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Summary

What is the current status of Haemophilus influenzae as an agent of invasive infection
in Sweden? H. influenzae type b (Hib) used to be a common cause of meningitis, epi-
glottitis and severe sepsis in young children. In the late 1980’ an effective conjugated
vaccine against Hib was developed and a dramatic fall in Hib incidence was observed
in countries that implemented vaccination. This includes Sweden, where the vaccine
was implemented in 1992. Since the mid 1990’s, scattered international reports have
suggested increasing incidences of invasive disease caused by non-type b isolates of H.
influenzae. A few of these reports have suggested serotype replacement.

In order to answer the initial question, we studied the epidemiology, the clinical bur-
den and antimicrobial resistance of invasive H. influenzae in Sweden 1997-2010. Two
aspects of the pathogenesis of invasive H. influenzae disease were addressed; bacterial
binding to the extracellular matrix and the role of complement regulator binding in in-
vasive disease. A case report of a severe invasive H. influenzae type f infection, including
an examination of contributing host factors, is also presented.

Our results suggest that invasive disease by H. influenzae has not disappeared, but
the epidemiology has radically changed. We found no support for serotype replacement
in young children. In adults, and especially elderly adults, the incidence of invasive
disease by non-typeable H. influenzae (NTHI) increased significantly during the study
period. The results also suggest an increased incidence of invasive disease by H. influ-
enzae type f (Hif), and type f is the most common serotype in Sweden today. Cases of
invasive disease by non-type b isolates that occurred in healthy adults were often severe,
suggesting the existence of hypervirulent non-type b strains. The B-lactam resistance
of invasive H. influenzae isolates increased during the study period, due to an increase
of B-lactamase negative B-lactam resistant NTHi. A clonal expansion of a -lactamase
negative ampicillin resistant (BLNAR) clone, frequently found in invasive disease, was
suggested.

The ability of H. influenzae to bind laminin, and anchor the extracellular matrix
through the adhesin Protein E was confirmed. Binding to complement regulators was
not higher in invasive as compared to nasopharyngeal NTHi isolates, and thus did not
seem central for invasive capacity. Speculation, but no comprehensive conclusion as to
what host factors relate to invasive disease by H. influenzae in adults was possible.

The results suggest that the vaccination against H. influenzae type b remains very effec-
tive 20 years after it was introduced, but that continued surveillance of incidence and
antimicrobial resistance of invasive Haemophilus disease is warranted. The results also
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suggest that ongoing research should focus on non-typeable H. influenzae, which today
dominates all types of H. influenzae infections.
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Forenklad svensk
sammanfattning

Har allvarliga infektioner orsakade av bakterien Haemophilus influenzae férsvunnie?
En undertyp av H. influenzae, typ b (Hib), var tidigare en fruktad orsak till strup-
locksinflammation, hjirnhinneinflammation och svir blodforgiftning hos sma barn.
Problemet var sa stort att allmin vaccination mot Hib infordes i manga linder i borjan
av 1990-talet, bland annat i Sverige. Efter detta har infektioner med Hib nistan for-
svunnit, och den inledande fragan ir dérfér berdttigad. Under de senaste 15 dren har
flera internationella rapporter gjort gillande att antalet allvarliga infektioner med A.
influenzae dr pa vig att 6ka igen, men nu orsakat av andra typer 4n just typ b som vac-
cinationen ir riktad mot.

Det huvudsakliga syftet med detta arbete var att ta reda pad om antalet allvarliga in-
fektioner (blodférgiftningar eller hjarnhinneinflammationer) orsakade av A. influenzae
okat i Sverige sedan mitten av 1990-talet, vilka bakterieisolat som orsakat dessa infek-
tioner, och vad som kinnetecknar de patienter som drabbades. Samtidigt undersok-
tes utvecklingen av antibiotikaresistens hos de bakteriestammar som orsakar allvarliga
infektioner. I laboratoriet underséktes dessutom tva faktorer hos bakterierna som kan
bidra till att infektioner blir allvarliga; forméagan att fista sig fast vid komponenter i den
bindviv som finns under slemhinnan i luftvigen, och férmagan att avstyra hotet frin
minniskans komplementsystem.

Vara resultat visar att det har skett en 6kning av allvarliga infektioner orsakade av /.
influenzae i Sverige sedan 1997, men att denna 6kning har drabbat féretridelsevis dldre
vuxna. Hos sma barn syns ingen 6kning, och den farligaste varianten av bakterien, typ
b, dr fortsatt mycket ovanlig. Okningen orsakades istillet av H. influenzae som saknar
kolhydrathdlje och som dirfor ar otypbara, samt av isolat av typ f. Vi kunde konstatera
att de infektioner som drabbade friska vuxna ofta blev mycket allvarliga. Vi identifie-
rade samtidigt en 6kande resistens mot den vanligast anvinda gruppen av antibiotika,
B-laktamantibioika.

Undersokningar i laboratoriet visade att . influenzae kan binda till bindviven un-
der slemhinnan i luftvigen genom ett ytprotein, Protein E. Denna formaga bidrar tro-
ligen till bakteriens méojlighet att limna slemhinnan och orsaka djupare, mer allvarliga
infektioner. Vi visste sedan tidigare att . influenzae binder komplementreglerproteiner
for att undvika ate bli sjilv bli offer for komplementsystemet. Vi kunde dock inte hitta
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nagon skillnad i inbindningen till komplementreglerproteiner mellan bakterier som
orsakat blodférgiftning och bakterier som orsakat sjukdom i luftvigen.

Sammantaget visar resultaten att vaccination mot Hib fortsatt mycket framgangsrikt
forebygger allvarliga infektioner hos smé barn, men att 6vervakningen av H. influenzae
bor fortsitta. Bland gruppen icke typbara H. influenzae dkar bdde antalet allvarliga
infektioner hos vuxna och andelen isolat med resistens mot antibiotika.
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Thesis at a glance

Paper Objective Method Result

PaperI |To determine the interactions of |A laboratory study Protein E can simultaneously
Haemophilus influenzae Protein E|of protein- protein bind laminin and vitronectin,
with the extracellular matrix interactions facilitating the colonization of

host tissue.

Paper I [To determine the binding A laboratory study with |The binding to complement
to complement regulators related patient data. regulators did not differ between
of invasive compared with invasive and non-invasive NTHi,
nasopharyngeal isolates of non- but serum resistance was linked to
typeable H. influenzae disease severity.

Paper III {To determine the epidemiology |A retrospective An increased incidence of invasive
and clinical outcome of invasive |epidemiological study |H. influenzae was observed, but
H. influenzae disease in Sweden attributed to non-typeable isolates
1997-2009 in individuals above 60 years of

age.
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speculations on the impact of
the identified IgG3 subclass- and
MBL-deficiency of the host are
made.
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Introduction

A brief medical history of Haemophilus influenzae

“Having first covered the fire with care, the man of mighty labors sought repose; but it came
not, as it long had been wont to do, to comfort and restore after the many and earnest oc-
cupations of the well-spent day. The night was passed in feverish restlessness and pain. ... The
manly sufferer uttered no complaint, would permit no one to be disturbed in their rest on his
account, and it was only at daybreak he would consent that the overseer might be called in,
and bleeding resorted to. A vein was opened, but no relief afforded. Couriers were dispatched
to Dr. Craik, the family, and Drs. Dick and Brown, the consulting physicians, all of whom
came with speed. The proper remedies were administered, but without producing their heal-
ing effects; while the patient, yielding to the anxious looks of all around him, waived his
usual objections to medicines, and took those that were prescribed without hesitation or
remark. The medical gentlemen spared not their skill, and all the resources of their art were
exhausted in unwearied endeavors to preserve this noblest work of nature....He spoke, but
little. To the respectful and affectionate inquiries of an old family servant, as he smoothed
down his pillow, how he felt himself, he answered I am very ill. 1o Dr. Craik, his earliest
companion-in-arms, longest tried and bosom friend, he observed. ‘I am dying, sir - but am
not afraid to die...”

The quote is an eyewitness recount from the 19-year old George Washington Custis
[1] at the deathbed of his adoptive father, the founding father of the United States;
George Washington. George Washington died later in the evening from what is be-
lieved to have been acute epiglottitis [2]. It cannot be proven, but it can be suspected
that George Washington died from an infection by Haemophilus influenzae, the domi-
nant cause of epiglottitis prior to the vaccine era.

It will not be possible to say if the link between George Washington and H. influ-
enzae is correct, and the bacterium has led scientists to incorrect assumptions before.
Although he most likely exhausted the resources of his art in unwearied endeavors,
the German physician Richard Pfeiffer made one of the most famous incorrect inter-
pretations of data based upon H. influenzae. He frequently observed Gram-negative
coccobacilli in sputum samples from patients of the influenza pandemic 1889-1892,
and concluded that the bacterium was the cause of influenza [3]. He was credited for
the discovery in 1896, and the coccobacillus became known as the Pfeiffer bacillus or
Bacillus influenzae. Many misinterpretations in medicine have been made and have
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been forgotten, but this one is perpetuated in the name of the bacteria, which has not
been changed. To be fair, Richard Pfeiffer went on to do pioneering research, as he was
the first to identify endotoxins from bacteria, the first to isolate Micrococcus catharralis
(now Moraxella catharralis) and developed an early vaccine against typhoid fever.

Some credit the founder of modern bacteriological technique (and also the teach-
er of Richard Pfeiffer and the man who first isolated Mycobacterium tuberculosis), the
German bacteriologist Robert Koch, on first isolating /. influenzae. This is partly cor-
rect. The observations that Koch made in the summer of 1883 (while on a mission to
Egypt to unravel the agent of cholera during a cholera outbreak there) on bacteria from
purulent conjunctivitis by travellers to Egypt [4] were on the Koch-Weeks bacillus, or
Haemophilus aegyptius, the same species that the American ophthalmologist John Elmer
Weeks in 1886 separately noted as the cause of ‘pink eye’ [5]. H. aegyptius is a close rela-
tive to H. influenzae biogroup aegyptius, the cause of Brazilian Purpuric Fever, a severe
invasive infection that often includes conjunctival symptoms.

The pandemic influenza of 1918-1920 shook the world, causing at least 40 million
deaths worldwide. This sparked intense research activity on the proposed cause of influ-
enza, Bacillus influenzae. At this time, the bacterium got its present name [6], although
it took some time before it caught on. A publication from the Rockefeller University,
New York City, questioned the bacterial doctrine of influenza in 1921. In experiments,
bacteria were filtered away from specimens of 1919 influenza patients, and the remain-
ing solution still managed to cause severe disease in animal experiments [7]. One of the
challenges that made research on H. influenzae in the early 20* century difficult was to
isolate it in culture without contamination of other upper airway bacteria. Across the
Atlantic, in 1929, Alexander Fleming suggested a solution to the problem in one of the
most famous scientific manuscripts of all time: “On the antibacterial action of cultures
of a Penicillium, with a special reference to their use in the isolation of B. influenzae” [8].
At the time, Fleming believed that the foremost use of his finding was a methodologi-
cal one. By adding penicillin to agar plates, he could separate Haemophilus influenzae,
which grew on the plates, from non-pathogenic Gram-positive agents in cultures from
the respiratory tract. We now know that penicillin has other uses as well, and influenza
has another cause. We also know that penicillin can actually be active against H. influ-
enzae, but only at high concentrations.

20



Figure 1. Pictures of Richard Pfeiffer (left) and Margret Pittman (right). Picture of Richard Pfeiffer from the
homepage http://historyofvaccines.org courtesy of The college of Physicians of Philadelphia, Philadelphia,
Pennsylvania, USA. Picture of Margret Pittman, courtesy of the Office of history, National institutes of
Health, Bethesda, Maryland, USA.

The work on H. influenzae continued at the Rockefeller University, and in 1931 the
30-year old American bacteriologist Margret Pittman published a paper in which she
noted that strains of the “Pfeiffer bacilli” that caused invasive disease had a different
appearance on agar plates. She referred to these as S strains (smooth), and found that
these strains precipitated with antisera. She separated them from the normal R strains
(rough) that did not precipitate. In this pioneering work, Pittman identified two dif-
ferent serotypes that reacted with different antisera; types a and b. [9]. We now know
that the “S” strains are encapsulated and that “R” strains are non-encapsulated. The
serotypes were later extended to a number of six, a-f. Already in Margret Pittman’s
manuscript from 1931, serotype b was identified as responsible for almost all cases
of “influenza meningitis”, the severe cases of disease. In 1933, the influenza virus was
isolated [10], and the research activity on H. influenzae was rather low until the early
1970’s, when rising incidences of invasive disease were observed.

A very different one, but still a major scientific breakthrough came in 1995, when
Craig Venter and colleagues at TIGR (the Institute for Genomic Research) fully
launched the genomic era. A technique called shotgun sequencing allowed the first
full-genome sequence and assembly of a free-living organism. The first organism to be
sequenced was an isolate of Haemophilus influenzae [11].

Even though the work by Alexander Fleming was the first step towards effective
treatment of bacterial infections, the work of Margret Pittman was the first step in the
long path towards the development of a H. influenzae type b vaccine, which now saves
the lives of thousands every year. The “man of mighty labors”, George Washington,
would probably have endorsed this development judging by his famous quote:

“Experience teaches us that it is much easier to prevent an enemy from posting them-
selves than it is to dislodge them after they have got possession”
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Basic facts on Haemophilus influenzae

Bacteriology

Haemophilus influenzae is a Gram-negative, pleomorphic, but generally rod-shaped bac-
terium. It is a member of the genus Haemophilus, which belongs to the Pasteurellaceae
family. While most members of the Pasteurellaceae family are animal pathogens, H. in-
fluenzae is, to current knowledge, exclusive to humans [12]. It is defined by and named
after its in vitro growth requirement of blood component factor V (NAD) and an iron
source such as factor X (Hemin) [13]. It is a facultative anaerobe, i.e. it can grow with
or without oxygen supply. There are six serotypes of encapsulated H. influenzae (a-f)
which all can be typed using specific antisera. Most isolates have no polysaccharide cap-
sule, and cannot be serotyped (NTHi; non-typeable H. influenzae). Based on enzymatic
characteristics of bacterial strains, a system of eight different biotypes of H. influenzae

(I-VIII) was defined by Kilian and followers [14-16].

Figure 2. A Scanning electron microscopy (SEM) photograph of Haemophilus influenzae, demonstrating
the pleomorphic rods © IBL bildbyrd. Reprinted with license.

General clinical characteristics

The spectrum of disease caused by H. influenzae is largely dependent on bacterial sero-
type, but some features are general to the species. H. influenzae is exclusive to humans,
and rely on effective person-to-person transmission. It is spread through infected respi-
ratory droplets, and isolates have been shown to survive for 18 hours on tissue cloth
[17]. H. influenzae is with rare exceptions a colonizer of the human pharynx and this
colonization is the first step in the pathogenesis of almost all H. influenzae infections.
One of the rare exceptions is the capacity to colonize the urogenital epithelium and
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cause urogenital infections [18]. Recently, H. influenzae has been implied as an occa-
sional agent of hepatobiliary infection [19].

Encapsulated Haemophilus influenzae

Encapsulated H. influenzae are more virulent and more frequently associated with in-
vasive disease than nonencapsulated variants. There are six different serotypes, a-f, but
H. influenzae type b (Hib) is the most widely known. Invasive infections by Hib were
common world-wide prior to the introduction of the conjugated Hib vaccine, and
invasive Hib infections are still common in countries where the vaccine has not been
implemented [20]. By the end of 2010 this is mainly the case in eastern Europe and
Asia [21]. The most common clinical manifestations of invasive Hib disease include
pneumonia, meningitis and epiglottitis, and children of ages 3 months - 4 years used
to be most commonly affected. Less common manifestations reflect a hematogenous
phase, and include cellulitis, arthritis, pericarditis and ostheomyelitis [22, 23]. Hib
meningitis can occur through direct spread from the middle ear or through a hematog-
enous phase [24].

Infections by non-type b encapsulated H. influenzae are less well characterized, and
have occurred at much lower rates than Hib infections. Some reports indicate that
encapsulated H. influenzae type a mimic Hib in virulence [25], while infections by en-
capsulated isolates of type e and f are generally less severe [26-28]. There is very limited
information on infections by H. influenzae type c and d.

Non-encapsulated Haemophilus influenzae — the NTHi

Non-encapsulated isolates of H. influenzae, the nontypeable H. influenzae (NTHi), are
naturally more competent for uptake of external genetic material [29, 30] and prone
to transformation. This makes NTHi a heterogeneous group of bacteria, and as a con-
sequence the capacity to cause disease is variable within the group [31, 32]. Although
the numbers change with region and season, the pharyngeal carriage rates of NTHi in
healthy, pre-school and school children are very high [33-35]. This suggests that most
NTHi in the upper respiratory tract are commensal. One of the challenges that /. in-
fluenzae still poses to a clinician reflects the problem that Richard Pfeiffer encountered
in 1892; how to correctly evaluate the significance of an airway culture positive for
NTHi during the course of a respiratory infection.

On the other hand, it is clear that NTHi isolates often cause disease, generally up-
per airway infections such as otitis media, conjunctivitis and sinusitis [36]. NTHi are
opportunists, and commonly cause infections in situations where the protection sys-
tems in the airway are breached, following viral infections or in patients with Chronic
Obstructive Pulmonary Disease (COPD). In COPD patients, H. influenzae is the most
common bacterial finding in infectious exacerbations [37]. In acute otitis media, NTHi
is the second most common pathogen [38]. NTHi can cause occasional cases of inva-
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sive disease such as sepsis and meningitis, which was noted already in 1939 [39], but
the general view is that this occurs in predisposed individuals with concurrent illness
or in the extreme ages of life (neonatal or geriatric) [40, 41]. Urogenital infections by
NTHi are rare, but in pregnant women such infections can cause preterm delivery and
neonatal sepsis in the newborn. H. influenzae has been suggested as the third most com-
mon agent of neonatal sepsis [42].

A few studies have proposed a beneficial role for NTHi, since NTHi colonization
can outcompete and help clear pneumococcal infections in animal models [43]. H. in-
fluenzae is not an animal pathogen, but the presence of the bacteria in respiratory tract
cultures has been observed to be negatively correlated with the presence of Streptococcus
pneumoniae, and this provides indirect support for the controversial suggestion [44]. It
might be suggested that NTHi is a friend rather than a foe, but is not to be fully trusted.

Host defense systems

On a daily basis, the human body is exposed to microorganisms and pollutants. In all
areas of exposure, such as the airway, the skin and the gastrointestinal tract, the tissues
are adapted to handle this exposure. To be able to understand the pathogenesis of in-
vasive (and noninvasive) disease by H. influenzae, it is necessary to briefly overview the
relevant host defense mechanisms in the human respiratory tract. The mechanisms are

highly simplified in the text and illustrations (Figure 3).

Local and general innate immunity

The mechanical barrier and cilia

The respiratory tract is lined by a pseudostratified columnar epithelium, a single layer
of non-aligned cells. The three main cell types are ciliated epithelial cells, goblet cells
and basal cells. The epithelium provides mechanical integrity towards microorganisms
through tight junctions between cells. A “mucociliary escalator” keeps the airway ster-
ile. In short, goblet cells produce sticky mucus, which organizes on top of the epithe-
lium. Microorganisms and pollutants get stuck in the mucus, and the cilia of the airway
propel the mucus towards the pharynx, where it is swallowed or expectorated [45].

Antimicrobial peptides (AMDPs)

The respiratory epithelial cells also contribute in immune responses by producing antimi-
crobial peptides. Many of these peptides are further produced by neutrophils and mono-
cytes that are recruited during inflammation. Lysozymes exert enzymatic activity on the
peptidoglycan layer of bacteria and are mainly active against Gram-positive species [46].
Lactoferrin can inactivate IgA protease and degrade the Haemophilus adhesion and pen-
etration protein (Hap) of H. influenzae and thereby disrupt bacterial adhesion [47]. The
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cathelicidin LL-37 permeabilizes the bacterial membranes and inhibits bacterial protein
synthesis [48]. B-defensins are cationic and permeabilize anionic bacterial membranes and
are chemotactic for dendritic cells and memory T cells. Human B-defensin-2 effectively
inhibits growth of respiratory pathogens in vitro [46, 49, 50].

Inflammation

Inflammation can be elicited through either direct stimulation of epithelial cells or
through phagocytic cells, mainly macrophages. Stimulated epithelial cells activate the
immune response through the production of cytokines and chemokines. Neutrophils
are recruited from the blood through an IL-8 gradient. When microbes are present,
macrophages bind them through specific macrophage receptors and internalize them
into phagosomes [51]. Normally a fusion of the phagosomes with lysosomal granules
ensues and the microbe is killed. Stimulated macrophages and neutrophils release re-
active oxygen intermediates and proteolytic enzymes that recruit more inflammatory
mediators, but also potentially damage the epithelium and hamper the mucociliary
escalator.

The complement system

The complement system is traditionally a part of serum. During inflammation in the
respiratory tract, complement proteins reach the airway through plasma exudation
[52]. The complement system is complex, and the following is a simplified descrip-
tion, supported by a schematic illustration (Figure 4). The system consists of three
pathways that all end with enzymatic cleavage of C3, formation of the Membrane
Attack Complex (MAC) and the subsequent lysis of the bacteria. The classical path-
way of the complement system is activated by the C1q complex that binds to IgG or
IgM antibodies attached to the surface of a pathogen, and is dependent on functional
antibodies. The alternative pathway is directly activated by pathogens and is antibody
independent. The lectin pathway is a special variant of the classical pathway and is
initiated by a human lectin that binds to mannose or other carbohydrates on microbial
surfaces. When binding occurs, the mannose binding lectin (MBL) forms a complex
with a serine protease (MASP). This complex is structurally similar to the activated C1
complex in the classical pathway and follows this pathway in downstream reactions [53,
54]. The complement system is potentially harmful to the host, and is tightly regulated.
The regulatory system can be used by pathogens, and this will be further discussed in
subsequent chapters.
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Adaptive immunity

Secretory IgA

IgA is the most abundant immunoglobulin in the body. IgA is present at most muco-
sal surfaces and function as a specific gatekeeper of the mucosa. In the airway, IgA1 is
the dominant subtype. IgAs directed against microbial antigens are produced by near-
by plasma cells, bind to the polymeric Ig-receptor (pIgR) on epithelial cells, through
which they are passaged and secreted into the airway. Secretory IgA does not active the
complement cascade, but agglutinates colonizing bacteria and prevents effective epithe-

lial adherence [55].

Production of specific antibodies

The production of antigen-specific antibodies is an intricate process. Briefly, the process
involves antigen-presenting cells (APCs), T-cells and B-cells that mature to plasma cells.
Upon primary challenge by an antigen, the production of antibodies with high avidity
takes weeks. However, the effector T- and B-cells can differentiate into memory cells,
which respond rapidly upon secondary stimulation with the same antigen.
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Antibodies, immunoglobulins (Igs) are produced by plasma cells and have two main
parts; the highly variable Fab region that binds to the antigen and the Fc region that
mediates effector functions such as phagocytosis or complement activation. Five classes
of Igs exist; IgA, IgD, IgE, IgG and IgM. IgA and IgG are separated into two and four
subclasses respectively. IgG2, and possibly IgG1 antibodies are considered essential for
protection against infections with encapsulated bacteria such as H. influenzae type b
[56]. IgG2-deficiency has been suggested to explain the high incidence and poor vac-
cine reply in ethnic groups with unusual high incidences of invasive Hib disease [57].
The antibody-mediated protection against NTHi does not seem equally dependent on
functional IgG2, and antibodies produced following stimulation by one NTHi isolate
offer substantial cross-protection against other NTHi [58].

Pathogenesis of invasive Haemophilus influenzae disease

A series of events take place before an invasive infection by Haemophilus influenzae is
established. The bacterium needs to reach, adhere to, persist in and invade through
the respiratory epithelium. Essential factors that H. influenzae employs at each step are
reviewed here, and are illustrated in Figure 5. The mechanisms that are presented are
common to encapsulated and nonencapsulated isolates, unless specifically stated.
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Figure 5. The sketch offers a simplified overview of the mechanisms by which Haemophilus influenzae
overcomes the immune effectors of the human airway, and demonstrate parts of the pathogenesis of
invasive disease by the bacterium.
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Step 1: Accessing the airway epithelium

In order to colonize and eventually invade the epithelium, the bacterium first has to
access it. The respiratory epithelium is effectively shielded by the mucus layer, which
offers mechanical protection and contains active components of the immune defense.

Disrupting the mucociliary escalator

The majority of bacteria that reach the airway are cleared by the mucociliary escalator.
In situations when this system is hampered, by cigarette smoke, by viral infections or
by diseases such as cystic fibrosis, the risk of colonization and infection by H. influenzae
is increased. H. influenzae itself can affect ciliary beating and cause ciliary detachment,
which has been confirmed in cell culture studies [59]. The cilia damage is suggested to
be mediated by the lipooligosaccharide (LOS), but the effect is also seen when super-
natant culture fluid lacking viable bacteria is added [60]. Histology studies suggest that
the effect is mediated by cellular injury to the ciliated cells, and detachment of cilia is
only the first step in a series of events, ending in extensive epithelial damage. Mutant
strains lacking Protein D do not cause the same extent of damage to cilia [61]. Since
Protein D is needed for effective phosphorylcholine acquisition to the LOS [62], the
two observations may be linked.

1gA proteases

Secretory IgAl is the main element of adaptive immunity in the airway, and is secreted
in high quantity to the mucus layer coating the epithelium. A factor believed to distin-
guish pathogenic Haemophili is the ability to cleave and degrade secretory IgA1 through
IgAl-proteases. This is a trait common to most successful colonizers of the respiratory
tract, including S. pneumoniae [63]. Two genes coding for IgAl proteases have been
identified in H. influenzae, and it is believed that isolates carrying both genes have a
higher protease activity, a trait linked to the capacity to cause disease [64, 65].

Step 2: Adhering to the airway epithelium

Another step towards disease is effective attachment to the epithelium. H. influenzae
attaches to epithelial cells in the upper airway, and preferably to damaged epithelium
[66]. A range of different adhesins have been identified and shown to attach to different
components of the epithelium. The ones that are best characterized are reviewed here
and summarized in Table 1.

Major adhesins of Haemophilus influenzae

The genes coding for hemagglutinating pili/fimbiae are present in nearly all Hib iso-
lates, but only on a subset of NTHi. The pili agglutinate erythrocytes through the
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Anton antigen [67], but also bind epithelial cells and mucin. The pili are important in
the early phase of infection, and help establish adhesion to host cells [68]. However, pili
are immunogenic and piliated bacteria are highly susceptible to antibody recognition
and killing by normal human serum. Most Hib strains isolated from blood have lost
their pili expression [69].

High Molecular Weight adhesins (HMW-1 and HMW-2) are considered as the
major non-pilus adhesins of H. influenzae, and are present on approximately 75% of
NTHi. Despite significant homology, the two HMWs have different ligands. The li-
gand of HMW-1 is sialylated glycoproteins, while the ligand of HMW-2 is still unde-
fined [70].

Haemophilus surface fibrils (Hsf) are large, non-pilus proteins that are found in most
encapsulated H. influenzae. Hsf bind to Chang epithelial cells [71] and to vitronectin.
Vitronectin, an extracellular matrix component, is also a regulator of the common final
pathway of the complement cascade. Vitronectin-binding through Hsf confers serum
resistance [72]. Haemophilus influenzae adhesin (hia) and cryptic haemophilus adhesin
(cha) are two homologs of Hsf. Most NTHi isolates that do not express HMW’s express
hia. Hia confer binding to respiratory epithelial cells, although the exact ligand is not
known [73]. Cha is expressed on isolates of the H. influenzae biotype IV cryptic geno-
species associated with urogenital colonization and infection. Isolates expressing the cha
adhesin can bind to genital as well as respiratory epithelial cells, but the exact ligand is
not defined [74].

Haemophilus influenzae adhesion and penetration protein (Hap) adheres to com-
ponents of the extracellular matrix [75]. The binding domain of Hap is normally re-
leased from the cell surface, but can remain cell-associated through the aid of a host
antimicrobial peptide, and through this interaction, the bacterial adhesion capacity
is increased [76]. P2 and P5 are both major outer membrane proteins expressed on
almost all known isolates of H. influenzae. They both bind to respiratory mucin [77].
While the lipoprotein P2 is a porin that has adhesive properties and variable, surface-
exposed regions [78], P5 is mainly an adhesin and binds to multiple ligands [79]. Both
are immunogenic, and assumed essential for H. influenzae virulence. Both have been
implied as targets for new H. influenzae vaccines [80, 81], as is the case for many of the
described adhesins. In animal models, immunization with different adhesins has been
successful to varying degrees. Since H. influenzae is specific to humans, these results
have been preliminary. The only available vaccine variant today with potential protec-
tive effect against NTHi is based on Protein D.

Protein D is a highly conserved lipoprotein expressed on all tested isolates of H.
influenzae [82]. Protein D promotes adherence to and internalization into epithelial
cells [83]. Immunization with Protein D followed by middle ear and pulmonary chal-
lenges in rats led to enhanced clearance of NTHi [84]. Protein D is currently used
as a peptide conjugate in an established pneumococcal vaccine, Synflorix, a vaccine
that besides the protection against invasive pneumococcal disease has protective effect
against H. influenzae-associated acute otitis media. A protective effect against invasive
Haemophilus infections has not been established [85].
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Table 1. Major Haemophilus influenzae adhesins

Protein (gene) Bind to Eukaryotic ligand(s)  Presence Reference
Hemagglutinating pili Erytrocytes, buccal ~AnWj and Hib, some NTHi [67, 86]
(hifA-E) cells and mucin glyoconjugated

receptors

HMW 1 (hmwl) Chang conjunctival Glycoprotein receptors 75% of NTHi  [87, 88]
HMW 2 (hmw2) cells

Hsf (bsf) Epithelial cells Vitronectin Encapsulated H.  [71]
influenzae
hia (bia) Epithelial cells, ? A subset of NTHi [89]
Chang cells (25%)
Cha (cha) Vaginal epithelial 2 Cryptic [74]
cells genospecies
biotype IV
Hap (hap) Extracellular matrix, Fibronectin, laminin,  Presentin all 4.  [73, 75]
epithelial cells collagen IV influenzae
P2 (Omp P2) mucin Glycoproteins, sialic Present in all 7. [77]
acid coated influenzae
P5 (Omp P5) mucin ICAM-1, CEACAM-1 Presentinall A. [79, 90]
influenzae
Protein D (hpd) Mucin, epithelial PAF receptor Presentinall 4. [91]
cells influenzae
Protein E (pe) ECM, epithelial cells Vitronectin, laminin, ~ Presentin all Z.  [92, 93]
plasminogen influenzae
Protein E

Protein E is a low molecular weight lipoprotein that promotes adherence to epithelial
cells. Like Protein D, it was first described in Malmé [94]. It is expressed in almost
all clinical isolates of H. influenzae and is highly conserved in encapsulated as well
as non-encapsulated isolates. Upon binding to epithelial cells, Protein E induces an
inflammatory response and upregulation of ICAM-1 [95]. Like Hsf, Protein E binds
vitronectin, and this interaction is important for resistance to complement-mediated

killing by human serum [96].

Step 3: Persisting and evading the host defense

Bacteria and humans have co-evolved over thousands of years. In order to successfully
persist in the human host, H. influenzae has, like other successful tissue colonizers,
developed a number of strategies to evade the host defense effectors of the respiratory
tract. It is unclear as to what relevance these respective factors have for the pathogenesis
of invasive Hib disease, since Hib isolates are rarely found as pharyngeal colonizers.
Invasive disease by Hib in children is suggested to occur by bacterial translocation di-
rectly through the epithelial cell layer to capillaries in the nasopharynx without need for
concurrent mucosal infection [97].
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The supragenome factor

One feature of H. influenzae, a feature in common with other effective tissue coloniz-
ers, is the existence of a “supragenome”. The human airway is colonized with several
different isolates of H. influenzae at the same time, as demonstrated by studies on colo-
nization dynamics of adult carriers [98]. Since the isolates readily interchange genetic
material through horizontal gene transfer and transformation, the group of isolates can
adapt to changes in the surrounding microenvironment. This increases the possibility
of survival of the group as a whole [99].

Aggregation and biofilm formation

Bacterial aggregation, or flocculation, is a factor believed to promote bacterial popula-
tion survival. The Hap adhesin is known to promote bacterial aggregation [706].

Most studies suggest that NTHi can form biofilms, a capacity that is considered
paramount in recurrent otitis media. The expression of a range of adhesins is necessary
for biofilm formation [100], as well as a reduced inflammatory response mediated by
modifications of the lipooligosaccharide (LOS) [101, 102]. NTHi in biofilms have
demonstrated ability to resist neutrophil killing [103]. However, the capacity of H.
influenzae to form biofilms has been an issue of controversy [104].

Phase variation

One way to avoid the effectors of adaptive immunity is to modify and vary surface-
exposed molecules, a “moving target” strategy. While surface-exposed molecules such as
adhesins are necessary for adhesion and colonization, they are often immunogenic and
make the bacteria susceptible to recognition and subsequently killing by the adaptive
immune response. The surface expression of some such adhesins can be turned on and
off. This process is called phase variation, and it is generally reversible. It is made pos-
sible by repetitive DNA sequences prone to slipped-strand mutations. H. influenzae can
vary the surface expression of the lipooligosaccharide (LOS) [105], hemagglutinating
pili [106] and the High-Molecular Weight adhesins [107]. The most apparent example
of phase variation is the case of hemagglutinating pili in Hib isolates. Even though al-
most all Hib isolates carry the pili gene cluster, and use the pili to attach to the human
airway, hardly any Hib isolate from blood expresses it. To simplify matters, the isolates
that are successful at phase varying pili avoid antibody detection in serum, and as a con-
sequence survive in the bloodstream. The LOS can also vary through post-translational
modifications such as the addition or subtraction of phosporylcholine [108]. Another
process that occurs during disease progression is the antigenic drift of surface-exposed
molecules such as the P2 porin [109]. This is also a moving target strategy, but this
process is irreversible.
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Complement regulation

The complement activity of human serum is crucial in controlling invasive infections
by H. influenzae, as confirmed by studies using C3-depleted serum [110]. The resis-
tance of the type-b capsule to complement-mediated killing is regarded as one of its
central virulence determinants [111]. The complement system in humans is tightly
regulated by regulatory proteins. These regulators prevent tissue damage by an excessive
activation of the complement cascade. Such regulatory proteins include C4b-binding
protein, a regulator of the classical pathway, Factor H, a regulator of the central C3 con-
vertase, and vitronectin, a regulator of the common final pathway (Figure 4). Several
species of bacteria use this system to their advantage, by adhering to regulatory factors
of the complement system and consequently increase their resistance to complement-
mediated killing [112]. Different isolates of H. influenzae can bind to all of these regu-
lators at varying degrees [72, 96, 113, 114]. Through these interactions, 7 vitro bacte-
rial survival in human serum is increased.

Alteration of the adaptive immune response

The great majority of healthy individuals as well as those with chronic airway disease
have strong serum antibody responses to non-typeable H. influenzae, and this is believed
to be the reason why these bacteria rarely cause invasive infections despite high tissue
invasion capacity iz vitro. Normally, the inflammatory response to NTHi challenge is
mediated by Th1 cytokines. However, in inflammation and during chronic conditions
such as COPD or bronchiectasis, the macrophage-orchestrated inflammation and the
T-cell response to stimulation of a new H. influenzae isolate is skewed. Phagocytosis be-
comes impaired, and the T-cell response can be redirected towards a Th2 response with
a different Ig subclass profile [115]. As a consequence, chronic inflammation ensues
and the bacteria are less well cleared [116-118].

Step 4: Tissue, cell and bloodstream/meningeal invasion

Whereas the factors that contribute to epithelial colonization and persistence are be-
coming increasingly clear, it is less clear as to what bacterial and host factors affect inva-
sive disease capacity of H. influenzae. Most studies have been performed in the pre-Hib
vaccine era, and mainly on invasive Hib disease.

Intra- and intercellular invasion

H. influenzae can “hide” by residing in compartments (inter- and intracellular) where
they evade host immune effectors. I vitro studies show that H. influenzae pass through
epithelial cell layers, and reside embedded in or below the epithelium. This capacity
is independent of adhesive capacity, presence of fimbriae or a polysaccharide capsule
[119], and is suggested to occur through disruption of intercellular tight junctions and
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a positioning in-between the bases of epithelial cells (paracytosis) [120]. This position-
ing shields the bacteria from antibiotics as well as antibody-mediated attacks [121], and
has been confirmed in histology studies of bronchial tissue [122]. The ligand/ligands in
the intercellular position is not clear. From studies, it seems as though the capacity of
paracytosis differs between different isolates of H. influenzae, but it is unclear as to what
bacterial properties are necessary. Since the process is inhibited by protein synthesis
inhibitors, de novo protein synthesis seems necessary.

H. influenzae can enter cultured epithelial cells [123] and monocytes [124]. In bron-
choscopy-directed bronchial biopsies from patients with chronic bronchitis, the pres-
ence of intracellular H. influenzae correlated with clinical signs of infectious exacerba-
tion [125]. The implications of intracellular viable H. influenzae in macrophages [126]
are interesting, and the ability to survive inside macrophages has been correlated to the

capacity of invasive disease by Hib [127].

Bloodstream and meningeal interactions

The interactions of H. influenzae with endothelial cells have been studied in vitro. The
capacity to associate with and invade endothelial cells is linked to bacterial concentra-
tion, but is inversely related to the presence of a polysaccharide capsule [128]. Studies
show that both encapsulated and non-typeable H. influenzae can pass through a mono-
layer of endothelial cells by disrupting endothelial tight junctions [129]. Studies of H.
influenzae interactions with in vitro constructed blood-brain barriers and blood-pulmo-
nary barriers show that H. influenzae can, in the presence of complement-inactivated
serum, cause cytotoxic effects on these barriers, effects that are inhibited by blocking
LOS interactions or removing serum [130].

The role of the polysaccharide capsule

The polysaccharide capsule of encapsulated H. influenzae is believed to stabilize the
bacteria in the environment and facilitate transmission of bacteria between individuals.
Encapsulated isolates adhere to mucus, but iz vizro studies have shown them to have
relatively poor epithelial adhesive and epithelial translocation capacity compared with
non-encapsulated counterparts [131]. The primary function of the capsule is to pro-
vide a shield against opsonophagocytosis and complement-mediated killing; an effect
important in bloodstream infections and during inflammation [110, 132]. The capacity
of encapsulated isolates to withstand the humoral defense and allow replication in the
bloodstream is superior to NTHi [133, 134].

In a rat model of invasive disease, the virulence of the respective capsule type was as-
sessed by the nasal inoculation of six transformants of H. influenzae that were isogenic
apart from the capsule locus (a-f). All rats infected with type b capsule transformant
developed invasive disease. Half of the rats infected with type a capsule transformant
developed invasive disease, and a portion of the rats infected with the type f capsule
transformant developed invasive disease, while none of the rats expressing ¢, d or e
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capsule did [135]. When the respective transformants were intraperitoneally injected,
all rats that were injected with the type b transformant developed meningitis and sep-
sis. The same hierarchy of virulence persisted in a study of isogenic capsule mutants
in complement-deficient rats, suggesting that the relative virulence of type b isolates
is not only dependent on resistance to complement-mediated killing [136]. The stud-
ies show that the capsule type is an independent factor of virulence. It was originally
believed that the polysaccharide that constitutes the type b capsule, Polyribosyl Ribitol
Phosphate (PRP), was especially virulent. In subsequent studies of the capsule gene
cluster of type b isolates, it has been established that most invasive type b isolates carry
a partial capsule gene duplication that stabilizes a multimer capsule complex [137].
This allows production of a thicker polysaccharide capsule, which is believed to confer
improved resistance to phagocytosis and to be the main, but not the exclusive reason
for the special virulence of H. influenzae type b.

Risk factors for invasive Haemophilus influenzae disease

A major risk factor for invasive disease by encapsulated H. influenzae is young age. The
reason for this is not completely understood, but it seems as though small children
do not have the capacity to produce sufficient anti-polysaccharide antibodies [138]. A
number of further risk factors for invasive disease by encapsulated H. influenzae have
been identified. Household crowding, presence of young siblings and day-care atten-
dance have been identified as risk factors related to risk of exposure [139, 140]. The du-
ration of breastfeeding of infants and exposure to cigarette smoke are related to higher
risk of disease from normal exposure. Infants that were not breastfed or breastfed for a
short duration had a higher risk [141], and infants exposed to cigarette smoke probably
have a higher risk, even though results are conflicting [138]. The recognition that in-
dividual immunogenetic factors contribute to the relative risk of invasive H. influenzae
infections was made early [142]. Low levels of IgG2 and IgG4 have been suggested as
such factors [57]. Recently, two genetic risk factors associated with Hib vaccine failure
have been identified. These are nucleotide polymorphisms in TIRAP, that lead to im-
paired innate immune response through Toll-like receptor-4, and in IL-10 that lead to
a lack of control of local inflammation [143].

Epidemiology of invasive disease by Haemophilus influenzae

Before the conjugated Hib-vaccine
Invasive disease by Haemophilus influenzae type b used to be common in children 0-4

years of age, although varying incidences between different geographical areas and eth-
nic groups have been evident. In Scandinavia, the incidence was 30-60 cases/100,000
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children < 5 years of age in the 1980’s [144-146]. In Great Britain [147], Switzerland
[148], Australia [149] and Senegal [150] the incidences were comparable to the ones
in Scandinavia. Very high incidences were observed in native populations of Australia
[151] and North America [152, 153], while comparatively low incidences were de-
scribed from Argentina [154] and Hong-Kong [155]. There are few estimates of inva-
sive disease due to non-Hib isolates in children in the pre Hib-vaccine era [156]. From
the few studies on invasive H. influenzae disease in adults it is clear that Hib was not as
dominant in adults as in young children [157, 158].

In Sweden, the incidence of invasive disease by H. influenzae in children prior to
the Hib vaccine resembled that of other Scandinavian and European countries [145].
Two Swedish pre-vaccine studies include epidemiology on adults. One of these regards
only adults, and shows an incidence of 1.1 cases/100,000 individuals [157]. The other
study includes all ages, and shows relatively high proportions of invasive cases caused

by NTHi and Hif in adults [159].

Vaccination and other interventions

The type b polysaccharide capsule is immunogenic, central for virulence and specific.
These traits combine to make it an ideal vaccine candidate. In the 1970, a polysac-
charide vaccine directed against type b H. influenzae was tested [160]. The limitations
of this vaccine mirrored the epidemiology of Hib disease; small children did not de-
velop protective antibodies using only polysaccharide antigens. In the 1980%, peptide
conjugates were added to the polysaccharide vaccine [161], a method that later has
been mimicked in the vaccine development for other encapsulated bacteria. Peptide
conjugation led to the production of protective anti-polysaccharide antibodies even in
small children, and an improved protection upon booster doses regardless of what con-
jugate was used. The large-scale implementation of conjugated Hib vaccines, starting
in the late 1980’s, has been extraordinarily successful. A conjugated Hib vaccine was
included in the Swedish vaccination program for children in 1992. Following consider-
able efforts in the 21 century, conjugated Hib vaccines has by the end of 2010 been
implemented in 166 countries in the world [21]. However, the vaccine still only reaches
about 50% of small children since some densely populated nations (examples of na-
tions include China, India and Russia) have not implemented the vaccine.

Other preventive measures have become all but redundant since the introduction of
the conjugated Hib vaccine, but used to include prophylactic antibiotic to siblings and
day-care attendants in close proximity to patients [162]. During outbreak situations,
the vaccination of pregnant women has been used to protect the newborn [163].

After the conjugated Hib-vaccine

The epidemiology of invasive H. influenzae disease has drastically changed since the
introduction of the conjugated Hib vaccine. To be more correct, there is abundant evi-
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dence that the epidemiology has changed for children < 5 years of age. The evidence of
a changing epidemiology among adults is not as compelling. A sharp decline in invasive
Hib disease as well as Hib carriage has been seen following implementation of the vac-
cine [20, 23, 164-166]. Incidence rates of invasive Hib disease plummeted in Sweden
as well [167]. The reduced carriage of Hib strains also led to herd immunity with added
benefit to non-vaccinated subjects. There was a re-emergence of invasive Hib disease in
the early 2000’s, primarily in England [168]. It is believed that a combination of host
factors [169], bacterial factors [170] and population effects [171] attributed. Apart
from this slight “dent”, the Hib-vaccine campaign has been a formidable success and
invasive Hib disease in the post-Hib vaccine era is very rare [20].

Beginning in the mid 1990’, a few reports have suggested increasing incidences
of invasive disease by non-Hib isolates of H. influenzae. This has been reported from
Canada [172], USA [173], Portugal [174] and England [175, 176], and in one pan-
European study [177]. Most of these reports suggest that the increase occurs among
individuals with underlying medical conditions, and that the isolates are not clustered
(offering less support for the implication of bacterial virulence) [41]. In some reports,
an increase of invasive Hif disease is described [27], but Hif seems to resemble NTHi
rather than Hib in epidemiology [178]. There are two accounts of invasive disease by
H. influenzae type a [25, 179], suggesting a virulence capacity that mimics the one of
Hib. However, quite a few reports deny any increase of invasive Haemophilus disease
following implementation of the Hib vaccine [40, 180, 181].

In Sweden, there is comprehensive epidemiology on invasive Haemophilus disease
until 1994 [167]. There is also a study of the epidemiology of invasive Hib disease
1997-2003, showing no signs of increased incidence [182]. Renewed active surveillance
with mandatory reporting of invasive Haemophilus disease was started by the Swedish
Institute for Communicable Disease Control in 2004, and full surveillance including
collection of isolates for capsule typing was started in 2007. There is less information on
invasive H. influenzae disease in Sweden 1994-2007, a time period where several other
countries have reported increasing incidences of non-type b invasive disease.

Antimicrobial resistance of Haemophilus influenzae

Antimicrobial resistance testing and breakpoints

Haemophilus influenzae has a wild-type population with a defined range of intrinsic ac-
tivity of antimicrobial agents [183]. Based on this, susceptibility breakpoints for respec-
tive agents have been established. These breakpoints are useful for surveillance, but do
not always correlate with clinical outcome of infections. In Sweden, breakpoints are set
by the European Committee on Antimicrobial Susceptibility Testing (EUCAST) and
definitely determined by the Swedish Reference Group for Antibiotics (SRGA) and the
Nordic committee on Antimicrobial Susceptibility Testing (NordicAST) [184].
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Mechanisms of resistance to B-lactam antibiotics

When compared with other Gram-negative bacteria, the outer membrane of H. influ-
enzae provides little resistance to intracellular penetration of B-lactams [185]. Due to
this, the Minimal Inhibitory Concentration levels (MIC’s) for -lactams are generally
lower than for most Enterobacteraciae, and as a consequence a more “effective” resis-
tance mechanism is needed for an isolate of H. influenzae to become resistant according
to breakpoints. In Sweden, as in many other countries, ampicillin is the first choice
of treatment for most H. influenzae infections. Two mechanisms have been shown to
cause clinical resistance to ampicillin and other B-lactams in H. influenzae; B-lactamase
production and the alteration of Penicillin-Binding Proteins (PBPs) resulting in low-
ered affinity for B-lactams [186]. A third mechanism; disrupted repression of the acrAB
efflux pump, can increase the MIC for ampicillin in isolates with one of the two main
resistance mechanisms [187]. Even though only two main mechanisms are described,
there is some confusion as how to define isolates with B-lactam resistance. The most
commonly used definitions are presented in Table 2.

Table 2: Definitions of B-lactam resistant Haemophilus influenzae

Acronym Name Definition

BLPAR B-lactamase positive ampicillin|Resistance to ampicillin.
resistant Nitrocephine positive.
B-lactamase negative Resistance to ampicillin.

BLNAR . . . . .
ampicillin resistant Nitrocephine negative.

Any of the following substitutions in PBP-3.
Genotype I: Arg517His.

BLNAR genomic f-lactamase negative |Genotype II: Asn526Lys
8 ampicillin resistant Genotype III: Met3771le, Ser385Thr, Leu389Phe
and Asn526Lys.

Nitrocephine negative.

B-lactamase positive
BLPACR amoxicillin-clavulanate
resistant

Resistance to amoxicillin-clavulanate.
Nitrocephine positive.

BLPAR (B-lactamase positive ampicillin resistant)
Two types of B-lactamases have been identified in H. influenzae; TEM and ROB. Both

are plasmid-mediated 3-lactamases, both confer high-grade resistance to ampicillin, and
both are inhibited by B-lactamase inhibitors [188, 189]. Two main types of plasmids
that carry B-lactamases in H. influenzae are known. Both TEM and ROB B-lactamases
can be found on small non-conjugated plasmids, where they generally are the only resis-
tance determinants. TEM can also be found on large plasmids (>10,000bp), which are
either integrated in the chromosome or circular [190]. The large plasmids often carry
multiple resistance genes, such as for tetracycline or chloramphenicol resistance, and are
more common than smaller plasmids.

TEM B-lactamases are more common than ROB. Several different promoters of
the 6laTEM gene have been described [191-193]. The significance and distribution of
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these alternative promoters is unknown. The ROB B-lactamase was first described in a
meningitis Hib isolate [194]. ROB has been suggested to confer resistance to cefaclor
as well as to ampicillin, but new evidence points to that the described cefaclor resistance
may be mediated by PBP-alterations in the isolates that carry ROB [195]. ROB is a
weaker hydrolyser of nitrocephine than TEM, and there is a risk that ROB-carrying
isolates can be misinterpreted.

As noted, it has been suggested that an effective promoter, allowing high levels of
transcription of B-lactamase, is necessary to confer ampicillin resistance in H. influ-
enzae. This has been proposed as one reason for the relatively delayed emergence of
B-lactam resistance in H. influenzae [196]. It may also explain the absence of extended
spectrum PB-lactamases (ESBL). When a transformation of an ESBL gene to an isolate
of H. influenzae was performed, the isolate did not become cephalosporin resistant
according to breakpoints [197]. If this is the general case, the development of ESBL
carriage in H. influenzae is likely to be less sensitive to selection pressure by broad-
spectrum B-lactams. Interestingly, TEM-15 ESBL has been described in strains of H.
parainfluenzae [198] and this can have future implications for H. influenzae since the
two Haemophilus spp. are known to exchange plasmids [199-201].

BLNAR (B-lactamase negative ampicillin resistant)

In a strict sense, BLNAR isolates are ampicillin-resistant isolates that do not carry a
B-lactamase gene. However, the practical definition of BLNAR isolates is more com-
plex. This is not only due to the lack of international consensus on ampicillin resis-
tance breakpoints, which vary from 1 to 4 mg/L in different studies [202-205]. The
mechanism of resistance in this group of isolates is the existence of pivotal amino acid
substitutions in PBP-3, Penicillin-Binding Protein 3 (Table 2). After this definition was
established, it became clear that some isolates with such substitutions are not ampicil-
lin resistant according to breakpoints. Isolates that carry key amino acid substitutions,
regardless of resistance phenotype, are defined as gBLNAR (genomic BLNAR), a group
that overlaps, but does not match the BLNAR group (Figure 6).
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BLNBR (B-lactamase negative B-
lactam resistant)

i gBLNAR (Substitutions
BLNAR (B-lactamase negative N526K or R517H in PBP-3)
ampicillin resistant)

Figure 6. Schematic illustration of how the different groups of B-lactamase negative isolates of Haemaphilus
influenzae with B-lactam resistance are interrelated. The BLNAR isolates are a subset of the BLNBR and
of the gBLNAR group. It is unclear how many of the gBLNAR isolates are outside the BLNBR group.

The conservative interpretation of the BLNAR definition only considers resistance to
ampicillin. Unlike BLPAR isolates, resistance phenotypes resulting from PBP-3 altera-
tions vary considerably. BLNAR isolates are often resistant to early-generation cepha-
losporins, such as loracarbef, cefaclor and cefuroxime. Since many gBLNAR isolates
are not ampicillin resistant according to resistance breakpoint, some argue that cefaclor
resistance may be a better way of defining the group, defying the logic of the name
[206]. Today the BLNAR definition often implies concurrent cephalosporin resistance.
The appearance of imipenem-resistant H. influenzae isolates in clinical settings where
carbapenems are widely used is worrying in its own right, but also adds confusion
since the imipenem resistance is suggested to be related to substitutions in PBP-3 as
well [207, 208]. We suggest using the umbrella definition BLNBR (B-lactamase nega-
tive -lactam resistant) for isolates with resistance to any -lactam and no evidence of
B-lactamase (Figure 6).

Even if the name is sometimes misleading, BLNAR phenotypes are almost always
related to mutations in the fis/ gene, leading to amino acid substitutions in Penicillin
binding Protein 3 (PBP-3). These mutations lower the affinity of B-lactams to PBP-3
[203, 209-211]. The amino acid substitutions need to be adjacent to the active sites of
PBP, but since different B-lactams likely bind at different sites, the resulting phenotypes
reflect varying combinations of substitutions. A number of gBLNAR genotype subdi-
visions based on amino acid substitution patterns have been suggested. The currently
most used subdivision is based on the classification by Dabernat [204], which relates to
a subdivision in an earlier Japanese study [203]. One of the two following substitutions
is considered necessary for gBLNAR definition; Arg517His or Asn526Lys. However, as
stated in a review of the subject; substitutions at 24 different positions in PBP-3 have
been associated with the BLNAR phenotype, the number of substitutions in a single
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BLNAR isolate can range from one to eleven, and finally, no single substitution is pres-
ent in all BLNAR isolates [186].

BLPACR

If the other names are not confusing enough, the term BLPACR (B-lactamase positive
amoxicillin-clavulanate resistant) is surely the least logical of the acronyms used to por-
tray different phenotypes of H. influenzae with resistant to -lactams. The term is used
to describe isolates that carry a B-lactamase and have substitutions in PBP-3 simultane-
ously. The only real difference between BLNAR (which in many cases are amoxicillin-
clavulanate resistant) and BLPACR isolates is the MIC for penicillin and ampicillin,
which due to the concurrent B-lactamase is generally very high [212].

Mechanisms of resistance to non [3-lactam antibiotics

The recommended first-line antibiotic for most infections by H. influenzae is ampicil-
lin. In some situations, such as the occurence of ampicillin resistance, allergy to anti-
biotics or clinical factors, treatment with ampicillin or other B-lactam antibiotics is
not possible or reccommended. Non B-lactam antibiotics that can be relevant for treat-
ment of H. influenzae infections include folic acid metabolism inhibitors, tetracyclines
and fluoroquinolones. H. influenzae has intrinsic resistance to macrolide and ketolide
agents. These agents provide poor clearance in otitis media [213] and are not recom-
mended for use in /. influenzae infections.

Resistance to folic acid metabolism inhibitors trimethoprim and sulfamethoxazole
can be mediated by different mechanisms. The enzymes dihydropteroate synthase
(DHPS) and dihydrofolate reductase (DHFR) both reduce reactions leading to the
production of tetrahydrofolate, which is essential for DNA replication and cell survival.
Trimethoprim and sulfamethoxazole inhibit the production of DHFR and DHPS, re-
spectively, and thereby interfere with the production of tetrahydrofolate. The main
mechanism of trimethoprim resistance is the production of an alternate DHFR that is
not targeted by trimethoprim, but is still functional in producing dihydrofolate [214].
The alternative DHFRs are normally carried on plasmids [186]. Two mechanisms
have been described for sulfamethoxazole resistance in H. influenzae; production of
sul2, which encodes a plasmid-carried, alternative DHPS that is not targeted by sulfa-
methoxazole, or an alteration of fo/P, the chromosomal gene encoding for DHPS, with
the same effect [215].

Tetracycline resistance in H. influenzae is almost exclusively mediated by an efflux
pump coded by zez(4), and the zez(b) gene is often co-located with B-lactamases on
large plasmids. The gene zez(M), coding for a ribosomal protection protein has been
described in H. Ducreyi where it is not located on plasmids [216].

Fluoroquinolones exert their antimicrobial effect by affecting DNA replication.
Resistance to fluoroquinolones occurs by mutations in the genes encoding DNA gyrase
or topoisomerase IV. Since only point mutations are needed for resistance development,
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resistant isolates are believed to be selected during the use of oral fluoroquinolones
[217]. As fluoroquinolones are not recommended for use in children, the main car-
riers of H. influenzae isolates, fluoroquinolone resistance in H. influenzae is relatively
uncommon.

Epidemiology of antimicrobial resistance of Haemophilus influenzae

It is challenging to assess any global trend in the epidemiology of antimicrobial resis-
tance of H. influenzae. There is substantial variation in resistance epidemiology in dif-
ferent areas and trends seem to vary just as much. The latest assessment on global trends
suggested 30% ampicillin resistance in North America but no signs of increase, and
around 15-20% resistance but increasing trends in Europe and South America [218].
In that study Asian countries were not included. An illustration of the general trends in
the world is given in Figure 7.
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Proportions of resistant isolates
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BLPAR BLNAR Trimethoprim Tetracycline  Fluoroquinolones
Sulfamethoxazole

Figure 7. An illustration of worldwide levels and trends of antimicrobial resistance in Haemophilus
influenzae. While BLPAR (B-lactamase positive ampicillin resistant) isolates have a downward trend from
a high level, BLNAR (B-lactamase negative ampicillin resistant) isolates have an upward trend from a low
level etc..

B-lactam antibiotics

The first description of an isolate of H. influenzae with resistance to ampicillin was
published in 1974 [219]. From the early 1970, the proportion of H. influenzae with
resistance to -lactams increased until the mid 1990’s. Substantial variation in different
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geographical areas has been evident, with incidences varying from a few percent in re-
gions with low incidence to >50% in regions with high incidence [220]. H. influenzae is
not included in the EARS-net surveillance program [221], and resistance epidemiology
data is based on individual reports. BLPAR isolates have dominated until the 20007,
and TEM-carrying isolates have been more common than ROB-carrying ones [189].
In the past decade the numbers of B-lactamase producing strains have leveled out or
even decreased in some areas with high incidence, such as North America and Spain
(222, 223].

BLNAR isolates are very common in Japan and its neighboring countries, with re-
ports of incidences of around 50-60% [224, 225]. These numbers stand out compared
to the rest of the world. In North America and Europe, BLNAR incidences vary greatly
from different studies and time periods. One multi-center European study showed
stable rates [226], and another multi-center study showed BLNAR incidences from
2-20% in 2002 [202]. A Polish study encompassing isolates from 2002-2004 showed
a BLNAR incidence of 13% [227]. Interestingly, one recently published study from
Spanish hospitals showed all but diminished incidences of BLNAR isolates [228]. One
issue that may contribute to the variation in BLNAR incidences across the world is the
varying methodology and definitions that exist.

Non B-lactam antibiotics

In H. influenzae, resistance to fluoroquinolones is still uncommon, though resistant
isolates can pose a clinical problem [186, 220, 229, 230]. One report encompassing
isolates from varying regions of the world suggests that the proportion of isolates with
tetracycline resistance is declining, and that incidences remain below 5% in all regions
studied [220]. Increasing incidences of resistance to trimethoprim-sulfamethoxazole
(TXM) in H. influenzae is a clinical problem, since TXM is one of the few treatment
alternatives to 3-lactams in small children. In the SENTRY surveillance study of 1997-
2001, regional differences were obvious as the incidence of TXM resistance was 20% in
Europe and North America and 40% in Latin America [218]. Two European observa-
tions of TXM resistance in invasive H. influenzae isolates reflect varying epidemiology.
In England the incidence of TXM resistance is increasing from a low level (5%) [231],
while in Spain the incidence of TXM resistance is decreasing from a very high level

(50%) [191].

Swedish resistance epidemiology

In Sweden, yearly surveillance of antimicrobial resistance in nasopharyngeal H. influen-
zae has been carried out by the Swedish Institute for Communicable Disease Control
[232]. The surveillance is based on 100 consecutive nasopharyngeal H. influenzae from
each laboratory in Sweden in every year. From this surveillance (Figure 8), it is clear
that the proportion of BLPAR isolates has increased in the last decade and is 18% in
2011. The proportion of BLNAR isolates has been low, although there are no data from
2010 or 2011. The incidence of tetracycline and fluoroquinolone resistance is stable at a
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low level. The standout observation from the surveillance data is the marked increased
incidence of resistance to trimethoprim-sulfamethoxazole, from levels around 10% in
the late 1990’s to 24% in 2011.
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Figure 8. Resistance epidemiology of Haemophilus influenzae, Sweden, 1995-2011. Text in Swedish.
Translated categories, from left to right: BLPAR, BLNAR, tetracycline resistance, trimethoprim-
sulfamethoxazole resistance, fluoroquinolone resistance. Image from Smittskyddsinstitutet, Stockholm.
Reprinted with permission.

Antimicrobial resistance of invasive Haemophilus influenzae

There is a marked difference in the epidemiology of invasive and nasopharyngeal iso-
lates of H. influenzae in Sweden. The median age of patients with H. influenzae isolated
from the nasopharynx in upper respiratory infections in Malma is around 3 years while
the median age of patients with invasive isolates is 67 years (unpublished data). It is not
known whether this difference in epidemiology affect the epidemiology of antimicro-
bial resistance. Most epidemiological data of antimicrobial resistance in H. influenzae
is based on non-invasive isolates. There are exceptions, including studies from Great
Britain, Canada and Italy, where the incidences of antimicrobial resistance in invasive
isolates were generally equal to or lower than reported resistance incidences from upper

respiratory isolates [231, 233, 234].

44



Aims and objectives

The aims and objectives of this thesis were:

* to investigate the interactions of Haemophilus influenzae adhesin Protein E with
components of the extracellular matrix.

* to investigate the role of complement regulator-binding and iz vitro serum resistance
of non-typeable Haemophilus influenzae causing invasive disease.

* to describe the epidemiology of invasive disease by Haemophilus influenzae in Sweden
in the post Hib-vaccine era 1997-2009, as well as to investigate the disease severity
and host factors related to invasive cases.

* to describe the epidemiology, phylogeny and resistance mechanisms of B-lactam re-
sistant invasive Haemophilus influenzae in Sweden 1997-2010.

* to describe a case of severe invasive disease by non-type b Haemophilus influenzae as
well as to reconstruct bacterial and host factors that could have contributed.
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Materials and methods

The methods are described in detail in the respective Papers. This section provides an
overview of the methods used, and is in part a repetition of the method sections in
the Papers. However, it also provides an elaboration on the definitions on which the
methodology is based, and in some parts a brief comparison with alternative methods.

Study designs

Paper I is a based on a laboratory study of clinical isolates of Haemophilus influenzae.

Paper II is based on a laboratory “case-control” study of invasive and non-invasive
clinical isolates of Haemophilus influenzae, including an assessment of sepsis severity of
invasive cases.

Paper III is based on a retrospective epidemiological study on invasive Haemophilus
influenzae disease in southern Sweden 1997-2009, including laboratory studies of the
bacterial isolates as well as an assessment of basic epidemiological data, sepsis severity of
the cases and immune competence of the patients from Skane county.

Paper IV is based on a retrospective epidemiological study of antimicrobial resistance
in invasive Haemophilus influenzae isolates, including a thorough laboratory investiga-
tion of B-lactam resistant isolates, and a phylogenetic analysis of resistant isolates.

Paper V is a case report of a severe invasive Haemophilus influenzae type f infection,
including studies on the patient’s immune system and virulence studies of the bacterial
isolate.

Study populations

The studies in Papers III-IV are based on clinical cases of invasive disease by Haemophilus
influenzae (defined as growth of H. influenzae in blood or cerebrospinal fluid) 1997-
2010, identified at the Clinical microbiology laboratories in Skane (2 laboratories),
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Goteborg (2 laboratories) or Stockholm (Karolinska). In Paper II and the study of sepsis
severity in Paper III, only cases from Skane were included. No other criteria were used.
The included laboratories serve densely populated areas of Sweden, with a current total
population of approximately 3 million. The geographical regions that are served by the
laboratories, as well as the population density of different Swedish regions are shown in
Figure 9, which is also Supporting information Figure 1 fom paper III.

Il >1000
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B =50
H=10

Figure 9. Map of Sweden showing regions included in the study (left) and population density by region
(inhabitants/km2) (right). Images based on SWE-Map Kommuner2007.svg by Lokal_Profil, licensed
under CC-BY-SA2.5 (Supporting information Figure 1 fom paper III).

Information on the geographical regions served by each laboratory and year was gath-
ered, and the population per geographical region and year was collected from Statistics
Sweden. This gave population denominators for each year in the epidemiological analy-
sis in Paper I1I. Two further estimates were performed: since laboratories served densely
populated urban areas, they also served tertiary care units, such as units for neurosur-
gery or organ transplant patients. These units accept patients from regions outside the
defined geographical area. To evaluate the risk that such patients skewed the results we
screened all lab referrals for referring unit. Only 11/410 patients were treated at tertiary
care units, and at least 6 of these lived within the geographical area. The risk of the
remaining 5 patients skewing the results was deemed as minimal.

A second analysis was performed in Paper III. In this analysis each laboratory was
assessed separately per study year. If, in a given year in one laboratory, half or more of
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the registered invasive isolates had been or could be capsule typed by PCR, then the all
isolates from the laboratory for that year were included in the analysis. Consequently
the whole population served by the laboratory that year was added to the denomina-
tor. If less than half of the isolates could be or had been capsule typed, then all of the
isolates from the laboratory, and the corresponding population, were excluded from
the analyses for the given year. This procedure resulted in that 17 non-typed isolates
were included in the final analysis, and a small number of capsule typed isolates were
excluded. The procedure was performed to get comprehensive epidemiological data
with reliable, comparable population denominators throughout the study period.

Clinical definitions

Defining sepsis severity

There are several systems available to assess the severity of a septic event. In our study
we were limited to retrospective data from medical reports in a population where only
a portion of patients were expected to need intensive care monitoring. We applied the
ACCP/SCCM consensus definition, which is based on SIRS criteria to assess sepsis
severity [235]. The definitions are summarized in Tables 3a and b.

Table 3a Definitions of sepsis severity

Bacteremia Sepsis Severe Sepsis Septic shock
Positive blood culture [SIRS — 2 of the following 4 Sepsis + newly Persisting hypotension/
but not fulfillment of |criteria fulfilled: acquired organ failure [hypoperfusion
SIRS criteria e Fever (Body temperature >38 accor.d%ng to the and organ failu.re. _
or <36°C) definitions in Table 3b |after a.deq.uatc initial
resuscitation
e Tachycardia (Heart rate > 90
bpm)
e Hyperpnea (>20 breaths/
min)
¢ White blood cell count
>12x10°/1 or <4x10°/1
Table 3b Definitions of newly acquired organ failure
Organ Definition of organ failure
Circulation Hypotension (systolic blood pressure < 90mmHg)
Hypoperfusion (elevated P-lactate)
Kidney Oliguria despite resuscitation or an elevation of P-Creatinine of > 45umol/l
Respiratory PaO, < 7.0 kPa or PaO, < 5.6 kPa for a primary lung infection.
Coagulation Platelet count < 100x10°/L or a spontaneous INR > 1.5
CNS Confusion or altered mental state
Liver S-bilirubin > 45pmol/l
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Defining immune deficiency

In Paper III, we studied the incidence of immune deficiency among patients with in-
vasive H. influenzae disease. In most epidemiological studies of infections, all concur-
rent medical conditions are included in the analysis, regardless whether they result in
reduced immune competence or not. This means that older adults are often registered
with underlying conditions for which the relative risk of infection is unclear. In the
present study, we aimed to include only conditions that clearly contribute to reduced
immune competence. The definition used is presented in Table 4.

Table 4. Definition of immune deficiency in the study (Supporting information Table 1 fom paper III).

Category Examples of diseases and conditions

Mainly genetic disorders including T and B lymphocyte and

Primary immune deficiency phagocytic cell defects and complement deficiences

Acquired immune [HIV, haematologic malignancies such as leukemia, lymphoma,
deficiency multiple myeloma and active solid tumors

Secondary immune End-stage liver or renal disease, severe COPD, end-stage heart

Chronic disease

deficiency disease, and dysregulated diabetes mellitus
Tatrogenic Medication and treatment such as steroids, immunomodulatory
conditions drugs, chemotherapy, radiation therapy, and organ transplants
2 pPY, PY, £ P

Determining antimicrobial susceptibility

Several methods to determine the antimicrobial resistance of H. influenzae exist. While
the disk diffusion method is sensitive [236], perhaps too sensitive, an excellent correla-
tion between Etests and the golden standard method suggested by CLSI, the broth mi-
crodilution method, has been confirmed [237, 238]. In the Swedish (and now Nordic)
testing protocol for B-lactam resistance in H. influenzae [184], sorting of resistant iso-
lates is not based on ampicillin, but penicillin (phenoxymethylpenicillin for the length
of our study) and cefaclor discs. Isolates with resistance to penicillin are tested for
B-lactamase production using the nitrocephine test. This testing regimen has excel-
lent sensitivity, but slightly poorer specificity, in identifying BLNAR isolates [239].
The testing procedure is illustrated in Figure 10. In Paper IV, this technique was used
as screening for B-lactam resistance, with two modifications. In the case of penicillin
resistance, an Etest for ampicillin was performed on all saved isolates. Furthermore, all
nitrocephine negative isolates with resistance to a -lactam were defined as BLNBR
(B-lactamase negative, B-lactam resistant). From this group, the BLNAR and gBLNAR
were subsets, identified according to ampicillin MIC and PBP-3 sequence, respectively.
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Figure 10. Testing scheme for B-lactam resistant variants of Haemophilus influenzae in Sweden, and the
base for resistance screening in Paper IV. R=resistant according to breakpoints, S= susceptible according
to breakpoints.

Laboratory methods

Construction ofmumnts

In paper I, three different mutants of Haemophilus influenzae 3655 were used.
NTHi3655 is an otitis media strain originally from Missouri, USA with a Multi Locus
Enzyme Electrophoresis (MLEE) profile close to a Hib cluster [240], and virulence
in an experimental otitis model that resembles encapsulated isolates [241]. The end
regions of the genes encoding for Hap (hap) and Protein E (pe) were amplified as cas-
settes with the introduction of restriction enzymes and uptake sequences [242]. The
resulting PCR products for pe and hap were cloned into plasmid vectors containing
kanamycin and chloramphenicol resistance gene cassettes, respectively. The NTHi3655
isolate was transformed using starvation media (M-IV), and transformed bacteria not
expressing Hap or PE were selected using culture media supplemented with kanamycin
or chloramphenicol. For the double mutant, NTHi3655Ape was transformed with the
method described for 4ap above. double mutants were selected using growth medium
complemented with both antibiotics.
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Binding assays

Five different binding assays were performed in the studies leading up to Papers I and
II. In a direct protein-protein binding assay, the extracellular matrix proteins laminin,
vitronectin, fibrinogen and fibronectin (Paper I) as well as complement regulators factor
H and C4b binding protein (C4BP) (Paper II) were labeled with radioactive '*Iodine.
After the labeled proteins were incubated with bacteria and centrifuged, binding was
measured in a gamma counter as the portion of radioactivity obtained in the bacterial
pellet from the radioactivity in the whole sample (pellet and supernatant).

In Paper I, binding of bacteria to immobilized laminin was assessed by coating of
glass slides with laminin, followed by incubation with bacteria. The result was evaluated
by Gram-staining and visual judgment by microscopy.

In Paper I, the dynamic interaction of PE and laminin was tested using a flow-
chamber system (surface-plasmon resonance; Biacore, where laminin was immobilized
on a chip, and thereafter PE?*'*° was injected at different concentrations. Data analysis
was performed using Biacore software.

To identify the different binding sites of PE in paper I, microtiter plates were coated
with different peptide PE-fragments, and laminin and vitronectin was added. Binding
was detected using anti-laminin and anti-vitronectin antibodies conjugated with sec-
ondary HRP-conjugated antibodies, and measured as the absorbance at the correct
wavelength.

In Paper II, to assess whether NTHi bound complement regulators directly from
human serum, bacteria were incubated with pooled normal human serum (NHS). The
binding was tested using specific antibodies against vitronectin, C4BP and factor H
conjugated with secondary HRP-conjugated antibodies.

Transmission electron microscopy

Transmission electron microscopy was used in Paper I to assess the binding of gold-
labeled laminin to wildtype and mutant NTHi3655, and to assess the binding of gold-

labeled PE**'%° o laminin.

Serum resistance &ZSSLZ)/S

Serum bactericidal assays to assess survival in media complemented with human serum
were performed in Papers II and V. Pooled human serum from healthy donors (7=5)
was used at a concentration of 5% and added to defined concentrations of bacteria
suspended in media that optimize complement activity. Alternative bactericidal assays,
using buffers that are less optimized for complement survival, have been used by others
[243], allowing bactericidal assays at 40% serum.

Flow cytometry

In Papers II and V, flow cytometry analyses were performed. In Paper II, low cytom-
etry was used to assess the binding of IgG to NTHIi isolates using anti-human IgG
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antibodies and FITC-conjugated secondary antibodies. In Paper V, FITC-conjugated
anti-MBL antibodies were used to assess binding of Mannose-Binding Lectin (MBL)
to different isolates of H. influenzae. FITC and biotin-conjugated antibodies directed
against specific human-Ig subclasses were also used, to determine the binding of Ig
subclasses from the patient’s serum and pooled human serum from healthy donors to
the Hif myositis strain as well as to the well characterized controls MinnA (Hib) and
NTHi3655 (NTHi).

Polymerase Chain Reaction (PCR)

Polymerase chain reaction to detect and/or to sequence genes was used in Papers III, IV
and V. The PCRs were performed with the primers and conditions given in respective
cited reference unless otherwise stated. In Papers III-V, capsule typing was performed
by PCR, since this mode of typing has demonstrated higher specificity as compared
with typing with antisera [244]. Screening was performed with primers detecting a part
of a gene necessary for capsule transport, bexA [245], but since variation in bexA has
been found, supplementary screening with bexB PCR was carried out [246]. For bex-
positive isolates, sequential czp PCRs ensued until the capsule type was defined [247].
In Paper 111, a PCR to exclude the strict commensal Haemophilus haemolyticus, which
can be non-hemolytic and indistinguishable from H. influenzae, was performed [248].
A slightly modified protocol was used, with an initial PCR using the primer pair 16583
and 16SNor. In Paper IV, PCR was used to detect 6/4TEM and 6aROB genes [249],
to detect and sequence the fis/-gene coding for PBP-3 [250] and to detect and sequence
the seven MLST alleles [251].

Epidemiological, statistical and phylogenetic methods

In Paper II, a Mann-Whitney U-test was used to compare invasive and nasopharyngeal
H. influenzae isolates, as well as to compare invasive isolates from cases of sepsis with
isolates from cases of severe sepsis. The method was used due to non-parametric data
and small data sets.

In Papers III and IV, the incidence of invasive H. influenzae disease and the propor-
tions of variants of B-lactam resistant invasive H. influenzae were examined. In both
materials, time series of yearly incidence numbers were used. In both materials, whole
years were considered as continuous variables for two reasons. Firstly, population statis-
tics were available for full years only, making the analysis in paper III possible only for
full years. Secondly, there is a seasonal variation in invasive and noninvasive H. influen-
zae disease [252], which is compensated for by using full years.

In Paper III, we first investigated the incidence per capita 1997-2009 of all invasive
H. influenzae. We also determined the incidences per capita per serotype. A trend test
using regression analysis was performed, without a priori knowledge or expectations
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on the dataset. The data was plotted and the relations were approximated as linear, and
thus a linear regression was performed. In hindsight, it can be discussed whether a lin-
ear model was the best assumption for the H. influenzae type f subset. Giving the data
from 2010, which became available after publication, a third degree polynomial regres-
sion may have been more appropriate. It is important to note that the significances and
confidence intervals given from a trend test show the stability and significance of the
trend only, and not the rate of change. The rate of change is, when using a linear model,
given by the constant.

In Paper III, an alternative way to study the effect of age on the epidemiology of
invasive H. influenzae disease would have been to apply age-standardization to the da-
taset. However, the epidemiological studies of invasive disease by H. influenzae with
which we wish to compare have indicated that the risk does not increase with age; in
fact individuals of young age have been at the highest risk. Therefore, age-standardiza-
tion risks a loss of valuable information.

In Paper IV, we investigated the yearly proportions 1997-2010 of all B-lactam resis-
tant invasive H. influenzae as well as the individual phenotypes (BLNBR and BLPAR).
In this material, two factors differed from the material in Paper III. Instead of an out-
come variable of incidence per capita, the dependent variable was binomial (resistant/
non-resistant) and we had an a priori knowledge from Paper III that the absolute num-
bers of isolates were not evenly distributed throughout the study period. Due to this,
we performed logistic regressions on the respective datasets. After testing and plotting
the respective datasets, it was clear that two of the variables were not linear. The data
were fitted and the dataset of all resistant isolates was best fitted as a quadratic equation
(a second degree polynome). The dataset of BLNBRs was equally well fitted as a second
or third degree polynome. On these two datasets, quadratic logistic regressions were
performed.

In Paper IV, a phylogenetic analysis was performed using concatenated Multi Locus
Sequence Typing (MLST)-sequences. A jModeltest was performed to assess the ideal
nucleotide substitution model for the dataset [253]. Many different methods have been
used for phylogenetic analysis and outbreak detection of H. influenzae. An early evolu-
tionary clustering analysis of isolates was performed using MLEE [240, 254], identify-
ing two major groups of encapsulated H. influenzae from different evolutionary paths.
However, MLEE has also been shown to separate clusters of NTHi causing disease from
carrier isolates [255]. Concatenated MLST sequences offer a comparable separation of
encapsulated isolates to MLEE [256]. The question still remains whether MLST offers
enough resolution for the heterogeneous NTHi, and whether a common substitution
model can be assumed for all seven concatenated sequences. A comprehensive review
of molecular typing techniques for respiratory pathogens, including H. influenzae, was

recently published [257].
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Ethical considerations

An ethical permit to collect and present data from medical reports of individual pa-
tients with invasive H. influenzae in the county of Skane was sought and granted by the
Regional Ethical Review Board in Lund (2009/536). The permit allowed collection of
basic data such as age and gender, but also clinical indicators of sepsis severity, starting
antibiotic and time of hospital stay. This data was used for the analyses in Papers I-IV.
Oral as well as written permission was granted from the patient in Paper V. The patient
was demonstrated the manuscript in person, including the figures and informed on all
the results of the study, before submission.
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Results and Discussion

The detailed results are presented in the respective Papers and will only be summarized
here as a basis for discussion.

Bacterial and host factors related to invasive disease of

Haemophilus influenzae (Papers 1, I and V)

Binding of NTHi to the extracellular matrix (Paper I)

The interactions of the recently described adhesin of Haemophilus influenzae, Protein
E (PE), with epithelial cells as well as with the extracellular matrix component and
complement regulator vitronectin have been established in earlier work [95, 96]. The
experiments in Paper I suggest that PE binds to further components of the extracellular
matrix. As stated in the introduction, the Haemophilus adhesion and penetration pro-
tein (Hap) is known to bind to extracellular matrix components, including laminin. As
expected, the NTHi3655Ahap, lacking the hap gene, bound less laminin than the wild-
type NTHi3655 (Figure 11). However, the NTHi3655Ape, lacking the pe gene, also
bound less laminin. In the NTHi3655Ape/ hap, the laminin-binding was even further
reduced. The results suggest that PE is involved in laminin-binding, but the difference
between the double mutant and the respective single mutant was small. The results also
show that laminin-binding still occurs in the double mutant, suggesting the existence
of additional laminin-binding proteins in H. influenzae.
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Figure 11. The laminin-binding of the wildtype and the respective mutants of NTHi 3655. The binding
is reduced to approximately the same extent in NTHi3655Ahap and NTHi3655Ape. The binding is
slightly further reducced in the double mutant. From paper I, © Oxford University Press. Reprinted with
permission.

From the testing with different PE peptide fragments, the laminin-binding site was
identified in the N-terminal region (amino acids 41-68), which is distinct from the
vitronectin-binding site (amino acids 84-108). The addition of increasing amounts of
free laminin did not affect the capacity to bind vitronectin, suggesting that PE can bind
vitronectin and laminin concurrently (Figure 12). This is important, considering that
vitronectin-binding through Protein E has been shown to increase serum resistance of
H. influenzae, a trait that theoretically would be favorable outside the respiratory tract.
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Figure 12. Recombinant Protein E can bind vitronectin and laminin at the same time. The upper graph
shows that vitronectin binding is not affected by increasing concentrations of laminin, and the lower
figure displays the distinct binding sites for laminin and vitronectin. From Paper I © Oxford University
Press. Reprinted with permission.

What is the relevance of binding to the extracellular matrix in invasive H. influenzae
disease? Matrix components that are rich in laminin, such as the basement membrane,
are not exposed in the human airway during normal conditions. In situations when A.
influenzae infections frequently occur, during viral infections or in COPD patients,
the epithelial barrier is often breached and the basement membrane is exposed. Tissue
biopsies have shown a changed histology of the respiratory epithelium in patients with
COPD, including thicker, less compliant matrix structures and increased laminin pres-
ence [258, 259]. Furthermore, it is clear from 77 vitro experiments and tissue biopsies
that NTHi pass through epithelial cell layers through transcytosis or disruption of tight
junctions, and persist in-between the basal parts of epithelial cells or below the base-
ment membrane [119, 120]. In this localization, binding to the basement membrane
as well as to other matrix components is likely to be important. Binding to components
of the extracellular matrix is utilized by a range of microbial human pathogens [260].
Interestingly, two of the four invasive isolates of the study were poor laminin-binders.
It may be coincidental, but it cannot be ruled out that low capacity to bind laminin
could be related to invasive capacity. It is possible to speculate that these isolates have
high affinity for other extracellular matrix components reducing the need to bind lam-
inin, or that a reduced expression of laminin-binding adhesins may lead to impaired
antibody recognition by the host and increased survival in the bloodstream, but this is
mere speculation.

Recently, the role of Protein E as a multi-faceted adhesin has been further elucidated.
The crystal structure has been solved [260, 261], indicating that the laminin and vitro-
nectin binding sites are exposed, which is necessary for the interactions. PE also binds
plasminogen, a regulator of the coagulation cascade and a component involved in in-
nate immunity [262]. This interaction occurs through the same peptide fragment that
binds laminin, again suggesting surface exposure. Furthermore, NTHi3655Ape shows
impaired bacterial aggregation capacity, suggesting a link to the Hap autotransporter.
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Aim: to investigate the interactions of Haemophilus influenzae adhesin Protein E with
components of the extracellular matrix.

Conclusion: Protein E binds the extracellular matrix component laminin. The binding
site is close to the N-terminal of the Protein, and is different from the site involved in
vitronectin- and epithelial cell-binding. Protein E can bind laminin and vitronectin
concurrently. It is believed that the adhesion capacity to laminin and other components
of the extracellular matrix is important for colonization during inflammation.

Serum resistance and complement evasion (Paper II)

As stated in the introduction, one of the main mechanisms in the pathogenesis of inva-
sive Hib disease is the ability of Hib isolates to withstand complement-mediated kill-
ing by human serum. 7 vitro studies suggest that NTHi isolates actually more readily
than Hib isolates pass through epithelial and endothelial cell layers [128, 131], but are
very sensitive to complement mediated-killing. By this reasoning, it is an attractive hy-
pothesis that the relative resistance to complement-mediated killing of different NTHi
isolates could be important for invasive disease capacity. In this direct comparison of
the in vitro serum resistance and complement regulator-binding of 21 NTHi isolates
from blood with 21 NTHi isolates from the upper respiratory tract, we found no im-
mediate support for this hypothesis. The average serum resistance between the two
groups of isolates did not differ (Figure 13), nor did their capacity to bind complement
regulators.
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Figure 13. Survival after 20 mins of exposure to 5% human serum of invasive (left) and nasopharyngeal
(right) NTHi isolates. There is great interindiviual variation between isolates in both groups, but no
general difference between the two groups. Paper II © American society for Microbiology. Reprinted
with permission.
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The sepsis severity of each case, as well as evidence of immune deficiency of the respec-
tive patient was registered in 17 out of 21 cases of invasive NTHi disease. The cases
could be roughly sorted into two categories: Five of the six patients with evidence of im-
mune deficiency (of which four primarily were related to impaired humoral immunity)
presented with mild sepsis, while most healthy subjects presented with severe sepsis.
The findings implicate a prominent role of bacterial virulence in the cases of severe sep-
sis. Even though the numbers were small, the serum resistance was significantly higher
for bacterial isolates in cases with severe sepsis according to ACCP/SCCM criteria than
in cases with mild clinical presentation. Since higher serum resistance would offer in-
creased survival in the bloodstream, further spread and more severe disease, the findings
are reasonable.

Two reasons for the lack of difference in serum resistance or complement regula-
tor binding between nasopharyngeal and blood isolates may be suggested. Firstly, the
high proportion of individuals with impaired immunity may have skewed the results.
Secondly, the nasopharyngeal isolates of the study are not merely carrier strains, but
isolates from patients with upper respiratory infections. H. influenzae often cause per-
sistent inflammation, neutrophil attraction and plasma exudation in the airway during
disease [32, 263, 264]. Binding to complement regulators and consequently serum
resistance would be favorable for bacterial persistence during inflammation, which is
the main “objective” for H. influenzae, as an obligate parasite of the human airway. It
has been demonstrated that complement and complement regulators are present in the
middle ear during acute otitis media [265].

It is not entirely clear as to which mechanisms contribute the most to serum re-
sistance in H. influenzae. Recently, a study was presented that focused on the relative
contributions of molecular mechanisms [266], and that analysis implicated two loci
which both modify the phospholipid content of the bacterial outer membrane. From
the results in Paper II, it was possible to make a preliminary correlation between the
binding level to the respective complement regulator and the serum resistance of each
isolate. The correlations of the Factor H- and vitronectin-binding with serum resistance
levels were poor, but the correlation was slightly better for C4BP-binding. In an analy-
sis of a serum-resistant NTHi [243], the serum resistance was mediated by a delay in
the synthesis of C3b even though the binding of immunoglobulins to the bacteria was
normal. Though uncertain, this could implicate an important role for C4BP, it being a
regulator of the formation of C3b by the classical (Ig-dependent) complement pathway
[112]. Preliminary data suggest that C4BP-binding by H. influenzae is a trait mainly of
NTHi and not of encapsulated isolates [113].

Aim: to investigate the role of complement regulator-binding and iz vitro serum resis-
tance of non-typeable Haemophilus influenzae causing invasive disease.

Conclusion: Invasive isolates of H. influenzae did not have higher iz vitro binding lev-

els to complement regulators Factor H, vitronectin or C4b-binding Protein compared
with nasopharyngeal H. influenzae from respiratory infections. The level of resistance
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to complement-mediated killing by human serum did not differ between the groups
either. The results suggest a role for complement regulation in mucosal H. influenzae
infections. The results may be affected by the fact that several of the patients with inva-
sive disease had evidence of impaired humoral immunity. In the group of invasive cases,
high levels of serum resistance were seen in isolates from patients in good health, and
were linked to severe disease presentation.

Host and bacteriological factors in a case of invasive Haemophilus influenzae

type f disease (Paper V)

While papers I and II offer insights into bacterial factors related to invasive disease
by non-type b H. influenzae, Paper V offers a ghastly account of a case of necrotizing
myositis caused by an encapsulated H. influenzae type f (Hif). Soft tissue infections by
Hib have been infrequently described [22, 267]. We investigated the myositis isolate,
the Hif KR 494. The capacity of the isolate of epithelial cell adhesion, invasion and
transmigration was average compared to Hib and NTHi reference strains, as expected
from work by others [131]. The biofilm forming capacity was low, which was expected
as well [100]. We found no evidence of an IS1016-bexA deletion specifically related to
highly virulent Hib and Hia isolates [137, 268]. This was also expected, since the Hif
capsule locus lacks flanking insertion elements [269]. Finally, the serum resistance was
comparable to that of Hib and NTHi controls. Conclusively, we could not identify any
particular trait of virulence besides the type f capsule, which is normally not associated
with aggressive disease in healthy individuals.

The patient was 70-years old on presentation to hospital. He was in good health,
with no medical conditions but coxarthrosis. In interviews after the septic event, the
patient denied being prone to infections, respiratory or others. The patient had suffered
from a sore throat and coughing in the weeks prior to the septic event, following a
family visit. A family member had symptoms of a respiratory infection during the visit,
and subsequently developed pneumonia. However, this infection was treated in another
region of Sweden, and no cultures were drawn prior to treatment. Thus, the significance
of this infection is difficult to ascertain.

Approximately six months after recovery from myositis, lab tests were performed and
the patient was diagnosed with a Mannose-Binding lectin (MBL)—deficiency, genotype
LPB/LPB with 10% function of the lectin pathway. MBL-deficiencies affect approxi-
mately 10% of the population, and even though MBL binds to several microorganisms
[270], its role in the pathogenesis of infections is unclear [271]. It has been suggested
that the MBL genotype and MBL-levels in serum are separate risk factors, and that low
MBL-levels are associated with disease severity and mortality in infections, for instance
in pneumococcal infections [272]. MBL polymorphisms are not associated with in-
creased nasopharyngeal colonization with H. influenzae, but with other encapsulated
agents such as pneumococci [273]. In vitro studies have suggested a weak MBL-binding
to Hib isolates, and virtually no binding to non-type b H. influenzae [271]. The in vitro
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binding of recombinant MBL to KR494 and Hib/NTHi controls in our study was
weak and inconsistent, and consequently, there is little support for a major role of MBL
in H. influenzae infections.

The test results of the patient also revealed an IgG3-deficiency and high levels of
IgG4. Even though relevant biobanks were contacted, we could not access patient
serum from before the septic event. It is therefore unclear whether the observed Ig-
subclass distribution was constitutional or acquired. Even though it is age-dependent,
the central Ig-subclass that binds polysaccharide antigens is believed to be IgG2, and
studies have proved this to be true for Hib, with an added role of IgG1 [56, 274]. The
production of protective anti-polysaccharide antibodies is dependent on both B and
T-cells and is in small children elicited by the conjugated vaccine in contrast to a plain
polysaccharide vaccine [275, 276]. Low levels of IgG2 and IgG4 have been suggested to
explain the high incidence of invasive Hib disease in Native American populations [57],
and the protective effect of breastfeeding on invasive Hib infections has been linked to
a sustained increased production of IgG2 antibodies [277]. IgG3-deficiency is the most
commonly found Ig-subclass disorder, and it is in some individuals linked to recurrent
upper respiratory tract infections and asthma bronchiale while others remain healthy
[278]. IgG3-deficiency is not, unlike Common Variable Immune Deficiency (CVID),
associated with increased carriage of H. influenzae [279], and individuals with IgG3
deficiency readily develop protective polysaccharide antibodies upon vaccination with
a conjugated Hib vaccine [280]. Taken together, there is no support from the literature
that IgG3-deficiency is a major risk factor for invasive infections by encapsulated H.
influenzae.

We showed in a flow cytometry assay that patient serum had an increased IgG2
binding to KR494 compared with pooled normal human serum (NHS), indicating
an IgG2 response upon infection by the encapsulated bacterium. The IgG3 binding of
the patient’s serum was lower than the binding of NHS to all tested isolates, including
KR494. Patient serum IgG4 bound to KR494, while there was no IgG4 binding from
NHS. In a case control study of children with and without a history of invasive Hib
disease, elevated anti-PRP IgG4 levels were seen in patients with a history of invasive
Hib disease, while anti-PRP IgG2 levels were comparable in the two groups [281].
There was no difference in total IgG4 levels. IgG4 antibodies may reflect a history of
invasive disease, while IgG2 antibodies are found also following mucosal infections by
encapsulated H. influenzae. Since IgG3-deficiency is often combined with a compensa-
tory elevation of IgG4 levels, it can be hypothesized that the high IgG4 levels of our
patient, if present prior to the septic event, elicited an elevated immune response upon
polysaccharide stimulation, leading to massive inflammation and severe disease.

Aim: to describe a case of severe invasive disease by non-type b Haemophilus influenzae
as well as to reconstruct bacterial and host factor that could have contributed.

Conclusion: The case report shows the disease capacity of a non-type b isolate of H.
influenzae. No evident bacterial virulence factor apart from the type f polysaccharide
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capsule was identified. The significance of the observed MBL- and IgG3-deficiency of
the patient in the presented case is unclear.

Epidemiology of invasive disease by Haemophilus influenzae
in the post-Hib vaccine era (Paper I1II)

Epidemiology

The study of the epidemiology of invasive disease by Haemophilus influenzae in south-
ern Sweden 1997-2009 yielded interesting results. Arguably, the most important and
unambiguous result of the study is that the incidence of invasive infections by H. in-
Sfluenzae type b (Hib) is low and stable in Sweden in the post-Hib vaccine era. In 2004,
the Hib incidence was higher than in other years (7=10). After a review of the data
from this year, the cases were from different geographical areas, and 7 out of 10 cases
occurred in adults that were presumably non-vaccinated. There was very little sugges-
tion of vaccine-escape mutant Hib strains described in other settings [170]. Only 6 of
the individuals with invasive Hib disease during the 13 years of the study were born
after 1992 and were 4 months of age or older, suggesting that they had been offered the
conjugated Hib vaccine. Of these 6, 2 were 5 months of age and not fully vaccinated.
No further investigation of the 6 cases was possible within the ethical permit, since
Hib vaccine failure was not the main issue of the study. It is nonetheless clear that Hib
vaccine failure is very rare, and the data supports the conclusion from a Swedish study
suggesting that there currently is no need for a further Hib vaccine booster in Sweden
[282].

Our study identified an increased incidence of invasive H. influenzae /100.000 in-
dividuals 1997-2009 (Figure 14A). In the analysis that included capsule typed isolates
only, this increase was found to be due to NTHi isolates, with a contribution of sero-
type f (Hif) isolates towards the end of the study (Figure 14B). The increasing inci-
dence of invasive NTHi was seen throughout the study period, and also suggested for
2010 (Paper IV).

The finding that NTHi isolates dominate in the post-Hib vaccine era is in line with
observations from other countries [173, 177]. In the period following the publication
of Paper I1I, other authors have raised the question of serotype replacement and increas-
ing incidences of invasive H. influenzae. Some studies suggest increases [283, 284], but
even more repudiate such suggestions [285-287].
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Figure 14A. Invasive disease by Haemophilus influenzae/100.000 individuals in Sweden 1997-2009,
regardless of serotype. An increase during the study period is seen. Paper III © Wiley & sons Ltd. Reprinted
with permission.
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Figure 14B. Invasive disease by Haemophilus influenzae/100.000 individuals in Sweden 1997-2009,
sorted by serotype. An increase of NTHi and Hif isolates is identified. Paper III © Wiley & sons Ltd.
Reprinted with permission.
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The epidemiology of Hif isolates is more difficult to assess. A trend test, assuming a
linear relation of data, showed a significant increase of Hif isolates in our study. From
the limited absolute number of Hif isolates, it is hard to tell whether the findings rep-
resent an ongoing increase, a natural variation or a clonal outbreak of Hif isolates with
a culmination in 2008. In 2008, the 16 identified Hif isolates were evenly distributed
throughout the geographical regions of the study. The data from 2010 (not shown)
suggest that the increase of Hif isolates has leveled out. Hif is the most common en-
capsulated variant in our study, which is true for most countries with Hib-vaccination
programs today [27, 177, 178]. However, Hif isolates accounted for almost 20% of
cases in a small study of adult invasive Haemophilus disease in Sweden already in the
pre-Hib vaccine era [159].

Age used to be a distinct predisposing factor for invasive disease by H. influenzae
in the pre-Hib vaccine era, and age still is important (Figure 15). While invasive Hib
disease mainly affected children from 3 months to 4 years of age, invasive non-type
b disease mainly affects individuals at the extreme ends of life; neonates and elderly
adults. The incidence /100.000 individuals > 80 years is about 5-10-fold higher than
for the age group 20-60 years throughout the study. Increased incidence of sepsis by
many agents is seen with high age. Even though the immune system changes with high
age [288], the incidence likely has little to do with age per se. It is rather a reflection
that a higher proportion of elderly individuals have immune impairment of some sort.
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Figure 15. Incidence of invasive Haemophilus influenzae disease/100.000 individuals of each age group.
Note the increasing incidences in both age groups > 60 years. Paper III © Wiley & sons Ltd. Reprinted
with permission.
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The observed increase in invasive infections with H. influenzae may have several rea-
sons. The most straightforward explanation is that the finding represents an actual in-
crease. It is important to consider other alternatives. The efficacy and technique for
handling blood cultures continuously improves. Furthermore, the number of cultures
arriving to the laboratories indicates that the frequency of drawing blood from pa-
tients with infectious diseases such as pneumonia has increased in the past decade.
Treatment with agents that affect susceptibility to invasive infections increases, leaving
more people vulnerable to opportunistic invasive infections. The incidence numbers
of invasive Haemophilus disease suggest that Sweden has a high incidence compared to
other European countries [177]. Whether this reflects differences in disease burden, in
diagnostic efficacy or in surveillance accuracy is difficult to tell.

Clinical manifestations, host and bacterial aspects

We assessed the sepsis severity of each case of invasive H. influenzae disease in Skane
county. Even though data were often incomplete or missing, and even though only
objective accounts of criteria were included, 47% of the cases of NTHi sepsis and
59% of the cases of Hif sepsis were defined as severe sepsis or septic shock. Assumed as
opportunists, the proportion of severe cases by NTHi and Hif was surprisingly high.
Almost 20% of invasive NTHi cases were treated in an intensive care unit and 7% met
the criteria of septic shock. Among the group of invasive Hif cases, 36% needed inten-
sive care, while 14% met the criteria of septic shock. The patients with NTHi and Hif
invasive disease that needed intensive care typically presented with severe pneumonia,
but cases of Hif and NTHi epiglottitis and meningitis were also observed. Among the
13 invasive Hib cases, 10 (77%) met the criteria of severe sepsis and 7 (54%) needed
intensive care.

A total of 38% of patients with invasive NTHi disease and 32% of patients with
invasive Hif disease met the study criteria of immune deficiency. Conditions affecting
humoral immunity such as myeloma and lymphatic leukemia were commonly found.
This underlines the importance of humoral immunity to control invasive Haemophilus
disease, a suggestion that is in line with theoretical findings [58, 133], and has recently
been confirmed by others [289, 290].

Based on the material, cases of invasive non-b H. influenzae disease can roughly be
separated into two categories (Table 5). The first category includes the elderly and pa-
tients with reduced immune competence. In this category patients often present with
mild sepsis, but the 1-year-mortality is high. In such cases, host factors seem central,
and the H. influenzae isolates can be regarded as true opportunists. The other category
typically includes healthy subjects with severe disease presentation, but with very low
rates of case mortality. Here, the impact of bacterial virulence seems central. The same
pattern was seen in paper I, albeit on a smaller scale.
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Table 5: The two general categories of invasive disease by non-type b Haemophilus influenzae observed in
the study (and paper II).

General clinical types of

non-Hib invasive disease Type 1 Type 2

Patient Age > SO.YCMS’ premature infant or Healthy individual < 80years of age

reduced immune competence

Clinical presentation Mild sepsis Often severe sepsis

1-year mortality High (25-35%) Low (0-5%)

Site of infection Generally pneumonia Of."ten briedmonia, bl.lt 3159 RIS,
epiglottitis and soft-tissue infections

0 i 0 i

Proportion S;)S:; of NTHi cases, 40% of Hif 40% of NTHi cases, 60% of Hif cases

Impact of host factor High? Average?

Impact of bacterial virulence [Low? High?

The majority of patients with invasive non-Hib disease presented with pneumonia and
bacteremia (70%). Other presentations included meningitis and epiglottitis, but also
cellulitis, myositis, cholecystitis, salpingitis and neonatal sepsis. While urogenital in-
fections, and consequently neonatal sepsis by NTHi have been described before [42],
clinical cases with gastrointestinal presentations are distinctly uncommon. A small case
series of such infections was recently published [19]. In our material, two cases with
suspected or proven gastrointestinal focus were found; in one of the cases the only type
e isolate was identified, and in the other an NTHi was isolated.

While studies have shown that Hif isolates are genetically homogenous [289, 291,
292], NTHi are heterogeneous. Attempts to clarify what virulence factors of NTHi
that contribute to invasive disease have been made, and such attempts have given clues
but not a complete picture [87, 293]. Suggestions of traits associated with invasive
NTHi disease include presence of the IS1016 insertion element and biotypes I and V
(294, 295]. If the polysaccharide capsule mainly contributes to protection from the
host humoral defense and persistence in blood, then bacterial factors that contribute to
serum resistance and resistance to opsonophagocytosis could be central also for NTHi.
Since our material allows separation of invasive NTHIi cases in two categories, with a
subset of cases where bacterial virulence seems central, the material is suitable for fur-
ther studies on NTHi invasive capacity.

Aim: to describe the epidemiology of invasive disease by Haemophilus influenzae in
Sweden in the post Hib-vaccine era 1997-2009, as well as to investigate disease severity
and host factors related to invasive cases

Conclusion: We found no support for serotype replacement of invasive Hib disease
in small children, and Hib vaccine failure was very rare. However, we identified an
increasing incidence of invasive H. influenzae disease in Sweden in the past decade. The
increase occurred in adults, mainly elderly adults, and was attributed to non-typeable
H. influenzae and to a smaller extent to Hif isolates. The patients with invasive non-
type b H. influenzae disease surprisingly often presented with severe sepsis and need
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for intensive care treatment. The cases could roughly be separated in two categories;
mild clinical disease in patients with evidence of immune deficiency or severe clinical
disease in patients of good health. This suggests circulation of hypervirulent non-type b
isolates of H. influenzae. Host factors that contributed to risk of invasive H. influenzae
disease included extreme age (neonatal or >80 years of age) and disorders of humoral
immunity.

Antimicrobial resistance of invasive Haemophilus influenzae

in Sweden (Paper IV)

Epidemiology

In Paper IV, the epidemiology and the mechanisms of antimicrobial resistance in in-
vasive Haemophilus influenzae in Sweden are addressed. Non-typeable isolates (NTHi)
dominate (Paper III), and almost all antimicrobial resistance observed in the material
is seen in N'THi isolates. However, it is important to note that not all isolates had been
capsule typed or were available for capsule typing. Among the encapsulated isolates, five
Hif and four Hib isolates were B-lactam resistant, and two of each serotype carried a
-lactamase. The only exception to this general finding was seen regarding tetracycline
resistance. Of the seven isolates that were tetracycline resistant, five were encapsulated.

A significant increase in the proportion of B-lactam resistant invasive H. influenzae
was seen in the period 1997-2010. In the final years of the study 30% of invasive iso-
lates were P-lactam resistant and more than 20% of isolates had ampicillin MIC > 2
mg/L. There was no significant increase in the proportion of BLPAR isolates, but a sig-
nificant increase of B-lactamase negative, B-lactam resistant isolates (denoted BLNBR)
(Figure 16). Of these isolates, about half were true BLNAR or gBLNAR. The observa-
tions are in contrast with the Swedish surveillance of nasopharyngeal isolates where
the incidence of BLPAR isolates increased during the same time period, and the in-
cidence of BLNBR isolates remain below 5% in all study years, even though no data
is available from 2010 or 2011 (Figure 8). The incidence of isolates with resistance to
trimethoprim-sulfamethoxazole did not increase in our material of invasive isolates,
which also contrasts to the findings from the surveillance of nasopharyngeal isolates.
Resistance to tetracycline was uncommon, as was resistance to fluoroquinolones, but
the majority of fluoroquinolone-resistant isolates were seen in the period 2007-2010.
The resistance epidemiology differed very little between the contributing regions. One
exception was the incidence of fluoroquinolone and imipenem resistance, which both
were concentrated to one geographical region.

69



Il B-lactamase positive ampicillin resistant (BLPAR)
1 B-lactamase negative f-lactam resistant (BLNBR)
EZA plactamase positive amoxicilin-clavulanate resistant (BLPACR)

Resistant isolates (% of total)

0-

A D LS A S
@”@”\’@’@0@ <
quéob'\@

//,@//,b\\//@ b\;;l) W gp\c RN
& \8

O
SN
TS S T S S

Year (number of total isolates per year in parenthesis)

”&\

A DT D ‘L
D' D7 O QQQ

Figure 16. The proportions of different phenotypes of B-lactam resistant invasive Haemophilus influenzae
in Southern Sweden 1997-2010. An increase of the total proportion is evident 1999-2009, and and
increase of B-lactamase negative isolates is evident from 2006 and onwards. Paper IV © American Society
for Microbiology. Reprinted with permission.

It is believed that selection pressure by oral antibiotics leads to increased incidences of
BLNAR isolates. The widespread use of oral cephalosporins in respiratory tract infec-
tions of children in Japan, a strategy uncommon in other parts of the world, is suggest-
ed as the reason behind the unparalleled high incidence of BLNAR isolates in Japan.
Cephalosporins have high affinity to PBP-3 in H. influenzae, and exert their effect
mainly through PBP-3 [203]. Due to this, single mutations can lead to cephalosporin
resistance, making cephalosporins apt selectors of resistant isolates. /z vitro trials have
shown that the capacity of cefprozil, an oral cephalosporin, to select resistant H. influ-
enzae is higher than of amoxicillin-clavulanate [296]. Ampicillin has high affinity to
both PBP-1, 3 and 4, and is not considered as apt at selecting resistant isolates [203]. In
our material, all isolates with cephalosporin resistance, identified by cefaclor or loracar-
bef discs, were susceptible to third-generation cephalosporins suggesting variations in
affinity to PBP within the cephalosporin group. The reason for the higher incidence of
invasive BLNBR isolates compared to the numbers in the nasopharyngeal surveillance
is not known. A link between PBP-3 mutations and invasive capacity has been sug-
gested [297], but the finding may reflect a skewed dataset towards metropolitan areas.
Oral cephalosporins are not widely used in Sweden, and antibiotic prescription pat-
terns have not changed dramatically in the last decade. An alternative explanation to
the increase of BLNBR isolates is the expansion of a resistant clone. To address this
possibility, a phylogenetic analysis of available BLNBR isolates was performed, using
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concatenated MLST-sequences (Figure 17). We identified seven BLNAR isolates that
clustered in the analysis. All of these isolates had identical PBP-3 sequences, genotype
IIb, and all geographical regions were represented in the cluster. The data support the
notion of a limited clonal expansion. We have recently included isolates from an out-
break of invasive NTHi disease in a nursing home in Blekinge, Sweden. We found that
the isolates from this outbreak were all BLNAR genotype IIb, and clustered with the
BLNAR cluster in Paper IV in a subsequent MLST analysis (data not shown). This
provides further support of a clonal expansion of a BLNAR NTHi clone with unusual
high invasive capacity.
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S85(PcV/ceph)
97 ; MI5{BLNAR)
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100 LAB{BLNAR)
M L17(PcV/ceph)
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71 b W159{PcV only)
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Figure 17. A dendrogram based on concatened MLST sequences of invasive BLNBR isolates. True BLNARs
are in red text, isolates with cephalosporin resistance are in blue text, and isolates with sole penicillin
resistance are in black text. The asterisk marks the cluster of BLNAR isolates, which is significantly separated
from the other isolates. Paper IV © American Society for Microbiology. Reprinted with permission.

Resistance mechanisms

Of the 33 nitrocephine-positive isolates that were available for further testing, a cor-
responding B-lactamase could be identified in 30. Since 29 were TEM-1 and one was
ROB, the TEM domination was confirmed [189]. Three nitrocephine-positive isolates
remained negative for TEM and ROB with the primers used in the material. There
are known variations in the promoter region of TEM-1, where the standard forward
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TEM-1 primer is positioned [249], and it is known that certain TEM-1 variants go
undetected by standard PCR primers [298]. One isolate with a hitherto unidentified
B-lactamase also displayed cephalosporin resistance, although no mutations in PBP-3
indicating gBLNAR could be identified. This warrants further investigation.

Two different variants of 6/4TEM-1 were seen, identified by two different sizes of
blaTEM PCR products using the same primer pair. Sequencing showed that the dif-
ference was due to a deletion in the promoter region, 6laTEM-1 P(del) previously
described in southern Europe [192]. Isolates with the TEM-1 P(del) variant were more
common than isolates with wild-type promoter, but no consistent differences in the
MIC:s for ampicillin were seen.

It may seem awkward to monitor the resistance to penicillin in H. influenzae iso-
lates, since oral penicillin is not effective for treatment of H. influenzae infections.
Disc diffusion testing with penicillin is a sensitive method to detect both BLPAR and
BLNAR isolates, and offers superior surveillance as compared with ampicillin. There
has been a change of method for penicillin resistance detection of H. influenzae is-
sued by EUCAST in 2011. The new method has not been used in Paper IV. The new
method suggests screening for 3-lactam resistance using PcG disks in Mueller-Hinton
media. The method offers excellent identification of isolates with established key PBP-3
mutations [299].

Not surprisingly, all studied isolates with a true BLNAR phenotype (MIC for am-
picillin > 2mg/L) had gBLNAR-defining substitutions in PBP-3, but not all gBLNAR
isolates were ampicillin resistant. This is consistent with observations from others [186].
However, we identified a group of isolates with penicillin resistance that did not have
substitutions in PBP-3 defining them as gBLNAR. Seven of these isolates had wild-type
PBP-3. The finding suggests that other mechanisms than amino acid substitutions in
PBP-3 are involved in B-lactam resistance of H. influenzae. These mechanisms may also
explain the imperfect correlation between PBP-3 mutations and resistance phenotype.

What other mechanisms could be involved? Three possibilities can be suggested;
i) a change in membrane permeability to B-lactam antibiotics; ii) an increased efflux
of B-lactams by efflux pumps; or iii) alterations of other Penicillin-Binding Proteins.
The outer membrane of H. influenzae is generally more permeable to B-lactams than
other Gram-negative bacteria [185]. This may be due to the high expression of porins
in the outer membrane. There is evidence from other Gram-negative bacteria that the
down-regulation of surface porins can affect resistance levels to B-lactams [300, 301].
Furthermore, one study has shown that the disrupted repression of the acrAB efflux
pump leading to increased efflux of antibiotics can increase the MIC for ampicillin
[187]. Many studies have confirmed the lowered afhinity for ampicillin in isolates with
altered PBP-3, while the role of alterations in PBP-4 is less clear [203, 209, 210]. It
seems as though alterations in PBP-4 is not an independent factor leading to ampicillin
resistance, but it cannot be ruled out that it can contribute [211]. It has been suggested
that imipenem susceptibility is little affected by PBP-3 alterations, and that imipenem
has a primary afhinity to PBP-2 [209]. PBP-2 has also been implied in some cases of
ampicillin resistance [210].
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Aim: to describe the epidemiology, phylogeny and resistance mechanisms of B-lactam
resistant invasive Haemophilus influenzae in Sweden 1997-2010

Conclusion: The proportion of invasive H. influenzae isolates with resistance to
B-lactam antibiotics increased during the period 1997-2010. The increase was attrib-
uted to isolates that did not carry B-lactamases, and presumably have chromosomal
resistance mechanisms. The increase of such isolates was especially evident in the final
5 years of the study, and is alarming since these isolates have capacity for resistance to a
broad range of B-lactams. In a portion of these isolates, no alterations in PBP-3 could
be found, suggesting that alternative resistance mechanisms are involved. A phyloge-
netic analysis of the resistant isolates without -lactamase production identified a pos-
sible clonal expansion of a highly resistant BLNAR clone, a cluster that encompassed
isolates from all included geographical areas.
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Concluding remarks and
future perspectives

In this year, 2012, the conjugated vaccine against Haemophilus influenzae type b has
been a part of the Swedish national vaccination program administered to children for
20 years. The vaccine has been extraordinarily successful. The results in this thesis show
that there is still little, if any, evidence of serotype replacement of invasive H. influenzae
disease or Hib vaccine failure in Sweden. However, the results in this thesis also sug-
gest that continued surveillance is called for. We identified continued scattered cases
of invasive Hib disease. This confirms that Hib isolates still circulate in Sweden, and
that future lower vaccine coverage rates may lead to a rebound of invasive Hib disease.
Importantly, we identified an increased incidence of invasive non-type b H. influenzae
(NTHi) disease in adults during the past decade, mainly by non-typeable isolates but
also by H. influenzae type f. A surprisingly high proportion of these cases had a se-
vere clinical presentation and affected individuals that were otherwise in good health.
The results indicate the existence of hypervirulent isolates of non-type b H. influenzae
in Sweden. Laboratory studies suggested that the in vifro resistance to complement-
mediated killing by human serum was higher in isolates associated with cases of severe
sepsis. The indication was further supported by the identification of a clonal expansion
of invasive BLNAR isolates, which recently was implied in an outbreak of invasive dis-
ease. Moreover, the proportion of B-lactam resistant invasive H. influenzae isolates has
increased in the past decade, an increase that has been accentuated in the past few years,
and that is not related to B-lactamase production.

Continued research efforts will focus on NTHi isolates, which now dominate all
types of infections by H. influenzae in Sweden, and is the group with the highest pro-
portion of B-lactam resistance. Future research plans based on the results of this thesis
include continued investigations on the virulence factors that contribute to the invasive
capacity of non-type b isolates. The novel categorization of invasive non-type b isolates,
separating truly opportunistic isolates from isolates with enhanced virulence should of-
fer improved opportunity to identify such mechanisms. Further plans also include an
investigation of alternative mechanisms that may contribute to -lactam resistance in
H. influenzae.

Perspectives that are further downstream and not directly related to the results of this
thesis include studying the interrelationship of the different pathogens in the respira-
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tory tract including further investigations of the potential beneficial role of NTHi, as
well as an assessment of alternative techniques, such as MALDI-TOE, to separate dif-
ferent isolates of H. influenzae with varying capacity to cause disease.

76



Acknowledgements

When reading a thesis, many skip the howevers and furthermores and go directly to
this section. In deed, the process of completing this thesis has been demanding, and
would not have been possible without the help of many others. Since words do not
always suffice, I have taken the liberty of dedicating music that I like. The playlist is
available via Spotify (http://open.spotify.com/user/resmanpost/playlist/5SE216C7CX9
0AlZvzROm9Ic)

To all of you not specifically mentioned: — Ani Difranco "Gratitude”

Thank you....

Professor Kristian Riesbeck, my supervisor. Kristian is the reason that any part of
this work was ever started or finished. Anyone that even vaguely knows him realizes
that he has steered this project through ideas, skill and never-ending enthusiasm. Fewer
know about the support he has provided during the harsh times. Both have been cru-
cial. — Niccolo Paganini “Caprice nr 24 Performed by Itzhak Perlman

Professor Inga Odenholt, my co-supervisor. Besides the trademark traits, omnipo-
tence regarding antibiotics and unparalleled accessibility, Inga has co-authored much of
this work, and helped me through twists of practicalities. — Victor Jara ” Inga”

Professor emeritus Arne Forsgren, my co-supervisor. Arne has built the foundation
that has led the research in the respiratory pathogen group all the way up to the 5®
floor. Besides providing ideas, support and feedback, Arne also saved my face at the
half-time seminar, and for this I will be ever grateful. — Count Basies orchestra *Splanky”

Marta Brant with assistants, Torbjorn, Gisela and Klaudyna, has been paramount in
the laboratory part of this thesis by her know-how, know-where and know-who skill. —
Motorhead "Ace of spades”

The post-docs and students at the respiratory pathogen group on the 5" floor dur-
ing my on-and-off years there: Alam, Birendra, Can, Christophe, Chrystelle, Farshid,
Florence, Kalpana, Sara, Tamim, Tessan, Therese, Viveka, Yu-Ching and more. You
name them, we have them! I owe all of you, but a special nod to Tessan who gener-
ously let me on board and to Christophe for constructive feedback on the narrative —
Francoise Hardy "1ous les Gargons est les filles”

Mikael Ristovski, the nicest Macedonian welder in microbiology, has shared a sub-
stantial amount of the laboratory work of this thesis. He has also brought his invaluable
capacity of lifting your mood any day. Thank you also to “my” other medical students
Viktor, Niklas, Erik, Josephine and Christina. — Kaliopi — "Crno I belo”

77



Patrik Medstrand, Janet Gilsdorf, Eva Melander, Tor Svensjo and Hikan Brorson
for bringing your respective expertise on board and making weak parts of this work
stronger — The Beatles — “Fixing a hole”

Goéran Kronvall and Inga Karlsson in Stockholm, Bertil Kaijser and Elisabeth Ek in
Gothenburg as well as Aftab Jasir, Claes Schalén and Niklas Jénsson in Lund for your
help with the saved invasive isolates - 7he Jayhawks "Save it for a rainy day”

All biomedical assistants at the laboratory of clinical microbiology in Malmé for the
tedious work of saving blood, CSF and airway cultures. Your efforts make our research
possible. — Culture Club "Karma Chameleon”

Margareta, Nasida and Anki for supplying not only substrate, but also helpfulness
and smiling faces. — Leonard Cohen ’Sisters of Mercy”

All colleagues at the Department of Clinical Microbiology in Malmé. Your exper-
tise and generosity helped in many situations. A special thanks to Hikan Janson for
excellent work at the half-time seminar with Percy Nilsson-Wimar — Bruce Springsteen
"Schackled and drawn”

In the Department of Infectious Diseases in Malmé we do not treat the infectious
diseases of people. We treat people with infectious diseases. It’s subtle, but it makes all
the difference. Thank you everyone in the staff that help make it so: doctors, nurses,
secretaries.... A special thanks to the heads of department during my time; Torsten
Holmdahl and Peter Lanbeck for supporting my research efforts. Thanks to Jonas Ahl,
Johan Tham and Jonas Cronqvist who have taken active part in the making of this
thesis in different ways. Thanks to Ann-Britt Juric who helped me with medical records
and to Annika Nielsen who helped with tons of practicalities. - Bob Hund "Det skulle
vara litt for mig att siga att jag inte hittar hem men det gor jag; tror jag”

The "ST-ALF”-program at Region Skane. It would have been impossible to finish
this thesis without this financial support. — Gordon Gano & Martha Wainwright “Its
money”

My teachers throughout my school years. Your work does matter. Thank you all. —
Deus “Little Arithmetics”

All my friends who are still there, near and distant. — Flatt & Scruggs "Get in line,
brother”

Bosse, Karin and Greta. Thank you for all practical support with the house, the kids
and everything. Life-saving at times. — Galenskaparna “Svirforildrarna”

Mamma, Pappa, Patrik and Malin. For being generous with attention, but sparse
with advice. For giving me full freedom of choice, and full support when I regretted
my choices. For being examples, and not pointing them out. As a parent, I realize the
enormous effort this takes, and I am ever grateful. — Olle Ljungstrom *Som du”

Emelie, Oliver and Sebastian. You provide the reason to get up every day and do my
best. — Bo Kaspers Orkester "Cirkus”

Elsa, our beautiful baby daughter. We miss you. — Ron Sexsmith — “In a flash”

Linda, my love, thank you for sharing it all. If I'd be granted just one wish this com-
ing year, it is that the child that you are carrying, our fifth, will live. — 7he beach boys
"God only knows”

78



References

10.

11.

12.

13.

14.

15.

16.

The death of George Washington, 1799, eyewitness to history. http://www.eyewit-
nesstohistory.com/washington.htm

Scheidemandel HH: Did George Washington die of quinsy? Arch Otolaryngol 1976,
102(9):519-521.

Pfeiffer R: I.-Preliminary Communication on the Exciting causes of Influenza. Br
Med ] 1892, 1(1620):128.

Koch R: Bericht iieber die thitigkeit der deutschen cholerakommission in
Aegypten under Ostindien. Wiener medizinische wochenschrift 1883, 33:1548-1551.
Weeks JE: The bacillus of acute conjunctival catarrh, or ‘pink eye’. 1886. Archives
of ophthalmology 1996, 114(12):1510-1511.

Winslow CE, Broadhurst J, Buchanan RE, Krumwiede C, Rogers LA, Smith GH: The
Families and Genera of the Bacteria: Final Report of the Committee of the Society
of American Bacteriologists on Characterization and Classification of Bacterial
Types. J Bacteriol 1920, 5(3):191-229.

Olitsky PK, Gates FL: Experimental Studies of the Nasopharyngeal Secretions
from Influenza Patients. / Exp Med 1921, 33(3):361-372.

Fleming A: On the antibacterial action of cultures of a penicillium, with a special
reference to their use in the isolation of B. influenzae. British journal of experimental
Pathology 1929, 10:226-236.

Pittman M: Variation and Type Specificity in the Bacterial Species Hemophilus
Influenzae. | Exp Med 1931, 53(4):471-492.

Smith WAC, and Laidlaw PP: A virus obtained from influenza patients. 7he lancet
1933, ii:66-68.

Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, Kerlavage AR, Bult
CJ, Tomb JE Dougherty BA, Merrick JM ez a/: Whole-genome random sequencing
and assembly of Haemophilus influenzae Rd. Science 1995, 269(5223):496-512.
Pasteurellaceae: Biology, Genomics and Molecular Aspects: Caister Academic Press;
2008.

Evans NM, Smith DD, Wicken AJ: Haemin and nicotinamide adenine dinucleo-
tide requirements of Haemophilus influenzae and Haemophilus parainfluenzae. /
Med Microbiol 1974, 7(3):359-365.

Kilian M: A taxonomic study of the genus Haemophilus, with the proposal of a
new species. / Gen Microbiol 1976, 93(1):9-62.

Gratten M: Haemophilus influenzae biotype VII. J Clin Microbiol 1983, 18(4):1015-
1016.

Sottnek FO, Albritton WL: Haemophilus influenzae biotype VIIL. / Clin Microbiol
1984, 20(4):815-816.

79



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

8o

Murphy TV, Clements JE Petroni M, Coury S, Stetler L: Haemophilus influenzae
type b in respiratory secretions. Pediatr Infect Dis ] 1989, 8(3):148-151.

Albritton WL, Brunton JL, Meier M, Bowman MN, Slaney LA: Haemophilus influ-
enzae: comparison of respiratory tract isolates with genitourinary tract isolates. /
Clin Microbiol 1982, 16(5):826-831.

Talbot B, Alexander E, Lewis S, Newport MJ, Slack MP, Litt DJ, Verma S, Webster
DP: Hepatobiliary infections due to non-capsulated Haemophilus influenzae. /
Med Microbiol 2011, 60(Pt 9):1383-1386.

Peltola H: Worldwide Haemophilus influenzae type b disease at the beginning of
the 21st century: global analysis of the disease burden 25 years after the use of the
polysaccharide vaccine and a decade after the advent of conjugates. Clin Microbiol
Rev 2000, 13(2):302-317.

WHO 2011 Immunization surveillance, assessment and monitoring> vaccine
preventable diseases. Haemophilus influenzae type b (Hib) http://www.who.int/
immunization_monitoring/diseases/Hib/en/index.html

Gilbert GL, Johnson PD, Clements DA: Clinical manifestations and outcome of
Haemophilus influenzae type b disease. / Paediatr Child Health 1995, 31(2):99-104.
Peltola H, Rod TO, Jonsdottir K, Bottiger M, Coolidge JA: Life-threatening
Haemophilus influenzae infections in Scandinavia: a five-country analysis of the
incidence and the main clinical and bacteriologic characteristics. Rev Infecr Dis
1990, 12(4):708-715.

Moxon ER: Molecular basis of invasive Haemophilus influenzae type b disease. /
Infect Dis 1992, 165 Suppl 1:S77-81.

Adderson EE, Byington CL, Spencer L, Kimball A, Hindiyeh M, Carroll K, Mottice S,
Korgenski EK, Christenson JC, Pavia AT: Invasive serotype a Haemophilus influen-
zae infections with a virulence genotype resembling Haemophilus influenzae type
b: emerging pathogen in the vaccine era? Pediatrics 2001, 108(1):E18.

Nitta DM, Jackson MA, Burry VE Olson LC: Invasive Haemophilus influenzae
type f disease. Pediatr Infect Dis ] 1995, 14(2):157-160.

Urwin G, Krohn JA, Deaver-Robinson K, Wenger JD, Farley MM: Invasive disease
due to Haemophilus influenzae serotype f: clinical and epidemiologic character-
istics in the H. influenzae serotype b vaccine era. The Haemophilus influenzae
Study Group. Clin Infect Dis 1996, 22(6):1069-1076.

Campos J, Roman E Perez-Vazquez M, Oteo J, Aracil B, Cercenado E: Infections due
to Haemophilus influenzae serotype E: microbiological, clinical, and epidemio-
logical features. Clin Infect Dis 2003, 37(6):841-845.

Goodgal SH, Herriott RM: Studies on transformations of Hemophilus influenzae.
I. Competence. 7he Journal of general physiology 1961, 44:1201-1227.

Maughan H, Redfield RJ: Extensive variation in natural competence in
Haemophilus influenzae. Evolution; international journal of organic evolution 2009,
63(7):1852-1866.

Weiser JN: The generation of diversity by Haemophilus influenzae. Trends Microbiol
2000, 8(10):433-435.

Erwin AL, Smith AL: Nontypeable Haemophilus influenzae: understanding viru-
lence and commensal behavior. Tiends Microbiol 2007, 15(8):355-362.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

49.

Farjo RS, Foxman B, Patel MJ, Zhang L, Pettigrew MM, McCoy SI, Marrs CE
Gilsdorf JR: Diversity and sharing of Haemophilus influenzae strains colonizing
healthy children attending day-care centers. Pediatr Infect Dis ] 2004, 23(1):41-46.
Bou R, Dominguez A, Fontanals D, Sanfeliu I, Pons I, Renau ], Pineda V, Lobera E,
Latorre C, Majo M ez a/: Prevalence of Haemophilus influenzae pharyngeal carriers
in the school population of Catalonia. Working Group on invasive disease caused
by Haemopbhilus influenzae. Eur J Epidemiol 2000, 16(6):521-526.

Fontanals D, Bou R, Pons I, Sanfeliu I, Dominguez A, Pineda V, Renau J, Munoz
C, Latorre C, Sanchez F: Prevalence of Haemophilus influenzae carriers in the
Catalan preschool population. Working Group on Invasive Disease Caused by
Haemophilus influenzae. Eur J Clin Microbiol Infect Dis 2000, 19(4):301-304.
Murphy TFE, Faden H, Bakaletz LO, Kyd JM, Forsgren A, Campos ], Virji M, Pelton
SI: Nontypeable Haemophilus influenzae as a pathogen in children. Pediatr Infect
Dis ] 2009, 28(1):43-48.

Murphy TF: The role of bacteria in airway inflammation in exacerbations of
chronic obstructive pulmonary disease. Curr Opin Infect Dis 2006, 19(3):225-230.
Casey JR, Pichichero ME: Changes in frequency and pathogens causing acute otitis
media in 1995-2003. Pediatr Infect Dis ] 2004, 23(9):824-828.

Mulder J: Haemophilus influenzae of the respiratory type as a cause of purulent
meningitis. 7he Journal of pathology and bacteriology 1939, 48:175-185.

Campos J, Hernando M, Roman E Perez-Vazquez M, Aracil B, Oteo ], Lazaro E, de
Abajo F: Analysis of invasive Haemophilus influenzae infections after extensive
vaccination against H. influenzae type b. / Clin Microbiol 2004, 42(2):524-529.
O’Neill JM, St Geme JW, 3rd, Cutter D, Adderson EE, Anyanwu ], Jacobs RF, Schutze
GE: Invasive disease due to nontypeable Haemophilus influenzae among children
in Arkansas. / Clin Microbiol 2003, 41(7):3064-3069.

Rusin B, Adam RD, Peterson EA, Ryan KJ, Sinclair NA, Weinstein L: Haemophilus
influenzae: an important cause of maternal and neonatal infections. Obstet Gynecol
1991, 77(1):92-96.

Lysenko ES, Ratner AJ, Nelson AL, Weiser JN: The role of innate immune responses
in the outcome of interspecies competition for colonization of mucosal surfaces.
PLoS Pathog 2005, 1(1):el.

Pettigrew MM, Gent JE Revai K, Patel JA, Chonmaitree T: Microbial interactions
during upper respiratory tract infections. Emerg Infect Dis 2008, 14(10):1584-1591.
Green GM, Jakab GJ, Low RB, Davis GS: Defense mechanisms of the respiratory
membrane. Am Rev Respir Dis 1977, 115(3):479-514.

Ganz T: Antimicrobial polypeptides in host defense of the respiratory tract. / Clin
Invest 2002, 109(6):693-697.

Qiu J, Hendrixson DR, Baker EN, Murphy TE St Geme JW, 3rd, Plaut AG: Human
milk lactoferrin inactivates two putative colonization factors expressed by
Haemophilus influenzae. Proc Natl Acad Sci U S A 1998, 95(21):12641-12646.
Ramanathan B, Davis EG, Ross CR, Blecha F: Cathelicidins: microbicidal activ-
ity, mechanisms of action, and roles in innate immunity. Microbes Infect 2002,
4(3):361-372.

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo MJ, Shogan J, Anderson M,
Schroder JM, Wang JM, Howard OM ez a/: Beta-defensins: linking innate and adap-

81



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

82

tive immunity through dendritic and T cell CCR6. Science 1999, 286(5439):525-
528.

Lee HY, Andalibi A, Webster P, Moon SK, Teufert K, Kang SH, Li JD, Nagura M,
Ganz T, Lim DJ: Antimicrobial activity of innate immune molecules against
Streptococcus pneumoniae, Moraxella catarrhalis and nontypeable Haemophilus
influenzae. BMC Infect Dis 2004, 4:12.

Aderem A, Underhill DM: Mechanisms of phagocytosis in macrophages. Annual
review of immunology 1999, 17:593-623.

Greiff L, Andersson M, Erjefalt JS, Persson CG, Wollmer P: Airway microvascu-
lar extravasation and luminal entry of plasma. Clin Physiol Funct Imaging 2003,
23(6):301-306.

Walport MJ: Complement. Second of two parts. N Engl | Med 2001, 344(15):1140-
1144.

Walport MJ: Complement. First of two parts. NV Engl | Med 2001, 344(14):1058-
1066.

Brandtzaeg P: Induction of secretory immunity and memory at mucosal surfaces.
Vaccine 2007, 25(30):5467-5484.

Shackelford PG, Granoff DM, Nelson SJ, Scott MG, Smith DS, Nahm MH: Subclass
distribution of human antibodies to Haemophilus influenzae type b capsular
polysaccharide. / Immunol 1987, 138(2):587-592.

Siber GR, Santosham M, Reid GR, Thompson C, Almeido-Hill J, Morell A, deLange
G, Ketcham JK, Callahan EH: Impaired antibody response to Haemophilus influ-
enzae type b polysaccharide and low IgG2 and IgG4 concentrations in Apache
children. N Engl ] Med 1990, 323(20):1387-1392.

King PT, Ngui ], Gunawardena D, Holmes PW, Farmer MW, Holdsworth SR:
Systemic humoral immunity to non-typeable Haemophilus influenzae. Clin Exp
Immunol 2008, 153(3):376-384.

Fujihara K, Yamanaka N, Bernstein JM, Ogra PL, Hard R: Morphologic and motil-
ity changes of nasal cilia in primary culture caused by Haemophilus influenzae.
The Annals of otology, rhinology, and laryngology 1996, 105(6):452-457.

Denny FW: Effect of a toxin produced by Haemophilus influenzae on ciliated
respiratory epithelium. / Infect Dis 1974, 129(2):93-100.

Janson H, Carl n B, Cervin A, Forsgren A, Magnusdottir AB, Lindberg S, Runer
T: Effects on the ciliated epithelium of protein D-producing and -nonproducing
nontypeable Haemophilus influenzae in nasopharyngeal tissue cultures. / /nfect
Dis 1999, 180(3):737-746.

Johnson RW, McGillivary G, Denoel B, Poolman ], Bakaletz LO: Abrogation of non-
typeable Haemophilus influenzae protein D function reduces phosphorylcholine
decoration, adherence to airway epithelial cells, and fitness in a chinchilla model
of otitis media. Vaccine 2011, 29(6):1211-1221.

Kilian M, Mestecky J, Schrohenloher RE: Pathogenic species of the genus
Haemophilus and Streptococcus pneumoniae produce immunoglobulin Al pro-
tease. Infect Immun 1979, 26(1):143-149.

Vitovski S, Dunkin KT, Howard AJ, Sayers JR: Nontypeable Haemophilus influ-
enzae in carriage and disease: a difference in IgA1 protease activity levels. JAMA
2002, 287(13):1699-1705.



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Fernaays MM, Lesse AJ, Cai X, Murphy TF: Characterization of igaB, a second im-
munoglobulin Al protease gene in nontypeable Haemophilus influenzae. /nfect
Immun 2006, 74(10):5860-5870.

Wilson R, Read R, Cole P: Interaction of Haemophilus influenzae with mucus,
cilia, and respiratory epithelium. / /nfecr Dis 1992, 165 Suppl 1:5100-102.
Gilsdorf JR, McCrea KW, Marrs CF: Role of pili in Haemophilus influenzae adher-
ence and colonization. /nfect Immun 1997, 65(8):2997-3002.

Weber A, Harris K, Lohrke S, Forney L, Smith AL: Inability to express fimbriae
results in impaired ability of Haemophilus influenzae b to colonize the nasophar-
ynx. Infect Immun 1991, 59(12):4724-4728.

Miyazaki S, Matsumoto T, Furuya N, Tateda K, Yamaguchi K: The pathogenic role
of fimbriae of Haemophilus influenzae type b in murine bacteraemia and menin-
gitis. / Med Microbiol 1999, 48(4):383-388.

St Geme JW, 3rd: Molecular and cellular determinants of non-typeable
Haemophilus influenzae adherence and invasion. Cell Microbiol 2002, 4(4):191-
200.

Geme JW, 3rd, Cutter D: Evidence that surface fibrils expressed by Haemophilus
influenzae type b promote attachment to human epithelial cells. Mo/ Microbiol
1995, 15(1):77-85.

Hallstrom T, Trajkovska E, Forsgren A, Riesbeck K: Haemophilus influenzae surface
fibrils contribute to serum resistance by interacting with vitronectin. / lmmunol
2006, 177(1):430-436.

Rodriguez CA, Avadhanula V, Buscher A, Smith AL, St Geme JW, 3rd, Adderson
EE: Prevalence and distribution of adhesins in invasive non-type b encapsulated
Haemophilus influenzae. Infect Immun 2003, 71(4):1635-1642.

Sheets AJ, Grass SA, Miller SE, St Geme JW, 3rd: Identification of a novel trimeric
autotransporter adhesin in the cryptic genospecies of Haemophilus. / Bacteriol
2008, 190(12):4313-4320.

Fink DL, Green BA, St Geme JW, 3rd: The Haemophilus influenzae Hap auto-
transporter binds to fibronectin, laminin, and collagen IV. Infect Immun 2002,
70(9):4902-4907.

Hendrixson DR, St Geme JW, 3rd: The Haemophilus influenzae Hap serine prote-
ase promotes adherence and microcolony formation, potentiated by a soluble host
protein. Molecular cell 1998, 2(6):841-850.

Reddy MS, Bernstein JM, Murphy TE, Faden HS: Binding between outer mem-
brane proteins of nontypeable Haemophilus influenzae and human nasopharyn-
geal mucin. Infect Immun 1996, 64(4):1477-1479.

Cope LD, Pelzel SE, Latimer JL, Hansen EJ: Characterization of a mutant of
Haemophilus influenzae type b lacking the P2 major outer membrane protein.
Infect Immun 1990, 58(10):3312-3318.

Avadhanula V, Rodriguez CA, Ulett GC, Bakaletz LO, Adderson EE: Nontypeable
Haemophilus influenzae adheres to intercellular adhesion molecule 1 (ICAM-1)
on respiratory epithelial cells and upregulates ICAM-1 expression. Infect Immun
2006, 74(2):830-838.

Hiltke TJ, Sethi S, Murphy TF: Sequence stability of the gene encoding outer mem-
brane protein P2 of nontypeable Haemophilus influenzae in the human respira-
tory tract. / Infect Dis 2002, 185(5):627-631.

83



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

84

Kyd JM, Cripps AW, Novotny LA, Bakaletz LO: Efficacy of the 26-kilodalton outer
membrane protein and two P5 fimbrin-derived immunogens to induce clear-
ance of nontypeable Haemophilus influenzae from the rat middle ear and lungs
as well as from the chinchilla middle ear and nasopharynx. Infect Immun 2003,
71(8):4691-4699.

Janson H, Ruan M, Forsgren A: Limited diversity of the protein D gene (hpd)
among encapsulated and nonencapsulated Haemophilus influenzae strains. Infect
Immun 1993, 61(11):4546-4552.

Ahren IL, Janson H, Forsgren A, Riesbeck K: Protein D expression promotes the ad-
herence and internalization of non-typeable Haemophilus influenzae into human
monocytic cells. Microb Pathog 2001, 31(3):151-158.

Poolman JT, Bakaletz L, Cripps A, Denoel PA, Forsgren A, Kyd ], Lobet Y: Developing
a nontypeable Haemophilus influenzae (NTHi) vaccine. Vaccine 2000, 19 Suppl
1:5108-115.

Prymula R, Peeters P, Chrobok V, Kriz B, Novakova E, Kaliskova E, Kohl I, Lommel P,
Poolman J, Prieels JP e al: Pneumococcal capsular polysaccharides conjugated to
protein D for prevention of acute otitis media caused by both Streptococcus pneu-
moniae and non-typable Haemophilus influenzae: a randomised double-blind ef-
ficacy study. Lancer 2006, 367(9512):740-748.

Gilsdorf JR, Chang HY, McCrea KW, Forney L], Marrs CF: Comparison of hemag-
glutinating pili of type b and nontypeable Haemophilus influenzae. / Infect Dis
1992, 165 Suppl 1:5105-106.

Ecevit IZ, McCrea KW, Pettigrew MM, Sen A, Marrs CE, Gilsdorf JR: Prevalence of
the hifBC, hmw1A, hmw2A, hmwC, and hia Genes in Haemophilus influenzae
Isolates. / Clin Microbiol 2004, 42(7):3065-3072.

St Geme JW, 3rd: The HMW1 adhesin of nontypeable Haemophilus influenzae
recognizes sialylated glycoprotein receptors on cultured human epithelial cells.
Infect Immun 1994, 62(9):3881-3889.

St Geme JW, 3rd, Kumar VV, Cutter D, Barenkamp SJ: Prevalence and distribu-
tion of the hmw and hia genes and the HMW and Hia adhesins among geneti-
cally diverse strains of nontypeable Haemophilus influenzae. Infect Immun 1998,
66(1):364-368.

Hill DJ, Toleman MA, Evans DJ, Villullas S, Van Alphen L, Virji M: The variable
P5 proteins of typeable and non-typeable Haemophilus influenzae target human
CEACAML1. Mol Microbiol 2001, 39(4):850-862.

Forsgren A, Riesbeck K, Janson H: Protein D of Haemophilus influenzae: a protec-
tive nontypeable H. influenzae antigen and a carrier for pneumococcal conjugate
vaccines. Clin Infect Dis 2008, 46(5):726-731.

Ronander E, Brant M, Eriksson E, Morgelin M, Hallgren O, Westergren-Thorsson G,
Forsgren A, Riesbeck K: Nontypeable Haemophilus influenzae adhesin protein E:
characterization and biological activity. / Infect Dis 2009, 199(4):522-531.

Singh B, Jalalvand E Morgelin M, Zipfel P, Blom AM, Riesbeck K: Haemophilus
influenzae protein E recognizes the C-terminal domain of vitronectin and modu-
lates the membrane attack complex. Mo/ Microbiol 2011.

Ronander E, Brant M, Janson H, Sheldon J, Forsgren A, Riesbeck K: Identification of
anovel Haemophilus influenzae protein important for adhesion to epithelial cells.
Microbes Infect 2008, 10(1):87-96.



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

1006.

107.

108.

109.

Singh B, Brant M, Kilian M, Hallstrom B, Riesbeck K: Protein E of Haemophilus
influenzae Is a Ubiquitous Highly Conserved Adhesin. / Infect Dis 2009.
Hallstrom T, Blom AM, Zipfel PE Riesbeck K: Nontypeable Haemophilus influen-
zae protein E binds vitronectin and is important for serum resistance. / [mmunol
2009, 183(4):2593-2601.

Rubin LG, Moxon ER: Pathogenesis of bloodstream invasion with Haemophilus
influenzae type b. Infect Immun 1983, 41(1):280-284.

Mukundan D, Ecevit Z, Patel M, Marrs CE Gilsdorf JR: Pharyngeal colonization
dynamics of Haemophilus influenzae and Haemophilus haemolyticus in healthy
adult carriers. / Clin Microbiol 2007, 45(10):3207-3217.

Hogg JS, Hu FZ, Janto B, Boissy R, Hayes J, Keefe R, Post JC, Ehrlich GD:
Characterization and modeling of the Haemophilus influenzae core and suprage-
nomes based on the complete genomic sequences of Rd and 12 clinical nontype-
able strains. Genome Biol 2007, 8(6):R103.

Murphy TE Kirkham C: Biofilm formation by nontypeable Haemophilus influen-
zae: strain variability, outer membrane antigen expression and role of pili. BMC
Microbiol 2002, 2:7.

Swords WE, Moore ML, Godzicki L, Bukofzer G, Mitten MJ, VonCannon J:
Sialylation of lipooligosaccharides promotes biofilm formation by nontypeable
Haemophilus influenzae. Infect Immun 2004, 72(1):106-113.

Hong W, Pang B, West-Barnette S, Swords WE: Phosphorylcholine expression by
nontypeable Haemophilus influenzae correlates with maturation of biofilm com-
munities in vitro and in vivo. / Bacteriol 2007, 189(22):8300-8307.

Hong W, Juneau RA, Pang B, Swords WE: Survival of bacterial biofilms within neu-
trophil extracellular traps promotes nontypeable Haemophilus influenzae persis-
tence in the chinchilla model for otitis media. Journal of innate immunity 2009,
1(3):215-224.

Moxon ER, Sweetman WA, Deadman ME, Ferguson DJ, Hood DW: Haemophilus
influenzae biofilms: hypothesis or fact? Trends Microbiol 2008, 16(3):95-100.
Weiser JN, Williams A, Moxon ER: Phase-variable lipopolysaccharide structures
enhance the invasive capacity of Haemophilus influenzae. Infect Immun 1990,
58(10):3455-3457.

Farley MM, Stephens DS, Kaplan SL, Mason EO, Jr.: Pilus- and non-pilus-mediated
interactions of Haemophilus influenzae type b with human erythrocytes and hu-
man nasopharyngeal mucosa. / Infect Dis 1990, 161(2):274-280.

Barenkamp SJ: Immunization with high-molecular-weight adhesion proteins of
nontypeable Haemop hilus influenzae modifies experimental otitis media in chin-
chillas. Infect Immun 1996, 64(4):1246-1251.

Weiser JN, Pan N: Adaptation of Haemophilus influenzae to acquired and innate
humoral immunity based on phase variation of lipopolysaccharide. Mo/ Microbiol
1998, 30(4):767-775.

Duim B, van Alphen L, Eijk P, Jansen HM, Dankert J: Antigenic drift of non-en-
capsulated Haemophilus influenzae major outer membrane protein P2 in pa-
tients with chronic bronchitis is caused by point mutations. Mo/ Microbiol 1994,
11(6):1181-1189.

8s



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

86

Zwahlen A, Winkelstein JA, Moxon ER: Participation of complement in host
defense against capsule-deficient Haemophilus influenzae. Infect Immun 1983,
42(2):708-715.

Sutton A, Schneerson R, Kendall-Morris S, Robbins JB: Differential complement re-
sistance mediates virulence of Haemophilus influenzae type b. Infect Immun 1982,
35(1):95-104.

Blom AM, Hallstrom T, Riesbeck K: Complement evasion strategies of pathogens-
acquisition of inhibitors and beyond. Mo/ Immunol 2009, 46(14):2808-2817.
Hallstrom T, Jarva H, Riesbeck K, Blom AM: Interaction with C4b-binding protein
contributes to nontypeable Haemophilus influenzae serum resistance. / Immunol
2007, 178(10):6359-6366.

Hallstrom T, Zipfel PE, Blom AM, Lauer N, Forsgren A, Riesbeck K: Haemophilus
influenzae interacts with the human complement inhibitor factor H. J Immunol
2008, 181(1):537-545.

King PT, Hutchinson PE, Johnson PD, Holmes PW, Freezer NJ, Holdsworth SR:
Adaptive immunity to nontypeable Haemophilus influenzae. Am J Respir Crit Care
Med 2003, 167(4):587-592.

Gaschler GJ, Skrtic M, Zavitz CC, Lindahl M, Onnervik PO, Murphy TF, Sethi S,
Stampfli MR: Bacteria challenge in smoke-exposed mice exacerbates inflammation
and skews the inflammatory profile. Am J Respir Crit Care Med 2009, 179(8):666-
675.

Berenson CS, Garlipp MA, Grove L], Maloney J, Sethi S: Impaired phagocytosis of
nontypeable Haemophilus influenzae by human alveolar macrophages in chronic
obstructive pulmonary disease. / Infect Dis 2006, 194(10):1375-1384.
Marti-Lliteras B, Regueiro V, Morey P, Hood DW, Saus C, Sauleda ], Agusti AG,
Bengoechea JA, Garmendia J: Nontypeable Haemophilus influenzae clearance by
alveolar macrophages is impaired by exposure to cigarette smoke. Infect Immun
2009, 77(10):4232-4242.

van Schilfgaarde M, van Alphen L, Eijk P, Everts V, Dankert J: Paracytosis of
Haemophilus influenzae through cell layers of NCI-H292 lung epithelial cells.
Infect Immun 1995, 63(12):4729-4737.

Farley MM, Stephens DS, Mulks MH, Cooper MD, Bricker JV, Mirra SS, Wright A:
Pathogenesis of IgA1 protease-producing and -nonproducing Haemophilus influ-
enzae in human nasopharyngeal organ cultures. / Infect Dis 1986, 154(5):752-759.
van Schilfgaarde M, Eijk P, Regelink A, van Ulsen B, Everts V, Dankert J, van Alphen L:
Haemophilus influenzae localized in epithelial cell layers is shielded from antibi-
otics and antibody-mediated bactericidal activity. Microb Pathog 1999, 26(5):249-
262.

Hers JE Mulder J: The mucosal epithelium of the respiratory tract in muco-pu-
rulent bronchitis caused by Haemophilus influenzae. 7he jJournal of pathology and
bacteriology 1953, 66(1):103-108.

St Geme JW, 3rd, Falkow S: Haemophilus influenzae adheres to and enters cul-
tured human epithelial cells. /nfect Immun 1990, 58(12):4036-4044.

Ahren IL, Williams DL, Rice PJ, Forsgren A, Riesbeck K: The importance of a beta-
glucan receptor in the nonopsonic entry of nontypeable Haemophilus influenzae
into human monocytic and epithelial cells. / /nfecr Dis 2001, 184(2):150-158.



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Bandi V, Apicella MA, Mason E, Murphy TF, Siddiqi A, Atmar RL, Greenberg SB:
Nontypeable Haemophilus influenzae in the lower respiratory tract of patients
with chronic bronchitis. Am ] Respir Crit Care Med 2001, 164(11):2114-2119.
Forsgren ], Samuelson A, Ahlin A, Jonasson ], Rynnel-Dagoo B, Lindberg A:
Haemophilus influenzae resides and multiplies intracellularly in human adenoid
tissue as demonstrated by in situ hybridization and bacterial viability assay. /nfect
Immun 1994, 62(2):673-679.

Williams AE, Maskell DJ, Moxon ER: Relationship between intracellular survival
in macrophages and virulence of Haemophilus influenzae type b. / Infecz Dis 1991,
163(6):1366-1369.

Virji M, Kayhty H, Ferguson DJ, Alexandrescu C, Moxon ER: Interactions of
Haemophilus influenzae with human endothelial cells in vitro. / Infect Dis 1992,
165 Suppl 1:5115-116.

Tunkel AR, Wispelwey B, Quagliarello V], Rosser SW, Lesse AJ, Hansen EJ, Scheld
WM: Pathophysiology of blood-brain barrier alterations during experimental
Haemophilus influenzae meningitis. / /nfect Dis 1992, 165 Suppl 1:5119-120.
Patrick D, Betts J, Frey EA, Prameya R, Dorovini-Zis K, Finlay BB: Haemophilus
influenzae lipopolysaccharide disrupts confluent monolayers of bovine brain
endothelial cells via a serum-dependent cytotoxic pathway. / Infect Dis 1992,
165(5):865-872.

St Geme JW, 3rd, Falkow S: Loss of capsule expression by Haemophilus influenzae
type b results in enhanced adherence to and invasion of human cells. /nfect Immun
1991, 59(4):1325-1333.

Noel GJ, Hoiseth SK, Edelson PJ: Type b capsule inhibits ingestion of Haemophilus
influenzae by murine macrophages: studies with isogenic encapsulated and unen-
capsulated strains. / /nfect Dis 1992, 166(1):178-182.

Weller PE, Smith AL, Smith DH, Anderson P: Role of immunity in the clearance of
bacteremia due to Haemophilus influenzae. J Infect Dis 1978, 138(4):427-436.
Rubin LG, Zwahlen A, Moxon ER: Role of intravascular replication in the patho-
genesis of experimental bacteremia due to Haemophilus influenzae type b. J Infect
Dis 1985, 152(2):307-314.

Zwahlen A, Kroll JS, Rubin LG, Moxon ER: The molecular basis of pathogenicity
in Haemophilus influenzae: comparative virulence of genetically-related capsular
transformants and correlation with changes at the capsulation locus cap. Microb
Pathog 1989, 7(3):225-235.

Zwahlen A, Winkelstein JA, Moxon ER: Surface determinants of Haemophilus in-
fluenzae pathogenicity: comparative virulence of capsular transformants in nor-
mal and complement-depleted rats. / Infect Dis 1983, 148(3):385-394.

Kroll JS, Moxon ER, Loynds BM: An ancestral mutation enhancing the fitness
and increasing the virulence of Haemophilus influenzae type b. J Infect Dis 1993,
168(1):172-176.

Shapiro ED, Ward JI: The epidemiology and prevention of disease caused by
Haemophilus influenzae type b. Epidemiologic reviews 1991, 13:113-142.

Fleming DW, Cochi SL, Hull HE Helgerson SD, Cundiff DR, Broome CV: Prevention
of Haemophilus influenzae type b infections in day care: a public health perspec-
tive. Rev Infect Dis 1986, 8(4):568-572.

87



140.

141.

142.

143.

144.

145.

1406.

147.

148.

149.

150.

151.

152.

153.

154.

88

Takala AK, Eskola J, Palmgren ], Ronnberg PR, Kela E, Rekola P, Makela PH: Risk
factors of invasive Haemophilus influenzae type b disease among children in
Finland. / Pediatr 1989, 115(5 Pt 1):694-701.

Silfverdal SA, Bodin L, Hugosson S, Garpenholt O, Werner B, Esbjorner E, Lindquist
B, Olcen P: Protective effect of breastfeeding on invasive Haemophilus influenzae
infection: a case-control study in Swedish preschool children. /nt ] Epidemiol 1997,
26(2):443-450.

Whisnant JK, Rogentine GN, Gralnick MA, Schlesselman JJ, Robbins JB: Host fac-
tors and antibody response Haemophilus influenza type b meningitis and epiglot-
titis. / Infect Dis 1976, 133(4):448-455.

Ladhani SN, Davila S, Hibberd ML, Heath PT, Ramsay ME, Slack MP, Pollard A]J,
Booy R: Association between single-nucleotide polymorphisms in Mal/TIRAP
and interleukin-10 genes and susceptibility to invasive haemophilus influenzae
serotype b infection in immunized children. Clin Infecr Dis 2010, 51(7):761-767.
Takala AK, Eskola ], Peltola H, Makela PH: Epidemiology of invasive Haemophilus
influenzae type b disease among children in Finland before vaccination with
Haemophilus influenzae type b conjugate vaccine. Pediatr Infect Dis ] 1989,
8(5):297-302.

Claesson BA: Epidemiology of invasive Haemophilus influenzae type b disease in
Scandinavia. Vaccine 1993, 11 Suppl 1:530-33.

Kristensen K, Kaaber K, Ronne T, Larsen SO, Henrichsen J: Epidemiology of
Haemophilus influenzae type b infections among children in Denmark in 1985
and 1986. Acta Pacediatr Scand 1990, 79(6-7):587-592.

Booy R, Hodgson SA, Slack MP, Anderson EC, Mayon-White RT, Moxon ER:
Invasive Haemophilus influenzae type b disease in the Oxford region (1985-91).
Arch Dis Child 1993, 69(2):225-228.

Gervaix A, Suter S: Epidemiology of invasive Haemophilus influenzae type b infec-
tions in Geneva, Switzerland, 1976 to 1989. Pediatr Infect Dis ] 1991, 10(5):370-
374.

Gilbert GL, Clements DA, Broughton SJ: Haemophilus influenzae type b infections
in Victoria, Australia, 1985 to 1987. Pediatr Infecr Dis ] 1990, 9(4):252-257.

Cadoz M, Prince-David M, Diop Mar I, Denis F: [Epidemiology and prognosis of
Haemophilus influenzae meningitis in Africa (901 cases)]. Pathol Biol (Paris) 1983,
31(2):128-133.

Hanna JN: The epidemiology of invasive Haemophilus influenzae infections in
children under five years of age in the Northern Territory: a three-year study. Med
J Aust 1990, 152(5):234-2306, 238, 240.

Losonsky GA, Santosham M, Sehgal VM, Zwahlen A, Moxon ER: Haemophilus
influenzae disease in the White Mountain Apaches: molecular epidemiology of a
high risk population. Pediatr Infect Dis 1984, 3(6):539-547.

Ward JI, Margolis HS, Lum MK, Fraser DW, Bender TR, Anderson P: Haemophilus
influenzae disease in Alaskan Eskimos: characteristics of a population with an
unusual incidence of invasive disease. Lancer 1981, 1(8233):1281-1285.

Levine OS, Schwartz B, Pierce N, Kane M: Development, evaluation and imple-
mentation of Haemophilus influenzae type b vaccines for young children in devel-
oping countries: current status and priority actions. Pediatr Infect Dis ] 1998, 17(9
Suppl):S95-113.



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Lau YL, Yung R, Low L, Sung R, Leung CW, Lee WH: Haemophilus influenzae type
b infections in Hong Kong. Pediatr Infect Dis ] 1998, 17(9 Suppl):5165-169.

Falla TJ, Dobson SR, Crook DW, Kraak WA, Nichols WW, Anderson EC, Jordens
JZ, Slack MP, Mayon-White D, Moxon ER: Population-based study of non-typable
Haemophilus influenzae invasive disease in children and neonates. Lancet 1993,
341(8849):851-854.

Trollfors B, Claesson B, Lagergard T, Sandberg T: Incidence, predisposing factors
and manifestations of invasive Haemophilus influenzae infections in adults. Eur J
Clin Microbiol 1984, 3(3):180-184.

Crowe HM, Levitz RE: Invasive Haemophilus influenzae disease in adults. Arch
Intern Med 1987, 147(2):241-244.

Hugosson S, Silfverdal SA, Garpenholt O, Esbjorner E, Lindquist B, Vikerfors T,
Werner B, Olcen P: Invasive Haemophilus influenzae disease: epidemiology and
clinical spectrum before large-scale H. influenzae type b vaccination. Scand ] Infect
Dis 1995, 27(1):63-67.

Peltola H, Kayhty H, Virtanen M, Makela PH: Prevention of Hemophilus influen-
zae type b bacteremic infections with the capsular polysaccharide vaccine. N Eng/
J Med 1984, 310(24):1561-1566.

Schneerson R, Barrera O, Sutton A, Robbins JB: Preparation, characterization, and
immunogenicity of Haemophilus influenzae type b polysaccharide-protein conju-
gates. [ Exp Med 1980, 152(2):361-376.

Daum RS, Granoff DM, Gilsdorf ], Murphy T, Osterholm MT: Haemophilus influ-
enzae type b infections in day care attendees: implications for management. Rev
Infect Dis 1986, 8(4):558-567.

Englund JA, Glezen WP, Thompson C, Anwaruddin R, Turner CS, Siber GR:
Haemophilus influenzae type b-specific antibody in infants after maternal im-
munization. Pediatr Infect Dis ] 1997, 16(12):1122-1130.

Murphy TV, Pastor P, Medley E Osterholm MT, Granoff DM: Decreased
Haemophilus colonization in children vaccinated with Haemophilus influenzae
type b conjugate vaccine. / Pediatr 1993, 122(4):517-523.

Murphy TV, White KE, Pastor P, Gabriel L, Medley F, Granoff DM, Osterholm MT:
Declining incidence of Haemophilus influenzae type b disease since introduction
of vaccination. /AMA 1993, 269(2):246-248.

Adams WG, Deaver KA, Cochi SL, Plikaytis BD, Zell ER, Broome CV, Wenger JD:
Decline of childhood Haemophilus influenzae type b (Hib) disease in the Hib
vaccine era. JAMA 1993, 269(2):221-226.

Garpenholt O, Silfverdal SA, Hugosson S, Fredlund H, Bodin L, Romanus V, Olcen
P: The impact of Haemophilus influenzae type b vaccination in Sweden. Scand |
Infect Dis 1996, 28(2):165-169.

Ladhani SN, Ramsay M, Slack MP: The impact of Haemophilus influenzae sero-
type B resurgence on the epidemiology of childhood invasive Haemophilus influ-
enzae disease in England and Wales. Pediatr Infect Dis ] 2011, 30(10):893-895.

Lee YC, Kelly DE Yu LM, Slack MP, Booy R, Heath PT, Siegrist CA, Moxon RE,
Pollard AJ: Haemophilus influenzae type b vaccine failure in children is associ-
ated with inadequate production of high-quality antibody. Clin Infect Dis 2008,
46(2):186-192.

89



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

90

Cerquetti M, Cardines R, Ciofi Degli Atti ML, Giufre M, Bella A, Sofia T,
Mastrantonio P, Slack M: Presence of multiple copies of the capsulation b locus in
invasive Haemophilus influenzae type b (Hib) strains isolated from children with
Hib conjugate vaccine failure. / Infect Dis 2005, 192(5):819-823.

Oh SY, Grifliths D, John T, Lee YC, Yu LM, McCarthy N, Heath PT, Crook D,
Ramsay M, Moxon ER et a/: School-aged children: a reservoir for continued circu-
lation of Haemophilus influenzae type b in the United Kingdom. / Infecz Dis 2008,
197(9):1275-1281.

Tsang RS, Sill ML, Skinner SJ, Law DK, Zhou ], Wylie J: Characterization of inva-
sive Haemophilus influenzae disease in Manitoba, Canada, 2000-2006: invasive
disease due to non-type b strains. Clin Infect Dis 2007, 44(12):1611-1614.
Dworkin MS, Park L, Borchardt SM: The changing epidemiology of invasive
Haemophilus influenzae disease, especially in persons > or = 65 years old. Clin
Infect Dis 2007, 44(6):810-816.

Bajanca P, Canica M: Emergence of nonencapsulated and encapsulated non-b-
type invasive Haemophilus influenzae isolates in Portugal (1989-2001). / Clin
Microbiol 2004, 42(2):807-810.

Sarangi J, Cartwright K, Stuart J, Brookes S, Morris R, Slack M: Invasive Haemophilus
influenzae disease in adults. Epidemiol Infect 2000, 124(3):441-447.

Heath PT, Booy R, Azzopardi HJ, Slack MP, Fogarty J, Moloney AC, Ramsay ME,
Moxon ER: Non-type b Haemophilus influenzae disease: clinical and epidemi-
ologic characteristics in the Haemophilus influenzae type b vaccine era. Pediatr
Infect Dis ] 2001, 20(3):300-305.

Ladhani S, Slack MP, Heath PT, von Gottberg A, Chandra M, Ramsay ME: Invasive
Haemophilus influenzae Disease, Europe, 1996-2006. Emerg Infect Dis 2010,
16(3):455-463.

Campos ], Roman E Perez-Vazquez M, Aracil B, Oteo ], Cercenado E: Antibiotic
resistance and clinical significance of Haemophilus influenzae type f. J Antimicrob
Chemother 2003, 52(6):961-966.

Tsang RS, Mubareka S, Sill ML, Wylie ], Skinner S, Law DK: Invasive Haemophilus
influenzae in Manitoba, Canada, in the postvaccination era. / Clin Microbiol 2006,
44(4):1530-1535.

Ladhani S, Ramsay ME, Chandra M, Slack MP: No evidence for Haemophilus in-
fluenzae serotype replacement in Europe after introduction of the Hib conjugate
vaccine. Lancet Infect Dis 2008, 8(5):275-276.

Kalies H, Siedler A, Grondahl B, Grote V, Milde-Busch A, von Kries R: Invasive
Haemophilus influenzae infections in Germany: impact of non-type b serotypes
in the post-vaccine era. BMC Infect Dis 2009, 9:45.

Farhoudi D, Lofdahl M, Giesecke J: Invasive Haemophilus influenzae type b dis-
ease in Sweden 1997-2003: epidemiological trends and patterns in the post-vac-
cine era. Scand | Infect Dis 2005, 37(10):717-722.

Turnidge J, Kahlmeter G, Kronvall G: Statistical characterisation of bacterial wild-
type MIC value distributions and the determination of epidemiological cut-off
values. Clin Microbiol Infect 2006, 12(5):418-425.

NordicAST: Brytpunktstabell 2.0. 2012. http://www.nordicast.org/page/11/22



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Coulton JW, Mason B Dorrance D: The permeability barrier of Haemophilus
influenzae type b against beta-lactam antibiotics. / Antimicrob Chemother 1983,
12(5):435-449.

Tristram S, Jacobs MR, Appelbaum PC: Antimicrobial resistance in Haemophilus
influenzae. Clin Microbiol Rev 2007, 20(2):368-389.

Kaczmarek FS, Gootz TD, Dib-Hajj E Shang W, Hallowell S, Cronan M: Genetic
and molecular characterization of beta-lactamase-negative ampicillin-resistant
Haemophilus influenzae with unusually high resistance to ampicillin. Antimicrob
Agents Chemother 2004, 48(5):1630-1639.

Bush K, Jacoby GA, Medeiros AA: A functional classification scheme for beta-lac-
tamases and its correlation with molecular structure. Antimicrob Agents Chemother
1995, 39(6):1211-1233.

Farrell DJ, Morrissey I, Bakker S, Buckridge S, Felmingham D: Global distribution
of TEM-1 and ROB-1 beta-lactamases in Haemophilus influenzae. / Antimicrob
Chemother 2005, 56(4):773-776.

Leaves NI, Dimopoulou I, Hayes I, Kerridge S, Falla T, Secka O, Adegbola RA, Slack
MP, Peto TE, Crook DW: Epidemiological studies of large resistance plasmids in
Haemophilus. / Antimicrob Chemother 2000, 45(5):599-604.

Garcia-Cobos S, Campos J, Cercenado E, Roman E Lazaro E, Perez-Vazquez M, de
Abajo E Oteo J: Antibiotic resistance in Haemophilus influenzae decreased, except
for beta-lactamase-negative amoxicillin-resistant isolates, in parallel with com-
munity antibiotic consumption in Spain from 1997 to 2007. Antimicrob Agents
Chemother 2008, 52(8):2760-2766.

Molina JM, Cordoba J, Monsoliu A, Diosdado N, Gobernado M: [Haemophilus
influenzae and betalactam resistance: description of bla TEM gene deletion]. Rev
Esp Quimioter 2003, 16(2):195-203.

Tristram SG, Nichols S: A multiplex PCR for beta-lactamase genes of Haemophilus
influenzae and description of a new blaTEM promoter variant. / Antimicrob
Chemother 2006, 58(1):183-185.

Rubin LG, Medeiros AA, Yolken RH, Moxon ER: Ampicillin treatment failure of
apparently beta-lactamase-negative Haemophilus influenzae type b meningitis
due to novel beta-lactamase. Lancer 1981, 2(8254):1008-1010.

Tristram SG, Littlejohn R, Bradbury RS: blaROB-1 presence on pB1000 in
Haemophilus influenzae is widespread, and variable cefaclor resistance is associ-
ated with altered penicillin-binding proteins. Antimicrob Agents Chemother 2010,
54(11):4945-4947.

Medeiros AA, O’Brien TF: Ampicillin-resistant Haemophilus influenzae type B
possessing a TEM-type beta-lactamase but little permeability barrier to ampicil-
lin. Lancer 1975, 1(7909):716-719.

Tristram SG: Effect of extended-spectrum beta-lactamases on the susceptibil-
ity of Haemophilus influenzae to cephalosporins. / Antimicrob Chemother 2003,
51(1):39-43.

Tristram SG, Pitout M], Forward K, Campbell S, Nichols S, Davidson RJ:
Characterization of extended-spectrum beta-lactamase-producing isolates of
Haemophilus parainfluenzae. / Antimicrob Chemother 2008, 61(3):509-514.

91



199.

200.

201.

202.

203.

204.

205.

2006.

207.

208.

209.

210.

211.

212.

92

Brunton J, Meier M, Erhman N, Clare D, Almawy R: Origin of small beta-lac-
tamase-specifying plasmids in Haemophilus species and Neisseria gonorrhoeae. /
Bacteriol 1986, 168(1):374-379.

Mohd-Zain Z, Turner SL, Cerdeno-Tarraga AM, Lilley AK, Inzana T], Duncan A]J,
Harding RM, Hood DW,, Peto TE, Crook DW: Transferable antibiotic resistance
elements in Haemophilus influenzae share a common evolutionary origin with a
diverse family of syntenic genomic islands. / Bacteriol 2004, 186(23):8114-8122.
Brunton ], Clare D, Meier MA: Molecular epidemiology of antibiotic resistance
plasmids of Haemophilus species and Neisseria gonorrhoeae. Rev Infect Dis 1986,
8(5):713-724.

Fluit AC, Florijn A, Verhoef ], Milatovic D: Susceptibility of European beta-lac-
tamase-positive and -negative Haemophilus influenzae isolates from the periods
1997/1998 and 2002/2003. | Antimicrob Chemother 2005, 56(1):133-138.

Ubukata K, Shibasaki Y, Yamamoto K, Chiba N, Hasegawa K, Takeuchi Y, Sunakawa
K, Inoue M, Konno M: Association of amino acid substitutions in penicillin-bind-
ing protein 3 with beta-lactam resistance in beta-lactamase-negative ampicillin-
resistant Haemophilus influenzae. Antimicrob Agents Chemother 2001, 45(6):1693-
1699.

Dabernat H, Delmas C, Seguy M, Pelissier R, Faucon G, Bennamani S, Pasquier C:
Diversity of beta-lactam resistance-conferring amino acid substitutions in peni-
cillin-binding protein 3 of Haemophilus influenzae. Antimicrob Agents Chemother
2002, 46(7):2208-2218.

Jacobs MR, Felmingham D, Appelbaum PC, Gruneberg RN: The Alexander Project
1998-2000: susceptibility of pathogens isolated from community-acquired re-
spiratory tract infection to commonly used antimicrobial agents. / Antimicrob
Chemother 2003, 52(2):229-246.

Livermore DM, Winstanley TG, Shannon KP: Interpretative reading: recognizing
the unusual and inferring resistance mechanisms from resistance phenotypes. /
Antimicrob Chemother 2001, 48 Suppl 1:87-102.

Cerquetti M, Giufre M, Cardines R, Mastrantonio P: First characterization of het-
erogeneous resistance to imipenem in invasive nontypeable Haemophilus influen-
zae isolates. Antimicrob Agents Chemother 2007, 51(9):3155-3161.

Cardines R, Giufre M, Pompilio A, Fiscarelli E, Ricciotti G, Bonaventura GD,
Cerquetti M: Haemophilus influenzae in children with cystic fibrosis: antimicro-
bial susceptibility, molecular epidemiology, distribution of adhesins and biofilm
formation. /nt | Med Microbiol 2012, 302(1):45-52.

Parr TR, Jr., Bryan LE: Mechanism of resistance of an ampicillin-resistant, beta-
lactamase-negative clinical isolate of Haemophilus influenzae type b to beta-lac-
tam antibiotics. Antimicrob Agents Chemother 1984, 25(6):747-753.

Mendelman PM, Chaffin DO, Kalaitzoglou G: Penicillin-binding proteins and
ampicillin resistance in Haemophilus influenzae. / Antimicrob Chemother 1990,
25(4):525-534.

Straker K, Wootton M, Simm AM, Bennett PM, MacGowan AP, Walsh TR:
Cefuroxime resistance in non-beta-lactamase Haemophilus influenzae is linked to
mutations in ftsI. / Antimicrob Chemother 2003, 51(3):523-530.

Matic'V, Bozdogan B, Jacobs MR, Ubukata K, Appelbaum PC: Contribution of beta-
lactamase and PBP amino acid substitutions to amoxicillin/clavulanate resistance



213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

in beta-lactamase-positive, amoxicillin/clavulanate-resistant Haemophilus influ-
enzae. | Antimicrob Chemother 2003, 52(6):1018-1021.

Dagan R, Leibovitz E: Bacterial eradication in the treatment of otitis media. Lancer
Infect Dis 2002, 2(10):593-604.

de Groot R, Sluijter M, de Bruyn A, Campos J, Goessens WH, Smith AL, Hermans
PW: Genetic characterization of trimethoprim resistance in Haemophilus influen-
zae. Antimicrob Agents Chemother 1996, 40(9):2131-2136.

Enne VI, King A, Livermore DM, Hall LM: Sulfonamide resistance in Haemophilus
influenzae mediated by acquisition of sul2 or a short insertion in chromosomal
folP. Antimicrob Agents Chemother 2002, 46(6):1934-1939.

Chopra I, Roberts M: Tetracycline antibiotics: mode of action, applications, mo-
lecular biology, and epidemiology of bacterial resistance. Microbiol Mol Biol Rev
2001, 65(2):232-260 ; second page, table of contents.

Perez-Vazquez M, Roman E Garcia-Cobos S, Campos J: Fluoroquinolone resistance
in Haemopbhilus influenzae is associated with hypermutability. Antimicrob Agents
Chemother 2007, 51(4):1566-1569.

Johnson DM, Sader HS, Fritsche TR, Biedenbach D], Jones RN: Susceptibility
trends of haemophilus influenzae and Moraxella catarrhalis against orally admin-
istered antimicrobial agents: five-year report from the SENTRY Antimicrobial
Surveillance Program. Diagn Microbiol Infect Dis 2003, 47(1):373-376.

Khan W, Ross S, Rodriguez W, Controni G, Saz AK: Haemophilus influenzae type
B resistant to ampicillin. A report of two cases. JAMA 1974, 229(3):298-301.
Hoban D, Felmingham D: The PROTEKT surveillance study: antimicrobial sus-
ceptibility of Haemophilus influenzae and Moraxella catarrhalis from commu-
nity-acquired respiratory tract infections. / Antimicrob Chemother 2002, 50 Suppl
$1:49-59.

ECDC Antimicrobial resistance surveillance in Europe 2010. Annual report of the
European Antimicrobial resistance surveillance network http://ecdc.europa.cu/en/
publications/Publications/Forms/ECDC_DispForm.aspx?1D=774

Jacobs MR: Worldwide trends in antimicrobial resistance among common respira-
tory tract pathogens in children. Pediatr Infect Dis J 2003, 22(8 Suppl):S109-119.
Heilmann KP, Rice CL, Miller AL, Miller NJ, Beekmann SE, Pfaller MA, Richter
SS, Doern GV: Decreasing prevalence of beta-lactamase production among respi-
ratory tract isolates of Haemophilus influenzae in the United States. Antimicrob
Agents Chemother 2005, 49(6):2561-2564.

Hasegawa K, Yamamoto K, Chiba N, Kobayashi R, Nagai K, Jacobs MR, Appelbaum
PC, Sunakawa K, Ubukata K: Diversity of ampicillin-resistance genes in
Haemophilus influenzae in Japan and the United States. Microb Drug Resist 2003,
9(1):39-46.

Sakata H, Toyonaga Y, Sato Y, Hanaki H, Nonoyama M, Oishi T, Sunakawa K:
Nationwide survey of the development of drug-resistance in the pediatric field:
drug sensitivity of Haemophilus influenzae in Japan. J Infect Chemother 2009,
15(6):402-409.

Jansen WT, Verel A, Beitsma M, Verhoef J, Milatovic D: Surveillance study of the
susceptibility of Haemophilus influenzae to various antibacterial agents in Europe
and Canada. Curr Med Res Opin 2008, 24(10):2853-2861.

93



227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

94

Skoczynska A, Kadlubowski M, Wasko I, Fiett J, Hryniewicz W: Resistance pat-
terns of selected respiratory tract pathogens in Poland. Clin Microbiol Infect 2007,
13(4):377-383.

Perez-Trallero E, Martin-Herrero JE, Mazon A, Garcia-Delafuente C, Robles B, Iriarte
V, Dal-Re R, Garcia-de-Lomas J: Antimicrobial resistance among respiratory patho-
gens in Spain: latest data and changes over 11 years (1996-1997 to 2006-2007).
Antimicrob Agents Chemother 2010, 54(7):2953-2959.

Biedenbach DJ, Jones RN: Fluoroquinolone-resistant Haemophilus influenzae:
frequency of occurrence and analysis of confirmed strains in the SENTRY antimi-
crobial surveillance program (North and Latin America). Diagn Microbiol Infect Dis
2000, 36(4):255-259.

Nazir J, Urban C, Mariano N, Burns J, Tommasulo B, Rosenberg C, Segal-Maurer S,
Rahal JJ: Quinolone-resistant Haemophilus influenzae in a long-term care facility:
clinical and molecular epidemiology. Clin Infect Dis 2004, 38(11):1564-1569.
Ladhani S, Heath PT, Ramsay ME, Slack MP: Changes in antibiotic resistance rates
of invasive Haemophilus influenzae isolates in England and Wales over the last 20
years. | Antimicrob Chemother 2008, 62(4):776-779.

SMI Statistik for Haemophilus influenzae http://www.smi.se/statistik/haemophilus-
influenzae-icke-invasiva/

Sill ML, Law DK, Zhou J, Skinner S, Wylie ], Tsang RS: Population genetics and an-
tibiotic susceptibility of invasive Haemophilus influenzae in Manitoba, Canada,
from 2000 to 2006. FEMS Immunol Med Microbiol 2007, 51(2):270-276.

Cerquetti M, Cardines R, Giufre M, Mastrantonio P: Antimicrobial susceptibil-
ity of Haemophilus influenzae strains isolated from invasive disease in Italy. /
Antimicrob Chemother 2004, 54(6):1139-1143.

Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, Schein RM, Sibbald
WJ: Definitions for sepsis and organ failure and guidelines for the use of inno-
vative therapies in sepsis. The ACCP/SCCM Consensus Conference Committee.
American College of Chest Physicians/Society of Critical Care Medicine. Chest
1992, 101(6):1644-1655.

Ericsson H: The paper disc method for determination of bacterial sensitivity to
antibiotics. Studies on the accuracy of the technique. Scand | Clin Lab Invest 1960,
12:408-413.

Kibsey PC, Rennie RP, Rushton JE: Disk diffusion versus broth microdilution sus-
ceptibility testing of Haemophilus species and Moraxella catarrhalis using seven
oral antimicrobial agents: application of updated susceptibility guidelines of the
National Committee for Clinical Laboratory Standards. / Clin Microbiol 1994,
32(11):2786-2790.

Tristram SG: A comparison of Etest, M.I.C.Evaluator strips and CLSI broth
microdilution for determining {beta}-lactam antimicrobial susceptibility in
Haemophilus influenzae. / Antimicrob Chemother 2008, 62(6):1464-1466.
Norskov-Lauritsen N, Ridderberg W, Erikstrup LT, Fuursted K: Evaluation of disk
diffusion methods to detect low-level beta-lactamase-negative ampicillin-resistant
Haemophilus influenzae. APMIS 2011, 119(6):385-392.

Musser JM, Kroll JS, Moxon ER, Selander RK: Evolutionary genetics of the en-
capsulated strains of Haemophilus influenzae. Proc Natl Acad Sci U S A 1988,
85(20):7758-7762.



241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

Melhus A, Hermansson A, Forsgren A, Prellner K: Intra- and interstrain differences
of virulence among nontypeable Haemophilus influenzae strains. APMIS 1998,
106(9):858-868.

Poje G, Redfield R]: Transformation of Haemophilus influenzae. Methods Mol Med
2003, 71:57-70.

Williams BJ, Morlin G, Valentine N, Smith AL: Serum resistance in an invasive,
nontypeable Haemophilus influenzae strain. /nfect mmun 2001, 69(2):695-705.
Satola SW, Collins JT, Napier R, Farley MM: Capsule gene analysis of invasive
Haemophilus influenzae: accuracy of serotyping and prevalence of 1IS1016 among
nontypeable isolates. / Clin Microbiol 2007, 45(10):3230-3238.

van Ketel R], de Wever B, van Alphen L: Detection of Haemophilus influenzae
in cerebrospinal fluids by polymerase chain reaction DNA amplification. / Med
Microbiol 1990, 33(4):271-276.

Davis GS, Sandstedt SA, Patel M, Marrs CE Gilsdorf JR: Use of bexB to detect the
capsule locus in Haemophilus influenzae. / Clin Microbiol 2011, 49(7):2594-2601.
Falla TJ, Crook DW, Brophy LN, Maskell D, Kroll JS, Moxon ER: PCR for capsular
typing of Haemophilus influenzae. / Clin Microbiol 1994, 32(10):2382-2386.
Murphy TE Brauer AL, Sethi S, Kilian M, Cai X, Lesse A]: Haemophilus haemolyti-
cus: a human respiratory tract commensal to be distinguished from Haemophilus
influenzae. / Infect Dis 2007, 195(1):81-89.

Scriver SR, Walmsley SL, Kau CL, Hoban D], Brunton J, McGeer A, Moore TC,
Witwicki E: Determination of antimicrobial susceptibilities of Canadian isolates of
Haemophilus influenzae and characterization of their beta-lactamases. Canadian
Haemophilus Study Group. Antimicrob Agents Chemother 1994, 38(7):1678-1680.
Skaare D, Allum AG, Anthonisen IL, Jenkins A, Lia A, Strand L, Tveten Y, Kristiansen
BE: Mutant ftsI genes in the emergence of penicillin-binding protein-mediated
beta-lactam resistance in Haemophilus influenzae in Norway. Clin Microbiol Infect
2010, 16(8):1117-1124.

MLST - Multi Locus Sequence Typing - Haemophilus influenzae http://haemophi-
lus.mlst.net/

Barkai G, Leibovitz E, Givon-Lavi N, Dagan R: Potential contribution by non-
typable Haemophilus influenzae in protracted and recurrent acute otitis media.
Pediatr Infect Dis ] 2009, 28(6):466-471.

Posada D: jModelTest: phylogenetic model averaging. Molecular biology and evolu-
tion 2008, 25(7):1253-1256.

Porras O, Caugant DA, Lagergard T, Svanborg-Eden C: Application of multilo-
cus enzyme gel electrophoresis to Haemophilus influenzae. Infect Immun 1986,
53(1):71-78.

van Alphen L, Caugant DA, Duim B, O’Rourke M, Bowler LD: Differences in ge-
netic diversity of nonecapsulated Haemophilus influenzae from various diseases.
Microbiology 1997, 143 (Pt 4):1423-1431.

Meats E, Feil EJ, Stringer S, Cody AJ, Goldstein R, Kroll JS, Popovic T, Spratt BG:
Characterization of encapsulated and noncapsulated Haemophilus influenzae
and determination of phylogenetic relationships by multilocus sequence typing. /
Clin Microbiol 2003, 41(4):1623-1636.

Harrison OB, Brueggemann AB, Caugant DA, van der Ende A, Frosch M, Gray
S, Heuberger S, Krizova P, Olcen B, Slack M et a/: Molecular typing methods for

95



258.

259.

260.

261.

262.

263.

264.

265.

260.

267.

268.

269.

270.

271.

96

outbreak detection and surveillance of invasive disease caused by Neisseria men-
ingitidis, Haemophilus influenzae and Streptococcus pneumoniae, a review.
Microbiology 2011, 157 (Pt 8):2181-2195.

Amin K, Ekberg-Jansson A, Lofdahl CG, Venge P: Relationship between inflamma-
tory cells and structural changes in the lungs of asymptomatic and never smokers:
a biopsy study. 7horax 2003, 58(2):135-142.

Kranenburg AR, Willems-Widyastuti A, Moori W], Sterk PJ, Alagappan VK, de Boer
W1, Sharma HS: Enhanced bronchial expression of extracellular matrix proteins in
chronic obstructive pulmonary disease. American journal of clinical pathology 2006,
126(5):725-735.

Singh B, Fleury C, Jalalvand F, Riesbeck K: Human pathogens utilize host extracel-
lular matrix proteins laminin and collagen for adhesion and invasion of the host.
FEMS microbiology reviews 2012.

Singh B, Al Jubair T, Fornvik K, Thunnissen MM, Riesbeck K: Crystallization and
X-ray diffraction analysis of a novel surface-adhesin protein: protein E from
Haemophilus influenzae. Acta crystallographica Section E Structural biology and crys-
tallization communications 2012, 68(Pt 2):222-226.

Barthel D, Singh B, Riesbeck K, Zipfel PF: Haemophilus influenzae uses the sur-
face protein E to acquire human plasminogen and to evade innate immunity. /
Immunol 2012, 188(1):379-385.

Look DC, Chin CL, Manzel L], Lehman EE, Humlicek AL, Shi L, Starner TD,
Denning GM, Murphy TE Sethi S: Modulation of airway inflammation by
Haemophilus influenzae isolates associated with chronic obstructive pulmonary
disease exacerbation. Proc Am Thorac Soc 2006, 3(6):482-483.

Essilfie AT, Simpson JL, Horvat JC, Preston JA, Dunkley ML, Foster PS, Gibson PG,
Hansbro PM: Haemophilus influenzae infection drives IL-17-mediated neutro-
philic allergic airways disease. PLoS Pathog 2011, 7(10):¢1002244.

Narkio-Makela M, Jero J, Meri S: Complement activation and expression of mem-
brane regulators in the middle ear mucosa in otitis media with effusion. Clin Exp
Immunol 1999, 116(3):401-409.

Nakamura S, Shchepetov M, Dalia AB, Clark SE, Murphy TFE, Sethi S, Gilsdorf JR,
Smith AL, Weiser JN: Molecular basis of increased serum resistance among pul-
monary isolates of non-typeable Haemophilus influenzae. PLoS Pathog 2011,
7(1):e1001247.

Saito T, Matsunaga H, Matsumura Y, Segawa H, Takakura S, Nagao M, linuma Y,
Miyachi Y, Ichiyama S: Necrotizing fasciitis caused by Haemophilus influenzae
type b in an elderly patient. / Clin Microbiol 2009, 47(3):852-854.

Kapogiannis BG, Satola S, Keyserling HL, Farley MM: Invasive infections with
Haemophilus influenzae serotype a containing an IS1016-bexA partial deletion:
possible association with virulence. Clin Infect Dis 2005, 41(11):¢97-103.

Satola SW, Schirmer PL, Farley MM: Genetic analysis of the capsule locus of
Haemophilus influenzae serotype f. Infect Immun 2003, 71(12):7202-7207.

Neth O, Jack DL, Dodds AW, Holzel H, Klein NJ, Turner MW: Mannose-binding
lectin binds to a range of clinically relevant microorganisms and promotes com-
plement deposition. /nfect [mmun 2000, 68(2):688-693.

Thiel S, Frederiksen PD, Jensenius JC: Clinical manifestations of mannan-binding
lectin deficiency. Mol Immunol 2006, 43(1-2):86-96.



272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Eisen DB, Dean MM, Boermeester MA, Fidler KJ, Gordon AC, Kronborg G, Kun JE
Lau YL, Payeras A, Valdimarsson H ¢z 2/: Low serum mannose-binding lectin level
increases the risk of death due to pneumococcal infection. Clin Infect Dis 2008,
47(4):510-516.

Vuononvirta J, Toivonen L, Grondahl-Yli-Hannuksela K, Barkoff AM, Lindholm L,
Mertsola J, Peltola V, He Q: Nasopharyngeal bacterial colonization and gene poly-
morphisms of mannose-binding lectin and toll-like receptors 2 and 4 in infants.
PLoS One 2011, 6(10):26198.

Trollfors B, Lagergard T, Claesson BA, Thornberg E, Martinell J, Schneerson R:
Characterization of the serum antibody response to the capsular polysaccharide
of Haemophilus influenzae type b in children with invasive infections. / Infect Dis
1992, 166(6):1335-1339.

Breukels MA, Rijkers GT, Voorhorst-Ogink MM, Zegers BJ: Regulatory T cells in
the antibody response to Haemophilus influenzae type b polysaccharide. /nfect
Immun 1999, 67(2):789-793.

Eskola ], Takala A, Kayhty H, Peltola H, Makela PH: Experience in Finland with
Haemophilus influenzae type b vaccines. Vaccine 1991, 9 Suppl:S14-16; discussion
S25.

Silfverdal SA, Bodin L, Ulanova M, Hahn-Zoric M, Hanson LA, Olcen P: Long term
enhancement of the IgG2 antibody response to Haemophilus influenzae type b by
breast-feeding. Pediatr Infect Dis ] 2002, 21(9):816-821.

Oxelius VA, Hanson LA, Bjorkander J, Hammarstrom L, Sjoholm A: IgG3 deficien-
cy: common in obstructive lung disease. Hereditary in families with immunodefi-
ciency and autoimmune disease. Monographs in allergy 1986, 20:106-115.
Samuelson A, Borrelli S, Gustafson R, Hammarstrom L, Smith CI, Jonasson ],
Lindberg AA: Characterization of Haemophilus influenzae isolates from the respi-
ratory tract of patients with primary antibody deficiencies: evidence for persistent
colonizations. Scand | Infect Dis 1995, 27(4):303-313.

Hahn-Zoric M, Ulanova M, Friman V, Bjorkander J, Oxelius VA, Lucas A, Hanson
LA: Antibody response to the Haemophilus influenzae type b-tetanus toxoid con-
jugate vaccine in healthy and infection-prone individuals with IgG3 subclass de-
ficiency. J Clin Immunol 2004, 24(5):561-570.

Ramadas K, Petersen GM, Heiner DC, Ward JI: Class and subclass antibodies to
Haemophilus influenzae type b capsule: comparison of invasive disease and natu-
ral exposure. Infect Immun 1986, 53(3):486-490.

Hallander HO, Lepp T, Ljungman M, Netterlid E, Andersson M: Do we need a
booster of Hib vaccine after primary vaccination? A study on anti-Hib seropreva-
lence in Sweden 5 and 15 years after the introduction of universal Hib vaccination
related to notifications of invasive disease. APMIS 2010, 118(11):878-887.
Rubach MP, Bender JM, Mottice S, Hanson K, Weng HY, Korgenski K, Daly JA,
Pavia AT: Increasing incidence of invasive Haemophilus influenzae disease in
adults, Utah, USA. Emerg Infect Dis 2011, 17(9):1645-1650.

Giufre M, Cardines R, Caporali MG, Accogli M, D’Ancona E Cerquetti M: Ten years
of Hib vaccination in Italy: prevalence of non-encapsulated Haemophilus influ-
enzae among invasive isolates and the possible impact on antibiotic resistance.
Vaccine 2011, 29(22):3857-3862.

97



285.

2806.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

98

Agrawal A, Murphy TF: Haemophilus influenzae infections in the H. influenzae
type b conjugate vaccine era. / Clin Microbiol 2011, 49(11):3728-3732.

MacNeil JR, Cohn AC, Farley M, Mair R, Baumbach J, Bennett N, Gershman K,
Harrison LH, Lynfield R, Petit S ez a/: Current epidemiology and trends in invasive
Haemophilus influenzae disease--United States, 1989-2008. Clin Infect Dis 2011,
53(12):1230-1236.

Berndsen MR, Erlendsdottir H, Gottfredsson M: Evolving epidemiology of inva-
sive Haemophilus infections in the post-vaccination era: results from a long-term
population-based study. Clin Microbiol Infect 2011.

Castle SC: Clinical relevance of age-related immune dysfunction. Clin Infect Dis
2000, 31(2):578-585.

Ladhani SN, Collins S, Vickers A, Litt D], Crawford C, Ramsay ME, Slack MP:
Invasive Haemophilus influenzae serotype e and f disease, England and Wales.
Emerg Infect Dis 2012, 18(5):725-732.

Nix EB, Hawdon N, Gravelle S, Biman B, Brigden M, Malik S, McCready W, Ferroni
G, Ulanova M: Risk of invasive Haemophilus influenzae type b (Hib) disease in
adults with secondary immunodeficiency in the post-Hib vaccine era. Clinical and
vaccine immunology : CVI 2012, 19(5):766-771.

Bruun B, Gahrn-Hansen B, Westh H, Kilian M: Clonal relationship of recent in-
vasive Haemophilus influenzae serotype f isolates from Denmark and the United
States. / Med Microbiol 2004, 53(Pt 11):1161-1165.

Omikunle A, Takahashi S, Ogilvie CL, Wang Y, Rodriguez CA, St Geme JW, 3rd,
Adderson EE: Limited genetic diversity of recent invasive isolates of non-serotype
b encapsulated Haemophilus influenzae. / Clin Microbiol 2002, 40(4):1264-1270.
Erwin AL, Nelson KL, Mhlanga-Mutangadura T, Bonthuis PJ, Geelhood JL, Morlin
G, Unrath WC, Campos J, Crook DW, Farley MM ez a/: Characterization of genetic
and phenotypic diver sity of invasive nontypeable Haemophilus influenzae. Infect
Immun 2005, 73(9):5853-58063.

Karlsson E, Melhus A: Nontypeable Haemophilus influenzae strains with the cap-
sule-associated insertion element IS1016 may mimic encapsulated strains. APMIS
2006, 114(9):633-640.

Satola SW, Napier B, Farley MM: Association of IS1016 with the hia adhesin gene
and biotypes V and I in invasive nontypeable Haemophilus influenzae. Infect
Immun 2008, 76(11):5221-5227.

Clark C, Bozdogan B, Peric M, Dewasse B, Jacobs MR, Appelbaum PC: In vitro se-
lection of resistance in Haemophilus influenzae by amoxicillin-clavulanate, cefpo-
doxime, cefprozil, azithromycin, and clarithromycin. Antimicrob Agents Chemother
2002, 46(9):2956-2962.

Okabe T, Yamazaki Y, Shiotani M, Suzuki T, Shiohara M, Kasuga E, Notake S,
Yanagisawa H: An amino acid substitution in PBP-3 in Haemophilus influen-
zae associate with the invasion to bronchial epithelial cells. Microbiol Res 2010,
165(1):11-20.

Tristram SG, Franks LR, Harvey GL: Sequences of small blaTEM-encoding plas-
mids in Haemophilus influenzae and description of variants falsely negative for
blaTEM by PCR. ] Antimicrob Chemother 2012.

Sondergaard A, Petersen MT, Fuursted K, Norskov-Lauritsen N: Detection of
N526K-substituted penicillin-binding protein 3 conferring low-level mutational



300.

301.

resistance to beta-lactam antibiotics in Haemophilus influenzae by disc diffusion
testing on Mueller-Hinton agar according to EUCAST guidelines. / Antimicrob
Chemother 2012, 67(6):1401-1404.

Kaczmarek FM, Dib-Hajj E Shang W, Gootz TD: High-level carbapenem resis-
tance in a Klebsiella pneumoniae clinical isolate is due to the combination of
bla(ACT-1) beta-lactamase production, porin OmpK35/36 insertional inactiva-
tion, and down-regulation of the phosphate transport porin phoe. Antimicrob
Agents Chemother 2006, 50(10):3396-3400.

Jetter M, Spaniol V, Troller R, Aebi C: Down-regulation of porin M35 in Moraxella
catarrhalis by aminopenicillins and environmental factors and its potential contri-
bution to the mechanism of resistance to aminopenicillins. / Antimicrob Chemother
2010, 65(10):2089-2096.

99












Haemophilus influenzae Protein E Binds to the
Extracellular Matrix by Concurrently Interacting
With Laminin and Vitronectin
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Nontypeable Haemophilus influenzae (NTHi) causes otitis media and is commonly found in patients with chronic
obstructive pulmonary disease (COPD). Adhesins are important for bacterial attachment and colonization.
Protein E (PE) is a recently characterized ubiquitous 16 kDa adhesin with vitronectin-binding capacity that results
in increased survival in serum. In addition to PE, NTHi utilizes Haemophilus adhesion protein (Hap) that binds to
the basement-membrane glycoprotein laminin. We show that most clinical isolates bind laminin and that both
Hap and PE are crucial for the NTHi-dependent interaction with laminin as revealed with different mutants. The
laminin-binding region is located at the N-terminus of PE, and PE binds to the heparin-binding C-terminal
globular domain of laminin. PE simultaneously attracts vitronectin and laminin at separate binding sites, proving
the multifunctional nature of the adhesin. This previously unknown PE-dependent interaction with laminin may

contribute to NTHi colonization, particularly in smokers with COPD.

Haemophilus influenzae is an important human-specific
pathogen that can be classified according to the presence
of a polysaccharide capsule [1]. The encapsulated strains
cause invasive disease, whereas the unencapsulated and
hence nontypeable H. influenzae (NTHi) are mainly
found in local upper and lower respiratory tract in-
fections, albeit an increased incidence of invasive disease
has been observed also by NTHi the last 5-10 years [2].
NTHi is after Streptococcus pneumoniae the most com-
mon bacterial pathogen in upper and lower respiratory
tract infections and causes acute otitis media, sinusitis,
and bronchitis [3-5]. In addition, NTHi is often found
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in patients with chronic obstructive pulmonary disease
(COPD), both during stable disease as colonizers and
during exacerbations [6].

An initial step in NTHi pathogenesis is adherence to
the mucosa, basement membrane, and the extracellular
matrix (ECM). The ECM of mammals comprises 2 main
classes of macromolecules: the fibrous proteins that have
both structural and adhesive functions (eg, laminin,
collagens, and elastin) and the glycosaminoglycans that
are linked to proteins in the form of proteoglycans [7].
The ECM stabilizes the physical structure of tissue and is
involved in regulating eukaryotic cell adhesion, differ-
entiation, migration, proliferation, shape, and structure.
Bacterial interactions with the ECM play important
roles in colonization of the host, and the ECM is not
necessarily exposed to pathogens under normal cir-
cumstances. However, after tissue damage due to
a mechanical or chemical injury or a bacterial-viral
coinfection through the activity of toxins and lytic
enzymes, the pathogen may gain access to the ECM.

Laminins are a family of heterotrimeric, cruciform-
shaped glycoproteins of ~400-900 kDa consiting of an
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o, B, and y chain [8]. There are different o, 3, and y chains,
which combine into different laminin isoforms. The major role
of laminin for the epithelium is to anchor cells to the basal
membrane. Several pathogens bind laminin, including H. in-
fluenzae, Yersinia enterocolitica, Mycobacterium tuberculosis, and
Leptospira interrogans [9-13]. Moraxella catarrhalis is another
pathogen that via ubiquitous surface proteins (Usp) Al and A2
interacts with laminin, and this interaction may play an im-
portant role in M. catarrhalis infection during exacerbations in
patients with COPD [14].

NTHi expresses a number of surface structures that in-
fluence the process of adherence and colonization. Both pilus
and nonpilus adhesins of H. influenzae have displayed adher-
ence to ECM proteins. Haemophilus adhesion and penetration
protein (Hap) is an adhesin that binds fibronectin, laminin,
and collagen I [15]. Hap is ubiquitous among H. influenzae
isolates and mediates adhesion to respiratory cells, invasion,
and bacterial aggregation [16, 17]. In addition to Hap, Protein
E (PE) is a low molecular weight (16 kDa) outer membrane
lipoprotein with adhesive properties [18, 19]. PE induces
a proinflammatory epithelial cell response resulting in an in-
creased interleukin 8 (IL-8) secretion and intercellular adhe-
sion molecule 1 (ICAM-1) upregulation that leads to an
enhanced neutrophil adherence to epithelial cells [18]. The
adhesive PE domain is located within the central part of the
molecule (amino acids 84—108). In addition, PE binds vi-
tronectin, and this interaction is important for attachment and
for survival of NTHi in human serum [20]. We recently ana-
lyzed a large series of clinical NTHi isolates (n = 186), en-
capsulated H. influenzae strains, and culture collection strains
[21]. PE was expressed in >98% of all NTHi independently of
the growth phase, and was highly conserved in both NTHi and
encapsulated H. influenzae (96.9%-100% identity without the
signal peptide). The epithelial cell-binding region in the central
part of the PE molecule (PE®*19%) which also binds to human
vitronectin [20], was completely conserved supporting a sig-
nificant biological function [21].

NTHi is commonly found in patients suffering from COPD
[22]. Smoking is associated with increased incidence and se-
verity of COPD, and a previous study has demonstrated that the
laminin layer in the basement membrane is significantly thicker
in smokers than in nonsmokers [23]. This increased laminin
expression thus may pave the way for laminin-binding re-
spiratory pathogens and explain the increased incidence of
NTHi in COPD patients. In this study, we show that NTHi
binds soluble and immobilized laminin and that both PE and
Hap are involved in this interaction. The specific laminin-
binding region was defined within the N-terminal part of the PE
molecule and the C-terminal globular domains of laminin are
responsible for the binding to PE. Taken together, the PE-
dependent adhesion to laminin may be important in NTHi
pathogenesis, particularly in lower respiratory tract infections.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

NTHi3655 was a kind gift from R. Munson [24]. The NTHi wild
type and mutants were cultured in brain-heart infusion (BHI)
liquid broth supplemented with nicotinamide adenine di-
nucleotide (NAD) and hemin (both at 10 pg/mL), or on
chocolate agar plates at 37°C in a humid atmosphere containing
5% CO,. NTHi3655Ape was cultured in BHI supplemented with
17 pg/mL kanamycin (Merck), and NTHi3655Ahap was in-
cubated with 3 pg/mL chloramphenicol (Sigma-Aldrich). Both
kanamycin and chloramphenicol were used for growth of the
NTHi3655Ape/hap. NTHi were isolated from patients (n = 19;
Southwest Skane) with upper and lower airway infections,
meningitis, and sepsis (Table 1) in 2007.

Manufacture of Mutant NTHi Strains

NTHi3655Ape was as previously described [18]. To produce Hap-
deficient mutants, the 5’ -end of hap (accession number: U11024)
was amplified as 2 cassettes introducing the restriction enzyme
sites BamHI and Sall, or Sall and Xhol in addition to specific
uptake sequences [25]. The polymerase chain reaction (PCR)
products were cloned into pBluescript SK(=*), and a chloram-
phenicol resistance gene cassette was amplified introducing a Sall
restriction enzyme site. The product was ligated into the truncated
hap gene fragment. NTHi3655 and NTHi3655Ape were trans-
formed according to the M-IV method [26].

Protein Labeling and Direct Binding Assay Using lodine-125-
Labeled ECM Proteins

To analyze binding of NTHi to various ECM proteins, we labeled
laminin-1 (from Engelbreth—-Holm—Swarm mouse sarcoma;
murine laminin shows 82% identity with human laminin [27]),
human vitronectin, fibronectin, and fibrinogen (all from Sigma-
Aldrich) with iodine using the chloramine T method [28]. The
NTHi strains were grown overnight in BHI liquid broth and
washed with phosphate-buffered saline containing 1% bovine
serum albumin (PBS-1%BSA). We incubated bacteria (2 X 107)
with iodine-125 (**°I)-labeled ECM proteins or increasing con-
centrations of '*I-labeled laminin (0-800 kcpm) for 1 hour at
37°C. After incubation, bacteria were either washed with PBS-
1%BSA followed by measurement of '**I-labeled laminin bound
to the bacteria in a gamma counter or centrifuged (10000 X g)
through 20% sucrose. The sucrose tubes were frozen and cut, and
we measured radioactivity in pellets and supernatants in a gamma
counter. We calculated binding as amount of bound radioactivity
(pellet) vs total radioactivity (pellet plus supernatant). In the
competitive binding assay, we added laminin or fibrinogen at
increasing concentrations (5-100 pg/mL) to the reactions.

Transmission Electron Microscopy
We used negative staining and transmission electron microscopy
(TEM) to analyze binding of gold-labeled laminin to the surface
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Table 1. Epidemiological Data and Clinical Diagnoses Related to the Strains of NTHi in the Study

Strain number Age, y Gender Culture site Clinical diagnosis®
KR 248 4 Male Nasopharynx Upper airway infection
KR 251 1 Male Naspoharynx Lower airway infection
KR 255 8 Female Nasopharynx Upper airway infection
KR 258 29 Male Bronchoalveolar lavage Pneumonia

KR 266 83 Male Blood Meningitis and severe sepsis
KR 269 58 Male Blood Pneumonia with sepsis
KR 270 69 Male Blood Pneumonia with sepsis
KR 275 60 Female Blood Sepsis (unknown origin)
KR 289 2 Male Nasopharynx Lower airway infection
KR 314 1 Male Nasopharynx Otitis media

KR 315 3 Female Nasopharynx Upper airway infection
KR 316 23 Female Nasopharynx Lower airway infection
KR 317 0 Female Nasopharynx Otitis media

KR 318 8 Male Nasopharynx Upper airway infection
KR 319 4 Male Nasopharynx Upper airway infection
KR 320 1 Female Nasopharynx Lower airway infection
KR 327 5 Male Nasopharynx Upper airway infection
KR 343 77 Male Nasopharynx Pneumonia

KR 360 1 Female Nasopharynx Upper airway infection

@ Based on the clinical information provided by the referring physician in the cases of nasopharyngeal and bronchoalveolar lavage culture. In the cases of blood
cultures, the information is based on a retrospective control of the medical journal (Regional ethical committee for medical research, Lund, Sweden [2009/536]).

of NTHi3655 wild type and mutants and binding of gold-labeled
PE to laminin as described [29]. We labeled laminin and re-

22-160
E

combinant P with 5 nm colloidal thiocyanate gold [30].

Binding of NTHi to Immobilized Laminin

To analyze binding of NTHi to immobilized laminin, we coated
glass slides with 20 pig laminin or BSA, air-dried them at room
temperature (RT), washed them twice with PBS, and incubated
them with NTHi at late exponential phase (ODgyy = 0.9) for
2 hours at RT. Thereafter, we washed the slides twice with PBS,
and bound bacteria were Gram stained.

Enzyme-Linked Immunosorbent Assay

We coated microtiter plates (F96 Polysorb, Nunc-Immuno
Module) with peptide fragments of PE (40 uM) (Innovagen), full-
length PE (5-10 pg/mL), or BSA (10 pg/mL) in 0.1 M Tris-HCI
(pH 9.0) overnight at 4°C. We washed plates with PBS-0.05%
Tween and blocked them for 1 hour at RT with PBS-2%BSA.
After washings, we added laminin (5-30 pig/mL) and vitronectin
(5-30 pg/mL) in PBS-2%BSA and incubated plates for 1 hour at
room temperature. We detected binding with rabbit antilaminin
pAb or rabbit antivitronectin pAb and HRP-conjugated anti-
rabbit pAb. We washed the wells, developed them with 20 mM
tetramethylbensidine or 0.1 M 1,2-phenylenediamine dihydro-
chloride (OPD, DakoCytomation), and finally measured the ab-
sorbance at 450 or 492 nm, respectively. In the competition assay,
E* 1% with laminin (5 pg/mL) that had been
preincubated with increasing concentrations of PE*'~** (0-300
ug/mL), PE*~'% (0-250 pg/mL) or heparin (0-1000 pg/mL).

we incubated P

Surface Plasmon Resonance

The PE-laminin interaction was analyzed using surface plasmon
resonance (Biacore 2000). We activated 2 flow cells of a CM5
sensor chip, each with 20 pl of a mixture of 0.2 M 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide and 0.05 M N-hydroxy-
sulfosuccinimide at a flow rate of 10 pl/min, after which we
injected laminin (10 pl/mL in 10 mM sodium acetate buffer,
pH 4.0) over flow cell 2 to reach 4000 resonance units (RU). We
blocked unreacted groups with 20 pl of 1 M ethanolamine
(pH 8.5). We prepared a negative control by activating and
subsequently blocking the surface of flow cell 1. We studied
binding for various concentrations of purified PE*>~'* in the
range of 40-1250 nM in flow buffer (50 mM HEPES, pH 7.5
containing 150 mM NaCl, 3 mM EDTA, and 0.005% Tween-20).
We injected protein solutions for 8 minutes during the associa-
tion phase at a constant flow rate of 15 pl/min and then allowed
them to dissociate for 10 minutes. We injected the sample first
over the negative control surface and then over immobilized
laminin. We subtracted the signal from the control surface.
Bound PE**~'*° was removed during each regeneration step with
consecutive injections of 10 pl each of 4 M MgCl, and 2 mM
NaOH. We used BiaEvaluation 3.0 software (Biacore) for data
analysis.

Statistics

Results were assessed by the Student ¢ test for paired data. P < .05
was considered statistically significant (*, P = .05; **, P = .01;
>, P =.001).
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RESULTS

Clinical Nontypeable H. influenzae Isolates Bind Laminin

Several bacterial species have been shown to bind laminin and
thereby interact with the ECM [9, 12, 14]. To analyze whether
laminin binding is a common feature of NTHi, 19 clinical NTHi
isolates and NTHi3655 were tested for binding of '**I-laminin. Of
the NTHi strains, 16 significantly bound laminin, whereas 4 were
low binders with a variable binding as compared with binding
capacity of an Escherichia coli laboratory strain (Figure 1A).
Among all the clinical isolates tested, our virulent model strain
NTHi3655 [24] showed the highest laminin binding capacity
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Figure 1. Protein E (PE) plays a major role in nontypeable Haemophilus

influenzae 3655 (NTHi3655)-dependent binding of soluble laminin.
A, Binding of laminin to a series of nasopharyngeal nontypeable
H. influenzae (NTHi) isolates. Bacteria (2 X 107) were incubated with
iodine-125 ('?I)~labeled laminin. The bound fraction of laminin was
measured in a gamma counter. B, PE plays a major role in NTHi3655-
dependent binding of soluble laminin and vitronectin, whereas other
extracellular matrix (ECM) proteins are not bound by PE, as revealed with
a wild-type strain (wt) and a PE-deficient mutant. Bacteria (2 X 107) were
incubated with various '°I-labeled ECM proteins. Binding was determined
as percentage of bound radioactivity vs added radioactivity measured after
separation of free and bound '?°I-labeled proteins over a sucrose column.
The mean values of 3 experiments with duplicates are shown with error
bars indicating standard deviation (SD) (**, P < .01).

(38.8% = 7.1% of added '*’I-laminin). Thus, the capacity to bind
laminin is shared by most of the clinical NTHi isolates tested.

PE-Deficient NTHi Shows a Significantly Decreased Binding to
Laminin

Because PE is a recently discovered adhesin found in most
H. influenzae strains [18, 21], we investigated whether PE plays
a role in adhesion to the ECM protein laminin. The high-
capacity laminin-binding NTHi3655 wild type (Figure 1) was
chosen for analysis of binding of the different radiolabeled
ECM proteins: laminin, vitronectin, fibronectin, and fibrinogen
(Figure 1B). In addition, a specific NTHi3655 mutant without
PE [19] was included in the analysis. PE-expressing NTHi3655
bound significantly better both iodine-labeled laminin and
vitronectin [20] than did the NTHi3655Ape, suggesting that PE
was involved in the NTHi-laminin interaction. In contrast, both
NTHi3655 and NTHi3655Ape bound fibronectin and fibrinogen
to a similar extent, proving that PE is not the major bacterial
receptor in these interactions but mainly is involved in the in-
teraction with laminin and vitronectin.

PE and Hap Are the Major Laminin-Binding Proteins Expressed
by NTHi

Increasing concentrations of iodine-labeled laminin were added
to NTHi3655 and we found that bacteria bound laminin in
a saturable manner (Figure 2A). In contrast, a significantly de-
creased laminin binding was observed with NTHi3655Ape as
compared with the isogenic NTHi3655 wild-type strain. To test
the specificity of the laminin binding to NTHi, bacteria were
incubated with increasing concentrations of unlabeled laminin
(5-100 pg/mL) with 1251 labeled laminin. Laminin inhibited the
binding of '*I-laminin to NTHi3655 in a dose-dependent
manner (Figure 2B) with >70% inhibited binding at 50 pg/mL
of laminin. Because fibrinogen did not bind to PE (Figure 1B),
this ECM protein was included as a negative control (Figure 2B).
Thus, the binding between NTHi3655 and laminin was specific,
and the PE-deficient NTHi showed a significantly decreased
binding to laminin.

Because Hap is an NTHi adhesin that also binds laminin [15],
we investigated the role of Hap in relation to PE. To accomplish
this, Hap was mutated in NTHi3655 as well as in NTHi36554pe.
The wild-type NTHi3655 and specific mutants without PE or
Hap were analyzed in the direct binding assay using '*I-laminin.
We observed a significantly reduced laminin binding with all
mutants compared with the wild-type counterpart (Figure 2C).
Thus, both PE and Hap significantly contributed to the in-
teraction with soluble laminin. E. coli was a negative control
in these experiments and showed background binding. These
interactions were further confirmed by TEM using gold-labeled
laminin (Figure 2D).

To investigate the attachment of bacteria to immobilized
laminin, we applied the different NTHi3655 strains to glass
slides coated with laminin. PE- and Hap-expressing NTHi3655
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Figure 2. The protein E (PE}-deficient and Hap-deficient mutants show decreased binding to laminin. A, PE-expressing nontypeable Haemaphilus
influenzae 3655 (NTHi3655) binds laminin in a saturable manner. B, Laminin inhibits the binding of iodine-125 ("I}-labeled laminin to NTHi3655 wild type
(wt). C-D, The NTHi36554pe and NTHi36554 hap mutants in addition to the double-mutant NTHi36554 pe/hap show a decreased binding to soluble laminin.
In A-C, bacteria (2 X 107) were incubated with '|-labeled laminin (4, C), or '%I-labeled laminin with or without increasing amounts of unlabeled laminin
or fibrinogen (B). A, B, Binding was determined as percentage of bound radioactivity vs added radioactivity measured after separation of free and bound
1%5|-Jabeled laminin over a sucrose column. The laminin binding of nontypeable H. influenzae (NTHi) in the absence of competitor was defined as 100%. The
mean values of these experiments with duplicates are shown with error bars indicating standard deviation (SD). Statistical significance of differences was
estimated using the Student ttest. ***, P=<.001, *, P=.05. In D, gold-labeled laminin was used to examine the binding to NTHi. Gold-labeled laminin was
incubated with NTHi3655 wild type (wt) (panel 1) and corresponding mutants (panels [-IV). The bar in panel IV represents 100 nm.

strains were found to adhere to the laminin-coated glass slides
(Figure 3A), whereas the PE- or Hap-deficient mutants showed
a reduced adherence compared with the wild-type strain (Figure
3B-D). E. coli bound only weakly to laminin (Figure 3E), and
NTHi3655 wild type did not adhere to BSA that was included as
an additional negative control (Figure 3F). Taken together, both
Hap and PE were major laminin-binding NTHi proteins as
shown in a series of different experimental setups.

The Laminin Binding Region Is Located Within the N-terminal
Part of PE (Amino Acids 41-68)

To pinpoint the interaction of PE with laminin, we incubated
recombinant PE**~' with increasing concentrations of lam-
inin. PE** ' bound soluble laminin in a dose-dependent
manner (Figure 4A). When the interaction between PE and
laminin was studied using surface plasmon resonance with lam-
inin immobilized on a CM5 chip, we revealed a dose-dependent
binding with the affinity constant dissociation constant =
1.54 = 1.01 uM (Figure 4B).

The major laminin-binding region was located within the
N-terminal PE*' ~® and the binding was dose-dependent and
saturated (Figure 4C and D). In addition, PE®* 1% 3150 bound
laminin but with a lower binding capacity (Figure 4C). To
confirm these findings, we tested PE*' ~°® for its ability to inhibit

PE**™'®_binding to soluble laminin. PE*' % was able to inhibit
this interaction, and 150 pg/mL was required to reduce the
binding by 50% (ICs) (Figure 4E). PE**7'% at low concen-
trations decreased the binding slightly but at higher concen-
trations no inhibition of the laminin-binding to PE**~'** was
detected (Figure 4F).

To confirm that laminin and vitronectin bound simulta-
neously to different parts on the PE molecule, we analyzed

E*2 %% was incubated with

concurrent binding. Immobilized P
a mixture of laminin and vitronectin at different concen-
trations followed by separate detection of bound proteins with
either antilaminin or antivitronectin pAbs in enzymed-linked
immunosorbent assay (ELISA). Laminin did not interfere with
the binding of vitronectin to PE**7'%’, as increasing concen-
trations of laminin did not affect the vitronectin binding
(Figure 5A). Similarly, vitronectin did not affect the laminin—
PE interaction as increasing concentrations of vitronectin did
not quench laminin (Figure 5B). In conclusion, PE is a multi-
functional adhesin containing 2 separate binding sites; the
N-terminal region PE*' ~®® harbored the laminin-binding part
of the molecule, whereas the vitronectin-binding region [20] in
addition to the adhesive domain [18] were located within
PE 1% (Figure 5C).
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F NTHi3655/ BSA control

Figure 3. The nontypeable Haemophilus influenzae (NTHi) strain
36554pe and NTHi36554hap in addition to the double mutant
(NTHi36554pe/hap) show a decreased binding to immobilized laminin.
A, The NTHi3655 wild type was able to adhere at a high density on laminin-
coated glass slides, whereas NTHi36554pe (B), NTHi36554hap (C), and
NTHi36554pe/hap (D) mutants adhered significantly less densely.
E, Escherichia coli adhered poorly to immobilized laminin. £ NTHi3655 did
not bind to bovine serum albumin (BSA) that was included as a negative
control. Glass slides were coated with laminin (20 pg) or BSA (20 ug)
followed by incubation with bacteria. After several washes, NTHi were Gram
stained. Results are shown from a typical experiment out of 3 performed.

PEZ~"% Interacts With the C-terminal Globular Domains of Laminin

Laminin is a glycoprotein that is composed of an a-, -, and
v-polypeptide chain joined together through a coiled coil with
1 long and 3 short arms (Figure 6A) [31]. Both human and
murine laminin-1 contains the a1, 1, and y1 chains, and the
gene encoding for the human and mouse a1 and B1 chains shows
an identity of 76 and 93%, respectively [33, 34]. The C-terminal
end of the long arm of laminin is composed of 5 globular do-
mains named laminin globular (LG) domains G1-G5 [32, 35].
TEM revealed that gold-labeled recombinant PE bound to the
C-terminal globular domain of laminin (Figure 6B). Because
the LG domains G4 and G5 contain an active heparin-binding
site [35], we performed inhibition experiments with heparin.
Increasing concentrations of heparin inhibited the binding of

laminin to PE?2 !0

in a dose-dependent manner (Figure 6C).
Thus, the binding site of PE**~'%° on the laminin molecule was

located within LG domains G4 or G5.

DISCUSSION

An initial step in the pathogenesis of H. influenzae is adherence
to the mucosa followed by attachment to epithelial cells and the
ECM in the respiratory tract. NTHi expresses a number of ad-
hesins that are involved in the success of NTHi colonization in
patients with, for example, COPD [36]. Here we demonstrate
a specific binding of the ECM protein laminin to NTHi. In-
terestingly, the adhesin PE appeared to have a dominant role in
Haemophilus-dependent laminin binding to the well-known
laminin-binding protein Hap [15].

H. influenzae PE is a 16 kDa lipoprotein with adhesive
properties [19]. NTHi without PE showed a significantly de-
creased laminin-binding compared with that of the isogenic
wild-type strain. In addition, Hap from H. influenzae also binds
laminin [15]. Hap is an adhesin that mediates adherence to
epithelial cells, ECM, bacterial aggregates, and microcolony
formation [37]. When PE or Hap was deleted in our model
strain NTHi3655, we observed a significantly decreased binding
to both soluble and immobilized laminin, suggesting that these 2
proteins are the major laminin-binding proteins. However, the
double mutant that lacked PE and Hap weakly bound to both
soluble and immobilized laminin, suggesting additional lam-
inin-binding proteins expressed by NTHi. The expression of
multiple laminin-binding proteins has also been shown for
several other pathogens, eg, L. interrogans, Streptococcus pyo-
genes, Borrelia burgdorferi, and M. catarrhalis [14, 38—44].

NTHi is among the most common pathogens found in ex-
acerbations as well as in stable disease in patients suffering
from COPD [22]. Among the major causal factors of COPD is
smoking, and in smokers there are pathological changes such
as loss of epithelial integrity, which results in exposure of
the basement membrane where the laminin layer is thickened
[23, 45]. The human lung contains several different forms of
laminin, including the cruciform laminin-10 and laminin-11 [33].
Laminin-1 used in this study and laminin-10 both contain f1
and y1 chains, suggesting an importance of the NTHi/laminin
interaction during infections in the lung. Little is known about
the distribution and alteration of laminin during pathological
conditions such as COPD. In addition, whether bacterial in-
fections can alter the laminin expression or composition remains
to be studied. However, these patients also have an increased
synthesis and deposition of ECM proteins, including laminin
[46]. Smoking thus indirectly may promote a more efficient
laminin-dependent NTHi colonization. Other pathogens that
cause respiratory infections, such as M. catarrhalis, also possess
laminin-binding proteins [14], suggesting adhesive mechanisms
that are shared by several respiratory pathogens.

The major laminin-binding domain was found within P
and inhibition experiments with peptides confirmed that

41-68
E >

PE*'~%® was responsible for the interaction. In a recent paper,
we showed that PE** ™' binds to epithelial cells in addition to
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Figure 4. The laminin binding region is located within protein E (PE)*' . A, Immobilized PE? "% (5 pig/mL) binds laminin in a dose-dependent
manner. The background binding was subtracted from all samples. B, PE %~ "% bound laminin as shown by surface plasmon resonance. C, The active
laminin-binding region is located within PE*' =58, D and £, The binding of PE*' ~® to laminin is dose-dependent and specific. £ PE®*~"% does not inhibit
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(HRP)}—conjugated goat antirabbit pAb. The mean values of 3 independent experiments are shown with error bars indicating standard deviation (SD).
Statistical significance of differences was estimated using Student's ¢ test. ***, P < .001, *, P =< .05. B, Binding of PE to laminin was studied using
surface plasmon resonance (Biacore 2000). Laminin was immobilized on a CM5 chip, and increasing concentrations of PE (40-1250 nM) were injected and
sensorgrams recorded (inset). The sensorgram obtained for 1250 nM of Moraxella IgD binding protein (MID), a negative control, is shown as dotted line.
Responses at equilibrium were plotted vs concentration of injected PE and the dissociation constant (Kp) = 1.54 = 1.01 uM was calculated using
a steady-state affinity equation in Biaevaluation 3.0.
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influence vitronectin binding to PE. B Increased concentrations of
vitronectin did not influence laminin binding to PE. A, B, PE?2~ %0 was
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linked immunosorbent assay (ELISA). C, lllustration showing the
multifunctional PE. The laminin-binding region is located within PE*' 58,
and the vitronectin and epithelial cell-binding regions are within PE®~ 1%
[18, 20].

human vitronectin [18, 20]. Competition assays with laminin
and vitronectin confirmed that both proteins are able to bind PE
simultaneously, showing different binding sites on the PE mol-
ecule. These results reveal that various regions of PE have dif-
ferent, specific functions. Despite the small size (16 kDa), PE
binds epithelial cells, vitronectin and laminin, suggesting that it
is multifunctional (Figure 6D). Similar binding profiles have
been shown for other bacterial proteins, eg, the M. catarrhalis
UspA1/2 family that bind laminin, vitronectin, fibronectin, and
C3 [14, 47-49]. Laminin is a glycoprotein that consists of an
-, B-, and y-polypeptide chain joined together through a coiled
coil with 1 long and 3 short arms [31]. There are 15 different
forms of laminins, designated laminin-1 to laminin-15, be-
longing to 1 of 3 general types of laminin heterotrimer
structures [33]. Most laminins, including laminin-1, belong to
the cruciform structure (Figure 6A). Interestingly, full-length
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Figure 6. Protein E?2 "% binds the C-terminal globular domains G4
and G5 of laminin. A, Schematic cartoon of laminin showing the
composition of an - (gray), - (white), and y-polypeptide chain (black)
joined together through a coiled-coil with 1 long and 3 short arms [31].
The illustration is modified from McKee et al and Durbeej et al [31, 32].
The C-terminal end of the long arm is composed of 5 a-chain laminin
globular (LG) domains G1-G5 and LG domains G4 and G5 contain
a heparin-binding site. B, Protein E (PE) binds the C-terminal globular
head of laminin. Gold-labeled PE?>~"®" was mixed with laminin and
examined by electron microscopy. C, Increasing amounts of heparin
inhibited the binding of laminin to PE?2~ "% In ¢, immabilized PE?* '
was incubated with laminin and increasing concentrations of heparin,
and bound laminin was detected with a rabbit antilaminin pAb followed
by horseradish peroxidase (HRP)-conjugated antirabbit pAb. The mean
values of 3 independent experiments are shown with error bars indicating
standard deviation (SD). Statistical significance of differences was
estimated using the Student t test. ***, P < .001. D, Schematic picture
of simultaneous binding of PE to laminin and vitronectin. PE-dependent
binding of laminin may contribute to nontypeable Haemophilus influenzae
(NTHi) adhesion and colonization of the host. The PE-dependent binding
of the complement regulator vitronectin to the surface of NTHi protects
against complement-mediated attacks and significantly contributes to
the survival of NTHi in human serum.
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PE bound the C-terminal globular domains of laminin as
revealed by TEM. These domains also bind heparin [32, 35],
and heparin inhibits the interaction between PE and laminin,
confirming the involvement of the C-terminal globular do-
mains G4 and G5. The ability to bind laminin, which is
amajor constituent of the ECM and basal membrane, suggests
that bacteria may use this interaction for adherence to the
lung parenchyma followed by an efficient colonization of the
host. In fact, M. tuberculosis probably uses laminin as a target
protein to facilitate adhesion to host epithelial cells [12].
Several pathogen-derived surface proteins that bind laminin are
recently identified, eg, Scll from S. pyogenes, LipL53, Lsa21 and
Lsa63 from L. interrogans, and CRASP-1 from B. burgdorferi
[38, 40—42, 44].

In conclusion, we have shown that the adhesin and vitronectin-
binding PE of NTHi has the basement-membrane glycoprotein
laminin as a major target. The specific interaction with laminin
may contribute to adhesion, bacterial colonization and spread.
Laminin-binding proteins most likely play a larger role than
previously anticipated both in the upper respiratory tract in
children and in the airways of COPD patients. However, more
investigations are required to fully delineate the importance of
pathogen-dependent interactions with laminin.
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The aim of the present study was to analyze the importance of nontypeable Haemophilus influenzae (NTHi)
isolated from patients with sepsis (invasive isolates) compared to nasopharyngeal isolates from patients with
upper respiratory tract infection for resistance to complement-mediated attack in human serum and to
correlate this result with disease severity. We studied and characterized cases of invasive NTHi disease in
detail. All patients with invasive NTHi isolates were adults, and 35% had a clinical presentation of severe sepsis
according to the ACCP/SCCM classification of sepsis grading. Moreover, 41% of the patients had evidence of
immune deficiency. The different isolates were analyzed for survival in human serum and for binding of
125].1abeled, purified h compl t inhibitors C4b-binding protein (C4BP), factor H, and vitronectin, in
addition to binding of regulators directly from serum. No significant differences were found when blood-derived
and nasopharyngeal isolates were compared, suggesting that interactions with the complement system are
equally important for NTHi strains, irrespective of isolation site. Interestingly, a correlation between serum
resistance and invasive disease severity was found. The ability to resist the attack of the complement system

seems to be important for NTHi strains infecting the respiratory tract as well as the bloodstream.

Haemophilus influenzae is an important human-specific
pathogen that can be classified according to the presence of a
polysaccharide capsule (20). The encapsulated strains cause
invasive diseases, whereas the unencapsulated and hence non-
typeable H. influenzae (NTHi) strains are mainly found in local
upper and lower respiratory tract infections (2, 35). However,
NTHi is, after Streptococcus pneumoniae, the most common
microbe found in children with acute otitis media and is the
main cause of exacerbations in patients suffering from chronic
obstructive pulmonary disease and bronchiectasis (3, 4, 13, 28,
32, 34). NTHi can also cause sinusitis, conjunctivitis, and pneu-
monia in children (25). Thus, NTHi is a heterogenous species,
capable of great variation in virulence, and is found in the
airway either as a commensal or as a pathogen with the capac-
ity to invade the airway epithelium.

Invasive disease caused by H. influenzae type b (Hib) mainly
affects infants and children, causing potentially life-threatening
conditions, such as meningitis, epiglottitis, and severe sepsis.
After introduction of the conjugate vaccine against Hib in the
early 1990s, the incidence of invasive disease caused by Hib has
decreased substantially in the Western hemisphere (5). In con-
trast, it has been suggested that the incidence of NTHi septi-
cemia is increasing (36). Most clinical studies of invasive Hae-
mophilus infections have been about Hib, and less is known
about the clinical characteristics of invasive disease caused by
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NTHi. In relation to its extensive presence in nasopharyngeal
and sputum cultures, NTHi is infrequently found in the blood-
stream and it seems likely that host factors are equally impor-
tant as specific bacterial virulence in patients with NTHi sepsis.

The complement system is the first line of defense against
pathogenic microorganisms (7). Activation of the complement
system leads to a cascade of protein activation and deposition
on the surface of the pathogen, resulting in formation of the
membrane attack complex (MAC) and opsonization of the
pathogen, followed by phagocytosis (38). The classical pathway
of the complement system is activated by target-bound anti-
bodies and C-reactive protein (37), whereas the alternative
pathway is spontaneously activated through direct contact with
foreign particles or cells (38). Both pathways lead to the for-
mation of the C3 convertases, with subsequent cleavage of C3
to C3a and C3b. Thereafter, the C5 convertases are formed
and the terminal pathway is activated, which results in the
formation of the MAC and lysis of the cell. To prevent non-
specific damage from excess complement activation, the com-
plement cascade is tightly regulated. Important regulators of
the complement system are C4b-binding protein (C4BP) (gov-
erning the classical/lectin pathway) (6), factor H and factor
H-like protein 1 (alternative pathway) (41), and vitronectin
and complement factor H-related protein 1 (terminal pathway)
(18, 33).

The complement system is classified as a part of serum, but
there are several studies demonstrating the presence of com-
plement in various sites of the body. Reports of the presence of
complement components in the respiratory tracts of healthy
individuals are scarce. There are several studies, however, in-
dicating the importance of complement in the respiratory tract
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during infections. The permeability of the mucosa increases
during inflammation, and plasma, including complement pro-
teins and immunoglobulins, enters the airway lumen (11, 12,
29). This process, designated plasma exudation, has been sug-
gested to be the first line of the mucosal defense.

The pathogenesis of many microorganisms relies on their
capacity to avoid, resist, or neutralize the host defense, includ-
ing the complement system. Therefore, many pathogens have
evolved different mechanisms to avoid complement-mediated
killing. A frequent strategy used by some pathogens is binding
of complement inhibitors such as C4BP, factor H, and vitro-
nectin, which all protect from complement-mediated attacks
(7, 22, 31). These inhibitors are captured on the bacterial
surface in such a way that they are still functionally active. In
previous studies, we have shown that NTHi binds C4BP and
factor H and that these interactions significantly contribute to
bacterial serum resistance (15, 17). In addition, Haemophilus
surface fibrils that can be found solely in Hib, and protein E,
which exists in both encapsulated and nontypeable strains (30),
interact with vitronectin and thereby prevent complement-in-
duced lysis, resulting in increased bacterial survival in normal
human serum (NHS) (14, 16).

In the present study, the characteristics of invasive NTHi
infections, including evidence of immune deficiency in the in-
dividual patient and the clinical presentation of the septic
event, were studied. We correlated these findings with the
capacity to bind specific complement regulators and the in vitro
serum resistance of the individual isolates. The invasive NTHi
isolates obtained from patients with sepsis were compared to
nasopharyngeal strains from patients with upper respiratory
tract infection. There was no clear difference in serum resis-
tance or binding to complement inhibitors between the two
groups of NTHi. Our findings also demonstrate that binding of
complement regulators and resistance to human serum are
important for NTHi isolates from the upper respiratory tract as
well as those from blood samples. Furthermore, a significant
correlation between disease severity and in vitro serum resis-
tance was identified in cases of NTHi invasive disease.

MATERIALS AND METHODS

Patient data. Complete medical records, including clinical presentation, pa-
tient history, and laboratory results, from 17 out of 21 identified patients with
invasive NTHi disease (bacteremia or meningitis) were studied and registered.
The severity of the sepsis was graded according to the ACCP/SCCM classifica-
tion of sepsis grading (8). Randomly selected nasopharyngeal cultures positive
for NTHi (n = 21) were used as controls. All of these cultures had a referral
history of airway infection.

Bacterial strains and culture conditions. Blood-derived NTHi isolates (n =
21) were obtained from patients with invasive NTHi disease (bacteremia or
meningitis) in the county of Southwest Skane, Sweden, from 2001 to 2007. In
addition, NTHi strains isolated from the nasopharynxes (n = 21) of patients
(Southwest Skane in 2007) suffering from upper respiratory tract infection were
included for comparison. Bacteria were routinely cultured in brain heart infusion
(BHI) liquid broth supplemented with NAD and hemin (both at 10 p.g/ml) or on
chocolate agar plates at 37°C in a humid atmosphere containing 5% CO,. All
strains were characterized by standard bacteriological techniques, including ox-
idase, fermentation, satellite, and XV tests. Thereafter, the H. influenzae strains
were typed by PCR. To exclude that H. haemolyticus was among the isolates,
PCR and 168 rRNA sequencing was done (24).

Proteins and antibodies. C4BP and factor H from human plasma were pur-
chased from Complement technology (Tyler, TX), and vitronectin from human
plasma was from Sigma (Sigma-Aldrich, St. Louis, MO). The polyclonal rabbit
anti-C4BP and goat anti-human factor H antisera were purchased from Com-
plement technology or Calbiochem (La Jolla, CA). The horseradish peroxidase
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(HRP)-conjugated donkey anti-goat polyclonal antibody (pAb) was obtained
from Serotech (Oxford, United Kingdom). The goat anti-human vitronectin and
fluorescein isothiocyanate (FITC)-conjugated donkey anti-goat pAbs were from
Serotec (Oxford, United Kingdom). An antiserum obtained from a rabbit im-
munized with the clinical isolate NTHi 772 for 3 times at 2-week intervals was
also included, as a control (1).

Serum bactericidal assay. Pooled NHS was obtained from healthy blood
donors (n = 5) with informed consent. The NTHi strains were diluted in
DGVB" " (2.5 mM Veronal buffer, pH 7.3, containing 70 mM NaCl, 140 mM
glucose, 0.1% [wt/vol] gelatin, 1 mM MgCl,, and 0.15 mM CaCl,). Bacteria (10*
CFU) were incubated in NHS or heat-inactivated NHS (hiNHS) in a final
volume of 100 ul at 37°C. After 20 min, 10-p.l aliquots were removed and spread
onto chocolate agar plates. After 18 h of incubation at 37°C, numbers of CFU
were determined.

Flow cytometry. To analyze whether the NHS contained IgG directed against
NTHi and if there were any differences in IgG deposition on NTHi isolates from
blood and nasopharynx samples, NHS was tested for reactivity by flow cytometry
using a FITC-conjugated mouse anti-human IgG pAb (Dakopatts). A rabbit
anti-NTHi pAb was included as a positive control, and in these experiments, a
FITC-conjugated goat anti-rabbit pAb (Dakopatts) was used as a secondary
layer. Briefly, bacteria (107) were incubated with 50% hiNHS for 1 h on ice.
Thereafter, bacteria were washed, followed by addition of the FITC-conjugated
detection antibodies, additional washes, and finally flow cytometry analysis. All
incubations were done in phosphate-buffered saline (PBS) containing 2% bovine
serum albumin (BSA), and washings were done with the same buffer. Secondary
antibodies were added separately as negative controls for each strain analyzed.

Protein labeling and direct binding assay. Purified C4BP, factor H, and
vitronectin were labeled with 0.05 mol iodine (GE Healthcare, Buckinghamshire,
United Kingdom) per mol protein, using the chloramine T method (10). The
different H. influenzae strains were grown in BHI liquid broth overnight and
washed in PBS containing 1% BSA (Saveen Werner, Malmo, Sweden) (PBS-
BSA). Bacteria (2 X 107) were incubated with '2*I-labeled complement regula-
tors at 37°C for 1 h. After incubation, bacteria were centrifuged (10,000 X g)
through a 20% sucrose column. The tubes were frozen and cut, and levels of
radioactivity in the pellet and supernatant were measured using a gamma
counter. Binding was calculated as amount of bound radioactivity (pellet) versus
total radioactivity (pellet plus supernatant).

Serum binding assay. To analyze whether NTHi from different isolation sites
bound C4BP or factor H directly from NHS, bacteria were grown overnight in
BHI broth. NTHi bacteria (10?) were incubated with hiNHS and buffer (100 mM
NaCl, 50 mM Tris-HCI, pH 7.4) for 1 h at 37°C. To remove unbound proteins,
bacteria were washed 5 times with the same buffer. Thereafter, the bacterial
pellet was resuspended in 150 pl of 0.1 M glycine-HCI, pH 2.0, in order to elute
bound proteins (15, 17, 21). Bacteria without NHS were used as a negative
control. After 15 min of incubation at 37°C with shaking, bacteria were centri-
fuged and the supernatants were subjected to SDS-PAGE (10%).

To analyze whether NTHi bound vitronectin from NHS, bacteria were grown
overnight and incubated with hiNHS and PBS. To remove unbound proteins,
NTHi bacteria were washed 5 times with the same buffer. Thereafter, the bac-
terial pellet was resuspended in 50 pl of 0.1% Triton X-100 (Darmstadt, Ger-
many) and protease inhibitors (Complete; Roche, Mannheim, Germany). After
30 min of incubation at 4°C, bacteria were centrifuged and the supernatants were
subjected to SDS-PAGE (10%). Electrophoretic transfer of protein bands from
the gel to an Immobilon-P membrane (Millipore, Bedford, MA) was done at 35
V for 2 h. After transfer, the Immobilon-P membrane was blocked in PBS with
0.1% Tween 20 (PBS-Tween) containing 5% milk powder. After several wash-
ings, the membrane was incubated with rabbit anti-human C4BP, goat anti-
human factor H, or goat anti-human vitronectin pAb, followed by incubation
with HRP-conjugated swine anti-rabbit or donkey-anti-goat pAb. After incuba-
tion and additional washings in PBS-Tween, development was performed with
enhanced chemiluminescence (ECL) Western blotting detection reagents
(Pierce, Rockford, IL). No cross-reactivity of the anti-C4BP, anti-factor H, or
anti-vitronectin pAbs was seen with bacteria incubated in the absence of NHS.

Statistical analysis. To test for differences in survival in serum and levels of
complement inhibitor binding between the groups, a two-sided Mann-Whitney U
test was used. This was done in consideration of small sample sizes and non-
parametric data.

RESULTS

Clinical characteristics of invasive NTHi disease. Twenty-
one cases of invasive NTHi were identified during the period
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TABLE 1. Clinical and epidemiological data from 17 cases of invasive NTHi infection and survival of isolates in serum in vitro

% Survival of

Patient Age (yr) Gender Immune status at time of sepsis Sepsis grading” NTHi strain in
serum in vitro®
1 52 Male Agammaglobulinemia Sepsis 5*3
2 69 Male No sign of immune deficiency Sepsis 2+3
3 60 Female Metastatic breast cancer Sepsis 18+ 14
4 75 Male Hypogammaglobulinemia Sepsis 66 = 31
5 75 Male No sign of immune deficiency Sepsis 8§+7
6 37 Female Chemotherapy Sepsis 23+7
7 58 Male Leukemia, neutropenia Sepsis 63 =15
8 74 Female No sign of immune deficiency Sepsis 62+0
9 36 Male No sign of immune deficiency Sepsis/meningitis 17+ 8
10 73 Male NA“ Sepsis/meningitis 44 + 10
11 60 Male No sign of immune deficiency Sepsis/meningitis 79 =24
12 42 Female No sign of immune deficiency Severe sepsis 89 +2
13 39 Male No sign of immune deficiency Severe sepsis 81125
14 64 Female No sign of immune deficiency Severe sepsis 52+4
15 89 Female Chronic leukemia Severe sepsis 86 = 19
16 83 Male No sign of immune deficiency Severe sepsis 64 =40
17 74 Female No sign of immune deficiency Severe sepsis 58+ 12

“ Graded according to the ACCP/SCCM classification of sepsis grading.

" Values shown represent levels observed after 20 min of incubation with 5% NHS and are means = SD of results from three experiments.

“NA, not available.

from 2001 to 2007, and complete medical records were obtained
from 17 patients, as shown in Table 1. In contrast to invasive Hib
disease, which in unvaccinated populations is mainly associated
with younger patients, all patients with invasive NTHi disease
were adults. The cases were divided into separate groups by se-
verity of clinical disease according to the ACCP/SCCM classifi-
cation (Table 1). Eight of the patients (47%) (patients 1 to 8) had
a clinical presentation of sepsis, while nine (53%) (patients 9 to
17) had a presentation of sepsis with meningitis or severe sepsis.
Interestingly, seven of the patients (41%) had evidence of im-
mune deficiency. Out of these 7 patients, 6 presented secondary
immune deficiencies such as leukemia and treatment-induced
neutropenia. However, severe clinical presentations were not
linked to immune deficiency. One patient died from the septic
episode (28-day mortality; 6%), while 5 patients died within a year
(1-year mortality; 29%). All but one of the patients that died
within a year from their septic episode presented a mild clinical
picture, suggesting the importance of underlying disease.

Serum resistance correlates with sepsis severity. Eight
strains isolated from blood samples were studied with regard to
survival at increasing concentrations of pooled NHS from 5
donors to determine the appropriate serum concentration for
further serum resistance experiments (Fig. 1 and data not
shown). When a titration of the serum concentration was per-
formed, all strains except the isolate from patient 13 (Fig. 1C)
were killed by 15% NHS after 20 min of incubation. All strains
survived in 5% NHS, and therefore, this concentration was
used for further studies.

When the cases of invasive disease were sorted according to
disease severity, we considered the cases of sepsis with men-
ingitis clinically severe and pooled these with the cases of
severe sepsis according to the ACCP/SCCM grading. All NTHi
strains were tested for serum resistance in 5% NHS for 20 min.
Interestingly, NTHi isolates from patients with severe sepsis
and meningitis (n = 9) had a significantly (P = 0.04) higher
degree of serum resistance (mean, 63%) than NTHi isolates
from patients with sepsis (n = 8) (mean, 31%) (Table 1). When

we excluded the cases of sepsis with meningitis from the anal-
ysis, the level of serum resistance among the patients with
severe sepsis (n = 6) (mean, 72%) was still significantly higher
than that among the patients with sepsis (P = 0.04).

No difference in serum resistance was found between inva-
sive and nasopharyngeal NTHi isolates. To test whether there
was a difference regarding serum resistance between NTHi
isolates from separate patients suffering from sepsis (blood-
derived isolates) (Table 1) and upper respiratory tract infec-
tion (nasopharyngeal isolates) (Table 2), bacteria from the two
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FIG. 1. Bactericidal activity against a series of randomly selected
blood-derived isolates. NTHi bacteria were incubated in the presence
of increasing concentrations of NHS (5 to 20%). Four typical strains
are shown in panels A to D. After incubation for 20 min, bacteria were
spread on chocolate agar plates to allow determination of the number
of surviving bacteria. The number of bacteria (CFU) at the initiation of
the experiment was defined as 100%. The mean values from three
independent experiments are shown, with error bars indicating stan-
dard deviations (SD).
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TABLE 2. Demographics of 21 cases of upper respiratory tract
infection and serum resistance of NTHi nasopharyngeal
isolates in vitro

% Survival of

Patient Age (yr) Gender NTHi strain in
serum in vitro®
1 1 Male 51+31
2 4 Female 82 £32
3 3 Female 4=x5
4 35 Male 69 £8
5 5 Male 45+£5
6 36 Male 60 = 41
7 4 Male 2212
8 5 Female 58 £51
9 8 Male 284
10 3 Female 70 £ 15
11 23 Female 60 £7
12 0 Female 54 £40
13 17 Male 5222
14 35 Male 4225
15 4 Male 151
16 2 Male 67 £ 15
17 17 Male 27 £13
18 2 Female 5%3
19 3 Female 94 £ 12
20 2 Male 4=x4
21 1 Male 24 £ 19

“ Values shown represent levels observed after 20 min of incubation with 5%
NHS and are means = SD of results from three experiments.

sites of isolation were compared in a serum bactericidal assay.
The nasopharyngeal strains were isolated from immunocom-
petent patients with suspected bacterial upper respiratory tract
infection. Primary viral infection could not, however, be ex-
cluded. The age distribution of the patients from whom the
nasopharyngeal control isolates were obtained slightly differed
from that of the patients with invasive NTHi infection, reflect-
ing the local clinical tradition of taking nasopharyngeal swabs
primarily from children. After incubation in NHS (5%), the
survival rates of the different NTHi isolates were determined
(Fig. 2A and B). Survival rates varied between 2 and 89% for
the blood-derived isolates and 4 and 94% for the nasopharyn-
geal isolates. No significant difference in survival rate was
found between the two different sites of isolation, however. All
strains included in the study were resistant to hiNHS (Fig. 2C).

To confirm that the NHS used in this study contained anti-
bodies directed against NTHi isolates from both blood samples
and nasopharynxes and whether there was a difference in bind-
ing of IgG between strains from blood samples and those from
nasopharynxes, we analyzed IgG deposition on randomly se-
lected blood-derived (n = 3) and nasopharyngeal (n = 3)
isolates. Two typical strains are shown in Fig. 2D. Human IgG
was deposited on the blood-derived isolates and the nasopha-
ryngeal isolates to similar extents, suggesting that there were
no significant difference in antibody binding to strains from the
two anatomical sites of isolation. The anti-NTHi 772 rabbit
antiserum was included as a positive control and bound all
strains tested. Thus, invasive NTHi strains are not more serum
resistant than strains isolated from the upper respiratory tract.

NTHi isolates from blood samples or nasopharynxes bind
compl t regulators. Several bacterial species have been

shown to bind complement regulators and thereby counteract

J. CLIN. MICROBIOL.

the different pathways of the complement system (7, 22, 31).
To determine whether there was a difference in binding of
various complement inhibitors between NTHi isolates from
patients with invasive disease (blood-derived isolates) and
those from patients with upper respiratory tract infection (na-
sopharyngeal isolates), a collection of NTHi strains was incu-
bated with '*’I-labeled C4BP, factor H, or vitronectin, fol-
lowed by separation of unbound ligand. Binding was calculated
as the ratio of bound radioactivity versus total radioactivity
added. Interestingly, there was no significant difference in
binding between blood-derived and nasopharyngeal isolates
(Fig. 3). Binding of the complement regulators varied between
different strains, independently of isolation sites. The blood-
derived and nasopharyngeal strains with the highest levels of
C4BP binding bound 19.0% and 21.3%), respectively (Fig. 3A).
When factor H was added, the blood-derived and nasopharyn-
geal strains with the highest levels of factor H binding bound
16% and 30.4% factor H, respectively (Fig. 3B). Finally, the
blood-derived strain with the highest level of vitronectin bind-
ing bound 28.0% vitronectin, and the nasopharyngeal strain
with the highest level of binding bound 24.1% vitronectin.

In order to analyze whether the strains isolated from blood
samples or nasopharynxes also bound the three different com-
plement inhibitors directly from NHS, bacteria were incubated
with hiNHS for 1 h at 37°C. Thereafter, bound proteins were
eluted, separated by SDS-PAGE, and analyzed by Western
blot using specific antibodies directed against human C4BP,
factor H, or vitronectin. In these experiments, binding of the
three different regulators corresponded with the results from
the direct binding assay. Moreover, no significant difference in
binding of complement inhibitors could be detected when
blood-derived and nasopharyngeal NTHi isolates were com-
pared (data not shown). Taken together, there was no signif-
icant difference in binding of the three different complement
regulators between blood-derived isolates and nasopharyngeal
strains from patients with upper respiratory tract infection,
suggesting the importance of the complement regulator bind-
ing capacity of NTHi in the upper respiratory tract as well.

DISCUSSION

The results in this study imply that invasive disease caused by
NTHi is heterogenous in character. Although it has been re-
ported that NTHi sepsis can have a severe clinical presentation
mimicking that of encapsulated strains (40), the proportion of
cases in the present study with a severe clinical picture was
surprisingly high. The patients affected were all adults, and
most cases could be sorted into one of two typical presenta-
tions, comprising patients with evidence of immune deficiency
and mild clinical presentation and adults with no prior evi-
dence of immune deficiency and severe clinical presentation.
In the first category, host factors seem decisive for infection,
but in the second category, the virulence of specific bacterial
strains could be important, as supported by the higher degree
of serum resistance in vitro in this group. Thus, invasive NTHi
disease differs from invasive disease caused by Hib in epide-
miology as well as general clinical presentation. NTHi can,
however, still readily cause severe sepsis in previously healthy
individuals. When the individual cases of sepsis were graded by
severity according to the ACCP/SCCM grading system, a cor-
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FIG. 2. NTHi isolates from blood samples (invasive disease) or nasopharynxes of patients with upper respiratory tract infection show variation
in serum resistance independent of the presence of IgG in NHS. (A and B) No significant difference in survival rate in NHS was observed between
NTHi isolates from blood samples and those from nasopharynxes. (C) All strains were resistant to hiNHS. NTHi isolates from blood samples (n =
21) (A) and nasopharynx (n = 21) (B) were analyzed for survival in human serum. The strains were incubated in the presence of 5% NHS or 5%
hiNHS for 20 min. Thereafter, bacteria were spread on chocolate agar plates to allow determination of the number of surviving bacteria. The
numbers of bacteria (CFU) at the initiation of the experiment was defined as 100%. (D) The NHS contained IgG directed against NTHi strains
independently of whether they were isolated from blood samples or nasopharynxes. Flow cytometry profiles show the deposition of IgG and the
binding of a rabbit anti-NTHi antiserum to the surfaces of the NTHi strains from patients 11 (blood) and 4 (nasopharynx). Bacteria were incubated
with mouse anti-human IgG or rabbit anti-NTHi antiserum, followed by FITC-conjugated anti-mouse pAb or anti-rabbit pAb. Results for one
representative experiment out of three independent ones performed are shown.

relation between severe clinical sepsis and bacterial in vitro
serum resistance was found. This indicates that serum resis-
tance is of great importance for the severity of the invasive
disease. This finding is consistent with the theory that resis-
tance to human serum facilitates spread of bacteria in the body
but has not been demonstrated for NTHi sepsis prior to this
study.

An analysis of the clinical data from the sepsis patients
showed that many of the cases of NTHi sepsis occurred in
immunocompromised hosts. The finding that the severity of
the sepsis cases was significantly related to the survival rate of
the NTHi strains in serum in vitro implies that while NTHi
seems to act as an opportunistic agent in many cases of invasive
disease, once it has caused invasive disease, higher comple-
ment resistance and survival rates in serum are related to a
more clinically severe sepsis. Our data suggest that NTHi sep-
tic disease is heterogeneous, possibly reflecting the NTHi clus-
ter in general. The number of cases of invasive disease in this

study was limited, however, and this has to be taken into
account in the interpretation of the results.

Studies using pulsed-field gel electrophoresis have shown
that the dynamics of NTHi carriage in the airways is rapid and
that one individual patient can carry more than a dozen dif-
ferent subtypes of NTHi at the same time (39). This raises the
issue of selection bias in nasopharyngeal cultures. However,
antibodies raised against one NTHi strain give considerable
cross-protection against other strains (23). This could partly
explain why the incidence of bloodstream infections caused by
NTHi is low. In parallel, a decreased humoral immune com-
petence caused by a disease such as leukemia or by immune-
modulating pharmaceutical agents could explain some of the
cases of NTHi sepsis seen and presented in this study.

In our initial experiments, we incubated invasive isolates
with increasing concentrations of NHS and analyzed survival.
All strains except one were killed by 15% NHS (Fig. 1 and data
not shown). However, even if the majority of a population is
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FIG. 3. Both blood-derived and nasopharyngeal NTHi isolates
bind complement regulators. A series of clinical strains isolated from
blood samples (n = 21; cases with invasive disease and an available
patient history are listed in Table 1) or nasopharynxes (n = 21; patients
with upper respiratory tract infection) was tested for C4BP (A), factor
H (B), and vitronectin (C) binding. The different NTHi strains were
grown overnight and incubated with '*I-labeled C4BP, factor H, or
vitronectin. The binding level was calculated as the percentage of
bound radioactivity relative to the level of added radioactivity, mea-
sured after separation of free and bound '*I-labeled protein over a
sucrose column. The mean values of results from three independent
experiments are shown. The mean value for all isolates in the same
group is indicated by a line.

sensitive to NHS, it is likely that just a few bacteria may survive
and that this particular subpopulation is able to multiply and
initiate an infection. Importantly, no significant difference in
survival between the various clinical strains from blood sam-
ples and those from nasopharynxes was found when serum
resistance was determined, suggesting the need for NTHi, ir-
respective of isolation site, for resistance of bactericidal activity
of human serum.

Previous studies showed that the NTHi strain R2866, which
was isolated from a child with meningitis, had a high degree of
serum resistance depending on the expression of the lipooligo-
saccharide biosynthesis gene IgtC (9, 19, 40). The phase-vari-
able IgtC expression was demonstrated to inhibit C4b deposi-
tion and render the bacteria more resistant to human serum
(19). Phase variation of outer membrane proteins and lipooligo-
saccharides also contributes to virulence of H. influenzae and is
involved in evasion of the immune system (39). Intriguingly,
phase variation can affect binding of regulatory proteins and
has been shown to affect serum resistance (19). Since phase
variation is a common phenomenon and depends on the cur-
rent bacterial environment, it cannot be excluded that phase
variation is a factor affecting the in vitro results of our study.

Another aim was to analyze the difference in binding of
complement inhibitors and serum resistance between invasive
and nasopharyngeal isolates. We have recently demonstrated

J. CLIN. MICROBIOL.

that NTHi binds C4BP (15) and that both NTHi and Hib bind
factor H (17) and vitronectin (14, 16). However, no major
differences in binding of complement regulators were detected
between strains from the two isolation sites. This indicates that
binding of complement regulators is important and possibly
facilitates survival and colonization of NTHi both in the airway
and in the bloodstream. However, the variations of comple-
ment regulator binding capacity and ability to survive in human
serum between the different invasive isolates suggest that ad-
ditional factors are involved in the ability of NTHi to survive in
the respiratory tract and in human serum.

The ability of nasopharyngeal isolates to bind factor H,
C4BP, and vitronectin suggests that complement regulators
may be present in the nasopharyngeal tract and thus would be
utilized by NTHi. In fact, during inflammation, complement
proteins as well as immunoglobulins and components of the
coagulation system enter the airway lumen (11, 12, 29). In
patients with chronic otitis media with effusion, local comple-
ment activation in the middle ear mucosa, including an intense
deposition of C3, has been observed (27). In addition, factor H,
factor H-like protein 1, and factor H-related proteins are com-
plement components found in middle ear effusions of patients
with otitis media (26).

In conclusion, NTHi isolates from patients with severe sepsis
have a higher capacity to resist the bactericidal effect of human
serum than NTHi isolates from patients with mild clinical
sepsis. Our results also show that it is of importance for NTHi
to bind specific complement regulators, irrespective of whether
the bacteria are located in the bloodstream or in the nasophar-
ynx, suggesting that this is an adaption to the innate immunity
in the upper respiratory tract. In addition to a variation in host
factors, virulence factors other than bacterial components
binding complement inhibitors are required for determining
the invasive capacity of a particular NTHi strain.
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Abstract

Introduction of a conjugated vaccine against encapsulated Haemophilus influenzae type b (Hib) has led to a dramatic reduction of invasive
Hib disease. However, an increasing incidence of invasive disease by H. influenzae non-type b has recently been reported. Non-type b
strains have been suggested to be opportunists in an invasive context, but information on clinical consequences and related medical con-
ditions is scarce. In this retrospective study, all H. influenzae isolates (n = 410) from blood and cerebrospinal fluid in three metropolitan
Swedish regions between 1997 and 2009 from a population of approximately 3 million individuals were identified. All available isolates
were serotyped by PCR (n = 250). We observed a statistically significant increase in the incidence of invasive H. influenzae disease,
ascribed to non-typeable H. influenzae (NTHi) and encapsulated strains type f (Hif) in mainly individuals >60 years of age. The medical
reports from a subset of 136 cases of invasive Haemophilus disease revealed that 48% of invasive NTHi cases and 59% of invasive Hif
cases, respectively, met the criteria of severe sepsis or septic shock according to the ACCP/SCCM classification of sepsis grading. One-
fifth of invasive NTHi cases and more than one-third of invasive Hif cases were admitted to intensive care units. Only 37% of patients
with invasive non-type b disease had evidence of immunocompromise, of which conditions related to impaired humoral immunity was
the most common. The clinical burden of invasive non-type b H. influenzae disease, measured as days of hospitalization/100 000 individu-

als at risk and year, increased significantly throughout the study period.
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high as 65% [2], suggesting that NTHi is usually a commensal.
However, NTHi frequently causes otitis media and pneumo-
nia in children [3], and is the most common bacterial finding
in exacerbations of chronic obstructive pulmonary disease
[4]. Invasive NTHi cases are suggested to be opportunistic
infections [3], even though information on correlated medical

Introduction o
conditions is scarce.

Invasive disease by H. influenzae has historically been ana-

Haemophilus influenzae is a frequent colonizer of the human
respiratory tract. The species is subdivided into non-encap-
sulated and encapsulated strains that are typed based upon
the presence of one of six antigenically distinct polysaccha-
ride capsules designated a to f [|]. Strains that do not have a
capsule are denoted non-typeable H. influenzae (NTHi). The

©2011 The Authors

logous with disease by encapsulated strain type b (Hib), a
feared cause of sepsis, epiglottitis and meningitis in children
and occasionally in adults [5]. In the early 1990s, the conju-
gated Hib vaccine was introduced in most countries in the
Western World, and a dramatically reduced incidence
of invasive Hib disease occurred [6]. The incidence of

Clinical Microbiology and Infection ©201 1 European Society of Clinical Microbiology and Infectious Diseases
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bacteraemia caused by Hib in Sweden in the late 1980s was
approximately 30/100 000 children, and these numbers had
decreased |0-fold by 1994 [7]. The current Swedish Hib vac-
cine coverage rate is 99%.

Several reports on the epidemiology of invasive non-type
b Haemophilus disease in the post-Hib-vaccine era have been
published in recent years [8—13]. Indications of a rising inci-
dence of invasive non-type b disease have been observed in
North America [8,9,13,14]. The status in Europe is less clear,
but a recent study encompassing surveillance data from 14
European countries between 1996 and 2006 showed a small
but significant increase in incidence of invasive NTHi disease
[I5]. In contrast, a German study covering 1998-2005 did
not reveal any increase in invasive non-type b disease [16].
Even though invasive Hib disease has been successfully
repressed following the widespread introduction of the Hib
vaccine, invasive disease by H. influenzae non-type b remains
a clinical challenge.

Most epidemiological reports on invasive non-type b H. in-
fluenzae disease lack information on disease severity. Further-
more, although suggested as an opportunistic disease, there
is little information on underlying conditions associated with
invasive non-type b cases. In the present retrospective study
we show that invasive disease caused by non-type b strains
of H. influenzae has increased in incidence in Sweden in the
period 1997-2009, that it readily affects individuals who are
otherwise in good health, and is often clinically severe.

Materials and Methods

Bacterial strains and culture conditions

The H. influenzae collection comprised clinical isolates from
three densely populated regions in Sweden: Stockholm,
Gothenburg and Skane county (see Supplementary material
Fig. SI). All saved isolates from blood and cerebrospinal
fluid (CSF) had been stored at —70°C. All available isolates
(n = 250) were grown on chocolate blood agar and incubated
at 35°C in a humid atmosphere containing 5% CO,.

DNA preparation and molecular typing

To amplify the capsule transport gene, a bexA colony PCR
was performed on all available strains (n = 250) [I7]. To
increase the sensitivity, all strains were also screened for
bexB using primers 5-TTGTGCCTGTGCTGGAAGGT
TATG-3" and 5-GGTGATTAACGCGTTGCTTATGCG-3".
Strains positive for bexA and/or bexB were further tested
using specific primers against types b, a, d and f, ¢, and e cap
loci in sequential order. Whenever a strain had previously
been typed by PCR, the result was included in the analysis in

case the strain was not available (n = 21) for contemporary
PCR testing. Results from serotyping by agglutination with
antisera were not used because this method is considered
inferior in specificity [18]. The caspsule gene was assumed to
be expressed in all isolates carrying the bex and cap loci. The
strict commensal Haemophilus haemolyticus can be indistin-
guishable from H. influenzae by standard bacteriological tech-
niques so all isolates were tested by a slightly modified
version of the PCR described by Murphy et al. [19]. Instead
of a nested PCR, an initial PCR with primers denoted as
16S3” and 16SNor [19] was performed. If a product of the
correct size was not obtained, isolates (n = 6) were sub-
jected to 16S rRNA sequencing.

Patient data

Basic epidemiological data such as culture date, age and gen-
der were available for all strains. Medical reports from all
patients in the county of Skane (n = 136) were studied, and
information on immunocompromise, sepsis severity, duration
of stay in hospital, intensive care treatment and mortality
was registered. Sepsis severity was defined according to the
American College of Chest Physicians/Society of Critical
Care Medicine (ACCP/SCCM) consensus document [20]. As
a result of the retrospective nature of the study, not all
medical reports contained complete information on all
ACCP/SCCM criteria. Only objective and registered parame-
ters were included in the analysis. Meningitis/epiglottitis with
sepsis are life-threatening conditions, so these cases were
considered severe regardless of other criteria. Immuno-
compromise was defined according to a definition adapted
from the Merck Manual [21]; see Supplementary material
Table SI.

Data sorting and estimates of population at risk

All blood and CSF samples taken in the included geographi-
cal areas were processed by four central laboratories that
kept complete back records of invasive isolates by a data-
base (three laboratories) or by a written list (one labora-
tory). All recorded H. influenzae isolates from blood and
CSF were included in the study. Because of variations in
storage routines, not all isolates had been saved, and only a
few had been previously serotyped by PCR. Therefore, two
separate analyses were performed. The primary analysis was
based on all recorded strains regardless of serotype, and
the secondary analysis was based only on years when at
least half of the isolates from each laboratory could be or
had been serotyped by PCR (n =285). The laboratories
were Malmé (all years 1997-2009), Lund (2004-2009),
Gothenburg Ostra Laboratory (1999-2009), Gothenburg
(1997-2000, 2003-2004 and

Sahlgrenska  Laboratory

©2011 The Authors
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2007-2009) and Karolinska Laboratory Solna, Stockholm
(1998, 2000 and 2004-2008). Any recorded strain from an
included year in the secondary analysis that could not be
retrieved was registered as ‘not analysed (N/A) (n = 17)
and included in the subsequent analysis. Each geographical
area had tertiary-care units, where patients referred from
outside the area were treated. The addresses of patients
(n = Il) with invasive Haemophilus disease at tertiary units
were checked, and six of these could be confirmed as resi-
dents of the included geographical areas. For the remaining
five patients, no information was available on living
addresses at the time of sepsis. For each year in the study,
two estimates of population at risk were defined (Table I);
one estimate for each of the described analyses. Population
data were collected from the Swedish central statistics
agency (http://www.ssd.scb.se). The estimates of population
considered the population by geographical area served by
each laboratory unit and year. In Lund and Malmé, the
areas of Helsingborg and Kristianstad were added during
the course of the study. In Stockholm, the population base
was the northern part (with the addition of St Gérans hos-
pital in 1997 and 1998) for adults and the greater area of
Stockholm for children. In Gothenburg, the inner city was
the population base with the addition of North Bohuslin
from 2001. The numbers for Stockholm and Gothenburg
were double-checked by comparing the numbers of visits to
the emergency-care units of the included hospitals with the
total emergency-care visits in the greater counties (from

which an exact population estimate was known each year).

Clinical Microbiology and Infection, Volume 17 Number |1, November 201 |
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Statistical analysis

Assuming a linear relation of data, trend tests using linear
regression analysis were performed on all data using PAWS
statistic 18.0.

Ethical approval

This study was approved by the regional ethical committee
for medical research in Lund, Sweden (2009/536).

Results

Increasing incidence of invasive H. influenzae disease

Back records revealed 410 cases of invasive disease caused
by H. influenzae in the defined geographical areas during the
years 1997-2009 (Table I). The incidence varied from 0.5 (in
1998) to 1.7 (in 2007) cases per 100 000 individuals (Fig. la).
In the primary analysis, which included all recorded isolates
regardless of serotype, there was a significantly increased
incidence (constant = 0.082, 95% CI 0.040-0.123, p < 0.001).
In the secondary analysis, only regions and years where
>50% of isolates were typed by PCR (n=285) were
included (Table I). As shown in Fig. I(b), NTHi accounted
for the majority (n = 191) of cases. The 77 encapsulated iso-
lates were defined as Hib (n = 29), Hif (n = 44), Hie (n = 1),
or ‘encapsulated non-type b’ (n = 3). A statistically significant
increase in invasive disease by NTHi (constant = 0.079, 95%
Cl 0.046-0.111, p <0.001) and Hif (constant = 0.023, 95% ClI
0.003-0.043, p 0.025) was observed, whereas the incidence

TABLE I. Total numbers of Haemophilus influenzae isolates and population base per study year

Secondary analysis

All Hi Total pop Pop ion base,

Year (CSF)* NTH® Hib® Hif® Non-b® N/A? base secondary analysis®
1997 25 (2) 4 2 1 1 1 2 407 000 1 102 000

1998 15 (3) 8 2 2 0 0 2 684 000 2 074 000

1999 16 (0) 3 0 1 0 1 2 433 000 1 222 000

2000 17 (2) 6 0 2 0 2 2 507 000 1 981 000

2001 20 (2) 3 0 0 0 | 2 720 000 801 000

2002 35 (5) 8 | 0 0 | 2 753 000 810 000

2003 31 3) 6 | 0 0 | 2 774 000 1 352 000

2004 46 (4) 26 10 2 2 6 2 795 000 2 795 000

2005 35 (4) 20 2 3 0 | 2 815 000 2 274 000

2006 32 (4) 16 3 5 1 | 2 844 000 2 299 000

2007 49 (1) 35 4 8 0 2 2 874 000 2 874 000

2008 48 (5) 30 2 16 0 0 2 909 000 2 909 000

2009 41 (3) 26 2 4 0 0 2 935 000 2 164 000

Total 410 (38) 191 29 44 4 17

*All invasive H. influenzae isolates during the study period and included in the primary analysis. Cerebrospinal fluid (CSF) isolates among the total number are given within

Eamntheses.

Numbers of isolates typed by PCR: NTHi, non-typeable H. influenzae; Hib, H. influenzae type b; Hif, H. influenzae type f.

“Comeprising ‘encapsulated non-type b’ strains that were previously typed by a capB PCR using bexA as target. These strains had not been stored and were consequently not
available for further analysis. The only H. influenzae type e isolate (from 2006) is also included here.

IN/A; not analysed. These isolates were not available for PCR serotyping, but were included in the secondary analysis as described in Materials and Methods.

Population base including only years when >50% of strains were serotyped by PCR at each laboratory unit. This particular population out of the total population base was

used in the secondary analysis.
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FIG. |. The incidence of invasive Haemophilus influenzae disease
increased significantly during the years 1997-2009. (a) Total inci-
dence of invasive H. influenzae disease per 100 000 individuals and
year from the primary analysis (regardless of serotype) (n = 410).
The increase in incidence was statistically significant (p < 0.001). (b)
Results from the secondary analysis, comprising 285 defined cases
are shown. The increase was statistically significant (p 0.001 and
p 0.025 for non-typeable H. influenzae (NTHi) and H. influenzae type
f (Hif), respectively). Isolates (n = 17) that had not been saved or
previously defined by PCR are indicated as not analysed (N/A).
Regardless of the hypothetical outcome of the |7 non-analysed
isolates, the increase of invasive NTHi disease remained statistically

significant.

of Hib disease was unchanged during the study period. No
H. haemolyticus isolate was identified in the material.

Increased incidence of invasive H. influenzae in individuals
>60 years of age

The median ages of Hib, Hif and NTHi case patients were
38, 60 and 71 years, respectively. Only || of the 410 cases
(3%) occurred in neonates (<28 days of age). NTHi was pre-
dominant in all age groups, including children <5 years of
age. Based on an age-stratified population at risk (Fig. 2), it
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FIG. 2. The incidence per patient age group of invasive Haemophilus
influenzae disease per 100 000 age-group-sorted individuals at risk is
shown. The incidence increased significantly in the age groups 60—
80 years and >80 years during the course of the study (p 0.002 and
p 0.006, respectively). When the results from PCR serotyping were
taken into account, the increase was mainly ascribed to non-typeable

H. influenzae (NTHi), but in part also to H. influenzae type f (Hif).

was evident that the observed increase of invasive H. influen-
zae disease mainly occurred in individuals >60 years of age.
The increase in both age groups 60-80 years (constant =
0.212, 95%Cl 0.098-0.326, p 0.002) and >80 years (con-
stant = 0.602, 95% CI 0.212-0.992, p 0.006) was statistically
significant. No gender difference could be identified for any
of the subspecies.

High proportion of sepsis severity in non-type b

H. influenzae cases

When medical records were analysed in detail we found that
the most common clinical presentation of invasive non-type
b disease (in this context presence of bacteria in blood or
CSF) was pneumonia (70%) but a wide variety of other pre-
sentations such as meningitis, epiglottitis, soft tissue infec-
tions and cholangitis was seen. As many as 48% of NTHi
cases (n = 10l) met the criteria of severe sepsis or septic
shock, and 20% were admitted to intensive care units
(Table 2). Interestingly, 62% of invasive NTHi cases occurred
in individuals without evidence of immunocompromise,
although one-third of these patients were >80 years of age.
The case mortality (within 28 days) was 8%, whereas the
I-year mortality of invasive NTHi cases was 29%. Hif gener-
ally caused severe disease; 59% of Hif cases (n = 22) met the
criteria of severe sepsis or septic shock, and 36% of cases
were admitted to intensive care units. The majority of inva-
sive Hif cases (68%) occurred in individuals without evidence

of immunocompromise, whereas <I0% of patients were

©2011 The Authors
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TABLE 2. Disease severity, need for intensive care treatment, mortality and data on state of immunocompromise from a

total of 123 cases of invasive Haemophilus non-type b disease in Skane county 1997-2009

NTHi (n = 101) Hif (n = 22)

ACCP/SCCM category Sepsis Severe sepsis Septic shock Sepsis Severe sepsis Septic shock
Patients (total n) 53 41 7 9 10 3
Immunocompromise per 20 15 3 5} | I

sepsis category (n)*

Age >80 years per sepsis category (n)® 12 10 I | | 0

Need for intensive care (n) 20 8

28-day mortality (n) 8 3

|-year mortality (n) 29 5

Immunocompromise® (total n) 38 7

Acquired immunodeficiency (n)

Chronic disease (n)

25 (6 solid tumours and
19 blood cancers/myelomas)
9 (3 severe COPD, 3 dialysis

5 (2 solid tumours
and 3 blood cancers)
| (severe COPD)

patients, 2 dysregulated diabetes
mellitus, and | heart disease)

latrogenic condition (n)

3 (I organ transplant and
2 chemotherapy)

I (chemotherapy)

ACCP/SCCM, American College of Chest Physicians/Society of Critical Care Medicine; COPD, chronic obstructive pulmonary disease; Hif, H. influenzae type f; NTHi, non-

typeable H. influenzae.
Al ages of patients including individuals >80 years of age with immunocompromise.
bPatients >80 years of age with no sign of immunocompromise.

“In addition to acquired immunodeficiency, chronic disease and iatrogenic conditions, one patient with a primary immunodeficiency was identified in the material. This particu-

lar patient with Good’s syndrome presented with an NTHi sepsis.

>80 years of age. Case mortality for Hif was 14% and |-year
mortality was 27%. Patients with invasive Hib infections
(n = 13) were included as a control group and 77% of these
patients met the criteria of severe sepsis/septic shock and
54% were admitted to an intensive care unit.

Increased clinical burden of invasive non-type b

H. influenzae

To monitor the clinical burden of invasive H. influenzae non-
type b disease, the demand for hospitalization days per year
and individual at risk was studied (Fig. 3; filled circles). A
statistically significant increase of hospital days/100 000 indi-
viduals at risk was identified (Constant = .31, 95%
Cl = 0.03-2.60, p 0.046). During the same time period, the
average duration of hospitalization per case of any bacterial
pneumonia or sepsis decreased in the same geographical area
(Fig. 3; black and grey bars, respectively). Hence, despite
shorter hospitalization periods for severe infections in gen-
eral, the required days of hospitalization for H. influenzae
non-type b invasive disease/100 000 individuals increased,
indicating that the nominal increase in incidence was fol-
lowed by an increase in clinical burden.

Discussion

The present study shows an unambiguous increase in the
incidence of invasive disease caused by H. influenzae in south-
ern Sweden from 1997 to 2009. The observed increase is
explained by an increase in invasive disease caused by NTHi

©2011 The Authors

and Hif, mainly in individuals >60 years of age, so this does
not imply that the vaccination campaign against Hib has been
unsuccessful. The incidence of invasive Hib disease in Sweden
remains stable at a very low level. However, the Hib cases
that were studied in detail were generally severe, with a high

—@— Hospital days/100 000 individuals
M Average days of hospitalization/case of pneumonia
30 1 =3 Average days of hospitalization/case of sepsis

20 4

Hospital days/100 000 individuals
B
aseo/aled |ejdsoy jo shep abesony
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FIG. 3. The clinical burden from invasive Haemophilus influenzae
non-type b disease is increasing. The line with filled circles shows
total days of hospitalization of patients with invasive H. influenzae
non-type b disease per 100 000 individuals at risk in the county of
Skane (left y-axis). The number from 2002 is high because of two
cases with unusually long periods of hospitalization (>50 days). The
increase in hospitalization days during the years 1997-2009 was sig-
nificant (p 0.046). For comparison, the black and grey bars show the
decreased average times of hospitalization/case due to pneumonia
and sepsis in the city of Malmé, Skane county 2001-2009 (right

y-axis).
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proportion of cases requiring intensive care treatment. The
findings therefore support continued vaccination against and
surveillance of Hib. Our study has a few limitations. We have
no data from before 1997 because of the unavailability of iso-
lates. However, there was still |3 years of observations,
allowing for trends to be observed. Furthermore, not all
recorded isolates could be retrieved and serotyped by PCR.
This was addressed by the performance of a secondary anal-
ysis excluding years and laboratories where <50% of isolates
could be retrieved.

In a recent European surveillance study [I5], the total
incidence of invasive H. influenzae disease was 0.4-0.5 cases
per 100 000 individuals (2000-2006). The incidence varied
between regions from 0.02 cases per 100 000 individuals in
Italy to 1.0 case per 100 000 individuals in Norway. In our
study, the incidence of invasive H. influenzae disease in
Sweden almost reached 2.0 cases per 100 000 individuals,
numbers supported by Swedish national surveillance data
for 2007-2009 [7]. This suggests that Sweden has a current
incidence of invasive H. influenzae disease that is three-fold
higher than Europe in general, and 50- to [00-fold higher
than in ltaly. These conflicting data may be the result of
actual, unexplained, differences in incidence, but could
also merely reflect problems with regional variations in
surveillance.

The present epidemiological observations are in line with
studies from other parts of the world. The epidemiology of
invasive Haemophilus disease in the post-Hib-vaccine era
seems to be shifting from Hib in children towards non-type
b strains in individuals >60 years of age [9,22]. Non-type b
strains now dominate in all age groups, including children
<5 years of age. We further identified that a major propor-
tion of invasive non-type b cases met the criteria for severe
disease. While Hib cases had the highest proportion of
severe disease (77%), as many as 47% of invasive NTHi and
59% of invasive Hif cases met the criteria of severe sepsis or
septic shock. Invasive disease by non-type b strains was not
confined to immunocompromised patients or individuals of
extreme age; findings that are in contrast to the widely held
view that invasive disease by H. influenzae non-type b is mild
and opportunistic in nature. Invasive non-type b cases with a
severe clinical presentation often occurred in patients with
no evidence of immunocompromise, suggesting a significant
impact of bacterial virulence in these cases. However, fatal
outcome was mainly observed in elderly or immunocompro-
mised patients, and this small group of cases seemed truly
opportunistic. Interestingly, the most common immuno
compromising conditions that are associated with invasive
Haemophilus disease were chronic lymphatic leukaemia and
multiple myeloma, highlighting the role of humoral immunity

in the control of H. influenzae disease [23,24]. Less efficient
B-cell function is also a major part of immunosenescence
[25], which is intriguing considering the high incidence of
invasive Haemophilus disease in elderly individuals.

The increased incidence of invasive H. influenzae disease
is probably explained by a combination of contributing fac-
tors. Though the Swedish incidence of multiple myeloma or
chronic lymphatic leukaemia has not increased in recent
years [26], prolonged survival may have increased disease
prevalence. Another possible contributing factor is that the
total number of blood cultures taken in Sweden increased
during the study period. This may have led to the identifi-
cation of more cases of pneumonia with bacteraemia. New
guidelines in Swedish pneumonia care stressing blood
culture as a quality indicator were introduced in 2007.
However, the proportion of severe invasive cases did not
decrease during the study period, indicating that modified
clinical routines cannot fully explain the observed increase
in incidence.

The introduction of the conjugated Hib vaccine has
decreased Hib airway carriage in children [27], and arguably
in adults. NTHi is a common colonizer of the human airway,
with or without airway disease, but information on nasopha-
ryngeal carriage rates of encapsulated Haemophilus other
than type b in healthy children is scarce. Interestingly, Strep-
tococcus pneumoniae and H. influenzae are niche competitors
in the upper airway and are suggested to be negatively cor-
related [28]. Pneumococcal vaccines may, however, affect
the future incidence of invasive H. influenzae disease because
an increased burden of H. influenzae disease following pneu-
mococcal vaccination has been suggested for other condi-
tions, such as otitis media [29]. In fact, a heptavalent
pneumococcal vaccine was introduced in the national vacci-
nation programme for children in Sweden in 2008 or 2009
depending of geographical region, and most probably had no
effect on the epidemiological results of the present study.
Another issue is that a conjugated pneumococcal vaccine
with H. influenzae protein D is now widely available, and
the effect of this vaccine on the occurrence of invasive
H. influenzae disease remains to be studied.

In conclusion, the present study demonstrates a statisti-
cally significant increase in the incidence of invasive H. influ-
enzae disease in southern Sweden 1997-2009, explained by
an increase in NTHi and Hif infections in individuals
>60 years of age. Strikingly, many patients with invasive non-
type-b disease presented no evidence of immunocompro-
mise, and a surprisingly high proportion of cases were severe
according to the ACCP/SCCM grading system. The results
call for continued surveillance and active monitoring of inva-
sive disease caused by H. influenzae.

©2011 The Authors
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The proportions of Haemophilus influenzae resistant to ampicillin and other B-lactam antibiotics have been low in Sweden
compared to other countries in the Western world. However, a near-doubled proportion of nasopharyngeal Swedish H. influen-
zae isolates with resistance to [B-lactams has been observed in the last decade. In the present study, the epidemiology and mecha-
nisms of antimicrobial resistance of H. influenzae isolates from blood and cerebrospinal fluid in southern Sweden from 1997 to
2010 (n = 465) were studied. Antimicrobial susceptibility testing was performed using disk diffusion, and isolates with resis-
tance to any tested B-lactam were further analyzed in detail. We identified a significantly increased (P = 0.03) proportion of
B-lactam-resistant invasive H. influenzae during the study period, which was mainly attributed to a significant recent increase of
B-lactamase-negative B-lactam-resistant isolates (P = 0.04). Furthermore, invasive B-lactamase-negative -lactam-resistant H.
influenzae isolates from 2007 and onwards were found in higher proportions than the corresponding proportions of nasopha-
ryngeal isolates in a national survey. Multiple-locus sequence typing (MLST) of this group of isolates did not completely separate

isolates with different resistance phenotypes. However, one cluster of B-lactamase-negative ampicillin-resistant (BLNAR) iso-
lates was identified, and it included isolates from all geographical areas. A truncated variant of a 3-lactamase gene with a pro-
moter deletion, bla gy, ,-PA dominated among the B-lactamase-positive H. influenzae isolates. Our results show that the pro-
portions of B-lactam-resistant invasive H. influenzae have increased in Sweden in the last decade.

I nvasive disease caused by the respiratory pathogen Haemophilus
influenzae has in the past been synonymous with disease by en-
capsulated H. influenzae type b (Hib), a cause of meningitis and
epiglottitis, mainly in children (6). Following the introduction of
the conjugated Hib vaccine in the early 1990s (introduced in the
National Swedish Childhood Immunization Schedule in 1992), a
rapid decline in invasive Hib disease occurred (23). Invasive dis-
ease by non-type b isolates of H. influenzae, including nontypeable
Haemophilus influenzae (NTHI) and encapsulated serotypes other
than Hib, has mainly been considered an opportunistic infection.
In the last decade, however, a number of reports indicated increas-
ing incidence rates of invasive non-type b Haemophilus disease
that were not merely related to infections in immunocompro-
mised individuals (1, 3, 35). A similar increase of invasive disease
by non-type b H. influenzae in Sweden during the years 1997 to
2009 was recently confirmed by us (26). Importantly, we found
that both NTHi and Haemophilus influenzae type f (Hif) often
cause severe sepsis in individuals with no evidence of immune
suppression. More than 70% of bacteremic cases also had concur-
rent pneumonia (26). From our study and others, it is evident that
the epidemiology of invasive H. influenzae disease in general has
changed. Invasive H. influenzae disease mainly affected children in
the pre-Hib vaccine era, but now it affects both the very young and
the very old, and cases are most commonly seen in older adults.
Resistance to ampicillin in H. influenzae was first described in
1974 (17). In Sweden, as in many other countries, ampicillin is the
main drug of choice in proven H. influenzae infections and the
primary empirical treatment choice for respiratory tract infec-
tions, where H. influenzae can be suspected. Ampicillin resistance
in H. influenzae is now globally widespread, with incidence rates
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varying from 8 to 30% in different European countries and North
America to more than 50% in some East Asian countries (12, 13).

The nomenclature of resistant H. influenzae is complex, and
since definitions vary between different studies and regions, the
definitions used by us are outlined in Table 1. Isolates with resis-
tance to ampicillin can be sorted into two main categories: those
that carry a 3-lactamase, and those that do not. The most com-
mon mechanism of B-lactam resistance in H. influenzae is by
TEM-1 or ROB-1 B-lactamases (7), and such isolates are denoted
B-lactamase positive, ampicillin resistant (BLPAR). The com-
monly used term -lactamase negative, ampicillin resistant
(BLNAR) is used for isolates with ampicillin resistance but no
evidence of B-lactamase production. After this definition was es-
tablished, it was concluded that ampicillin resistance in such iso-
lates was due to key mutations in the ftsI gene (encoding penicil-
lin-binding protein 3 [PBP-3]) that lowered the affinity for
B-lactams (36). Subsequently, it became clear that some isolates
had such mutations but were not ampicillin resistant according to
phenotype testing. Isolates with key mutations in PBP-3 regard-
less of resistance phenotype are designated genomic BLNAR
(gBLNAR), a group of isolates that overlaps with, but does not
match, the BLNAR group (34, 36).
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TABLE 1 Study definitions of the different types of B-lactam-resistant invasive H. influenzae isolates”

Abbreviation Name Study definition n
BLPAR -Lactamase positive, ampicillin resistant” Resistance to penicillin according to disk diffusion testing, using SRGA® 45
breakpoints for the study period; nitrocefin positive
BLNAR B-Lactamase negative, ampicillin resistant MIC of ampicillin, =2 mg/liter; nitrocefin negative 114
gBLNAR Genomic B-lactamase negative, ampicillin Substitutions in PBP-3: genotype I, Arg517His; genotype II, Asn526Lys; 167
resistant genotype 111, Met377Ile, Ser385Thr, Leu389Phe, and Asn 526Lys;
nitrocefin negative
BLNBR B-Lactamase negative, 3-lactam resistant Resistance to one or more tested B-lactam antibiotics (penicillin V/G, 43
ampicillin, a cephalosporin, or a carbapenem) according to SRGA
breakpoints; nitrocefin negative
BLPACR B-Lactamase positive, amoxicillin- Resistance to ampicillin or penicillin and a tested cephalosporin 3

clavulanate resistant

according to SRGA breakpoints; nitrocefin positive

“ The BLNAR and gBLNAR groups have substantial overlap and are both subsets of the BLNBR group.

© All studied isolates that were nitrocefin positive had an ampicillin MIC of =2 mg/liter.
€ SRGA, Swedish Reference Group for Antibiotics.

@ Group sizes (1) are from a total of 465 tested isolates, but since only a portion of isolates were available for Etest and sequencing, the numbers for BLNAR and gBLNAR were

obtained from fewer isolates and are therefore not comparable to the other group sizes.

Clinical isolates that are susceptible to ampicillin but resistant
to other B-lactams are consequently not included in the BLNAR
definition. However, B-lactam antibiotics other than ampicillin
are often used empirically in infections where H. influenzae can be
the pathogen. Due to this, resistance of H. influenzae to 3-lactam
antibiotics other than ampicillin needs to be considered. For many
years, the screening method for identification of B-lactam-resis-
tant H. influenzae in Sweden has been disk diffusion testing for
penicillin and cefaclor/loracarbef followed by a nitrocefin B-lac-
tamase test. Even though penicillin rarely is an alternative for
treatment of H. influenzae infections, experience suggests that this
method is suitable for resistance surveillance, allowing for sensi-
tive monitoring of B-lactam resistance. In this study, we refer to
the B-lactamase-negative isolates with resistance (according to
disk diffusion test screening) to any tested B-lactam antibiotic
as PB-lactamase negative, B-lactam resistant (BLNBR). This
term includes the BLNAR isolates as a subset. Finally, isolates
with both a B-lactamase and chromosomally derived resistance
are defined as B-lactamase positive, amoxicillin-clavulanate re-
sistant (BLPACR).

The epidemiological trends of antimicrobial resistance in H.
influenzae vary in different areas of the world. The proportions of
B-lactam-resistant isolates in general, and specifically BLNARs,
are high in Japan and its neighboring countries, as described in
several reports (10, 11, 28). In Europe, reports are less consistent,
with some reports suggesting increasing proportions of isolates
with ampicillin resistance (14, 32), albeit at a lower level than in
Japan. In contrast, a recent Spanish report showed a decrease in
proportions of ampicillin-resistant strains (24), demonstrating
thelocal differences in resistance epidemiology. The proportion of
B-lactam-resistant H. influenzae has been consistent, and compar-
atively low, in Sweden. However, in the last decade a 2-fold in-
crease of B-lactam-resistant strains has been observed in the yearly
national surveillance of Swedish nasopharyngeal H. influenzae
isolates (http://www.smi.se/upload/stat/haemophilus-influenzae
-99-09.gif). The aim of the current study was to investigate the
epidemiology, mechanisms, and clonality of antimicrobial resis-
tance in invasive H. influenzae in Sweden from 1997 to 2010.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The collection comprised clin-
ical H. influenzaeisolates from three densely populated regions in Sweden,
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i.e., Skdne County, Stockholm, and Gothenburg. All isolates from blood
and cerebrospinal fluid collected between 1997 and 2010 (n = 465) were
registered, and available isolates (n = 301) were stored at —70°C. Bacteria
were cultured on chocolate blood agar plates and incubated for 18 h at
35°C in a humid atmosphere containing 5% CO,.

DNA preparation and capsule typing by PCR. In order to release
bacterial DNA, 5 bacterial colonies were heated in sterile distilled water at
96°C for 10 min. To amplify the capsule transport gene, a bexA PCR was
performed on all available strains (n = 301) (5). To further increase the
sensitivity, all available strains were screened for bexB by PCR using the
primers 5'-TTGTGCCTGTGCTGGAAGGTTATG-3" and 5'-GGTGATT
AACGCGTTGCTTATGCG-3' (annealing temperature, 54°C), resulting
in a product size of 567 bp. Strains positive for bexA and/or bexB were
further tested for capsule type by using specific primers against types b, a,
d and f, ¢, and e cap loci in sequential order (5). Whenever a strain had
previously been capsule typed by bex/cap PCR, the result was included in
the analysis in case the strain was not available (n = 21). Results from
serotyping by agglutination with antisera were not used, since this method
is considered inferior in specificity compared with PCR (29). For all saved
isolates from 1997 to 2009, a PCR to exclude the presence of Haemophilus
haemolyticus isolates was performed (21). However, instead of a nested
PCR, an initial PCR with primers 1653’ and 16SNor was performed (26).
If a product of correct size was not obtained, isolates were subjected to 16S
rRNA sequencing. Since not a single isolate of H. haemolyticus was iden-
tified, the procedure was discontinued in 2010.

Antimicrobial susceptibility testing. The disk diffusion method was
used for antimicrobial susceptibility testing (4). Although not all strains
were available for further analysis, all the clinical isolates were or had been
tested for resistance to penicillin V, ampicillin, and trimethoprim-sulfa-
methoxazole. The majority of strains had been tested for resistance to
tetracycline (95%), a cephalosporin (cefaclor/loracarbef and cefuroxime-
axetil or cefotaxime; 98%), and a fluoroquinolone (nalidixic acid/cipro-
floxacin/moxifloxacin or levofloxacin; 86%). Only a few isolates had been
tested for resistance to a carbapenem (imipenem/meropenem; 39%),
chloramphenicol (6%), or an aminoglycoside (4%). Antimicrobial sus-
ceptibility was interpreted according to Swedish Reference Group for An-
tibiotics (SRGA) breakpoints of the study period (www.srga.org
/ZONTAB/Zontab2a.htm and www.srga.org/ZONTAB/Zontab2b.htm).
Isolates were defined as B-lactam resistant according to SRGA break-
points for penicillin V (10 pg) or for another tested B-lactam. All isolates
with B-lactam resistance according to these breakpoints were or had been
tested for B-lactamase production by using a commercial disk test (Céfi-
nase disks; bioMérieux, Marcy I’Etoile, France). The cefinase disks contain
nitrocefin, which is a chromogenic cephalosporin. Since susceptibility
testing for amoxicillin-clavulanate was not routinely performed, the iden-
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tification of true BLPACR isolates (B-lactamase positive, amoxicillin-cla-
vulanate resistant) was not possible. The definition refers to isolates with
both B-lactamase production and chromosomal resistance, and since the
TEM-1 or ROB-1 B-lactamases of H. influenzae do not confer resistance
to cephalosporins, BLPACR isolates were defined as those B-lactamase-
positive isolates with resistance to a tested cephalosporin. B-Lactam-re-
sistant isolates were thereby defined as BLPAR, BLNBR, or BLPACR based
on results from nitrocefin testing and cefaclor (30 pg)/loracarbef (10 pg)
tests, respectively. E-tests for ampicillin (Biodisk, Solna, Sweden) were
performed on all available B-lactam-resistant isolates.

PCR and sequencing for detection of bla gy and blaggg. All avail-
able B-lactam-resistant isolates that tested positive for B-lactamase pro-
duction were subjected to PCR to detect the specific -lactamase gene.
First, a blarg,, , PCR was performed, and on TEM-1 PCR-negative iso-
lates, a blagop., PCR was then performed (30). Since the blayg,., PCR
resulted in products of two distinct sizes, blap,, PCR products from repre-
sentative isolates were sent for sequencing and compared to known bla gy
variants (20, 34). The sequenced isolates were included as controls in the
blargy., PCR.

PBP-3 sequencing. All available isolates that were either defined as
BLNBR or BLPACR based on the method described above were subjected
to an ftsI PCR, amplifying the transmembranous part of PBP-3 by using
primers 5'-CCTTTCGTTGTTTTAACCGCA-3' and 5'-AGCTGCTTCA
GCATCTTG-3' (annealing temperature, 52°C), resulting in a product
size of 770 bp. All products were sent for sequencing, analyzed for
amino acid substitutions, and compared to the wild-type H. influenzae
RAKW20 PBP-3 by using the CLC-DNA workbench (CLC bio, Aarhus,
Denmark).

Multilocus sequence Typing (MLST). All available BLNBR and
BLPACR isolates were sequence typed using PCR primers and conditions
according to the H. influenzae protocol described on the MLST.net web
page (http://haemophilus.mlst.net/). Sequences were trimmed manually,
concatenated, and aligned using ClustalX (19). A best-fitting nucleotide
substitution model was estimated using the Akaike information criterion
corrected for small sample sizes (AICc) as implemented in jModeltest
0.1.0 (25). A neighbor-joining (NJ) tree was constructed in PAUP* ver-
sion 4.0b10 (33) using the AICc model (HKY +1+G). Support for internal
branches was obtained with 1,000 bootstrap replicates in PAUP*. The
resulting phylogenetic tree was visualized using FigTree version 1.3.1
(http://tree.bio.ed.ac.uk/software/figtree).

Data sorting and estimates of population at risk. The laboratories in
Stockholm, Gothenburg, and Malmé/Lund (Skane County) kept com-
plete records of all H. influenzae isolates from blood and cerebrospinal
fluid (n = 465). Due to variations in storage routines, not all strains had
survived during the years. Of the 465 isolates, 340 were or had been sero-
typed by PCR. Ifless than 50% of isolates from one laboratory were or had
been serotyped by PCR in a year, all results from that laboratory were
excluded from the serotype epidemiology analysis for that particular year,
and the population data were adjusted accordingly. From the isolates
defined as BLPAR or BLPACR, 69% (33/48) were available for detailed
study. From the isolates defined as BLNBR or BLPACR, 80% (36/46) were
available for further study. All population data by region and year were
collected from the Swedish Central Statistics Agency (www.scb.se).

Statistical analyses. To test the significance of the increase in propor-
tions of H. influenzae B-lactam resistance, trend tests using yearly propor-
tions of each type of resistance as a dependent variable in linear regression
analyses were initially performed. These analyses gave significance levels
of the increase and confidence intervals (CIs). We had a priori knowledge
that the data set was skewed toward the end of the study period, and
considering the fact that the dependent variable was binomial, logistic
regressions were also performed on the three data sets. After plotting the
three data sets, the assumption of a linear relation of data used in both the
linear and logistic regressions could not be assumed for the BLNBR data
set nor the data set with all ampicillin-resistant isolates. The curve fit of
these two data sets suggested that a quadratic polynomial regression
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should be used. For the BLNBR data set, a cubic equation (a third-degree
polynomial equation) fit the data almost equally well. For these two data
sets, quadratic logistic regressions were performed with centered squared
years and centered years used as covariates. Years, and not exact dates,
were used as time points, since we know that there is a seasonal variation
in H. influenzae disease. The most conservative estimate of significance
was used. The data were analyzed using PASW statistics version 20.0.

RESULTS

Increasing numbers and proportions of invasive (3-lactam-re-
sistant H. influenzae in Sweden from 1997 to 2010. We recently
observed an increase of invasive H. influenzae disease in Sweden
from 1997 to 2009 (26), which was in parallel with similar epide-
miological findings in North America as well as in Europe (18, 35).
In the present study, results from 2010 were also included. Since
2010 holds the highest incidence per 100,000 individuals during
the study period, a continued increasing incidence trend is sug-
gested (Fig. 1A). The increase was dominated by NTHi.

As revealed by disk diffusion, 91 out of 465 H. influenzae iso-
lates were defined as B-lactam resistant, of which 43 isolates were
B-lactamase negative. The total numbers of isolates for each group
are shown in Table 1. The absolute numbers (ranging from 1 to 5
for 1997 to 2000 to 12 to 15 for 2007 to 2010) as well as the
proportion of B-lactam-resistant invasive H. influenzae isolates
increased (Fig. 1B). The increase in proportion of B-lactam-resis-
tant isolates was significant in a linear regression (P = 0.01; 95%
CI, 0.36 to 2.26), as was the increase of BLNBR isolates (P = 0.04;
95% CI, 0.08 to 1.94), whereas the increase in BLPAR isolates was
not statistically significant (P = 0.13; 95% CI, 0.11 to 0.72). Since
the plots of the data sets, except for BLPAR data, suggested a qua-
dratic equation, a logistic regression of the data using a quadratic
regression was performed. The observations were confirmed, and
the increase of the BLNBR isolates (P = 0.02) as well as the in-
crease of all B-lactam-resistant isolates (P = 0.03) remained sig-
nificant. A logistic regression of the BLPAR data set further
stressed that these isolates did not increase in incidence (P =
0.67). B-Lactam resistance in Swedish H. influenzae isolates ap-
peared almost exclusively in NTHi isolates, since only eight encap-
sulated strains displayed this characteristic during the study pe-
riod.

We also studied the susceptibility to other antimicrobial
agents. The proportion of isolates resistant to trimethoprim-sul-
famethoxazole varied from 6 to 20% per year, and no trend sug-
gesting increasing incidence rates was seen throughout the study
period. This contrasts to the national nasopharyngeal surveillance
data, where an increasing trend of resistance to the folic acid an-
tagonists has been observed (http://www.smi.se/upload/stat
/haemophilus-influenzae-99-09.gif). Finally, resistance to fluoro-
quinolones and tetracycline remained low during the study
period, at 2.1% and 1.9%, respectively.

The gene variant with a promoter deletion, bla gy ,-PA,
dominates among BLPAR isolates. All identified 3-lactamase-
positive isolates (BLPAR or BLPACR) (Table 1) that were avail-
able for further analysis (n = 33) were resistant to ampicillin (the
MIC for ampicillin ranged from 4 to 256 mg/liter). The corre-
sponding B-lactamase gene was defined by PCR in 30 out of 33
isolates, and we found that blargy., dominated (n = 29). Only
one isolate carrying the blagop_; gene was found. The gene prod-
uct encoding TEM-1 was detected in two variants, resulting in
different DNA products when using the same primer pair
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FIG 1 Incidence of invasive Haemophilus influenzae as well as B-lactam-resis-
tant invasive H. influenzae increased from 1997 to 2010. (A) The incidence of
all H. influenzae strains, as well of NTHi and Hif strains, increased during the
observation period. For all years, laboratories in which less than 50% of strains
had been or could be capsule typed by PCR were excluded. The denotion
“non-b” reflects a small group of isolates that had been serotyped by PCR
against only bexA and capB and were sorted as encapsulated but not Hib. The
denotation “not typed” describes isolates that were included in the analysis but
not available for capsule typing by PCR. (B) The proportion of B-lactam-
resistant isolates as a percentage of all invasive isolates is shown per study year.
BLPAR isolates, BLNBR isolates, and BLPACR isolates are shown separately.
The total proportion increased significantly throughout the study period, as
did the proportion of B-lactamase-negative 3-lactam-resistant isolates.

(Fig. 2A). After sequencing, it was clear that the larger product
(600 bp) represented the wild-type blarg,,; gene, whereas the
smaller product represented a blargy, , gene with a 135-bp dele-
tion in the promoter region. This corresponded to the blargy,.,-PA
gene previously described in Spain by Molina and colleagues (20).
In our clinical collection, the variant blapy_;-PA dominated dur-
ing the study period (18 had the bla|gy.,-PA gene, whereas 11
isolates carried the wild-type blargy, ; gene). The median MIC for
ampicillin, however, was the same for the two identified blapy,
gene variants. Finally, we found three B-lactamase-positive (as
revealed by nitrocefin testing), ampicillin-resistant H. influenzae
isolates (BLPAR) from 2009 and 2010 that were negative for both
blapy and blag o genes when we used the described primers.
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Amino acid substitutions in PBP-3 are found mainly in
BLNAR isolates and are less common in other BLNBR strains. A
total of 46 isolates were defined as B-lactamase negative, 3-lactam
resistant (BLNBR), or BLPACR (Table 1). Of these isolates, 12
were penicillin resistant only, and 34 isolates were resistant to
penicillin and another tested B-lactam. Of the total 46 isolates, 36
were available for further testing, and these were subjected to an
ampicillin Etest followed by PBP-3 sequencing. Several of the iso-
lates were true BLNAR (11/36; ampicillin MIC, =2 mg/liter) or
gBLNAR (16/36) (amino acid substitutions Arg517His or
Asn526Lys). In Table 2, we show all variants of PBP-3 that were
identified among the BLNBR isolates and the correlating MIC
ranges for ampicillin. Genotype II dominated among BLNAR iso-
lates, and a correlation between the BLNAR genotypes and ampi-
cillin resistance phenotype was confirmed. However, several iso-
lates that were resistant to other B-lactams but susceptible to
ampicillin did not have BLNAR-defining substitutions in PBP-3.
Seven BLNBR isolates did not have any mutations at all in PBP-3.
These findings imply that mechanisms other than B-lactamase
production and substitutions in PBP-3 contribute to 3-lactam
resistance in H. influenzae.

A marked increase of B-lactamase-negative 3-lactam-resistant
isolates was found from 2007 and onwards (Fig. 2B), with consis-
tent yearly proportions above 10%. In the years 1997 and 1998, the
proportion of BLNBR isolates was relatively high, but this was
based on a very limited number of isolates. This makes the data
from these years less reliable and more difficult to interpret. For
comparison, the definitions were also adjusted to the definition
used in the national surveillance program described earlier, which
only includes isolates resistant to both penicillin and cefaclor/lo-
racarbef in the BLNBR group. From 2007 and onwards, we ob-
served consistently higher proportions of -lactamase-negative
B-lactam-resistant invasive isolates than the proportions seen in
the national surveillance data for nasopharyngeal isolates, for
which numbers never reached 5%.

Identification of a cluster of BLNAR genotype IIb isolates
with limited genetic variation. To identify putative clusters,
MLST based upon 7 different genes was performed on the invasive
BLNBR isolates. Even though alleles were shared, all analyzed iso-
lates had different ST profiles, as revealed by the MLST. The clonal
relation of the BLNBR isolates was analyzed using concatenated
MLST sequences. In the resulting neighbor-joining analysis, clus-
ters supported by bootstrap values of >70% were considered well
supported (Fig. 2C). The phylogenetic analysis identified several
clusters with bootstrap support of 70% or more, of which one
cluster contained 7 BLNAR isolates (Fig. 2C). Interestingly, this
BLNAR cluster comprised isolates from all three distinct geo-
graphical areas in the study, all from the period 2008 to 2010.
Furthermore, all of the isolates in the cluster had identical PBP-3
sequences, belonging to genotype IIb according to the classifica-
tion of Dabernat and colleagues (2). Even though the numbers are
small, together these findings suggest a clonal spread of this par-
ticular cluster.

DISCUSSION

This study identifies an increase in proportions of B-lactam resis-
tance among invasive H. influenzae isolates in Sweden during the
years 1997 to 2010. The proportions of B-lactam-resistant isolates
reached 30% in the final years of the study period. The observed
increase was not mainly due to an increase of B-lactamase-pro-
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TABLE 2 Amino acid substitutions in PBP-3 of 36 invasive -lactamase-negative B-lactam-resistant H. influenzae isolates”

Amino acid substitution

BLNAR Asp  Ala Asp Met  Ala Ala e 1le Gly Ala Arg  Asn Ala  Val Asn  Ampicillin MIC?
genotype n 350 368 373 377 395 437 449 475 490 502 517 526 530 547 569 (range; mg/liter)
I 1 His 1

1Ib 8 Asn Ile Val Lys Ile Ser  0.5-4

1Ib 2 Asn Ile Glu  Val Lys Ile Ser 2

1Ib 1 Asn Gly Val Lys Ile Ser 2

1Ib 1 Ile Val Lys Ile 8

1Id 2 Val Lys Ile Ser 2

1I 1 Asn Glu Lys  Ser 0.5

— 3 Asn Ile Ser 0.25-0.5

— 2 Asn Ser Tle Ser 0.5

— 2 Asn 0.5

— 1 Leu 1

— 2 Thr 0.25-0.5

— 3 Ile 0.25

— 7 (No substitution®) 0.25-256

@ All gBLNAR variants are highlighted in boldface.
 MICs were determined by Etest.
¢ —, the isolate was not gBLNAR.

4 Two strains produced B-lactamases (BLPACR) and therefore there was a broad MIC range.

ducing isolates, but among these a blap,,., variant with a pro-
moter deletion dominated (i.e., blagy.,-PA). The increase was
mainly due to a recent rise in BLNBR isolates. Since such isolates
have a potential for resistance to multiple antibiotics (34), the
observation is of concern. Not all of the BLNBR isolates displayed
true BLNAR phenotypes, but most isolates were resistant to mul-
tiple B-lactam antibiotics. Our study also confirms a strong, but
not perfect, correlation between BLNAR-defining amino acid
substitutions and the ampicillin resistance phenotype established
in earlier studies (2, 9, 31, 36). However, it is evident that other
mechanisms than PBP-3 mutations or B-lactamase production
contribute to B-lactam resistance in H. influenzae. A few such
mechanisms, including disrupted repression of the acrR efflux
pump, have been suggested (15).

Since the study design was retrospective, our study has limita-
tions. Not all isolates were available for detailed study, and since
the absolute numbers of H. influenzae isolates were limited, the
statistical calculations as well as the indications from the MLST
analysis should be interpreted with caution. Furthermore, the re-
liability of the disk diffusion method for defining precise levels of
B-lactam resistance in H. influenzae has been questioned. How-
ever, as a primary screening method for resistance in clinical iso-
lates, when followed by a detailed examination, the disk diffusion
method was considered suitable. Previous reports that have stud-
ied clonal relations of resistant H. influenzae have used pulsed-

field gel electrophoresis (PFGE) (9, 32), and PFGE is a common
method for studying clonal relations in local outbreaks with a
limited geographical distribution. Even though all methods have
limitations, we believe that MLST is advantageous, with its bene-
fits of a high resolution power and the possibility of international
comparisons.

Acquisition of antimicrobial resistance is often thought to im-
plya fitness cost and thereby theoretically reduced bacterial fitness
and virulence. However, evidence points to antimicrobial resis-
tance in Gram-negative bacteria that can be linked to a higher
degree of virulence (27), possibly due to cocarriage of resistance
and virulence genes. The explanation for the increase of the pro-
portion of resistant invasive H. influenzae isolates is likely to be
multifactorial. Selection pressure from liberal use of antibiotics
for upper airway infections may be a contributing factor, and
there is support for this mechanism from earlier reports (8).
Moreover, a contribution of the spread of dominant clones of H.
influenzae with antimicrobial resistance should be considered.
Such patterns were suggested in earlier studies (12, 16). The MLST
results from the present study of invasive isolates suggest a spread
of one BLNAR clone with close genetic relation, but the absolute
number of isolates was too small to fully conclude this as a fact.
Two observations strengthening this indication is that the cluster
was comprised of isolates from all three geographical areas of the
study, and all of the isolates of this cluster had identical PBP-3

FIG 2 Two variants of blay;,,_, and a steep increase of B-lactamase-negative invasive isolates with a cluster of BLNAR isolates were identified. (A) The agarose
gel shows an example of a bla;,,_, PCR result from four different invasive NTHi strains with B-lactamase production. The lanes are, from left to right, molecular
weight standard, negative control, and the clinical NTHi isolates KR553, KR225, KR655, and KR656. Sequencing revealed that the products of KR553 and KR655
are blayy, wild type, whereas the products of KR225 and KR656 are representative of the bla,_,-PA. (B) The recent increase of H. influenzae isolates with a
B-lactamase-negative, B-lactam-resistant phenotype. The absolute numbers of invasive BLNBR isolates during 1997 to 2010, sorted by resistance phenotype, are
shown. The black bars show BLNAR isolates, and the white bars show isolates resistant to penicillin and a cephalosporin. The striped gray bars show isolates
resistant to penicillin only, while the checked bars show isolates resistant to only a cephalosporin or a carbapenem. (C) A neighbor-joining phylogenetic tree was
constructed based on concatenated MLST data from all available invasive BLNBR isolates. The BLNAR isolates are indicated in red. Isolates with penicillin and
cephalosporin (PcV/ceph) resistance are indicated in blue, while isolates with only penicillin (PcV only) resistance are shown in black. The prefix letter of the
isolate name indicates the laboratory where the isolate was isolated: G, Gothenburg; S, Stockholm; M, Malmé; L, Lund. Clusters with >70% bootstrap support
are indicated with their bootstrap values, and one cluster of seven gBLNAR/BLNAR isolates, including isolates from all three geographical areas of the study, is
indicated by an asterisk.
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sequences. Among the BLPAR isolates, the reason for the spread
and domination of the bla gy, ,-PA variant needs further investi-
gation.

The finding of higher proportions of B-lactamase-negative
B-lactam-resistant H. influenzae invasive isolates, including
BLNAR, than that found in surveillance of nasopharyngeal disease
carriage strains is intriguing. Since not all isolates were tested for
cephalosporins or carbapenems, and since not all isolates were
available for PBP-3 sequencing, the numbers in this group may be
an actual underestimate. The possibility of a higher invasive ca-
pacity of resistant strains cannot be excluded, and such sugges-
tions have been made for BLNAR isolates in earlier work (22).
Since the study is skewed toward metropolitan areas of Sweden,
however, the risk of the results reflecting local Swedish differences
in resistance epidemiology also has to be considered. Interestingly,
when the BLNBR data set was statistically examined, the curve
could be fitted almost equally well with a cubic equation as the
quadratic one used in this analysis. One may argue that a cubic
equation, with a reduction in the rate of increase at the end of the
study period, may be a more plausible estimate. The coming years
will show which model best predicts future incidence rates.

To assess the relevance of studying H. influenzae resistance to
all B-lactams, and not only to ampicillin, in a clinical setting, we
registered the initial antibiotic given to the patients in 106 cases of
H. influenzae sepsis in the county of Skane (data not shown). The
majority (53%) were primarily given an expanded- or broad-spec-
trum cephalosporin. Interestingly, 28% were given benzylpenicil-
lin, 15% were given a carbapenem, and only one single patient was
administered ampicillin as a starting antibiotic. This observed em-
pirical treatment strategy reflects the clinical need to consider re-
sistance of H. influenzae to also B-lactams other than ampicillin,
most notably cephalosporins and benzylpenicillin.

To harmonize resistance testing, a novel disk diffusion method
to detect B-lactam resistance in H. influenzae was issued by the
European Committee on Antimcrobial Susceptibility Testing
(EUCAST; www.eucast.org) in 2011. The new method sorts 3-lac-
tam-resistant isolates by using benzylpenicillin disks (1 U) in
Mueller-Hinton agar. Preliminary results from our laboratory
suggest a higher incidence of B-lactamase-negative 3-lactam-re-
sistant nasopharyngeal H. influenzae isolates in 2011. Whether
this reflects a true increase of -lactam resistance in H. influenzae
or merely improved diagnostics is unclear for the time being.
Since the two methods are not entirely interchangeable, only re-
sults from the one used during the study period (1997 to 2010)
were included in the present study. Regardless of the specific
method utilized, it is clear that the proportion of B-lactam-resis-
tant H. influenzae in Sweden is no longer low, as roughly 30% of
invasive isolates displayed B-lactam resistance in the final years of
this study. These results call for continued surveillance and active
measures to restrain the use of unnecessary antibiotics in upper
airway infections.
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Necrotizing myositis and septic shock caused by Haemophilus
influenzae type f in a previously healthy man diagnosed with
an IgG3 and a mannose-binding lectin deficiency
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Abstract

An increased incidence of infections by Haemophilus influenzae type f (Hif) has recently been suggested, but such infections
have mainly been regarded as opportunistic. We present here a dramatic case of Hif necrotizing myositis and septic shock.
A subsequently diagnosed IgG3 and mannose-binding lectin deficiency possibly contributed to the severe outcome.

Keywords: Haemophilus influenzae, myositis, IgG3 deficiency, MBL deficiency

Introduction

Necrotizing soft tissue infections are amongst the
most dramatic conditions in the field of infectious
diseases, often requiring radical and repeated surgery
combined with intensive care treatment. The mortal-
ity is approximately 25% even if treatment is prompt
and correct, and a cured patient often suffers sub-
stantial consequential morbidity [1]. In most clinical
cases etiological factors, such as trauma, peripheral
vascular disease, or immunosuppression, are evident.
The majority of cases of necrotizing soft tissue infec-
tions are considered polymicrobial. Monomicrobial
cases are usually caused by exotoxin-producing
strains of streptococci or staphylococci. Many other
species can occasionally cause necrotizing soft tissue
infections, especially in elderly or immunocompro-
mised patients, warranting the use of broad-spectrum
antibiotics prior to identification of a causative micro-
organism [1].We could not identify any prior descrip-
tion of a monomicrobial necrotizing myositis caused
by Haemophilus influenzae type f (Hif) in a previ-
ously healthy patient. However, a single case of Hif
necrotizing fasciitis has been described [2]. This pre-
viously described case occurred in a patient with a
number of evident predisposing factors.

Severe invasive disease caused by H. influenzae
has historically been analogous with disease by
encapsulated type b (Hib). Since the introduction of
a conjugated Hib vaccine in the early 1990s, the inci-
dence of invasive Hib disease has decreased dramat-
ically [3]. Recent reports have shown increasing
incidences of invasive disease by non-type b strains
of H. influenzae in regions where vaccination
has been implemented [4,5]. In Europe, Hif is now
identified as the most common encapsulated non-
type b H. influenzae in invasive disease [5,6]. Fortu-
nately, unlike Hib, invasive Hif infections have
been suggested to be opportunistic in nature, occur-
ring mainly in immunocompromised individuals or
individuals of extreme age [7].

Case report

A 70-y-old man presented to the emergency room due
to a sudden sharp pain in the left hip region. The
patient had no prior medical conditions, apart from a
left-side coxarthrosis, and was on no medication but
glucosamine and paracetamol. The initial medical
report included the patient’s self-reported airway
symptoms, including a sore throat and a persistent
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cough in the weeks prior to admission. The patient did
not have an increased body temperature on admission,
but C-reactive protein (27 mg/l) and the white blood
cell count (12.9 X 10%/1) were slightly elevated.

After initial examination, the patient was admit-
ted to an orthopaedic ward. An X-ray of the left hip
verified coxarthrosis, but offered no explanation to
the sudden pain. In the following 2 days the patient
gradually developed fever, while the pain in the hip
persisted despite opiate analgesics. On the 3 day
following admission, symptoms of shock emerged,
including hypotension and tachypnoea, and the
patient was transferred to an intensive care unit
(ICU). At this time, blood cultures were drawn, and
renewed laboratory testing revealed multiple organ
failure, including thrombocytopenia (16 X 109/1),
leukopenia (1.4 X 10%1), and elevated serum creati-
nine (455 umol/l) suggesting tubular necrosis. Treat-
ment with meropenem was initiated, as well as
intensive fluid therapy (12 1 of crystalloid fluid was
administered in the first 24 h in the ICU) and ino-
tropic therapy. Despite these efforts, the clinical pic-
ture was aggravated with signs of metabolic
encephalopathy, and mechanical ventilation was
started. Meanwhile, symptoms from the patient’s
right upper arm had become evident, with sharp
pain, a rash, and swelling. Due to these symptoms,
together with the aggravated hip pain, septic shock,
and elevated myoglobin levels (3093 ug/l), necrotiz-
ing myositis was suspected. The patient was taken to
surgery 12 h after initiation of antibiotic therapy.

Exploration of the oedematous areas of the body
was performed by physicians from the departments
of hand, orthopaedic, and plastic surgery, and
included the right lower and upper arm, left hip
region, and left elbow. Necrotic parts of the affected
muscles were removed and only muscles that dis-
played spontaneous contraction upon pinching and
apparent bleeding were retained. Muscles that were
partially or totally resected included the flexors of the
right arm (Figure 1A), musculus (m.) gluteus maxi-
mus, m. biceps femoris, and m. quadriceps femoris
(Figure 1B). Tissue samples from the right arm and
the left hip and thigh were collected for routine
pathology and culture. Histology from all regions
showed an intense inflammatory response, small
abscesses, and muscle necrosis (Figure 1C). A com-
puted tomography (CT) scan performed after the
first surgery was helpful to identify perfusion distur-
bances of the quadriceps and hamstring muscles,
which led to revisions in a second procedure. An ole-
cranon abscess/necrosis of the left arm was also
revised. Unfortunately, all toes of the left and right
foot displayed ischemia and had to be amputated.
Wounds were managed with moist dressings or nega-
tive pressure therapy before delayed primary closure
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was performed after 3 weeks. The patient was treated
in the ICU for a total period of 12 days. All blood
cultures (=4) and 1 peroperative tissue culture
from the oedematous muscle in the left hip area
showed growth of H. influenzae, typed by polymerase
chain reaction (PCR) as an encapsulated strain
type f (Hif).

Following recovery, the patient was tested for pre-
disposing immune deficiencies and was interviewed.
The patient had led a healthy life, and had not suf-
fered from repeated infections. Even though analyses
of total immunoglobulin (Ig) and total haemolytic
complement were normal, laboratory tests revealed
low levels of IgG3 (0.18 g/l, reference 0.24-1.25 g/l)
combined with high levels of IgG4 (1.98 g/l, refer-
ence 0.052-1.25 g/l) and a mannose-binding lectin
(MBL) deficiency, genotype LYPB/LYPB [8], with
less than 10% function of the lectin pathway.
Repeated laboratory testing after 3 months con-
firmed these results. No pre-immune serum prior to
the septic episode was available for analysis.

Three years after the myositis episode, the patient
still suffers from the consequences of the severe
infection, with chronic pain in the hip and shoulder
region and impaired mobility. The wounds on both
feet have been subject to further revision and are not
yet fully healed.

Further experiments

Was the clinical Hif myositis isolate (strain KR494)
more virulent as compared to other Hif and non-
typeable Haemophilus influenzae (NTHi) carrier
strains? To answer this question the strain was tested
for virulence properties suggested to affect disease
severity. Well-characterized Hib and NTHi strains
(MinnA and RM3655, respectively) and a bacteremic
Hif strain causing a milder sepsis, were used as con-
trols. No difference in epithelial cell adhesive or inva-
sive capacity of KR494 to A549 cells [9] was found
compared with controls. The transmigratory capacity
of KR494 through NCI-H292 cells [10] was inter-
mediate, whereas the biofilm-forming capacity, as
assessed by crystal violet staining, was lower than the
reference strain RM3655. The serum resistance of
KR494 [11] was also comparable to that of controls.
The multiplication of the capsule locus by an IS1016-
bexA deletion is considered as a major Hib virulence
determinant, and a PCR to detect this deletion was
performed [12]. MinnA, but not KR494 or any other
control strain, had evidence of multiple capsulation.
Thus, in these well-documented in vitro assays, the
myositis Hif strain did not appear more virulent than
our selected Haemophilus control strains.

Since an MBL deficiency and low levels of IgG3
were identified in our patient, an attempt to study the
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Figure 1. Myositis caused by Haemophilus influenzae type f. (A) Right arm during the first revision; white arrow indicates area of partial
necrosis of the biceps muscle. (B) Left hip and thigh region after the first revision of gluteal muscles (white arrow indicates the proximal
remains of gluteal muscles) and biceps femoris; black arrow indicates the sciatic nerve that was left intact. (C) Haematoxylin and eosin
staining of removed muscle tissue displaying intense acute and chronic inflammatory infiltrate amid the partially necrotic muscle fibres.

All photographs were used with the informed consent of the patient.

relevance of these findings was made. MBL deficiencies
are common in the general population (> 10%), and
although study results are conflicting, MBL deficien-
cies alone are not convincingly associated with an
increased risk of invasive infections, but with an
increased risk of severe outcome [8]. MBL has been
shown to bind to a number of bacterial species,
including H. influenzae [13]. We studied the binding
of recombinant MBL (R&D Systems) to the clinical
Hif isolate KR494 with an FITC-conjugated anti-
MBL monoclonal antibody (mAb) (Hycult Biotech)

by flow cytometry. Recombinant MBL bound to
KR494 as well as to NTHi and Hib controls, but the
binding was low and inconsistent compared to the
positive control Staphylococcus aureus Cowan I
(data not shown).

Although IgG3 deficiency is the most frequently
diagnosed Ig subclass disorder, mainly IgG2
deficiency has been associated with increased suscep-
tibility to encapsulated bacteria [14]. The IgG2,
IgG3, and IgG4 binding to Hif KR494, as well as to
NTHi and Hib control isolates, was assessed after
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Figure 2. Flow cytometry profiles of Haemophilus influenzae incubated with patient sera and normal human serum (NHS). (A) Binding
of patient IgG2 to the myositis strain Hif KR494 was slightly higher as compared to IgG2 in pooled NHS. FITC-conjugated mouse anti-
human IgG2 was incubated with Hif KR494 in the absence of serum (negative control), with patient serum or pooled NHS. (B) IgG2
binding to Hib MinnA did not differ between the patient’s serum and the pooled NHS. FITC-conjugated mouse anti-human IgG2 was
incubated with Hib MinnA without serum (negative control), with patient serum or pooled NHS. Similar results were obtained with the
control H. influenzae strains RM3655 and Hif KR462. (C) A lower binding of IgG3 to all studied strains, here exemplified by Hib MinnA,
was found with the patient’s serum as compared to pooled NHS. Mouse biotin-conjugated anti human-IgG3 mAb using streptavidin—-RPE
as detection system was used. (D) An increased binding of IgG4 to all strains, here exemplified by Hif KR494, was detected with the
patient’s serum compared to pooled NHS. A FITC-conjugated mouse anti-human IgG4 mAb was used. All panels show representative

examples from experiments performed on 3 separate occasions.

incubation with sera from 