
Dynamics of microbial colonization
Upon delivery, neonates leave a sterile environ-
ment and are rapidly exposed to and colonized 
by so-called ‘pioneer’ organisms whose compo-
sition is determined by the type of delivery7–9. 
Thus, vaginal delivery is associated with neona-
tal colonization by microorganisms dominant 
in the vaginal tract and feces of the mother, 
while delivery by Cesarean section leads to a dif-
ferent set of pioneer organisms acquired mainly 
from microbial communities that colonize the 
skin of caregivers7–9. The latter circumstance 
is associated with a divergent microbial and, 
presumably, immunological starting point for 
the host at the earliest days of life, with poten-
tial implications for susceptibility later in life 
to immune-mediated diseases. Following initial 
colonization, the subsequent development of 
the host-associated microbiota is characterized 
by a considerable degree of dynamic variation 
in its composition, especially during the initial 
years of life7–10 (Fig. 1). The ensuing trajectory 
toward an increase in the richness and diver-
sity of the colonizing (commensal) microbiota 
is strongly influenced by environmental factors 
and ultimately converges on a unique adult-
associated microbial configuration by around 3 
years of age7–10. The development of microbial 
commensalism in each person is tightly linked 
to maturation of the host’s immune system. At 
the time of birth, the host’s immune system is 
immature. Colonization with nonpathogenic 
microorganisms serves an important role 
in establishing and molding immunological 
competence or, potentially, incompetence and 
dysfunction (Fig. 1)11. Thus, the ‘choreography’ 
of the acquisition of microbes that colonize the 

utes to host biology and health through the 
provision of resistance to colonization,  by 
harmful organisms, participation in metabo-
lism and maturation of the immune system, 
among other pathways2,3. Increasing knowl-
edge of such symbiotic traits thereby continues 
to shift the view of microbes from a pathogen-
dominated perspective to an integrated view 
that acknowledges the beneficial aspects of the 
microbiota.

This is not a new discussion but a continu-
ous one that dates its origins to 150 years ago 
during the earliest days of the scientific inves-
tigation of immunity, as espoused by Pasteur, 
Koch, Mechnikov, Ehrlich and others, who 
actively considered both the beneficial and 
the detrimental aspects of microbes. In the 
most recent iteration of this dialectic through 
the lens of current observations, it has become 
increasingly clear that although less exposure 
to the microbiota as a consequence of changes 
in lifestyle (hygiene) and medical treatment 
(antibiotics) is associated with improved 
control of infectious diseases, it may be an 
important contributor to the observed rise in 
a variety of complex diseases mediated by the 
immune system (‘immune-mediated’ diseases) 
as well as metabolic disorders and, potentially, 
neoplastic diseases1,4–6. This may be especially 
consequential during early life, when the rela-
tionship between commensalism and the host’s 
immune system is just being established7–9. In 
this Commentary, we discuss how treatment 
with antibiotics in early life affects the balance 
between health and disease later in life through 
persistent effects on the human commensal 
microbiota.

“Sow a thought, and you reap an act;
Sow an act, and you reap a habit;
Sow a habit, and you reap a character;
Sow a character, and you reap a destiny.”
—Anonymous (quoted by Samuel Smiles 
in Life and Labor, 1887)

The advent of commercial antibiotics ther-
apy in the early twentieth century revolu-

tionized the medical treatment of infectious 
diseases. Antibiotics, together with other mea-
sures such as vaccination and the broad intro-
duction of hygienic practices, have since led to 
a steady decrease in the morbidity and mor-
tality associated with infectious diseases and, 
remarkably, still reflect an exception to cur-
rent pharmacological treatment in that they 
allow the cure of established disease1. Such 
advances in the treatment of infectious dis-
eases have fueled a pathogen-centric view of 
microbes and the emergence of further efforts 
to minimize contact with the microbial world. 
As a result, society has become overly obsessed 
with obliterating every microbe. However, this 
view has now been challenged by a wealth of 
studies documenting an unforeseen complex-
ity of the human-associated microbiota that 
coexists and has coevolved in a mutualistic 
relationship with its human host and contrib-
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Thus, many studies have demonstrated that the 
use of antibiotics, particularly during infancy 
and childhood, correlates with the occurrence 
of asthma, atopic dermatitis, multiple sclerosis 
and IBD (Fig. 1)21–24. This suggests that altera-
tions in the human-associated microbiota as a 
consequence of changes in lifestyle and anti-
biotics use may influence susceptibility to 
immune-mediated diseases.

Antibiotics and immune-mediated diseases
The human-associated microbiota not only 
provides resistance to colonization with invad-
ing pathogens but also is critically involved 
in the postnatal maturation of mucosal and 
systemic immunity3,11. Perturbation of the 
commensal microbiota due to changes in 
hygiene or treatment with antibiotics may 
affect those processes and lead to persistent 
alterations in host immunity and an increased 
occurrence of immune-mediated diseases. In 
keeping with such findings, mice raised in a 
germ-free environment exhibit hallmarks of 
atopy, including a T helper type 2 signature, 
airway eosinophilia and increased produc-

prevalence of hay fever (allergic rhinitis) and 
eczema5. He suggested that the increasing 
incidence of atopic diseases may result from 
reduced opportunities for infection5. This 
theory, later termed the ‘hygiene hypothesis’, 
gained considerable attention and has since 
served as a possible mechanistic explanation 
for the rise in the incidence of atopic disease 
such as allergic rhinitis, atopic dermatitis and 
asthma1. In addition, more than two decades 
before the publication of Strachan’s work, simi-
lar correlations between hygiene and disease 
were made for multiple sclerosis and were 
later extended to other so-called autoimmune 
or immune-mediated diseases, including type 
I diabetes and inflammatory bowel disease 
(IBD)1. The hygiene hypothesis has since been 
supported by various additional lines of epide-
miological evidence, including, most notably, 
the observation of inverse trends between the 
incidence of infectious and immune-mediated 
disorders, as well as opposite patterns in their 
geographical distribution1. Intriguingly, similar 
concepts seem to apply to antibiotics-mediated 
interference with the commensal microbiota. 

host, as well as their composition, no doubt 
has major consequences for the function of the 
host’s immune system. This is especially true 
during early postnatal life, which represents a 
uniquely vulnerable period during which the 
host is susceptible to environmental influences 
on microbial colonization, the consequences of 
which may reverberate in the host’s life through 
durable epigenetic effects12. In line with such 
considerations, perturbations of the commensal 
microbiota by antibiotics during infancy have 
been linked to the development later in life of 
many complex immune-mediated diseases, as 
discussed below.

Microbial perturbation by antibiotics
Antibiotics continue to be among the most fre-
quently prescribed medications13,14. Children 
represent the age group most commonly 
administered antibiotics, with an estimated 
50% of prescriptions attributed to inappro-
priate use14,15. Not surprisingly, the rate of 
prescriptions for antibiotics correlates with 
resistance to antibiotics, which reflects an 
increasingly relevant medical problem13. In 
addition, antibiotics are ubiquitously present 
in the food supply, which further intensifies 
these problems16.

Only recently has there been a focus on 
understanding the consequences of the 
administration of antibiotics on the struc-
ture and, implicitly, the function of the 
commensal microbial community. Profiling 
of 16S rRNA has revealed that such treat-
ment is associated with broad and profound 
changes in the composition of the commensal 
intestinal microbiota. Such perturbations are 
largely transient and, for most communities, 
are followed by recovery to the pretreatment 
state17–20. However, persistent alterations 
in microbial composition have been docu-
mented for a wide range of antibiotics, with 
each cycle of antibiotic treatment poten-
tially introducing novel and stable changes 
in microbial composition (Fig. 1)17–20. 
Although there has been little study of the 
immunological consequences of the admin-
istration of antibiotics in the general popula-
tion, evidence exists that antibiotics-induced 
changes in microbe composition are associ-
ated with immunological alterations in the 
mucosa6. Thus, despite the well-documented 
resilience of the commensal microbiota, 
treatment with antibiotics is associated with 
persistent changes in microbial composition 
and with potential long-term consequences 
for host immunity (Fig. 1).

Antibiotics and the hygiene hypothesis
In 1989, Strachan reported an inverse rela-
tionship between household size and the 
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Figure 1  Microbial colonization, development of the immune system and their perturbation by 
treatment with antibiotics early in life. Microbial colonization during early postnatal development 
represents a dynamic process, which evolves toward an adult-like configuration within 3 years 
after birth. Colonization by commensals is associated with and required for the maturation of host 
immunity (blue boxes, bottom); this leads to immunological and metabolic homeostasis of the host. 
The influences of microbes on specific pathways of host immunity are often confined to windows of 
opportunity, with a particular role for specific microbes whose effects may be persistent and durable 
in their presence or absence during neonatal life. Treatment with antibiotics is associated with 
alterations in the host-associated microbiota that, even if transient, may lead to persistent alterations 
in immunological function if they occur during such windows of opportunity. Consequently, such 
events may regulate susceptibility later in life to atopic, immune-mediated, metabolic and potentially 
neoplastic diseases, as well as neuropsychiatric disorders. Durable epigenetic changes probably 
contribute to persistent effects of microbial regulation of host immunity. The proposal of strategies to 
reverse epigenetic changes, well illustrated by the ability to convert differentiated cells into pluripotent 
stem cells, thereby suggests that the therapeutic manipulation of epigenetic modifications may 
provide a suitable approach for restoring immunological defects acquired as a consequence of missed 
opportunities for host-microbe interactions. Distance of microbial communities between children 
and adults (vertical axis) is reported according to ref. 10. AMPs, antimicrobial peptides; iLF, isolated 
lymphoid follicle; sIgA, secretory IgA.
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with deletion of the genes encoding Toll-like 
receptor 5, the transcription factor T-bet or the 
pattern-recognition receptor NLRP6 exhibit 
alterations in the intestinal microbiota that 
are transmissible to wild-type mice and that 
increase susceptibility to immune-mediated 
diseases3. This suggests that genetic alterations 
in the host, and particularly those associated 
with immunodeficiency and susceptibility to 
environmental incursions, can regulate pre-
disposition to immune-mediated diseases 
in a manner dependent on alterations in the 
commensal microbiota. Chronic inflamma-
tory diseases such as IBD may thus result from 
aberrant immunological responses to an altered 
commensal microbiota induced by both host 
genetic factors and environmental influences 
(including infections with enteropathogens). In 
addition, the inflammation associated with IBD 
may induce further alterations in the composi-
tion of the microbiota, including the enhanced 
presence of bacteria such as Proteobacteria that 
are normally a minor population in the intes-
tines and may be proinflammatory. Under these 
conditions, pathogenic microbes may gain a 
foothold in disease through the induction of 
inflammation or modulation of the secretion of 
antimicrobial peptides, which creates niches for 
those pathogens and other phyla that function 
as ‘inflammatory allies’, such as Proteobacteria6. 
Treatment with antibiotics may further support 
the generation of such niches, either as a direct 
consequence of impaired resistance to coloni-
zation, as in the antibiotics-associated diarrhea 
linked to infection with Clostridium difficile, or 
indirectly, through effects on the secretion of 
antimicrobial peptides, as noted for vancomy-
cin-resistant Enterococcus42. Thus, pathogens, 
antibiotics and inflammation itself all contrib-
ute to dysbiosis and the pathogenesis of chronic, 
immune-mediated diseases.

Metabolic diseases and the commensal 
microbiota
The metabolic pathways of the human host 
and its microbiota are tightly linked, which has 
probably provided strong selective forces for 
their coevolution2,3. Intestinal microorganisms 
utilize ingested or host-derived carbohydrates as 
their principal energy source and thereby con-
tribute to the extraction of energy from food2. 
Such fermentation processes generate metabolic 
products with beneficial roles in host biology, 
such as short-chain fatty acids2. The central role 
of the intestinal microbiota in host metabolism 
is reflected in the observation that germ-free 
rodents exhibit increased excretion of caloric 
material in the feces, a compensatory increase 
in food intake and resistance to diet-induced 
obesity2. Furthermore, it is likely that many of 
the metabolic effects on germ-free animals are 

exposure to particular microorganisms that 
have coevolved with humans, but are gradually 
disappearing due to eradication by antibiotics 
(or potentially vaccines), would be respon-
sible for the increased incidence of immune-
mediated diseases4,32. In line with this concept, 
the occurrence of immune-mediated diseases 
is indirectly related to exposure to particular 
bacteria (for example, Helicobacter pylori), 
bacterial constituents (for example, lipopoly-
saccharide), viruses (for example, hepatitis A 
virus), fungi (for example, eurotium taxon) 
and parasites (for example, Toxoplasma gon-
dii)4,33–35. While such correlations do not 
prove causality, published evidence suggests 
that some such bacteria and viruses do regu-
late susceptibility to immune-mediated dis-
eases. Thus, exposure of mice to H. pylori or to 
influenza A virus, particularly during the neo-
natal period, protects them from airway hyper-
reactivity through population expansion of Treg 
cells and a subset of iNKT cells36,37. In intesti-
nal immunity, colonization of neonatal but not 
adult mice with Bacteroides fragilis, an abun-
dant commensal in the intestinal ecosystem, 
protects them from intestinal inflammation 
in adult life27. Intriguingly, not only particular 
bacterial species but also single molecular con-
stituents derived from those bacteria are suffi-
cient to ‘program’ host immunity and regulate 
susceptibility to immune-mediated diseases. 
The administration of individual polysaccha-
rides (such as polysaccharide A, PSA) or sphin-
golipids (such as Bf717) derived from B. fragilis 
is associated with persistent effects on host 
immunity and protection in mouse models 
of IBD and multiple sclerosis27,38,39. Similarly, 
protection from intestinal inflammation and 
predisposition to atopic disorders observed 
after the administration of Clostridium strains 
to neonatal mice is mediated by short-chain 
fatty acids, which are metabolic products of 
those bacterial strains and act through periph-
eral induction of Treg cells31,40,41. Thus, persis-
tent loss of dominant microbial regulators of 
host immunity after treatment with antibiotics 
may provide an explanation for the occurrence 
of atopic and immune-mediated diseases.

Alternative explanations to the hygiene 
hypothesis have been proposed. It is thus 
conceivable that the presence of particular 
microorganisms during infection, rather than 
treatment with antibiotics itself, would be the 
basis for a correlation between antibiotic use 
and immune-mediated diseases. This would be 
in line with the association of recurrent infec-
tions with asthma or IBD and with the observa-
tion of primary immunodeficiency in a subset 
of patients with immune-mediated diseases, 
which may result in predisposition to recurrent 
infections. Along similar lines, knockout mice 

tion of immunoglobulin E (IgE) upon antigen 
challenge25. While immunotolerance can be 
restored in germ-free mice upon colonization 
of the intestinal tract with microbes, such res-
toration requires exposure to microbes during 
the neonatal period and is considerably less 
effective when performed in adult mice25. 
Furthermore, early and persistent effects of 
the microbiota on host immunity and suscep-
tibility to immune-mediated diseases are not 
specific to atopic diseases only. Thus, exposure 
of neonatal female mice of the nonobese dia-
betic strain to the intestinal flora of male mice 
protects them from islet inflammation and 
type 1 diabetes in a testosterone-dependent 
manner26. Moreover, microbial coloniza-
tion of neonatal germ-free mice is associated 
with reduced recruitment of invariant natural 
killer T cells (iNKT cells) to the mucosa and 
proliferation of these cells, which protects the 
mice from intestinal inflammation then they 
reach adulthood. Such protective effects are 
not observed when adult germ-free mice are 
colonized with commensal microbes and are 
epigenetically determined12,27.

Notably, treatment of mice with antibiotics, 
particularly during early postnatal develop-
ment, elicits alterations to the immune system 
similar to those observed in germ-free mice, 
including increased production of interleukin 4 
and IgE28–30, diminished numbers of intestinal 
regulatory T cells (Treg cells)31, increased infil-
tration of the colon with iNKT cells12,27 and sus-
ceptibility later in life to allergen-induced airway 
hyper-reactivity29 and colitis12. Such observa-
tions suggest the existence of limited windows 
of opportunity for microbiota-dependent  
regulation of host immunity and further indi-
cate that interference with this process through 
treatment with antibiotics may alter suscepti-
bility to immune-mediated diseases. Consistent 
with the concept of such windows of opportu-
nity, exposure to the microbiota in adulthood 
may not compensate for opportunities missed 
early in life but may in fact promote inflamma-
tion rather than tolerance. This is reflected in 
the observation that while exposure to micro-
bial elements early in life provides the host with 
durable protection from subsequent develop-
ment of immune-mediated disorders, adult 
animal models of immune-mediated diseases 
are often dependent on the presence of the 
microbiota, and infections exacerbate estab-
lished disease or function as risk factors for the 
development of disease in humans.

As an extension of the hygiene hypothesis, 
concepts such as ‘old friends’ and the ‘disap-
pearing microbiota’ have been suggested 
to support an alternative mechanism: the 
‘microbe’ hypothesis. They propose that not 
increased hygiene itself but instead reduced 
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opment of the immune system and ‘legacy’ 
effects on the function of the immune system 
later in life. Similarly, more attention needs to 
be paid to monitoring the structure and func-
tion of the microbial community before and 
after the administration of antibiotics and the 
correlation of that with the function of the 
immune system and metabolic function, as 
well as clinical outcomes. While rodent models 
have provided critical insight into the mecha-
nisms of host-microbe interactions, additional 
research is needed to confirm and extend those 
observations to humans as a first step toward 
the development of clinical concepts that apply 
such knowledge to strategies to maintain or 
restore homeostasis of the immune system. 
In this sense, ‘biobanking’ of fecal materials 
before the administration of antibiotics may 
be considered as a strategy for allowing the 
retrieval of beneficial microbial species for 
later autotransplantation. In addition, thera-
peutic interference with specific molecular 
pathways that provide the basis for persistent 
effects of the microbiota on host immunity, 
such as epigenetic modifications, may allow 
the reversal of immunological defects in ado-
lescents and adults that are acquired as a con-
sequence of altered host-microbe interactions 
during infancy. Finally, the finding of a critical 
role for the commensal microbiota in malignant 
diseases raises the question of whether changes 
in the microbiota, possibly as a consequence of 
treatment with antibiotics in infancy, may set 
the stage for oncological disorders that occur 
many decades after those initial events. Better 
understanding of the mechanisms of host-
microbe mutualism and strategies to prevent 
its perturbation may thus provide pathways to 
longevity and healthy aging.
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associated with the immunological abnormali-
ties of such states, including the consequences of 
impaired production of short-chain fatty acids 
for Treg cells and of reduced production of ATP  
for the TH17 subset of helper T cells31,40,41,43. 
In addition, in humans and mice, not only is 
obesity itself associated with alterations in the 
microbiota, but also the obesity-associated 
microbiota actively contributes to host meta-
bolic dysfunction, dysregulation of the immune 
system and inflammation44,45. Such observa-
tions suggest that perturbations of the intesti-
nal microbiota after treatment with antibiotics 
may affect host and microbial metabolism and, 
through those effects, may affect susceptibil-
ity to immune-mediated diseases. Consistent 
with that, treatment of mice with antibiotics is 
associated with changes in the composition of 
the intestinal microbiota, altered hepatic lipid 
metabolism and adiposity, which is most pro-
nounced when such treatment is started early in 
life16. Moreover, while published epidemiologi-
cal studies have shown that exposure of infants 
to antibiotics is associated with obesity later in 
life46,47. Such results demonstrate that treatment 
with antibiotics affects host metabolism through 
modulation of the intestinal microbiota and may 
contribute to the pathogenesis of prevalent dis-
eases at the interface between metabolism and 
immunity, including obesity, fatty liver disease, 
type 2 diabetes and coronary artery disease.

Conclusions and perspectives
Antibiotics have revolutionized the treatment 
of infectious diseases. However, both their 
appropriate and their inappropriate use are 
associated with potentially deleterious conse-
quences. The use of antibiotics has thus con-
tributed not only to the rise in resistance to 
antibiotics and the emergence of vancomycin-
resistant Enterococcus and new biotypes of  
C. difficile but also to the increasing incidence 
of atopic and chronic inflammatory disor-
ders. Many of these unintended consequences 
derive in particular from the problematic 
use of antibiotics in early life, when the host’s 
newly acquired microbiota and immune sys-
tem are just learning to live with one another. 
In addition to greater deliberation about the 
use of antibiotics in early life, future research 
is needed at many levels. This includes gaining 
better understanding of microbial community 
development at all mucosal surfaces in early life 
and how that is associated with normal devel-
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