
a propensity for causing reversion, including growth of mucoid strains under static,
aerobic conditions in liquid medium or within biofilms (425, 429, 430). Nonetheless, the
triggers or microenvironmental cues that promote reversion of mucoid P. aeruginosa
within the CF lung remain unknown.

However, in a longitudinal study of nonmucoid and mucoid isolates of P. aeruginosa
from a cohort of patients in Denmark, it was found that nonmucoid revertants (mucA
and algT mutant) can acquire third-site mutations, which restore mucoidy, and fourth-
site mutations that cause reversion once again (431). These findings suggest that with
regard to alginate production, P. aeruginosa isolates exhibit phenotypic switching
within the CF lung throughout the course of disease. The mechanism of this phenom-
enon is attributed to sigma factor competition between AlgT and other P. aeruginosa
sigma factors, including RpoN and RpoD; briefly, a mutation in algT that results in
reversion may not cause a complete loss of function but rather may cause a reduced
affinity of AlgT for the RNA polymerase; in this case, transcriptional regulation due to
competing transcription factors (e.g., RpoD) may predominate. However, upon the
acquisition of a subsequent rpoD mutation, AlgT may be able to more favorably
compete for binding to the RNA polymerase and thus upregulate alginate biosynthesis
once again (431, 432).

The above-mentioned study and numerous additional reports within the literature
indicate that both mucoid and nonmucoid variants coexist within the chronically
infected CF lung (253, 254, 269, 425, 431, 433–438) (Fig. 6). If alginate overproduction
alone presented a substantial and permanent advantage for P. aeruginosa, we might
expect all nonmucoid variants within the lung to be outcompeted. Indeed, the copres-
ence of mucoid strains and nonmucoid revertants within the hyperinflammatory CF
lung suggests a broader advantage for mixed-variant P. aeruginosa communities.

To that end, our group recently demonstrated that mixed-variant P. aeruginosa
populations exhibit enhanced resistance to innate antimicrobials in vitro (439). Cocul-
tures of mucoid and nonmucoid variants show greater resistance to both LL-37 and

FIG 6 Paradigm for mucoid conversion and reversion within the cystic fibrosis (CF) lung. CF patients are
initially infected by environmental (wild-type [WT]) isolates of P. aeruginosa. During chronic infection of
the CF lung, nonmucoid variants of P. aeruginosa commonly acquire a mucA mutation, leading to a
phenotypic switch to mucoidy (i.e., alginate overproduction). Mucoid conversion portends a decline in
patient lung function, and mucoid variants exhibit increased recalcitrance to antibiotic therapy. However,
via the acquisition of second-site, suppressor mutations (e.g., algT), mucoid variants commonly revert
back to a nonmucoid phenotype both in vitro and in vivo. Mixed populations of mucoid and nonmucoid
revertants of P. aeruginosa are commonly observed within the CF lung, suggesting a selective advantage
for mucoid/nonmucoid coinfection. (Adapted from reference 377 with permission.)
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H2O2 than monocultures of either variant. In mixed populations, each colony variant
contributes to immune evasion via the sharing of public goods: mucoid strains protect
nonmucoid strains from LL-37 via the production of alginate. In contrast, nonmucoid
revertants (i.e., algT mutants) shield mucoid strains from H2O2 via the overproduction
of catalase (KatA). We also demonstrate that the expression of katA is negatively
regulated in a mucA background via AlgT and a downstream transcription factor, AlgR.
Furthermore, in nonmucoid revertants, KatA release into the extracellular milieu is
mediated by the lys-encoded endolysin (i.e., explosive cell lysis) (439).

These findings support the premise that genetically/phenotypically diverse P.
aeruginosa populations in vivo may exhibit selective advantages in circumventing host
immunity (and other environmental pressures). Further examination of the interactions
between different P. aeruginosa colony morphotypes (e.g., mucoid and RSCV) that
coinfect the CF airway is ongoing in our laboratory and others. However, one quickly
emerging area of interest pertains to studying the host-microbe interface within
spatially distinct niches of the CF lung.

CF LUNGS EXHIBIT INTERLOBAR VARIABILITY IN DISEASE:
MICROENVIRONMENTAL STUDIES OF THE HOST-PATHOGEN INTERFACE

Clinical imaging studies and histopathological analyses of distinct anatomical re-
gions of CF lungs demonstrate interlobar differences in tissue damage: the upper lobes
and right side of CF lungs often show more severe histopathology and signs of
permanent architectural damage (i.e., bronchiectasis, bullous emphysema, and air
trapping, etc.) upon radiological imaging than the lower lobes and left side of the lungs
(197, 198, 440–445). Additionally, to the extent that techniques have measured regional
lung function and ventilation/perfusion defects, the upper lobes are more compro-
mised than the lower lobes (446, 447). This interlobar heterogeneity has even prompted
surgeons to perform lobectomies to selectively isolate and remove those regions of CF
lungs that are most profoundly affected by the disease process (448, 449). Over time,
these findings have led both scientists and clinicians to ask whether this interlobar
variability is driven by intrinsically anatomical, immune, or pathogen-associated factors.

Recent evidence suggests that there are regional (i.e., lobar) differences in the
distribution of bacterial and host factors across CF lungs. Multiple publications have
examined the diversification/clonality of bacterial variants arising in different parts of
the airway using explanted CF lungs. Willner et al. performed 16S sequencing of tissue
sections from CF lung explants and found that bacterial populations present, in terms
of diversity and abundance of species, were significantly different in each lobe of the
lungs (450). These findings were confirmed and extended by seminal work in this field
performed by Jorth et al. (451). In examining interlobar variations among P. aeruginosa
isolates from CF lung explants, Jorth and colleagues demonstrated the presence of
regionally distinct lineages of variants that were compartmentalized by lung lobe; that
is, clonal relatedness of bacteria could be stratified spatially within the lungs, and there
was limited intermixing among variants from one lobe to another (451).

Furthermore, variants derived from a given lung lobe shared not only genotypic but
also phenotypic characteristics, including metabolic profiles, antibiotic resistance, and
virulence factor expression. Most strikingly, P. aeruginosa isolates derived from a more
damaged (upper lobe) region of the lungs exhibited greater resistance to antibiotics
and immune effectors (i.e., to serum and neutrophil killing) and were also more virulent
in an animal model of infection than isolates derived from a less damaged (lower lobe)
region of the lungs (451). These paradigm-defining data suggest that the microenvi-
ronmental factors that select for genotypically/phenotypically distinct bacterial strains
within the CF lungs likely vary by lung lobe; furthermore, the bacterial variants
ultimately selected may differentially influence focal tissue damage within the organ.

Jorth et al. did not investigate variants of bacteria other than P. aeruginosa, perhaps
because previous work by the same group found that in terms of sheer bacterial
abundance, tested CF lung explants were often dominated by P. aeruginosa infection
(451, 452). Nonetheless, other major coinfecting species also included Burkholderia
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cenocepacia, S. aureus, S. maltophilia, and A. xylosoxidans (452). Indeed, the influence of
these other organisms as well as their genetic/phenotypic diversity across different
regions of the CF airway merit further investigation. To that end, a prodigious new
approach to 3-dimensionally map the colocalization of multiple bacterial species (e.g.,
P. aeruginosa and S. aureus) within CF lung explants could yield exciting insights
regarding bacterium-bacterium interactions in vivo (453).

Additional work in the field has sought to build on the above-mentioned findings.
For instance, Hogan and colleagues examined regional BAL fluid and protected airway
brush samples from the lungs of adult CF patients with stable disease (454). This study
showed that measures of microbial diversity and abundance, accounting for P. aerugi-
nosa and other bacterial organisms, were generally homogenous across different lung
lobes of a given patient; furthermore, lobar tissue damage did not correlate with the
regional microbes identified therein. Hogan et al. argue that their data may not agree
with those of other studies because their work specifically examined specimens from
patients with stable disease, whereas the studies by Jorth et al. and Willner et al. both
used tissue from lung explants (i.e., end-stage disease) (450, 451, 454). This argument
is partly substantiated by a recent publication that shows lobe-specific diversification of
S. maltophilia lineages within a CF lung explant; however, there is also some evidence
of global selective pressures within the lung as well, given how some S. maltophilia
variants were found across multiple lung lobes (455). Regardless of some incongruen-
cies within the literature, Hogan et al. aptly postulate that interlobar differences in
tissue damage within CF lungs may not be the result of bacterial factors alone but
rather may be the consequence of bacterium-host interactions.

There has been limited investigation of interlobar variations in host factors within CF
lungs in direct relation to bacterial infection. Indeed, two studies using regional BAL
fluid from CF patients find that while total bacterial density may differ between lung
lobes, it does not correlate with markers of inflammation (e.g., proinflammatory cyto-
kines [IL-8] and number of inflammatory cells) (456, 457). Independent of bacterial
infection, however, the upper lobes of the lungs show greater numbers of neutrophils
and higher concentrations of neutrophil-derived products (e.g., elastase) than the lower
lobes (457).

These results are somewhat perplexing in the context of some above-mentioned
studies wherein lavage of whole CF lungs demonstrated correlations between infecting
bacterial populations (i.e., the presence of certain bacterial species as well as total
bacterial density) and inflammatory indices (189–191). This discrepancy indicates that
lobe-specific BAL and whole-lung BAL fluids may provide different answers about
host-pathogen interactions. Nonetheless, given that there is some evidence that bac-
terial infection drives inflammation within CF lungs and conflicting data that suggest
that patterns of local inflammation may not correlate with pathogens, more work is
needed to uncover regional host-pathogen dynamics within the CF airway. These
studies may ultimately enable a better understanding of focal, lobe-specific tissue
damage, which remains a hallmark of CF pulmonary disease.

CONCLUSIONS

Scientific advancements have significantly affected the lives of CF patients, including
revolutionary work in genetic therapy, but a cure for this devastating disease eludes us.
Until a cure is discovered, investments continue in studying the pathogenesis of CF
pulmonary disease in both the laboratory and clinical arenas. Indeed, a common thread
uniting much of this work is the interaction between a dysfunctional immune response
and persistent infection with highly adaptable, opportunistic pathogens, including P.
aeruginosa. Although the temporal sequence of early events within the CF lung remains
a source of some debate, both host immune effectors and bacterial virulence factors
ultimately cause end-organ damage, leading to pulmonary failure and patient death
(Fig. 7). Importantly, the genetic plasticity of P. aeruginosa makes it a particularly
dangerous pathogen in CF, capable of evading diverse antimicrobial and innate
immune stresses. Although P. aeruginosa acquisition is independently associated with
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poor outcomes, the emergence of specific phenotypic variants (e.g., RSCV or mucoid)
further accelerates patient decline. Future work in this area will continue to examine the
titanic struggle between bacterial infection and host responses to illuminate how
changes in local microenvironments within the CF airway contribute to the overall
disease process. In doing so, we continue to strive toward the development of novel
antimicrobials, immune modulators, and other disease-modifying therapeutics that
could profoundly impact the lives of CF patients.
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