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Summary
Background SARS-CoV-2 infection is considered as a relapsing inflammatory process with a dysregulation of IL-6
signalling. Classic IL-6 signalling is thought to represent a defence mechanism against pathogens. In contrast,
IL-6 trans-signalling has pro-inflammatory effects. In severe COVID-19, therapeutic strategies have focused on
global inhibition of IL-6, with controversial results. We hypothesized that specific blockade of IL-6 trans-signalling
could inhibit inflammatory response preserving the host defence activity inherent to IL-6 classic signalling.

Methods To test the role of the specific IL-6 trans-signalling inhibition by sgp130Fc in short- and long-term
consequences of COVID-19, we used the established K18-hACE2 transgenic mouse model. Histological as well as
immunohistochemical analysis, and pro-inflammatory marker profiling were performed. To investigate IL-6 trans-
signalling in human cells we used primary lung microvascular endothelial cells and fibroblasts in the presence/
absence of sgp130Fc.

Findings We report that targeting IL-6 trans-signalling by sgp130Fc attenuated SARS-CoV-2-related clinical
symptoms and mortality. In surviving mice, the treatment caused a significant decrease in lung damage.
In vitro, IL-6 trans-signalling induced strong and persisting JAK1/STAT3 activation in endothelial cells and lung
fibroblasts with proinflammatory effects, which were attenuated by sgp130Fc. Our data also suggest that in
those cells with scant amounts of IL-6R, the induction of gp130 and IL-6 by IL-6:sIL-6R complex sustains IL-6
trans-signalling.

Interpretation IL-6 trans-signalling fosters progression of COVID-19, and suggests that specific blockade of this
signalling mode could offer a promising alternative to mitigate both short- and long-term consequences without
affecting the beneficial effects of IL-6 classic signalling. These results have implications for the development of
new therapies of lung injury and endotheliopathy in COVID-19.
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Research in context

Evidence before this study
New strategies specifically blocking different modes of IL-6
signalling by small molecules and antibodies represent
promising alternatives for the management of inflammatory
diseases. IL-6 trans-signalling is recognized as the
predominant pathway by which IL-6 promotes disease
pathogenesis and development. The importance of IL-6 trans-
signalling in SARS-CoV-2 infection has been suggested but
must be thoroughly investigated. Selective targeting of IL-6
trans-signalling could offer advantages, such as reduced
infections, over global IL-6 blockade in COVID-19.

Added value of this study
The study provides evidence of the beneficial effect of IL-6
trans-signalling inhibition in short- and long-term
consequences of SARS-CoV-2 infection in vivo. In mice, the

specific IL-6 trans-signalling inhibitor, sgp130Fc, reduced
mortality and symptomatology caused by the infection.
Furthermore, the treatment attenuated lung injury in
surviving mice. In vitro, we demonstrated that sgp130Fc
inhibited IL-6 trans-signalling effects on primary human lung
microvascular endothelial cells and lung fibroblasts. Our data
also suggest that gp130 induction could sustain IL-6 trans-
signalling in cells with scant amounts of IL-6R.

Implications of all the available evidence
Our results demonstrating the implication of IL-6 trans-
signalling in COVID-19 could help to understand the
pathogenesis and progression of the disease. Our findings
support the use of therapies focused on the specific blockade
of IL-6 trans-signalling to mitigate both, acute phase and
long-term consequences of COVID-19.
Introduction
SARS-CoV-2 triggered the dreadful global pandemic
coronavirus disease 2019 (COVID-19) at the end of
2019. Although widespread vaccination has made clini-
cally less deadly,1 there is currently no established an
effective therapy for it. Additional research is still
imperative in order to find a reliable treatment and to
mitigate short and long-term consequences.

One of the main characteristics of SARS-CoV-2
infection is the intense inflammation,2 together with
thrombotic incidents and coagulopathy,3 particularly in
those who have severe sickness. Lung pathologies
include diffuse lung alveolar damage with neutrophils
and macrophages that cause alveolar-capillary barrier
dysfunction.4 It has been reported that endotheliopathy
observed in COVID-19 results from both direct mech-
anisms of virus infection,5 and indirect mechanisms
such as massive release of cytokines,6 among others
interleukin (IL)-6, IL1-β and tumour necrosis factor
(TNF-α).7 Research efforts have partially allowed the
understanding of the pathophysiology of SARS-CoV-2
infection; however, key questions regarding factors
implicated in the fatal outcomes of the disease remain
incompletely known.

IL-6 is a key cytokine of inflammatory states. IL-6
signal transduction starts by the binding to membrane-
bound form of the IL-6 receptor (IL-6R) or its soluble
form (sIL-6R), generated by proteolytic shedding in tis-
sues expressing membrane IL-6R or by alternative
splicing. In both events, those complexes of IL-6 bind to
the membrane signal transducer glycoprotein 130
(gp130), expressed in all cells. In the classical signalling,
the activity provoked by IL-6 and membrane IL-6R results
in a homeostatic, protective, anti-inflammatory effect,
representing a defence mechanism against pathogens. In
contrast, activity of IL-6 with sIL-6R has pro-inflammatory
effects and is known as trans-signalling.8 Emerging evi-
dence reveals that IL-6 trans-signalling plays a key role in
inflammation, endothelial cell activation, coagulopathy
and thrombosis observed in fatal COVID-19.9,10 In this
context, we have previously reported the importance of
analysing IL-6 signalling components in serum to iden-
tify patients at risk of fatal COVID-19. High levels of IL-6,
sIL-6R, soluble (s)gp130 and [IL-6:sIL-6R]/[IL-6:sIL-
6R:sgp130] complex ratio were independent predictors
of severity and mortality. We demonstrated that a com-
bined analysis of IL-6 signalling components offers an
accurate and robust model to predict severity.11 The study
was in line with the concept that interactions between IL-
6 and its receptors have a direct impact on the different
modes of signalling. Thus, the evaluation of those com-
ponents is crucial to ensure an appropriate and valid
interpretation of serum IL-6 levels. Remarkably, only
studies with a global blockade of both IL-6 classic and
trans-signalling with IL-6R neutralizing monoclonal an-
tibodies as sarilumab and tocilizumab have been reported
in COVID-19, showing beneficial effects on survival
rates.12–15 Nevertheless, this global blockade of IL-6 may
predispose patients to an increased risk of infections.16,17

The specific inhibition of IL-6 trans-signalling could
constitute an alternative option with beneficial effects.
Hence, we hypothesized that therapies targeting IL-6
trans-signalling in patients with COVID-19, could block
inflammation preserving the physiologic and host
defence activities inherent to classic IL-6 signalling.
Indeed, there are preclinical studies of neoplastic and
human autoimmune diseases wherein the specific
blockade of IL-6 trans-signalling has clear advantages
www.thelancet.com Vol 103 May, 2024
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over global blockade of IL-6. To note, sgp130Fc only
bounds IL-6 in the presence of sIL-6R, therefore inhib-
iting IL-6 trans-signalling while conserving classic sig-
nalling. This specific inhibitor has demonstrated
therapeutic potential in different preclinical models.18

New sgp130Fc variants have emerged as a great prom-
ise for therapy such as olamkicept for inflammatory
bowel disease, in clinical trials.19,20 Experimental mole-
cules such as the designer protein c19s130Fc, which
blocks SARS-CoV-2 viral infection and IL-6 trans-signal-
ling, have been proven in vitro.21

The K18-hACE2 transgenic mouse infected with
SARS-CoV-2 is recognized as a valuable model for
investigating the pathological mechanisms of COVID-
19. Indeed, this model closely displays the COVID-19
phenotypes observed in the intensive care unit,22 with
lung inflammation, multiorgan failure and dead, and it
is widely used to assess novel therapeutic
approaches.23–27 Here, using this established model, we
demonstrate that targeting IL-6 trans-signalling by
sgp130Fc attenuates SARS-CoV-2-related clinical symp-
toms and mortality. Moreover, in surviving mice the
treatment reduces lung damage. Importantly, our
in vitro studies show that IL-6 trans-signalling induces
strong and persisting Janus kinase1/signal transducer
and activator of transcription3 (JAK1/STAT3) activation
on endothelial cells and lung fibroblasts with proin-
flammatory effects, partially attenuated by sgp130Fc.
Overall, this study reveals that IL-6 trans-signalling is
implicated in the pathogenesis and progression of
COVID-19, and suggests that specific blockade of this
signalling mode could offer a promising alternative to
mitigate both, acute phase and long-term consequences
of this disease. These results have implications in the
clinical management of COVID-19 and in the develop-
ment of new therapies.
Methods
Animal experiments
K18-hACE2 humanized mice (SN34860-B6.Cg-Tg (K18-
ACE2)2Prlmn/J) were obtained from The Jackson Lab-
oratory. This mouse strain has been previously used as a
model for SARS-CoV-2-induced disease and it presents
biochemical and lung pathological changes compatible
with human severe disease.23–27 Eight-month-old male
K18-hACE2 transgenic mice were inoculated intrana-
sally with 25 μL of Modified Eagle Medium (MEM)
containing 1 × 104 plaque forming units (PFU) of SARS-
CoV-2. To note, only male animals were used due to the
existing evidence supporting the notion that SARS-CoV-
2 infected male mice display higher mortality than fe-
male, which reflects the epidemiological data regarding
COVID-19.28,29 Sample size of 17 animals/group were
determined using Library Trial Size for sample size
calculation in clinical research (R package), using the
function: TwoSampleproportion.Equality. We accepted
www.thelancet.com Vol 103 May, 2024
an alpha risk of 0.05 and a beta risk of 0.10 and antici-
pated mortality of 60% and 25% in untreated and
treated groups, respectively. Mice were randomly
distributed in two groups: SARS-CoV-2-infected (n = 17)
and SARS-CoV-2-infected and sgp130Fc-treated mice
(n = 18). Moreover, a control group (mock, non-infected,
n = 4). sgp130Fc was used at the dose of 1 mg/kg, as it
has been previously reported and only inhibits trans-
signalling,30 and administered by intraperitoneal injec-
tion (i.p.) twice: at two and eight days after virus
inoculation. Mock and untreated infected animals
received phosphate buffered saline (PBS) as vehicle i.p.
Mouse weight and health were monitored daily, up to 15
days post infection (dpi) (end of experiment) or until
they reached end-point criteria (body weight loss >20%
or >13%–16% together with other symptoms related to
breathing rate (dyspnoea), appearance (hunched
posture, piloerection and eye closure), and behaviour
(lethargy/staggering and non-response to stimuli). Data
were obtained from two independent experiments. All
experiments with SARS-CoV-2 were performed in a
Biosafety level 3 (BSL3) Laboratory at the Veterinary
Health Surveillance Center (VISAVET, Complutense
University of Madrid), after two weeks of acclimatisation
period.

Ethics
Animal experiments with virus infection were carried
out conformed to the Guide for the Care and Use of
Laboratory Animals published by the National Academy
of Sciences in accordance with the Spanish legislation
(BOE 34/2013), EU Directive 2010/63/EU. The protocol
was approved by the animal ethics committee of
Comunidad de Madrid (PROEX 087.0/21).

Virus and sgp130Fc
SARS-CoV-2 virus (isolate Navarra-2473) was obtained
from nasopharyngeal swab of a patient with COVID-19
hospitalized in the University of Navarra Clinic (Pam-
plona, Spain) in April 2020, after obtaining written
informed consent and acquiring the necessary Regional
Government permits, as it has been previously re-
ported.27,31 Initially, the virus sample was used to infect
Vero-E6 cells (ATCC® CRL-1586™, RRID:CVCL_0574)
which were grown with MEM containing 10% foetal
bovine serum (FBS) and antibiotics. Cell supernatants
were collected at 48 h post-inoculation and titrated using
a lysis plate assay in Vero-E6 cell monolayers, resulting
in a titter of 4.3 × 107 PFU/mL. The viral stock was
quickly frozen in a methanol-dry ice bath and stored
at −80 ◦C. For subsequent experiments, smaller aliquots
of the original stock were prepared, obtaining a titter of
1.8 × 107 PFU/mL after being frozen again.

sgp-130Fc was kindly provided by Dr. S. Rose-John.
This fusion protein was generated by linking the entire
extracellular portion of human gp130 to the Fc portion of
human IgG1. The protein bound IL-6 only in the
3
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presence of sIL-6R and consequently specifically inhibits
IL-6 trans-signalling without affecting classic signalling.32

Lung extraction
The right lung was inflated with formalin (4%) and fixed
with the same buffer for seven days before being
embedded in paraffin for histological analysis. The left
lung lobe was used for RNA extraction (cellular and
viral), as described below.

Reverse transcriptase-quantitative polymerase
chain reaction (RT-qPCR) analysis
For RNA extraction, lung tissue samples were incu-
bated with RNAlater, and subsequently frozen
at −80 ◦C or processed directly according to the
RNeasy Plus Micro kit (Qiagen, Hilden, Germany)
protocol. For extraction of viral RNA by nasal swabs,
samples were collected at four dpi and processed us-
ing a MagMax core kit (Applied Biosystems, Woburn,
MA, USA) according to the manufacturer instructions.
qPCR in lungs and swabs to specifically detect SARS-
CoV-2 RNA was performed according to the in-
dications of the COVID-19 dtec-RT-qPCR test kit
(F100 format, Genetic PCR Solutions, Orihuela,
Spain). For detection of cytokines/chemokines mRNA
expression, cDNA was obtained by PrimeScript RT
from Takara Clontech (Takara Biomedical Technology,
Beijing, China). qPCR was performed using Light-
Cycler 96 system thermocycler and SYBR Green
(Roche, Basel, Switzerland). Product quantities were
calculated by applying the ΔCt method ΔCt = (Ct of
gene of interest—Ct of housekeeping genes). The
housekeeping genes used for input normalization
were cyclophilin or RPLO. Primers for qPCR are listed
in Supplementary Table S1.

Cytokines and chemokines levels in serum and
supernatants from cultured cells
Serum levels of IL-6, sIL-6R, C-X-C motif chemokine
ligand 10 (CXCL10, also known as Interferon-γ-induced
protein 10, IP-10), C-C motif ligand 5 (CCL5, Rantes),
CCL11 (Eotaxin), TNF-α, IFN−γ, IL-1α, IL-10 and sgp130
were analysed using two pre-configured multiplex panels
(Mouse Cytokine/Chemokine Magnetic Bead Panel Cat. #
MCYTOMAG-70K, −70K-PMX, −70K-PX32, 70PMX25BK
and 70PMX32BK; Mouse Soluble Cytokine Receptor
Magnetic Bead Panel Cat. # MSCRMAG-42K) from
Sigma–Aldrich (St Louis, MO, USA). The experiment
was performed in a Bio-Plex 200 System (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA). Enzyme-linked
immunosorbent assay (ELISA) in supernatants from hu-
man cultured cells were performed according to the
manufacturer’s instructions: sgp130 (DuoSet DY228),
CCL2/MCP-1 (DuoSet DY279-05), ICAM-1/CD54 (Duo-
Set DY720-05), from R&D Systems (Minneapolis, MN,
USA); IL-6 from ImmunoTools (Friesoythe, Germany,
Ref. 31670069).
Histological processing
Lung fixed tissue sections (3 μm) from mice of each
experimental group were obtained to perform
Haematoxylin-Eosin (H&E), Masson’s Trichrome stain-
ing, immunohistochemistry and immunofluorescence. P
(Tyr705)-STAT3 (Ref. 9131) was purchased from Cell
Signalling (Danvers, MA, USA). P-Selectin (CD62P)
(Ref. ab255822) and vascular cell adhesion molecule-1
(VCAM1) (Ref. ab134047) antibodies were from Abcam
(Cambridge, UK). von Willebrand factor (vWF) antibody
(Ref. BS-100448R) was from Thermo Fisher Scientific and
isolectin B4 biotin conjugate (Ref. L2140) from Sigma–
Aldrich. PolyStain 2-Step Plus Kit, HRP for 3,3′-dia-
minobenzidine tetrahydrochloride DAB, Rabbit (NB-23-
00050-3, NeoBiotec, Nanterre, France) was used to
enhance antibody signal. Nuclei were stained using
Mayer’s haematoxylin. Secondary antibodies labelled with
Alexa Fluor™ 555 (Ref. A21428), Alexa Fluor™ 488
(Ref. A11008), Streptavidin-Alexa Fluor™ 555 (S21381)
were from Thermofisher Scientific and mounting me-
dium with DAPI (ab104139 from abcam) was applied to
cover slides before imaging. Images were captured using
Olympus Bx-61 (Olympus, Tokyo, Japan) and Thunder
Dmi8 (Leica, Wetzlar, Germany) microscopes.

Imaging analysis
Quantification of number and area of dense inflamma-
tion foci, lymphocyte accumulation and % of P-STAT-3
positive cells were performed using ImageJ/FIJI soft-
ware.27 Expression of P-Selectin was quantified accord-
ing to the method recently reported by Granai M et al.33

Briefly, 5–7 histological sections were analysed for each
mouse of the different experimental groups, and five
hot-spot regions per section were chosen using an area
of 416,000 μm2 with QuPath software. Areas with arte-
facts, such as tissue-tear, folding or background noise
were excluded. Quantification of P-Selectin positive cells
were performed independently in large and small ves-
sels. The values were obtained as percentage of positive
cells. Expression of vWF and VCAM1 was quantified as
it has been reported by McConnell et al.34 Briefly, 5–7
histological sections were analysed for each mouse of
the different experimental groups. vWF and VCAM1
positive areas in each histological section were quanti-
fied in four randomly selected regions in an unbiased
fashion using ImageJ/FIJI software. The values were
obtained as percentage of positive area.

Human primary cell cultures
Human primary lung microvascular endothelial cells
(HMVEC-L-Lung MV Endo, EGM-2MV, CC-2527,
Lonza, Basel, Switzerland) were cultured using CC-3202
EGM-2 MV BulletKit (CC-3156_CC-4147, Lonza). Hu-
man primary umbilical vein endothelial cells (HUVEC)
(CC-2517, Lonza) were cultured using H3CC-3124 me-
dium (EGM TM BulletKit TM (CC-3124), Lonza). Hu-
man primary lung IMR-90 fibroblasts (ATCC®
www.thelancet.com Vol 103 May, 2024
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CCL186™, ATCC, Manassas, VA, USA) were cultured
using MEM supplemented with 10% FBS. Cells were
cultured in 5% CO2 at 37 ◦C. Recombinant human
proteins were purchased from R&D Systems: IL-6
(Ref. 206-IL-05/CF); IL-6Rα (Ref. 227-SR-025);
sgp130Fc Chimera (Ref. 671-GP-100). Cells, at passage
3–6, were cultured in serum-free medium overnight and
then stimulated by IL-6 (20 ng/mL), sIL-6R (20 ng/mL),
and IL-6:sIL-6R (20 ng/mL) complex in the presence or
absence of sgp130Fc (300 ng/mL) for 15 min, 24 h or
48 h.

Western blots
Cell lysates were obtained using lysis buffer (150 mM
NaCl, 1 mM EDTA, 25 mM Tris (pH 7.5), 1 mM
orthovanadate, 1% triton, and protease inhibitor cock-
tail (Roche)). Protein concentration was determined by
DC protein assay (Bio-Rad). Proteins were separated
7.5 %–12% SDS-PAGE in the presence of a reducing
agent (2-mercaptoethanol) and were transferred to
polyvinylidene difluoride (PVDF) membranes (Bio-
Rad) and stained with Ponceau red solution (Sigma–
Aldrich). Primary antibodies against P (Tyr705)-STAT3
(Ref. 9131), STAT3 (Ref. 30,835), P (Tr1034/1035)-
JAK1 (Ref. 74,129), JAK1 (Ref. 3344) were purchased
from Cell Signalling (Danvers, MA, USA); gp130
(Ref. sc-656) from Santa Cruz Bt. (Santa Cruz, CA,
USA); GADPH (Ref. 1461) from StemCell Tech (Van-
couver, Canada). Anti-rabbit and Anti-mouse horse-
radish peroxidase-conjugated secondary antibodies
were from Sigma–Aldrich (Ref. 12–348 and
Ref. 12–349, respectively). The proteins were detected
with enhanced chemiluminescence (Ref. 1705061, Bio-
Rad) in a ChemiDoc Imaging System (Bio-Rad) and the
densitometric analysis was performed using the soft-
ware Image Lab 6.0 (BioRad).

Endothelial barrier function assays
Transendothelial electric resistance (TEER) assays with
an electric cell-substrate impedance sensing system
(1600R; Applied Biophysics) were performed as
described,35 using multifrequency mode ranging be-
tween 250 and 64,000 Hz.

Statistics
Analyses were performed with GraphPad Prism 8.4.2,
IBM SPSS Statistics 22 software and R studio i386 4.1.2.
Sample normality was screened using Shapiro–Wilk test
and graphical method quantile–quantile (Q–Q) plot.
Levene’s test was used to verify homogeneity of
variance. When this assumption was not met
(p value < 0.05), Welch test was conducted to compare
means. Comparisons between the values for different
variables were analysed by one-way Analysis of Variance
(ANOVA) with Student’s t test (for normal variables),
Kruskal Wallis test with Mann–Whitney U-test (for non-
normal variables) and Chi-square test of Independence
www.thelancet.com Vol 103 May, 2024
(for qualitative variables). Fisher’s Exact test in 2 × 2
contingency tables was considered when the expected
observations were less than 5 in at least 20% of the tiles.
When tables were of order greater than 2 × 2, likelihood
ratio was also observed. Overall, a p value < 0.05 was
considered statistically significant. Univariate binary
logistic regression analysis was used to model the odds
that the event exitus took place including the single
predictor variable getting treatment. p value was calcu-
lated as a function of Wald chi-squared. Cumulative
incidence was performed by Kaplan–Meier analysis, and
statistical significance was determined by log-rank test.
For survival analysis, origin and start time were the day
of virus inoculation (0 dpi) and time of the follow-up
was 15 days (15 dpi). During this timeframe, time-to-
event for mice that died or had to be sacrificed
attending to animal suffering criteria was considered
the day of death. On the other hand, animals that sur-
vived for the entire duration of the study were sacrificed
at 15 dpi. The median (IQR) of the follow-up time was
10 days (7–15) for non-treated group, and 15 days
(7.5–15) for treated group. COX proportional hazards
regression was used to estimate both the hazard of
dying and developing symptoms. Proportional hazards
assumption held has been validated using cox.zhp
function of R Library (Survival).

Role of funding sources
The funding body did not play any role in study design,
data collection, analyses, interpretation, or writing of
report.
Results
IL-6 trans-signalling inhibition by sgp130Fc reduces
severity and mortality in an experimental model of
COVID-19
To investigate IL-6 trans-signalling inhibition by
sgp130Fc in COVID-19, we used K18-hACE2 transgenic
mice intranasally infected with a sub-lethal dose of
SARS-CoV-2 (104 PFU); this dose has been previously
validated by us.27 Infected animals were divided into two
groups: i) untreated mice injected i.p. with vehicle and
ii) treated mice, receiving sgp130Fc (1 mg/kg) i.p. twice,
at two and eight days post infection (dpi). K18-hACE2
uninfected mice served as controls (mock). Mice were
monitored daily until 15 dpi, the scheduled endpoint of
the experiment, by the same researchers in a blinded
manner (Fig. 1a). Infected mice that presented end-
point criteria (body weight loss >20% or > 13%–16%
plus other symptoms such as dyspnoea, hunched
posture, lethargy/staggering, and piloerection) were
euthanized. The viral load, at four dpi, were similar in
all infected mice regardless of treatment (Fig. 1b).
Importantly, the survival rate was significantly superior
in sgp130Fc-treated mice compared to untreated ani-
mals (Fig. 1c). In infected group, the proportion of
5
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Fig. 1: Experimental scheme and impact of IL-6 trans-signalling inhibition by sgp130Fc in SARS-CoV-2 infection-related mortality in
K18-hACE2 mice. a) Experimental design for the animal study. Eight-month-old male K18-hACE2 mice were divided into three groups: i) mock
(n = 4); ii) SARS-CoV-2 infected mice injected i.p. with vehicle (PBS) (n = 17); iii) SARS-CoV-2 infected and treated i.p. with sgp130Fc at 1 mg/kg
per dose (n = 18). Mice were daily monitored until 15 dpi (experimental end-point). b) Viral load obtained from nasal swabs at four dpi
quantified by qPCR. Sample size (n) of each group is indicated. Graph shows mean and 95% confidence intervals (CI) with each dot representing
an individual animal. Statistics were calculated by Kruskal–Wallis test with Mann–Whitney U-test. c) Percentage of mice survival. COX regression
analysis for sgp130Fc. HR: Hazard ratio. d) Univariate binary logistic regression analysis. p values were calculated as a function of Wald chi-
squared. OR: odds ratio. Data are combined from two independent experiments. <15 dpi: dead/euthanized mice before the end of the
experiment. 15 dpi: surviving mice at the end of experiment.
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untreated mice that died or were euthanized before the
scheduled endpoint of the experiment (<15 dpi) was
significantly higher (55.17%) than those that received
sgp130Fc treatment (29.41%). Treatment reduced the
risk of dying during the follow-up by 50% (based on a
hazard ratio (HR) of 0.5) (Fig. 1c). Moreover, univariate
binary logistic regression test revealed that treated mice
were 33.85% less likely to die than non-treated animals,
highlighting the protective role of the treatment
(Fig. 1d).

All SARS-CoV-2 infected mice displayed similar body
weight change starting at five dpi (Supplementary
Figure S1). However, the evaluation of other clinical
symptoms such as irregular breathing (dyspnoea),
appearance (hunched posture, piloerection and eye
closure) and spontaneous and provoked behaviour
(lethargy and non-response to stimuli) (Supplementary
Table S2), revealed a significant reduction in the num-
ber of animals presenting at least one of these symp-
toms in the treated group compared to untreated from
eight dpi onwards (Fig. 2a). sgp130Fc treatment reduced
the percentage of animals that exhibited the mentioned
sickness parameters at any time during the follow-up
period. Although some of those differences were not
statistically significant between the groups, the global
analysis suggests the clinical relevance of the treatment
(Fig. 2b). The cumulative symptomatology incidence
was significant lower in the treated group and COX
regression analyses revealed that sgp130Fc treatment
had a protective role against development of symptoms
(HR 0.62) (Fig. 2c). Since lungs are one of the main
SARS-CoV-2 target organs, presence of viral RNA was
analysed post-mortem. Viral load was significantly
increased in infected mice, with similar values in all
groups (treated/untreated and survivors/dead-
euthanized animals), while non-infected resulted in
absence of viral RNA (Fig. 2d). Overall, our findings
indicate that IL-6 trans-signalling blockade by sgp130Fc
reduces SARS-CoV-2 infection associated mortality as
well as severity of the symptoms in surviving mice
(15 dpi).

sgp130Fc decreases proinflammatory cytokines/
chemokines in SARS-CoV-2- infected mice
Lung inflammation is one of the main causes of fatal
COVID-19.36 To identify the inflammatory mediators
www.thelancet.com Vol 103 May, 2024
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involved in the pathogenesis of SARS-CoV-2 as well as
the potential impact of the specific blockade of IL-6 trans-
signalling, we measured the levels of cytokines and che-
mokines in serum and lung homogenates. Infected dead/
euthanized mice (<15 dpi) showed higher systemic levels
of IL-6, CXCL10 (IP10), CCL5 (Rantes), CCL11 (Eotaxin),
TNF-α, IFN−γ, and sgp130 than surviving mice (15 dpi),
regardless of treatment (Fig. 3 and Supplementary
Figure S2). In contrast, in the untreated group, levels of
sIL-6R were significantly reduced in dead compared to
surviving mice (Fig. 3a), as it has been reported in pa-
tients who died from COVID-19.11 Nevertheless, surviv-
ing sgp130Fc-treated mice had lower levels of both, IL-6
and sIL-6R, than alive untreated mice (Fig. 3a). These
observations are in concordance with previous results
obtained from patients with moderate COVID-19, in
whom increased levels of both proteins were indicators of
severity.11,37 Levels of sgp130 in survivors were similar
between treated and untreated mice (Fig. 3a). Impor-
tantly, CCL11 was increased in dead/euthanized mice, as
it has been reported in severe COVID-19.38 Although its
function remains unknown, it is elevated during neuro-
inflammatory response39; thus, we can speculate that this
www.thelancet.com Vol 103 May, 2024
chemokine has a role in the neuroinflammatory pro-
cesses of the infected mice. To determine the impact of
the treatment in SARS-CoV-2 infected mice, we deter-
mined mRNA expression of cytokines and chemokines
associated to disease progression in lung homogenates.
As expected, higher levels of pro-inflammatory genes
were detected in non-survivors (<15 dpi). Notably, when
we focused on infected surviving mice (15 dpi), those that
received sgp130Fc showed significant decreased mRNA
expression of pro-inflammatory cytokines (Tnfα, Il1ß and
Ifnγ), as well as IL-6 family of cytokines and receptors
related with severe COVID-19: Il6r, Il6st, Osm, Osmr, Lif,
Lifr,40,41 (Fig. 3b). Collectively, our data suggest that
sgp130Fc treatment reduces the expression of inflam-
matory markers associated to disease progression, in line
with milder symptoms developed by these mice.

Targeting IL-6 trans-signalling by sgp130Fc
ameliorates lung damage in SARS-CoV-2-infected
mice
We next examined the effect of IL-6 trans-signalling in-
hibition in lungs from SARS-CoV-2 infected mice by
histological analyses. Macroscopic inspection of the lungs
7
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Fig. 3: Impact of IL-6 inhibition by sgp130Fc in cytokines/chemokines levels in serum and lung tissues from SARS-CoV-2 infected mice.
a) Serum levels of the indicated proteins quantified by multiplex platform in each experimental group. b) mRNA expression of the indicated
cytokines and chemokines in lung tissue measured by qPCR. Control is set to 1 for each experiment and data is presented as fold-change vs
control (mean and 95% CI). SARS-CoV-2 + vehicle 15 dpi (n = 8); SARS-CoV-2 + sgp130Fc 15 dpi (n = 12). SARS-CoV-2 + vehicle <15 dpi (n = 9);
SARS-CoV-2 + sgp130Fc < 15 dpi (n = 6). Data are combined from two independent experiments. Statistics were calculated by Kruskal–Wallis
test with Mann–Whitney U-test. p values are indicated in the graphs. dpi: days post infection. < 15 dpi: dead/euthanized mice before the end of
the experiment. 15 dpi: surviving mice at the end of experiment.
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from dead/euthanized mice (<15 dpi) showed that all
infected mice displayed alterations, including haemor-
rhagic, oedematous, or congestive areas, without differ-
ences between treated and untreated animals. Histologic
examination of the lungs from mice of each experimental
group was carried out to determine whether specific in-
hibition of IL-6 trans-signalling affected disease severity.
SARS-CoV-2 infected dead/euthanized mice (<15 dpi),
both treated and untreated, showed similar histopatho-
logical findings, characterized by multifocal lesions with
a tendency to confluence, alveolar oedema and intense
haemorrhage indicating breakdown of the vascular
integrity as it has been previously reported.42 A significant
interstitial leukocyte infiltration with the presence of
neutrophils and mononuclear inflammation was
observed in swelling interalveolar spaces, inside the
www.thelancet.com Vol 103 May, 2024
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Fig. 4: Histopathological analysis of lungs from sgp130Fc-treated SARS-CoV-2 infected mice. Representative images of lung sections from mice
of each experimental group. a) H&E stain from dead/euthanized SARS-CoV-2-infected animals (<15 dpi), untreated (vehicle) and sgp130Fc treated.
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alveoli and surrounding vessels (Fig. 4a). By contrast, the
histopathological findings in infected survivors (15 dpi)
showed differences between untreated and sgp130Fc-
treated mice. The former group presented moderate to
severe inflammatory infiltrates mainly composed of
lymphocytes and some histiocytes along with neutrophils
and macrophages inside of alveoli. Surviving sgp130Fc-
treated mice (15 dpi) displayed a more moderate inter-
stitial pattern with a reduction of lung cell infiltration, as
well as less deposits of connective tissue intermingled
with lymphocytes, in comparison to untreated mice
(Fig. 4b and c). We quantified areas of inflammation,
considering individual foci and areas with merged of
numerous individual foci. In surviving mice (15 dpi),
sgp130Fc treatment resulted in a significant decrease of
both number of inflammatory foci per animal (37% of
www.thelancet.com Vol 103 May, 2024
reduction) as well as areas of lung inflammation (30% of
reduction) compared to untreated group (Fig. 4d). As
expected, lungs from non-infected mice did not show
histological alterations (Fig. 4e).

To determine the effectiveness of sgp130Fc treat-
ment, we assessed Stat3 and target genes mRNA: Lrg1
(leucine rich alpha-2-glycoprotein 1), Saa1 (serum amyloid
a 1) and Socs3 (suppressor of cytokine signalling 3) in lung
samples from SARS-CoV-2 infected mice. A significant
overexpression of those genes in dead/euthanized mice
(<15 dpi) was observed, regardless treatment. Focussing
on survivors (15 dpi), STAT3 dependent genes were
significantly downregulated in lungs from sgp130Fc-
treated vs non-treated mice (Fig. 5a). To identify target
interaction in the injured lung we evaluated the
expression of P (Tyr705)-STAT3 (P-STAT3) by
9
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immunohistochemistry and quantified positive cells.
Fig. 5b shows significant decrease of P-STAT3 positive
cells in survivors sgp130Fc-treated vs untreated. All
dead/euthanized mice showed higher number of P-
STAT3 positive cells. Moreover, STAT3 is a major
regulator of Th17 responses. The expression profiles of
factors related to Th17 cells (RAR-related orphan re-
ceptors (RORγt), IL-17) and Treg cells (Forkhead box P3
(FoxP3) and IL-10) in lung tissues showed that survivors
presented a lower ratio of RORγt/FoxP3 mRNA
expression vs death/euthanized animals. In surviving
group, sgp130Fc-treated mice exhibited the lowest
RORγt/FoxP3 ratio (Supplementary Figure S3). Alto-
gether, our results indicate that STAT3 pathway plays a
key role in the actions of sgp130Fc, being responsible
for the outcomes. Furthermore, an altered Tregs and
Th17 cells ratio could be one of the mechanisms
responsible for the loss ability to control inflammation
in fatal SARS-CoV-2 infected mice, also described in
severe COVID-19.43 Although in most of the sgp130Fc-
treated mice the dose was sufficient to inhibit IL-6
trans-signalling, we observed variability that could
affect to the homogeneity of our results. It can be
speculated that sublethal dose of the virus could infect
different organs and replicates with high variability in
K18-hACE2 mice, as it has been reported.44,45 Also,
blockade is never complete and small remaining
amounts of active IL-6:sIL-6R complexes could probably
be sufficient to trigger pro-inflammatory cytokines,
especially in a highly inflammatory environment like
lungs in SARS-CoV-2 infected mice. Finally, other fac-
tors such as cytokines/chemokines could substitute the
effects of IL-6:sIL-6R complexes, independently pro-
ducing pro-inflammatory responses.

Inflammatory processes play an important role in the
activation of endothelial cells (directly or by immune-
mediated manner),46,47 being key players in lung inflam-
mation, oedema, and disseminated coagulation with a
clear impact in the development of COVID-19.5,47,48

Immunohistochemical analysis of adhesion molecules
in lungs, showed upregulation of CD62P (P-Selectin), a
marker of endothelial cells and platelets activation, in all
SARS-CoV-2 infected mice. P-Selectin was expressed in
endothelial cells and platelet aggregates adhered to
endothelium, as it has been reported in the early phase of
COVID-19 (vascular phase).33 Dead/euthanized groups
(treated and untreated) showed quite close P-Selectin
immunostaining. Surprisingly, a marked staining was
observed in surviving mice (15 dpi) on the luminal sur-
face of vessels, endothelial cells and platelet aggregates,
with significant increased levels in untreated in com-
parison to sgp130Fc-treated mice in large and microcir-
culatory vessels (Fig. 6a). Other endothelial cell activation
markers described in COVID-19, including vWF and
VCAM1,49,50 were analysed. vWF expression was found in
endothelium as well as in oedematous fluid and thrombi.
VCAM1 immunostaining was detected in endothelial
cells mainly from large vessels. As we observed in P-
Selectin, dead/euthanized mice did not show differences
in the expression of those endothelial cell activation
markers regardless treatment. Consistently, in survivors,
sgp130Fc-treated mice showed significant decreased
expression of vWF (% positive area) compared to un-
treated (Fig. 6b), although VCAM1 immunostaining
www.thelancet.com Vol 103 May, 2024
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Fig. 6: Impact of IL-6 trans-signalling inhibition by sgp130Fc on endothelial cells activation in lungs from SARS-CoV-2 infected surviving
mice (15 dpi). Representative immunostaining images of lung sections from surviving groups (15 dpi). a) Immunoreaction of P-Selectin on
luminal surface of endothelial cells and platelet aggregates (50 X, 200 X and 400 X). Positive cells were quantified using QuPath software. Data
are presented as % of positive cells (mean ± SEM). b) vWF immunostaining in mural thrombus, oedematous fluid in alveoli and endothelial cells.
Positive area was quantified using ImageJ/FIJI software. Data are presented as mean ± SEM. c) Immunoreaction of VCAM1 on vascular
endothelial cells (50 X, 200 X and 400 X). Positive area was quantified using ImageJ/FIJI software. d) Co-localization of endothelial cells (labelled
with isolectin B4) with P-Selectin/vWF/VCAM1 in lung tissues by immunofluorescence (400 X). Scale bars: 50 X (3000 μm), 200 X (100 μm) and
400 X (50 μm). SARS-CoV-2 + vehicle 15 dpi (n = 8); SARS-CoV-2 + sgp130Fc 15 dpi (n = 12). 15 dpi: surviving mice at the end of experiment.
All graphs show mean and 95% CI. Statistics were calculated by Student’s t-test. p values are indicated in the graphs.
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showed similar values in these groups (Fig. 6c).
P-Selectin, mainly expressed in platelet aggregates, vWF
and VCAM1 co-localized in lung endothelial cells
(Fig. 6d). Collectively, these findings indicate that lung
damage was more intense in infected mice that died or
had to be euthanized in the first 7–8 days after infection,
without differences between treated and untreated mice.
Importantly, in survivors, sgp130Fc treatment reduced
lung injury, with a significant decrease of inflammatory
infiltrate and markers of endothelial cell activation. In
summary, targeting IL-6 trans-signalling mitigated lung
injury in the SARS-CoV-2-infected mice and it could
represent a potential therapy with impact in long term
consequences of COVID-19.

sgp130Fc inhibits the effects of IL-6 trans-
signalling on human primary endothelial cells and
fibroblasts
In severe COVID-19, the release of massive inflamma-
tory cytokines during the cytokine storm leads to
www.thelancet.com Vol 103 May, 2024
endothelial activation, alveolar-capillary barrier
dysfunction and fibrosis.51 We assessed the role of IL-6
trans-signalling in human lung microvascular endothe-
lial cells (HLMVEC), human umbilical vein endothelial
cells (HUVEC) and human lung fibroblast (IMR-90).
Cells were treated with IL-6 alone or with the IL-6:sIL-6R
complex (trans-signalling) as described in methods for
15 min, 24 h and 48 h. We found that JAK1/STAT3
activation by IL-6:sIL-6R complex was strong and per-
sisting (24 h and even 48 h) (Fig. 7a, Supplementary
Figure S4). Although the expression of IL-6R in hu-
man endothelial cells is not well understood, our results
indicate that HLMVEC and IMR-90 represent cell types
that primarily express functional IL-6R, as it has been
reported in liver sinusoidal endothelial cells,34 in clear
contrast with HUVEC. Our findings provide insights
into the dual response of HLMVEC to IL-6: vascular
protection vs inflammation. To note, sgp130Fc was used
to further analyse the role of IL-6 trans-signalling,
resulting in a partial blockade of phosphorylation of
11
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Fig. 7: Effect of IL-6 trans-signalling on human endothelial cells and lung fibroblasts. Human lung microvascular endothelial cells (HLMVEC),
human umbilical vein endothelial cells (HUVEC) and human lung fibroblast (IMR-90) were treated with vehicle (control), IL-6 (20 ng/mL), IL-6R
(20 ng/mL) or IL-6:sIL-6R (Complex, 20 ng/mL) in the presence or absence of sgp130Fc (300 ng/mL). a) Representative Western blot of P
(Tyr705)-STAT3, STAT3, P (Tr1034/1035)-JAK1 and JAK1 from cell lysates after 15 min and 24 h of treatment. b) mRNA expression of
proinflammatory markers (Ccl2, Cxcl2 and Icam1) by qPCR after 24 h of treatment. c) TEER assays performed in HLMVEC stimulated with vehicle
(control) and IL-6:sIL-6R complex in the presence or absence of sgp130Fc. TEER was continuously measured for 40 h, and rabbit (Rb) was
modelled with the ECIS software. d) Representative Western blots, Il6st (gp130) mRNA expression by qPCR and gp130 protein levels in su-
pernatants from cultured cells after 24 h of treatment. e) Il6 mRNA expression by qPCR and IL-6 levels by ELISA in supernatants from cultured
cells after 24 h of treatment. Data are combined from 4–3 independent experiments. Control is set to 1 for each experiment and data presented
as fold-change vs control. Complex: IL-6:sIL-6R. Complex + sgp130Fc: IL-6:sIL-6R:sgp130Fc. All graphs show mean and 95% CI. Statistics were
calculated by Kruskal Wallis test with Mann–Whitney U-test. p values vs vehicle-treated control (above) and vs complex (bar) are indicated in the
graphs.
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JAK1 and the downstream STAT3 (Fig. 7a). In this line,
the inhibition was in a dose-dependent manner without
modifying the viability of the cells (Supplementary
Figure S5 and S6). To note, increased mRNA expres-
sion of markers of inflammation/adhesion such as Ccl2
(Mcp1), Cxcl2 and Icam1 was induced by the IL-6:sIL-6R
complex at 24 h and partially blocked by sgp130Fc in all
cells (Fig. 7b). Protein levels of ICAM-1 and MCP-1
peaked at 12 h and 24 h respectively and were blocked
by sgp130Fc (Supplementary Figure S7). Notably, IL-
6:sIL-6R complexes reduced the transendothelial
electric resistance (TEER) of a confluent HLMVEC
monolayer and sgp130Fc recovered endothelial cell
function (Fig. 7c), supporting that vascular leakage
described in SARS-CoV-2-infected mice and patients
with COVID-19 could be due not only to inflammatory
cells, as it has been described,42 but also as a result of IL-
6 trans-signalling.

Since endothelial cells and fibroblasts have scant
amount of functional IL-6R,52 the extent of trans-
signalling could depend on the amount of gp130. We
observed that gp130 was significantly upregulated at
www.thelancet.com Vol 103 May, 2024
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24 h, both at mRNA and protein level, by IL-6 trans-
signalling, although sgp130 in supernatants decreased
(Fig. 7d and Supplementary Figure S8). Overexpression
of gp130 protein and mRNA was accompanied by
increment of Il6 mRNA expression and IL-6 secretion
(Fig. 7e). Altogether, IL-6 trans-signalling could activate
an autocrine loop mainly due to the increase of gp130
and IL-6 levels, as it has been reported in vascular
smooth muscle cells (VSMC),53 and recently in endo-
thelial cells.54

As a general conclusion of the study, IL-6:sIL-6R
complexes induced by SARS-CoV-2-infection are
responsible for endothelial cell dysfunction and short
and long-term consequences such as oedema, haemor-
rhage and coagulopathy. Therapeutic intervention with
IL-6 trans-signalling blockade by sgp130Fc recovers
vascular integrity (Fig. 8).
Discussion
The present study demonstrates that the specific IL-6
trans-signalling blockade by sgp130Fc in a COVID-19
mouse model improves clinical outcomes with a
significant reduction of symptomatology and mor-
tality. To note, sgp130Fc treatment improved survival
and reduced lung injury in surviving mice. The re-
sults show that the specific inhibition of IL-6 trans-
signalling constitutes a therapeutic target in acute
phase and long-term consequences of SARS-CoV-2
infection. In vitro, we demonstrate that human
endothelial cells and lung fibroblasts react to cell
injury driven by IL-6 trans-signalling through a
strong and persisting JAK1/STAT3 activation,
Fig. 8: Graphical abstract: IL-6 trans-signalling in SARS-CoV-2 infection
of IL-6 trans-signalling. Increased levels of IL-6:sIL-6R complexes observ
widespread endothelial damage, coagulopathy and vascular leakage. T
inflammatory and anti-coagulant properties and recovers vascular integri
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partially responding to the inhibition by sgp130Fc.
The data point to IL-6 trans-signalling as a main
responsible of the pro-inflammatory status, with
important implications for the development of
COVID-19 therapies.

IL-6 trans-signalling underlies various inflammatory
conditions such as autoimmune disease, sepsis, cyto-
kine release syndrome,55 SARS-CoV-2 infection,34,37,56

and other chronic conditions: asthma,57 rheumatoid
arthritis,58 inflammatory bowel disease,59 neurodegen-
erative disorders.60 In COVID-19, it has been reported
the role of sIL-6R in the cytokine storm syndrome,37 and
in the procoagulant endotheliopathy mechanisms
involved in liver injury.34 Our group suggested a po-
tential role of IL-6 trans-signalling in patients with se-
vere COVID-19 analysing serum IL-6:sIL-6R and IL-
6:sIL-6R:sgp130 complexes.11 Nevertheless, the impor-
tance of IL-6 trans-signalling in SARS-CoV-2 infection
consequences has not been fully investigated. Therapies
blocking IL-6 receptor such as tocilizumab, sarilumab
and the experimental IL-6 antagonist clazakizumab,
prevent the binding of IL-6 to IL-6R inhibiting both
classic signalling and trans-signalling.61 Those anti-
bodies reduced inflammatory responses and improved
clinical outcomes in patients with COVID-19.12–15 Since
IL-6 classic signalling is considered beneficial and con-
trols viral infection,62 global inhibition of IL-6 signalling
has the potential to increase the risk of infections and
viral replication.63 On the other hand, therapies based on
JAK inhibitors, such as baricitinib, have shown good
responses in severe COVID-19,64,65 but are associated
with higher frequency of serious infections.66 Further-
more, JAK pathway is not solely dependent on IL-6
on lung microvascular endothelial cells and therapeutic inhibition
ed in SARS-CoV2-infected mice induce endothelial cell dysfunction,
herapeutic IL-6 trans-signalling blockade by sgp130Fc exerts anti-
ty.
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activation, so inhibiting these molecules does not ach-
ieve selective blockade of IL-6 signalling. In this context,
therapies blocking IL-6:sIL-6R complexes thereby
inhibiting only IL-6 trans-signalling,32 might offer an
attractive alternative strategy.

K18-hACE2 transgenic mice infected with SARS-
CoV-2 is a valuable model to test potential therapeutic
approaches.27 Here, we show that the specific blockade
of IL-6 trans-signalling, using sgp130Fc, reduced
symptomatology and mortality in infected mice. Indeed,
treated mice exhibited a cumulative symptomatology
incidence lower than untreated group and were 66.15%
more likely to survive. In this line, sgp130Fc treatment
had previously showed increase of survival rate in a
mouse model of sepsis with 100% and 80% of survival
associated to preventive and therapeutic treatment,
respectively.30 In our experimental design, the treatment
was administered in two doses after virus inoculation (at
two and eight dpi). Since viral load was similar between
treated and untreated groups, we postulate that
increased survival rates and improvement of health-
associated parameters (symptomatology and lung
injury) were due to the sgp130Fc treatment. The results
point out the importance of IL-6 trans-signalling in the
pathogenesis of severe COVID-19,11,37 and suggest that
this signalling mode can be selectively targeted to
improve the course of the disease.

SARS-CoV-2 infection in K18-hACE2 mice elicited a
quantifiable level of systemic pro-inflammatory cyto-
kines and cell-recruiting chemokines (IL-6, CXCL10,
CCL5 and CCL11) which were linked to mortality.
Importantly, we observed a significant decrease of sIL-
6R levels in untreated dead/euthanized mice (<15 dpi)
compared to survivors (15 dpi). These results are in line
with our previous report in human patients with
COVID-19, in which the combination of increased IL-6
and reduced sIL-6R serum levels was an accurate pre-
dictor of death in the context of lymphopenia, probably
reflecting a profound dysregulation of the protective
immunity that contributes to the fatal outcome.11 How-
ever, in surviving mice (15 dpi), sgp130Fc treatment
significantly decreased serum IL-6 and sIL-6R levels
along with lung mRNA expression of Tnfα, Il1ß, Ifnγ
and other cytokines belonging to IL-6 family related with
severity of COVID-19 such as Osm, Lif and Il11.40,41,67

Regarding sIL-6R, our group and others have reported
significant increased serum levels in survivor patients
with severe COVID-19,11,68 likely due to the release from
activated T cells.69 In this context, sgp130Fc treatment
showed a clear anti-inflammatory effect with potential
impact in long term consequences of the disease.
Consequently, the histopathological analyses revealed
marked differences between untreated and treated sur-
viving animals (15 dpi), that exhibited a significant
reduction of the inflammatory infiltrate. Untreated mice
presented increased number of inflammatory foci with
lymphocytes and macrophages expanding in the inter-
alveolar spaces with cumulative deposition of collagen,
and thickened collagen bundles in the lung paren-
chyma, as it has been described in the humanized
MISTRG6-hACE2 mice model of chronic COVID-19 at
14 dpi.70 These findings have been related with the grave
and persistent lung pathology observed in patients with
severe COVID-19.36,70 Therefore, the data indicate that
sgp130Fc may be an interesting prognostic and thera-
peutic tool for acute phase and long-term consequences
of COVID-19. Although, our experimental setting could
be considered restricted (15 dpi), which might be a
possible limitation of the study, we detected important
differences in the histological and immunohistochem-
ical analysis, and pro-inflammatory markers profile,
between treated and untreated groups, with marked
improvement of lung injury in sgp130Fc-treated mice.
Furthermore, in a previously reported 28 dpi-established
chronic model of COVID-19, characteristic histopatho-
logical changes in the lung, similar to the ones observed
in our study, were detected as soon as 14 dpi.70 In this
sense, our data at 15 dpi suggest the potential benefits of
sgp130Fc treatment in the long-term consequences of
SARS-CoV-2 infection. Nevertheless, more studies
focusing on the effects of sgp130Fc in long-term con-
sequences of COVID-19 would be desirable.

SARS-CoV-2-infected surviving mice (15 dpi) devel-
oped endothelial dysfunction in lung vessels suggested
by upregulation of endothelial cell activation markers
and loss of the vascular barrier integrity. In this context,
it has been suggested that the damage across diverse
tissues observed in COVID-19 is not only due to the
direct effect of the virus, but mainly to the inflammation
and the immune-mediated response.71 SARS-CoV-2
spike protein promotes IL-6 trans-signalling, being
responsible for the endothelial cell damage, capillary
inflammation and thrombosis.34,56 Surviving sgp130Fc-
treated mice (15 dpi) showed significant decrease of
lung damage, inflammation and procoagulant endothe-
liopathy (vWF expression and platelet accumulation)
compared to untreated animals. Our data suggest that
IL-6 trans-signalling is the mechanistic link between
endothelial cells activation and COVID-19 in lung
damage, as it has been described in the liver,34 and that
the specific inhibition of this IL-6 signalling mode
ameliorates lung injury in surviving mice. It is impor-
tant to note that patients with severe SARS-CoV-2
infection present a prothrombotic state leading to
thromboembolic complications.47 Therefore, IL-6 trans-
signalling inhibition could offer a potential therapy for
those patients. Our data also showed that sgp130Fc
treatment is responsible for the inhibitory effect on the
STAT3 target genes in lungs from surviving treated
mice. Altogether, we demonstrate the in vivo efficacy of
IL-6 trans-signalling blockade and the association of
reduced expression of STAT3 pathway genes with
improved rates of mortality and morbidity. At the same
time, our data reveal the potential therapeutic role of
www.thelancet.com Vol 103 May, 2024
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sgp130Fc not only in the progression of COVID-19 in
the first days, but also to prevent the lung damage
observed in the post-acute phase of the disease.

We recognize certain limitations and con-founding
factors in this study: i) We examined the performance
of IL-6 trans-signalling blockade with a single dose of
sgp130Fc; which has been reported to inhibit only trans-
signalling. Nevertheless, we demonstrate that at the
dose of 1 mg/kg sgp130Fc reduced severity and mor-
tality and reduced the expression of Stat3 and target
genes in lung samples; thus, it could be suggested that
the dose was sufficient to inhibit IL-6 trans-signalling in
surviving treated mice. ii) We did not consider the effect
of sgp130Fc in the blockade of IL-11 trans-signalling as
a confounding factor that may have an impact in the
therapeutic effect. However, the effect of IL-11 in
COVID-19 is unknown, we did not see a clear increase
of this cytokine in SARS-CoV-2 infected mice, and it
may be expected that the activity of IL-11 is more closely
linked to the parenchymal biology.72 iii) Although SARS-
CoV-2-infected K18-hACE2 mice closely display the
phenotypes observed in patient with severe COVID-19,22

and it has been used to evaluate experimental in-
terventions,27 species specific immune response to the
infection may constitute a confounding factor. iv) We
acknowledge possible bias in HR, but our follow-up was
sufficient to obtain relevant clinical information about
the effect of the treatment. Moreover, the survival curve
offered information about the distribution of the events.
v) Age, sex, variances in the animal microbiome, virus
strain, mutations and titter, could differentially affect
the outcomes.

IL-6 trans-signalling induced strong and persisting
downstream signalling in primary endothelial cells and
lung fibroblasts, with increase expression of chemo-
kines and adhesion molecules that could promote in-
flammatory cell recruitment. Importantly, the presence
of IL-6:sIL-6R complex upregulated the expression of
gp130 and induced IL-6 secretion. It has been assumed
that those factors could maintain IL-6 trans-signalling in
cells with scant amount of IL-6R as VSMC,53 and
endothelial cells,54 in which this receptor is not
expressed.52 To note, immune cells are the main source
of IL-6R,73 providing the third component necessary for
IL-6 signalling. In this context, our data show that IL-
6:sIL-6R complex induces the expression of chemo-
kines, mainly Ccl2 and Cxcl2 as well as the adhesion
molecule Icam1 in endothelial cells and lung fibroblasts.
Thus, IL-6 trans-signalling in those cells, through the
increase of gp130 and IL-6 together with IL-6R from
immune cells, could activate an autocrine loop ampli-
fying its proinflammatory role. Importantly, the pres-
ence of sgp130Fc partially reduced the expression of
chemokines, IL-6 and gp130. Altogether, our results
show a link between IL-6 trans-signalling and the
amplification of the proinflammatory status and
endotheliopathy.
www.thelancet.com Vol 103 May, 2024
In conclusion, we demonstrate that the specific
blockade of IL-6 trans-signalling has a great potential to
mitigate both, acute phase and long-term consequences
of SARS-CoV-2 infection. The study provides important
information to understand the pathogenesis of the dis-
ease. Overall, these results place IL-6 trans-signalling as
a main driver of pro-inflammatory events underlying
COVID-19, and point to therapies focused on the spe-
cific inhibition of this mode of IL-6 signalling as
promising tools in the prognosis and treatment of the
disease.
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