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Abstract
The last decade of research has revolutionized our understanding of respiratory microbiology, revealing that the lungs and airways contain diverse and dynamic microbial communities in health and disease. This “respiratory ecosystem”—a densely interconnected environment of microbial and host interactions—represents a tremendous and under-appreciated source of biological and clinical heterogeneity across patients with acute and chronic lung disease. Unlike other major sources of heterogeneity, such as comorbidities and host genetics, the respiratory microbiome is readily modifiable by clinical interventions, and therefore represents an untapped opportunity for therapeutic manipulation. As a potential “treatable trait” in efforts to subphenotype patients and deliver precision medicine, the respiratory microbiome is a promising therapeutic target. In this Pulmonary Perspective, we identify and discuss multiple challenges, both conceptual and practical, that must be overcome before the respiratory microbiome can be effectively modulated as a therapeutic target. Barriers include: 1) the need to identify specific microbiologic and ecologic “targets” for therapeutic modulation; 2) the need for an improved understanding of the efficacy and persistence of response to respiratory microbiome-modulating interventions; 3) the need for clinicians to be able to access, understand and utilize microbiome data for sub-phenotyping patients, and 4) specific concerns in special populations (including children, patients with chronic lung disease, and critically ill patients). By delineating these barriers, we identify opportunities for prospective research to advance our understanding of the respiratory microbiome, its role in human respiratory disease, and its genuine potential as a therapeutic target.


Body
The respiratory microbiome: an important and overlooked source of biological and clinical heterogeneity
Culture-independent microbiology has transformed our understanding of the respiratory microbiome in health and disease (1). Enabled by advances in next-generation sequencing and other technologies, we now appreciate the complexity of microbial communities within the respiratory tract, along with their metabolic, immunologic, and pathophysiologic consequences. Across the spectrum of acute and chronic respiratory disease, respiratory microbiota are detectable, viable, and variable across patients (2-5); correlated with disease status and severity (1); associated with airway and alveolar inflammation (5,6); metabolically active and immunologically consequential (7,8); predictive of clinical outcomes (9-11); influenced by environment and geography (6,12); and causally involved in disease pathogenesis in animal models (11,13). 

Given these insights, we believe it is prudent to consider the respiratory microbiome as an unexploited, under-studied “therapeutic target”: a biologically potent element of respiratory homeostasis, variable across patients, that may be more readily modifiable than other sources of patient heterogeneity such as host genomes or comorbidities.  In this Perspective, we delineate the anticipated opportunities and challenges related to clinically modulating the respiratory microbiome: the communities of microbiota within the human respiratory tract and their associated ecological milieu. Our scope includes both acute and chronic respiratory diseases. For a broader discussion of the state of the field, including issues related to sampling, sequencing, analysis, and interpretation, we direct readers to recent reviews and monographs (1,14-16).



The rationale: why target respiratory microbiota?
While the utility of targeting respiratory microbiota in infectious lung diseases is intuitive, the notion of therapeutically modulating respiratory microbiota in non-infectious lung disease requires justification. Indeed, the past decade of research has partially blurred long-held distinctions between unambiguously infectious lung disease (e.g., bacterial pneumonia), infection-prone lung disease (e.g., bronchiectasis with periodic exacerbations), and non-infectious lung disease (e.g., idiopathic pulmonary fibrosis), with even the latter category now understood to potentially involve respiratory microbiota in its pathogenesis (10,11,17). We hHere, we review 1) evidence that respiratory microbiota play a causal role in disease pathogenesis, 2) evidence that respiratory microbiota are altered by our clinical interventions (necessary to define it as a “treatable trait”), and 3) evidence that respiratory microbiota play a role distinct from that of gut microbiota in lung biology and are thus worthy of their own consideration for therapeutic manipulation.

Evidence that respiratory microbiota participate in disease pathogenesis
While associations between airway microbiome characteristics and respiratory health are now common, demonstration of causality remains limited. From a microbial perspective, airways and alveoli that have been altered by disease represent radically altered ecosystems (beyond anatomy) when compared to states of health; thus variation in the respiratory microbiome may represent a consequence of disease rather than its cause. Yet evidence for the plausibility of causal roles—shown via animal modeling—has grown. Animal models demonstrate that the microbiome mediates lung inflammation and mortality in oxygen-induced lung injury (13) and pulmonary fibrosis (11), and commensal respiratory bacteria are protective in models of viral respiratory infections (18,19). In cystic fibrosis (CF) “non-pathogenic” oropharyngeal microbes increase the virulence of P. aeruginosa (20). Such indirect effects of microbes on lung pathophysiology may contribute to treatment-associated benefit. For example, while inhaled tobramycin is prescribed to target chronic P. aeruginosa infection in CF, treatment provokes marked changes in non-dominant lung microbes but minimal effect on predominant pathogens (21). In patients with COPD, azithromycin treatment enriches bacterial-derived anti-inflammatory metabolites, providing mechanistic plausibility to a causal role of the respiratory microbiota (7). Finally, in bronchiectasis, a key feature of the respiratory microbiome (bacterial load) identifies patients who benefit from inhaled antibiotics (22). Similarly, in asthma, baseline features of the bronchial microbiome discriminate which patients derive physiologic improvements after clarithromycin or inhaled corticosteroid intervention (23,24). While still indirect, this clinical evidence of heterogeneity of treatment effect (differential treatment responses based on patient variation in respiratory microbiota) lends support for a causal role for respiratory microbiota in disease pathogenesis.

Importantly, the role of airway microbiota in respiratory disease is notn’t always detrimental. Using in vitro and in vivo models, Rothia mucilaginosa, an oral commensal frequently found in the lower airways in chronic disease, inhibits pathogen- and endotoxin-induced pro-inflammatory responses (25). Similarly, Prevotella dampens inflammation in Pseudomonas aeruginosa infections (26). In animal models, modulation of the lung microbiome by instillation of human oropharyngeal bacteria provokes persistent Th17 responses, conferring persistent protection against streptococcal pneumonia (27). These animal observations, taken with now-abundant correlative human findings linking lung microbiota with poor prognosis (9-11,17,28) or adverse diagnoses (29-31) support the clinical and pathophysiologic significance of respiratory microbiota. 

Evidence that lung microbiota are modulated by clinical exposures
Secondary analysis of randomized controlled trials (RCTs) clearly demonstrate that respiratory microbiota are altered by clinical exposures, including antibiotics (7,21,32,33) and non-antibiotic interventions altering the lower respiratory tract environment (e.g. inhaled corticosteroids (24,34) and CFTR modulators (35)). The critical question for the field is thus not whether we can alter respiratory microbiota but rather how are we already doing so with existing interventions, and to what extent such changes inform disease and recovery. While in murine models viable bacteria can be successfully instilled into the lower respiratory tract with persisting protective effects (27), no human study to date has determined the feasibility of “respiratory probiotic” therapy targeting the lower respiratory tract.

Why target respiratory as opposed to gut microbiota?
In many respects, the gut microbiome offers a compelling alternative therapeutic target: it is more accessibly sampled and studied, it is far greater in biomass and metabolic activity, and we now have years of experience modulating it with antibiotics, probiotics, and fecal microbiota transplantation. Despite this, time-matched gut and lung specimens from animal experiments reveal that lung microbiota are consistently more tightly correlated with variation in lung immunity than are gut communities (6,13). Experimental modulation of lung microbiota directly and persistently alters the lung immune response (8,27), whereas the opposite interaction (the effect of immune modulation on lung microbiota) is either weaker or absent (27,36). Thus, the supposition that lung immune tone is constantly and continuously calibrated in response to the local (pulmonary) microbial milieu is both evolutionarily plausible and empirically supported. A plausible interpretation of the literature to date is that gut and respiratory microbiota influence distinct aspects of lung immunity; and therefore neither microbial compartment should be ignored. Finally, select respiratory microbiota are known to influence host biology directly via their behavior (e.g., quorum sensing, biofilm formation, and toxin production), arguing for the importance of “local” microbiome-host interactions within the respiratory tract.


Efforts to date to modulate lung microbiota
Only a small number of RCTs have attempted to modulate the microbiota for therapeutic benefit in respiratory disease. These have used enteric probiotics and inhaled and systemic antibiotics. While most have employed clinical or culture-based outcomes, few have included microbiome-specific endpoints and analyses.

While oral probiotics have been trialed as therapeutic interventions in CF (37) and ventilator-associated pneumonia (VAP) (38), these have deliberately targeted lower intestinal microbiota rather than respiratory communities, and therefore effects on respiratory microbiota remain undetermined. No human studies to date have assessed “respiratory probiotics” (i.e. viable microbiota instilled or aerosolized into the lower respiratory tract). Similarly, bacteriophage therapy directed at potentially pathogenic airway bacteria may have a role based on emerging evidence in the gut (39), although experience remains anecdotal for the respiratory tract (40). It has been established that inhaled antibiotic therapies modulate the respiratory microbiota, including reducing bacterial load (22,32).

Several studies have employed systemic antibiotics to modulate respiratory microbiota. Early studies of oral co-trimoxazole in idiopathic pulmonary fibrosis (IPF) showed mixed results for clinical pulmonary endpoints (41,42). While one study suggested a possible mortality benefit (42), the larger EME-TIPAC study found no improvement in clinical outcomes (43). CleanUP-IPF took a pragmatic approach: subjects were randomized to co-trimoxazole or doxycycline versus usual care (44). The study terminated early due to futility, with no improvement in clinical outcomes. Unfortunately, no microbial endpoints were reported for EME-TIPAC or CleanUP-IPF. It thus remains unknown whether systemic antibiotics consistently modulate lung microbiota, or whether specific subgroups (e.g. IPF patients with high bacterial load) may respond to targeted antibiotic use.

Several studies of systemic antibiotic use report lung microbiome outcomes, enhancing our understanding of mechanisms underlying clinical findings (7,45). The BLESS study determined that long-term use of erythromycin decreased exacerbation rates (46) and modified sputum microbiota (47). Importantly, the clinical and microbiologic effects of erythromycin therapy differed depending on whether P. aeruginosa was the dominant taxon in sputum (47). Further work demonstrated that erythromycin use increases resistance gene copy number (48) and may decrease P. aeruginosa pathogenicity by inhibiting quorum sensing (49).

These insights derived from analyses of the BLESS study illustrate the value of characterizing the effects of interventions on respiratory microbiota in clinical trials, as clinical outcomes may differ depending on baseline microbiota. BLESS identified a subset of patients most likely to benefit from therapy, identified risks of long-term antibiotic use, and delineated a plausible microbiologic mechanism of action. This exemplar study should inform design of future RCTs aimed at modifying lung microbiota: future trials to modulate respiratory microbiota will be most informative if they are paired with coordinated efforts to characterize and interrogate the microbiome itself.

Practical issues related to modulating the respiratory microbiome 
If we aspire to modulate the respiratory microbiome as a therapeutic target, numerous practical challenges must be addressed and resolved (Table 1; Figure 1). We believe that any therapeutic trials at respiratory microbiome modulation are unlikely to succeed until these barriers are overcome.

Barrier 1: We need to identify specific microbiologic and ecologic “targets” for therapeutic modulation.
In infectious lung disease, the microbiologic goal of treatment is clear: eradicate or reduce the respiratory burden of pathogens (either suspected or confirmed). In contrast, the “target” of intervention for respiratory microbiome therapies is less straightforward. Modulating a complex and dynamic microbial community, and anticipating second- and third-order ecological and immunological consequences, will require a far more comprehensive understanding of the respiratory microbiome and its dynamics than we currently possess.

Indeed, we do not yet even know which phenomenological “scale” of the microbiome we should be targeting. Should we target key species, by depletion of potential pathogens or enrichment with benign or protective commensals? Should we target collective features of communities, such as total lung bacterial burden (a prognostic feature identified in numerous diseases (9-11,17,28,50))? Should we target interactions between microbiota rather than focus on key species (51)? Should we target microbe-host interactions, given the intimate and bidirectional relationship between microbiota and the airway ecosystem they inhabit (5,6,27)? Should we target microbial function, which is uncharacterized by the DNA-based sequencing approaches which currently dominate in the field?

Current knowledge, albeit limited, supports a focus on optimizing host-microbiota interactions to enhance immune modulatory effects and/or suppress inflammation. Yet acute and chronic lung diseases arise from distinct and divergent pathophysiological processes, and most conditions contain distinct endophenotypes. A one-size-fits-all approach across and even within disease states is unlikely to be effective (52,53). Even when disease- and endotype-associated taxa are identified, our knowledge of how (and whether) respiratory microbiota directly or indirectly interact as a community through metabolites or molecular patterns is incomplete. Studies to date have characterized microbial networks by co-occurrence analyses; this approach will ultimately require concurrent host characterization, as the host-derived respiratory microenvironment contains ecologic gradients that shape the respiratory microbiome (and are, in turn, shaped by them) (1). Preclinical animal modeling will be a necessary complement to human studies to identify treatment targets (and understand the ecological consequences of our interventions, as in Barrier 2). Yet the fidelity of common respiratory disease models, both in  regard to microbial and host biology, remains imperfect at best. Prospective human studies, with rigorous pre- and post-exposure characterization of respiratory microbiota, will remain the “reference standard” in the field.

While narrow and niche-targeted therapy is plausible, a role may exist for broad therapies targeting entire communities. For instance, reducing overall bacterial burden, altering community diversity, or re-calibrating community composition may be beneficial. A prime target for further study is lung bacterial burden, robustly shown to predict adverse clinical outcomes even in uninfected patients (9-11,17,28). Importantly, however, trials have yet to demonstrate clearly that lung bacterial burden is modified by systemic antibiotics (7,21,32) and it remains possible that lung bacterial burden is essentially “fixed” for a given respiratory ecosystem (i.e. antibiotics likely shift community composition without decreasing overall bacterial load).

Timing in the course of disease progression is another critical consideration. Once significant architectural destruction has occurred, physiological homeostasis may be lost, and most host-microbiota interactions may become detrimental rather than inert or beneficial. In this context, microbiota interventions may have differential effects in early versus advanced disease, further illustrating that a “one-size-fits-all” strategy is unlikely to be effective.

We cannot overcome this barrier unless future clinical trials characterize the respiratory microbiome of participants at baseline and after intervention. To understand the microbiome’s role as a mediator of efficacy, it is crucial to analyze communities, host-microbiota interactions, and microbe-microbe interactions through microbiological, physiological and immunological phenotyping. The gut microbiome literature suggests that baseline heterogeneity in host-microbiome interactions can predict responses to host-based therapeutic interventions (54). Simple reliance on clinical endpoints (without characterizing microbiota) will significantly limit our understanding of the interventions’ effect, with a costly lost opportunity to improve outcomes for our patients (Box 1). 

The decision of how to sample the respiratory microbiome has important implications with regard to this barrier and our efforts to overcome it. The human airways and alveolar surface area represent a vast and anatomically heterogenous ecosystem, highly variable in microbial density and community composition. Investigators must balance the potential advantages of relatively invasive approaches (e.g. the minimal influence of pharyngeal microbiota on bronchoscopically acquired specimens) with practical considerations (i.e. serial sampling is far more feasible with noninvasive specimens such as sputum), all in the context of which anatomic site is most relevant to the disease under study (alveoli, lower airways or upper respiratory tract). Even if a microbiologic and ecologic “target” is identified, it will be of little value to clinicians if it cannot be readily identified using accessible specimens. Further, the mucosal contiguity of the lower and upper respiratory tract necessitates that pharyngeal microbiota not be overlooked as an important contributor to lower respiratory tract pathology. Readers are directed to recent reviews and monographs for more extensive discussions of sampling considerations in respiratory microbiome studies (14,55,56).

Barrier 2: An improved understanding of the efficacy and persistence of respiratory microbiome-modulating interventions is required.
Once suitable targets are identified (Barrier 1), a critical knowledge gap remains: we don no’t know how to optimally modulate respiratory microbiomes, using either available interventions (e.g. antibiotics) or with experimental modalities (e.g. inhaled probiotics).

Antibiotics exert effects on respiratory bacterial communities (6,7,21,47), and measurable alteration to respiratory microbiota that may explain the differing clinical efficacies of antibiotics in practice (22,57). Despite this, our understanding of these ecologic effects is coarse and nonspecific. At best, we can predict only broad trends in community diversity and phylum-level composition. We are unable to target interventions with the required granularity (i.e. genus- or species-specific interventions).

By analogy, modulating respiratory microbiota with antibiotics is currently as untargeted as modulating the host immune response with high-dose corticosteroids. If we seek to modulate respiratory microbiota with a precision comparable to that with which we currently modulate host responses, we will need microbiological therapies that are as comparably “narrow” as monoclonal antibodies.

In addition, routine non-antibiotic interventions influence the respiratory microbiome, either directly (e.g. inhaled oxygen(13)) or indirectly through host effects (e.g. corticosteroids(58)). 
By corollary, other clinical interventions likely modulate respiratory microbiota, including endotracheal intubation, chest physiotherapy, and oral decontamination, and each may be mediating clinical influence through effects on the microbiome. An improved understanding of such “inadvertent” microbiome-modulating interventions is required.

A major unanswered question is whether respiratory communities can be therapeutically modulated by direct administration of respiratory probiotics (live beneficial microbes). In animal models, altered lung microbiota are evident following the instillation of viable microbial communities (27). While such change is transient (hours to days), the protective immunologic effects are prolonged (weeks) (27). This “ecologic transience” may be advantageous for clinical translation given legitimate concerns about the safety of instilling bacteria into the lower respiratory tract and the potential for adverse short-term effects. The administration of nonviable alternatives (bacterial products or prebiotics) may represent a more tractable initial approach.

Several potential lessons may also be learned from the past decade of attempting to therapeutically modulate the lower gut microbiome. Firstly, microbiome “replacement” is highly variable in its efficacy across disease states. Fecal microbiota transplantation (FMT), while highly effective for recurrent Clostridium difficile infection, has proven disappointing for most other indications. Secondly, in situ microbial communities in the body are complex and tend to be site-adapted; modulating them is thus rarely as simple as substituting “good” microbes for “bad” ones. As examples, lower gut communities in FMT recipients diverge from those of the donor communities and retain recipient-specific taxa for months (59). Similarly, oral probiotics have negligible effects on lower gut bacterial community composition (60). Finally, the risks of treating patients with viable microbiota are far from zero; recent examples include transmission of virulent pathogens via FMT (61) and sterile site infections caused by probiotic strains in mechanically ventilated patients (38).

Barrier 3: Clinicians need to be able to access, understand, and utilize microbiome data for sub-phenotyping patients. 
To date, study of the respiratory microbiome has exclusively been performed by specialists, including physician-scientists in collaboration with basic and data scientists. While awareness of microbiome research has rapidly expanded, clinical uptake and clinician education will be necessary to realize its full potential, including the prevention of inappropriate application. This is analogous to the implementation of clinical genetics, with microbiology currently at the stage of identifying infections with a single causative organism (analogous to simple monogenic disorders). A mature clinical understanding of the respiratory microbiome will more closely resemble our current approach to polygenic traits or complex gene-environment interactions. 

The inputs and readouts needed to equip clinicians with the most informative microbiome parameters remain undetermined. The complexity of these parameters dictates the level of clinical understanding required of care teams, and the clinical settings in which they may be embedded. For example, a respiratory microbiome panel to identify specific disease- and health-associated microbes performed by a hospital microbiology laboratory could be implemented with little training. But this would arguably be a poor fit for assessing the microbiome in complex disease. To extend the analogy above, a clinician does not need advanced training in medical genetics to interpret the results of a mutation test for cystic fibrosis. Yet an entire clinical discipline—Medical Genetics—exists to help clinicians understand and act on more complex genetic phenomena. Whether high-dimensional microbiome data can be curated and visualized sufficiently for general use remains undetermined.

Readouts of microbial function (rather than identity) could potentially prove more biologically and clinically relevant. However, the added complexity of linking microbial metabolism and lung disease phenotypes would certainly require specialist training within clinical centers of microbiome expertise. Existing studies in asthma, COPD, and lung cancer demonstrate the utility of non-microbial biomarkers (e.g. blood eosinophils, cancer gene mutation panels) in informing therapeutic choices, and clinicians are becoming increasingly empowered to utilize molecular data to inform management. Airway-derived biomarkers have proven more difficult (FeNO in asthma being an exception), and this remains a corollary hurdle to developing and implementing “lung microbiome biomarkers”.

Barrier 4: Specific concerns in special populations.
Once feasible, respiratory microbiome interventions will either 1) aim to prevent acute or chronic disease or 2) modulate the severity, exacerbations, or clinical course of established disease. Both scenarios present challenges. The former requires careful weighing of risk versus benefit. It is far easier to harm healthy patients than help them, especially using potent interventions like viable bacteria and antibiotics. The latter scenario encompasses difficult circumstances, with fragile patients, compromised lung structure and function, and increased potential for side effects and adverse interactions. Intervention in early-stage chronic disease may be perceived as overly aggressive, and most patients will not progress regardless of treatment. Yet if one waits until clinical deterioration and failure of standard therapies, a pathophysiological “point of no return” may have been crossed, beyond which the benefits of ecological intervention are limited.

Many microbiome-related therapies will likely have limited side effects and short durations of action, and thus will be administered at low dose over longer periods. However, their biologic potency and potential for harm should not be dismissed. In a prominent recent study of enteric probiotics to prevent VAP (38), patients randomized to probiotics (enteral Lactobacillus rhamnosus) derived no benefit with regard to VAP, yet had a significantly increased number of sterile-site Lactobacillus infections (confirmed via sequencing to be the probiotic strain). This important finding should serve as a cautionary warning: if we believe in the therapeutic potency of microbiome interventions, we should not dismiss their comparably potent capacity to cause harm.

Among infants and young children, respiratory morbidity and lung function are strong predisposing factors for respiratory diseases throughout life, with early life respiratory microbiota predicting subsequent risk for airway disease, respiratory infections, and allergy (62,63). Early life morbidity may thus be a reasonable indication for clinical trials of low-dose microbiome therapies, since the microbiome is still developing and adaptable, with modulation likelier to have persistent effects. Early-life intervention will however require specific knowledge and definition of what healthy respiratory microbiota are in an anatomically site-specific manner. 

For patients with advanced severe airway disease, microbiome-based treatments (i.e. viable bacteria) may actually be milder in potency than existing widely-used therapies (e.g. recurrent broad-spectrum antibiotics), and may plausibly be tailored to patients’ needs via precision medicine approaches (64-66). As a first step, microbiome modulation may be trialed to prevent infection-related exacerbations through colonization resistance (64). More aspirationally, modulation may dampen airway inflammation to prevent lung function decline (64,67,68). Those with chronic airway disease remain prone to infection, and the theoretical risk of exacerbating airway inflammation via the introduction of novel microbial motifs must be considered.

Finally, while lung microbiota are prognostically significant in critically ill patients (9), the benefit of modulating respiratory microbiota in mechanically ventilated patients is unestablished, and theoretical risks considerable. Most have impaired mucociliary clearance and blunted host defenses, and rates of VAP remain high. The strongest microbiome signal predictive of adverse clinical outcomes in this population is total bacterial load, independent of specific taxonomy. Thus, any attempt to introduce bacteria into the respiratory tract must have strong preclinical data and compelling rationale. The near-ubiquity of broad antibiotic use among critically ill patients should not be overlooked; for instance in the recent (negative) study of enteric probiotics to prevent VAP, more than 80% of patients received antibiotics with potent efficacy against the administered species (40), likely dooming the intervention to failure. 

Conclusion
Despite its considerable potential, therapeutic targeting of the respiratory microbiome must overcome numerous barriers—both conceptual and practical—that stand between our current understanding and our ability to effectively modulate the respiratory microbiome to prevent or treat respiratory disease (Table 1; Figure 1). Addressing key practical issues raised in this perspective would represent a solid start, but sustained education, research, and investment alongside improved study designs will be required to realize its true potential.
	Table 1. Opportunities and challenges related to therapeutic targeting of the respiratory microbiome and key research questions for the field

	Barrier
	Opportunities
	Challenges
	Research questions 

	Barrier 1: We need to identify specific microbiologic and ecologic “targets” for therapeutic modulation.
	· Respiratory microbiota are variable, modifiable, and participate in respiratory homeostasis; they are thus a promising “treatable trait” in acute and chronic lung disease
· Modern molecular techniques are capable of identifying species- and strain-specific members of the respiratory microbiome
	· Limited evidence to date of causal role for respiratory microbiota in disease pathogenesis
· Observational cohort studies are highly vulnerable to confounding by microbiome-modulating exposures
· Heterogeneity across patients and time will make “one-size-fits-all” interventions unlikely to work
· Unclear which phenomenological “scale” of the microbiome should be targeted: species, collective community features, microbe-host or microbe-microbe interactions
	· By what mechanisms do respiratory microbiota contribute to lung inflammation and injury?
· Which community members or community features (e.g. bacterial load or diversity) are most strongly predictive of adverse or favorable clinical outcomes?
· In clinical trials of microbiome-modulating therapies, which changes in the respiratory microbiome are associated with treatment benefit? (mediation analysis)

	Barrier 2: An improved understanding of the efficacy and persistence of respiratory microbiome-modulating interventions is required.
	· Respiratory microbiota are readily modulated by in-use therapies (antibiotic and non-antibiotic)
· Microbiome modulation (via transplantation therapy) has proven efficacy in the gastrointestinal tract (C. difficile colitis)
· Respiratory microbiota play an role in calibrating host immunity, and may be a more “upstream” target than host-targeted therapies
	· Our understanding of the effects of therapies on respiratory microbiota is coarse, and our treatments are broad and non-targeted (e.g. antibiotics)
· To date, most trials of microbiome-modulating therapies have not reported microbiologic endpoints or baseline variation across enrolled subjects
· Serial sampling of respiratory microbiota (to assess treatment effect) is logistically more difficult than lower gut sampling
	· What are the immediate and persistent effects of in-use therapies (antibiotic- and non-antibiotic) on respiratory microbiota?
· Can bacterial load burden (which is predictive of adverse outcomes in numerous conditions) be modulated with in-use therapies?
· Can experimental therapies (e.g. respiratory probiotics, phage therapy) be safely administered to the respiratory tract and modulate the respiratory microbiome in a targeted manner?

	Barrier 3: Clinicians need to be able to access, understand, and utilize microbiome data for sub-phenotyping patients.
	· Sequencing-based techniques can provide clinicians with a far richer understanding of patients’ respiratory microbiota than conventional culture-based techniques 
· Characterization of respiratory microbiota may facilitate identification of “enriched” populations likely to benefit from specific therapies (antibiotic and non-antibiotic) 
	· Microbiome data is complex, high-dimensional, and far more challenging to understand than conventional, culture- and PCR-based microbiology results
· Sequencing-based methods for characterizing respiratory microbiota are too slow, expensive, and/or bioinformatically-intensive for routine clinical use
· Promising “next-step” directions for the field (e.g. microbial metabolomics, microbe-host network analysis) require considerable expertise to interpret
	· In trials of microbiome-modulating therapies, which baseline characteristics of the respiratory microbiome are associated with treatment benefit? (heterogeneity of treatment effect)
· Can the sequencing and classification of respiratory microbiota be made rapid and accessible enough for clinical diagnostic use? 
· Can respiratory microbiome data be synthesized, interpreted, and presented to clinicians in an accessible and actionable format?

	Barrier 4: Specific concerns in special populations.
	· Early-life respiratory microbiota predict subsequent risk for airway disease, allergy, and respiratory infections; modulation may have persistent protective effects
· Respiratory microbiota are predictive of adverse outcomes in patients with chronic lung disease and critical illness, and may contribute to disease progression
	· Healthy patients (early in their disease course) may derive more risk than benefit from microbiome modulation; patients with advanced disease may be too advanced to derive benefit
· Recent trials of enteric probiotics in ICU patients have demonstrated potential for harm (e.g. sterile site infections)
	· What is the optimal timing of microbiome modulation along the spectrum from health to advanced lung disease?
· What are the microbiome-modulating effects of existing therapies in at-risk populations (e.g. rotating antibiotics in patients with severe airway disease)?
· What is the safety of administering live microbiota to vulnerable, at-risk patients (children, advanced lung disease, critically ill, immunocompromised)?








Box 1. The Ideal Respiratory Microbiome Study

Present day:
· Patients are screened and enrolled based on clinical characteristics (diagnosis, severity, etc.)
· Interventions are chosen based on anticipated clinical benefit
· Respiratory and lower gut specimens are collected (for post-study sequencing and analysis):
· prior to intervention (baseline microbiota)
· post-intervention, prior to primary clinical outcome (post-intervention microbiota)
· Systemic and respiratory indices of the host response are measured concurrently with microbiome sampling
· Primary outcomes are clinically relevant endpoints (e.g., disease progression, exacerbations, mortality or liberation from mechanical ventilation)
· Pre-specified secondary analyses include:
· heterogeneity of treatment effect: Which features of baseline microbiota predict favorable clinical response to intervention?
· mediation analysis: Which changes in the respiratory microbiome (assessed using post-intervention microbiota) predict favorable clinical response to intervention?
· Exploratory, integrative analysis of dynamic changes in host-microbiome interactions (using respiratory and systemic biomarkers) to identify potential therapeutic targets and biomarkers of clinical response
· Time-matched comparison of respiratory microbiota, gut microbiota, and host response

Future:
· Patients are screened and enrolled based both on clinical characteristics and on microbiologically-defined subphenotypes (e.g., high lung bacterial burden, Proteobacteria-enriched airway taxa)
· Interventions are chosen based on both the anticipated microbiological effect and clinical benefit
· Respiratory and lower gut specimens are collected, sequenced, analyzed, and acted on in real-time (not post-hoc)
· Post-intervention respiratory samples are characterized in real time for microbiologic response; microbiologic “nonresponders” are algorithmically assigned to pre-specified secondary treatment strategies (response-guided trial design)










Figure 1. Therapeutic targeting of the respiratory microbiome: current practice and challenges (upper panel) and future opportunities (lower panel). To therapeutically modulate respiratory microbiomes effectively, we must advance our means of sampling, measuring, analyzing, interpreting, and intervening upon respiratory microbiota. Progress requires a rapid and accurate assessment of the microbiologic and clinical response of interventions.
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