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Summary. The human respiratory tract contains a highly adapted microbiota including commensal and opportunistic patho-
gens. Noncapsulated or nontypable Haemophilus influenzae (NTHi) is a human-restricted member of the normal airway micro-
biota in healthy carriers and an opportunistic pathogen in immunocompromised individuals. The duality of NTHi as a colonizer
and as a symptomatic infectious agent is closely related to its adaptation to the host, which in turn greatly relies on the genetic
plasticity of the bacterium and is facilitated by its condition as a natural competent. The variable genotype of NTHi accounts for
its heterogeneous gene expression and variable phenotype, leading to differential host-pathogen interplay among isolates. Here
we review our current knowledge of NTHi diversity in terms of genotype, gene expression, antigenic variation, and the pheno-
types associated with colonization and pathogenesis. The potential benefits of NTHi diversity studies discussed herein include
the unraveling of pathogenicity clues, the generation of tools to predict virulence from genomic data, and the exploitation of
a unique natural system for the continuous monitoring of long-term bacterial evolution in human airways exposed to noxious
agents. Finally, we highlight the challenge of monitoring both the pathogen and the host in longitudinal studies, and of applying
comparative genomics to clarify the meaning of the vast NTHi genetic diversity and its translation to virulence phenotypes.
[Int Microbiol 2012; 15(4): 157-170]
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Introduction
microorganisms and opportunistic pathogens. The fine-

tuned balance of the microbial-airway interplay underlies
normal lung function, but it can be altered by host genetic

The human upper respiratory tract contains a characteristic

and highly adapted microbiota encompassing commensal
factors or immunological status, by host exposure to external

. . factors such as radiation, infectious agents, chemical
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contaminants, and environmental pollutants, as well as by
diet, lifestyle (e.g., tobacco or alcohol use), occupation, and
medical interventions [70]. Regardless of their origin, the
changing conditions often allow existing or newly acquired
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opportunistic pathogens to modify their status as colonizers,
becoming the cause of a symptomatic infection. Moreover,
opportunistic pathogens often display high genetic plasticity
as a strategy to drive continuous evolution, thereby facilitating
the evasion of host immunity, carrier state colonization, or
symptomatic infection. In this review, we focus on a member
of the human airway microbiota, the opportunist pathogen
nontypable Haemophilus influenzae (NTHi). We review the
most recent knowledge on its genetic diversity and highlight
questions and challenges for its future study with respect to
heterogeneity, evolution, and host interplay. Although tailored
to H. influenzae, our discussion is applicable to almost any
other opportunistic pathogen.

General features of the bacterial res-
piratory pathogen Haemophilus influ-
enzae

Haemophilus influenzae is a gram-negative coccobacillus
whose environmental niche is primarily restricted to the
human respiratory tract. It is classified on the basis of its
production of a polysaccharide capsule; strain types a—f
produce antigenically distinct capsules while nontypable
strains do not. The use of H. influenzae type b (Hib) conjugate
vaccines has nearly eliminated invasive strains in places
where the vaccines have been administered, but they have
also promoted the emergence of NTHi strains as the most
predominant of this pathogen species [1]. NTHi is a member of
the human respiratory microbiota in most healthy individuals
beginning in early life. Colonization by several different
NTHi strains is often simultancous [18], continuously
renovated, and actively modulates colonization by other
opportunistic pathogens such as Streptococcus pneumoniae
[41,66]. In addition to colonizing the nasopharynx of healthy
individuals, NTHi is an opportunistic pathogen. Colonization
of the upper airways is also the first step in the pathogenesis
of NTHi infection, facilitated by contiguous spread of the
bacteria and its migration from the nasopharynx to adjacent
structures, including the sinuses, middle ear, trachea, and
lower airways. Clinical manifestations of NTHi infection are:
(i) upper respiratory tract involvement such as otitis media
(OM) in children, as well as sinusitis, and conjunctivitis; (ii)
exacerbations of conditions involving the lower respiratory
tract (LRT) in adults suffering chronic obstructive pulmonary
disease (COPD), as well as pneumonia and infections in cystic
fibrosis (CF); and (iii) invasive disease, with bacteremia and
meningitis as the most common presentations [1].

The notion that NTHi is highly adapted to the host is
supported by the fact that this bacterium is: (i) human host-
restricted; (ii) successful at establishing a niche in the human
airway as a colonizer, and (iii) provided with virulence
factors facilitating the pathogen’s ability to take advantage
of the host condition and cause a symptomatic infection. The
adaptation of NTHi is manifested by wide variations in the
DNA material among isolates. While encapsulated serotype
type b invasive strains form a clonal group, there is enormous
genetic heterogeneity among NTHi strains [25].

In general, existing evidence indicates that bacterial
strains belonging to the same species vary considerably in
gene content, and that the genetic repertoire of a given species
is much larger than the gene content of individual strains.
This has important consequences for our understanding of
bacterial evolution, adaptation, and population structure,
as well as for the identification of virulence genes, vaccine
design, etc. Bacterial species are currently described by their
gene pools (pan-genomes or supra-genomes), which include
a core genome containing genes present in all strains and an
accessory or adaptive genome consisting of partially shared
and strain-specific genes [47]. Available information on
genotyping systems and genome sequencing of NTHi strains
indicates that the pan-genome of this bacterial species is large
[25,35]. The sources of selective pressure driving genetic
diversity among populations of H. influenzae are likely related
to the bacterial necessity to attach to host cells or surfaces for
colonization, to evade host innate and adaptive immunity and
persist in the host, to obtain iron and other nutrients essential
for replication, and to disseminate or spread.

Genetic mechanisms that modify H. influenzae gene
content are: (i) the lateral transfer of DNA sequences
between different bacterial cells, facilitated by the fact that
NTHi is a naturally competent DNA acceptor [56]; (ii)
genetic polymorphisms, encompassing gene point mutations,
insertions, deletions, or duplications [25]; (iii) phase variation,
a slipped-strand mispairing mediated by short DNA repeats
(SSR, simple sequence repeats) in the coding or the upstream
promoter regions of certain genes such that a spontaneous gain
or loss of repeat units in these unstable regions either results
in a translational frameshift or alters the distance spanned by
the promoter, thus modifying gene expression [48]; and (iv)
hypermutation [54].

Genetic variability is likely to have fundamental
consequences in NTHi infection, favoring heterogencous
gene expression as well as phenotypic and antigenic diversity
while providing this pathogen with strategies to evade host
immunity and overcome antimicrobial treatment (Fig. 1).
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Fig. 1. Diagram of three different domains conferring diversity in Haemophilus influenzae: genetic variability, heterogeneous gene expression and phenotypic
variability. The three diversity domains are intimately cross-related and lead to the generation of antigenic variation. Non-exhaustive examples of the available

experimental evidence for each of these domains are provided.

NTHi genetic diversity: gene distribu-
tion/sequence conservation and
genome-sequencing-based approaches

Haemophilus influenzae strain Rd KW20 was the first free-
living organism from which a complete genome sequence was
obtained, and the resulting information provided an excellent
scaffold to assess H. influenzae diversity [19]. Nontypable
strains of H. influenzae were long considered as colonizing
bacteria whose virulence potential largely reflected altera-
tions in host defenses. However, growing evidence based
on NTHi recovered from discase states suggests that these
bacteria are genotypically different, both in terms of disease
state and compared to strains harvested from healthy carri-
ers [25,52,55,73]. These observations raise several questions:
Can we identify genes/genomic regions important for NTHi

virulence by comparing the genetic makeup of strains recov-
ered from disease with strains isolated from healthy carriers?
Would this virulence-associated genetic material allow strain
stratification or the development of tools to predict NTHi
virulence? The answers have been sought mainly by analyz-
ing the differential distribution of limited numbers of genes
or genetic traits among NTHi isolates, and more recently, by
comparative genomics of sequenced strains.

Gene distribution/sequence conservation among
NTHi isolates. Explorations of NTHi genetic diversity
have mainly been carried out using a reductionist approach,
based on the survey of selected genes or genetic islands on
isolate panels. The aim of these studies has been the identi-
fication of virulence factors, genetic markers for NTHi dif-
ferentiation from other bacteria, and useful epitopes as vac-
cine candidates. Gene distribution assessment has focused on
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Table 1. Sources of genetic variability among noncapsulated Haemophilus influenzae strains

Gene Variable distribution Phase variation Allelic polymorphisms
lic2C Yes No ND*
lic2B Yes No ND
losAB Yes Yes, 5'-CGAGCATA in losA ND
lic3A No Yes, 5'-CAAT ND
lic3B Yes Yes, 5'-CAAT ND
liclA Yes Yes, 5'-CAAT ND
liclD Yes No Yes
lic2A No Yes, 5'-CAAT ND
IgtC No Yes, 5'-GACA ND
oafA No Yes, 5'-GCAA ND
lex2A Yes Yes, 5'-GCAA ND
lex2B Yes No Yes
hmwi1A Yes Yes, 5'-ATCTTTC Yes
hmw2A Yes Yes, 5'-ATCTTTC Yes
hia Yes No Yes
hifABCDE Yes Yes, 5'-TA Yes
hap No No Yes
ompP5 No No Yes
0apA No No Yes
igaB Yes Predicted in strain 2019, 5'-AAATTCA Yes

*ND, not determined.

genes encoding NTHi surface molecules, including lipooligo-
saccharid (LOS) as well as adhesive and immunomodulatory
molecules. Table 1 provides a list of genes that are variable on
NTHi strains, and their sources of variability.

The NTHi LOS is a glycolipid comprising a membrane-
anchoring lipid A linked by a single 2-keto-3-deoxyoctulosonic
acid (Kdo) to a heterogeneous oligosaccharide (OS) composed
of neutral heptose (Hep) and hexose (Hex) sugars, lacking an
O antigen [60]. Each Hep of a conserved trisaccharide (Hepl
to Heplll) inner core can serve as a point for Hex addition
and further chain extensions, the degree and pattern of which
vary among strains [60]; a fourth heptose (HeplV) may be

present on the OS extension from Hepl [37] (Fig. 2). Several
genes involved in LOS biosynthesis are variably present
among H. influenzae strains. This is the case for 1i2BC
and 10sAB [16,17,36]. The lic2C and lic2B genes encode
glycosyltransferases responsible for initiating sugar extension
from Hepll [36] and for adding the second sugar (Glc or Gal)
to the Glc on Hepll, respectively [65]. The losB gene encodes
a heptosyltransferase responsible for adding HeplV to the OS
on Hepl, and l0sA encodes another glycosyltransferase [37].
When present, lic2C is located in a genetic island flanked by
infA and ksgA. The infA-ksgA island can be absent, with the
infA and ksgA adjacent to each other, or present, containing
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Fig. 2. Model structure of NTHi lipooligosaccharide (LOS). A repertoire of modifications, whose presence and location are variable among strains, is shown.

GIcN, glucosamine; Kdo, 2-keto-3-deoxyoctulosonic; PEtn, phosphoethano
phosphorylcholine; OAc, O-acetyl group. Genes encoding enzymes responsi
are shown in white; non-phase-variable genes are shown in gray.

(1) lic2C, (ii) lic2B and lic2C, or (iii) losA and losB [17]. A
comparison between invasive NTHi isolates obtained from
the host middle ear and nasopharynx/throat revealed that this
island is present in most nasopharyngeal and OM isolates but
absent from 40 % of invasive isolates [17].

A survey of lic2C from a collection of NTHi inner ear-OM
isolates showed the presence of the gene in approximately half
of the analyzed strains [36]. A later study from our laboratory
on a panel of non-isogenic NTHi isolates of different
pathological origin showed a 95 % prevalence of lic2C,
suggesting that it encodes a molecular feature conferring
bacterial fitness during infectious processes [44]. Support for
this observation comes from an analysis of lic2C distribution
in a strain panel encompassing 54 NTHi strains collected

lamine; Hep, heptose; Glc, glucose; Gal, galactose; Neu5Ac, sialic acid; PCho,
ble for the biosynthesis of the LOS molecule are indicated. Phase-variable genes

from 20 adults suffering an underlying chronic respiratory
disease. The patients were seen at a tertiary reference center
(University Hospital Bellvitge, Spain) between two and five
times from 1996 to 2007. Strain molecular typing by pulse-
field gel electrophoresis (PFGE) indicated a high diversity
(45 PFGE different profiles). Patients were classified as
follows: Group A, consisting of 14 patients in whom each
of the collected strains differed from the others with respect
to the PFGE profile; and Group B, consisting of six patients,
among whom at least two of the strains collected per patient
displayed the same PFGE profile.

Collectively, lic2C was detected in 63 % of the isolates.
Additional data from our laboratory suggested that lic2C
is not necessarily linked to virulence, but, more generally,



162 INT. MicrosioL. Vol. 15,2012

GARMENDIA ET AL.

to bacterial host adaptation. Evidence for this notion was
obtained in an analysis of lic2C in a panel of 42 isolates
encompassing 25 NTHi strains collected from 25 pediatric
patients with OM (University Hospital Germans Trias i Pujol,
Spain) and 17 NTHi nasopharyngeal isolates from 17 healthy
children (University Hospital Bellvitge), in which the gene
had a prevalence of 76 % and 94 %, respectively.

The linkage of lic2B with 1ic2C has been reported
[17], with several studies addressing lic2B distribution and
the gene’s prevailing presence in middle ear-OM isolates
[55,71,73]. Our data on lic2B distribution within the panel
of 42 NTHi pediatric strains described above confirms an
association between lic2B and lic2C, given that lic2B was only
detected in lic2C-positive strains. Among OM patients and
healthy carriers, the prevalence of 1ic2B was 56 % and 47 % ,
respectively; among the lic2C-positive isolates, the prevalence
of lic2B was 73 % and 50 %, respectively. These data slightly
differ from those previously reported, as the prevalence of
lic2B among healthy carrier isolates was somewhat higher,
which could be due to the origin, size, or nature of the strain
panels. Nonetheless, they suggest the general involvement of
lic2BC in NTHi-host interplay, rather than its exclusive role in
virulence. Unlike lic2BC, the presence of [0SAB seems to be
scattered, based on the gene’s detection in only three lic2BC-
negative strains in the same panel of 42 pediatric isolates.
Similarly, a previous evaluation of 10sAB in two collections
of NTHi clinical isolates yielded a prevalence of 16 % and
18 %, respectively [16,17]. The phase variation of l0SA is an
additional source of variability [16].

Sialylation, catalyzed by the sialyltransferases Lic3A,
Lic3B, SiaA, and LsgB, is another variable modification of
NTHi LOS. Although the lic3A gene seems to be universally
present, a survey of lic3B on a collection of NTHi inner-ear
isolates identified lic3B in 60 % of the strains [20]. However,
a later study from our laboratory on a panel of non-isogenic
NTHi isolates of different pathological origin showed the
100 % prevalence of lic3B [44], and an assessment of the gene
on the above-discussed panel of 42 pediatric isolates found a
72 % and 100 % prevalence of lic3B among OM and healthy
carriers, respectively. An additional source of variation in
LOS sialylation is lic3A and lic3B phase variation [20].

The licl locus, encompassing the licLABCD operon, is
responsible for the addition of phosphorylcholine (PCho)
to LOS [68]. A survey of a collection of NTHi isolates
detected lic1A in 96 % of the strains [45]; a later study from
our laboratory on a panel of non-isogenic NTHi isolates of
different pathological origin found a 100 % prevalence for
lic1D [44]. PCho substitutions may occur on OSs extending

from any Hep, depending on the lic1D allele (lic1D,, liclD,,,
lic1D, ), which encodes a diphosphonucleoside choline
transferase [43,45]. Moreover, although most strains have a
single lic1D gene, a survey of NTHi strains collected from
the middle ear found that 16 % of them had two lic1D alleles,
each in a separate, phase-variable licl locus, which together
could result in two PCho substitutions in the LOS of the
respective strain [21].

Available information on the heterogeneous distribution
of additional genes involved in NTHi OS extensions, such
as IpsA, lic2A, IgtC, and oafA, suggests that, although
extensively present in NTHi strains [15,22,36,44], these
genes are not necessarily conserved; for example, lic2A, IgtC
and oafA are phase variable [15,22,32]. Moreover, allelic
polymorphisms have been found in IpsA. This gene encodes
a glycosyltransferase responsible for the addition of a Hex
to HepllI; the added Hex can be either Glc or Gal, and Hep
linkage can be either B 1-2 or B 1-3. Each H. influenzae
strain produces only one of the four possible combinations
of linked sugars in its LOS, due to a specific allelic variant
of IpsA directing both linkage and the added Hex, Glc, or
Gal [10]. Variable distribution, allelic polymorphisms, and
phase-variable expression also characterize the lex2 locus.
The lex2A gene contains a variable number of 5-GCAA
repeats; 1ex2B encodes the glucosyltransferase that adds the
second Hex during the extension of LOS by Hepl [28]. Allelic
polymorphisms are assumed for lex2B, based on the alteration
of a single amino acid in Lex2B, which correlates with the
addition of Glc or Gal to the OS extension from Hepl [9].

Variable distribution has also been evaluated on genes
encoding adhesive molecules. Thus, the distribution of the
adhesin-encoding genes hmw and hia in a panel of 59 non-
capsulated strains showed that 47 strains contained hmwl
and hmw?2 while nine strains contained hia, but no strain
harbored both hmw and hia [63]. Based on the available evi-
dence: (i) all strains having hmw genes contain two hmw loci
in conserved unlinked physical locations on the chromosome
[51; (ii) hmw genes occur in different allelic versions among
strains [5,13]; and (iii) hmw genes are more prevalent in iso-
lates associated with acute OM than in the throat isolates of
healthy children [14,39,73]. An additional source of diver-
sity is the phase variation of both hmwlA and hmw2A [8].
Although it has not been formally analyzed, hia may present
polymorphisms, since its PCR amplification in two panels of
clinical strains rendered variable size products [17,59].

The prevalence of the phase-variable hifABCDE gene
cluster, responsible for the biosynthesis of the hemaggluti-
nating pili, seems to be generally low [3,24], with a higher
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prevalence among Hib than among NTHi isolates [14]. Dis-
crepancies among independent studies do not allow a clear
association between anatomic isolation site (throat or middle
ear) and hifABCDE distribution [14,64].

According to current information, the adhesin-encoding
genes hap, ompP5, and oapA are universally distributed
among noncapsulated isolates, but they display variation. Thus
hap, encoding a self-associating autotransporter involved in
intercellular aggregation [62], has a stop codon in strain Rd
KW?20, and its PCR amplification results in products of differ-
ent sizes among clinical isolates (B. Euba, personal communi-
cation). The ompP5 gene, encoding an outer membrane pro-
tein involved in bacterial adhesion to host cell surfaces [34], is
highly variable among strains [12,49]. Although its amplifica-
tion product was size-invariable among non-isogenic strains
of different pathological origin, variability was detected in the
five extracellular loop domains predicted for P5 by PRED-
TMBB analysis [44]. Despite the heterogeneity of ompP5, a
PS5 sequence comparison in two separate isolate panels con-
taining sets of identical strains recovered from patients with
a chronic respiratory disease who were seen in independent
medical visits showed no differences among identical strains
([49], A. Lopez-Gomez, personal communication), pointing
to the relative stability of P5 during NTHi persistence in the
host. Conversely, the oapA amplification product is size vari-
able, due to insertions/deletions in the gene region encoding
the protein segment starting at amino acid 195 [44].

The iga gene, encoding an antigenically variable IgAl
protease, is extensively distributed among strains [42].
However, compared to strains from other clinical sources,
genomes of isolates from adults with COPD have a higher
likelihood of also having igaB, encoding a second IgAl
protease [52]. A sequence analysis of igaB showed minor
sequence changes among isolates [52].

Collectively, variability studies based on a limited
number of genes may facilitate associations between genes/
gene groups and disease manifestation or bacterial anatomic
location, which in turn could reveal virulence factors and
provide tools to predict virulence. However, gene selection,
the number of selected genes, and the nature and size of the
strain collections, are critical limiting factors that must be
considered to obtain useful information. Comparative analysis
of panels of whole-genome sequenced strains is a powerful
approach that may contribute significantly to overcome these
limitations.

Whole-genome multiple-strain sequencing. Se-
quenced strain Rd KW20 was useful in understanding the

basic biology of H. influenzae, but it did not provide signifi-
cant insight into disease because is a rough derivative of H.
influenzae serotype d, which is rarely disease-associated [31].
Nonetheless, the elucidation of differences between the ge-
nomes of strains isolated from disease states and the genome
of strain Rd KW20 may yield insight into NTHi pathogenic-
ity. Thus, an analysis of NTHi strain 86-028NP, isolated from
a patient with chronic OM, revealed large rearrangements in
its genome architecture compared to strain Rd KW20, in ad-
dition to the presence of 280 ORFs not present in the latter
strain [30]. Since then, further studies have provided increas-
ing information on the H. influenzae core- and pan-genome. A
comparative genomic study of strain Rd KW20 and 12 NTHi
clinical isolates identified 2786 genes, of which 1461 were
common to all strains. That study allowed the development of
a finite supra-genome model in which a NTHi supra-genome
containing between 4425 and 6052 genes was predicted [35].
A recent study sought to identify bacterial genetic elements
with increased prevalence among strains isolated from COPD
patients, compared to those from healthy carriers. Two NTHi
strains recovered from the airways of two COPD patients and
two strains from a healthy individual were sequenced. Seven
genetic islands were defined, with their distribution among a
panel of 421 strains of both disease and commensal origins re-
vealing that four of these islands were more prevalent in COPD
than in colonizing strains [73]. Whole-genome sequencing
on H. influenzae has also been applied to study the impact of
transformation-mediated homologous recombination in inter-
strain exchange of DNA [46,57]. Indeed, H. influenzae ren-
dered the first genome-wide analysis of chromosomes directly
transformed with DNA from a divergent genotype [46].

Heterogeneity in gene expression and
its contribution to NTHi strain stratifi-
cation

The presence or absence of a gene is not necessarily indicative
of the infection outcome, as the same gene may be found in as-
ymptomatically carried strains but with slight genetic changes
or differences in expression. NTHi differential gene expres-
sion has been mainly explored in phase-variable genes. The
liclABCD operon is phase variably expressed due to a 5'-
CAAT repeat within the lic1A reading frame [68]. Differential
PCho expression has been reported among NTHi isolates [44]
and may vary depending on the anatomic location in the host.
In fact, H. influenzae variable PCho expression may correlate
with the ability of the bacterium to persist on the mucosal
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surface (PCho* phenotype), and to cause invasive infection
by evading innate immunity mediated by acute-phase C-reac-
tive protein (PCho™ phenotype) [67]. The l0SA gene is phase
variably expressed due to a 5'-CGAGCATA repeat within the
reading frame. Of 30 NTHi strains containing l0sA, 24 had
two tandem copies of the SSR, allowing full-length transla-
tion of 10SA (on), and six had 3, 4, 6, or 10 tandem copies
(losA off). The expression of [0SA, which is determined by
the variations in its repeats, has been shown to affect NTHi
resistance to serum-mediated killing [16].

Similarly, lic3A and lic3B, encoding two sialyltransfer-
ases, are phase variably expressed due to a 5'-CAAT repeat
within their reading frames. The number of repeated motifs
in 25 NTHi isolates was found to vary from 14 to 41 in lic3A
and from 12 to 28 in lic3B; for both genes, two of the three
possible reading frames were predicted to allow translation of
full-length gene products from alternative initiation codons
upstream of the repeats [20]. The lic2A galactosyltransferase-
encoding gene is variably expressed due to a 5'-CAAT repeat
within its reading frame [32]. The number of repeated motifs
within lic2A varied between 7 and 33 in a group of 19 NTHi
isolates [44]. The repeated tract of lic2A is preceded by four
putative initiation codons in two reading frames [11]. Fifteen
of those 19 isolates contained an in-frame lic2A gene [44].
Independently, in an SSR analysis of lic2A using the above-
described panel of H. influenzae isolates collected from adult
patients suffering an underlying chronic respiratory disease,
the number of repeated motifs within lic2A in 28 of those
isolates varied between 7 and 28. Sequence comparison from
sets of identical strains recovered from the above-described
group B patients demonstrated diversity in the number of
lic2A repeats among identical strains over time. Digalactose
has been linked to NTHi resistance to serum-mediated kill-
ing [15] and to virulence [27]. Evaluation of hmwlA and
hmw2A gene expression in three NTHi invasive isolates and
in the prototype strain 12 showed that increased numbers of
5’-ATCTTTC repeats within the hmwA promoters correlate
with decreased amounts of transcript [26]. In agreement with
this finding, an analysis of HMW1 and HMW2 adhesins in
isolates collected serially from COPD patients revealed that
the expression of both proteins by a given strain decreased
over time in the majority of patients, reflecting a progressive
increase in the numbers of 7-bp repeats [7].

Microarray studies comparing gene expression among
isolates have provided evidence for a conserved core of genes
preferentially expressed during H. influenzae growth in iron/
heme-restricted condition [69]. Differential expression of
surface molecules between bacteria grown planktonically or

forming biofilms demonstrated a greater abundance of peroxi—
redoxin-glutaredoxin in H. influenzae biofilms than in plank-
tonically grown bacteria. This molecule is involved in biofilm
formation by H. influenzae and the degree of its involvement
varies among strains; note that peroxiredoxin-glutaredoxin is
recognized by the human immune system in vivo, which sug-
gests its expression by H. influenzae during human respira-
tory tract infection [51]. LRT isolates associated with COPD
exacerbation are more resistant to the bactericidal effect of se-
rum than colonizing isolates from the upper airway, with the
expression of vacJ and yrb positively correlating with serum
resistance. The vacJ gene functions with an ABC transporter
encoded by yrb in the retrograde trafficking of phospholipids
from the outer to the inner leaflet of the cell envelope, sug-
gesting that NTHi adapts to inflammation encountered during
LRT infection by modulating its outer leaflet through the in-
creased expression of vacJ and yrb, thereby minimizing rec-
ognition by bactericidal anti-OS antibodies [53].

Collectively, existing data reinforce the notion that
the heterogencous expression of genes involved in NTHi
virulence should be considered and integrated in studies of
bacterial diversity, as this may be a useful basis for stratifying
the virulence potential of clinical isolates and/or identifying
potential therapeutic targets.

Variable phenotypes among NTHi iso-
lates and differential bacterial inter-
play with host immunity

Genetic traits may be ultimately of little interest unless they can
be associated with virulence. However, a clear-cut relationship
between virulence-linked genotype and phenotype remains
elusive for NTHi. This gap could be due to: (i) the absence of
clearly defined phenotypes that can differentiate among NTHi
strains with and without virulence potential; (i) the absence of
systematic comparative phenotypic studies using a significant
number of isolates recovered from different disease states and
from healthy carriers; and (iii) the lack of studies in which
both genotypic and phenotypic traits are simultaneously
analyzed in wide strain panels.

An assessment of the phenotypic diversity of NTHi
pointed out the differential interplay of host immunity
elements and the various isolates. Variable resistance to
serum-mediated killing among panels of NTHi isolates
recovered from the pediatric inner ear and of non-isogenic
NTHi isolates from different pathological origin suggested an
association between LOS sialylation and NTHi resistance to
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Fig. 3. Model presenting key features of epithelial cell infection by Haemophilus influenzae. Bacteria adhere to the cell surface. Once bacteria have adhered, inter-
bacterial interactions lead to microcolony formation. Microcolony formation facilitates bacterial invasion into epithelial cells, potentially providing a protected
niche and allowing bacterial evasion of host immunity. Rigth: a scanning electron micrograph shows NTHi infection of A549 immortalized human type II pneu-
mocytes; the white arrows point at the attachment of bacteria to the host cell surface. Image courtesy of Dr. Jos¢ Ramos Vivas, Fundacion Marqués de Valdecilla,

Santander, Spain.

complement. This finding was supported by the high serum-
susceptibility displayed by a mutant strain lacking the CMP-
synthetase siaB gene [38,44]. In addition, serum resistance of
losAB-containing strains has been correlated with an on-vs.
off-state of [0SA [16]. However, an attempt to establish serum
resistance as a virulence trait potentially shared by invasive
noncapsulated H. influenzae strains did not render conclusive
results [17]. Similarly, there was no clear difference in serum
resistance or binding to complement inhibitors between
invasive NTHi isolates obtained from patients with sepsis
and nasopharyngeal strains obtained from patients with
upper respiratory tract infection [29], although a significant
correlation between disease severity and serum resistance
was identified in cases of NTHi invasive disease [29].
Evidence points out that H. influenzae interplay with
the respiratory epithelium involves bacterial adherence to
epithelial cells and inter-bacterial interactions leading to
microcolony formation. Microcolony formation may lead
to the establishment of a biofilm resistant to host immune
factors. Attachment promotes bacterial invasion into epithelial
cells, potentially providing a protected niche that may allow

bacterial evasion from local immune mechanisms (Fig. 3).
Adhesion to epithelial host cell surfaces [7,44] and biofilm
formation [50] are also heterogeneous features of NTHi.
Of note, significant phenotypic differences between NTHi
strains from COPD exacerbation and colonizers have been
reported, with the former strains having greater adherence
to airway epithelial cells and inducing more severe airway
inflammation [6]. Another variable phenotypic trait is the
antigenic variability of surface-exposed epitopes, evidenced
by the development of new highly strain-specific bactericidal
antibodies after exacerbation; these antibodies show low
bactericidal activity for heterologous strains [61].

While a significant correlation between disease pheno-
type and global comparative genomic data would facilitate
the stratification of isolates and our ability to predict disease
manifestations, this goal remains elusive. In an in vivo chin-
chilla model of OM aimed at characterizing the local and sys-
temic virulence patterns of ten genomically analyzed NTHi
isolates from children with chronic OM with effusion or with
otorrhea, strain stratification was indeed possible, but global
comparative genomics of the same strains did not cluster them
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by clinical phenotype [4]. Although several reasons could
explain this inaccuracy, the wide genetic diversity among
strains is particularly probable, given that genome sequence
comparison has shown that the mean number of gene differ-
ences among each of the possible strain pairs are >350, but the
number of genes associated with each parameter of clinical
virulence may be a small fraction thereof [4].

In summary, the wide genetic and phenotypic variability
among NTHi strains highlights the need to explore alternative
approaches to facilitate the association of genotype with
phenotype.

Current questions and challenges for
future studies on the diversity of non-
capsulated Haemophilus influenzae

Pathogenicity is the result of the relationship between a
bacterium and its host, specifically, between bacterial virulence
factors, including how and when they are expressed, and
the host immune status. The latter is determined by genetic
factors, age, lifestyle, co-infections, and exposure to external
agents, all of which can modulate host physiology and the
ability to fight infection.

Host factors in the dynamics of NTHi infec-
tion. Defining the role of host immunity in disease outcome
is crucial; indeed, pathogen diversity studies should ideally
be conducted in parallel with immunological studies on the
respective host. This aspect may be particularly crucial for
highly adapted and very flexible opportunistic pathogens such
as H. influenzae, for which host immunological status is a
strong determinant in the ability of a pathogen to cause symp-
tomatic disease in a previously asymptomatic healthy carrier.

An example of this notion is the association between
NTHi infection and the progression of COPD. Patients with
COPD sufffer from chronic bronchitis, emphysema, or both.
In these diseases, the airways become narrowed, which leads
to an irreversible limitation of airflow to and from the lungs,
causing shortness of breath [2]. COPD is caused by airway
exposure to noxious particles or gas, most commonly from
tobacco smoking, which triggers an abnormal inflammatory
response in the lung. These deleterious agents impair normal
respiratory function and alter the host’s response to infection
by opportunistic pathogens such as NTHi, which colonizes the
upper airways, causes chronic LRT infection, and is frequently
isolated in disease exacerbation [23]. Prospective comparative
genotype and phenotype analyses of multiple NTHi isolates

serially recovered from the upper and lower airways of COPD
patients in stable and acute condition, together with detailed
clinical, inflammatory, and patho-physiological information
obtained from those patients at the time of each microbial
isolation, would provide invaluable biological material and
information with which to assess microbial evolution. It
would also faciliate the design of tools to predict disease
severity, the virulence potential of a bacterial strain, and the
outcome of the host-pathogen encounter.

Virulence vs. niche factors and NTHi adaptation
vs. infection. Given that NTHi is highly adapted to the
human respiratory microbiota, it is likely to be equipped
with evasion strategies allowing the bacterium to endlessly
colonize the host. Evidence demonstrating differential gene
distribution between strains isolated from different body
locations and/or disease states supports the existence of
genetic traits associated with disease [73]. However, an
increase in the number, size, and clinical and geographical
diversity of the strain panels screened may dilute the relevance
of those proposed genetic virulence traits due to their
extensive presence in healthy carrier isolates. Instead, they
may prompt us to consider the fine line between virulence,
adaptation, and genetic fitness for NTHi. This consideration
should not limit the potential of currently identified genetic
virulence traits, which could well be involved in both the
colonization of healthy hosts and the symptomatic infection
of immunocompromised individuals. In fact, many structures
and strategies playing important roles in establishing and
maintaining infection have been discovered and characterized
in pathogens. However, these virulence factors can also be
shared by commensals because they are required for their
existence in the host, thus suggesting their re-consideration
as niche factors [33].

Our current understanding of the role of NTHi virulence
factors is in part based on lack-of-function mutant strains
generated in the laboratory, when assayed for phenotypes
linked to virulence. This approach, essential for gene—
function associations, nonetheless has certain risks that must
be taken into account in any discussion of the resulting data,
given that: (i) there is often a reliance on reference strains
that can be mutated under laboratory conditions, which can
generate strain-dependent bias; (ii) functional redundancy
is frequently not considered, although it could be a source
of bias in the form of single-mutant strain-dependent data.
Moreover, the relevance of so-called virulence phenotypes
in the refined adaptation and colonization of the human host
by NTHi cannot be excluded. Indeed, for NTHi, the precise
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definition of phenotypes that clearly differentiate virulent and
colonizing strains may be risky, as the difference may actually
depend on host status. Further experimental evidence is
required to address these issues. The widest possible repertoire
of virulence phenotypes should be systematically assayed on
vast collections of genotypically characterized NTHi strains,
recovered from healthy carriers and from different disease
states, in order to cluster phenotypes into categories and to
define virulence and/or adaptation indexes.

The challenges of genomic information in the
study of NTHi diversity. In general, comparative
genomics of microbial pathogens aims to predict the virulence
potential of a bacterial strain from its genome sequence [58].
Sequencing can identify which virulence factor-encoding
genes are present in a genome. However, the presence of
these genes in itself is not indicative of disease outcome,
as the same gene might well be found in asymptomatically
carried strains. Therefore, without an understanding of
the regulatory and epistatic processes controlling gene
expression, the contribution of a list of genes to virulence
cannot be quantified. A systems biology approach based on a
comprehensive understanding of the combinations of genetic
backgrounds, regulatory networks, and virulence factors that
produce virulent strains has been proposed to help researchers
determine the propensity of a particular strain to cause disease.
The goals of the proposed framework are: (i) to define
phenotypes that differentiate virulent and avirulent strains;
(ii) to characterize how the relevant phenotypes are encoded,
using expression arrays to construct models of the gene-
regulatory networks as well as process diagrams informed by
the underlying genetics; (iii) to develop models that predict the
gene combinations leading to specific virulence phenotypes;
and (iv) to test and refine the models with sets of strains
independent from those used to build the model [58]. Although
tailored to Staphylococcus aureus, mounting information on
H. influenzae diversity may provide the necessary conditions
to apply this type of framework to the prediction of virulence
phenotypes using H. influenzae genome sequences.
Laboratory experiments have led to important findings
adaptation
Continuous monitoring of long-term evolution in natural
systems is expanding our knowledge of these processes in

relating organism to genomic evolution.

situ. We highlight here two exemples. Thus, the evolutionary
dynamics of a lineage of Pseudomonas aeruginosa as it
adapted to the airways of several individual CF patients over
200,000 bacterial generations has been reported. In contrast
to predictions based on in vitro evolution experiments, the

evolving linecage showed limited diversification, in which an
initial period of rapid adaptation caused by a small number of
mutations with pleiotropic effects was followed by a period of
genetic drift with limited phenotypic change and a genomic
signature of negative selection. This pattern suggests that
the evolving lineage reached a major adaptive peak in the
fitness landscape [72]. Independently, in a retrospective study
of a Burkholderia dolosa outbreak among CF patients, the
genomes of 112 isolates collected from 14 individuals over
16 years were sequenced. Seventeen of the bacterial genes
had acquired non-synonymous mutations that were detected
in multiple individuals, indicating parallel adaptive evolution.
Importantly, these mutations shed light on the genetic basis of
pathogenic phenotypes [40]. NTHi acute and chronic infection
has been associated with the progression of cigarette-smoke-
related diseases such as COPD, which suggests the ability of
this pathogen to adapt to a human niche rich in free radicals
and other aromatic compounds present in smoke. This type
of disease state offers a unique natural system for continuous
monitoring of the long-term evolution of H. influenzae in the
upper and lower airways of humans.

Final remarks

Its relatively small genome size and wide genetic plasticity,
together with its asymptomatic colonizer—virulence duality and
prominent association with chronic respiratory diseases make
noncapsulated H. influenzae a unique bacterial system for studies
of microbial adaptation, pathogenesis, and long-term microbial
evolution in human hosts exposed to external deleterious agents.
Access to comprehensive strain panels and detailed clinical
data from the respective hosts, when combined with extensive
whole-genome sequencing and systematic phenotypic analysis
in large number of isolates, will provide extensive insights into
NTHi pathogenesis as well as both the tools to predict virulence
and information on bacterial evolution and adaptation. Now
that microbial whole-genome sequencing is becoming routine
in diagnostic and public-health microbiology, this may be the
right time to tackle detailed studies of the opportunistic pathogen
nontypable H. influenzae.
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