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We recently investigated how post-
natal microbial gut colonization 

is important for the development of the 
immune system, especially in the sys-
temic compartments. This addendum 
presents additional data which in accor-
dance with our previous findings show 
that early life microbial colonization is 
critical for a fine-tuned immune homeo-
stasis to develop also in the intestinal 
environment. A generalized reduction 
in the expression of immune signaling 
related genes in the small intestine may 
explain previously shown increased sys-
temic adaptive immune reactivity, if the 
regulatory cross-talk between intra- and 
extra-intestinal immune cells is imma-
ture following a neonatal germ-free 
period. These findings are furthermore 
discussed in the context of recently pub-
lished results on how lack of microbial 
exposure in the neonatal life modifies 
disease expression in rodents used as 
models mimicking human inflamma-
tory diseases. In particular, with a focus 
on how these interesting findings could 
be used to optimize the use of rodent 
models.

Microbial Variation and Host  
Phenotype

Bacteriological examinations of the gut 
microbiota have revealed a substantial 
inter-individual and inter-vendor varia-
tion among commercially available labo-
ratory rodent.1 This has been suggested, 
to some extent, to explain variability in 
responses to experimental treatments, 
when using rodents as experimental mod-
els.2,3 Increasing amounts of evidence have 
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demonstrated an important role for the 
gut microbiota in modifying the immune 
system and as an environmental factor 
in the development of several immune-
mediated diseases.4-7 In accordance, previ-
ous studies have further linked differences 
in gut microbiota profiles to the variation 
observed in disease parameters in immune-
mediated rodent models.8,9 Microbial 
standardization is, thus, required to con-
trol inter-individual variation, or at least 
it is necessary for researchers to be able to 
select the most suitable experimental mice 
based on their microbiological status.10

In infection studies, one approach to 
circumvent the colonization resistance to 
pathogens conveyed by the gut microbiota 
was to utilize antibiotics. After recoloni-
zation, the resistance was transferable to 
germ-free (GF) mice, and thus, character-
izing specific strains colonization resistance 
abilities makes such gut microbiotas useful 
in order to better control the variation in 
infection studies.11,12 By modifying the gut 
microbiota composition in rodent models, 
it might also become possible to manipu-
late host immunity in order to promote or 
prevent certain disease traits and produce 
laboratory rodents with controlled and 
well characterized individual phenotypes. 
However, only little is known about the 
impacts that different bacterial epitopes or 
compositions of microbes may have on the 
immune system in different periods of life. 
Epidemiological data suggest that micro-
bial exposure in the neonatal life is crucial 
to the development of an immune system 
that can prevent atopic and other inflam-
matory diseases, and this can be influ-
enced by early life events such as mode 
of delivery, use of formula to supplement 
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and SPF mice but the list for the small 
intestine was the same as that of the large 
intestine, as previously seen in GF mice 
but not SPF mice.

To address the impact of gut microbes 
on some of the above mentioned intestinal 
immune-related genes in an even smaller 
time-window and to compare mucosal 
immune responses with the increased pro-
portion of several adaptive immune cells 
in the spleen detected in our study, we 
present here some additional data gener-
ated on intestinal samples previously col-
lected from our study in the co-housing 
experiment. In our extended analysis, gene 
expression of several immune-regulating 
receptors and cytokines were decreased in 
GF mice and mice colonized at either one 
or three weeks of age compared with SPF 
mice (Fig. 1) despite that the gut micro-
biota was similar in all groups at this stage 
as illustrated in the original paper (Fig. 2 
in Hansen et al.).22 Both the pro-inflam-
matory cytokine IFN-γ and the regula-
tory cytokines IL-10 and transforming 
growth factor β (TGF-β) were signifi-
cantly less expressed in the ex-GF and GF 
groups than in the SPF mice. Accordingly, 
mucosal T cell homeostasis is regulated by 
the epithelial cell-derived cytokine thymic 
stromal lymphopoietin (TSLP) by den-
dritic cell activation and signaling,26 and 
this cytokine was also significantly less 
expressed in the GF mice compared with 
the SPF mice; however a strong but non-
significant trend (p = 0.09) existed also 
for the ex-GF groups. In resemblance to 
the study by Yamamoto et al.,25 the TLR 
gene expression was only high subsequent 
to microbial exposure during the neonatal 
period. Supportive of this, a low expression 
of TLRs was similarly seen also after early 
life antibiotic treatment.27 Regenerating 
islet-derived protein 3 γ (Reg3γ) is an 
antimicrobial peptide produced by intesti-
nal paneth cells upon TLR stimulation,28 
and not surprising, Reg3γ was expressed 
in a similar pattern as the TLRs. In con-
trast to Olszak et al.,24 the expression of 
CXCL16 was actually less in the intestine 
of the GF and late colonized ex-GF mice 
than in the SPF mice, but these data were 
generated on ileal and not colonic samples. 
In conclusion, microbial exposure already 
in the first week of life seems to be essen-
tial for several immune signaling related 

skewed the immune system toward a 
pro-inflammatory state. However, higher 
relative amounts of NK-, NKT- and IFN-
γ-producing T cells following an early GF 
period were only observed in the spleen and 
not in the mesenteric lymph node (MLN). 
Similarly, in a mouse model of oral sensiti-
zation to cow milk allergens, a recent study 
showed that late colonized ex-GF mice 
had a comparable cytokine production to 
conventional mice in MLN cells reacti-
vated with cow’s milk β-lactoglobulin and 
casein whereas the reactivated splenocytes 
were significantly different.23

Window of Opportunity

Method improvements in the search of 
molecular mechanisms explaining the 
hygiene hypothesis using GF animal 
models are advancing our understand-
ing of how a deprived early-life microbial 
exposure confers risk of persistent unbal-
anced immune responses beyond intesti-
nal borders. A recently published paper 
by Olszak et al.24 demonstrated that only 
microbial exposure of GF mice in early life 
could abrogate an increased accumulation 
of invariant natural killer T (iNKT) cells 
in the lungs and related pathology of an 
allergic asthma model in contrast to late 
colonized GF mice. Systemic NKT cell 
accumulation was similarly detected in 
our ex-GF mice colonized only after one 
and three weeks of age, indicating that 
this effect might be regulated already in 
the very first few days of life. Interestingly, 
they also reported an increased iNKT 
accumulation and associated increase 
in chemokine (C-X-C motif) ligand 16 
(CXCL16) gene expression in the colonic 
lamina propria in late colonized ex-GF 
mice compared with specific pathogen 
free (SPF) mice which implicates the exis-
tence of a close cross-talk between intra- 
and extra-intestinal immunity.

Another recent study investigated 
the impact of an early GF period on the 
immune system and a microarray analy-
sis revealed a prominent decrease in 
especially intestinal microbial signaling 
toll-like receptors (TLRs) in GF and late 
colonized (five weeks) ex-GF mice com-
pared with SPF mice.25 Furthermore, the 
list of overrepresented signal pathways was 
different between late colonized ex-GF 

breast milk and antibiotic therapy. A devi-
ant gut microbiota with less bifidobacteria 
and more clostridia has for example been 
reported in both children born by cesarean 
section (CS) and those with allergies.13,14 In 
addition, higher levels of interleukin (IL)-
13 in stimulated cord blood cells,15 lower 
counts of neutrophils, monocytes and nat-
ural killer (NK) cells16,17 and reduced pro-
duction of IL-4r, IL-1β, IL-6 and tumor 
necrosis factor-α have all been associated 
with CS compared with vaginal delivery.18 
Neonatal antibiotic treatment also confers 
persistent differences in immune com-
ponents that may add to a higher risk of 
immune disorders later in life. Exacerbated 
allergic inflammation was for example 
associated with lower levels of regulatory 
T cells, elevated immunoglobulin E and 
enhanced basophil-mediated T helper 
type 2 cell responses as a result of anti-
biotics.19,20 In addition, specific strains of 
lactobacilli were demonstrated to suppress 
Staphylococcus aureus stimulated IL-4, 
IL-10 and interferon (IFN)-γ production 
in blood mononuclear cells which also 
in vivo showed a clear correlation in the 
infant gut in relation to cytokine secretion 
at two years of age.21 This might explain 
previously reported results of a lower risk 
of allergies in children colonized with lac-
tobacilli whereas the presence of S. aureus 
seems to have the opposite effect.

To investigate the impact of a postna-
tal GF period on gut-related and systemic 
immunity later in life, we delayed the 
colonization of GF mice until one or three 
weeks of age and subsequently kept the 
mice in our less protected rodent facility 
until eight weeks of age.22 Furthermore, 
we looked into the possibility of perma-
nently modifying the gut microbiota and 
host immunity by inoculating GF mice in 
early life with a microbiota from Taconic 
mice which was different from the micro-
biota in our facility. A postnatal GF period 
clearly affected several systemic immune 
cell populations, which is highly indicative 
of the postnatal period to be a critical time 
point for the acquisition of a gut micro-
biota, and it offers a tool to direct immune 
system development in this period of 
time. Accordingly, inoculations of the 
microbiota suspension at three weeks of 
age permanently determined the gut 
microbiota composition and subsequently 
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already from three weeks of age with a 
health certificate solely focused on eradi-
cation of specific infectious agents.34 
However, if manipulation of the early gut 
microbiota with for examples antibiotics, 
diets or by inoculating GF rodents with 
specific bacterial strains, can have lifelong 
impacts on immunity and phenotype of the 
model as discussed above, it offers an inter-
esting opportunity to include characteriza-
tions of the gut microbiota together with 

the gut microbiota composition in early 
life can thus not only decrease but also 
increase disease severity; i.e., mice receiv-
ing subtherapeutic antibiotic therapy in 
early life accumulate fat.33 Hormone lev-
els and expression of genes related to lipid 
metabolism were also increased in these 
mice, likely as a result of the observed shift 
in the composition of the gut microbiota.

In a vendors’ perspective, laboratory 
rodents are shipped off to the researchers 

molecules and responses in the mucosal 
environment. This is a very interesting 
observation as some publications, includ-
ing ours, also showed increased systemic 
adaptive immune reactivity in several 
immune cell compartments following a 
neonatal GF period.23,24,29 Most likely, 
the cross-talk between the mucosal and 
systemic immune cells during normal 
homeostatic conditions regulates and 
suppresses unwanted excessive immune 
responses outside the gut. However, lack 
of microbial signaling in the critical “win-
dow of opportunity” and a persistently 
immature intestinal immune system 
might disrupt this fine-tuned balance.

Future Application

Understanding the gut microbiota and 
its direct or indirect interactions with the 
immune system will provide new ways of 
manipulating host biology; not only in 
humans with the perspective of preventing 
inflammatory diseases, but it also provides 
a rationale for manipulating intestinal 
bacterial communities in prospects of con-
trolling phenotypic variation in immune-
mediated animal models. In support of 
this, studies in mouse models of type 1 
diabetes clearly show that diabetes inci-
dence and onset time can be attenuated 
or accelerated by modifying bacterial and 
dietary antigen exposure. Already in the 
first week of life, oral feeding of a diabeto-
genic diet decreased the pro-/anti-inflam-
matory cytokine ratio in the gut which 
later in life significantly inhibited diabe-
tes in bio-breeding rats.30 Furthermore, 
the optimal prevention of diabetes by 
oral administration of a bacterial extract 
was observed before six weeks of age in 
non-obese diabetic (NOD) mice.31 These 
interventions are most prominent in the 
pre-diabetic stage, suggesting that early 
life events during microbial colonization 
and development of the immune system 
are relevant in modifying autoimmune 
diabetes risk. In addition to this, we have 
previously demonstrated that vancomycin 
treatment of NOD mice attenuated dia-
betes development when they are treated 
only before weaning,32 and in a recent 
study neonatal vancomycin treatment was 
also shown to enhance susceptibility to 
murine allergic asthma.20 Manipulating 

Figure 1. Microbial exposure in the first week of life is central for expression of several immune 
signaling- and response-related genes in the mucosal environment. Relative quantification (RQ) 
of gene expression of immune-regulating receptors (TLR2, TLR4) and cytokines (IL-10, TGF-β, TSLP, 
IFN-γ), the chemokine CXCL16 and the defensin Reg3γ were measured by quantitative real time 
PCR (qPCR) in ileal tissues of specific pathogen-free (SPF), germ-free (GF) and ex-GF mice colo-
nized by co-housing with SPF mice at one (1W) or three weeks (3W) of age. TaqMan assays were 
used for qPCR, and fold change was calculated as 2-ΔΔCT where ΔΔCT = ΔCT(sample) - ΔCT(calibrator), where 
the average ΔCT of samples from SPF mice was used as calibrator. The mean is depicted. ***p < 
0.001, **p < 0.01, *p < 0.05, compared with the SPF group.
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later in life is necessary to fully realize our 
vision. The underlying mechanisms are 
most likely numerous and complex.
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be used systematically in multi-factorial 
studies in which the animals most fit for 
the given type of research are included in 
the experiment. By characterizing the gut 
microbiota of laboratory rodents in early 
life, researchers are able to incorporate this 
knowledge into their data evaluation.

Today, we do not know the proper 
microbiota composition best suited for a 
certain immune response. Differences in 
the initial microbial exposure guide the 
developing immune system in different 
directions,35 and more research is needed 
into the impact that different microbial 
components have on immune profiling. 
Thus, understanding how early life gut 
microbiota influence disease expression 

the hygiene standardization performed 
at the vendor in order to produce differ-
ent sub-colonies of rodent models fitted 
to its experimental purpose and with the 
aim to reduce their inter-individual varia-
tion. In light of these results, our vision for 
future production of laboratory rodents is 
that pups are born under gnotobiotic con-
ditions and kept for a period of time dur-
ing which a desired and durable immune 
response of the mice is primed by inocu-
lating a well characterized gut microbiota 
before they are shipped off to the experi-
mental units in which they are less suscep-
tible to microbial impact on the immune 
system. Rodent models with a controlled 
and described disease expression may then 
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