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ABSTRACT

CHARACTERIZING KNH: A MULTIFUNCTIONAL KINGELLA KINGAE ADHESIN

Bradley K. Kern

Joseph St. Geme, lll, M.D.

Kingella kingae is an important pathogen in young children and initiates infection by
colonizing the posterior pharynx. Adherence to pharyngeal epithelial cells is an
important first step in the process of colonization. In the work presented here we

examine the characteristics of the Kingella kingae trimeric autotransporter adhesin Knh.

Initially, we sought to elucidate the interplay of Knh with type IV pili (T4P) and the
polysaccharide capsule in K. kingae adherence to epithelial cells. A strain expressing
only Knh is capable of higher levels of adherence under shear stress than a strain
expressing only T4P. Examination by various microscopy methods revealed that the
capsule has a mean depth of 700 nm and that Knh is approximately 110 nm long.
Additional microscopy demonstrated that when bacteria expressing retractile T4P are in
close contact with host cells, the capsule is absent at the point of contact between the
bacterium and the host cell membrane. Capsule depth remains intact, and adherence

levels are markedly reduced with a retraction deficient mutant. These results support
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the following model: T4P make initial contact with the host cell and mediate low strength
adherence. T4P retract, pulling the organism closer to the host cell and displacing the
capsule, allowing Knh to be exposed and mediate high strength, tight adherence to the
host cell surface. This report provides the first description of the mechanical

displacement of capsule enabling intimate bacterial adherence to host cells.

Further study of Knh revealed that Knh varies clonally among clinical isolates and
contain regions of significant identity and regions of significant variation. Knh variants
from clinical isolates are able to mediate adherence to epithelial cells and several
extracellular matrix (ECM) proteins. However, the Knh variants vary in the specific ECM
proteins to which they adhere. Using the Knh variant from our prototype strain, we
observed that both the head and stalk domains of Knh can mediate adherence to
epithelial cells and vitronectin. Knh is thus a multifunctional adhesin that is potentially

important for colonization and the pathogenesis of K. kingae disease.
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Chapter 1. Introduction

1.1 History and general epidemiology

1.1.1 History

Kingella kingae is a pediatric pathobiont and a member of the Neisseriaceae family of
gram-negative bacteria. K. kingae was first isolated by CDC microbiologist Elizabeth
King in the 1960’s and was originally classified as a Moraxella species. King
unfortunately passed away before her findings could be published, and follow up work by
Henriksen and Bovre established that this organism was in fact a novel species which
they named M. kingii in honor of King (Henriksen and Bovre 1968). Later investigation
demonstrated that the organism is substantially different from other Moraxella species,

and thus it was placed in its own genus Kingella (Henriksen 1976).

1.1.2 Early epidemiology and emergence

K. kingae is difficult to culture under standard conditions and was therefore considered a
rare cause of disease for the first several decades of its history (Yagupsky and Dagan
1997, Yagupsky 2004). Improved culture methods developed in the 1990’s using blood
culture vials increased the recognition of K. kingae as a cause of pediatric infections

(Yagupsky, Dagan et al. 1992).



Recent developments in molecular diagnostic methods using PCR have revealed that a
significant proportion of K. kingae infections likely go undiagnosed. The implementation
of PCR detection methods has revealed that 50-80% of invasive disease cases in
children 6-36 months of age are missed by culture detection alone (Verdier, Gayet-
Ageron et al. 2005, Chometon, Benito et al. 2007). Using PCR for diagnosis, K. kingae

accounts for ~80% of septic arthritis cases in children age 6-48 months.

Recently, PCR-based detection methods have also been used to study asymptomatic
oropharyngeal carriage among children in Switzerland and New Zealand (Anderson de
la Llana, Dubois-Ferriere et al. 2015, Olijve, Podmore et al. 2016) revealing carriage
rates of 8.7% and 22.9%, respectively. These rates are in line with studies in Israel,
which report carriage rates in young children around 10%. In comparison, a recent
study in Australia of carriage using only culture methods was unable to detect any K.
kingae carriage in a cohort of children in the susceptible age range (Khatami, Rivers et

al. 2017).

One common target of PCR based screening strategies has been the RTX toxin gene
(Ceroni, Cherkaoui et al. 2010, Lehours, Freydiere et al. 2011). Interestingly, a recent
report revealed that the closely related species K. negevensis has an rtxA gene that is
indistinguishable from the K. kingae rtxA gene (El Houmami, Bzdrenga et al. 2017).

Subsequently, groEL has been reported to be a more specific candidate target for PCR



diagnosis (EI Houmami, Fournier et al. 2017). Regardless, PCR-based screening has

become an important tool for diagnosing K. kingae infection.

1.1.3 Epidemiology of colonization and disease

Epidemiological studies have demonstrated that K. kingae colonizes children between
the ages of 6 and 48 months. Between 40% and 70% of children will be colonized at
some point during the period of 6-48 months of age, with daycare attendance being a
significant risk factor for colonization (Yagupsky, Dagan et al. 1995, Amit, Dagan et al.
2013, Amit, Flaishmakher et al. 2014). Longitudinal studies have demonstrated a
carriage rate of 10% on average, though a study in New Zealand observed a carriage
rate as high as 22.9% (Olijve, Podmore et al. 2016). Colonization can last weeks to
months and is often intermittent or recurrent (Yagupsky, Dagan et al. 1995, Slonim,
Walker et al. 1998, Amit, Flaishmakher et al. 2014). In a daycare setting, a single strain
or clonal group often predominates within the facility, sometimes with strain replacement
over time (Slonim, Walker et al. 1998). Strains colonizing a daycare facility are often
unique to a particular facility when compared to neighboring facilities (Sena, Seed et al.
2010, Bidet, Collin et al. 2013). Adults are not typically colonized by K. kingae, unless
they frequently come into contact with colonized children, such as daycare workers

(Brandle, Spyropoulou et al. 2016).

Outbreaks of K. kingae invasive disease are also often associated with daycare facilities

(Yagupsky 2014). Observed attack rates of exposed individuals have been reported to
3



be approximately 14% to 25% (Kiang, Ogunmodede et al. 2005, Yagupsky, Erlich et al.
2006, Bidet, Collin et al. 2013, Yagupsky, Ben-Ami et al. 2016). Asymptomatic carriage
rates in facilities experiencing an outbreak tend to be higher than the average, with rates

as high as ~70%.

Colonization of the oropharynx is positively associated with K. kingae invasive disease
(Gravel, Ceroni et al. 2017). Studies of paired isolates from the oropharynx and blood or
synovial exudate of children presenting with K. kingae invasive disease suggest that
invasive disease proceeds from colonization of the posterior pharynx (Yagupsky, Porat
et al. 2009, Basmaci, llharreborde et al. 2012). After colonization, K. kingae can breach
the pharyngeal epithelium, enter the bloodstream, and disseminate to sites of disease.
Breaching of the pharyngeal epithelium is thought to be facilitated by viral coinfection
(Anderson de la Llana, Dubois-Ferriere et al. 2015, Basmaci, Bonacorsi et al. 2015,
Droz, Enouf et al. 2018) and/or the potent K. kingae RTX (Kehl-Fie and St Geme 2007,
Chang, Nudell et al. 2014). K. kingae causes osteomyelitis, occult bacteremia, and
more rarely endocarditis, in addition to septic arthritis. Susceptibility to K. kingae
invasive disease correlates with waning maternal antibody titers against K. kingae and
decreases with the development of the child’s own adaptive immunity (Slonim, Steiner et

al. 2003, Spyropoulou, Brandle et al. 2017).

K. kingae strains are widely variable in their ability to cause disease. Several clonal
groups/sequence types are significantly associated with invasive disease (Amit, Porat et

4



al. 2012). Five clonal groups identified by pulse field gel electrophoresis (PFGE), B, H,
K, N, and P, comprise 72% of all invasive disease cases in one study. Clonal group K is
associated with occult bacteremia, clonal group N with septic arthritis and osteomyelitis,
and clonal group P with endocarditis. Other clonal groups are almost never found in

cases of invasive disease and are associated with asymptomatic carriage.

Adherence to respiratory epithelium is an important first step in colonization. Previous
work in our lab identified three factors that interact to either mediate or modulate
adherence to host cells: a polysaccharide capsule, type IV pili (T4P), and the trimeric

autotransporter adhesin (TAA) Knh (Porsch, Kehl-Fie et al. 2012).

1.2 Polysaccharide capsules

1.2.1 Biology of capsules

Capsules are composed of polysaccharide chains anchored by a lipid moiety to the
bacterial outer membrane. Capsules are best recognized as a virulence factor
contributing to serum resistance by preventing opsonization of the organism through the
masking of surface antigens in a variety of gram-negative and gram-positive bacteria
(Hallstrom and Riesbeck 2010, Hill, Griffiths et al. 2010, Miajlovic and Smith 2014). It
has also been observed that capsules can inhibit biofilm formation and autoaggregation
and sterically inhibit adherence to surfaces and host cells (Misawa, Kelley et al. 2015,

Tu, Hsieh et al. 2015).



Capsular polysaccharides are highly hydrated and organized. The coordination of water
molecules and ions can cause polymers to become networked or interwoven. This
networking confers the properties of a gel-like coating around the bacterium. The
insertion of other bacterial surface factors such as fimbrae into and throughout the
capsule can further change the surface properties of the capsule (Wang, Wilksch et al.

2015) in a way measureable by atomic force microscopy (AFM).

1.2.2 Imaging capsules

Imaging capsules for studies of their structure in relationship to bacteria can be
challenging. Negative and positive stains of capsules and imaging by light microscopy
have been used to detect capsules on the surface of a variety of bacteria (Richardson
and Sadoff 1977, Babb and Cummins 1978, Reimann, Heise et al. 1988). However,
these methods rely on the ability of the capsule to exclude or take up the stain and for
the microscopy to be of high enough resolution to detect the area of exclusion or staining
corresponding to capsule. Higher resolution microscopy methods such as TEM
combined with stains that have enhanced contrast have increased our ability to reliably

image capsules.

K. kingae encapsulation has been confirmed via TEM in our lab (Porsch, Kehl-Fie et al.
2012, Starr, Porsch et al. 2016). Many capsules can be visualized by TEM using a
cationic ferritin stain. Samples are fixed and stained with the cationic stain, which is

capable of permeating and adhering to the negatively charged capsular polysaccharides.
6



When viewed by TEM, the stained layer of capsule appears as an electron dense halo
surrounding the bacterium (Figure 1). This method is useful for viewing the presence

and continuity of capsule around a bacterium.

A weakness of cationic ferritin staining and similar methods is that they can result in the
collapse of capsule due to the dehydrating effects of fixation during sample preparation.
This dehydration makes measurements of capsule depth difficult to interpret using these
methods (Stukalov, Korenevsky et al. 2008). Recently, AFM has been used to measure
hydrated capsule, as AFM can be done in an aqueous environment (Wang, Wilksch et
al. 2015, Mularski, Wilksch et al. 2016). The gel-like property of capsules gives them
resistance to deformation by the AFM probe tip. The depth of capsule - as well as other
traits such as turgor - can be determined by analysis of the deformation resistance force

curves.

The mechanical properties of capsules as measured by AFM can be modeled using four
mathematical models that correspond to different phases of capsule deformation (Wang,
Wilksch et al. 2015). The first phase is modeled by long range double layer interactions;
this gives the distance at which ionic repulsion or attraction between the capsule and the
probe tip occurs and is called the Debye length. The second phase represents the
deformation of the capsule polysaccharides and is fit by the Pincus theory for
compression of a polyelectrolyte brush. This number is dependent on the length of the
polysaccharides and their density on the cell surface. The third phase occurs when the

7



fully compressed polysaccharide chains are further compacted and is fit by the Hertz
model. The fourth phase is initiated when the cell membrane begins to directly support

the force of indentation and is fit by Hooke’s law.

A simplified model was introduced by Mularski et al. (2016) and defined the capsule
depth as the distance between the onset of the AFM probe tip deflection and the onset
of the linear force regime fit by Hooke’s law, which indicates indentation of the cellular
membrane. This simplified model assumes the Debye length given by the double layer
interactions is negligible in deionized water or low salt buffer. AFM is therefore an
accurate method for measuring and imaging bacterial capsules under hydrating

conditions.

1.2.3 Capsule of K. kingae

All K. kingae isolates examined to date contain one to three capsule synthesis genes,
the lipA and lipB genes encoding BKdo transferases, and an ABC-type capsule export
system encoded by the ctrABCD genes (Starr, Porsch et al. 2016). The synthesis
genes, the export genes, lipA, and lipB are located in physically separate regions of the
K. kingae chromosome, different from the arrangement in most encapsulated bacteria.
Disruption of any of these loci results in a nonencapsulated strain. Disruption of the
ctrABCD capsule transport locus does not prevent the production of capsular

polysaccharides, and these polysaccharides accumulate within lacunae visible by



transmission electron microscopy (TEM) and are detectable by chemical assays in

whole cell sonicates.

KKO1 KKO1 ctrA
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Figure 1. TEM micrographs of a) wild type KKO1 demonstrating the electron dense halo
of cationic ferritin staining (red arrow) and b) KKO1 ctrA mutant strain with capsule filled
lacunae (green arrow). Scale bar is 500 nm.

Work in our lab has determined that K. kinage expresses four distinct capsule type, each
characterized by unique combinations of constituent saccharides and linkages (Starr,
Porsch et al. 2016). Each capsule type is encoded by a distinct capsule synthesis gene
locus. Epidemiological analysis of the distribution of the capsule types has revealed that
the types a and b capsules are overrepresented among clinical isolates from sites of
invasive disease as compared to isolates from asymptomatic carriers (Starr, Porsch et

al. 2016, Porsch, Starr et al. 2017).



1.3 Type IV pili

1.3.1 Biosynthesis and composition

T4P are long, flexible surface fibers produced by bacteria. T4P are important adhesive
structures expressed by bacteria and have been shown to be important factors in
various functions such as motility, biofilm formation, autoaggregation, and natural
competence in gram-negative bacteria (Berry and Pelicic 2015, Maier and Wong 2015,
Chang 2017). Each fiber is composed of polymerized pilin subunits that associate via a
hydrophobic tail (Leighton, Buensuceso et al. 2015, Hospenthal, Costa et al. 2017). In
K. kingae, the major pilin subunit is PilA1 (Kehl-Fie, Miller et al. 2008). Additional minor
pilins and other pilus-associated proteins are incorporated into the pilus and it has been
suggested that these confer functionality to the pilus (Leong, Bloomfield et al. 2017).
The core pilus secretion complex is composed of a periplasm-spanning scaffold, outer
membrane pore, and extension/retraction machinery, all of which function to secrete and

anchor the pilus to the cell surface (Hospenthal, Costa et al. 2017).

T4P biosynthesis in K. kingae generally proceeds as follows: Prepilins have their
hydrophilic leader peptide cleaved by the prepilin peptidase PilD, and the mature pilins
are inserted into the periplasmic leaflet of the inner membrane by their hydrophobic tail
(Strom, Nunn et al. 1994). Pilins are incorporated into the growing pilus by the extension
ATPase PilF and are secreted through the outer membrane secretin composed of PilQ

subunits (Kehl-Fie, Miller et al. 2008). Additional auxiliary proteins are predicted to

10



provide rigidity to the machinery and anchor the pilus to the inner membrane and

peptidoglycan.

The distinguishing characteristic of T4P is their ability to retract (Merz, So et al. 2000).
Retraction is driven by depolymerization of the pilus by the PilT ATPase. Evidence
suggests that pilins are retained and reused throughout several cycles of pilus extension
and retraction (Skerker and Berg 2001). T4P retraction confers twitching maotility to the
bacterium (Merz, So et al. 2000). This type of motility involves extension of T4P along a
surface, adherence to the surface, and subsequent retraction, thereby dragging the
bacterium towards the point of attachment. When viewed by microscopy the bacterium
appears to twitch or slingshot along the surface (Skerker and Berg 2001, Jin, Conrad et
al. 2011). The retraction ATPase PilT is one of the strongest molecular motors
described to date (Maier, Potter et al. 2002, Clausen, Jakovljevic et al. 2009). Pili pulling
experiments using Myxococcus xanthus have given the forces exerted by T4P retraction

to be as high as 149 pN (Clausen, Jakovljevic et al. 2009).

1.3.2 T4P as flexible adhesins

The flexibility of T4P also contributes to resistance of the adhesive bond to shear forces.
Nanoscale pulling of T4P in experiments with Pseudomonas aeruginosa using AFM
revealed that the flexibility of T4P can be described by the worm-like chain (WLC) (Lu,
Giuliani et al. 2015). Pulling on a single pilus adhered to several surfaces revealed

multiple force peaks and plateaus that indicated that multiple hydrophilic and
11



hydrophobic interactions occurred along the length of the pilus. The multiple peaks and
their relatively low amplitude indicate that adherence to surfaces mediated by T4P is low
affinity, but high avidity. The low affinity and high avidity adherence allows single T4P-
mediated adherence to resist pulling forces of up to 250 pN (Beaussart, Baker et al.
2014). Furthermore, the helical arrangement of pilins in the pilus allows T4P to act as
molecular nanosprings (Beaussart, Baker et al. 2014, Lu, Giuliani et al. 2015).

Unravelling of the helix contributes to the resistance of pulling forces by the pilus.

1.4 Trimeric autotransporter adhesins

1.4.1 TAA history

Previously we have demonstrated that the TAA Knh is a major adhesin responsible for
tight-adherence to Chang cell monolayers (Porsch, Kehl-Fie et al. 2012, Kern, Porsch et
al. 2017). The prototypical TAA is YadA from Yersinia species which was originally
described to be an important multi-role adhesin contributing to adherence to host cells,
invasion, and extracellular matrix protein binding (Bukholm, Kapperud et al. 1990,
Viljanen, Lounatmaa et al. 1991, Tertti, Skurnik et al. 1992, Bliska, Copass et al. 1993,
Tamm, Tarkkanen et al. 1993, Yang and Isberg 1993, Skurnik, el Tahir et al. 1994).
YadA was also found to contribute to Y. enterocolitica serum resistance (Pilz, Vocke et
al. 1992, China, Sory et al. 1993) and to confer Y. enterocolitica resistance to
antimicrobial peptides (Visser, Hiemstra et al. 1996). Although YadA has been known to
be multimeric from the early 1990’s (Tamm, Tarkkanen et al. 1993), the structure of

folded YadA was not described until 2000 (Hoiczyk, Roggenkamp et al. 2000). Hoizyck

12



et al. described YadA and the related Moraxella catarrhalis protein UspA as having a
“lollipop” structure, observable via electron microscopy. It was recognized in 2005 that
YadA-like proteins represented a novel class of autotransporter proteins, resulting in the

designation of trimeric autotransporter proteins (Cotter, Surana et al. 2005).

1.4.2 TAA biosynthesis and structure

TAAs are characterized by a C-terminal membrane anchor domain composed of four 3-
sheets that trimerize to form a twelve strand 3-barrel pore in the outer membrane of the
bacterium (Surana, Cutter et al. 2004). This architecture distinguishes them from
conventional autotransporter proteins, which are monomeric. Insertion of the trimerized
B-barrel into the outer membrane is known to be BamA dependent (Lehr, Schutz et al.
2010), though the role of BamA in the translocation of the passenger domain remains
unknown at this time. Additionally, it has been demonstrated that electrostatic repulsion
between positively charged residues projecting into the pore is essential for correct
alignment of the monomers within the trimer and therefore stabilizes the trimer (Aoki,

Sato et al. 2017).

Trimerization of the B-barrel pore is sufficient for secretion of the N-terminal passenger
domain (Mikula, Leo et al. 2012), where it folds and trimerizes to form a rod-like surface
structure. Evidence suggests that several periplasmic proteins act either as chaperones
to prevent the passenger domain from folding prematurely and/or act to anchor the

mature adhesin to the outer membrane (Qu, Mayer et al. 2007, Grin, Hartmann et al.
13



2014, Ishikawa, Yoshimoto et al. 2016). The mechanism of secretion of the passenger
domain to the cell surface remains controversial. It has been shown that the pore
produced by TAA trimerization is too small to allow the fully folded passenger domain to
pass through. Therefore, it has been proposed by that unfolded passenger domain is
translocated either in an N to C-terminal manner (threading model) or C to N-terminal
manner (hairpin model) (Oomen, van Ulsen et al. 2004). Alternatively, Oomen and
colleagues propose that passenger domains could be translocated via the BamA
(Omp85) complex, which has been shown to be involved in classical autotransporter
secretion (Voulhoux, Bos et al. 2003). More recently, it has been proposed that BamA
complexing with the trimerized translocation domains could hold the pore in a widened
state (Lehr, Schutz et al. 2010), which would facilitate passenger domain translocation

as has been reported for conventional autotransporters (Dautin and Bernstein 2007).

Although TAAs are a diverse family of proteins, there is strong conservation of
passenger domain structural motifs between heterologous passenger domains. A
common example is the B-roll structure of the head domain of YadA, which has
homologues in many TAAs from other species, including Knh. Structural homologues
are frequently identified in silico by amino acid sequence homology, such as by the now
defunct daTAA server from the Max Planck Institute (Szczesny and Lupas 2008), and

TAAs with a YLHD have the classic lollipop structure visible by TEM (Figure 2).

14



Figure 2. TEM micrograph of Knh (arrows) on the surface of K. kingae demonstrating the
classic lollipop shape of TAAs containing an N-terminal YLHD. Scale bar is 100 nm.
Adapted from Kern et al. 2017.

However, recent crystal structure studies have revealed that there can be variation
between in silico predictions and crystal structures (Wright, Thomsen et al. 2017).

Wright et al. (2017) crystallized the putative domain 1 of the H. influenzae Hsf protein
and found that the domain contained an additional N-terminal TRP ring in addition to the
predicted motifs giving the domain a novel N-TRPring:KG:TRPring-C conformation.
Crystallization studies were also key in determining the non-canonical “head” structure of
NadA from serogroup B Neisseria meningitides (Malito, Biancucci et al. 2014) which
consists of a short coiled-coil segment followed by 3-sheet “wings” that fold up towards
the N-terminus. Similarly, Bartonella henselae BadA was shown to have a novel head
domain, which consists of a short YLHD followed by two (3-prism domains with no

homology to known TAA structures (Szczesny, Linke et al. 2008), although there is
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some resemblance to domains from the H. influenzae Hia TAA in permuted order.
These examples highlight the caution with which homology based structural predictions

must be treated.

1.4.3 TAA adhesive activities

All TAAs characterized to date have been shown to have adhesive activities. Common
targets include integrins, glycoproteins, extracellular matrix proteins, and soluble
complement factors (Lyskowski, Leo et al. 2011). Several TAAs are also known to have
roles in autoaggregation and biofilm formation (Lazar Adler, Dean et al. 2013, Wang,
Hsieh et al. 2014, Wang, Qin et al. 2015). There is some information regarding the
relationship between the structure and function of TAAs. Two of the best studied

examples are Hia/Hsf from H. influenzae and BadA from B. henselae.

Hia is expressed by non-typeable (nonencapsulated) H. influenzae (NtHi) strains, while
Hsf is expressed by encapsulated H. influenzae. It has been shown that the two binding
domains (BD) of Hia and Hsf, are characterized by a repeating motif of a TRP ring
immediately followed by a downstream IS Neck (Laarmann, Cutter et al. 2002, Cotter,
Surana et al. 2005). However, despite the evidence that in Hsf BD1 and BD2 mediate
adherence to host cells, only BD2 has significant adhesive activity to vitronectin. Vn
binding by Hsf BD2 has been shown to contribute to serum resistance by strains
expressing Hsf (Singh, Su et al. 2014), which is hypothesized to partially explain why Hsf

expressing strains are more often associated with invasive disease.
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Similarly, the head region and stalk region of B. henselae BadA have been shown to
have both overlapping and differential adhesive properties to ECM proteins (Kaiser,
Linke et al. 2012). Specifically, the head region and stalk both bind collagen and
mediate adherence to host cells, but only the stalk binds to fibronectin. Furthermore,

only four of the twenty-three stalk repeats are required for adherence to host cells.

1.4.4 Intraspecies TAA variability

As mentioned previously, there is a large amount of interspecies diversity among TAAs.
There can also be significant intraspecies sequence diversity. H. influenzae strains
encode a rich diversity of TAAs. The aforementioned Hia and Hsf can be considered
variants of each other. They have a significant amount of identity and similarity,
particularly in the binding domains BD1 and BD2, and absolute identity in the C-terminal
membrane anchor (Cotter, Surana et al. 2005). Other H. influenzae biogroups as well
as other Haemophilus species produce TAAs with significant variation. H. influenzae
biogroup aegyptius encodes the tab/tah family of TAAs, alleles of which are lineage
specific (Strouts, Power et al. 2012). Pathogenic H. parasuis strains encode 13
paralogous TAAs of the VtaA family divided into three groups by homology (Pina, Olvera
et al. 2009). VtaA variants from all three groups have homologs in honpathogenic
strains; however, microarray assays have demonstrated that these variants have

significant divergence from the pathogenic strains.
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The variation of NadA from Neisseria meningitidis has been characterized in some depth
(Comanducci, Bambini et al. 2004, Bambini, De Chiara et al. 2014). Generally, the six
enumerated alleles are grouped into two groups (I and 1l) based on sequence homology
(Bambini, De Chiara et al. 2014). Group | alleles are associated with pathogenic strains
and the hypervirulent clonal complexes, while group Il alleles are largely associated with
carrier isolates. Within each group, alleles display 80-99% homology; however, between
the two groups, there is only 40-50% homology (Bambini, De Chiara et al. 2014). This
variation has been shown to influence antibody reactivity against NadA, with antibodies
made against group | variants not having crossreactivity to group Il variants (Malito,

Biancucci et al. 2014).

1.4.5 TAAs as flexible adhesins

Similar to T4P, TAAs have been shown to be flexible and to act as molecular springs (El-
Kirat-Chatel, Mil-Homens et al. 2013, Koiwai, Hartmann et al. 2016). This flexibility
allows TAA-mediated adherence to resist pulling forces. Unlike T4P, AFM pulling
experiments revealed that TAAs act as linear springs. Force curves generated in AFM
experiments revealed force is proportional to distance, rather than being fit by the worm-
like chain model, and had short bond rupture distances of ~50 nm (El-Kirat-Chatel, Mil-
Homens et al. 2013). This property indicates that TAAs do not unfold when pulled, but
rather act as stiff rod-like springs. The structural basis for the flexibility of TAAs stems

from the ability of a variety of structural domains to allow for several degrees stalk
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bending each, resulting in a net maximal degree of flexibility of 90° in the case of AtaA

from Acinetobacter sp. strain Tol 5 (Koiwai, Hartmann et al. 2016).

1.5 Models of shear stress and bacterial adherence

Much of the work describing bacterial adherence to surfaces and host cells has been
done under static conditions such as those found in tissue culture plates. However,
many physiological niches feature liquid flow, which exerts shear forces on adherent
bacteria. Mucociliary clearance in the pharynx, blood flow in the vascular system, and
voiding of urine in the urinary tract represent just a few of the niches where shear stress
is experienced by the bacterium. Therefore, study of bacterial adherence under shear

stress is important.

Several models of bacterial adherence under shear stress have been developed. One
of the earliest models used to study bacterial adherence is the radial flow chamber in
which liquid is flowed between two disks from a central point (Duddridge, Kent et al.
1982, Nagel, Dickinson et al. 1996). The shear stress experienced by bacteria or cells
within the apparatus varies proportionally to the distance from the center of the disk;
therefore, adherence can be studied at a continuous range of shear stress (Duddridge,

Kent et al. 1982).
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A model of bacterial adherence under shear stress currently commonly found in the
literature is assessment of adherence using linear flow chambers. In these assays,
buffer or inoculum is pumped into the chamber at one end. The chamber can be
prepared with host cells, adherent bacteria or biofilms, or can be functionalized with
coatings, such as with purified receptor proteins. The spent inoculum or buffer flows out
the opposite end of the chamber into waste or, as in the variations using a peristaltic
pump, can be recirculated. These assays allow for very precise control of the shear
forces experienced by bacteria at the chamber walls. These assays have been used to
examine initial bacterial attachment (Nejadnik, van der Mei et al. 2008, Szlavik, Paiva et
al. 2012), persistence of adherence under shear stress (Niddam, Ebady et al. 2017,
Oder, Fink et al. 2017), and biofilm formation (Cook, Costerton et al. 1998, Thomen,
Robert et al. 2017). Recently, ex vivo models of bacterial adherence under shear stress
have been developed (Weidensdorfer, Chae et al. 2015, Veloso, Claes et al. 2018).
These models vary from using graft sections in flow chambers (Veloso, Claes et al.
2018) to flowing bacteria through sections of human umbilical cord (Weidensdorfer,

Chae et al. 2015).

1.6 Model of K. kingae adherence to host cells

In previous work, our lab demonstrated that K. kingae expresses three surface factors
that either mediate or modulate adherence to host cells in vitro: type IV pili, the TAA
Knh, and a polysaccharide capsule. Using standard static adherence assays to examine
the adherence of mutants of T4P, Knh, and capsule individually and in combination

(Porsch, Kehl-Fie et al. 2012). Elimination of T4P resulted in a strain unable to adhere
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to Chang cells, but further elimination of the capsule restored wild type adherence. A
T4P and Knh double mutant strain and a T4P, Knh, and capsule triple mutant strain
were non-adherent. This information suggests that T4P and Knh are the major adhesins
involved in K. kingae to host cells and that capsule can inhibit Knh-mediated adherence
when T4P are absent. Furthermore, a T4P retraction deficient mutant mediated an

intermediate level of adherence similar to a Knh/capsule double mutant.

Taken together, these results suggest that Knh mediates a higher level of adherence
than T4P and that T4P retraction is necessary to overcome capsular inhibition of Knh-
mediated adherence. We hypothesized that K. kingae adheres according to the
following model (Figure 3): The T4P projecting beyond the capsule make initial contact
with the host cell and mediate low affinity adherence. T4P then retract, drawing the
organism closer to the host cell and causing the displacement of capsule, which exposes
Knh to the host cell surface allowing Knh to mediate tight adherence to the host cell.
This model represents a novel mechanism for modulating the activity of a TAA via the

presence of a polysaccharide capsule.
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Figure 3. Model of K. kingae adherence to host cells. 1. T4P make initial contact with
the host cell and mediate low affinity adherence. 2. T4P retract, drawing the organism
closer to the host cell and causing capsule to be displaced, which allows Knh to access
the host cell surface and mediate tight adherence. Adapted from Porsch et al. 2012.

1.7 Dissertation overview

Chapter 2 defines that mechanical features of our model, including a comparison of Knh
and T4P-mediated adherence under shear stress, measurements of the depth of
capsule, and the requirement of T4P retraction under shear stress. Chapter 3 examines
the sequence variability of Knh between clinical isolates as well as the variation in
adhesive activities of select Knh variants. Finally, chapter 4 summarizes our findings

and proposes potential future directions.
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Chapter 2: Defining the mechanical determinants of Kingella kingae

adherence to host cells

2.1 Introduction

Adherence to host epithelial cells is an important first step in the colonization of a host by
potential bacterial pathogens. Kingella kingae is a pediatric pathogen that colonizes the
posterior pharynx of young children (Yagupsky 2004). Improved culture methods and
PCR-based detection methods have revealed that K. kingae is a leading etiology of
osteoarticular infections among children in this age group in an increasing number of
countries (Gene, Garcia-Garcia et al. 2004, Chometon, Benito et al. 2007, Ceroni,
Cherkaoui et al. 2010, Yagupsky, El Houmami et al. 2017). Analysis of paired clinical
isolates from the oropharynx and the site of invasive disease in pediatric patients has
demonstrated that invasive disease likely proceeds from pharyngeal colonization.
Approximately 10% of young children are colonized at a given time, and roughly 70% of
children are colonized at some point during the first 48 months of life (Yagupsky, Dagan

et al. 1995, Slonim, Walker et al. 1998, Yagupsky, Peled et al. 2002).

Previous work by our group has demonstrated that K. kingae adherence to human
epithelial cells is influenced by three surface factors: type IV pili (T4P), a trimeric
autotransporter adhesin (TAA) called Kingella NhhA homologue (Knh), and a
polysaccharide capsule (Porsch, Kehl-Fie et al. 2012). T4P are long surface fibers that

consist of polymers of pilin subunits and are distinguished from other pilus types by their
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ability to undergo retraction. These fibers confer a type of motility termed twitching
motility, in which T4P extend, adhere to a surface, and then retract, dragging the
bacterium forward (Skerker and Berg 2001). TAAs comprise the type Vc autotransporter
family of bacterial surface proteins and are characterized by a homotrimeric architecture
(Lyskowski, Leo et al. 2011). Every TAA examined to date has demonstrated adhesive
activities, either promoting bacterial adherence to host molecules or abiotic surfaces or
binding circulating factors such as immunoglobulins and complement components
(Lyskowski, Leo et al. 2011). Capsules consist of long polysaccharide chains anchored
to the outer membrane via a lipid moiety (Whitfield 2006). In a variety of bacteria,
capsules have been shown to be important virulence factors associated with immune
evasion (Hallstrom and Riesbeck 2010, Hill, Griffiths et al. 2010, Miajlovic and Smith

2014).

In previous studies, T4P, Knh, and capsule have been examined for their contributions
to K. kingae adherence to host cells using standard static adherence assays with fixed
Chang cell monolayers (Kehl-Fie, Miller et al. 2008, Porsch, Kehl-Fie et al. 2012).
Deletion of the gene encoding the T4P major pilin subunit pilAl results in elimination of
pili and abolishes adherence. Concomitant inactivation of the capsule transport gene
ctrA eliminates encapsulation and restores adherence to wild-type levels. Inactivation of
the knh gene encoding Knh or the pilT gene encoding the T4P retraction ATPase PilT
results in an intermediate level of adherence to host cells when capsule is present. A

strain deficient in both T4P and Knh is non-adherent, regardless of encapsulation state.
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Our earlier observations of T4P-mediated and Knh-mediated adherence to host cells
and the effects of capsule on this adherence suggested three hypotheses: Knh mediates
stronger adherence than do T4P; capsule is deeper than Knh is long and interferes with
Knh-mediated adherence; capsule displacement and intimate Knh-mediated adherence
requires PilT-driven T4P retraction. In the present study we sought to address these
hypotheses, ultimately elucidating the mechanical determinants of K. kingae adherence

to host cells.

2.2 Results

K. kingae Knh-mediated adherence is stronger than T4P-mediated adherence in
the setting of shear stress. To study the relative levels of adherence mediated by Knh
and T4P, we used a dynamic flow system to apply shear stress to bacteria after the
bacteria had been pre-anchored to host cells under static conditions and on initial
contact with host cells. For assays comparing Knh-mediated adherence and T4P-
mediated adherence, we used non-encapsulated KKO1-derived strains expressing either
only T4P (KKO1knhctrA), only Knh (KKO1pilAlctrA), or neither T4P nor Knh
(KKO1pilAlknhctrA). Representative images are included in Figure S1. To test the
ability of Knh and T4P to anchor the bacterium to the host cell under shear stress we
used the shear resistance adherence (SRA) assay (Figure 1A) in which bacteria are pre-
adhered to host cell monolayers and non-adherent bacteria are washed away with buffer
under constant shear stress. We observed that Knh mediated high-level adherence and
T4P mediated low-level adherence at all shear stress rates tested (Figure 1B). Both Knh

and T4P mediated lower adherence at low shear stress and higher adherence at high
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shear stress. Strain KKO1pilAlctrA had an adherence level of ~11 bacteria/cell at 0.1
dyne, increasing to ~42 bacteria/cell at 5 dyne, and then decreasing to ~31 bacteria/cell
at 15 dyne. In contrast, strain KKO1knhctrA had an adherence level of ~5 bacteria/cell at
0.1 dyne, increasing steadily to ~25 bacteria/cell at 15 dyne. Adherence by strain
KKO1pilAlctrA was significantly higher (p<0.05) than adherence by strain KKO1knhctrA
at all shear stress levels except 15 dyne (p=0.28). A control strain KKO1pilAlknhctrA
had an average of <1 bacteria/cell at all shear stress levels. These results indicate that
Knh-mediated adherence is stronger than T4P-mediated adherence while under shear

stress.
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Figure 1. Shear resistance adherence (SRA) assays. A) Schematic of SRA assays.
Host cell monolayers are infected with bacteria under static conditions, and non-
adherent bacteria are washed away with PBS under constant shear stress. B)
Adherence of Knh-mediated (KKO1pilAlctrA) and T4P-mediated (KKO1knhctrA)
adherence to fixed Chang cell monolayers under shear stress. Strain KKO1pilAlknhctrA
was used as a hegative control. Error bars represent standard deviation. Strain
KKO1pilAlctrA was significantly more adherent than KKO1lknhctrA at the shear rates of
0.1, 1.0, and 5.0 dynes (*p<0.05), and strain KKO1knhctrA was more adherent than
strain KKO1pilAlknhctrA at all shear rates (p<0.05).
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To test the ability of K. kingae to adhere on initial contact, we developed the inoculating
under shear adherence (ISA) assay (Figure 2A) in which bacteria resuspended in buffer
are flowed over host cell monolayers under constant shear stress. This assay revealed
that Knh mediated significantly higher level adherence to host cells on initial contact than
did T4P (Figure 2B). At a shear stress of 0.1 dyne, we observed that strain
KKO1pilAlctrA had a mean adherence level of nearly 12 bacteria/cell. Although there
was a sharp decrease in KKO1pilAlctrA adherence to 6 bacteria/cell at 0.2 dyne,
adherence remained between 4 and 6 bacteria/cell until 2 dynes and decreased to ~2
bacteria/cell at 5 dynes. In contrast, strain KKO1knhctrA had a mean adherence level of
only 2 bacteria/cell at 0.1 dyne and negligible adherence at 0.3 dyne. At shear stress
rates higher than 15 dynes, the Chang cell monolayer began to lose integrity, precluding
examination of higher shear stress. To confirm our results, we repeated the ISA assays
with A549 cell monolayers at select shear levels up to the shear level at the adherence
plateau noted with Chang cells (Figure 2C). Although overall adherence to A549 cells
by both KKO1pilAlctrA and KKO1knhctrA was slightly reduced compared with adherence
to Chang cells, the relationship between KK01pilAlctrA and KKOlknhctrA adherence

remained the same.
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Figure 2. Inoculating under shear adherence (ISA) assays. A) Schematic of ISA assays.
Suspensions of bacteria are flowed over host cell monolayers under constant shear
stress. B) Knh (KKOZ1pilAlctrA) and T4P (KKO1lknhctrA) ISA adherence to fixed Chang
cell monolayers and C) fixed A549 cell monolayers. Error bars represent standard
deviation. Adherence by strain KKO1pilAlctrA was significantly higher than adherence
by strain KKO1knhctrA at all shear rates (*p<0.05), and KKO1knhctrA was significantly

more adherent than strain KKO1pilAlknhctrA only at 0.1 dyne only for both Chang cells
and A549 cells (*p<0.05).

Atomic force microscopy reveals that the K. kingae capsule is approximately 700
nm deep. To determine the depth of the capsule of strain KKO1, we measured the
resistance of the bacterial surface to indentation using atomic force microscopy (AFM)
(Figure 3A). We gathered single point force curves for individual bacteria, using the

nonencapsulated strain KKO1ctrA as a control. We fit Hooke’s law to the area of linear
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compliance, which corresponds to the resistance of the bacterium body. The depth of
capsule was defined as the Z distance between the initiation of the probe tip deflection
and the beginning of linear compliance fit by Hooke’s law. Analysis of the force curves
using this method revealed that the K. kingae capsule of strain KKO1 was 700 nm deep

on average (n=20, range=300-900 nm).

Knh fibers are ~110 nm long. Using negative staining TEM, we were able to visualize
Knh fibers on the surface of bacteria. Given that K. kingae strain KKO1 expresses
relatively little Knh, we examined strain KK03, a variant of KKO1 that expresses high
guantities of Knh (Figure S2). To ensure that the only surface structures visualized were
Knh, we examined strain KKO3pilAlctrA (lacking T4P and capsule) (Figure 3B), using
strain KKO3pilAlknhctrA (lacking Knh, T4P, and capsule) as a control (Figure 3C). The
observed fibers ranged in length from 46 nm to 112 nm (mean length=68 nm, standard
deviation=14 nm, n=92), likely reflecting the curvature of some fibers and the partial
obscuring of the base of some fibers related to the 2-dimensional nature of TEM. Fibers

were absent on the surface of strain KKO3pilAlknhctrA.
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Figure 3. Depth of K. kingae capsule versus Knh length. A) Example AFM single point
force curve of strain KKO1 (solid circles). The green line indicates the beginning of tip
deflection. The red line is the linear regime corresponding with the resistance of the
bacterial membrane. The blue line represents the distance of capsule indentation.
Included is an example force curve from the nonencapsulated strain KKO1ctrA (open
circles). Transmission electron micrographs of K. kingae surface fibers using uranyl
acetate negative staining of B) the KKO3pilAlctrA mutant and C) the KKO3pilAlknhctrA
mutant. Knh fibers are marked with arrows. Scale bar represents 100 nm.
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Capsule is displaced on bacteria in close contact with host cells. To visualize the
bacterial capsule, we stained Chang cell monolayers infected with strains KKO1 and
KKO1pilT (which expresses non-retractile T4P) with cationic ferritin, resulting in an
electron dense layer that was visible on the bacterial cell surface when examined by thin
section TEM. With each sample, we observed four grids and at least 40 bacteria per
grid. When wild-type bacteria were in close contact with host cells, we observed that the
capsule was consistently thinner between the bacterium and the host cell (Figure 4A). In
contrast, the capsule of strain KKO1pilT (Figure 4B) remained similar in depth to the
capsule of nonadherent bacteria (Figure 4C), even when the bacteria were in close

contact with host cells.

T4P retraction increases the level of adherence to host cells of an encapsulated
strain under shear stress. To test the contribution of T4P retraction to adherence, we
compared strain KKO1 with mutants lacking PilT (KKO1pilT) or lacking Knh (KKO1knh) in
SRA assays, using strain KKO1pilAlknh as a control (Figure 4D). We found that the
level of adherence was significantly higher for strain KK01 than for the KKO1pilT mutant
at all levels of shear stress (p<0.05). The KKO1pilT mutant had a similar level of
adherence as the KKO1knh mutant, in agreement with our static adherence assay
results (Porsch, Kehl-Fie et al. 2012), while the KK01pilAlknh double mutant control had

minimal adherence.
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Figure 4. Capsule displacement and T4P retraction. Thin section TEM micrographs of A)
wild type KKO1 and B) the KKO1pilT mutant in close contact with host Chang epithelial
cell membranes and microvilli. The capsule is stained with cationic ferritin and appears
as an electron dense layer around the bacterium (arrows). Scale bars represent 500
nm. C) A wild type KKO1 bacterium not in close contact with a host cell. D) SRA assay
comparing the adherence of wild type KK01, the KKO1pilT mutant, and the KKO1knh
mutant. Strain KKO1pilAlknh was used as a negative control. Error bars represent
standard deviation. KKO1 adhered at a significantly higher rate than strains KKO1pilT
and KKO1knh at all shear levels (*p<0.05).
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2.3 Discussion

In previous work we described the relationship between T4P, the trimeric autotransporter
adhesin Knh, and capsule in K. kingae adherence to host cells (Porsch, Kehl-Fie et al.
2012). This earlier work suggested a novel model of adherence and generated three
hypotheses: 1) Knh mediates stronger adherence to host cells than do T4P; 2) the
capsule of K. kingae is deeper than Knh is long; 3) T4P retraction causes capsule

displacement and is necessary for Knh-mediated adherence.

To examine whether Knh mediates stronger adherence than do T4P, we used flow
adherence assays and examined adherence under shear stress. The ideal method to
guantitate the binding affinity of an adhesin to its receptor involves assessment of
binding of the purified adhesin to the purified receptor in an enzyme-linked
immunosorbent assay (ELISA) or surface plasmon resonance. However, purification of
the adhesive passenger domain of Knh has proven to be challenging, and the receptor
for Knh and T4P remains unknown. We reasoned that examination of bacterial
adherence under shear stress would be an alternate approach to compare the
adherence properties of Knh and T4P. Adherence under shear stress assays have the
advantage that the adhesins are expressed in their native context, making adhesin
folding, glycosylation (Rempe, Spruce et al. 2015), stability, and orientation of minimal
concern. A potential limitation of flow adherence assays is the difficulty of separating the
contributions of affinity and avidity, related to multivalent adhesive activities. However,
because our interest is the adherence properties of the whole bacterium to a host cell,

this limitation also represents a strength.
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Typically, adherence assays performed under shear stress have used flow chambers
that are pre-inoculated with bacteria under static conditions or very low shear (Kaiser,
Linke et al. 2012). Subsequently, buffer is flowed through the chambers to wash away
non-adherent bacteria. We have called these assays shear resistance adherence (SRA)
assays, as they measure the ability of the adhesin to anchor the bacterium to the host
cell after maximal contact between the bacterium and the host cell has been achieved.
Additionally, we were interested in the level of adherence on initial contact by the
bacteria to host cells, reasoning that initial contact of the bacterium to a host cell occurs
under a variety of shear conditions in vivo. Therefore, we also performed experiments in
which the inoculum was flowed through the flow chambers over the host cell
monolayers. We have called these assays inoculating under shear adherence (ISA)
assays. Data are lacking regarding the shear forces within the liquid or mucosal layer of
the upper respiratory tract, but the shear exerted by airflow in the respiratory tract at the

mucosal surface is reported to be 0.5-2 dynes (Green 2004).

The results of both the SRA and ISA assays demonstrated that Knh-mediated
adherence can withstand significantly higher shear stress than can T4P-mediated
adherence and that Knh mediates adherence more frequently on initial contact. These
results strongly suggest that Knh mediates stronger bacterial adherence than do T4P,

whether as a consequence of greater affinity or greater avidity or both.
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Interestingly, in SRA assays Knh and T4P generally demonstrated increasing adherence
as shear stress increased. Although counterintuitive, this phenomenon has been noted
before with other adhesins and has been best studied with FimH and various pilus
components expressed by E. coli. (Thomas, Trintchina et al. 2002, Thomas, Nilsson et
al. 2004) The positive relationship between shear stress and adherence by flexible
fibrous adhesins has been attributed to conformational changes in the fiber or adhesin
induced by shear stress, resulting in increased affinity for the receptor and/or buffering of
the adhesive bond from environmental shear stress (Beaussart, Baker et al. 2014, Lu,
Giuliani et al. 2015). This mechanism has been proposed to enable adherent bacteria to
resist peeling forces under high shear situations. TAAs have been shown to have
significant flexibility (El-Kirat-Chatel, Mil-Homens et al. 2013, Koiwai, Hartmann et al.
2016), although few studies have specifically examined the contribution of TAA flexibility
to affinity. Our observations of Knh by TEM revealed fibers with significant amounts of
curvilinearity, strongly suggesting that Knh is flexible and supporting the possibility that

Knh flexibility contributes to affinity.

Our earlier work demonstrated that T4P observed by TEM are typically several microns
long and would clearly extend beyond the capsule, allowing them to make initial contact
with host cells (Kehl-Fie, Miller et al. 2008, Porsch, Kehl-Fie et al. 2012). Furthermore,
T4P conferred twitching motility to the bacterium, a hallmark of T4P retraction (Porsch,
Kehl-Fie et al. 2012). This earlier work also suggested that capsule masks Knh and
inhibits Knh-mediated adherence until T4P retraction causes capsule to be displaced

and Knh to be exposed to the host cell (Porsch, Kehl-Fie et al. 2012). The present work
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provides more direct evidence for this mechanism. Measurements of the capsule depth
by AFM and of the length of Knh by TEM demonstrated that capsule is deeper than Knh
is long. We noted that the depth of capsule observed by AFM is significantly deeper
than the apparent depth when cationic ferritin-stained capsule is observed by TEM. We
attribute this discrepancy to the fixation conditions of cationic ferritin-staining and
embedding for TEM, which have been shown to dehydrate bacterial capsules and lead
to the collapse of capsular structures (Stukalov, Korenevsky et al. 2008). The effect of
dehydration on capsules makes it difficult to obtain accurate measurements by TEM.
Because AFM can be performed with live bacteria in an aqueous environment, capsule

remains hydrated and is therefore at its maximal potential depth.

TEM imaging of bacteria in close contact with host cells with cationic ferritin stained
capsule showed a very thin or absent layer between the bacterium and host cell with the
wild type strain, suggesting that capsule is, in fact, displaced when bacteria adhere to
host cells. The cationic ferritin staining between the host cells and bacteria remained the
same as on nonadherent bacteria when a strain lacking the T4P retraction ATPase PilT
was examined, further supporting the conclusion that T4P retraction is necessary for

capsule displacement and ultimately for Knh-mediated adherence.

We performed a second series of SRA assays to assess the contribution of T4P
retraction to adherence when capsule is present. We observed that wild type

encapsulated strains with retractile T4P had an increased level of adherence compared
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to a pilT retraction-deficient mutant. The level of adherence by the pilT mutant was
similar to that of a knh mutant. Since a knh mutant only adheres via T4P, this
observation indicates that a pilT strain is also adhering only via T4P. The increased
adherence of KKO1 is likely due to T4P retraction enabling Knh to mediate high affinity
adherence despite the presence of capsule. Others have shown that capsule-deficient
strains have increased adherence, biofilm formation, and hemagglutination, but lower
virulence (Misawa, Kelley et al. 2015, Tu, Hsieh et al. 2015). However, our observations
of capsule depth versus Knh length and capsule displacement leading to increased
adherence to host cells provide the first description of capsule displacement as a

mechanism leading to intimate bacterial adherence to host cells.

In summary, in this study we have illuminated the mechanisms underlying K. kingae
adherence to host cells. We observed that Knh mediates adherence at a higher level
than T4P under shear stress, suggesting that Knh is capable of mediating stronger
adherence to the host cell. Additionally we established that capsule displacement is

driven by T4P retraction and results in Knh-mediated adherence.

2.4 Materials and Methods

Strains and culture conditions

The K. kingae strains and mutants used in this study are listed in Table 1. KKO1 is a
stable lab adapted derivative of clinical isolate 269-492 (Kehl-Fie and St Geme 2007).

Bacteria were grown from frozen stocks on Chocolate Il agar (BD, San Jose, CA) for 16-
37



17 hours and then were resuspended for use in various assays. Deletions of pilAl
(Kehl-Fie, Miller et al. 2008), knh (Porsch, Kehl-Fie et al. 2012), ctrA (Porsch, Kehl-Fie et
al. 2012), and pilT (Porsch, Kehl-Fie et al. 2012) in K. kingae strains were made as
describe previously . Elimination of T4P, Knh, or capsule has no effect on the relative
guantities of the remaining factors. All strains used had comparable colony forming units

per ml at equal OD readings.

Adherence assays under shear

To quantify the level of K. kingae adherence to host cells under shear stress, we used a
modified bacterial flow adherence assay protocol. Chang cells (ATCC# CCL-20.2) and
A549 respiratory cells (ATCC# CCL-185) were maintained in MEM supplemented with
10% FBS and 5% NEAA and MEM supplemented with 10% FBS, respectively, at 37°C
in 5% CO,. One day prior to assays, host cells were seeded into the flow chambers of a
u-slide VI®4 (Ibidi, Germany), allowing them to be approximately 90% confluent at the
time of the assay. All adherence assays were performed using host cell monolayers that
were fixed using 2% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4),
incubated at 4°C for two hours with gentle agitation, and then washed three times with

TBS, stabilizing them against the effect of the K. kingae RTX toxin.

To test the anchoring of bacteria to host cells by T4P and Knh, we used a shear
resistance adherence (SRA) assay as follows (Figure 1A): Bacteria were resuspended in

PBS to an ODego of 0.8. Flow chambers containing confluent and fixed host cell
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monolayers were infected by aspirating the final TBS wash and adding 40 ul of the
resuspended bacteria. The slides were then gently centrifuged at 165 x g for 5 minutes
to settle the bacteria onto the monolayers. Using a syringe pump (Harvard Apparatus,
Holliston, MA) with a 10 ml syringe, 5 ml of PBS was flowed through the chambers at a
constant flow rate to wash away nonadherent bacteria. Flow rates were converted to
shear stress using the conversion table provided by Ibidi (Application Note 11, v4.1).
The infected chambers were gently washed once with PBS and then stained using a
Three Step Stain Set (Richard-Allan Scientific, Kalamazoo, MI), which is a Giemsa stain
kit. Frames of the infected monolayers were captured on a DMIL LED microscope
(Leica, Germany) at 40x equipped with a MC120 HD camera (Leica) using LAS 3.4
software (Leica) with a 2x digital zoom. We imaged 5 fields from each chamber, and the
total number of adherent bacteria was divided by the total number of cells to give the
mean adherent bacteria/cell for each chamber. These assays were performed in
triplicate, and the results were reported as shear stress vs. mean bacteria/cell.

Significance was determined by Student’s t-test.

To test the ability of bacteria to mediate adherence to host cells on initial contact, we
performed what we have termed inoculating under shear adherence (ISA) assays
(Figure 2A). Bacteria were resuspended in PBS to an ODsoo of 1.0, diluted 1:2 in PBS,
and loaded into 10ml syringes. Using a syringe pump, 5 ml of the inoculum was pumped
through flow chambers of the p-slide VI containing fixed host cell monolayers at a

constant flow rate. The chambers were then stained as described above, and the cells
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and remaining bacteria were counted and reported as shear stress vs. mean

bacteria/cell. Significance was determined by Student’s t-test as before.

Atomic force microscopy

To measure the depth of capsule, atomic force microscopy (AFM) was performed as
described by Mularski et al. 2016 (Mularski, Wilksch et al. 2016) with some modification.
Coverslips or slides were cleaned using glacial acetic acid, washed thoroughly by
flooding with diH20 and then methanol, and allowed to air dry. A 1.0% solution of
polyethyleneimine (PEI) in diH>O was spread on the slides and allowed to sit for 4 hours
before washing by flooding with diH.O and then air drying. Bacteria were resuspended
in PBS, and 100 pl of the suspension was placed on the PEI-coated slides. Bacteria
were allowed to absorb onto the slides for 1 hour, and the slides were gently washed

with PBS and then immediately imaged by AFM in diH20.

The slides were imaged on an Asylum MFP-3D AFM scope (Santa Barbara, CA) using
either a Nanoworld pyrex-nitride cantilever (Switzerland) or a Bruker SNL-10 #8 large
cantilever (Camarillo, CA) in single point force curve map mode with sufficient resolution
to distinguish the individual bacteria. Force curves were obtained by extracting the
curves at points on the map corresponding to the highest elevation, which we took to be
the apex of bacteria. For each curve, tip displacement was converted to force (F) by

applying Hertz law F=-kx, where K is the spring constant of the cantilever tip as
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measured in diH20, X is the displacement of the cantilever tip in meters, and F is force in

Newtons.

Transmission electron microscopy

Negative staining transmission electron microscopy (TEM) was performed as previously
described with some modifications (Kehl-Fie and St Geme 2007). Bacteria resuspended
in 200 mM ammonium acetate were absorbed onto carbon/Formvar coated copper mesh
grids for 1 minute and then washed once with diH.O, with excess wash removed by
gentle wicking. The grids were stained with uranyl acetate for 1 minute, with the excess
stain wicked away and allowed to air dry. The grids were then examined by TEM using
a JEOL 1010 electron microscope (Westmont, IL) fitted with a Hamamatsu digital

camera (Japan) and AMT image capture software (Woburn, MA).

TEM with cationic ferritin staining of the capsule was performed as previously described
(Starr, Porsch et al. 2016). Grids were examined using a JEOL 1010 electron

microscope fitted with a Hamamatsu digital camera and AMT image capture software.

Western Blot

Western blot detection of Knh expression by strains KKO1 and KK03 was performed
using formic acid treated outer membrane preparations as described previously (Porsch,

Kehl-Fie et al. 2012). In brief, starting with equal ODeg suspensions of bacteria, we
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prepared outer membranes by sonication and sarkosyl solubility. Preparations were
then formic acid treated to dissociate the Knh trimer, resolved on a 7.5% SDS-PAGE
gel, and transferred to a nitrocellulose membrane. After blocking the membrane with 5%
milk in PBS, Knh was detected using antiserum GP97, raised against the head region of

Knh.

This chapter has been published in the Journal of Bacteriology with the following citation:

Kern, B. K., E. A. Porsch and J. W. St Geme, 3rd (2017). "Defining the Mechanical
Determinants of Kingella kingae Adherence to Host Cells." J Bacteriol 199(23).
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Strain Background | T4P | T4P Capsule | Knh | Source
Retraction
WT KKO1 + + + + (Kehl-Fie and St
Geme 2007)
KKO1ctrA KKO01 + + - + (Porsch, Kehl-Fie
et al. 2012)*
KKO1knh KKO01 + + + - (Porsch, Kehl-Fie
et al. 2012)*
KKO1pilT KKO01 + - + + (Porsch, Kehl-Fie
et al. 2012)*
KKO1pilAlctrA KKO01 - NA - + (Porsch, Kehl-Fie
et al. 2012)*
KKO1knhctrA KKO01 + + - - (Porsch, Kehl-Fie
et al. 2012)*
KKO01pilAlknh KKO01 - NA + - (Porsch, Kehl-Fie
et al. 2012)*
KKO1pilAlknhctrA | KKO1 - NA - - (Porsch, Kehl-Fie
et al. 2012)*
KKO3pilAlctrA KKO03 - NA - + (Porsch, Kehl-Fie
et al. 2012)
KKO03pilAlknhctrA | KKO3 - NA - - (Porsch, Kehl-Fie

et al. 2012)

Table 1. Strain list. *Strains were made as described, but in the KKO1 background.
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Figure S1. Representative frames from SRA assays.

44



knh
KKO1
KKO3

180 kDa

s

LC

Figure S2. Western blot of K. kingae outer membrane preparations. Formic acid treated
outer membrane preparations and Western blots were performed as described in Porsch
2012. The Knh monomer runs at approximately 170 kDa. Loading control (LC) is a ~70
kDa band visible by Ponceau S staining of the nitrocellulose membrane.
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CHAPTER 3: Knh is a multifunctional adhesin produced by Kingella kingae

3.1 Introduction

Kingella kingae is a gram-negative bacterium that produces a trimeric autotransporter
adhesin (TAA) called Knh. In previous work we demonstrated that Knh is a major
adhesin responsible for tight-adherence to Chang cell monolayers (Porsch, Kehl-Fie et
al. 2012, Kern, Porsch et al. 2017). TAAs are characterized by a C-terminal four B-sheet
membrane anchor domain that trimerizes to form a twelve strand 3-barrel pore in the
outer membrane of the bacterium (Surana, Cutter et al. 2004). Insertion of the B-barrel
into the outer membrane is known to be BamA dependent (Lehr, Schutz et al. 2010).
The N-terminal passenger domain is translocated across the outer membrane and

trimerizes to form a rod-like structure.

Although TAAs are a diverse family of molecules, structural motifs within the passenger
domain are strongly conserved within the family. A common example is the B-roll
structure of the globular head domain of YadA (YLHD) from Yersinia enterocolitica,
conferring the signature lollipop shape to YadA when viewed by electron microscopy
(EM). The YLHD has structural homologues in many TAAs from other species, including
Knh (Porsch, Kehl-Fie et al. 2012). These structural homologues are frequently

identified by amino acid sequence homology (Szczesny and Lupas 2008).
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All TAAs characterized to date have been shown to have adhesive activity. Common
targets include host cell membrane proteins, extracellular matrix (ECM) proteins, and
soluble complement factors. There is a growing understanding of the structures that
mediate the adhesive activities of TAAs. Two of the better studied examples are Hia/Hsf

from Haemophilus influenzae and BadA from Bartonella henselae

In H. influenzae, Hia is produced by nontypeable (nonencapsulated) strains while Hsf is
produced by encapsulated strains. Hia and Hsf are considered variants of each other,
varying in length and number of binding domain (BD) motifs (Cotter, Surana et al. 2005).
Hia has two BD motifs and Hsf has three BD motifs, in all cases characterized by a
repeating motif of a TRP ring immediately followed by a C-terminal IS Neck motif
(Laarmann, Cutter et al. 2002, Yeo, Cotter et al. 2004, Cotter, Surana et al. 2005).
Interestingly, despite the evidence that BD1 and BD2 of Hsf mediate adherence to the

same host cell receptor, only BD2 binds to vitronectin (Vn) (Singh, Su et al. 2014).

BadA is a very large TAA expressed by B. henselae. The head region and stalk regions
of BadA have been shown to have overlapping as well as distinct adhesive properties,
mediating adherence to ECM proteins (Kaiser, Linke et al. 2012). Specifically, the head
region and stalk both mediate adherence to host cell monolayers and bind collagen, but
only the stalk binds to fibronectin. Furthermore, only four out of the twenty-three stalk
repeats are required for adherence to host cells. Hsf and BadA demonstrate how TAAs
can be multi-functional adhesins.
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Although TAA architecture is conserved across the family, binding partners and host cell
receptors can vary widely. In this study we leverage part of our substantial collection of
K. kingae clinical isolates to examine the sequence diversity of Knh. Additionally, we
characterize the adhesive activity of Knh in assays with diverse cell lines and purified
ECM proteins using our prototype strain KKO1 and clinical isolates producing Knh

variants.

3.2 Results

K. kingae clinical isolates from different clonal groups produce variant Knh
molecules. We examined formic acid treated outer membrane preparations from
epidemiologically distinct clinical isolates of K. kingae by Western blot. As shown in
Figure 1A, using antiserum GP97 against the YLHD of Knh01, we observed reactive
bands that ranged in apparent molecular mass from ~150 kDa to ~190 kDa. When we
compared the Knh from isolates within the same clonal group, we observed that the

apparent molecular mass varied clonally (Figure 1B).

Knh variants are clonal. We sequenced 95 strains and were able to assemble 21
complete knh sequences, in addition to KnhO1 from our prototype strain KKO1 (Porsch,
Kehl-Fie et al. 2012). These sequences originated from seven PFGE clonal groups, H,
K, B, D, U, J, and S, and were grouped into six variants by homology. Knh variation was

clonal, with sequences originating from within a clonal group having predicted amino
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acid sequences with greater than 99% identity, except clonal groups J and S, which

shared a Knh variant (data not shown).
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Figure 1. Knh variability among clinical isolates. A and B) Western blot analysis of
formic acid treated outer membrane preparations from epidemiologically unrelated
selection of clinical isolates. Knh variants were detected using antibody GP97 which
detects the YLHD. C) lllustration of Knh highlighting the regions of Knh.

Sequence alignments revealed a variable region in Knh. Alignments of the predicted

amino acid sequences of the Knh variants revealed regions within the passenger domain

with substantial identity (Figure 1C). These highly conserved regions corresponded to

residues 1-531 and 846-1783 in our prototype Knh from strain KKO1 and included the

49



predicted signal peptide, YLHD, C-terminal of the stalk domain, and membrane anchor.
The N-terminal region of the stalk region was the most variable, with variations in both
sequence and length. We have named this region of the stalk domain the variable stalk
region (VSR) and the highly conserved C-terminal region the conserved stalk region
(CSR). The signal peptide and membrane anchor had greater than 95% amino acid
sequence identity across all variants. The YLHD had approximately 80% amino acid
identity across the variants, while the CSR had approximately 90% amino acid identity
across all variants with the exception of Knh081. The VSR contained approximately
40% identity across the variants. Knh081 had a 193 residue insertion in the CSR
between the amino acids corresponding to 1472 and 1473 of KnhO1. Knh081 was also

significantly shorter than the other variants due to significant deletions in the VSR.

Knh variants mediated adherence to host cells. We tested the adherence of
representative clinical isolates to host cell monolayers using our standard adherence
assay. In order to isolate the adherence activities of Knh, we made pilAl and capsule
synthesis double mutant strains, denoted as AA, in each clinical isolate. Elimination of
the major pilin subunit pilA1 gene results in a nonpiliated strain. Elimination of the
capsule synthesis locus results in a nonencapsulated strain. Elimination of the capsule
and T4P major pilin did not change the expression of Knh (data not shown). We were
able to find transformable strains in only four of the five clonal groups, and we therefore
proceeded with our prototype strain KKO1 and four clinical isolates: PYKKO060,
PYKKO081, PYKK086, and PYBB270. Negative control strains were made by further

eliminating the knh gene, thus Knh expression, and these strains are denoted as AAA.
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As shown in Figure 2, all Knh variants mediated adherence to Chang cells. KKO1AA,
KKOG60AA, KK081AA, and KKO86AA were capable of adherence to Chang cells at ~40-
50% of inoculum. BB270AA demonstrated much lower adherence to Chang cells at
14% of inoculum. Adherence to A549 cells was much more variable, with a range
between 2.8% (BB270AA) and 53.4% (KKO81AA). Adherence by all AA strains to both
Chang cells and A549 cells was significantly higher than the corresponding AAA

negative control strains (p<.05).

The YLHD and stalk of Knh0O1 mediated adherence to Chang cells. To test the
ability of the YLHD and the stalk region to mediate adherence to Chang cells, we
produced strains that expressed shortened versions of Knh01. As shown in Figure 3A,
the Knh01YO passenger domain was comprised of only the YLHD and was produced by
strain KKO1YO. Conversely the KnhO1NY passenger domain was comprised of only the
stalk region and was produced by KKO1INY. We observed that a strain producing either
construct had significantly higher adherence to Chang cells than the KK01 knh strain
(p<.05) (Figure 3B and C). A KKO1 pilAl mutant strain, deficient for T4P production,

was included as a negative control.
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Figure 2. Knh variant adherence to host cells. Mutant strains deficient in T4P and
capsule (white bars) were tested for their adherence to Chang cell and A549 cell
monolayers using our standard adherence assay. The T4P, capsule, and Knh triple
mutants (gray bars) and wild type strains (black bars) are included for comparison.

*p<0.05
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Figure 3. YLHD and stalk region adherence to Chang cells. A) lllustration of Knh
variants with either the stalk (Knh01YO) or YLHD (KnhO1NY) deleted. Standard
adherence assays were performed to examine the adherence of KKO1 strains producing
Knh variants B) Knh01YO and C) KnhO1NY to Chang cells. Adherence is compared to a
KKO1 knh strain. *p<0.05

Knh variants mediated adherence to ECM protein coated plates. We sought to
determine whether the Knh variants produced by clinical isolates were capable of
mediating adherence to ECM proteins (Figure 4). Using plates coated with recombinant
human vitronectin (rhVn), fibronectin, laminin, collagen I, or collagen IV, we observed
generally lower adherence to ECM protein coated plates than host cells; however, our
results showed that Knh mediated substantial adherence to specific ECM proteins. The
pattern of adherence was not consistent across the clinical isolates. All clinical isolate

AA derivatives except KKO86AA demonstrated substantial adherence to rhn at levels
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similar to those of their parent strains. Our prototype strain KKO1AA demonstrated
adherence to rhVn, but no other ECM proteins. Other variants demonstrated adherence
to other ECM proteins. KKO60AA was the only strain capable of significant adherence to
laminin. Strains KK081AA and BB270AA were capable of significant adherence to
collagen IV. None of the triple mutant negative control strains displayed any detectable

adherence to any of the coated plates.

The head and stalk of Knh01 mediated adherence to Vn. Using our standard static
adherence assay as modified for ECM protein coated plates, we observed that
derivatives that produced Knh variants KnhO1YO and KnhO1NY were capable of
adherence to rhVVn coated plates (Figure 5A). We observed adherence to Vn coated
plates of 15.4% for the KKOTNYAA strain and 10.4% for the KKO1YOAA strain.

Adherence by the KKO1AAA mutant strain was below the limit of detection.
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Figure 4. Knh variant adherence to ECM proteins. Mutant strains deficient in T4P and
capsule (white bars) were tested for their adherence to vitronectin, fibronectin, laminin,
collagen I, collagen IV coated plates using a modified standard adherence assay. The
T4P, capsule, and Knh triple mutants (gray bars) and wild type strains (black bars) are
included for comparison. *p<0.05
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Figure 5. Knh YLHD and stalk region adhering to rhVN. A) KKO01 strains expressing
Knh01YO and KnhO1NY demonstrate adherence to rhvn coated plates. Strains used
were AcsaA ApilA1 (AA) or AcsaA ApilA1 Aknh (AAA). *p<0.05 B) Chang cells
maintained in serum-free conditions can aquire rhVVn from the media. rhVn detected by
Western blot. C) Strain KKO1AA (black bars) is able to adhere to Chang cell
monolayers incubated in serum-free media supplemented with 5ug/ml rhVn and Chang
cell monolayers maintained in serum-free media. KKO1AAA (gray bars) included as a
negative control.

Chang cell monolayers acquired environmental Vn. Whole cell lysates of Chang cell
monolayers incubated for 2 hours in serum-free medium supplemented with rh\Vn prior to
harvest contained detectable Vn by Western blot (Figure 5C). Chang cell monolayers

maintained in serum-free conditions did not contain any detectable Vn by Western
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analysis. We tested whether Vn binding by Chang cells enhanced adherence by Knh-
producing K. kingae. We compared the adherence of KKO1AA to Chang cell
monolayers maintained in serum-free medium versus KKO1AA adherence to Chang cell
monolayers maintained in rhVn-supplemented serum-free medium. There was no
observable difference in Knh-mediated adherence between monolayers kept serum-free

and monolayers supplemented with rhVn (Figure 5D).

3.3 Discussion

In this study we examined the predicted amino acid sequences of the Knh variants
produced by clinical isolates and observed that they have significant variation between
them, attributable primarily to the variable N-terminal region of the stalk. Examination of
select Knh variants for adherence to host cells and ECM proteins revealed that all
variants mediated adherence to Chang and A549 cells. Four of the five variants
mediated significant adherence to Vn, and several variants were found to adhere to
collagen IV or laminin as well. We used our prototype Knh variant to determine that both
the YLHD and stalk regions of the passenger domain could bind Vn and that this binding
does not contribute to adherence to Chang cells, suggesting that Chang cell express a
separate receptor for Knh. These data suggest that Knh is a multifunctional adhesin and
demonstrate that Knh variants produced by clinical isolates have differential adhesive

activity.
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Western blot detection of Knh variants produced by clinical isolates suggests that there
is likely an even greater diversity of Knh variants than we were able to examine in this
work. Alignments of the predicted amino acid sequences of Knh produced by clinical
isolates showed that Knh varied clonally, except clonal groups J and S, which share a
Knh variant. The pattern of variation was striking, although we were only able to
examine a limited set of variants. We observed regions of identity that include the signal
peptide, the YLHD, the C-terminal portion of the stalk (CSR), and the C-terminal
translocation domain. In contrast, the N-terminal portion of the stalk (VSR) had maximal

variation.

We hypothesized that Knh variants might have differential adherence activities, and we
examined the adhesive activities associated with the Knh variants to host cells and ECM
proteins. All five Knh variants we examined were able to mediate adherence to both
Chang cells and A549 cells, consistent with our hypothesis that Knh-mediated
adherence plays a role in colonization of the respiratory tract. Adherence to cell lines
could be a starting point for determining potential host receptors, though it is not
necessarily indicative of in vivo TAA performance. Further work will be needed to

determine the actual receptor molecules expressed by Chang cells and A549 cells.

To begin to localize the adherence to Chang cells to Knh domains, we created
constructs that produced Knh variants lacking either the entire stalk (Knh01YO) or the
YLHD (KnhO1NY). We tested these constructs for their adherence to Chang cells using
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our standard adherence assay and found that both mediated adherence significantly
above that of a Knh deficient strain. Interestingly, adherence by both constructs was
T4P dependent and elimination of T4P, even in a nonencapsulted background, resulted
in abrogation of adherence by these constructs. This suggests that these constructs are
too short to mediate adherence independently of T4P. In the case of KnhO1NY, it is
possible that adherence to Chang cells is localized to the C-terminal portion of the stalk.
This could have the effect of making stalk-mediated adherence to Chang cells T4P
dependent, even if the stalk as a whole is long enough to make contact with the host

cell.

Our work also demonstrated that Knh is capable of mediating adherence to ECM
proteins. It is noteworthy that there were significant differences among Knh variants in
adherence to ECM proteins. Four of the five Knh variants adhered to rhVn. The Knh
variant from PYKKO60 adhered to laminin as well, and the Knh variants from PYKKO081
and PYBB270 adhered to collagen IV as well. These results are interesting, as both
laminin and collagen 1V are found in the basal lamina of epithelial membranes. Given
the ubiquitous nature of these ECM proteins in epithelial layers, it is surprising that only
a portion of the Knh variants had observable adherence to them. On the other hand, it is
possible that the basal lamina would only be available to Knh binding if the overlying
epithelial layer were breached. A breach in the epithelium could be caused by a viral
coinfection or by the potent RTX toxin produced by K. kingae (Kehl-Fie and St Geme

2007). It therefore could be hypothesized that strains producing Knh variants that
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adhere to laminin or collage IV are more likely to be associated with invasive disease

and this possibility warrants further investigation.

The binding to Vn by four out of the five Knh variants suggests a role for Knh-mediated
Vn binding in the lifestyle of K. kingae. Vn is a soluble glycoprotein that is found in
serum and the extracellular matrix. It is the ligand for the aV33 integrin and inhibits
complement pathways (Dahlback and Podack 1985, Horton 1997). Binding of Vn by Hsf
contributes to H. influenzae adherence to A549 cells and to serum resistance (Hallstrom,
Trajkovska et al. 2006, Singh, Su et al. 2014). Using our prototype strain we further
investigated Knh binding to Vn. We observed that both the YLHD and stalk of Knh
mediated adherence to rhVVn coated plates, providing evidence that the YLHD mediates
Vn binding, and that the stalk also contains one or more domains that bind Vn. Strain
KKO01AA had the same level of adherence to Chang cells in serum-free medium and to
Chang cells supplemented with purified rhVVn despite evidence that both Chang cells and
bacteria expressing Knh can bind Vn. This observation suggests that there is a separate
receptor on Chang cells that binds Knh to mediate the high level of adherence we
observe. ltis possible that Vn binding may play a role in Knh-mediated adherence to
other cell lines and this will need to be determined on a line-by-line basis. Taken
together, these data suggest that Knh is a multi-purpose adhesin and that variation of

Knh among clinical isolates leads to diverse adhesive activities.
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One important caveat related our adherence assays is that we were unable to express
the Knh variants in a common background due to the Knh passenger domain being AT-
rich, making cloning in that region difficult. We instead created mutants deficient in
capsule and T4P in clinical isolates that produced a Knh variant of interest. Therefore,
we could not control for levels of Knh expression strain-to-strain, limiting our inter-strain
comparisons of Knh-mediated adherence. However, when we compare KKOL1 to its
highly piliated variant KKO3 (Kehl-Fie, Miller et al. 2008), which also expresses a much
higher level of Knh (Kern, Porsch et al. 2017), we see no difference in Knh-mediated
adherence to respiratory cells or Vn coated plates using our standard adherence assay
(data not shown). This observation suggests that the amount of Knh produced by a

strain does not affect the level of Knh-mediated adherence.

The variation within the VSR could potentially lead to a diverse repertoire of Knh
receptors. Even with our limited set of ECM proteins, we observed significant
differences in adhesive activity between Knh variants. One could hypothesize that these
differences in adhesive activity between Knh variants will be localized to the VSR. One
could also hypothesize that activities that are common to all of the variants, such as
adherence to Chang cells and A549 cells, will be localized to the CSR. We attempted to
make variants of Knh that expressed either the VSR or CSR only in our prototype strain
KKO01; however, again due to the AT-richness of the passenger domain, cloning those
fragments proved difficult to do in a timely manner. Future experiments will be needed
to determine the contribution of the VSR and CSR to the adhesive activities of the stalk

domain.
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Intraspecies genetic variation in TAAs has been well studied in some instances,
including VtaA from Haemophilus parasuis (Pina, Olvera et al. 2009) and the group | and
group Il NadA adhesins from Neisseria meningitidis (Comanducci, Bambini et al. 2004,
Bambini, De Chiara et al. 2014). Here we examined the diversity of Knh molecules
produced by a selection of K. kingae clinical isolates and determined their adherence
activitis to epithelial cells and ECM proteins. The work presented here is the first
description that Knh is a multifunctional adhesin and that variation of Knh among K.

kingae clinical isolates is associated with diverse adhesive activities.

3.4 Materials and Methods

Strains and constructs

Strains used are summarized in Table 1. K. kingae strains were grown at 37°C and 5%
CO2 on chaocolate Il agar plates from frozen stocks for 17-18 hours prior to use in
assays. Clinical isolates were obtained from Pablo Yagupsky from Soroka University
Medical Center, Israel. Mutant K. kingae strains were generated from the clinical
isolates as described previously using either plasmid DNA or genomic DNA containing
the desired mutation and an antibiotic resistance cassette (Porsch, Kehl-Fie et al. 2012,

Starr, Porsch et al. 2016).

Knh truncations were created in our prototype strain KKO1 via allelic exchange using
overlap PCR products as follows. Overlap PCR precursor products were made using

the primers listed in Table 2. Matching upstream and downstream precursor products
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were then used as templates in a PCR reaction with the appropriate complementing

forward and reverse primers to produce the full length overlap PCR product.

Full length overlap PCR products were transformed into strain KKO1 using a spot
transformation protocol. Briefly, bacteria were resuspended from overnight culture
plates to an ODego Of 0.8. This suspension was diluted 1:100 and then serially diluted
1:4 for a total of 9 dilutions. Five pl of the 5 lowest dilutions was mixed with 5 pl of
overlap PCR product at 100-200 pg/ul. All 10 ul of the transformation mixture was
plated on chocolate Il agar plates (BD). The transformation plates were grown
overnight, and single colonies were picked. Genomic DNA was extracted and PCR
screened using the KnhF1 and Knh R1 primers, and colonies with the correct sized PCR
product were subjected to Sanger sequencing to confirm the truncation. The resulting
KKO1 strains expressed Knh passenger domains with either the YLHD only (KnhYO) or

the stalk only (KnhNY) (Figure 4A).

Cultured cell lines

Cell lines were maintained at 37°C and 5% CO2. Chang cells were grown in MEM
media supplemented with 10% FBS and 1% non-essential amino acids. A549 cells were
grown in MEM media supplemented with 10% FBS. Cells lines were cultured from

frozen stock and split as necessary.
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Sequencing K. kingae clinical isolates

Genomic DNA from clinical isolates was prepared using the Wizard Genomic DNA
purification kit (Promega) as directed for gram-negative bacteria. Genomes were then
fragmented and barcoded using the Nextera XT kit (lllumina) and sequenced on an

lllumina HiSeq 2500 machine using a 100SR single end read protocol.

Single nucleotide polymorphisms calling and phylogenetic matrix construction

Comparison of single nucleotide polymorphisms (SNP) between isolates was done using
short read alignment to the genome of K. kingae strain KWGL1 (Bidet, Basmaci et al.
2016) as reference using the Burrows-Wheeler Alignment (bwa) tool (http://bio-
bwa.sourceforge.net). SNP calls were made using samtools
(http://samtools.sourceforge.net). SNPs were identified as “high quality” if they were not
listed as “heterozygous” and had a per base Q score greater than or equal to 20. For
preassembled genomes from public databases, we used whole-genome alignment with
reference to the KWG1 genome using the show-snps utility of NUCmer
(http://mummer.sourceforge.net). All regions from the reference genome annotated as
mobile genetic elements were excluded. We also applied a mask that excluded repetitive
sequences from the reference genome that were more than 80% identical over at least

100 nucleotides to other genomic loci using a pairwise MegaBLAST-based analysis.
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Phylogenetic Analyses

Maximum likelihood (ML) phylogenies were constructed with the POSIX-threads RAXML
v8.0.19 (Stamatakis 2006). We used an ascertainment bias correction and a general
time-reversible (GTR) substitution model (Lanave, Preparata et al. 1984) accounting for
among-site rate heterogeneity using the I" distribution and four rate categories (Yang
1994) (ASC_GTRGAMMA model) for 100 individual searches with maximum parsimony
random-addition starting trees. Node support was evaluated with 121000 nonparametric
bootstrap pseudoreplicates (Felsenstein 1985). The number of bootstrap
pseudoreplicates over which node support is not expected to be significantly altered was
evaluated using the frequency-based (300 bootstrap iterations were sufficient) and
extended majority-rule (550 bootstrap iterations were sufficient) bootstopping criteria

(Pattengale, Alipour et al. 2010).

Alignments

Alignments of multiple knh nucleotide sequences were performed using MAFT under the
default parameters (Katoh, Rozewicki et al. 2017). Amino acid sequence alignments
were performed using Clustal Omega under the default parameters (Sievers, Wilm et al.

2011).
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Outer membrane preparations to detect Knh

Outer membrane preparations based on sarkosyl insolubility were performed as
described previously (Porsch, Kehl-Fie et al. 2012). Preparations were resolved on
7.5% SDS PAGE gels, transferred to nitrocellulose membranes, and blocked using 5%
milk in PBS. Knh was detected using either antiserum GP97 or antiserum CHOP-GP13
directed against Knh. GP97 was raised against a purified fragment of the YLHD as
described in Porsch et al. (2012), and CHOP-GP13 was raised against a purified
fragment from the conserved region of the stalk (aa 1192-1694) in the same manner as

GP97.

Coomassie blue gel to detect PilAl

Pili preparations were performed as previously described (Kehl-Fie, Porsch et al. 2009).
Preparations were resolved on 15% SDS PAGE gels and stained with Coomassie blue

for 30 minutes. Gels were destained and imaged.

Adherence assays to host cell monolayers

Adherence assays were performed to fixed host cell monolayers in 24-well plates as
previously described (Kehl-Fie, Miller et al. 2008). Bacteria were resuspended in PBS to
an ODso of 0.8, giving a consistent inoculum with all strains. An inoculum of
approximately 4.0x10° was added to each well, and plates were centrifuged at 165 x g

for 5 minutes to settle the bacteria onto the cell monolayers. The plates were then
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incubated for 25 minutes at 37°C. Non-adherent bacteria were washed away with three
washes of PBS, and 100 pl of 0.05% trypsin-EDTA (Sigma) was then added to each
infected well to release adherent bacteria. Serial dilutions of the resuspended bacteria
were plated for CFUs. All experiments were performed in triplicate. Results are
reported as a percentage of the inoculum, and significance was determined by the

Student t-test.

Adherence assays to ECM protein coated plates

We slightly modified our standard adherence assay to host cell monolayers to be used
with ECM protein coated plates. Bacterial adherence to collagen I, collagen 1V,
fibronectin, and laminin pre-coated plates (BD) was tested. We also coated plates with
purified recombinant human vitronectin (rhVVn) as follows. 300 ul of purified truncated
recombinant human vitronectin (Thermo Fisher) at 5 pyg/ml in PBS was added to each
well of a 24-well tissue culture plate and incubated at 4°C for 17-18 hours. Coated

plates were washed with PBS once prior to being used in adherence assays.

300 ul of PBS was added to ECM protein coated plates in preparation for the adherence
assay. Bacteria were resuspended in PBS to an ODggo of 0.8, and an inoculum of
approximately 4.0x10° was added to each well of the plates. The plates were
centrifuged at 165 x g for 5 minutes to settle the bacteria onto the plate surface. The
plates were then incubated for 25 minutes at 37°C. Non-adherent bacteria were washed

away with three washes of PBS, and 300 pl of 0.05% trypsin-EDTA (Sigma) was added
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to each infected well to release the adherent bacteria. Serial dilutions of the
resuspended bacteria were plated for CFUs. Experiments were performed in triplicate.
Results are reported as a percentage of the inoculum, and significance was determined

by the Student t-test.

Chang cell monolayer binding of Vn

Chang cells were seeded into a tissue culture flask in serum-free media at a density that
yielded confluent monolayers overnight. The monolayers were incubated for 17-18
hours overnight, and the media in the wells was replaced by serum-free MEM media
supplemented with 5 pg/ml rhvVn. After an additional 2 hour incubation at 37°C, the
monolayers were washed with PBS and harvested by scraping. The cells were then
lysed by sonication for three pulses of 30 seconds at 25% power on a Qsonica Sonicator
Ultrasonic Processor (part no. Q500, Newtown, CT.). Sonicates were resolved on a
7.5% SDS-PAGE gel and transferred to nitrocellulose, and rhVVn was detected using

anti-vVn antibody NBP 2-52586 (Novus, Littleton, CO).

Vitronectin enhanced adherence assay

To determine whether Vn binding by Chang cells contributes to Knh-mediated
adherence to Chang cell monolayers, we prepared our cell monolayers as follows. Cells
were resuspended in serum-free media and seeded into 24-well cell culture plates at a

density that resulted in a confluent monolayer overnight. Two hours prior to the assay,
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the serum-free media was replaced with 300 pl of serum-free media supplemented with

5 pg/ml of rhVn. After a two hour incubation at 37°C, the monolayers were fixed and

used in a standard adherence assay as summarized previously.

Knh Clonal
Strain Capsule | T4P | Variant Group Source
KKO01 + + Knh01 H Kehl-Fie 2008
KKO1AA - - Knh01 Starr 2016
KKO1AAA - - - This work
KKO1 knh + + - Porsch 2012
KKO1 pilAl + - Knh01 Starr 2016
KK01YO + + Knh01YO This work*
KKO1YOAA | - - Knh01YO This work*
KKO1NY + + KnhO1NY This work*
KKOINYAA | - - KnhO1NY This work*
PYKKO060 + + Knh060 D P. Yagupsky
KKO60AA - - Knh060 This work*
KKOGOAAA | - - - This work*
PYKK081 + + Knh081 B P. Yagupsky
KK081AA - - Knh081 This work*
KKO81AAA | - - - This work*
PYKKO086 + + Knh086 K P. Yagupsky
KK086AA - - Knh086 This work*
KKO86AAA | - - - This work*
PYKKBB270 | + + Knh270 U P. Yagupsky
BB270AA - - Knh270 This work*
BB270AAA | - - - This work*

Table 1. Stains list.

PCR products.
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Primer Sequence Compliment Primer |Precursor product
KnhF1 GCATATTGACGCGATTCAAGCC

KnhR1 GCATGGCAAGCTGCTCTCAAAGAATG

Knh F6 GAGACCACATTGCCCGACTGG

Knh R5 GATGCGATTCGCTCCAAACGC

KnhMCS R2* | gcggccgcAGCACCTGCGCCtggcgcgcCATTGGTATTGACAGTACTATTTGGGCC Knh F1 Y O upstream
KnhMCS F2* |ggcgegecaGGCGCAGGTGCTgeggecgecaattgtGCTGGCAACACGACTGTGAAG Knh R5 YO dow nstream
KnhMCS R3* | gcggccgcAGCACCTGCGCCtggecgegeccCTGCGCCGTTAAAGGCAC Knh F6 NY upstream
KnhMCS F3* |ggcgcgccaGGCGCAGGTGCTgeggecgcecaattgtGCAAATAGTACTGCACAAGCGTTG Knh R1 NY dow nstream

Table 2. Primers used to produce overlap PCR products for deletion of Knh passenger
domain regions.
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CHAPTER 4 Summary and Future Directions

4.1 Summary

The work presented in chapters 2 and 3 sought to examine several aspects of TAA
biology: how the spatial relationship of TAAs to other surface factors produced by a
bacterium can affect TAA-mediated adherence and how sequence diversity in TAAsS can
lead to diverse adhesive activities. We found that our model of K. kingae adherence
was essentially correct. We observed that Knh mediates adherence more resistant to
shear forces than do T4P and that capsule is deeper than maximal Knh projection from
the surface. We also observed that T4P retraction was necessary for Knh-mediated
adherence, even under shear stress. We then examined the adhesive activity of Knh, in
particular including its variation among clinical isolates and the variability of Knh-
mediated adherence to host cells and ECM proteins. We demonstrated that all Knh
variants mediated adherence to respiratory epithelial cells; however, we observed

significant variation in adherence to ECM proteins.

4.2 Define the host receptor(s) of Knh

TAAs have been shown to have diverse host receptors. The work presented in chapter
3 examined a limited set of ECM components in addition to host cells. We also
observed that Vn binding by strain KKO1 did not enhance adherence to Chang cells,
suggesting that Vn is not the receptor on Chang cells. Although ECM proteins are

ubiquitous, they make up only one class of potential host receptors for Knh. TAAs have
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been shown to target a variety of host surface proteins and soluble complement
proteins, in addition to ECM components. However, the particular receptor remains

unknown for many TAAs.

Additionally, TAAs can have multiple binding partners, conferring multifunctionality.
Several prominent examples of TAAs bind multiple factors, for example fibronectin and
collagen in the case of BadA (Kaiser, Linke et al. 2012) and collagen IV and tumor
necrosis factor receptor 1 (TNFR-1) in the case of BcaA (El-Kirat-Chatel, Mil-Homens et
al. 2013, Mil-Homens, Pinto et al. 2017). In the case of BcaA, collagen IV binding is
thought to play a role in host colonization (El-Kirat-Chatel, Mil-Homens et al. 2013) and
TNFR-1 binding promotes adherence to endothelial cells, but also promotes
inflammation (Mil-Homens, Pinto et al. 2017). These examples demonstrate the
multifunctionality of TAAs, though the physiological relevance of such multi-functionality
is understood in only a few cases. Defining the host receptor(s) of Knh could advance

our knowledge of K. kingae pathogenesis and TAA multifunctionality generally.

Knh is potentially an important factor for adherence in several physiological niches.
Defining the host cell receptor(s) for Knh has the potential to lead to a better
understanding of K. kingae pathogenesis. Host receptor specificity could potentially
explain the apparent K. kingae tropism for bones and joints. It is possible that Knh
specificity to receptors expressed by synovial cells and bone cells leads to K. kingae
preferentially causing osteoarticular invasive disease. It is also possible that certain cell
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types lack Knh receptors. For example, it would be reasonable to hypothesize that Knh
does not mediate tight adherence to endothelial cells, thus allowing the bacterium to
circulate through the vascular system and reach sites of invasive disease. Future
experiments examining the role of Knh in colonization and pathogenesis will need to
keep in mind that clinical isolates produce Knh variants which likely have corresponding
variation in host cell receptor(s). This variability in receptor(s) can potentially alter the

role of Knh in the context of colonization and disease.

4.3 Determine the relationship of Knh structure, flexibility and adhesive activity

Given the modularity of Knh, it would be interesting to map specific adhesive activities to
specific regions or domains of the passenger domain. We have shown that Vn binding
activity is localized to both the YLHD and stalk of our prototype Knh from strain KKO1.
Adhesive activity to the host cell has yet to be localized to a particular domain of the
passenger domain. Additionally, we have delineated a conserved region (CSR) and
variable region (VSR) of the stalk, and additional work will be needed to address the
contribution of both of these regions to Knh-mediated adherence to both cell receptors
and ECM proteins. Crystallization studies of the Knh passenger domain will be useful in

confirming the predicted structure of the various domains and regions.

A relatively nascent field of study related to the structure of TAAs is the study of
passenger domain flexibility. Observations of Knh by TEM show surface fibers with

significant amounts of curvilinearity. Additionally, examining Knh-mediated adherence
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using shear resistance adherence assays, we observed a positive relationship between
shear stress and level of adherence. This relationship is a classic indicator of an
adhesive interaction between a flexible adhesin and its receptor that is enhanced by
force, termed catch-bond adherence (Sokurenko, Vogel et al. 2008). These data
suggest that Knh is flexible and that this flexibility contributes to Knh-mediated

adherence.

AFM and similar methods that measure the force of adherence between two interacting
proteins offer an interesting supplement to the typical ELISA used to determine the
affinity of a receptor/ligand interaction. AFM probe tips and can be functionalized by
coating them with purified Knh or by adhering bacteria producing Knh to the AFM tips. A
functionalized AFM tip is allowed to adhere to a substrate coated with the desired
receptor or host cells and is then pulled away with some constant velocity. The force of
the adhesive bond is measured by the displacement of the probe tip, the magnitude of
which is proportional to the actual force exerted on the probe tip. A similar experiment
can be done using optical tweezers and beads coated with purified Knh and purified Knh

receptor.

The advantage to these methods is that they give a physiologically relevant number,
namely the force in Newtons that the adhesin/receptor bond can resist. This number
can then be directly compared to the forces that a bacterium could potentially encounter
in physiological niches including the flow of the blood stream and the mucociliary
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clearance in the pharynx. BcaA (BCAMO0224) from Burkholderia cepacia can resist
pulling forces exerted by AFM of 64-85 pN, depending on the speed of the probe
retraction (El-Kirat-Chatel, Mil-Homens et al. 2013). Interestingly, the force of adherence
and the rupture length of the bond increased with increasing speed of retraction, in
agreement with our flow adherence assays. For reference, the shear forces exerted at
the mucosal layer by airflow in the respiratory tract is reported to be 0.5 - 2.0 dynes,

where 1 dyne is equal to 10 uN (Green 2004).

An added benefit of using AFM or optical tweezers is that subtle characteristics of the
adhesin/receptor bond can be unraveled. For example, in experiments using AFM to
pull T4P off a surface (Lu, Giuliani et al. 2015), analysis of the force curves generated
revealed that the pilus is capable of adhering along its length. Furthermore, this
adherence was localized to several discrete points along the pilus. This is evidenced by
multiple peaks in the force curves as each adhesive bond ruptures in turn when
individual pili are pulled, for example, by AFM. This information suggests that
adherence activity is distributed within the pilus. All studies examining the flexibility of
TAAs in relation to their adherence activities have assumed that most or all of the
adhesive activity is localized to the most distal region of the passenger domain.
However, the growing number of TAAs in which the stalk region also mediates
adherence suggests that TAAs may be capable of mediating adherence at multiple
points along the passenger domain simultaneously. These characteristics of the
adhesin/receptor bond are not apparent by ELISA but are potentially important for the

lifestyle of the bacterium. It would be interesting to determine whether the flexibility of
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Knh permits it to adhere to host cells and/or ECM proteins at multiple loci along its length

simultaneously.

4.4 Define the extent of Knh variation among clinical isolates

One question that we were only able to begin to address is the extent to which Knh
varies among clinical isolates. Some attention has been paid to the distribution of the
related trimeric autotransporters Hia and Hsf in H. influenzae clinical isolates. Hsf is
restricted to encapsulated H. influenzae strains, while Hia is restricted to nontypable
(nonencapsulted) strains. Sequence variation in TAAs has been noted previously with
regards to TAA antigenicity (Fusco, Elkins et al. 2013, Malito, Biancucci et al. 2014), but
relatively little has been described regarding the effect of sequence variation on TAA
activity. This is an area that is a particularly interesting direction of study due to the

availability of our large collection of clinical isolates.

We have examined sequences from seven clonal groups, and each PFGE clonal group
produces a unique Knh, except PFGE clonal groups J and S, which share a Knh variant.
However, there are many more clonal groups/MLST types. To date, there are 73
recognized clonal groups by PFGE and 64 sequence types by DNA uptake sequence
typing (Basmaci, Bidet et al. 2014). Because we have such a wide collection of clinical
isolates, it would be possible to get a comprehensive understanding of Knh diversity,
addressing whether uniqgue Knh domains or sequences are associated with clonal
groups. An example of a unique domain is the 193 amino acid insertion in the CSR in
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Knh81. These domains and sequences would then be targets for further study to

determine their contribution to adhesive activities, antigenicity, and pathogenesis.

4.5 Determine the role of Knh in pathogenesis

It would be interesting to determine the contribution of Knh to K. kingae pathogenesis.
There are many roles for Knh that remain to be elucidated: whether Knh mediates
adherence in vivo to endothelial cells, endocardium, or synovial cells; whether this
adherence is necessary for colonization of sites of invasive disease; whether Knh
contributes to immune resistance; whether Knh is antigenic; and whether Knh promotes
inflammation. Knh could be important in colonization of the posterior pharynx, promoting
serum resistance and adaptive immunity evasion, adhering to endothelial and synovial

cells, and promoting inflammation.

Concurrent with the work presented here, our lab is in the process of developing several
animal models of K. kingae infection, including a non-human primate colonization model
and an infant rat mortality model. We hope that they will be useful in determining the
contribution of various factors to K. kingae pathogenesis. In in vitro studies we have
shown that Knh possesses characteristics suggesting that it is important in colonization
and dissemination: It mediates adherence to cells in tissue culture, and this adherence
is resistant to shear stress. Knh variants also mediate adherence to ECM proteins,
several of which are found in the basal lamina. However, we do not know the role that
Knh-mediated adherence plays in colonization or dissemination to sites of invasive
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disease. Two relevant ex vivo models for bacterial adherence to endothelial cells have
been developed and could be exploited to determine the role of Knh in mediating
adherence to endothelium and endocardium, in the event an animal model is not

forthcoming (Chuang-Smith, Wells et al. 2010, Weidensdorfer, Chae et al. 2015).

Another role that Knh could have in pathogenesis is to promote serum resistance and/or
adaptive immunity evasion. It has been shown that binding of complement factors by
TAAs, in particular vitronectin, can contribute to serum resistance (Hallstrom, Trajkovska
et al. 2006, Leduc, Olsen et al. 2009, Singh, Su et al. 2014). Preliminary work in our lab
suggests that Knh does not contribute to serum resistance, despite the evidence that
can Knh bind vitronectin. There remain other aspects of innate and adaptive immunity

that Knh could be involved in mediating evasion.

4.6 Determine whether Knh is antigenic

It has been demonstrated that TAAs can be activators and targets for the adaptive
immune system. As surface proteins, they are prominent potential targets for
bactericidal antibodies produced by the adaptive immune system. Malito et al. (2014)
used antibody mapping and hydrogen-deuterium exchange mass spectroscopy to
determine that bactericidal mAb 33E8 binds the Neisseria meningitidis group | TAA
NadA3 head region with high affinity, but not to constructs containing only the coiled-coil
regions. Furthermore, group | and group Il NadA variants are not immunologically cross-
reactive despite there being relatively high sequence identity in the epitope bound by
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33E8. Group | NadA variants are associated with disease isolates, while group Il
variants are associated with carrier isolates. A similar phenotype was observed by
Fusco et al. (2013) comparing the mAb binding to class | and class Il DsrA variants
produced by Haemophilus ducreyi. Although the mAbs bound both disease and carrier
associated variants of class | DsrA variants, the mAbs were not cross reactive with class
Il variants. These examples suggest that even a modest amount of sequence diversity

can significantly change a TAA’s antigenicity.

We can generate antibodies to purified fragments of Knh in guinea pigs, but this is not
necessarily indicative of the antigenicity of Knh in vivo in humans. We have
demonstrated that capsule can inhibit Knh-mediated adherence by a steric mechanism.
The masking of Knh by capsule also suggests that the capsule can block antibodies
from binding to Knh. However, bacteria that have lysed or have been phagocytosed by
phagocytes would be a source of antigens available to the adaptive immune system in

vivo. Therefore Knh is a potential source of epitopes for antibody production.

Additionally, if we consider the amino acid sequence of Knh, it would be reasonable to
hypothesize that the variability of the VSR is to avoid detection by the adaptive immune
system. A corollary to this hypothesis is that the YLHD and conserved region of the
stalk are either poorly antigenic or are functionally important, thus limiting the amount of
variation these regions can tolerate. The example of NadA summarized previously
suggests that even the small amounts of variation we observed in the YLHD and CSR
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has the potential to limit the cross reactivity of antibodies to Knh variants. We have
generated antisera to both the YLHD and the conserved region of the stalk; however,
these antisera were raised against purified fragments. Convalescent serum may be
useful in determining the relative antigenicity of the YLHD, the VSR, and the CSR and

determining whether antibodies to Knh can be bactericidal.

4.7 Knh and virulence gene regulation

It has been shown in several cases that TAA expression can regulate the expression of
other virulence factors. Qin et al. (2016) observed that the deletion of the TAAs apal
and apaZ2 in Actinobacillus pleuropneumoniae correlated with significant upregulation or
downregulation of 72 genes expressed after infection of porcine alveolar macrophages.
Interestingly, this included several virulence genes. In the strain deleted for both TAAs,
the authors observed upregulation of proteins related to pili and capsule production and
downregulation of tolC. TolC plays a role in small molecule and toxin secretion
(Zgurskaya, Krishnamoorthy et al. 2011) as well as protecting the bacterium from

exogenous toxic molecules (Masi and Pages 2013).

Lu et al. (2013) reported that the extreme length and surface density of BadA on the
surface of B. henselae inhibits the action of the type IV secretion system (T4SS). The B.
henselae T4SS translocates several effector proteins into the cytoplasm of infected host
cells, resulting in uptake of bacterial aggregates via the invasome structure, inhibits
apoptosis, and activates a proangiogenic phenotype. Wild type BadA prevented the
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translocation of effector proteins, likely by preventing intimate contact with the host cell
due to its length. In a study of clinical isolates, it was found that expression of BadA
largely correlated negatively with the expression of the T4SS and vice versa, suggesting

that BadA and T4SS are differentially expressed during colonization and invasion.

These examples suggest that knh expression has the potential to regulate other genes
expressed by K. kingae. The mechanism of regulation could be genetic, as in the case
of apal and apa2, or mechanical, as in the case of badA. No clinical isolate that we
have examined has been shown to lack Knh production (data not shown), suggesting
that knh is constitutively expressed. However, our prototype strain KKO1 has a
genetically identical variant KKO3 that produces a significantly greater amount of Knh
(Kern, Porsch et al. 2017). This observation suggests the possibility that knh itself is
differentially expressed and KKO1 and KK03 may provide insight into genes regulated

downstream of knh.

One virulence factor that may be particularly interesting in the context of invasion and
pathogenesis is the potent RTX toxin produced by K. kingae. RTX toxins are a family of
pore-forming exotoxins produced by gram-negative bacteria (Benz 2016), and are
members the larger superfamily of RTX-like proteins which have a large diversity of
functions. RTX toxins can have diverse targets, though several members of the family
have been described as being preferentially leukotoxins (Lally, Hill et al. 1999). At low
concentrations, RTX toxins induce cell apoptosis, whereas at high concentrations they
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are capable of forming pores in the cell membrane. More recently, it has been reported
that RTX toxin (HIyA) proteins associated with outer membrane vesicles (OMVSs) of E.
coli cause host cell death by triggering caspase-9-mediated apoptosis, while free
secreted RTX toxin proteins form pores in endothelial cells (Bielaszewska, Aldick et al.
2014). In K. kingae, the RtxA toxin is a pore forming toxin (Barcena-Uribarri, Benz et al.
2015) that is significantly cytotoxic to host cells in vitro (Kehl-Fie and St Geme 2007) and
contributes significantly to virulence in an infant rat model (Chang, Nudell et al. 2014).
The Knh RtxA toxin locus also encodes several auxiliary proteins that are involved in the
production and secretion of the toxin (Kehl-Fie and St Geme 2007). K. kingae further
encodes a tolC homologue which is predicted to be involved in RtxA secretion. RtxA is

also associated with OMVs produced by K. kingae (Maldonado, Wei et al. 2011).

Experiments showing the activity of RtxA have used purified OMVs and RtxA protein.
However, in a physiological niche, the actual concentration of RtxA is likely to be
significantly lower. Close adherence to host cells would increase the local concentration
of RtxA proteins and OMVs at the host cell surface and thus increase the activity of
RtxA. It could be hypothesized that nonadherent bacteria primarily cause cell death by
RtxA-mediated apoptosis while adherent bacteria have increased RtxA pore formation.
In previous work, we demonstrated that the capsule of K. kingae can sterically inhibit
Knh-mediated adherence and Knh-mediated tight adherence is T4P dependent (Porsch,
Kehl-Fie et al. 2012, Kern, Porsch et al. 2017). Furthermore, T4P production is
positively associated with oropharyneal and bacteremia isolates and negatively

associated with osteoarticular and endocarditis isolates (Kehl-Fie, Porsch et al. 2010). It
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would be interesting to examine the effect of T4P, Knh, and capsule expression on RtxA

activity, bringing insight to the role of RtxA in invasive K. kingae disease.
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