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Abstract

Objective and design Perturbations of peripheral T cell homeostasis and dysregulation of the immune response to SARS-
CoV-2, especially in severely ill patients, were observed. The aim of this study was to analyze the cytokine producing ability
of peripheral blood cells from severely ill COVID-19 patients upon non-specific in vitro stimulation with phytohemagglutinin
(PHA). Possible associations of cytokine levels with patients’ age and gender, glucocorticosteroid therapy, as well as the
trend of the inflammatory process at the time of sampling (increased or decreased) were also analyzed.

Subjects and methods The study included 23 COVID-19 patients and 17 healthy control subjects. The concentrations of
selected Th1/Th2/Th9/Th17/Th22 cytokines were determined using a multi-analyte flow assay kit.

Results Our results showed that peripheral blood cells from severely ill COVID-19 patients had a much reduced ability to
produce cytokines in comparison to healthy controls. When inflammation was raised, blood cells produced more IL-6 and
IL-17, which led to increases of some Th17/Thl and Th17/Th2 ratios, skewing towards the Th17 type of response. The
methylprednisolone used in the treatment of patients with COVID-19 influences the production of several cytokines in dose
dependent manner.

Conclusion Our results indicate that the stage of the inflammatory process at the time of sampling and the dose of the applied
glucocorticosteroid therapy might influence cytokine producing ability upon non-specific stimulation of T cells in vitro.
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Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe
acquired respiratory syndrome coronavirus 2 (SARS-
54 Snezana Zivancevic-Simonovic CoV-2). Since late 2019, COVID-19 grew into a pandemic,
snezana@medf kg.ac.rs with millions of infected people. Even though the majority

of infected people are asymptomatic or have a mild respira-
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69, 34000 Kragujevac, Serbia ill and require hospitalization due to pneumonia and/or
systemic complications [1]. In some patients, acute respira-
tory distress syndrome (ARDS) and systemic inflamma-
tion accompanied by multiple organ dysfunction syndrome
(MODS) occur [2].

SARS-CoV-2 binds to epithelial cells via angiotensin-
converting enzyme 2 (ACE2). Then, the host immune sys-
tem recognizes the whole virus or its surface epitopes, elicit-
ing the innate or adaptive immune response [3-9]. Pathogen
recognition receptors (PRRs), mainly Toll-like receptors

Responsible Editor: Anatoliy Kubyshkin.

Department of Internal Medicine, Faculty of Medical
Sciences, University of Kragujevac, Kragujevac, Serbia

University Clinical Center Kragujevac, Kragujevac, Serbia

Department of Genetics, Faculty of Medical Sciences,
University of Kragujevac, Kragujevac, Serbia

Department of Biochemistry, Faculty of Medical Sciences,
University of Kragujevac, Kragujevac, Serbia

Institute for Medical Research, Military Medical Academy,
Belgrade, Serbia

@ Springer


http://orcid.org/0000-0002-2400-3850
http://orcid.org/0000-0002-9421-4178
http://orcid.org/0000-0002-5049-135X
http://orcid.org/0000-0002-1068-777X
http://orcid.org/0000-0001-9308-3076
http://orcid.org/0000-0002-5614-210X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00011-022-01543-9&domain=pdf

332

S. Zivancevic-Simonovic et al.

(TLRs) [10], are expressed in immune cells, fibroblasts,
and epithelial cells, including type II pneumocytes in the
airways. The activation of TLRs leads to the subsequent
production of type I IFNs and inflammatory cytokines via
the activation of nuclear factor-kB (NF-kB) [9, 11]. These
cytokines further recruit neutrophils and monocytes to the
site of infection.

Neutrophilia, lymphopenia and an increased neutrophil-
to-lymphocyte ratio were observed in the peripheral blood
of COVID-19 patients [6] as well as perturbations of periph-
eral T cell homeostasis and dysregulation of the immune
response to SARS-CoV-2, especially in severely ill patients
[3, 6, 7]. In the most severe forms of SARS-CoV-2 infection,
large numbers of innate and adaptive immune cells become
activated and begin to produce pro-inflammatory cytokines,
establishing an exacerbated feedback loop of inflammation
[12]. The plasma cytokine levels analyzed in the majority
of studies indicated the release of very large amounts of
proinflammatory, mainly T-helper-1 (Thl) cytokines (IL-
1, IL-6, IL-12, IFN-y, and TNF-a) [13] and T-helper-17
(Th17) cytokines [3, 14]. Moreover, increased secretion
of T-helper-2 (Th2) cytokines (IL-4 and IL-10) were also
observed, whereby IL-10 may suppress inflammation [15].
In most severe cases, hyper production leads to a cytokine
storm [ 16—-18] with functional exhaustion of both innate and
adaptive immune responses [14, 18].

In sepsis and non-infectious SIRS a paradoxically
diminished ability of circulating leukocytes to produce
cytokines upon ex vivo activation has already been shown
[19]. Recently published studies have analyzed cytokine
production by blood cells from COVID-19 patients upon
non-specific in vitro stimulation with Toll-like receptor 7/8
(TLR 7/8) agonist and anti-CD3 antibody [18], anti-CD3/
anti-CD28 antibodies [10, 16], superantigens, pokeweed
mitogen or Concanavalin A [7], but the results are some-
what contradictory. The in vitro production of cytokines
from peripheral blood cells of COVID-19 patients upon
non-specific activation with phytohemagglutinin (PHA), a
mitogenic lectin known to activate T cells in the presence
of monocytes [21], has not been investigated so far. The
aim of this study was to determine the cytokine producing
ability of peripheral blood cells from severely ill COVID-19
patients in PHA-stimulated whole blood cultures in vitro.
We analyzed the secretion of selected Th1/Th2/Th9/Th17/
Th22 cytokines and possible associations of cytokine pro-
duction with the patients’ age and gender as well as dose
and duration of glucocorticosteroid therapy and trend of the
inflammatory process at the time of sampling (increased or
decreased).
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Materials and methods
Patients

The study population included 23 COVID19 patients (16
males and 7 females) of mean age 60.52+ 12.04 (range
29-83) years. COVID-19 patients were diagnosed accord-
ing to the World Health Organization’s (WHO) interim
guidance [22]. All patients were recruited from the Clinic
for Lung Diseases of the Clinical Center Kragujevac. Inclu-
sion criteria were as follows: SARS-CoV-2 infection con-
firmed by real-time polymerase chain reaction (RT-PCR),
hospitalization and severe clinical expression of the dis-
ease, radiographically proven pneumonia needing supple-
mental oxygen, but not too advanced to require intubation
and mechanical ventilation at the time of blood collection.
Besides oxygen therapy, all the patients received antibiotics
and methylprednisolone but were not treated with anti-inter-
leukin 6 monoclonal antibody. The studied patients had no
autoimmune or allergic disease. Seventeen healthy subjects
with a negative antigenic test for coronavirus (11 males and
6 females) of mean age 55.53 £ 11.75 (28-71) years were
included in the investigation as a control group. The control
subjects had no acute or chronic infective, autoimmune, or
allergic diseases and were not vaccinated against SARS-
CoV-2 before enrolment. The study was planned according
to ethical guidelines following the Declaration of Helsinki.
The institutional review committee approved our protocol
(number 01/21-138) according to local biomedical research
regulations. All patients and control subjects gave informed
consent prior to enrolment in the study.

Whole blood culture

Whole blood culture was performed as described earlier
[23, 24] with a few modifications. Heparinized whole blood
(0.5 ml per subject) was added to 2 ml RPMI based com-
plete medium containing fetal bovine serum, L-glutamine
and phytohemagglutinin (PHA) (GIBCO ™PB-MAX™
karyotyping medium, Invitrogen, California, USA) and
incubated at 37 °C for 48 h. The supernatant was harvested
by centrifugation (2000 rpm for 12 min) and then stored at
—20 °C until required.

Cytokine measurements

Cytokines were determined in supernatants obtained from
whole blood cultures of COVID-19 patients and control sub-
jects. The supernatant samples were thawed and analyzed
using a multi-analyte flow assay kit for human Th1/Th2/Th9/
Th17/Th22 (LEGENDplex™, Human Th Cytokine Panel
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(13-plex), BioLegend, San Diego, USA) according to the
manufacturer’s instructions. All samples were acquired and
analyzed on a FC500 Beckman Coulter Flow Cytometer.
Collected data were examined on the basis of the measured
mean fluorescence intensities (MFI) using standard curves
constructed with the MFI values for known cytokine concen-
trations given in the cytokine kit. Assay sensitivities (mini-
mum detectable concentration +2SD) for each cytokine
determined in cell culture medium were as follows: 1L-2,
1.9 pg/ml; IL-4, 1.7 pg/ml; IL-5, 2.50 pg/ml; IL-6, 2.10 pg/
ml; IL-9, 2.7 pg/ml; IL-10, 1.3 pg/ml; IL-13, 1.9 pg/ml; IL-
17A, 2.6 pg/ml; IL-17F, 1.7 pg/ml; IL-21, 9 pg/ml; IL-22,
2.2 pg/ml; IFN-y, 2.4 pg/ml; TNF-a, 1.5 pg/ml.

Statistical analysis

Statistical analysis was carried out using the commer-
cial SPSS version 18.0 for Windows. The Kolmogo-
rov—Smirnov test was performed to verify the distribution
of certain variables. Differences between two independent
groups were evaluated by Student's ¢-test (for variables with
normal distribution), or the Mann—Whitney test (for varia-
bles without normal distribution). The linear correlation test
and determination of the Pearson/Spearman coefficient were
applied to estimate association between tested variables. The
strength of the relationship between several independent
variables and a single continuous dependent variable was
assessed by multivariate regression test. A probability (p)
value less than 0.05 was considered the threshold for statisti-
cal significance.

Results

We analyzed the cytokine producing ability of peripheral
blood cells from 23 COVID-19 patients and 17 control
subjects. The characteristics of our COVID-19 patients are

given in Table 1. There was no correlation between CRP and
the number of leucocytes (Spearman »=0.242, p=0.266),
but a statistically significant inverse correlation of CRP lev-
els with the number of lymphocytes in our patient group was
observed (Spearman r=— 0.593, p=0.003). A high value
for CRP concentration as a marker of inflammation corre-
sponded to a lower lymphocyte count.

Cytokine production in COVID-19 patients
and healthy controls

Cytokine concentrations were measured in the supernatants
of 48-h PHA-stimulated whole blood cultures in vitro. The
results obtained for the COVID-19 patients and control sub-
jects are shown in Table 2.

The PHA stimulated peripheral blood cells from
healthy controls produced significantly more of the fol-
lowing cytokines: IL-2 (p =0.001), IL-4 (p =0.020), IL-6
(»<0.001), IL-10 (p=0.001), IL-13 (»p=0.006), IL-17A
(p<0.001), IL-17F (p<0.001), IFN-y (p =0.004) and
TNF-a (p=0.007). The mean production of the remain-
ing cytokines (IL-5, IL-9, IL-21 and IL-22) tended to be
higher in healthy controls than in patients with COVID-19,
but the differences did not reach statistical significance.
Additionally, we compared the concentration of proinflam-
matory cytokine IL-6 measured in supernatant from whole
blood culture of COVID-19 patients with its concentration
in serum samples. Our results showed negative correlation
between supernatant and serum values of IL-6 in COVID-
19 patients, statisticaly not significant (Bivariate correlation
test, Spearman r=— 0.244, p=0.262).

Since the nonspecific in vitro stimulation was done by
adding 0.5 ml of whole blood into culture medium, our
cultures contained different numbers of stimulated cells.
A comparison between the counts of white blood cells
and its subpopulations in COVID-19 patients and control
subjects showed a significantly lower lymphocyte count

Table 1 Hematological and

: . Parameters COVID-19 patients Control subjects Reference range

biochemical parameters for

23 COVID-19 patients and 17 X+SD Range X+SD Range

control subjects
WBC (x 10%/1) 10.18+3.33 6.95-21.58 6.7+1.0 5.3-8.21 3.7-10.0
Granulocytes (x 10%/1) 8.38+3.36 5.09-20.15 3.84+1.01 2.4-6.27 2.1-6.5
Lymphocytes (x 10%/1) 1.10+0.55 0.42-2.17 2.23+0.48 1.4-3.1 1.2-34
Monocytes (x 10°/1) 0.63+0.39 0.12-1.93  0.58+0.14 0.4-0.75 0.1-0.8
AST (IU/) 38.91+27.29 14-117 14.8+9.2 6-37 0.0-40.0
LDH (U/) 630.95+145.02 361-826 213.2+79.2  125-354 220-450
CRP (mg/1) 63.95+68.47 59-3177 14+04 <1.020 <5
IL-6 (pg/ml) 39.13+26.48 11.2-1114  nd. n.d. <6
PCT (ng/ml) 0.15+0.37 0.04-1.78 nd. n.d. 0.5-2.0

WBC white blood cells, AST aspartate aminotransferase, LDH lactate dehydrogenase, CRP C-reactive pro-
tein, /L-6 interleukin 6, PCT procalcitonin, n.d. not determined
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Table 2 Cytokine

) : Cytokine ~ COVID-19 patients (n=23) Healthy controls (n=17) Independent
C(?l’lCCIltI‘athIlS in PHA- . - samples test
stimulated whole blood cultures X+SD Min-max X+SD Min—-max
from COVID-19 patients and
healthy controls IL-2 31.45+52.18 6.13-248.29 986.43 +1657.8 24.9-5965.02 p=0.001

IL-4 49.21 +22.34 28.15-126.51 916.97 +1907.9 58.30-7377.8 p=0.020
IL-5 23.34 +36.64 41.50-178.92 1419.7+1156.4  152.29-3797.66 p=0.496
IL-6 320.53+574.12  5.20-2227.0 6494.6 +4319.2 1516-13,980 p<0.001
IL-9 31.93+5.58 25.87-48.12 2916.6 +£4452.3 48.83-13,654.62 p=0.085
IL-10 32.27 +20.64 25.10-125.70 579.85+793.28 36.99-2894.77 p=0.001
IL-13 90.86 +200.36  25.59-900.87 6828.3+6553.7 589.17-18,560.28 p=0.006
IL-17A 139.2+557.86  °0.54-2965.48 3466.1+3683  102.32-11,073.7 p<0.001
IL-17F 46.33 + 89.77 2.0-442.85 409.59 +355.18 11.18-1363.99 p<0.001
IL-21 29.73+13.16 14.18-72.98 102.66+221.72 11.69-870.52 p=0.543
IL-22 14.01 +£24.57 2.78-119.41 827.16+£1226.5 8.76-4622 p=0.077
IFN-y 41.15 +26.05 26.02-152.87 1562.3 +1641.5 133.89-5610.24 p=0.004
TNF-o 88 +42.22 48.38-217.88 341534+ 3297  95.78-9465.22 p=0.007

Significant differences are given in bold, p < 0.05

IL-2, 1.9 pg/ml; IL-4, 1.7 pg/ml; IL-5, 2.50 pg/ml; IL-6, 2.10 pg/ml; IL-9, 2.7 pg/ml; IL-10, 1.3 pg/ml;
IL-13, 1.9 pg/ml; IL-17A, 2.6 pg/ml; IL-17F, 1.7 pg/ml; IL-21, 9 pg/ml; 1L-22, 2.2 pg/ml; IFN-y, 2.4 pg/

ml; TNF-a, 1.5 pg/ml

4One sample below detection limit

Three samples below detection limit

(1.10 £ 0.55 vs 2.23 +0.47 x 10°/1) (independent sam-
ples T test, p <0.001) in patients with COVID-19, while
the count of monocytes was almost identical in the both
study groups (0.63 +0.39 vs 0.59 +0.16 x 10°/1) (Mann
Whitney test, p =0.860). Accordingly, the large differ-
ences in cytokine concentration shown in Table 2 might
have been a consequence of unequal cell numbers and/
or variable capacities of the stimulated cells to produce
cytokines. Therefore, the measured values for cytokine
concentrations were multiplied by a correction factor for
each patient and control subject in order to obtain values
corresponding to production by 1000 stimulated lympho-
cytes, thereby excluding the influence of cell number on
cytokine levels measured in the culture medium. The val-
ues obtained after correction for cell number are shown in
Tables 3, 4 and 5 and Figs. 1a, b and 2.

As shown in Table 3, the statistically significant dif-
ferences between production of cytokines by COVID-19
patients and controls were confirmed for the majority (IL-2,
IL-5, IL-6, IL-13, IL-17A, IL-17F, IL-21, IL-22, TNF-a,
and IFN-y). These results indicate that the response of lym-
phocytes from COVID-19 patients to strong and nonspecific
in vitro stimulation with PHA is markedly reduced compared
to those from healthy subjects regarding ability to produce
cytokines.

Since the large individual variation in cytokine produc-
tion (in both study groups) was not lost after correction
for cell number, we examined the ratios between selected
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cytokine levels in each subject individually. The mean values
of cytokine ratios are shown in Table 4.

Our results did not show a clear shift in production of
selected cytokines towards Th1, Th2 or Th17 types. Namely,
the ratios of Thl cytokine levels (IL-2, TNF-«, and IFN-
y) with IL-13 (which is a Th2 cytokine) were higher in
COVID-19 patients than in controls. However, the ratios
of Thl cytokines with IL-4 (also a Th2 type of cytokine)
were lower in COVID-19 patients than in control subjects.
The ratios of Thl cytokines with IL-6 (which produce a
number of cells, including Th2 lymphocytes), were higher
in COVID-19 patients than in controls, reaching statisti-
cal significance for IL-2/IL-6 and IFN-y/IL-6. The Th17/
Th1 cytokine ratios and Th17/Th2 cytokine ratios (IL-17A/
IL-2, IL-17A/IFN-y, IL-17A/IL-4, IL-17A/IL-10) were
significantly lower in COVID-19 patients than in controls
or without statistically proven differences (IL-17A/TNF-a,
IL-17F/1L-2, IL-17F/TNF-a, IL-17F/IFN-y, IL-17F/IL-4,
IL-17F/IL-5).

In this study we analyzed possible associations of
cytokine production with gender and age (Fig. 1). Mean
concentrations of all cytokines were similar in male and
female COVID-19 patients, except for IL-13. Levels of
IL-13 (167.88 +244.49 vs 57.51+23.05, p=0.039) were
higher in males (n=16) than in females (n=7) (Fig. 1a).
There were no statistically significant differences in cytokine
levels between the subgroup of patients aged under 60 years
(n=11) and those older than 60 years (n=12) (Fig. 1b).
Also, no correlation of cytokine production with the age of
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Fig. 1 Cytokine concentrations in PHA-stimulated whole blood cell cultures of COVID-19 patients analyzed in relation to gender (a) and age
(b) and control subjects analyzed in relation to gender (c) and age (d)

Table 3 Cytokine concentrations in the supernatants of 48-h PHA-

stimulated whole blood cells calculated per 1000 in vitro stimulated ~ Dlncrease @ Decrease
lymphocytes 'g 2000
5 1800
Cytokine COVID-19 patients ~ Control subjects p (Mann & ggg
X+SD Whitney g 1200
test) Qg 1000
£ 800
IL-2 51.82+58.25 923.23+209332  p=0.007 S a0 JE
- =
1L-4 102.19 +43.62 908.39+£2510.15 p=0.051 (3 208 ﬁﬁ ;E. T mm e I -
IL-5 36.61 + 33.61 1138.38 + 1363.74 r<0.001 < S v & > D Qv IR T SN $4
o AR VSR VI AR VR VR VI 4
IL-6 463.46 + 657.67 5174.15+4779.63  p<0.001 PV TY VYV TV YL
IL-9 71.05+31.68 2165.38+364534  p=0.120 Cytokines
IL-10 67.25+30.12 417.96+563.33 p=0.126
IL-13 134.29 + 208.80 5466.43+7119.04  p <0.001 Fia.2 Cvioki duction f PHA-stimulated perioheral blood
ig. ytokine production from -stimulated peripheral bloo
IL-17A 14920+ 511.13 278449 £3664.05  p<0.001 cells of COVID-19 patients in whom inflammation increased (n=7)
IL-17F 73.74 + 87.93 328.32+341.94 p=0.003 or decreased (n=16). Significant differences in IL-17A (p=0.015);
IL-21 63.33+27.90 84.74 + 205.83 p=0.009 significant difference in IL-6 (p=0.026)
IL-22 22.95 +22.62 627.10+1085.07  p=0.022
TNF-ou 183.48 +82.42 7255.91+13,191.79 p=0.006
IFN-y 83.63 +34.06 1293.72+1954.74  p=0.001 our patients was observed except for interleukin 22 (Spear-

man r=0.417, p=0.048). Mean concentrations of all
cytokines were similar in male (n=10) and female (n="7)
control subjects (Fig. 1c). There were no statistically sig-
nificant differences in cytokine levels between the subgroup

Significant differences are given in bold, p < 0.05
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Table4 Mean values (X+SD) of cytokine ratios for COVID-19
patients and healthy controls

Cytokine ratio ~ COVID-19 Control subjects P
patients (n=17)
(n=23)
X+SD
Th1/IL-6
IL-2/IL-6 0.33+0.35 0.09+0.12 p=0.001
TNF-o/IL-6 1.97+3.29 0.86+1.06 p=0.113
IFN-y/IL-6 0.84+1.22 0.21+0.19 p=0.012
Th1/Th2
IL-2/IL-4 0.58 +0.87 1.46+1.76 p=0.039
IL-2/IL-5 1.89+1.94 1.35+1.71 p=0.085
IL-2/IL-10 0.92+1.35 2.32+3.05 p=0.182
IL-2/IL-13 0.56 + 0.57 0.17 +0.15 p<0.001
TNF-o/IL-4 1.83+0.52 13.17 +20.77 p=0.001
TNF-o/IL-5 8.31+7.10 12.96+19.77 p=0.516
TNF-o/IL-10  2.84+0.92 15.07 +20.38 p=0.002
TNF-o/IL-13  2.25+0.94 1.36+1.20 p=0.011
IFN-y/IL-4 0.83+0.16 2.75+2.34 p<0.001
IFN-y/IL-5 3.72+3.57 3.33+6.18 p=0.802
IFN-y/IL-10  1.27+0.25 5.54 + 8.62 p=0.042
IFN-y/IL-13  1.01+0.29 0.48 +0.49 p=0.005
Th17/Th1
IL-17A/IL-2  3.23+10.41 8.27+8.97 p<0.001
IL-17A/TNF-a0  0.91+3.13 0.84+0.73 p=0.926
IL-17A/TFN-y  1.29+3.59 4.30+5.89 p=0.004
IL-17F/IL-2 1.77+1.88 2.14+2.05 p=0.725
IL-17F/TNF-a«  0.42+0.52 0.26+0.24 p=0.342
IL-17F/IFN-y  0.81+0.69 0.70+0.63 p=0.570
Th17/Th2
IL-17A/IL-4  1.34+4.36 7.67 +9.68 p=0.020
IL-17A/IL-5 2.01+3.17 8.38+13.04 p=0.064
IL-17A/IL-10  1.66 +4.39 8.31+11.39 p=0.034
IL-17A/1IL-13  0.79+1.19 1.00+1.01 p=0.555
IL-17F/IL-4 0.68+0.72 1.24+1.17 p=0.070
IL-17F/IL-5 1.84+1.35 4811146 p=0.302
IL-17F/IL-10  1.07+0.93 1.34+0.76 p=0.340
IL-17F/IL-13  0.77+0.64 0.40+0.68 p=0.084

Significant differences are given in bold, p < 0.05

of controls aged under 60 years (n=9) and those older than
60 years (n=38) (Fig. 1d).

Our COVID-19 patients were mainly included in this study
in the second week from the onset of disease (between 6 and
16th day). On the basis of data obtained from regular medi-
cal examinations during their hospitalization we analyzed the
inflammatory parameters both before and after recruitment.
Based on the lymphocyte counts and serum levels of CRP and
IL-6, the patients were divided into the following two groups:
those in whom inflammation worsened (7 patients: lympho-
cyte count decreased, while CRP and/or IL-6 levels increased)
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Table 5 Mean values (X+SD) of selected cytokine ratios in whole
blood cultures from COVID-19 patients in whom the inflammatory
process increased or decreased

Cytokine index =~ COVID-19 patients )4
Inflammation Inflammation
increased decreased
X+SD
IL-17A/L-6 0.37+0.43 0.24+0.33 p=0.492
IL-6/Th1
IL-6/1L-2 20.35+22.29 6.24+5.21 p=0.147
IL-6/TFN-y 10.34+9.23 4.39+8.92 p=0.089
IL-6/ TNF-a 4.68+4.72 1.88+2.88 p=0.193
IL-17A/Thl
IL-17A/IL-2 8.47+18.62 0.94+1.30 p=0.103
IL-17A/IFN-y 3.26+6.35 0.43+0.49 p=0.027
IL-17A/TNF-« 2.45+5.62 0.23+0.33 p=0.055
IL-17A/Th2
IL-17A/IL-4 3.62+7.80 0.34+0.38 p=0.033
IL-17A/IL-5 4.42+5.11 0.95+0.60 p=0.018
IL-17A/IL-10 3.97+7.72 0.65+0.89 p=0.299
IL-17A/L-13 1.51+1.88 0.47+0.57 p=0.154

Significant differences are given in bold, p < 0.05

and those in whom inflammation lessened (16 patients: lym-
phocyte count increased, CRP and/or IL-6 concentrations
decreased). Comparison of cytokine values between the two
groups showed statistically significant differences in IL-
17A (420.99 +£911.58 vs 30.29+34.91, p=0.015) and IL-6
(915.13+826.23 vs 265.86 +£473.78, p=0.026) levels (Fig. 2).

As there were statistically significant differences in the pro-
duction of two cytokines (IL-17A and IL-6) between the two
subgroups of COVID patients, we determined the IL-17A/IL-6
ratio as well as the ratios of IL-17A to type 1 (IL-2, IFN-y and
TNF-a) and type 2 cytokines (IL-4, IL-5, IL-10 and IL-13)
and the ratio of IL-6 to type 1 cytokines. Our results showed
higher cytokine ratios in the subgroup of patients in whom
inflammation increased, with statistically significant values
for IL-17A/IFN-y, IL-17A/IL-4 and IL-17A/IL-5 (Table 5).

To analyze a possible influence of methylprednisolone
therapy on the cytokine production in vitro, a multivariate
regression analysis was done. Our results show that there
was no association of the duration of methylprednisolone
therapy with the production of any cytokine tested. How-
ever, a negative impact of the applied dose of methypredni-
solone on the production of several cytokines in vitro was
shown, as follows: IL-17A (f=— 0.458, p=0.048), IL-17F
(f=-10.498, p=0.038), IL-22 (f=—0.492, p=0.032) and
IL-10 (f = — 0.454, p=0.050).
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Discussion

The aim of this study was to evaluate the cytokine produc-
ing ability of peripheral blood cells in severely ill COVID-
19 patients. Cytokine concentrations were measured in
the supernatants of PHA-stimulated whole blood cultures
in vitro. Our main results are as follows: (1) COVID-19
patients produce much smaller amounts of almost all tested
cytokines than healthy control subjects even when the meas-
ured cytokine levels were recalculated for 1000 stimulated
lymphocytes; (2) production of two cytokines (IL-6 and IL-
17A) was higher in COVID-19 patients in whom inflam-
mation increased, leading to raised ratios of IL-17A to one
type 1 (IFN-y) and two type 2 (IL-4 and IL-5) cytokines,
and (3) methylprednisolone applied in the therapy of
COVID-19 patients had a negative impact on production of
four cytokines (IL-17A, IL-17F, IL-22 and IL-10) in dose-
dependent manner.

First, we analyzed some hematological and biochemical
parameters of severely ill COVID 19 patients and confirmed
low lymphocyte numbers in our study group as observed by
others. We found a negative correlation between lympho-
cyte counts and CRP levels in peripheral blood. Namely,
greater inflammation was reflected by an increase of CRP
concentration and the decrease in number of lymphocytes
was more pronounced. Lymphopenia and perturbations of
T-cell homeostasis are very prominent features of severe
COVID-19 [25-27].

Serious cases of COVID-19 have generally been associ-
ated with excessive cytokine release, particularly with large
amounts of mainly proinflammatory types in plasma/serum
samples. In the most severe cases, hyperproduction of IL-1p,
IL-2, IL-6, IL-12, IFN-y and TNF-a was documented, which
preferentially target lung tissue [13, 28]. Increased levels of
proinflammatory Th17 cytokines [3, 14] and Th2 cytokines
(IL-4 and IL-10) [15] were also observed. For the patho-
genesis of disease, enhanced secretion of IL-6 [29, 30] and
diminished secretion of interferons [31, 32] are of particular
importance.

Our results showed that PHA-stimulated whole blood
cells from severely ill COVID-19 patients produce sev-
eral-fold less cytokines than control cells. Given that we
did not measure concentrations of cytokines in superna-
tants obtained from unstimulated whole blood cultures of
COVID-19 patients and control subjects, we cannot exclude
the possibility that at least a part of cytokines measured in
this study was released independently from PHA-stimula-
tion. But, we do not believe that this significantly affects the
results presented here since the whole blood cultures from
control subjects produce a much higher levels of cytokines
than blood cells from COVID-19 patients when the both
stimulated with PHA in vitro. In another in vitro study [18],

it was documented that the levels of cytokines in unstimu-
lated cultures of COVID-19 patients, and especially controls
were undetectable or very low.

Since COVID-19 patients expressed varying degrees of
lymphopenia, the numbers of stimulated lymphocytes dif-
fered individually among both patients and control subjects,
so the measured cytokine values were recalculated in rela-
tion to 1000 stimulated lymphocytes in all subjects. Again,
we found significantly lower cytokine levels in the culture
media obtained from COVID-19 patients compared with
media from the healthy subjects, except for three cytokines
(IL-4, IL-9 and IL-10). The lack of significant differences for
production of these cytokines between the patient and con-
trol groups might be a consequence of the small sample size
and high individual variation within the groups. Namely,
as earlier shown for lipopolysaccharide (LPS)-stimulated
cytokine production ex vivo [33], PHA-stimulated cytokine
production in our whole blood cultures from the COVID-19
patients and control subjects varied greatly from individual
to individual.

On the basis of our results, we can conclude that COVID-
19 patients have a diminished ability to produce cytokines
in response to strong and non-specific PHA stimulation
in vitro. This is consistent with the findings of most stud-
ies examining the response of blood cells from COVID-19
patients to non-specific in vitro stimulation. Thus, in one
investigation, peripheral blood mononuclear cells were stim-
ulated by overnight incubation with anti-CD3/anti-CD28
antibodies to activate T cells or with LPS to activate mono-
cytes. The IFN-y—producing T cells and TNF-a-producing
monocytes were quantified using an ELISpot functional
immunoassay [20] which showed that mononuclear cells
from COVID-19 patients produced less TNF-o and IFN-y
than controls. Ex vivo stimulation with anti-CD3/anti-CD28
antibodies was used by de Biasi et al. [14], who observed
increased amounts of IL-2, IL-17, TNF-a and IFN-y in the
cytoplasm of T cells of COVID-19 patients when compared
to controls. In another study the levels of type I and type
II interferons (IFN) were determined after in vitro stimula-
tion of immune cells from COVID-19 patients with Toll-
like receptor 7/8 (TLR 7/8) agonist and anti-CD3 antibody
[18]. Reduced levels of both types of interferon were found
that correlated with increase in disease severity. A differ-
ent model was used to assess the activation of lymphocyte
from COVID-19 patients [7] in which blast cell formation
was examined after in vitro activation of whole blood with
mitogens (pokeweed and Concanavalin A), Staphylococcal
super-antigens (SEA/SEB), and common viral antigens (ade-
novirus, cytomegalovirus, Herpes simplex virus 1, Herpes
simplex virus 2 and Varicella zoster virus). In patients with
severe COVID-19 reduced blast formation upon stimula-
tion with the selected viral antigens or Concanavalin A was
observed, but not after stimulation with pokeweed mitogen
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or Staphylococcal super-antigens. With a few exceptions,
most studies have shown very poor responses of blood cells
from COVID patients to non-specific in vitro stimulation, as
found here. Some differences in the findings cited might be a
consequence of diversity in study design, the use of various
stimulating agents and/or times of incubation.

The in vitro study of Avendafio-Ortiz et al. [34] is inter-
esting. They showed that antigen-specific stimulation of
T-cells proliferation was significantly reduced by SARS-
CoV-2 proteins (S glycoprotein, N protein and papain/like
protease) after 5 days’ stimulation indicating that patients
with long-term SARS-CoV-2 infection might induce a spe-
cific monocyte profile that exhibits a significant blockade of
T-cell proliferation and function. Mechanisms leading to a
weakened response of peripheral blood cells from COVID-
19 patients in vitro could be due to blood cell exhaustion
[14, 18], or active suppression during the immune response
to SARS-CoV-2 [20]. Both hypotheses are supported by the
results of studies published so far [20, 35].

Anti-inflammatory therapies, including glucocorticoster-
oids, would play a protective role in severely ill COVID-
19 patients [36]. Corticosteroids suppress inflammation by
reducing the number and/or activation of lymphocytes and
excessive production of inflammatory mediators, cytokines
and chemokines [37, 38]. Thus, CD4+ lymphocytes were
significantly lower in patients treated with dexamethasone
compared to those who were not [39]. In septic shock, low-
dose hydrocortisone was reported to prevent release of pro-
inflammatory cytokines [40]. In a recently published study
it was shown that dexamethasone might shorten the time
between the start of invasive mechanical ventilation and the
occurrence of ventilator-associated pneumonia, suggesting a
possible worsening of COVID-19-induced immune dysfunc-
tion with this treatment [39]. Methylprednisolone treatment
was applied in all COVID-19 patients enrolled in this study,
since all patients had viral pneumonia with increased val-
ues of inflammatory parameters, requiring oxygen treatment.
Although the corticosteroid therapy is recommended for
severely ill patients with COVID-19 [41], our study shows
that the methylprednisolone used in the treatment of patients
with COVID-19 inhibits the production of several cytokines
in dose dependent manner in vitro.

Given that the large individual variation in production
of cytokines was not lost after correction for cell number
and that in the both study groups some subjects produced
more cytokines than others, we analyzed the relationships
between selected cytokines for each subject individu-
ally. The ratios between T helper 1 (Thl) cytokines (IL-2,
TNF-a IFN-y) and IL-13 (a Th2 cytokine) were higher in
COVID-19 patients than in the controls. However, the ratios
of Th1 cytokines with IL-4, which also belongs to the Th2
type of cytokines, were lower in COVID-19 patients than
in control subjects. Ratios for IL-2, TNF-a and IFN-y with

@ Springer

IL-6 were generally higher in COVID-19 patients than in
controls. The ratio of two cytokines might be greater if pro-
duction of one is increased and/or production of the other
is decreased. Although cytokines that mainly belong to the
Th1/Th17 types are included in the pathogenesis of COVID-
19 infection [14], a clear shift to Thl type cytokines was
not seen in our study group but an effect of corticosteroid
drugs on Th1/Th2 ratios cannot be excluded [42]. The ratios
of some Th17/Thl cytokines (IL-17A/IL-2, IL-17A/IFN-y)
and Th17/Th2 cytokines (IL-17A/IL-4, IL-17A/IL-10) were
lower in COVID-19 patients than in controls. Thus, when we
analyzed our entire group of COVID-19 patients a tendency
towards production of Th17 cytokines was not observed,
which is contrary to the results of others [14].

Concerning possible associations of cytokine production
with gender and age in severely ill COVID-19 patients, we
showed that the mean concentrations of almost all cytokines
tended to be higher in males than in females, but signifi-
cantly only for IL-13. Since the start of the COVID-19 epi-
demic, it has been evident that among seriously ill patients
there were more men than women [43]. However, little is
known regarding IL-13 concentration in COVID-19 patients.
Huang et al. found no difference in serum IL-13 levels
between those requiring admission to an Intensive Care Unit
(ICU) and those who did not [43], while a directly propor-
tional association between IL-13 levels and the viral load of
SARS-CoV-2 was observed in another study [13]. IL-13 is
a type 2 cytokine, known to induce production of other Th2
cytokines in the immune response to parasitic infections and
hypersensitivity reactions [13]. Hypothetically, production
of IL-13 might stimulate Th2 cells to synthesize interleu-
kin 10, a contraregulatory cytokine that suppresses the Thl
immune response [13].

Patients of advanced age and those with underlying
conditions (e.g. obesity, hypertension, chronic obstructive
pulmonary disease, diabetes, and/or cardiovascular disease,
etc.) are at higher risk of disease progression, often resulting
in an unfavorable outcome [24, 29, 35]. Studies examining
the activity of the immune system during aging indicate the
following two basic mechanisms that can alter the immune
response: immunosenescence and inflamm-aging [44]. We
found no statistically significant differences in cytokine lev-
els between the subgroup of patients aged under 60 years
and those older than 60 years. There was no correlation of
cytokine levels with the age of patients, except for inter-
leukin 22 (IL-22). IL-22 is produced by Th22 cells and is
known to play a tissue protective role in inflammation [45].

The relatively long period for obtaining of blood samples
from COVID-19 patients includes the time of intensification
of inflammation and the possible development of lymphocyte
exhaustion/immunosupression [46]. Since the rate of disease
progression is individual and unpredictable, we subsequently
(on the basis of available medical documentation during
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hospitalization) analyzed inflammatory markers before and
after the days of sampling. According to serum levels of
CRP, IL-6 and lymphocyte numbers in peripheral blood, the
patients were divided into the following two groups: one in
which inflammatory parameters were raised and the other in
which inflammation had already begun to decrease. Compari-
son between the two groups showed statistically significant
differences in IL-6 and IL-17A production.

An elevated level of interleukin-6 is designated as a red
flag of systemic inflammation with a poor prognosis in
COVID-19 patients [15, 47, 48]. High expression of IL-6
in patients with COVID-19 can accelerate the inflamma-
tory process, contributing to a cytokine storm [15]. In the
subgroup of COVID-19 patients with raised inflammatory
mediators, in vitro production of IL-6 was greater than in
those in whom inflammation lessened. That led to lower Th1/
IL-6 cytokine ratios, but the differences between the two
subgroups of patients did not reach statistical significance.
IL-6 has negative effects on Thl differentiation, while in
joint action with some other cytokines (IL-13 and TGF-f)
it induces Th17 subset differentiation [3]. IL-17 is a pro-
inflammatory cytokine that plays a role in tissue damage,
physiological stress, and infection [15] and can enhance
inflammation and activate neutrophils [14]. Some studies
showed an elevated level of IL-17 in COVID-19 patients
during a cytokine storm [29], but others found normal levels
of IL-17 regardless of the severity of COVID-19 [49]. In this
in vitro study we detected greater production IL-17A when
inflammation was augmented, which led to higher Th17/Th2
cytokine ratios than in patients in the resolving phase of the
disease, especially significant for IL-17A/IL-4 and IL-17A/
IL-5. Also, cytokine ratios for IL-17A with Thl cytokines
were slightly higher during the phase of intensification of
the inflammatory process, which was statistically significant
for the IL-17A/IFN-y ratio. Taken together, the increase
in production of two proinflammatory cytokines (IL-6 and
IL-17) in the early stages of inflammation noted here is con-
sistent with earlier findings showing elevated levels of these
cytokines in severely ill [14] and critically ill [17] COVID-19
patients. This indicates that IL-6 overproduction and infiltra-
tion of Th17 cells play important roles in acute lung injury
during ARDS. Since some patients in our study group were
included while inflammation increased and others when it
was subsiding, our findings indicate that the stage of the
inflammatory process might influence the results obtained.

Other studies in which in vitro stimulation with PHA was
performed have shown that both Th1 and Th2 cytokines were
reduced in adult and child patients with sepsis and nosoco-
mial infections in vitro [S0-52]. Cavaillon [52] suggested that
this is against the dogma claiming that sepsis is associated
with up-regulation of the Th2 response and down-regula-
tion of the Th1 response. In patients with sepsis and septic
shock cytokine down-regulation was transient and normal

production of cytokines from T cells was restored after 7 days.
Our results suggest that in COVID-19 patients there is a pro-
longed decrease of cytokine production given that they were
included in the study from 6 to 16th day after onset of the
disease. Moreover, down-regulation of cytokine production
was not limited to Th1 and Th2 cytokines, because we showed
very pronounced decreases in production of Th1/Th2/Th9/
Th17/Th22 cytokines, which was not caused by the smaller
number of stimulated cells. Also, this markedly reduced
cytokine production in patients with COVID-19 was accom-
panied by an imbalance in production between Th17 and Th2,
and to some extent Th17 and Thl cytokines, in the phase
of intensification of the inflammatory process. However, our
results obtained by nonspecific in vitro stimulation of whole
blood cells do not have to be consistent with the abilities of T
lymphocytes in infected tissues. Namely, tissue derived cells
are either fully responsive to ex vivo stimuli or even primed,
in contrast to cells derived from blood [19]. Therefore, the
hyporesponsiveness of circulating leukocytes is considered
to be a marker of immune depression and may explain the
enhanced sensitivity of these patients to nosocomial infec-
tions [19]. In the cited review paper Cavaillon postulated that
SIRS and the compensatory anti-inflammatory response syn-
drome (CARS) most probably occur concomitantly in differ-
ent compartments, whereby SIRS predominates within the
inflamed tissues while blood leukocytes show hyporeactivity.
Moreover, these differences might be a normal reaction of
the immune system to prevent systemic inflammation when
an inflammatory process exists locally in some tissues [53].

To the best of our knowledge, this is a first study inves-
tigated cytokine producing ability of blood cells from
COVID-19 patients stimulated with a very powerful T cell
mitogen, PHA. The results obtained here mainly correlate
with the results of other studies using nonspecific in vitro
stimulators. We believe that the decreased ability of blood
cells to produce cytokines during an in vitro stimulation
deserves attention, despite the fact that there is no correla-
tion between the levels of IL-6 in serum and supernatant
samples from the same patient. The levels of cytokines in
serum samples might reflect the production of cytokines
in vivo, released from the site of inflammation and/or from
blood cells in blood vessels. On the other hand, cytokine
concentrations measured in culture medium after in vitro
stimulation represents the ability of blood cells to respond
by cytokine production, if necessary.

In conclusion, we could say that peripheral blood cells
from severely ill COVID-19 patients have a much reduced
ability to produce Th1/Th2/Th9/Th17/Th22 cytokines after
strong non-specific in vitro stimulation with PHA. When
inflammation was intensified, blood cells produced more
IL-6 and IL-17, which led to increases of some Th17/Th1
and Th17/Th2 ratios, skewing towards the Th17 type of
response. The methylprednisolone used in the treatment of
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patients with COVID-19 influences the production of several
cytokines in dose dependent manner. Our results indicate
that the stage of the inflammatory process at the time of
sampling and the dose of glucocorticosteroids applied in
the therapy of COVID-19 patients might influence cytokine
production upon non-specific stimulation of T cells in vitro.
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