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Abstract: SARS-CoV-2, a single stranded positive RNA-virus, emerged in 2019 and caused a global
pandemic. Some infected patients develop severe complications, such as acute respiratory distress
syndrome (ARDS) and pulmonary fibrosis. The mechanisms leading to lung fibrosis in the context
of COVID-19 are still unclear. However, there are correlations between this condition and certain
inflammatory mediators that are elevated in the plasma of patients. This study addressed the
question of whether SARS-CoV-2 spike protein was able to directly activate immune cells to produce
inflammatory and fibrogenic cytokines, independent of viral infection. By stimulating peripheral
blood mononuclear cells (PBMC) from healthy blood donors through different formulations of SARS-
CoV-2 spike protein, the expression of fibrogenic and inflammatory cytokines was measured. The
spike protein induced a significantly increased expression of IL-1f3 and IL-6 mRNA in PBMC. Both
cytokines are important players in the COVID-19 cytokine storm, in ARDS and in the development
of pulmonary fibrosis. Different receptors with an affinity to the spike protein may be involved.
However, the exact mechanism on how the spike protein leads to a higher cytokine expression in
PBMC needs further investigation.

Keywords: SARS-CoV-2; spike protein; lung fibrosis; fibrogenic cytokines; peripheral blood
mononuclear cells

1. Introduction

SARS-CoV-2, a single stranded positive RNA-virus, emerged in 2019. Infection is
caused via the binding of the virus to the angiotensin-converting enzyme 2 (ACE2) receptors
expressed on the epithelial cells in the upper respiratory tract, and in the cells of the
lungs. Infected patients can develop severe complications, such as atypical pneumonia
or acute respiratory distress syndrome (ARDS), which can lead to death [1,2]. A certain
proportion of ARDS patients develop pulmonary fibrosis, which can create a dry cough
and breathlessness, and may need pulmonary rehabilitation, oxygen therapy, and possibly
bronchioalveolar lavage with exogenous pulmonary surfactant [3,4].

An important element for mortality due to SARS-CoV-2 is the dysregulated immune
response [5]. The uncontrolled immune reaction is referred to as the “cytokine storm”
with increased levels of proinflammatory cytokines [6]. Interleukin 13 (IL-1(), tumor
necrosis factor o (TNF-«), and IL-6 may be the driving forces for the uncontrolled cytokine
release [7,8]. In the peripheral blood of ARDS patients, higher levels of Th17 cells and
IL-17A were detected, wherein IL-17A amplifies the inflammatory immune response by
inducing more proinflammatory cytokines [5]. The chemokine CXCL10 is also thought to
play a key role in triggering the cytokine storm [9]. The consequence of the cytokine storm
in the lungs is ARDS, a condjition in which the abnormal systemic inflammatory response
is sustained, with immune cells producing high levels of proinflammatory cytokines, such
as IL-13, IL-6, IL-12, IL-18, interferon « (IFN-«), IFN-y, TNF-«, and transforming growth
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factor 3 (TGF- 3), as well as various chemokines [6,7]. Similar to SARS-CoV and MERS-CoV,
SARS-CoV-2 can suppress the induction of the antiviral immune response [10]. Thereby,
viral proteins attenuate the production of type I interferons [11]. Intracellular aggregates
of open reading frame 8 (ORF8) protein, produced by SARS-CoV-2 in lung epithelial cells,
have been shown to downregulate interferon expression [12,13]. In addition, SARS-CoV-2
may influence cytokine gene expression via restructuring the chromatin architecture in
infected cells [14]. However, the mechanisms of how SARS-CoV-2 controls gene expression
in infected, as well as non-infected, cells are not known. Therefore, it is of interest to
investigate whether the SARS-CoV-2 spike protein may directly influence immune cells.

About 20% of patients with ARDS are expected to develop lung fibrosis, a severe
complication of SARS-CoV-2 [2]. This condition is considered as a sequelae of ARDS, the
consequence of chronic inflammation and the upregulation of certain cytokines [15,16]. The
excessive immune response to SARS-CoV-2 puts the body into a hyperinflammatory state,
which leads to organ damage and to a continuous remodeling fibrotic state [17]. Fibrotic
changes in the lungs have also been discussed in the post-COVID-19 syndrome [13,18].

The exact mechanisms leading to fibrosis due to SARS-CoV-2 are still unclear, but
proinflammatory cytokines, systemically or locally produced (by, e.g., type II pneumo-
cytes) [4], are thought to play an important role, since some of them correlate with fibrotic
changes [19]. Particularly high levels of IL-6, IL-10, TGF- 3, TNF-&, and CXCL10 are
suspected to induce lung injury, whereas elevated IFN-y or IGF-1 may be protective [15]. In
patients with fibrotic areas on CT scans, certain inflammatory mediators were upregulated
in plasma, such as IL-1a, TGE-3, and CXCL10 [19]. Another important aspect is the down-
regulation of ACE2 receptors, through the binding of the virus, with the consequence that
less angiotensin II (ANG II) can be degraded [17]. ANG II plays a role in inflammation and
in the pathogenesis of fibrosis [20]. It leads to the activation of profibrotic cytokines such as
IL-6, TNF-o, and TGF-f3. Additionally, it can directly regulate the collagen 1 gene [2].

Generally, pulmonary fibrosis results from a dysregulation in the wound healing
process and thus can form scars due to an excess of extracellular matrix deposition. TGF-f3
is a key player in the development of fibrosis; it induces epithelial-mesenchymal transition
(EMT) and promotes the proliferation and activation of myofibroblasts, which produce
extracellular matrix (ECM). Increased TNF-« and IL-13 expression is also associated with
lung injury and is suspected to support fibrosis progression. Furthermore, IL-13 can
upregulate TGF-3 [21].

Organ fibrosis is an important public health issue, which is responsible for 45% of the
overall deaths in the general population [22]. While fibrosis is associated with almost every
type of organ damage, the lack of information on the basic mechanisms underlying the
fibrosis process poses a major challenge in the development of targeted therapy against
fibrotic diseases [23]. There is currently no treatment available that effectively stops progres-
sion or even reverses SARS-CoV-2 pulmonary fibrosis [24]. This condition is irreversible
and has a poor prognosis; the only existing cure is lung transplantation [21].

The aim of this in vitro human study was to identify the expression of potentially
fibrogenic cytokines by human peripheral blood mononuclear cells (PBMCs) in response
to the SARS-CoV-2 spike protein. In addition, the expression of cytokines that may be
protective against fibrosis was also investigated. For that purpose, PBMCs were stimulated
with various formulations of spike protein. For that purpose, recombinant SARS-CoV-2
spike proteins containing virus-like particles (VLPs) were used, as well as recombinant
spike trimer. Recombinant SARS-CoV-2 nucleoprotein, as well as VLPs representing dengue
virus were used as negative control conditions. The expressions of the cytokines of interest
were measured by using quantitative reverse transcription PCR (RT-qPCR) and ELISA.

2. Materials and Methods
2.1. Blood Samples and Reagents

Buffy coats provided by the Swiss Red Cross Blood Bank from 12 healthy donors
were used. A power calculation was performed to decide on the sample size required for
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statistical purpose for the gene expression part using RT-qPCR. The blood samples were
anonymous and therefore in accordance with the Swiss ethics legislation; no approval was
required from the Ethics Committee. The following reagents were used: phytohemagglu-
tinin (PHA: Lectin from Phaseolus vulgaris, N.61764, Sigma-Aldrich, St. Louis, MO, USA);
spike peptides mixture representing all potential antigenic peptides of S1 protein (Pep-
Tivator Sars-CoV-2 Prot-S, Miltenyi Biotech, Bergisch Gladbach, Germany); recombinant
SARS-CoV-2 spike trimer (generated in HEK cells, Miltenyi Biotech, Bergisch Gladbach,
Germany); recombinant SARS-CoV-2 nucleoprotein (generated in HEK cells, Miltenyi
Biotech, Bergisch Gladbach, Germany); SARS-CoV-2 virus-like particles (VLP: generated in
HEK cells, Abnova, Tapei City, Taiwan); Dengue Virus Serotype 2 virus-like particles (VLP:
generated in HEK cells, Abnova, Tapei City, Taiwan).

2.2. Blood Cell Separation and Culture of PBMC

Peripheral blood mononuclear cells (PBMC) were separated via Ficoll density gradient
centrifugation. For this process, blood cells from buffy coats were placed on the gradient
medium Ficoll-Paque Plus (density 1.077, CYTIVA, Uppsala, Sweden), which was used
for the enrichment of monocytes and lymphocytes. After centrifugation, the resulting cell
pellet was resuspended in culture medium (RPMI 1640, PAN-Biotech, Aidenbach, Ger-
many) supplemented with antibiotic/antimycotic solution (Cat NO AAS-B, CAPRICORN
SCIENTIFIC, Ebsdorfergrund, Germany). A 5% human serum (Swiss Red Cross Blood
Bank) was added for the proliferation assays, whereas otherwise no serum was added to
any other experimental conditions. The cells were cultured under standard conditions, i.e.,
37 °C, 5% COy, atmospheric O, and humidified air.

2.3. Proliferation Assays

The proliferation assays were used to determine the immune status of the donors.
For that purpose, PBMC were stimulated with recombinant SARS-CoV-2 S1 antigen in
different formulations, or nuclear virus protein, to assess whether the blood donor had
been vaccinated, infected, or none of these. No stimulation was used as the negative control
condition. Stimulation with phytoheamagglutinin (PHA) was used as a positive control.
This assay was performed with BrdU Labeling and the Detection Kit III (Roche, Basel,
Switzerland). The T cell proliferation was measured using the reader Multiskan SkyHigh
(ThermoFisher SCIENTIFIC, Waltham, MA, USA). The cells were cultured in 96-well plates
and were stimulated under the following conditions (2 x 10° cells per well): negative
control: PBMC without stimulation; positive control: PHA [1 ng/uL]; test for previous
infection or vaccination: recombinant SARS-CoV-2 spike peptide [150 pmol/uL]; test for
previous infection or vaccination: recombinant SARS-CoV-2 spike trimer [1 ng/uL]; test for
infection: recombinant SARS-CoV-2 nucleoprotein [1 ng/uL]; test for previous infection or
vaccination: VLP of SARS-CoV-2 [1 ng/uL]; negative control for VLP formulation: VLP of
dengue [1 ng/pL], as the probability of blood donors in the Swiss population having been
in contact with dengue virus is extremely low. By observing T cell proliferation under the
different conditions, the following immune statuses could be deduced: 1. uninfected/not
vaccinated, 2. infected, 3. vaccinated.

2.4. Measuring Cytokine Gene Expression at mRNA and Protein Level

After PBMC separation by Ficoll, the cells were stimulated under the same conditions
used for the proliferation assays, except for the spike peptides. After incubation for
24 h (107 cells in 5 mL RPMI 1640 per condition, in 25 cm? culture flasks), the cells were
harvested into 15 mL tubes and centrifuged. The pellets and supernatants were frozen
separately for further processing. For the standard RNA extraction, TRI Reagent® (TR 118)
(Molecular Research Center, Cincinnati, OH, USA) and chloroform (Honeywell, Charlotte,
NC, USA) were added to the frozen pellets, and the cells were lysed and the total RNA
was obtained, according to the standard protocol. The GOScript™ Transcription mix by
Promega (Madison, WI, USA), which includes a mix of random primers, was used to
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transcribe the extracted RNA into cDNA. cDNAs were processed for quantitative RT-PCR
using specific primer pairs for detection of the expression of the inflammatory mediators
of interest: IFN-y, TGF-f3, TNF-«, IL-133, IL-2, IL-4, IL-6, IL-10, IL-12p40, IL-13, IL-17A,
IL-18, IL-22, IL-23, and CXCL10 (Microsynth, Balgach, Switzerland). The sequence for the
forward and reverse primers for each cytokine is listed in Table 1. To perform the gPCR,
the KAPA SYBR® FAST qPCR Master Mix (2x) Kit (Kapa Biosystems, Potters Bar, UK) was
used and was run on the C1000 touch thermal cycler CFX96 Real-Time System (Bio-Rad,
Hercules, CA, USA). The following thermocycle protocol was used: enzyme activation for
2 min at 95 °C, denaturation for 15 s at 95 °C, annealing for 30 s at 60 °C, elongation 40 s at
72 °C. After 40 cycles, a melting curve was generated as a quality control. The amplification
curve gave the threshold value C;, which served as basis for the analysis.

For further analysis and as a basis for statistical tests, the relative quantification
value RQ was used. The housekeeping genes glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and actin were chosen (Microsynth, Balgach, Switzerland). As the difference in
mRNA expression was minimal between these two genes, the mean value of the RQ was
used. The calculation was performed using Microsoft® Excel, by applying the following
formula:

ACt= Ctgene — Ct reference gene

AACt = ACt gample — ACty
RQ — 2—AACt

Table 1. List of RT-qPCR forward (F) and reverse (R) primers.

Cytokine Forward Primer Cytokine Reverse Primer
IL-1B F GGGCCTCAAGGAAAAGAATC IL-1IB R TTCTGCTTGAGAGGTGCTGA
IL-2F AGAATCCCAAACTCACCAGGA IL-2R TGCTGATTAAGTCCCTGGGT
IL-4F GCAGTTCTACAGCCACCATG IL-4R ACTCTGGTTGGCTTCCTTCA
IL-6 F CCTTCCAAAGATGGCTGAAA IL-6 R CAGGGGTGGTTATTGCATCT
IL-10F GATCCAGTTTTACCTGGAGG IL-10R CTCATGGCTTTGTAGATGCC
IL-12F AAGGAGGCGAGGTTCTAAGC IL-12R AAGAGCCTCTGCTGCTTTTG
IL13F GGTCAACATCACCCAGAACC IL13R CAGCATCCTCTGGGTCTTCT
IL-17A F GGTTTGACTGAGTACCAATTTGC IL17AR AAATTCCCAAGCCCAGAATC
IL-18 F ATGGCTGCTGAACCAGTAGA IL-18 R CTCTACAGTCAGAATCAGTCAT
IL-22 F AGTCACCAGTTGCTCGAGTIT IL-22R CTAGCCTCCTTAGCCAGCAT
IL-23F GTTCCCCATATCCAGTGTGG IL-23R GAGGCTTGGAATCTGCTGAG
IFN-y F TGACCAGAGCATCCAAAAGA IFN-y R CTCTTCGACCTCGAAACAGC
TGF-B1F CACGTGGAGCTGTACCAGAA TGF-B 1R GAACCCGTTGATGTCCACTT
TNEF-o F TGGCATGGAGCTGAGAGA TNF-a« R GCAATGATCCCAAAGTAGACCT
CXCL-10F AGGAACCTCCAGTCTCAGCA CXCL-10R CAAAATTGGCTTGCAGGAAT
Actin F CATCCGCAAAGACCTGTACG Actin R CCTGCTTGCTGATCCACATC
GAPDHF AGGTCGGAGTCAACGGATTT GAPDHR TGACAAGCTTCCCGTTCTCA

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

Various cytokines that were expected to be secreted into the culture supernatants were
measured. The direct sandwich-ELISA principle was used to determine the concentration
of the cytokines of interest in the collected samples (frozen supernatants). Different kits
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from the following manufacturers were used according to the recommended instructions:
ELISA MAX™ Deluxe set (BioLegend®, San Diego, CA, USA) for CXCL10, uncoated ELISA
(Invitrogen from ThermoFisher SCIENTIFIC, Waltham, MA, USA) for IFN-y, IL-13, IL-2,
IL-6, IL-10, TGF-, and TNF-«, ELISA Kit (MyBioSource, San Diego, CA, USA) for Human
IL-12, IL-17A, IL-18, and IL-23. Unfortunately, the secretion of IL-13, IL-18, and IL22 could
not be measured due to insufficient funding.

For each condition (negative control, PHA, VLP Dengue, VLP SARS, SARS Nucleo-
protein, Spike Trimer), measurements were conducted in duplicate. The optical density of
the colorimetric reaction was measured by the reader Multiskan SkyHigh (ThermoFisher
SCIENTIFIC, Waltham, MA, USA) at a wavelength of 450 nm and 570 nm, where for
the analysis the optical density of the wavelength 570 was subtracted from that of the
wavelength 450. The obtained standard curve was used to convert the optical density into
cytokine concentrations.

2.6. Statistical Analysis

Microsoft Excel was used for data collection and descriptive statistics. For the pro-
liferation assay, t-tests, using Microsoft Excel, were performed for the comparison of the
different activation conditions with the negative control. The statistical analysis of the
RT-qPCR results was performed using the software jamovi. For each cytokine, a one-way
repeated measures ANOVA was performed. The Tukey post hoc test was used to compare
the different conditions with each other. Descriptive statistics were used to interpret the
ELISA results. Because of the limited data volume and heterogeneity of the ELISA data, no
further statistical testing was performed.

3. Results
3.1. Proliferation Assay

The unknown immune status towards SARS-CoV-2 was assessed through T cell
proliferation assays. PBMC were accordingly cultured in the presence (PHA for maximum
positive stimulation, various formulations of SARS-CoV-2 or dengue virus antigens) or
absence (negative control) of stimulation. The stimulatory conditions were statistically
tested using a t-test against the negative control. The various formulations of spike protein
gave us information about the vaccination status, as the currently available SARS-CoV-
2 vaccines are based on the spike protein [25]. The results are summarized in Table 2.
Blood donors 1, 3, 6, and 7 had significantly increased T cell proliferation under PHA
stimulation, but not under the various SARS-CoV-2 antigen stimulation. Therefore, it
can be assumed that these blood donors had never been in contact with the SARS-CoV-2
antigens, i.e., neither infected nor vaccinated. Blood donor 11 and 12 showed a specific
T lymphocyte proliferation through the SARS-CoV-2 spike peptide, but no proliferation
when stimulated with SARS-CoV-2 nucleoprotein as an antigen. These two individuals
were probably vaccinated but never infected. The nucleoprotein was used to identify blood
donors that had possibly been infected. In blood donor 2, 4 and 8, it triggered higher
T cell proliferation; therefore, it can be assumed that these individuals were already in
contact with the virus before. For individuals 5 (reaction against spike peptide did not
show statistical significance), 9, and 10 (no statistical significance for any of the conditions),
the assay was inconclusive for technical reasons. In summary, four blood donors had never
been in contact with the virus and were not vaccinated, two were vaccinated, and three had
been infected. In three blood donors, it was not possible to draw clear conclusions about
their immune status.

3.2. RT-qPCR

In the following RT-qPCR results section, cytokines are classified according to their
role in fibrosis into either profibrotic or antifibrotic. This classification is based on the
review article of Sziksz et al. [26], where individual cytokines were discussed in terms of
their function in organ fibrosis.
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Table 2. A significant increase in T cell proliferation was observed for the 12 blood donors and the
corresponding stimulatory condition (t-test: p < 0.05). VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS),
SARS-CoV-2 spike trimer (SST), SARS-CoV-2 spike peptide (SSP), SARS-CoV-2 nucleoprotein (SNP),
positive control (PHA).

Blood Donor Conditions with Blood Donor Conditions with
Number Significant Proliferation Number Significant Proliferation

1 PHA 7 PHA

2 PHA, SSP, SST, SNP, SNP 8 PHA, SNP

3 PHA 9 no significance

4 PHA, SNP 10 no significance

5 PHA, SST 11 PHA SSP

6 PHA, VLPD 12 PHA SSP

However, functional classifications of cytokines, such as the classification into proin-
flammatory and anti-inflammatory, are also considered as problematic since TNF- can
act in both directions depending on the context [27]. Depending on the model, the in-
flammatory mediators can be classified differently regarding their fibrogenic potential.
This is exemplified by the chemokine CXCL10, which has an antifibrotic effect in the
bleomycin-induced lung fibrosis model in mice [28], but a profibrotic effect in human lung
transplants [29].

3.2.1. RT-qPCR: Profibrotic Cytokines
In the following paragraphs, the mRNA expressions of the profibrotic cytokines IL-1§3,

IL-6, IL-13, IL-17, TNF-«, and the key cytokine TGF-f are presented. The results with the
mean values are summarized in Table 3.

Table 3. Gene expression of profibrotic cytokines measured with RT-qPCR: mean values of 12 blood
donors are listed; * p < 0.05; negative control (CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS),
SARS-CoV-2 spike trimer (SST), SARS-CoV-2 nucleoprotein (SNP), positive control (PHA).

Cytokine CTL VLPD VLPS SST SNP PHA
IL-13 1.0000 1.4543 2.0037 * 2.0417 1.5503 12.3211 *
IL-6 0.9992 1.7258 2.9330 * 4.6835 1.7476 38.5463 *
IL-13 1.0007 3.3645 5.7906 2.8958 2.9978 277.2940 *
IL-17 0.9999 10.9838 * 13.0255 18.0707 23.2681 13.7146
TGF-3 1.0003 1.0548 1.0202 1.1250 1.0458 0.5895 *
TNF-« 0.9994 1.7852 22973 1.8613 1.8452 2.7390 *

IL-1p plays a key role in the induction of the innate and adaptive immune responses [27]
and activates Th17 differentiation [10]. Together with IL-6 and TNF-«, IL-1f3 is one of the
most important cytokines for the cytokine release syndrome in the advanced stages of
SARS-CoV-2 [8]. In our study, the F-statistic was significant (p < 0.001), which indicates
differences in IL-13 mRNA expression between the individual conditions. Compared to the
negative control, IL-13 mRNA expression was significantly increased under the conditions
with VLP SARS (p < 0.001) and PHA (p < 0.001). No significant difference could be shown
when testing VLP SARS against VLP dengue (p = 0.21), which is the negative control for
VLPs, although IL-13 mRNA expression with VLP dengue stimulation was upregulated
but did not reach a significant level (p = 0.066). In addition, no significant results were
found for stimulation with the spike trimer and the nucleoprotein (Figure 1).

IL-6 is produced by various cells, including T cells, and leads to the proliferation of
B cells and to Th17 differentiation [10]. Its production is stimulated by IL-13 and TNF-«.
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Due to its pleiotropic effects, it plays a key role in the development of the COVID-19
cytokine storm [6]. Studies have shown that high levels of circulating IL-6 are associated
with the severity of SARS-CoV-2 infection. Furthermore, it has been reported that IL-6 is
involved in fibrotic lung injury; therefore, this cytokine may be an important target for
therapy [2,30]. For IL-6 mRNA, the ANOVA's F-statistic indicated a significant difference
between the different experimental conditions (p < 0.001). Significantly increased IL-6
mRNA expression was observed under the conditions with the stimulation through the
VLP SARS (p = 0.003) and PHA (p < 0.001). Same as for IL-1§3, there was no significant
difference in IL-6 mRNA expression between the two VLPs (p = 0.336), although there
was a non-significant increase in the VLP dengue condition (p = 0.055). Under the spike
trimer and nucleoprotein stimulation, no significant increase in IL-6 mRNA expression was
observed (Figure 2).
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Figure 1. IL-13 mRNA expression on a logarithmic scale, * p < 0.05; six conditions: negative control
(CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS), SARS-CoV-2 spike trimer (SST), SARS-CoV-2
nucleoprotein (SNP), positive control (PHA).
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Figure 2. IL-6 mRINA expression on a logarithmic scale, * p < 0.05; six conditions: negative control
(CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS), SARS-CoV-2 spike trimer (SST), SARS-CoV-2
nucleoprotein (SNP), positive control (PHA).
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Interleukin 13 is a cytokine of the Th2 response and has, similar to IL-4, strong
profibrotic properties [26]. Except for PHA, the positive control, there were no other
significant RT-qPCR results.

IL-17 plays an important role in the defense against extracellular bacteria and fungi. It
is produced by Th17 cells and v T cells, often together with IL-22 [27]. In severe SARS-CoV-
2 infection, IL-17 is elevated and induces other proinflammatory cytokines such as IL-1, IL-6,
and TNF-«, which can lead to tissue damage [5]. IL-17 causes lung remodeling in different
pathologies, such as in asthma or COPD, and is suspected to cause pulmonary fibrosis [31].
For example, less bleomycin-induced pulmonary fibrosis was found in IL-17-deficient mice
compared to wild types [23]. In our RT-qPCR results, there was a significant F-value for
IL-17 (p = 0.010). The cytokine mRNA expression was only significantly upregulated for the
VLP dengue stimulation (p = 0.036) (Figure 3). An almost significant p-value was observed
for the increased mRNA expression by the nucleoprotein stimulation (p = 0.072). However,
the positive control PHA (p = 0.488) and the remaining conditions were not significant.
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Figure 3. IL-17 mRNA expression on a logarithmic scale, * p < 0.05; six conditions: negative control
(CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS), SARS-CoV-2 spike trimer (SST), SARS-CoV-2
nucleoprotein (SNP), positive control (PHA).

TGF-p is produced by various cells, including T lymphocytes. It induces Th17 cells
and leads to higher collagen synthesis in fibroblasts [10]. TGF-f is considered to be one of
the main stimuli for fibrosis. In SARS-CoV-2, TGF-f is also thought to be upregulated by
angiotensin II, which is increased because of the virus-induced reduction in ACE2 recep-
tors [2]. In our results, no significant change was detected for TGF- mRNA expression by
RT-qPCR, except a reduction in the TGF- mRNA expression under the PHA condition
compared to the negative control (p < 0.001).

TNF-o is produced by a variety of different cells. Like IL-6 and IL-1, TNF-o con-
tributes to the COVID-19 cytokine storm [5]. Together with IL-6, it is one of the major
cytokines inducing post-ARDS pulmonary fibrosis [16]. In our study, except for the positive
control, there were no significant values for TNF-a mRNA expression, independent of the
stimulation condition.
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3.2.2. RT-gPCR: Antifibrotic Cytokines

The mRNA expression of the antifibrotic cytokines IL10, IL-12, IL-22, and IFN-y is
presented in the following section. IFN-y has a dual role, as it also represents an important
antiviral cytokine [15]. The results are summarized in Table 4.

IFN-vy is exclusively produced by CD4+ Thl1 cells, by CD8+ cytotoxic T cells, and by
NK cells [10]. It has both antiviral and antifibrotic properties [15]. However, it also has a
role in the COVID-19 cytokine storm, where persistently high levels of this cytokine can
lead to tissue damage [5,15]. In our study, no significant results, except for the positive
control, could be observed.

Table 4. Gene expression of antifibrotic cytokines measured with RT-qPCR: mean values of 12 blood
donors are listed; * p < 0.05; negative control (CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS),
SARS-CoV-2 spike trimer (SST), SARS-CoV-2 nucleoprotein (SNP), positive control (PHA).

Cytokine CTL VLPD VLPS SST SNP PHA
IFN-y 1.0008 1.3252 1.2621 2.3304 1.2954 28.8799 *
IL-10 1.0004 1.0184 1.1791 1.1932 1.0573 1.5886
IL-12 1.0004 9.3729 22.7191 8.0548 16.6519 20.5071
IL-22 0.9998 2.6487 4.4910 3.7454 27.5370 3.3154

IL-12 is not produced by T cells, but by macrophages and dendritic cells. However,
it plays an important role in the Th1 differentiation and in the induction of IFN-y synthe-
sis [10]. It has antifibrotic properties [26], but is discussed in the context of SARS-CoV-2
due to its role in the cytokine storm [5]. The RT-qPCR did not reveal significant differences
in IL-12 mRNA expression.

IL-10 is mainly produced by regulatory T cells (Treg) and macrophages. It has im-
munosuppressive functions and is also considered to have repressive effects on collagen
synthesis. IL-10 has inhibitory effects on antigen-presenting cells and on the expression
of major histocompatibility complex II (MHC II) [27]. In our experiment, no significant
changes in IL-10 mRNA expression were observed.

IL-22 is produced by Th17 cells [10]. The F-test detected significant differences. How-
ever, at the level of the different conditions, only the VLP dengue condition led to an almost
significant increase in cytokine expression (p = 0.06).

3.2.3. RT-qPCR: Antiviral Cytokines

Same as for the cytokines IL-12 and IFN-y discussed in the previous paragraph, IL-2
and IL-18 are classified as antiviral cytokines [32,33]. The results are summarized in Table 5.

Table 5. Gene expression of antiviral cytokines measured with RT-qPCR: mean values of 12 blood
donors are listed; * p < 0.05; negative control (CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS),
SARS-CoV-2 spike trimer (SST), SARS-CoV-2 nucleoprotein (SNP), positive control (PHA).

Cytokine CTL VLPD VLPS SST SNP PHA
IL-2 1.0001 1.0835 1.0374 1.4260 1.2244 11.4364 *
IL-18 1.0001 1.0251 1.0267 0.9239 0.9422 0.3335 *

IL-2 is produced only by T cells and stimulates the proliferation and differentiation
of effector T cells [10]. Except for the positive control, IL-2 mRNA expression was not
significantly increased for any of the experimental conditions.

IL-18 is produced by various cells, but not by T cells. Nevertheless, it plays an
important role in the induction of the Th1l immune response by stimulating T cells to
produce IFN-y [10]. No significant difference in IL-18 mRNA expression was found
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between the different conditions by performing RT-qPCR, except for the PHA, where it
was significantly decreased.

3.2.4. RT-qPCR: Unclassified Cytokines/Chemokines

In the following section, the RT-qPCR results of the chemokine CXCL10 and the
cytokine IL-23 are shown. IL-23 could not be classified based on the available literature.
The results are summarized in Table 6.

Table 6. Gene expression of unclassified cytokines measured with RT-qPCR: mean values of 12 blood
donors are listed; * p < 0.05; negative control (CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS),
SARS-CoV-2 spike trimer (SST), SARS-CoV-2 nucleoprotein (SNP), positive control (PHA).

Cytokine CTL VLPD VLPS SST SNP PHA
IL-23 0.9998 1.5099 2.4363 1.3674 1.9487 1.2240
CXCL10 0.9999 1.6430 3.6965 41.4720 10.8317 * 108.3192 *

The chemokine CXCL10 is secreted by many cells of the inflamed tissue and recruits
Th1 cells which secrete IFN-y. CXCL10 has pro- and antifibrotic effects [34]. In the context
of SARS-CoV-2, the chemokine is considered a key chemokine for the COVID-19 cytokine
storm [9] and its secretion is stimulated by IL-6 [35]. In our study there was a difference
between the different conditions (F-statistic, p < 0.001). A significant upregulation of
CXCL10 mRNA was observed by the nucleoprotein (p = 0.034), in addition to the positive
control with PHA (p < 0.001). The mRNA levels were elevated, but not significant, upon
stimulation with VLP SARS (p = 0.112) and spike trimer (p = 0.062) (Figure 4).

IL-23 is not produced by T cells, but by macrophages and dendritic cells, and it plays
a role in Th17 differentiation [10]. No significant RT-qPCR results could be observed for
IL-23.

2.0 1

1.5 1

0.5 1

Log 10 (RQ of CXCL10 mRNA expression)
o
.

0.0 1 O

CTL VLPD VLPS SST SNP PHA

Figure 4. CXCL10 mRNA expression on a logarithmic scale, * p < 0.05; six conditions: negative control
(CTL), VLP dengue (VLPD), VLP SARS-CoV-2 (VLPS), SARS-CoV-2 spike trimer (SST), SARS-CoV-2
nucleoprotein (SNP), positive control (PHA).
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3.3. ELISA

ELISA was performed for the same cytokines as for the RT-qPCR, except for IL-13,
IL-18, and IL-22 (Table 7). Samples 1-4 and 8-12 were included. Protein concentrations
were measured after 24 h of culture, at the same time point as for the determination of
mRNA expression in RT-qPCR.

An elevation tendency in the cytokines IL-1p and IL-6 was observed under stimula-
tions with both formulations of the spike protein, with the nucleoprotein, but also with the
VLP dengue as well as with the positive control. This partly corresponds to the results of
RT-qPCR, where IL-13 and IL-6 mRNA expression was increased under the VLP SARS
condition, and was elevated under the remaining conditions on a non-significant level.
The significant increase in the mRNA level of CXCL10, however, was not reflected in the
protein concentration. Since the ELISA results were very heterogeneous, no statistical tests
were performed, and therefore no reliable conclusion can be obtained.

Table 7. Mean cytokine concentration values under the different conditions in [pg/mL]; each sample
was measured in duplicate; ND indicates not done.

Cytokine  Control DZnLgI;e SY&LIfS Tsrll)rlrl:r II:I:)Ctle(i(r)l PHA
IL-1p 4034 56.70 84.76 89.12 78.73 727.72
L2 2.84 0.33 0.54 463 0.93 185.69
IL-6 395.50 44731 562.64 515.65 488.089 1333.86
IL-10 6.18 771 8.49 7.68 9.19 118.37
IL-12 0 0 0 0 0 0
IL-13 ND ND ND ND ND ND
IL-17 0 0 0 0 0 56.43
IL-18 ND ND ND ND ND ND
IL-22 ND ND ND ND ND ND
IL-23 0 0 0 0 0 0
IFN-y 0 0 0 0 0 0
CXCL-10 54.90 43.06 4129 43.38 50.20 815.04
TGF-p 161.56 0 69.52 0 57.022 85.98
TNF-a 0 0 0 0 0 31.89

4. Discussion

The aim of this in vitro human study was to identify potentially fibrogenic cytokines,
including IL-13, IL-6, IL-13, IL-17, TNF-«, and TGF-f3, expressed by PBMC in response
to SARS-CoV-2 spike protein. In addition, a panel of other cytokines were investigated,
including potentially antifibrotic cytokines (IL10, IL-12, IL-22, and IFN-y) and antiviral
cytokines (IL-2, IL-12, IL-18, and IFN-y). Two formulations of SARS-CoV-2 spike protein
(recombinant spike trimer, VLPs containing recombinant spike protein), as well as corre-
sponding controls (no stimulus, PHA, SARS-CoV-2 nucleoprotein, and VLPs of dengue
virus) were applied as stimuli. Cytokine expression was measured by using RT-qPCR and
ELISA. In the RT-qPCR, two fibrogenic cytokines emerged with statistically significant re-
sults under stimulation with the spike protein. This was the case for IL-1f3 and IL-6 mRNA
expression under the VLP-SARS condition. Furthermore, CXCL10 mRNA expression was
increased by SARS-CoV-2 nucleoprotein stimulation.

The proliferation assay allowed us to identify the possible immune status of each
blood donor. It can be assumed that three out of twelve patients had been infected, two
were vaccinated, and four had never been in contact with the virus. For three blood donors,
we were not able to determine their immune status. To reliably evaluate the influence of



COVID 2023, 3

908

the immune status on cytokine mRNA expression and cytokine synthesis, we would need
to increase the sample size.

IL-1 mRNA expression was significantly increased in PBMC under the VLP SARS
condition (p < 0.001) and under the positive control condition (p < 0.001). This cytokine has
functions in the innate and adaptive immune responses, and has a proinflammatory effect.
It can induce the production of TNF-« and IL-6 and thus amplify the immune response [36].
In the context of SARS-CoV-2 infection, together with IL-6, IL-1f3 induces the expression
of hepatic acute phase proteins and causes fever [37]. In pulmonary fibrosis, increased
IL-1p expression is often accompanied by increased TNF expression. Both cytokines can
cause acute lung injury and contribute to the progression of fibrosis, among others, through
the stimulation of the profibrotic cytokine TGF-f3 [21]. Published studies showed that
IL-1p antagonists can attenuate the progression of fibrosis [21]. In the context of SARS-
CoV-2, IL-1p is, together with IL-6, one of the key cytokines in the genesis of the cytokine
storm [8] and is one of the cytokines most overexpressed in SARS-CoV-2 infection [38].
IL-1p3 plasma levels were significantly increased in intensive care unit (ICU) patients [39].
Karina et al. evaluated, in an interventional study, the effect of intravenous activated
autologous platelet-rich plasma containing an IL-1 receptor antagonist. This antagonist
reduced plasma IL-1f3 levels and lung injury in critically and severely ill patients, but not
to a statistically significant level [38]. Another possibility to intervene at the level of IL-13
is by using the recombinant IL-1 receptor antagonist anakinra, which is used in rheumatoid
arthritis [40]. At present, there is not enough evidence for this treatment in the context of
COVID-19 and more studies are needed [41].

In our study, a similar pattern was observed for IL-6 mRNA expression as for IL-1f3.
There was a significant increase under the condition VLP SARS (p = 0.003), accompanied
by a significant increase under PHA (p < 0.001). Under VLP dengue, the mRNA was
upregulated but did not reach significance (p = 0.055).

Upregulated by IL-13 and TNF-o action, IL-6 is one of the cytokines playing a key
role in the COVID-19 cytokine storm due to its pleotropic effects. The increased ANG II
concentration in COVID-19 patients may also lead to an upregulation of IL-6, which is a
required factor for Th17 cell proliferation [2,6]. In addition, IL-6 stimulates the secretion of
various chemokines, such as CCL2 or CXCLS8, which stimulate the production of vascular
endothelial growth factor (VEGF). VEGF in turn leads to higher vascular permeability. The
increased migration of immune cells in the lung tissue leads ultimately to decreased lung
function [35]. The production of the chemokine CXCL10 is also stimulated by IL-6 [35].
As for the cytokine IL-6, CXCL10 is correlated with disease severity [6,42]. IL-6 is a proin-
flammatory and profibrotic cytokine [2]. Together with elevated serum levels of other
proinflammatory cytokines, IL-6 level can predict the severity of lung injury [15]. A system-
atic review and meta-analysis of 22 studies showed a favorable effect on mortality when
treating patients with the IL-6 receptor antagonist tocilizumab [43]. Another study showed
that in critically ill COVID-19 ICU patients, a combined treatment with tocilizumab or
sarilumab and glucocorticoids resulted in an even greater treatment effect than tocilizumab
alone [44]. There is not enough evidence on how tocilizumab affects the risk for fibrosis.
Although IL-6 is implicated in pulmonary fibrosis development, according to some studies,
it may be that anti-IL-6 treatment puts patients at a higher risk of fibrosis [2]. In a bleomycin
(BLM)-induced lung fibrosis model in mice, IL-6 was shown to have pro- and antifibrotic
properties. The administration of an IL-6 neutralizing antibody in the early inflammatory
phase resulted in more pulmonary fibrosis; thereafter, the IL-6 antibody had a mitigating
effect [45].

In PCR results, CXCL10 was significantly upregulated under the nucleoprotein (p = 0.034)
and the positive control condition (p < 0.001). In our study, the nucleoprotein was added
exogenously. However, in virus-infected patients, the nucleoprotein would be expected to
be intracellularly expressed, and it is not known whether it is secreted onto the surface of
infected cells. The immune-regulatory effects of SARS-CoV-2 nucleoprotein (also called
nucleocapsid protein) have been well reviewed by Wang et al. (2022) [46]. However, it
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remains unclear how an intracellular viral protein may trigger a cellular signal and induce
the expression of certain cytokines when added onto the cell surface. Therefore, this
mechanism needs further investigation. Finally, CXCL10 mRNA levels for the condition
VLP SARS (p = 0.112) and spike trimer (p = 0.062) were elevated, but not to a significant
level. The secretion of CXCL10 is stimulated by IL-6 [35], and it is considered to be a key
chemokine involved in the COVID-19 cytokine storm [9]. Furthermore, high levels of this
chemokine are associated with a poor clinical prognosis, with severe disease progression
and ARDS [17,42]. Thus, CXCL10 represents a potential therapeutic target [42]. This
chemokine is suspected to play a role in neurological symptoms, such as taste loss. CXCL10
may contribute to liver and myocardial fibrosis [17]. Regarding pulmonary fibrosis, the role
of CXCL10 is not fully understood, even though there are some human studies and animal
models existing that investigate the role of CXCL10 in pulmonary fibrosis. For example, in
a BLM-induced lung fibrosis model in mice, by inhibiting a CXCL10-mediated fibroblast
response, an antifibrotic effect was observed [28], whereas, in human lung transplants,
a profibrotic effect was observed. Pulmonary fibrosis and subsequent organ failure are
causal in patients with chronic graft rejection. During this process, an upregulation of
CXCL10 has been detected in patients [29]. In an ARDS mouse model induced by influenza
virus, CXCL10-deficient mice developed less lung damage compared to the wild type [47].
Targeting this chemokine could have a beneficial effect on disease outcomes due to its role
in the COVID-19 cytokine storm and tissue damage. Interestingly, the antidiabetic drug
Sitagliptin of the dipeptidyl peptidase-4 (DPP4) inhibitor class reduces CXCL10 secretion.
It has been suggested that this drug can also be used in COVID-19 patients [17].

TGF-f3, together with metalloproteinase 1 and 7, is a major stimulus for pulmonary
fibrosis in COVID-19 patients [2]. In our study, no trend for TGF-3 was observed either in
mRNA expression in RT-qPCR, or at protein levels in ELISA results. The verification of this
finding may be achieved by including additional time points, such as after 48 h or 72 h of
cell culture.

SARS-CoV-2 has the capacity to inhibit the antiviral response, such as the downregu-
lation of IFN-y [12]. No trend in IFN-y expression was detected in our RT-qPCR results.
Additionally, the IFN-y protein concentration measured by ELISA did not allow for any
conclusions. As we were looking into the influence of the spike protein, by not using the
live virus, we can conclude that the spike protein probably does not have a direct effect on
the regulation of IFN-y and does not in this way suppress the antiviral response.

Regarding the ELISA results, no statistical analysis was performed due to the hetero-
geneity of the data. For IL-13 and IL-6, similar trends could be observed at protein levels
measured by ELISA, and mRNA expression measured by RT-qPCR. A CXCL10 mRNA
increase was detected by performing RT-qPCR. However, this was not the case regarding
the protein concentration, which was not elevated. However, for other cytokines, there was
a discrepancy comparing RT-qPCR and ELISA results. It can be assumed that in some cases
cytokine synthesis occurs with a time delay from mRNA transcription. In order to obtain a
better picture, it would be necessary to have more samples and more temporal measuring
points, such as after 24 h, 48 h, and 72 h.

In this study, the effect of different spike protein formulations (VLP SARS, spike
trimer) on cytokine expression by PBMC was investigated. The exact mechanism of how
the spike protein has an effect on PBMC is not clear and different receptors with an affinity
to the spike protein may play a role. A published study showed that the ACE2 receptor
expression on T lymphocytes is sufficiently high for the binding of the spike protein and
the subsequent viral infection of these cells [48]. Another study discussed a discrepancy
between virus tropism for specific cells and their ACE2 expression. In severe COVID-19
disease, there is also a high T cell infection rate. Other receptors, such as CD147, which are
expressed on T lymphocytes and have a high affinity for the spike protein, may also play a
role in virus binding and cell entry [49].

The VLP SARS formulation of the spike protein seems to induce a much stronger
reaction, resulting in significant gene expression of the mentioned fibrogenic cytokines, in
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comparison with the recombinant spike trimer. The reason for this discrepancy could be the
possibility of cross-linking several of the spike protein binding receptors in the case of the
VLP SARS formulation, where many spike trimer complexes are close together, integrated
in the membrane of the VLP. The cross-linking of membrane receptors at the surface of
cells has been shown for various receptors and ligands to induce or enhance intracellular
signaling and cellular responses, well known for FceRI on mast cells, and for other cells and
cellular processes [50-52], a principle often used by the immune system [53,54]. As VLP
SARS mimics the whole virus, and as the surface structure is concerned, our results may
also be valid for infectious virus particles, where multiple spike protein trimer complexes
are exposed and may cross-link corresponding receptors, not only inducing the uptake of
genomic viral RNA, but also triggering additional metabolic and gene regulatory signals
into the cell. On the other hand, a high concentration of spike protein circulating in the
blood or intercellular fluids may not induce strong inflammatory responses. However,
recently published research has indicated that the spike protein interacts with various host
cell receptors resulting in corresponding cell signaling [55-57].

5. Conclusions

In conclusion, through this in vitro human study, we showed that the expression of
fibrogenic cytokines by PBMC in response to SARS-CoV-2 spike protein could be induced.
For IL-1p and IL-6, a significant increase in their mRINA expression by spike protein
stimulation was observed. CXCL10 mRNA expression was increased by nucleoprotein
stimulation. All these cytokines have been previously shown to play an important role
in the cytokine storm, in the development of ARDS, and the progression to pulmonary
fibrosis. Additionally, these inflammatory mediators represent possible targets for COVID-
19 therapy. To study the influence of immune status on cytokine expression, more data are
needed. We assume, based on the experimental results, that the spike protein has a direct
effect on the expression of cytokines in immune cells. However, the underlying mechanisms
need to be studied more in detail. Finally, our results indicate that infectious virus particles
or soluble spike protein may activate immune cells in the capillaries and alveolar tissue of
the lungs directly through spike protein-dependent signaling, and induce the production of
inflammatory and fibrogenic cytokines that contribute to COVID-19-related lung fibrosis.
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