM) (Perveen et al. 

2020) 

The Structural Genomics Consortium 

NSP16 (10μM) 

 

(Perveen et al. 

2020) 

The Structural Genomics Consortium 

Nucleocapsid (full length) (5μM) 

 

RayBiotech 230-01104 

Nucleocapsid dimerization domain (5μM) This Study The Structural Genomics Consortium 



Nucleocapsid RNA binding domain (5μM) 18 The Structural Genomics Consortium 

Critical Commercial Assays   

HemogloBindTM Biotech 

Support Group  

H0145-50 

RNeasy® Micro Qiagen Cat# 74004 

SensiFAST™ SYBR ® No-ROX Kit   

Clarity ECL Substrate Bio-Rad 170-5060 

Software   

MaxQuant (Tyanova et 

al., 2016a) 

1.6.17.0 

Perseus  (Tyanova et 

al., 2016b) 

v1.6.14.0  

Cytoscape  (Su et al., 

2014) 

v.3.8.2 

KSEA App Wiredja et al. 

2019 

v1.0 

Metascape Zhou et al. 

2019 

 

Morpheus  https://software.broadinstitute.org/morpheus/ 

   

Other    

SuperNitro microarray substrate slides ArrayIt SMN 

Stealth 15XB microarray quill pin ArrayIt SMP15XB 

Microarray Microplate 384 ArrayIt MMP384 

ArraySlide 24-4 hybridization chamber 

cassette 

The Gel 

Company 

AHS24-4 

Lysyl Endopeptidase 

(LysC) 

Wako 129-02541 

Trypsin  Promega V5113 

TMT 11-plex isobaric label reagent Thermo A37725 

BCA protein assay kit Pierce 23225 

SulfoLink Coupling Resin Thermo 20402 

High pH Reversed-Phase Peptide 

Fractionation Kit 

Pierce 84868 

Ti4+-IMAC resin Dr. Mingliang 

Ye 19 
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