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A B S T R A C T   

SARS-CoV-2 infection remains a major public health concern, particularly for the aged and those individuals with co-morbidities at risk for 
developing severe COVID-19. Understanding the pathogenesis and biomarkers associated with responses to SARS-CoV-2 infection remain critical 
components in developing effective therapeutic approaches, especially in cases of severe and long-COVID-19. In this study blood plasma protein 
expression was compared in subjects with mild, moderate, and severe COVID-19 disease. Evaluation of an inflammatory protein panel confirms 
upregulation of proteins including TNFβ, IL-6, IL-8, IL-12, already associated with severe cytokine storm and progression to severe COVID-19. 
Importantly, we identify several proteins not yet associated with COVID-19 disease, including mesothelin (MSLN), that are expressed at signifi
cantly higher levels in severe COVID-19 subjects. In addition, we find a subset of markers associated with T-cell and dendritic cell responses to viral 
infection that are significantly higher in mild cases and decrease in expression as severity of COVID-19 increases, suggesting that an immediate and 
effective activation of T-cells is critical in modulating disease progression. Together, our findings identify new targets for further investigation as 
therapeutic approaches for the treatment of SARS-CoV-2 infection and prevention of complications of severe COVID-19.   

1. Introduction 

Beginning in late 2019 in Wuhan, China and spreading to the United States in early 2020, the global coronavirus disease (COVID- 
19) pandemic has presented a large-scale public health challenge, with the death toll in the United States exceeding 1 million (https:// 
covid.cdc.gov/covid-data-tracker/#datatracker-home), and the global death count over 6 million as of July 2022 (https://covid19. 
who.int/). COVID-19, which results from infection by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus [1], 
is a disease primarily characterized by dry cough, fever, and fatigue. However, symptoms can also include sore throat, shortness of 
breath, loss of smell and/or taste, headache, chills, nausea, vomiting, and diarrhea [2–4]. Symptoms can also persist long after res
olution of the initial infection, in some cases more than 14 months [5–7]. In addition to this wide variety of symptoms, COVID-19 is 
associated with significant variation in disease severity. While the majority of cases are mild or asymptomatic (>85 %), ~14 % of cases 
require hospitalization, and <2 % of all cases are lethal [8]. 

Clinical observations rapidly identified age as a primary risk factor for hospitalization and mortality [9,10]. Age-related risk for 
severe COVID-19 has been a core focus of scientific investigation, and a variety of plausible explanations have been presented in the 
literature. Expression of angiotensin converting enzyme 2 (ACE2), the primary cell surface receptor for SARS-CoV-2 [11,12], in 
addition to other SARS-CoV-2 entry factors, has been proposed as an explanation for age-related differences, with higher expression 
levels of these entry factors being detected in the nasal epithelium of older patients [13,14]. In addition to the airway epithelium, ACE2 
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Table 1 
Summary of study subject demographics. Data represents summarized data from a total of 70 subjects used in the current study. All data is expressed as a percentage of the total of subjects.   

Demographic COVID-19 Positive COVID-19 Negative (N ¼ 16) All Cohorts (N ¼ 70)  

Severe (N ¼ 22) Moderate (N ¼ 22) Mild (N ¼ 10) 

Age group <18 years 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %)  
19–35 years 0 (0 %) 2 (3 %) 2 (3 %) 0 (0 %) 4 (6 %)  
36–50 years 3 (4 %) 5 (7 %) 4 (6 %) 5 (7 %) 17 (24 %)  
51–65 years 9 (13 %) 10 (14 %) 4 (6 %) 8 (11 %) 31 (44 %)  
>65 years 10 (14 %) 5 (7 %) 0 (0 %) 3 (4 %) 18 (26 %) 

Sex Female 8 (11 %) 7 (10 %) 4 (6 %) 8 (11 %) 27 (39 %)  
Male 14 (20 %) 15 (21 %) 6 (9 %) 8 (11 %) 43 (61 %) 

Race White or Caucasian 19 (27 %) 21 (30 %) 9 (13 %) 13 (19 %) 62 (89 %)  
Black or African American 0 (0 %) 0 (0 %) 0 (0 %) 1 (1 %) 1 (1 %)  
Asian 1 (1 %) 0 (0 %) 1 (1 %) 1 (1 %) 3 (4 %)  
American Indian or Alaska Native 0 (0 %) 1 (1 %) 0 (0 %) 0 (0 %) 1 (1 %)  
Native Hawaiian or other Pacific Islander 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %)  
Other race 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %)  
Unknown race 2 (3 %) 0 (0 %) 0 (0 %) 1 (1 %) 3 (4 %) 

Ethnicity Hispanic or Latinx 18 (26 %) 17 (24 %) 5 (7 %) 8 (11 %) 48 (69 %)  
Not Hispanic or Latinx 4 (6 %) 5 (7 %) 5 (7 %) 7 (10 %) 21 (30 %)  
Unknown ethnicity 0 (0 %) 0 (0 %) 0 (0 %) 1 (1 %) 1 (1 %)  
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is also expressed on endothelial cells [15], where infection of the endothelial lining has been proposed to contribute to endotheliitis 
observed in severe COVID-19 [16]. In general, children have comparatively healthier endothelium, potentially contributing to 
age-related differences in COVID-19 severity [17]. Other studies, however, have found no correlation between proportion of ACE2+
cells and disease severity [18]. 

Building on these hypotheses, a more robust innate immune response in response to infection with SARS-CoV-2 is observed in 
children compared to adults [19,20], and a dysregulation of innate immune function, similar to the “inflammaging” reported in aged 
populations, is observed in severe COVID-19 [21]. Increased efficiency of the adaptive immune system is associated with children, and 
while adults may mount a more activated response, children are known to maintain higher levels of regulatory cells and memory 
T-cells [19,22,23]. Increased activation of the adaptive immune system in this context appears to be detrimental and results in 
increased T-cell exhaustion. In this case, chronic T-cell activation leads to the impaired function commonly observed in older patients, 
and correlates to COVID-19 disease severity [24–27]. This aberrant regulation of the immune response can also be maintained over 
time [28], a finding with implications for the investigation of “long-haul COVID-19”. This study was designed to investigate the 
disparity in clinical severity of COVID-19, also considering the impact of aging and ethnicity, through proteomic profiling of 
patient-derived plasma samples collected in the Keck School of Medicine (KSoM) Biospecimen Repository for COVID-19 at the Uni
versity of Southern California (USC), representing the spectrum of COVID-19 disease severity. 

2. Materials and methods 

2.1. Study approval 

The study was approved by the institutional review board (IRB) of the University of Southern California (Protocol#: HS-20-00519). 

2.1.1. Patient recruitment 
Patient plasma samples were collected between May 1, 2020 and June 9, 2021 from patients seen at the Keck Hospital, Verdugo 

Hills, and Los Angeles (LA) County Hospital and stored in the University of Southern California (USC) COVID-19 Biospecimen Re
pository. None of the subjects were vaccinated. Samples were not analyzed for SARS-CoV-2 variant. For this study, patients were 
assigned anonymized, coded IDs and were grouped according to the following cohort definitions: severe, indicating subjects who were 
admitted to the ICU for COVID-19 treatment; moderate, indicating subjects who were hospitalized for COVID-19 treatment but who 
were not admitted to the ICU; mild, indicating subjects who tested positive for SARS-CoV-2, but did not require hospitalization; and 
control, indicating subjects who tested negative for SARS-CoV-2 upon admission to the ICU for treatment of other severe diseases. 
Population demographics for these cohorts are summarized in Table 1. Participants were predominantly Hispanic/Latinx (69 %), 
reflecting the demographics of donors available from the source biorepository (57.4 % Hispanic/Latinx, https://sc-ctsi.org/about/ 
covid-19-biorepository). The mean age of participants in this study was 56.1 ± 1.58 years (Supplemental Table S1). 

2.1.2. Immunophenotyping 
Plasma samples were analyzed for protein expression by Olink proximity extension assays (PEA) for quantification of 184 secreted 

markers. Olink’s Target 96 Inflammation and Target 96 Oncology II panels were chosen for the spread of proteins related to immune 
response. Each panel consisted of 92 proteins each, of which 6 proteins were included on both panels, resulting in 184 proteins in total 
and 178 unique proteins. In total, 144 samples were analyzed. Absolute values for protein expression were normalized to internal 
extension controls per sample, and to median interplate controls and analyte-specific correction factors per assay. All normalization 
was performed by Olink. Data was returned to researchers as Normalized Protein eXpression (NPX) values, which represent signal of a 
given protein on a log2 scale, relative to expression of the same protein in other samples. NPX values are not comparable between 
different proteins. 

2.2. Quality control 

Olink proprietary controls consisted of internal controls, included in every sample to monitor individual sample quality and data 
normalization, and external controls, included on every plate for plate quality control and data normalization. Internal controls 
included 2 non-human antigens as incubation controls for quality control, oligo pair-conjugated IgGs as extension controls to monitor 
qPCR and for data normalization, and synthetic double-stranded DNA as detection controls to monitor qPCR quality. External controls 
included a pooled EDTA plasma sample for intra and inter CV calculations , buffer as a negative control and to measure limit of 
detection (LOD) for each protein and sample plate, and a pool of 92 antibodies conjugated with each oligo pair for data normalization 
of each assay. 

Runs were determined to fail quality control if standard deviations for incubation controls and detection controls were outside the 
pre-determined quality threshold of <0.2, or if more than 16.6 % of samples failed individual quality control. Samples were deter
mined to fail quality control if incubation controls and/or detection controls deviated ± 0.3 NPX value from the median value across 
all samples. Four samples from the severe cohort, failed both panels and was excluded. Eight samples, one from the control cohort, four 
from the moderate cohort, and three from the severe cohort, failed the Oncology II panel and were excluded from analysis of that panel 
but were included in the analysis of the Inflammation panel. Seven proteins had NPX values under the protein-specific limit of 
detection (LOD) in >50 % of samples in all cohorts, and were excluded from statistical analysis, leaving 171 unique proteins. The 
proteins excluded from analysis were IL-2RB, IL-1α, IL-2, β-NGF, IL-13, IL-33, and IL-4. 
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2.3. Statistics 

Post-processing of data and all statistics, including principal component analysis (PCA) and clustering analysis, were performed 
using the Olink Statistical Analysis app (https://olinkproteomics.shinyapps.io/OlinkStatisticalAnalysis/, version 1.0). Pairwise 
comparisons between cohorts were conducted using unpaired Student’s t-tests, performed for each individual protein included in the 
analysis panels. P-values resulting from this analysis were also adjusted for multiple testing using the Benjamini-Hochberg method. For 
PCA plotting only, samples with missing NPX values were substituted with the median NPX value from all samples for that assay, then 
centered at 0 and scaled to a standard deviation of 1 before performing PCA. For heatmap plotting, samples with missing NPX values 
were substituted with the median NPX value from all samples for that assay, then centered at 0 and scaled to a standard deviation of 1. 
Hierarchical clustering based on centered and scaled NPX values was performed on both samples and assays to generate heatmaps. 
Network analysis was performed using the STRING database (STRING Consortium, version 11.5). Protein-protein connections were 
assigned a combined “score” by evaluating probabilities of interaction derived from literature and database mining, then mapped 
according to these scores; full description of STRING analysis is described in [29]. 

3. Results 

3.1. Subject demographics and assay quality control 

Blood plasma samples were obtained from the USC COVID-19 Biorepository and were collected from subjects seen at the Keck 
Hospital (52.9 %), Verdugo Hills (12.9 %) and Los Angeles County Hospital (34.3 %) between January 5, 2020 and June 21, 2021. 
Table 1 provides the core demographics of the subject population that provided samples for this project. The population of biobank 
donors was predominantly Hispanic/Latinx (57.4 %, https://sc-ctsi.org/about/covid-19-biorepository), with samples unevenly 
distributed across all categories of COVID-19 severity. In cases requiring hospitalization, >75 % of samples were from Hispanic/Latinx 
subjects. Subjects were segregated into four independent cohorts based on the hospitalization status of the patient. Categories of 
severe, moderate, mild and control were based on the following cohorts: 1) severe were COVID-19 positive subjects in the intensive 
care unit (ICU) being treated for COVID-related illness, 2) moderate were COVID-19 positive subjects that were hospitalized but not 
requiring ICU treatment, 3) mild were COVID-19 positive subjects that did not require hospitalization and 4) control were COVID-19 
negative subjects that were treated in the ICU for other severe illness. The mean age of participants in the study across all categories 
was 56.1 ± 1.58 years. 26 % of the subjects were over 65 years and 6 % were under 35 years. The mean age within each subject cohort 
is included in Supplemental Table S2. Overall, 61 % of the subjects were male, 89 % were White/Caucasian, and 69 % were Hispanic/ 
Latinx. For hospitalized COVID-19 patients in the severe and moderate groups, samples were obtained on the day of admission (Day 1), 
Day 3, Day 5, and Day 7, where available. For the control cohort and mild cohort, the only sample evaluated was day of test/admission 
(Day 1). 

Proteomic analysis of the plasma samples was completed using Olink® proximity extension assays (PEA) for quantification of 184 
secreted immunoregulatory biomarkers. The Olink Target 96 Inflammation and Target 96 Oncology II panels were chosen for the 
spread of proteins related to immune response. Each panel consisted of 92 proteins each, of which 6 proteins were analyzed on both 
panels, resulting in 184 proteins in total and 178 unique proteins. Samples were determined to fail quality control if internal incubation 
and detection controls deviated ± 0.3 Normalized Protein eXpression (NPX) value from the median value across all samples. Four 
samples, from the severe cohort, failed both panels and was excluded. Eight samples, one from the control cohort, four from the 
moderate cohort, and three from the severe cohort, failed only the Oncology II panel and were excluded from analysis of that panel but 
were included in the analysis of the Inflammation panel. Seven proteins had NPX values under the protein-specific limit of detection 
(LOD) in >50 % of samples in all cohorts, and were excluded from downstream analysis, leaving 171 unique proteins. 

Fig. 1. Plasma protein expression signatures are associated with severity of COVID-19. A) Principal component analysis (PCA) plot comparing 
samples across all cohorts. B) Heatmap of relative protein expression. Proteins were evaluated through an unbiased hierarchical clustering according 
to scaled NPX value for each sample. 
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3.2. Plasma protein expression signatures are associated with severity of COVID-19 

We first performed a principal component analysis (PCA) to highlight variation between proteomic signatures of plasma samples 
collected at Day 1 (Fig. 1A). Samples in the severe COVID-19 cohort (Fig. 1A, red) and moderate cohort (Fig. 1A, yellow) cluster 
together, but are distinct from mild (Fig. 1A, blue) and control cohorts (Fig. 1A, cyan). Unbiased clustering by protein NPX values is 
visualized in the heatmap featured in Fig. 1B. Again, the samples clustered by severity, indicating that protein expression signatures 
exist representing COVID-19 severity in our patient cohorts. To specifically evaluate changes in protein expression and their associ
ation with COVID-19 disease severity, pairwise comparisons of the mean NPX values for each protein were used to determine 
differentially expressed proteins (DEPs) between subject cohorts. Of the 171 unique proteins analyzed, 109 DEPs were observed 
between our study cohorts. DEPs between each study cohort are summarized in Table 2, and a comprehensive list of the significant 
DEPs across all study cohorts, as determined by unpaired Student’s t-tests of NPX value by cohort, is available in the full data set. 

3.2.1. Network analysis identifies markers of inflammation and cell proliferation in severe COVID-19 
To establish the identity of the proteomic signatures associated with the severity of a subject’s response to SARS-CoV-2 infection, 

we further compared DEPs between subject cohorts. To evaluate the connections within the biological processes associated with the 
DEPs in our targeted proteomics analysis, we performed STRING network analysis and Ingenuity Pathway Analysis (IPA) focusing 
specifically on the DEPs between severe COVID-19 and all other cohorts. As expected, two major “hubs” of protein interactions were 
observed centered around the core of the inflammation and oncology 2 proteomics panels. The inflammation hub is associated with the 
activation of both Th1 and pro-inflammatory cytokines and chemokines including tumor necrosis factor beta (TNFβ), interleukin-6 (IL- 
6), interleukin-8 (IL-8), interleukin-12 (IL-12), CXC motif chemokine ligand 9 (CXCL9), and CC motif chemokine ligand 3 (CCL3), as 
well as Th2 and anti-inflammatory cytokines and chemokines including interleukin-10 (IL-10), thymic stromal lymphopoietin (TSLP), 
and CC motif chemokine ligand 20 (CCL20) (Fig. 2A, red cloud). Interleukin-17 (IL-17) signaling and Th1 and Th2 activation pathways 
were among the most significantly changed pathways specific to severe COVID-19 (Fig. 2B). The “oncology 2” hub clustered around 
growth factors and growth factor receptors including fibroblast growth factor 5 (FGF-5), colony stimulating factor (CSF), ephrin type-A 
receptor 2 (EPHA2), protransforming growth factor alpha (TGF-α), and beta-nerve growth factor (β-NGF), suggesting significant 
activation of tissue regeneration, differentiation and survival signaling pathways (Fig. 2A, green cloud). IPA also identified wound 
healing and airway pathologies associated with chronic lung disease as some of the most significantly changed pathways specific to 
severe COVID-19 (Fig. 2B). In conjunction with tissue remodeling, we also identified connections between Fas-associated death 
domain protein (FADD), Fas ligand (FASLG), TNF-related apoptosis-inducing ligand (TRAIL), and caspase 8 (CASP-8), markers 
associated with apoptosis. IPA also validated the upregulation of a pathogenic response including granulocyte and agranulocyte 
adhesion, diapedesis, and pattern recognition receptor pathways (Fig. 2B). 

3.3. Markers of inflammation and cell proliferation are expressed significantly higher in severe COVID-19 

Volcano plots highlighting significant DEPs between the severe COVID-19 cohort and each of the other subject cohorts show 109 
DEPs comparing the severe and mild COVID-19 cohorts (Fig. 3A), 43 DEPs comparing the severe and moderate COVID-19 cohorts 
(Fig. 3B), and 84 DEPs comparing the severe and control cohorts (Fig. 3C). To determine a protein signature specific to severe COVID- 
19, DEPs between all paired analyses represented in the volcano plots were overlaid in a Venn diagram (Fig. 3D). In total, 29 DEPs were 
significant in all comparisons (Table 3). Plots representing the samples included in each cohort highlight a severity-associated decline 
in the amount of plasma proteins detected, as shown for syndecan-1 (SYND1, Fig. 3E), EN-RAGE (S100A12, Fig. 3F), and mesothelin 
(MSLN, Fig. 3G). 

Interestingly, several proteins that were elevated in both severe and moderate COVID-19 on Day 1 differentially resolved over time 
in the moderate COVID-19 cohort, lowering to levels comparable to the mild cohort by Day 5 while remaining elevated in the severe 
COVID-19 cohort. These proteins included interleukin-18 receptor 1 (IL18-R1, Fig. 3H), hepatocyte growth factor (HGF, Fig. 3I), and 
CXC motif chemokine ligand 10 (CXCL10, Fig. 3J). Such changes in the signaling pathways associated with these proteins likely 
underly the timely resolution of COVID-19 disease. 

Ethnicity was established as a risk factor for severe COVID-19 early during the pandemic, following the observation of higher levels 
of hospitalization and more severe disease outcomes for Hispanic compared to non-Hispanic subjects [30,31]. Given the ethnic 

Table 2 
Summary of top DEPs comparing all subject cohorts. For each pairwise comparison, total DE indicates the total number of differentially expressed 
proteins (DEPs); up indicates the number of DEPs in that comparison that were increased, down indicates the number of DEPs in that comparison that 
were decreased. “Most sig” indicates the most significant DEP in each comparison; % change, p-value, and adjusted (adj.) p-value are listed for each 
DEP.  

Analysis Total DE Up Down Most sig. % change p-value Adj. p-value 

Severe vs mild 109 85 24 EN-RAGE 479.03 4.96E-11 3.86E-09 
Severe vs moderate 43 37 6 TNFB − 40.16 1.57E-04 0.0213 
Severe vs control 84 77 7 MSLN 258.83 3.69E-08 6.79E-06 
Mild vs moderate 65 12 53 IL6 − 85.88 7.46E-07 6.82E-05 
Mild vs control 87 46 41 TRANCE 155.67 1.97E-07 3.63E-05 
Moderate vs control 54 52 2 GZMB 178.31 7.17E-05 0.0049  
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Fig. 2. Network analysis identifies markers of inflammation and cell proliferation in severe COVID-19. A) STRING network analysis map of 
all significantly differentially expressed proteins (DEPs) in severe vs any other cohort. Lines indicate known associations between proteins. 
Thickness of line indicates confidence score (minimum = 0.4). Networks of associated markers are highlighted by background clouds, inflammatory 
markers in red, proliferative markers in green. B) Top 10 most enriched pathways as determined by Ingenuity Pathway Analysis (IPA) of all sig
nificant DEPs in severe vs any other cohort. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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disparity in the Los Angeles community, the samples in our cohort were majority Hispanic/LatinX (69 %, Table 1), providing an 
opportunity to evaluate the intersection of ethnicity and severity as characterized by proteomic profiling. 22 significant DEPs were 
identified between Hispanic and non-Hispanic subjects (Supplemental Table S2). All 22 of these DEPs were also significantly differ
entially expressed between the severe cohort and at least one other cohort. 21 were significant between severe and mild cohorts, 18 
between severe and control cohorts and 14 between severe and moderate cohorts. Disparity in disease outcome has also been asso
ciated with sex as a biological variable with males overrepresented in cases having severe complications from COVID-19 [32]. Our 
subject population comprised of 61 % male and 39 % female subjects. While the control cohort was evenly split, with 50 % male and 
50 % female subjects, all COVID-19 cohorts were predominantly male (severe 64 %, moderate 68 % and mild 60 %). Comparing NPX 
values between male and female subjects we observed no significant DEPs. 

3.4. A subset of “protective” proteins are significantly higher in mild disease also correlate to younger age groups 

In search of biomarkers potentially associated with an efficient and “protected” response to SARS-CoV-2 infection DEPs unique to 
the mild COVID-19 cohort were identified. In total, 109 significant DEPs were identified comparing the mild to severe COVID-19 

Fig. 3. Markers of inflammation and cell proliferation are expressed significantly higher in severe COVID-19. A-C) Volcano plots showing 
DEPs between A) severe and mild, B) severe and moderate, and C) severe and control cohorts. Significance was determined by p < 0.05. D) Venn 
diagram overlaying DEPs between severe and mild (green), severe and moderate (orange), and severe and control cohorts (blue). E-G) Cluster plots 
of normalized protein expression (NPX) values by cohort. E) Syndecan-1, F) EN-RAGE, and G) Mesothelin. H-J) Cluster plots of NPX values in severe 
and moderate cohorts over collection days 1, 3, and 5. Mild values at day 1 included for reference. H) Interleukin-18 Receptor 1, I) Hepatocyte 
Growth Factor, and J) CXCL10. For all cluster plots data is presented as: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Black horizontal line 
indicates the median. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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cohorts (Fig. 4A), 65 comparing the mild to moderate COVID-19 cohorts (Fig. 4B), and 87 comparing the mild to control cohorts 
(Fig. 4C). Overlaying these DEPs in the Venn diagram in Fig. 4D highlights 40 proteins specific to mild COVID-19 (Table 4). Most of 
these proteins were detected at significantly lower abundance in the mild cohort (80 %, Table 4), likely representative of a tempered 
immune response and decreased persistence of pro-inflammatory cytokines and chemokines. DEPs that were significantly augmented 
in the mild subject cohort and downregulated with severity of COVID-19 included TNF superfamily member 11 (TRANCE aka RANK-L, 
Fig. 4E), FASLG (Fig. 4F), XPNPEP2 (Fig. 4G), and CD207 (Fig. 4H), suggesting expression of these proteins may be associated with a 

Table 3 
DEPs significant to severe COVID-19 versus all other cohorts. List of DEPs that were significant when comparing the severe cohort (N = 22) to 
mild (N = 10), moderate (N = 22), and control (N = 16) cohorts. % change, p-value, and adjusted (adj.) p-value are listed for each pairwise com
parison of each DEP.  

Assay OlinkID UniProt severe vs mild severe vs moderate severe vs control 

% 
change 

p-value adj. p- 
value 

% 
change 

p-value adj. p- 
value 

% 
change 

p-value adj. p- 
value 

EN-RAGE OID00541 P80511 479.03 4.96E- 
11 

3.86E-09 100.95 0.0016 0.0371 202.63 7.21E- 
05 

5.64E-04 

WFDC2 OID00732 Q14508 165.74 6.95E- 
11 

3.86E-09 52.97 4.64E- 
04 

0.0213 60.28 9.84E- 
05 

6.71E-04 

MCP-3 OID00474 P80098 1021.80 2.06E- 
09 

6.33E-08 142.61 0.0094 0.0823 419.78 1.55E- 
05 

2.02E-04 

TRANCE OID00521 O14788 − 73.14 1.03E- 
08 

2.71E-07 − 42.19 0.0081 0.0811 − 31.33 0.0328 0.0875 

AREG OID00728 P15514 420.32 6.15E- 
08 

1.26E-06 145.19 8.52E- 
04 

0.0261 306.00 1.53E- 
07 

1.41E-05 

CEACAM5 OID00739 P06731 560.98 1.19E- 
07 

2.18E-06 179.61 7.28E- 
04 

0.0261 337.96 4.35E- 
06 

8.88E-05 

WISP-1 OID00724 O95388 200.20 1.58E- 
07 

2.64E-06 116.47 3.43E- 
04 

0.0213 111.75 1.48E- 
04 

9.05E-04 

TNFRSF6B OID00663 O95407 272.55 2.84E- 
07 

4.36E-06 121.42 3.62E- 
04 

0.0213 72.47 0.0179 0.0547 

IL6 OID00666 P05231 1703.12 3.30E- 
07 

4.67E-06 154.57 0.0386 0.1779 196.22 0.0375 0.0932 

S100A11 OID00727 P31949 116.92 6.00E- 
07 

7.36E-06 36.77 0.0363 0.1779 109.30 6.03E- 
06 

1.11E-04 

SYND1 OID00664 P18827 316.31 1.34E- 
06 

1.45E-05 62.76 0.0042 0.0645 193.66 1.68E- 
06 

5.10E-05 

MSLN OID00660 Q13421 307.86 2.85E- 
06 

2.50E-05 88.97 0.0060 0.0737 258.83 3.69E- 
08 

6.79E-06 

IL-24 OID00524 Q13007 130.69 4.37E- 
06 

3.49E-05 58.20 0.0133 0.0974 73.50 0.0038 0.0150 

hK8 OID00676 O60259 − 55.16 6.62E- 
06 

4.63E-05 − 41.32 0.0070 0.0807 − 35.80 0.0390 0.0943 

EPHA2 OID00695 P29317 139.50 7.72E- 
06 

5.07E-05 56.36 0.0238 0.1326 72.69 0.0043 0.0165 

IFN-gamma- 
R1 

OID00670 P15260 37.00 1.02E- 
05 

6.16E-05 21.16 0.0136 0.0974 17.65 0.0462 0.1049 

ANXA1 OID00745 P04083 156.17 1.09E- 
05 

6.16E-05 71.61 0.0368 0.1779 115.47 0.0027 0.0112 

CD27 OID00703 P26842 96.49 4.99E- 
05 

2.42E-04 42.66 0.0155 0.1059 71.39 0.0012 0.0059 

PD-L1 OID00518 Q9NZQ7 127.55 1.57E- 
04 

6.42E-04 56.96 0.0012 0.0308 230.54 6.12E- 
07 

2.81E-05 

CXCL13 OID00733 O43927 138.42 1.82E- 
04 

7.13E-04 50.37 0.0373 0.1779 76.95 0.0255 0.0721 

IL-18R1 OID00517 Q13478 156.96 3.98E- 
04 

0.0014 37.62 0.0088 0.0811 66.55 0.0027 0.0112 

MK OID00711 P21741 136.17 4.14E- 
04 

0.0014 41.71 0.0228 0.1312 45.59 0.0492 0.1067 

GPC1 OID00674 P35052 58.08 6.75E- 
04 

0.0021 40.52 0.0196 0.1245 36.83 0.0388 0.0943 

FR-alpha OID00746 P15328 92.01 8.17E- 
04 

0.0024 47.58 0.0389 0.1779 153.81 1.11E- 
05 

1.70E-04 

hK14 OID00690 Q9P0G3 − 49.96 0.0016 0.0040 − 32.46 0.0194 0.1245 − 36.25 0.0474 0.1052 
CD8A OID05124 P01732 − 39.17 0.0233 0.0421 − 34.26 0.0112 0.0898 − 40.45 0.0227 0.0653 
CEACAM1 OID00659 P13688 11.27 0.0270 0.0473 6.57 0.0420 0.1839 16.83 9.88E- 

04 
0.0048 

S100A4 OID00680 P26447 13.05 0.0390 0.0646 28.37 0.0030 0.0494 58.30 3.45E- 
05 

3.53E-04 

Gal-1 OID00697 P09382 15.59 0.0438 0.0713 16.31 0.0087 0.0811 38.78 2.66E- 
05 

2.88E-04  
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stronger response to fighting infection with SARS-CoV-2. In addition, osteoprotegerin (OPG), a decoy receptor for TRANCE, was more 
highly expressed in the severe cohort (Supplemental Fig. S1). Interestingly, two of these proteins (TRANCE and FASLG) were also 
expressed at higher levels in the youngest patient cohort (19–35 years) decreasing in expression with age (Fig. 4I and J). Interestingly, 
while senescence-related proteins were correlated to increased severity of COVID-19, they did not correlate with the age of the subject. 
This suggests that COVID-19-induced expression of immune senescence-related markers that is un-related to age, supporting recently 
published data [33,34] (Supplemental Fig. S2). This finding is consistent with age being a predominant co-morbidity associated with 
COVID-19 [32,35] and suggests that circulating levels of TRANCE and FASLG may be associated with a more effective response to 
SARS-CoV-2 infection. 

4. Discussion 

One of the major challenges in managing the COVID-19 pandemic is the wide variation in disease severity, ranging from mild 
respiratory symptoms that resolve with minimal outpatient treatment to acute respiratory distress syndrome (ARDS) requiring ICU 

Fig. 4. A subset of “protective” proteins are significantly higher in mild disease also correlate to younger age groups. A-C) Volcano plots 
showing DEPs between A) mild and severe, B) mild and moderate, and C) mild and control cohorts. Significance was determined by p < 0.05. D) 
Venn diagram overlaying DEPs between mild and severe (green), mild and moderate (orange), and mild and control cohorts (blue). E-I) Cluster plots 
of normalized protein expression (NPX) values by cohort. E) TRANCE, F) Fas Ligand, G) XPNPEP2, and H) CD207. I-J) Cluster plots of NPX values by 
age group for I) TRANCE and J) Fas Ligand. For all cluster plots: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Black horizontal line 
indicates the median. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Table 4 
DEPs significant to mild COVID-19 versus every other cohort. List of DEPs that were significant when comparing the mild cohort (N = 10) to 
severe (N = 22), moderate (N = 22), and control (N = 16) cohorts. % change, p-value, and adjusted (adj.) p-value are listed for each pairwise 
comparison of each DEP.  

Assay OlinkID UniProt mild vs severe mild vs moderate mild vs control 

% 
change 

p-value adj. p- 
value 

% 
change 

p-value adj. p- 
value 

% 
change 

p-value adj. p- 
value 

EN-RAGE OID00541 P80511 − 82.73 4.96E- 
11 

3.86E-09 − 65.30 1.48E- 
06 

6.82E-05 − 47.74 0.0064 0.0227 

WFDC2 OID00732 Q14508 − 62.37 6.95E- 
11 

3.86E-09 − 42.44 3.52E- 
05 

6.48E-04 − 39.69 8.45E- 
05 

0.0014 

HGF OID00706 P14210 − 88.53 8.40E- 
11 

3.86E-09 − 69.72 3.32E- 
05 

6.48E-04 − 79.34 2.71E- 
06 

1.25E-04 

TGF-alpha OID00687 P01135 − 58.98 3.02E- 
10 

1.11E-08 − 48.61 2.00E- 
05 

5.26E-04 − 48.09 4.24E- 
07 

3.90E-05 

MCP-3 OID00474 P80098 − 91.09 2.06E- 
09 

6.33E-08 − 78.37 8.46E- 
07 

6.82E-05 − 53.67 0.0056 0.0209 

TRANCE OID00521 O14788 272.35 1.03E- 
08 

2.71E-07 115.24 6.09E- 
05 

9.33E-04 155.67 1.97E- 
07 

3.63E-05 

WISP-1 OID00724 O95388 − 66.69 1.58E- 
07 

2.64E-06 − 27.89 0.0312 0.0896 − 29.46 0.0052 0.0201 

TNFRSF6B OID00663 O95407 − 73.16 2.84E- 
07 

4.36E-06 − 40.57 0.0062 0.0285 − 53.71 5.69E- 
04 

0.0039 

IL6 OID00666 P05231 − 94.45 3.30E- 
07 

4.67E-06 − 85.88 7.46E- 
07 

6.82E-05 − 85.21 6.74E- 
05 

0.0014 

IL8 OID00471 P10145 − 73.35 6.95E- 
07 

7.99E-06 − 62.73 4.34E- 
04 

0.0036 − 52.82 0.0061 0.0224 

FGF-BP1 OID00713 Q14512 − 84.93 1.68E- 
06 

1.71E-05 − 51.61 0.0193 0.0647 − 72.46 0.0013 0.0075 

MUC-16 OID00741 Q8WXI7 − 72.57 1.89E- 
06 

1.83E-05 − 62.14 2.22E- 
04 

0.0024 − 69.02 0.0022 0.0107 

OPG OID00479 O00300 − 52.82 2.44E- 
06 

2.24E-05 − 37.99 5.67E- 
04 

0.0043 − 44.38 2.13E- 
04 

0.0021 

TNFSF13 OID00661 O75888 − 39.67 3.37E- 
06 

2.81E-05 − 28.53 4.33E- 
04 

0.0036 − 33.12 2.48E- 
04 

0.0022 

IL-24 OID00524 Q13007 − 56.65 4.37E- 
06 

3.49E-05 − 31.42 0.0092 0.0361 − 24.79 0.0481 0.0983 

CDCP1 OID00476 Q9H5V8 − 65.83 5.76E- 
06 

4.42E-05 − 55.91 1.22E- 
04 

0.0016 − 36.19 0.0265 0.0626 

OSM OID00494 P13725 − 82.93 6.68E- 
06 

4.63E-05 − 74.33 2.44E- 
04 

0.0024 − 64.89 0.0027 0.0124 

CTSV OID00702 O60911 152.12 6.80E- 
06 

4.63E-05 95.93 4.82E- 
04 

0.0039 136.17 1.65E- 
04 

0.0019 

EPHA2 OID00695 P29317 − 58.25 7.72E- 
06 

5.07E-05 − 34.71 0.0059 0.0283 − 27.90 0.0168 0.0442 

CD207 OID00730 Q9UJ71 131.27 8.62E- 
06 

5.47E-05 79.74 2.56E- 
04 

0.0024 54.40 0.0041 0.0165 

ESM-1 OID00729 Q9NQ30 − 49.64 1.04E- 
05 

6.16E-05 − 32.01 0.0083 0.0333 − 49.00 4.22E- 
06 

1.55E-04 

FASLG OID00694 P48023 120.35 1.10E- 
05 

6.16E-05 73.62 7.64E- 
04 

0.0053 78.87 7.82E- 
04 

0.0050 

CXCL9 OID00490 Q07325 − 76.28 4.09E- 
05 

2.03E-04 − 61.26 6.19E- 
04 

0.0046 − 50.72 0.0113 0.0347 

CSF-1 OID00562 P09603 − 31.31 5.61E- 
05 

2.65E-04 − 27.86 2.17E- 
04 

0.0024 − 32.77 2.95E- 
05 

6.79E-04 

LIF-R OID00511 P42702 − 35.27 9.60E- 
05 

4.42E-04 − 33.54 1.06E- 
04 

0.0015 − 32.45 0.0023 0.0107 

IL-17C OID00483 Q9P0M4 − 60.74 2.02E- 
04 

7.60E-04 − 53.51 2.53E- 
04 

0.0024 − 38.66 0.0197 0.0491 

SCF OID00684 P21583 110.67 2.31E- 
04 

8.49E-04 66.19 0.0081 0.0333 55.96 0.0391 0.0838 

TFPI-2 OID00675 P48307 − 64.39 2.36E- 
04 

8.53E-04 − 47.41 0.0242 0.0719 − 49.35 0.0097 0.0318 

DLL1 OID00710 O00548 − 34.07 3.67E- 
04 

0.0013 − 18.53 0.0425 0.1152 − 23.53 0.0070 0.0243 

MK OID00711 P21741 − 57.66 4.14E- 
04 

0.0014 − 39.99 0.0233 0.0703 − 38.35 0.0492 0.0994 

IL10 OID00528 P22301 − 65.88 5.04E- 
04 

0.0016 − 45.98 4.64E- 
05 

7.75E-04 − 45.16 6.39E- 
04 

0.0042 

(continued on next page) 
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admission and mechanical ventilation. The phenomena underlying this disparity in disease progression are still poorly understood. In 
this study, we present data, utilizing the Olink immunoassay, which characterizes COVID-19 disease response by severity, evaluating 
protein expression beyond the typical analysis of inflammation-associated proteins. Previous studies utilizing the Olink immunoassay 
platform have focused on assessing markers of inflammation, organ damage, and cardiovascular and cardiometabolic health, see 
Supplemental Table S3 [36–39]. In addition, there are a few studies that have taken a quantitative proteomics approach to evaluating 
both COVID-19 severity and changes that are associated with post-COVID-19 sequalae [37,40–43]. One study took a similar approach 
to compare disease severity, trajectory and recovery [43] and highlighted protein biomarker candidates interesting findings that 
centered around perturbation of ECM related proteins and TNF signaling that was maintained in patients post-COVID-19 suggesting 
persistence of tissue remodeling after COVID-19 infection [43]. In agreement with our data, pro-inflammatory cytokines, CXCL10 and 
IL-6 have been frequently highlighted in these studies to be significantly associated with severe disease [44–47]. Several of these have 
ongoing clinical trials evaluating the effectiveness of regulating these proteins in preventing progression to severe COVID-19 and 
associated ARDS. Furthermore, our data correlates with previous findings showing a COVID-19-specific elevation of inflammatory 
signaling pathways [48]. SYND1 and EN-RAGE, markers associated with COVID-19 disease severity and mortality [36,49–51] were 
among the most significantly elevated markers in our severe cohort. The additional inclusion of a panel evaluating markers of tissue 
growth and repair, led to the identification of markers of cell proliferation in diverse tissue types including the endothelium, central 
nervous system, and mesothelium to be significantly associated with severe COVID-19, highlighting significant differences in the 
regulation of tissue damage and repair in patients with varied responses to SARS-CoV-2 infection. Additionally, while other studies 
focused on markers significantly enriched in severe disease, we find a subset of markers associated with T-cell activity, dendritic cells, 
and bradykinin signaling significantly enriched among those with mild disease that may be involved in protection from severe disease. 

SYND1 is a heparan sulfate proteoglycan, involved in leukocyte recruitment, vascular repair, and tumor angiogenesis [52]. 
Increased expression of this marker is associated with acute endothelial glycocalyx degradation, as well as higher oxygen and me
chanical life support requirements and mortality from COVID-19 [53–56]. In addition to its significance as a potent marker of 
endothelial damage during the pathogenesis of COVID-19 [57], both facilitation of viral entry via ACE2 co-localization [58] and 
transmission of virus to epithelial cells via binding with dendritic cells [59] have been proposed as mechanisms by which SYND1 
actively modulates SARS-CoV-2 infection, making it an important candidate as both a biomarker and a potential target for therapeutic 
intervention. 

EN-RAGE is a pro-inflammatory calcium-binding protein associated with a variety of inflammatory conditions across organ sys
tems, including rheumatoid and psoriatic arthritis, coronary heart disease, cystic fibrosis, autoimmune hepatitis, and Kawasaki disease 
[60–64]. Elevated levels of EN-RAGE have been shown to correlate to increased inflammation in response to COVID-19 [65], including 
in asymptomatic cases up to 8 months after infection [66]. It has also been found elevated in the blood plasma of subjects with chronic 
obstructive pulmonary disease (COPD) versus healthy controls [67], a disease which is associated with higher risk of hospitalization, 
ICU admission, and mortality from COVID-19 [68]. EN-RAGE has been explored in the context of COVID-19 in connection with other 
major inflammatory mechanisms that have been implicated in COVID-19 disease severity, including the renin-angiotensin system [69, 
70], T-cell associated cytokines [71], and a dysregulated macrophage population [72]. The variety of mechanisms that EN-RAGE 
intersects with suggests that further experiments are needed to define its precise role in increasing COVID-19 severity. 

In addition to inflammatory pathways which have been previously reported and an ongoing focus of research to target the 
“cytokine storm” associated with progression to ARDS [73–75], our analysis also identified a cluster of growth factors and associated 
proteins that are significantly and specifically elevated in severe COVID-19, including FGF-5, CSF, EPHA2, TGF-α, and β-NGF. These 
proteins have known roles in cell proliferation of multiple tissue types, including hair growth [76], macrophage and monocyte cell 
populations [77], lymphatic endothelial cells [78], and the central nervous system [79], as well as various cancers [80–84], suggesting 
a dysregulated attempt to repair tissues in response to damage caused by viral infection. Fatal COVID-19 is marked by severe pul
monary damage, diffuse alveolar damage, in conjunction with endotheliitis and microthrombosis [85,86]. This damage is compounded 
by a dysregulated and ineffective attempt at tissue repair, with loss of basal cell populations, squamous cell metaplasia, fibrogenesis, 

Table 4 (continued ) 

Assay OlinkID UniProt mild vs severe mild vs moderate mild vs control 

% 
change 

p-value adj. p- 
value 

% 
change 

p-value adj. p- 
value 

% 
change 

p-value adj. p- 
value 

CCL20 OID00556 P78556 − 64.67 5.51E- 
04 

0.0017 − 60.72 7.74E- 
04 

0.0053 − 68.52 0.0039 0.0164 

LIF OID00547 P15018 − 43.38 9.81E- 
04 

0.0028 − 27.96 0.0317 0.0896 − 29.31 0.0308 0.0701 

XPNPEP2 OID00704 O43895 165.62 0.0012 0.0033 102.11 0.0027 0.0163 70.18 0.0108 0.0343 
IL-17A OID00485 Q16552 − 38.97 0.0014 0.0036 − 50.45 3.62E- 

06 
1.33E-04 − 36.69 0.0154 0.0412 

ARTN OID00526 Q5T4W7 − 37.78 0.0014 0.0036 − 25.38 0.0172 0.0586 − 36.57 0.0423 0.0884 
VEGFR-2 OID00677 P35968 28.21 0.0017 0.0041 16.02 0.0387 0.1080 47.79 2.15E- 

05 
5.64E-04 

FGF-23 OID00507 Q9GZV9 − 67.37 0.0053 0.0111 − 39.68 0.0426 0.1152 − 63.49 0.0115 0.0348 
FGF-5 OID00509 P12034 − 23.75 0.0071 0.0146 − 21.09 0.0099 0.0381 − 18.92 0.0369 0.0799 
EGF OID00662 P01133 65.34 0.0109 0.0221 68.58 0.0112 0.0413 120.04 0.0022 0.0107  
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red blood cell dysfunction and coagulation, and increased cellular senescence of epithelial and endothelial cells [33,87]. To overcome 
this ineffective tissue repair, several studies have suggested mesenchymal stem cell therapy as a treatment for COVID-19 [88,89]. The 
cell proliferation and growth markers identified in this study may have roles in regulating, and dysregulating, the process of tissue 
repair in COVID-19. 

Of these growth markers, mesothelin (MSLN) is particularly interesting. Mesothelin is a differentiation antigen that has been almost 
exclusively studied in the context of malignant cancers such as mesothelioma, renal carcinoma, pancreatic cancer, ovarian cancer, and 
lung adenocarcinoma [90,91], and was one of the most significantly elevated proteins in our dataset. While it is an attractive target for 
cancer immunotherapies due to its overexpression on cancer cells versus low expression on normal human tissue [92], its function 
under normal physiological conditions is still largely unknown. It has been shown to bind mucin 16 (MUC16, aka CA125) [93], and this 
relationship has been suggested to contribute to metastasis [94]; however, mouse models have shown it is not required for normal 
development or reproduction [95], and its biological function remains ambiguous. More research is required to not only identify the 
mechanism by which mesothelin augments COVID-19 pathogenesis, but also the biological role of mesothelin in the lung. 

Also particularly interesting are a subset of proteins significantly elevated in milder COVID-19 disease versus severe (TRANCE, 
FASLG, XPNPEP2, and CD207), these represent an “efficient” disease response and improved prognoses. TRANCE and FASLG were also 
significantly elevated in response to SARS-CoV-2 infection in subjects 18–35 years old compared to those over 65 years old. These two 
proteins are already known to have critical roles in regulation of the T-cell response to viral infection, and activation of the signaling 
pathways associated with these proteins would indicate that a robust induction of T-cell activity has taken place in response to viral 
infection. As mentioned above, TRANCE and FASLG are both markers T-cell activity and it is established that T-cell exhaustion is 
associated with more severe COVID-19 disease [48]. TRANCE is upregulated in T-cells following antigen receptor stimulation, and 
promotes dendritic cell-mediated stimulation of naïve T-cells [96]; furthermore, mutations in TRANCE have been found to associate 
with higher chronicity of other viral infections [97]. While upregulation has previously been reported to be associated with severe 
COVID-19, and chronically elevated FASLG is known to increase with aging [98,99], none of these studies have directly compared 
circulating protein levels in severe cases to mild and moderate disease and chronic elevation may correlate to an inadequate T-cell 
response to viral infection in older people. Additionally, while these studies suggest that elevated expression of FASLG is indicative of 
its role in T-cell- and NK-cell-mediated apoptosis, FASLG also functions as a modulator of T-cell differentiation through non-apoptotic 
signaling, and facilitates the clearance of activated T-cells and B-cells cells [100] as well as promoting the resolution of type 2 lung 
inflammation [101,102]. Therefore, a multifaceted role for elevated FASLG expression in COVID-19 is not necessarily contradictory, 
and this pathway has been previously proposed as a mechanism behind the abnormal T-cell activity and subsequent exhaustion 
observed in severe cases of the disease [98,103]. Additionally, other published studies have either only focused on mRNA concen
trations and not protein [104], or compared “severe” ICU patients to “moderate” non-ICU hospitalized patients [105], and not to 
“mild” cases. The lower levels observed in severe and moderate cohorts in this study may reflect the conclusion of the process of T-cell 
exhaustion, while the mild cohort maintains T-cell activation and proliferation at the time of sample collection. Our data suggests that 
a significantly higher activation of FASLG in response to infection occurs in milder disease. Therefore, the significantly augmented 
levels of FASLG protein associated with severity and age suggest that circulating levels of these proteins may correlate to a more 
effective response to SARS-CoV-2 infection. Our data underlines the potential importance of these proteins as targets for stimulating an 
effective response to SARS-CoV-2 infection and require further investigation in this context. 

XPNPEP2, a bradykinin-degrading hydrolase, is heavily associated with ACE activity [106], and variants in the coding gene are 
associated with higher risk for ACE-inhibitor induced angioedema [107,108]. Given that a “bradykinin storm” has been implicated in 
elevating disease severity during SARS-CoV-2 infection [109–111], and given XPNPEP2’s function in degrading bradykinin, elevated 
XPNPEP2 expression may have a potential protective effect in decreasing the inflammatory effects of bradykinin signaling, an effect 
supported by the data presented in this study. Due to its association with ACE, XPNPEP2 has been previously identified as potentially 
involved in SARS-CoV-2 infection in exploratory analyses using protein-protein interaction network databases [112,113], and has been 
significantly associated with asymptomatic COVID-19 versus both symptomatic COVID-19 and healthy controls in pregnant women 
[114]. However, XPNPEP2 has not yet been thoroughly investigated as a modulator of COVID-19 disease severity. 

CD207, also known as langerin, is involved in efficient antigen presentation in DCs [115] and has been shown to bind the 
SARS-CoV-2 spike protein [116], suggesting that it may play a role in viral entry, though this role has not been investigated further. 
However, studies showing that impairment of DC numbers and function is associated with severe COVID-19, and that this impairment 
can persist long after resolution of infection [117,118], along with observation of an increase in mature DCs in the bronchoalveolar 
lavage fluid of COVID-19 patients versus healthy controls [119], support an important role for DCs in mediating COVID-19 disease 
response. In addition, our data supports further investigation into CD207’s interactions with SARS-CoV-2 and its role in efficient 
DC-mediated disease response. 

It is important to note that diagnosis of COVID-19 for those patients with a positive SARS-CoV-2 test did not include determination 
of variant; therefore, variants were not assessed in this study. Indeed, samples were collected before many of the SARS-CoV-2 variants 
were in circulation (between 2020 and 2021), therefore more recent variants including omicron and delta are unlikely to be 
considered. As the pandemic progresses, new variants may result in nuanced differences in disease responses, which reduces the 
specificity of this study’s results to current variants of concern. The patient cohort available for this study was small and therefore the 
impact of co-morbidities, treatment responses, nutritional status and physical activity, was not evaluated; the high variability across 
the patient cohort did not yield data that could be statistically evaluated. Finally, while correlations were made between individual 
proteins that have interactions previously well-established in literature, direct interactions were not investigated in the context of 
SARS-CoV-2 infection. Further investigation is required into the mechanisms by which the proteins highlighted in this study contribute 
to the pathogenesis of severe COVID-19. 
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In conclusion, analysis of protein concentration in plasma samples of patients infected with SARS-CoV-2 and presenting with 
differential severity of disease has identified proteins as biomarkers of both severe and effective responses to viral infection in mild 
cases. Our findings simultaneously assess a broad range of physiological responses to the disease, finding significant markers asso
ciated with multiple inflammatory pathways, viral entry and membrane fusion, endothelial damage, and cell proliferation and tissue 
repair, highlighting the complexity of COVID-19 pathogenesis. These proteins and associated signaling pathways are potential targets 
for therapeutic intervention to both stimulate an effective response to SARS-CoV-2 infection or to prevent progression to severe disease 
and warrant further investigation. 
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