Microbiota

The consortium of
microorganisms that inhabit
the body.

Mutualist

Pertaining to a member of the
gut microbiota: a species that
provides a service to the host
while benefiting from the
environment afforded by the
host.

Extra-intestinal disease

A disease that manifests
outside of the gastrointestinal
tract but is influenced by the
gut microbiota.
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Shifting the balance: antibiotic effects
on host—microbiota mutualism

that these effects can be mitigated.

The term microbiota refers to an abundant and diverse
population of bacteria, archaea and fungi that reside in
body sites that are exposed to the environment, with the
highest concentrations of these organisms being found
in the gastrointestinal tract. These mutualists contribute
substantially to host phenotype, so extensively, in fact,
that mammals have been described as ‘superorganisms,
and terms such as ‘ecological development’ have been
coined to signify that development is a product of both
host genetics and interactions with the microbiota'. With
recent advances in our understanding of the intestinal
microbiota and its role in regulating immunity, we are
becoming increasingly aware of the effects that anti-
biotics have on the resident microbial ecosystem and
how they can adversely affect patient health. One of the
most striking examples is antibiotic-associated diarrhoea
(AAD) caused by the expansion of Clostridium difficile,
and subsequent pseudomembranous colitis, which can
result in death’.

Interactions between microorganisms and the host
direct the immune system locally and systemically®. Animal
models demonstrate that antibiotic treatments affect
both the innate and adaptive immune systems dynami-
cally, affecting more than just immune development.
Therefore, disturbances in a healthy adult microbiota can
create opportunities for pathogens to infect and increase
disease severity* . Antibiotics also provide excellent tools
to study the role of the microbiota in protecting from
and contributing to intestinal and extra-intestinal diseases,
including gastroenteritis induced by Salmonella enterica
subsp. enterica serovar Typhimurium, multiple sclerosis,
diabetes, autism and atopic diseases”"" (FIG. 1; TABLE 1).

Benjamin P. Willing*$, Shannon L. Russell**$ and B. Brett Finlay **

Abstract | Antibiotics have been used effectively as a means to treat bacterial infections in
humans and animals for over half a century. However, through their use, lasting alterations
are being made to a mutualistic relationship that has taken millennia to evolve: the
relationship between the host and its microbiota. Host-microbiota interactions are dynamic;
therefore, changes in the microbiota as a consequence of antibiotic treatment can result in
the dysregulation of host immune homeostasis and an increased susceptibility to disease.
Abetter understanding of both the changes in the microbiota as a result of antibiotic
treatment and the consequential changes in host immune homeostasis is imperative, so

The microbiota protects the host from incoming
pathogens through various mechanisms, including com-
petition for space or binding sites, competition for nutri-
ents by bacteria with similar nutrient requirements, and
direct inhibition through the release of inhibitory mol-
ecules (reviewed in REF 12). However, the focus of this
Review is on how antibiotics affect the microbiota, how
these changes affect immune homeostasis and how loss
of immune homeostasis creates susceptibility to disease.
Although the focus here is on negative impacts on the
microbiota and the host, antibiotics will continue to be
important tools in the battle against infectious disease.
Therefore, strategies are required to allow mucosal and
immunological integrity to be maintained when antibiot-
ics are administered. New therapeutic approaches towards
this aim include faecal bacteriotherapy from healthy donors
following antibiotic treatment, and exogenous immune
activation during the course of antibiotic therapy'*'.

Impact of antibiotics on the microbiota

To understand the consequence of antibiotics on immune
homeostasis, we must first understand how they affect the
intestinal microbial ecosystem. Antibiotics are selectively
administered to target a specific pathogenic population.
However, most antibiotics produced have broad-spectrum
activity so that they can be used to treat many diseases'”.
Therefore, although antibiotics are designed to target
pathogenic organisms, related members of the micro-
biota are also affected, often leaving an imprint on the
gut community long after the antibiotics have been
removed'®". Antibiotic use also promotes the expansion
of antibiotic-resistant strains, which can act as a lasting
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Figure 1| Oral antibiotics have been associated with changes in numerous

intra- and extra-intestinal diseases. Several associations between oral antibiotics and
intra- or extra-intestinal diseases (indicated in the figure) have been made in clinical
studies, whereas other such associations have only been made in experimental

models to date. CDAD, Clostridium difficile- associated diarrhoea; EAE, experimental
autoimmune encephalopathy; T1D, type 1 diabetes; T2D, type 2 diabetes;

VRE, vancomycin-resistant Enterococcus.

Bacteriotherapy

The introduction of the
microbiota from a healthy
donor into a patient with an
imbalanced microbiota.

Sub-therapeutic
Below the dosage levels used
to treat diseases.

Gut homeostasis

The dichotomy between
preventing infection by luminal
microorganisms and avoiding
overt intestinal inflammation.

Co-evolved

Resulting from the evolution of
interdependent species, such
that each organism adapts to
changes in the other.

reservoir for resistance genes in the gut microenviron-
ment's. Antibiotic treatment is typically followed by a
decrease in the diversity of the microbiota', but the com-
munity is resilient and resembles the pretreatment state
in a matter of days or weeks'>*. Although most of the
microbiota return to pretreatment levels, some members
do not and are lost from the community indefinitely'*"”.

The microorganisms that are affected by antibiotic
therapy are not limited to those that are directly targeted
by the antibiotic. A complex network of co-dependence
exists among members of the microbiota, driven by dif-
ferential metabolite production and utilization pathways.
These ecological interactions have been demonstrated
in colonization models involving prominent members
of the intestinal microbiota?'. Microorganisms can be
dependent on other colonizers for the provision of nutri-
ents or secondary metabolites”, or for the removal of
waste products that become toxic if they build up. For
example, because of their co-dependence, the archaeon
Methanobrevibacter smithii and the bacterium Bacteroides
thetaiotaomicron were able to colonize germ-free mice
more effectively when they were introduced together
than when they were introduced alone®'. Therefore,

antibiotics may target specific bacteria, but other species
that exchange secondary metabolites or waste products
with the targeted species are indirectly affected (FIG. 2).
This phenomenon was seen for treatment with vancomy-
cin, after which some Gram-negative populations were
dramatically depleted, despite the antimicrobial activ-
ity of the antibiotic being restricted to Gram-positive
organisms®.

Antibiotics shift the composition of the microbiota in
different ways depending on their spectrum of activity,
a factor that can be useful in identifying which bacterial
groups correlate to disease susceptibility or changes in
host immunity. These antimicrobials also have differ-
ent effects on diversity, bacterial biomass and the ability
of the microbiota to recover post-treatment?. Although
the spectrum of the antibiotic is paramount, the admin-
istrated dose is also extremely important for determin-
ing the ecological impact of a drug on the microbiota.
Sub-therapeutic doses of antibiotics are used in the agri-
culture industry both prophylactically and to promote
animal growth. Antibiotic growth promoters have been
criticized because, although they do not reduce the total
bacterial biomass, they shift the composition of the
microbiota and promote dangerous levels of antibiotic
resistance®. In piglets that are given amoxicillin 1 day
after birth, the microbiota remains substantially altered
5weeks after treatment, further emphasizing the long-
term effects of antibiotics on gut homeostasis®. The thera-
peutic doses that are used in clinical practice are designed
to minimize the effects on the host while maximizing
pathogen clearance. These doses do not typically reduce
the total bacterial biomass in the gut, but the elimination
of subsets of the microbiota can shift the community in
ways that promote colonization by opportunistic patho-
gens such as C. difficile” and Candida albicans®. It should
be noted that effects on the intestinal microbiota and
mucosal immunity are not limited to orally administered
antibiotics®. Systemically delivered antibiotics can have
impacts on the intestinal microbiota, as they can reach
the gut through the biliary system®. Even antibiotics that
are secreted by the biliary system in only low amounts
have been shown to have effects on the gut microbiota®.
Antibiotic doses above therapeutic levels are used pri-
marily for research purposes in which the depletion of
the total bacterial biomass is required to test for a role
of the microbiota.

Why antibiotics affect the host

Through the course of mammalian evolution, the
microbiota has been selected to provide a vast number
of services to the host, ranging from the provision of
nutrients to the regulation of immune function. Host-
microorganism interactions are surprisingly specific,
as demonstrated by the inability of microorganisms
from the human gut to appropriately regulate immune
development of the mouse®**. These specific interac-
tions, which are highly co-evolved processes, are altered
or lost as a consequence of antibiotic treatment, leading
to effects on host health. Changes that are induced by
antibiotic treatment and that are important to microbial
regulation of host immunity include the loss of bacterial
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Table 1| Associations between antibiotics and disease phenotypes

Antibiotics

Many antibiotics
(e.g. clindamycin)

Unspecified*

Cephalosporins

Unspecified*

Cocktail of
kanamycin,
gentamicin, colistin,
metronidazole and
vancomycin, and
clindamycin injection
High-dose
streptomycin

Vancomycin or
streptomycin

Streptomycin

Cefoperazone

Kanamycin

Cocktail of ampicillin,

Clinical or
experimental
disease

Clinical

Clinical

Clinical

Clinical

Experimental

Experimental

Experimental

Experimental

Experimental

Experimental

Experimental

Disease or disease
model

CDAD

Asthma or wheezing,
eczema and allergic
sensitization

Asthma

Vulvovaginal
candidiasis

CDAD

S. Typhimurium-
induced colitis

S. Typhimurium-
induced colitis

Cholera

Allergic-airways
disease

Atopic dermatitis

EAE

Effects on the microbiota

Uncharacterized

Uncharacterized

Suppression of lactobacilli and
bifidobacteria, and overgrowth of
C. difficile

Loss of vaginal lactobacilli and
overgrowth of C. albicans

Antibiotic cocktail and clindamycin
injections are required to achieve
sufficient disruption of the
microbiota prior to infection with
C. difficile

95% of the total bacteria are
eliminated

Shifts in composition occur ( at the
phylum level), but the total number
of bacteria is unaffected

Total number of bacteria is
significantly reduced

Total number of bacteria is
significantly reduced, allowing
overgrowth of C. albicans

Total number of anaerobes
(specifically, lactobacilli) is
significantly reduced

Total number of bacteria is

Outcome of disease or disease
model

CDAD

Increased susceptibility to asthma

or wheezing, but not to eczema, and

no allergic sensitization

Increased susceptibility to asthma

Vulvovaginal candidiasis

Close resemblance to the human
disease characteristics

S. Typhimurium is better able

to colonize the intestine of
mice, creating a better model of
gastroenteritis

Treated hosts are rendered more
susceptible to S. Typhimurium
infection than untreated hosts,
and both antibiotics allow better
S. Typhimurium colonization

V.cholerae is better able to colonize
the intestine of guinea pigs,
creating a better model to study
cholera

Allergic-airways disease develops
after challenge with mould spores

Clinical scores for atopic dermatitis
are significantly higher

EAE clinical scores are significantly

Refs

118

91-93

119

28

77

82

10

120

11,95

96

9,97,

vancomycin,
neomycin sulphate
and metronidazole

significantly reduced

lower 98

C. albicans, Candida albicans; CDAD, Clostridium difficile-associated diarrhoea; EAE, experimental autoimmune encephalitis; S. Typhimurium, Salmonella enterica
subsp. enterica serovar Typhimurium; V. cholerae, Vibrio cholerae. *No specific classes of antibiotic were identified.

Microorganism-associated
molecular pattern

A molecule that is found as
part of a microorganism and is
recognized by cells of the host
innate immune system.

Pattern recognition receptor
A protein that is expressed as
part of the innate immune
system and recognizes a micro-
organism-associated molecular
pattern; when activated, these
receptors elicit a downstream
immune response.

ligands that are recognized by the host, alterations in the
metabolites produced by the microbiota and the loss of
specific bacterial signals.

Loss of bacterial ligands that are important for immune
induction. An important mechanism through which
the microbiota affects host immunity is the activation
of microorganism-associated molecular pattern (MAMP)
recognition receptors, including Toll-like receptors
(TLRs) and NOD-like receptors (NLRs). These pattern
recognition receptors (PRRs) are activated by ligands from
intestinal microorganisms, including lipopolysaccharide
(LPS), lipoteichoic acid (LTA), flagellin, CpG DNA and
peptidoglycan®. PRR signalling has been shown to be
important in a range of homeostatic mechanisms that
involve epithelial integrity and repair, as well as mucosal
immune functions (reviewed in REF. 35). Depletion of

the microbiota using antibiotics certainly reduces the
amount of MAMPs coming into contact with the epi-
thelium; antibiotics targeting Gram-negative bacteria
would primarily affect TLR4 and nucleotide-binding
oligomerization domain-containing protein 1 (NOD1)
activation, whereas antibiotics targeting Gram-positive
bacteria would primarily affect TLR2 and NOD2 activa-
tion. Of note, not all LPS or LTA is equal in its ability
to stimulate host responses™. A number of studies have
shown that depletion of the microbiota as a consequence
of antibiotic treatment results in reduced TLR signalling
and downstream regulation of innate defences®.

Changes in bacterial metabolites. As well as having
different abilities in terms of activating PRRs, each
population of bacteria carries out specific metabolic
processes. Correspondingly, the composition of the

NATURE REVIEWS ‘ MICROBIOLOGY

VOLUME 9 [ APRIL 2011 [ 235

© 2011 Macmillan Publishers Limited. All rights reserved



REVIEWS

a Untreated state

Intestinal lumen

e

Polysaccharide

ut% /\

Primary food
source

CH,

0?@°

Mucus layer

IEC

b Antibiotic-treated state

o 0 .
o

@ Secondary

metabolite O

Secondary—
metabollte

O

Waste
remover

A

Tight
junction

Ant|b|ot|cs

Q, o

B Susceptible
Bwtdbu;?;)f toxic ’ "
metabolites /—-;
0 *

57

Direct . g
target » ~
Toxic!

Loss of required
nutrients

o

Indirect
. target

NI NI LE LTI AN

Figure 2 | Antibiotics have direct and indirect effects on the gut microbiota. a | Mutualism exists between gut
symbionts and the host in the absence of antibiotics. Co-dependence among symbionts is exemplified by the relationships
shown in the intestinal lumen in the figure. A polysaccharide utilizer acquires a primary food source from the environment,
obtains energy through the metabolism of that food source and produces secondary metabolites as by-products into the
surrounding environment. These secondary metabolites are used as fuel by neighbouring symbionts (secondary-metabolite
utilizers) that are unable to break down complex primary food sources. The secondary-metabolite utilizers produce waste
products, such as H,, that are taken up by waste removers, which metabolize these waste products to make their own
energy (for example, through methanogenesis). b | When antibiotics are introduced, mutualistic traits of the symbionts
that are directly targeted (solid crosses) by the antibiotic are eliminated, and the microorganisms that are involved in
those mutualistic associations are indirectly affected (dashed crosses). As an example, the loss of a targeted secondary-
metabolite utilizer could promote the build-up of toxic secondary metabolites and/or eliminate a nutrient source for a

Short-chain fatty acid

A fatty acid that is produced
by the microbiota through the
fermentation of host dietary
fibre.

Metabolomic

Pertaining to the study of the
collective metabolites in an
environment.

waste remover. [EC, intestinal epithelial cell.

microbiota has been shown to correlate with both faecal
and urinary metabolites®®*. Thus, antibiotic treatment
results in changes in the metabolic profiles of intesti-
nal contents and faeces, as well as those of the blood
and urine (following absorption of metabolites from
the gut). Metabolic profiles have been studied in mice
under various antibiotic regimens**'. A common feature
of the metabolic profiles of antibiotic-treated mice and
humans is a reduced production of short-chain fatty acids
(SCFAs)*-*. Two independent metabolomic studies of
enrofloxacin- or vancomycin-treated mice showed
decreased concentrations of amino acids and SCFAs in
faeces from treated mice compared with concentrations
in faeces from untreated mice, whereas oligosaccharide
levels were increased in faeces from treated mice, indi-
cating that microbial fermentation of carbohydrates
was disrupted*’. Although vancomycin had a dramatic
effect on Clostridium leptum and Clostridium coccoides
clusters (important butyrate-producing bacteria),
these populations recovered 2-3 days post-treatment,
coinciding with a recovery of fatty acid levels by day 7.
In agreement with observations that some populations

of bacteria do not recover after antibiotic treatment,
levels of some metabolites had not recovered weeks after
the cessation of antibiotic treatment*'.

The depletion of SCFAs following antibiotic treat-
ment is important with regard to intestinal health and
immunity. SCFAs are rapidly absorbed in the colon,
providing a preferred energy source for colonocytes and
regulating cell proliferation, differentiation, growth
and apoptosis* . Butyrate is the SCFA with the strong-
est effect on the cell cycle and has also been implicated
in regulating many aspects of intestinal immunity.
Effects on mucosal defence include improved tight
junction assembly, antimicrobial secretion and mucin
expression”*. Most studies have described butyrate
as anti-inflammatory in the gut; for example, it has
been shown to inhibit the constitutive expression of
monocyte chemotactic protein 1 (MCP1; also known
as CCL2) in a dose-dependent manner, both in the
absence and in the presence of LPS®, and to reduce
neutrophil production of reactive oxygen species®'.
These anti-inflammatory properties are generally con-
sidered to be beneficial, preventing overt inflammation,
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Anergy
Reduced responsiveness to an
antigen.

Antimicrobial peptide

A peptide that is secreted as
part of the innate immune
response and has
broad-spectrum antibiotic
activity.

Tolerization

The development of tolerance
to innocuous antigens,
including food and resident
microbiota, thus contributing
to intestinal homeostasis.
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oxidative stress and carcinogenesis™. Butyrate’s anti-
inflammatory effects on neutrophils may contribute to
the increased infiltration of neutrophils that is observed
in mice that are treated with streptomycin and then
infected with S.Typhimurium, and could result in an
increased inflammatory state in neutrophil-associated
diseases. One mechanism by which butyrate acts is to
induce peripheral blood mononuclear cells to produce
prostaglandin E , a prostanoid that reduces the LPS-
mediated induction of tumour necrosis factor (TNF)
expression®. Intriguingly, reduced concentrations of
prostaglandin E, metabolites have been observed in
patients with Crohn’s disease, along with a disrupted
microbiota, reduced butyrate production and uncon-
trolled intestinal inflammation®***. However, the effects
of butyrate can be cell specific; therefore, caution should
be used when interpreting the results of such studies. For
example, the effect of butyrate on cathelicidin expres-
sion and antimicrobial activity is specific to colono-
cytes, as the molecule does not have the same effect on
keratinocytes or monocytes*. Butyrate has also been
shown to increase the expression of NOD2, resulting
in an increased induction of interleukin-8 (IL-8) fol-
lowing NOD?2 activation by peptidoglycan in intestinal
epithelial cells®. As well as playing an important part in
regulating mucosal immunity, SCFAs also regulate T cell
anergy, identifying these cells as targets for systemic and
obesity-associated inflammation®. Taken together, the
data indicate an important anti-inflammatory role for
butyrate, suggesting that the reduced butyrate levels
seen during antibiotic treatment may contribute to
increased inflammation following pathogen insult.

Butyrate is certainly not the only microbial metabo-
lite that affects the host. However, in general, the
metabolites produced by the microbiota are poorly
understood. In a study examining metabolites in the
faeces of patients with Crohn’s disease, most (~90%) of
the metabolites that correlated with disease could not be
assigned to any metabolic pathway, indicating that the
established databases are incomplete®. Many of these
unknown metabolites probably have important roles
in regulating host physiology and mucosal immune
homeostasis.

Loss of specific bacterial signals. The loss of specific
bacteria also means the loss of specific signals that are
associated with those bacteria. For example, although
the process is not yet well understood, the population
of segmented filamentous bacteria (SFB) is particularly
adapted to induce the differentiation of T helper 17
(T,17) cells. Other specific microbial signals are
involved in inhibiting inflammation. For example,
B. thetaiotaomicron limited the inflammation induced by
Salmonella enterica subsp. enterica serovar Enteritidis
by activating nuclear export of nuclear factor-xB
(NF-xB) through a peroxisome proliferator-activated
receptor-y (PPARy)-dependent pathway®. Saccharomyces
boulardii reduced host inflammatory responses by
secreting a heat-stable, water-soluble factor that
blocked the degradation of NF-«B inhibitor-a (IkBa),
thus reducing NF-«B binding to DNA and subsequent

IL-8 expression®®. Polysaccharide A, a component of
Bacteroides fragilis, is able to induce FOXP3* regulatory
T cells to produce IL-10, preventing inflammation in an
experimental model of infectious colitis™. It is expected
that many more microorganism-specific signals remain
uncharacterized.

Antibiotic-related changes in immunity

The microbiota has many key roles in preparing the
mucosal immune system for battle against infection.
Germ-free animals have poorly developed lymphoid
tissue, reduced and imbalanced T cell populations,
increased intestinal permeability, and reduced expres-
sion of antimicrobial peptides (AMPs) and secretory
immunoglobulin A®. Although germ-free models have
provided interesting contributions to our understand-
ing of the role of the microbiota in immune develop-
ment, these models do not address how changes in the
microbiota later in the life of the host may affect host
immunity. Studies using antibiotics have revealed that
the microbiota not only contributes to development, but
also is required for maintenance of the immune system
(TABLE 2).

Many studies report reduced expression and secre-
tion of AMPs on antibiotic treatment. AMPs, includ-
ing C-type lectins, defensins and cathelicidins, are the
first line of defence to incoming pathogens, as they
are secreted into and maintained in the mucus layer®'.
AMPs have direct antimicrobial activity and are vari-
ably expressed between intestinal cell types; however,
enterocytes, goblet cells and particularly Paneth cells all
contribute to their production. Treatment with a com-
bination of vancomycin, neomycin and metronidazole
resulted in reduced expression of the gene encoding
REG3y, a C-type lectin that targets Gram-positive bac-
teria®. The expression of this gene could be corrected
by administering LPS from Gram-negative bacteria,
but not LTA from Gram-positive bacteria®. Conversely,
treatment of mice with streptomycin has been shown
to affect transcription of the mRNA encoding REG3p.
The depletion of this transcript, and of the protein itself,
seemed to be caused by reduced microbial activation
of TLR2, as adding a TLR2 agonist resulted in recovery of
expression®’.

Global gene analysis revealed that amoxicillin treat-
ment also resulted in decreased expression of genes
involved in antimicrobial defence, including those
encoding a-defensins, matrilysin and phospholipase A2
(REF. 63). Although treatment with amoxicillin had no
effect on total bacterial numbers in the small intestine,
it nearly eradicated the lactobacilli. It should be noted
that host responses differ depending on the location
examined. Of the hundreds of genes affected by amoxi-
cillin treatment, very few showed overlapping changes
in the proximal small intestine, distal small intestine
and large intestine. The only genes that were globally
downregulated were those involved in antigen presenta-
tion, including those encoding major histocompatibility
complex (MHC) class II and MHC class Ib complexes.
Importantly, MHC class II complexes are required for
tolerization to luminal antigens®.
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Table 2 | Antibiotic-associated changes in immunity

Antibiotic

Vancomycin, neomycin and
metronidazole

Streptomycin

Amoxycillin

Polymyxin B

Vancomycin or ampicillin

Ampicillin, gentamicin, metronidazole,
neomycin and vancomycin
Streptomycin and cefotaxime
Metronidazole

Ampicillin, vancomycin, neomycin and
metronidazole

Amoxicillin and clavulanic acid

Ampicillin, neomycin sulphate,
metrondiazole and vancomycin

Effects on the microbiota

* Reduced total bacteria
* Reduced total bacteria

¢ Change in the microbial composition
* Depletion of lactobacilli

* Unknown

* Depleted Gram-positive bacteria
* Depleted SFB

* Reduced total bacteria

* Reduced total bacteria

* Changes in the composition
* More Bifidobacterium spp.

* Reduced bacterial ligand CpG DNA

* Undetermined change in the
microbiota

* Reduced total bacteria

Effects on immunity Refs

* Reduced expression of REG3y 5
(recovered with LPS treatment)

* Reduced expression of REG3f3 37
(recovered with a TLR2 agonist)

* Reduced antimicrobial defence 63

* Reduced expression of MHCmolecules

* Increased mast cell proteases

* Increased mast cell numbers 65

* Depletion of T helper 17 cells 4,6

* Reduced expression of IFNy and IL-17A by CD4* T cells 69

* Reduced production of RELM

* Reduced expression of TLR2 and TLR4 in peritoneal 70
macrophages

* Macrophages less able to respond to LPS induction

e Disrupted mucus layer 75

* Increased colonization of intestinal crypts

* Suppressed immune response to oral vaccination and 84
infection

* Reduced systemic IgG 85

* Reduced bacteriocidal activity of bone 3

marrow-derived neutrophils

IFNy, interferon-y; IgG, immunoglobulin G; IL-17A, interleukin-17A; LPS, lipopolysaccharide; MHC, major histocompatibility complex; RELMB, resistin-like
molecule-B; SFB, segmented filamentous bacteria; TLR, Toll-like receptor.

Although amoxicillin treatment reduced the expres-
sion of genes related to antigen presentation and the secre-
tion of defence molecules, this treatment increased the
expression of mast cell proteases. In fact, increased
numbers of mucosal mast cells have been associated
with the administration of other antibiotics®>. Mast cells
play a part in host defence against pathogens®, but they
also have a key role in chronic intestinal inflamma-
tion®. Treatment with antibiotics alone did not result
in increased signs of inflammation; however, increased
mast cell number and activity may predispose the host
to exacerbated inflammatory reactions following insult
with a pathogen.

Depleting specific subsets of the microbial population
with antibiotics has provided clues as to which bacteria
are responsible for regulating T cell differentiation and
activation. The treatment of mice with vancomycin or
ampicillin, which target Gram-positive bacteria, resulted
in a depletion of T, 17 cells in the intestine, whereas treat-
ment with metronidazole and neomycin sulphate, which
target strict anaerobes and Gram-negative bacteria,
respectively, had no effect on the T, 17 cell population”.
It was this preliminary evidence that identified Gram-
positive bacteria, and more recently SFB, as major con-
tributors to this T cell phenotype®. It has also been shown
that specific populations of mutualistic bacteria — not
including those obligate anaerobes that are affected by
metronidazole treatment — are required for maintaining
IL-17 production by y§ T cells®.

The reduced frequency of CD4* T cells expressing
interferon-y (IFNy) or IL-17A following a 10-day antibiotic
treatment period (using a combination of ampicillin,

gentamicin, metronidazole, neomycin and vancomycin)
supports the role of continued microbial signalling in
maintaining effector T cell populations in the gut®. As
well as affecting T cell activity, this combination of anti-
biotics was found to reduce the production of resistin-like
molecule-B (RELM), another important AMP produced
by goblet cells®. The changes that were seen in the micro-
bial population with this antibiotic treatment were exten-
sive, but in general the species most strongly affected
were members of the phylum Firmicutes, whereas certain
members of the phyla Bacteroidetes and Proteobacteria
were able to persist®.

As well as influencing antimicrobial defences, anti-
biotics can affect the activity of immune cells. The eradica-
tion of enteric bacteria from 8-week-old mice after 3 weeks
of antibiotic administration has recently been shown to
reduce the expression of TLR2 and TLR4 in peritoneal
macrophages”. This reduced expression of TLRs resulted
in a markedly impaired response to challenge with LPS,
indicating that continued mucosal stimulation by enteric
bacteria is required for the priming of macrophages in
preparation for invasion”. How this phenomenon is
affected by short-term antibiotic therapy or more clinical
doses has yet to be shown.

Mucosal imbalance leads to susceptibility

Changes in immunity, such as those that occur as a con-
sequence of antibiotic treatment, result in increased sus-
ceptibility to infection by pathogens (FIC. 3). Antimicrobial
secretions have been shown to be very important for
impeding colonization of enteric pathogens®”". The dis-
ruption of mucus layer integrity, as is seen in mucin 2
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Figure 3 | Antibiotics alter epithelial homeostasis in the gut and enhance host
susceptibility to incoming pathogens. a | In the absence of antibiotics, epithelial
homeostasis is maintained. Microorganism-associated molecular patterns (MAMPs) from
the microbiota are sensed intracellularly and extracellularly by pattern recognition
receptors (PRRs) (that is, Toll-like receptors and NOD-like receptors). PRRs that recognize
MAMPs from the microbiota instruct intestinal epithelial cells (IECs) called Paneth cells
to secrete antimicrobial peptides (AMPs; for example, C-type lectins, defensins and
cathelicidins) into the adjacent mucus layer. Secretory immunoglobulin A (IgA) and AMPs
are important for controlling bacterial numbers and maintaining epithelial homeostasis.
Tight junctions and a thick mucus layer prevent incoming pathogens from damaging the
mucosal barrier. b | Antibiotic exposure disrupts epithelial homeostasis. Subsets of the
normal microbiota are lost, thus reducing epithelial exposure to microbiota-derived
MAMPs. Fewer MAMPs result in decreased host-microbiota signalling (that is, decreased
PRR stimulation), which leads to decreased AMP production by [ECs. Some antibiotics
cause thinning of the mucus layer and disruption of tight junctions, rendering the host
more susceptible to damage to the mucosal barrier, caused by incoming pathogens. The
loss of AMP production and of the integrity of the epithelial cell barrier facilitates
successfulinvasion by enteric pathogens.

(Muc2)-knockout mice, allows bacteria to contact the
epithelium and, indeed, results in increased attachment of
the enteric pathogen Citrobacter rodentium’”. Treatment
with metronidazole — an antibiotic that targets anaero-
bic bacteria — affects the expression of MUC2, reduces
the integrity of the mucous layer and accelerates mucosal
attachment of C. rodentium’™. Intriguingly, streptomycin
treatment did not result in reduced MUC2 expression,
thus implying that bacteria which are obligate anaerobes
(which are targeted by metronidazole but not strepto-
mycin) are involved in triggering MUC2 expression.
Treatment of rats with metronidazole also resulted in
modifications in the mucus layer, resulting in greater
microbial colonization of intestinal crypts™.
Vancomycin-resistant Enterococcus (VRE) was also
able to colonize more effectively in mice treated with anti-
biotics. Increased colonization was not a result of reduced

competition, but was instead due to a reduced production
of the antimicrobial peptide REG3y, as a consequence of
depleted microbial signals®. A recent study of patients
undergoing allogeneic haematopoietic stem cell trans-
plantation also revealed that antibiotic treatment enabled
VRE strains to dominate the microbiota, an event shown
to precede bacterial invasion into the bloodstream’. It
is likely that parallels can be drawn between infection
with VRE and with C. difficile. Antibiotic-induced sus-
ceptibility to C. difficile has been reproduced in a mouse
model, providing a means of identifying how changes
in mucosal immunity correlate with disease””. However,
it has yet to be determined whether host resistance to
colonization by C. difficile is a product of changes in host
immunity, or due to direct inhibition or competition
from the microbiota. Certainly, immunological changes
would be expected, as demonstrated in certain cases of
AAD: changes in the composition of the microbiota in
individuals with AAD have revealed a marked decrease
in the prevalence of butyrate-producing bacteria™.

It has recently been shown that S. Typhimurium uses
gut inflammation to its competitive advantage when
colonizing the gut”. Specifically, reactive oxygen species
produced on initial pathogen insult react with luminal
sulphur compounds to form tetrathionate, a respiratory
electron acceptor that is used by S. Typhimurium to gain
a competitive advantage®. Interestingly, the inflamma-
tion that is activated on initial infection and required
for S. Typhimurium to expand and cause colitis does
not occur in mice unless they are pretreated with anti-
biotics'’. Probiotics have been shown to prevent colitis
by inhibiting P-selectin upregulation and, thus, reduc-
ing the interactions between endothelial cells and both
leukocytes and platelets®. Therefore, although this has
not yet been shown experimentally, one might speculate
that the loss of microbiota-produced anti-inflammatory
signals that is known to occur on antibiotic treatment
(as discussed above for butyrate) is involved in the
increased inflammation that is seen on infection with
S. Typhimurium. The high-dose streptomycin pretreat-
ment model used in S. Typhimurium-induced colitis
suggests that the microbiota as a whole was inhibiting
S. Typhimurium colonization in the gut®. However, low-
dose administration of streptomycin and vancomycin
also enabled colonization by S. Typhimurium', suggesting
that different subsets of the microbiota are involved in
modulating susceptibility to S. Typhimurium infection
in the intestine. High-dose streptomycin treatment was
also found to cause alterations in the microbiota that
persisted for several weeks and resulted in continued sus-
ceptibility to S. Typhimurium-induced gastroenteritis®.

Antibiotic-mediated depletion of bacteria has also
been shown to affect the development of an adaptive
immune response. Reducing the amount of CpG DNA
(a bacterial MAMP) resulted in suppressed immune
responses to oral vaccination with an antigen and to oral
infection with a protozoan parasite®. Combined treat-
ment with amoxicillin and cluvulanic acid also resulted
in reduced serum IgG levels, although IgA concentra-
tions were unaffected®, suggesting that systemic effects
occurred.
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Hygiene hypothesis

The hypothesis that insufficient
exposure to microorganisms,
parasites and infectious agents
alters natural immune
development, leading to an
increased susceptibility to
allergic diseases.

Atopy

An allergic reaction that is
characterized by
immunoglobulin E-mediated
inflammation.

Systemic effects

We are now learning that germ-free mice also have several
extra-intestinal deficits, indicating that the effects of the
microbiota on the host — which were previously believed
to be restricted to the gut — have systemic implications.
Antibiotic-induced perturbation of the microbiota dem-
onstrated that NOD1-mediated recognition of peptido-
glycan from Gram-negative bacteria is required for the
generation of adaptive lymphoid tissues®. Microbiota-
derived peptidoglycan has been shown to interact with
NODI (REF. 3) and to therefore systemically prime the
innate immune system. This priming occurs through a
mechanism that involves peptidoglycan from the micro-
biota entering the circulation, binding NOD1 receptors in
bone marrow-derived neutrophils and initiating a signal-
ling cascade that enhances the ability of these neutrophils
to kill microorganisms®. The concept of the microbiota
affecting systemic immunity is not new: over 10years
ago, antibiotics were used to show that antigens from
the microbiota were involved in regulating cell-mediated
responses by priming CD4* T cells to secrete IL-4 (in other
words, to become T 2 polarized)®. This was observed
even after challenge with Leishmania major, a pathogen
requiring a T, 1-type response for clearance.

Antibiotics have also been used to investigate the role
of extra-intestinal diseases that are caused by gut-specific
microorganisms. Over the past few decades, there has
been an increase in the prevalence of immunological
disorders (both of autoimmune and of atopic origin) in
the developed world. These observations, in combination
with causal relationships established by animal models
and clinical studies, have provided increased support for
the hygiene hypothesis®*. Recent epidemiological stud-
ies have associated early antibiotic use with an increased
risk of atopy®'~*, encouraging an extension of the hygiene
hypothesis, coined the ‘microflora hypothesis. This is the
theory that reduced microbial exposure during childhood
inhibits normal maturation of the intestinal microbiota,
altering immune development in a way that enhances
the symptoms of allergic hypersensitivity®. Although
these studies remain correlative, antibiotic exposure in
animal models of allergic-airways disease'"** and atopic
dermatitis® support these findings; however, most of the
mechanisms involved in these models remain undefined.

Although no studies have linked antibiotic exposure
to autoimmunity in a clinical setting, experiments in ani-
mal models have provided some exciting insights. Oral
antibiotic treatment has demonstrated the substantial
impact of the microbiota on experimental autoimmune
encephalomyelitis (EAE), the experimental model of
multiple sclerosis. Depleting the intestinal microbiota
with a cocktail of antibiotics impaired the development
of EAE. Protection was accompanied by diminished
pro-inflammatory responses and an accumulation
of FOXP3" regulatory T cells in the peripheral lymph
nodes”. Interestingly, antibiotic-treated mice recon-
stituted with polysaccharide A-producing B. fragilis
remained protected from EAE, whereas colonization
of mice with a polysaccharide A-deficient mutant of
B. fragilis restored EAE susceptibility. Recent data suggest
that polysaccharide A enhances the conversion of naive

CD4" T cells into IL-10-producing FOXP3" regulatory
T cells through induction by tolerogenic CD103* DCs, an
effect that protects mice against EAE induction®* (FIG. 4).

Antibiotic studies have helped to identify a role for
the intestinal microbiota in several complex multifacto-
rial disorders, such as metabolic syndrome and autism.
Interestingly, there is evidence to suggest that certain anti-
biotic regimens may actually improve insulin sensitivity
in both animals®** and humans'®. Associations between
extensive antibiotic use and late-onset autism (which
develops at 18-24 months of age) suggest that a reas-
sembly of the microbiota may promote the overgrowth
of microorganisms that trigger autistic behavioural
patterns'”’. According to one study, oral vancomycin
treatment actually reduces autistic symptoms in some
patients, suggesting that certain gut microorganisms may
influence the onset of this disorder'®.

Challenges

Many interactions between host and microorganism
require a functional immune system; therefore, an anti-
biotic approach is, in some ways, better than a gnotobiotic
approach for understanding host-microbial interactions,
as immune function in gnotobiotic animals is drastically
different from that in conventional animals. Although
this is an important limitation of the gnotobiotic sys-
tem, using antibiotics to understand host-microbial
interactions has many of its own limitations.

One of the major challenges associated with using
antibiotics to study host-microbial interactions is the
direct effect that antibiotics can have on the immune
system. Macrolide antibiotics in particular have been
described as having many non-antimicrobial effects
on host physiology'®. This class of antibiotics typically
decreases the production of pro-inflammatory cytokines,
including IL-1p, IL-8 and macrophage inflammatory
protein, and decreases neutrophil infiltration'**'>, The
aminoglycoside gentamicin has been shown to have
direct inhibitory effects on the production of TNF and
MCP1 in proximal tubular cells, despite an increased
accumulation of the mRNAs encoding these proteins'®.
Similarly, although not demonstrated as a direct effect in
the gut, LPS induced greater transcription of TNF in mice
treated with gentamicin. Concanamycin B has also been
found to inhibit the acidification of endosomes and lyso-
somes in macrophages'”. Certainly, this could affect the
ability of macrophages to clear intracellular pathogens.

Reproducing antibiotic-induced alterations in the
microbiota is also an important challenge. How the micro-
biota responds to antibiotic administration is largely
dependent on the length of exposure and the number
of repeated exposures'®. It has been well documented
that the number of antibiotic-resistance genes in the
microbiota is dramatically increased following antibiotic
exposure, causing a reorganization of the phylogenetic
hierarchy of the community'”*%. It is thought that repeated
exposure to the same antibiotic fails to reproduce the
same compositional shifts owing to the overgrowth of
these resistant strains. There is also considerable vari-
ability in the composition of the microbiota among indi-
viduals, particularly at the genus and species levels'®'°.
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Figure 4 | Antibiotics used as tools to understand the role of polysaccharide A
from Bacillus fragilis in protection against experimental autoimmune
encephalopathy. Following antibiotic-mediated disruption of the intestinal microbiota,
wild-type and polysaccharide A (PSA)-deficient Bacteroides fragilis were administered to
mice. The wild-type bacteria protected against experimental autoimmune encephalopathy
(EAE), but the PSA-deficient mutant did not®. The suggested mechanism of protection
involves transport of the PSA antigen across the epithelial cell barrier, induction of
tolerogenic dendritic cells (DCs) in the underlying lamina propria in the presence of
epithelial cell-secreted cytokines, and subsequent transport of the tolerogenic DCs in
the circulation (through an unknown mechanism) to cervical lymph nodes. In the cervical
lymph nodes, tolerogenic DCs promote the induction of FOXP3* regulatory T cells. The
expansion of FOXP3* regulatory T cells in the cervical lymph node corresponds with
protection against demyelination of the central nervous system in EAE. TSLP, thymic
stromal lymphopoetin; TGFp, transforming growth factor-; RA, retinoic acid.

As such, antibiotic treatment results in individualized
responses to perturbation of the microbiota'®. Similarly,
different mouse strains'"’, or even the same mouse strain
housed in a different animal facility, respond differently
to the same disease model.

Because even narrow-spectrum antibiotics do not
target a single species or even a single genus, identify-
ing those changes in the microbiota that are associated
with a subsequent downstream effect (that is, an immune
response, or an altered susceptibility to a pathogen or dis-
ease) is challenging. Many antibiotic studies remain cor-
relative because no direct cause-and-effect relationship
has been identified.

Transplantation is an alternative to antibiotic methods
of microbiota manipulation. However, reintroducing
specific organisms into a host is challenging owing to the

lack of cultured organisms available. Transfer models are
being developed in which faeces or caecal contents can be
used to inoculate a host with a particular community*'%
however, this involves the transfer of a complete micro-
biota rather than single organisms. Achieving efficient
transfer is difficult, which is why many transplants are
performed in germ-free mice. More effective, targeted
approaches are needed to supplant the correlative data
that has been accumulated using antibiotics.

Where do we go from here?

Antibiotics create stable, lasting alterations in the gut
microbiota, weakening the fidelity of this community
by disrupting the host-microorganism associations that
have co-evolved to maximize mutual benefit. The loss
of these mutualistic traits affects the remaining com-
munity members and their hosts across generations,
shifting homeostatic mechanisms toward potentially
unfavourable outcomes'®. Although this Review focuses
on the role of antibiotics in disrupting the homeostatic
balance of immunity, it must be noted that antibiotics
can also restore a homeostatic state in cases in which
the host is unable to regulate the microbiota. A lack of
immunoglobulin genes in the host results in a 100-fold
expansion of the microbiota, resulting in hyperplasia of
lymphoid follicles; however, antibiotic treatment corrects
this response’’?.

With an increasing number of studies demonstrating
that antibiotics have detrimental effects on the immedi-
ate and long-term health of the host, there is a push to
develop treatments that are better targeted to specific
infecting pathogens; the challenges are not limited to the
development of these drugs, but also include methods
for rapid, accurate diagnoses in the clinic’. Because
eliminating the need for antibiotics is unrealistic at this
time, a better understanding of how antibiotics impact
the microbiota and host immunity is needed, so that
strategies to mitigate these effects can be developed.
Bacteriotherapy is rapidly becoming a recognized treat-
ment for antibiotic-induced C. difficile-associated diar-
rhoea'. As some microorganisms do not return in the
microbiota after antibiotic therapy, it might be prudent
to collect faecal samples before treatment, to be used
as a source of ‘individualized’ healthy microorganisms
that could be administered post-treatment. Moreover,
probiotic intervention strategies are being implemented
following antibiotic therapy in infants with necrotizing
enterocolitis (NEC)'", as well as in individuals being
treated for AAD'” and bacterial vaginosis''. Activation
of TLR4 seems to be one of the mechanisms involved in
bacteria-mediated protection from diseases, including
NEC'”, suggesting that TLR agonists could be admin-
istered during antibiotic therapy to help restore immune
homeostasis. Similarly, systemic administration of flagel-
lin has been used to experimentally limit infection with
VRE; through activation of TLR5, systemically admin-
istered flagellin restored antibiotic-impaired immune
defences (specifically, REG3y expression), drastically
reducing colonization by VRE™. Although most of these
approaches are still experimental, they hold substantial
promise as adjunct therapies to antibiotics.
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