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Serum Protein Profiling Reveals a Landscape of
Inflammation and Immune Signaling in
Early-stage COVID-19 Infection

Xin Hou'#, Xiaomei Zhang®*, Xian Wu'#, Minya Lu'¥, Dan Wang?, Meng Xu?,
Hongye Wang?, Te Liang?, Jiayu Dai?, Hu Duan?, Yingchun Xu'*, Xiaobo Yu®*®,

and Yongzhe Li"*

Coronavirus disease 2019 (COVID-19) is a highly conta-
gious infection and threating the human lives in the world.
The elevation of cytokines in blood is crucial to induce
cytokine storm and immunosuppression in the transition of
severity in COVID-19 patients. However, the comprehen-
sive changes of serum proteins in COVID-19 patients
throughout the SARS-CoV-2 infection is unknown. In this
work, we developed a high-density antibody microarray
and performed an in-depth proteomics analysis of serum
samples collected from early COVID-19 (n =15) and influ-
enza (n = 13) patients. We identified a large set of differen-
tially expressed proteins (n=132) that participate in a
landscape of inflammation and immune signaling related
to the SARS-CoV-2 infection. Furthermore, the significant
correlations of neutrophil and lymphocyte with the CCL2
and CXCL10 mediated cytokine signaling pathways was
identified. These information are valuable for the under-
standing of COVID-19 pathogenesis, identification of bio-
markers and development of the optimal anti-inflammation
therapy.

The corona virus disease 2019 (COVID-19) is caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and is highly contagious (1, 2). As of May 04, 2020,
3,524,429 cases of infection and 247,838 COVID-19 related
deaths have been reported worldwide. The most common
symptoms of COVID-19 are fever, malaise, fatigue, dry
cough, conjunctivitis, diarrhea, and pneumonia (3). Although
19% of infected patients develop severe pneumonia or multi-
ple organ failure, 81% have only mild symptoms or are
asymptomatic. Individuals who are asymptomatic are a major
challenge in controling the COVID-19 pandemic because
they are still contagious (4).

Recent studies have reported that COVID-19 patients with
severe symptoms have elevated plasma levels of IL2, IL6, IL7,
IL10, GCSF, IP10, MCP1, MIP1A, and TNF« (3, 5-7), which
suggests that the progression of COVID-19 is associated with
cytokine storms and immunosuppression. Further profiling of
the proteins in serum may help to understand the pathogene-
sis of COVID-19 and to develop effective treatment (8, 9).
However, to date, there is neither a vaccine to prevent
COVID-19 nor an effective medicine to treat COVID-19.

In this study, a comprehensive analysis of serological pro-
teins from patients in the early stages of COVID-19 or influ-
enza was performed using an antibody microarray developed
in our laboratory (10). Many differentially-expressed proteins
were identified that mediates diverse immune signaling path-
ways related to viral infection, the inflammatory response,
and immune cell activation and migration. These data reflect
the host response to COVID-19 infection, thus providing
insight into COVID-19 pathogenesis and providing potential
therapeutic targets.

EXPERIMENTAL PROCEDURES

Samples—All COVID-19 and influenza patients were enrolled in
the outpatient department of the Peking Union Medical College Hos-
pital (Peking, China). Serum samples were collected with written
informed consent under the approval of the intuitional review board
(IRB) from the Peking Union Medical College Hospital (Ethical num-
ber: ZS-2303) and the Beijing Proteome Research Center (Beijing,
China). All experiments were performed according to the standards
of the Declaration of Helsinki. All COVID-19 patients with mild or
moderate symptoms were positively diagnosed in accordance with
the Diagnosis and Management Plan of Pneumonia with Novel Coro-
navirus Infection (trial version 7).

Screening of COVID-19 Serum Proteome Using Antibody

Microarrays—The antibody microarrays and sera screening were
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Fic. 1. Schematic illustration of serum screening of early-stage COVID-19 patients. A, Characteristics of the clinical cohort used in this
study. All enrolled COVID-19 patients displayed with the symptoms (i.e. fever, headache, cough sputum, myalgia) were diagnosed in accordance
to the Diagnosis and Management Plan of Pneumonia with Novel Coronavirus Infection (trial version 7). The detail clinical information of each
COVID-19 patient is shown in the supplemental Table S1. B, Workflow for serum screening using the antibody microarray. The proteins in serum
was labeled with biotin and incubated with the blocked antibody microarray overnight at 4 °C. The biotin-proteins captured on microarray can be
detected with streptavidin-Phycoerythrin (strep-PE) at the wavelength of 532 nm. C, Classes of proteins on the antibody microarray. GO analysis
(protein class) was performed using the PANTHER database (http://pantherdb.org/). D, Reproducibility of the antibody microarray for the detec-
tion of serum proteins. The correlation (r) within an array and different arrays were calculated using the microarray data within an experiment and

different experiments, respectively.

processed as previously described (10). Briefly, 10 ul of serum were
diluted with 90 ul PBS (PBS; pH 7.4) and labeled with 1 ul of NHS-
PEG4-Biotin (20 g/L in DMSO) (Thermo Fisher Scientific, MA) for 1 h
at room temperature. After removing the excess biotin molecules,
the biotinylated proteins were dissolved in 400 ul of PBS containing
5% milk (w/v). In parallel with biotin labeling, antibody microarrays
were blocked with 500 ul of PBS with 5% milk (w/v) for 1 h at room
temperature. After removing the milk, the arrays were incubated with
biotin-labeled proteins at 4°C overnight. The slides were washed
with PBS containing 0.05% (w/v) Tween 20 (PBST). To detect the
bound proteins, the arrays were incubated with 2 ng/ml streptavidin-
Phycoerythrin (PE) (Jackson Immunoresearch, PA) for 1 h at room
temperature in the dark and then washed with PBST. After centrifug-
ing for 2min at 1000 X g, the slide was scanned using the GenePix
4300A microarray scanner at the wavelength of 532 nm.

Bioinformatics Analysis—Functional annotation of protein classes
was performed using the PANTHER database (http://pantherdb.org/)
(11). The GO biological process analysis was performed using CluGO
and visualized in Cytoscape (version 3.7.2) using two-sided hyper-
geometric test with a p-value less than 0.01 (12, 13). The analyses of
signaling pathways, protein domains and cellular components were
performed using the STRING database (14).

Statistical Analysis — Differentially-expressed proteins were identi-
fied using the t-distributed t test (p-value = 0.05). Hierarchical cluster-
ing was performed using the Mev software (15, 16).

RESULTS

In-Depth Profiling of the Serum Proteome in Early-Stage
COVID-19 and Influenza Patients—The COVID-19 status of
twenty-eight patients with similar symptoms (i.e. fever, head-
ache, cough sputum, myalgia) were ascertained via RT-PCR,
which detects SARS-CoV-2 RNA. In addition, the patients were
tested 2—4 days from symptom onset. Fifteen (15) patients were
positive for COVID-19 whereas 13 patients were negative for
COVID-19; this latter group was classified as influenza (Fig. 1A,
Table |, and supplemental Table S1). The proteins in the serum
were measured using an antibody microarray containing 532
antibodies developed in-house and as previously described
(supplemental Table S2, Fig. 1B) (10). The antibodies on the
array target intercellular signaling molecules, protein-binding
activity modulators, protein modifying enzymes and metabolite
interconversion enzymes (Fig. 1C). The intra- and inter-repro-
ducibility of the microarray are 0.9976 and 0.999, respectively
(Fig.1D).

Using a t-distributed t test, 88 up-regulated and 37
down-regulated proteins between COVID-19 and influenza
group patients were identified (p-value < 0.05) (Fig. 2A and
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TasLE |
Characteristics of early-stage COVID-19 patients
Influenza COVID-19
Patients (n=13) Patients (n=15)

Male 8(61.5%) 7 (46.7%)
Female 5(38.5%) 8(53.3%)
Age, year 57.0(20.0-90.0) 41.0(6.0-68.0)
SARS-CoV-2 (+) 0 15 (100%)
FIuA-RNA (+) 6 (46.2%) 0
FluB RNA (+) 3(23%) 0
RSV RNA (+) 4 (30.8%) 0
Disease stage
Mild 5(38.5%) 4 (26.7%)
Moderate / 11 (73.3%)
Severe 7 (53.8%) 0
Critical 1(7.7%) 0
Exposure history 4 (30.8%) 14 (93.3%)
Symptoms
Fever 13 (100%) 11 (73.3%)
Headache 4 (30.8%) 1(6.7%)
Cough 6 (46.2%) 7 (46.7%)
Sputum 3(23.1%) 2 (13.3%)
Myalgia 7 (53.8%) 2(13.3%)
Fatigue 6 (46.2%) 0
Dyspnea 1(7.7%) 2 (13.3%)
Nasal congestion/Rhinorrhoea 4 (30.8%) 4 (26.7%)
Sore throat 4 (30.8%) 5(33.3%)
Pleuritic chest pain 1(7.7%) 2(13.3%)
Abdominal pain 1(7.7%) 1(6.7%)
Diarrhea 1(7.7%) 0
Nausea or vomiting 0 0
Asymptom 0 2(13.3%)
Onset of symptom, 55+6.3 42+46
Median = S.D., days
Pneumonia 8 (61.5%) 11 (73.3%)
Chest CT
Pulmonary grounp-glass opacity 7 (53.8%) 11 (73.3%)
Bilateral pulmonary infiltration 6 (46.2%) 10 (66.7%)
Administrated drugs 0 0
Comorbidities
Pulmonary diseases 0 1(6.7%)
Cardiovascular diseases 2 (15.4%) 0
Tumor 1(7.7%) 0
Endocrine diseases 2 (15.4%) 0
None 8(61.5%) 14 (93.3%)

Data are median (IQR) or n (%).

2B, supplemental Table S3). Among them, the elevation of
five cytokines (IFNG, IL6, CXCL8, CXCL10, and CCL2)
were reported in mild and severe COVID-19 patients (Fig.
2C) (8, 17, 18). These results demonstrate that the micro-
array is reliable in detecting serum proteins from COVID-
19 patients. Many differentially expressed proteins not
reported to be associated with COVID-19 infection were
also detected, including IL20, CCL27, IL21, PLG, C1R,
and C7 (Fig. 2D).

All the COVID-19 patients were distinguished from influenza
patients using hierarchical cluster analysis of the differentially-
expressed proteins (Fig. 3A). These data suggest that these
proteins could be potential biomarkers for early COVID-19 di-

agnosis. A large independent cohort should be used to validate
these findings.

Prevalent Inflammation and Immune Signaling in Early COVID-
19 Infection—Twenty-six biological processes were identified
from GO analysis of the differentially-expressed proteins in
early-stage COVID-19 (Fig. 3B, supplemental Table S4). The
biological processes are divided into four classes: (1) immune
cell activation and migration, (2) cellular activities, (3) protein
signaling that regulate viral infection, and (4) blood functional
systems. More specifically, the first class of biological proc-
esses includes T cells, B cells, monocytes, myeloid leuko-
cytes, etc. The second class of biological processes mainly
reflects cellular activities, such as endocytosis, membrane
protein proteolysis, cell-cell adhesion. The third class of bio-
logical processes include signaling pathways that regulate
the viral infection, including the MAPK, ERK1/ERK2, JAK-
STAT, and PI3K pathways. The fourth class of biological
processes is blood functional systems, including inflamma-
tion response, complement, coagulation and chemotaxis.

Next, the up- and downregulated signaling pathways in
early SARS-CoV-2 infection were further selected using
STRING by filtering for differentially-expressed proteins
(n>10) and a p-value less than 0.01 (Fig. 4A, supplemental
Table S5). Signaling pathways that were up-regulated the
most were cytokine-cytokine receptor interaction, cytokine
signaling in immune system, IL-4 and IL-13 signaling and IL-
17 signaling. Signaling pathways representing the second
most up-regulated group were associated with viral infection,
including the JAK-STAT, MAPK, and PI3K-Akt signaling path-
ways. In contrast, neutrophil degranulation, complement cas-
cade, and coagulation cascades were down-regulated in
early COVID-19 infection.

The most conserved protein domains within the differen-
tially-expressed proteins were also from the cytokine and
chemokine protein family, including the cytokine interleukin-8
like superfamily, chemokine interleukin-8-like domain, four-
helical cytokine-like, core, cysteine-knot cytokine, CC che-
mokine, conservation site, interleukin-10/19/20/22/24/26 fam-
ily, interleukin-10 conservation site and interkin-17 family (Fig.
4B). The second most abundant protein domains were from
platelet-derived growth factor (PDGF) conservation site,
PDGF/VEGF domain, and growth factor receptor domain 4. In
addition, the domains of tyrosine protein kinase (EGF/ERB/
XmrK receptor), receptor L-domain superfamily, and receptor
L-domain were identified. By contrast, the domains of down-
regulated proteins were the sushi/SCR/CCP domain, sushi/
SCR/CCP family, and sushi repeat (SCR repeat).

Functional annotation of the cellular components shows
that the upregulated proteins were specifically enriched in
cell surface, external side of plasma membrane, vesicle
lumen, cytoplasmic vesicle lumen, receptor complex, extrac-
ellular matrix, endoplasmic reticulum lumen, plasma mem-
brane part, cytoplasmic vesicle membrane, endosome, whole
membrane, intrinsic component of plasma membrane, Golgi
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Fic. 2. Detection of proteins associated with early-stage COVID-19. A, Volcano plot analysis of COVID-19 associated proteins in serum.
Blue and red dots represent down- and up-regulated proteins in early-stage COVID-19, respectively. Protein symbols in red represent the known
serum proteins associated with COVID-19; B, Representative results of antibody microarray images in the serum of early-stage COVID-19 and
influenza patients; C, Box plot analysis of known COVID-19 associated serum proteins; D, Box plot analysis of newly identified COVID-19 associ-

* kk

ated serum proteins. *,

apparatus part, integral component of plasma membrane,
endoplasmic reticulum part and endoplasmic reticulum. Only
one cellular component was enriched in the downregulated
protein: the vesicle (Fig. 4C).

To highlight the involvement of cytokines in COVID-19
infection, 29 chemokines, cytokines, or growth factors are
involved in the cytokine-cytokine receptor and viral protein
interaction with cytokine and cytokine receptor pathways
(Fig. 5). These include fifteen chemokines (BAFF, CX3CLA1,
CCL2, CCL4, CCL4L1, CCL4L2, CCL5, CCL8, CCL10, CCL12,
CCL16, CCL17, CCL27, CCL28, CCL32), twelve cytokines
(IFNG, IL3, IL6, IL12, IL13, IL17A, IL17B, IL17E, IL19, IL20,
IL21, IL32), and two growth factors (TGFB1, NGF).

CCL2 and CXCL10 Medicated Cytokine Signaling Pathways
Significantly Correlate with Neutrophil and Lymphocyte Respec-
tively—A comprehensive correlation analysis of the differen-
tially-expressed proteins and clinical indices in early-stage
COVID-19 patients was performed (Fig. 6, supplemental Ta-
ble S6). Protein expression was positively correlated with
clinical indices reflecting the liver function (Albumin, Alb; Ala-
nine aminotransferase, ALT; Total bilirubin, TBil), renal func-
tion (Creatinine, Cr(E); Urea), acute myocardial injury (Crea-

and “** represent the p-value less than 0.05, 0.01, and 0.001, respectively.

tine Kinase MB mass, CKMB-mass; Cardiac Troponin |, cTnl;
N-terminal pro-Brain Natriuretic Peptide, NT-proBNP; Crea-
tine Kinase, CK), and inflammation and infection (C-reactive
protein, CRP; White Blood Cell, WBC; Neutrophil, NEUT)
(Fig. 6A). By contrast, the expression of some proteins
had a negative correction with the lymphocyte (LY) count,
eosinophil percentage (EOS%) and Direct Bilirubin (DBil)
level (Fig. 6B).

Among these clinical indices, NEUT and LY have the
largest correlations with 21 and 12 proteins in COVID-19
patients, respectively (Fig. 6C and 6D). The functional
annotation of these proteins using theSTRING database
show that the proteins are enriched in the CCL2- and
CXCL10-mediated cytokine signaling pathways, respec-
tively (Fig. 6E and 6F, supplemental Table S7).

DISCUSSION

Understanding the host’s response to SARS-CoV-2 infec-
tion is crucial to designing a therapeutic regime to efficiently
clear the SARS-CoV-2 virus and minimize tissue damage
(19). An abundance of evidence has revealed that cytokines
play an important role in the severity of COVID-19 symptoms
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(8, 19, 20). However, the overall protein expression changes
in serum during early SARS-CoV-2 infection is unknown.

To address this concern, we fabricated a high-density anti-
body microarray to profile the expression of 532 serological
proteins of early-stage COVID-19 and influenza patients (Fig.
1). One primary advantage of antibody arrays compared with
another popular protein detection tool, MS, is that depletion

of high abundance proteins is unnecessary and ion suppres-
sion is not a concern. Thus, low abundance proteins in serum
can be identified with antibody arrays with minimal sample
processing (10). All antibodies used for fabricating microarray
had been characterized by the vendors using ELISA, immuno-
precipitation (IP), immunofluorescence (IF), immunohistochem-
istry (IHC) or flow cytometry. Furthermore, two antibodies (IL-
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17A and TNF) were randomly selected and confirmed their
specificity to the appropriate target using a protein array in our
previous study of psoriasis disease (10).

We found that differentially-expressed proteins (n=125
p-value < 0.05) (Fig. 2) participate in a broad range of biologi-
cal processes associated with viral infection, inflammation,
immune cell activation and migration, and the complement
and coagulation processes (Fig. 3B). Changes in the comple-
ment and coagulation cascades have also been identified in
early SARS-CoV-2 infection and severe COVID-19 patients
(21-24). Our data reveal that activation of viral infection path-
ways (MAPK, ERK1/ERK2, JAK-STAT, PI3K) occurs in acute
COVID-19 infection. Previous studies have shown that the
MAPK signaling pathway is a major immune response to
SARS-CoV-2 infection, and that the ERK and PI3K signaling
pathways play a critical role in MERS-CoV and SARS-CoV
pathogenesis (25-27).

We show that cytokine-mediated signaling pathways are
the major class of dysregulated pathways in early SARS-
CoV-2 infection (Fig. 4A and 4B, Fig. 5). These pathways also
play integral roles in SARS-CoV-1 infection (28). The expres-
sion changes of these cytokines (i.e. IL6, IL17, CCL2) indicate
that pro-inflammation may occur in early stages of SARS-
CoV-2 infection (Fig. 1A, Table I). In addition, our study iden-
tified extensive up-regulation of chemokines, which are often
stimulated by pro-inflammatory cytokines and mainly function
as chemoattractants for effector cells (e.g. leukocytes, recruit-
ing monocytes, neutrophils) from the blood to sites of infec-
tion or tissue damage.

The CCL2- and CXCL10-mediated cytokine signaling path-
ways, which are known to be involved in viral infections,
were enriched in a subset of differentially-expressed proteins
in early SARS-CoV-2 infection (Fig. 6C-6F). CCL2 is a CC
chemokine that attracts monocytes, memory T lymphocytes,
and basophils, and is associated with lung inflammatory disor-
ders, including acute respiratory distress syndrome, asthma,
and pulmonary fibrosis. Notably, these inflammatory disorders
and pulmonary infiltration are associated with the progressive
respiratory failure and death of SARS patients (29). Further-
more, CCL2 can act as an autocrine factor that promotes viral
replication in infected macrophages, and CCL2 neutralization
inhibits HIV-1 replication in monocyte-derived macrophages
(80). Interestingly, a novel class of small molecule inhibitor,
bindarit, alleviates inflammation caused by Chikungunya and
Ross River viruses by reducing CCL2 synthesis in animal
models (31, 32). CXCL10 is a ligand for the CXCRS3 receptor,
the activation of which results in the recruitment of T cells and

the perpetuation of mucosal inflammation. Tacrolimus
(FK506), a macrolide immunosuppressive agent isolated from
Streptomyces tsukubaensis, has been found to suppress
CCL2 and CXCL10 expression in human colonic myofibro-
blasts (33). All the results combined suggest that CCL2 and
CXCL10 may have the potential to be used as anti-inflamma-
tion targets for COVID-19 therapy (9, 34).

Interestingly, in Fig. 3A, there are two distinct branches of
COVID-19 patients in the clustering analysis. The first group
of five patients were all female, whereas the all male patients
were clustered in the second group. This may indicate sex
differences in the immune responses against SARS-CoV-2
infection. The results are accord to the reports in which male
patients displayed higher plasma levels of innate immune
cytokines and the male sex is a risk factor for the severity of
COVID-19 patient (35, 36).

There are three limitations in this study. First, the number
of serum samples was limited; thus, the biomarkers identi-
fied in our study should be validated in a large independent
clinical cohort. Second, protein detection depends on the
sensitivity and specificity of the capture antibodies immobi-
lized on the microarray. Third, serological proteins of early-
stage COVID-19 patients were only compared with early-
stage influenza patients. In the future, protein profiling of
COVID-19 patients should be examined over the entire
course of infection. In addition, the profiles should be com-
pared with healthy patients and patients infected with dif-
ferent viruses.

Our study comprehensively profiled the serological pro-
teins of early SARS-CoV-2, revealing a new understanding
of the inflammation and immune signaling that occurs. Our
data also identified potential biomarkers that could be
used to diagnose COVID-19 patients and design effective
treatment.
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