
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Remo Castro Russo,
Federal University of Minas Gerais, Brazil

REVIEWED BY

Juan-Juan Qin,
Renmin Hospital of Wuhan University, China
Marta Garcia-Contreras,
Massachusetts General Hospital and Harvard
Medical School, United States

*CORRESPONDENCE

Christoph Garbers

garbers.christoph@mh-hannover.de

RECEIVED 30 August 2024
ACCEPTED 12 December 2024

PUBLISHED 06 January 2025

CITATION

Lokau J, Garbers Y, Vicente MM, Dittrich A,
Meltendorf S, Lingel H, Münster-Kühnel AK,
Brunner-Weinzierl M and Garbers C (2025)
Long-term increase in soluble interleukin-6
receptor levels in convalescents after mild
COVID-19 infection.
Front. Immunol. 15:1488745.
doi: 10.3389/fimmu.2024.1488745

COPYRIGHT

© 2025 Lokau, Garbers, Vicente, Dittrich,
Meltendorf, Lingel, Münster-Kühnel,
Brunner-Weinzierl and Garbers. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 06 January 2025

DOI 10.3389/fimmu.2024.1488745
Long-term increase in soluble
interleukin-6 receptor levels
in convalescents after mild
COVID-19 infection
Juliane Lokau1,2, Yvonne Garbers3, Manuel M. Vicente1,
Anna Dittrich4, Stefan Meltendorf5, Holger Lingel5,
Anja K. Münster-Kühnel1, Monika Brunner-Weinzierl5

and Christoph Garbers1,2*

1Institute of Clinical Biochemistry, Hannover Medical School, Hannover, Germany, 2Department of
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Introduction: Serum levels of interleukin-6 (IL-6) are increased in COVID-19

patients. IL-6 is an effective therapeutic target in inflammatory diseases and

tocilizumab, a monoclonal antibody that blocks signaling via the IL-6 receptor

(IL-6R), is used to treat patients with severe COVID-19. However, the IL-6R exists

in membrane-bound and soluble forms (sIL-6R), and the sIL-6R in combination

with soluble glycoprotein 130 (sgp130) forms an IL-6-neutralizing buffer system

capable of neutralizing small amounts of IL-6.

Methods: In this study, we analyzed serum levels of IL-6, sIL-6R and sgp130 in

the serum of COVID-19 convalescent individuals with a history of mild COVID-19

disease and in acute severely ill COVID-19 patients compared to uninfected

control subjects. Furthermore, we used single cell RNA sequencing data in order

to determine which immune cell types are sources and targets of the individual

cytokines and whether their expression is altered in severe COVID-19 patients.

Results: We find that sIL-6R levels are not only increased in acute severely ill

patients, but also in convalescents after a mild COVID-19 infection. We show that

this increase in sIL-6R results in an enhanced capacity of the sIL-6R/sgp130

buffer system, but that significantly enhanced free IL-6 is still present due to an

overload of the buffer. Further, we identify IL-6 serum levels, age and the number

of known pre-existing medical conditions as crucial determinants of disease

outcome for the patients. We also show that IL-11 has no major systemic role in

COVID-19 patients and that sCD25 is only increased in acute severely ill

COVID-19 patients, but not in mild convalescent individuals.
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Discussion: In conclusion, our study shows long-lasting alterations of the IL-6

system after COVID-19 disease, which might be relevant when applying anti-IL-6

or anti-IL-6R therapy.
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Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease

caused by the severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) that originated from Wuhan, Hubei Province, China, in late

2019 (1). Declared a worldwide pandemic by the WHO shortly

afterwards, COVID-19 has caused more than 6 million deaths

worldwide to date. Despite serious efforts to prevent spreading of

the virus, including vaccination, temporarily closing of restaurants and

businesses, increased abilities to work from home, enforced reduction

of social contacts andmandatory wearing of face masks, infection rates

have been high most of the time since the beginning of the pandemic,

at least in part due to constant evolution of the virus (2).

Several risk factors are known to influence the morbidity and

mortality of the COVID-19 disease. Among them are male sex, age of

the patients (3–5), smoking (6, 7), being overweight (8) and pre-

existing medical conditions like hypertension or type 2 diabetes (6, 9)

among others.

Cytokines are small, secreted proteins that play critical roles in

health and disease. A typical hallmark of COVID-19 is the

production and release of several pro-inflammatory cytokines,

which help to sustain the inflammation and also contribute to

recruiting different immune cell types towards the lung (10).

Excessive production of such pro-inflammatory cytokines can

result in a hyperinflammatory syndrome, which is reminiscent of

e.g. the cytokine storm in patients undergoing CAR-T-cell therapy,

and associated with death of the patients (11). One of these pro-

inflammatory cytokines is interleukin-6 (IL-6), the name-giving

member of the IL-6 family of cytokines (12). Other family

members are IL-11, ciliary neurotrophic factor (CNTF), leukemia

inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin-1 (CT-1),

cardiotrophin-like cytokine (CLC), IL-27 and IL-31 (12). With the

exception of IL-31, they use the b-receptor glycoprotein 130 (gp130)

to activate intracellular signaling cascades in their target cells, most

notably the Janus kinase/signal transducer and activator of

transcription (Jak/STAT) pathway (13). While most of the family

members can bind to and activate their b-receptors directly, IL-6 and
IL-11 have to bind first to unique non-signaling a-receptors on their

target cells, which are termed IL-6 receptor (IL-6R) and IL-11R,

respectively (14). The resulting IL-6/IL-6R and IL-11/IL-11R

complexes then recruit a gp130 homodimer and induce signal

transduction. Due to the ubiquitous expression of gp130, the
02
expression patterns of IL-6R and IL-11R determine which cells

respond to the cytokines and which do not. Signaling via

membrane-bound IL-6R and IL-11R has been termed classic

signaling. In addition, soluble forms of both receptors have been

described which bind their ligands with the same affinity as their

membrane-tethered counterparts, and the sIL-6R/IL-6 and sIL-11R/

IL-11 complexes can bind to and activate gp130 homodimers equally

well (termed trans-signaling), thereby significantly widening the

spectrum of cells that can be activated by these cytokines (15–17).

The major mechanism to generate sIL-6R is proteolytic cleavage of

the membrane-bound precursor by the metalloproteases ADAM10

and ADAM17, while alternative splicing of the IL6R mRNA, which

generates sIL-6R via excision of the exon encoding the

transmembrane region, only accounts for up to 20% of sIL-6R (18).

sIL-11R appears to be generated exclusively by proteolysis, and

ADAM10 and RHBDL2 have been identified so far as responsible

proteases (19, 20). Serum levels of sIL-6R in healthy humans are

usually in the range of 20–70 ng/ml (21), while serum levels of sIL-

11R are lower (19). Furthermore, also soluble forms of gp130

(sgp130) exist, which are generated by both alternative splicing and

proteolytic cleavage (22–24), predominantly by the protease BACE1

(25). Sgp130 levels in human serum are usually in the range of 400

ng/ml (17). The functional roles of these soluble cytokine receptors

are still under investigation, but recent studies have provided

evidence that sIL-6R and sgp130 together form a sIL-6R/sgp130

buffer, which binds and thus eliminates low levels of circulating IL-6,

thereby counteracting low grade inflammation (24, 26, 27).

Importantly, soluble cytokine receptors exist not only within the

IL-6 family (28). We have recently shown that soluble IL-2Ra/CD25
(sIL-2Ra/sCD25) is also generated by proteolysis through ADAM10

and ADAM17 and able to modulate IL-2 signaling in T cells (29, 30).

IL-6 has important roles in tissue homeostasis and immune

responses, as it is e.g. crucial for regeneration of the gut epithelium,

regeneration of the liver after injury or the differentiation and

proliferation of different T cell subsets [reviewed in (31–33)].

Furthermore, it contributes to numerous inflammatory diseases and

is an important therapeutic target (31, 34). Several antibodies are used

in the clinics that either target IL-6 or the IL-6R with tocilizumab,

which targets the cytokine-binding site of the IL-6R, as the most

prominent example (34). The next generation of IL-6-blocking

therapeutics that selectively block only the trans-signaling pathway,

are currently in clinical studies (17, 35, 36). Given that IL-6 levels in the
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1488745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lokau et al. 10.3389/fimmu.2024.1488745
serum are predictors of COVID-19 severity (37), it is not surprising

that tocilizumab is used to treat COVID-19 patients (38–41). We have

previously shown that not only IL-6 is important in this regard, but

rather that e.g. high levels of IL-6, sIL-6R and sgp130 are independent

predictors of COVID-19 severity in survivor patients, whereas e.g. high

levels of IL-6 and low levels of sIL-6R and sgp130 were predictors of

death in a subgroup of patients with a very poor prognosis (42).

In the present study, we analyzed IL-6, IL-11, sIL-6R, sgp130

and sCD25 in the serum of healthy, uninfected subjects, in COVID-

19 convalescent individuals with a history of mild COVID-19

disease and in acute severely ill COVID-19 patients. We used

single cell RNA sequencing data in order to determine which

immune cell types are sources and targets of the individual

cytokines and whether their expression differs between the

groups. Further, we identify confounding factors that contribute

to differences between healthy and sick individuals.
Materials and methods

Study design and subjects

Serum samples of 49 healthy individuals who were not previously

exposed to SARS-CoV-2 (judged from no detectable symptoms and no

presence of SARS-CoV2 RNA or anti-SARS-CoV-2 antibodies) were

analyzed and compared to sera from 68 convalescent individuals after a

previous mild COVID-19 disease (mild symptoms that did not require

hospitalization during the acute disease) and 25 acutely ill COVID-19

patients with severe symptoms that were treated at the ICU at the time

of blood sampling. The convalescent and the healthy individuals were

examined from April to November 2020 (acquired with less than 10

infected persons per 100,000 inhabitants). The acutely ill COVID-19

patients were examined in December 2020 and January 2021. All

further details on the study design and the participating patients can be

found in previous publications (43, 44). All samples were collected

before vaccination against COVID-19 was available. Characteristics of

the three patients groups are also given in Table 1, and the cytokine

profile of the three groups is given in Table 2.
Enzyme-linked immunosorbent assays

For the detection of sIL-6R, sgp130, IL-11, and sCD25 in

human serum, DuoSet ELISA Kits (R&D System) were used
Frontiers in Immunology 03
according to manufacturers’ instructions. Where necessary,

samples were diluted to stay within the detection range of the

ELISA kit. The detection limits were as follows: 31.2 pg/ml IL-11,

6.2 ng/ml sIL-6R, 62.4 ng/ml sgp130, and 7.8 pg/ml sCD25. IL-6

serum levels have been published previously (43).
Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics

(Version 29). Normal distribution was evaluated by the Shapiro-

Wilk test and the Kolmogorow-Smirnow test. Spearman rank

correlation tests were used to evaluate the correlations between

protein serum levels, BMI, age, sex and the number of known pre-

existing conditions. One-way analyses of variances (ANOVA) for

all five serum proteins were applied. Consecutively, Tukey’s

multiple comparison tests (i.e., test of contrast-coefficients) as post

hoc analyses were used to test for differences between healthy

control participants and different groups of patients. Multiple

contrast-tests are superior to ANOVA and mean comparisons

with t-Tests in two samples regarding power and information

(45). All p-values are two-tailed, and a p-value below 0.05 was

considered as statistically significant.
Calculation of IL-6:sIL-6R and IL-6:sIL-6R:
sgp130 complexes

The mass action law was applied to estimate the concentrations

of the dimer of IL-6 and sIL-6R and the trimer of IL-6, sIL-6R and

sgp130 in serum. First, based on the measured amounts of IL-6 and

sIL-6R, the concentration of the IL-6:sIL-6R dimer was calculated.

In the next step, based on the result of this calculation and the

measured concentration of sgp130, the concentration of the

IL-6:sIL-6R:sgp130 trimer was calculated.

The equilibrium concentration of IL-6, sIL-6R and IL-6:sIL-6R

dimer is described by Equation 1,

KD1  ¼  
(½IL − 6� − ½Dimer�)( ½sIL − 6R� − ½Dimer�)

½Dimer� (1)

To calculate the concentration IL-6:sIL-6R dimers, Equation 1

was rearranged to [Dimer], which results in Equation 2,
TABLE 1 Characteristics of the study population.

HD MC ICU

Participants (n) 49 68 25

Age (years) 47.4 ± 2.4 48.2 ± 1.9 66.4 ± 2.4

Gender, male, n (%) 16 (32.7) 28 (41.2) 15 (60)

BMI (kg/m²) 24.8 ± 0.6 26.3 ± 0.6§ 26.7 ± 1.1
Data of the participants are shown as mean ± SEM. HD, healthy unexposed; MC, mild
COVID-19 convalescent; ICU, acute severe COVID-19; BMI, body mass index. §information
regarding BMI was only available for 65 patients.
TABLE 2 Serum profiles of the study participants.

Serum protein HD MC ICU

IL-6

sIL-6R

sgp130

IL-11
sCD25

14.7 ± 1.3
(0.6 ± 0.06)
11.0 ± 1.2

(291.4 ± 24.8)
252.1 ± 5.6
(2,525 ± 56.5)
389.3 ± 151.5
854.1 ± 82.7

21.9 ± 2.1
(0.9 ± 0.09)
17.2 ± 1.5

(344.1 ± 29.3)
248.7 ± 6.2
(2,492 ± 62.4)
210.7 ± 58.8
765.4 ± 43.0

186.1 ± 67.9
(7.9 ± 2.9)
26.2 ± 3.9

(523.8 ± 77.8)
267.6 ± 9.8
(2,681 ± 98.4)
161.7 ± 91.6

4,171.0 ± 793.5
Serum levels of IL-6 (pg/ml), soluble interleukin-6 receptor (sIL-6R, ng/ml) and soluble gp130
(sgp130, ng/ml), IL-11 (pg/ml) and sCD25 (pg/ml) in healthy unexposed (HD), mild COVID-
19 convalescent (MC) and acute severe COVID-19 patients (ICU). Values for IL-6, sIL-6R and
sgp130 are additionally shown in pM in brackets. Serum levels are shown as mean ± SEM.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1488745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lokau et al. 10.3389/fimmu.2024.1488745
½Dimer�  =  0:5 (½IL − 6� + ½sIL − 6R�  +  KD1)  

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½IL − 6�  +  ½sIL − 6R�  +  KD1

2

� �2

� ½IL − 6�½sIL − 6R�
s

(2)

Assuming that one sgp130 protein binds to one IL-6:sIL-6R

dimer, the concentration of the IL-6:sIL-6R:sgp130 trimer was

calculated accordingly using Equation 3.

½Trimer�  =  0:5 (½Dimer� + ½sgp130� +  KD2)  

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Dimer�  +  ½sgp130�  +  KD2

2

� �2

− ½Dimer�½sgp130�
s

(3)

Molar concentrations of IL-6 (23.7 kDa), sIL-6R (50 kDa),

and sgp130 (100 kDa) in serum were calculated for each patient

based on the molecular weights of the three proteins. The

dissociation constants of the IL-6:sIL-6R dimer and the IL-6:

sIL-6R:sgp130 trimer are KD1 = 0.5 nM (46) and KD2 = 0.05 nM

(47, 48), respectively.
Single-cell RNA sequencing
data processing

The publicly available single-cell RNA sequencing dataset of

PBMCs from COVID-19 patients and controls (49) was

downloaded from the fastgenomics repository (Schulte-

Schrepping_2020_COVID19_10x_PBMC dataset, as.h5ad file).

Quality control was performed using scanpy version 1.7.2 (50),

which included filtering out cells with fewer than 200 genes detected

and genes expressed in fewer than 3 cells. Clustering analysis and

cell type assignment information were used from the dataset. The

expression levels for genes of interest were interrogated and

visualized using scanpy’s built-in plotting functions. Differential
Frontiers in Immunology 04
gene expression analysis was done by normalizing the total raw

counts per cell, log transforming the data and performing the

comparison between “control” and “severe” groups, for specific

cell types, using scanpy’s built-in functions.
Results

IL-6 and sIL-6R, but not sgp130 serum
levels, are increased in acute severe
COVID-19 patients

The activity of IL-6 is controlled by sIL-6R and sgp130 proteins,

which are present in rather high amounts in human blood. The

amounts of sIL-6R and sgp130 remain mostly constant, even in

patients with inflammatory diseases (51). In contrast, only few pg/

ml IL-6 can be detected in healthy individuals, but these amounts

can rise by several orders of magnitude during inflammation and

infection (24). We have previously reported that the balance

between sIL-6R and sgp130, which form a buffer system to

neutralize small amounts of systemic IL-6, is disturbed in type 2

diabetes patients (27). We have additionally shown that such

alterations occur also in patients with severe COVID-19

infections (42). In order to investigate whether such a

phenomenon is also present in mild convalescent COVID-19

patients, we quantified IL-6, sIL-6R and sgp130 via ELISA in

serum samples from 49 healthy unexposed individuals (HD), 68

mild COVID-19 convalescents (MC) and 25 acute severe COVID-

19 patients (ICU, Table 1). As shown in Figure 1A, IL-6 levels were

expectedly low in the HD group (14.7 ± 1.3 pg/ml), only marginally

increased in the MC group (21.9 ± 2.1 pg/ml), but highly and

significantly elevated in the ICU group (186.1 ± 67.9 pg/ml,

p<0.0001, Tables 2, 3). Similarly, patients in the ICU group had

significantly increased sIL-6R serum levels (26.2 ± 3.9 ng/ml,
FIGURE 1

Serum levels of sIL-6R are increased in mild COVID-19 convalescent and acute severe COVID-19 patients. (A–C) Levels of (A) IL-6, (B) sIL-6R and
(C) sgp130 were determined by ELISA in serum samples of 49 healthy unexposed individuals (HD), 68 mild COVID-19 convalescent (MC) and 25
acute severe COVID-19 patients (ICU). Serum amounts of each individual are shown as dots. The mean is indicated by bar graph, and the error bars
denote SEM. Data were analyzed using one-way ANOVA followed by Tukey post-hoc test. The p values are shown above the respective diagrams as
follows: *p < 0.05; **p < 0.01; ****p < 0.0001. n.s. denotes no significant difference.
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p<0.0001, Figure 1B, Tables 2, 3) compared to the HD group (11.0 ±

1.2 ng/ml, Figure 1B). Importantly, sIL-6R levels were also

significantly increased in the MC group (17.2 ± 1.5 ng/ml,

Figure 1B), despite the fact that their COVID-19 infection had

caused only mild symptoms and was several months ago. When we

analyzed sgp130 serum levels in the same patient samples, no

significant differences between the HD group (252.1 ± 5.6 ng/ml),

the MC group (248.7 ± 6.2 ng/ml) and the ICU group (267.6 ± 9.8

ng/ml) were detected (Figure 1C). The significant main effects on

group serum levels remain significant even after controlling for

covariates (sex, age, BMI, quantity of previous illnesses). Only for

sIL-6R age was a significant covariate (F(1, 139) = 6,738*), but had

no impact on the main effect.

Previous studies reported both increased and decreased sgp130

levels in severe COVID-19 patients (42, 52). In summary, we find

that IL-6 and sIL-6R serum levels are significantly increased in acute

severe COVID-19 patients, and that increased sIL-6R levels can also

be detected in mild COVID-19 convalescents several months after

their infection, suggesting a long-term effect on sIL-6R generation,

and thus IL-6 function due to the altered buffer, in these patients.
Frontiers in Immunology 05
Part of the IL-6 in acute severe COVID-19
patients is inactivated in complexes with
sIL-6R and sgp130

Having shown that IL-6 and sIL-6R serum levels are increased

in acute severe COVID-19 patients, we sought to determine how

much of the IL-6 is trapped in inactive complexes and how much is

free and able to do harmful activities, thereby potentially

contributing to COVID-19 pathology. IL-6 binds to the sIL-6R

with an affinity of 500 pM (46), and the resulting IL-6/sIL-6R

complex binds to sgp130 with a higher affinity of 50 pM (47, 48).

Whereas the IL-6:sIL-6R complex acts as an agonist and constitutes

the pro-inflammatory part of the IL-6 biology (termed IL-6 trans-

signaling) (17), the tripartite complex IL-6:sIL-6R:sgp130 is

inactive, as it can no longer bind to cells in the body. Thus, not

the pure IL-6 and sIL-6R levels are important to determine the

possible impact of IL-6 and sIL-6R in a given disease, but rather

how much active IL-6:sIL-6R complex and how much free IL-6 is

present in the serum of a patient. In order to calculate this, we

converted the amounts of IL-6, sIL-6R and sgp130 from ng/ml into
FIGURE 2

Part of the IL-6 in acute severe COVID-19 patients is trapped in inactive complexes. (A, B) Complexes of (A) IL-6:sIL-6R and (B) IL-6:sIL-6R:sgp130
were calculated based on the picomolar values shown in Table 2 as described in Materials and Methods. The value of each individual is indicated, the
mean is shown by a bar graph, and the error bars denote SEM. (C) Based on the amount of IL-6 that is inactivated in the IL-6:sIL-6R and IL-6:sIL-6R:
sgp130 complexes, we calculated how much of the initial amounts of IL-6 was still free and not neutralized by complex formation. The value of
each individual is indicated, the mean is shown by a bar graph and the error bars denote SEM. (D) Based on the amount of the IL-6:sIL-6R:sgp130
complexes and the dissociation constant, we calculated how much free IL-6:sIL-6R complexes are available that will not be neutralized by sgp130.
The value of each individual is indicated, the mean is shown by a bar graph and the error bars denote SEM. Data were analyzed using one-way
ANOVA following Tukey post-hoc test. The p values are shown above the respective diagrams as follows: ****p < 0.0001. n.s. denotes no
significant difference.
TABLE 3 Inter-group comparison for the different serum proteins.

IL-6 IL-11 sIL-6R sgp130 sCD25

ANOVA§ F(2, 139) = 14.49*** F(2, 139) = 1.14 F(2, 139) = 11.99*** F(2, 139) = 1.49 F(2, 139) = 40.43***

HD vs. MC t(139) = -,271 t(139) =1,300 t(139) =-2,616 t(139) =,377 t(139) =,951

HD vs. ICU t(139) = -4.94*** t(139) = 1,263 t(139) = -4,871*** t(139) = -1,341 t(139) = -7,934***

MC vs. ICU t(139) = -4,973*** t(139) =,286 t(139) = -3,022* t(139) = -1,711 t(139) = -8,560***
Multivariate ANVOA and intergroup comparisons for IL-6, IL-11, sIL-6R, sgp130 and sCD25 levels in healthy unexposed (HD) vs. mild COVID-19 convalescent (MC), HD vs. acute severe
COVID-19 patients (ICU) and MC vs. ICU. §Only for sIL-6R, age is a significant covariate (F(1, 139) = 6,738*). None of the other covariates (sex, age, BMI, number of known pre-existing
conditions) had a significant impact on the main effect of group on serum levels. *p < 0.05 (two-tailed), ***p < 0.001 (two-tailed).
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pM (Table 1) and calculated first how much IL-6:sIL-6R complex

can be found in the patients. As shown in Figure 2A, unexposed

healthy controls had 0.17 ± 0.03 pM IL-6:sIL-6R complexes in their

serum. Serum levels of patients IL-6:sIL-6R complexes in the MC

group were higher (0.33 ± 0.04 pM), but this difference was not

statistically significant. In contrast, IL-6:sIL-6R complex levels were

significantly higher in ICU patients (3.09 ± 1.1 pM, p<0.001,

Figure 2A). This is caused by the increase in both IL-6 and sIL-

6R in these patients. Additionally, sIL-6R levels are always in molar

excess over IL-6 levels, and thus an increase in IL-6, which we have

seen in the ICU patients (Figure 1A), is the major driver of complex

formation. Afterwards, we determined the amounts of the trimeric

IL-6:sIL-6R:sgp130 complexes. As sgp130 levels are equal in all

three groups (Figure 1C), the tripartite complex follows the same

pattern with significantly elevated levels in ICU patients (3.04 ± 1.08

pM, p<0.001) compared to healthy controls (0.17 ± 0.02 pM) and

mild convalescent patients (0.32 ± 0.04 pM, Figure 2B).

Importantly, after calculation of the formed complexes, the free

IL-6 levels were still significantly elevated in the ICU patients (4.77

± 1.78 pM, p<0.0001) compared to healthy controls (0.45 ± 0.04

pM) and the mild convalescents (0.59 ± 0.06 pM, Figure 2C).

Similarly, trans-signaling competent IL-6:sIL-6R complexes were

still present after formation of the inactive tripartite complexes,

which were significantly increased in ICU patients (0.06 ± 0.02 pM,

p<0.0001) compared to healthy controls (0.003 ± 0.001 pM) and

mild convalescents (0.006 ± 0.001 pM, Figure 2D). In summary, our
Frontiers in Immunology 06
results show that ICU patients on the one hand have more IL-6 that

is inactivated in IL-6:sIL-6R:sgp130 complexes compared to the

other two groups, but on the other hand have still significantly more

free IL-6 and biologically active IL-6:sIL-6R complexes than healthy

controls and mild convalescents.
Analysis of immune cell subsets that
are involved in IL-6 signaling during
COVID-19 infection

Cytokines can only act on cells that express the required

receptors on their cell surface. Despite this fact, the question

which cell types express which cytokine receptors is still largely

unexplored, and whether the expression pattern of cytokine

receptors is altered during disease states is also unclear (24). In

order to obtain insights into this question, we used public single cell

RNA sequencing data of immune cells derived from peripheral

blood from severe COVID 19 patients and healthy controls

published previously (49). We used the same strategy to identify

different immune cell subsets as the original authors and analyzed

gene expression in 23 distinguishable immune cell subsets

(Figure 3A). Intriguingly, with the exception of one B cell subset

in the healthy controls, immune cells did not significantly express

IL6, which fits to the assumption that immune cells are not the only

source of IL-6 production [Figure 3B and (53)]. IL6R expression, in
FIGURE 3

Expression of IL6, IL6R and IL6ST in uninfected controls and severe COVID-19 patients. (A) UMAP visualization of scRNA-seq profiles of PBMCs from
49 COVID-19 samples and 22 control samples colored according to cell type classification (Louvain clustering), reference-based cell-type
annotation, and marker gene expression as described previously (49). (B-D) Expression of (B) IL6, (C) IL6R and (D) IL6ST in the 23 cell populations
illustrated in panel (A).
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1488745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lokau et al. 10.3389/fimmu.2024.1488745
contrast, was detected in monocytes, neutrophils and dendritic cells,

whereas expression in T and B cells was less pronounced. Moreover,

differential gene expression analysis revealed that IL6R expression

was significantly increased in total monocytes and reduced in

neutrophils of COVID-19 patients (Figure 3C; Supplementary

Figure S1). IL6ST, which encodes the signal-transducing receptor

gp130, was more uniformly expressed throughout the investigated

cell types and its expression was significantly downregulated in

neutrophils and upregulated in monocytes, CD4+ and CD8+ T cells

and B cells from severe COVID-19 patients (Figure 3D;

Supplementary Figure S1).
No major role for systemic IL-11 in
COVID-19 patients

Having found that IL-6 and sIL-6R serum levels are increased in

acute severe COVID-19 patients, we sought to investigate whether

this is a specific effect or whether similar proteins are also increased

in the serum of these patients. IL-11 is the closest related protein to

IL-6, as it belongs to the same cytokine family (12). IL-11 binds to a

unique non-signaling IL-11 receptor (IL-11R) before it, like IL-6,

recruits a homodimer of gp130 for signaling. Furthermore, previous

work had shown that several respiratory viruses, e.g. respiratory

syncytial virus (RSV), parainfluenza virus type 3 (PIV3) and

rhinovirus (RV) 14 were potent inducers of IL-11 (54). In order

to investigate whether COVID-19 infection would result in
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increased IL-11 levels, we first analyzed the above mentioned

single cell RNA sequencing dataset. Intriguingly, IL11 expression

was very low or completely absent in healthy and diseased

individuals (Figure 4A), which is also reflected by the very small

expression dots of the individual cell types (Figure 4B). When we

used a specific ELISA to detect IL-11 in the same serum samples we

had analyzed previously, we found no significant differences

between IL-11 serum levels in patients from the HD group (389.3

± 151.5 pg/ml), the MC group (210.7 ± 58.8 pg/ml) and the ICU

group (161.7 ± 91.6 pg/ml) (Figure 4C; Tables 2, 3). These findings

rule out a major role of IL-11 in COVID-19 infection and underline

that induction of IL-11 is not a uniform cellular response to

viral infection.
Serum levels of sCD25 are increased in
severe COVID-19 patients

We have recently shown that the soluble form of CD25 (sCD25)

is generated by proteolytic cleavage of the membrane-bound CD25

by the metalloproteases ADAM10 and ADAM17 (29). Because the

same proteases are responsible for the majority of the sIL-6R found in

human serum (18), we investigated CD25 expression and sCD25

levels in our cohorts. While CD25 expression in healthy individuals

was rather low and only moderately detectable in a distinct cell

population, the levels were strongly increased in severe COVID-19

patients, being significantly upregulated in CD4+ T cells [Figure 5A;
FIGURE 4

No major role for systemic IL-11 in COVID-19 infection. (A) UMAP visualization of scRNA-seq profiles of PBMCs from controls (upper panel) and
severe COVID-19 patients (lower panel) for IL11 expression. (B) Expression of IL11 in the 23 different cell populations. scRNA-seq have been
published previously (49). Please note that the low visibility of the dots is intended and reflects the low expression of IL11 compared to the proteins
analyzed in Figures 3, 5. (C) Levels of IL-11 were determined by ELISA in the serum samples of 49 healthy unexposed individuals (HD), 68 mild
COVID-19 convalescent (MC) and 25 acute severe COVID-19 patients (ICU). Serum amounts of each individual are shown as dots. The mean is
indicated by bar graph, and the error bars denote SEM. Data were analyzed using one-way ANOVA following Tukey post-hoc test. The p values are
shown above the respective diagrams as follows: n.s. denotes no significant difference.
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Supplementary Figure S1, (55)]. We further mapped the increased

expression to one B cell cluster (Figure 5B). When we analyzed

sCD25 levels via ELISA, there was no significant difference between

the HD group (854.1 ± 82.7 pg/ml) and the MC group (765.4 ± 43.0

pg/ml, Figure 5C, Tables 2, 3). However, sCD25 levels were

significantly increased in serum samples from the ICU group

compared to both the HD and the MC group, which is in good

agreement with previous results [p < 0.0001, Figure 3C, Tables 2, 3,
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(56)]. These results show that increased generation of soluble

cytokine receptors in severe COVID-19 patients is not restricted to

sIL-6R generation, but occurs for other cytokine receptors as well and

might even be a general phenomenon. However, in contrast to sIL-6R

(Figure 1B), we detected no increase in sCD25 in the MC group

compared to healthy controls, which might be caused by different

transcriptional and post-transcriptional mechanisms controlling

expression and/or proteolysis of the two cytokine receptors.
TABLE 4 Determination of relevant correlations between disease state, serum proteins and/or possible confounders in all three groups.

Group Sex Age BMI #PEC IL-6 IL-11 sIL-6R sgp130

Group – – – – – – – – –

Sex* -.18* – – – – – – – –

Age .33** -.28** – – – – – – –

BMI† .15 -.23** .16 – – – – – –

#PEC‡ .42** .02 .38** .30** – – – – –

IL-6 .50** -.07 .21* .07 .25** – – – –

IL-11 -.02 .12 -.15 -.19* -.12 .07 – – –

sIL-6R .33** -.13 .31** .13 .21* .14 -.12 – –

sgp130 .09 -.25** .35** .03 .09 -.06 -.02 .34** –

sCD25 .35** -.13 .32** .13 .29** .27** .20* .12 .19*
Correlation analysis of disease state (group: 0 = HD, 1 = MC, 2 = ICU) with possible confounders and levels of serum proteins. *0 = male, 1 = female; †body mass index; ‡number of known pre-
existing conditions. *p < 0.05 (two-tailed), **p < 0.01 (two-tailed).
FIGURE 5

Serum levels of sCD25 are increased in severe COVID-19 patients. (A) UMAP visualization of scRNA-seq profiles of PBMCs from controls (upper
panel) and severe COVID-19 patients (lower panel) for CD25 expression. (B) Expression of CD25 in the 23 different cell populations. scRNA-seq have
been published previously (49). (C) Levels of sCD25 were determined by ELISA in the serum samples of 49 healthy unexposed individuals (HD), 68
mild COVID-19 convalescent (MC) and 25 acute severe COVID-19 patients (ICU). Serum amounts of each individual are shown as dots. The mean is
indicated by bar graph, and the error bars denote SEM. Data were analyzed using one-way ANOVA following Tukey post-hoc test. The p values are
shown above the respective diagrams as follows: ****p < 0.0001. n.s. denotes no significant difference.
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Determination of relevant correlations
between disease state, serum proteins and
possible confounders

Our data so far revealed differences for several serum proteins

between healthy controls, mild convalescent and severely ill

COVID-19 patients (Table 3). In order to determine how these

data are correlated to possible confounders like age, sex, body mass

index (BMI) or the number of known pre-existing conditions

(Table 1), we coded the disease state (meaning whether the

sample was from the HC, MC or ICU group) as one variable and

performed a correlation analysis. We observed a positive correlation

of the disease state with the age of the patients (r=0.33, p<0.01) and

the number of known pre-existing conditions (r=0.42, p<0.01,

Table 4). The numbers of known pre-existing conditions also

highly correlated with the age (r=0.38, p<0.01) and the BMI of

the patient (r=0.3, p<0.01, Table 4). These findings fit to previous

studies showing that older age, higher body weight and known

diseases increase the likelihood to experience a severe COVID-19

infection (6). We also noted significant correlations between the

disease state and IL-6 serum levels (r=0.5, p<0.01), sIL-6R serum

levels (r=0.33, p<0.01) and sCD25 levels (r=0.35, p<0.01), which is

expected by our analysis shown in Figures 1, 2. These correlations

remain significant after controlling for the possible confounders

(sex, age, BMI, quantity of previous illnesses). Intriguingly, the

number of known pre-existing conditions was also highly correlated

with IL-6 (r=0.25, p<0.01), sIL-6R (r=0.21, p<0.05) and sgp130

(r=0.29, p<0.01, Table 4) serum levels, underlining that pre-existing

diseases are an important predictor of COVID-19 disease course.

Interestingly, serum levels of IL-6 (r=0.21, p<0.05), sIL-6R

(r=0.31, p<0.01) and sgp130 (p=0.35, r<0.01, Table 4) were

positively correlated with age, a correlation that we had previously

not observed for these proteins in type 2 diabetes patients (27).

Additionally, IL-11 was recently shown to be an important regulator

for systemic adipogenesis (57), and the only significant factor that

was correlated to IL-11 serum levels in our samples was the BMI

(r=-0.19, p<0.05, Table 4). Importantly, sIL-6R levels were
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significantly correlated with sgp130 levels (r=0.34, p<0.01, Table 4),

which we had also previously seen in healthy individuals as well as

patients with type 2 diabetes and which led us to conclude that these

two proteins constitute a natural occurring buffer system that is able

to neutralize low amounts of IL-6 in the circulation (27).
Determination of relevant correlations
between serum proteins and
possible confounders

Because it is challenging to determine correlations between three

groups, we now analyzed COVID-19 patients (combining the MC

and the ICU) and healthy controls separately regarding correlations

with confounding factors. The number of known pre-existing

conditions was still highly correlated with age (r=0.44, p<0.01) and

BMI (r=0.33, r<0.01, Table 5) among people infected with

COVID-19, but this was not the case for the healthy unexposed

controls (Table 5). IL-6 serum levels in the patients correlated with

age (r=0.29, p<0.01) and the number of known pre-existing

conditions (r=0.26, p<0.05, Table 5), which was both not the case

for the healthy unexposed controls, underlining that IL-6 levels are

only relevant under pathological conditions (Table 5). We further

observed significant correlations of IL-11 serum levels with sex

(r=0.31, p<0.01) and inverse correlations with age (r=-0.34, p<0.01)

and BMI (r=-0.24, p<0.05, Table 5). Again, such correlations were not

detected in the healthy control samples (Table 5). In contrast, the

correlation of sIL-6R serum levels with age was seen in patients

(r=0.21, p<0.05) and even stronger in healthy controls (r=0.44,

p<0.01, Table 5). Furthermore, sIL-6R serum levels significantly

correlated with sgp130 levels, both in patients (r=0.3, p<0.01) and

in healthy individuals (r=0.48, p<0.001, Table 5). Serum levels of

sCD25 correlated significantly in COVID-19 patients with age

(r=0.42, p<0.01), the number of known pre-existing conditions

(r=0.37, p<0.01) and the IL-6 serum levels (r=0,29, p<0.01,

Table 5). None of these correlations were detected in the healthy

unexposed controls. In summary, these data clearly show that
TABLE 5 Determination of relevant correlations between serum proteins and/or possible confounders.

Sex Age BMI #PEC IL-6 IL-11 sIL-6R sgp130 sCD25

Sex* – -.23* -.12 .01 -.05 .31** -.04 -.29** -.20

Age -.35* – .17 .44** .29** -.34** .21* .31** .42**

BMI† -.40** .10 – .33** -.01 -.24* .17 .12 .11

#PEC‡ .14 .11 .16 – .26* -.14 .18 .18 .37**

IL-6 .01 .02 .06 -.09 – -.02 .03 -.07 .29**

IL-11 -.24 .20 -.14 -.13 .23 – -.21* -.14 .14

sIL-6R -.22 .44** -.02 .11 .08 .05 – .30** .18

sgp130 -.15 .45** -.12 -.10 -.04 .20 .48*** – .19

sCD25 .11 .09 .14 .03 .23 .30* -.10 .14 –
Correlation analysis of COVID-19 patients (above diagonal, n = 99) and healthy unexposed controls (below diagonal, n = 49). *0 = male, 1 = female; †body mass index; ‡number of known pre-
existing conditions. *p < 0.05 (two-tailed), **p < 0.01 (two-tailed), ***p < 0.001 (two-tailed).
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confounding factors that correlate with serum levels of different

analyzed proteins can be differentiated between COVID-19 patients

and healthy controls that have not been infected with SARS-CoV-2.
Determination of correlations
between proteins and confounders in
COVID-19 patients

Having shown these differences between patients and healthy

controls, we next sought to determine whether correlations differed

between mild COVID-19 convalescent (MC group) and acute

severe COVID-19 patients (ICU group). In the MC group, the

number of known pre-existing conditions was still significantly

correlated with both the age (r=0.31, p<0.05) and the BMI (r=0.31,

p<0.05, Table 6) of the patients, whereas in the ICU group only the

BMI correlated with the pre-existing conditions (r=0.45, p<0.05,

Table 6). Interestingly, the IL-11 serum levels in the MC group

correlated significantly with sex (r=0.26, p<0.05) and were inversely

correlated with age (r=-0.41, p<0.01) and BMI (r=-0.38, p<0.01,

Table 6). A significant correlation between sIL-6R and sgp130

serum levels were detected in ICU patients (r=0.41, p<0.05,

Table 5), but not in the convalescent patients (r=0.24, p>0.05,

Table 6). Furthermore, IL-6 and sIL-6R serum levels were

significantly inversely correlated in acute severe COVID-19

patients (r=-0.44, p<0.05, Table 6).

In conclusion, our analysis shows that the serum profiles of mild

convalescent and acute severe COVID-19 patients differ significantly.
Discussion

The contribution of pro-inflammatory cytokines to the disease

outcome in patients infected with SARS-CoV-2 has been identified

within the first months of the pandemic, and especially the

increased levels of IL-6 have been acknowledged to be of

particular importance (58). IL-6 serves not only as a biomarker

that is able to discriminate between patients with a mild and a
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severe disease course, but offers also an opportunity for therapeutic

intervention. Accordingly, the first example of an effective

treatment of severe COVID-19 patients through the blockade of

IL-6R signaling with the monoclonal antibody tocilizumab was

already published in May 2020 (59). However, IL-6 has multiple

other functions despite its pro-inflammatory properties and

contributes to tissue homeostasis and defense against pathogens,

making IL-6 inhibition not a suitable approach for hospitalized

patients in general, but rather only for severe cases (60).

In line with these previous findings, our cohorts showed

increased levels of IL-6, especially in the ICU group (43).

Furthermore, we observed increased sIL-6R levels not only in the

ICU group, but also in the MC group, whereas sgp130 levels were

not altered. We have previously postulated and shown that sIL-6R

and sgp130 together form a buffer system that is able to bind and

thus neutralize free circulating IL-6 (26, 27). The capacity of this

buffer system is limited by the concentration of the sIL-6R, as

sgp130 is always present in a molar excess compared to sIL-6R. The

increased sIL-6R levels in the ICU group therefore increases the

capacity of the buffer to neutralize IL-6. When we calculated the

corresponding complexes accordingly, we found significantly more

IL-6:sIL-6R complexes and significantly more IL-6:sIL-6R:sgp130

complexes, confirming that the increase in sIL-6R in the end

resulted in more neutralized IL-6. However, due to the very high

IL-6 levels in these patients, the buffer system is not capable of

neutralizing all IL-6 molecules, and therefore there is still

significantly more free IL-6 and biologically active IL-6:sIL-6R

complexes in the ICU patients compared to the other groups,

which is in line with clinical findings that especially in severe

cases tocilizumab is an effective treatment (39, 40, 59). Thus, in

contrast to our study on type 2 diabetes, in which the sIL-6R/sgp130

buffer system was disturbed (27), we observe no such effect in

COVID-19 patients.

Our most important finding is a significant increase in sIL-6R in

the MC group, which points to long lasting responses of the protease/

cytokine receptor system even after the underlying SARS-CoV-2

infection has been resolved. Indeed, such an effect has also been seen

for IL-22 in the same cohort (43). Importantly, this appears not a
TABLE 6 Determination of relevant correlations between serum proteins and/or possible confounders only in COVID-19 patients.

Sex Age BMI #PEC IL-6 IL-11 sIL-6R sgp130 sCD25

Sex* – -.12 -.11 .19 .15 .26* -.09 -.35** -.11

Age -.34 – .27* .31* -.02 -.41** .23 .28* .06

BMI† -.13 -.10 – .31* -.01 -.38** .07 .16 .11

#PEC‡ -.24 -.12 .45* – .15 -.14 .11 .09 .05

IL-6 -.35 .37 -.14 -.34 – .07 .01 -.10 -.09

IL-11 .41* -.05 .21 -.01 -.07 – -.31* -.14 .27*

sIL-6R .20 -.13 .38 .16 -.44* .04 – .24 .10

sgp130 -.05 .38 .06 .32 -.30 -.12 .41* – .13

sCD25 -.16 .48* .06 .35 .04 .14 -.11 .40 –
Correlation analysis of mild COVID-19 convalescent (MC, above diagonal, n = 68) and acute severe COVID-19 patients (ICU, below diagonal, n = 25). *0 = male, 1 = female; †body mass index;
‡number of known pre-existing conditions. *p < 0.05 (two-tailed), **p < 0.01 (two-tailed).
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general phenomenon seen for all cytokine receptors, as we did not

observe such a long lasting effect on sCD25, which is generated by the

same proteases as the sIL-6R (29, 61). From our data, we cannot

definitely determine the molecular mechanism behind this. We could

not detect a major transcriptional up-regulation of the IL6R mRNA

in immune cells from COVID-19 patients (Supplementary Figure

S1), and as the major mechanism of sIL-6R generation is proteolysis

(18), the increase in sIL-6R in both patient groups is therefore most

likely due to enhanced proteolysis, which is in line with a previous

study showing more IL-6R shedding induced by the SARS-CoV-2

spike protein (62). It is unclear which functional consequences the

long-term elevated sIL-6R levels have in addition to the increased

buffer capacity mentioned above. The single nucleotide

polymorphism rs2228145, which results in the exchange of amino-

acid residue Asp-358 to Ala-358 of the IL-6R and which makes the

IL-6R more susceptible to proteolysis by the protease ADAM17 (63),

results in increased sIL-6R serum levels in individuals which are

homozygous for the minor allele (64). These individuals have reduced

C-reactive protein concentrations and decreased odds of coronary

heart disease events (65, 66). This example underlines the anti-

inflammatory effect of increased sIL-6R levels.

We further observed an upregulation of CD25 expression on

CD4+ T cells from ICU patients along with increased sCD25 in the

ICU group. Our previous data showed that enhanced expression of

CD25 on T cells automatically results in more sCD25 due to

cleavage (29), and this fits nicely to our data from ICU patients

and is in accordance with previous work (67). How the differences

between sIL-6R and sCD25 levels in the convalescent patients occur

is currently unclear und requires further investigation.

In contrast to IL-6, we observed no increase in serum levels of

IL-11 in COVID-19 patients. Interestingly, a recent study showed

that expression of the proteins ORF6, ORF8, ORF9b or ORF9c from

SARS-CoV-2 in A549 cells induces the expression of IL11 and

contributes to pro-fibrotic effects (68). This is not necessarily a

contradiction, as cytokines are known to act locally and reach much

higher concentrations at sites of infection or inflammation than in

the general circulation as reflected in the serum levels that we

analyzed in our study. Further studies using e.g. bronchoalveolar

lavage or even tissue biopsies from patients would be able to

determine whether IL-11 might be present in higher amounts

locally in the lung tissue of COVID-19 patients and thereby

contribute to inflammatory or pro-fibrotic processes.

Our study has limitations, especially the rather small number

of participants in each group. However, we were able to replicate

the influence of known confounders like age, sex, BMI and pre-

existing medical conditions that have been identified in previous,

larger studies, underlining that our cohorts studied here are

suitable to draw solid conclusions. Furthermore, we were able to

determine novel correlations between the different serum proteins

investigated in this study that have not been determined

previously and which will be helpful to design better therapeutic

approaches targeting IL-6/IL-6R signaling than simply blocking

all IL-6R using tocilizumab.

In conclusion, we provide evidence that an increase in sIL-6R

levels is not only present in severely ill COVID-19 patients, but that

this increase is also detectable in convalescent patients after a mild
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disease. This increase in sIL-6R results in more IL-6 that is

neutralized in IL-6:sIL-6R:sgp130 complexes, but the high IL-6

levels in the ICU patients lead to an overload of the sIL-6R/

sgp130 buffer system, resulting in still more free IL-6 and

biologically active IL-6:sIL-6R complexes in ICU patients

compared to MC and healthy controls.
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SUPPLEMENTARY FIGURE 1

Differential gene expression analysis. (A-E) Shown are the log2-transformed

fold-changes in relation to the negative log10-transformed adjusted p-values
for IL6ST, IL6R and IL2RA in (A) monocytes, (B) neutrophils, (C) CD4+ T cells,

(D) CD8+ T cells and (E) B cells. Genes above the dashed line are significantly
regulated. scRNA-seq have been published previously (49).
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