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Abstract

Background and Aims: Contact with distinct microbiota early in life has been shown to educate 
the mucosal immune system, hence providing protection against immune-mediated diseases. 
However, the impact of early versus late colonization with regard to the development of the 
intestinal macrophage compartment has not been studied so far.
Methods: Germ-free mice were colonized with specific-pathogen-free [SPF] microbiota at the age of 
5 weeks. The ileal and colonic macrophage compartment were analysed by immunohistochemistry, 
flow cytometry, and RNA sequencing 1 and 5 weeks after colonization and in age-matched SPF mice, 
which had had contact with microbiota since birth. To evaluate the functional differences, dextran 
sulfate sodium [DSS]-induced colitis was induced, and barrier function analyses were undertaken.
Results: Germ-free mice were characterized by an atrophied intestinal wall and a profoundly 
reduced number of ileal macrophages. Strikingly, morphological restoration of the intestine 
occurred within the first week after colonization. In contrast, ileal macrophages required 5 weeks 
for complete restoration, whereas colonic macrophages were numerically unaffected. However, 
following DSS exposure, the presence of microbiota was a prerequisite for colonic macrophage 
infiltration. One week after colonization, mild colonic inflammation was observed, paralleled by a 
reduced inflammatory response after DSS treatment, in comparison with SPF mice. This attenuated 
inflammation was paralleled by a lack of TNFα production of LPS-stimulated colonic macrophages 
from SPF and colonized mice, suggesting desensitization of colonized mice by the colonization itself.
Conclusions: This study provides the first data indicating that after colonization of adult mice, 
the numeric, phenotypic, and functional restoration of the macrophage compartment requires the 
presence of intestinal microbiota and is time dependent.
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1. Introduction

The incidence of inflammatory bowel disease [IBD] has been rising 
over recent decades.1 While it is known that ~25% of IBD cases can 
be explained genetically,2 this recent increase in incidence cannot be 
driven by genetic factors, but rather by environmental changes.

The intestinal microbiota composition strongly depends on the 
environment and is a key factor in maintaining intestinal homeo-
stasis.3–6 Furthermore, the commensal microbiota equally contrib-
utes to enterocyte maturation and angiogenesis, and consequently 
to intestinal barrier function.7,8 Whether the time point of intestinal 
colonization in life matters for the composition of the intestinal im-
mune cells has so far only partially been addressed.

That an early exposure to distinct microbiota might play a role 
in local immune cell maturation is indicated by data about children 
growing up in a farm environment revealing a decreased risk for 
developing asthma.9,10 In line, exposure to antibiotics within the 
first year of life has been linked to an increased risk of develop-
ing IBD.11,12 The so-called ‘window of opportunity’, the critical time 
for microbial contact impacting on the development of the mucosal 
immune system was previously studied with germ-free [GF] mice. 
The time point of colonization after birth affects the composition of 
the natural killer T [NKT] cell compartment, inducing a more pro-
inflammatory state when colonization occurs later in life [at the age 
of 5 weeks].13 Furthermore, GF mice have previously been character-
ized by high immunoglobulin E [IgE] levels.14–17 A recent study adds 
to these data by providing evidence that a distinct level of microbiota 
diversity following birth forms a prerequisite for inhibition of IgE 
production.15 Together, these clinical and experimental data fit into 
the hygiene hypothesis claiming that exposure to bacteria early in 
life mediates a protection from autoimmune diseases later on.18

Apart from these findings, there is still a need to explore whether 
the time point of colonization impacts the composition of the intes-
tinal myeloid cells. In addition, little is known about the impact of 
the luminal microbiota on the formation of the macrophage com-
partment, and the subsequent functional consequences under healthy 
and inflammatory conditions. In intestinal homeostasis, anti-inflam-
matory macrophages are localized underneath the epithelium and 
play a decisive role in maintaining the intestinal homeostasis by re-
moval of pathogens without an induction of inflammatory responses 
of lymphocytes. Intestinal macrophages possess tolerance against 
foreign material by downregulated expression of receptors for rec-
ognition,19 or by downregulation of adaptor molecules associated 
with pattern recognition.20–22 Food antigens or commensal bacteria 
are recognized by intestinal macrophages, and processed antigens 
are presented without co-stimulatory molecules.23 When consid-
ering the function of intestinal macrophages, one has to differentiate 
between those in the small intestine and those in the colon. While 
macrophages in the small intestine are more involved in processing 
food antigens, colonic macrophages have to deal with a higher bac-
terial load and the associated metabolites that can directly influence 
macrophage function. For instance, butyrate, a short-chain fatty acid 
produced in large quantities by commensal bacteria, is known for its 
regulatory function, in macrophages as well as in epithelial cells, of 
inhibiting histone deacetylases.24

In the lamina propria of IBD patients, an accumulation of pro-
inflammatory macrophages expressing costimulatory molecules 

and macrophage-activating receptors is observed. Functional data 
indicate that these pro-inflammatory macrophages directly dis-
turb barrier function and thus further enhance intestinal inflam-
mation.25 In addition, treatment with TNFα antibodies in IBD has 
been associated with apoptosis of pro-inflammatory [M1] macro-
phages and a parallel increase in anti-inflammatory [M2] macro-
phages.26–28 These data underline that the balance of pro- and 
anti-inflammatory macrophages is crucial in maintaining intestinal 
homeostasis.29

There are limited data in the literature concerning how the 
microbiota influences the intestinal macrophage compartment. For 
instance, lipopolysaccharides [LPSs] have been shown to induce 
IL-10 expression in intestinal macrophages from specific-pathogen-
free [SPF] but not GF mice,30 hence, indicating that the intestinal 
microbiota regulates the crosstalk between macrophages and innate 
lymphoid cells that mediates intestinal immune homeostasis.4

Macrophages in many tissues are tissue-derived cells and are 
present from birth.31,32 Data indicate that in the neonatal period, the 
colonic macrophage compartment develops from embryonic pre-
cursor cells, which proliferate locally afterwards. Around the time of 
weaning, these precursor cells are replaced by infiltrating monocytes. 
These Ly6Chigh monocytes then differentiate into mature intestinal 
macrophages.33 These data suggest that the time point of coloniza-
tion is relevant for the composition and function of the macrophage 
compartment. However, very recent studies demonstrate that, in 
the intestine, a tissue-derived self-renewing macrophage population 
exists.34,35

Monocytes infiltrating the tissue as well as macrophages possess 
the remarkable plasticity to differentiate further, following stimu-
lation with either defined cytokines and/or microbial molecules.36 
This feature is a prerequisite for the potency of these cells to adapt 
their phenotype to a specific milieu.37 For example, colitis triggers 
monocytes to differentiate into pro-inflammatory myeloid cells in 
the colon.38,39 However, it is unclear whether this adaptation of the 
macrophage compartment can occur throughout life and whether or 
not it requires colonization starting from birth.

To fill this gap, we here addressed the question of whether and 
how the macrophage compartment is restored when colonization oc-
curs later in life.

2. Material and Methods

2.1. Animals
Male wild type [WT] C3H/HeOuJ mice at the age of 5, 6, 9, and 10 
weeks were used for the experiments. Germ-free, SPF, and GF-born 
and at the age of 5 weeks colonized [COL] mice were maintained in 
positive-pressure isolators [Metall + Plastic, Radolfzell, Germany] 
under a 12 h light–dark cycle. The mice had free access to irradi-
ated standard chow [Altromin fortified type 1310; Altromin, Lage, 
Germany] and autoclaved distilled water. The animal experiments 
were approved by the Animal Welfare Committee of the state of 
Brandenburg, Germany.

2.2. Chemicals
If not indicated otherwise, all chemicals and media were obtained 
from Sigma-Aldrich Chemie GmbH [Taufkirchen, Germany].
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2.3. Colonization of GF mice with SPF microbiota
A suspension of 200 mg of faeces from SPF mice in 10 mL drinking 
water was made up. Each GF mouse received 100 µl of this suspen-
sion by oral gavage at the age of 5 weeks. Successful colonization after 
inoculation was validated by inspecting the faeces via microscopy 
after Gram-staining and by high-throughput 16S ribosomal RNA 
[rRNA] gene amplicon sequencing of caecal content after culling.

2.4. High-throughput 16S rRNA gene sequencing
Sequencing of bacterial 16S rRNA amplicon libraries was per-
formed by CeMeT GmbH [Tübingen, Germany]. DNA was iso-
lated from snap-frozen caecal contents according to a previously 
published protocol based on mechanical lysis and purification by 
DNA precipitation.40 The variable regions V3/V4 were amplified 
using primers 341F: 5'-CCTACGGGNGGCWGCAG-3' and 785R: 
5'-GACTACHVGGGTATCTAATCC-3'.41 Amplicons were puri-
fied using magnetic beads and sequenced using a MiSeq sequencer 
[Illumina Inc., San Diego, CA, USA]. Sequences were further pro-
cessed using Integrated Microbial Next-Generation Sequencing 
[IMNGS].42 In brief, sequences were demultiplexed and trimmed, 
and sequences with <380 and >420 nucleotides were excluded from 
the analysis. Operational taxonomic units [OTUs] were clustered at 
97% sequence similarity, and only those with a relative abundance 
of >0.5% were kept. All details of the analysis and the scripts are 
available online [https://lagkouvardos.github.io/Rhea/].43

The 16S rRNA gene sequencing data are available under acces-
sion number SRP131846 [https://www.ncbi.nlm.nih.gov/sra/
SRP131846] in the NCBI Sequence Read Archive.

2.5. Dextran sulfate sodium colitis and scoring
Mice were exposed to dextran sulfate sodium [DSS, 36 000–50 
000 Da, MP Biomedicals, LLC, Santa Ana, USA] for 4 days via the 
drinking water in the concentrations as indicated. After an addi-
tional 1 or 3 days with regular drinking water, the mice were killed 
and their organs and faeces were collected for further analyses. The 
disease score and histomorphological signs of inflammation were 
evaluated as described previously.44,45

2.6. Immunohistochemistry and immunofluorescence
For immunohistochemistry, formalin-fixed intestinal tissue sec-
tions were subjected to a heat-induced epitope retrieval step prior 
to incubation with anti-cleaved caspase 3 [Asp175, Cell Signaling 
Technology, Leiden, Netherlands], followed by detection using 
the Labelled-Streptavidin-Biotin [LSAB] method employing the 
Dako REAL™ Detection System,  and Alkaline Phosphatase/RED, 
Rabbit/Mouse [Agilent Technologies, Santa Clara, CA, USA]. Nuclei 
were counterstained with hematoxylin [Merck KGaA, Darmstadt, 
Germany]. For the detection of macrophages, sections were sub-
jected to protein-induced epitope retrieval employing protease 
prior to incubation with anti-F4/80 [BM8, eBioscience, USA] fol-
lowed by detection using the LSAB-method. For the detection of 
anti-inflammatory macrophages, sections were incubated with 
anti-Ym1 [EPR15263, Abcam]. For detection, Alexa488-labelled 
secondary antibodies [Thermo Fisher Scientific] were used. Nuclei 
were counterstained with 4',6-Diamidin-2-phenylindol [DAPI]. 
For the detection of claudin 1, sections were subjected to a heat-
induced epitope-retrieval step prior to incubation with anti-claudin 
1 [polyclonal rabbit, Thermo Fisher Scientific], followed by detec-
tion employing the EnVision Detection System, Peroxidase/DAB, 
Rabbit [Agilent Technologies, USA]. Nuclei were counterstained 
with haematoxylin.

Negative controls were performed by omitting the primary anti-
bodies. Images were acquired using the AxioImager Z1 microscope 
[Carl Zeiss MicroImaging GmbH, Jena, Germany]. All evaluations 
were performed blinded. Positive cells were quantified in at least five 
high-power fields [1 hpf = 0.237 mm2]. Claudin 1 expression was 
scored semiquantitatively ranging from 0 [no expression] to 3 [high 
expression].

2.7. Mucin staining and measurement of mucosa 
thickness
Periodic acid Schiff-reaction/alcian blue [PAS/AB] mucin staining 
of Carnoy’s-fixed intestinal tissue sections was performed as pre-
viously described.46 For mucosa thickness, ~30 crypts or villi per 
section were analysed using an Eclipse E600 microscope [Nikon 
GmbH, Düsseldorf, Germany] with Lucia G software version 4.51 
[Laboratory imaging s.r.o.; Microsoft, Munich, Germany]. Images 
were captured with an MV-1500 digital camera [Nikon GmbH].

2.8. Isolation and stimulation of mononuclear cells 
from the lamina propria
For the isolation of lamina propria mononuclear cells [LPMCs], the 
colon or ileum [10  cm distal part] was cut into small pieces and 
then incubated twice with 5 mM ETDA/HBSS. This was followed 
by enzymatic digestion (0.44 mg/mL Collagenase D and 20 µg/mL 
DNase I in Roswell Park Memorial Institute medium [RPMI]). After 
filtering, the LPMCs were purified by PercollTM [GE Healthcare, 
Little Chalfont, UK] density gradient centrifugation.

For analysing intracellular TNFα-expression, LPMCs were stim-
ulated with 1 µg/mL LPS [from Escherichia coli O111:B4] for 3 h; 
for the last 2 h, 5 µg/mL brefeldin A was added.

2.9. Flow cytometry
The following antibodies [clones] were used to stain LPMCs: 
anti-F4/80-eFluor450 [BM8], anti-CD11c-PercpCy5.5 [N418], 
anti-MHCII-FITC [M5/114.15.2], anti-CD11b-APC/Cy7 [M1/70; 
all eBioscience, San Diego, USA], and anti-Ly6C-PE [HK1.4; 
BioLegend, San Diego, USA]. Live and dead cells were discriminated 
using LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit [Thermo 
Fisher Scientific]. Samples were measured using a FACS CantoII 
device [BD Biosciences, Heidelberg, Gemany] and were analysed 
using FlowJo Software V8.8.7 [FlowJo, LLC, Ashland, USA]. 
Frequencies and cell numbers counted in the Neubauer chamber 
served to calculate absolute cell counts. The gating is shown in 
Supplementary Figure 1.

2.10. Cytokine expression of ex vivo tissue culture
Approximately 1  cm2 of colon tissue was weighed and cultured 
for 20 h in serum-free RPMI 1640 medium [100 U/mL penicillin, 
100  µg/mL streptomycin, 2  mM L-glutamine]. Cytokines in the 
supernatant were determined with the Cytometric Bead Array Mouse 
Inflammation Kit [BD Biosciences]. Data were assessed applying a 
FACS CantoII device and were analysed using FCAP software V1 
[BD Biosciences]. Data were expressed in relation to tissue weight.

2.11. Intestinal barrier function
Colon tissue was mounted in a miniaturized Ussing chamber [area 
0.049  cm2] as described previously.47 Results were presented as 
transmural wall resistance [Rt], subepithelial resistance [Rs], and 
epithelial resistance [Repi, Rt minus Rs]. Paracellular permeability 
was determined by measuring mannitol flux [mucosal-to-serosal] as 
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previously described.47 Transcellular transport was determined by 
horseradish peroxidase flux. Horseradish peroxidase type VI was 
applied at a final concentration of 18.1  µM to the mucosal side. 
Serosal fractions were sampled five times each 30 min and analysed 
by a QuantaBlu™ Fluorogenic Peroxidase Substrate Kit [Thermo 
Fisher Scientific].

2.12. RNA sequencing
Total RNA was isolated from whole tissue by the use of Qiazol lysis 
reagent [Qiagen, Hilden Germany] and was submitted to transcrip-
tome analysis for the purpose of gene-expression profiling, using the 
QuantSeq 3' mRNA-Seq Library Prep Kit for Ion Torrent [Lexogen, 
Vienna Biocenter] for generation of 3' polyA tag mRNA libraries. 
Quality-validated, barcoded libraries were multiplexed, templated, 
and sequenced using the Ion OneTouchTM and the Ion ProtonTM 
systems [Ion Torrent, Thermo Fisher Scientific]. Library prepara-
tion and sequencing was carried out at the GenomeSeq Core of the 
Medical University of Innsbruck.

Base calling and barcode filtering were performed using Torrent 
Suite [5.8.0]. From single-end reads [FASTQ files], adopters were 
removed and reads were cropped at 200  bp using Trimmomatic 
[0.36].48 Sequencing quality was checked using FastQC [0.11.5]. 
Reads were mapped using STAR aligner (2.5.3a]49 onto the mouse 
genome version mm10 [UCSC] with RefGene annotation and 
indexed with 200 bp splice junction overhang. HTSeq50 were used to 
quantify gene raw counts. DESeq251 within the R environment [3.4.1] 
were used to identify differentially expressed genes using a nega-
tive binomial distribution filtered for genes with normalized mean 
counts >10 across the compared samples. p-values were adjusted for 
multiple testing based on the false discovery rate [FDR] using the 
Benjamini–Hochberg method. Genes were considered differentially 
expressed with >1.5 fold change and adjusted p [FDR] < 0.1. Counts 
were normalized by library-size factors and regularized log trans-
formed for subsequent analyses. Gene set enrichment analysis was 
performed using GSEA software52,53 and a gene ontology gene set 
downloaded from http://ge-lab.org/gskb/. Gene sets with a normal-
ized enrichment score [NES] of >2.0 or <–2.0 [and FDR < 0.1] were 
considered to be highly enriched. Heat maps were generated using 
Genesis [1.8.1].54 The data have been deposited in NCBI’s Gene 
Expression Omnibus55 and are accessible through GEO Series acces-
sion number GSE115202 [https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE115202].

2.13. Statistical analysis
Statistical analyses were performed with GraphPad PRISM software, 
version 6.0 [GraphPad Software, San Diego, CA] using analysis of 
variance [ANOVA] followed by pairwise comparison testing [Holm–
Sidak test]. The histological disease score data and barrier data were 
tested for statistical significance using a two-sided Mann–Whitney-
U-Test. The survival data were analysed with the Log-Rank-Test. 
Data are presented as single values and mean. p-values of <0.05 
were considered to be statistically significant. For RNA analyses, an 
adjusted p-value of <0.1 was considered to be statistically significant.

3. Results

3.1. Colonization of germ-free born mice restored 
the structure of the gut
Germ-free mice were colonized with SPF microbiota at the age of 
5 weeks. This time point was chosen to analyse the effect of first 

microbial contact after weaning. The effects of colonization pre-
weaning, here at birth, was assessed using SPF mice. To determine 
the impact on intestinal structure and composition of the myeloid 
compartment, mice were analysed 1 week and 5 weeks after coloni-
zation, as well in age-matched GF and SPF mice [Figure 1A].

Germ-free mice presented an atrophied ileal mucosa in com-
parison with SPF mice at both time points analysed. The microbial 
colonization restored the structural differences by 1  week after 
colonization. Conversely, the colon mucosa of GF mice at Week 10 
did not differ from that of SPF and COL mice. In addition, in COL 
mice, colon mucosa thickness adapted within 1 week of colonization 
[Figure 1B, C]. The expression of the tight junction protein claudin 
1 was significantly decreased in the ileum of GF mice at both ages. 
Remarkably, the expression normalized within 1  week when GF 
mice were colonized with microbiota [Figure 1D, E].

To assess the microbial status of COL mice over time in com-
parison with that of age-matched SPF mice, 16S rRNA gene 
sequencing was performed. One week after colonization, the caecal 
content of COL mice presented with a lower richness and Shannon 
effective species count [Figure 2A] compared with that of COL 
mice at 10 weeks and SPF mice at either time point. We found no 
difference in β-diversity of SPF mice at 6 or 10 weeks of age. The 
bacterial community profiles of COL mice at 6 and 10 weeks were 
clearly separated from those of SPF mice, which grouped closely 
together [Figure 2B]. These differences in community structure were 
reflected in the relative abundance of the bacterial families [Figure 
2C]. The microbiota adapted in a time-dependent manner after 
colonization, but did not reach the status of SPF mice in regard to 
β-diversity.

Remarkably, colonization induced an inflammatory response in 
the colon [Figure 2D/E], but not in the ileum [data not shown]. A sub-
set of COL mice presented discrete histologic signs of colonic inflam-
mation shortly after colonization, which disappeared at 10 weeks of 
age [Figure 2D, E]. This was characterized by a marginal immune cell 
infiltration (of macrophages and CD4+ T cells [Supplementary Figure 
2]) into the colonic mucosa, but not by epithelial damage, emphasiz-
ing the role of the intestinal microbiota as stimulus for immune cell 
infiltration into the lamina propria.

3.2. Time-dependent restoration of the macrophage 
compartment after colonization
We hypothesized that the macrophage compartment is influenced 
by microbial colonization and develops in a time-dependent manner 
following colonization.

For this purpose, the intestinal myeloid cell compartments 
in the ileum and colon were evaluated over time. The number of 
F4/80+ CD11b+ cells [reflecting the number of macrophages] in the 
ileum was significantly higher in SPF than in GF mice [Figure 3A]. 
Following colonization, full restoration of these cells required at the 
longest 5 weeks in the ileum [Figure 1A and 3A]. The frequency of 
MHCII and CD11c of F4/80+ CD11b+ macrophages was increased 
in SPF compared with GF and COL mice at 5 weeks of age, which 
was not observed at Week 10.

CD11b+ Ly6C+ cells [reflecting monocytes] presented with an 
increase in number at 5 weeks after colonization. One week after 
colonization, the numbers of recently infiltrated monocytes in the 
ileum equalled the number in GF mice. Analyses of macrophages and 
monocytes in the colon did not reveal numeric differences between 
GF, SPF, or COL mice, at either time point. The frequency of CD11c+ 
macrophages did not differ between the groups, but a higher number 
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of MHCII+ macrophages was detectable in COL mice 1 week after 
colonization in comparison with age-matched GF and SPF mice 
[Figure 3B].

An RNA-sequencing analysis of ileum tissue revealed differences 
in selected macrophage-associated genes between GF and SPF mice 
[Figure 3C] at 6 and 10 weeks of age. Among them, Msr-1, Itgax, 
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Itgae, Ly6c2, Cx3cr1, and Nos2 were significantly [padj < 0.1] upreg-
ulated in SPF mice at 10 weeks. When SPF and COL mice were com-
pared, regarding macrophage-related genes only, Ly6c2 [padj < 0.1] 
was significantly upregulated in 6-week-old COL mice. No sig-
nificant differences in expression of the selected genes were found 
between SPF and COL mice 5 weeks after colonization [Figure 3C].

A gene-set enrichment analysis with gene ontology [GO] gene 
sets confirmed our analysis with selected markers [Supplementary 
Figure3A/B]. Expression analysis of core-enriched genes of selected 
highly enriched GO gene sets related to macrophage biology showed 
clear differential expression patterns in the ileum of GF compared 
with in the ileum of SPF mice at either age. The expression pattern of 
COL mice 1 week after colonization did show more similarity to that 
of GF mice than to that of SPF mice. Five weeks after colonization, 

COL mice equalled SPF mice with respect to the expression pattern 
of the selected GO gene sets [Supplementary Figure 3C].

In health, LPMCs from SPF mice are known to be unresponsive 
to LPS stimulation.30 In line with this, LPS stimulation of LPMCs 
isolated from the colon of SPF or COL mice did not result in an 
increased TNFα production. Only in macrophages from the colon 
of GF mice could LPS-induced TNFα expression be detected [Figure 
3D]. These results suggest a desensitization mediated by the colo-
nization of COL mice. However, LPS stimulation of ileal LPMCs 
from GF and SPF mice resulted in an increased proportion of TNFα-
expressing macrophages compared with similar treatment of LPMCs 
from COL mice after 5 weeks of colonization [Figure 3D].

The results of the RNA expression analysis together with the 
flow cytometry results provided more in-depth evidence that 5 weeks 
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after colonization, adaption of the macrophage compartment had 
been completed.

Thus, a restoration and adaption of the macrophage compart-
ment following colonization did occur in a time-dependent manner.

3.3. The microbiota was necessary for the 
infiltration of macrophages after DSS treatment
The increased susceptibility of GF mice to DSS is well described.56–58 
By performing ex vivo Ussing chamber experiments comparing 
GF and SPF mice, we aimed to further specify this barrier defect 
in health. The colon of GF mice revealed a lower total electrical 
resistance compared with that of SPF mice, and this was due to a 
decreased subepithelial resistance [Figure 4A]. The paracellular 
[mannitol] flux was increased in GF mice [Figure 4B], whereas the 
transcytotic transport of horseradish peroxidase was not influenced 
by the presence or absence of microbiota [Figure 4C]. Thus the bar-
rier defect can be predominantly attributed to a subepithelial defect.

To analyse the effect of microbiota functionally, DSS-induced 
colitis was induced, as a barrier-disrupting model [Figure 4D]. As 
is already known for other mouse strains,56,57 wild-type GF mice are 
more susceptible to DSS compared with SPF mice, and die at rather 
low concentrations of DSS [Supplementary Figure 4A]. Thus, in all 
further experiments a DSS concentration of 1.5% was applied. To 
analyse the macrophage compartment, the experiment was stopped 

at Day 5, and clinical signs of colitis were analysed. Clinical and 
histologic colitis scores did not differ between GF and SPF mice after 
DSS exposure [Supplementary Figure 4B/C]. Colon culture revealed 
an increased production of IFNγ and TNFα in SPF mice, but not in 
GF mice, exposed to DSS [Supplementary Figure 4D]. Accordingly, a 
significant increase in epithelial apoptosis was observed only in GF 
mice upon DSS exposure [Supplementary Figure 4E].

An increase in the frequency of recently infiltrated monocytes 
and macrophages was only seen in SPF mice exposed to DSS, but 
not in GF mice exposed to DSS [Figure 4E]. From these findings, 
we conclude that the presence of the luminal microbiota is manda-
tory for inducing infiltration of macrophages that ultimately mediate 
inflammation. The expression of claudin 1 did not change upon DSS 
treatment in GF or SPF mice [Supplementary Figure 4H]. In addi-
tion, it is not inflammation, but rather the pure barrier defect, that 
explains the increased susceptibility of GF mice to DSS.

3.4. DSS treatment induced infiltration of 
macrophages independent from the time point of 
colonization
DSS treatment was also applied in SPF and COL mice late after colo-
nization to assess whether the time point of colonization had func-
tional differences [Figure 5A]. In contrast to GF mice, colonization 
with SPF microbiota rescued these mice from dying of DSS exposure 
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[Figure 5B]. As indicated by survival, SPF and COL mice presented 
with comparable colitis severity [Figure 5B]. Remarkably, histologic 
inflammation was more pronounced in DSS-exposed SPF than in 
DSS-exposed COL mice [Figure 5C]. Claudin 1 expression did not 
change after DSS treatment [Figure 5D]. Immunohistological detec-
tion of F4/80 showed that the quantitative number of macrophages 
increased in SPF and COL mice treated with DSS [Figure 5E]. Flow 
cytometric analyses of colonic macrophages revealed an infiltration 

into the lamina propria in both DSS-treated groups. The frequency 
of CD11c and MHCII did not change in DSS-treated mice compared 
with the frequencies in control mice [Figure 5F]. An RNA sequenc-
ing analysis of colon tissue revealed no significant differences regard-
ing selected macrophage-related genes between SPF and COL mice. 
Interestingly, after colitis induction in SPF mice, Itgax, Ly6c1, Itgam, 
and Nos2 were significantly [padj < 0.1] upregulated compared with 
in the untreated SPF mice. In COL mice treated with DSS, Ly6C1, 
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Nos2, and Cd14 showed a significant [padj < 0.1] increase in expres-
sion [Figure 5G]. The number of macrophages expressing Ym1 
was significantly increased in DSS-TReated mice were compared to 
health non-DSS exposed animals [Figure 5H].

These data indicated that colonization with microbiota was a 
prerequisite not only for inflammation but also for macrophage infil-
tration. However, the time point of colonization in life did not play 
a critical role in macrophage development. Nevertheless, the restora-
tion of macrophages required longer than the structural adaptation 
after microbial colonization.

4. Discussion

The intestinal homeostasis in the lamina propria is regulated by the 
intestinal microbiota.3–6 Previous data analysing NKT cell function 
indicate that a delayed intestinal colonization of GF mice drives the 
pro-inflammatory capacity of this cell population.13 This relates to 
the concept of the hygiene hypothesis, in which exposure to antigens 
early in life has been considered to protect from diseases such as IBD 
later in life.18 With the present study, we broaden this view by defin-
ing the impact of the luminal microbiota on the development and 
function of intestinal macrophages as well as on mucosal integrity.

Previous work indicates that the myeloid compartment can adapt 
to the local milieu. This has been demonstrated for monocytes that 
differentiate in the inflamed colon to pro-inflammatory myeloid 
cells.38,39 Thus, targeting this plasticity either from the mucosal or 
from the luminal site might open novel therapeutic strategies for 
IBD. This concept has indirectly been proven. A study by Vos et al. 
showed that after anti-TNFα treatment, anti-inflammatory mac-
rophages are induced, whereas in untreated Crohn’s disease patients, 
lamina propria pro-inflammatory macrophages are predominant.26

In line with this, work from our group indicates that the mucosa 
of patients with Crohn’s disease is densely infiltrated with pro-
inflammatory macrophages, whereas the adjacent mesenteric fat 
tissue is predominantly infiltrated by rather anti-inflammatory mac-
rophages.25,59 This ability of myeloid cells to adapt to the local milieu 
suggests that the mucosal macrophage compartment may be able to 
develop, even when intestinal colonization occurs later in life. To 
address this question, GF mice were colonized at Week 5, and the 
macrophage compartment was analysed at Week 6 and Week 10. In 
the ileum, a time-dependent restoration of macrophages and recently 
infiltrated monocytes occurred. One week after colonization, the 
number of macrophages equalled the number in GF mice. However, 
the macrophage compartment adapted numerically 5 weeks after the 
colonization to the number of macrophages in SPF mice, which were 
colonized since birth. RNA analysis confirmed differences regard-
ing macrophage-related genes in GF mice compared with those in 
SPF mice. The expression of macrophage-related genes in COL and 
SPF mice 5 weeks after colonization was similar. Interestingly, COL 
mice at Week 6 showed a significant upregulation of Ly6c2, indicat-
ing the microbiota-driven influx of monocytes into the ileum, even 
though the number of monocytes was equal to that of GF mice at 
this time point.

Interestingly, one study showed that in broad-spectrum antibi-
otic-treated mice recolonized with SPF microbiota F4/80+ macro-
phages and monocytes in the ileum have already recovered 7 days 
after the faecal microbiota transfer.60 From this, we conclude that 
priming of the immune system before colonization influences the im-
munological response and restoration of immune cells in the gut. 
Furthermore, one has to consider the time point of colonization, 

since the time point of the first contact with distinct microbiota de-
termines the immunological reactions later on.61 A colonization in 
the pre-weaning phase could result in different findings, since macro-
phages in this phase of life are mostly embryo-derived.33 Future stud-
ies will have to define the ‘window of opportunity’ and thus the time 
point of colonization, with a particular focus on earlier time points.

In line with previous data, we did not identify a microbi-
ota-dependent effect for the colonic macrophage compartment. 
However, this study did not focus on time-dependent adaption of 
this compartment after colonization.38 Conversely, another study 
reported a reduced number of colonic macrophages in GF C57BL/6 
mice. Notably, previous studies have suggested that other intestinal 
immune cells are developing in a microbiota-dependent manner. For 
instance, the commensal microbiota has been shown to be required 
for the expansion of pro-inflammatory CD4+ T cells in the colon6 
and for the regulation of innate lymphoid cells in the small intes-
tine.62 Some studies have suggested that there is a critical window 
of opportunity for the first contact with microbiota.63 Olszak et al. 
revealed that the time point of colonization after birth affects the 
composition of the natural killer T [NKT] cell compartment, induc-
ing a more pro-inflammatory state when colonization occurs later in 
life.13 Furthermore, humoral immunity is also regulated by microbial 
colonization during a critical time early in life. At this time-point, 
serum IgE levels are modulated and ensure a functional immune 
regulation throughout life.15

Lipopolysaccharide stimulation of colonic macrophages from GF 
mice resulted in the expression of TNFα. In contrast, colonic mac-
rophages from SPF mice were unresponsive to LPS, which is in line 
with previous data indicating that colonic macrophages are hypo-
reactive to Toll-like-receptor ligands.30 The authors of that study 
demonstrated that the microbiota induces IL-10 expression in the 
colon and thus inhibits inflammatory responses of macrophages.30 
Consistent with that, and supporting the functional restoration of the 
macrophage compartment, macrophages isolated from COL mice 
at Week 10 did not respond to LPS stimulation. These functional 
analyses indicate that, although no quantitative and phenotypic 
differences were detectable, fully functional colonic macrophages 
require the presence of intestinal microbiota. Remarkably, the ileal 
macrophages compartment differed from that of the colon. In our 
study, the expression of TNFα in the ileum after LPS stimulation was 
higher in SPF than in COL mice. Thus, immunological differences 
between these two intestinal segments64 will have to be defined in 
more detail in future studies.

Having established the fact that the correct luminal microbiota 
is a prerequisite for the infiltration of monocytes into the lamina 
propria, we further wanted to define functional properties under 
inflammatory conditions. For this, an additional barrier defect was 
induced by oral DSS administration. In accordance with our hypoth-
esis that intestinal antigens are required for monocytes to infiltrate 
the intestinal mucosa, an increase in this cell population was only 
seen in SPF but not in GF mice upon DSS exposure. Hence, it is not 
surprising that neither previous work nor our data detected signs 
of inflammation in the DSS-exposed GF mice, as indicated by the 
lack of upregulation of pro-inflammatory cytokines and the lack of 
cell infiltration.56,65 The same result was obtained in an ileitis mouse 
model using TNFdeltaARE mice.66,67

While it is known that GF mice are more susceptible to DSS, the 
mechanism behind this has only partially been resolved. In our pre-
vious data, by applying a barrier model system, pro-inflammatory 
macrophages induced a significant decrease in epithelial resistance, 
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whereas anti-inflammatory macrophages were barrier protective.25 
As expected, the electrical resistance and mannitol flux measure-
ments revealed a barrier leakage in GF mice in the present study. 
Thus, it can be suggested that macrophage dysfunction in the 
absence of luminal microbiota might contribute to barrier leakage. 
Recent data indicate that downregulation of tight junction proteins, 
and hence a structural epithelial barrier defect, mediates this high 
susceptibility.56,57 Additional data indicate that Toll-like receptor 
signalling in epithelial cells is crucial for gut injury and associated 
mortality.68 Intestinal microbiota, as well as Myd88 signalling, has 
been shown to exert a profound impact on the regeneration capacity 
of the epithelium.69

Since we observed a restoration of the colonic macrophage com-
partment several weeks after colonization, we used these mice to 
test for functional differences by the use of DSS. Although we did 
not identify a difference between the macrophage compartment of 
SPF and COL mice, DSS exposure in SPF mice resulted in a higher 
histologic colitis score when compared with COL mice. The finding 
of mild intestinal inflammation 1 week after colonization suggests a 
desensitization that mediates the decreased inflammatory response 
in the DSS-induced colitis model.

Our data reemphasize the necessity of microbial colonization 
for a functional intestinal barrier [Figure 6]. As previously indi-
cated for NKT cells and innate lymphoid cells, intestinal coloniza-
tion forms a prerequisite for the infiltration and development of the 
ileal and colonic macrophage compartment, and hence for intestinal 
homeostasis. However, infiltrating monocytes maintain their plastic-
ity and hence can develop this compartment at any time point in 
life; however, they require several weeks of adaptation. Thus, tar-
geting this plasticity, either from the mucosal or from the luminal 
site, might open novel therapeutic strategies for reducing intestinal 
inflammation.
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