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One Sentence Summary: Intestinal bacteria cause surgical infections
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ABSTRACT

Infections after surgical interventions are assumed to be caused by contamination. We show by analyzing
multicentric data of 6561 patients that surgical infections as well as sepsis had a predominantly enteric microbial
signature irrespective of the type of surgery, suggesting failure of intestinal bacterial compartmentalization. In
mice, we reveal that hepatic surgery induced dysregulation of intestinal and hepatic type 3 innate lymphoid cells
(ILC3s) and intestinal leakage resulting in enteric bacterial translocation via lymphatic vessels. In the absence
of hepatic ILC3s, inflammasome activation and the induction of antimicrobial peptide encoding genes, bacteria
colonized remote systemic organs and impaired surgical outcomes. Conversely, mammalian-microbial
commensalism is required for the education of host immunity to ensure optimal hepatic healing responses. In
fact, microbial-derived products were sufficient for the induction of proliferative transcriptional networks in the
mouse liver, as illustrated by serum transfer experiments, mass spectrometry and RNA expression analysis,
indicating that the balanced exposure of the host to commensals is essential for recovery. This study reveals the
intestinal origin of microbes causing complications after surgical interventions and highlights host protective

mechanisms of controlled commensalism that prevent infections.
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INTRODUCTION

In Western countries, more than 20,000 surgical procedures are performed per 100,000 inhabitants annually, and
infections are the most frequent post-surgical complication(1l). The prevalence of healthcare-associated
infections ranges between 3 and 6% among all patients, surgical site infections (SSI) being the most frequent
with 29%(2). Infections occur locally as SSI or remotely, such as postoperative pulmonary infections. Both local
and remote infections have the potential to end in sepsis(3). The World Health Organization (WHO) recently
recognized sepsis as a global health priority and advocated for adherence to hygiene measures(4). These
guidelines on hygiene are based on the assumption that microbes contaminating the operative field cause
surgery-associated infections(3-5). However, the phylogenetic signature of bacteria isolated from surgical sites,
draining lymph nodes, and from sites distant from the operative field includes largely enteric bacterial species
that may suggest an intestinal origin for such infections(2, 6, 7).

In the intestine, barriers that limit the penetration of commensal and pathogenic microbes(8) consist of mucus,
immunoglobulins, antimicrobial peptides, epithelial cells and immune cells(9). In particular, type 3 innate
lymphoid cells (ILC3s), which are constitutively present at barrier sites and depend on the transcription factor
Roryt for their differentiation and function, play a pivotal role in host-microbial compartmentalization in the

intestine and lung(10, 11). ILC3s have the specialized capability to sense both host-derived and environmental
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signals and can integrate and relay the cues to other cells through cytokine secretion or cell-cell interactions (12).
Activated ILC3s secrete a polarized set of cytokines that include interleukin (IL)-17, IL-22, LTa1f2, and GM-
CSF. In this way, ILC3s control phagocytosis, epithelial survival, and antimicrobial peptide secretion to combat
infection, inflammation and to restore tissue homeostasis(13). The liver is a second and systemic barrier against
bacterial infiltration that scans and clears circulating antigens and bacteria(14, 15). The steady-state hepatic
innate immune system is composed of mainly Kupffer cells, natural killer (NK) cells, natural killer T (NKT)
cells and ILCs. In the human liver, NKp44- ILC3s are the dominant ILC population whose function remains
largely unexplored(16, 17). Similar to that in the intestinal and pulmonary niches, ILC3-targeted cytokine
signaling is relevant for hepatic tissue homeostasis(18, 19).

Here, we tested whether surgery disrupts the ILC3-mediated intestinal firewall and increases the susceptibility
of mice to systemic infections triggered by the intestinal microbiota. By using large surgical patient cohorts,
immune deficient and axenic mouse models, we sought to determine the source and the relevance of SSI. We
found an intestinal origin of SSI that is the consequence of a dysregulation of intestinal and hepatic 1LC3s.
However, the microbiota has also been shown to be critical for the development of the host immune system(20).
Such findings would support attempts in clinical practice to decrease the bacterial biomass in the intestine with

the aim of preventing infections.

RESULTS

Microbes with an intestinal signature are a major cause of surgical site infection in patients

Infectious organisms after surgery are thought to originate from the surrounding skin or the operative field. To
identify an association of the phylogenetic composition of SSI with the type of surgery, a prospective,
multicenter cohort of patients with SSI as an endpoint was analyzed. SSI was observed to be the most frequent
complication occurring in 8.6% (566 of 6561 patients) of all patients and up to 18.0% of patients undergoing
high-risk (esophageal, hepatic, pancreatic, splenic and enteric) surgery. The microbial fingerprint of available
SSI cultures (3515 patients) was analyzed using mass-spectrometry. Therefore, surgeries were grouped
according to the site of surgery in intestinal surgeries opening the intestine (intestinal surgery), abdominal
surgery without opening the intestine (non-intestinal surgery) and extra-abdominal surgery. The composition of
bacteria did not vary between the different types of surgeries (Fig. 1a). Culturable bacteria found in SSI were
mainly Escherichia coli and other Enterobacteriaceae (Fig. 1a), suggesting that infections may not primarily be
the consequence of contamination and may be triggered via other routes of bacterial trafficking. In addition, the
presence of infection but not the type of surgery dictated clinical consequences such as length of hospital stay
(Fig. 1b) and resulted in increased mortality by 10-fold (Fig. 1c). Next, we aimed to determine the association
of skin and intestinal microbial taxa with organisms found in SSI. Given the dominance of Firmicutes and
Bacteroides phyla in the feces and Actinomyces and Fusobacterium dominating the skin, as assessed by 16S

rDNA (Fig 1d), we applied routine clinical mass spectrometry of the bacteria cultured from skin and feces from
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10 healthy volunteers with different ethnicities to determine the cutaneous and fecal microbial signatures at the
genus level. In all specimens analyzed, E. coli, Enterococcus spp., and Enterobacter spp. were found only in the
fecal samples, whereas Staphylococcus spp. and Streptococcus spp. were found only on the skin (Fig. 1e).
Bacteria found in SSI (mainly E. coli and other Enterobacteriaceae) identified in the patient”cohort did mainly
assign to bacteria that are more abundant in fecal samples suggesting that the majority of SSI have an intestinal
origin (Fig. 1e).

To investigate the potential contribution of the extent of surgery in contrast to the procedure itself as a cause of
enteric microbial translocation to systemic sites, a second cohort of 335 patients undergoing major or minor liver
surgery was analyzed. As in the previous cohort, analysis of patients who suffered from sepsis after minor and
major hepatic surgery revealed that the circulating bacteria had an intestinal microbial signature (Fig. 1f). The
frequency of infectious complications (SSI, sepsis) was higher in patients who underwent major liver resections
(Fig. 1g) excluding the procedure as a cause for contamination and suggesting that the extent of the surgical
trauma may disturb the intestinal integrity increasing bacterial translocation. These clinical data further support
the hypothesis that microbes causing SSI and sepsis are largely of intestinal origin and that the extent of surgery,

rather than the site of surgery, dictates the occurrence of an SSI.
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Fig.1. Bacteria cultured from surgical site infections have an intestinal signature. A multicenter cohort of
6561 patients from three Swiss surgical departments was analyzed. (a, b, ¢) Surgical site infections were grouped
according to the site of main surgery in procedures that opened the intestine (intestinal surgeries - local spillage
possible); abdominal surgery without opening the intestine (non-intestinal surgery) and extra-abdominal surgery
(local spillage unlikely). (a) Relative abundance of bacterial species in SSI cultures obtained from 3515 patients
that underwent extra-abdominal, non-intestinal and intestinal surgery. (b) Length of hospital stay on the y-axis
and site of surgery on the x-axis for patients with or without surgical site infections. Each dot on the plot
represents one patient. The line represents the median (n=4949 patients). (c) Mortality at 30 days post-surgery
on the y-axis and site of surgery on the x-axis for patients with or without surgical site infections (n=6535
patients). (d) Microbial clustering is shown based on Bray-Curtis dissimilarity principal coordinate analysis
(PCoA) metrics for longitudinally collected fecal and skin samples from 5 healthy individuals from 2 families.
Non-parametric analysis of variance (Adonis) was used to test for significant differences between groups on the
PCoA plot (p<0.01). In this case, p<0.01 was considered significant. Ellipsoids represent a 95% confidence
interval surrounding each disease group. (e) Overall representation of taxa significantly associated with either
fecal or skin samples from the subjects analyzed in (d) are plotted and overlapped with bacterial strains that were
identified with MALDI-TOF after culturing of the “fecal” or “skin” samples from ten different healthy
volunteers. Statistical analysis for the taxonomy results was performed using the MaAsLin pipeline with BH-
FDR (g value) and plotted using GraPhlAn. The red closed circle shows taxa with increased abundances in fecal
samples, and the blue closed circle shows taxa with increased abundances in the skin samples. Stars on top of
the graph represent the identified culturable bacteria in SSI in patients. One star correspond to 1-10 patients. (f,
g) A second cohort of 335 patients undergoing minor or major liver surgery for colorectal liver metastasis was
analyzed. (f) Identification of bacteria cultured from blood of patients with sepsis. (g) Frequency of infectious
complications in patients that underwent minor or major liver surgery. The p-values are indicated as follows:
*p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.

Major liver surgery provokes intestinal microbial translocation under ILC deficiency

To understand the impact of surgery on systemic dissemination of intestinal bacteria and the potential
contribution of immune cell populations, we modeled major human surgery using a two-third partial
hepatectomy in C57BL/6 wild-type mice (Fig. 2a). Twenty-four hours after liver surgery, bacteria were detected
in mesenteric lymph nodes (MLNs), whereas the liver remained sterile and exhibited optimal regeneration at 48
hours post-surgery (Fig. 2b, ¢)(21, 22). Since compartmentalization of intestinal microbiota in the gut lumen
under homeostatic conditions depends on functional intestinal ILC3s(10, 23), we investigated the impact of liver
surgery on ILC3s and other immune cell populations. Cellular fractions of MLNs, the lamina propria in the
small intestine and colon and from the liver were analyzed by flow cytometry following partial hepatectomy
(Fig. S1). The frequency of small intestine and hepatic ILC3s but not from the MLN and colon was affected by
partial hepatectomy, whereas NK cell, T cell, ILC1 and ILC2 populations remained unchanged in the different
tissues analyzed (Fig. 2d,e and Fig. S2). At 24 hours post-surgery, the small intestinal lamina propria CD3"
CD127*Roryt* ILC3 population significantly decreased (Fig. 2d) in parallel with the level of the effector
cytokine IL-17, but not IL-22 (Fig. S3a, b). In contrast to the decrease observed in the small intestine, the hepatic
CD3-CD127*Roryt* ILC3 population expanded after partial hepatectomy at 24 hours post-surgery (Fig. 2e). The
decrease in small intestinal ILC3 and expansion in hepatic ILC3 population (Fig. 2d,e) was not observed in
germ-free wild-type mice that underwent partial hepatectomy, indicating the requirement of microbiota for
changes in the ILC3 population (Fig. S3c,d)(16).
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To study the contribution of ILC3s to the post-surgical infection in the context of liver surgery, we compared
the source of infection following partial hepatectomy in Rag2”112ry” mice which lack ILC, natural killer, NKT,
T and B cells to Ragl” mice which lack only B, T and NKT cells and to C57BL/6 wild-type mice. Bacteria
translocate to MLN in wild-type, Rag1” and Rag2™112ry" mice (Fig S4a). In Rag2”112ry”" mice, bacteria were
detected in the liver, lung (Fig. 2f) and spleen, whereas these organs in C57BL/6 wild-type and Ragl” mice
remained sterile which points to the importance of the innate lymphoid compartment, including ILC and natural
killer cells in barrier protection (Fig. 2f and Fig. S4b-e). This was not dependent on the intestinal microbial
composition given that the bacterial species identified in the liver, spleens, MLNs and lungs of Rag2”112ry"
mice mainly included Escherichia coli, Enterococcus faecalis and Enterobacter hormaechei and to a lesser
abundance Staphylococci ss, which are all members of the intestinal microbiota (Fig. S4f-i)(24). We next
assessed the effect of intestinal bacterial dissemination on proliferative hepatocyte indices, which are the most
relevant outcome parameters after hepatic surgery. Translocation of intestinal bacteria to the liver following
partial hepatectomy in Rag2™”112ry" mice (see Fig. 2f) was associated with failure of liver regeneration with
mice with a higher bacterial load being associated with lower hepatocellular proliferation (Fig. 2g and Fig. S5a,
b). To confirm the deleterious effect of circulating bacteria on hepatic regenerative responses, we intravenously
injected E. coli JIM83 into specific pathogen-free (SPF) wild-type mice before and after partial hepatectomy (Fig.
S5¢). In comparison to wild-type mice that received PBS or heat-killed bacteria, hepatocellular proliferation and
expression of cell cycle regulatory genes (Foxm1b and Ccna2) in the liver were impaired in wild-type mice that
received live bacteria (Fig. 2h and Fig. S5d) (16).

Considering the observed systemic microbial translocation in Rag2”112r 7" mice (see Fig. 2f) that may be due to
differences in the intestinal colonization status, we examined whether monocolonization with E. coli K-12 strain
JMB83 in germ-free mice recapitulate the effect observed in SPF mice. Therefore, we subjected germ-free wild-
type, Rag1” and Rag2”112ry" mice to bacterial colonization by intragastric inoculation of E. coli 12 hours prior
to partial hepatectomy (Fig. S6a). We observed that a minor proportion of bacteria can penetrate the intestinal
barrier and reach the liver in sham germ-free Rag2™112ry"- mice, but not in sham germ-free wild-type or Rag1™
mice (Fig. S6b). Further, partial hepatectomy induced an intestinal leak in monocolonized Rag2”112ry" mice
that led to a high incidence of sepsis-induced mortality (Fig. S6c), thereby pointing towards the role of ILC3s in
host-microbial mutualism.

These experiments suggest that surgery directly disrupts compartmentalization of intestinal microbes illustrated
by a decreased frequency and function of intestinal ILC3s. Failure to effectively contain intestinal bacteria results

in systemic spread of bacteria infecting organs and eventually impairing outcome after surgery.
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Fig. 2. Type 3 innate lymphoid cells (ILC3s) control the systemic penetration of intestinal bacteria. Specific
pathogen-free (SPF) wild-type mice (a-e, h) or SPF wild-type, Ragl” and Rag2”112ry" mice (f, g) underwent
major surgery modeled by a two-thirds partial hepatectomy. (a) Schematic representation of two-thirds partial
hepatectomy in mice in which the left and median liver lobe are removed. (b) Bacterial titers in mesenteric lymph
nodes (MLNSs) and liver 24 hours after partial hepatectomy or sham surgery. (c) Liver regeneration was assessed
by estimating the percentage of Ki-67-positive hepatocytes 48 hours after partial hepatectomy or sham surgery.
Representative images are presented on the right and quantification of proliferation is presented on the left. (d,
e) Frequency of small intestinal lamina propria and liver Roryt* ILC3s gated as live*Lin"Gata3"™Roryt* cells
and Gata3* ILC2s gated as live*Lin'RorytGata3* 24 hours after partial hepatectomy or sham surgery. (f)
Bacterial titers in the indicated organs and (g) the percentage of Ki-67-positive hepatocytes 48 hours after partial
hepatectomy or sham surgery are shown. (h) The percentage of Ki-67-positive hepatocytes after intravenous
injection of PBS, heat-killed or live E. coli K-12 strain JM83 into SPF wild-type mice before and after partial
hepatectomy. The mice were analyzed 48 hours after partial hepatectomy. Representative images are presented
on the right and quantification of proliferation is presented on the left (h, i). Scale bars (g, h): 100 um. 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 are representative of 4 (b, c), or 2-3 (d-h) independent experiments (8-15 mice
per group). (g) Data pooled from 3 independent experiments. The p-values are indicated as follows: *p<0.05, **
p<0.01, ***p<0.001, ****p<0.0001.

Major surgery induces intestinal leakage that allows bacteria to penetrate from the small intestine, via the

lymphatic vessels into the systemic circulation

In order to understand if metabolic or cytokine dysregulation induced by partial hepatectomy contributes to
intestinal barrier disruption, spectrometry and cytokine array were performed. We detected marked alterations
in metabolites and cytokines in the serum of wild-type mice eight hours after partial hepatectomy (Fig. 3a,b and
Table S1, S2). The levels of metabolites associated with bile acid biosynthesis and the inflammatory cytokine
IL-6 were significantly increased, both of which have been described to increase intestinal permeability and
impair intestinal barrier function (Fig. 3c and Fig. S7) (25, 26). Fecal albumin, a sign of intestinal barrier leakage,
was detected in wild-type, Rag1” and Rag2”112ry" mice after surgery, although the concentration was highest
in the feces of Rag2™”112ry" mice (Fig. 3d), suggesting that epithelial leakage promoted by hepatic surgery is
enhanced in the absence of ILC. To evaluate the penetration of bloodstream contents into the intestinal tissues,
we investigated the state of the intestinal vascular system using in vivo confocal endomicroscopy (Cellvizio) in
mice that were intravenously injected with a fluorescent dye (70 kDa FITC-dextran) after partial hepatectomy.
We found increased fluorescence by partial hepatectomy in both, wild-type and Rag2”112ry" mice, indicating
that surgery promotes endothelial leakage and the release of bloodstream contents into the lamina propria of the
intestine (Fig. 3e and Movie S1,S2)(27), which may contribute to intestinal barrier disruption and bacterial
penetration.

Since bacteria translocated from the intestinal lumen to MLNs (Fig. S4a), we sought to dissect the anatomical
route of translocation. The lymphatic drainage from the intestinal lumen to MLNSs is anatomically distinct in the
colon compared to the small intestine (Fig. 3f)(28, 29). To identify the intestinal compartment from which
bacteria translocate to the MLNSs, we delivered E. coli JIM83 to C57BL/6 wild-type mice using two routes — oral
(intragastric) or rectal (intracolonic) prior to partial hepatectomy, and measured the enteric bacterial load in the

local MLN and the liver. Significant bacterial load in the MLNs was observed with intragastric delivery, but not
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with intracolonic delivery, revealing that the primary site of translocation is the small intestine rather than the
colon (Fig. 3g). Intragastric delivery of E. coli JIM83 into C57BL/6 wild-type mice neither promoted the
penetration of intestinal microbes to the liver nor altered liver regeneration (Fig. 3g and Fig. S8). The
predominant translocation from the small intestine seems to be site-specific given that we observed slight tight
junction gene expression changes in the colon in addition to a more marked mucosal proinflammatory cytokine
immune response (Fig. S9). Potential routes for microbial trafficking from the MLN to the systemic circulation
are lymphatic vessels and splanchnic blood circulation(27, 30). To determine the route of circulating microbes,
the thoracic duct was ligated (Fig. 3h), followed by oral inoculation with E. coli JM83 and partial hepatectomy.
E. coli JM83 failed to reach the liver in Rag2”112ry" mice with thoracic duct ligation (Fig. 3i). Thus, our results
suggest that enteric bacteria preferentially transit from the small intestinal lamina propria using the lymphatic
vessels and reach the liver by bypassing the splanchnic circulation.

Since systemic dissemination of intestinal bacteria was seen to impair surgical outcomes (see Fig. 2f,g and Fig.
S5a,d), we hypothesized that hepatic metabolism would also be altered due to systemic bacterial dissemination.
To test this hypothesis, non-targeted metabolic profiling was conducted on hepatic tissue from wild-type mice
and from Rag2”"112ry" mice with or without ligation of the thoracic duct and orally inoculated with E. coli JIM83
prior to partial hepatectomy. Metabolic profiling revealed marked changes in specific metabolic pathways in
Rag2”112ry" compared to wild-type control mice after thoracic duct ligation (Fig. 3j and Fig. S10a,b and Table
S3). In particular, wild-type mice that display complete hepatic regeneration unlike Rag2”112ry- mice, exhibited
elevated carnitine shuttle metabolism, which is consistent with the association of fatty acid metabolism with
hepatic regeneration (Fig. S10c)(31-33). In Rag2”112ry" mice, no difference in the metabolome was found after
blockade of the lymphatic drainage (Fig. 3j,k and Fig. S10a,b), suggesting that metabolic alterations in the liver

are independent of intestinal bacteria trafficking through the thoracic duct.
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Fig. 3. Translocating bacteria originate from the small intestine and traffic into the systemic circulation
via the lymphatic vessels. Wild-type and Rag2”112ry" (d, e, h-k) mice underwent two-thirds partial
hepatectomy. (a) Heatmap and (b) principal coordinates analysis (PCoA) of all metabolites identified in the
serum 8 hours after partial hepatectomy analyzed by high-resolution mass spectrometry in positive ionization
mode. (c) Heatmap of cytokines measured in the serum of SPF wild-type mice at the indicated time points (n >5
mice in each group, *p<0.05 between sham and 12 hours partial hepatectomy). (d) Germ-free wild type, Ragl™”
and Rag2”112ry" mice were short-term colonized by gavage with 101° CFU of E. coli JM83 12 hours prior to
partial hepatectomy, followed by measurement of fecal albumin by ELISA 24 hours post-surgery. (e)
Immediately after partial hepatectomy, intestinal permeability was visualized in wild-type and Rag2”112ry"
mice using endomicroscopy for 30 min after intravenous injection of 70 kDa FITC-dextran (Also see Movies S1
and S2). (f) Subserosal injection of Evans blue into the colon was performed to stain and visualize the draining
lymph nodes. (g) SPF wild-type mice were challenged intragastrically or intracolonically with 10'° CFU of E.
coli JM83 12 hours prior to partial hepatectomy or sham surgery. MLNs and livers collected 24 hours after the
partial hepatectomy were minced and plated to estimate CFUs of translocation of E. coli JM83. (h) Imaging of
thoracic duct ligation. The thoracic duct was clipped with a small surgical clip occluding lymphatic flow without
disruption of the duct. (i) The thoracic duct in Rag2”112ry’- mice was ligated, and these mice along with wild-
type mice and Rag2”112ry- mice with intact thoracic duct were colonized intragastric with 101° CFU of E. coli
JM83. Twelve hours after colonization, the mice underwent partial hepatectomy or sham surgery, and liver
samples were collected 24 hours after the operation, followed by enumeration of bacterial titers. (j, k) Following
ligation of the thoracic duct, oral bacterial colonization for 24 hours and partial hepatectomy, mass spectrometry
analysis was performed on whole liver tissue from Rag2”112r " mice. Liver tissues from wild-type mice and
Rag2”112ry" mice with intact thoracic duct that were subjected to bacterial colonization for 24 hours and partial
hepatectomy were used as controls. Heatmap and PCoA of metabolites were identified in the positive ionization
mode. The data shown are the arithmetic mean for the linear scale +SD and the geometric mean for the
logarithmic scale. 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 are representative of 2-3 independent experiments
or pooled from 2 independent experiments. Data for (d) are representative of three experiments. The p-values
are indicated as follows: *p<0.05; ** p<0.01.

Inflammasome-controlled hepatic ILC3s maintain systemic antibacterial defense

The systemic dissemination of intestinal bacteria in Rag2”112ry" mice (see Fig. 2f) highlights the role of the
innate lymphoid compartment in host protection. Since 1LC3s compartmentalize bacteria via the production of
antimicrobial peptides(10), we examined the expression of antimicrobial peptide-encoding genes in the livers of
SPF (Fig. 3a) and germ-free (Fig. S11a) wild-type mice that underwent a two-thirds partial hepatectomy. We
observed that the presence of microbes resulted in an increase of the expression of antimicrobial peptide-
encoding genes specifically in the livers of wild-type but not germ-free mice at 24 hours (Fig. 4a and Fig. S11a).
Such changes were not observed in the intestine (Fig. S11b, c). These results suggest that antimicrobial peptides
are used to clear systemic bacteria(34).

To investigate the functional relevance of Roryt* ILC3s in the liver in the systemic protection from intestinally
translocated bacteria, we specifically depleted hepatic ILC3s by using anti-Thy1.2 antibody at concentrations
that did not affect intestinal Roryt* ILC3s or NK cells (Fig. 4b)(10). After depletion of hepatic Roryt* ILC3s,
translocated E. coli JIM83 were detected in the livers of SPF C57BL/6 wild-type mice that underwent partial
hepatectomy (Fig. 4c), accompanied by a significant decrease in the expression of antimicrobial peptide-

encoding genes, suggesting that hepatic Roryt* ILC3s may be critical for bacterial clearance via the production
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of antimicrobial peptides (Fig. 4d). The increase in hepatic Roryt* ILC3s following partial hepatectomy (see Fig.
2e) at 24 hours was preceded by an increase in CD11c* dendritic cells at 12 hours in SPF, but not in germ-free
wild-type mice (Fig. 4e and Fig. S12a). We also observed an increase in the gene expression of effector cytokines
IL-1p and IL-18 in SPF but not in germ-free wild-type mice subjected to partial hepatectomy (Fig. 4f); these
may be secreted by dendritic cells to stimulate Roryt* ILC3s in the liver in response to intestinal microbes (Fig.
4f, Fig. S12¢)(35, 36). In order to ascertain the role of IL-1f3 and IL-18 in bacterial translocation to the liver post
surgery, we inoculated E. coli JIM83 into wild-type mice, IL-18" mice, and ASC”- mice that lack both I1L-18 and
IL-1pB prior to partial hepatectomy. Bacteria were detected in the livers of ASC” mice, but not in wild-type or

IL-18" mice, suggesting that the inflammasome control bacterial translocation (Fig. 4g).
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Fig. 4. Systemic infections are controlled by the inflammasome, hepatic ILC3s and via antimicrobial
peptides. SPF wild-type mice (a-f) or SPF wild-type, 1L-18" and ASC’- mice (g) were subjected to a two-thirds
partial hepatectomy. (a) Whole tissue RNA was isolated from the liver of mice that were sham-operated or
subjected to partial hepatectomy, and the expression of antimicrobial peptide-encoding genes was analyzed by
RT-gPCR at the indicated time points. Gene expression was normalized to GAPDH. (b) Frequency of hepatic
Roryt* ILC3s gated as live*Lin"Gata3 Roryt* cells after treatment with an anti-Thy 1.2 antibody or anti-IgG
injected intraperitoneally. (c) Bacterial titers of E. coli JM83 in the liver following treatment with anti-Thy1.2
antibody or anti-1gG and challenge with 10*° CFU of E. coli JIM83 12 hours prior to partial hepatectomy or sham
surgery. (d) Expression of antimicrobial peptide-encoding genes was analyzed by RT-gPCR in whole liver tissue
following treatment with anti-Thy1.2 antibody or anti-IgG and challenge with 10'° CFU of E. coli IM83 12
hours prior to partial hepatectomy. (e) Flow cytometry analysis of hepatic dendritic cells gated as live*CD3"
CD19Ly6C Ly6G SiglecFF4/80-CD11c* cells was performed in sham-operated mice or at the indicated time
points after partial hepatectomy. (f) Expression of IL-/4 and IL-18 was analyzed in whole liver tissue in sham-
operated mice or at the indicated time points after partial hepatectomy using RT-gPCR. Gene expression was
normalized to GAPDH. (g) Bacterial titers in the liver were quantified in SPF wild-type, IL-187 and ASC” mice
following oral challenge of 10'° CFU E. coli JIM83 12 hours prior to partial hepatectomy. Data shown are the
arithmetic mean for the linear scale and geometric mean for the logarithmic scale. 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. (a-f) Data are representative of 2 independent experiments (4-15 mice per group). (g) Data
pooled from 4 independent experiments. The p-values are indicated as follows: *p<0.05; ** p<0.01; ***
p<0.001; **** p<0.0001.

The microbial-dependent education of the innate immune compartment is required for proper hepatic recovery

Despite the unfavorable ability of intestinal microbes to enter the systemic circulation and cause infections,
bacteria are also critical for the development of the host immune system(20). It remains unclear to what extent
commensal microbiota shape the host healing responses after major surgery(37). Partial hepatectomy was
therefore performed in germ-free mice, endowed with immature host immune development(38). In germ-free
wild-type mice, hepatic regeneration was impaired compared to that in SPF wild-type mice, as seen by decreased
hepatocellular proliferation (Fig. 5a), suggesting that conditioning of the host by bacteria is critical for optimal
outcomes after surgery. Further, also in germ-free mice liver regeneration in Rag2”112ry" mice failed in
comparison to that in Ragl” mice, suggesting that ILCs play a role in the regenerative process in addition to
their role of clearing microbes (Fig. S13a). Comparison of genes upregulated in the liver after partial
hepatectomy between germ-free and colonized wild-type mice revealed the activation of specific regenerative
pathways such as cell growth and liver differentiation only in colonized wild-type mice, indicating that
commensal microbiota are indispensable for triggering specific regenerative responses (Fig. 5b). Since
microbiota are known to shape host immune development by synergizing bacterial colonization of the intestinal
lumen with penetration of microbial-derived metabolites into systemic organs(38), we decided to examine
whether activation of these regenerative pathways also occurred in the presence of soluble sterile factors
originating from the microbiota. To this end, we transferred serum from colonized or germ-free mice into germ-
free recipient mice prior to partial hepatectomy and assessed the expression of those genes that were seen to be
specifically up- or downregulated after partial hepatectomy in colonized mice (Fig. S13b). Serum transfer from

colonized mice, but not germ-free mice, was sufficient to increase (Tgif) or decrease (Slc4lal or Bcl3)
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expression in germ-free receiving serum from colonized mice similar to the changes in born and raised colonized
mice upon surgery (Fig. 5¢), suggesting that bacterial products are sufficient to trigger regenerative pathways.
To confirm whether shaping of the host by commensal microbiota is sufficient to improve surgical outcomes,
we performed transient colonization of germ-free mice with a genetically modified auxotrophic E. coli K-12
HAZ107 prior to partial hepatectomy. The HA107 strain allows for host immune maturation followed by a return
of the mice to germ-free status (Fig. S13c)(39). Following partial hepatectomy that was performed 3 weeks after
the return to germ-free status, hepatocellular proliferation (Fig. 5d) and expression of cell cycle regulatory genes
(Fig. S13d) was increased in transiently colonized wild-type mice, indicating that microbial education improves
the regenerative response. However, increase in hepatic proliferation was not observed in Rag2”Il2ry"
transiently colonized mice, suggesting that in the absence of an innate and adaptive immune system, commensal
microbes fail to trigger hepatic regeneration pathways (Fig. 5e). Consistent with the reported return of transiently
colonized mice to germ-free status(39), the metabolic profile post-surgery was equivalent between transient
microbe-exposed and axenic mice, while both profiles differed from that of SPF mice, suggesting that transient
metabolic exposure is sufficient to prime the host immune system for efficient healing (Fig. 5f, Fig. S14, Table
S4).
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Fig. 5. A microbial-dependent education of the innate immune compartments is required for optimal
hepatic healing responses. (a) SPF wild-type, germ-free wild type, germ-free Ragl”, and germ-free Rag2™”
112r 7" mice underwent partial hepatectomy and were examined for hepatic regeneration 48 hours after surgery
by analyzing the percentage of Ki-67 positive hepatocytes. Representative images are presented on the left and
quantification of proliferation is presented on the right. Scale bars in the pictures indicate 100 um. (b) String
analysis of upregulated genes in whole liver RNA from germ-free and ASF-colonized mice 3 hours after partial
hepatectomy, in comparison to sham-operated mice. (c) Sterile serum transfer from germ-free (GF) or colonized
donor mice (ASF) into germ-free recipient mice followed by partial hepatectomy and assessment for liver
regeneration by analysis of gene expression in whole liver tissue RNA by RT-gPCR and normalized to Gapdh.
Sham-operated germ-free mice served as controls. (d, e) Germ-free wild-type (d) or Rag2”112ry" (e) mice
transiently colonized by four intragastric deliveries of auxotrophic E. coli HA107 underwent partial hepatectomy
and were analyzed for hepatic regeneration 48 hours after surgery by analyzing the percentage of Ki-67-positive
hepatocytes. Representative images are presented on the top and quantification of proliferation is presented at
the bottom. Scale bars in the pictures indicate 100 pum (f) Principle coordinates analysis of the hepatic
metabolome analyzed by high-resolution mass spectrometry in SPF, germ-free and transiently colonized mice
48 hours after partial hepatectomy or sham surgery. The data shown are the arithmetic means for the linear scale.
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 are representative of 2 (a) or 2-3 (b, ¢) independent experiments
(4-15 mice per group). *p<0.05; ** p<0.01; *** p<0.001; n.s.: nonsignificant.

DISCUSSION

In this paper, we reveal that SSI are not primarily the consequence of contamination during surgery but also a
consequence of the failure of intestinal compartmentalization of commensal microbiota (Fig. S15.). We propose
that sterile surgery causes an imbalance in intestinal integrity, allowing enteric microbes to translocate and use
the host lymphatic system to transit from the intestinal lumen to systemic organs, thereby triggering SSI.
Microbial translocation and concomitant SSI are controlled by ILC3s, the inflammasome, and antimicrobial
peptides, which together mediate host defenses.

ILC3s have been largely associated with mucosal homeostasis, host-microbe interactions and with the anatomic
containment of intestinal microbiota(12). For the first time, we show that ILC3s are pivotal for host defense at
intestinal mucosal surfaces and systemic defense in organs such as the liver. This study highlights the necessity
of resident hepatic ILC3s for systemic bacterial clearance via the induction of antimicrobial peptide production.
Thus, in cases of intestinal ILC3 failure, hepatic ILC3s clear penetrated intestinal bacteria, and prevent
infections. Because of the lack of antigen-specific receptors, the activation and modulation of ILC function
largely depends on signals orchestrated by dendritic cells or macrophages(40). Consistent with the function of
intestinal ILC3s, we propose that hepatic ILC3 function relies on dendritic cell-dependent inflammasome
activation and cytokine signaling to control bacterial clearance (Fig. 4); a process that is potentially similar to
IL-22-dependent sensing of bacteria by dendritic cells in the lung(11).

Once the intestinal barrier function is disturbed, such as during the acute phase response and associated
inflammatory environment, enteric bacteria enter the systemic circulation. Our data show that the small intestine
is the main site for bacterial translocation, consistent with prior reports that the barrier function is anatomically

and immunologically distinct in different enteric compartments(28, 29). The small intestine contains loose
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mucus and a large surface area to facilitate the absorption of nutrients, and also secretes components such as IgA
and antimicrobial peptides to contain enteric microbes within the lumen. These specific properties make the
different layers of the small intestine susceptible to acute dysfunction. In contrast, the colon has a dense mucus
layer as a consequence of chronic exposure to a large biomass of microbes that makes the colon less sensitive
than the intestine to acute challenges(23, 41).

We show that Enterobacteriaceae, which are potentially virulent microbial species predominantly found in the
intestine(42), are the main bacterial family causing SSI irrespective of the site of surgery. These pathobionts are
known to cause disease in cases of disturbed intestinal homeostasis, especially in immunocompromised
hosts(43). We speculate that the failure to adequately keep the bacteria compartmentalized in the lumen, is the
cause of pathogenicity rather than dysbiosis or bacterial overgrowth. The extent of surgery, and consequent
elevated inflammatory response in the bloodstream, seems to dictate bacterial translocation and eventually
infectious complications. Enterococcus faecalis caused 10% of the SSls in our patient cohort and systemically
translocated in our mouse model. However, Enterococcus faecalis is not displayed in the phylogenetic tree plot
because in the 16s rDNA analysis, the frequency was low and the variability was high between volunteers.
Enterococcus faecalis is highly resistant to antibiotics, forms biofilms and produces highly efficient proteases to
resist antimicrobial peptides(44). Therefore, despite low abundance in the intestinal biomass bacteria such as
intestinal Enterococcus faecalis have the ability to trigger SSI.

The finding of intestinal microbiota trafficking via the lymphatic system and thoracic duct into the systemic
circulation is supported by a prior clinical report that the accumulation of bacteria in mesenteric lymph nodes
after major abdominal surgery was associated with remote SSI(45). In addition, the outcome of sepsis has been
found to be dependent on gut-derived factors passaging via the lymph and not the venous blood flow(46).
Interestingly, our data suggest that a large proportion of microbes bypass the splanchnic circulation, making the
lung the first filter organ against bacteria. Thus, pneumonia caused by enteric microbes such as E. coli may be
the consequence of the translocation of microbes originating in the intestine rather than the aspiration of enteric
contents. Given that bacteria penetrate via the lymph, antibacterial substances applied with the goal to reduce
surgical infections should have high lipophilic availability to be able to reach the lymph in high concentrations
in order to control pathogens and prevent the systemic spread of bacteria(47).

Current preventive measures against SSI are based on the longstanding dogma that bacterial infections are the
result of contamination during surgical procedures. Nevertheless, despite all efforts using hygiene, asepsis,
antisepsis and antibiotics, SSI occur in one-tenth of all patients undergoing surgery(3, 4). Our studies
demonstrate the mechanistic basis for the observation that SSI as well as sepsis have an intestinal microbial
signature(24, 48). These findings emphasize that the prevention of SSls requires further understanding of the
communication between the intestinal microbiome and systemic host responses. Considering that bacterial
translocation and eventual infection are dependent on the immunological status of the host, future studies need

to focus on optimizing the immune responses of surgical patients.
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Although intestinal microbiota have potentially deleterious effects after translocation and triggering of SSI, they
also play key roles in the education of the immune system (49). Systemic translocation of intestinal bacteria as
indicated by our results, or low amounts of commensal microorganisms as a consequence from standardly
prescribed antibiotic prophylaxis prior to surgery, may interfere with recovery. Thus, balanced and optimal
interaction of the patient’s immune system with commensal bacteria is critical to achieve successful results after
surgery.

Our study addresses SSI, one of the most frequent but under investigated clinical problems and provides
mechanistic insights into its pathogenesis. It is highly likely that in a surgical context, compartmentalization of
bacteria is ensured by different layers of ILC3s, including the intestinal barrier and, in case of failure, a second
line of protection in the liver to clear circulating bacteria. Failure to contain intestinal bacteria by 1LC3s and an
inflammatory environment may lead to the dissemination of intestinal microbes to remote sites representing a
significant cause of infections after surgery. Our study opens new fields of research to reduce surgical infection
by targeting patient-specific immune determinants in the intestine and the liver in addition to the efforts to
improve measures of hygiene in the surgical environment. Potentially, the SSls that occur despite all hygiene,

antisepsis and asepsis efforts may be reduced by focusing on the host and commensal-dependent factors.

MATERIAL AND METHODS

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 SSI as
the main outcome parameter (STOP? Trial, NCT02428179). The institutional review board of the Canton of
Bern, and Canton Zirich, 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. Data on
cultured bacteria were available from 2 participating centers from which the data were included.

All consecutive patients undergoing liver resections for colorectal liver metastasis between 2001 and 2016 at the
University hospital 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 (50). All bacterial cultures of septic patient were manually reviewed and
recorded. Bacterial species were identified by MALDI-TOF mass spectrometry. Other bacteria in fig 1B include:

n=2 Citrobacter spp, n=1 Fusobacterium spp, n=1 Clostridium sordelli, n=1 Streptococcus spp.
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Mice

Specific-pathogen-free (SPF) wild-type C57BL/6J RccHsd (Envigo), Ragl”(51) and Rag2”112ry"(51, 52),
animals were bred and housed in individual ventilated cages in the Animal Facility of the University of Bern
(Switzerland). 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 libitum with chow and water.

Altered-Schaedler flora (ASF) IGIF (1L-18") and Pycard™ (ASC™) mice were bred and maintained in the same
flexible film isolator for more than 10 generations at the Clean Mouse Facility of the University of Bern,
Switzerland. The IGIF" (IL-187) was kindly provided by Kevin Maloy (University of Oxford, UK). Pycard”
(ASC™) were kindly provided by Prof. N. Fasel (University of Lausanne, Department of Biochemistry, Institute
for Arthritis Research, Switzerland)(53).

Germ-free wild-type C57BL/6J, Rag1”(51) and Rag2™”112ry"(51, 52) mice were rederived by axenic two-cell
embryo transfer as previously described(54) 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 contents to detect unculturable
contamination.

All animal procedures were carried out in accordance to the Swiss 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.

Partial hepatectomy

All surgical procedures were performed under laminar flow and under sterile conditions using general anesthesia
with isoflurane (Nicholas Piramal (1) Limited, London, UK). The details of the partial hepatectomy model in
mice were previously described(55). 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
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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.

Assessment of bacterial translocation

To determine the presence of bacteria in the liver, lung, spleen, and mesenteric lymph nodes (MLN), the
respective organs were harvested under sterile conditions and plated on LB, LB-enriched with streptomycin and
BHI (brain-heart infusion)-hemin-protein K-blood agar plates as indicated. LB agar plates were cultured for 24
hours at 37 °C. Blood agar plates were cultured under anaerobic conditions for 48 hours at 37 °C. Bacteria from
single isolated colonies were identified by full 16S rRNA sequencing (Sanger sequencing).

Histological and immunohistochemical analysis of the liver

Immunohistochemistry for hepatocyte proliferation using Ki-67 stain was performed on paraffin-embedded liver
sections (3 um). Fresh liver tissue was fixed with 4% Formaldehyde. Paraffin-embedded tissue sections were
then dried, deparaffinized, and rehydrated, followed by blocking of endogenous peroxidase with 3% H,0O,
(Sigma H-1009; Sigma- Aldrich Chemie GmbH, Germany) in PBS. Antigen was retrieved by heating the slides
for 10 min. Diluted monoclonal mouse anti-Ki-67 antibody (TEC-3 antibody [Dako Code M7249]; Dako,
Glostrup, Denmark) was then applied and slides incubated overnight at room temperature in a humidified
chamber. Then, biotinylated rabbit anti-mouse 1gG ([Code E0464]; Dako, Glostrup, Denmark) was added,
followed by a brief incubation with 3,3 -diaminobenzidine substrate (DAB+; [Code K3467]; Dako, Glostrup,
Denmark). The tissue sections were counterstained in hematoxylin. Total numbers of Ki-67-labeled hepatocytes
were finally determined by counting positively stained hepatocyte 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.

Bacterial culture

Escherichia coli K-12 strain JM83 (F- A (lac-proAB) phi80 A (lacZ)M15 ara rpsL thi lambda-; streptomycin-
resistant)(56) was cultured overnight in Luria Broth (LB) medium at 37°C, shaking at 200 rpm. To prepare
bacterial inocula for gavage or intravenous injection, bacterial cultures were centrifuged for 10 min at 4000 g
and washed twice with sterile PBS. The required dose was resuspended in 500 ul of sterile PBS. JM83-derived
auxotrophic E. coli K-12 mutant strain HA107 (Aasd Aalr AdadX)(39) was cultured overnight in LB medium
containing 100 pg/ml meso-DAP and 400 ug/ml D-alanine at 37°C, 200 rpm.

Bacterial challenge

Intravenous challenge was performed 6 and 2 days prior to partial hepatectomy. 107 CFU live or heat-killed

(70°C, 15 minutes) E. coli JIM83 were intravenously injected in the tail vein. The heat-killed bacterial inocula
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were confirmed to be inactivated by culture of aliquots prior to injection on appropriate media. An additional
injection of live or heat-killed bacteria was performed 12 hours after partial hepatectomy.

Intraluminal challenge in germ-free or SPF mice was performed with 10'° CFU of E. coli JM83 by intragastric
gavage or by colonic application of the bacteria. The gavage needle was rectally introduced after dilatation of
the colon by air to not harm the colonic mucosa and forwarded until the cecum. Partial hepatectomy was
performed 12 hours after challenge and mice were sacrificed 24 hours post-surgery.

Transient colonization of adult germ-free mice was performed by administering 4 doses of 10'° CFU of E. coli
HA107 by gavage 3 weeks prior to partial hepatectomy (39). After transient colonization, mice were checked to

be again germ-free by liquid amplification cultures and microscopic analysis of the feces (as described above).

Metabolomics analysis and data processing using high-resolution mass spectrometry

Tissues were collected and flash frozen in liquid nitrogen. For extraction of metabolites, 20 volumes/weight cold
methanol/acetonitrile/water 2:2:1 (v/v) was added to the samples. Homogenization was performed for 5 min at
25 Hz using stainless steel beads in a tissue homogenizer (Retsch MM 400). Samples were centrifuged at 1000
g for 20 min at 4 °C. The supernatant was collected, transferred in 96-well plate, diluted 1:2 using water and
stored at -80 °C until analysis. A pooled quality control (QC) sample was generated by mixing 20 pL of
individual tissue sample extracts. The liver extracts were analyzed in randomized order on a 2D UPLC Acquity
I-Class system coupled to a quadrupole time-of-flight mass spectrometer (Synapt G2-S HDMS, Waters) operated
in positive electrospray ionization (ESI) mode as previously described(57). The chromatographic gradient used
was slightly adapted: 0 min: 100% mobile phase A at 0.15 mL/min, 1 min: 100% A, 12 min: 1% A, 12.5 min:
1% A at 0.23 mL/min, 13.0 min: 1% A, 13.1 min: 100% A, 13.5 min: 100% A at 0.15 mL/min, 15 min: 100%
A. Chromatographic alignment, ion pattern deconvolution (0.45-12 min) and processing including filtering was
performed using Progenesis QI software (version 2.2, Nonlinear Dynamics). The metabolic features were
searched against the Human Metabolome Database (HMDB, version 4.0) for putative annotation with a mass
accuracy of 8 ppm and against an in-house database containing retention times in addition to exact masses.
Metabolic features with potential annotations were manually reviewed and features without annotation were
excluded from further analysis in the samples comparing germ-free and SPF and HA107 livers. Serum
metabolites were extracted as previously described. The liquid chromatography mobile phase was based on
acetonitrile instead of methanol and raw data of ESI positive mode were LOESS corrected. Further processing
steps were performed similar to the liver tissue extracts. Pathway enriched patterns computing the probability
for each pathway was performed using Mummichog(58). Compounds with average intensity below 250 in the
conditions of interest were removed for the analysis of hepatic metabolites. For Principal Component Analysis of
metabolomics data the intensity matrix was log transformed f(x)=log(1+x). The Principal Components were
computed with the R function prcomp(59). The first two components were displayed with ggplot2(60). To
display the heatmap metabolomics intensity matrix was normalised f(x_i) = (x_i-min(x))/(max(x)-min(x)),

where min(x) denotes the minimum value of a compound over conditions, and max(x) the maximum. The
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heatmap was displayed with the function heatmap.2 from the R-package gplots using hiearchical cluster for rows
with Pearson correlation distance and complete linkage. For the pathway analysis the intensity matrix was log
transformed f(x) = log(1+x) and the conditions were compared with student t-test. p-values were corrected by
False Discovery Rate. The pathway analysis was done with Mummichog(58) using the mass/charge ratio,
retention time, p value and log2 fold-change of the transformed data. For the Mummichog analysis of serum
samples sham vs partial hepatectomy the pathways of glycosphingolipid and leukotriene metabolism were

excluded because low probability of detecting low abundant signalling lipids using this metabolomics approach.

Cellular isolation

The livers were flushed by injection of cold PBS 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 100um gauge cell strainer into a 50 ml conical tube. Cells were resuspended with cold wash buffer
[1X PBS (GIBCO, Life Technologies), 2% Hepes (Sigma Aldrich) and 2% fetal calf serum (FCS)]. Samples
were centrifuged at 12509 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 and colon, intestines were removed from the mouse and placed in ice-cold
PBS. Residual fat and Peyer's patches were also removed. The intestine was opened longitudinally and sectioned
into 2 cm segments. The tissue was washed once in ice-cold PBS followed by four washes of 8 min in 15 ml of
PBS (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 V111 (Sigma) and 10 U/ml DNase | (Roche) with shaking at 37°C
for 20-30 min (small intestine) or 30-40 min (colon). The resulting cell suspension was passed through a cell
strainer (100 pm) and washed with 20 ml of IMDM 10% FCS. Cells were centrifuged (600 g, 7 min, 4°C) and
resuspended in 300 ul of FACS buffer (PBS 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 | (10 U/ml, Roche) at 37°C for 30 min. Cellular suspensions
were also passed through a cell strainer (40 um) and washed with IMDM (2% FCS, 2mM EDTA). Cells were

finally resuspended in FACS buffer and counted using a Neubauer counting chamber in Trypan blue.

Cytokines

Lymphocytes were isolated as described earlier. Thereafter, protein isolation was performed using RIPA buffer
10mM Tris, pH8, 1mM EDTA, pH8, 150mM NaCl; phosphatase inhibitors (Na3V 04, NaF, PMSF); a protease
inhibitor mix (Sigma-Aldrich) and 0.5% NP40. All extracts were kept on ice for 15 min, centrifuged and the

24


https://doi.org/10.1101/773150

bioRxiv preprint doi: https://doi.org/10.1101/773150; this version posted September 19, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

supernatants collected. The total concentration of proteins was quantified with Bradford ultramicroplate reader.
After protein quantification, 40 mg of extracted Protein were used for cytokine analysis using U-Plex Mesoscale
Cytokine isolation kit from MSD.

Flow Cytometry

After isolation, cells were washed once with PBS 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. Intranuclear staining was performed using the Foxp3 staining kit (eBioscience). The
following mouse-specific conjugated antibodies were used: CD127-FITC (A7R34, eBioscience), CD19-BV421,
BV785 (6D5, Biolegend), CD3-BV650, BV785 (17A2, Biolegend), CD4-BV785 (RM4-5, Biolegend), CD62L
BV510 (MEL-14), Foxp3-AF700 (FJK-16s, eBioscience), Gata3-A647 (TWAJ, BD), NKp46-Percp-Cy55
(19A1.4, Biolegend), RORyt-PE (B2D, eBioscience), T-bet-PECy7 (4B10, eBioscience), fixable viability dye
efluor 450 or efluor 506 (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), CD1lc PE-CF594 (HL3, BD),F4/80-APC (BMS8, Biolegend), MHC-II [-A/I-E AF700
(M5/114.15.2, Biolegend), Ly6C BV421 (HK1.4, eBioscience), Ly6G BV650 (1A8, eBioscience), Streptavin
PE Cy7 (BD). LSR Fortessa (BD) was used for flow cytometry and data were analyzed with FlowJo software

(Treestar Data Analysis Software).

RNA isolation

Tissues were removed and snap-frozen using liquid nitrogen. Thawed tissues were immediately homogenized
(Retsch bead-beater) in 500 ul of Nucleozol reagent. Chloroform (200 ul) 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 Superscript 111 reverse transcriptase according to Invitrogen protocols. Real-time
PCR was performed using 90 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 TagMan and GAPDH for SYBR Green by calculating 2”\(-deltaCt).

Primer sequences:

GAPDH (Gapdh) forward: 5¢- CAT CAA GAA GGT GGT GAA GC - 3¢
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GAPDH (Gapdh) reverse: 5°- CCT GTT GCT GTA GCC GTATT - 3¢

REG3B (Reg3beta) forward: 5° — GCA GAA CCC AAT GGA GGT GG -3’

REG3B (Reg3beta) reverse: 5°— CAC CCA GGG ATG TGA GAAGAG -3’

REG3G (Reg3gamma) forward: 5 —TTC CTG TCC TCC ATG ATC AAA -3°

REG3G (Reg3gamma) reverse: 5° — CAT CCACCT CTG TTG GGT TC - 3°

LYZ1 (Lysozyme 1) forward: 5~ CTT GTC ACT CCT CACCCC TG -3’

LYZ1 (Lysozyme 1) reverse: 5°— AGC CGT TCC CCT TCC AATG -3’

1122 (IL-22) forward: 5> - ATG AGT TTT TCC CTT ATG GGG AC- 3’

1122 (IL-22) reverse: 5° — GCT GGA AGT TGG ACA CCT CAA-3’

DEFAZ21 (alpha defensin 21) forward: 5 — AGG CTG TGT CTGTCTCCTTTG -3’

DEFA21 (alpha defensin 21) reverse: 5 — TGC AAG CAT CCATCACACTGG -3’

116 (IL-6) forward: 5° - TCG GAG GCT TAATTACACATGTTCT -3’

116 (IL-6) reverse: 5’ - GCATCATCG TTGTTC ATACAATCA-3’

[11B (IL-1B, forward: 5> - ACCTGTCCTGTGTAATGAAAGACG - 3’

I11B (IL-1P) reverse: 5° - TGGGTATTGCTTGGGATCCA - 3’

1118 (IL-18) forward: 5’ - ACA ACT TTG GCCGACTTCAC -3

1118 (IL-18) reverse: 5° - TGG ATC CAT TTC CTC AAA GG -3’

CLDN1 (Claudin 1) forward: 5’ - ACT CCT TGC TGA ATC TGA ACAGT -3’

CLDN1 (Claudin 1) reverse: 5’ - GGA CAC AAA GAT TGC GAT CAG -3’

CLDNS8 (Claudin 8) forward: 5° - GGA GGA CGA TGG CAACCT AC -3’

CLDNS8 (Claudin 8) reverse: 5’ - AGC GGT TCT CAAACACCACA-3’

CLDN15 (Claudin 15) forward: 5* - AAC GTG GGC AAC ATG GATCT -3’

CLDN15 (Claudin 15) reverse: 5’ - CGT ACC ACG AGA TAGCCACC-3’

TJP1 (Zol) forward: 5° - AGA CGC CCG AGG GTG TAG - 3’

TJIP1 (Zol) reverse: 5° - TGG GAG AAA AGT CCG GGA AG -3’

TIP3 (Zo3) forward: 5> - CAG GTC GAT CAT GGG GTG AG -3’

TIP3 (Zo3) reverse: 5° - CCA GAC CGT TGG CTT CAG AT -3’

For the assessment of hepatocyte proliferation, the quantitative RT-PCR with TagMan gene expression assays
were used. Reagents were used according to the standard protocols (Applied Biosystem). Mouse probes used
include BIRCS (apoptosis inhibitor 4) (Mm00599749 m1), CDKN1A (cyclin dependent kinase inhibitor 1A)
(Mm004324480), CCNA2 (cyclin A2) (Mm00438063_m1), CCND1 (cyclin D1) (Mm00432359), FOXM1B
(Mm00514925 m1), and TBP (Mm01277042_m1).

Microbial community analysis
The mucosa-associated microbiota of fecal and skin samples from two different family was analyzed by 16S

rRNA amplicon sequencing on the lonTorrent PGM™ platform, as previously described(61). Briefly, microbial
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DNA was extracted from fecal and skin samples using the QIAamp DNA stool kit (Qiagen) according to the
manufacturer’s instructions(41). Concentrations of purified DNA were measured using NanoDrop
(ThermoScientific). DNA was pooled at a concentration of 26pM and was sequenced for the VV5/ V6 region of
16S rRNA genes using a multiplex approach with the barcoded forward fusion primer 5'-
CCATCTCATCCCTGCGTGTCTCCGACTCAG  BARCODE  ATTAGATACCCYGGTAGTCC-3'  in
combination  with  the  reverse fusion primer 5-CCTCTCTATGGGCAGTCGGTGATACG
AGCTGACGACARCCATG-3', in lonTorrent PGM system according to the manufacturer’s instructions
(ThermoFisher)(62, 63). Data was further analyzed using QIIME v1.9.1 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

from May 2013 (http://greengenes.secondgenome.com/downloads). 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)(64, 65). 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(64, 65). Taxonomic differences at phylum and genus
levels between tested groups were identified using the “multivariate analysis by linear models” (MaAsLin) R
package(66). 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 g < 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(67).

Confocal endomicroscopy (Cellvizio®) experiments

Partial hepatectomy was performed immediately prior to imaging. After the operation, 70 kKD Fluorescein
isothiovyanate (FITC)-dextran (10 ug/ml, Sigma) in PBS was 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 extravascular to

intravascular fluorescence.
Fecal albumin intestinal permeability assays
Fecal pellets were homogenized in sterile PBS measured by ELISA following the protocol of a commercially

available kit (Bethyl).

Thoracic duct ligation
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Thoracic duct ligation was performed as previously described with some alterations(68). After gavage of 200 ul
milk cream (25% fat) 30 minutes prior to the operation, the anesthesized mice were placed on the right side and
a left-sided subcostal incision was performed. After placement of a self-retaining retractor, the aorta was
exposed. After incision of the dorsal retroperitoneum, the aorta was freed from surrounding fatty tissue. The
thoracic duct was exposed and carefully freed from the aorta. A metal clip was then placed for closure of the
thoracic duct (Clip 9 Vitalitec, Peters Surgical, Bobigny Cedex, France). The incision was closed with a two-

layer running suture.

Thy1.2 depletion

Anti-CD90.2 mAb (Thy1.2, 30H12) was purchased from BioXCell (West Lebanon, NH). Depletion mAb or
isotype mAD (rat anti-mouse IgG) treatments were administered i.p. 6 days, 3 days and 1 day prior to the surgery
at a dose of 250 pg/mouse(10).

RNA sequencing and network analysis

RNA was isolated from the liver collected 3 hours after sham and partial hepatectomy of the germ-free or
colonized mice, and was purified using the RNeasy MinElute kit (Qiagen). The RNA concentration and quality
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 paired-end mode. The quality and number of reads were documented and all
reads were mapped to the mouse genome using tophat2. Htseq_count software was used to evaluate the gene-
specific reads (http://www.ensembl.org/index.html). These hits per gene were compared across the different
experimental groups using the DESeq2 package in R. Adjusted log2(fold-change) and p values (corrected for
multiple tests)(69) were used to determine significant differences in gene expression. For each RNASeq dataset,
genes were scored according to an absolute fold-change > 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 database(70) to
display functional protein-association networks. Interactions were considered with a STRING confidence score
> 0.4 (medium 9 and high confidence). Multiple rounds of iteration of the k-means clustering method were

performed.

Serum transfer

Serum was collected under sterile conditions from germ-free or colonized mice. Serum was sterile-filtered and
transferred into germ-free recipients 7 days and 3 days before, and at the day of the surgery (3 x 250 ul per

mouse) by intravenous injection into the tail vein.

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

SUPPLEMENTARY MATERIALS

Fig. S1. Gating strategy for flow cytometry analysis of innate lymphoid cells/Th17 cells.

Fig. S2. Minor changes in other ILC population in the small intestine, colon, MLN and liver

Fig. S3. Major liver surgery alters ILC3s only in the presence of microbiota

Fig. S4. Systemic bacteria originate from the intestine in the context of major liver surgery

Fig. S5. Circulating intestinal bacteria impair liver regeneration

Fig. S6. Systemic dissemination of intestinal bacteria is independent of the microbial composition

Fig. S7. Pathway analysis of serum metabolic changes after partial hepatectomy

Fig. S8. Bacterial challenge does not impair liver regeneration in SPF wild type mice

Fig. S9. Enhanced induction of tight junction mMRNA expression in addition to a cytokine immune response in
the colon in comparison to the small intestine

Fig. S10. Hepatic metabolites do not follow the trajectory of bacteria

Fig. S11. Expression of antimicrobial peptides in the small intestine and colon are not affected upon partial
hepatectomy

Fig. S12. Presence of translocated bacteria induced by the surgery enhance inflammatory cytokine secretion in
the liver

Fig. S13. Absence of intestinal commensal microbiota decrease liver regeneration

Fig. S14. Distinct differences in metabolic pathways between germ-free and colonized mice

Fig. S15. Graphical abstract

Table S1. Raw data - Serum metabolome 8 hours post-surgery in colonized wild type mice

Table S2. Raw data - Hepatic metabolome 24 hours post-surgery in wild type, and Rag2”112ry" mice +/-
thoracic duct ligation

Table S3. Raw data — Patient database

Table S4. Raw data — RNA-Sequencing of whole liver tissue 3 hours post-surgery in colonized and germ-free
wild type mice

Table S5. Raw data - Hepatic metabolome sham/12hours and 24 hours post-surgery in colonized and germ-
free wild type mice

Movie S1. Vascular permeability upon major liver surgery in C57BL/6 wild type mice

Movie S2. Vascular permeability upon major liver surgery in Rag2™”112ry"
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