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ABSTRACT The survival rates of individuals with cystic fibrosis (CF) have signifi-
cantly increased as a result of improved therapies, such as the inclusion of cystic fi-
brosis transmembrane conductance regulator (CFTR) modulators for some mutations.
However, microbial infection of the airways remains a significant clinical problem. The
well-known pathogens Pseudomonas aeruginosa and Staphylococcus aureus continue to
establish difficult-to-treat infections in the CF lung. However, in recent years, there has
been an increased prevalence of both Aspergillus fumigatus (Af) and non-tuberculous
mycobacteria (NTM) species isolated from CF patient sputa. The emergence of these
pathogens opens an important area of discussion about multikingdom infections, spe-
cifically, how interspecies interactions have the potential to shape the course of infec-
tion, such as tolerance to host immune defenses and antimicrobial therapies. Their abil-
ity to establish themselves in an existing polymicrobial environment suggests to us
that microbial interactions play a significant role, and characterizing these mechanisms
and understanding their implications will be critical to the future development of bet-
ter antimicrobial therapies. With this minireview, we hope to inspire conversations
about and demonstrate the merit of more research in this area.

IMPORTANCE Incidences of non-tuberculous mycobacteria (NTM) and Aspergillus fumi-
gatus have increased around the world over the past decade and have become a
significant health threat to immunocompromised individuals such as those with
cystic fibrosis (CF). CF is characterized by the buildup of mucus in the lungs which
become chronically infected by a myriad of pathogens. The emergence of these
pathogens in established infection sites raises many questions about the microbial
ecosystems they become a part of, specifically how changes in these ecosystems
impact disease outcomes. Understanding how microbial communities establish and
maintain themselves despite medical treatment and host immune defenses will be
critical for the development of improved therapeutic strategies.
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The survival rate of individuals with cystic fibrosis (CF) has increased considerably as
a result of improvements in clinical care, as well as the introduction of successful

modulator therapies for a subset of cystic fibrosis transmembrane regulator (CFTR)
mutations. However, microbial infection of the airways remains a significant clinical
problem and leading cause of mortality (1). The CF lung houses a complex community
of microbes, highlighting a successive relationship between age and cultured microbes
from sputum. Pseudomonas aeruginosa (Pa) continues to be the predominant patho-
gen in the adult CF lung, where it establishes antimicrobial-resistant, difficult-to-treat
infections (2, 3). The presence of Burkholderia cepacia complex (Bcc) in the CF lung has
long been acknowledged as the greatest threat to lung health in early adulthood; how-
ever, with increased life expectancy, new infectious agents are beginning to emerge.
In recent years, there has been an increased global prevalence of both non-
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tuberculous mycobacteria (NTM) and Aspergillus fumigatus (Af), a pathogenic fungus,
isolated from CF patient sputa (1, 2, 4). Although much is known about these organ-
isms individually, their role in the CF lung is relatively unknown—including the conse-
quences of their increasing presence in the clinic.

The emergence of these pathogens opens an important area of discussion about
multikingdom infections. Specifically, understanding the potential that interspecies
interactions have to shape the course of infection in CF—such as tolerance to antimi-
crobial therapies and host immune defenses. It also highlights the limitations of cur-
rent models for observing these interactions. Traditional approaches to studying
chronic infections are often based on (i) single species communities and (ii) the belief
that the behavior of an individual cell is representative of its behavior as a group, de-
spite growing evidence that shows this is not the case.

We now know that bacteria have mechanisms for social interactions that allow
them to live in structured, multispecies communities (5). These communities are like
any other ecosystem, where a complex network of relationships exists between the
various inhabitants, ranging from cooperative to competitive. There are also many
well-documented examples of interspecies and interkingdom synergistic microbial
behaviors, and the complex microbiome of the CF lung provides an environment
which can be modeled in order to study such interactions in the context of human dis-
ease (6, 7). Although many aspects of these emerging pathogens remain to be under-
stood on a single species level, their ability to establish themselves in an existing poly-
microbial environment in the CF lung strongly suggests that microbial interactions
play a significant role in both disease progression and pathogenesis.

INTRODUCING THE EMERGING PATHOGENS
(i) Non-tuberculous mycobacteria (NTM). NTM are ubiquitous atypical Gram-posi-

tive bacteria found in soil and water that can cause chronic, difficult-to-treat pulmo-
nary disease (other than tuberculosis) in humans. NTM have been shown to form bio-
films in vivo, most commonly associated with respiratory infections (8, 9). While NTM
primarily cause infection in immunocompromised populations, most notably in CF,
they can also cause infections in otherwise healthy individuals. Global rates of NTM
infection in both healthy and immunocompromised populations have risen in the past
decade, but it is unclear whether this increase is the result of improved surveillance or
an actual increase in prevalence (10, 11). Many agree that NTM pose a significant
health threat to those with CF, but the community lacks a consensus about risk factors,
clinical outcomes, indications for lung transplant, and best practices for screening and
treatment. The role NTM play in the CF lung is also not well understood; having a posi-
tive culture (especially at low CFU) is not sufficient for diagnosis of NTM pulmonary dis-
ease (NTM-PD) (12). In fact, studies have shown that a number of patients who culture
positive for NTM will have a negative culture soon after, suggesting the possibility of
transient colonization (13). The ability of NTM to establish colonization but then be
removed from the airways, especially in immunocompromised individuals like those
with CF, suggests that more than just the host immune system is involved. A possible
explanation is that predatory behaviors of other resident microbes may play a role in
population dynamics where some organisms transiently occur over time.

Within the CF population, two species of NTM predominate in 95% of NTM infec-
tions. These are Mycobacterium abscessus complex (MABSC) which includes the species
M. abscessus, M. massiliense, and M. bolletii, and Mycobacterium avium complex (MAC),
which is comprised of M. intracellulare, M. hominissius, and four M. avium subspecies
(14, 15). Species prevalence varies between geographical regions; MABSC and other
non-MAC NTM are most commonly isolated from patients in Europe and Israel, while
MAC is most common in North America. The rapid growing MABSC is considered more
virulent and harder to treat than its slow growing relative MAC; when grown on NTM-
selective media, MABSC requires a 10-day incubation, while MAC cultures must be
incubated for 28 days (16). As many as 50 to 80% of MABSC culture-positive CF
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individuals develop invasive NTM lung disease, while this is seen in less than half of
MAC culture-positive patients (17). This increased virulence is thought to contribute to
MABSC acquisition early in life; multicenter studies have shown MABSC-positive cul-
tures from young children with prevalence peaking between the ages of 11 and 20
years, whereas MAC is rarely seen in children under 5 and peaks in prevalence after
age 25 (14, 18, 19). Chronic MABSC infection has been repeatedly linked with decreas-
ing lung function, failed culture conversion, and higher risk of developing NTM pulmo-
nary disease (NTM-PD). In comparison, MAC-positive cultures have not been consis-
tently correlated with a decline in lung function (19).

NTM have many unique characteristics that make it difficult to treat in any patient
population. In immunocompromised individuals with CF, these are compounded with
chronic inflammation, lung remodeling, and coinfections with other organisms (13,
20). Mycobacteria derive their name from the mycolic acids found in their cell wall
which form a hydrophobic layer over peptidoglycan and the plasma membrane. These
long-chain fatty acids give the cell wall more rigidity and protection from antimicro-
bials than is seen in most Gram-positive species, where the peptidoglycan layer is
exposed (21). The unique composition of the mycobacterial cell wall offers intrinsic
protection in many hostile environments—such as those created by the host immune
response and many antimicrobials—which makes NTM infection notoriously difficult
to treat. MAC and MABSC have also been shown to form biofilms both in vitro and in
the CF lung, which have a demonstrated role in their resistance to treatment and mod-
ulation of the host immune response (8, 9, 15). Additionally, coinfections with NTM
and other organisms associated with CF, such as Pseudomonas aeruginosa and
Aspergillus fumigatus, have been consistently linked to poorer clinical outcomes
(13, 20).

Treatment for NTM infection is long and complex. Both MAC and MABSC require
multidrug regimens that include a macrolide (usually azithromycin) and often last for
many years (19). MAC infections are usually treated with a course of three antibiotics,
one being a macrolide. MABSC infections are more difficult to treat; treatment is
applied in two phases and involves a combination of intravenous (IV), oral, and nebu-
lized antibiotics (17). However, the global CF community has seen increasing inciden-
ces of macrolide resistance among MABSC species that have a functional erythromycin
ribosomal methylase (erm) gene or point mutations in the 23S rRNA. Macrolides like
azithromycin are common components of CF treatment regimens and NTM-specific
treatments, so this acquired resistance has made antimicrobial monotherapies unten-
able for CF patients (19).

There is a great deal of controversy among clinicians on the subject of NTM infec-
tion as a contraindication for lung transplant. Specifically, many centers consider
Mycobacterium abscessus a contraindication, as it is known to cause post-surgical
wound infections, but will allow transplants in patients with MAC (22). MABSC culture
conversion in CF patients is rare; however, the reservoir(s) for MABSC in postsurgical
infections have not been precisely identified (17). In single lung transplants, there is
always the possibility that the remaining lung harbors numbers of NTM that are either
too low to detect or avoid detection because they are embedded in the tissue (9).
Similarly, it is worth considering soft tissues and other organs as possible reservoirs, as
MABSC can cause infection in a multiple sites (23). Finally, it is also possible that
patients who develop post-transplant MABSC infections acquired it from the environ-
ment, often due to a higher susceptibility of individuals as a result of immune-suppres-
sive drugs given to prevent transplant rejection. Despite MABSC’s propensity for caus-
ing postsurgical infections, the presence of NTM does not uniformly correlate with the
development of NTM pulmonary disease. A 15-year cohort study showed that while it
was common for lung transplant recipients who were previously NTM culture negative
to become culture positive (22.4%), NTM did not progress to NTM-PD in a majority of
patients (24). The presence of NTM in post-transplant patients without disease shows
that NTM-PD can be successfully managed with early and aggressive treatment.
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(ii) Aspergillus fumigatus (Af). A. fumigatus is a filamentous fungus that has
recently been recognized as an emerging health threat to those with CF. It has become
one of the most common pathogens in the pediatric CF population, suggesting that Af
colonization occurs at a young age (3, 25). Af does not normally cause disease in
healthy populations, but it can become invasive in immunocompromised patients like
those with CF. Its effect is twofold: Af can cause chronic infections after colonizing the
lung, and it is also responsible for an allergic disease termed allergic bronchopulmo-
nary aspergillosis (ABPA). ABPA is a hypersensitive allergic reaction that causes the acti-
vation of TH2 helper T cells, recruitment of eosinophils, and increased inflammation
(26). ABPA can progress to invasive or chronic pulmonary aspergillosis, and in extreme
cases, it can lead to the formation of aspergillomas or central nervous system aspergil-
losis (27, 28).

CF sputa may be culture positive for Af without any clinical presentation of ABPA in
that individual, but there are differing opinions about the independent effect of non-
ABPA Af infections on lung function and pulmonary exacerbation. A large retrospective
study found CF patients with chronic Af infections scored 3.61% lower on forced expir-
atory volume (FEV) tests than those who were uninfected and that coinfections of Af
and Pa had a significant negative effect on lung function. The authors concluded that
chronic Af infection other than ABPA is an independent risk factor for hospitalization
for individuals with CF (29). Interestingly, a different study the following year did not
find an association between Af infection and decreased lung function in CF where a
culture-positive sputum for Af was detected without having ABPA (30). More recently,
the presence of Af in sputum of patients without ABPA was associated with worse re-
spiratory function and lower quality of life. These studies underscore the disparities in
our knowledge of the impact of Af across the CF population and solidify the need for
better understanding of Af in the environment of the CF lung (31).

Unlike most other pathogens traditionally associated with CF, Af is a eukaryotic or-
ganism. This presents its own treatment challenges, as drug toxicity and unwanted
interactions with other CF drugs are a major concern. At present, there are no clear
guidelines for prevention of Af acquisition or treatment of Af that has not progressed
to ABPA. ABPA can be difficult to detect in CF patients, as many of its symptoms over-
lap with those regularly observed in CF respiratory disease (32). Patients who have
been diagnosed with ABPA are often treated with a combination of a corticosteroid
and antifungal, most commonly triazoles (32, 33). An increasing prevalence of azole-re-
sistant Af strains have been isolated over the past decade, which has been linked to
long-term azole therapy in infected individuals and azole-based fungicides used in
agriculture (34, 35). In cases of azole resistance, many experts recommend switching to
treatment with liposomal amphotericin B (L-Amb) (27). However, the high costs of L-
Amb therapeutics and additional need to monitor for toxicity and adverse interactions
with other drugs highlights the need for the development of better therapies.

The lack of universal standards for Af screening and culturing poses a significant
barrier to consistent and accurate diagnoses. These inconsistencies have drawn atten-
tion to the use of culture-based methods in diagnostic laboratories, which are often
less accurate than molecular methods (25). A recent study demonstrated that quantita-
tive PCR (qPCR) was up to 94.2% more likely to detect Af in the sputum samples of pe-
diatric patients than traditional culture-based methods, indicating that this practice
has led to an underestimation of Af prevalence and average age of onset of Af disease
in CF (36). Furthering our understanding of Af could lead to the development of new
treatment practices for young patients that are aimed at preventing Af colonization—
similar to current practices for P. aeruginosa (Pa).

The presence of Af or even a diagnosis of ABPA is not commonly regarded as a con-
traindication for lung transplant in CF; however, a lung transplant is not always consid-
ered a curative treatment for Af. Indeed, Af is the most common cause of post-trans-
plant fungal lung infections in both CF and non-CF individuals, regardless of
detectable colonization before transplant (37). A study of CF individuals colonized with
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Af pre-transplant showed that nearly 60% were culture positive post-transplant and
that treatment with prophylactic antifungals did not prevent the development of tra-
cheobronchial aspergillosis (TBA) (38). There is a significant relationship between post-
transplant Af infection and both acute and chronic rejection, as well as an association
between Af infection and 5-year post-transplant mortality rates, emphasizing the need
for improved detection and therapeutics of Af in the context of CF (39).

POTENTIAL FOR INTERACTIONS IN A POLYMICROBIAL COMMUNITY

Very little is known about interactions between these organisms relative to the CF
lung, a fact that prompted us to write this minireview. We hope to demonstrate the
merit of this line of research and encourage future exploration of the subject.

(i) NTM and Aspergillus fumigatus (Af). At present, there are few studies that focus
on interactions between NTM and other organisms in any infection model. To our
knowledge, there are no studies to date that explore a relationship between Af and
NTM. However, both NTM and Af have independently been associated with poor
health outcomes in CF patients (19, 31). Clinical recommendations for the manage-
ment of NTM in CF patients consistently link NTM-positive cultures and NTM-PD with
the presence of Af, and CF patients with ABPA have been shown to be.2 times more
likely of producing an NTM-positive culture (19, 40). These findings strongly suggest an
understudied relationship between NTM and Af that has clinical implications for CF
patients.

(ii) Pseudomonas aeruginosa (Pa) and Aspergillus fumigatus (Af). Pa is one of the
most pervasive pathogens in the CF airway and is a leading cause of mortality. As such,
many of the interspecies interactions that have been characterized in the CF airway
involve Pa. Af is one of the most common fungal pathogens recovered from the CF
lung, where cocolonization of Pa and Af has been strongly correlated with a worse
prognosis (41). Because of this, there has been increasing interest in its relationship
with Pa. The full nature of the interactions between Pa and Af in the CF lung is yet to
be completely understood, but current data suggest that it is more complex than was
previously believed.

Af and Pa inhabit similar niches in both nature and human infection, so the idea
that both organisms have developed adaptations to compete against one another for
shared resources is not surprising. Indeed, there is a well-documented antagonistic
relationship between Af and Pa, in which Pa has been shown to inhibit Af biofilm for-
mation and kill Af cells on contact (42, 43). However, like many other organisms with a
shared ecology, they are capable of more than just predator-prey interactions. Recent
studies have revealed a surprising synergistic relationship between Pa and Af, in which
Pa was shown to support the growth of Af outside its immediate area by emitting vola-
tile gaseous compounds that Af can utilize as metabolites (Fig. 1) (7). Taken together,
these findings clearly demonstrate the importance of spatial organization within poly-
microbial communities and show that microbial social interactions do not occur in just
one dimension.

All of the studies we reference here found predatory or synergistic interactions
between Pa and Af that were grown in a variety of closed laboratory systems where
both organisms are able to form surface-attached biofilms (7, 42, 43). In a defined syn-
thetic media (SCFM2) that closely mimics the environment of the CF lung, Pa has been
shown to grow in free-floating, dense clusters of;10 to 1,000 cells, termed aggregates
(44). Combining Pa aggregate growth with the characteristic hyphal growth of Af, the
localization of Pa aggregates with Af hyphae can be observed without residual killing
effects (Fig. 1; S. E. Darch, unpublished data). These preliminary data suggest that coex-
istence can be observed in an environment similar to the CF lung and offer the poten-
tial to understand relationships that exist between two pathogens in vivo. The ability
to coexist raises many questions about how this relationship might impact treatment
efficacy, lung function, and disease progression in CF. These data not only highlight
the need for more research in this area but also demonstrate the utility of experimental
systems that closely mimic host infection sites.
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(iii) Pseudomonas aeruginosa (Pa) and NTM. While compiling this minireview,
we found very few published studies that detail the interactions between Pa and
NTM, although many experts agree that coinfections with these organisms are asso-
ciated with negative patient outcomes both in CF and non-CF populations (20, 45).
Rodriguez-Sevilla et al. (6) explored the mechanisms of interactions between Pa and
NTM, demonstrating that clinical isolates of Pa and NTM (M. abscessus) are able to
coexist in a dual species biofilm in vitro, where they form a “layered” or “blanketed”
structure in which the Pa biofilm grows on top of the NTM biofilm (Fig. 1). Pa contrib-
uted at a higher ratio in the biofilms; however, the ratio of both organisms was main-
tained steadily over the course of 72 h. The study also identified a significant
decrease in NTM growth in dual species biofilm with Pa compared to NTM single spe-
cies biofilm, which could be explained by the inherent traits of each organism. Pa is
fast growing and motile, while NTM is relatively slow growing and non-motile. This
could give Pa an advantage that allows it to outcompete NTM; however, these results
suggest that Pa does not or cannot directly inhibit NTM (6). When considering
whether this interaction occurs in vivo in the CF lungs, it would not only have impor-
tant implications for treatment efficacy but also pathogen surveillance. The dual spe-
cies biofilms in which Pa grew a “blanketed” biofilm over NTM demonstrated
increased antibiotic resistance in this study—it is plausible that this structure (Fig. 1)
could also protect NTM from pathogen surveillance techniques such as bronchoal-
veolar lavage (BAL) and contribute to its underdetection (6).

FIG 1 Proposed ecology and interactions of emerging pathogens in the CF lung. Possible interactions between NTM, Pa, and Af in the CF lung based on
the findings of various in vitro studies. Pa and NTM have been shown to form multispecies biofilms in vitro increasing antibiotic resistance in both
organisms (6). Pa and Af have shown both synergistic and predator-prey interactions in vitro, which could serve to maintain community boundaries in
vivo (7, 43, 65). Pa found in the CF lung is frequently observed as aggregates of cells, which often exhibit behaviors different to petri dish or flow cell
biofilms (44). Preliminary data (Darch lab) indicate that Pa aggregates may localize to Af hyphae without a killing effect. This figure was created with
BioRender.com.
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The ability of multiple organisms to establish and maintain a biofilm mode of
growth has important implications for treatment, if it indeed occurs in the CF lung and
is not an artifact of the lab. NTM infections in CF patients are often treated with azithro-
mycin or clarithromycin, as they are some of the only oral antibiotics that have shown
to be consistently effective against NTM species. In the study by Rodriguez-Sevilla et al.
Pa and NTM single species biofilm were significantly reduced by clarithromycin treat-
ment; however, dual species biofilms were unaffected (6). These data demonstrate the
need for more studies to define the mechanisms of therapeutic resistance in dual spe-
cies biofilms, as well as the clinical implications of when they fail.

HOWDOWE STUDY EMERGING PATHOGENS IN EXISTINGMICROBIAL COMMUNITIES?

To begin understanding the role emerging pathogens may play in CF infections
and their impact on disease outcomes, we need a more complete picture of the dy-
namics of the polymicrobial communities they are a part of. To this end, there are sev-
eral areas we as researchers need to consider. For example, how do the dynamics of
the existing polymicrobial community change to allow emerging pathogens to grow?
This question focuses on the potential interactions between species, that in short
determine the “rules” of a microbial community. Many of the pathogens associated
with the CF lung occur in loose succession over time; therefore, how emerging patho-
gens become established is important. Another topic to consider is the layout or geog-
raphy of microbial communities within the infection site. Many interactions in polymi-
crobial communities are mediated by the physical space between and within
individual species (Fig. 1). Examining the spatial organization of emerging pathogens
within the CF lung raises questions about how the distribution of species contributes
to evasion of either host or chemical interventions and the ability of existing therapeu-
tics to target them effectively (46). Last, we should consider the interplay between
these microbes and the host. How these organisms persist despite host immune
defenses can contribute vital knowledge to improving treatments.

(i) What do we know about community dynamics so far? Like any ecosystem, the
microbes frequently observed in the CF lung are linked by a complex web of interac-
tions that are critical for community fitness. When dysbiosis occurs in a polymicrobial
community, ecological niches open that allow new organisms to grow and existing
populations to expand beyond their previous numbers. One of the most frequently
described occurrences of such “displacement” is that which can be observed between
Staphylococcus aureus (Sa) and Pa in the CF lung. The interactions between these two
organisms have been extensively studied by many laboratories, providing a platform
for many of the future research avenues we discuss in this minireview. Previous studies
have demonstrated an abundance of Sa infections in children, followed by an estab-
lished Pa infection by early adulthood (47, 48). However, in recent years, this relation-
ship has been the subject of increasing discussion. According to the Cystic Fibrosis 2018
Patient Registry Annual Report, the number of patients with Pa infections has shown a
continual decline over time, with the sharpest decrease in Pa infection prevalence seen
in patients under 20 (1). At the same time, the presence of Sa in the CF lung is often
observed well into early adulthood at some baseline level. These changes are thought
to be due in large to improved therapeutic regimens and early eradication practices
implemented in children with CF. However, this progress has been paralleled by a
global rise in prevalence of both Af and NTM infections (3, 4). There are many unknown
factors driving the emergence of these pathogens, highlighting the need to under-
stand how the presence or absence of other microbes in the CF lung may influence
susceptibility to emerging pathogens.

(ii) Community changes as a result of improved therapeutic interventions. CF
clinics around the world have observed shifts in the epidemiology of CF lung infections
over the past decade (49). Current treatment guidelines for young children with CF
focus on delaying or preventing the establishment of chronic Pa infections, which has
led to a lower prevalence of Pa infection among young CF patients (3). A study that fol-
lowed CF patients as they transitioned from pediatric to adult care found lower rates
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of Pa infection but increasing rates of both Af and NTM infections in patients who had
undergone eradication treatment for Pa infections as children (2). As a fast growing,
motile organism that has been shown to outcompete Af and NTM in certain conditions,
it is possible that aggressive Pa eradication treatment could inadvertently create a
niche for emerging pathogens like NTM and Af (6, 42). Although there are suggestions
that increasing prevalence of these pathogens can be attributed to improved surveil-
lance and screening methods, this dynamic switch correlated with therapeutic inter-
ventions highlights an important observation that needs to be further understood
(36, 50).

Within the studies that have reported shifts in the well described “microbiome” of
the CF lung over the past 2 decades, only some include the recent increasing occur-
rence of both NTM and Af (1, 3). However, there is a significant gap in knowledge of
both the abundance and dynamic shift (if any) of either organism. Given this, for NTM
and Af infection in the context of CF, it is difficult to know whether they displace other
known CF pathogens when establishing infection or fill vacant niches potentially cre-
ated by therapeutic treatment. An alternative theory is that these pathogens have
existed commensally in the CF lung and have remained undetectable (36, 50).
Surveillance efforts for the detection of both NTM and Af have increased, although
they are not always applied uniformly. This is primarily due to current clinical recom-
mendations that often advise against the use of less invasive oropharyngeal swabbing
for sample collection to detect the presence of NTM and Af (19, 25). Culture-based
screening methods for both organisms continue to dominate, despite a growing body
of work demonstrating their lack of sensitivity for Af in sputum (36). Moving forward,
practices will likely include a mixture of culture-based and molecular approaches, for
which there is plausible support for both.

(iii) How are microbial communities assembled in the CF lung? There has been a
shift in recent years away from the “classical” perception of microbial communities as
single species colonies that exist in isolation from other organisms. We now know that
most microbes live in mixed polymicrobial communities and that these communities
are not randomly assembled—their structures suggest ordered organization (51). The
spatial organization of and within microbial communities is a modern example of the
old adage “form follows function.” Many studies have shown that the positioning and
proximity of organisms influence inter- and intraspecies interactions and microbial
behaviors, such as quorum sensing, secretion of inhibitory molecules, regulation of vir-
ulence factors, and biofilm formation (Fig. 1) (6, 43, 52–54). This in turn impacts disease
progression and treatment outcomes. In the face of increasing antibiotic resistance
and emerging pathogens, the development of novel therapies will benefit greatly from
the use of infection models that consider spatial organization.

Microbial spatial organization in CF airways can be examined from a macroscale
(whole lung) to the microscale. From the macroscale perspective, the physical location
of a pathogen in the lung dictates the other microbes that are available to interact
with and is well defined for many pathogens in the CF airway. There is evidence that
microbial taxa within the CF lung inhabit distinct regions in different lobes of the lung
with limited interactions between lobes, which has been correlated as a driver of strain
diversification (46). The upper airways indicate greater population by aerobic patho-
gens, while the lower airways are home to fungi and many facultative and strict anae-
robes, including Af and NTM (9, 55). These findings suggest a relationship between
microbe location in the lung and treatment outcomes. For example, aerosolized antibi-
otics are often less effective at treating facultative and obligate anaerobes and biofilm
formers in the lower lung where oxygen concentrations are lower. Location within the
lung is also important to consider when characterizing clinical samples, as many com-
mon sampling techniques, such as expectorated sputum, may not give an accurate
representation of microbes from the lower airways.

Spatial organization at the microscale also has a demonstrated effect on microbial
fitness, but the exact mechanisms of this effect are just beginning to be explored. The
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concentrations of compounds such as oxygen, nutrients, signal molecules, and secreted
antimicrobials can vary dramatically over just micrometers in distance. These gradients
may be created by host factors or other microbes and have been shown to influence
bacterial organization, gene expression, and behaviors (52, 56–58). For example, many
studies have found evidence that various interactions between anaerobic and aerobic
bacteria in the CF lung enhance the fitness and pathogenicity of the latter (54).
Anaerobes produce by-products such as short-chain fatty acids, amino acids, and beta-
lactamases that can be utilized by other pathogens; thus, pathogens that are spatially
oriented to reap this benefit may have a fitness advantage over others that are not.
Other data indicate that anaerobic production of a specific fatty acid, 2,3-butanediol,
promotes Pa biofilm formation and enhances virulence, an example of how spatial orien-
tation can modulate bacterial behavior (59–61).

There are many strengths and weaknesses in the resources available to us as
researchers when we consider the most relevant model or clinical sample to study spa-
tially organized microbial communities. At the microscale, the mode of growth
adopted by an organism should be considered. Recent studies have acknowledged the
existence of aggregates, small clusters of cells of ;10 to 1,000 cells, which have been
observed in both CF lung tissue and CF sputum (62, 63). How and why these structures
form is not known, although host proteins, extracellular DNA, and the physical parame-
ters of the infection site likely shape their formation. We have learned a lot from the
study of explanted tissues in CF, providing important benchmark data about end stage
disease. To learn more about the path that leads to these snapshot findings, we must
use a combination of models and approaches to address the interactions that contrib-
ute to the data we have thus far.

(iv) Host-microbe interactions.While the importance of pathogen-pathogen inter-
actions in disease states is gaining appreciation, another key factor that should be con-
sidered is how these organisms and the host interact. Host interactions have been
shown in multiple systems to influence strain diversification and disease progression,
indicating that understanding these mechanisms will be critical to the development of
new therapies. In the context of CF, the hallmark immunological responses such as
inflammation and lung remodeling are well documented and have the potential to
exert selective pressure on resident bacteria. As in other ecosystems, the environment
can be a driver of phenotypic diversity. Pa isolated from CF lungs shows a high degree
of diversity between strains of the same ancestor, including genes for antibiotic resist-
ance; it would be expected to find this in other CF pathogens as well (5, 46). In con-
trast, pathogens also have direct effects on the host. For example, anaerobic bacteria
may promote neutrophil recruitment by releasing short-chain fatty acids that stimulate
lung epithelial cells to release proinflammatory cytokines (54). This in turn likely has
effects on other resident pathogens, quickly revealing a complex ecosystem network
of relationships.

Characterizing interactions between the host and a single pathogen, for example
between Pa and host neutrophils, provides important baseline knowledge, but the pol-
ymicrobial nature of most infections means that this approach does not reveal a com-
plete picture. Approaching pathogen-host interactions from the perspective of a
shared ecology requires robust models that recreate in vivo conditions or can be used
in situ. Methodologies like transcriptome sequencing (RNA-seq), proteomics, and
metabolomics are powerful tools to this end because they allow us to profile both host
and pathogen in a variety of conditions. A recent study by Margalit et al. used proteo-
mics to reveal a surprising relationship between Af, Pa, and host epithelial cells that
contributes to Pa proliferation (64). They found that epithelial cells exposed to Af or Pa
exhibited unique proteomes, which were also distinctly different from the proteome of
cells exposed to both pathogens sequentially. Moreover, they found that exposure to
Af made cells unable to phagocytize bacteria, thereby creating an environment more
favorable to Pa (64). While these techniques have great utility in discerning host-patho-
gen interactions, they are still limited by the in vitromethods used to cultivate the cells.
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The CF community lacks in vitro models that robustly recapitulate the environment—
and therefore gene expression—in the CF airways.

STUDYING POLYMICROBIAL COMMUNITIES IN A 3D SPACE

There are many models being used to study polymicrobial communities and inter-
actions, and each has its own utilities. While a comprehensive list of models is outside
the scope of this minireview, we describe several models that replicate some aspects
of in vivo conditions in Fig. 2.

The predominant limitation of most models is their ability to mimic the dynamic
environments found in human infection sites. A breadth of work from recent decades
has shown that bacterial behavior can differ dramatically between planktonic and bio-
film modes of growth and between in vivo and in vitro environments. This difference in
behaviors can be shaped by factors in the microenvironment, including chemical gra-
dients, available nutrients, anoxic versus hypoxic conditions, the host immune
response, and microbe-microbe community interactions. Closed system models such
as agar and broth do have utility for elucidating basic mechanisms and establishing a

FIG 2 Examples of experimental methods used to study bacterial interactions at high resolution. (A) Droplet
microfluidics provide a high-throughput platform for studying populations of cells. Droplets are often formed
by flowing oil and bacteria-containing media through a T-shaped junction within a chip, resulting in small
media droplets suspended in oil. Droplet size and bacterial load are customizable, allowing for the isolation of
single cells. Cells are often labeled with a fluorescent reporter to allow visualization or sorting. Microfluidic
mazes provide a useful application to study spatial structure and community dynamics. Mazes can designed to
any topology, and they have been used to study bacterial behaviors like chemotaxis, motility, and quorum
sensing (56, 66, 67). (B) SCFM2 synthetic cystic fibrosis medium (SCFM2) is a defined liquid growth media that
closely mimics the composition of sputum found in the CF lung. Pa recovered from patient sputum samples
forms free floating aggregates of 10 to 1,000 cells, in comparison to Pa cultured in flow cells and other lab
media, which often form surface-attached biofilms with a characteristic “mushroom” shape. This system can be
utilized to model inter- and intraspecies interactions that may occur at population relevant sizes in vivo (44,
52). (C) Micro-3D-printing involves the construction of microscopic containers around single bacterial cells
using photolithography. Bacteria are contained to divide and form aggregates of a designed size, allowing
diffusion of nutrients and other biologically active molecules such as quorum-sensing signals and antibiotics.
The ability to print in any three-dimensional (3D) conformation allows for the creation of tailor-made bacterial
ecosystems. (D) Alginate beads are a flexible model for studying microbe behavior and community spatial
organization across chemical gradients. Pa inoculated into alginate beads forms aggregates that are similar in
size to those seen in CF sputum and chronic wounds. In this example, Pa aggregates are spatially organized
across oxygen and nitrate gradients, where altered respiration rates impact antibiotic tolerance (57). This figure
was created with BioRender.com.
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baseline knowledge. Information gathered from these systems should be reevaluated
in a dynamic model that (i) mimics conditions in the human infection site and (ii) facili-
tates the observation of spatial organization and community dynamics at a high reso-
lution. As new pathogens emerge and bacterial resistance to current medications
become commonplace, insights gained from such models will likely drive the develop-
ment of future therapies.

FUTURE DIRECTIONS

We believe that future developments in microbiology and antimicrobial therapies
will be driven by a fundamental shift in the way we as researchers conceptualize micro-
bial infections. When we examine them within the context of their complex ecosys-
tems and not as just isolated populations of cells, new interactions and behaviors are
revealed that have impacts on disease progression and treatment efficacy. Discovering
these mechanisms and understanding their implications will be critical. To this end,
there are still many questions that remain to be answered. Major topics that we hope
to see addressed in the future include understanding the mechanisms by which micro-
bial communities form and maintain themselves, mapping the various ways one com-
munity may interact with another, defining how communities interact with the host,
and understanding how each can influence disease.

The environment of the cystic fibrosis lung is an ideal model for studying the intri-
cacies of microbial ecosystems because the occurrence rates and succession of com-
mon pathogens are fairly defined. However, the emergence of pathogens like Af and
NTM shows that what we thought we knew about CF is changing and highlights the
dynamic nature of microbial communities. An immediate challenge will be developing
models that allow us to characterize these communities as they would be found in
vivo. We need robust models that mimic in vivo growth and support observation of
spatial orientation and the study of microbes in the context of their habitat.
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