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Summary

Background: The introduction of industrially produced antibiotics was a milestone in
the history of medicine. Now, almost a century later, the adverse consequences of
these highly effective drugs have become evident in the form of antibiotic-resistant
infections, which are on the rise around the world. The search for solutions to this
problem has involved both the introduction of newer types of antibiotics and,
increasingly, the development of alternative strategies to prevent infections due to
multidrug-resistant bacteria. In this article, we review the pathophysiological
connection between the use of antibiotics and the occurrence of such infections.
We also discuss some alternative strategies that are currently under development.

Methods: This review is based on pertinent articles that appeared from January
2000 to April 2019 and were retrieved by a selective search in the PubMed
database employing the search term “(microbiota OR microbiome) AND infection.”
Further suggestions by our author team regarding relevant literature were
considered as well.

Results: The spectrum of preventive strategies encompasses measures for the
protection of the intestinal microbiota (antimicrobial stewardship, neutralization of
antibiotic residues in the bowel, use of phages and species-specific antibiotics) as
well as measures for its reconstitution (prebiotics, probiotics, and fecal microbiota
transfer).

Conclusion: In view of the major problem that multidrug-resistant bacteria pose

for the world’s population and the resources now being spent on the search for a
solution, derived both from public funding and from the pharmaceutical industry,

we hope to see new, clinically useful approaches being developed and implemented
in the near future.
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organisms—bacteria, viruses, protozoa, fungi, and

archae—with which it has a symbiotic relationship.
As a whole, these microorganisms are referred to as
microbiota and their collective genome as microbiome.
Bacteria play a particularly important role within the
microbiota due to their comparatively large total biomass.
Every body surface and internal body surface has its own
individual bacteriome (= share of bacterial genetic in-
formation in the microbiome). While around 1200 species
that colonize humans have been identified to date, there
are almost 200 bacterial strains in each individual that can
be assigned to 160 different species. The majority of these
are found in the colon.

Thanks to continuous developments in high-
throughput molecular biological analytics, which
make rapid sequencing of bacterial genomes possible,
new focus has been put on the role of bacterial eco-
systems in maintaining human homeostasis. Based on
the rapidly increasing insights in this area, several
relevant axes of interaction have been described in
recent years, such as the gut-brain, gut-lung, and
gut-liver axes (1-4).

With regard to the role of microbiota in the preven-
tion of infection, the gut-immune axis and the phe-
nomenon of colonization resistance, i.e., the ability to
protect the host from the invasion of pathogens into
the organism, warrant emphasis (5, 6). These effects
play an important role particularly in the prevention
of infection by multidrug-resistant bacteria. These
bacteria are characterized by acquired resistance to a
number of classes of antibiotics. Examples include
methicillin-resistant Staphylococcus aureus,
vancomycin-resistant enterococci, extended spectrum
betalactamases, and carbapenemase-producing Entero-
bacteriaceae.

Many details still need to be clarified in the search
for the definition of a healthy microbiota; however,
numerous studies already indicate that high bio-
diversity in the microbiota is essentially correlated
with health. Disease states, on the other hand, are
often associated with a depletion or shift in the
composition of the microbiota towards dominance by
potential pathogens, that is to say, dysbiosis. This ob-
servation also applies to the field of infection medi-
cine (7-10).

T he human body is home to a multitude of micro-
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Colonization, domination, and infection

In 1945, the Nobel Prize for Medicine was awarded to
Alexander Fleming, Ernst Boris Chain, and Howard
Walter Florey for their discovery and development of
penicillin. The possibility to use antibiotics therapeuti-
cally represents a milestone in the history of human
medicine. However, not even 100 years later, relevant
side effects of antibiotic exposure are becoming ever
more apparent.

Our commensal microbiota, in particular our gut
microbiota, is a reservoir for bacteria that can become
the origin of endogenous infections. As a result of
contact with multidrug-resistant bacteria, e.g.,
through the food chain, our environment, or a hospital
stay, colonization can occur, with these pathogens
initially settling in the gut in extremely low numbers.
It is not until an individual is exposed to systemic
antibiotics or other substances with an antibacterial
effect that an ecological niche emerges, which is
filled with multidrug-resistant bacteria undergoing
clonal expansion under the selection pressure of the
antibiotics. Sustained selection pressure can lead to
the dominance of these pathogens within the gut
microbiota. If, in addition, host factors emerge that
promote a barrier dysfunction in the intestinal muco-
sa, such as chemotherapy or surgery, bacterial trans-
location and subsequent blood stream infection may
occur (Figure 1). Up until only a few years ago, the
chief concern was that overly low-dose or overly
short treatments could amplify resistant clones of the
treated pathogen. However, the view held today is
that, if clinical efficacy has been proven, short anti-
biotic treatment prevents resistance development,
since it minimizes the risk of selecting a resistant bac-
terial population outside the targeted treatment area.

A number of studies support this model of patho-
genesis. For example, the administration of oral anti-
biotics results in a significant depletion of intestinal
microbiota that can persist for weeks to months (11,
12). Reduced colonization resistance during this
phase promotes the colonization of multidrug-
resistant bacteria in the resulting ecological niches
(11). The results from a US cohort of patients that
received stem cell transplantation were among the
pioneering findings made over the last decade. Pa-
tients post stem cell transplant often receive above
averagely intensive broad-spectrum antibiotic treat-
ment. On the basis of microbiome analysis, it was
shown that exposure of this kind promotes the domi-
nance—defined as a relative percentage of the bacte-
rial composition on the genus level of over 30%—of
Enterococcus, Streptococcus, and Proteobacteria.
Proteobacteria include many of the most relevant
nosocomial gram-negative pathogens, for example,
Enterobacteriaceae and Pseudomonas spp.. More-
over, dominance by particular bacteria in the gut was
significantly associated with subsequent bloodstream
infection with these bacteria (13).

A similar pattern is also seen in other organs.
Although our lungs were long considered to be sterile,
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Phases of infection pathogenesis: Under the influence of antibiotic exposure,
multidrug-resistant bacteria that were initially present at low density in the gut—the main
resistance reservoir— proliferate in a clonal manner. The dominance of multidrug-resistant
bacteria created in this way predisposes to the development of invasive infections with

the same pathogens.

it is assumed today that there is a pulmonary micro-
biota (14). In the case of structural lung impairment,
e.g., due to fibrosis or bronchiectasia, an atypical
microbiota dominated by multidrug-resistant strains
can become established. Similar processes are seen in
the setting of mechanical ventilation. Here, the pul-
monary microbiota undergoes gradual rarefication. As
in the gut, the occurrence of ventilator-associated
pneumonia is also associated with domination by
single pathogens (14, 15).

Gut-immune axis

Dominance by potentially pathogenic bacteria and sub-
sequent translocation can help to explain in particular
the occurrence of nosocomial bacterial infections.
However, the evidence is growing for other effects of
dysbiosis on the immune system, especially T-cell
regulation (Figure 2). For example, it was shown in
independent mouse models that a reduction in gut
microbiota diversity significantly increases susceptibil-
ity to viral diseases, depending on T cell-based immu-
nity (16, 17).

The question arises as to whether these patho-
mechanisms are also detectable in humans. Initial
findings come from the above-mentioned cohort of
allogeneic stem cell transplantation recipients. Here,
the role of butyrate-producing bacteria in particular
was investigated. Butyrate is a short-chain fatty acid
present as a fermentation product of anaerobic com-
mensal bacteria in the gut and plays an important role
in the regulation of the host immune response. It was
shown that, in the absence of butyrate-producing bac-
teria, there was an increased probability of developing
viral respiratory complications. Although that particu-
lar study was not able to demonstrate a causal link
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The gut-immune axis (modified from [6]): metabolites synthesized by the human gut microbiota as well as bacterial surface markers play a crucial role
in the regulation of the immune system via direct contact with immune system cells in the gut.
DC, dendritic cell; Ig, immunoglobulin; ILC3, type-3 innate lymphoid cell; IFN, interferon; LPS, lipopolysaccharide; LTA, lipoteichoic acid;

MAMP, microbe associated molecular pattern; MLP, murein lipoprotein; Treg, regulatory T cells; SFB, segmented filamentous bacteria; Th, T helper

between microbiota constellation and immune status,
it does provide a further indication of the potential
relevance of the gut-immune axis for the prevention
of infectious diseases (18). Further research in
humans will be required in order to elucidate the pre-
cise mechanisms and relevance of these effects.

Approaches to protecting the gut microbiota

The pathomechanisms described above suggest that
maintaining a microbiota that is as diverse as possible
could be a valuable tool in the prevention of infections.
Microbiota-based strategies that are already available
or are in development are presented below.

Antimicrobial stewardship

Around 25% of all inpatients in Germany receive anti-
biotics, 70% of which are administered with a thera-
peutic goal, 30% as prophylaxis. Approximately a third
to half of antibiotic prescriptions in the inpatient setting
are issued with too little attention to indication and/or
treatment duration (19, 20). An analysis of prescription

practice in the German primary care setting showed
that the treatment of infectious respiratory diseases did
not comply with the treatment guidelines in around
three out of four cases and that unnecessary or
non—guideline-adherent antibiotics were often pre-
scribed (21). More than half of perioperative prophy-
laxis in Germany is continued for over more than 24 h
(22).

Antimicrobial stewardship (AMS) programs are
designed to improve the quality of prescribing prac-
tices in terms of choice of antibiotic, dose, route of
administration, and treatment duration. Restrictive
(e.g., special prescription regulations, automated
stop-order systems) as well as persuasive or qual-
ifying strategies (e.g., guidelines, training, antibiotic
visits, consultation services) are used to this end by
interdisciplinary teams.

According to data from cohort studies, randomized
studies, and meta-analyses, a correspondingly rational
use of antibiotics reduces not only overall mortality
(23), but also the rate of sepsis (24) as well as the rate
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TABLE 1

Chronic venous leg ulcers Monocentric,

placebo-controlled phase-| study

Clinical trials on the use of bacteriophages to treat bacterial infections

D T S L S L S

Rhoads et al., 2009 (e14)

No evidence of
relevant side effects

Chronic otitis due to multidrug-
resistant Pseudomonas aeruginosa
phase-I/-Il study

Monocentric, randomized,
double-blind, placebo-controlled

- No evidence of
relevant side effects

- Significant symptom reduction
in the treatment arm

Wright et al., 2009 (e15)

Burn wounds colonized with
Staphylococcus aureus and
Pseudomonas aeruginosa

Monocentric,

placebo-controlled phase-| study

No evidence of relevant side effects

Rose et al., 2014 (e16)

Escherichia coli-associated
diarrhea in childhood

Monocentric,

placebo-controlled phase-Il study

- No evidence of
relevant side effects

- No significant symptom reduction
in the treatment arm

Sarker et al., 2016 (e17)

Chronic rhinosinusitis due to
Staphylococcus aureus

Open-label phase-| study

- No evidence of
relevant side effects
— Microbial and clinical response
in 22.2 % of treated patients (2/9)

Ooi etal., 2019 (e18)

of infection with Clostriduim difficile (25) and multi-
drug-resistant gram-negative bacteria (el). A random-
ized controlled study, in which use of the biomarker
procalcitonin to guide the duration of antibiotic treat-
ment was compared to a control group, made a
groundbreaking contribution in terms of the effects of
reduced antibiotic exposure. On day 28 following the
initiation of antibiotic therapy, significantly fewer pa-
tients had died in the intervention group (149/761
[20%] compared to 196/785 [25%]) despite shorter
antibiotic exposure (95% confidence interval [CI]:
[1.2; 9.5], p=0.0122) (23). It seems reasonable to
assume that at least part of this effect is mediated by
maintaining a diverse microbiota. The question of
whether and to what extent AMS programs are ac-
tually able to have a positive effect on the intestinal
microbiota needs to be answered in current and future
studies.

Neutralizing antibiotic residues in the gut

In addition to AMS, drug options to protect the intesti-
nal microbiota are being developed. One promising
option is based on the inactivation of non-absorbed
antibiotic residues in the colon, which significantly
contribute to the selection of multidrug-resistant
pathogens in the gut reservoir. Two substances are cur-
rently undergoing phase-II clinical trials:

The oral granulate DAV132 is co-administered
with oral or intravenous antibiotics. The core of the
granules is made up of neutralizing activated char-
coal. The granules have a protective coating that
dissolves at pH values from 7. Thus, the substance is
released only once it reaches the colon and, according
to evidence to date, the serum levels of the respective
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antibiotics are not affected. The administration of
DAV132 to healthy subjects was able to maintain the
concentration and diversity of the intestinal microbio-
ta during the use of moxifloxacin (e2).

The orally administered beta-lactamase ribaxamase
follows a similar principle. It protects the gastrointes-
tinal microbiota from residues of beta-lactam anti-
biotics in the intestinal lumen that are excreted, for
example, via the biliary route (e.g., ceftriaxone).
Since ribaxamase is only activated from a pH value of
over 5.5, its action exclusively affects the excreted
portion of the antibiotic (e3).

Phase-III trials are currently at the planning stage
for both compounds.

Targeted antibiotics and phages

Although in the past it appeared beneficial in particular
to promote the development of broad-spectrum anti-
biotics, findings from microbiome research also high-
light the potential of antibiotics with a very narrow
spectrum. In situations in which the triggering path-
ogen requiring treatment has already been unequivo-
cally identified, the species-specific use of antibiotics
could minimize the collateral damage to the microbiota
and, thus, the selection pressure. The use of tailored
antibiotics in the sense of targeted decolonization
would also be conceivable. There are only a handful of
such substances to date, one example being the agent
fidaxomicin, which is approved for the treatment of
Clostridium difficile infection. Even though this drug is
not species-specific, a randomized study showed that it
is able to maintain a more diverse microbiota thanks to
its comparatively narrow spectrum of action. This re-
sults in significantly fewer recurrences of Clostridium
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TABLE 2

Evidence on the use of fecal microbiota transfer to eradicate gram-negative pathogens
ESBL-producing E. coli Colonization and Case report Singh etal.,
infection 2014 (e19)
OXA-48 carbapenemase-producing K. pneumoniae Colonization Case report 11 Lagier et al.,
2015 (e20)
OXA-48 carbapenemase-producing K. pneumoniae, OXA-48 Colonization Uncontrolled 2/6 Davido et al.,
carbapenemase-producing E. coli, NDM-1 carbapenemase— multicenter study 2017 (e21)
producing K. pneumoniae
NDM-1 carbapenemase—producing and ESBL-producing Colonization Uncontrolled 1. FMT: 13/20 Bilinski et al.,
K. pneumoniae, ESBL- and OXA-48-producing E. coli, monocenter study 2. FMT: 2/4 2017 (e22)
MBL carbapenemase—producing P. aeruginosa, carbapenemase- 3. FMT: 01
producing E. cloacae, MBL-producing Acinetobacter ursingii, Total: 15/20
multidrug-resistant Stenotrophomonas maltophilia
VIM carbapenemase—producing P. aeruginosa, Colonization Case report 1/1 (P, aeruginosa), Stalenhoef et
ESBL-producing E. coli (E. coli) and infection but persistent al.,, 2017 (e23)
(P. aeruginosa) ESBL-producing
E. coli
ESBL-producing E. coli Colonization and Case report 11 Lahtinen et al.,
infection 2017 (e24)
ESBL-producing E. coli, ESBL-producing K. pneumoniae Colonization and Uncontrolled 1. FMT: 3/15 Singh etal.,
infection monocenter study 2. FMT: 3/7 2018 (e25)
Total: 6/15
NDM- and OXA-48 carbapenemase—-producing K. pneumoniae, Colonization Uncontrolled 4/8 Dinh et al.,
OXA-48 carbapenemase—producing E. coli monocenter study 2018 (e26)
Carbapenemase-producing Acinetobacter spp. Colonization and Single-arm mono- 1. FMT: 4/10 Saidani et al.,
infection center study with 2. FMT: 4/5 2019 (e27)
historically matched | Total FMT: 8/10
control group Total controls: 2/20
Carbapenemase- and ESBL-producing Enterobacteriaceae Colonization Randomized Non-absorbable anti- Huttner et al.,
multicenter biotics followed by 2019 (e28)
open-label study FMT: 9/22 (41%)
vs. 5/17 (29%); OR for
decolonization: 1.7
(95% CI[0.4; 6.4])

ESBL, extended spectrum beta-lactamase; E. coli, Escherichia coli; E. cloacae, Enterobacter cloacae; FMT, fecal microbiota transfer; Cl, confidence interval;
K. pneumoniae, Klebsiella pneumoniae; MBL, metallo-beta-lactamase; NDM, New Delhi metallo-beta-lactamase; OR, odds ratio; OXA, oxacillinase; P. aeruginosa, Pseudomonas aeruginosa;
vs, versus; VIM, Verona integron-encoded metallo-beta-lactamase

difficile infection. A randomized controlled trial re-
ported that 124/177 patients (70%) in the fidaxomicin
group and 106/179 patients (59%) in the vancomycin
group responded to treatment and also experienced no
recurrence 30 days after the end of treatment (95% CI):
[1.0 ; 20.7], p = 0.030) (e4). Moreover, fewer coloni-
zation events with vancomycin-resistant enterococci
are observed under fidaxcomicin treatment (e5).

A very similar principle is applied in the use of
phages for the targeted treatment of infections.
However, the number of published clinical studies is
limited, and the findings do not permit a solid assess-
ment of this method as yet (Table 1). Dose determi-
nation, optimizing the stability of phages as they
pass through the intestine, as well as their effect
on other bacteria other than those to be eradicated
currently still represent considerable scientific
challenges (e6).

Modulation and reconstitution of the microbiota
In addition to the prevention of infections and protec-
tion of the microbiota, numerous approaches aimed at
modulating the microbiota are currently under develop-
ment with the goal of increasing species diversity and
thereby improving resistance to colonization with
multidrug-resistant pathogens.

Fecal microbiota transfer
Today, fecal microbiota transfer (FMT) is recognized
worldwide as a clinically highly effective treatment of
recurrent Clostridium difficile infection. It is a process
by which the microbiota from a healthy donor is trans-
ferred to the colon of a patient, either endoscopically,
via rectal enema, or by oral administration of capsule
preparations.

Building on the considerable success of this treat-
ment in the area of Clostridium difficile infection,
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FMT’s potential for other indications is currently
being explored. The treatment results in a significant
reduction in the resistance genes in the stool of pa-
tients receiving FMT (e7, e8). This suggests that it
could be an approach that has the potential to elimi-
nate multidrug-resistant bacteria from the gut micro-
biota. Some clinical data on this are already available.
One study that investigated the efficacy of an indus-
trially produced microbiota preparation on recurrent
Clostridium difficile infection documented clearance
of colonization with vancomycin-resistant enterococ-
ci as a secondary effect (€9). Thus, the question arises
as to whether a similar effect can be demonstrated for
decolonization with multidrug-resistant — gram-
negative bacteria. Since colonization with these bac-
teria does not necessarily occur as a result of niche
formation in the gut, it is uncertain whether microbio-
ta transfer could be effective here. Although there are
now numerous case reports and uncontrolled studies,
as well as a randomized study, on this question (7able
2), it cannot be definitively answered as yet.

Pre- and probiotics

Prebiotics are non-digestible food components that
have a favorable effect on the health of the host by se-
lectively promoting the proliferation and/or activity of
one or more species of bacteria in the colon. Probiotics,
on the other hand, are products that contain live micro-
organisms and, when consumed orally in sufficient
quantities, have a health-promoting effect on the host
organism.

The potential of these products becomes clear if
one assumes that certain microbiota signatures are
able to improve resistance to colonization with
multidrug-resistant bacteria. Attempts are currently
underway to identify defined bacterial consortiums
and/or prebiotics that promote the proliferation of
precisely these bacteria. In contrast to FMT, these
preparations could be produced under controlled, and
thus safer, conditions. Products of this kind are
already being developed. Noteworthy examples in the
prebiotics class include the human milk oligosaccha-
rides (HMO), which are an important component of
breast milk. Synthetically produced HMO help
restore the balance between Firmicutes and Bacte-
roidetes in healthy subjects following antibiotic expo-
sure (e10). Furthermore, recruitment to a randomized
study on the clinical efficacy of a synthetic oligosac-
charide in the decolonization of patients colonized
with multi-resistant bacteria is just about to be initi-
ated in the US.

Little can be said as yet about the clinical efficacy
of prebiotics or bacterial consortia. However, early
results confirm the observations made in the area of
FMT, i.e., the effect varies according to the multi-
drug-resistant pathogen. Whereas two randomized
studies reported success in the decolonization of
patients with vancomycin-resistant enterococci using
Lactobacillus rhamnosus GG (ell, el12), the combi-
nation of Lactobacillus bulgaricus and Lactobacillus
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Key messages

@ The intestinal microbiota is essential for the maintenance of
colonization resistance.

@ Antibiotic exposure promotes colonization with multidrug-
resistant bacteria, their proliferation, and ultimately infection
caused by them.

® Antimicrobial stewardship (AMS) is the most effective tool
available to us at present for the prevention of infection with
multidrug-resistant bacteria.

® A number of innovative microbiota-based strategies for the
prevention of infection with multidrug-resistant bacteria are
currently in development.

rhamnosus in a suspension with fructo-oligosacha-
rides had no effect on the colonization rate in the
gram-negative range (e13).

Conclusion

The human microbiota plays an important role in main-
taining colonization resistance to multidrug-resistant
pathogens. Therefore, the protection and restoration of
its diversity represent important goals in translational
research. While AMS is already receiving growing
worldwide recognition as an implementable approach,
other strategies are still in preclinical or clinical devel-
opment. These include products capable of neutralizing
antibiotic residues, targeted antibiotics, phages, pre-
and probiotics, as well as FMT. In view of the major
problem that multidrug-resistant bacteria pose for the
world’s population and the resources now being spent
on the search for a solution, derived both from public
funding and from the pharmaceutical industry, we hope
to see new, clinically useful approaches being devel-
oped and implemented in the near future.
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