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Abstract
COVID-19 rapidly emerged as a crippling public health crisis in the last few months, which has

presented a series health risk. Understanding of the immune response and biomarker analysis is

needed to progress toward understanding disease pathology and developing improved treatment

options. The goal of this study is to identify pathogenic factors that are linked to disease sever-

ity and patient characteristics. Patients with COVID-19 who were hospitalized fromMarch 17 to

June 5, 2020were analyzed for clinical features of disease and soluble plasma cytokines in associ-

ation with disease severity and sex. Data from COVID-19 patients with acute illness were exam-

ined along with an age- and gender-matched control cohort. We identified a group of 16 soluble

factors that were found to be increased in COVID-19 patients compared to controls, whereas 2

factors were decreased. In addition to inflammatory cytokines, we found significant increases in

factors known to mediate vasculitis and vascular remodeling (PDGF-AA, PDGF-AB-BB, soluble

CD40L (sCD40L), FGF, and IP10). Four factors such as platelet-derived growth factors, fibrob-

last growth factor-2, and IFN-𝛾-inducible protein 10were strongly associatedwith severe disease

and ICU admission. Th2-related factors (IL-4 and IL-13) were increased with IL-4 and sCD40L

present at increased levels in males compared with females. Our analysis revealed networking

clusters of cytokines and growth factors, including previously unknown roles of vascular and stro-

mal remodeling, activation of the innate immunity, as well activation of type 2 immune responses

in the immunopathogenesis of COVID-19. These data highlight biomarker associations with dis-

ease severity and sex in COVID-19 patients.

K EYWORD S

1 INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a rapidly emergent pandemic

disease caused by a single-stranded RNA virus termed as severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2). COVID-19 rapidly

Abbreviations: ACD, Acid Citrate-Dextrose; ARDS, Acute Respiratory Distress Syndrome;

APC, Antigen Presenting Cell; COVID-19, Corona Virus Disease 2019; CRS, Cytokine Release

Syndrome; ECM, ExtracellularMatrix; FGF, Fibroblast Growth Factor; FLT-3L, FMS-like

Tyrosine Kinase 3 Ligand; ICU, Intensive Care Unit; IP10, Interferon Gamma-Induced Protein

10;MDC22,Macrophage-derived Chemokine; MERS,Middle East Respiratory Syndrome;

PDGF, Platelet-derived Growth Factor; ROC, Receiver Operating Characteristic Curve;

SARS-CoV, Severe Acute Respiratory Syndrome Coronavirus; sCD40L, Soluble CD40 Ligand;

SOFA, Sequential Organ Failure Assessment.

emerged as a crippling public health crisis in the few months follow-

ing the first reports of a mysterious pneumonia-like disease inWuhan,

China. The spectrum of illness associated with COVID-19 ranges from

mild respiratory symptoms to severe disease requiring hospitaliza-

tion in up to one-third of patients. Susceptible individuals frequently

develop widespread inflammatory injury to the lungs, where acute-

respiratorydistress syndrome (ARDS)becomesa life-threatening com-

plication as the alveolar-capillary barrier is compromised and fluid

leaks into the lungs. It is currently not knownwhy some individuals are

more severely affected than others; however, hypertension, diabetes,

and advanced age are reported as consistent risk factors for disease

severity. Immune compromised patients infected with SARS-2-CoV do
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not presentwith increased severity comparedwith healthy individuals,

suggesting that the host innate immune response appears to be a pri-

mary driver of COVID-19 pathobiology.1

Acute viral infections result in the activation of Toll-like recep-

tors and induction of robust type I and III IFN responses, lead-

ing to transcription of hundreds of IFN-stimulated genes and pro-

duction of proinflammatory cytokines and chemokines (e.g., IL-6,

TNF-a, MCP-1, and Mip-1𝛼) and robust differentiation of Th1 cells,

which eliminate infected target cells.2 Proinflammatory Th1 responses

are constrained by Th2 cytokines, and typically result in resolution

of infection and immunity. SARS-CoV-1 and Middle East Respira-

tory Syndrome (MERS)-CoV have evolved mechanisms to suppress

type I IFN responses3 and result in a Th17-type cytokine storm.

COVID-19 patients can present with deteriorating symptoms follow-

ing initial improvement, consistent with a delayed and exacerbated

immune response.4,5 Dysregulation of Th1 and Th2 responses can

lead to cytokine release syndrome (CRS) where high levels of diverse

cytokines drive a positive feedback loop of pathogenic inflamma-

tion. Severe influenza, SARS-CoV-1, and MERS-CoV are all associ-

ated with ARDS and CRS. Studies of critically ill COVID-19 cases

in China have demonstrated that SARS-CoV-2 infection also triggers

CRS with uncontrolled proinflammatory responses,6 and differences

in immune factors in moderate and severe cases of COVID-19 have

begun to emerge.7 However, the aged population in Western Europe

and theUnited States suggest that reducedTh1 immunity could lead to

poor outcomes during infection.8 Thus, associations between cytokine

responses andpoor clinical outcomes indifferentpopulationswarrants

further investigation.

MERS-CoV, SARS-CoV-1, and SARS-CoV-2 infections all result in

CRS in susceptible individuals despite significant immunologic differ-

ences and tropism, underscoring a critical need to understand the

acute-phase cytokine response in COVID-19.9 To date, determinants

of susceptibility leading to severe disease manifestations and the

presence of shared- or population-specific CRS in COVID-19 are not

known.We therefore recruited22COVID-19patients, including8 crit-

ically ill patients with ARDS and 15moderately severe patients requir-

ing hospitalization and analyzed patient clinical data in concert with

circulating plasma cytokine networks to delineate the host immune

response in SARS-CoV-2 infection.

2 METHODS

2.1 Study design

All patients with SARS-CoV-2 infection (n = 22) requiring hospitaliza-

tion due to acute illness were recruited from the University of Utah

Health Sciences Center in Salt Lake City. We prospectively collected

and analyzed data on patients with SARS-CoV-2 infection confirmed

by RT-PCR, in accordance with current standards. We collected acid

citrate dextrose (ACD)-anticoagulated whole blood from hospitalized

patients with COVID-19 from March 17 to June 5, 2020. All COVID-

19 patients were recruited under study protocols approved by the

Institutional ReviewBoard of theUniversity of Utah (IRB#: 00102638,

00093575). Patientswere approached for enrollment in this study and

clinical trials within 24 h of admission. Blood samples were collected

within 48 ± 24 h of hospital admission. Patients were co-enrolled in

clinical trials of hydroxychloroquine or remdesivir. Healthy, age-, and

gender-matched donors were enrolled and recruited under a sepa-

rate IRB protocol (IRB#: 0051506). In accordancewith theDeclaration

of Helsinki, each study participant or their legal authorized represen-

tative provided written informed consent for study enrollment. Our

enrollment criteria included individuals of age greater than 18, respi-

ratory symptoms including cough and shortness of breath, fever, hos-

pital admission, positive SARS-CoV-2 testing, and informed consent.

We summarize demographic, clinical characteristics, and illness sever-

ity data including sequential organ failure assessment (SOFA) scores

in Table 1. All COVID-19 patients were hospitalized and were fur-

ther stratified into moderate (non-ICU) and severe (critically ill ICU)

COVID-19 patients.

2.2 Multiplex array

Plasma samples were analyzed using a Human Cytokine/Chemokine

Panel I Multiplex Array (MilliporeSigma catalog# HCYTMAG60-

PMX41, Burlington,MA) according tomanufacturer’s instructions on a

Luminex 200 instrument. Plasma samples from 14 healthy adults were

used as controls for cross-comparison.

2.3 Statistical methods

Means and standard deviations were used to describe clinical and

epidemiologic profiles of study cohort for COVID-19 patients and

controls along with the first level of cytokine analysis. For categori-

cal characteristics, we used frequencies (n) and relative frequencies

(%) for descriptive statistics. To identify any differences in the con-

tinuous characteristics of patients between controls and COVID-19

patients, we used the two samples independent t-test. The one-way

ANOVA was used to assess mean differences between controls, mod-

erate COVID-19 infection, and severe COVID-19 infection. To com-

pare the percentages, for categorical variables, between controls and

COVID-19 patients, or controls, moderate COVID-19 infection, and

severe COVID-19 infection, we employed the 𝜒2 test for indepen-

dence. To comparemedian cytokine/chemokine levels betweengroups,

we used the Mann-Whitney-Wilcoxon test while adjusting for multi-

ple testing by using the SIDAK correction.10 To assess the effect size

for the difference between medians, we used the ratio A/1–A from

the A measure of stochastic superiority, which gives the odds that

an individual in one group will score higher than an individual in the

other group.11 Logistic regression models were utilized to assess the

classification power of cytokines/chemokines by calculating the area

under the receiver operating characteristic curve or ROC curve (AUC).

AUC values from 0.90 to 1.00 indicate excellent accuracy; 0.80–0.90:

goodaccuracy; 0.70–0.80: fair accuracy; 0.60–0.70: poor accuracy; and

0.50: no discriminating ability. To assess the intercorrelations between

cytokines/chemokines, we used the Spearman correlation coefficients.

Heat maps were used to visualize these intercorrelations. All statisti-

cal analyses were done by SAS version 9.4 (SAS Institute, Inc., Cary,

NC, USA) and Prism using two-sided tests. All P-values less than 0.05
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TABLE 1 Clinical and epidemiologic profiles of study cohort

Characteristic
Healthy donors
(n= 14)

Moderate COVID-19
infection (n= 14)

Severe COVID-19
infection (n= 8) P-value

Age (mean± SD) 45.2± 16.1 48.9± 14.9 63.4± 18.2 0.047

Male n (%) 7 (50.0%) 8 (57.1%) 5 (62.5%) 0.841

Hispanic/Latino/Black n (%) 0 (0.0%) 4 (30.8%) 3 (37.5%) 0.050

BMI (mean± SD) NA 35.7± 10.3 31.6± 10.0 0.369

Diabetes n (%) 0 (0.0%) 6 (42.9%) 5 (62.5%) 0.004

Hypertension n (%) 0 (0.0%) 7 (50.0)% 4 (50.0%) 0.007

Chronic lung disease n (%) 0 (0.0%) 3 (21.4%) 2 (25.0%) 0.153

SOFA score (mean± SD) NA 1.9± 1.1 5.8± 1.3 <0.0001

ARDS n (%) NA 2 (14.3%) 8 (100.0%) 0.0001

Mechanical ventilation n (%) NA 0 (0.0%) 5 (62.5%) 0.0008

Survival to date n (%) 14 (100.0%) 14 (100.0%) 5 (62.5%) 0.0033

Aspirin (%) NA 12.5% 11.8% 0.95

Hydroxychloroquine (%) NA 16.7% 29.4% 0.34

Remdesivir (%) NA 20.8% 23.5% 0.84

Convalescent plasma (%) 0% 5.9% 0.24

WBC (mean± SD) NA 5.8± 2.1 8.5± 2.5 0.014

Platelet count (mean± SD)
P-value indicates 𝜒2 test for independence.
BMI, bodymass index; SOFA, sequential organ
failure assessment; ARDS, acute-respiratory
distress syndrome.

NA 269.6± 116.5 264.8± 49.0 0.913

were deemed significant, whereas those between 0.04 and 0.05 were

considered marginally significant, and those between 0.05 and 0.10

were assumed to be on the boundary of significance. Nonsignificant

cytokines/chemokines thatmaintained large effect sizeswere still con-

sidered clinically significant or relevant.

3 RESULTS

3.1 Epidemiologic and clinical characteristics

Our cohort study comprises 22 COVID-19 patients admitted to the

University of Utah Health Sciences Center with respiratory distress

and positive SARS-CoV-2 testing along with 14 healthy controls. The

COVID-19 patients studied consist of 13 males and 9 females with a

mean age of 54.2 (±17.3) and ranged from 18 to 82 yr of age (Table 1)

were compared with age- and gender-matched controls. Moderate

COVID-19cases ranged in age from18 to71yr,with ameanageof48.9

(±14.9). Hypertension (50.0% ofmoderate, 50.0% of critical cases) and

diabetesmellitus (42.9% ofmoderate, 62.5% of critical cases) were the

most common comorbid conditions, with no significant difference in

body mass index (BMI) between groups (P = 0.369). Most of the crit-

ically ill patients with ARDS (n = 8) were 48 yr or older, apart from a

24 yr old of Hispanic ethnicity. Of these, 5 required endotracheal intu-

bation and 28 day mortality was 37.5% for critically ill patients and

13.6% in total. To note, the severe infection group has a mean age of

63 suggesting in our cohort more severe disease with age. Patients

were administered aspirin, or co-enrolled in clinical trials for hydrox-

ychloroquine, or remdesivir within 24 h of hospitalization as shown

in Table 1. In one case of severe disease, a patient was administered

convalescent plasma. The mean SOFA score in moderate COVID-19

patients was 1.9 (±1.1) formoderate cases comparedwith 5.8 (±1.3) in
critically ill patients (P< 0.0001). The mean initial Pao2/Fio2 ratio was

326.8 (±109.6) for moderate compared with 94.3 (±19.3) for critically
ill patients (P<0.0001). Three of the severe patients perished fromour

study, whereas the rest recovered.

3.2 COVID-19 patients produce systemic

inflammatory cytokines

BecauseCOVID-19patients are known to have an excessive inflamma-

tory response leading to tissue damage, we sought to examine circulat-

ing cytokines in plasma samples of COVID-19-infected patients com-

pared to noninfected, healthy controls and perform a complex analysis

of these cytokines for a more in depth understanding of the cytokine

storm. Patient plasma from 22 COVID-19-infected patients was com-

pared to 14 healthy controls. Samples from 13 infected males and

9 infected females were compared to 7 males and 7 female age-

matched controls (Table 1). Eight critical inflammatory cytokines were

significantly increased in the COVID-19 patient plasma compared to

controls. As shown in Figure 1A–H, IL-6, IL-8, G-CSF, GRO𝛼, MCP-3,

IL-1𝛼, MCP-1, and TNF-𝛼were all increased in COVID-19 patient sam-

ples. We further evaluated cytokines by SIDAK adjustment for multi-

ple testing to examine effect size between medians to give odds that

patients in the infected group will have greater cytokine levels than

individuals in the control group (Table 2).
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F IGURE 1 COVID-19 infected patients have increased plasma proinflammatory cytokines/chemokines as shown by multiplex array, where 8
analytes are significantly increased compared to control plasma (A–H). *P< 0.05 by two samples t-test

The significant changes in inflammatory cytokines detected in

COVID-19 patients were generally indicative of an innate immune

response. These cytokines (IL-6, IL-8, G-CSF, GRO𝛼, MCP-3, IL-1𝛼,

MCP-1, and TNF-𝛼) may be commonly produced by professional

and nonprofessional innate immune cells, particularly circulating neu-

trophils, monocytes, dendritic cells, and fibrocytes. Several of these

cytokines also may act as chemokines, attracting other innate immune

cells to sites of infection to exacerbate inflammation. After SIDAK

adjustment, it should be noted that G-CSF, GRO𝛼, and IL-1𝛼 become

nonsignificant, but still maintain a large or a marginally large effect

size (i.e., A/1–A > 2.5) as illustrated in our previous work.12 Figure 1D

appears to indicate two different populations of expression levels for

GRO𝛼; however, there was no association with disease activity or

demographic factors that we could delineate.

3.3 COVID-19 patients produce systemic

anti-inflammatory cytokines

During a cytokine storm, anti-inflammatory cytokines may be pro-

duced in aneffort by the immunesystemtokeep inflammation in check.

Thus, IL-10 and IL-1RAwere also found to be significantly increased in

COVID-19 patients compared to control (Fig. 2A and B). With SIDAK

analysis, IL-10 shows the highest odds ratio with a 99% classification

power between COVID-19 patients and controls as shown by ROC

curve as a standard technique for summarizing classifier performance

between true positives and false positives (Fig. 2C). Thus, a ROC curve

is a plot showing the ability to predict an event correctly. IL-1RA also

remains significant after SIDAK adjustment. These results suggest an

increase in anti-inflammatory cytokines as may typically be seen dur-

ing a cytokine storm, but are not able to keep the overall inflammation

in check.

3.4 Signatures of vascular remodeling and vasculitis

are highly increased

Although the typical inflammatory cytokines are expected during

cytokine storm from infection, we unexpectedly identified several

growth factors with potent roles in vessel remodeling and angiogen-

esis were significantly increased in the plasma of infected patients

compared to controls. These molecules included Platelet-derived

growth factor (PDGF)-AA, AB-BB, PDGF-AA, Fibroblast growth

factor-2 (FGF-2), and soluble CD40L (sCD40L; Fig. 3A–D). PDGF-AB-

BB, PDGF-AA, and sCD40L were found to have a strong Spearman

correlation (Table 3). However, we observed no significant difference

in these molecules between moderate and severe COVID-19 patients,

suggesting circulating levels may be independent of ARDS status.

Although CD40L is well known to play a key role as a costimulatory

molecule expressed by activated T cells engaging CD40 expressed on

B cells and APCs,13 in this context it exists in a membrane-bound form

involved in immunoglobulin isotype switching. The major source of

sCD40L present in plasma is derived from platelets, suggesting that

platelets may become activated in the pulmonary microvasculature

in COVID-19. sCD40L may locally activate microvascular endothelial

cells, pericytes, and smooth muscle cells, and promote expression of

FGF-2.14 Both PDGF-AB-BB and FGF-2 possess broad mitogenic and

cell survival activities, and similar to sCD40L, may be released from
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TABLE 2 SIDAK adjusted P-values fromMann-Whitney-Wilcoxon test for observed cytokinemeans (pg/ml)

Cytokines
Controls
(n= 14)

COVID-19 cases
(n= 22)

SIDAK adjusted
P-value OddsA/1–A

1 IL-10 6.6 33.02 0.000 101.67

2 IL-6 3.17 37.52 0.000 50.33

3 PDGF-AB-BB 649.57 2128.06 0.000 24.67

4 IP10 266.59 1090.44 0.000 21

5 IL-1RA 19.7 147.6 0.002 9.27

6 sCD40L 93.44 262.76 0.003 8.33

7 TNF𝛼 5.85 15.21 0.007 6.9

8 IL-8 6.76 15.55 0.011 6.16

9 MCP-1 251.09 509.79 0.012 6

10 IL-4 20.19 49.47 0.053 4.36

11 MDC 588.7 358.31 0.055 4.31

12 MCP-3 20.91 68.9 0.057 4.27

13 FGF-2 83.51 120.66 0.105 3.74

14 Flt-3L 29.73 21.62 0.225 3.16

15 IL-1𝛼 0.53 8.85 0.198 3.13

16 PDGF-AA 59.08 228.51 0.237 3.11

17 GCSF 52.5 73.67 0.301 2.92

18 IL-7 1.38 5.31 0.601 2.4

19 GRO𝛼 217 1012.19 0.645 2.35

20 IL-15 2.94 5.22 0.645 2.35

21 IFN𝛾 3.64 7.65 0.712 2.23

22 Fractaline 125.66 151.76 0.820 2.07

23 IL-13 4.5 10.34 0.914 1.89

24 MIP-1𝛽 12.92 10.34 0.940 1.81

25 GM-CSF 3.19 4.74 0.940 1.78

26 IL-1𝛽 0.08 0.22 0.940 1.74

27 TNFB 3.86 19.28 0.961 1.68

28 IL-12p70 0.52 1.67 0.961 1.67

29 IL-12p40 10.43 13.75 0.968 1.6

30 IL-2 0.41 1 0.961 1.59

31 RANTES 924.91 898.61 0.969 1.57

32 IL-3 0.82 1.39 0.987 1.45

33 IL-5 1.49 0.93 0.999 1.27

34 IL-17A 5.22 4.18 0.999 1.27

35 TGF-𝛼 1.09 0.85 0.999 1.26

36 VEGF 47.79 34.26 0.999 1.26

37 MIP-1𝛼 9.92 9.25 0.999 1.22

38 Eotaxin 156.91 146.36 0.999 1.15

39 EGF 30.48 20.97 0.999 1.14

40 IFN𝛼2 15.75 16.28 0.999 1.05

41 IL-9 0.87 0.87 0.999 1.05

circulating activated platelets.15 Our analysis also revealed significant

increases in IP10 (Fig. 3E), which may be secreted by several cell types

including monocytes, dendritic cells, fibroblasts, and endothelial cells

and is strongly associated with vasculitis.16 CXCR3 ligands such as

Interferon gamma-induced protein 10 (IP10) can promote lympho-

cyte adhesion to endothelial cells, and our data indicate IP10 levels

closely resemble those reported in patients with multisystem vascular

inflammatory condition known as Kawasaki disease.17
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F IGURE 2 COVID-19 infected patients have increased plasma anti-inflammatory cytokines as shownbymultiplex arraywhere (A) IL-10 and (B)
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F IGURE 3 COVID-19 infected patients have increased plasma factors of vasculitis/vascular remodeling as shown by multiplex array, where 5
analytes are significantly increased compared to control plasma (A–E). *P< 0.05 by two samples t-test

TABLE 3 Spearman correlation of sCD40L, PDGF-AA, -AB/BB, and IL-4 showing the association of these factors in patient samples

Spearman correlation coefficients Prob> |r| under H0: 𝝆= 0

PDGF-AA PDGF-AB-BB sCD40L IL-4

PDGF-AA 0.81559 (<0.0001) 0.58893 (0.0039) 0.63985 (0.0013)

PDGF-AB-BB 0.64396 (0.0129) 0.72522 (0.0001) 0.61253 (0.0024)

sCD40L 0.46813 (0.0914) 0.21319 (0.4643) 0.56787 (0.0058)

IL-4 0.44322 (0.1124) 0.33297 (0.2447) 0.37045 (0.1923)
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F IGURE 4 COVID-19 infected patients have decreased plasma factors (A) macrophage-derived chemokine (MDC) and (B) FLT-3L, and (C) mul-
tiple factors associated with severe disease compared to moderate disease (ICU vs. non-ICU). (D) MDC decrease and TNF-𝛼 predicting acute-
respiratory distress syndrome (ARDS) status 86% of the time correctly. *P< 0.05 by two samples t-test

3.5 COVID-19 patient cytokine classification by

disease status

Differences were noted in patients with moderate vs. severe infec-

tion (non-ICU vs. ICU) in SOFA score, ARDS WBC counts, and

survival (Table 1). Furthermore, while most cytokines we detected

appeared to be increased in COVID-19 patients compared to healthy

controls, we observed decreased levels of two soluble factors in

our patient population. Macrophage-derived chemokine (MDC22), a

chemokine mainly produced by macrophages and dendritic cells, was

significantly decreased in COVID-19 patients compared to controls

(Fig. 4A). Although MDC22 is associated with lung inflammation and

hemorrhage,18 our data indicate that MDC22 is decreased in COVID-

19 infected patients. We also observed a decrease in the hematopoi-

etic growth factor FMS-like tyrosine kinase 3 ligand (FLT-3L, Fig. 4B),

which can increase monocyte-derived myeloid dendritic cells (and

plasmacytoid dendritic cells) and is implicated to provide protective

immunity in bacterial lung infections.19

We next compared cytokine expression in COVID-19 patients pre-

sentingwithmoderate vs. severe infection (non-ICUvs. ICU) and found

thatMDC22, FLT-3L, and IL-12were decreased in severe patientswith

ARDS compared to moderate (Fig. 4C). We also found that levels of

TNF-𝛼 were increased in patients with severe disease. Furthermore,

decreased levels of MDC22 and TNF-𝛼 can classify ARDS status 86%

of the time in our patient cohort when analyzed by AUC (Fig. 4D). The

differences in the four soluble factors between moderate and severe

cases suggest potential biomarkers for severity of disease.

3.6 Type 2 immune response signals are increased in

COVID-19 patients

While there is limited evidence recently published on the type 2

immune response in COVID-19 patients,20 our data presented ear-

lier suggest that SARS-Cov2 triggers hyperinflammatory conditions

resulting in the influx of innate immune cells likely followed by the

activation of the T-cell responses. Thus, we analyzed Th1/Th2/Th17

cytokine profile in the COVID-19 patients. We observed that in con-

trast to MERS-CoV infections that are known to mount Th1/Th17

responses,20 COVID-19 patients show dramatic increase in the Th2

response cytokine IL-4 (Fig. 5A) and while not reaching significance

after SIDAK adjustment, a trend in increase of IL-13was also observed

(Fig. 5B). These data suggest that SARS-Cov2 infection mounts a Th2

response in patients requiring hospitalization.
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3.7 Sex differences

Of particular interest among COVID-19 patients, a trend toward

increased IL-4 and sCD40L was observed in men (Fig. 5C and D). Fur-

ther analysis of these factors showed that the associationbetween IL-4

and sCD40L showed a correct prediction for male infection vs. female

73.5% of the time when analyzed by AUC (Fig. 5E). Although further

analysis is needed, we observed several trends showing differences

between female and male cytokine responses (Table 4). The overall

trends suggest that potential differences in a productive Th2 response

between males and females may be associated with poor outcomes in

males suffering fromCOVID-19.

3.8 Discrete cytokine clusters are present in

COVID-19

In order to assess the relationships between the cytokines observed

in COVID-19, we performed correlation analysis on those cytokines

demonstrated to be statistically significant between healthy con-

trols and COVID-19 patients. To distinguish the degree of correla-

tion between cytokines, we set up a cut-off for Spearman correla-

tion coefficient corresponding to significant P-value (P < 0.05). Our

data indicate that concentration levels of sCD40L, PDGF-AA, PDGF-

AB/BB, and IL-4 have doubled among COVID-19 patients relative to

healthy controls (Fig. 3). Specifically, their concentration levels went

up from 120.60, 726.75, 110.29, and 31.29 among controls to 230.00,

TABLE 4 Plasma concentrations of cytokines by sex shown as pg/ml
and analyzed byWilcoxon’s test

Medians Significance

Variable
F
(n= 9)

M
(n= 13) p

1
ES

2

IL-4 46.38 63.73 0.087 2.60

sCD40L 180.86 305.56 0.109 2.44

PDGF-AB-BB 1890.15 2280.06 0.204 2.00

IL-10 27.6 40.37 0.256 1.85

TNF𝛼 10.98 16.25 0.270 1.82

MDC 433.12 324.89 0.442 1.52

IL-6 41.31 37.12 0.593 1.34

IL-1RA 140.09 155.1 0.640 1.29

MCP-3 59.87 83.72 0.640 1.29

IP10 1111.42 1069.47 0.841 1.13

IL-8 15.55 15.55 0.920 1.07

MCP-1 447.94 515.54 1.000 1.02

1
Wilcoxon’s test.

2
Probability-based effect size expressed as odds.

2340.00, 274.64, and 62.09 among COVID-19 patients for PDGF-

AA, PDGF-AB-BB, sCD40L, and IL-4, respectively. Intercorrelation

between thesemolecules is substantially significant among COVID-19

patients and clustered together in dark green as shown in Figure 6B.

Among our control population, the Spearman correlation between
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F IGURE 6 Discrete clusters of cytokines differ in plasma between (A) control and (B) COVID-19 as shown by Spearman correlation with (C)
IL-6 levels able to classify patients with COVID-19 infection 99% of the time

these molecules is not statistically significant except between PDGFs,

as expected. In contrast, among COVID-19 patients the intercorre-

lations between these markers are highly significant (Table 2). This

observation suggests that these molecules act jointly in COVID-19

pathobiology.After SIDAKadjustment, onlyPDGF-AB-BBand sCD40L

remained significant. However, these four factors were found to be

highly associated in infected patients when analyzed by Spearman

correlation (Fig. 6B), suggesting they work jointly in COVID-19. Inter-

estingly, Spearman correlation analysis also suggests of a relation-

ship between MDC22 and FLT-3L (P < 0.01), the only two cytokines

found to be decreased in our patient cohort (Fig. 4C), implicating

dendritic cell (DC) dysregulation in COVID-19. Our study shows that

of the inflammatory cytokines, IL-6 was highly significant, consistent

with its known roles in CRS and acute lung injury (Fig. 1A). Upon fur-

ther analysis of IL-6 in relation to other COVID-19 plasma cytokines,

we found that IL-6 is increased independent of disease severity.

IL-6 levels are able to classify COVID-19 infected patients 99% of the

time when analyzed by AUC (Fig. 6C) and is likely to play a trigger-

ing role in the cytokine storm during early innate immune response to

SARS-Cov2, similar to previous observations of MERS-CoV and SARS-

CoV infections.21

4 DISCUSSION

Patients with COVID-19 exhibit a broad spectrum of clinical manifes-

tations of disease and our understanding of the clinical, epidemiologic,

and pathologic characteristics is still evolving. Although most infected

individuals present with mild disease pathology, approximately

30% of hospitalized patients with COVID-19 develop progressive,



10 PETREY ET AL.

sustained lung injury. Many patients with severe COVID-19 suffer

from a cytokine storm. Although the mechanistic link between the

cytokine storm and lung injury during SARS-Cov2 infection remains

to be elucidated, it is currently believed that high levels of cytokines

promote relentless destruction of the pulmonary capillary beds.

Pulmonary complications are believed to result from vascular barrier

disruption, leading to tissue edema, fluid accumulation in the lung,

and robust inflammatory cell infiltrate ultimately manifesting as

ARDS. However, limited published reports revealed discrepancies

in the cytokine storm profile initially reported in Asian countries,

when compared to the Western world population over the last few

months. This warranted more investigation. Thus, in a current report,

we examined relationships between clinical parameters of disease in

patients and expression levels of plasma cytokines. This study cohort

of 22 COVID-19 patients examined the relationships between clinical

parameters of disease in patients and expression levels of plasma

cytokines in detail. In our cohort, advanced age is a significant risk

factor for development of severe complications of COVID-19, as with

prior reports (Table 1). Our data independently confirm elevated

plasma levels of 10 cytokines previously reported in COVID-19 cases

in the United States and worldwide.22 A novel observation was that

plasma levels of several growth cytokines, sCD40L, and growth factors

were altered in response to SARS-CoV-2 infection and significantly

associated with ARDS status. We also observed formation of inter-

correlative networking clusters with these molecules, suggesting that

activation of the innate immunity, vascular and stromal remodeling,

as well activation of type 2 immune responses are involved in the

immunopathogenesis of COVID-19 and ARDS complication.

As previously reported,23,24 we observed that advanced age is a sig-

nificant risk factor for development of severe complications ofCOVID-

19. However, in contrast to prior study,25,26 diabetic status, BMI,

hypertension, or prior history of chronic lung disease did not distin-

guish development of severe complications comparedwithmoderately

affected patients in our cohort. This is may be due to the small size of

studied cohort of the COVID-19 patients. However, our data indicate

that 18 cytokines comprising proinflammatory, anti-inflammatory, and

mitogenic responses are significantly increased, and two cytokines

are significantly decreased in our COVID-19 cohort. These findings

are consistent with the observation of cytokine response syndrome in

COVID-19 patients consistent with previous studies.6,27 As previously

seen in the COVID-19 patients worldwide,22,27,28 we observed that

CRS in our cohort shows elevated levels of G-CSF, IL1RA, IL-10, IP10,

MCP-3, FGF-2, IL-4, IL-7, IL-8, and TNF-𝛼. However, in our study

cohort several cytokines reported in the Asian population were not

significantly increased in our study population. Although the cause of

these differences in cytokine storm profile remains to be elucidated,

it is possible that some COVID-19 patients in the Asian population

experienced a past exposure to SARS-CoV infection over the last two

decades.29,30 Although only 8098 infected individuals were identified

in the 2002–2003 SARS outbreak, seroepidemiologic studies suggest

that a larger number of individuals may have been exposed to a SARS-

like virus that frequently caused an asymptomatic infection.31–33 This

type of exposure is reminiscent of COVID-19, and could perhaps allow

some “priming” of the immune system to mount aggressive innate and

adaptive type 1 immune responses. This hypothesis is supported by

the fact that only minor differences have been found between the

genome sequences of SARS-CoV-2 and SARS-CoV viruses.30 Our data

are also in contrast from prior studies of COVID-19 in patients in

Asia, where leukopenia was commonly observed in severely affected

individuals. Rather than a decrease in leukocytes, severely affected

patients in our study group demonstrate modestly elevated leukocyte

counts, consistent with reports of severe patients in other regions

of the United States.34,35 While lymphopenia has been noted in

severe COVID-19, we did not routinely collect differential white blood

cell counts in our study. Further, the ethnic differences in patient

populations studied, past vaccinations (e.g., smallpox, polio),36,37 or

social determinants of health may also be contributing factors to the

observed differences in cytokine profiles.

A novel observation from our study was that plasma levels PDGF-

AA, PDGF-AB, GRO𝛼, FLT-3L, sCD40L, and MDC22 are altered in

response to SARS-CoV-2 infection and, additionally, MDC22, FLT-3L,

TNF-𝛼, and IL-12(p40) significantly associated ARDS status. We also

observed an increase in FGF-2 and IP10. All molecules mentioned ear-

lier are known to play a critical role in extracellularmatrix and vascular

remodeling.11,38–40 Although there are reports of thrombocytopenia

in COVID-19 patients, our cohort exhibited relatively normal platelet

counts,41 and all were administered standard thromboprophylaxis

treatment. It is currently not known whether SARS-CoV-2 directly

leads to platelet activation or consumption, but the widespread

expression of ACE2 receptors within endothelial cells, evidence of

viral infection, and endothelitis in COVID-19 suggest the endothelium

plays a central role. Our observation of high levels of IP10, a biomarker

and mediator of Kawasaki disease pathobiology, is particularly of

interest given that although children appear to be minimally suscepti-

ble to COVID-19, a recent outbreak of severe Kawasaki-like disease in

children is particularly concerning.42,43 Although IP10 levels are also

increased in response to hepatitis C virus and rhinovirus infections,

the levels of IP10 in these conditions are much lower (<500 pg/ml)

than those detected in acute states of Kawasaki disease and in the

present study of COVID-19. Taken together our data suggest that

immunopathogenesis of SARS-Cov2 infection is likely to involve the

activation of platelets, stromal cell and smooth muscle cells that via

release of the above-mentioned cytokines and growth factors form

a distinct networking cluster involved in the vascular and overall

extracellular matrix remodeling. In fact, vasculitis, fibrotic plugs,

and overall cardiovascular complications have been reported in

COVID-19 patients.44

Furthermore, our cytokine network analysis revealed strong inter-

correlation between molecules involved ECM and vascular remod-

eling (CD40L, PDGF-AA, PDGF-AB/BB) and Th2 cytokine IL-4. This

is a previously unreported finding; however, a recent report by

Roncati and colleagues45 suggests that inCOVID-19, a life-threatening

escalation from Th2 immune response to type 3 hypersensitivity with

the subsequent deposition of antigen-antibody complexes, particularly

inside the walls of blood vessels, may generate a systemic vasculitis.

In this context, another important player of inflammation of vascular
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remodeling contributing to cytokine stormand its complication is likely

to be IL-6. Although standing alone in our networking analysis, IL-6

is ranked among the key cytokine released by macrophages, smooth

muscle cells, and fibroblast during cardiovascular inflammation,46,47

is among the highest during COVID-19 cytokine storm release syn-

drome role48 and suggestedaswell tobean important player inmount-

ing type 2 immune responses.49 Additionally, we observed that the

levels of several cytokines, and particularly IL-4, while not reaching

significance, were higher in male vs. female patients with COVID-

19. Although the mechanism by which gender difference impacts the

severity of CRS and this disease outcome is not yet described, mul-

tiple reports have shown that SARS-CoV-2 affects women less than

men.50,51 Interestingly, a recent study52 shows that severe disease in

male COVID-19 patients was associated with low testosterone level

and estradiol level in these patientswas positively correlatedwith IL-6.

Taken together, these data suggest that sex hormones could be among

the determinants of CRS and disease severity.

In conclusion, here we present several novel observations on

cytokine responses during COVID-19 infection. First, beyond a typi-

cal innate immune cytokine storm, we found an unreported cluster of

soluble factors related to vascular remodeling and vasculitis. We also

show a decrease in three factors (MDC and FLT-3L) and an increase in

TNF-𝛼 in patients with severe disease compared to moderate disease

as potential biomarkers. Finally, our data show a trend toward sex dif-

ferences in several important factors such as sCD40L and IL-4, which

could be clues to why there were observed differences in males and

females in some reports. Although we have begun to unravel the com-

plexity of the inflammatory response here, more studies are needed

to clarify the inflammation-inducedpathogenesis seenduring infection

leading to poor outcome for some patients.
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