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SUMMARY

It is generally believed that environmental or cutaneous bacteria are the main origin of surgical infections.
Therefore, measures to prevent postoperative infections focus on optimizing hygiene and improving asepsis
and antisepsis. In a large cohort of patients with infections following major surgery, we identified that the
causative bacteria are mainly of intestinal origin. Postoperative infections of intestinal origin were also found
in mice undergoing partial hepatectomy. CCR6+ group 3 innate lymphoid cells (ILC3s) limited systemic bac-
terial spread. Such bulwark function against host invasion required the production of interleukin-22 (IL-22),
which controlled the expression of antimicrobial peptides in hepatocytes, thereby limiting bacterial spread.
Using genetic loss-of-function experiments and punctual depletion of ILCs, we demonstrate that the failure to
restrict intestinal commensals by ILC3s results in impaired liver regeneration. Our data emphasize the impor-
tance of endogenous intestinal bacteria as a source for postoperative infection and indicate ILC3s as poten-
tial new targets.

INTRODUCTION

Infections following invasive interventions, such as in surgery,

are the most frequent complication in humans1 and are indepen-

dently associated with postoperative morbidity and mortality.2,3

The prevailing view has been that post-surgical infections are

either caused by exogenous bacteria (e.g., colonizing the skin

of the patient),4 by contamination of the operative field (e.g., by

the surgeon), or by contaminated instruments and/or material.5

Accordingly, the vast majority of efforts to minimize surgical in-

fections focused on reducing contamination and on depleting

skin bacteria. However, even though many measures are taken,

10% of patients after surgery still develop infections suggesting

alternative etiologies and mechanisms. Indirect evidence sug-

gests that intestinal bacteria translocate across the intestinal

epithelial barrier to systemic organs via the bloodstream

followingmajor surgery.6 Therefore, penetration of epithelial bar-

riers and consequential bacterial spread may indicate failed

anatomical containment of microbes.7

The mammalian intestine harbors the highest number of

microorganisms of all barrier organs. Although required for

many physiological functions, intestinal microorganisms repre-

sent a continuous threat to the host because of the potential to

invade the organism.8 Due to its position, the liver has a pivotal

role in microbial clearance because it constantly receives blood

via the portal vein and is thus the primary draining hub of the in-

testine.9 This role becomes evident in hepatic diseases such as

steatohepatitis, liver cirrhosis, and portal hypertension, in which

the impaired hepatic function correlates with an increased trans-

location and systemic spread of intestinal bacteria.10 Thus, the

overarching hypothesis in the current study is that infections after

surgery are derived from the spread of bacteria from the intestine

to the site of surgery. However, cellular mechanisms limiting sys-

temic microbial dissemination after surgery remain unexplored.
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Innate lymphoid cells (ILCs) emerge as first-line defenders at

mucosal surfaces, fortifying the epithelial barrier against infec-

tions and mediating the containment of intestinal bacteria. ILCs

enclose a heterogeneous group of innate immune cells that are

analogous to T cells derived from the common lymphoid precur-

sors. However, unlike T cells, ILCs lack rearranged antigen-spe-

cific receptors. ILCs can be developmentally and functionally

classified in cytotoxic (natural killer [NK] cells) and helper-like

ILCs, which can be further divided into three subpopulations:

ILC1s, ILC2s, and ILC3s.11 Each subpopulation of ILCs is char-

acterized by the expression of a lineage-specifying transcription

factor, which determines the cell fate and the effector

response.12 ILC3s are dependent on the transcription factor

RORgt and can be divided into two subpopulations, CCR6+

and CCR6� ILC3s, with different characteristics.13,14 CCR6+

ILC3s are mainly localized in cryptopatches in the intestine and

are major producers of interleukin (IL)-17 and IL-22 to protect

against bacterial, viral, or fungal infections.15–19 In contrast,

CCR6� ILC3s undergo a process that includes the loss of the

lineage-specifying transcription factor RORgt, the downregula-

tion of IL-22, and induction of T-bet instructing type 1 programs

in these cells, including the production of interferon gamma

(IFN-g).14,20–26

At barrier surfaces, ILC3s are predominantly activated by

myeloid cytokines, such as IL-1, IL-23, and glial cell line-derived

neurotrophic factor (GDNF) to produce IL-22.17,18,27,28 The

importance of IL-22 in mediating barrier function in steady state

and during infection was mainly investigated in the gut, where

intestinal epithelial cells expressing the IL-22 receptor are the

main target of IL-22.29 IL-22 regulates antimicrobial peptide

production of the Reg3 family members in Paneth cells, glycosyl-

ation of the epithelium, containment of intestinal bacteria, and

proliferation of stem cells in the context of tissue repair and can-

cer. Moreover, IL-22 has a major role in protecting the barrier

against infections with Citrobacter rodentium, Rotavirus, Salmo-

nella, and Listeria monocytogens.17,18,27,29–32

ILCs are also present in systemic organs, such as the liver,

spleen, and heart, and could potentially contribute to the fight

against microbes by fine-tuning the local environment. The liver

is armed with ILC3s in homeostatic conditions,33,34 in particular,

NKp44� ILC3, which are the dominant hepatic ILC population in

humans.35,36 Similar to what has been observed in the intestine

and in the lungs, the effector cytokines of ILC3s in the liver are

relevant for tissue homeostasis37,38 and liver regeneration post

surgery.39 However, the contribution of liver ILC3s in the context

of systemic antibacterial defense and outcomes after liver sur-

gery, such as liver regeneration, remains unexplored.40

In this study, we reveal that microbes causing surgical infec-

tions in visceral surgeries, but in particular in liver surgery, have

a common and mostly enteric profile suggesting their intestinal

origin. Thus, we modeled major liver surgery in mice that

revealed ILC-dependent passage of bacteria from the intestinal

lumen to otherwise sterile systemic organs. By usingmultidimen-

sional flow cytometry, we found a specific activation and prolifer-

ation of hepatic CCR6+ ILC3s upon liver surgery. Using state-of-

the-art genetically modified mouse models, we show that ILC3s

prevented the dissemination of intestinal bacteria to systemic or-

gans. Mechanistically, ILC3s induced the production of antimi-

crobial peptides in the liver and thereby eliminated microbes

from the circulation. As a consequence of intestinal bacterial

dissemination, liver regeneration, as a surrogate of the local heal-

ing response, was impaired. Such findings indicate a pivotal role

of systemic ILC3s for host protection and imply that ILC3smaybe

a target for future treatments to overcome intestinally derived

systemic bacterial infections to ensure patients’ recovery.

RESULTS

Surgical infections are caused by a defined set of
predominantly intestinal microbes
To characterize the microbes causing surgery-related infections

(SIs), we determined the microorganisms in a multicenter cohort

of patients who underwent general surgery. In a subset of pa-

tients with suspected SI, samples from the site of infection

were cultured under aerobic and anaerobic conditions, and pos-

itive cultures were plated and analyzed using MALDI-TOF mass

spectrometry within the routine clinical pipeline. The type and

site of surgery did not predict microbial strains isolated from SI

(Figure 1A). Regardless of the type of surgery, the main species

identified were Enterococcus sp. and Enterobacteriaceae, such

as Escherichia coli, andClostridium sp. (Figure 1B). To associate

these findings with potential patient-derived sources of bacteria

(cutaneous versus intestinal), we analyzed feces and skin sam-

ples from healthy controls using MALDI-TOF and 16S rRNA

Figure 1. A multicenter cohort revealed a limited but not surgery-specific composition of intestinal microbes causing surgical infections

A multicenter cohort of 3,515 patients from three Swiss surgical departments was analyzed.

(A and B) Microbial profile of surgical infections (SIs) found in patients with infectious complications. (A) Multiple correspondence analysis (MCA) plot of bacteria

found in different surgical procedures. One dot represents one patient. (B) Distribution of bacterial species in SI cultures that underwent different surgical

procedures as indicated.

(C) Overall representation of taxa significantly associated with either 96 fecal or 88 skin samples from the healthy volunteers analyzed by 16S rRNA amplicon

sequencing are plotted and overlapped with bacterial strains that were identified with MALDI-TOF after culturing (mass spectrometry [MS]) of the fecal or skin

samples from 10 healthy volunteers. The red closed circles (16S) or squares (MS) show taxa with increased abundances in fecal samples, and the blue circles/

squares show taxa with increased abundances in the skin samples. Stars on top of the graph represent the identified culturable bacteria in SI in patients.

(D) Incidence of SI in different surgical procedures.

(E) Length of hospital stay and type of surgery for patients with or without SI. Each dot represents one patient. Errors bars indicate the median ± SD.

(F) Percentage of mortality related to each type of surgery based on the incidence of infection.

(G and H) A second cohort of 335 patients from the University Hospital of Vienna (Austria) undergoing minor or major liver surgery for colorectal liver metastasis

was analyzed. (G) Identification of bacteria cultured from blood of patients with sepsis. (H) Frequency of SI in patients that underwent minor or major liver surgery.

HPB, hepatopancreatobiliary surgery; GI, gastrointestinal. Normalized values were analyzed by Student’s t test to compare two experimental groups or by

ANOVA to compare more than two groups in parallel. The p values are indicated as follows: ***p % 0.001, ****p % 0.0001.
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Figure 2. The ILC-compartment controls intestinal bacterial dissemination to systemic organs

(A–D) Specific pathogen-free (SPF) wild-type, Rag1�/�, or Rag2�/�Il2rg�/� mice underwent major surgery modeled by two-third partial hepatectomy (PH). (A)

Schematic representation of two-third PH in mice. (B) Bacterial titers (colony-forming units [CFUs]) in the liver and the spleen in SPF wild-type, Rag1�/�, and

(legend continued on next page)
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sequencing techniques. Both approaches indicated that the mi-

crobes found in SI were mainly representative of the intestinal

and, to a minor degree, the cutaneous microbiome of healthy

controls (Figure 1C), suggesting host penetration of intestinally

derived microbes. The highest incidence of SI was found in sur-

geries affecting the liver, the pancreas, and the biliary tracts

(hepato-pancreatic-biliary surgery) as well as in surgeries of

the small and large intestine (lower gastrointestinal surgery) (Fig-

ure 1D). Because infections and surgical outcome are strongly

interlinked in most types of surgery,41 the same cohort was

used to identify associated clinical consequences, such as

length of hospital stay andmortality. Infections in these surgeries

led to prolonged length of hospital stay (Figure 1E) and increased

mortality (Figure 1F). Given the high incidence of infections and

the clinical consequences in patients following liver surgery,

the findings of this first cohort were validated in a second cohort

of 335 patients undergoing major or minor liver surgery. Similar

to the first cohort (Figure 1B), the catalog of microbes causing

sepsis revealed a predominantly enteric microbial pattern (Fig-

ure 1G). Furthermore, the frequency of infectious complications

(SI, sepsis) was remarkably higher in patients who underwent

major liver resection compared with minor liver resections (Fig-

ure 1H). Together, these results suggest that, in abdominal oper-

ations, microbes with a potential intestinal origin cause most

infections. Such findings argue for the penetration of microbiota

from the intestine to systemic sites.

The innate immune system controls the systemic
dissemination of intestinal bacteria independently of
the intestinal microbial composition
In the light of our human data that suggested that SIs are caused

by intestinal bacteria (Figure 1), we first analyzed whether the

gut permeability was altered following surgery by using an estab-

lished murine model of two-third partial hepatectomy (PH) (Fig-

ure 2A). After intravenous (i.v.) injection of FITC-dextran and

applying in vivoendomicroscopy into the small intestine,we found

a specific increase in intestinal leakage induced by PH (Fig-

ure S1A), suggesting a surgery-dependent increase in gut perme-

ability. To evaluate a potential spread of intestinal bacteria to sys-

temic organs and to study the role of the immune system, surgery

was not only performed in specific pathogen-free (SPF)-colonized

wild-typeC57BL/6micebut also inRag1�/�mice lackingadaptive

lymphocytes (T cells and B cells) and alymphoid Rag2�/�Il2rg�/�

mice lacking ILCs in addition to T and B cells. Using these genet-

icallymodifiedmousemodels, systemic dissemination of bacteria

was analyzed after 24 and 48 h post PH by culturing aerobic and

anaerobic bacteria from mesenteric lymph nodes (MLNs), liver,

and spleen. At both time points, we detectedmicrobes in the liver

and spleen of Rag2�/�Il2rg�/� mice (Figures 2B and S1B–S1D),

whereas no bacteria could be cultured from the liver and spleen

of wild-type and Rag1�/� mice, suggesting that components of

the innate lymphoid compartment actively limit bacterial spread.

Sanger sequencing of aerobic and anaerobic colonies identified

E. coli and Enterobacter sp. as the main species in the liver and

the spleen of Rag2�/�Il2rg�/� mice (Figure S1E), which usually

populate the intestine and are among the most relevant bacterial

species causing surgical infections in humans (Figure 1B). By

whole-tissue 16S rRNA gene sequencing, the bacterial species

of the classes Bacteroidia, Gammaproteobacteria, and Clostridia

were identified in the liver of Rag2�/�Il2rg�/� mice, similar to the

profile found in the intestine, suggesting microbial penetration

fromthe intestine (Figures2Cand2D).However,wealsoobserved

differences in intestinal microbial composition between different

knockout mouse models, which may cause systemic bacterial

spread. Therefore, Rag1�/� and Rag2�/�Il2rg�/� mice were co-

housed for 3 weeks after weaning. Co-housing showed that the

microbiome aligned independently of the genotype prior to PH,

which was especially evident in the microbial families Clostridia-

ceae and Paraprevotellaceae (Figures 2E and 2F). However,

even though the microbial profile was similar in both genotypes,

bacterial systemicdisseminationoccurredonly inRag2�/�Il2rg�/�

mice, excluding an impact of intestinal dysbiosis in the observed

phenotype (Figure 2G). Next, germ-free Rag2
�/�
Il2rg�/�, Rag1�/�,

and wild-type mice were mono-colonized with E. coli, the main

translocating bacterium in previous experiments (Figure S1E).

We gavaged 1010 CFU (colony-forming unit)E. coli JM83 (strepto-

mycin-resistant strain was used for efficient tracking) before sur-

gery (Figure 2H), and culturable streptomycin-resistant E. coli in

tissues was measured. The bacterial titers in livers and spleens

of Rag2�/�Il2rg�/� mice were significantly higher than in Rag1�/�

mice, while no bacteria were found after mono-colonization of

wild-type mice (Figure 2I). These results suggest that the lack of

ILCs in Rag2�/�Il2rg�/� mice promotes the systemic dissemina-

tion of intestinal bacteria upon liver surgery.

PH stimulates hepatic CCR6+ ILC3s
To dissect the immune response, which may limit systemic mi-

crobial dissemination in the context of liver surgery, we analyzed

the innate lymphoid compartment in the small intestine, MLN,

liver, and spleen by multidimensional flow cytometry (gating

strategy liver [including antibody-validation for RORgt] Figures

S2A and S2B, and small intestine Figure S3A). At 24 h post PH,

we found RORgt+ ILC3s (Lin�CD127+RORgt+ cells) to be signifi-

cantly decreased in the small intestine (FiguresS3BandS3C) and

increased in the liver (Figure 3A) compared with sham-operated

mice, whereas no change was detected in the MLN and the

Rag2�/�Il2rg�/� mice 24 h after PH. (C and D) Microbial composition within the feces and liver were determined by 16S rRNA amplicon analysis. (C) Principal-

component analysis was done using Bray-Curtis distances on all operational taxonomic units (OTUs). (D) Microbial composition at class level.

(E–G) SPF Rag1�/� and Rag2�/�Il2rg�/� mice were co-housed at weaning for 3 weeks. Microbial composition determined by 16S rRNA amplicon sequencing in

feces before or after co-housing. The liver tissue was analyzed 24 h after PH. (E) Principal-component analysis was done using Bray-Curtis distances on all OTUs.

(F) Relative abundance of Clostridiaceae and Paraprevotellaceae in feces. (G) Bacterial titers in the liver were assessed 24 h post PH.

(H and I) Germ-free wild-type, Rag1�/�, and Rag2�/�Il2rg�/� mice were short-term colonized with 1010 CFU of E. coli JM83 12 h prior to PH. (H) Scheme of

experimental setup. (I) E. coli titers (CFU) in the liver and spleen 24 h after PH. Geometric means for log scales and arithmetic means for linear scales are shown.

Normalized values were analyzed by Student’s t test to compare two experimental groups or by ANOVA to comparemore than two groups in parallel. Data in (C)–

(G) are representative of at least n = 3 mice per group in two independent experiments, and data in (B) and (I) are pooled based on n = 5–9 mice from two or more

independent experiments. The p values are indicated as follows: *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001. See also Figure S1.
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spleen (Table S1). Other ILC subsets remained unchanged in all

organs studied (liver, Figures 3A and S2C; small intestine,

Figures S3B and S3C; MLN and spleen, Table S1). While the

role of small-intestinal ILC3s for host-microbial compartmentali-

zation has been previously described,29 the role of hepatic ILC3s

remains elusive. In particular, the specific increase of liver ILC3s

suggested targeted activation of these cells. Hepatic RORgt+

ILC3s expanded at 24 h post PH (Figure 3B) in relative and abso-

lute cell numbers compared with sham-operated wild-type SPF

but not germ-free mice (Figure S2D), suggesting that the

A B

C D

FE G

Figure 3. Activated hepatic CCR6+ ILC3s proliferate in response to partial hepatectomy

(A) Cellular changes compared with sham-operated mice of different ILC subsets analyzed by flow cytometry in livers of SPF wild-type mice 24 h after PH

(aritmetic mean ± SD). ILC1s, Lin�CD127+RORgt�Tbet+; ILC2s, Lin�CD127+RORgt�GATA+; ILC3s, Lin�CD127+RORgt+; NK cells, Lin�CD127�NKp46+; Th17
cells, CD19�CD3+RORgt+.

(B) Flow cytometric quantification and statistical analysis of liver RORgt+ILC3s 24 h after PH or sham surgery.

(C–G) Rorc(gt)Cre�TgRosa26REYFP/+ (RORgtFM) mice underwent PH and were analyzed by flow cytometry. (C and D) ILC3s and their subsets at 24 h post PH. (E)

Proliferation of CCR6+ ILC3s was assessed by Ki-67 24 h after PH. (F) Sort purification of RORgt+ ILC3s and measurement of IL-22 by qPCR (aritmetic mean ±

SD). (G) Flow cytometry analysis of IL-22 production by CCR6+ ILC3s. Geometric means for log scales and arithmetic means for linear scales are shown.

Normalized values were analyzed by Student’s t test to compare two experimental groups or by ANOVA to compare more than two groups in parallel. Data in

(A)–(G) are representative of n = 3–4mice per group in two ormore independent experiments. The p values are indicated as follows: *p% 0.05. See also Figures S2

and S3 and Table S1.
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exposure of microbes induced the increase in RORgt+ ILC3s. To

gain a more precise view on the role of RORgt+ ILC3s, we used

Rorc(gt)Cre-TgRosa26REYFP/+ mice, which label all RORgt-ex-

pressing cells. In steady state, we observed that the majority of

these cells were NKp46+ CCR6� or were double-negative for

NKp46 and CCR6. CCR6+ ILC3s were found in relatively low

abundance (Figure S2E). The vast majority of hepatic ILC3s ex-

pressed the markers NK1.1 and CD90 (Thy1). Other markers

known to be expressed on intestinal ILC3s, such as MHCII,

CD4, Nrp-1, and NKG2D, were only expressed by a minor pro-

portion (Figure S2E). As expected, hepatic RORgt ILC3s are

developmentally dependent on the transcription factor RORgt

(Figure S2F). By applying the PH-model in Rorc(gt)Cre-TgRo-

sa26R
EYFP/+

mice, we observed a similar increase of labeled cells

following PH (Figure 3C) as in colonized wild-type mice (Fig-

ure 3B). Specifically, we observed a profound increase in relative

and absolute cell numbers of CCR6+ ILC3s at 24 h post PH,

whereas NKp46+ ILC3s remained unaffected compared with

sham-operated mice (Figure 3D). To elaborate whether this in-

crease was due to recruitment or local expansion of CCR6+

ILC3s, we measured Ki-67 expression as marker for proliferative

cells by flow cytometry. CCR6+ ILC3s showed a significant in-

crease in proliferation post PH compared with sham-operated

mice (Figure 3E). Additionally, we observed blasting of CCR6+

ILC3s, which is a consequence of cell activation. Consistent

with this finding, we detected increased IL-22mRNA (Figure 3F)

and protein (Figure 3G) in CCR6+ ILC3s. To identify the spatial

distribution of ILC3s in the liver, we performed confocal micro-

scopy of Rorc(gt)Cre-Tg Rosa26REYFP/+ mice. By co-staining

RORgtYFP cells withCD3 to excludeRORgt+ T cells, we observed

a broad and random distribution of RORgtYFP CD3� ILCs within

the liver and did not detect clusters of RORgtYFP CD3� ILCs in

steady state as well as post PH (Figure S2G). Thus, PH induces

proliferation and activation of hepatic RORgt+ ILC3s, a process

dependent on the presence of microbiota.

ILC3s control the systemic dissemination of intestinal
bacteria
The finding that hepatic ILC3s were activated following PH led us

to hypothesize that ILC3smayhave apivotal function inmediating

immunity against bacterial spread. Because there is currently no

in vivomousemodel for selective depletion of ILC3s in lymphore-

plete mice, the contribution of ILC3s was assessed in Rorc(gt)�/�

mice,which lack ILC3sandThelper (Th) 17cells (but haveall other

T cells and ILCs subsets). Intestinal bacteria disseminated to the

liver and spleen of Rorc(gt)�/� mice, whereas the liver and spleen

of co-housed, littermate Rorc(gt)�/+ remained clean of microbes

(Figure 4A). To further exclude a specific role of T cells in systemic

antimicrobial defense, we performed the same experiments in

Rorc(gt)�/� mice on a Rag2�/� background and compared them

with Rag1�/� mice (Figure 4B). This approach allows us to link

any functional defect specifically to ILC3s as Rorc(gt)�/�Rag2�/�

mice specifically lack ILC3s compared with T cell-deficient

Rag1�/� mice. We found a significant spread of intestinally deliv-

ered E. coli JM83 into systemic organs, such as the liver and the

spleen, specifically in Rorc(gt)�/�Rag2�/� and not in Rag1�/�

mice. To further exclude the role of Th17 cells in our model, we

depleted CD4+-expressing cells in wild-type mice via two injec-

tions of anti-CD4 prior to PH (Figure S4A). ILC3s in the liver do

not express CD4 (Figure S2E), and, hence, they are not affected

by this depletion strategy. Following anti-CD4 injection and PH,

wedid not observe systemicmicrobial spread (FigureS4B). These

data pinpoint the necessity of ILC3s in host defensemechanisms.

Given that theMLN are an integral part of themucosal defense

system, we tested whether the deficiency of MLN architecture

could contribute to the bacterial dissemination observed in

Rag2�/�Il2rg�/� and Ror(gt)�/�, which are equipped with primi-

tive and undifferentiated secondary lymphoid structures.42 To

study the role of ILCs without affecting secondary lymphoid

structures, we injected anti-Thy1.2 antibody in wild-type mice

to deplete ILC3s but also other cells expressing Thy1.2,

including T cells (Figure 4C). The depletion efficiency of ILC3s

was high as assessed by flow cytometry at the day of surgery

(Figure 4D). Mice were then gavaged with E. coli JM83 and fol-

lowed by PH 24 h later (Figure 4C). E. coli was found in the liver

of operated but not sham-operated wild-type mice (Figure 4E),

indicating the contribution of Thy1.2+-producing cells, including

ILC3s, in the clearance of circulating bacteria. To delineate the

contribution of ILCs, anti-Thy1.2 antibody injections were per-

formed in Rag1�/� mice, where ILCs are the unique Th1.2+

Figure 4. ILC3s are required to prevent intestinal bacterial spread to liver and spleen

(A and B) (A) SPF Rorc(gt)�/+ and Rorc(gt)�/� littermate mice and (B) SPF Rag1�/� or Rorc(gt)�/�Rag2�/� mice underwent PH. Antibiotic-resistant E. coli JM83

was intragastrically (i.g.) delivered 12 h before PH for efficient trackability. E. coli titers (CFU) were assessed in the liver and spleen 24 h after PH.

(C) Experimental setup used in experiments for Thy 1.2 cell depletion using anti-Thy 1.2 or anti-immunoglobulin G (IgG) antibody administered 6 days, 3 days and

1 day prior to PH in SPF (D and E) wild-type or (F–H)Rag1�/�mice. Twelve hours before the PH or sham surgery, 1010 CFU of E. coli JM83was i.g. delivered to the

mice.

(D) Depletion efficiency of ILC3s in wild-type mice at day 0 (d0).

(E) E. coli titers (CFU) in the liver following Thy1.2 depletion in wild-type mice 24 h after PH.

(F) Depletion efficiency of ILC3s in Rag1�/� at d0.

(G and H) E. coli titers (CFU) in (G) MLN and (H) liver and spleen following Thy1.2 depletion in Rag1�/� mice 24 h after PH.

(I–K) Sort-purified CD19+ B cells and CD3+CD5+ T cells from spleen and MLN of Thy1.1 mice were transferred i.v. to Rag1�/� Thy1.2 recipient mice, and

i.p. injection of anti-Thy1.2 was performed three times prior to PH. (I and J) Depletion efficiency of Thy 1.2+ cells and presence of T andB cells at d0. (K) E. coli titers

(CFU) in the liver and spleen 24 h after PH.

(L) Expression of IL1b and IL18 in sham-operated or PH wild-type mice determined by RT-qPCR.

(M) Colonized wild-type, IL-18�/�, andAsc�/� underwent PH. Antibiotic-resistant E. coli JM83was i.g. delivered 12 h before PH. E. coli titers (CFU) were assessed

in the liver and spleen 24 h after PH. Geometric means for log scales and arithmetic means for linear scales are shown. Normalized values were analyzed by

Student’s t test to compare two experimental groups or by ANOVA to compare more than two groups in parallel. Data in (D)–(K) are representative of n = 3–5mice

per group in two independent experiments, and data in (A), (B), and (M) are pooled based on n = 5–17 mice from two or more independent experiments. The

p values are indicated as follows: *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001. See also Figure S4.
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lymphoid population.29 Depletion efficiency of hepatic and intes-

tinal ILC3s in relative and absolute cell numbers was high,

whereas other non-lymphoid tested cell types remained unaf-

fected (Figures 4F and S4C). Bacterial CFU detected in the

MLN post-surgery was equivalent in Rag1�/� mice following

anti-Thy1.2 antibody administration compared with isotype con-

trol mice (Figures 4G andS1A). However, conversely to wild-type

mice, bacteria were detected in the liver and spleen of ILC-

depleted Rag1�/� mice (Figure 4H), indicating that the presence

of bacteria in systemic organs is not the consequence of an

increased bacterial load or their retention-capacity in the MLN.

It has been reported that the absence of T cells, such as in

Rag�/� mice, leads to an expansion of ILC3s in the intestine,

which may alter tissue physiology.43,44 To study ILC3s in the

absence of T cells also in the liver, we phenotyped Rag1�/�

mice in steady state and compared them with wild-type mice.

Similar to what has been described in the intestine, we observed

an increase in ILC3s and Ki67+ ILC3s in the liver of Rag1�/�

mice,44 which may indicate that ILC3s have a compensatory

role in T cell deficiency also in the liver (Figures S4D and S4E).

To control for the absence of T cells and to generate lymphore-

plete mice, we generated CD90-disparate chimeras as previ-

ously described.29 The lymphoid compartment of Rag1�/�

(Thy1.2, CD90.2) mice was reconstituted by sort-purified B and

T cell (Th1.1, CD90.1) transfer (Figure S4F). We confirmed that

the T cell compartment was reconstituted and remained unal-

tered upon anti-Thy1.2 depletion (Figures 4I and 4J and S4G).

Thereafter, the ILC compartment was depleted using anti-

Thy1.2 (CD90.2) antibody prior to PH in a now lymphoreplete

setting (Figures 4I and 4J). After ILC depletion, we found signifi-

cant systemic bacterial spread to the liver and the spleen, sug-

gesting that ILCs have a non-redundant role in clearing dissem-

inated intestinal bacteria (Figure 4K). Collectively, our data

strongly indicate that the loss of control of systemic bacterial

dissemination clearly segregates with the presence of ILC3s

(Figure S4H).

ILC3s are mainly activated by myeloid-derived cytokines,

such as IL-1b and IL-18.34 By analyzing RNA-sequencing data

of livers at steady state and after PH (Figure S5), we observed

an increased expression of IL-1b and its receptor IL1r2 (Fig-

ure 4L, Figure S5), which are known functional regulators of

ILCs in other tissues.45 To assess the potential functional rele-

vance of these cytokines, we analyzed systemic bacterial

dissemination following PH in IL-18�/� and Asc�/� mice (which

lack active IL-1b and IL-18). The absence of active forms of

both IL-1b and IL-18 in Asc�/� mice allows intestinal bacteria

to disseminate to systemic organs (Figure 4M).

ILC3s control production of antimicrobial peptides in the
liver
It has been shown that ILC3s induce antimicrobial peptide pro-

duction at mucosal barriers, such as the intestine, via secretion

of IL-22 and activation of epithelial cells expressing the IL-22 re-

ceptor.18,29,46 However, themechanism by which ILC3s regulate

systemic bacterial clearance is unclear. We first investigated in

IL-22-deficient mice whether the cytokine IL-22 is required for

systemic spread of bacteria following PH. Consistent with previ-

ous studies assigning an important function to IL-22 in promoting

barrier immunity, we detected increased bacterial dissemination

after PH (Figure 5A). To determine downstream responses in he-

patocytes that express high levels of IL-22 receptor, we analyzed

the transcriptional signatures of host-microbial defense genes in

the livers of SPF wild-type mice. At 24 h post PH, expression of

intestinal C-type regenerating islet derived-3 lectins (Reg3b)

against gram-positive bacteria and lysozyme C (Lyz1) against

gram-positive and gram-negative bacteria18,47 was elevated in

the liver (Figures 5B and 5C) but not in the intestine (Figure S6).

To investigate whether intestinal circulating microbes contribute

to the upregulation of antimicrobial peptides, we performed the

same experiments in germ-free mice. In contrast to colonized

mice, no induction of the expression of the hepatic antimicrobial

peptides Reg3b and Lyz1 was observed in germ-free mice

(Figures 5B and 5C), indicating that exposure to bacteria is

necessary for the upregulation of antimicrobial peptides. To

determine the relevance of ILCs on hepatic antimicrobial peptide

production after surgery, we administered anti-Thy 1.2 anti-

bodies in wild-type mice or Rag1�/�. The expression of Reg3b

and Lyz1 in the liver was decreased in both wild-type and

Rag1�/� mice (Figures 5D and 5E). To exclude the contribution

of ILC1s and ILC2s in the induction of antimicrobial peptide-en-

coding genes, expression of Reg3b and Lyz1 was assessed in

Rorc(gt)�/� mice. Both Reg3b and Lyz1 were decreased in

Rorc(gt)�/�mice (Figure 5F). Furthermore, the expression of anti-

microbial peptides encoding genes was assessed in mice lack-

ing active forms of Il-1b and IL-18 known to regulate ILC3s

(Asc�/� mice; Figure 4J).48,49 We observed a decreased expres-

sion of Reg3b and Lyz1 in Asc�/� mice (Figure 5G), suggesting

that Il-1b- and IL-18-mediated activation of ILC3s may be

involved in regulating antimicrobial peptides in the liver. To delin-

eate cell types responsible for antimicrobial peptide production,

analysis of single-cell RNA-sequencing data of liver cells in

steady state and inmice at different time points after PHwas per-

formed (Figure 5H). The expression and PH-induced upregula-

tion of the representative antimicrobial peptide-encoding gene,

Reg3b, was only observed in the hepatocyte cluster (Figure 5I)

but not other major cell types in the liver (Figure 5J), indicating

that ILC3s elicited an immune response characterized by spe-

cific expression of Reg3b in hepatocytes.

Failure in clearance of circulatingmicrobes impairs liver
regeneration
Based on the finding that absence of ILC3s led to systemic bac-

terial spread (Figures 2and4),wehypothesized that ILC3spartic-

ipate in bacterial clearing mechanisms. In order to exclusively

assess clearance of circulating bacteria and to avoid analyzing

the role of the intestinal barrier, we measured bacterial titers in

the blood of Rorc(gt)�/� and Rorc(gt)�/+ co-housed, littermate-

control mice following i.v. delivery of E. coli (Figures 6A and

6B). This experimental setting showed that the systemic load of

bacteria after PH was significantly increased and bacterial clear-

ancewas further delayed inRorc(gt)�/�mice comparedwith their

littermate heterozygous controls. These experiments reveal the

relevance of bacterial clearance after PH and further indicate

the functional relevance of ILC3s in this process.

Sepsis and SIs are the most important determinants of clinical

outcome in human surgery (lancetglobalsurgery.org). Therefore,
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we evaluated whether circulating bacteria impair liver regenera-

tion, as a surrogate of hepatic recovery after tissue loss, by

measuring liver regeneration 48 h after PH. We i.v. injected

E. coli before and after PH (Figure 6C) and assessed the indices

of hepatocellular proliferation using the expression of Ki-67 and

target genes regulating the cell cycle (Foxm1b and Ccna2). He-

patocellular proliferation (Figure 6D) and the hepatic expression

of Foxm1b and Ccna2 (Figure 6E) were decreased in wild-type

A B C D

FE G

H I J

Figure 5. ILC3s regulate the hepatocyte-derived antimicrobial peptide production

(A) SPF Il22+/+ and Il22�/�mice underwent PH. Antibiotic-resistant E. coli JM83was i.g. delivered 12h before PH. E. coli titers (CFU) were assessed in the liver and

spleen 24 h after PH.

(B–G) Whole-tissue RNAwas isolated from the liver and the expression of antimicrobial peptide-encoding genes was analyzed by RT-qPCR at the indicated time

points. (B andC) SPF and germ-free wild-typemice. (D and E) Anti-Thy1.2 antibody or anti-IgG in (D) SPF wild-type and (E) SPFRag 1�/�mice. (F) SPFRorc(gt)+/+

and Rorc(gt)�/� mice. (G) Colonized Asc+/+ mice and Asc�/� mice.

(H) t-SNE dimensionality reduction visualization of single-cell RNA sequencing of purified liver cells showing the main cell types.

(I and J) Dropout corrected gene expression of Reg3b (aritmetic mean ± SD) at different time points after hepatectomy. Geometric means for log scales and

arithmeticmeans for linear scales are shown. Normalized values were analyzed by Student’s t test to compare two experimental groups or by ANOVA to compare

more than two groups in parallel. Data in (B)–(G) are representative of n = 3–12mice per group in two or more independent experiments, and data in (A) are pooled

based on n = 6–7 mice from two independent experiments. The p values are indicated as follows: *p% 0.05, **p % 0.01, ***p% 0.001, and ****p % 0.0001. See

also Figures S5 and S6.
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mice after systemic administration of bacteria compared with

PBS controls. Next, we assessed whether the presence of

disseminated bacteria observed in Rag2�/�Il2rg�/� mice (see

Figure 2B) could similarly impair liver regeneration. Rag2�/�

Il2rg�/� showed a decrease in liver regeneration compared

with wild-type and Rag1�/� mice (Figures 6F and 6G). Further-

more, systemic bacteria in the liver in Rag2�/�Il2rg�/� mice

were associated with failure in liver regeneration as illustrated

A B C

D FE

G H

Figure 6. Colonization of the liver by circulating intestinal microbes impairs liver regeneration

(A) SPF Rorc(gt)�/+ and Rorc(gt)�/� littermate mice were subjected to sham or PH. Immediately after the operation, 107 CFU of E. coli JM83 were injected i.v. and

E. coli titers (CFU; geometric mean ± SD) were assessed in the blood.

(B) E. coli titers (CFU) were assessed in the blood 5 min after PH.

(C) Experimental scheme: SPF wild-type mice were i.v. injected with 107 CFU E. coli JM83 6 and 2 days prior to and 12 h after PH (in D and E).

(D–H) Hepatic regeneration 48 h after surgery was assessed by analyzing the percentage of Ki-67+ hepatocytes or the expression of cell cycle regulatory genes

(Foxm1b and Ccna2). Representative images are presented on the right and quantification of proliferation is presented on the left. (F–H) SPF wild-type, Rag1�/�,
and Rag2�/�Il2rg�/� mice underwent PH. (H) Correlation of hepatic bacterial load and liver regeneration in SPF Rag2�/�Il2rg�/� mice. Scale bars in the pictures

indicate 100 mm.Geometricmeans for log scales and arithmeticmeans for linear scales are shown. Data in (A) and (B) are representative of n = 3–7mice per group

in two independent experiments, and data in (D)–(H) are pooled based on n = 6–14mice from two ormore independent experiments. The p values are indicated as

follows: *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.
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by the negative correlation of hepatocellular proliferation with

hepatic bacterial load (Figure 6H). Altogether, these data indicate

that failure of the ILC3-controlled systemic dissemination of in-

testinal bacteria leads to impaired liver regeneration. Similar

findings have been observed in patients undergoing surgery

with infection-associated increase in mortality and length of hos-

pital stay (Figures 1E and 1F).

DISCUSSION

Clinical practice currently aims to prevent healthcare-associated

infections by keeping the surgical environment as aseptic as

possible. Data from a large patient cohort now demonstrate

that a large proportion of surgical infections as well as post-sur-

gery septicemia or sepsis have a predominant intestinal microbi-

al signature and are, thus, likely to be endogenous by origin.

ILC3s have been implicated in instructing antibacterial immu-

nity at mucosal sites. We now found that ILC3s play a crucial role

in systemic antibacterial immunity to prevent SIs and that they

are important regulators of the hepatic antimicrobial defense

via the induction of antimicrobial peptides in hepatocytes. In

this way, ILC3s promote the clearance of systemic translocated

intestinal bacteria to ensure optimal liver regeneration. The

finding that surgical infections are of intestinal origin and are pre-

vented by ILC3s identifies new therapeutic targets that could be

harnessed for therapy by modulating ILC3s’ function.

At barrier surfaces, ILC3 epithelial crosstalk has broad func-

tional implications in responses to genotoxic stress,50 tissue

regeneration,51 microbial compartmentalization,29 and nutrient

uptake.52 The effects of ILC3s on epithelial cells aremainlymedi-

ated by the bystander production of the epitheliotropic cytokine

IL-22. Interestingly, we found selective expansion of CCR6+

ILC3s but not CCR6� ILC3s after PH. This is consistent with pub-

lished data showing that CCR6+ ILC3s are high producers of IL-

22, whereas the cytokine is downregulated in CCR6� ILC3s.14

Hepatocytes that sense circulating bacteria from the portal

blood have been reported to express high levels of IL-22 recep-

tor, and recombinant IL-22 elicits protective effects against

inflammation via strong activation of Stat3 signaling mole-

cules.33 Such findings argue for similar downstream mecha-

nisms of IL-22 beyond mucosal tissues. Similar to our results,

ILC3s have been linked to systemic dissemination of intestinal

bacteria to the liver and spleen in a sepsis model, in which IL-

22 upregulates antimicrobial peptides in the intestine.53 Thus,

ILC3 failure seems to be a broadly relevant patho-mechanism

for systemic infections.

Similar to other ILCs, ILC3 activation is mediated by soluble

factors, such as cytokines, metabolites, or inflammatory media-

tors.12 We detected upregulation of IL-1b and IL-18 as potential

activating signals for liver ILC3s. Upon IL-1b activation, ILC3s

induce the production of antimicrobial peptides, such as Reg3

and Lyz families, by intestinal epithelial cells to promote gut

mucosal protection.29,54–56 Our results show that the expression

of antimicrobial peptides in the liver requires both the presence

of bacteria as well as ILC3s. Kupffer cells have been described

to play an important role by clearing commensal microbes in

the liver at steady state.7,9 Together with their phagocytic skills,

Kupffer cells produce cytokines such as IL-1b in an inflamma-

some-dependent manner57 and could contribute to the activa-

tion of ILC3s. Future studies should address the exact activation

signals of ILC3s.

Our study identifies that Enterobacteriaceae, which are facul-

tative pathogens predominantly found in the intestine,58 are the

main bacterial family causing SI. These pathobionts are known

to cause disease in cases of disturbed intestinal homeostasis,

especially in immunocompromised organisms.59 Enterobacteri-

aceae were the most abundant bacterial family found in wounds

and the blood of surgical patients aswell as in systemic organs of

operated mice. 16S rRNA metagenomic sequencing of healthy

controls showed traces of Proteobacteria in the blood,60,61 sug-

gesting that members of particularly this phylum have the capa-

bility to enter the circulation. E. coli is a well-known Proteobacte-

rium involved in secondary infections associated with liver

disease and liver failure.10 Similar to our findings, E. coli reaches

systemic organs, including the liver in case of liver failure.62

Another intestinal pathobiont, Enterococcus faecalis caused

10% of SIs in our patient cohort and also systemically translo-

cated in our mouse model. E. faecalis is not displayed in the

phylogenetic tree plot given its low frequency in the feces and

high variability between volunteers. Despite low abundance in

the intestinal biomass, bacteria such as intestinal E. faecalis

have the ability to cause SI given it is highly resistant to antibi-

otics, forms biofilms, and produces highly efficient proteases

to resist antimicrobial peptides.63

Healing responses, such as liver regeneration, are among the

most relevant outcome parameters in surgery.We show that liver

regeneration is dependent on the capability of the organism to

clear systemic bacteria. The impact of the microbiota on liver

regeneration has been shown before by the use of germ-free

mice64 and antibiotics.65 Punctual or long-term depletion of

microbes decreases liver regeneration and supports the

assumption of an indirect effect of commensal bacteria through

their metabolites66 for hepatocyte regeneration.

Limitations of the study
Because of the observational nature and the size of the clinical

cohorts, it was not possible to correct for specific parameters.

However, the data show that even though virtually all patients

received antibiotics, enteric bacteria represent the largest frac-

tion of culturable microbes causing infections. Sampling of liver

tissue in the postoperative period would be ideal to investigate

clearing mechanisms during liver regeneration in humans, which

is impossible from an ethical aspect. While we found a significant

increase of CCR6+ ILC3s in the liver, we also observed a

decrease in small-intestinal ILC3s, which implies regulation of

these cells in different anatomic compartments. Currently, there

is no animal model available to selectively deplete ILC3s in

different anatomic sites to causally prove the liver-specific role

of liver-resident ILC3s.
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36. Forkel, M., Berglin, L., Kekäläinen, E., Carlsson, A., Svedin, E., Michaëls-
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Antibodies

Anti-mouse: CCR6-PE Biolegend Cat# 129804;

RRID: AB_1279137

Anti-mouse CD3-BV650 Biolegend Cat# 100229; RRID:

AB_11204249

Anti-mouse CD3-BV785 Biolegend Cat# 100231;

RRID: AB_11218805

Anti-mouse CD3-PE-Cy7 Biolegend Cat# 152314;

RRID: AB_2629847

Anti-mouse CD3-eFluor660 Invitrogen Cat# 50-0032-82;

RRID:AB_10598657

Anti-mouse CD31-BV480 BD Bioscience Cat# 746260;

RRID: AB_2743592

Anti-mouse CD4-APC-eFluor780 eBioscience Cat# 47-0041-82;

RRID: AB_11218896

Anti-mouse CD4-BV785 Biolegend Cat# 100551;

RRID: AB_11218992

Anti-mouse CD4-PE eBioscience Cat# 12-0042-82;

RRID: AB_465510

Anti-mouse CD5-PE-Cy7 Biolegend Cat# 100622;

RRID: AB_2562773

Anti-mouse CD8- APC Cy7 BioLegend Cat# 100714;

RRID: AB_312753

Anti-mouse CD11b-APC-Cy7 Biolegend Cat# 101226;

RRID: AB_830642

Anti-mouse CD11c PE-CF594 BD Bioscience Cat# 562454;

RRID: AB_2737617

Anti-mouse CD19-BV421 Biolegend Cat# 115537;

RRID: AB_10895761

Anti-mouse CD19- BV785 Biolegend Cat# 115543;

RRID: AB_11218994

Anti-mouse CD19- PE-Cy7 Biolegend Cat# 115520;

RRID: AB_313655

Anti-mouse CD44- APC Cy7 Biolegend Cat# 103028;

RRID: AB_830785

Anti-mouse CD103 Biotinylate BD Bioscience Cat# 557493;

RRID: AB_396730

Anti-mouse CD62L BV510 Biolegend Cat# 104441;

RRID: AB_2561537

Anti-mouse CD45-BUV395 BD Bioscience Cat# 564279;

RRID: AB_2651134

Anti-mouse CD90 – BV605 Biolegend Cat# 140317;

RRID: AB_11203724

Anti-mouse CD127-FITC eBioscience Cat# 11-1271-82;

RRID: AB_465195

Anti-mouse CX3CR1-FITC Biolegend Cat# 149020;

RRID: AB_2565703

Fixable Viability dye – efluor450 eBioscience Cat# 65-0863-14
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fixable Viability dye – efluor506 eBioscience Cat# 65-0866-14

Anti-mouse FceRIa-PE-Cy7 Biolegend Cat# 134318;

RRID: AB_10640122

Anti-mouse Foxp3-AF700 eBioscience Cat# 56-5773-82;

RRID: AB_1210557

Anti-mouse F4/80-APC Biolegend Cat# 123116;

RRID: AB_893481

Anti-mouse Gata3-AF647 BD Bioscience Cat# 560068;

RRID: AB_1645316

Anti-GFP AF488 Thermo Fisher Scientific Cat# A-213111;

RRID: AB_221477

Anti-mouse I-A/I-E-AF700 Biolegend Cat# 107622;

RRID: AB_493727

Anti-mouse I-A/I-E-BV650 Biolegend Cat# 107641;

RRID: AB_2565975

Anti-mouse Il-22-APC eBioscience Cat# 17-7222-82;

RRID: AB_10597583

Anti-mouse KI-67 Percp-Cy55 BD Bioscience Cat# 561284;

RRID: AB_10611574

Anti-mouse Ly6C-BV421 Biolegend Cat# 128032;

RRID: AB_2562178

Anti-mouse Ly6G-PE-Cy7 Biolegend Cat# 127618;

RRID: AB_1877261

Anti-mouse NK1.1-APC Biolegend Cat# 108720;

RRID: AB_2132713

Anti-mouse Neuropilin1-PE Biolegend Cat# 145204;

RRID: AB_2561928

Anti-mouse Nkp46-PercP-Cy5.5 Biolegend Cat# 137610;

RRID: AB_10641137

Anti-mouse RORgt-PE eBioscience Cat# 12-6981-82;

RRID: AB_10807092

Anti-mouse Siglec F-PE Biolegend Cat# 155506;

RRID: AB_2750235

Streptavidin-PE-Cy7 Bioscience Cat# 557598;

RRID: AB_10049577

Anti-mouse Tbet-PECy7 eBioscience Cat# 25-5825-82;

RRID: AB_11042699

Anti-mouse Thy 1.1 eBioscience Cat# 11-0902-82;

RRID: AB_465154

Anti-mouse Thy 1.2 Biolegend Cat# 140318;

RRID: AB_2650924

Rat IgG1 isotype control PE Thermo Fisher Scientific Cat# 12-4301-81;

RRID:AB_470046

Monoclonal anti-mouse Ki-67 (Tec3 Ab) Dako, Glostrup Denkmark Cat# M7249

InVivoMAb rat anti-mouse IgG2b BioXcell Cat# BE0090;

RRID: AB_1107780

InVivoMAb anti-mouse CD4 BioXcell Cat# BE0003-1;

RRID:AB_1107636

InVivoMAb anti-mouse CD90.2 (30H12) BioXcell Cat# BE0066;

RRID: AB_1107682
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Formaldehydlösung 4% neutral SAV Liquid Production GmbH Cat# FN-5000-4-1

Percoll Sigma-Aldrich Cat# P1644-1L

Dulbeccos PBS (w/o calcium and magnesium) (DPBS) Gibco Cat# 4190-094

Dulbeccos PBS (w calcium and magnesium) (PBS) Gibco Cat# D8662

High Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat# 4368813

DNAse Sigma-Aldrich Cat# DN25-5g

Collagenase D Sigma-Aldrich Cat# 11088882001

Dispase Corning Cat# 354235

DNAse I Roche Cat# 05952077103

Collagenase IV Worthington Cat# LS0004186

Collagenase IA Sigma Cat# C9891

Collagenase VIII Sigma Cat# C2139

Trizol Thermo Fisher Scientific Cat# 15596026

HEPES Gibco Cat# 15630-056

BSA Sigma-Aldrich Cat# A7030-100G

Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat# 41965062

Iscove’s Modified Dulbecco’s Medium (IMDM) Gibco Cat# 21980032

HEPES (1 M) Gibco Cat# 15630080

Fetal bovine serum Pan-Biotech Cat# P30-3602

Chloroform Sigma Aldrich Cat# 288306-100ML

70 kD Fluorescein isothiovyanate (FITC)-dextran Sigma Cat# 46945-100MG

MacConkey II agar BD BBL Cat# 212306

Schaedler Agar BD BBL Cat# 212189

Sheep blood defibrinated Oxoid Cat# SR0051E

Kanamycin sulfate Sigma-Aldrich Cat# 60615

Vitamin-K3 (Menadion) Sigma-Aldrich Cat# M5625

Columbia blood agar base Oxoid Cat# CM331

GC agar base BD Difco Cat# 228950

Hemoglobin Oxoid Cat# LP0053

Difco supplement VX BD Difco Cat# 233541

Brain heart infusion Oxoid Cat# CM1135

Hemin Sigma-Aldrich Cat# 51280-1G

Vitamin-K1 Sigma-Aldrich Cat# 95271-1G

Bacto Tryptone BD Cat# 211699

Bacto Yeast Extract Gibco Cat# 212750

Sodium chloride Sigma-Aldrich Cat# S9625-5KG

Agar Sigma-Aldrich Cat# 05039-500G

Sakura FinetekTM Tissue-TekTM O.C.T. Compound Sakura Cat# 12351753

SuperFrost� Plus VWR Cat# 631-9483

Triton X-100 Sigma-Aldrich Cat# X100-100ML

Saccharose Sigma-Aldrich Cat# S9378-500G

Fluoromount-G Invitrogen Cat# 00-4958-02

Mouse Serum Life Science Cat# S-012L

EDTA Thermo Fisher Scientific Cat# AM9912

Lysozyme Sigma Cat# 62970-5G-F

Streptomycin Sigma-Aldrich Cat# S6501

Gelatin from cold water fish skin (GCWFS) Sigma Cat# G7041

DAPI Carl Roth Cat# 6843.1

(Continued on next page)

Cell Reports 42, 112269, March 28, 2023 19

Article
ll

OPEN ACCESS



RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Guido Beldi

(guido.beldi@insel.ch).

Materials availability
This study did not generate new unique reagents. Mouse lines generated for this study are available from the lead contact with a

completed Materials Transfer Agreement.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Normal Mouse Serum Invitrogen Cat# 10410

Critical commercial assays

Blocking Kit VE Avidin/Biotin Vector laboratories Cat# SP-2001

FoxP3 staining kit Thermo Fisher Scientific Cat# 00-5521-00

Cytofix/cytoperm Buffer BD Bioscience Cat# 554722

miRNeasy Micro Kit Qiagen Cat# 217084

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368813

SYBRTM Green PCR Master Mix Applied Biosystems Cat# 4334973

TaqmanTM Universal Master Mix Thermo Fisher Cat# 4440039

QIAamp DNA stool kit Qiagen Cat# 51604

Qubit dsDNS BR Assay-Kit Thermo Fisher Scientific Cat# Q32853

Qubit dsDNS HS Assay-Kit Thermo Fisher Scientific Cat# Q32854

Deposited data

Bulk RNA-seq (of liver pre- and post-partial hepatectomy) https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE158174

code: cdunemgsdnixjyb

Experimental models: Organisms/strains

C57BL/6J (wild-type) Envigo N/A

B6.PL-Thy1a/CyJ RRID:IMSR_JAX:000406

B6.FVB-Tg(Rorc-cre)tm1Litt/J Eberl et al.16 N/A

B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J Srinivas et al.67 RRID:IMSR_JAX:006148

B6.129P2-Rorctm1Litt/J Sun et al.68 RRID:IMSR_JAX:007571

B6.129S7-Rag1tm1Mom/J Mombaerts et al.69 RRID:IMSR_JAX:002216

Rag2�/� Hao et al.70 N/A

IGIF�/� (IL-18�/�) N/A

B6.Il22�/� Kreymborg et al.71 N/A

Pycard�/� (Asc�/�) Drexler et al.72 N/A

Oligonucleotides

See Table S2 for Oligonucleotides and RNA sequences N/A

Software and algorithms

FlowJo10.4 Tree Star https://www.flowjo.com

RRID: SCR_008520

R studio R foundation https://www.r-project.org

RRID: SCR_000432

Prism 8 GraphPad software, Inc. www.graphpad.com

RRID: SCR_002798

ImageJ 1.8.0 Image J Software https://imagej.nih.gov/ij/

Leica Application Suite X Leica Microsystems https://www.leica-microsystems.com

RRID: SCR_013679

Qiime QIIME development team https://qiime2.org

Imaris Oxford Instruments https://imaris.oxinst.com
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Data and code availability
d Bulk-RNA Seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers

are listed in the key resource table. The patient’ data that support the findings of this study are available from the lead contact

upon reasonable request. Microscopy data reported in this paper will be shared by the lead contact upon request until 02/2033.

d Data were analysed using the standard DESeq2 and Qiime pipelines, or with the stated variations. User scripts will be shared

upon request.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient data
Two cohorts of patients were included for the analysis. One dataset includes the patients from a prospective interventional trial, which

aimed to test the impact of the introduction of structured communication on surgical infections as the main outcome parameter

(STOP? Trial, NCT02428179). The institutional review board of the Canton of Bern, and Canton Z€urich, Switzerland have approved

this study (EK ZH 2015-0232, KEK 161/14). The study included all consecutive patients except if patients refused to participate in

clinical studies. The outcome parameters SSI was prospectively recorded in the context of a Swiss Surveillance Program

(SWISSNOSO) that includes regular monitoring to ensure quality of inclusion of patients and assessment of the endpoints. Median

age of included patients was 58 years and 1985 patients (56,5%) were male. Data on cultured bacteria were available from 2 partici-

pating centers from which the data were included.

All consecutive patients undergoing liver resections for colorectal liver metastasis between 2001 and 2016 at the University hos-

pital of Vienna, Austria, were retrospectively recorded (n = 335). The institutional review board of the Medical University of Vienna,

Austria has approved this study (424/2010; 2032/2013, NCT01700231, NCT02118545). Infectious complications were summarized

with a possible event of an infection during the postoperative course. Major liver resection was defined as resection of three or more

liver segments according to the Brisbane 2000 nomenclature.73 All bacterial cultures of septic patient were manually reviewed and

recorded. Bacterial species were identified byMALDI-TOFmass spectrometry. Other bacteria in Figure 1B include: n = 2Citrobacter

spp, n = 1 Fusobacterium spp, n = 1 Clostridium sordelli, n = 1 Streptococcus spp.

Ethical approval
The analysis of patient’ data has been approved by the ethics committee of the ethical committee Bern and University of Vienna. The

clinical studies were conducted in compliance with the protocol, the current version of the Declaration of Helsinki, the ICH-GCP, the

human research act as well as other locally relevant legal and regulatory requirements. Experiments were done with Institutional An-

imal Care and Use Committee approval and in strict accord with good animal practice as defined by the Office of Laboratory Animal

Welfare.

Mice
Specific-pathogen-free (SPF) wild-type C57BL/6J RccHsd (Envigo), Rag1�/�,69 Rag2�/�,70 Rag2�/�Il2rg�/�,69,74 Rorc(gt)�/�,16

IL22�/�71 animals were bred and housed in individual ventilated cages in the Animal Facilities of the University of Bern (Switzerland),

Charite-Universitätsmedizin Berlin (Germany).

Rorc(gt)�/� Rag2�/� and Thy1.1mice were kindly provided by Prof. Chiara Romagniani (German Rheumatism Research Centre-a

Leibniz Institute, Berlin, Germany). The IGIF�/� (IL-18�/�) were kindly provided by Kevin Maloy (University of Oxford, UK) and

Pycard�/� (Asc�/�)were kindly provided by Prof. N. Fasel (University of Lausanne, Department of Biochemistry, Institute for Arthritis

Research, Switzerland)72 and both, housed under colonized conditions at the Clean Mouse Facility of the University of Bern,

Switzerland.

Germ-free wild-type C57BL/6J, Rag1�/�69 and Rag2�/�Il2rg�/�69,74 mice were rederived by axenic two-cell embryo transfer as

previously described75 and bred and maintained in flexible film isolators at the Clean Mouse Facility of the University of Bern,

Switzerland. Germ-free status was routinely confirmed by extensive aerobic and anaerobic culture as well as DNA stain using

SYTOX green (Invitrogen, Gaithersburg, MD) and Gram staining (Harleco, EMD Millipore Corporation, Billerica, MA) of caecal con-

tents to detect unculturable contamination.

All experiments were performed in the morning on 8- to 12-week-old adult female mice, supplied with a 12 hour light/dark cycle at

22�C, and fed ad libitumwith chow andwater. All animal procedures were carried out in accordance to the guidelines for the care and

use of laboratory animals, and the experimental protocol received approval by the Animal Care Committee of the Canton of Bern,

Switzerland, the local animal care committees (LAGeSo) Berlin, Germany.
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METHOD DETAILS

Partial hepatectomy
All surgical procedures were performed under laminar flow and under sterile conditions using general anesthesia with isoflurane

(Nicholas Piramal (I) Limited, London, UK). The details of the partial hepatectomy model in mice were previously described.76 Briefly,

anesthetized mice were immobilized in a supine position and the abdomen was entered through a midline incision. After exposure of

liver lobes, partial hepatectomy was performed by central ligature (Vicryl 4-0, Ethicon, Johnson & Johnson, Spreitenbach,

Switzerland) of the median and left lobe in order to achieve a standard two-third hepatectomy. The ligated liver lobes were surgically

removed, weighted, and further processed. The laparotomy was then closed with a two-layer running suture (Prolene 6-0, Ethicon,

Johnson & Johnson, Spreitenbach, Switzerland). During the procedure, the intestine was rinsed with saline to avoid drying-out.

Resuscitation of the intraoperative fluid loss was achieved by putting saline into the abdominal cavity at the end of the operation.

Analgesia with buprenorphine (Reckitt Benckiser AG, Switzerland) was administered at the beginning of the surgical intervention

as well as ad libitum during the postoperative course by subcutaneous injection. At the time of sacrifice, mice were anesthetized

by isoflurane inhalation, lethal blood samples were then taken from the inferior vena cava and livers were surgically removed for

further analyses. In sham operated animals, a midline incision was performed, the liver was mobilized, the abdominal cavity was

rinsed and the abdomen was closed with a two-layer running suture.

Microbial community analysis
The microbial community presented in the fecal and skin samples from 5 healthy volunteers were collected every second day for

2 months. Human fecal and skin swabs samples or murine fecal and liver samples were analyzed by 16S rRNA amplicon sequencing

on the lonTorrent PGMTM platform, as previously described.77 Briefly, microbial DNA was extracted from fecal and skin samples

using the QIAamp DNA stool kit (Qiagen) according to the manufacturer’s instructions78 with an additional step for efficient Gram

positive bacteria lysis using 20 mg/mL lysozyme (Sigma); 20mM Tris,HCl, pH 8.0; 2mM EDTA; 1.2% Triton buffer. Concentrations

of purified DNA were measured using Qubit (Thermo Fisher Scientific). DNA was pooled at a concentration of 26pM and

was sequenced for the V5/V6 region of 16S rRNA genes using a multiplex approach with the barcoded forward fusion primer 50-
CCATCTCATCCCTGCGTGTCTCCGACTCAG BARCODE ATTAGATACCCYGGTAGTCC-30 in combination with the reverse fusion

primer 50-CCTCTCTATGGGCAGTCGGTGATACG AGCTGACGACARCCATG-30, in IonTorrent PGM system according to the manu-

facturer’s instructions (ThermoFisher).79,80 Data was further analyzed using QIIME pipeline after filtering out low quality (accuracy of

base calling; q < 25) samples. Operational taxonomic units (OTUs) were picked using UCLUST with a 97% sequence identity

threshold followed by taxonomy assignment using the latest GreenGenes database (http://greengenes.secondgenome.com/). Alpha

diversity (that describes the number of different taxa within a sample) and beta diversity (that delineates differences between samples

(i.e. ‘‘between habitat’’ diversity) were calculated using the phyloseq pipeline in R (v3.4).81,82 The non-parametric Mann-Whitney

U-tests was used to compare alpha diversity between samples and Adonis from vegan package to assess the effects of groups

for beta diversity via phyloseq in R.81,82 Taxonomic differences at phylum and genus levels between tested groups were identified

using the ‘‘multivariate analysis by linear models’’ (MaAsLin) R package.83 Only taxa present in at least 50% of samples and

OTUs comprising more than 0.001% of relative abundance were analyzed in MaAsLin. A p < 0.05 and a false discovery rate

(FDR; Benjamini-Hochberg correction) of q < 0.05 were set as cut-off values for significance. All the relevant codes for running

the MaAsLin in R platform are available in Dr. Huttenhower’s group webpage (https://huttenhower.sph.harvard.edu). Phylogenetic

tree was plot using GraPhlAn.84

Identification of culturable bacteria from human skin and fecal samples
Skin swabs and fecal samples were freshly collected from 10 healthy volunteers. Samples were streaked onMacConkey agar, choc-

olate (CHOC) agar, Columbia blood agar under aerobic conditions and Schaedler-protein K-blood agar (with andwithout Kanamycin)

under anaerobic conditions and cultured for 48 hours at 37�C. Bacterial colonies were morphologically differentiated and identified

by matrix-assisted laser desorption time-of-flight (MALDI-TOF) mass spectrometry.

Assessment of systemic bacterial dissemination in mice
To determine the presence of bacteria in the liver, spleen, andmesenteric lymph nodes (MLN), the respective organs were harvested

under sterile conditions and plated on LB, and BHI (brain-heart infusion)-hemin-protein K-blood agar plates as indicated. LB agar

plates were cultured for 24 hours at 37�C. BHI-blood agar plates were cultured under anaerobic conditions for 48 hours at 37�C. Aer-
obic and anaerobic single isolated colonies were identified by full 16S rRNA sequencing and collectedly quantified (Sanger

sequencing-Microsynth). LB-enriched with streptomycin plates was used to quantify the dissemination of E. coli JM83.

Bacterial culture
Escherichia coli (E. coli) K-12 strain JM83 (F-(lac-proAB) phi80, (lacZ)M15 ara rpsL thi lambda-; streptomycin-resistant)85 was

cultured overnight in Luria Broth (LB) medium supplemented with Streptomycin (100mg/mL) at 37�C, shaking at 200 rpm. To prepare

bacterial inocula for gavage or intravenous (i.v.) injection, bacterial cultures were centrifuged for 10 min at 4000 g and washed twice

with sterile PBS. The required dose was resuspended in 500 mL of sterile PBS.
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Bacterial delivery
Intravenous injection was performed 6 and 2 days prior to partial hepatectomy. 107 CFU live E. coli JM83 were i.v. injected in the tail

vein. An additional injection of live bacteria was performed 12 hours after partial hepatectomy. For experiments to evaluate bacterial

clearance in the liver (Figures 6A and 6B): 107 CFU live E. coli JM83 were i.v. injected into the tail vein immediate after PH. Blood was

repetitively drawn and plated at indicated time points.

For efficient trackability of intestinal bacteria - in the indicated experiments - SPF or germ-free mice were intragstric (i.g.) gavaged

with 1010 CFU of E. coli JM83 12 hours prior PH.

Cellular isolation
The livers were flushed by injection of cold DPBS into the portal vein. Thereafter, the livers were harvested, cut into small pieces with a

scalpel and collected for 30 minutes with shaking at 37�C. The medium was then filtered through a 100mm gauge cell strainer into a

50 mL conical tube. Cells were resuspended with cold wash buffer [1X DPBS (GIBCO, Life Technologies), 2%Hepes (Sigma Aldrich)

and 2% fetal calf serum (FCS)]. Samples were centrifuged at 1250g for 10mins at room temperature. The supernatant was discarded

and centrifuged until it became clear. Isolation of cells was achieved by gradient centrifugation using Percoll (GE Healthcare). The cell

suspension was resuspended in 40% Percoll (Sigma) solution and layered on top of an 80%Percoll solution. Gradient centrifugation

was carried out (2000 g, 20 min, 20�C, no brake). Lymphocytes were collected from the interphase, washed with IMDM (10% FCS)

and centrifuged (600 g, 7 min). To isolate leukocytes from the lamina propria of small intestine, intestines were removed from the

mouse and placed in ice-cold DPBS. Residual fat and Peyer’s patches were also removed. The intestine was opened longitudinally

and sectioned into 2 cm segments. The tissue waswashed once in ice-cold DPBS followed by four washes of 8min in 15mL of DPBS

(5 mM EDTA, 10 mM HEPES) with shaking at 37�C to detach epithelial cells. Residual tissue was then washed for 8 min in 15 mL of

IMDM containing 10% FCS at 37�C before being minced and digested in 15 mL of IMDM containing 1 mg/mL collagenase type VIII

(Sigma) and 10 U/ml DNase I (Roche) with shaking at 37�C for 20–30 min (small intestine) or 30–40 min (colon). The resulting cell sus-

pension was passed through a cell strainer (100 mm) andwashed with 20mL of IMDM10%FCS. Cells were centrifuged (600 g, 7min,

4�C) and resuspended in 300 mL of FACS buffer (DPBS 2% FCS 2mM EDTA 0.01% NaN3). Intestines were processed individually.

Spleens and lymph nodes were cut into small pieces and digested in IMDM (2% FCS) containing collagenase type IA (1 mg/mL,

Sigma) and DNase I (10 U/ml, Roche) at 37�C for 30 min. Cellular suspensions were also passed through a cell strainer (40 mm)

and washed with IMDM (2% FCS, 2mM EDTA). Cells were finally resuspended in FACS buffer and counted using a Neubauer count-

ing chamber in Trypan blue.

Flow cytometry
After isolation, cells were washed once with DPBS before being stained with fixable viability dye (eBioscience) diluted in DPBS for

30 min on ice. Single cell suspensions were sequentially incubated with primary/biotin- and fluorescence-coupled antibodies diluted

in FACS buffer. Cells surface staining was performed by incubating them for 20 minutes at 4�C. Intracytoplasmic staining was

performed in unstimulated cells using the Cytofix/Cytoperm staining kit (BD). Intranuclear staining was performed using the

Foxp3 staining kit (eBioscience). The followingmouse-specific conjugated antibodies were used: CD127-FITC (A7R34, eBioscience),

CD19-BV421, -BV785, -PE-Cy7 (6D5, Biolegend), CD3-BV650, -BV785, -PE-Cy7 (17A2, Biolegend), FceRIa-PE-Cy7 (MAR1,

Biolegend) CD4-BV785 (RM4-5, Biolegend), CD45-BUV395 (30-F11, BD Bioscience), CD90-BV605 (53-2.1, Biolegend), CD62L-

BV510 (MEL-14), CD5-PE-Cy7 (53-7.3, Biolegend), Foxp3-AF700 (FJK-16s, eBioscience), Gata3-A647 (TWAJ, BD), Neuropilin1-

PE (3E12, Biolegend), NK1.1-AF647 (PK136, Biolegend), NKp46-PerCP-Cy55 (19A1.4, Biolegend, 29A1.a, eBioscience), RORgt-

PE (B2D, eBioscience), CCR6-PE (29-2L17, Biolegend), T-bet-PE-Cy7 (4B10, eBioscience), fixable viability dye -efluor 450 or -efluor

506 (ebioscience), IL-22 APC (IL22JOP, eBioscience), KI-67 PerCP-Cy55 (B56, ebioscience), CD44-APC-Cy7 (Im7, Biolegend),

CX3CR1-FITC (SA011F11, Biolegend), Siglec F-PE (E50-2440, Biolegend), CD103 Biotinylate (M290, BD), CD11b-APC-Cy7 (M1/

70, Biolegend), CD11c-PE-CF594 (HL3, BD), F4/80-APC (BM8, Biolegend), MHC-II(I-A/I-E)-AF700, -BV650 (M5/114.15.2,

Biolegend), Ly6C-BV421 (HK1.4, Biolegend), Ly6G-PE-Cy7 (1A8, Biolegend), Streptavin PE-Cy7 (BD). LSR Fortessa (BD) was

used for flow cytometry and data were analyzed with FlowJo software (Treestar Data Analysis Software).

Thy1.2 or CD4+ T cell depletion
Anti-CD90.2 mAb (Thy1.2, 30H12) and anti-CD4 mAb (GK1.5) was purchased from BioXCell (West Lebanon, NH). Depletion mAb or

isotypemAb (rat anti-mouse IgG) treatments were administered by i.p. injection 6 days, 3 days and 1 day prior to the surgery at a dose

of 250 mg/mouse.29

CD90-disparate chimeras
CD90-disparate chimeras were generated as previously described.29 Briefly, 40–60 106 FACS sort-purified CD19+ B cells and

CD3+CD5+ T cells from C57BL/6 Thy1.1 mice of spleen and MLN were transferred i.v. injection to Rag1�/� Thy1.2 recipient mice.

Reconstitution was permitted for 8–10 weeks post-transfer. I.p. injection of anti-Thy1.2 was performed three times prior to partial

hepatectomy.
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RNA isolation
Tissues were collected and snap-frozen using liquid nitrogen. Thawed tissues were immediately homogenized (Retsch bead-beater)

in 500 mL of Nucleozol reagent. Chloroform (200 mL) was added, samples were mixed, and centrifuged (12,000 g, 15 min, 4�C). The
upper phase was collected and RNA was precipitated with ice-cold isopropanol by centrifugation (12,000 g, 10 min, 4�C). The RNA

pellet was washed with 75% ethanol, dried and resuspended in RNase-free water. RNA concentrations and purity were analyzed

using a Nanodrop2000 (Thermo Scientific).

RT-qPCR
Genomic DNA in RNA samples was digested using the DNA-free kit (Ambion) and RNA was reverse-transcribed into cDNA using Su-

perscript III reverse transcriptase according to Invitrogen protocols. RT-qPCR was performed using 384 well-plates with 50–100 ng

of cDNA per well containing the SsoFast EvaGreen Supermix (Biorad) and gene-specific primers. All reactions were run in triplicate.

Samples were normalized to the expression of TBP for TaqMan and GAPDH for SYBR Green by calculating 2̂ (-deltaCt).

Primer sequences:

GAPDH (Gapdh) forward: 50 - CAT CAA GAA GGT GGT GAA GC -30.
GAPDH (Gapdh) reverse: 50 - CCT GTT GCT GTA GCC GTA TT -30.
REG3B (Reg3beta) forward: 50 – GCA GAA CCC AAT GGA GGT GG -30.
REG3B (Reg3beta) reverse: 50 – CAC CCA GGG ATG TGA GAA GAG -30.
REG3G (Reg3gamma) forward: 50 – TTC CTG TCC TCC ATG ATC AAA -30.
REG3G (Reg3gamma) reverse: 50 – CAT CCA CCT CTG TTG GGT TC -30.
LYZ1 (Lysozyme 1) forward: 50 – CTT GTC ACT CCT CAC CCC TG -30.
LYZ1 (Lysozyme 1) reverse: 50 – AGC CGT TCC CCT TCC AAT G -30.
Il22 (IL-22) forward: 50 – ATG AGT TTT TCC CTT ATG GGG AC-30

Il22 (IL-22) reverse: 50 – GCT GGA AGT TGG ACA CCT CAA-30.
DEFA21 (alpha defensin 21) forward: 50 – AGG CTG TGT CTG TCT CCT TTG -30.
DEFA21 (alpha defensin 21) reverse: 50 – TGC AAG CAT CCA TCA CAC TGG -30.
Il1B (IL-1b, forward: 50 - ACCTGTCCTGTGTAATGAAAGACG -30.
Il1B (IL-1b) reverse: 50 - TGGGTATTGCTTGGGATCCA -30.
Il18 (IL-18) forward: 5’ - ACA ACT TTG GCC GAC TTC AC -30.
Il18 (IL-18) reverse: 50 - TGG ATC CAT TTC CTC AAA GG -30.
For the assessment of hepatocyte proliferation, the quantitative RT–qPCR with TaqMan gene expression assays were used.

Reagents were used according to the standard protocols (Applied Biosystem). Mouse probes used include CCNA2 (cyclin A2)

(Mm00438063_m1), FOXM1B (Mm00514925_m1), and TBP (Mm01277042_m1).

Single cell RNA-seq analysis
The single cell RNA-seq (scRNA-seq) data was downloaded from Sanchez-Taltavull et al.86 The acquired dataset consisted on

dropout corrected gene expression of different time points post partial hepatectomy, together with the cell classification and

t-SNE coordinates. Cells classified as doublets or unknown were removed.

RNA-seq analysis
The RNA concentration was determined using a Bioanalyzer 2100 (Agilent). Library preparation was performed using TruSeq RNA

sample preparation v2 kit (TruSeq Stranded mRNA Sample Preparation, Illumina). Libraries were sequenced by Illumina HiSeq

2500 on the 100 bp single-end mode. Between 12.4 and 17.0 mio read pairs were obtained per sample and the quality of the reads

was assessed using fastqc v.0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The reads were mapped to the

mouse reference genome (ensembl m38, build 75) using Tophat v. 2.0.11.87We then used htseq-count v. 0.6.188 to count the number

of reads per gene, and DESeq2 v. 1.4.589 to test for differential expression between groups of samples. The output of DESeq2 was

used to perform gene set enrichment analysis (GSEA) using the SetRankmethod. The key principle of this algorithm is that it discards

gene sets that have initially been flagged as significant, if their significance is only due to the overlap with another gene set. It calcu-

lates the p-value of a gene set using the ranking of its genes in the ordered list of p-values as calculated by DESeq2. Genes were

scored according to an absolute fold-change R 2 and adjusted p-value of < 0.01. The proteins corresponding to the obtained

gene sets were searched against the version 10 of the STRING database90 to display functional protein-association networks. Inter-

actions were considered with a STRING confidence score R 0.4 (medium and high confidence). Multiple rounds of iteration of the

k-means clustering method were performed.

Immunohistochemical analysis of liver
Immunohistochemistry for hepatocyte proliferation using Ki-67 stain was performed on paraffin-embedded liver sections (3 mm).

Fresh liver tissue was fixed with 4% Formaldehyde. Paraffin-embedded tissue sections were then dried, deparaffinized, and rehy-

drated, followed by blocking of endogenous peroxidase with 3% H2O2 (Sigma H-1009; Sigma- Aldrich Chemie GmbH, Germany)

in DPBS. Antigen was retrieved by heating the slides for 10 min. Diluted monoclonal mouse anti-Ki-67 antibody (TEC-3 antibody
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[Dako CodeM7249]; Dako, Glostrup, Denmark) was then applied and slides incubated overnight at room temperature in a humidified

chamber. Then, biotinylated rabbit anti-mouse IgG ([Code E0464]; Dako, Glostrup, Denmark) was added, followed by a brief incu-

bation with 3,30-diaminobenzidine substrate (DAB+; [Code K3467]; Dako, Glostrup, Denmark). The tissue sections were counter-

stained in hematoxylin. Total numbers of Ki-67-labeled hepatocytes were finally determined by counting positively stained hepato-

cyte nuclei of the whole stained slides in a blinded manner by an independent observer. Percentage of positive proliferating cells

(Ki-67+ cells) was finally calculated for each animal.

Immunofluorescence analysis of liver
Livers were perfused via the left ventricle with DPBS (Sigma Aldrich) and 2%PFA. Afterwards, liver samples were fixed using 2%PFA

for 12 hours at 4�C and dehydrated with 30% sucrose at 4�C overnight. Tissues were embedded in OCT compound (Sakura Finetek)

and stored at �80�C. Serial 30 mm sections were cut on a CM3050S cryostat (Leica) and adhered to Superfrost Plus object slides

(VWR). After rehydration with DPBS for 10min at room temperature, sections were permeabilized and blocked with DPBS containing

1% BSA (Sigma Aldrich), 1% GCWFS (Sigma Aldrich), 0.3% Triton-X 100 (Sigma Aldrich) and 1% normal mouse serum (Life Tech-

nologies) for 1 hour at room temperature. Staining was performed in blocking buffer at 4�C overnight. Sections were washed with

DPBS and mounted with Fluoromount-G (Invitrogen). Acquisition was performed on a Leica Stellaris 5 confocal microscope with

LAS X software. The following antibodies were used for staining: anti-mouse CD31 BV480 (Clone: MEC 13.3; BD Biosciences),

anti-GFP AF488 (Invitrogen), anti-mouse CD3 eFlour660 (Clone: 17A2; Invitrogen) and DAPI (Carl Roth).

Confocal endomicroscopy experiments
Partial hepatectomy was performed immediately prior to imaging. After the operation, 70 kD Fluorescein isothiovyanate (FITC)-

dextran (10 mg/ml, Sigma) in PBSwas intravenously injected into the tail vein to provide real-time contrast. Immediately after injection,

the terminal ileum was incised and a confocal miniprope (Cellvizio, Mauna Kea Technologies, Paris, France) was introduced into the

small intestine. The fluorescence intensity outside:inside was determined using ImageJ software (NIH) calculating the ratios of extra-

vascular to intravascular fluorescence.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Dot plots with a logarithmic scale show the geometric mean of each experimental group in addition to the individual samples repre-

sented as single data points. Dot plots with a linear scale show the arithmetic mean. Normalized values were analyzed by Student’s

t test or one-way ANOVA. p-values are indicated as follows: *p % 0.05; **p % 0.01; ***p % 0.001, ****p % 0.0001.
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