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ABSTRACT Nontypeable Haemophilus influenzae (NTHi) is an exclusively human
pathobiont that plays a critical role in the course and pathogenesis of chronic ob-
structive pulmonary disease (COPD). NTHi causes acute exacerbations of COPD and
also causes persistent infection of the lower airways. NTHi expresses four IgA pro-
tease variants (A1, A2, B1, and B2) that play different roles in virulence. Expression of
IgA proteases varies among NTHi strains, but little is known about the frequency
and mechanisms by which NTHi modulates IgA protease expression during infection
in COPD. To assess expression of IgA protease during natural infection in COPD, we
studied IgA protease expression by 101 persistent strains (median duration of persis-
tence, 161 days; range, 2 to 1,422 days) collected longitudinally from patients en-
rolled in a 20-year study of COPD upon initial acquisition and immediately before
clearance from the host. Upon acquisition, 89 (88%) expressed IgA protease. A total
of 16 of 101 (16%) strains of NTHi altered expression of IgA protease during persis-
tence. Indels and slipped-strand mispairing of mononucleotide repeats conferred
changes in expression of igaA1, igaA2, and igaB1. Strains with igaB2 underwent fre-
quent changes in expression of IgA protease B2 during persistence, mediated by
slipped-strand mispairing of a 7-nucleotide repeat, TCAAAAT, within the open read-
ing frame of igaB2. We conclude that changes in iga gene sequences result in
changes in expression of IgA proteases by NTHi during persistent infection in the re-
spiratory tract of patients with COPD.

KEYWORDS IgA protease, nontypeable Haemophilus influenzae, chronic obstructive
pulmonary disease, respiratory tract infections

Nontypeable Haemophilus influenzae (NTHi) is a pathobiont of the human upper
airways commonly found in the nasopharynx of children and adults (1, 2). NTHi is

frequently isolated from patients with chronic obstructive pulmonary disease (COPD)
and is the most common bacterial cause of acute exacerbations of COPD, which are
associated with substantial morbidity and mortality (3, 4). In addition to causing acute
exacerbations, NTHi is present in the lower airways of patients during clinically stable
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periods (5). This exclusively human pathogen has evolved mechanisms and virulence
factors to maintain persistent infection in the hostile environment of the human lower
airways for months to years (5, 6). One of these virulence factors is immunoglobulin A
(IgA) protease.

IgA proteases cleave the hinge region of human IgA1 and also facilitate bacterial
infection by a number of mechanisms, including stimulating proinflammatory cyto-
kines, such as tumor necrosis factor alpha, interleukin-1� (IL-1�), and IL-8, and medi-
ating intracellular persistence in respiratory epithelial cells by cleaving lysosome-
associated membrane protein 1 (LAMP1) (7–9). NTHi has two IgA protease genes in
separate regions of the genome, igaA and igaB, each with 2 variants, for a total of 4 IgA
proteases. All strains of NTHi contain igaA, and approximately 40% of strains isolated
from patients with COPD also contain the igaB gene (9). Each variant of IgA protease
has a unique cleavage site along the hinge region of human IgA1 (9). In addition, IgA
proteases B1 and B2 cleave LAMP1 and mediate intracellular survival in human respi-
ratory epithelial cells (8). NTHi strains with both an igaA gene and an igaB gene are
adapted for colonization and infection in COPD (10).

Expression of IgA proteases is variable from strain to strain among NTHi (9). Poole
et al. (11) challenged healthy adults by nasal inoculation with a strain of NTHi and
demonstrated increased expression of IgA protease B2 in the challenge strain after
persistence in the nasopharynx. We demonstrated previously that passage of two
strains of NTHi through H292 respiratory epithelial cells selected for the expression of
IgA proteases B1 and B2 compared to in vitro passage (12). These studies show that
selected strains of NTHi regulate expression of IgA proteases under carefully defined
but artificial conditions (nasal inoculation of a laboratory-grown strain and in vitro cell
culture). The present study builds on these observations in two ways. First, studying IgA
protease expression of strains of NTHi isolated at the time of acquisition by the patient
and after persistence in human airways allows conclusions regarding changes in IgA
protease expression of NTHi strains acquired by natural infection and during persis-
tence in the airways of COPD patients. Second, our unique collection of 101 prospec-
tively collected strains of NTHi from adults with COPD provides an accurate estimate of
the incidence of changes in IgA protease expression during natural infection in humans.
Thus, the goal of this study was to examine the extent to which NTHi changes the
expression of IgA proteases during persistence in the human respiratory tract by 101
strains isolated from patients with COPD as part of a 20-year longitudinal study to
further our understanding of the role of IgA proteases in NTHi infection in the clinical
setting of COPD.

RESULTS
Expression of IgA protease during persistence. To assess the expression of IgA

proteases in NTHi strains that persisted in COPD patient airways, IgA protease expres-
sion was determined in the first isolate upon acquisition of a strain of NTHi by the
patient and the final isolate of the strain just prior to clearance for 101 persistent strains
of NTHi (median duration of persistence, 161 days, range, 2 to 1,422 days). In all strains
in which no IgA protease expression was observed in the first isolate (n � 12), that
pattern of negative expression continued in the final isolate of the same strain of NTHi.
Analysis of igaA1 and igaA2 gene sequences in the 12 isolates that did not express the
IgA protease upon acquisition of the strain revealed that mutations in the open reading
frames caused the gene to be out of frame, resulting in no IgA protease expression.

Figure 1 shows that most strains that expressed IgA protease in the first isolate upon
acquisition continued to express the same IgA protease throughout persistence. How-
ever, selected strains of each of the 4 IgA protease variants demonstrated a change in
expression between the first isolate and the final isolate during persistence.

Mechanism of changes in expression: IgA protease A. Of the 50 strains that
expressed IgA protease A1 at the time of acquisition by the patient, 48 strains showed
continued expression following persistence (median, 161 days; range, 2 to 1,420 days),
while 2 strains no longer expressed IgA protease A1 in the final isolate (Fig. 2). To
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explore the mechanism that accounts for changes in igaA1 protease expression, the
sequences of the igaA1 genes in isolates of the persistent strains that ceased expression
were aligned and compared. A single base deletion in a single nucleotide repeat of 12
G residues was present in the last (nonexpressing) isolate of the strain obtained from
patient 138 compared to the sequence of the first isolate, causing the gene to be out
of frame. The strain from patient 48 acquired a 7-bp insertion, causing a frameshift in
igaA1, accounting for the loss of expression of IgA protease A1 during persistence (Fig.
3A). To begin to assess the diversity of the population of these isolates at the time that
they were cultured, individual colonies isolated from the original sputum sample were
each grown independently and assayed for IgA protease expression. In each case, all
colonies from a sputum sample showed the same expression as the others in the same
sample. The number of colonies examined for each isolate is noted in Fig. 2.

Of the 11 strains that expressed IgA protease A2 at the first isolation, 9 strains
showed continued expression during persistence (median duration of persistence, 77
days; range, 27 to 1,175 days) and 2 strains stopped expression (Fig. 2). Aligning the
sequences of the igaA2 genes from the strain from patient 1 that ceased expression
showed a 2-bp deletion resulting in a frameshift in the gene and loss of expression in

FIG 1 Distribution of iga genes and IgA protease activity upon initial acquisition and final isolation in 101
persistent strains of nontypeable Haemophilus influenzae isolated from sputum samples from patients
with chronic obstructive pulmonary disease.

FIG 2 Immunoblot probed with peroxidase-conjugated anti-human IgA showing the IgA protease
activity of strains isolated from four patients with COPD (noted at the top) upon acquisition (the lower
visit number noted at the bottom) and just before clearance from the host (the higher visit number noted
at the bottom). Number of colonies, the number of individually collected colonies that were tested for
IgA protease expression upon isolation; Cleavage, IgA protease activity. Molecular mass markers (in
kilodaltons) are shown on the left.
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the final isolate of this strain. Comparison of the gene sequences of igaA2 from the first
and final isolates of the persistent strain from patient 39 revealed a loss of a single
adenine in a single nucleotide repeat of 8 A residues from the initial acquisition isolate,
resulting in a frameshift (Fig. 3A). All available colonies of each isolate were tested
independently, and in each case, all colonies from a sputum sample showed the same
expression as the others in the same sample. The number of colonies examined for
each isolate is noted in Fig. 2.

In addition to the variability of the genetic changes within the open reading frames
of IgA proteases A1 and A2 (insertions and deletions of various lengths), the location of
the changes in the iga genes of the different strains was distributed throughout the
length of the igaA1 and igA2 genes and the changes were not localized to one region
or to one domain of the gene. Changes occurred in the functional protease domain and
the beta-core required for type V secretion of IgA proteases (13) (Fig. 3B). The obser-
vation that the sequence change in igaA1 in the strain from patient 48 that is near the
C terminus of the gene results in the total loss of IgA protease expression indicates that
the beta-core is required for secretion of the functional protease into the extracellular
space.

Mechanism of changes in expression: IgA protease B1. Of the 23 persistent
strains that expressed IgA protease B1 upon acquisition by the patient, 21 continued to
express IgA protease B1 during persistence (median duration of persistence, 277 days;
range, 17 to 1,193 days) (Fig. 4). All 6 persistent strains that had the igaB1 gene and that
did not express IgA protease B1 upon acquisition continued to show no expression in
the final isolate. Alignment of the sequences of igaB1 of the first and final isolates
demonstrated a 49-bp deletion in the strain obtained from patient 103 and a single
adenine deletion in a mononucleotide repeat of 7 A residues in the strain obtained

FIG 3 (A) Genome fragments of igaA that contain the change between the first and final isolates of persistent NTHi
strains during persistent infection in COPD. The visit numbers on the right indicate the monthly clinic visit at which
the isolate was recovered from each patient. (B) Schematic representing the igaA gene (top) and functional
domains (bottom). Arrows, the location in the open reading frame of the genomic changes shown in panel A; S,
25-amino-acid signal sequence; Protease, secreted IgA1 protease domain; P, short conserved peptide; Beta-core,
beta-barrel component of the type V secretion system.
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from patient 93, causing the final isolates before clearance to be frameshifted and no
longer express IgA protease B1 (Fig. 5A). The changes in both of the igaB1 genes were
located within the open reading frame near the N terminus, in the structural IgA
protease domain of the gene (Fig. 5B). All available colonies of each isolate were tested
independently, and in each case, all colonies from a sputum sample showed the same
expression as the others in the same sample. The number of colonies examined for
each isolate is noted in Fig. 4.

Mechanism of changes in expression: IgA protease B2. Inspection of the expres-
sion patterns of the first and final isolates of the 10 persistent strains with the igaB2
gene showed a variety of patterns, including (i) expression of IgA protease B2 by 6 of
10 strains initially, (ii) loss of expression by 3 of these 6 strains, and (iii) a transition from
no expression to expression by 1 of 4 strains that were not expressing IgA protease B2
upon acquisition. In contrast to strains with the igaA1, igaA2, and igaB1 genes, analysis
of the igaB2 genes of strains that changed expression during persistence did not reveal
insertions or deletions within the open reading frame causing a frameshift. Instead, a
simple sequence repeat 7 bp in length, TCAAAAT, was present immediately down-
stream of the ATG start codon. When the number of TCAAAAT repeats caused the gene

FIG 4 Immunoblot probed with peroxidase-conjugated anti-human IgA showing IgA protease activity of
strains isolated from two patients with COPD (noted at the top) upon acquisition (the lower visit number
noted at the bottom) and just before clearance from the host (the higher visit number noted at the
bottom). Number of colonies, the number of individually collected colonies that were tested for IgA
protease expression upon isolation; Cleavage, IgA protease activity. Molecular mass markers (in kilodal-
tons) are shown on the left. The lower portion demonstrates individual colonies at the time of collection
that were assayed for IgA protease activity to show the population of expression.
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to be out of frame, IgA protease B2 was not expressed. Conversely, when the number
of TCAAAAT repeats caused the igaB2 gene to be in frame, IgA protease B2 expression
was observed. Figure 6A shows immunoblots for the three strains that expressed IgA
protease B2 upon acquisition and the loss of expression in the final isolate (patients 13,
91, and 133) and one strain that showed no expression upon acquisition but expressed
IgA protease B2 in the final isolate after 421 days of persistence (patient 74). In each
case, expression was determined by the number of 7-bp repeats placing the gene in
frame or out of frame. The change in repeat number fluctuated by only one between
the first and final isolates in each strain (Fig. 6B).

Figures 4 and 6A show that the IgA protease A1 cleavage pattern is observed in
isolates when igaB2 is out of frame. We have shown previously that transcription of the
igaB genes is approximately 100-fold greater than that of the igaA genes in quantitative
real-time PCR, accounting for this observation (9).

To analyze more rigorously the relationship between the number of TCAAAAT
repeats and expression of IgA protease B2, a fragment spanning the repeat region was
amplified by PCR and the sequence was determined in 66 isolates. IgA protease
expression was assayed in the same 66 isolates. In each isolate, IgA protease B2 was
expressed when the number of repeats placed the igaB2 gene in frame. Similarly, IgA
protease B2 was not expressed when the number of repeats placed the igaB2 gene out
of frame (Table 1).

Analysis of sequentially collected intervening isolates of selected strains of NTHi
containing the igaB2 gene revealed that expression of IgA protease B2 varies through-
out the duration of persistence. For example, Fig. 7 shows a timeline of 7 sequentially
collected isolates of a single strain over 7 monthly clinic visits of patient 56. The
observation that the initial isolate at visit number 34 and the final isolate before
clearance at visit number 41 both demonstrated a lack of IgA protease B2 expression
while two isolates at visits 35 and 37 expressed IgA protease B2 supports the conclusion
that frequent changes in expression due to slipped-strand mispairing occur during
persistent infection in strains of NTHi that contain the igaB2 gene.

Cultures grown from individual colonies from each visit were examined for IgA
protease expression. We observed expression of different IgA protease variants from
the population of isolates collected from the same culture in the case of IgA protease
B2 (Fig. 7), in contrast to that observed in the case of IgA proteases A1, A2, and B1. The
individual colonies were confirmed to be the same strain by molecular typing. We

FIG 5 (A) Genome fragments of igaB1 that contain the change between the first and final isolates of persistent NTHi
strains during persistent infection in COPD patients. (B) Schematic representing the igaB1 gene (top) and functional
domains (bottom). Arrows, the location in the open reading frame of the genomic changes shown in panel A; S,
25-amino-acid signal sequence; Protease, secreted IgA1 protease domain; P, short conserved peptide; Alpha
protein, alpha protein; Beta-core, beta-barrel component of the type V secretion system.
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conclude that expression of IgA protease B2 is highly variable during persistence in
COPD airways and is mediated by a slipped-strand mispairing.

Changes in the number of TCAAAAT repeats in the igaB2 gene alter the frame of the
gene and therefore change IgA protease B2 expression during persistence in the
human respiratory tract. We conclude that expression of IgA protease B2 during
persistence in COPD is dynamic and that the frequent changes in expression are
regulated by slipped-strand mispairing of the igaB2 gene. NTHi changes expression in
different microenvironments in the airways.

DISCUSSION

The focus of this study was the expression of IgA proteases, important virulence
factors of NTHi, during persistence in the airways of adults with COPD. Our observations
are based on analysis of strains of NTHi that persisted in the airways of adults with
COPD for months to years and that were isolated as part of a 20-year longitudinal study
(5, 14). The present study shows that some strains altered their expression of IgA
proteases and further shows that changes in the genome during persistence account

FIG 6 (A) Immunoblot probed with peroxidase-conjugated anti-human IgA showing the IgA protease
activity of strains isolated from four patients with COPD (noted at the top) upon acquisition (the lower
visit number noted at the bottom) and just before clearance from the host (the higher visit number noted
at that bottom). Cleavage, IgA protease activity. Molecular mass markers (in kilodaltons) are shown on
the left. (B) Table showing the relationship between the number of simple sequence repeats within the
igaB2 gene (number of repeats) and IgA protease B2 expression.
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for changes in expression, advancing understanding of the mechanisms by which NTHi
alters expression of each of the four IgA protease variants. IgA proteases B1 and B2
cleave lysosome-associated membrane protein 1 (LAMP1) and mediate intracellular
survival in human respiratory epithelial cells, facilitating the persistence of NTHi (8, 12).
IgA proteases A1 and A2 do not cleave LAMP1, nor do they enhance intracellular

TABLE 1 Relationship of expression of IgA protease B2 to the number of TCAAAAT
repeats in the igaB2 gene

No. of
repeats

No. of
isolates Frame

No. of isolates expressing
IgA protease B2

% of isolates expressing
IgA protease B2

1 3 Out 0 0
10 1 Out 0 0
11 10 In 10 100
12 24 Out 0 0
13 11 Out 0 0
14 9 In 9 100
15 1 Out 0 0
16 2 Out 0 0
17 2 In 2 100
19 0 Out 0 0
20 1 In 1 100
21 2 Out 0 0

FIG 7 Immunoblot probed with peroxidase-conjugated anti-human immunoglobulin IgA showing IgA protease
expression of sequential isolates of a persistent NTHi strain from patient 56 over the course of 217 days. Visit
number, the monthly clinic visit; IgA expression, the IgA protease variant expressed; TCAAAAT repeats, the number
of repeats in the igaB2 gene; Frame, whether the number of repeats places the igaB2 gene in frame or out of frame.
Molecular mass markers (in kilodaltons) are shown on the left. The lower blot shows IgA protease expression from
cultures grown from individual colonies obtained from the original culture of sputum collected at visit 34.
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survival in human respiratory epithelial cells compared to strains that lack IgA protease
expression (8, 12).

Strains of NTHi that did not express IgA protease upon acquisition by the patient
continued that pattern of negative expression throughout persistence. Two strains each
of those initially expressing IgA proteases A1, A2, and B1 stopped expression during
persistence due to insertions or deletions ranging in size from 1 to 49 bp in the open
reading frame of the gene, causing the gene to be out of frame. The changes in three
of these six strains occurred in mononucleotide repeats in a guanine or adenine residue
repeat region. A single base change in a mononucleotide repeat region could be
interpreted either as an indel or, alternatively, as a change in a simple sequence repeat,
consistent with slipped-strand mispairing. Mononucleotide simple sequence repeats
mediate phase variation of genes in many species, including virulence-associated
genes, such as pilin genes, hemagglutinins, and glycosyltransferases in H. influenzae
(34). These previously described mononucleotide repeats associated with frameshift
mutations are generally located upstream of the gene or near the 5= regions of the
open reading frame. An interesting observation in this study was that changes in
mononuclear repeats during persistence were located throughout the open reading
frame of IgA proteases A1, A2, and B1 (Fig. 3B and 5B). Slipped-strand mispairing and
indels resulting in changes in expression occurred in the functional protease domain
and the beta-core region within the iga genes. The beta-core is associated with
formation of the beta-barrel for type V secretion of IgA proteases from the periplasmic
space to the extracellular space (13).

IgA protease B2 expression is regulated by slipped-strand mispairing mediated by a
change in the number of a 7-bp repeat, TCAAAAT, following the ATG start codon of the
igaB2 gene (9, 11). Poole et al. (11) observed phase variation of igaB2 in a laboratory strain
of NTHi following experimental human nasopharyngeal challenge. The igaB2 gene was
phase-off upon challenge and switched to phase on at rates ranging from 3.8% of isolates
at the time of administration of the inoculum to 12.5% of isolates by day 6 (11). Our study
of clinical isolates of 23 naturally acquired strains of NTHi showed substantial variability in
expression of IgA protease B2, with individual strains turning expression on and off during
persistence.

Previously, we showed that passage of the same strains through H292 respiratory
epithelial cells resulted in changes in the genome that switched from no expression to
expression of IgA proteases B1 and B2, suggesting that intracellular conditions select
for expression of IgA proteases B1 and B2. Strains that lost expression of IgA proteases
show reduced intracellular survival (12). The results of the present study indicate that
genome changes alter IgA protease expression in the natural ecological niche of NTHi,
the human respiratory tract. We cannot draw a definitive conclusion that the conditions
of the airway selected for these changes. However, given the results of in vitro studies
and those obtained with the human NTHi challenge model of Poole et al. (11), we
speculate that the microenvironment of the human airways selects for changes in IgA
protease expression.

It is curious that passage through respiratory epithelial cells and nasopharyngeal
colonization following challenge of healthy adults selected for expression of IgA
protease, whereas the strains in the present study that changed expression went from
expression to no expression, suggesting selection against expression. Our interpreta-
tion is that NTHi adapts to microenvironments in the human airways. When NTHi
colonizes the human respiratory tract, it may be present in the lumen, being bound to
mucin or adhering to epithelial cells, and it is also present in epithelial cells, macro-
phages, and intercellular spaces (15–22). We speculate that NTHi alters expression of
IgA proteases, depending on its immediate environment, to adapt to the changing
conditions of the human airways. We have shown recently that the genomes of NTHi
strains that persist in COPD patient airways undergo changes in simple sequence
repeats in numerous genes, indicating that the organism uses slipped-strand mispair-
ing of multiple genes simultaneously to survive in the airways (23). The present work
advances our understanding of how NTHi adapts to human airways by elucidating
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changes in IgA protease expression that occur during natural infection in the clinical
setting of COPD.

MATERIALS AND METHODS
Prospective study of COPD. Strains of NTHi were isolated from patients with COPD as a part of a

20-year prospective study in Buffalo, NY, as described previously (14). The institutional review boards of
the University at Buffalo and the Veterans Affairs Western New York Healthcare System approved this
study; study participants provided written informed consent before enrollment. In brief, patients were
seen monthly and at the time of suspected exacerbations. Expectorated sputum samples were collected
at each visit and were subjected to bacterial culture.

Bacterial strains. H. influenzae strains were identified using standard techniques and were distin-
guished from Haemophilus haemolyticus using monoclonal antibody 7F3, which recognizes an epitope
on the P6 protein (24). Strains of NTHi were characterized by multilocus sequence typing (MLST) (25).
Strains that were isolated at 2 or more monthly visits and that belonged to the same MLST were defined
as “persistent” strains. We studied the first isolate upon acquisition of the strain by the patient and the
last isolate before clearance of each strain, referred to here as the “first” and “final” isolates. These
observations regarding the identity of strains were confirmed by whole-genome sequencing of the first
and final isolates (23). A total of 101 persistent strains of NTHi were isolated during the prospective study,
and these strains are the subject of the current study.

IgA protease immunoblot assay. The expression of IgA proteases (by strains passaged a total of
three times from the strain originally isolated from patient expectorated sputum) was determined by
immunoblot assay as described previously (9, 26, 27). In brief, strains of NTHi were grown to late log
phase in brain heart infusion (BHI) supplemented with hemin and �-NAD to a final concentration of 10
�g/ml each to an optical density at 600 nm of 0.8. Cells were removed by centrifugation at 13,000 � g
for 5 min at room temperature, and culture supernatants were incubated with 20-�g/ml human IgA1
myeloma (Calbiochem, Temecula, CA) at 37°C overnight. The supernatants were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose. Mem-
branes were probed overnight at room temperature with goat anti-human IgA-horseradish peroxidase
(1:1,000) conjugate (KPL, Gaithersburg, MD) diluted in buffer A (0.01 M Tris, 0.15 M NaCl, pH 7.4) and
developed with H2O2 and color developer. Immunoblots were inspected for IgA protease cleavage
patterns.

Sequence analysis methods. Reference-free whole-genome multiple-sequence alignment-based
comparative analyses of diverse subsets of the NTHi genomes were performed using the CloVR-
Comparative pipeline (28, 29). The pipeline also generates the Sybil interactive web interface (30, 31) for
interrogation of the comparative genomics data. An independent set of clusters of orthologs, Jaccard-
filtered clusters of orthologs (JOCs) based on reciprocal best matches by analysis with BLAST software,
was generated by performing all-versus-all searches of all the genes predicted in our NTHi genomes. The
IgA protease A and IgA protease B gene sequences were obtained by a cluster search of the clusters of
orthologous groups on the Sybil interface, using the terms “immunoglobulin A1 protease autotrans-
porter precursor” and “IgA-specific serine endopeptidase autotransporter precursor,” respectively. We
also performed comprehensive searches of all subtypes with the BLAST program to ensure identification
of all genes, as some frameshifted or fragmented genes would not have been included in the JOC
clusters of the Sybil interface. The iga genes in the genomes of the first and last isolates of 101 persistent
strains were analyzed using the MacVector (version 14.5.3) application (32, 33). Differences in sequence
were observed after using the ClustalW program to align the sequences.
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