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Background. Persistence of bacterial pathogens in the airways has profound consequences on the course and pathogenesis of 
chronic obstructive pulmonary disease (COPD). Patients with COPD continuously acquire and clear strains of Moraxella catarrhalis, 
a major pathogen in COPD. Some strains are cleared quickly and some persist for months to years. The mechanism of the variability 
in duration of persistence is unknown.

Methods. Guided by genome sequences of selected strains, we studied the expression of Hag/MID, hag/mid gene sequences, 
adherence to human cells, and autoaggregation in longitudinally collected strains of M. catarrhalis from adults with COPD.

Results. Twenty-eight of 30 cleared strains of M. catarrhalis expressed Hag/MID whereas 17 of 30 persistent strains expressed 
Hag/MID upon acquisition by patients. All persistent strains ceased expression of Hag/MID during persistence. Expression of Hag/
MID in human airways was regulated by slipped-strand mispairing. Virulence-associated phenotypes (adherence to human respira-
tory epithelial cells and autoaggregation) paralleled Hag/MID expression in airway isolates.

Conclusions. Most strains of M. catarrhalis express Hag/MID upon acquisition by adults with COPD and all persistent strains 
shut off expression during persistence. These observations suggest that Hag/MID is important for initial colonization by M. catarrh-
alis and that cessation of expression facilitates persistence in COPD airways.

Keywords. Moraxella catarrhalis; chronic obstructive pulmonary disease; persistent infection; bacterial pathogenesis; slipped-
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Chronic obstructive pulmonary disease (COPD) is a debili-
tating disease that is the fourth most common cause of death in 
the world. While death rates from heart disease and stroke are 
declining, the death rate from COPD has doubled since 1970 
and is projected to be the third most common cause of death 
globally by 2030 [1, 2]. Bacterial infection plays a critical role in 
the course and pathogenesis of COPD, causing acute exacerba-
tions and chronic lower airway infection, which results in host 
inflammatory responses that increase symptoms and accelerate 
the progressive lung dysfunction and destruction that are hall-
marks of COPD [3–5].

Moraxella catarrhalis and nontypeable Haemophilus influen-
zae are the 2 most common bacterial pathogens in COPD based 
on 2 longitudinal studies performed on 2 continents [6–8]. 

Indeed, M.  catarrhalis, the focus of the present study, is esti-
mated to cause 2 to 4 million exacerbations of COPD annually 
in the United States [6].

Adults with COPD continuously acquire and clear strains of 
M.  catarrhalis from the respiratory tract. In our 20-year pro-
spective study of COPD, the longer a patient was followed in 
the study, the more likely they were to acquire M. catarrhalis, 
suggesting that all patients with COPD are susceptible to infec-
tion by the pathogen [6]. Marked variability in the duration of 
carriage of M. catarrhalis is observed, with some strains cleared 
quickly and others persisting for 2 years or longer [6, 7]. The 
cause of this variability in duration of carriage of M. catarrh-
alis is unknown. Previous observations are consistent with the 
concept that both host and pathogen factors could account for 
whether a newly acquired strain is cleared or persists in the 
respiratory tract. Patients with COPD make systemic and mu-
cosal immune responses to M. catarrhalis and appear to develop 
strain-specific protection [6, 9, 10]. Thus, a patient’s prior expo-
sure to strains of M. catarrhalis may affect whether a new strain 
is cleared or persists. The M. catarrhalis genome shows modest 
diversity [11] and several known virulence determinants show 
extensive antigenic and sequence diversity among strains, 
consistent with the idea that different virulence determinants 
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among strains influence the duration of carriage of individual 
strains [11–13].

In the present study, we hypothesized that strains of M. catarrh-
alis that persist in the respiratory tract of adults with COPD alter 
selected virulence determinants to enable persistence in the 
hostile environment of the COPD airways. Analysis of genome 
sequences of persistent COPD strains revealed changes in sim-
ple sequence repeats in Hag/MID, a major adhesin, during per-
sistence in the airways, suggesting regulation by slipped-strand 
mispairing. This observation guided an analysis of hemagglu-
tinin/Moraxella IgD binding protein (Hag/MID) expression 
in cleared strains and serial isolates of persistent strains. We 
show that most strains of M. catarrhalis express Hag/MID upon 
acquisition by the patient and persistent strains shut off expres-
sion of Hag/MID during persistence. These observations sug-
gest that Hag/MID is important for initial colonization and that 
cessation of expression facilitates persistence in COPD airways.

MATERIALS AND METHODS

The study was approved by the Institutional Review Boards of 
the University at Buffalo and the Western New York Veterans 
Affairs Healthcare System. Written, informed consent was pro-
vided by participants.

COPD Study Clinic

The COPD study clinic, described previously [6, 14], is a pro-
spective study conducted from 1994 to 2014. Adults with COPD 
were seen monthly and at suspected exacerbations. Rigorous 
clinical criteria determined whether patients were experienc-
ing an exacerbation. At each visit clinical data and expectorated 
sputum samples were collected. An exacerbation caused by 
M.  catarrhalis was defined by the onset of clinical symptoms 
simultaneous with the acquisition of a new strain [6, 14].

Bacterial Strains

The identity of an isolate as M.  catarrhalis was confirmed by 
colony morphology and the presence of butyrate esterase. All 
isolates were subjected to molecular typing by pulsed field gel 
electrophoresis; multilocus sequence types were determined 
on selected isolates [15]. Strains that were isolated at a single 
monthly clinic visit and were not isolated again at subsequent 
monthly clinic visits were classified as “cleared”. Strains that 
were isolated from a study participant at more than 1 monthly 
clinic visit and that were the same strain by molecular typing 
were classified as “persistent”. Duration of persistence was esti-
mated as the number of days between the date when the strain 
was first detected and date when the strain was last detected 
in approximately monthly sputum cultures, which provides a 
minimum estimate of the duration of persistence.

Strains were grown on brain heart infusion (BHI) agar plates 
at 37°C in 5% CO2 or in BHI broth at 37°C with shaking.

Genome Sequencing, Assembly, and Analysis

Genomic DNA was extracted from low-passage M.  catarrh-
alis strains (3 passages from the original isolation) using the 
gram-negative bacteria protocol of the Qiagen DNeasy Blood 
and Tissue kit. Samples from 6 isolates were subjected Pacific 
Biosciences (Pac-Bio) Sequel sequencing to obtain finished 
(gap-free) genomes at the Institute for Genome Sciences. 
PacBio barcoded large insert libraries (approximately 8  kb) 
with BluePippin insert size selection were constructed for 
each genome. Five libraries were multiplexed per run of the 
PacBio Sequel platform using the v2 chemistry (6-hour movie). 
Finished genomes were assembled with CANU v1.4 software 
[16] and annotated using the CloVR Microbe pipeline [17]. 
Samples from 2 isolates were subjected to 150-bp paired-end 
sequencing on the Illumina HiSeq 2500 in the Next-Generation 
and Expression Analysis Core at the University at Buffalo. 
Illumina reads were assembled with SPAdes v3.9.0 using default 
parameters. All genome sequencing data were submitted to the 
NCBI SRA and WGS repositories (accession numbers pending).

Antisera to Hag/MID

Mouse antisera specific for the aminoterminal region, cen-
tral region, and carboxyterminal regions of Hag/MID were 
described previously [18].

Adherence to Respiratory Epithelial Cells

Quantitative adherence assays were performed with the NCI-
H292 human respiratory epithelial cell line in RPMI 1640 plus 
l-glutamine base medium (Life Technologies) supplemented 
with fetal bovine serum (10% final concentration), HEPES 
(10 mM final concentration), and sodium pyruvate (1 mM final 
concentration), as previously described [19, 20]. H292 cells 
used for experiments were passaged no more than 10 times and 
were tested for mycoplasma using the Mycosensor polymerase 
chain reaction (PCR) assay kit (Agilent). Briefly, 2 × 105 H292 
cells were seeded into each well of a 24-well tissue culture plate 
and incubated for approximately 48 hours when cells showed 
confluent growth. Cells were inoculated with broth-grown log-
phase bacteria (multiplicity of infection  =  1), and the plates 
were centrifuged at 170g for 5 minutes at room temperature to 
facilitate contact between bacteria and H292 cells. Plates were 
incubated for 3 hours at 37°C. Nonadherent cells were removed 
by gently washing the wells 3 times with phosphate-buffered 
saline. To quantify adherent cells, 200  μL of trypsin (0.25%) 
was added to each well and plates were incubated at 37°C for 10 
minutes to remove adherent cells. A 300-μL volume of 1% sapo-
nin was applied to each well, and contents were pipetted into 
microcentrifuge tubes and after vigorous vortexing were plated 
in duplicate to perform bacterial cell counts. “Percent adher-
ence” was calculated by dividing the number of adherent cells 
by the total number of cells in the well and multiplied by 100.
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Aggregation Assay

Cultures were grown overnight in BHI broth at 37°C with shak-
ing. Broth cultures were placed on the bench top at room tem-
perature and aliquots were removed from the top of the liquid 
culture at 15-minute intervals and the optical density (OD600) 
was measured and plotted over time.

RESULTS

Identification of Phase Variation of Hag/MID During Persistence

Analysis of the hag/mid gene in the first and last isolates of 3 
persistent strains of M.  catarrhalis from 3 different patients 
revealed nucleotide changes during persistence within the 
open reading frame in 2 of the 3 strains. A  6-G mononucle-
otide repeat was present immediately downstream of the start 
codon in strain 5P47B2 (initial acquisition isolate) while the 
final isolate (5P54B2) had a 7-G repeat, placing the hag/mid 
gene out of frame in the latter isolate. The final isolate of strain 
173P31B1 had an in-frame stop codon within the open reading 
frame compared to the isolate of the same strain upon acquisi-
tion by the patient (173P27B1). These observations suggested 
that Hag/MID underwent phase variation during persistence in 
the human COPD airways. To test this hypothesis, we assessed 
expression of Hag/MID in serial isolates of 30 persistent strains 
(mean duration 161  ±  138  days) and 30 strains that were 
promptly cleared from the respiratory tract (ie, isolated only 
once from a patient in monthly sputum cultures).

Expression of Hag/MID in COPD

To assess expression of the Hag/MID adhesin by strains of 
M.  catarrhalis, 60 strains that were initial acquisition isolates 
based on monthly cultures (ie, a strain that was not previously 
isolated from that patient) were subjected to immunoblot assay 
with antiserum to Hag/MID. The strains included 30 cleared 
strains and 30 persistent strains (ie, isolated 2 or more times in 
monthly sputum cultures). A total of 28 of the 30 cleared strains 
expressed Hag/MID compared to 17 of the 30 initial acquisition 
isolates of persistent strains.

To assess changes in expression of Hag/MID during per-
sistence in the human respiratory tract, the final isolate of each 
of the 30 persistent strains (mean duration 161 ± 138 days) was 
subjected to immunoblot assays with antiserum to Hag/MID. 
None of the 30 final isolates of persistent strains expressed Hag/
MID, indicating that M. catarrhalis altered regulation of expres-
sion of the Hag/MID adhesin in the human airways.

To further explore the dynamics of expression of Hag/MID 
during persistence in COPD airways, sequential isolates of 
each of the 30 persistent strains were assessed for expression. 
Figure 1 is a timeline of patient 142 showing culture results and 
Hag/MID expression of 7 sequential isolates of a single strain 
that persisted for 296 days. The strain expressed Hag/MID in 
the first isolate following acquisition; each subsequent isolate of 
the same strain expressed no Hag/MID.

Sequential isolates of each of the 17 persistent strains (n = 94 
isolates) that expressed Hag/MID upon acquisition were 
studied in the same way to determine expression during per-
sistence. Figure  2 shows that M.  catarrhalis strains expressed 
Hag/MID upon acquisition and ceased expression shortly 
thereafter. All 17 strains expressed Hag/MID on the first isolate 
cultured following acquisition; 6 strains expressed for 2 sequen-
tial monthly visits and 1 strain expressed Hag/MID for 3 se-
quential monthly visits. All subsequent isolates did not express 

~Monthly clinic visits

MID/Hag expression

Sputum culture Mcat + + + + + + +

+ – – – – – –

297 days

Clinic visit number
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Figure 1. Timeline showing monthly visits 75 through 90 of patient 142 in a pro-
spective study of chronic obstructive pulmonary disease. Sputum culture indicates 
results of culture for Moraxella catarrhalis (Mcat) where “+” indicates Mcat pres-
ent and “−” indicates Mcat absent by culture. All isolates are multilocus sequence 
type 224. Immunoblot assay shows whole-cell lysates of each isolate probed 
with antiserum to Hag/MID. The isolate recovered at visit 77 expresses Hag/MID 
whereas subsequent isolates have no detectable expression. The 2 bands near the 
98 kDa standard are background rabbit antibodies that are present in all isolates. 
Molecular mass markers are noted on the left in kDa.
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Figure 2. A, Expression of Hag/MID of sequential isolates of persistent strains 
cultured from sputum. Gray bars indicate isolates that express Hag/MID at a 
monthly clinic visit (x-axis) and Black bars indicate no expression of Hag/MID. For 
example, of the 30 visit 1 isolates, 17 expressed Hag/MID; of the 30 visit 2 isolates, 
6 expressed Hag/MID, and so forth. B, Expression of Hag/MID of the single isolate 
of each of the cleared strains of Moraxella catarrhalis.
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Hag/MID, indicating that expression of the protein ceases after 
acquisition by the patient.

Mechanism of Phase Variation of Hag/MID

To explore the mechanism that accounts for changes in ex-
pression of Hag/MID, sequences of the genes in isolates of 5 
persistent strains were aligned and compared. In each case, the 
hag/mid gene in isolates that expressed Hag/MID was in-frame 
whereas the gene was out of frame in the nonexpressing iso-
lates of persistent strains. Changes in the region of the polynu-
cleotide repeat of Gs located immediately downstream of the 
hag/mid start codon accounted for phase variation of Hag/MID 
in 4 of the 5 strains (Table  1) [21]. The final isolate of strain 
173P31B1 acquired an in-frame stop codon within the open 
reading frame during persistence due to a single nucleotide pol-
ymorphism (C to T), accounting for loss of expression of Hag/
MID that was expressed by the isolate upon acquisition by the 
patient (173P27B1). We conclude that phase variation of Hag/
MID is regulated by slipped-strand mispairing due to changes 
in a polynucleotide repeat near the start codon in the open 
reading frame. These repeats accounted for loss of expression of 
Hag/MID during persistence of M. catarrhalis in the airways of 
adults with COPD.

Impact of Hag/MID Expression on Virulence-Associated Phenotypes

We next assessed the role of changes in expression of Hag/MID 
on 2 virulence-associated phenotypes in strains of M. catarrh-
alis isolated from adults with COPD: adherence to human res-
piratory epithelial cells and autoaggregation. Previous work has 
established that Hag/MID mediates adherence of M. catarrhalis 
to respiratory epithelial cells [22]. To assess the effect of chang-
ing expression during human airway persistence on adherence, 
sequential isolates of the same strain cultured from the same 
patient were evaluated for adherence to human respiratory ep-
ithelial cells. Figure 3 shows that an initial isolate (142P77B1), 
which expressed Hag/MID, showed 95% adherence. Six sub-
sequent sequential isolates, which did not express Hag/MID, 

showed adherence between 3% and 5%. We conclude that cessa-
tion of expression of Hag/MID by M. catarrhalis during persist-
ence in COPD airways causes a marked decrease in adherence 
to human respiratory epithelial cells.

We next assessed autoaggregation of serial isolates of a strain 
of M. catarrhalis that stopped expression of Hag/MID during 
persistence. Aggregation is a virulence phenotype for several 
bacterial pathogens and previous work established that Hag/
MID mediates self-aggregation [23–26]. A quantitative aggre-
gation assay demonstrated that the initial Hag/MID-positive 
acquisition isolate (142P77B1) showed prominent aggregation, 
whereas the subsequent 6 Hag/MID-negative isolates showed a 
marked loss in aggregation (Figure 4). We conclude that clinical 
isolates that shut off expression of Hag/MID during persistence 
in COPD airways show reduced aggregation compared to the 
initial Hag/MID-expressing isolate.

Table 1. Analysis of the hag/mid Gene in Persistent Strains of Moraxella catarrhalis

Strain (Initial Isolate/ 
Final Isolate) Duration of Persistence (Days)

Hag/MID Expression Sequence Immediately Downstream of Start Codon

Initial Isolate Final Isolate Initial Isolate Final Isolate

5P47B2/ 5P54B2 260 + − 6Gs in frame 7Gs out of frame

142P77B1a/ 142P87B1 296 + − 6Gs in frame 7Gs out of frame

173P27B1b/ 173P31B1b 134 + − 6Gs in frame 6Gs in frame
(downstream in-frame stop codon)

74P50B1/ 74P58B1 253 − − 1Ac+9Gs out of frame 1Ac + 9Gs out of frame

46P58B1/ 46P73B1a 435 − − 1Ac+9Gs out of frame 1Ac + 9Gs out of frame

aMultilocus sequence type and Hag/MID sequence determined by polymerase chain reaction.
bGenome sequence determined on Illumina platform. Remaining isolates determined on Pacific Biosciences (PacBio) Sequel platform.
cAn additional A was present immediately upstream of the polynucleotide G repeat.
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Figure 3. Results of assays showing adherence of 7 isolates of a persistent strain 
of Moraxella catarrhalis (strain 142P77B1) to H292 human respiratory epithelial 
cells. The y-axis shows percent adherence calculated by dividing the number of 
adherent cells by the total number of cells in the well and multiplied by 100. The 
x-axis shows the clinic visit number of sequential isolates collected over 296 days. 
Expression of Hag/MID is noted at the bottom. Error bars show standard deviation 
of triplicate independent experiments.
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DISCUSSION

The course of COPD is characterized by exacerbations that re-
sult in enormous mortality, morbidity, and health care costs [4, 
27, 28]. A second, equally important role of bacteria in the path-
ogenesis of COPD is chronic persistence of bacterial pathogens 
in the lower airways, which has profound clinical and patho-
genetic consequences [3, 5]. Patients have increased airway in-
flammation and experience increased daily symptoms during 
times when pathogens are present compared to pathogen-free 
periods, accelerating the progressive loss of pulmonary func-
tion in COPD [4, 29–32]. In view of the central role of bacterial 
pathogen persistence in the course and pathogenesis of COPD, 
understanding the mechanisms by which pathogens persist is 
critical.

In the present study, determination and analysis of the genome 
sequence of the first and last isolates of 3 persistent strains of 
M.  catarrhalis suggested that expression of the autotransporter, 
Hag/MID, was changing during persistence in the airways of 
adults with COPD. Guided by this observation, we performed 
further studies showing that 28 of 30 strains that were cleared 
upon acquisition by patients expressed Hag/MID whereas only 
17 of 30 strains that persisted in the airways (mean duration 
161 ± 138 days) expressed Hag/MID. Analysis of a total of 94 serial 
isolates of these strains showed the intriguing observation that 
each of the 17 persistent strains shut off expression of Hag/MID 
once the strain was acquired, suggesting selective pressure against 
expression during persistence in COPD airways. We further 
demonstrate that expression of 2 virulence-associated phenotypes 
(adherence to human respiratory epithelial cells and autoaggrega-
tion) in sequential isolates in 1 persistent strain closely parallels 
the expression of Hag/MID in isolates from COPD airways.

Hag/MID is a 200-kilodalton autotransporter of M. catarrh-
alis with multiple virulence-related functions. This major 

surface antigen binds IgD, is an adhesin for human respiratory 
epithelial cells, binds collagen, and mediates both autoaggrega-
tion and hemagglutination [18, 22, 23, 33–38]. Immunization 
with a recombinant fragment of Hag/MID induces protective 
responses in the mouse pulmonary clearance model [39]. Hag/
MID is a target of both systemic and mucosal immune responses 
following clearance of M.  catarrhalis in adults with COPD  
[9, 10]. These antibody responses are directed at an immuno-
dominant region of the Hag/MID molecule, which overlaps 
with several biologically relevant domains, including epithelial 
cell adherence, IgD binding, collagen binding, and hemaggluti-
nation [40].

To explore the mechanism of regulation of expression of Hag/
MID during persistence in COPD airways, we analyzed gene 
sequences of paired isolates of 5 strains that ceased expression 
during persistence. Four strains underwent a change in poly-
nucleotide G repeats in the 5′ region of the hag/mid gene and 
1 strain acquired an in-frame stop codon resulting in cessation 
of expression, consistent with the observation of Möllenkvist 
et al [21] who studied 91 strains of M. catarrhalis isolated at a 
single point in time. They demonstrated that all strains had the 
hag/mid gene and that 84% of the strains expressed Hag/MID. 
The present study advances our understanding of the potential 
relevance of the regulation of expression Hag/MID by studying 
longitudinally collected sequential isolates in persistent human 
infection. A striking contrast is observed between the propor-
tion of initial isolates that express Hag/MID upon acquisition 
by COPD patients (47 of 60) compared to expression of Hag/
MID in isolates after persistence (0 of 30). These observations 
suggest that Hag/MID is important for the initial establishment 
of colonization and that the absence of expression of the antigen 
facilitates persistence.

If Hag/MID is important for initial colonization of 
M. catarrhalis by adults with COPD, why did 13 of 30 persistent 
strains not show expression of the protein in the first isolate col-
lected? Patients were seen approximately monthly in the study. 
However, missed appointments by patients periodically resulted 
in longer intervals between visits during which sputum samples 
were collected, accounting for some of the absence of expres-
sion by the initial isolate. In addition, M. catarrhalis appears to 
have the capacity to shut off expression in less than 1 month. 
In the case of 1 patient, the initial isolate expressed Hag/MID 
and the second isolate of the same strain cultured 15 days later 
showed absent expression. Thus, we speculate that some of the 
13 persistent strains with absent expression in fact expressed 
Hag/MID initially but our periodic cultures missed the initial 
isolate. An alternative explanation is that other adhesins played 
a more important role than Hag/MID for initial colonization 
in the 13 strains that did not express Hag/MID in the initial 
isolate.

Expression of 4 other genes of M. catarrhalis, in addition to Hag/
MID, are regulated by slipped-strand mispairing, including the 
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adhesins UspA1 and UspA2, lipooligosaccharide synthesis genes, 
and a restriction modification system that influences the expression 
of multiple genes [41–45]. The present study reports novel obser-
vations related to the regulation of Hag/MID during the course of 
human infection in the clinical setting of COPD. In view of the 
robust antibody response to Hag/MID by patients with COPD [9, 
10, 40], we speculate that immune selective pressure may account 
for the reduced expression of during persistence in the airways.

Regulation of virulence factors by slipped-strand mispairing 
during persistence in COPD airways is reminiscent of recent 
observations involving nontypeable H. influenzae, which shares 
an ecological niche with M. catarrhalis (ie, the human respira-
tory tract). Analysis of genomes of cleared and persistent strains 
of nontypeable H. influenzae from the same prospective study 
showed that slipped-strand mispairing in multiple genes during 
persistence regulates expression of critical virulence functions, 
including adherence, nutrient uptake, and modification of sur-
face molecules, and is a major mechanism for survival of non-
typeable H. influenzae in the hostile environment of the human 
airways [46]. Cholon et al [47] previously showed that expres-
sion of the major adhesins HMW 1 and HMW 2 decreased with 
persistence due to graded phase variation controlled by the 
number of repeats upstream of the structural genes.

UspA1 is another major adhesin of M. catarrhalis that, like 
Hag/MID, mediates adherence to respiratory epithelial cells 
and autoaggregation [48, 49]. Expression of UspA1 is regulated 
by slipped-strand mispairing by a poly-G tract in the promoter 
region. LaFontaine et al [44] showed that M. catarrhalis isolates 
with 10 G residues in their uspA1 poly-G tracts expressed 2- to 
3-fold more uspA1 mRNA than did isolates that had 9 G resi-
dues in their poly-G tracts. Analysis of this region upstream of 
the uspA1 gene in the 5 strains in Table 1 showed that the poly-G 
tracts were unchanged in the first and last isolates of 3 persistent 
strains. The poly-G tracts in 2 strains (74P50B1/74P58B1 and 
142P77B1/142P87B) changed from 10 Gs in the initial isolate 
to 9 Gs in the last isolate. Based on these observations, reduced 
expression of both Hag/MID and UspA1 during persistence 
may both contribute to the observations in Figures  3 and 4 
that show reduced adherence to respiratory epithelial cells and 
reduced autoagglutination during persistence in human air-
ways following acquisition of strain 142P77B1.

In contrast to the airway microbiome of healthy people, the 
airway microbiome in adults with COPD includes bacterial 
pathogens for months at a time during clinically stable periods 
[34, 50]. Persistence of pathogens in the airways has substantial 
clinical and pathogenetic impact through induction of inflam-
matory host responses, increased symptoms, and acceleration 
of the progressive decline in lung function in COPD. The pres-
ent study reports the novel observation that the autotransporter 
Hag/MID, which mediates key virulence phenotypes, undergoes 
regulation of expression during human infection, facilitating 
persistence of M. catarrhalis in COPD airways. Understanding 

how pathogens persist in the airways is critical to developing 
new therapeutic approaches. Such approaches may target key 
molecules that mediate colonization and persistence, leading 
to the development of interventions that will enable patho-
gen-specific eradication, sparing the normal microbiome.
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