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Abstract

Purpose Cytokine storm, an uncontrolled overproduction of inflammatory cytokines contributing to an aberrant systemic in-
flammatory response, is a major pathological feature of acute respiratory distress syndromes being severe manifestations of
COVID-19, thus highlighting its potential as a biomarker and therapeutic target for COVID-19. We aimed to determine asso-
ciations of circulating levels of inflammatory cytokines with severity and mortality of COVID-19 by systematic review and meta-
analysis.

Methods A comprehensive literature search in electronic databases consisting of PubMed, Scopus, and Cochrane Library and in
a hand searching of reference lists from inception to July 31, 2020, was performed using the following search terms: COVID-19,
interleukin (IL)-6, IL-10, and tumor necrosis factor-alpha (TNF-). Mean difference (MD) from individual studies was pooled
using a random-effects model. Quality assessment, publication bias, meta-regression, subgroup, and sensitivity analyses were
performed.

Results A total of 6212 COVID-19 patients from 24 eligible studies were included. Compared with non-severe COVID-19
patients, systemic levels of IL-6 and IL-10, but not TNF-«, were significantly elevated in severe COVID-19 patients (MD =

18.63,95% CI: 10.91, 26.35, P < 0.00001; MD = 2.61, 95% CI: 2.00, 2.32, P < 0.00001; respectively). For COVID-19 mortality,
circulating levels of IL-6, IL-10, and TNF-« were found to be significantly increased in non-survivors when compared with
survivors (MD =57.82, 95% CI: 10.04, 105.59, P=0.02; MD =4.94, 95% CI: 3.89, 6.00, P <0.00001; MD =5.60, 95% CI:
4.03, 7.17, P<0.00001; respectively).

Conclusion Circulating levels of IL-6 and IL-10 might have great potential as biomarkers for the disease severity and mortality in
COVID-19 patients.
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Introduction

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10875-020- Coronavirus disease 2019 (COVID-19), a newly emerging

00899-z. acute respiratory disease, is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) initially detected in
Wuhan, China [1]. Although the epidemiology and patho-
physiology of COVID-19 are constantly being clarified, until
now the disease has been rapidly spread worldwide and has
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importance in not only hindering the need for mechanical
ventilation but also declining mortality. This point has accel-
erated a need to identify sensitive and specific biomarkers of
progression toward severe and fatal forms, which would open
the opportunity to develop effective preventive strategies and/
or therapeutic options.

Of various risk factors known to persuade the develop-
mental and progressive COVID-19, cytokine storm, a
hyperinflammation by which cytokines are released, has
been increasingly recognized as a keystone event driving
ARDS progression in COVID-19 patients [4]. It is becom-
ing apparent that disruption in cytokine storm holds great
promise as a potential therapeutic intervention for COVID-
19. In this regard, there is a wide spectrum of immune-
active molecules including interleukins (IL) and tumor ne-
crosis factor-alpha (TNF-o) proposed as contributors to the
development of cytokine storm [5]. Among ILs, IL-6 as a
multifunctional mediator of inflammation is widely
thought to play a pivotal role in SARS-CoV-2-induced
cytokine storm and to participate in interstitial pneumonia
and ARDS observed in severe COVID-19 [6]. In the acute
phase of inflammation and infection, IL-6 is produced by
immune cells—especially T-helper 17 (TH17) cells in
COVID-19 patients [7]. In addition to this, the production
of this cytokine is also increased by TNF-« as a pyrogen
cytokine released from immune cells in response to chronic
inflammatory and autoimmune diseases, suggesting IL-6
as a downstream effector of TNF-« [8]. Besides IL-6, IL-
10 is synthesized from regulatory T cells and even TH 1
cells and has been reportedly implicated in immunoregula-
tion and inflammation [9], thereby highlighting the power
of IL-10 to influence immune and inflammatory responses
in the context of COVID-19. Indeed, a number of clinical
studies have unveiled that circulating IL-6 levels were el-
evated in COVID-19 patients, particularly in those with
severe stage and were positively associated with the sever-
ity and mortality of COVID-19 [10-33], commensurate
with circulating levels of IL-10 and TNF-«x [12, 14, 15,
17, 18, 20, 21, 24, 28, 29]. Based on these previous find-
ings, alterations in circulating levels of IL-6, IL-10, and
TNF-« have been hypothesized to be biomarkers of dis-
ease severity and mortality for COVID-19.

Although the previous meta-analysis has linked circu-
lating IL-6 levels to the severity of COVID-19 [34], until
now no attempt has been made to capture the breadth of
systemic levels of IL-6 along with IL-10 and TNF-« relat-
ed to the disease severity and mortality. Accordingly, we
conducted an up-to-date systematic review and meta-
analysis of the currently available literature regarding cy-
tokine storm in COVID-19 to evaluate whether circulating
levels of IL-6, IL-10, and TNF-« have any influence on
poor clinical outcomes and reduced survival rates in patients
with COVID-19.
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Methods

This systematic review was conducted in adherence to the
recommendations outlined in the Cochrane Handbook [35]
and the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [36].

Search Strategy

A systematic literature search of electronic databases includ-
ing PubMed, Scopus, and the Cochrane library was performed
to identify relevant studies from inception and up to July 31,
2020, without language restrictions using the following search
terms: “coronavirus 2019,” “COVID-19,” “2019-nCoV,”
“SARS-CoV-2,” “interleukin-6,” “interleukin-10,” “tumor
necrosis factor-alpha.” The detailed search strategies are pro-
vided in the online supplement.

After acquiring preliminary database search results, 2 au-
thors (W.U. and J.J.) independently reviewed the titles and
abstracts of articles to exclude studies that did not address
the research question of interest. To further identify relevant
studies, the reference list of each included study was compre-
hensively searched. Afterwards, the same 2 authors (W.U. and
J.J.) independently assessed the full text of the remaining ar-
ticles and determined whether it contained relevant and com-
plete information using the predefined inclusion and exclusion
criteria, as detailed below. Furthermore, the bibliographies of
the selected articles and review articles on the topic were
searched for additional studies that may have been missed.
Any discrepancies regarding study inclusion between authors
were resolved through discussion among the reviewers (W.U.,
JJ., S.S., and U.C.). In the case of duplicate studies from the
same cohort, we included data from the most recent compre-
hensive report.

Definition of Clinical Outcomes

Clinical outcomes evaluated in our study included severe and
non-severe COVID-19, in addition to mortality. Severe
COVID-19 was defined by individual studies and comprised
any of the following: COVID-19 patients who suffer from
shortness of breath, respiratory frequency > 30/min, blood ox-
ygen saturation <93%, the ratio of arterial oxygen partial
pressure (PaO, in mmHg) to fractional inspired oxygen
(FiO, expressed as a fraction) <300, and/or lung infiltrates
> 50% within 24-48 h. Non-severe COVID-19 was defined
by patients without pneumonia or cases of mild pneumonia.
We accepted definitions defined by individual studies.

Inclusion and Exclusion Criteria

Relevant studies were included in this meta-analysis if they
met the following inclusion criteria: (1) human studies



JClin Immunol (2021) 41:11-22

including adult or pediatric subjects with a known diagnosis
of COVID-19; (2) the studies being case-control, cross-sec-
tional, or cohort designs; (3) the studies reporting on circulat-
ing levels of IL-6, IL-10, and TNF-« in COVID-19 patients
dichotomized into severe/critical or non-severe groups, as
well as non-survivors or survivors. Meanwhile, the exclusion
criteria were the following: (1) review articles and other sys-
tematic reviews or meta-analyses; (2) non-human studies in-
cluding cell culture and animal models; (3) no measure of
those cytokines available; (4) the severity and mortality of
COVID-19 not reported; (5) incomplete data on clinical out-
come measures (circulating levels of IL-6, IL-10, and TNF-o
represented as either mean and standard deviation (SD) or
median and interquartile range (IQR) with specified clinical
outcomes not provided).

Data Extraction

Data were extracted from the eligible studies by 2 investiga-
tors independently (W.U. and J.J.) using a preformatted data
collection form, and any disagreements regarding qualitative
and quantitative data collection were resolved through discus-
sion by other authors (S.S. and U.C.). Extracted data included
the following: study characteristics—primary author, year of
publication, country of origin, types of study design, the num-
ber of patients with severe and non-severe COVID-19, the
number of survivors and non-survivors; patient
characteristics—mean age and percentage of male partici-
pants; assay characteristics—types of assay used for measure-
ment on circulating levels of IL-6, IL-10, and TNF-«; out-
come measures—circulating levels of IL-6, IL-10, and
TNF-o displayed as either mean and SD or median and IQR
in patients with severe and non-severe COVID-19, in addition
to those patients divided into non-survivors and survivors.
When such data were not explicitly reported, they were re-
quested from the authors through personal contacts for clari-
fication or further information, wherever possible.

Quality Assessment

Two authors (W.U. and J.J.) independently evaluated the
methodological quality of included studies using the
Newcastle-Ottawa scale for observational studies including
cohort and case-control designs [37]. The following domains
were assessed: adequacy of definition of cases, representative-
ness of the defined cases, criteria used for selection of con-
trols, comparability of cases and controls, and method of as-
certainment of exposure. The Newecastle-Ottawa scores were
defined as high (7-9 stars), moderate (4—6 stars), or low (03
stars). Any discrepancies in the assessment of study quality
were resolved by consensus agreement by other authors (S.S.
and U.C.).

Data Synthesis

Data from each continuous outcome were pooled and present-
ed as mean difference (MD), and summaries of data were
evaluated using a random-effects model, as a result of the
anticipated variability in methodologies between studies. For
some analyses, the median was converted to mean, IQR was
converted to SD, and the range was transformed to SD, ac-
cording to previously published studies [38, 39].
Heterogeneity between studies was executed using
Cochran’s Q test with a 0.10 level of significance and F* sta-
tistic test with the cutoffs of <30%, 30%—59%, 60%—75%,
and > 75% indicating low, moderate, substantial, and consid-
erable heterogeneity, respectively [40]. When significant het-
erogeneity was evident from an 7 value of > 30%, sources of
heterogeneity were investigated using meta-regression and
subgroup analyses based on the following categorical vari-
ables: average age at baseline (<60 or > 60 years), gender
(mean percentage of male participants < 60% or > 60%), study
region (Asia, Europe, or North America), study design (retro-
spective cohort, retrospective case-control, or prospective co-
hort studies), and cytokine assay (chemiluminescent immuno-
assay (CLIA), flow cytometry (FCM), or enzyme-linked im-
munosorbent assay (ELISA)). To determine if the overall re-
sults were robust, a sensitivity analysis was further carried out
by sequential omission of individual studies. Publication bias
was assessed using the visual examination of funnel plots and
quantitatively using Egger’s test. When the funnel plot be-
came asymmetrical, and Egger’s test reported a P value <
0.05, publication bias was assumed to exist. All statistical
analyses were accomplished by Review Manager
(RevMAN) version 5.3 (The Nordic Cochrane Centre, The
Cochrane Collaboration, Denmark) and STATA software ver-
sion 15.1 (STATA, College Station, TX, USA), and a P value
of < 0.05 was considered statistically significant.

Results
Systematic Search Results

The flow diagram detailing the studies’ selection process is
depicted in Fig. 1. Out of 2180 citations, 24 articles with a
total 0of 6212 COVID-19 patients met our predefined inclusion
and exclusion criteria. Of the studies deemed possibly relevant
and screened against inclusion criteria, the main reasons for
exclusion were the unavailable data for the assessment of se-
verity and mortality for COVID-19 and the lack of data on
circulating levels of inflammatory cytokines including IL-6,
IL-10, and TNF-«. The descriptive characteristics of the in-
cluded studies are summarized in Table 1. From the 24 includ-
ed studies, 17 studies reported on blood levels of inflammato-
ry cytokines such as IL-6, IL-10, or TNF-« in severe and non-
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Table 1 Baseline characteristics of the included studies investigating blood levels of inflammatory cytokines in COVID-19 patients
Authors Year Country Study design Group Number Age (years) Gender (%  Cytokine  Study
(n) male) assay quality
Severity of COVID-19
Burian et al. [10] 2020 Germany Retrospective cohort study Severe 12 64.9+16.6 64.6% CLIA 6
Non-severe 25 59.0£17.1 54.1%
Chen et al. [11] 2020 China Retrospective cohort study Severe 27 73.8+14.0 64.6% CLIA 6
Non-severe 21 52.8+142 61.9%
Chi et al. [12] 2020 China Retrospective case-control Severe 8 54.0+12.4 63.0% CLIA 8
study Non-severe 58 41.8+154 552%
Gao et al. [13] 2020 China Retrospective cohort study Severe 15 452+77  60.0% CLIA 6
Non-severe 28 43.0.=£14.0 60.7%
Han et al. [14] 2020 China Retrospective case-control Severe 60 593+144 48.8% FCM 7
study Non-severe 42 583+12.6 47.6%
He et al. [15] 2020 China Retrospective cohort study Severe 33 53.9+12.5 55.0% CLIA 6
Non-severe 60 445+12.5 52.0%
Liu et al. [16] 2020 China Retrospective cohort study Severe 7 52.0+14.7 57.1% CLIA 7
Non-severe 44 419+123 63.7%
Liuetal. [17] 2020 China Retrospective cohort study Severe 66 56.4+44.7 47.8% ELISA 6
Non-severe 11 39.1£27.1 9.1%
Lvetal. [18] 2020 China Retrospective cohort study Severe 239 63.4+41.5 49.0% CLIA 6
Non-severe 115 54.0+£42.0 50.4%
Ma et al. [19] 2020 China Retrospective cohort study Severe 20 66.6+9.6  50.0% CLIA 6
Non-severe 17 61.0+4.9 58.9%
Qin et al. [20] 2020 China Retrospective cohort study Severe 286 60.3+13.4 542% CLIA 6
Non-severe 166 52.0£15.5 482%
Wan et al. [21] 2020 China Retrospective cohort study Severe 21 61.3+15.6 524% FCM 8
Non-severe 45 43.1+13.2 53.9%
Wang et al. [22] 2020 China Retrospective cohort study Severe 12 629+9.89 57.1% FCM 6
Non-severe 33 63.1+14.1 48.4%
Wang et al. [23] 2020 China Retrospective cohort study Severe 50 56.6+12.8 44.0% CLIA 6
Non-severe 115 45.0+20.7 43.5%
Wang et al. [24] 2020 China Retrospective cohort study Severe 8 5.1+45 75.0% CLIA 6
Non-severe 35 69+1.8 60.0%
Wu et al. [25] 2020 China Retrospective cohort study Severe 63 51.9+14.26 63.3% CLIA 7
Non-severe 77
Xie et al. [26] 2020 China Retrospective cohort study Severe 24 709+18.8 54.2% CLIA 6
Non-severe 38 59.5+163 36.8%
Mortality of COVID-19
Crespo et al. [27] 2020 Spain Prospective cohort study Non-survivors 8 74.6£53 62.5% CLIA 8
Survivors 8 72.6+42  87.5%
Huang et al. [28] 2020 China Retrospective cohort study Non-survivors 4 383+11.4 50.0% CLIA 6
Survivors 27 37.0£10.2  45.0%
Luo et al. [29] 2020 China Retrospective cohort study Non-survivors 201 69.7£11.9 66.2% CLIA 6
Survivors 817 56.3+17.9 47.5%
Mikami et al. [30] 2020 US Retrospective cohort study Non-survivors 806 753+14.7 59.9% CLIA 8
Survivors 2014 61.3+17.8 56.0%
Quartuccio etal. [31] 2020 Italy Prospective cohort study Non-survivors 6 68.8+£94  833% CLIA 6
Survivors 18 65.8+£8.2 66.7%
Tu et al. [32] 2020 China Retrospective cohort study Non-survivors 25 71.4+12.6 76.0% CLIA 8
Survivors 149 49.9+18.7 40.3%
Zhou et al. [33] 2020 China Retrospective cohort study Non-survivors 54 69.4+99  70.0% CLIA 8
Survivors 137 51.6+9.7 59.0%

CLIA, chemiluminescent immunoassay; COVID-19, coronavirus disease 2019; ELISA, enzyme-linked immunosorbent assay; FCM, flow cytometry

severe COVID-19 patients, and 7 remaining studies provided
data on the involvement of circulating levels of those cyto-
kines in the mortality of COVID-19. All of these were obser-
vational studies: 20 were retrospective cohort studies; 2 were
retrospective case-control studies; and 2 were prospective co-
hort studies. Of note, COVID-19 patients included in the
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systematic review and meta-analysis come from 3 continents
(Asia (n =20), Europe (n = 3), and North America (n = 1)) and
5 countries (China (7 =20), Germany (n=1), Spain (n=1),
Italy (n=1), and US (n=1)). The mean age of participants
was 56.62 years, and the mean percentage of male patients
was 56%. In regard to the cytokine method, most studies
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employed CLIA (n=20), followed by FCM (n=3) and
ELISA (n=1).

Quality Assessment

Details on the methodological quality of the included studies
based on the Newecastle-Ottawa scale are provided in
Table S1. Quality scores of the included studies ranged from
6 to 8 stars (median 6 stars), from which the total score for
each study is summarized in Table 1.

IL-6 Levels in COVID-19 Patients with Different Groups
Based on Disease Severity and Mortality

Comparison Between Patients with Severe and Non-severe
CoviD-19

For the disease severity categorized into severe and non-severe
groups, 17 out of 24 studies [10-26] reporting on circulating
IL-6 levels in patients with and without severe COVID-19 and
including a total of 1881 COVID-19 patients were meta-ana-
lyzed. Compared with patients with non-severe COVID-19,
circulating IL-6 levels were found to be significantly elevated
in those with severe COVID-19 (MD = 18.63, 95% CI: 10.91,

26.35, P<0.00001, P = 95%) (Fig. 2a). Despite the consider-
able heterogeneity, visual inspection of the funnel plot (Fig. S1)
and Egger’s test (P =0.06) suggest no convincing evidence of
publication bias in this meta-analysis.

To identify the potential sources of considerable hetero-
geneity, meta-regression and subgroup analyses according
to age, gender, study region, study design, and cytokine
assay were further undertaken. As detailed in Table 2,
meta-regression analysis revealed that the heterogeneity
could be explained by a difference in study design.
Consistent with this finding, subgroup analysis by study
design denoted a significant increase in circulating 1L-6
levels in severe COVID-19 patients recruited in retrospec-
tive case-control studies (MD =13.21, 95% CI: 5.98 to
20.45, P=0.0003) and no heterogeneity (I =0%)
(Fig. 2b). In terms of age, gender, study region, and cyto-
kine assay, although circulating IL-6 levels remained sig-
nificantly escalated in patients with severe conditions, con-
siderable heterogeneity existed (Fig. S2a-d). All findings
derived from meta-regression and subgroup analyses indi-
cate that the main source of heterogeneity may be applica-
ble to study design. To confirm the robustness of the mod-
el, a sensitivity analysis was additionally executed. After
simultaneously eliminating each study from the model, a

Fig. 1 Schematic diagram for
study selection of the relevant
articles

Records identified through
electronic database searching
(n=2175)

Additional records identified
through the reference lists

(n=5)
J
Duplicates removed
(n=1486)
Records after removal of duplicates
(n=694)
Records excluded by:
(n=622)
Records screened = Title and abstract (n=601)
(n=694) = Systematic, review, and meta-

analysis articles (n=15)

= Non-human studies (n=6)

Full-text articles excluded with
reasons (n=48)

Full-text articles assessed
for eligibility
(n=72)

= Did not provide data on blood

levels of inflammatory cytokines
such as IL-6, IL-10, or TNF-a
(n=32)

= Did not measure clinical
outcomes in the inclusion
criteria (n=15)

Studie§ included in = |nsufficient data to calculate
qualitative synthesis statistical measures of clinical
(n=24) outcome (n=1)

Studies included in
quantitative synthesis
(meta-analysis)
(n=24)
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Fig. 2 Forest plot showing
circulating IL-6 levels in COVID-
19 patients with different groups
based on disease severity and
mortality. a Meta-analysis of cir-
culating IL-6 levels in severe and
non-severe COVID-19 patients. b
Subgroup analysis based on study
design for circulating IL-6 levels
in severe and non-severe COVID-
19 patients. ¢ Meta-analysis of
circulating IL-6 levels in non-
survivors and survivors

significant difference in circulating IL-6 levels between
severe and non-severe cases remained.

Comparison Between Non-survivors and Survivors

In stratified meta-analysis with regard to mortality in the pa-
tients divided into non-survivors and survivors, a meta-
analysis of 7 studies [27-33] providing evidence for circulat-
ing IL-6 levels in non-survivors and survivors in the context of
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a IL-6 levels in severe and non-severe COVID-19

Severe Non-severe Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Burian et al. (2020) 1039 436 12 517 656 25 29% 52.20(16.57,87.83)
Chen et al. (2020) 4406 1728 27 1243 72 21 69% 31.63(24.42,3884) e
Chi etal. (2020) 2571 1162 8 1054 697 58 68% 1517(6.92,23.42) —
Gao etal. (2020) 3973 2961 15 135 1488 28 56% 26.23(10.26,42.20) _—
Han etal. (2020) 1333 5528 60 665 1865 42 57% 6.68[-8.40,21.76) = D
He et al. (2020) 1266 22.01 33 4863 1158 60 6.8% 8.03[0.03,16.09 =
Liuetal (2020)a 1178 2509 7 258 559 44  51%  9.20[-9.46,27.86) b - cm—
Livetal. (2020) b 37 3327 66 206 196 11 68% 34.94(26.83 4305 o
Lvetal. (2020) 4932 17111 239 1744 3829 115 45% 31.88(9.09,54.67)
Ma et al. (2020) 2585 3646 20 5 364 17 56% 20.85(4.78,36.92) ——
Qin et al. (2020) 30 3353 286 1976 2782 166 7.1% 10.24[4.49,1599) Ve
Wan et al. (2020) 37.77 78 21 1341 184 45 73% 24.36(20.98,27.74) 7.
Wangetal. (2020)a 3656 3983 12 825 609 33 45% 28.31(565,50.97)
Wangetal. 2020)0b 2332 2572 50 1202 1336 115 69% 11.30(3.76,18.84) o
Wangetal. (2020)¢  29.92 455 8 669 418 35 33% 23.2318.33,54.79 =
Wu et al. (2020) 74 364 63 736 282 7 73% 0.04-1.03,1.11)
Xie et al. (2020) 1722 1823 24 625 366 38 69% 10.97(3.58,183§) ——
Total (95% CI) 951 930 100.0% 18.63[10.91,26.35] =3
Heterogeneity: Tau*= 210.89; Ch* = 354,02, df= 16 (P < 0.00001); F= 95% k + F dJ
Test for overall effect Z= 4.73 (P < 0.00001) 100 -5 o8 160

b Subgroup analysis by study design

Severe Non-severe Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD_Total Weight IV, 95% CI v, 95% ClI
Retrospective cohort study
Burian et al. (2020) 1039 436 12 517 656 25 29% 5220(16.57,87.83)
Chen et al. (2020) 4406 1728 27 1243 72 21 75% 31.63(24.42,3884) -
Gao etal. (2020) 3373 2961 15 135 1488 28 6.0% 26.23(10.26,42.20) T
He et al. (2020) 1266 22.01 33 463 1158 60 74% 8.03[-0.03,16.09 e
Liuetal (2020)a 11.78 2509 7 258 559 44  54% 9.20(-9.46,27.86) e B A
Lvetal. (2020) 4932 17111 239 1744 3829 115 47% 31.88(9.09,54.67)
Ma etal. (2020) 2585 3646 20 5 3864 17 59% 2085(4.78,36.92) -7
Qin et al. (2020) 30 3353 286 1976 2782 166 7.7% 10.24[4.49,1599) e
Wan et al. (2020) 37.77 78 21 1341 184 45 79% 24.36(20.98, 27.74) -
Wangetal. (2020)a 3656 39.89 12 825 6.09 33 47% 28.31(5.65,50.97)
Wangetal (20200 b 2332 2572 50 1202 1336 115 75% 11.30(3.76,18.84] TeicY
Wangetal (2020)0¢ 2992 455 8 669 418 35 34% 232318335479 -1
Wu et al. (2020) 74 364 63 736 262 77 8.0% 0.04 [-1.03,1.11]
Xie et al. (2020) 17.22 1823 24 625 366 38  75% 1097(3.58,18.36) o
Subtotal (95% CI) 817 819  86.5% 18.33[9.91,26.75] <>
Heterogeneity. Tau*= 200.34; Chi*= 291.06, df= 13 (P < 0.00001), F= 96%
Test for overall effect: Z= 4.27 (P < 0.0001)
Retrospective case-control study
Chi et al. (2020) 2571 1182 8 1054 697 58 74% 1517(6.92,23.42 e
Han et al. (2020) 1333 5528 B0 665 1865 42 6.1% 6.68(-840,21.76) e
Subtotal (95% CI) 68 100 13.5% 13.21[5.98, 20.45] >
Heterogeneity. Tau®= 0.00; Chi*= 0.94, df=1 (P=0.33), F= 0%
Test for overall effect Z= 3.58 (P = 0.0003)
Total (95% CI) 885 919 100.0% 17.31[9.69, 24.94] L 2
Heterogeneity. Tau?= 187.95; Chi* = 298,48, df = 15 (P < 0.00001); F = 95% Koo _gu 5‘-0 100’
Test for overall effect: Z= 4.45 (P < 0.00001)
Test for subaroup differences: Chi*= 0.82, df=1 (P = 0.37), P= 0%
¢ IL-6 levels in non-survivors and survivors
Non.survivors Survivors Mean Difference Mean Difference
or Subgrol Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI

Crespo et al. (2020) 197.07 28592 8 1592 26895 8 27% 37.87[234.14,30988) P
Huang etal. (2020) 2324 968 4 101 1339 27 197% 13.14[2.39,23.89) r
Luo et al. (2020) 7369 8305 201 79 1005 817 197% 65.7954.29,77.29) L 4
Mikami et al. (2020) 17975 166.87 806 5073 4384 2014 19.7% 129.02(117.34,140.70) d
Quartuccio etal. (2020) 291.49 568.27 6 8649 7184 18 1.0% 205.00[-250.91,660.91]
Tu et al. (2020) 1061 10276 25 3197 5319 149 173% 74.13(32.95,11531) -
Znou et al. (2020) 1096 525 54 641 217 137 199% 4.55(3.10,6.00)
Total (95% CI) 1104 3170 100.0%  57.82(10.04, 105.59] L 2
Heterogeneity. Tau® = 2985.18; Chi*= 542.47, df = 6 (P < 0.00001); "= 99% .5=°0 -2:50 2%0 560

Test for overall effect Z= 2.37 (P = 0.02)

COVID-19 uncovered that 1104 non-survivors had signifi-
cantly higher circulating IL-6 levels than 3170 survivors

(MD =57.82, 95% CI: 10.04, 105.59, P=0.02), albeit in the

presence of heterogeneity (P =99%) (Fig. 2¢). Due to the

insufficient studies, assessment for publication bias was not

accomplished.

The considerable heterogeneity was addressed by meta-
regression analysis showing that the overall pooled effect
was unaffected by age, gender, study region, and study design
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Table 2 Meta-regression analysis
for identifying the potential Covariates Coefficient SE t test 95% C1 P value
sources of heterogeneity
Lower Upper
Severity of COVID-19
1IL-6
Age 11.47 8.21 1.40 -6.03 28.98 0.18
Gender (% male) 6.39 8.30 0.77 -11.32 24.09 0.45
Study region 34.57 23.54 1.47 —15.61 84.74 0.16
Study design 17.64 4.19 422 8.72 26.57 0.001
Cytokine method 18.60 12.90 1.44 -9.05 46.26 0.17
Mortality of COVID-19
IL-6
Age 8.74 17.20 0.51 —3547 52.94 0.63
Gender (% male) 67.82 32.38 2.09 —15.41 151.06 0.09
Study region 36.26 15.99 2.27 -8.12 80.64 0.09
Study design 69.29 33.15 2.09 - 1594 154.51 0.09
Cytokine method - - - - - -
TNF-x
Age 18.94 18.92 1.00 —221.42 259.30 0.50
Gender (% male) - - - - - -
Study region 4.74 0.53 8.92 2.01 19.49 0.04
Study design - - - - - -
Cytokine method - - - - - -

Values in italics denote statistical significance at the P <0.05 level
CI, confidence interval; COVID-19, coronavirus disease 2019; IL-6, interleukin-6; TNF-c, tumor necrosis factor-

alpha; SE, standard error

(Table 2), which was attested by subgroup analyses based on
those covariates (Fig. S3a-d). In the sensitivity analysis, re-
moving a single study included in the pooled analysis did not
affect the significant result demonstrating elevated circulating
IL-6 levels in non-survivors.

IL-10 Levels in COVID-19 Patients with Different
Groups Based on Disease Severity and Mortality

Comparison Between Patients with Severe and Non-severe
CovID-19

In total, 9 studies [12, 14, 15, 17, 18, 20-22, 24] reporting on
circulating IL-10 levels in COVID-19 patients with severe
(n="733) and non-severe conditions (n = 622) were included
in this meta-analysis. As depicted in Fig. 3a, a significant
increment in circulating IL-10 levels was observed in severe
cases when compared with non-severe cases (MD =2.16,
95% CI: 2.00, 2.32, P<0.00001) and the heterogeneity be-
came invisible (# =0%). In this meta-analysis, we did not
assess for publication bias using a funnel plot, given the lack
of sufficient studies.

Sensitivity analysis confirmed the robustness of the model
because the significance remained after simultaneously omit-
ting each study from the model.

Comparison Between Non-survivors and Survivors

Out of 24 studies, 2 studies [28, 29] reported on circulating IL-10
levels in COVID-19 patients who were either dead or alive. As
demonstrated in Fig. 3b, circulating IL-10 levels were found to be
elevated in non-survivors compared with survivors (MD =4.94,
95% CI: 3.89, 6.00, P < 0.00001), and the included studies appear
to be homogeneous (P = 0%). Owing to less than 10 included
studies, assessment for publication bias was not fulfilled.

TNF-a Levels in COVID-19 Patients with Different
Groups Based on Disease Severity and Mortality

Comparison Between Patients with Severe and Non-severe
COVID-19

Further meta-analysis of 8 studies [12, 14, 15, 17, 18, 20-22]

investigating circulating TNF-o levels in severe (n = 725) and
non-severe COVID-19 patients (n=587) showed no

@ Springer
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a IL-10 levels in severe and non-severe COVID-19

Severe Non-severe Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand 95% CI
Chi et al. (2020) 1293 64 8 1071 864 58 01% 2.22(-2.74,7.18) 3
Han et al. (2020) 6.82 1067 60 547 1256 42 01% 1.35[-3.31,6.01) -
He et al. (2020) 493 613 33 349 213 60 05% 1.44[-0.72,3.60) 1
Liu etal. (2020) b 573 1625 66 32 0.01 1 02% 2.53[-1.39,6.45] I
Lvetal. (2020) 827 1017 239 65 484 115 1.0% 1.77(0.21,3.33) e
Qin et al. (2020) 769 469 286 507 15 166 7.0% 262(2.03,3.21) e
Wan et al. (2020) 459 038 21 246 009 102 911% 213(1.97,2.29) .
Wangetal. 2020)a 1255 1349 12 529 193 33 00% 7.26-0.40,14.92)
Wang et al. (2020) ¢ 434 9256 8 461 18 35 0.0% 38.79(-25.35,102.93) +
Total (95% CI) 733 622 100.0% 2.16 [2.00, 2.32] |
Heterogeneity: Tau®= 0.00; Chi*= 6.24, df= 8 (P = 0.62); F= 0% éo 2'5 2=5 -

Test for overall effect: Z= 27.13 (P < 0.00001)

b IL-10 levels in non-survivors and survivors

Non-survivors Survivors Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, [ 95% CI IV, 95% CI
Huang etal. (2020) 34.25 49.43 4 604 227 27 00% 28.21[-20.24,76.66)
Luo et al. (2020) 1036 762 201 543 074 817 100.0% 4.93(3.88,5.98)
Total (95% CI) 205 844 100.0% 4.94[3.89, 6.00] )
i 2 . 2 - - - . 5 : + : :
Heterogeneity: Tau®= 0.00; Chi*= 0.89, df= 1 (P = 0.35), F= 0% Qoo 20 ) 20 100

Test for overall effect: Z=9.18 (P < 0.00001)

Fig.3 Forest plot showing circulating IL-10 levels in COVID-19 patients with different groups based on disease severity and mortality. a Meta-analysis
of circulating IL-10 levels in severe and non-severe COVID-19 patients. b Meta-analysis of circulating IL-10 levels in non-survivors and survivors

statistically significant difference in circulating TNF-«x levels
between groups (Fig. S4).

Comparison Between Non-survivors and Survivors

Aside from the disease severity, circulating TNF-« levels in
non-survivors (n=1011) and survivors (n =2858) were eval-
uated in the 3 included studies [28-30]. As shown in Fig. 4a,
there was a significant increase in circulating TNF-« levels in
non-survivors when compared with survivors (MD =5.60,
95% CI: 4.03, 7.17, P =0.0001). Despite this, substantial het-
erogeneity was found (7 = 64%). As the minimum number of
studies for assessment of publication bias (> 10 studies) was
unachievable, the test was not performed in this meta-analysis.

To elaborate on the heterogeneity, meta-regression analysis
was carried out. The analysis showed the study region as a
potential source of heterogeneity (Table 2). Likewise, sub-
group analysis by study region revealed a marked elevation
in circulating TNF-« levels in non-survivors—especially in
the Asian patients (MD =4.74, 95% CI: 3.70, 5.78,
P <0.0001), without the heterogeneity (P =0%) (Fig. 4b).
After simultaneously eradicating each study from the model,
sensitivity analysis displayed that an increase in circulating
TNF-« levels in non-survivors compared with survivors
remained statistically significant.

Discussion

Cytokine storm, the excessive production of inflammatory cy-
tokines, has been well recognized as one of the most common
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causes of severe complications including ADRS-induced
multi-organ failure leading to death in COVID-19 patients. It
is noteworthy that targeting cytokines during the management
of COVID-19 patients could improve clinical outcomes and
reduce mortality. In support of this hypothesis, this meta-
analysis of cumulative data derived from 24 studies has been
focused on investigating the involvement of inflammatory cy-
tokines including IL-6, IL-10, and TNF-« in the severity and
mortality of COVID-19. Overall, our results demonstrated sig-
nificant increases in circulating levels of IL-6 and IL-10 in both
patients with severe COVID-19 and non-survivors, which con-
firm our notion that high circulating levels of inflammatory
cytokines might have an important influence on poor clinical
outcomes and reduced survival rates in COVID-19 patients.
As to their general biology, cytokines, produced by a vari-
ety of immune cells including macrophages, dendritic cells,
natural killer cells, and adaptive T and B lymphocytes, are an
essential part of the inflammatory process [41], in which an
innate immune system is the first line of defensive mechanism
against virus infection, subsequently triggering the expres-
sions of pro-inflammatory cytokines including IL-1 and
TNF-o [42]. Excessive production of those cytokines can
cause an influx of various immune cells from the circulation
into the site of infection with destructive effects on the dam-
aged tissue including lung injury, one of the consequences of
the cytokine storm that can progress into ADRS being a major
cause of mortality in COVID-19 [43]. For this reason, the
uncontrolled overproduction of inflammatory cytokines is
considered to be one of the major contributing mediators of
severe COVID-19 and mortality in the patients. This assump-
tion has been partially addressed by a number of clinical
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a TNF-a levels in non-survivors and survivors

Non-survivors Survivors Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV,R 95% CI IV, F 95% CI
Huang etal. (2020) 26.34 37.76 4 74 262 27 0.2% 1894 (-18.08,55.96)
Luo et al. (2020) 1174 747 201 701 204 817 498% 4.73(3.69,5.77)
Mikamietal (2020) 28.07 1381 806 2165 9.2 2014 50.0% 6.42(5.39,7.45)
Total (95% CI) 1011 2858 100.0% 5.60 [4.03,7.17)
Heterogeneity: Tau®*= 1.01; Chi*= 5.59, df= 2 (P = 0.06), F= 64% 5_100 50 100’
Test for overall effect: Z= 6.99 (P < 0.00001)
b Subgroup by study region

Non-survivors Survivors Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand: 95% CI

Asia
Huang etal. (2020) 26.34 37.76 4 74 262 27 02% 18.94[18.08, 55.96) =
Luo et al. (2020) 1174 747 201 701 204 817 498% 4.73(3.69,5.77) o
Subtotal (95% CI) 205 844  50.0% 4.74[3.70,5.78) )
Heterogeneity. Tau*= 0.00; Chi*= 0.57, df=1 (P = 0.45), F= 0%
Test for overall effect: Z= 8.92 (P < 0.00001)
North America

Mikami etal. (2020) 28.07 1381 806 2165 9.2 2014 50.0% 6.42(5.39,7.45) 0
Subtotal (95% CI) 806 2014 50.0% 6.42[5.39, 7.45) ]
Heterogeneity. Not applicable
Test for overall effect: Z=12.16 (P < 0.00001)
Total (95% CI) 1011 2858 100.0% 5.60[4.03,7.17) [}
Heterogeneity. Tau*= 1.01; Chi*= 5.59, df= 2 (P = 0.06), F= 64% :-100 _540 ) 550 100’

Test for overall effect: Z= 6.99 (P < 0.00001)
Test for subaroup differences: Chi*= 5.02, df=1 (P=0.03). F=80.1%

Fig. 4 Forest plot showing circulating TNF-« levels in COVID-19 pa-
tients with different groups based on disease mortality. a Meta-analysis of
circulating TNF-a levels in non-survivors and survivors. b Subgroup

studies, which denoted the significant associations between
circulating levels of inflammatory cytokines, particularly IL-
6 and the severity and mortality of COVID-19 [10-13, 17-22,
26, 28-30, 32, 33]. More precisely, a previous meta-analysis
[34] added another piece of supporting data, revealing that
circulating IL-6 levels in severe COVID-19 patients was sig-
nificantly higher than that in the non-severe patients. In line
with the aforementioned findings, this meta-analysis uncov-
ered that severe COVID-19 patients had significantly in-
creased circulating IL-6 levels, as compared with those with
non-severe COVID-19. Nevertheless, it may give a mislead-
ing result, due to the significant heterogeneity presented here-
in. This problem was overcome by meta-regression and sub-
group analyses unveiling study design as an important source
of heterogeneity, without any effect on the overall estimate
confirmed by sensitivity analysis. Along with increased circu-
lating levels of IL-6 in severe COVID-19, our subsequent
meta-analysis revealed that its levels were significantly greater
in non-survivors than that in survivors. However, this result
should be interpreted with caution, because of the consider-
able heterogeneity. In an attempt to elaborate on the heteroge-
neity observed, meta-regression, subgroup, and sensitivity
analyses were further undertaken; the results of which
remained congruent with the overall meta-analysis, but the
heterogeneity was evident. It should be noted that the hetero-
geneity could be explained by other confounding factors such

analysis based on study region for circulating TNF-« levels in non-
survivors and survivors

as genetic polymorphism, COVID-19 treatment, or comorbid-
ity that may influence circulating IL-6 levels. Unfortunately,
subgroup analyses based on the above covariates were
unachievable, given the unaffordability of those data in most
included studies. Even though to date no meta-analyses
reporting on the involvement of circulating IL-6 levels in
mortality of COVID-19 were identified, previous results from
a number of clinical studies [28-30, 32, 33] lend support to
our significant finding regarding increased circulating IL-6
levels in non-survivors.

Aside from IL-6, IL-10 produced by immune cells respon-
sible for an inflammatory response initiated the damaged tis-
sue has been considered an additional molecule implicated in
the severity and mortality of COVID-19. To address this pos-
tulation, our further meta-analysis depicted remarkably raised
circulating IL-10 levels in severe COVID-19 patients com-
pared with non-severe COVID-19 patients. Our main finding
from this meta-analysis may help clarify the inconclusive re-
sults derived from several observational studies unveiling that
circulating IL-10 levels were higher in severe cases than that
in non-severe cases, but the difference is not statistically sig-
nificant [12, 14, 15, 17, 22, 24]. As regards IL-10 levels rele-
vant to mortality, when 2 previous studies were considered, a
study by Huang et al. [28] evinced no statistically significant
difference in circulating IL-10 levels between non-survivors
and survivors. Contrariwise, another previous study by Luo
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et al. [29] uncovered a significant elevation in circulating IL-
10 levels in non-survivors. In an endeavor to clarify its rele-
vance to mortality in COVID-19 patients, we performed a
meta-analysis of the abovementioned studies with contrasting
results and also found that non-survivors exhibited consider-
ably increased circulating IL-10 levels, as compared with
survivors.

As an upstream of IL-6 in the cytokine cascade responsible
for inflammatory and immune responses, it is not surprising
that TNF-« has been proposed as a key cytokine in viral
diseases—particularly COVID-19. Confirming its potential
utility as a biomarker for COVID-19 severity, accumulating
data derived from previous studies showing higher circulating
levels of TNF-« in severe COVID-19 patients than that in
non-severe COVID-19 patients are often corroborated [12,
14, 17, 18, 20, 22]; however, the finding is still controversial
[12, 15, 21]. These discordant results have led to uncertainty
whether elevated circulating TNF-« has any influence on poor
outcomes and reduced survival rates in COVID-19 patients. In
our additional meta-analyses, there was no significant differ-
ence in circulating TNF-« levels between severe and non-
severe cases, while COVID-19 patients who died were ob-
served to have substantially greater its circulating levels than
those who survive. In spite of the considerable heterogeneity
observed, finding from subgroup analysis showed that the
study region was the potential cause of heterogeneity, but
the significant result was unchanged, which was confirmed
by sensitivity analysis. In light of all the above considerations,
it appears that increased circulating levels of inflammatory
cytokines including IL-6 and IL-10 might reflect poor clinical
outcomes and reduced survival rates of COVID-19 patients.
For the result of no significant difference in circulating TNF-«
levels between severe and non-severe COVID-19 patients, the
possible explanation may be attributed to TNF-o action as an
upstream transcriptional regulator for inflammatory and im-
mune cascades responsible for not only ADRS in the context
of COVID-19 but also a variety of pathological conditions.
Supporting this, several previous studies yielded the conflict-
ing results of circulating levels of IL-1[3, a pro-inflammatory
cytokine-like TNF-«, in severe and non-severe COVID-19
patients [12, 20]. These previous findings may help determine
why there was no significant difference in circulating TNF-&
levels between severe and non-severe COVID-19 cases, thus
suggesting that TNF-a might not have the potential as a useful
biomarker for COVID-19 severity. From a clinical standpoint,
it is conceivable that understanding early on which patients
deteriorate and identifying biomarkers would enable height-
ened vigilance of these at-risk individuals.

The current meta-analysis inevitably had some inherent
limitations, which need to be taken into account. The most
notable drawback is the fact that most included studies are
observational in design with a relatively small number of par-
ticipants, which may prevent the determination of causal

@ Springer

relationships and result in overestimation of the overall effect.
Another caveat is the lack of baseline adjusted data that may
limit the generalizability of our results. Furthermore, informa-
tion regarding COVID-19 treatment, duration of COVID-19
infection, dietary intake, body mass index, family history, and
genetic polymorphism was not available from all studies and
not included in our meta-analysis, which may contribute to the
presence of heterogeneity. Additionally, this meta-analysis
was limited to a determination on circulating levels of other
cytokines reportedly implicated in SARS-CoV-2 infection in-
cluding IL-1f3, IL-2, IL-7, IL-8, and granulocyte colony-
stimulating factor [20, 32], which might be additional contrib-
utors to ADRS in COVID-19 patients. Along with this, we did
not examine circulating levels of IL-6, IL-10, and TNF-« in
multisystem inflammatory syndrome in children (MIS-C) in
the context of COVID-19. It is worth noting that future studies
should be focused on the relationships between alternative
cytokines known to be involved in ADRS and the disease
severity and mortality in COVID-19 patients and in the pa-
tients with MIS-C, which might be helpful for a better under-
standing of COVID-19 etiology. Despite the limitations, there
are several methodological strengths of the present meta-anal-
ysis. To our knowledge, this is the most comprehensive sys-
tematic review and meta-analysis on the relationships between
circulating levels of inflammatory cytokines including IL-6,
IL-10, and TNF-«, and the severity and mortality of COVID-
19. Another strength point also can be observed in our exten-
sive literature search, in which we estimated the numerical
data (mean and SD) from a validated equation (when possible)
to avoid losing the essential data for meta-analysis. Alongside,
meta-regression, subgroup, and sensitivity analyses were ex-
ecuted to validate the reliability and robustness of our results.

In summary, the current systematic review with meta-
analysis provided the most comprehensive empirical evidence
of'the significant associations of increased circulating levels of
inflammatory cytokines including IL-6 and IL-10 with poor
clinical outcomes and reduced survival rates in COVID-19
patients. For corroborating our findings, further longitudinal
studies in different settings are needed. In parallel with this,
experimental studies investigating the effects of both IL-6 and
IL-10 antagonists against the developmental and progressive
COVID-19 can help us better understand the therapeutic sig-
nificance of cytokine storm in COVID-19, which would pro-
vide new insights into the possible therapeutic targets for
COVID-19.
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