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Intestinal IL-13 Plays a Role in Protecting against SARS-CoV-2
Infection
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The intestine is constantly balancing the maintenance of a homeostatic microbiome and the protection of the host against
pathogens such as viruses. Many cytokines mediate protective inflammatory responses in the intestine, among them IL-1(3. IL-1(3
is a proinflammatory cytokine typically activated upon specific danger signals sensed by the inflammasome. SARS-CoV-2 is
capable of infecting multiple organs, including the intestinal tract. Severe cases of COVID-19 were shown to be associated with a
dysregulated immune response, and blocking of proinflammatory pathways was demonstrated to improve patient survival.
Indeed, anakinra, an Ab against the receptor of IL-1[3, has recently been approved to treat patients with severe COVID-19.
However, the role of IL-13 during intestinal SARS-CoV-2 infection has not yet been investigated. Here, we analyzed postmortem
intestinal and blood samples from patients who died of COVID-19. We demonstrated that high levels of intestinal IL-13 were
associated with longer survival time and lower intestinal SARS-CoV-2 RNA loads. Concurrently, type I IFN expression positively
correlated with IL-1f3 levels in the intestine. Using human intestinal organoids, we showed that autocrine IL-1f3 sustains RNA
expression of IFN type I by the intestinal epithelial layer. These results outline a previously unrecognized key role of intestinal
IL-1f during SARS-CoV-2 infection. The Journal of Inmunology, 2023, 211: 1052-1061.

he intestine is colonized by billions of different microbes
(1, 2) that aid the host in defending against foreign
pathogens (3) or digesting nutrients (4). Thus, the intes-
tinal immune system requires highly flexible but tight regulation
to balance tolerance and inflammation (5). This is achieved by a
sophisticated interplay between intestinal immune cells, their
secreted chemokines or cytokines, and the microbiome (6). One

of these intestinal cytokines with grand implications in homeo-
stasis and disease is IL-1 (7).

IL-1P is a proinflammatory cytokine belonging to the IL-1 family
(8). It is mainly produced by tissue macrophages (9) but can also be
secreted by various other cells, such as neutrophils (10) or epithelial
cells (11, 12). IL-1B then binds to the IL-1 receptor (IL-1R) (13),
a receptor expressed on a variety of different cell subsets (14).

*Section of Molecular Immunology and Gastroenterology, I Department of Medicine,
University Medical Center Hamburg-Eppendorf, Hamburg, Germany; "Hamburg Center
for Translational Immunology, University Medical Center Hamburg-Eppendorf, Ham-
burg, Germany; *Department of General, Visceral and Thoracic Surgery, University
Medical Center Hamburg-Eppendorf, Hamburg, Germany; “Institute of Legal Medicine,
University Medical Center Hamburg-Eppendorf, Hamburg, Germany; YInstitute of Medi-
cal Microbiology, Virology, and Hygiene, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany; I Department of Medicine, University Medical Center Hamburg-
Eppendorf, Hamburg, Germany; “Leibniz Institute of Virology, Hamburg, Germany;
**German Center for Infection Research, Hamburg-Lubeck-Borstel-Riems, Germany;
""Mildred Scheel Cancer Career Center HaTriCS4, University Medical Center Ham-
burg-Eppendorf, Hamburg, Germany; **IIl Department of Medicine, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany; **Institute of Pathology, University
Medical Center Hamburg-Eppendorf, Hamburg, Germany; and ¥Institute for Neuropa-
thology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

'J.L. and F.H. share first authorship and contributed equally to this work.
?B.0. and S H. share last authorship and contributed equally to this work.

ORCIDs: 0000-0002-6081-479X (J.L.); 0000-0001-6866-0257 (J.M.); 0000-0003-3685-
9389 (J.S.); 0000-0002-8579-7236 (M.N.); 0000-0001-9331-8832 (T.Z.); 0000-0001-
9840-0931 (M.S.); 0009-0001-1952-1207 (T.B.); 0000-0003-3323-122X (A.D.); 0000-
0002-8823-3129 (A.W.L.); 0000-0002-9468-7944 (M.L.); 0000-0001-8795-818X
(S.K.); 0000-0001-9325-8227 (S.H.).

Received for publication November 15, 2022. Accepted for publication July 11, 2023.

This work was supported in part by the Deutsche Forschungsgemeinschaft (Grant SFB841
to S.H.,, N.G., and AW.L. and Grant SFB1328 to S.H. and N.G.), Emst Jung-Stiftung
Hamburg (to S.H.), Stiftung Experimentelle Biomedizin (to S.H.), the NATON consortium
as part of the Netzwerk Universititsmedizin funded by the Federal Ministry of Education
and Research of Germany (grant 01KX2121 to B.O., F.H., and S.K.), EFRE 2014-2020

www.jimmunol.org/cgi/doi/10.4049/jimmunol.2200844

REACT-EU (to M.J.B.), and the Deutsche Krebshilfe (70114853 to A.D.G.). S.H. has an
endowed Heisenberg Professorship awarded by the Deutsche Forschungsgemeinschatt.

JL. and F.H. conceived and designed all experiments, analyzed data, and performed
experiments; J.L. wrote the manuscript; JM. designed and carried out all in vitro
experiments regarding organoids; N.M. and J.S. performed RNA extraction and quantitative
PCR assays; M.B. provided the out-of-surgery human samples, provided critical intellectual
input, and edited the paper; M.N., T.Z., F.B., M.S., and J.K. provided critical intellectual
input and edited the paper; T.B. performed RNA extraction and quantitative PCR assays;
AD., MR, SW., OM,, JRIL, AWL, and N.G. provided critical intellectual input and
edited the paper; M.L. performed measurements of SARS-CoV-2 levels, provided critical
intellectual input, and edited the paper; M.J.B. and M.A. designed organoid experiments,
provided critical intellectual input, and edited the paper; G.S. provided the out-of-surgery
human samples, provided critical intellectual input, and edited the paper; A.D.G. provided
critical intellectual input and edited the paper; S.K. designed and performed experiments
regarding immunofluorescence and immunohistochemistry, provided critical intellectual
input, and edited the paper; B. O. and S.H. conceived the idea for the study and supervised
the study. All authors reviewed and agreed with the submitted manuscript.

Address correspondence and reprint requests to Prof. Samuel Huber, University Medical
Center Hamburg-Eppendorf, MartinistraBe 52, 20246, Hamburg, Germany. E-mail address:
shuber@uke.de

The online version of this article contains supplemental material.

Abbreviations used in this article: BMI, body mass index; IL-1R, IL-1 receptor; PMI,
postmortem interval; RT-qPCR, RT—quantitative PCR; S-protein, Spike protein.

This article is distributed under The American Association of Immunologists, Inc.,
Reuse Terms and Conditions for Author Choice articles.

Copyright © 2023 by The American Association of Immunologists, Inc. 0022-1767/23/$37.50

20z Arenuer gz uo ysenb Aq Jpd ¥¥800221/0Z.L¥91/2501/9/1 L Z/3pd-8jomie/jounwwif/Bioiee’sjeuinol)/:dpy wouy papeojumoq



The Journal of Immunology

Although pivotal in inducing a robust immune response against
pathogens (15), a more pathogenic role of IL-1f has been discovered
in the last decade. It is mainly attributed to its capacity to induce or
enhance type 3—centered immune responses (16). In this setting, the
production of cytokines such as IL-17A, IL-17F, or IL-22 by cells
such as Th cells (16) or yd T cells plays a key role (17). In this regard,
IL-1B was linked to unfavorable effects in cancer (18), metastasis
(19, 20), and inflammatory bowel disease (21, 22).

In line with its proinflammatory functions, many studies
found elevated serum levels of IL-1f in patients during multi-
ple viral diseases such as influenza (23) or chronic hepatitis C
(24). Surprisingly, evidence of systemic upregulation of IL-1(3
during one of the latest viral infections, namely SARS-CoV-2
infection, is more ambiguous (25-28). However, a robust upre-
gulation of IL-1 could be detected in bronchial lavage fluid
(29, 30) and histological lung sections of individuals with
SARS-CoV-2 infection (31, 32).

To infect cells, SARS-CoV-2 binds via its Spike protein (S-protein) to
the angiotensin-converting enzyme 2 on the cell surface (33) and triggers
the production of proinflammatory components such as 1L-6, TNF-a,
and also IL-13 (34). Although it has often been reported that monocytes
are the main source of IL-1 upon SARS-CoV-2 infection (29, 35, 36),
some studies also describe IL-1{3 production by bronchial epithelial cells
(37). Likewise, SARS-CoV-2 infection also leads to increased produc-
tion of type I IFNs (38—41), such as IFN-a2 and IFN-$31, that are essen-
tial in mediating an early antiviral response (42).

Although these bronchial epithelial cells are the first targets of
SARS-CoV-2 infection (43), the virus can proceed to infect other
organs. Using postmortem case collections, the detection of SARS-
CoV-2 in the heart (44), the kidneys (45, 46), or the liver (47, 48) was
demonstrated already. The gastrointestinal tract is another organ with
high expression levels of the angiotensin-converting enzyme 2 entry
protein (49). Studies using primary human-derived (50, 51) or bat-
derived organoids (51) showed replication of SARS-CoV-2 in vitro.
Moreover, in patient cohorts, gastrointestinal symptoms, such as eme-
sis or diarrhea, were shown to be associated with increased survival
(52), suggestive of the great importance of the gut during SARS-
CoV-2 infections. However, underlying mechanisms and tissue-spe-
cific immune responses in the intestine upon SARS-CoV-2 infection
remain elusive.

It is now widely accepted that severe COVID-19 is associated with
dysregulated immune responses that may ultimately culminate in a
cytokine storm (53). For example, high levels of different cytokines,
such as IL-6, IL-8, and TNF-«, were associated with impaired sur-
vival (25). In line with this, we found that high TNFA expression in
the liver correlates with a reduced survival time (54). These observa-
tions led to a rapid reevaluation of already well-established immune-
modifying agents initially developed to target autoimmune diseases
such as rheumatoid arthritis or inflammatory bowel disease. To date,
many of these agents have proved beneficial in combating severe
cases of COVID-19, including therapies directed against the JAK
pathway (55) or IL-6 (56). Most recently, anakinra, an Ab targeting
IL-1R, was approved against SARS-CoV-2 infection (57). Given the
emerging role of the intestine during SARS-CoV-2 infection on the
one hand and IL-1B’s generally protective functions in the intestine
on the other, detailed investigations into this interplay are warranted.
To begin with, it is unclear if there is a different impact of systemi-
cally distributed versus intestine-produced IL-1B. Furthermore, the
sources and functions of IL-1B in the intestine during SARS-CoV-2
infection are unknown.

In this study, we investigated the influence of systemic and intesti-
nal IL-1B by analyzing its expression in 45 patients who died of
SARS-CoV-2 infection. High levels of /L1B mRNA expression in the
blood of this cohort were associated with a reduced survival time.
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However, elevated expression of this cytokine in the intestine was
associated with increased survival time. Moreover, patients with high
intestinal /L1B expression and detectable SARS-CoV-2 RNA showed
a reduced intestinal viral load, whereas high systemic /L 1B expression
did not correlate with the viral load in the blood. An increased intesti-
nal viral load was also an independent risk factor for reduced survival
time in our cohort. Furthermore, our investigation shows that macro-
phages and intestinal epithelial cells might be the source of IL-1p,
which, in turn, sustains the RNA expression of the antiviral cytokine
IFNa?2 in the intestinal epithelial layer upon S-protein stimulation
in vitro. In summary, these results point toward a protective role of
intestinal IL-1f3 during SARS-CoV-2 infection.

Materials and Methods

Autopsies and collection of clinical data

The data and sample acquisition were performed between April 2020 and
April 2021. A total of 45 COVID-19 death cases admitted to the Institute of
Legal Medicine were included in the study. For an initial assessment of
SARS-CoV-2 RNA, RT—quantitative PCR (RT-gPCR) from nasopharyngeal
swab samples was performed as part of routine diagnostic tests at the Insti-
tute of Microbiology, Virology, and Hygiene. The cause of death was evalu-
ated according to current literature (58). Patients not dying of but with
COVID-19 were strictly excluded from the analysis. Corpses exhibiting
advanced putrefactive changes were also excluded. All corpses were stored
at 4°C upon admission to the Institute of Legal Medicine. Full autopsies
were performed at the Institute of Legal Medicine of the University Medical
Center Hamburg-Eppendorf, following the German Society of Legal Medi-
cine guidelines, considering recent guidelines on postmortem specimens
from deceased individuals with confirmed or suspected COVID-19. Tissue
samples were collected as triplicates from the duodenum and blood and
were immediately snap-frozen in liquid nitrogen until further use. Sociode-
mographic and clinical data, such as preexisting medical conditions, specific
disease symptoms, and laboratory results upon SARS-CoV-2 diagnosis, were
acquired from the patient records from nursing homes, hospitals, or private
practices.

RT-qPCR for cytokines

Total RNA from the respective tissues was extracted using the RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instruc-
tions. After the RNA yield was measured and adjusted, the high-capacity
cDNA synthesis kit (Applied Biosystems, Waltham, MA) was used for cDNA
synthesis. Real-time PCR was carried out using the Kapa Probe Fast qPCR
Master Mix (Kapa Biosystems, Wilmington, MA) on the StepOne Plus system
(Applied Biosystems). Probes were purchased from Applied Biosystems
(Table I). The relative expression was normalized to HPRT and calculated
using the 2724 method.

RT-qPCR for SARS-CoV-2

The protocol was carried out as previously reported (47). The tissue samples
were ground (Precellys 24; Bertin Instruments, Rockville, MD) in 2-ml tubes
filled with ceramic beads (Precellys Lysing Kit) and PBS. A 200-u.1 aliquot of

Table I.  Probes used in this study for human RNA quantification with
RT-qPCR

Gene Probe name
FOXP3 Hs01058534_ml
HPRTI Hs02800695_ml1
IFNA2 Hs00265051_s1
IFNB1 Hs01077958_s1
IFNG Hs00989291_ml
ILIB Hs00174097_ml
IL6 Hs00174131_m1
IL10 Hs00961622_ml
IL174 Hs00174383_ml
ILI7F Hs00369400_m1
1122 Hs01574154_ml
1L23 Hs00900828_gl
RORC Hs01076122_ml
TBX21 Hs00203436_m1
TGFBI Hs00998133_m1
TNF Hs01113624_gl
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this lysate was used for extraction through MagnaPure96 (Roche, Mannheim,
Germany). The primer (5'-ACAGGTACGTTAATAGTTAATAGCmGT-3’,
400 nM end concentration; 5 TATTGCAGCAGTACGCACAmMCA-3’, 400
nM end concentration) and probe (5'-Fam- ACACTAGCC/ZEN/ATCCT-
TACTGCGCTTCG-Iowa Black FQ-3’, 100 nM end concentration) used were
from Integrated DNA Technologies (Leuven, Belgium). One-step RT-PCR
(25-p1 volume) was performed using the LightCycler 480 system (Roche)
with a one-step RNA control kit (Roche) as the master mix and 5 .l eluate.
The Cr value for the target SARS-CoV-2 RNA was measured using the sec-
ond derivative maximum method. Standard RNA reference material (obtained
from INSTAND e.V., Diisseldorf, Germany) was used for quantification.
Quantitative 3-globin PCR was carried out with the respective TagMan primer
set (Thermo Fisher; 401846) and a DNA control kit (Roche). Samples were
run on the LightCycler 480 system. SARS-CoV-2 RNA levels in tissues were
then normalized to B-globin DNA. A sample with a Ct value >40 was set as
a sample with undetectable SARS-CoV-2 RNA.

Immunohistochemical analysis

Gut tissues were fixed in 4% buffered formalin, dehydrated, and embedded
in paraffin. Paraffin tissue sections were cut at 3 wm. After dewaxing and
inactivation of endogenous peroxidases (PBS with 3% hydrogen peroxide),
Ab-specific Ag retrieval was performed using the Ventana Benchmark XT
device (Ventana, Tucson, AZ). Ultimately, slides were incubated with an Ab
against IL-13 (ab9722, dilution 1:500; Abcam, Cambridge, UK) for 1 h. The
UltraView Universal DAB Detection Kit (760-500; Roche) was used as a
secondary Ab. Counterstaining and bluing were performed with hematoxylin
(760-2021; Ventana Roche) and Bluing Reagent (760-2037; Ventana Roche)
for 4 min. Subsequently, stained sections were mounted in a mounting
medium. One section was evaluated per organ and/or patient.

Immunofluorescence

Tissues were fixed in 4% buffered formalin, dehydrated, and embedded in par-
affin. Sections (3 wm) were mounted on glass slides, first treated in xylene and
increasing ethanol solutions, then hydrated and washed in H,O. Sections were
heated in a rice cooker with 10 mM sodium citrate buffer (pH 6) for 1 h, subse-
quently washed with H,0, and then incubated in PBS-Triton 0.2%. After wash-
ing, sections were incubated for 60 min in a blocking buffer. Samples were
stained overnight with Abs against IL-18 (ab9722, dilution 1:500; Abcam) and
IBA1 (234004; dilution 1:500; Synaptic Systems) at 4°C. After washing, sec-
ondary Ab staining was carried out for 1.5 h at room temperature. Nuclei were
counterstained with DAPI solution. Fluorescence microscopy was carried out
using an SP5 confocal microscope (Leica, Heidelberg, Germany).

Isolation, culture, and stimulation of human intestinal organoids

Suspension organoids from human intestinal tissue samples with the apical epi-
thelium facing outward were established as described previously (59). Briefly,
epithelial cells were isolated from human intestinal tissue samples and cultured
in an expansion medium. Intestinal organoids were passaged at least twice
before experiments. After 5 d of growth, Matrigel was removed, and organoids
were cultured in a differentiation medium. Experiments were conducted after 5
more days. Organoids were stimulated for 10 h for ELISA and 24 h for qPCR
assays with flagellin 100 ng/ml (catalog number tlrl-epstfla; InvivoGen, San
Diego, CA), LPS 100 ng/ml (catalog number L3024; Sigma-Aldrich, Burling-
ton, MA), SARS-CoV-2 S-protein 1 pg/ml (catalog number 130-127-951;
Miltenyi Biotec, Bergisch Gladbach, Germany), and/or 10 pg/ml a-IL-13
(catalog number 511601, clone H1b-27; BioLegend, San Diego, CA). During
stimulation, A8031 and N-acetyl cysteine were removed from the medium.

ELISA

The ELISAs for detection of IL-1{ (catalog number DLB50; R&D Systems,
Minneapolis, MN), IFN-a2 (catalog number HSIFNA2; R&D Systems), and
IFN-B1 (catalog number QK410; R&D Systems) were carried out according
to the manufacturer’s instructions (R&D Systems).

Isolation, culture, and stimulation of human macrophages

Blood was drawn from healthy volunteers into EDTA-coated tubes, and leuko-
cytes were subsequently isolated using a Ficoll gradient. Monocytes and macro-
phages were isolated using MACS with anti-CD14 human magnetic beads
(catalog number 130-050-201; Miltenyi Biotec). Cells were seeded into 24-well
plates in a concentration of 0.5 million cells per well in cell culture medium (con-
taining RPMI 1640, 10% FBS, and 1% penicillin/streptomycin), supplemented
with M-CSF (50 ng/ml). The medium was changed at day 3 and day 6. Experi-
ments were conducted 6 d after initial isolation. Macrophages were stimulated
for 24 h with LPS 100 ng/ml (catalog number L3024; Sigma-Aldrich), SARS-
CoV-2 S-protein 1 pg/ml (catalog number 130-127-951; Miltenyi Biotec), and/or
1 pg/ml o-IL-1B (catalog number 511601, clone H1b-27; BioLegend).

IL-18 IN THE GUT PROTECTS AGAINST SARS-CoV-2

Statistics

Data are presented as absolute and relative frequencies for categorical varia-
bles and as the median and interquartile range for continuous variables. As
appropriate, the comparison of categorical variables was made using Fisher’s
exact test or the x test. Continuous variables were compared using the Mann-
Whitney U test. Correlation coefficients were estimated using a pairwise corre-
lation between variables, with pairwise deletion of observations in case of
missing values by default. Bonferroni-adjusted significance levels are given if
required. Survival function estimates were calculated using the Kaplan-Meier
method and were compared using the log-rank test. To investigate the predictive
value of intestinal /L1B levels, we performed a median split of /L/B expression
in the intestine and the blood, respectively. A p value <0.05, adjusted when
appropriate, was considered statistically significant. The statistical analysis was
done using STATA/MP version 17.0 (StataCorp, College Station, TX). Graph-
Pad Prism software version 9.1.1 (GraphPad Software, La Jolla, CA) was used
for data illustration. Graphical illustrations were created using BioRender.com.

Study approval

For autopsy studies, the informed consent of relatives or legal representatives
was obtained. This study was approved by the ethics committee of the Hamburg
Chamber of Physicians (reference numbers PV7311 and 2020-10353-BO-ff)
and conducted according to the guidelines of the Declaration of Helsinki.

The collection of human intestinal tissues was also approved by the ethics
committee of the Hamburg Chamber of Physicians (reference number
PV5251). Intestinal tissue samples were only collected upon receiving the
patient’s informed consent.

Results
High levels of IL1B in the intestine are associated with an increased
survival time

To investigate the role of the tissue-specific immune response of the gut
during SARS-CoV-2 infection, we analyzed the RNA expression of 16
genes of matched autopsy tissue samples from the duodenum and whole
blood of 45 individuals who died of COVID-19 (Fig. 1A and Table I).
The median patient age was 79 y (interquartile range, 71-85), with
16 (36%) of 45 being female. Further baseline clinical characteristics are
illustrated in Table II. To investigate the association of intestinal IL-1(3
on survival time, we divided the cohort according to the median of rela-
tive IL1B expression in the intestine and the blood, respectively. As a
housekeeping gene, HPRT1 expression was assessed in all tissue sam-
ples. Comparison of the ILIB"" and IL1B,,, groups did not show
significant differences regarding sex, body mass index (BMI), age,
postmortem interval (PMI), and general hospitalization (Fig. 1B).

High expression of /LIB in the blood was significantly associated
with a reduced survival period, defined as the time between the first
known positive SARS-CoV-2 qPCR test and death (p = 0.01) (Fig. 1C).
Surprisingly, the observed association between survival and /L1B levels
in the gastrointestinal tract was inverse. In this tissue, high /L1B expres-
sion was significantly associated with a prolonged survival period (p =
0.04) (Fig. 1D). However, no linear correlation was found between intes-
tinal and whole blood LB (R* = 0.002; p = 0.75) (Fig. 1E), suggesting
that /LB expression in these compartments is regulated independently.
Next, with opposing effects of /L/B in mind, we asked whether levels
of ILIB might also differ between compartments. Indeed, /L/B was
expressed at a significantly higher level in the blood than in the small
intestine (p < 0.0001) (Fig. 1F), potentially explaining the beneficial
effect of IL-1R blockade in some patients (57). Taken together, high lev-
els of /L1B in the intestine are associated with an increased survival time,
whereas the opposite is seen in the blood.

Systemic IL1B is not associated with the systemic viral load but
correlates with a decreased survival time and an enhanced TGF-f
(TGFB) response

We next hypothesized that levels of IL-1$ in the blood might influ-
ence the systemic load of SARS-CoV-2 mRNA. However, no differ-
ence was found between ILIB"®" and ILIB,,, groups in the blood
when comparing the average Cr levels of associated SARS-CoV-2
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FIGURE 1. Expression levels of /L1B in the blood and the intestine are associated with inverse survival times. (A) Schematic picture of the data collection
process in which clinical data and tissue samples of blood and duodenum were collected from 45 individuals who died of COVID-19. (B) Cohort characteris-
tics of patients with low (below the median) intestinal expression of /LIB (n = 22, black) or high (above the median) intestinal expression of /L/B (n = 23,
yellow), as well as low (below the median) expression of /L/B in the blood (n = 22, white) and high (above the median) expression of /L/B in the blood
(n = 22, red). One blood sample had to be excluded due to undetectable HPRT values. (C) Kaplan-Meier analysis of survival length in patient cohorts
divided according to low (below the median, n = 22, black) and high (above the median, n = 22, red) relative expression of /L/B mRNA in the blood, as
measured by RT-PCR. (D) Kaplan-Meier analysis of survival length in patient cohorts divided according to the relative intestinal expression of /L/B
(below the median, n = 22, black; above the median, n = 23, yellow). (E) Relative expression of /LB in the blood in relation to its expression in the
intestine in concurrent patient samples (n = 44). Linear regression is shown as a continuous red line. (F) Expression of /LB in the blood (red, left, n = 44)
and in the intestine (yellow, right, n = 45). The dashed black lines represent the limits of detection. The p values were corrected for multiple testing when
appropriate. Horizontal lines represent the mean + SEM; each symbol indicates one sample from one patient.

mRNA between groups in patients with a detectable viral load (22 associated with the systemic viral load of SARS-CoV-2, nor is the
from 45 patients; p = 0.83) (Fig. 2A). We then hypothesized whether detectability of SARS-CoV-2 in the blood an influencing factor for
SARS-CoV-2 mRNA viremia correlated with survival in our cohort. survival length in the given cohort.

The viremic and nonviremic groups did not differ significantly in sex, Because IL-1B has been linked to regulating the production of
age at death, PMI, or hospitalization rate and only had a significantly ~ TGF-B (60), a cytokine that itself is associated with unfavorable
different percentage of overweight patients, indicated by their BMI outcomes during SARS-CoV-2 infection (61, 62), we hypothesized

(Fig. 2B). Nonetheless, detectable mRNA for SARS-CoV-2 in the whether IL-1B expression might be associated with TGF-B produc-
blood was not associated with our cohort’s length of survival (p =

¢ 3 tion. Indeed, the patient cohort with elevated levels of /L/B showed
0.38) (Fig. 2C). So, taken together, /LIB levels in the blood are not

equally increased levels of systemic 7GFB (p = 0.03) (Fig. 2D,
2E) compared with the ILIB,,, group, whereas other cytokines
were not significantly elevated in the systemic ILIB"" group
(Supplemental Fig. 1). On a side note, patients in the systemic
ILIB"#" group tended to have elevated (but not statistically signifi-

Table II.  Sociodemographic characteristics of COVID-19 deaths (n = 45)
included in the study

Variable Median (IQR)/No. (%) cant) lactate levels (Fig. 2F), a standard laboratory marker for sepsis
Age,y 79 (71-85) and hemolysis. Beyond this, there was no statistically significant
Sex difference between the groups regarding laboratory markers such as

Female 16 (35.6%) li h lobi hromb Sunpl | Fie. 2

Male 29 (64.4%) iver enzymes, hemoglobin, or thrombocytes (Supplemental Fig. 2).
BMI, kg/m? 26.1 (23.9-31.6) In summary, high levels of /L/B in the blood were linked not only
Hospitalization 33 (73.3%) to decreased survival time but also to increased 7GFB expression in
Postmortem interval, d 3.0 (2.0-4.0)

the blood. However, no direct connection of systemic IL-13 to the
IQR, interquartile range. SARS-CoV-2 viral load in the blood was found.
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FIGURE 2. Systemic /LIB is not associated with the systemic viral load but correlates with an enhanced TGFB response. (A) Cr values of SARS-CoV-2
mRNA expression in the blood of patients with a detectable SARS-CoV-2 viral load (n = 22), divided according to low (below the median of all 44 patients,
black, » = 10) and high (above the median of all 44 patients, red, n = 12) expression of /L/B. (B) Cohort characteristics of patients with undetectable
(n = 23, black) and detectable (n = 22, red) SARS-CoV-2 viral loads. (C) Kaplan-Meier analysis of survival length in patient cohorts divided according to
undetectability (n = 23, black) and detectability (n = 22, red) of SARS-CoV-2 mRNA in the blood. (D) Relative expression of TGFB in the blood of patients
divided according to low (below the median, n = 22, black) and high (above the median, n = 22, red) relative expression of /L/B mRNA in the blood.
(E) Relative expression of /L/B in the blood in relation to relative 7GFB expression in the blood in concurrent patient samples (n = 44). Linear regression is
shown as a continuous red line. The dashed black lines represent the limits of detection. (F) First available lactate levels (in mmol/L, n = 14) upon SARS-
CoV-2 diagnosis, determined by screening of patient laboratory findings, divided according to low (below the median of all 44 patients, black, n = 7) and
high (above the median of all 44 patients, blue, n = 7) expression of IL1B. The p values were corrected for multiple testing when appropriate. Horizontal
lines represent the mean + SEM; each symbol indicates one sample from one patient.

Upon SARS-CoV-2 infection, IL-1f can be produced by epithelial To confirm this finding, we generated fresh human intestinal organoids
cells and macrophages in the intestine from fresh surgical samples to evaluate the epithelial contribution to IL-13

Next, we wanted to determine the source of IL-1p during SARS- ~ Production. Human intestinal organoids already produced IL-18 without
CoV-2 infection in the duodenum by staining the intestinal tissue of ~ Stimulation (Fig. 3D). We furthermore observed a slight upregulation of
six selected deceased individuals for IL-1B, of which three did not IL-1B production upon LPS or flagellin stimulation, which was signifi-
have measurable levels of /LIB RNA (termed /LIB negative) and cantly increased by costimulation with SARS-CoV-2 S-protein (Fig. 3D).
three had high levels of intestinal /LB RNA (termed ILIB positive). ~In summary, both macrophages and intestinal epithelial cells can contrib-
Indeed, we could detect a small cluster of IL-1B—positive cells in ~ute to intestinal IL-1(3 production responding to SARS-CoV-2 infection.

IL1B"#" tissue samples that were absent in /L1B,,,, samples (Fig.
3A). Double-fluorescence staining with IBA1, a commonly used
macrophage marker, determined macrophages as one potential
source of IL-1f in the intestinal epithelium during SARS-CoV-2

High levels of IL1B in the intestine are associated with a reduced
viral load among individuals with detectable SARS-CoV-2 infection
of the intestine

infection (Fig. 3B). We then assessed the functional contribution of IL-1f during the
Because the count of intestinal epithelial cells is commonly highly intestinal infection and referred back to the intestinal autopsy tissue of
reduced in autopsy tissue, and because these cells are often no longer the SARS-CoV-2—positive bodies. Interestingly, when comparing the

functiona]’ we also analyzed fresh duodenal samp]es from three CT levels of SARS-CoV-2 mRNA in individuals with a detectable
patients with SARS-CoV-2 and three control subjects who underwent viral load (22 from 45 patients), a significantly increased average
abdominal surgery with duodenal resection. In these samples, we Cr value (and thus a decreased viral load) was determined in patients
identified intestinal epithelial cells to be an additional subset of  with high intestinal /LIB expression (p = 0.049) (Fig. 4A). This
IL-1B—producing cells in one patient with proven SARS-CoV-2 observed effect was limited to the small intestine because Cr levels of
infection, but not in the uninfected specimen (Fig. 3C). systemic SARS-CoV-2 mRNA did not differ significantly, nor were
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FIGURE 3. IL-18 can be produced by epithelial cells and macrophages in the intestine during SARS-CoV-2 infection. (A) Representative picture of IL-13 expression,
determined by immunohistochemistry, in the duodenum of patients with nondetectable intestinal /LB levels (left) and detectable intestinal /Z1B levels (right). Tissue sam-
ples were taken during the autopsy. Counterstaining and bluing were performed with hematoxylin and Bluing Reagent. Scale bar, 50 pm. (B) Representative picture of
IL-1B3 (red) and IBAI (green) expression, determined using double fluorescence, in the duodenum of patients with nondetectable intestinal /1B levels (left four pictures)
and detectable intestinal /1B levels (right four pictures). The upper panel represents merged pictures; the lower panel represents unmerged channels. Tissue samples were
taken during autopsies. Scale bar, 50 pum; closeup, 20 um. (C) Left: Representative picture of IL-13 expression, determined by immunohistochemistry, in the duodenum
of patients without SARS-CoV-2 diagnosis (far left, » = 3) and with clinical SARS-CoV-2 diagnosis (middle, » = 3). Tissue samples were taken during surgery. Counter-
staining and bluing were performed with hematoxylin and Bluing Reagent. Scale bar, 50 pm. Right: Percentage of patients with detectable IL-1{3 expression in the intesti-
nal epithelium. (D) IL-1P3 expression of human intestinal organoids (n = 6), measured in supernatants by ELISA. Suspension organoids were prepared and placed in a
differentiation medium for 6 d. Organoids were then stimulated with SARS-CoV-2 S-protein (Spike) (1 pg/ml), LPS (100 ng/ml), and/or flagellin (100 ng/ml) for 10 h.
Data are represented as six biological replicates. Horizontal lines represent the mean + SEM; each symbol indicates one biological replicate from a different patient.

they correlated between the intestinal /L/B"¢" and IL1B,,,, groups survival time (45, 63); yet, this has not been investigated sys-
(p = 0.76) (Fig. 4B). It is well established that detecting SARS- tematically in the small intestine so far, to our knowledge.
CoV-2 mRNA in multiple organs is associated with decreased When dividing our cohort according to the detectability of
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FIGURE 4. High levels of IL-1B in the intestine are associated with a reduced viral load among individuals with detectable SARS-CoV-2 infection of the intes-
tine. (A) Cr values of SARS-CoV-2 mRNA expression in the intestines of patients with a detectable SARS-CoV-2 viral load (n = 22), divided according to low
(below the median of all 44 patients, black, » = 10) and high (above the median of all 44 patients, yellow, n = 12) expression of intestinal /L/B. (B) Cr values of
SARS-CoV-2 mRNA expression in the blood of patients with a detectable SARS-CoV-2 viral load (n = 22), divided according to low (below the median of all
44 patients, black, n = 12) and high (above the median of all 44 patients, yellow, n = 10) expression of intestinal /L1B. (C) Cohort characteristics of patients with
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ple testing when appropriate. Horizontal lines represent the mean + SEM; each symbol indicates one sample from one patient.
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FIGURE 5.

IL-1B sustains RNA expression of /FNa2 in intestinal epithelial cells. Relative expression of /L/B in the intestine in relation to relative

(A) IFNA2 and (B) IFNBI expression in the intestine in concurrent patient samples (n = 45). Linear regression is shown as the continuous yellow line. The
dashed black lines represent the limits of detection. A pairwise correlation was performed, and p values were Bonferroni corrected for multiple testing.
(€) Supernatant protein levels of IFN-a2 (n = 8) and (D) IFN-B (n = 8) of in vitro expanded human macrophages. Macrophages were stimulated with
SARS-CoV-2 S-protein (Spike) (1 pg/ml), LPS (100 ng/ml), and/or a-IL-1B (10 pg/ml) for 24 h. Data are represented as eight biological replicates. (E) Relative
expression of IFNA2 (n = 8), (F) supernatant protein levels of IFN-a2 (n = 7), and (G) relative expression of /FNBI (n = 8) of human intestinal organoids.
Suspension organoids were prepared and placed in a differentiation medium for 6 d. Organoids were then stimulated with SARS-CoV-2 S-protein (Spike)
(1 pg/ml), LPS (100 ng/ml), and/or o-IL-13 (10 pg/ml) for 24 h (E and G) or 10 h (F). Data are represented as seven or eight biological replicates. Horizontal
lines represent the mean + SEM; each symbol indicates one sample from one patient.

SARS-CoV-2 mRNA in the intestine, no significant differences
regarding sex, BMI, age, PMI, and hospitalization could be dis-
cerned (Fig. 4C). However, patients with detectable intestinal
SARS-CoV-2 mRNA presented with a significantly decreased
survival period (p = 0.02) (Fig. 4D). Taken together, intestinal
levels of SARS-CoV-2 mRNA are decreased in individuals with
detectable local viral load and high intestinal /LB expression.
Moreover, the detectability of intestinal SARS-CoV-2 mRNA is
associated with a reduced survival period.

IL-1§3 sustains RNA expression of ITFNa2 in intestinal epithelial cells

Because local viral loads were reduced in the intestinal IL/B"&"
group, we hypothesized that IL-1 might induce a local antiviral
immune response. Among the most upregulated antiviral cytokines
are type I IFNs such as IFNa2 and IFNB1, with distinct effects
against SARS-CoV-2 infection (38—41). Indeed, expression of /LIB
in the intestines of COVID-19 deceased individuals highly corre-
lated with IFNA2 (R* = 0.71; p < 0.0001) (Fig. 5A) and IFNBI
(R* = 0.62; p = 0.001) (Fig. 5B). Interestingly, these correlations
between type I IFNs and /LB are indeed intestine-specific, because

levels of IFNA2 and [FNBI did not significantly differ in the sys-
temic /LIB groups (Supplemental Fig. 1). Of note, intestinal /L/B
also correlated with TNFA (R* = 0.69; p < 0.0001) (Supplemental
Fig. 3K) and with IL23 (R* = 0.91; p < 0.0001) (Supplemental
Fig. 3L), a cytokine that is involved in Th17 cell maturation (64).
Apart from these observations, correlations of intestinal /L/B with
genes connected to other T cell subsets and functions were not
found (Supplemental Fig. 3). Explicitly, a correlation between intes-
tinal /L/B and intestinal TGFB, as it was found for their systemic
counterparts, could not be detected in the duodenum.

We next compared the systemic cytokine expression of the intes-
tinal /L1B"®" and ILIB,,,, groups. Interestingly, all investigated sys-
temic cytokines were not affected by intestinal IL-1f3 expression
(Supplemental Fig. 4). Likewise, no significant differences could be
detected at all when comparing laboratory findings from patients of
the intestinal /L1B"" and IL1B,,,, groups upon diagnosis of SARS-
CoV-2 infection (Supplemental Fig. 4).

Finally, we sought to investigate a mechanistic link between
intestinal IL-1B production and upregulation of type I IFNs
such as IFN-a2 and IFN-B1. Because macrophages were a
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significant source of intestinal IL-1[3, we wondered whether this
cytokine might induce type I IFNs in macrophages. Thus, we
differentiated human macrophages for 1 wk in the presence of
M-CSF and then stimulated them with LPS and SARS-CoV-2
S-protein in the presence or absence of an Ab blocking IL-1{.
Although LPS and SARS-CoV-2 S-protein stimulation signifi-
cantly upregulated IFN-a2 and IFN-B1 production from in vitro
differentiated macrophages, blockade of IL-1@ did not signifi-
cantly reduce their expression levels (Fig. 5C, 5D). Thus, mac-
rophage-derived type I IFNs are likely not regulated by IL-1f3.

Next, we wondered whether production of type I IFNs by intesti-
nal epithelial cells is dependent on IL-1@. Therefore, we treated
human intestinal organoids that were stimulated with LPS and
SARS-CoV-2 S-protein with an Ab blocking IL-1f. Indeed, intes-
tinal organoids treated with this IL-1 blocking Ab showed a
decrease in /FNa2 RNA expression, but only if stimulated with
LPS and S-protein (Fig. SE). However, this finding could not be
confirmed when measuring IFN-a2 protein concentration in the
supernatant of intestinal organoids (Fig. 5F). Because protein con-
centrations of supernatants are the sum of secreted proteins during
an extended time span, whereas RNA expression delivers more
acute information, this finding calls for more precise temporal
investigations of type I IFNs in the future.

Interestingly, IFNfI expression remained unchanged by IL-18
blockade (Fig. 5G) and could not be detected as a protein in the
supernatant of intestinal organoids (data not shown).

Taken together, IL-1 sustains intestinal epithelial RNA expres-
sion of /FNo2 during epithelial cell-derived organoid stimulation
with S-protein in vitro, which correlates with protection against
SARS-CoV-2 infection-mediated mortality in vivo (Table I).

Discussion

The intestinal tract plays a vital role as a security barrier that, on the
one hand, protects against pathogens and, on the other hand, allows
the development of tolerance against commensal bacteria and food
Ags (5). It is well established that SARS-CoV-2 can also infect the
intestinal tract (50, 51). Although systemic and pulmonary immuno-
logical responses to SARS-CoV-2 have been thoroughly investi-
gated during the last 2 y, investigations regarding intestinal SARS-
CoV-2 infections remain scarce.

In this study, we demonstrated, for the first time, to our knowledge,
that detecting SARS-CoV-2 mRNA in the intestine is associated with
a decreased time of survival, an observation that has also been estab-
lished for many other organs (45, 63). Nonetheless, this (to our
knowledge) newly found association between SARS-CoV-2 intestinal
infection and survival time is somewhat surprising because another
study found that involvement of the gastrointestinal tract was linked
to a more favorable outcome (52). However, this report used gastroin-
testinal symptoms such as emesis or diarrhea as the main surrogate
marker and not the detectability of SARS-CoV-2 mRNA, which
might explain the seemingly opposing findings.

We previously reported that high TNFA expression levels in the
livers of SARS-CoV-2 deceased individuals correlate with a reduced
survival time (54). In contrast, we focused in the present study on the
role of intestinal /L1B. Taken together, our data showed that elevated
expression of intestinal /L/B is associated with prolonged survival
after infection. However, our study also found that high levels of
ILIB in the blood were inversely associated with overall survival
time. This finding is in line with a previous report revealing a reduced
(although not significant) probability of survival in patients with high
levels of IL-1B in the blood (25). Accordingly, systemic blocking of
IL-1R, the receptor of IL-1[3, proved beneficial for severe COVID-19
in a recent clinical study (57). Taken together, these former findings
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and our data point toward the ambiguous roles of IL-1{3 in both the
intestine and the blood during COVID-19 infection. Furthermore,
blocking of IL-1R also leads to an attenuation of IL-la signaling,
which might mediate the clinical benefit of anakinra.

We found a strong correlation between /LB and TGFB expression
in the blood. It is well established that IL-1@ can induce TGF-f3 pro-
duction in certain settings (60). Likewise, multiple reports hint at a
pathogenic role of TGF-B during COVID-19 infection, such as by
reducing protective functions of NK cells (62) or maintaining a chronic
and undirected immune response in B lymphocytes (61). Thus, it
seems possible that the potential pathogenic role of high /LB in the
blood that we found during COVID-19 infection might lie within an
induction of TGF-B production. However, further studies are war-
ranted to address this specific point.

We next demonstrated that macrophages were one potential source
of IL-1B in the SARS-CoV-2—infected intestine. However, also other
cells, such as intestinal epithelial cells, can produce IL-1(3. Indeed, stim-
ulating the signaling pathways by SARS-CoV-2 S-protein in intestinal
epithelial organoids also led to a significant upregulation of IL-13 pro-
duction. This finding is in line with a previous study in which S-protein
alone was able to bind to TLR4 and activate the TLR4 pathway, which
consequently leads to IL-1{3 production of the stimulated cell (65). Previ-
ous reports furthermore unanimously describe that SARS-CoV-2 mRNA
can be detected in intestinal biopsies of patients with COVID-19 (52)
and that the virus can infect intestinal organoids (50, 51). Although the
effect of SARS-CoV-2 on intestinal IL-1{3 production was only margin-
ally investigated before, multiple reports found that SARS-CoV-2 infec-
tion leads to an upregulation of IL-1{ production in the lung (29-32).

Finally, we sought to investigate mechanisms underlying the beneficial
effects of intestinal IL-1f3 and found a strong correlation between /L1B
on the one hand and type I IFNs on the other hand. Although IL-13 and
type I IFNs are commonly thought to be counterregulated (66—68), both
cytokines may also work in an agonistic way under certain conditions
(67, 69). Therefore, we used an in vitro intestinal epithelial cell—derived
organoid assay and found that S-protein and LPS stimulation alone
does not change I/FFNA2 expression. However, blockade of IL-1( under
S-protein and LPS stimulation leads to a downregulation of the /FNA2
transcript. One possible explanation would be that S-protein and LPS
stimulation induce several factors, which may induce or suppress /FNA2
expression. Thus, the overall amount of /FNA2 does not change. How-
ever, further studies will be essential to test this hypothesis. Regardless of
this, it is clear that the blockade of IL-13 does reduce /F/NA2 expression
in the presence of S-protein and LPS stimulation, suggesting that, in this
setting, the factors suppressing /FNA2 expression outweigh the factors
inducing it. Thus, IL-13 does impact /FNA2 expression. However, we
cannot exclude the possibility that the presence of the virus in vivo also
directly modulates /FNA2 expression independently of IL-13. Moreover,
using these in vitro assays, we found that IL-13 blockade reduced RNA
transcripts of /FNa 2, but not its overall protein secretion, in the superna-
tant of this culture. Thus, further studies investigating potential underlying
mechanisms of the IL-1B—dependent post-translational regulation of
IFN-a2 and IFN-B1 will be critical to further clarify this point.

We furthermore demonstrated a positive correlation between intesti-
nal IL-1B and IL-23. This finding aligns with current and past literature
describing an enhancing role of these cytokines in Th17 differentiation
(70). However, the role of intestinal Th17 cells during COVID-19 infec-
tions requires further investigation.

Despite all the strengths outlined above, our study possesses some
limitations that are important to mention. First, patients were stratified
on the basis of /L1B RNA expression in either blood or duodenum at
the time of their death. Thus, previous dynamics of their /LB expres-
sion are totally unknown and could not be used for stratifying these
patients. Second, because the production and release of many cyto-
kines, such as IL-1B and TGF-B, is a multistep process with heavy
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post-translational modification involved, the RNA transcripts might
only loosely correlate to their biological activity. Third, the stimula-
tion with S-protein is not a full substitute for SARS-CoV-2 infection,
which is a further limitation of our study.

Taken together, our data suggest a previously unknown intestinal
circuit by which local IL-18 might enhance and sustain protective
responses against SARS-CoV-2, leading to reduced viral loads and
thus increased survival time. However, further studies will be impor-
tant to test this hypothesis. Mechanistically, intestinal IL-1§3 sustains
RNA expression of IFN-a2 during intestinal epithelial cell-derived
organoid stimulation with S-protein. Our study furthermore supports
previous reports indicating a detrimental role of systemic IL-1f3.
Thus, these data highlight the opposing roles of intestinal versus sys-
temic IL-18 and might pave the way for tissue-specific therapies
against SARS-CoV-2 infection.
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