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ABSTRACT

Background: The infection caused by SARS CoV-2 has been postulated to induce a cytokine storm syndrome that
results in organ failure and even death in a considerable number of patients. However, the inflammatory
response in Corona virus disease-19 (Covid-19) and its potential to cause collateral organ damage has not been
fully elucidated to date. This study aims to characterize the acute cytokine response in a cohort of critically ill
Covid-19 patients.

Method: 24 adults with PCR-confirmed Covid-19 were included at time of admission to intensive care a median of
eleven days after initial symptoms. Eleven adult patients admitted for elective abdominal surgery with preop-
erative plasma samples served as controls. All patients were included after informed consent was obtained. 27
cytokines were quantified in plasma. The expression of inflammatory mediators was then related to routine
inflammatory markers, SAPS3, SOFA score, organ failure and 30-day mortality.

Results: A general increase in cytokine expression was observed in all Covid-19 patients. A strong correlation
between respiratory failure and IL-1ra, IL-4, IL-6, IL-8 and IP-10 expression was observed. Acute kidney injury
development correlated well with increased levels of IL-1ra, IL-6, IL-8, IL-17a, IP-10 and MCP-1. Generally, the
cohort demonstrated weaker correlations between cytokine expression and 30-day mortality out of which IL-8
showed the strongest signal in terms of mortality.

Conclusion: The present study found that respiratory failure, acute kidney injury and 30-day mortality in critically
ill Covid-19 patients are associated with moderate increases of a broad range of inflammatory mediators at time
of admission.

1. Introduction

increasing severity of illness [3,4]. The pronounced inflammatory
response, often described as a cytokine storm syndrome, has become a

Corona virus disease — 2019 (Covid-19) is an acute viral infection
caused by severe acute respiratory syndrome virus 2 (SARS CoV-2), a
novel fB-coronavirus. Clinical presentation ranges from mild to severe
illness associated with acute respiratory failure requiring intensive care
and considerable mortality. No specific treatment exists to date thus
intensive care measures are mainly supportive. ICU mortality has been
reported between 16 and 78% [1]. Virally induced acute respiratory
distress syndrome (ARDS) and systemic hyperinflammation appear
common features of critically ill Covid-19 patients [2]. Elevated cyto-
kine levels and infection-related biomarkers are associated with

point of interest for potential anti-inflammatory treatments such as
interleukin-6 antagonists and glucocorticoids [5]. Inflammation is a
complex and dynamic response that is a result of an intricate network of
numerous interacting mediators that alters over time [6]. No immuno-
modulatory treatment has thus far become mainstay treatment in ARDS
and glucocorticoids are only implemented in sepsis during refractory
shock [7,8]. Hence, the introduction, target and timing of immuno-
modulatory therapies remains elusive in Covid-19. Further under-
standing of the inflammatory response in Covid-19 is required to
delineate targets and timing of possible immunomodulatory treatments.
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The present study aims to characterize the inflammatory profile at time
of admission in a cohort of patients with PCR confirmed Covid-19
requiring intensive care treatment and to correlate plasma cytokine
expression with routine infection-related biomarkers, physiological
scoring, organ failure and 30-day mortality.

2. Materials and method

The study was approved by the National Ethical Review Agency
(EPM) (No. 2020-01623). The protocol of the study was registered prior
to initiation (Clinical Trials ID: NCT04316884). Informed consent was
obtained from the patient or next of kin if the patient was unable to give
consent. The Declaration of Helsinki and its subsequent revisions were
followed. STROBE guidelines were followed for reporting. This pro-
spective observational study was performed at the intensive care unit
(ICU) of Uppsala University Hospital, Sweden, a tertiary hospital.

2.1. Data collection and patient groups

A total of 35 patients with plasma samples in the PRONMED Biobank
(BbA-827-2018-009) were included in the study. The patients were 24
adults with PCR-confirmed Covid-19 admitted to the ICU. This was the
initial Covid-19 cohort treated in the intensive care unit at Uppsala
University Hospital between March 14th and April 8th, 2020. Controls
were eleven adult patients admitted for elective abdominal surgery for
peritoneal carcinosis with preoperative plasma samples in the
PRONMED Biobank.

Clinical data were recorded prospectively daily. Simplified Acute
Physiology Score 3 (SAPS3), Sequential Organ Failure Assessment
(SOFA) score, renal function, circulatory support and respiratory sup-
port data were collected as reported in the results [9,10]. Patients with
acute kidney injury (AKI) were identified according to Kidney Disease:
Improving Global Outcome (KDIGO) criteria [11]. PaOy/FiO ratio was
estimated in the control cohort from registered oxygen saturation (SpO3)
with a mean of 55.55 (£9.57). Blood samples were collected on the day
of admission to the ICU. The most recent bloodsample preoperatively
was used in the control group. Routine chemistry including hemoglobin,
white blood cell count (WBC) and platelets, inflammatory markers
including C-reactive protein (CRP), procalcitonin (PCT) and ferritin, and
kidney function tests were performed in the hospital central laboratory.

2.2. Cytokine assay

Citrated plasma samples were analyzed for 27 biomarkers with Bio-
plex assay using a Luminex MagPix instrument (Bio-Rad Laboratories
AB, Sundbyberg, Sweden) as listed: Interleukin (IL)-1p, IL-2, IL-4 to IL-
10, IL-12, IL-13, IL-15, IL-17A, interferon gamma (IFN y), interferon
gamma-induced protein 10 (IP-10), monocyte chemotactic protein 1
(MCP-1), macrophage inflammatory protein 1 alpha (MIP-1a), macro-
phage inflammatory protein 1 beta (MIP-1p), tumor necrosis factor (TNF
a), IL-1 receptor antagonist (IL-1ra), Regulated on Activation, Normal T
Cell Expressed and Secreted (RANTES), Platelet-derived growth factor
BB (PDGF-bb), Basic fibroblast growth factor (FGF), Granulocyte colony-
stimulating factor (GM-CSF), Granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), Vascular Endothelial Growth Factor (VEGF) and
eotaxin. The cytokine concentrations were measured in plasma as we
consider this superior to serum. During the coagulation process needed
to prepare serum, the blood cells are activated and cytokines may be
released from platelets and white blood cells.

2.3. Statistical analysis

Continuous variables are presented as mean (SD) or median (IQR)
and categorical variables as number of observations (percent of total
number of observations). Mann-Whitney U test was used for group
comparisons, Bonferroni adjusted. Correlation between variables was
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analyzed with Spearman Rank. A two-sided p < 0.05 was considered
significant. The mean of routine chemistry values from the day of
admission was calculated in the case of multiple analysis performed in
the Covid-19 cohort. Cytokines with observed concentrations below
limit of detection were treated as missing in the statistical analysis. All
statistical analyses were performed using SPSS Statistics, Version 26.0
(IBM SPSS Statistics, IBM Corp). Figures were constructed using R
version 3.5.0.

3. Results
3.1. Patient characteristics

The controls had an even distribution of men and women and the
most common comorbidities were hypertension and diabetes in addition
to their cancer diagnosis (Table 1). In the Covid-19 cohort the majority
were male (75%). The most common comorbidities were hypertension,
pulmonary disease and diabetes mellitus (54%, 29% and 25% respec-
tively). One fifth (21%) of the Covid-19 cohort were treated with cor-
ticosteroids before admission to the ICU. The median ICU admission was
eleven days after the initial symptoms associated with Covid-19. Median
SAPS3 score and SOFA score at the day of admission were 53(13) and 6
(6) respectively. During the first seven days of intensive care 18 (75%)
patients required mechanical ventilation and 16 (67%) patients were
treated with norepinephrine, no other vasopressor was administered. 24
(100%) patients developed AKI based on increased creatinine and/or
loss of urine production. 17 (71%) developed AKI grade 2 and three
(13%) patients progressed to grade 3. Seven (29%) patients died within
30 days after ICU admission.

3.2. Routine chemistry in Covid-19 cohort vs control group

Hemoglobin was slightly below normal range (130-170 g/L) both in
the controls preoperatively (129 g/L) and in the Covid-19 cohort (123 g/
L). Leukocytes were not significantly different in controls (7.3 x 10°/L)
than in the Covid-19 cohort (8.9 x 10°/L) at admission, both groups
presented with values within the normal range (3.5-9.0 x 10°/L). In

Table 1
Patient Characteristics.

Control Covid19
n (%) 11 (100%) 24 (100%)
Age mean, (SD) 65.09 56.29

(4.09) (16.35)
Women, n (%) 6 (55%) 6 (25%)
BMI, mean (SD) 28.46 28.85 (4.50)

(6.03)
Covid day arrival, mean (SD) NA 10.74 (3.74)
Hypertension, n (%) 4 (36%) 13 (54%)
Heartfailure, n (%) 1 (9%) 0 (0%)
Ischemic heart disease, n (%) 0 (0%) 3 (13%)
Diabetes mellitus, n (%) 2 (18%) 6 (25%)
Lungdisease, n (%) 1 (9%) 7 (29%)
Leverfailure, n (%) 0 (0%) 0 (0%)
Malignancy, n (%) 11 (100%) 2 (8%)
Steroid treatment before admission, n (%) 1 (9%) 5 (21%)
30-day mortality n (%) 0 (0%) 7 (29%)
SAPS3, mean (SD) NA 54 (9.05)
SOFA day of admission, mean (SD) NA 6 (2.93)
SOFA day 3, mean (SD) NA 6 (2.05)
SOFA day 7, mean (SD) NA 7 (1.98)
Pa02/FiO2 (kPa) lowest day 1, mean (SD) NA 15.8 (3.82)
Pa02/FiO02 (kPa) lowest during first week, mean NA 12.7 (2.57)

(SD)

Mechanical ventilation, n (%) NA 18 (75%)
Vasopressor, n (%) NA 16 (67%)
Acute Kidney Injury n (%) 0 (0%) 24 (100.0%)
Grade 1 n(%) NA 4 (17%)
Grade 2 n(%) NA 17 (71%)
Grade 3 n(%) NA 3 (13%)
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addition, lymphocytes (0.9 x 10°/L) and platelets (227 x 10°/L) were
within normal range in the Covid-19 cohort (0.7-3.9 x 10% /L and 150-
350 x 10°/Lrespectively). At admission, neutrophils were above normal
range (5.9 x 10°/L, 1.3-5.4 x 10°/L). CRP (<5 mg/L) and ferritin
(25-310 pg/L) were distinctly elevated at admission (196 mg/L and
1647 ug/L respectively). PCT (<0.05 pg/L) was slightly increased at
admission (1.1 pg/L) (Table 2).

3.3. Cytokine concentration at admission in Covid-19 cohort vs control

IL-5, IL-15 and VEGF had observed plasma concentrations (pg/mL)
that were consistently below detectable range. These were excluded
from further statistical analyses. Nine cytokines, IL-1f (n = 10, 91%), IL-
2 (n =7, 64%), IL-7 (n = 10, 91%), IL-10 (n = 7, 64%), 1L-12 (n = 6,
55%), GM-CSF (n = 4, 36%), IFN y (n = 9, 82%), PDGF-bb (n = 9, 82%)
and MIP-1a (n = 4, 36%) had values below the detectable range in the
control group (n = 11, 100%). GM-CSF (n = 19, 79%) also had values
below detectable range in the Covid-19 cohort. Out of the 24 cytokines
with detectable plasma concentrations, I1-1f, IL-1ra, IL-2, IL-4, IL-6, IL-
7, IL-8, IL-10, IL-13, IL-17a, G-CSF, IEN vy, IP-10, MCP-1 and TNF o were
significantly higher in the Covid-19 cohort than in controls at the time of
admission to the ICU (Table 3). The ratio of TNF « to IL-10, which has
been used to grade anti-inflammatory activity, was significantly
different in the two groups, the mean ratio (+SD) in controls and Covid-
19 was 405 (+102) and 26 (£3) respectively.

3.4. Cytokine concentration at admission and outcome

Plasma concentrations of IL-4, IL-6, IL-8, IL-10, FGF, IP-10, MCP-1
and TNF a correlated with 30-day mortality. Only a few cytokines, G-
CSF, MIP-1a and TNF « correlated with SAPS score. The same cytokines
with the addition of MCP-1 correlated weakly with SOFA score. Respi-
ratory failure, presented as PaO,/FiO; ratio, and AKI correlated with all
detectable cytokines except IL-12, eotaxin, GM-CSF, MIP-1a, MIP-1b and
RANTES (Fig. 1). To summarize, IL-12, eotaxin, GM-CSF and RANTES
did not correlate with any of the outcome variables. The cytokines that
correlated with respiratory failure, AKI and mortality were IL-4, IL-6, IL-
8, IL-10, FGF, IP-10, MCP-1 and TNF « (Table 4). The ratio between TNF
a and IL-10 correlated positively with respiratory failure (p = 0.000) and
correlated negatively with AKI (p = 0.002) and 30-day mortality (p =
0.032).

4. Discussion

The main finding of the present study is that organ failure in criti-
cally ill Covid-19 patients is associated with increases of a broad range of
inflammatory mediators at time of admission. IL-1f, IL-1ra, IL-2, IL-4, IL-
6, IL-7, IL-8, IL-10, IL-13, IL-17a, G-CSF, IFN v, IP-10, MCP-1 and TNF «
were all significantly raised at admission. At this timepoint all patients
presented with respiratory failure. The cytokines that were markedly

Table 2
Routine Chemistry at Admission.

Controls preoperatively, Covid19 ICU admission,

mean (SD) mean (SD)
Hemoglobin (g/L) 129 (12) 123 (19)
Leukocytes (10°9/L) 7.3(1.6) 8.9 (7.8)
Lymphocytes (10°9/ NA 0.9 (0.26)
L)
Neutrophils (10°9/L) NA 5.9 (4.1)
Platelets (10"9/L) 301 (123) 227 (104)
C-Reactive protein 18 (24) 196 (95)*
(mg/L)
Procalcitonin (ug/L) NA 1.1 (1.6)
Ferritin (ug/L) NA 1647 (1402)

" Denotes significant difference between groups Bonferroni adjusted.
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Table 3
Plasma Cytokine Concentrations Covid-19 vs Controls.

Cytokine Control, mean (SD) Covid19 ICU Day 1, mean (SD)
IL-1b 2.87 (1.70) 8.82 (9.11)*
IL-1ra 117.07 (73.68) 1139.83 (766.61)*
IL-2 3.63 (2.45) 7.90 (2.60)*

1L-4 1.51 (0.47) 3.44 (1.06)*

IL-6 4.19 (4.30) 59.93 (71.04)*
IL-7 14.83 (8.31) 32.23 (6.09)*

1L-8 5.02 (2.79) 22.15 (13.84)*
1L-9 223.28 (74.14) 284.05 (29.02)
IL-10 0.74 (1.03) 8.55 (6.83)"

IL-12 3.39 (1.72) 4.75 (2.18)

IL-13 2.49 (1.26) 6.90 (6.52)*
IL-17A 12.60 (6.76) 24.50 (3.99)"
Eotaxin 37.46 (15.72) 42.17 (19.43)

FGF basic 37.76 (17.71) 53.92 (5.92)
G-CSF 32.94 (15.61) 82.80 (49.80)"
GM-CSF 0.96 (0.61) 2.19 (2.64)

IFN-g 4.53 (3.08) 26.67 (18.56)*
IP-10 397.88 (167.56) 3856.66 (2801.47)*
MCP-1 22.52 (3.73) 178.12 (220.31)*
MIP-1a 1.31 (1.50) 6.28 (8.51)
PDGF-bb 472.64 (614.86) 753.39 (448.80)
MIP-1b 191.84 (60.92) 243.33 (24.72)
RANTES 3431.39 (1982.90) 4025.62 (1694.89)
TNF-a 88.45 (29.10) 158.57 (77.31)*

* Denotes significant difference vs control (Bonferroni corrected).

elevated compared to the controls were IL-1ra, IL-6, IL-10 and IP-10. A
previous study by Huang et al showed elevations in IL-2, IL-7, IL-10, G-
CSF, IP-10, MCP-1, MIP-1a and TNF « and observed higher levels of
expression in critical patients with Covid-19 [12]. In line with this study,
all but one of the mentioned mediators were significantly elevated in our
critically ill cohort although some more moderately than others.

Dysregulated and exaggerated inflammatory processes are known to
result in collateral organ damage in conditions such as sepsis and ARDS.
In the present study, the actual concentrations of plasma cytokines,
although raised in the Covid-19 cohort, are in some cases rather mod-
erate in comparison to other inflammatory states with associated organ
failure such as sepsis [13]. For example, IL-6 measured in plasma is often
raised to the thousands in sepsis and septic shock while IL-6 ranged
between 4 and 271 pg/mL in our study [14]. A recent study noted dif-
ferences in IL-6 levels at the moderate level between severe and critical
Covid-19 and suggested its use as a biomarker [15]. Another study in
patients admitted to the ICU due to septic shock had plasma IL-8 levels
reaching several hundred pg/mL yet we found a range of 6-62 pg/mL
[16].

The present result strengthens the argument that Covid-19 patients
that progress to respiratory failure are in a state of inflammation with a
general increase in inflammatory mediators. The term cytokine storm
syndrome (CSS) is often mentioned as a propagator of severe Covid-19.
CSS refers to a state of hypercytokinemia, hyperferritinemia and multi-
organ-failure [17]. In our study, Covid-19 patients presented with
increased levels of ferritin as well as at least dual organ failure involving
lungs and kidneys. The cytokines raised in CSS including IL-1p, IL-2, IL-
6, IL-17a, IL-8, TNF a and MCP-1 were significantly yet moderately
elevated in our cohort. Other key characteristics involving the reticu-
loendothelial system such as bone marrow hemophagocytosis were
lacking [3]. There remains a question regarding the dynamics of cyto-
kine release in Covid-19 and if cytokine storm is the most apt description
[18].

The TNF a and IL-10 ratio is commonly used to estimate pro-
inflammatory vs anti-inflammatory activity in the inflammatory
response [19]. In our study, this ratio was strongly correlated with
respiratory failure (r = 0.731) and although significantly correlated with
AKI and 30-day mortality these relationships were weaker (r = —0.543
and r = —0.388 respectively). This signals a warped balance between the
gas and break of the inflammatory response related to organ failure and
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Fig. 1. A heatmap showing hierarchical clustering of individual patients according to the detectable plasma concentration of 24 out of 27 analyzed cytokines (A).
The clustering of patients in the general heatmap is largely driven by the relatively high concentrations of IP-10 and RANTES (A). The cytokines were further
separated into subgroups and shown in separate heatmaps; Th1l-cytokines (B), Th2-cytokines (C), Nucleotide-binding oligomerization domain, Leucine rich Repeat
and Pyrin domain containing Proteins (NLRP) associated cytokines (D) and chemokines (E). IL-12, IL-2, IFN y and TNF o were categorized as Th1-cytokines. Th1l
cytokines participate in cell mediated immunity, promotes inflammation and tissue damage [40]. IL-10, IL-4, IL-13, IL-7 and IL-9 were categorized as Th2-cytokines
(C). Th2-cytokine expression plays a role in humoral immunity and may act anti-inflammatory [41]. NLPR-associated mediators (D) IL-1p, IL-6, IL-8 and IL-1ra take
part in the innate immune response including promoting immune cell infiltration of infected tissues. Notably, these cytokines clustered the groups perfectly [42,43].
MIP-1a, eotaxin, MCP-1, MIP-1b, IP-10 and RANTES were grouped as chemokines [44]. The color key of the calculated z-score represents a scale of —4 to 4 SD where
the individual value departs from the group mean as shown in the figure.
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Table 4
Correlations between Cytokine Concentration and Outcome.

Cytokine  30-day C- SAPS3 SOFA Lowest Acute
Mortality reactive ICUday Pa0O2/ Kidney

protein 1 FiO2ICU  Injury

day 1

IL-1b 0.212 0.344 —0.031 0.144 —0.625 0.659 *
IL-1ra 0.297 0.711* 0.278 0.195 —0.722 0.715 *
IL-2 0.335 0.388* 0.338 —0.003 —0.413* 0.421*
IL-4 0.351* 0.459* 0.270 0.192 —0.697 0.667 *
IL-6 0.410* 0.785* 0.208 0.290 —0.722* 0.760 *
IL-7 0.258 0.250 —0.044 —0.058 —0.567 0.559 *
IL-8 0.503* 0.715% 0.239 0.344 —0.681 0.728*
IL-9 0.311 0.420* 0.017 —0.030 —0.450* 0.405 *
IL-10 0.463* 0.484* 0.346 0.223 —0.667* 0.614 *

IL-12 0.334 0.106 —0.165 —0.143 -0.217 0.122
IL-13 0.152 0.373* 0.010 0.269 —0.532 0.637 *
IL-17a 0.286 0.518* 0.086 —0.021 —0.656* 0.705 *

Eotaxin 0.149 —0.124 0.211 0.266 —0.105 0.101
FGF 0.416* 0.245 0.239 —0.031 —0.554 0.520 *

basic *

G-CSF 0.334 0.431* 0.496 0.437* —0.586 0.592 *

GM-CSF 0.287 0.201 —0.130 0.134 —0.318 0.353
IFN-g 0.308 0.704* 0.310 0.368 —0.621* 0.692 *
IP-10 0.410* 0.695* 0.361 0.357 —0.704* 0.826 *
MCP-1 0.439* 0.619% 0.280 0.476* —0.635* 0.762 *

MIP-1a 0.281 0.422* 0.504* 0.460* —-0.114 0.274
PDGF-bb 0.132 0.348 0.282 —-0.163 —0.426 0.381 *

MIP-1b 0.301 0.418* 0.113 0.072 —0.338 0.304

RANTES 0.226 0.177 0.078 0.25 —-0.186 0.219
TNF-a 0.410* 0.590* 0.546* 0.432* —0.568* 0.577 *

“ Denotes significant correlation (p < 0.05).

mortality. However, cytokines are small (<40 kDa) proteins produced in
response to molecular patterns associated with pathogens or self-injury.
Their effects are dynamic dependent on context and a simple pro- vs
anti-inflammatory division does not always hold true [12,20].

In our study IFN y was raised at the time of admission. Coronaviruses,
such as those causing Severe Acute Respiratory Syndrome (SARS) and
Middle Eastern Respiratory Syndrome (MERS) in addition to SARS CoV-
2, have previously been noted to demonstrate interferon suppression
that in turn has been suggested to initially delay the innate immune
response and later contribute to its dysregulation and collateral lung
damage [21,22]. The patients in this study were admitted at a median of
eleven days after initial symptoms and respiratory failure was already
present at admission and hence the IFN y levels may reflect a later stage
in the disease.

The Covid-19 cohort presented with respiratory failure at the time of
admission, with a mean PaO,/FiO, of 15.8 (£+3.82) kPa during the first
day of intensive care. During the first week in the ICU 75% of patients
required mechanical ventilation and these selected patients met the
criteria of moderate to severe ARDS according to Berlin criteria [23].
The mean PaO,/FiO5 was lowered in the Covid-19 patients during the
first week pointing towards a progression in respiratory failure. The
inflammatory mediators that correlated with PaO5/FiO5 included the
majority of cytokines in our assay which may be attributed to the lung as
the focal point of the infection and inflammatory response. The devel-
opment of and poor prognosis in ARDS of other etiologies has been
associated with a span of inflammatory markers including IL1p, IL-2, IL-
4, IL-6, IL-8 and TNF « [24,25]. IL-2, IL-4, IP-10 and MCP-1 have spe-
cifically been associated with mortality in ARDS [26]. Our findings are
in-line with these previous studies. The cytokines that displayed the
strongest correlation with respiratory failure were IL-1ra, IL-6 and IP-10
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(r > 0.700, p = 0.000, p = 0.000 and p = 0.000 respectively). IP-10 is a
chemokine secreted by epithelial cells in the airways as well as several
immune cells including lymphocytes and neutrophils in response to TNF
o and IFN y [27]. It promotes and maintains inflammation and has been
designated a biomarker in airway infections, interestingly it has been
suggested as protective in coronavirus infections [28].

All Covid-19 patients in our study developed AKI during the first
week in the ICU. This incidence is much higher than previously reported
in Covid-19 [29-32]. In ARDS in general the reported incidence of AKI is
close to 50% [33]. The reason for our high incidence is unclear. It may
be attributed to the large number of mechanically ventilated patients or
other factors such as a restrictive fluid regime [34]. Although 67% of
patients were treated with norepinephrine, they remained relatively
hemodynamically stable as reflected in the SOFA score. Nearly all of the
cytokines in our study correlated with AKI development. However, those
with the strongest correlation were IL-1ra, IL-6, IL-8, IL-17a, IP-10 and
MCP-1 (r > 0.700 respectively). IL1, IL-6, IL-8 and TNF o have been
associated with AKI in ARDS and these were all increased at time of
admission in our cohort. In addition, IL-6 and IL-8 were among those
with the strongest correlation. AKI in Covid-19 has been associated with
increased mortality [32,35]. Furthermore, AKI development early in
ARDS is independently associated with longer duration of mechanical
ventilation and increased mortality [36]. The interaction between AKI
and ARDS development is not completely understood to date although
partly attributed to inflammation [37]. Inflammatory mediators that
have been designated possible roles in this lung-kidney interaction are
IL1p, IL-6, IL-8, TNF o and MIP-2 [38].

A small majority of the analyzed inflammatory mediators correlated
with 30-day mortality. However, these correlations were generally
weaker than those with respiratory failure and AKI. The strongest cor-
relation could be seen for IL-8 (r = 0.503, p = 0.002). IL-8 also corre-
lated strongly with respiratory failure and AKI (Fig. 2). IL-8 is a
chemokine released by a variety of cell types including endothelial and
epithelial cells as well as macrophages and monocytes. Its receptors are
expressed on various leukocytes including neutrophils and natural killer
cells (NK cells). Activation induces chemotaxis and in the case of neu-
trophils also degranulation and generation of reactive oxygen species
[39]. The accumulation of activated neutrophils causing collateral
damage to lung tissue has been suggested previously as a mechanism in
ARDS.

There are several limitations to this study. First of all, the controls
although not displaying any deterioration in organ functions preopera-
tively had a malignant diagnosis and may therefore have an affected
inflammatory state at baseline. Furthermore, we do not study the in-
flammatory mediators over time. Many of these patients require long
periods of intensive care before clinical improvement. Hence, it would
be of interest to follow the inflammatory response during the entire ICU
stay and elucidate any inflammatory profile differences in organ failure
resolution compared to organ failure progression and mortality. Lastly,
the small number of patients constitutes an additional limitation.

5. Conclusion

Organ failure in critically ill Covid-19 patients is associated with
increases of a broad range of inflammatory mediators at time of
admission to the ICU. However, some appear only moderately increased
in comparison to other inflammatory conditions such as sepsis. A strong
correlation was found between respiratory failure and IL-1ra, IL-4, IL-8
and IP-10 expression. Acute kidney injury development was frequent
and correlated well with increased levels of IL-1ra, IL-6, IL-8, IL-17a, IP-
10 and MCP-1. Weaker correlations were generally observed between
cytokine expression and 30-day mortality. IL-8 demonstrated the
strongest signal in terms of mortality. The dynamics of cytokine release
during the course of severe Covid-19 needs further investigation, as do
the question whether cytokine storm syndrome is the most suitable
description of the pathogenesis.
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Fig. 2. Plasma concentrations of IL-8 at admission to intensive care in Covid-19
patients is associated with 30-day mortality (A), respiratory failure presented as
Pa0,/FiO, (B) and acute kidney injury (AKI) stratified by Kidney Disease:
Improved Global Outcome (C). Plasma concentrations of IL-8 demonstrated the
strongest correlation with 30-day mortality (r = 0.503, p = 0.002) among the
27 cytokines analyzed in our panel. Increased plasma expression of IL-8 in
Covid-19 correlated well with both respiratory failure (r = —0.681) as well as
AKI development (r = 0.728, p = 0.000). Data shown as logarithmically
transformed plasma concentration preoperatively in controls (filled triangles)
and at admission to intensive care in Covid-19 patients (filled circles).
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