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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19) is a rapidly evolving infectious/inflammatory disorder which has turned
COVID-19 into a global pandemic. With severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as its etiologic
Cytokine

agent, severe COVID-19 cases usually develop uncontrolled inflammatory responses and cytokine storm-like
syndromes. Measuring serum levels of pro-inflammatory cytokines (e.g., IL-6 and others) as inflammatory bio-
markers may have several potential applications in the management of COVID-19, including risk assessment,
monitoring of disease progression, determination of prognosis, selection of therapy and prediction of response to
treatment. This is especially true for pediatric patients with COVID-19 associated Kawasaki-like disease and
similar syndromes. In this report, we review the current knowledge of COVID-19 associated cytokines, their roles
in host immune and inflammatory responses, the clinical significance and utility of cytokine immunoassays in
adult and pediatric COVID-19 patients, as well as the challenges and pitfalls in implementation and interpre-
tation of cytokine immunoassays. Given that cytokines are implicated in different immunological disorders and
diseases, it is challenging to interpret the multiplex cytokine data for COVID-19 patients. Also, it should be taken
into consideration that biological and technical variables may affect the commutability of cytokine immunoas-
says and enhance complexity of cytokine immunoassay interpretation. It is recommended that the same method,
platform and laboratory should be used when monitoring differences in cytokine levels between groups of in-
dividuals or for the same individual over time. It may be important to correlate cytokine profiling data with the
SARS-CoV-2 nucleic acid amplification testing and imaging observations to make an accurate interpretation of
the inflammatory status and disease progression in COVID-19 patients.

Inflammatory biomarkers
Multiplex cytokine analysis
Kawasaki disease

1. Introduction

Cytokines are hormone-like polypeptides which are produced by
different cell types and play essential roles in a broad array of physio-
logic and pathological processes, including cellular growth and differ-
entiation, wound healing, immunity, inflammation, cardiology, cancer,
hematopoiesis, atherogenesis, autoimmune disorders (e.g., rheumatoid
arthritis), and neuroimmunologic diseases (e.g., multiple sclerosis)
[1-9]. As intercellular signaling molecules, cytokines may have multiple
functions on a variety of cell types and exhibit considerable antagonistic
and synergetic effects with other cytokines. They play essential roles in

regulating both local and systemic inflammatory responses. Pro-
inflammatory cytokines have been considered important immunolog-
ical and inflammatory biomarkers [2,10]. Detection and quantification
of cytokine levels has become increasingly important in clinical labo-
ratory medicine for assessment of many immunologic and inflammatory
disorders as well as infectious diseases [2,10-13].

Coronavirus disease 2019 (COVID-19), a novel respiratory infectious
disease, was first reported and recognized in December 2019 in the city
of Wuhan in Hubei province, China, and evolved rapidly into a
pandemic [14-17]. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), a novel human coronavirus (HCoV), has been identified
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as the causative agent of COVID-19 [14-17]. The complexity of COVID-
19 is notoriously characterized by distinct patterns of disease progres-
sion and the unpredictable clinical course of the disease [10,18]. In-
dividuals contracting COVID-19 may experience the following stages of
clinical illness, from an asymptomatic incubation period, disease onset
with respiratory symptoms, disease progression, to severe disease phase
(Fig. 1, upper panel) [19]. Severe COVID-19 usually necessitates
intensive care unit (ICU) admission and mechanical ventilation [20].
Concomitant with the basic phases of COVID-19 infection, host immune
and inflammatory response to SARS-CoV-2 infection may be divided into
a local innate immune response phase in the lung(s) (e.g., sensing
infection and antiviral defense), later a local/systemic immune response
phase, followed by an uncontrolled inflammatory responses and cyto-
kine storm-like syndrome (Fig. 1, middle and lower panel) [19,21].
Some severe cases may develop acute respiratory distress syndrome
(ARDS) and multi-organ failure [3,20].

Recent studies have revealed that the hyper-inflammatory response
and cytokine storm-like syndrome constitute a major cause of disease
severity and death in COVID-19 patients [20,22-24]. Early recognition
and reduction of cytokine levels may be critical to reduce mortality of
severe COVID-19 cases [25,26]. Measuring serum cytokine levels as
inflammatory biomarkers for COVID-19 may complement SARS-CoV-2
nucleic acid amplification testing (NAAT) and help assess the patient
inflammatory status, monitor disease progression and stratify patients
[26,27]. Since the onset of the COVID-19 pandemic, our Cellular and
Innate Clinical Immunology Laboratory as a part of ARUP Laboratories,
the University of Utah owned national reference laboratory, has seen a
dynamic change in test volumes for different cytokines (Fig. 2). Test
order volumes for our panel of 12 cytokines [interleukin (IL)-1p, IL-2, IL-
4, 1L-5, IL-6, IL-8, IL-10, IL-12, IL-13, IL-17, tumor necrosis factor (TNF)-
a, and interferon (IFN)-y] and the cytokine receptor (IL-2R) surged in
April 2020 (Peak 1), which was concurrent with the outbreak in New
York City, NY [28]. The panel test volume then dropped gradually to the
pre-COVID-19 levels (before February 2020) in June 2020. Similarly,
the testing volumes for IFN-y, TNF-a, IL-1p, IL-2, IL-8 and IL-10 peaked
in July 2020 (Peak 2) and returned to the pre-COVID-19 levels in
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October 2020. Strikingly, IL-6 and total testing volume participated in
both Peaks 1 and 2 and have continued to maintain a significantly higher
level than in the pre-COVID-19 time period, e.g., 11.9-fold higher IL-6
tests in October 2020 than November 2019. In this report, we review
the current knowledge of COVID-19 associated cytokines, their roles in
host immune and inflammatory responses, the clinical significance and
utility of cytokine immunoassays in adult and pediatric COVID-19 pa-
tients, as well as the challenges and pitfalls in implementation and
interpretation of cytokine immunoassays.

2. Molecular mechanisms underlying innate immune and
inflammatory responses to SARS-CoV-2 infection

Virus-host interactions play an important role in the clinical course
and outcomes of COVID-19 [19-23]. Host innate immune and inflam-
matory responses to SARS-CoV-2 infection are critical contributing
factors to clinical manifestations and disease pathogenesis
[19-23,29,30]. The innate immune system functions as the front line of
host defense against HCoV infection, including SARS-CoV-2 [20,31].
Viral RNA fragments or replication intermediates as viral pathogen-
associated molecular patterns (PAMPs) can be sensed by pattern
recognition receptors (PRRs) (Fig. 1, lower panel; Fig. 3) [20,31]. PAMP-
PRR interactions trigger downstream intracellular signaling pathways
that culminate in activation of two types of critical transcription factors -
interferon regulatory factors (IRFs) and nuclear factor kappa B (NF-kB)
(Fig. 3) [20,32-35]. IRF3-mediated IFN and IFN stimulated gene (ISG)
products are believed to play pivotal roles in early-phase antiviral de-
fense (Fig. 1, lower panel; Fig. 3) [20,32-35]. For example, Tripartite
Motif Containing 56, an antiviral ISG, provides direct antiviral activity
against HCoV-OC43 propagation by blocking a later step of its life cycle
after RNA replication [31]. Type I IFN secreted by the infected cells is
responsible for establishing an “antiviral” state in neighboring cells.
Whereas, NF-kB-mediated cytokine/chemokine production is indis-
pensable for later inflammatory responses, cytokine storm and immu-
nopathogenesis in different cells and tissues (Fig. 1, lower panel; Fig. 3)
[20,35].

Fig. 1. The clinical course of COVID-19 and host
immune and inflammatory responses to SARS-CoV-2
infection. (Top panel) The clinical course of COVID-
19 can be categorized into an asymptomatic incu-
bation period, disease onset with respiratory symp-
toms, disease progression and severe disease phase
[19]. Severe COVID-19 usually necessitates inten-
sive care unit (ICU) admission and mechanical
ventilation [20]. (Middle panel) Concomitant with
the basic phases of COVID-19, host immune and
inflammatory responses to SARS-CoV-2 infection
may be divided into an early local innate immune
response (sensing viral infection and antiviral de-
fense) phase in the lungs, a later local/systemic
immune response phase, followed by uncontrolled
inflammatory responses and cytokine storm syn-
dromes [19,21]. Patients with severe cases of
COVID-19 may develop acute respiratory distress
syndrome (ARDS) and multi-organ failure [20].
(Lower panel) Armed with multi-layered mecha-
nisms, the innate immune system represents a front
line of host defense against the viral invasion. Of
these, pattern recognition receptors (PRRs) sense
viral pathogen-associated molecular patterns
(PAMPs), triggering the innate immune signaling
pathway that culminate in the production of in-
terferons (IFNs), IFN-stimulated gene (ISG) products
and pro-inflammatory cytokines/chemokines [20].
Type I IFNs and ISG products play important roles in
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early-phase antiviral defense while cytokines/chemokines are responsible for initiation of later inflammatory responses and cytokine storm [20]. The pro-
inflammatory cytokine release may also lead to a series of destructive effects on human tissue, ARDS and multi-organ failure [3,20].
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Fig. 2. Dynamic changes in cytokine test volumes at
a national reference laboratory (ARUP Laboratories)
in response to COVID-19 pandemic. Fold change of
test volumes are shown for a cytokine panel
(“Panel”; containing 12 cytokines IL-1p, IL-2, IL-4,
IL-5, IL-6, IL-8, IL-10, IL-12, IL-13, IL-17, TNF-a,
IFN-y and the cytokine receptor IL-2R), the indi-
cated individual cytokines, and the total volume of
tests (“Total”) performed at ARUP Laboratories be-
tween November 2019 and October 2020. In
response to the COVID-19 pandemic, the Panel
testing volume surged in April 2020 (Peak 1), which
was concurrent with the outbreak in New York City,
NY [28]. It then dropped gradually to the pre-
COVID-19 levels in June 2020. Similarly, the test
volumes for IFN-y, TNF-a, IL-1f, IL-2, IL-8 and IL-10
peaked in July 2020 (Peak 2) and returned to pre-
COVID-19 levels in October 2020. Strikingly, IL-6
and total testing volumes participated in both
Peaks 1 and 2 and has continued to maintain a
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3. Clinical significance of measuring cytokine levels for adult
patients with COVID-19

Diminished, early innate immune responses have been found in an
upper airway gene expression analysis of 93 adult patients with SARS-

/
|

significantly higher level than pre-COVID-19 levels,
e.g., 11.9-fold higher IL-6 tests in October 2020 than
November 2019.
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Fig. 3. Life cycle of human coronavirus (HCoV) and
innate immune signaling pathways in response to
HCoV infection. (Left and middle) HCoV invades
and infects a lung cell after cell attachment and viral
entry. Then viral replication occurs, followed by
viral assembly, budding and release from the infec-
ted cell. (Right) Viral RNA fragments or replication
intermediates as viral pathogen-associated molecu-
lar patterns (PAMPs) are sensed by pattern recog-
nition receptors (PRRs), thereby triggering innate
immune signaling pathways. PAMP-PRR in-
teractions activate adaptor proteins and down-
stream kinases. The activated innate immune
signaling pathways culminate in activation of two
types of critical transcription factors - interferon
regulatory factors (IRFs) and NF-kB. IRF3-mediated
interferon (IFN) and IFN stimulated gene (ISG)
products play important roles in antiviral defense.
For example, Tripartite Motif Containing 56
(TRIM56), an antiviral ISG, inhibits HCoV-OC43
propagation by targeting a later step of the viral
life cycle after RNA replication [31]. Type I IFN
secreted by the infected cells is responsible for
establishing an “antiviral” state in neighboring cells.
Whereas, NF-kB-mediated cytokines/chemokines (e.
g., IL-6 and TNF-a) are indispensable for later in-
flammatory responses, cytokine storm and immu-
nopathogenesis in different cell types and tissues.

v

Inflammation
Cytokine Storm

Immunopathogenesis

CoV-2 infection [27]. In another study of 50 COVID-19 patients with
various disease severities, impaired type I IFN activity was noted, sug-
gesting type I IFN deficiency in the blood may be a hallmark in severe
COVID-19 patients [18]. These two studies indicate that SARS-CoV-2
may be not a potent IFN inducer and that the virus may have evolved
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an unknown IFN antagonism mechanism to counteract or dampen the
early innate immune responses [30].

In contrast, cytokine storm-like syndromes have been reported
among adult patients with severe COVID-19 due to innate immune
activation [36-39]. Increased local production of pro-inflammatory
cytokines may result in sudden release into the blood, followed by
influx of macrophages, neutrophils, and T cells into the site of infection
[20,40]. Cytokine storm-like syndromes may lead to a series of abnor-
malities and tissue damage, including, but not limited to, lymphocyte
dysfunction, granulocyte/monocyte abnormalities, damage of the
vascular barrier, capillary damage, diffuse alveolar damage, multi-organ
failure, and even death [3,20,29]. IL-6 is commonly considered the most
important pro-inflammatory cytokine associated with the immunopa-
thogenesis of severe COVID-19. High levels of IL-1 and TNF-a may also
be seen in some COVID-19 patients [10,20]. All these three cytokines are
produced after activation of innate immune signaling pathways. It is
proposed that modulating the levels of pro-inflammatory cytokines, e.g.,
IL-6, may alter the course of disease (www.covidl9treatmentguidelines.
nih.gov). In agreement with this hypothesis, baricitinib (a JAK 1/2 in-
hibitor and potent anti-inflammatory agent) and tocilizumab (an IL-6
receptor antagonist and inhibitor of cytokine storm) have shown
promise in treatment of severe COVID-19 cases [22,25]. Current NIH
COVID-19 Treatment Guidelines, however, do not recommend that IL-6
or IL-1 inhibitors be used for the routine treatment of COVID-19 due to
lack of sufficient clinical data describing the efficacy of these drugs
(www.covidl9treatmentguidelines.nih.gov).

Measuring serum levels of pro-inflammatory cytokines may have
several potential applications in the management of COVID-19,
including risk assessment, monitoring of disease progression, determi-
nation of prognosis, selection of therapy and prediction of response to
treatment. IL-6 has been identified as an inflammatory biomarker
consistently associated with COVID-19 disease progression [10]. Mandel
et al. [41] used IL-6 level to predict 30-day mortality in hospitalized
COVID-19 patients and yielded a high sensitivity of 91.7% at the cut-off
value of 163.4 pg/ml. Ruan et al. [42] demonstrated that elevated IL-6
levels were significantly associated with adverse clinical outcomes
among 150 severe COVID-19 cases. Further, an elevated IL-6 level was
shown to be directly correlated with detectable serum SARS-CoV-2 viral
load in critically ill COVID-19 patients, suggesting a potential to utilize
IL-6 as a therapeutic target in severe patients suffering from an over-
whelming inflammatory response [43]. These findings indicate that
measuring serum IL-6 level may be helpful to assess the effectiveness of
treatment.

Besides analysis of single cytokine IL-6, inflammatory cytokine bio-
signature depicted by multiplex cytokine profiling was studied to predict
COVID-19 severity and survival of COVID-19 patients. Mandel et al. [41]
reported that significantly high levels of IL-6 and TNF-a were detected in
patients who did not survive severe COVID-19. Del Valle et al. [26]
studied the clinical utility of a rapid multiplex cytokine assay measuring
serum IL-6, IL-8, TNF-a and IL-1f levels in 1484 hospitalized adult pa-
tients with COVID-19. It was found that high-level IL-6, IL-8 and TNF-«
in serum upon admission were potent and independent predictors of
patient survival. Among them, IL-6 and TNF-a serum levels were vali-
dated as independent and significant predictors of disease severity and
death in a second cohort of 231 patients. Del Valle et al. [26] proposed
that serum IL-6 and TNF-« levels may be helpful in the management and
treatment of COVID-19 patients to aid in stratifying patients, guiding
resource allocation and selecting therapeutic options.

It has been proposed that alterations in the balance between pro-
inflammatory and anti-inflammatory cytokines may also be useful for
prediction of COVID-19 clinical progression [44]. McElvaney et al. [44]
created an easily-calculated, 5-point linear prognostic score predictor
(the Dublin-Boston score) based on IL-6:IL-10 ratio, and found that the
Dublin-Boston score and the change in IL-6:IL-10 ratio from day O to day
4 yielded a better prediction of clinical outcome in 80 hospitalized
COVID-19 patients at day 7 than IL-6 alone. These findings suggest

Cytokine 142 (2021) 155478

potential applications of an IL-6:IL-10 ratio in assessment of the risk of
impending poor outcome, determination of the proper time to escalate
care, assistance with decision making on usage of mechanical ventila-
tion, or even considerations for anti-cytokine and other therapies [44].

Interestingly, high levels of some pro-inflammatory cytokines were
found specifically associated with men and older COVID-19 patients. In
a study by Del Valle et al. [26], among 1298 SARS-CoV-2 positive pa-
tients, significantly (P < 0.0001) higher levels of IL-6 were found in men
than women, but IL-8, TNF-« or IL-1p did not show any sex preferences.
When dividing 1307 patients into three age groups (<50, 50-70, and
>70 years old), it was found that the levels of IL-6, IL-8 and TNF-a
elevated as the age of patients increased [26].

4. Clinical significance of measuring cytokine levels for
pediatric patients with COVID-19

Compared with case reports and studies about adult patients with
COVID-19, there are fewer publications on large pediatric cohorts, as
children are commonly believed to have a lower incidence and milder
course of COVID-19 [30,45-48]. These phenomena may be explained by
several different characteristics of the pediatric population, including a
lower expression of ACE2 receptor in their lungs, higher numbers of
regulatory B and T cells, and immune tolerance to the viral infection
with less of an inflammatory immune response [30,47,48].

In contrast, Kawasaki disease (KD), pediatric inflammatory multi-
system syndrome temporally associated with SARS-CoV-2 (PIMS-TS)
and multisystem inflammatory syndrome in children (MIS-C) associated
with COVID-19 have been reported among pediatric patients with
COVID-19 [45,49-53]. It is accepted that the latter two syndromes
highly resemble KD, an acute vasculitis of childhood and the leading
cause of acquired heart disease in developed countries [45,53]. PIMS-
TS, MIS-C and KD share similar symptoms, such as cytokine storm,
macrophage activation, hyperinflammatory features and elevated serum
pro-inflammatory cytokines, e.g., IL-1, IL-6 and TNF-a [45,49-53]. But
it is still an open question whether these syndromes fall into the same
spectrum of a novel disease or belong to different diseases post SARS-
CoV-2 infection. As for laboratory testing for these diseases, both the
PIMS-TS Guidance from the Royal College of Pediatrics and Child Health
(RCPCH) (https://www.rcpch.ac.uk/resources), and the MIS-C Interim
Guidance from the American Academy of Pediatrics (AAP) (http
s://services.aap.org/en/pages) recommend that expanded laboratory
tests for immunological or inflammatory biomarkers be performed to
monitor increasing inflammation. According to AAP guidance (http
s://services.aap.org/en/pages), a multidisciplinary approach involving
cardiology, infectious disease, immunology, hematology, rheumatology,
pediatric hospital medicine, and critical care, should be used to guide
treatment of MIS-C. Intravenous immunoglobulin (IVIG) therapy or
anakinra (an IL-1 receptor antagonist) may be applicable for appropriate
indications. Immunomodulatory therapy may be considered on a case-
by-case basis, according to RCPCH guidance (https://www.rcpch.ac.
uk/resources). In a multicenter cohort study of 16 cases with KD-like
symptoms, 62% of the patients received a two-tier treatment protocol
consisting of an initial IVIG infusion and subsequent treatment with
steroid, anakinra or tocilizumab and achieved inflammatory remission
[45].

5. Approaches to measuring cytokine levels from serum samples

There are a variety of approaches to measuring cytokine levels from
patient sera [2,54]. The enzyme-linked immunosorbent assay (ELISA) is
a routine method for analysis and measurement of secreted cytokines.
This assay is classically designed for the analysis of one analyte at a time
and, therefore, has a low throughput [54]. ELISA may require a large
volume of sample to ensure an accurate detection [54]. If there are more
cytokines to be tested, it may require a larger sample volume and more
reagents. Running separate ELISA assays for multiple cytokines would
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be laborious and time-consuming [2]. Chemiluminescent immunoassays
(CIA) on automated chemistry analyzers represent another frequently
used method for measuring single cytokines. Of note, there are two
commercial IL-6 assays which have received Emergency Use Authori-
zation (EUA) approval from U.S. Food and Drug Administration (FDA):
Roche Elecsys test (https://www.roche.com/media/releases/med-cor-2
020-06-04.htm) and Beckman Coulter Access assay (https://www.bec
kmancoulter.com/about-beckman-coulter/newsroom/press-releases/
2020/q4/2020-october-01-bec-access-il-6-test).

Coincident with the trend that precise and effective disease diagnosis
increasingly relies on detection of disease-specific biomarkers [55], the
advent of multiplex cytokine analysis overcomes the shortcomings of
single-analyte ELISA assays and has become a mainstay diagnostic
method for cytokine profiling [2]. Multiplexing allows for measurement
of multiple cytokines simultaneously with a reduced volume of patient
sample. This undoubtedly reduces the physical burden for some special
populations for which sample collection may be difficult, such as pedi-
atric, elderly, and chronically ill patients. There are different state-of-
the-art multiplex detection methods, including bead-based multiplex
immunoassays (e.g., Cytometric Bead Arrays, Luminex and Bio-Plex
Pro), microtitre plate-based arrays [e.g., Mesoscale Discovery (MSD)
and Quansys BioSciences Q-Plex], and slide-based arrays (e.g., Fast-
Quant) [54,56]. Among them, microtitre plate-based MSD platform
utilize similar chemistry as an ELISA assay but can be multiplexed,
which allow for the detection of up to 10 analytes per well [56]. In
contrast, the Luminex Multi-Analyte Profiling (xMAP) technology is
characterized by combinational utilization of advanced fluidics, optics,
microsphere technology and digital signal processing (www.lu
minexcorp.com/xmap-technology). ARUP laboratories and the ARUP
Institute for Clinical Pathology was one of the first to develop multi-
analyte cytokine assay testing using the Luminex xMAP Fluorescent
Bead assay and offer it for clinical testing [12,13].

6. Challenges of measuring cytokine levels from serum samples

Interfering substances may cause false negative or positive results for
cytokine immunoassays [2,57,58]. Heterophile antibodies which cross
phyla in their reactivity constitute a well-recognized cause of interfer-
ence in immunoassays [57]. These antibodies which are usually pro-
duced against poorly defined antigens generally show weak avidity but
specificity to multispecies. Heterophile antibodies can bind directly to
the capture antibody and block the reactive site of the analytes of in-
terest, thereby leading to false-negative results. Another type of inter-
ference comes from human anti-animal antibodies in patient serum, e.g.,
human anti-mouse antibodies (HAMA) [58]. These antibodies may be
generated after exposure to animals or animal derived immunoglobulins
and may affect some immunoassays that use immunoglobulins derived
from the species of interest [58]. In addition, animal derived proteins
used as blocking reagents in immunoassays, e.g., bovine serum albumin
and casein, may yield high background readings or false-positive results
for the cytokine immunoassays [2]. Recent IVIG administration prior to
sampling may also lead to equivocal or false positive results for different
serologic tests because of the cross-reactivity with different components
in the IVIG or dilution of the analytes present in the patient serum
[59,60].

To minimize the interferences, a series of procedures should be done.
The amount of assay interference due to heterophile antibodies should
be determined during the development of immunoassays [2]. Assay-
specific blockers and absorbents should be designed and used to
significantly reduce falsely elevated cytokine values while not impacting
the standard and control values. In our clinical cytokine assays, patient
serum or plasma specimens are diluted and incubated for a short period
of time in a serum diluent containing blockers to HAMA and heterophile
antibodies prior to the measurement of cytokine concentrations, to
eliminate interference.

There are also challenges associated with performing quality control
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(QC) for multiplex assays. Ellington et al. [61] retrospectively analyzed
measurement data of three levels of recombinant protein QC materials
for two panels of multiplex assays and found that a substantial portion of
QC measurements exceeded target QC ranges with high coefficients of
variation, with many plates rejected due to cross-reactivity and/or the
QC imprecision. These findings suggest that the conventional univariate
QC algorithms may not be suitable for multiplex assays that the FDA has
classified as in vitro diagnostic multivariate index assays [61]. This calls
for development of a practical, alternative QC algorithm which can
monitor analytic variability and meanwhile avoid a high QC failure rate
and expansive retesting.

7. Potential pitfalls in interpreting cytokine measurement
results for COVID-19

There are several caveats to consider when interpreting cytokine
results for COVID-19. First of all, given pro-inflammatory cytokines are
also involved in other infectious diseases or immunological disorders, e.
g., ARDS and sepsis [11,62], the specificity of cytokine profiling data for
COVID-19 patients is uncertain. Not all severe COVID-19 patients have
elevated cytokines and there is some controversy over whether it is truly
the same as the cytokine storm observed during CAR T cell therapy,
sepsis, macrophage activation syndrome, or hemophagocytic lympho-
histiocytosis [38,63]. In a small-cohort study, Wilson et al. [64] recently
found their severe COVID-19 patients did not show higher levels of in-
flammatory cytokines (IL-1p, IL-1RA, IL-6, IL-8, IL-18 or TNF-a) than
critically ill patients with ARDS or sepsis. Though further validation of
these findings in a larger cohort study is warranted, these findings
suggest that cytokine profiles in plasma may not be specific biomarkers
to differentiate between severe COVID-19 and ARDS or sepsis. It may be
important to correlate cytokine profiling data with the SARS-CoV-2
NAAT and imaging observations to make an accurate interpretation of
inflammatory status and disease progression in COVID-19 patients.

Next, there may be limitations in using a specific concentration of an
isolated cytokine measurement for COVID-19 patients. It is known that
cytokines play important roles in maintaining a healthy state and
baseline levels of different pro-inflammatory cytokines vary among in-
dividuals with different immunometabolic comorbidities (e.g., obesity)
and immune status, and even among different sample collection times (a
trough in the morning) [11,44]. Comprehensive analysis of multi-
cytokine biosignature (e.g., IL-6, TNF-a or IL-10), or a ratio between
different cytokines for a shift in inflammatory balance, may provide a
more accurate understanding of the inflammatory status of COVID-19
patients than analyzing a single cytokine [26,44]. It may be also help-
ful to analyze cytokine levels longitudinally, e.g., at different time points
[44].

Last but not least, it should be taken into consideration that biolog-
ical and technical variables may affect the commutability of cytokine
immunoassays and enhance complexity of cytokine immunoassay
interpretation [65-67]. Different laboratories may use different
methods, platforms or cut-offs for cytokine profiling, which may lead to
inter-laboratory variations affecting cytokine quantification and inter-
pretation. Some assays analyze the abundance or masses of cytokines
whereas others measure the biological activities. Thus, it is recom-
mended that the same method, platform and laboratory should be used
when monitoring differences in cytokine levels between groups of in-
dividuals or for the same individual over time. Since even in the same
laboratory, different lots of reagent may also result in minor fluctuations
in inter-assay reproducibility (https://www.mlo-online.com/continui
ng-education/article/13009452). The idea of using a cytokine ratio
rather than individual concentrations may overcome some, if not all of
the limitations discussed above, but further studies are required to
confirm or identify which cytokines should be used and at which point
(s) in time.
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8. Conclusions

From our review of the currently available literature, several con-
clusions can be made about the clinical significance of measuring serum
cytokine levels for COVID-19. First, measuring serum levels of pro-
inflammatory cytokines as inflammatory biomarkers may have several
potential applications in the management of COVID-19 patients,
including risk assessment, monitoring of disease progression, determi-
nation of prognosis, selection of therapy and prediction of response to
treatment. This is especially true for pediatric patients with COVID-19
associated PIMS-TS, MIS-C or KD. Second, multiplex cytokine analysis
allows for measurement of multiple cytokines simultaneously with a
decreased volume, which reduces the physical burden for some special
populations for which sample collection may be challenging, such as
pediatric, elderly, and chronically ill patients. Last but not least, it may
be important to correlate cytokine profiling data with the SARS-CoV-2
NAAT and imaging observations to make an accurate interpretation of
inflammatory status and disease progression of COVID-19 patients.
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