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Clinical outcomes from infection with SARS-CoV-2, the cause of the COVID-19
pandemic, are remarkably variable ranging from asymptomatic infection to
severe pneumonia and death. One of the key drivers of this variability is
differing trajectories in the immune response to SARS-CoV-2 infection. Many
studies have noted markedly elevated cytokine levels in severe COVID-19,
although results vary by cohort, cytokine studied and sensitivity of assay used.
We assessed the immune response in acute COVID-19 by measuring 20
infammatory markers in 118 unvaccinated patients with acute COVID-19
(median age: 70, IQR: 58-79 years; 48.3% female) recruited during the first
year of the pandemic and 44 SARS-CoV-2 naive healthy controls. Acute COVID-
19 was associated with marked elevations in nearly all pro-inflammatory markers,
whilst eleven markers (namely IL-1B, IL-2, IL-6, IL-10, IL-18, IL-23, IL-33, TNF-q,
IP-10, G-CSF and YKL-40) were associated with disease severity. We observed
significant correlations between nearly all markers elevated in those infected
with SARS-CoV-2 consistent with widespread immune dysregulation. Principal
component analysis highlighted a pro-inflammatory cytokine signature (with
strongest contributions from IL-1f, IL-2, IL-6, IL-10, IL-33, G-CSF, TNF-o.and IP-
10) which was independently associated with severe COVID-19 (aOR: 1.40, 1.11-
1.76, p=0.005), invasive mechanical ventilation (@OR: 1.61, 1.19-2.20, p=0.001)
and mortality (aOR 1.57, 1.06-2.32, p = 0.02). Our findings demonstrate elevated
cytokines and widespread immune dysregulation in severe COVID-19, adding
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further evidence for the role of a pro-inflammatory cytokine signature in severe
and critical COVID-19.
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1 Introduction

Infection with SARS-CoV-2, the cause of the COVID-19
pandemic, has resulted in over 6 million deaths since December
2019 (1). COVID-19 outcomes remain remarkably variable, ranging
from asymptomatic infection to severe pneumonia and death.
Clinical risk factors for critical COVID-19 include male gender,
obesity, age, frailty, chronic medical comorbidities and
immunodeficiency states (2, 3). Whilst an unprecedented effort
has resulted in crucial insights into the immunopathogenesis of
severe COVID-19, individual trajectories in immune response
remain to be further elucidated which holds the promise of
personalised treatment for the dysregulated immune response in
COVID-19, as well as more generally broadening our
understanding of the immune response to other severe infections
and critical illness states.

In those infected SARS-CoV-2, COVID-19 disease typically
follows a biphasic pattern (4, 5). The first phase involves viral
replication and direct virus-mediated tissue damage, with
recruitment of effector cells resulting in both local and systemic
inflammatory responses in the second phase. Severe COVID-19 is
associated with a profound lymphopenia, defective Thl and excess
Th2 immune responses, impairing eftective clearance of virus (6).
Autopsy studies demonstrate that hyper-inflammation and the
inability to control SARS-CoV-2-driven inflammatory responses
are associated with organ failure and critical COVID-19. An excess
in circulating monocytes, neutrophils and myeloid progenitors
(termed “emergency myelopoesis”) has also been well
documented as a critical feature of severe COVID-19 (7, 8).

As SARS-CoV-2 undergoes replication within infected
epithelial cells of the upper respiratory tract and lungs, it is
detected by innate immune cells such as plasmacytoid Dendritic
Cells (pDCs) (4). Detection of SARS-CoV-2 by Pathogen
Recognition Receptors (PRR) such as endosomal Toll-Like
Receptors (TLRs) and RIG-I-like receptors results in activation of
both the type I interferon (IFN) and nuclear factor kB (NF-kB)
responses resulting in the production of pro-inflammatory
cytokines and chemokines (4). The important role of appropriate
activation and tight regulation of this early innate type I IFN
response is supported by associations between genetic variants in
the type I IFN response/autoantibodies inhibiting the type I IFN
response and severe/critical COVID-19 (9-11). Additionally, the
importance of NF-kB-dependent cytokine and chemokine
production in severe/critical COVID-19 has been consistently
reported — with many studies examining Interleukin (IL)-6 in
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plasma as a critical predictor of COVID-19 severity and mortality
(12-15). Further, the use of the IL-6 inhibitor Tocilizumab is now
known to improve survival in hospitalised severe COVID-19
patients with systemic inflammation (16-19).

A number of studies have demonstrated the association
between a hyper-inflammatory state, severe disease and mortality
from COVID-19. Apart from the most commonly studied
inflammatory markers - namely IL-6/CRP, other immune
markers which have demonstrated associations with severe
COVID-19 include IL-1 family (IL-1B, IL-1RA, IL-18, IL-33)
(20), Thl-related (IL-2, IL-2R, IL-12, IL15, IL-27, TNFa,
sTNFR1) (21), Th2-related (IL-4, IL-5, IL-10, IL-13) (22) and
Thl7-related (IL-17A, IL-22) (23) cytokines, chemokines (IL-8,
MCP-1, MCP-3, MIP-10, MIP-1B, MIP-33, CXCL9) (24)
interferon-related (IFN-y, IP-10) proteins and growth factors (IL-
7, TGF-B, GM-CSF, G-CSF) (25) - although results are
heterogenous and in many cases limited by small sample sizes of
clinical cohorts (26-29). Studies have additionally demonstrated the
utility of cytokine ratios (namely IL-6:IL-10) in predicting severe/
critical COVID-19 (30). Combinations of cytokines have also been
explored, most commonly the quartet of IL-6, IL-8, IL-1f and
TNFo due to widespread availability on several multiplexing
platforms. One of the most comprehensive studies to date
assessed plasma levels of these four cytokines in 1,484
hospitalised patients with COVID-19 and found robust
associations between IL-6, IL-8 and TNFa levels and mortality -
a finding widely replicated (16, 25, 31, 32).

In the current study, we used a comprehensive series of
multiplexing assays, including an ultra-sensitive assay for analytes
typically present at low levels in plasma, to assess 20 circulating
inflammatory plasma biomarkers in 118 vaccine-naive individuals
with COVID-19 recruited during the first year of the pandemic and
44 SARS-CoV-2 uninfected healthy controls to characterise the
acute inflammatory response in individuals with COVID-19 and
examine whether this response was associated with important
clinical outcomes in acute COVID-19.

2 Methods
2.1 Study participants and recruitment
This study was carried out within the St James’s Hospital,

Tallaght University Hospital, Trinity College Dublin Allied
Researchers’ (STTAR) Bioresource based in Dublin, Ireland which
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has been previously described (33). The STTAR Bioresource is a
dual-site cohort study across two university teaching hospitals
which has recruited patients with Polymerase Chain Reaction
(PCR) confirmed acute SARS-CoV-2 infection (Cobas © SARS-
CoV-2 test, Roche Diagnostics, Rotkreuz, Switzerland) in addition
to healthy control groups. Written informed consent was obtained
by the study team and study participation occurred in line with the
Declaration of Helsinki. Full ethical approval for the STTAR
Bioresource was granted by the St James’s Hospital/Tallaght
University Hospital Joint Research and Ethics Committee (JREC
2020-05 List 19).

For the current study a representative sample of participants
were taken from the wider Bioresource cohort representing those
with mild, moderate and severe COVID-19 in addition to SARS-
CoV-2 naive healthy controls (whom were either unvaccinated or
>4 weeks post primary vaccine course) free from significant medical
comorbidity. All COVID-19 participants were diagnosed with PCR-
confirmed COVID-19 between October 2020-January 2021 and
were unvaccinated. Blood samples were taken in the morning,
generally following diagnosis or admission alongside routine
phlebotomy. Fresh blood samples were processed on the same
morning, with samples centrifuged at 1,400 x g at room
temperature for 10 minutes and plasma aliquoted and stored at
-80°C for future analysis. Routine haematological and biochemical
laboratory results were obtained at the earliest timepoint from the
first positive PCR test.

2.2 Clinical data and assessment of
COVID-19 severity

Clinical data collected by the study team includes demographic
information (age, sex, level of education, smoking status) and
background medical history. Premorbid frailty status was
classified by the study team based on the Clinical Frailty Score
(CFS) (34). With regards to acute COVID-19, initial presenting
symptoms are recorded from each participant in addition to date of
symptom onset, date of positive PCR test, oxygen requirement at
presentation and throughout admission, receipt of intravenous/oral
steroids, medications for COVID-19 and length of stay in hospital.

To assess COVID-19 severity, the World Health Organisation
(WHO) Clinical Progression Scale was used, in line with other
clinical cohort studies on acute COVID-19 (35). This scale reflects
clinical trajectory and resource use over the course of acute COVID-
19. This is a ten-point scale and was used to classified individuals
into disease severity categories as follows: (i) Mild Disease (Score 1-
3): ambulatory individuals who were asymptomatic or
symptomatic, independent or with assistance needed, (ii)
Moderate Disease (Score 4-5): those hospitalised for COVID-19
with no oxygen therapy needed or oxygen therapy required via
mask or nasal prongs (iii) Severe Disease (Score 6-9): patients
hospitalised with a need for oxygen by non-invasive ventilation/
high flow, those needing intubation and mechanical ventilation,
with or without vasopressors/dialysis/extra-corporeal membrane
oxygenation, (iv) Dead (Score 10). The severity score for each

Frontiers in Immunology

10.3389/fimmu.2023.1170012

participant represents the maximum severity score for each
participant through the course of acute COVID-19.

2.3 Analysis of immune markers using
high-sensitivity multiplex assays

To characterise the immune response in acute COVID-19, a
panel of 20 immune-related biomarkers were designed based on a
comprehensive literature review. The final panel included the NF-
kB-dependent IL-6, Thl-related (IL-2, IL-12p70, TNFo.), Th2-
related (IL-4, IL-5, IL-10, IL-13), Th17-related (IL-17A, IL-23)
and IL-1 family (IL-1B, IL-18, IL-33), cytokines, chemokines
(MCP-1, MIP-1B), interferon-related (IFN-y, IP-10) proteins,
growth factors (TGF-B, G-CSF) and YKL-40. A custom U-Plex
Enzyme-Linked Immunosorbent Assay (ELISA) kit was designed
(U-PLEX Human Biomarker Kit, Meso Scale Diagnostics, MSD,
MD, USA), spread across four discrete assays. Assays were
conducted as per the manufacturers’ instructions with plates read
using a MESO QuickPlex SQ 120MM instrument. Protein
concentrations (in pg/mL) were calculated using Meso Scale
Diagnostics Discovery Workbench Software (v4.0). Several
analytes had a high frequency of undetectable concentrations in
plasma of both COVID-19 patients and controls and these 8
analytes were re-analysed (namely IL-1B, IL-2, IL-4, IL-6, IL-10,
IL-12p70, IL-17A, TNF-o. and IFN-y) using an ultra-sensitive assay
(S-PLEX, Meso Scale Diagnostics, MSD, MD, USA) and read on the
same platform enabling quantification of immune marker
concentration in femtograms. For participants with undetectable
levels of analytes in serum, these were replaced by the Lower Limit
of Detection (LLOD) for subsequent analysis.

2.4 Statistical analysis

Between-group differences between COVID-19 patients and
healthy controls in baseline/disease characteristics and immune
marker levels were analysed in the first instance using t-tests,
wilcoxon ranks-sum and chi-square tests as appropriate. For
comparison of baseline/disease characteristics and immune
marker levels across disease severity groupings (mild/moderate/
severe), ANOVA and Kurskal-Wallis tests were used with a post-hoc
Dun’s test. For correlational analysis, Spearman rank tests/
Pearson’s test were used as appropriate and a Bonferrroni
correction applied for multiple testing. For analysis of correlations
and principal components, cytokine data was natural log-
transformed and expressed as z-scores of the overall cohort due
to the strong right skew within nearly all analytes.

Principal Component Analysis (PCA) was subsequently
performed on all analytes which significantly differed across
severity groups for individuals with COVID-19. Data was first
examined using the Kaiser-Meyer-Olkin measure and the Bartlett
test of sphericity to evaluate the suitability of the dataset for PCA.
PCA was performed using only the immune markers which were
associated on univariate analysis with COVID-19 severity and was
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performed on COVID-19 patients only in order to explain the
variability within those with acute COVID-19. Principal
Component scores for components with an Eigenvalue > 1.0,
consistent with the Kaiser-Guttman criteria, were retained and
individual scores for these components assigned to those with
acute COVID-19.

Logistic regression was used to assess the relationship between
components and the following outcomes: (i) severe disease, (ii) need
for invasive mechanical ventilation and (iii) mortality, with models
adjusted for age, sex, dexamethasone use and days from first
symptom to blood sampling as covariates. Results of logistic
regression are presented as adjusted Odds Ratios (aOR) with 95%
Confidence Intervals (CI) as appropriate. Across all analysis, a p-
value of <0.05 was considered statistically significant. Data analysis

10.3389/fimmu.2023.1170012

was performed on RStudio and STATAv17.0 whilst data
visualisation was performed using GraphPadv9.0 and “ggplot2”/
“FactoMineR” packages on RStudio.

3 Results
3.1 Participant cohort

In the study 118 individuals (median age: 70, IQR: 58-79 years;
48.3% female) with acute SRAS-CoV-2 infection were included. As
per the above WHO criteria, just over one-fifth (N = 26, 22%) had
mild COVID-19, whilst half (N = 58, 49.2%) had moderate and the
remainder (N = 34, 28.8%) had severe COVID-19 (Table 1). There

TABLE 1 Characteristics of participants (N = 118) by COVID-19 acute illness severity.

Mild (N = 26, 22.0%)
WHO Score 1-3

Characteristic

Moderate (N = 58; 49.2%)

WHO Score 4-5

Severe (N = 34; 28.8%)  Statistic

WHO Score 6-10

72.5 (12.7)

12 (35.3%)

3 (8.8%)
9 (26.5%)
22 (64.7%)

3 (8.8%)

4 (11.9%)
7 (20.6%)
10 (29.4%)
4 (11.8%)

3 (2-5)

11 (32.4%)
20 (58.8%)
24 (70.6%)
14 (41.2%)
9 (26.5%)
7 (20.6%)
6 (17.7%)
7 (20.6%)

34 (100%)
23 (67.7%)
34 (100%)
0.78 (0.4-1)
30 (88.2%)

7 (4-11)

9.4 (5.6-14.7)
8.7 (4.6-12.3)
0.8 (0.5-1.4)

9.9 (5-13.5)

0.5 (0.3-0.9)
72.6 (44.4-128.1)

F = 2.66, p=0.08

¥’ = 5.3, p=0.07

x* = 3.4, p=0.50

x> =23, p=033
¥ = 2.3, p=0.31
x> = 0.4, p=0.81
x>~ 0.3, p=0.85
¥~ 3.1, p=0.22

¥~ 22, p=032

x>~ 3.4, p=0.19
¥~ 2.3, p=031
x>~ 5.6, p=0.06
x>~ 5.1, p=0.08
4.3, p=0.12
x>~ 2.8, p=0.25
x>~ 1.0, p=0.60
x>~ 0.9, p=0.63

x>~ 66.5, p<0.001
x>~ 70.6, p<0.001
x> = 724, p<0.001
x>~ 74.5, p<0.001
x> = 47.1, p<0.001

x>~ 3.5, p=0.18
x>~ 13.8, p<0.001
x>~ 21.6, p<0.001
x>~ 5.7, p=0.06
x* = 30.2, p<0.001
x>~ 0.3, p=0.88
¥’ = 16.1, p<0.001

Age in Years 67.2 (18.6) 65.5 (17.4)
Sex, Female 17 (65.4%) 28 (48.3%)
Smoking Status

Current 2 (8.3%) 2 (3.5%)
Former 6 (25%) 23 (49.7%)
Never 16 (66.7%) 33 (56.9%)
Medical Comorbidity

COPD 4 (15.4%) 12 (20.7%)
Asthma 1 (3.5%) 9 (15.5%)
Type 2 Diabetes 6 (23.1%) 10 (17.2%)
Cardiac Disease 7 (26.9%) 14 (24.1%)
Malignancy (Past/Current) 0 (0%) 5 (8.6%)
Clinical Frailty Score 3 (1-6) 2 (1-4.5)
COVID-19 Presenting Symptoms

Fever 6 (23.1%) 25 (43.1%)
Cough 13 (50%) 39 (67%)
Dyspnoea 11 (42.3%) 38 (65.5%)
Fatigue/Malaise 4 (15.4%) 15 (25.9%)
Anorexia 2 (7.7%) 8 (13.8%)
Diarrhoea 2 (7.7%) 6 (10.3%)
Nausea/Vomiting 3 (11.5%) 12 (20.7%)
Myalgia/Joint Pain 3 (11.5%) 9 (15.5%)
COVID-19 Illness

Admitted for COVID-19 Care 4 (15.4%) 51 (87.9%)
Intensive Care Admission Required 0 (0%) 0 (0%)
Required Supplemental Oxygen 0 (0%) 45 (77.6%)
Peak Oxygen Requirement (Fi02) 0.21 (0.21-0.21) 0.28 (0.24-0.36)
Treated with Dexamethasone 3 (11.5%) 46 (79.3%)
Laboratory Values At Assessment

Days From Symptom Onset to Blood Draw 6 (3-8) 8 (5-12)
White Cell Count 5.2 (4-6.3) 6.4 (4.7-9.2)
Neutrophils 3.3 (2.1-4.2) 4.4 (3.1-6.9)
Lymphocytes 1.2 (0.9-1.6) 1.1 (0.8-1.7)
Neutrophil : Lymphocyte Ratio 2.7 (2-4.1) 4 (2.8-6.9)
Monocytes 0.5 (0.4-0.6) 0.5 (0.3-0.8)
C Reactive Protein 10.6 (6.8-44.8) 41.6 (9.0-71.8)
Inpatient Admission

Length of Stay - 12.5 (6.5-31.5)
30-Day Inpatient Mortality 0 (0%) 0 (0%)

32 (21-40)
12 (35.3%)

X~ 84, p=0.02
x>~ 33.0, p<0.001

Data are presented as mean and standard deviation or median with interquartile range as appropriate. Count data are presented as numbers and percentages. ANOVA and Kruskal-Wallis tests
were used to analyse differences in continuous data between severity groups for parametric and non-parametric data respectively, whilst chi-square tests were used for categorical data. -, data

not applicable.
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were no significant differences in age, sex, medical comorbidity
(prevalence of chronic obstructive pulmonary disease/asthma/type
2 diabetes/cardiac disease or malignancy) or frailty status across
disease severity groups (all p>0.05). Just over two-thirds (23/34;
67.7%) of individuals with severe COVID-19 as classified by the
WHO severity score were admitted to the Intensive Care Unit.
Overall 30-day mortality due to severe COVID-19 in the cohort was
10.2% (12/118) (Table 1). Consistent with previous reports,
participants with severe disease had a greater oxygen
requirement, treatment with dexamethasone and elevated White
Cell Count, Neutrophil Count, Neutrophil : Lymphocyte Ratio and
C-Reactive Protein (CRP) on routine blood tests. Apart from
dexamethasone, no participants in the current study were treated
with Remdesivir or Tocilizumab and all with acute COVID-19 were
unvaccinated. Table 1 provides a detailed breakdown of
demographic, medical history and acute illness characteristics.

All 118 participants in the current cohort donated a plasma
sample during their acute illness. The median time from first
COVID-19 symptom (or date of positive PCR in asymptomatic
individuals) to sample donation was 7 days (IQR: 4-11) which did
not significantly differ across the three disease severity categories ()*
= 3.5, p=0.18, Kurskal-Wallis test, Table 1). Samples included were
obtained at time of maximal disease severity for mild/moderate/
severe disease. Of 79 individuals treated with dexamethasone, the
vast majority (93.7%; 74/79) were on treatment for at least 24 hours
at time of blood draw. Cytokine levels were compared to a
convenience cohort of SARS-CoV-2 naive healthy controls whom
were significantly younger (48.0 +/- 15.5 for controls vs 66.5 +/-16.7
for COVID-19 participants, t = -6.3, p<0.001) with a greater
proportion of females (65% female for controls vs 48% for
COVID-19 participants, x> = 4, p<0.05). Two-fifths of the healthy
control group (18/44, 40.9%) were at least 4-weeks post primary
SARS-CoV-2 vaccination course (15/18, 83.3% received the Pfizer
BioNTech mRNA vaccine whilst 3/18, 16.7% received a primary
vaccine course with the AstraZenica vaccine). The remainder were
unvaccinated at time of recruitment.

3.2 Cytokine response in acute COVID-19

Individuals with acute COVID-19 had significantly elevated
levels of 16 of the 20 markers studied - namely IL-2, IL-5, IL-6, IL-
10, IL-13, IL-17A, IL-18, IL-23, IL-33, TNF-a, IP-10, IFN-y, MCP-
1, MIP-1f, G-CSF and YKL-40 - with significantly lower levels of
TGF-P in comparison to healthy controls. The greatest differences
were seen for IL-2, IL-6, IL-10, TNF-o, IP-10 and G-CSF (all
p<0.001, Table S1). Amongst those with acute COVID-19, eleven
markers significantly differed across disease severity categories: IL-
1B, IL-2, IL-6, IL-10, IL-18, IL-23, IL-33, TNF-q, IP-10, G-CSF and
YKL-40 (Table S2, Figure 1). Significant differences were seen for
severe vs moderate disease in levels of eight markers (IL-1f, IL-2,
IL-6, IL-10, IL-18, IP-10, TNF-ot and YKL-40) whilst for severe vs
mild, elevations were seen for nine markers (IL-2, IL-6, IL-10, IL-18,
IL-23, IL-33, IP-10, YKL-40 and G-CSF) (Figures 1A-H). Within
the severe disease category, there were no significant differences
between in inflammatory markers between those on high flow
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oxygen (WHO Severity Score: 6), those who had Invasive
Mechanical Ventilation (WHO Severity Score: 7-9) and those
who died (WHO Severity Score: 10) for any of the above analytes
(Figure S1).

On analysing all pairwise comparisons amongst individuals
with acute COVID-19, most cytokines exhibited low-moderate
correlation (see Figure 1). Strong correlations (R > 0.7) were
observed for six pairs, namely (i) IL-1f & IL-4, (i) IL-1f &
TNFa, (iii) IL-1B & IL-6, (iv) IL-6 & TNF-a, (v) TNF-0. & IP-10
and (vi) IP-10 & IL-33 (all p<0.001) which persisted following
Bonferonni correction for multiple testing. A full correlation matrix
is provided in the Supplementary Materials (See Table S3) and
presented graphically in Figure 1. On analysing the correlation
between overall marker concentration and COVID-19 WHO
severity score (ranging from 1-10), there were no associations
observed for IL-1B, IL-4 or IL-12p70 (all p>0.05, Figure 2A) and
a negative association was seen for TGF-B (p<0.001, Figure 2B). All
of the remaining 16 markers demonstrated significant correlations
with WHO severity score, with the strongest associations observed
for IL-23, IL-33, G-CSF, IL-6, IL-2 and IL-10 (all p<0.001, Figure 2).

3.3 Principal component analysis (PCA) of
cytokine response

Given the association of multiple inflammatory markers with
COVID-19 severity, we employed PCA to further evaluate variability
within the 11 markers which significantly differed across COVID-19
severity categories. PCA resulted in two components with an
Eigenvalue >1.0 which explained 64% of the variance in these 11
markers in participants with COVID-19 (PC1 accounted for 52.08%
of the variance whilst PC2 accounted for 11.93%) (Figure 3A). The
markers with the greatest contribution to PC1 included IL-2, IL-6, IP-
10, TNF-0, IL-10, IL-33 and IL-1B. When assessed across disease
severity groupings, PC1 was significantly higher in those with severe
disease vs mild and severe vs moderate COVID-19 (both p<0.001,
Figure 3B), but did not significantly differ in those with mild vs
moderate COVID-19. PC2 was significantly lower in moderate vs
mild COVID-19 (Figure 2).

Using logistic regression models with adjustment for age, sex,
dexamethasone use and days since symptom onset, greater scores
on PC1 were independently associated with severe disease (aOR:
1.40, 1.11-1.76, p=0.005), need for invasive mechanical ventilation
(aOR: 1.61, 1.19-2.20, p = 0.001) and mortality (aOR 1.57, 1.06-2.32,
p = 0.02). PC2 was not associated with any of these outcomes.

4 Discussion

In the current study, we analysed 20 immune markers in plasma
from 118 unvaccinated individuals with acute COVID-19 during
the first year of the pandemic. Acute COVID-19 was associated with
a significant elevation in pro-inflammatory cytokines with eleven
markers being associated with disease severity categories (namely
IL-1B, IL-2, IL-6, IL-10, IL-18, IL-23, IL-33, TNF-o, IP-10, G-CSF
and YKL-40).Many of the markers were highly correlated and
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Cytokine Concentrations in Acute COVID-19. IL-1B, IL-4, IL-5 and IL12p70 were not significantly elevated in acute COVID-19 patients whilst all other
cytokines were significantly elevated (TGF-B was significantly lower in acute COVID-19). Eleven Markers, namely IL-1B, IL-2, IL-6, IL-10, IL-18, IL-23,
IL-33, TNF-0., IP-10, G-CSF and YKL-40 all differed significantly by COVID-19 Severity. Data are presented for controls (n = 44) and those with mild
(n = 26), moderate (n = 58) and severe (n = 44) COVID-19 for NF-kB-dependent IL-6 & Thl cytokines (A), Th2 cytokines (B), Th17 cytokines (C),
interferon-related proteins (D), chemokines (E), growth factors (F), IL-1 family cytokines (G) and Ykl-40 (H). Results are presented for A-H in
femtograms/mL (fg/mL) on a logarithmic scale. Results are also presented as a heatmap of log-transformed, z-scored concentrations based on
disease severity for the entire cohort (I) and as a correlation matrix (J) demonstrating the relationships between differing markers. *p<0.05, **p<0.01,
***p<0.001, ns, non-significant. Strongest correlations were seen (R>0.7) between 6 pairs: IL-1B & IL-4, IL-1B & TNF-o, IL-1B & IL-6, between IL-6 &
TNF-o; between TNF-o and IL-10 and between IP-10 & IL-33 which all persisted following Bonferonni correction.

reflect the known hyper-inflammatory phenotype of severe
COVID-19 (36). Whilst two components derived from PCA on
the COVID-19 patient cohort (Figure 3) explained 52.1% and 11.9%
of the variance respectively, contributions to both components
reflected widespread immune dysregulation and a severe pro-
inflammatory phenotype. In particular, PC1 reflected the known
hyper-inflammatory phenotype of COVID-19 (with greatest
contributions from IL-2, IL-6, IP-10, TNF-a, IL-10, IL-33 and IL-
1B) which was independently associated with severe disease,
requirement for invasive mechanical ventilation and mortality.
The largest cluster identified by PCA reflects the widespread
immune dysfunction present in severe COVID-19 and confirms
previous reports supporting the role of many of these markers
individually. In particular, many reports have focused on IL-6,
TNF-0,, IL-1f and IL-10 whilst comparatively fewer have evaluated
IP-10, G-CSF and IL-33. Interestingly, some early studies reported
associations between IP-10 levels and both disease progression and
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mortality in COVID-19 (37, 38). Importantly IP-10 may be an
important mediator of lung injury in acute COVID-19 (39), and a
single observational study which performed hierarchical assessment
of 53 markers found IP-10 to be the marker most significantly
associated with COVID-19 outcome (40). Meanwhile for G-CSF,
elevated levels have been associated with greater oxygen
requirement, disease severity and mortality in COVID-19 (13, 28,
41). Several studies have reported elevated IL-33 in individuals with
COVID-19, with levels increasing with greater disease severity (20,
22, 42-44). 1L-33 producing cells have even been isolated in
bronchoalveolar lavage fluid in individuals with severe COVID-19
pneumonia (45). Our findings confirm a defined cytokine signature
in severe COVID-19 (with elevated IL-2, IL-6, TNFa, IL-1f and IL-
10), and add further evidence to the role of IP-10, G-CSF and IL-33
in the cytokine milieu associated with severe COVID-19.

One of the earliest and most robust findings in severe/critical
COVID-19 patients has been the development of elevated
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Relationships Between Analytes Studied and World Health Organisation Disease Severity Score. On analysing immune marker concentration (z-
score), and maximal disease severity rated using the World Health Organisation (WHO) COVID-19 severity score, there were no associations
observed for IL-1, IL-4 or IL-12p70 (A) whilst a negative association was seen for TGF-f (B). All remaining 16 markers demonstrated significant
correlations with WHO severity score (C), with the strongest associations observed for IL-23, IL-33, G-CSF, IL-6, IL-2 and IL-10. Data are presented
for the entire cohort including controls (n = 44, WHO score = 0) and those with acute COVID-19 illness (n = 118, WHO score = 1-10).

circulating pro-inflammatory cytokines indicating immune hyper-
responsiveness. “Cytokine Storm Syndrome” (CSS) is an umbrella
term encompassing several disorders of immune dysregulation
characterised by systemic inflammation and multi-organ
dysfunction (46). Whilst early reports labelled the elevated
cytokine levels in COVID-19 as CSS, and further asserted CSS as
a key mechanistic driver of critical COVID-19, other studies noted
lower levels of circulating cytokines in COVID-19 than other
pathologies such as Cytokine Release Syndrome (CRS) and severe
sepsis (47-50). This means that the inflammatory cytokine milieu in
COVID-19 may be more distinctive than classical CSS and also be
unique in comparison to other respiratory viruses (36, 51).
Understanding hyper-inflammatory phenotypes and trajectories
in severe/critical COVID-19, as described herein, may enable
personalised approaches to immunosuppression targeted at the
hyper-inflammatory immune response seen in some - but not all
- individuals with severe COVID-19 (52). Previous reports have
noted the differing levels of cytokine elevation in COVID-19. Whilst
initial reports of CSS in severe/critical COVID-19 were debated,
many subsequent studies reframed the levels of circulating pro-
inflammatory cytokines as a moderate cytokine elevation (53) in
comparison to other conditions such as CRS. Our findings in the
current study further support the evidence for moderate cytokine
inflammation in COVID-19 at consistent levels with other
international cohorts, much lower than seen in CRS (47). This is
most seen for IL-6 — the most widely studied cytokine in acute
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COVID-19 - where using a highly sensitive assay reporting results
to the femtogram, we see similar results across disease severity
categories — with levels much lower than that typically seen in CRS.

Our study has several notable strengths. We analysed plasma
samples of individuals hospitalised during the first year of the
pandemic and thus no participants in the current study had
received vaccination. This provides a unique insight into the
immune response to SARS-CoV-2 and in COVID-19 in an
antigen-naive cohort. Thus, the cohort under study represent a
unique opportunity to profile the dysregulated cytokine response in
severe COVID-19 in those without prior exposure to the virus.
Whilst two-fifths of the control group had been vaccinated, none of
those in the COVID-19 cohort had been, again providing a unique
opportunity to profile the unique cytokinemia associated with
severe and critical COVID-19. These findings confirm previous
reports and they add to the significant evidence base supporting
widespread immune dysregulation in severe and critical COVID-19
in an SARS-CoV-2 naive cohort. Our cohort was largely
representative of other studies within hospital populations, with a
comparable number experiencing severe COVID-19 and a similar
mortality rate. Thus, our findings have wider applicability in the
association between a distinct cytokine profile and severe/critical
COVID-19.

One of the significant challenges in interpreting cytokine data in
those with COVID-19 centres around laboratory and assay
variability (54). Further, many cytokines which may be important
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FIGURE 3

Principal Components Analysis Demonstrates a Pro-Inflammatory Cytokine Signature in Severe COVID-19. Principal Components Analysis (PCA) was
performed in those with acute COVID-19 to characterise the variability in inflammatory markers within this cohort. 11 markers which differed by
disease severity category were included. PC1 and PC2 explained 52.08% and 11.93% of the variance respectively. Markers contributing most to PC1
included IL-1B, IL-2, IL-6, IL-10, IL-33, G-CSF, TNF-o and IP-10 (A). Individual PC1 and PC2 values are given by disease severity (B). PC1 was
significantly higher in severe disease, whilst PC2 was significantly lower in moderate than mild disease (C). PC1 was significantly correlated with
WHO Severity Score and increasing oxygen requirements (C). ***p<0.001, ns, non-significant.

in the pathogenesis may be undetectable in the blood of COVID-19
patients, necessitating the use of highly sensitive assays for their
quantification. The association between elevations in a cytokine in
one laboratory but not in another has important implications for
our understanding not only of COVID-19 pathogenesis but also
therapeutic choices (54, 55). In the current study, we used a highly
sensitive multiplex platform to quantify circulating cytokines in
plasma. For those cytokines with low expression levels, typically not
detected in plasma, we used a more sensitive assay, reporting results
in femtograms, enabling further characterisation of the cytokine
signature in severe COVID-19.

There are some limitations in the current study worthy of note.
Nearly all patients were treated with dexamethasone, which has
known potent effects on the immune response to acute COVID-19
with potent effects on neutrophil differentiation and function (56),
although effects on serum variation of biomarkers has been limited
in some studies (43). In the current study, we were unable to
determine the impact of dexamethasone on immune response
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trajectories, although this has been widely studied. Importantly,
none of the individuals in the current study were treated with other
immunosuppressive agents such as Tocilizumab with known effects
on circulating cytokines as a direct result of their mechanism of
action (57). Further, our study is a single site study and so findings
may be limited beyond the current cohort. Nevertheless, these
results are consistent with previous studies characterising the
distinct cytokine signature in COVID-19 and adds further
evidence to a defined pro-inflammatory cytokine signature in
COVID-19 which is associated with severe disease, need for
invasive mechanical ventilation and mortality.

There are still several unanswered questions surrounding the
cytokine signature in acute COVID-19. One of the most important
centres around the temporal association between immune markers
and how these relate to disease trajectories and outcomes. For
instance, recent studies have demonstrating that the timing when
cytokines are measured may be critical in understanding the
immune response in acute COVID-19 (58). Further
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understanding which markers are elevated at each stage of the
disease and how this relates to COVID-19 outcomes is an important
area for future research in identifying different inflammatory
phenotypes for targeted therapy in acute COVID-19. Approaches
such as point-of-care testing for inflammatory markers and detailed
characterisation of the immune response in COVID-19 may allow
targeted treatment for different immune sub-phenotypes in both
severe COVID-19 other critical illness states (59).

5 Conclusion

We studied the dysregulated cytokine signature in 118
individuals with acute COVID-19. Severe COVID-19 was
associated with significantly elevated levels in 11 inflammatory
markers. Analysis by PCA revealed the collective importance of
this cytokine signature in associations with disease severity, need
for invasive mechanical ventilation and mortality. These findings
characterise a distinct pro-inflammatory signature in severe COVID-
19, they add further evidence to support a moderate, but distinct,
cytokine elevation in severe COVID-19. In sum, our findings further
validate previous studies and highlight a severe pro-inflammatory
phenotype and distinct cytokine profile in severe COVID-19 (25).
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