
SUPPLEMENTARY METHODS 

 

Animal model – Experimental protocol was approved by the Hebrew University 

Institutional Animal Care and Ethical Committee and according to criteria outlined by the 

government of Germany and the European Union. For the induction of DNA damage in 

vivo, 1,3,6 and 12-month-old C57BL/6 male mice (Harlan, Israel) were injected 

intraperitoneally (i.p.) with DEN (25 mg/Kg body wt; Sigma-Aldrich; St. Louis, MO). 

Mice were sacrificed at the indicated time points and liver tissues were fixed with 4% 

PFA or snap frozen in liquid nitrogen. Germ free (GF) mice experiments were 

independently carried out in Schmidt-Arras Laboratory. GF male mice were raised and 

kept in insulators at the animal facility of the Max Planck Institute for Evolutionary 

Biology, Plön. All GF mice were kept in insulators for the duration of the experiment. 

Age-matched SPF male mice, raised in the same animal facility were used as control. 

 

Mass-Spec for DEN 

To determine remaining levels of DEN in mouse livers we injected 1- and 6-month-old 

mice with DEN (25mg/kg) and 5h and 24h later the mice were scarified. In parallel, 

known amounts of DEN were used as standard curve. Same amounts of DEN that were 

also injected to livers ex-vivo yielded similar results.  

For quantification of Diethylnitrosamine (DEN), samples of liver tissue were 

introduced into the vials and sealed with magnetic crimp caps of silicone rubber and 

PTFE faced septa (Chromacol™). A 65 µm Divinylbenzene/Carboxen/ 

Polydimethylsiloxane (DVB/CAR/PDMS) coated StableFlex fiber, and a SPME holder 

(Supelco, Bellefonte, PA, USA) were used to extract the volatile compounds. The fiber 

was preconditioned according to the manufacturer's recommendations. Prior to the 

extraction, the sample was agitated at 500 rpm and incubated at 35°C for 8 minutes. The 

DVB/CAR/PDMS fiber was exposed to the HS of the sample, at 35°C, for 8 min. 

Thereafter, the fiber was desorbed in the injector of the GC–QTOF–MS system for 2 min. 

Before being exposed to the next sample, the fiber was additionally heated at 250°C, for 

2 min, in presence of a flow (50 mL min
−1

) of helium. 
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Accurate mass measurements were carried out in full scan mode with an Agilent 

7890B/7200 GC/QTOF System (Agilent Technologies, Santa Clara, USA) at the Mass 

Spec Unit at the core facility unit of the school of pharmacy at the Hebrew university’s 

faculty of medicine. A fused silica capillary column coated with cross-linked 5% phenyl- 

95% dimethyl arylene siloxane (Agilent J&W DB-5ms, 30m × 0.25mm, 0.25µm film 

thickness, DuraGuard, 10m) was employed. The carrier gas was helium (purity 

>99.9995%) at the constant flow rate of 1.0 mL/min. Analyzes were performed with an 

injector operating at 250°C in splitless mode with the valve changing to the split position 

after 1 min (split flow 50 mL min
−1

). The GC oven temperature programmed as follows: 

The initial temperature of the column oven was held at 40°C for 5 min, rose to 180°C at a 

ratio of 25°C min−1, then rose to 280°C at a ratio of 50°C min−1 and held at 280°C for 

2.4 min. Ionization was performed using electron ionization (EI) with an electron energy 

of 70 eV and an emission intensity of 8 µA. QTOF temperatures were 280°C for the 

transfer line, 230°C for the ion source and 150°C for the quadrupole. Accurate mass 

spectra were recorded every 0.33s (4551 transients per spectrum), in the 2 GHz extended 

dynamic resolution mode, between 30 and 500 m/z units. The mass axis of the TOF mass 

analyzer was calibrated before the measurements and re-calibrated every 3 injections 

with a commercial solution of perfluorotributylamine (PFTBA). Raw data were 

processed using MassHunter B.07.04 (Agilent Technologies).  

 

Immunohistochemistry and immunofluorescence- Livers were fixed in 4% 

formaldehyde, dehydrated, embedded in paraffin, and sectioned (5 µm-thick). For 

immunohistochemical analysis, samples were heated for 0.5 h at 60
0
C, de-paraffinized in 

xylene and rehydrated through graded alcohol. Antigens were retrieved; endogenous 

peroxidase activity was quenched in a bath of peroxide for 5 minutes. Samples were 

incubated overnight at 4
0
C with rat anti-mouse F4/80 monoclonal antibodies (AbD 

Serotc, Raleigh, NC) or rat anti-mouse CD3 (Bio-Rad, Hercules, CA), followed by a 

secondary antibody anti-rat for mouse tissue (N-Histonefine, Tokyo, Japan) labeled with 

streptavidin-horseradish peroxidase (HRP) using a DAB staining kit (Invitrogen 

Camarillo, CA). An Olympus BX61 microscope (Olympus, Tokyo, Japan) was used for 

image acquisition.  
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To estimate DNA damage, sections were immunofluorescence stained with anti-

phospho-histone H2AX (γH2AX) monoclonal antibody (Millipore, Billerica, MA) and 

rabbit anti-phospho-KAP-1 (s824; Bethyl Laboratories, Montgomery, TX). For cytokine 

expression, sections were immunofluorescence stained with either anti-TNFα (Abcam, 

Cambridge, UK) or anti-IL-1β (R&D NE Minneapolis, MN) in combination with anti-

F4/80 (AbD Serotc) mAbs. Secondary antibodies Alexa-488 goat anti mouse IgG 

(Molecular Probes, Eugene, OR) and Alexa-647 donkey anti rabbit IgG (Jackson 

ImmunoResearch,West Grove, PA), were used. Nuclei were counterstained with DAPI 

(Calbiochem, Darmstadt, Germany). An Olympus BX61 microscope (Olympus, Tokyo, 

Japan) was used for low field image acquisition and a laser scanning confocal microscope 

system (FluoView-1000; Olympus) with a 40X UPLAN-SApo objective and 2x digital 

zoom for high field acquisition. Image quantitation was performed using ImageJ 

software. For frozen tissue immunofluorescence, murine tissue specimens were snap 

frozen in OCT TissueTek compound (Plano GmbH, Wetzlar, Germany) and cut into 8 

µm-thick sections. Sections were fixed in acetone:methanol (1:1 v/v) for 2 min and 

subjected to immunofluorescent staining according to standard procedures. For the 

analysis of DNA damage, anti phospho-histone H2AX (γH2AX) polyclonal antibody 

(Cell Signalling, Frankfurt, Germany) was used. Liver resident Kupffer cells were stained 

with anti-F4/80 monoclonal antibody (BioRad, München, Germany). Fluorescently 

labelled secondary antibodies (Life Technologies, Darmstadt, Germany) were used for 

detection. Images were acquired on a Zeiss LSM 710 confocal microscope and image 

quantitation was performed using ImageJ.  

 

RNAseq analysis - RNAseq analysis of SPF and GF mice were performed as follows: 

Liver biopsies were immediately frozen in liquid nitrogen and stored at -80°C for further 

use. Then, for all these samples, total RNA were purified using QIAGEN RNeasy 

Microarray Tissue Mini Kit (Catalog no. 73304). All RNA samples, were prepared using 

Illumina TruSeq Stranded mRNA HT Library Prep Kit (Catalog no. RS-122-2103), and 

sequenced using Illumina NextSeq 500 and NextSeq 500/550 High Output v2 Kit (150 

cycles) (Catalog no. FC-404-2002). All procedures were performed in standardized and 

parallel way.  
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Raw reads from Illumina sequencing were first pre-processed using Trimmomatic 
74

 to 

remove adapter and low quality sequence. Pre-processed reads were then aligned to the 

murine reference genome (Ensembl GRCm38) using Bowtie2 with the corresponding 

GTF annotation file that was obtained from the Ensembl database 

(Mus_musculus.GRCm38.92.gtf). Transcript counts were quantified with HTSeq and 

differential gene expression was analysed using the Bioconductor package DESeq2 
77

. 

Genes with an adjusted p-value below 0.01 were considered significantly differentially 

expressed. Gene Set Enrichment (GSEA) analysis using the Reactome database 

(http://reactome.org) was performed with the Bioconductor Package ReactomePA and 

clusterProfiler.   

 

Gene Expression Analysis - Total RNA was reverse transcribed to cDNA using 

oligo(dT) primers and M-MLV reverse transcriptase (Thermo scientific). PerfeCTa 

SYBR Green FastMix ROX (Quanta Biosciences) was used for real-time PCR according 

to the manufacturer’s protocol and all the samples were run in triplicate on CFX384 

Touch Real-Time system c1000 thermal cycler (Bio-Rad, Hercules, CA). Cycling 

conditions were 95°C for 20 sec, followed by 40 cycles of 95°C for 1 sec, and 60°C for 

20sec, 65°C for 5sec. Gene expression levels were normalized to Hprt gene. Primers used 

for qPCR analysis are listed in table S1. 

 

Isolator surveillance – In order to ensure sterility of isolator cages, fresh stool samples 

were collected and dissolved in LB medium. The suspension was subsequently spread on 

Schaedler KV selection medium plates (Oxoid, PO5020A). The plates were cultured for 7 

days under anaerobic conditions.  

 

Cells - Primary normal human dermal fibroblasts (HF) were provided by the Department 

of Surgery, Hadassah Hebrew-University Medical Center, Jerusalem, Israel.  Cells were 

maintained (not more than 8 passages) in a high-glucose DMEM medium (Life 

technologies, Grand Island, NY) supplemented with 10% heat-inactivated fetal calf 

serum, 1% sodium pyruvate, and 1% penicillin/streptomycin (Biological Industries, Beit-

Haemek, Israel) at 37
0
C and 5% CO2. The in-vitro experimental protocol is adapted from 

our previous work (Geiger-Maor et al., 2015).  HF were plated on a cover slide in a 12-
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well dish and were either incubated with hydrogen peroxide in PBS (50 µM H2O2) for 1h 

or were mock-treated with PBS only, and were then washed with fresh media. Only at 

that stage, either HB-EGF (PeproTech, Rocky Hill, NJ; 5 ng/ml), TNFα (PeproTech; 5 

ng/ml), IL-1β (PeproTech; 2 ng/ml), RNATES (PeproTech; 10 ng/ml), IP-10 

(PeproTech; 500 ng/ml), LPS (Sigma-Aldrich; 10 ng/ml) or HB-EGF in combination 

with the various cytokines, were added. The cells were then incubated for 24h. Then, HF 

were permeabilized with 0.5% Triton x-100 and 4% PFA in PBS containing 5% sucrose 

for 5 min followed by fixation in 4% PFA for 30 min at room temperature. Cells were 

then stained using anti- γH2AX mAb (Ser139, Millipore) and anti-53BP1 (Bethyl), 

followed by the secondary antibodies alexa-488 anti mouse (Molecular Probes, Eugene, 

OR) and donkey anti rabbit (Jackson ImmunoResearch), and nuclei were counterstained 

with DAPI (Calbiochem, Darmstadt, Germany) and mounted on cover slides with 

Fluorescent mounting medium (DakoCytomation, Carpinteria, California). Images were 

obtained by a laser scanning confocal microscope system (FluoView-1000; Olympus) 

with a 40X UPLAN-SApo objective and 2x digital zoom. The numbers of foci per 

nucleus were calculated using ImageJ software. 
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Figure S1. Age-dependent immune deregulation in the liver 

A. Top 30 canonical pathways (analyzed using Ingenuity’s Pathway Analysis (IPA)) up-

regulated in 6-month-old mice compared to 1-month-old mice livers analyzed by RNA 

sequencing. Canonical pathways related to immunity are marked in yellow. B. RT-qPCR 

analysis of TNFα and IL-1β expression in RNA extracts from macrophages isolated from 

liver tissues harvested from untreated or DEN injected mice. The expression level in the 

corresponding whole liver tissue is set to 1 (n=3; average ± STD). C. RT-qPCR analysis 

for CD11b, F4/80 and CCL2 expression in livers harvested from mice at the indicated 

ages (n=3), demonstrating slight but statistically non-significant change in the expression 

of the three markers. D. Representative images showing F4/80 immunostaining of 

paraffin-embedded liver sections at the indicated ages. Right panel: slight but significant 

age-dependent increase in the number of F4/80
+
 cells was noted (n=3).  * p<0.05; ** 

p<0.005. 
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Figure S2. Age-dependent changes in gut microbiome and barrier function are 

already evident at 6-month old mice and affect systemic immunity. 

A. DNA was extracted from fecal samples taken from mice at the indicated ages. To 

avoid cage-related changes as a result of microbiota transfer, for each age fecal samples 

were collected from different cages and from mice representing different breeds. Samples 

were analyzed for the bacterial composition (based on Kulecka et al.) on by qPCR of 

specific bacterial 16S rRNA fragments (n=7). Shown 4 out of 11 primers tested that 

showed significant age-dependent change in the bacterial composition. B. Intestinal 

permeability in 1-, 3- and 6-month old mice as measured by oral gavage of FITC-dextran 

(n=4). C. Antibiotics reduced bacteria load as revealed by cultivating the fecal pellets on 

agar plates. D. Representative immunofluorescence images showing TNFα or IL-1β (red) 

with DAPI counterstain (blue) of paraffin-embedded liver sections of H2O (CNT) 

compared to ABX-treated mice. Graphs on the right show quantitation of the number of 

cytokine expressing cells (n=3; average ± STD). E. Representative image of γH2AX 

(green) and pKAP-1 (red) staining demonstrating pKAP-1 foci overlapping with γH2AX 

at sites of DSBs (objective x20). F.  Representative immunofluorescence images showing 

TNFα or IL-1β (red) with DAPI counterstain (blue) of paraffin-embedded liver sections 

of WT and MyD88
-/-

 mice. Graphs on the right show quantitation of the number of 

cytokine expressing cells (n=3; average ± STD). * p<0.05; ** p<0.005; *** p<0.0005. 
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Figure S3. Bacterial load, Kupffer cell numbers and transcriptomic changes in GF 

compared to SPF mice 

A. The bacteria load in GF and SPF mice as revealed by cultivating the fecal pellets on 

agar plates (n=21 GF and 2 SPF mice). B. The number of F4/80 cells was not changed in 

GF compared to SPF mice, as determined by immunofluorescent staining of frozen 

sections of mouse livers (n=3-4 mice/group; 10 images/mouse). C. Principle component 

analysis (PCA) of mRNA expression levels. Individual samples are color- and symbol-

coded by housing (GF vs SPF) and sampling time post DEN injection. D. Top 50 

transcription factor (TF) binding sites analyzed using the database oPOSSUM 3.0, 

revealing TF involved in inflammation and DNA damage response are enriched in genes 

that are differentially expressed between SPF and GF mice, specifically the NFkB 

pathway, including REL, RELA, NFkB1 (highlighted in red) is enriched in SPF. E. 

GSEA analysis of differentially expressed genes using Reactome Pathway database 2 

days after DEN injection demonstrating that genes associated with inflammatory 

response (neutrophil deregulation, immunoregulatory interactions and interaction 

between a lymphoid and a non-lymphoid cell) and TNFR signaling are enriched in SPF 

mice. F. Representative GSEA plots of differentially expressed genes using Reactome 

Pathway database 6 days after DEN injection demonstrating enrichment of genes 

associated with cell cycle and cell cycle checkpoints (such as: cell cycle, cell cycle 

checkpoints, S phase, M phase, Mitotic G1-G1/S phase, G1/S transition, G2/M 

checkpoints, etc.) as well as those associated with DNA damage response (activation of 

ATR in response to replication stress and mismatch repair). 
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residual unrepaired damage at day 6. C. Representative immunofluorescence images 

showing TNFα or IL-1β (red) with DAPI counterstain (blue) of paraffin-embedded liver 

sections of mice treated with gadolinium, demonstrating reduction in cytokine 

expression. * p<0.05; *** p<0.0005. 
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Table S1. Oligonucleotide Sequences for qRT-PCR 

  
 

Target gene Forward Primer Reverse Primer            

Tnfa 5'-CTGTAGCCCACGTCGTAGCAA-3' 5'- CTGGCACCACTAGTTGGTTGTCT-3' 

IL1b 5'- ACCTTCCAGGATGAGGACATGA-3' 5'- CTAATGGGAACGTCACACACCA-3' 

F4/80 5'- CCCCAGTGTCCTTACAGAGTG-3' 5'- GTGCCCAGAGTGGATGTCT-3' 

CD11b 5'- GGGAGGACAAAAACTGCCTCA-3' 5'- ACAACTAGGATCTTCGCAGCAT-3' 

CCL2 5'- AAGCCAGCTCTCTCTTCCTCCA-3' 

          

5'- GCGTTAACTGCATCTGGCTGA-3' 

 

HB-EGF 5'- CCCATGCCTCAGGAAATACAAG-3' 5'- GGTAGAGTCAGCCCATGACACC-3' 

RANTES 5'- GTGCCCACGTCAAGGAGTAT-3' 5'- CTCTGGGTTGGCACACACTT-3' 

HPRT                             5'- GCGATGATGAACCAGGTTATGA-3'                    5'- ATCTCGAGCAAGTCTTTCAGTCCT-3' 
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