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Public health case for microbiome-sparing antibiotics and new 
opportunities for drug development
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ABSTRACT Although antibiotics remain a cornerstone of modern medicine, the issues 
of widespread antibiotic resistance and collateral damage to the microbiome from 
antibiotic use are driving a need for drug developers to consider more tailored, 
patient-directed products to avoid antibiotic-induced perturbations of the structure 
and function of the indigenous microbiota. This perspective summarizes a cascade of 
microbiome health effects that is initiated by antibiotic-mediated microbiome disruption 
at an individual level and ultimately leads to infection and transmission of multidrug-
resistant pathogens across patient populations. The scientific evidence behind each of 
the key steps of this cascade is presented. The interruption of this cascade through 
the use of highly targeted, microbiome-sparing antibiotics aiming to improve health 
outcomes is discussed. Further, this perspective reflects on some key clinical trial design 
and reimbursement considerations to be addressed as part of the drug development 
path.

KEYWORDS antibiotic-induced dysbiosis, multidrug-resistant pathogens, colonization, 
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T he introduction of antibiotics into clinical practice was a significant medical 
breakthrough that drastically reduced mortality rates related to infectious disease, 

increased the average human lifespan, and paved the way for modern procedures that 
would otherwise not be possible (1). Antimicrobial resistance (AR) among microorgan­
isms has expanded over time through selective pressure, leading to more AR infections 
in humans, and is now a leading cause of mortality globally (2). An additional and 
underappreciated effect of antibiotic use is the collateral damage to our microbiota and 
resulting antibiotic-induced dysbiosis (see Table 1 for key terminology). In the ongoing 
search for clinical and public health solutions to the AR crisis, it will be key to develop 
new classes of antibiotics that combat infections without accelerating the development 
of resistance, with potential additional benefits of avoiding antibiotic-induced dysbiosis 
and thereby reducing secondary infections as well as transmission.

The role of microbiome disruption in the pathogenesis of healthcare-associ­
ated infections

In homeostasis, the human microbiome is known to have a central role in overall 
health (4, 5), and in colonization resistance (6), through four main actions: (i) direct 
inhibition of pathogen growth through the production of bioactive small molecules (ii); 
barrier maintenance through preservation of the mucous layer and enterocyte health 
promotion, thereby preventing pathogen invasion or translocation (iii); cross-talk of 
the microbiome with the human host resulting in immune modulation (iv); nutrient 
utilization, thereby outcompeting pathogens and preventing their establishment. 
There is extensive evidence demonstrating the role of antibiotic-mediated microbiome 
disruption in the pathogenesis of Clostridioides difficile infection (CDI); the mechanisms 
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by which antibiotic-mediated disruption of the microbiome increase susceptibility to 
CDI have been studied in detail (7). What is less understood is the role antibiotics 
have on disrupting colonization resistance against pathogens other than C. difficile and 
the risks for infection this may confer. Disruption of microbiome-conferred protective 
mechanisms can lead to gut colonization with potential pathogens, including multi­
drug-resistant (MDR) bacteria, which is the first step in a cascade of events resulting 
from exposure to antibiotics, with important consequences for healthcare-associated 
infections and public health (Fig. 1).

It is now well-established in the literature that gut colonization with MDR pathogens 
carries a substantial risk of subsequent infection with the same or phenotypically similar 
MDR pathogen (8). In a large meta-analysis by Willems et al., the cumulative incidence 
of infection following gut colonization with MDR pathogens ranged from 7% to 19%, 
in most cases over a median period of 30 days, depending on the pathogen, which 
represents a sizable risk (8). Moreover, there is evidence that colonization with MDR 
pathogens is associated with an increase in the all-cause risk of infection (i.e., infection 
caused by any pathogen) (9). In a prospective cohort study of 3,600 patients who 
underwent colorectal surgery, patients who were colonized with extended-spectrum 
beta-lactamase (ESBL)-producing Enterobacterales had more than double the odds 
of all-cause subsequent surgical site infection compared with non-colonized patients 
(adjusted odds ratio, 2.36; 95% confidence interval [CI], 1.50–3.71), and these increased 
odds extended beyond merely increased infections caused by the ESBL-producing 

TABLE 1 Microbiome-related terminology (3)

Term Definition

Microbiota A community of microorganisms that occupy a particular site or habitat
Microbiome A characteristic microbial community that occupies a reasonably well-defined habitat and has distinct physicochemical properties. 

The term not only refers to the microorganisms involved but also encompasses their theater of activity. Some people use the term 
microbiome to refer only to the organisms themselves (i.e., microbiota) or to refer to the collective genome of a microbial consortium 
or community (otherwise referred to as the metagenome).

Dysbiosis Disruption of the composition, abundance, diversity, and functionality of a microbial community that leads to susceptibility to a given 
outcome, in this instance susceptibility to colonization by an AR organism

Colonization The asymptomatic carriage of a microorganism, including opportunistic pathogens, in or on the body
Colonization 

resistance
The state of an intact or non-dysbiotic microbiome that is not conducive to the establishment of additional microbes, including 

pathogens, as stable members of the existing community
Pathogen 

abundance
The absolute or relative number of a given pathogen (species or genera) in a microbiota. In the case of relative pathogen abundance, 

this is the fraction of the total number of organisms in the microbiota

FIG 1 The microbiome health-effects cascade: from antibiotic-mediated microbiome disruption to infection and transmission. MDR, multidrug resistant.
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Enterobacterales itself (9). This extension suggests how dysbiosis that predisposes 
to colonization with ESBL-producing Enterobacterales has broader effects, including 
colonization with other antibiotic-resistant and antibiotic-susceptible pathogens.

Emerging data on fecal microbiota transplantation (FMT) bring this argument full 
circle by supporting the etiological role of the microbiome in the development of 
infection following MDR colonization. In a prospective cohort study by Ianiro et al., 
patients treated with FMT for recurrent C. difficile infection had 23% fewer bloodstream 
infections, a 14% reduction in length of hospitalization, and 32% greater 90-day survival 
when compared with matched patients who were treated with antibiotics (10).

Furthermore, several studies have shown that increased pathogen abundance can 
result from dysbiosis and may have an important role in the degree of increased 
infection risk (11–15). In a longitudinal study by Taur et al. of 94 patients undergoing 
allogeneic hematopoietic stem cell transplantation, increased abundance of Entero­
coccus species was associated with greater risk of subsequent vancomycin-resistant 
enterococcal bacteremia (hazard ratio, 9.35; 95% CI, 2.43–45.44), whereas increased 
abundance of Proteobacteria was associated with greater risk of subsequent Gram-nega­
tive bacteremia (hazard ratio, 5.46; 95% CI 1.03–19.91) (15). Studies of Klebsiella species 
in long-term acute care hospital patients, have shown that a relative abundance of 22%, 
as determined by 16S rRNA gene sequence analysis of rectal swab cultures, predicts 
subsequent Klebsiella infection (13, 14).

Beyond the impact on the individual patient, increased pathogen abundance has also 
been shown to increase the risk of transmission of MDR pathogens (16, 17), broadening 
the scope of the consequences of dysbiosis to the population. This is evident from a 
study of skin and environmental contamination among long-term care facility residents 
with asymptomatic C. difficile colonization: as the number of colonies recovered per 
perirectal swab increased, so did the percentage of positive cultures from both the skin 
of the patient and the patient care environment, such as bed rails or overbed tables. Such 
skin and environmental contamination is associated with contamination of the hands of 
healthcare personnel and transmission in healthcare settings (17). The same relationship 
between pathogen load, and patient skin and environmental contamination has been 
demonstrated with MDR Gram-negative bacilli (16). Meanwhile, evidence shows that 
treating patients for C. difficile infections with fidaxomicin, an antibiotic that is rela­
tively microbiome-sparing with little or no activity against Gram-negative aerobic and 
anaerobic bacteria, reduces pathogen load and environmental contamination compared 
with patients who receive vancomycin/metronidazole (18, 19).

Based on the collective evidence presented, and the cascade of events described (Fig. 
1), it becomes clear that by preventing or reducing colonization and pathogen burden 
in an index patient, it is possible to protect both the patient from infection and the 
population from transmission of and infection by MDR pathogens.

Microbiome-sparing antibiotics: precision therapy as a tool for microbiome 
preservation

Antibiotics are lifesaving drugs, but when used to treat an infection, they impact not 
only the target pathogen but also the susceptible portion of the microbiome, leaving 
the host vulnerable to colonization and possible infection by MDR pathogens, such as C. 
difficile. These negative effects are typically more prominent with broad-spectrum than 
with narrow-spectrum antibiotics. Experts have previously called for new approaches 
in antibiotic development where this collateral damage to the microbiome is mini­
mized (20, 21). In concept, antibiotics that are targeted and highly specific to patho­
genic organisms would not impact the microbiome, thus called “microbiome-sparing” 
antibiotics. No longer should killing activity alone be the driver of drug development 
candidates but rather a balance of killing activity with microbiome-sparing effects. 
Although broad-spectrum antibiotics would remain critical for the empiric treatment 
of certain presentations (e.g., sepsis), the use of microbiome-sparing antibiotics to treat 
infections where the causative pathogen is known could significantly reduce the adverse 
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effects associated with microbiome disruption (Fig. 1). There are currently numerous 
agents with potential microbiome-sparing profiles in development for the treatment of 
infections caused by various key pathogens (Table 2).

What is needed for the development of microbiome-sparing antibiotics?

The current clinical trial model for antibiotics is one of non-inferiority versus standard 
of care. Beyond this, two key questions in the development of microbiome-sparing 
antibiotics are (i) how to design clinical trials that not only accomplish this demonstra­
tion of non-inferiority but also demonstrate an advantage in terms of impact on the 
microbiome, and (ii) what criteria would be considered acceptable evidence of clinical, 
likely clinical, and public health advantages of sparing the microbiome. Reflecting on the 
microbiome health-effects cascade (Fig. 1), these criteria could range from measuring 
a lack of microbiome disruption on the far-left end of the cascade through various 
indices to reducing infection and transmission of MDR pathogens on the far-right end 
of the cascade, potentially by measuring secondary infection rate or skin and environ­
mental contamination. In between are studies that measure the rate of new instances 
of colonization with an MDR pathogen and, once colonized, the development of MDR 
pathogen dominance. Depending upon the effect size of the intervention and incidence 
of the outcome in controls, different endpoints across the spectrum may require vastly 
different scales and levels of resources, with only about 10 to just over 100 patients 
needed to assess microbiome indices (e.g., 50%–80% effect sizes, 50%–80% incidence; 
depending on relative degree of microbiome-sparing, indices used, and their thresholds) 
(26) compared with 1,000 to over 10,000 (e.g., 20%–35% effect sizes, 5%–15% incidence; 
depending on the underlying infection risk in the patient population and infection type) 
(8, 10) needed to assess secondary infection rates (https://clincalc.com/stats/sample­
size.aspx).

Drug developers might also start to consider whether combining clinical 
and microbiome measures could provide evidence of superiority over compara­
tor antibiotics in confirmatory phase 3 trials using a hierarchical nested design 
(27) (https://www.fda.gov/regulatory-information/search-fda-guidance-documents/mul­
tiple-endpoints-clinical-trials). The key precondition for regulatory approval of the 
new antibiotic remains unchanged: the primary efficacy endpoint (clinical response 
to the target infection) needs to be compared in a non-inferiority design. If clinical 

TABLE 2 Examples of targeted pathogen-specific agents in development with potential microbiome-sparing profiles (22–25)a

Name Phase Company Target/mechanism Pathogen

Ridinilazole III Summit Therapeutics Inc. Minor groove binder Clostridioides difficile
CRS3123 II Crestone, Inc. Methionyl-tRNA synthetase C. difficile
Afabicin II Debiopharm FabI Staphylococcus spp.
AR-101 (mAb) II Aridis Pharmaceuticals Inc. LPS serotype 011 Pseudomonas aeruginosa
Ibezapolstat II Acurx Pharmaceuticals Inc. DNA polymerase IIIC C. difficile
Ribaxamaseb II Theriva Biologics Orally ingested beta-lactamase Various
TXA709 I Taxis Pharmaceuticals FtsZ MRSA
FP-100 Preclinical Flightpath Biosciences 23S rRNA, selectively taken up via 

spirochete-specific nucleoside transporter
Borrelia burgdorferi

SMT-738 Preclinical Summit Therapeutics LolC/E complex Enterobacteriaceae
Lolamicin Preclinical – LolCDE complex Escherichia coli, Klebsiella 

pneumoniae, and
Enterobacter cloacae

Debio 1453 Preclinical Debiopharm FabI Neisseria gonorrhoeae
Antisense (various peptide 

conjugate–peptide nucleic 
acids)

Preclinical Techulon Inc. Specific inhibition of gene translation MRSA, Acinetobacter 
baumannii, and P. 
aeruginosa

aDNA, deoxyribonucleic acid; FabI, enoyl-acyl carrier protein reductase enzyme; FtsZ, filamenting temperature-sensitive mutant Z; LPS, lipopolysaccharide; MRSA, 
methicillin-resistant Staphylococcus aureus; tRNA, transport ribonucleic acid.
bRibaxamase is intended to be used in conjunction with a parenteral beta-lactam antibiotic, breaking down the antibiotic in the gut, rendering it microbiome-sparing.
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non-inferiority is confirmed, predetermined additional endpoints (i.e., microbiome-rela­
ted endpoints) can be tested. Additional innovation in compositing outcomes in a 
manner that can better reflect the totality of clinical outcomes and potential patient 
preferences is the desirability of outcome ranking (DOOR) strategy in which the overall 
outcome of each patient is ranked in three domains of clinical response, infectious 
complications, and serious adverse events (28). Each of these domains includes pre-
determined criteria, and one could envision the future addition of such criteria as 
persistent microbiome disruption, colonization, and infections occurring during a 
pre-determined follow-up period resulting from colonization as additional criteria in one 
or more of these domains. Approaches such as these reduce the level of risk for drug 
developers and have the potential to increase investment in antibiotic development, 
paving the way for a new approach to drug discovery that strikes a balance between 
target pathogen coverage and impact on the microbiome, as called for by experts (21).

To increase the plausibility of clinical trials for microbiome-sparing antibiotics, 
there is a need to generate robust data and grow the evidence base connecting 
surrogate study endpoints, such as microbiome indices, to hard clinical outcomes. 
Encouragingly, microbiome indices are already playing a role in drug development. For 
example, species engraftment and concentration of secondary bile salts were assessed 
as prespecified exploratory endpoints in the phase 3 clinical trial assessing SER-109, 
now FDA-approved as VOWST (Seres Therapeutics, Inc.), for the treatment of recurrent 
CDI (29). An additional example is the recent United Kingdom (UK) National Institute 
for Health and Care Excellence (NICE) assessment process for applicants to a subscrip­
tion model payment system, which includes a microbiome effects criterion (https://
www.engage.england.nhs.uk/survey/the-antimicrobial-products-subscription-model/).

In further contrast to the typical antibiotic model of last-line use to reduce the 
emergence of AR, microbiome-sparing antibiotics provide evolutionary favor in the 
prevention of AR (i.e., reduction of selection pressure on indigenous microbiota and 
containment of the emergence of resistance) and will need to be used widely for 
their benefits to be realized (30, 31). This represents a new value paradigm for antibi­
otics, and innovative models of reimbursement will be vital to support access to and 
use of microbiome-sparing antibiotics. One such example of innovation could be the 
“population health agreement” between NICE, NHS England, and Novartis for access 
to inclisiran, a medication indicated to treat familial hypercholesterolemia or clinical 
atherosclerotic cardiovascular disease. To support such a model for antibiotics, it will be 
necessary to demonstrate the population benefits of preserving the microbiome using 
criteria relevant to specific payers (e.g., Medicare, Veterans Affairs, NHS England), possibly 
through real-world evidence via risk-sharing agreements. It should be possible to identify 
settings with high rates of colonization and infection, such as nursing homes and 
inpatient rehabilitation facilities, hematology–oncology care settings, or organ transplant 
centers, where an approved microbiome-sparing agent for routine treatment of a target 
infection could be used on a trial basis. This might be first evaluated in a cluster-random­
ized study, introduced in a stepped-wedge design, or simply evaluated after wholesale 
introduction in quasi-experimental fashion, looking for impacts on population health 
and healthcare costs. The real-world population data generated using this strategy could 
be used by payors to inform longer-term formulary decisions.

Conclusion

Although it is encouraging that some progress has been made in controlling some 
forms of AR, many challenges remain (32, 33). Both antibiotic stewardship and infection 
prevention and control have been the main contributors to the progress to date, yet it 
is unknown how much further progress can be made utilizing these tools alone. The 
development of microbiome-sparing antibiotics is a key strategy for maintaining future 
progress and reducing the morbidity, mortality, and excess costs of AR. It will be critical 
that industry, academia, regulators, and public health band together. With the dawning 
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of the age of microbiome-aware medical care and greater insights into the spread of AR, 
it is time to redesign our antibiotic therapies beginning with the end in mind.
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