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ABSTRACT

Although S. pneumoniae (Spn) has been investigated for over a century, it is still a major
human pathogen that causes a variety of invasive pneumococcal diseases (IPDs) such as
pneumonia, otitis media, bacteremia, and meningitis. Spn can be divided into over 100 serotypes
based on the structural differences of their capsular polysaccharides (CPSs). Since the
introduction of the 13-valent (PCV13) glycoconjugate vaccines, effective against the most
prevalent serotypes, the incidence rates of IPDs in children have been greatly reduced, with
limited effects on morbidity in elderly and immunocompromised populations. Despite a global
vaccination program and the use of antibiotics, Spn remains among the deadliest infectious
agents worldwide. Widespread use of antibiotics as therapeutics has led to the spread of drug-
resistant pneumococcal strains. We hypothesized that previously-characterized and novel
pneumococcal surface glycans play important roles in bacterial virulence and its interactions
with the host. We also hypothesized that exploiting these surface molecules for immune
recognition may address the shortcomings of the incumbent vaccination and antibiotic regimen
and offer potent prophylactic and therapeutic approaches to reduce the burden of IPDs. In this

dissertation, we provide evidence for the functional roles of Spn serotype 3 CPS-specific CD4+



T cells. We also identified and characterized a serotype 3 CPS degrading enzyme (Pn3Pase) that
proves to be protective against serotype 3 Spn in colonization and infection models.
Additionally, we show that several glycosyltransferases that modify pneumococcal serine rich
protein (PsrP) are critical for Spn virulence. Finally, We characterized the glycosylation of
pneumococcal surface protein A (PspA) and demonstrated how this glycan modification
contributes to immunogenicity and antigenicity of the protein. These studies increase our
understanding of the interactions of pneumococcal surface glycans with the host and may lead to
new treatments and vaccines against this highly virulent human pathogen to reduce the burden of

IPDs.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

The goal of this dissertation has been to elucidate critical molecular and cellular
mechanisms operated through the interaction of pneumococcal surface glycans and the host
immune system. We will utilize this mechanistic information to address the shortcomings of the
incumbent vaccination and antibiotic regimen and offer alternative prophylactic and therapeutic
approaches for invasive pneumococcal diseases.

Chapter 1 discusses the pneumococcus, the burden of invasive pneumococcal diseases
(IPDs), and virulence mechanisms that contribute to its pathogenesis. Additionally, this chapter
discusses the current status of glycoconjugate vaccines employed for pneumococcal disease
prevention as well as newly described conjugation technologies.

Chapter 2 uses a model glycoconjugate vaccine of type 3 Streptococcus pneumoniae CPS
(Pn3P) to assess whether carbohydrate-specific adaptive immune response can be applied to
these conjugates. I provide evidence for the functional roles of Pn3P-specific CD4+ T cells
utilizing mouse immunization schemes that induce Pn3P-specific immunoglobulin G (IgG)
responses in a Tcarb (i.e., carbohydrate-specific T cell)-dependent manner.

Chapter 3 discusses the identification of the gene and characterization of the type 3
Streptococcus pneumoniae CPS (Pn3P) degrading enzyme (Pn3Pase) that is produced by
Paenibacillus sp. 32352. We identified the putative amino acid sequence of Pn3Pase through

mass spectrometry-based proteomics and cloned the gene for recombinant expression. We then



characterized the oligosaccharide products generated upon the enzymatic depolymerization of
Pn3P.

Chapter 4 evaluates the protective role of the glycoside hydrolase, Pn3Pase, which targets
the CPS of type 3 Streptococcus pneumoniae, one of the most virulent pneumococcal serotypes.
We first assessed the ability of Pn3Pase to degrade the capsule on a live type 3 strain. Through in
vitro assays we observe that Pn3Pase treatment increases the bacterium’s susceptibility to
phagocytosis by macrophages and complement-mediated killing by neutrophils. We further
demonstrate that in vivo Pn3Pase treatment reduces nasopharyngeal colonization, and protects
mice from sepsis caused by type 3 Streptococcus pneumoniae.

Chapter 5 examines the effects of deletion of glycosyltransferases, which modify the
pneumococcal serine rich protein (PsrP), on virulence of the TIGR4 strain of Streptococcus
pneumoniae. Through single gene knockouts, we determined which glycosyltransferases were
critical virulence determinants in in vitro assays and in vivo infection models.

Chapter 6 investigates and characterizes the glycosylation of pneumococcal surface
protein A (PspA) and how this glycan modification contributes to immunogenicity and
antigenicity of the native protein.

Chapter 7 summarizes the major conclusions from the work and offers future directions

and implications of the research.



Literature Review

Streptococcus pneumoniae (Spn) is a Gram-positive opportunistic bacterial pathogen that
colonizes the host nasopharynx and upper respiratory tract. Although colonization in healthy
individuals is typically asymptomatic, dissemination of the bacterium to otherwise sterile sites
can prompt invasive pneumococcal diseases (IPDs) such as pneumonia (lungs), otitis media
(middle ear), bacteremia (bloodstream), or meningitis (meninges)(1, 2). Currently, Spn is
responsible for the majority of all community-acquired pneumonia cases(3). The pneumococcus
is an historically notorious bacterium determined as the causative agent of significant mortality
during the Flu pandemic of 1918(4). Although over 100 years have been devoted to the
investigation of pathogenesis, prophylactics, and treatments for IPDs, these diseases account for
one million deaths in children less than 5 years of age each year(5).

Spn can be divided into nearly 100 serotypes based on the structural differences of their
capsular polysaccharides (CPSs)(6). Since the introduction of the 23-valent polysaccharide-based
vaccine (PPV-23) followed by 7-valent (PCV7) and 13-valent (PCV13) glycoconjugate vaccines
(prepared by covalent-conjugation of the polysaccharide with a carrier protein), effective against
the most prevalent serotypes of Spn, the incidence rates of IPD in children have been reduced
significantly, with limited reduction in morbidity in elderly and immunocompromised
individuals (7, 8) A serotype distribution shift after conjugate vaccine introduction highlights the
importance of generating improved pneumococcal vaccines to include a wider range of
serotypes(9). Additionally, widespread use of antibiotics as therapeutics has led to the spread of
drug-resistant pneumococcal strains(10-12). Despite a global vaccination program and the use of
antibiotics, Spn remains among the deadliest infectious agents worldwide.

This chapter describes the burden of IPDs, and virulence mechanisms that contribute to



Spn pathogenesis. I also discuss the current status of glycoconjugate vaccines and new
conjugation technologies.
Invasive Pneumococcal Diseases

Due to a variety of bacterial and host factors, Streptococcus pneumoniae can adhere to
host cells, and evade innate and adaptive immunity to stably colonize the human nasopharynx.
Colonization by Spn is typically a benign and harmless event under normal circumstances(13,
14). However, in cases of viral infection or induction of inflammatory responses in the upper
respiratory tract, Spn can proliferate and migrate to adjacent tissues to cause invasive disease
(Figure 1.1)(15-17). IPDs occur most frequently in young children, elderly, and
immunocompromised patients. These infections include pneumonia, otitis media, bacteremia and
meningitis(18). There are approximately half a million cases of pneumonia, 7 million cases of
otitis media, 12,000 cases of bacteremia, and 4,000 cases of meningitis caused by Spn each year
in the United States(8, 19-21). Even in developed countries with antibiotic therapies, the
mortality rate for pneumococcal pneumonia is as high as 40%(6, 22).
Capsular polysaccharides
The pneumococcus is decorated with a capsular polysaccharide on its outermost surface. These
polysaccharide structures are the major virulence factors of the bacterium, providing it with a
charged (with the exceptions of types 7A, 7F, 14, 33F, 33A, and 37 which are neutral) shield to
evade complement deposition and engulfment by host phagocytic cells(23-26). To date, nearly
100 distinct polysaccharide structures have been identified(6). Capsule types have been
classically defined by reactivity with type-specific antisera, leading specific pneumococcal
capsules to be referred to as “serotypes”(27, 28). Tremendous efforts have been made to define

the biochemical structures of these serotypes, with major advances in the field to determine



repeating unit compositions, linkages, configurations, and substitutions that contribute to the
massive diversity of these polysaccharides(29, 30).
Genetics and synthesis

All genes essential for CPS biosynthesis are arranged in a cassette termed the cps locus
that are transcribed together. A given strain has a single c¢ps locus in its genome and therefore
expresses one capsule type(31-33). Many capsule cassettes have a set of conserved genes (cpsA-
D) involved in regulation of the capsule. These genes are followed by additional
glycosyltransferases, modification, and export machinery that distinguish each serotype from the
next(34-36). Two uncommon cps loci that have been revealed by sequencing are serotype 3 and
37. Serotype 3 utilizes synthase-dependent assembly and has disrupted cpsA4,B, and D regulatory
genes(37-39). The single gene required for serotype 37 synthesis resides completely outside of
the normal chromosomal cassette for the cps locus(40, 41). Capsule locus sequencing has
allowed for quick and easy serotyping of clinical isolates by polymerase chain reaction, which
may prove critical for future serotype-specific IPD therapies.

Most capsular polysaccharide synthesis mechanisms occur in what is considered the
Wzy-dependent mechanism. In this mechanism, the oligosaccharide-repeating unit is built on an
undecaprenyl phosphate acceptor on the inside of the cell. Once a single unit is complete, a
flippase will flip the oligosaccharide to the outside of the cell where the Wzy polymerase will
synthesize the polymer. If there are additional substituents on the polymer, such as acetylation,
this will typically occur on the outer leaflet of the membrane during polymerization(42-44).

The second, less-common mechanism for CPS synthesis is the synthase-dependent
mechanism. This mechanism occurs in serotype 3 and 37 synthesis using a single enzyme to

initiate and extend the polymer. The mechanism for type 3 synthesis initiates with a glucose



addition to a phosphatidyl glycerol acceptor from a UDP-glucose donor, followed by alternating
addition of glucuronic acid and glucose to build the -3)BGlcA(1-4)BGlc(1- linear type 3
polysaccharide. Serotype 3 will be a major focus of this thesis, and type 3 cps locus and synthetic
mechanism is shown in figure 1.2(37, 39, 45, 46).
Serotypes and diseases

The virulence of Spn is most commonly affected by the capsular serotype. The capsule is
critical for colonization and invasiveness for the majority of pneumococcal strains(47, 48). Most
CPS are thick and negatively charged structures that shield the bacterium from host phagocytes
and complement components that may target underlying proteins on the bacterial surface (Figure
1.3)(49). Additionally, the capsule greatly reduces trapping and antimicrobial effects of
neutrophil extracellular traps and allows for bacterial escape(50). There is substantial variability
in invasiveness for certain serotypes, with only about 30 serotypes showing significant invasive
potential(6, 51). Furthermore, a smaller subset of serotypes presents marked increases in
mortality rates, i.e. serotype 3. Numerous animal models and epidemiology studies have
associated serotype 3 strains with increased virulence and mortality (52-54). A recent report has
highlighted increased phenotypic variation and antibiotic resistance cassette incorporation
associated with this serotype(55). Serotypes 3, 6B, ON, 11A, 16F, 19F, and 19A have been
emphasized recently with high invasive potential and mortality rates(53, 56, 57).

Protein virulence factors

In recent years, Spn surface proteins have been explored as virulence factors and vaccine
targets largely due to their reduced sequence variability among pneumococcal strains. These

proteins have been viewed as conserved immunogens that may offer broadly protective immune



responses as a universal pneumococcal vaccine(58). Major protein virulence factors and the
mechanisms that contribute to disease establishment and progression are discussed below and
diagramed in Figure 1.3.
Neuraminidase

Pneumococcal sialidases hydrolyze sialic acid residues off of host glycoconjugates that
reside on the cell surface as well as soluble proteins(59). Spn encodes at least two
neuraminidases, nanA, nanB, and, in 50% of strains, nanC(60, 61). The distinct function of each
neuraminidase remains unclear, but nand and nanB are essential for pneumococcal survival in
the bloodstream and respiratory tract(62). Additional work has shown that NanA is dispensable
for colonization of the nasopharynx(59). A recent report has shown that underlying galactose,
exposed by NanA mediated terminal sialic acid removal, can promote biofilm formation by Spn
during colonization(63). Vaccination studies with NanA indicate that anti-NanA antibodies can
protect against otitis media by blocking sialidase mediated exposure of host receptors with
limited efficacy against pneumococcal pneumonia(64).
Pneumolysin

Pneumolysin (Ply) is a conserved, cholesterol-dependent pore forming cytolysin.
Pneumolysin has been shown to oligomerize in the membrane of target cells to form a large ring-
shaped 260 angstrom pore consisting of approximately 40 monomer units(65). This pore
formation leads to cytolytic or other modulatory activities of the host cells such as induction of
complement depletion, inhibition of respiratory ciliary beating, and inhibition of respiratory
phagocytic bursts(66, 67). In a recent report, Ply has been identified as a ligand for the mannose
receptor on dendritic cells and alveolar macrophages. This allows Spn to invade these host cells

and establish an intracellular population that avoid clearance and dampen inflammatory cytokine



responses(68). Pneumolysin has been reported as essential for establishment and persistence of
pneumococcal pneumonia(69, 70). Many groups have begun testing Ply and its detoxified
derivatives as pneumococcal vaccines in animal models. Native Ply vaccines have been
protective in mice after systemic intraperitoneal challenge. Immunization with detoxified
derivatives, termed pneumolysoids, was protective in a pneumococcal pneumonia mouse
model(71).
Pneumococcal surface protein A

Pneumococcal surface protein A, or PspA, is a member of the choline binding protein
family and it has critical roles in Spn virulence with high immunogenicity(72, 73). Choline
binding proteins have C-terminal domains that mediate non-covalent binding to choline moieties
on pneumococcal surface teichoic and lipoteichoic acid(74). PspA is present in essentially all
clinical isolates, but has variable primary amino acid sequence among strains (75, 76). Based on
its sequence, PspA can be organized into three families, or 6 clades. It has been reported that up
to 99% of pneumococcal isolates belong to families 1 and 2 (clades 1-5)(77, 78). PspA has been
shown to inhibit complement-mediated opsonization by interfering with the C3 complement
component(79, 80). PspA helps to protect Spn from bactericidal activity by binding lactoferrin
(2, 81). This surface-exposed virulence determinant is antigenic and is therefore an attractive
vaccine target. PspA has been characterized as a protective antigen in multiple reports(82-86).
Monoclonal antibodies to PspA protect mice from fatal pneumococcal sepsis(87, 88). It was
demonstrated that mice immunized with native PspA isolated from Spn were protected from fatal
sepsis in challenge experiments, whereas PspA expressed in E. coli recombinantly was
significantly less immunogenic and protective in comparison to native PspA (86). Although

PspA is divided into distinct families and clades, it is exceptionally cross-reactive with anti-sera



and monoclonal antibodies(73, 89). Immunization with a single PspA can offer variable
protection to mice against strains expressing other PspA clades(75). PspA is a promising protein
vaccine candidate and fragments have been included in two phase I clinical vaccine trials
conducted by Sanofi-Pasteur(58).
Choline binding protein A

Choline binding protein A, or CbpA, is another member of the choline binding protein
family, as its name suggests. CbpA is a major virulence determinant that binds to the
complement regulator factor H and secretory IgA molecules(90-92). This IgA binding largely
mediates the invasion of the bacterium from its nasopharyngeal niche to establish pneumonia in
the lungs or during transition to bacteremia(91). CbpA is extremely polymorphic with high
sequence variability, which may limit the scope of protection against IPDs if used as a vaccine.
However, CbpA mucosal immunization has been shown to offer protection in a murine
colonization model(93).
Pneumococcal serine rich protein

The Pneumococcal serine-rich protein, or PsrP, is an adhesin protein that mediates
bacterial attachment to host as well as other bacterial cells(94). This large glycoprotein is
encoded in a 37-kb genomic island, psrP-secY2A2. This island is present and conserved in many
globally distributed invasive clones, particularly in 51.2% of 547 clinical isolates collected in
Barcelona, Spain, from 2004-2010 (95). The psrP locus carries all of the genes necessary to
glycosylate and export the PsrP to the bacterial surface(96). PsrP consists of a signal peptide, a
short serine rich repeat region, followed by a basic region full of lysine resides, a very long
serine rich repeat region, and a domain to anchor the protein to the cell wall peptidoglycan as

depicted in figure 1.4. Multiple reports have implicated PsrP in establishment of lung infection



in murine models. These studies have implicated this locus and products of this locus in invasive
pneumococcal disease through genetic characterization of isolates and mutagenesis studies (94-
98). One proposed mechanism is that Spn adhesion to lung epithelium is mediated through PsrP
basic region binding to Keratin 10(99). As of yet, the specific roles of the PsrP glycans in disease
progression or bacterial physiology have not been completely elucidated. Moreover, enzymatic
properties and specificities of these glycosyltransferases along with their potential role in
bacterial virulence mechanisms have yet to be fully characterized. Additionally, PsrP glycans
may be a promising vaccine target as the immense size of the protein allows these epitopes to
extend past the capsule.
Pneumococcal vaccines

In the early 20" century, attenuated whole-cell vaccines were tested and proven
efficacious(100). It was soon realized that immune protection elicited in these vaccine
preparations was serotype specific. It became apparent that any pneumococcal vaccine
formulation would need to offer protection against the most prevalent serotypes that are
encountered in the clinic that cause IPDs(6).
Polysaccharide vaccines

Pneumovax, or PPV23, was introduced in the US in 1983. This vaccine is composed of
25 ug of each of the 23 included serotypes(101, 102). This vaccine has been effective at
preventing IPDs in adults(22). However, there are major limitations with the
polysaccharide-based vaccine, most of which stem from the inability of pure polysaccharides to
elicit T-cell dependent adaptive immune responses(103). PPV23 is poorly immunogenic in
infants and the elderly(104, 105). It has shown poor efficacy in protection from pneumonia.

Additionally, secondary vaccination with PPV23 fails to induce boosted serum antibody titers, in

10



fact serum titers are much lower than those elicited after primary vaccination(106).
Glycoconjugate vaccines (adapted from Sun, Middleton et al. Glycobiology 2016(107))

A major breakthrough in vaccine development has been in glycoconjugate vaccines in
which the carbohydrates are conjugated to carrier proteins to evoke strong protective antibody
responses against the pathogens associated with the carbohydrate. Most carbohydrate-based
vaccines focus on eliciting humoral immunity to produce protective antibodies, which are
addressed elsewhere (108-110). The glycoconjugates that induce T cell responses to help B cell
produce protective antibodies are discussed in the following section, starting with the impact of

pneumococcal conjugate vaccines.

The first pneumococcal conjugate vaccine, PCV7 was introduced in 2000. This vaccine
consisted of 7 pneumococcal serotypes covalently conjugated to a carrier protein CRM197 (111).
This vaccine had a dramatic herd effect on the general population and offered significant
protection against community acquired pneumonia in children(112). In 2010, a new conjugate
vaccine, Pfizer’s Prevnar PCV13 was released in the United States to cover 6 additional
serotypes. PCV13 resulted in a significant reduction of IPD in infants and the elderly(113). The
impact of glycoconjugate vaccines on pneumococcal disease has been a tremendous success.
Introduction of PCV7 accounted for a 77% reduction in pneumonia in the U.S.(114).
Furthermore, PCV13 has reduced the cases of infant IPD by 36% (112, 115). However, there are
still a few vaccine-included serotypes that persist. Incidence of serotypes 3, 7F, and 19A have
remained significant post-PCV13 introduction, although 7F and 19A have started a downward
trend as shown in figure 1.5 (116).

Glycoconjugate vaccines elicit T cell dependent immune protection

The CPSs of major human pathogens, including Streptococcus pneumoniae, Neisseria

11



meningitidis, and Haemophilus influenzae, significantly contribute to their virulence
mechanisms. CPSs support immune evasion through increasing bacterial attachment to the host,
thus inhibiting complement activation and preventing phagocytosis (117, 118). The surface
localization and unique structures of CPSs make them ideal candidates for vaccines designed to

elicit a carbohydrate specific immune response to protect against these bacteria.

Most microbial polysaccharides, however, are poorly immunogenic. Pure, non-
zwitterionic CPSs are T cell-independent antigens and cannot trigger T cell help to induce
antibody class switching, affinity maturation, or create memory B and T cells (119-121). Pure
polysaccharide vaccines are used today and have been somewhat effective against a few
serotypes of S. pneumoniae, S. typhi, and N. meningitides. These vaccines, while having some
success in adults, have been unsuccessful in providing protection in infants, the elderly, and

immunocompromised individuals (122-124).

Eliciting a T cell dependent immune response against CPSs can be accomplished by
coupling CPSs to a carrier protein to create a glycoconjugate vaccine (125, 126). Immunizations
with glycoconjugate vaccines such as Prevnar 13®, Menhibrix®, and Pentacel® have been
effective at inducing a long-lasting protective capability against encapsulated pathogens.
Glycoconjugate vaccines induce a CPS specific adaptive immune response, IgM to IgG class
switching, B and T cell memory, and significantly higher protection compared to pure
polysaccharide vaccines (127, 128). Glycoconjugates containing CPSs from S. pneumoniae, H.
influenzae, and N. meningitidis have been highly successful in preventing these infections (121,
122, 124, 129). Although success has been observed, problems with current glycoconjugate
vaccines still persist. Glycoconjugates have been poorly immunogenic in individuals with HIV

and the elderly (130, 131). These problems illustrate the need for efforts to enhance vaccine
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efficacy by developing structurally defined glycoconjugate vaccines based on the mechanisms of

their activation of the immune system.

Glycoconjugate vaccine induces carbohydrate-specific T cell response

The traditional hypothesis for glycoconjugate vaccine activation of an adaptive immune
response proposes that helper CD4+ T cells recognize a carrier protein derived peptide (132).
According to this hypothesis, the glycoconjugate binds to the surface of a B cell that stimulates
the production of antibodies to the CPS portion of the glycoconjugate. The B cell processes the
protein portion of the glycoconjugate and presents a peptide from the carrier protein in the
context of MHCII to the T cell receptor (TCR) of CD4+ T cells. Activation of the T cell results
in production of cytokine IL-4, which induces maturation of the B cell and consequent
production of antibodies specific for CPS, immunoglobulin class switching from IgM to high
affinity IgG, and production of memory B and T cells (123, 127). This hypothesis was originally
based on the assumption that only protein antigens can be presented to and recognized by T cells.
The traditional mechanism assumes the strong covalent link between the CPS and carrier
proteins is broken during endosomal degradation of the glycoconjugate and does not consider
whether T cells can recognize non-zwitterionic carbohydrates linked to a peptide whose binding

to MHCII allows presentation of the carbohydrate by the APC to T cells (124, 129, 131, 133).

The mechanisms of glycoconjugate vaccine activation of an adaptive immune response
have recently been uncovered that shifts the paradigm of peptide-centric T cell recognition (134).
In the most comprehensive study of glycoconjugate vaccine activation mechanisms to date, Avci
et al. demonstrated that, upon uptake by APCs, glycoconjugate vaccines are involved in a

depolymerization reaction that processes the glycoconjugate into a smaller molecular weight
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processed glycan-peptide conjugate (glycan,—peptide) (134). This glycan,—peptide is then
displayed on the surface of the APC in association with MHCII. MHClII-deficient APCs showed
no processed glycan,-peptide presentation. These findings suggest that the carrier protein-
derived peptide portion of the glycoconjugate binds to MHCII, leaving the hydrophilic glycan
exposed on the APC surface to be recognized by the TCR of CD4+ T cells (Figure 2). This study
also shows that glycoconjugate immunization induces a subset of CD4+ T cells, termed Tcarbs,
which recognize the carbohydrate portion of the glycoconjugate. A series of immunization
experiments revealed that stimulation of Tcarbs by their carbohydrate epitopes recruits T cell
help for B cell IgM to IgG class switching (134). The proposed mechanism is depicted in Figure

1.6.

The carbohydrate specific T cells (i.e. Tcarbs) were isolated from mice immunized with a
GBSIII-OVA (Group B streptococcus serotype III conjugated to Ovalbumin) glycoconjugate and
enriched by stimulating the lymphocytes for 10-14 days with APCs in the presence of
carbohydrate with alternate carrier proteins. By performing limiting dilutions, two Tcarb clones
were isolated. One clone recognized GBSIII epitope in the context of the I-E® and the other with
the I-AY. The CD4+ T-cell clones secreted both IL-2 and IL-4, but not IFN-y, in the presence of
glycoconjugates other than the proteins alone (134, 135). The knowledge gained from these
mechanistic studies was used to synthesize a new glycoconjugate vaccine enriching the glycan
epitope to create a much more robust carbohydrate specific IgG response and protein from GBS

challenge (134, 135).

Additional reports, along with this mechanistic study on GBSIII glycoconjugates suggest
the generalizability of Tcarb mediated immune responses induced by glycoconjugate vaccines.

We have employed glycoconjugates of type 3 Streptococcus pneumoniae CPS (Pn3P) and
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provided evidence for the functional roles of Pn3P-specific CD4+ T cells utilizing mouse
immunization schemes that induce Pn3P-specific immunoglobulin G (IgG) responses in a Tcarb-
dependent manner(136). More recently, work out of the Kasper lab has demonstrated the Tcarb-
mediated mechanism induce adaptive immune responses for Vi antigen from Salmonella typhi,
Group B streptococcus type 1b, as well as H. influenza type b(137). Importantly, this work
showed that group C polysaccharide from Neisseria meningitidis failed to induce humoral
immunity through the Tcarb mechanism due to rapid depolymerization of the polysialic acid
structure during antigen processing. An additional study showed, based on confocal microscopy
images, the carbohydrate component of a pneumococcal type 14 glycoconjugate vaccine was
localized on the APC surface, suggesting possible MHCII presentation of carbohydrate epitopes
to CD4+ T cells (138). Furthermore, immunization with meningococcal polysaccharide-tetanus

toxoid conjugate was shown to induce carbohydrate reactive T cells (139).

Conjugation technologies

Current conjugation techniques involve the activation of proteins or polysaccharides to
create reactive functional groups such as aldehydes, esters, thiols or hydrazides (131, 135, 140).
These strategies often lead to heterogeneous structures of various molecular weights and linkages
that form matrix-like structures (141). A current strategy-protein glycan coupling technology
(PGCT) utilizes the oligosyltransferase enzyme pglB of Campylobacter jejuni to enzymatically
transfer a polysaccharide to a recombinantly expressed carrier protein. With this technology,
glycans, coupling enzymes and proteins are synthesized in the E. coli glycoconjugate factory
(142, 143). Studies are underway that could extend the usefulness of this method to generate O-
linked glycoconjugates through an enzymatic coupling process using PglS (144-148). The major

drawbacks to this method are the limited oligosaccharides that can be used as a substrate for

15



pglB and the inability to conjugate the polysaccharide to peptides or polypeptides (131, 149,
150). Recently, researchers have demonstrated the conjugation of polysaccharide to protein via
copper-free click chemistry reactions, conferring the ability to perform site-selective conjugation
of the oligosaccharides (151-154). This method provides a structurally defined glycoconjugate
that can be easily characterized by analytical methods. A few drawbacks to this approach are
multiple steps, low yield, and potential unwanted immunological responses (152). Novel
approaches for glyconconjugation are necessary for creating well-defined glycoconjugate
vaccines that lack heterogeneity and batch-to-batch variability. These strategies, along with the
mechanistic insights of glycoconjugate vaccine activation of adaptive immunity, provide an
outline for the development of highly immunogenic vaccines against pathogenic bacterial,

parasitic, and viral surface glycans.
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Figure 1.1

Streptococcus pneumoniae colonizes the nasopharynx of healthy host. Under high bacterial loads
or inflammatory responses, Spn can disseminate to normally sterile tissues to cause invasive
diseases.
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Figure 1.2
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Figure 1.2

Streptococcus pneumoniae serotype 3 uses synthase-dependent synthesis. A.) Locus consists of
UDP-glucose dehydrogenase (cps3D), Type 3 synthase (cps3S), and Glucose-1-phosphate
uridylyltransferase (galU)(*dispensable for capsule production). B.) Polysaccharide is a linear di-
saccharide repeating unit structure consisting of -3)bGlcA(1-4)bGle(1-. Half-filled blue diamond
denotes glucuronic acid residues, blue circle denotes glucose residues. C.) Cps3S initiates
synthesis by transferring glucose from UDP-glucose to the phosphatidyl glycerol (P) acceptor.
The synthase then transfers glucuronic acid from UDP-glucuronic acid to the P-linked glucose.
After the synthase extends the polymer to an octasaccharide, Cps3S will push the polysaccharide
to the outside of the membrane where the chain length will extend until UDP-GIcA is depleted
and local concentrations are insufficient for further polymerization.
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Figure 1.3
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Figure 1.3

Virulence of Streptococcus pneumoniae is driven by multiple protein and carbohydrate factors.
Important virulence determinants include: capsular polysaccharide, choline binding proteins
(including PspA, and CbpA) that are non-covalently anchored to the surface through choline
residues on teichoic acid, neuraminidases such as NanA, the cytolytic protein Ply, and major
surface adhesion PsrP.
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Figure 1.4
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Figure 1.4

A.) Domain schematic of Pneumococcal serine rich protein (PsrP) from TIGR4 strain. PsrP
consists of a N-terminal secretion signal peptide, a short serine-rich repeat 1 region, a basic
region, a very long serine-rich repeat 2 region, and a cell-wall anchor domain at the C-terminus.
B.) Genomic organization of PsrP-secY2A2 locus. Lightly shaded arrows are putative transport
genes, whereas white arrows indicate putative or experimentally determined
glycosyltransferases. Uniprot TIGR4 gene products SP_1772(PsrP) to SP_1755.
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Figure 1.5
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Figure 1.5
Distribution of vaccine and non-vaccine serotypes before and after introduction of PCV13
glycoconjugate vaccine. Figure constructed from data introduced by Moore ef al. 2015
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Figure 1.6
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Figure 1.6

Mechanism of T cell activation by model glycoconjugate vaccines in a Tcarb dependent manner.
Antigen processing and presentation leads to presentation of carbohydrate epitopes by MHCII to
CD4+ T cells. Activation of CD4+ T cells leads to B cell induction to produce high affinity,
long-lived IgG antibodies to the polysaccharide.
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Abstract

Most pathogenic bacteria express surface carbohydrates called capsular polysaccharides (CPSs).
CPSs are important vaccine targets since they are easily accessible and recognizable by the
immune system. However, CPS-specific adaptive humoral immune responses can only be
achieved by the covalent conjugation of CPSs with carrier proteins to produce glycoconjugate
vaccines. We previously described a mechanism by which a model glycoconjugate vaccine can
activate the adaptive immune system and demonstrated that the mammalian CD4+ T cell
repertoire contains a population of carbohydrate-specific T cells (i.e., Tcarbs). In this study,
we employ glycoconjugates of type 3 Streptococcus pneumoniae CPS (Pn3P) to assess whether
the carbohydrate-specific adaptive immune response exemplified in our previous study can be
applied to the conjugates of this lethal pathogen. Here, we provide evidence for the functional
roles of Pn3P-specific CD4+ T cells utilizing mouse immunization schemes that induce Pn3P-

specific immunoglobulin G (IgG) responses in a Tcarb-dependent manner.

Introduction

Exploiting their high antigenicity, capsular polysaccharides (CPSs) have been used as main
components of glycoconjugate vaccines in clinical practice worldwide in the past three decades
(1). Immunizations with glycoconjugates containing CPSs from H. influenzae, S. pneumoniae,
and N. meningitidis have been utilized in preventing/controlling infectious diseases caused by
these bacterial pathogens (2, 3). While glycoconjugate vaccines have provided great health
benefits in controlling bacterial diseases, glycoconjugate construction has often been a random
process of empirically linking two molecules (carbohydrate and protein) with minimum

consideration of their mechanism of action (4), resulting in poorly characterized, heterogeneous
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and variably immunogenic glycoconjugate vaccines (1, 5). Demystifying T cell activation
mechanisms of glycoconjugate vaccines is a key step towards designing new-generation
vaccines. We recently demonstrated a mechanism through which uptake of a glycoconjugate
vaccine by antigen presenting cells (APCs) results in the presentation of a carbohydrate epitope
by the major histocompatibility class II complex (MHCII), thus stimulating carbohydrate-
specific CD4+ T cells (Tcarbs) (6-8).

In the present study, we employ model glycoconjugates of type 3 Streptococcus pneumoniae
CPS (Pn3P) to examine whether the carbohydrate-specific adaptive immune responses
exemplified in our previous findings apply to other carbohydrate antigens used in glycoconjugate
vaccines. The Gram-positive pathogen Streptococcus pneumoniae can be sorted into over 90
capsular serotypes (9). Multiple studies have shown the ability of CPS-specific antibodies to
provide protection from pneumococcal challenges (10, 11). However, most CPSs are poorly
immunogenic, since they cannot, in their pure form, induce T cell dependent immune responses
(4, 12). Immunization with glycoconjugates, as opposed to pure glycans, elicits T cell help for B
cells that produce high-affinity IgG antibodies to the CPS component of the vaccine and induces
memory B and T cell development (4, 12). Since the introduction of the first pneumococcal
conjugate vaccine, PCV7, the incidence rate of pneumococcal disease has been reduced
significantly (11). The current pneumococcal conjugate vaccine is the 13-valent Prevnar13®,
encompassing CPSs from thirteen of the most prevalent serotypes of S. pneumoniae (11). The
model conjugate vaccine used in this study is in fact a component of the existing 13-valent
pneumococcal conjugate vaccine. S. pneumoniae remains among the most lethal infectious
agents despite the availability of global vaccination programs (11, 13) . The type 3 strain in

particular is among the most virulent strains. Despite current vaccination programs, morbidity of
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the type 3 strain remains high, raising questions regarding the efficacy of this vaccine (14). The
knowledge gained in the present study may have implications in producing a highly protective
knowledge-based pneumococcal vaccine.
Materials and Methods
Mice
Eight-week-old female BALB/c mice were obtained from Taconic Biosciences (Hudson,
NY) and housed in the Coverdell Rodent Vivarium at the University of Georgia. Mice were
kept in microisolator cages and handled under a laminar flow hood. All mouse experiments
were in compliance with the University of Georgia Institutional Animal Care and Use
Committee under the approved animal use protocol # A2013 12-011-Y1-AO0.
Antigens
Purified Pn3P powder was obtained from American Type Cell Collection (Cat. #172-X).
Pn3P was reduced to an average molecular weight of 100kDa by hydrolysis with 0.3M
trifluoroacetic acid. Pn3P was conjugated to either ovalbumin (Sigma A7641) or keyhole
limpet hemocyanin (Calbiochem 374805) through reductive amination as previously
described (6, 7). Pn3P conjugates were isolated from unconjugated components by size
exclusion chromatography (Fig. 2.6). A combination of phenol sulfuric acid and BCA
assays using Pn3P and carrier proteins for standard curve generation confirmed that the
conjugates consisted of 45-55% protein and 45-55% Pn3P (7).
Immunizations
Groups of BALB/c mice were immunized intraperitoneally on days 0 and 14 with 5 mg

of antigen in phosphate buffered saline (PBS) mixed with 2% alhydrogel (Invivogen #vac-
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alu-50) in a 3:1 ratio. Where indicated, mixtures consisted of quantities consistent with
conjugate ratios.
Adoptive transfers
Groups of donor BALB/c mice were primed and boosted with 5 mg Pn3P or 10 mg of
Pn3P-KLH subcutaneously at 3-week intervals. Mice were sacrificed 5 days after boost.
CD4+ T cells from Pn3P and Pn3P-KLH primed mice were negatively selected using mouse
CD4+ T lymphocyte enrichment magnetic beads (BD Biosciences 558131), and B cells
from Pn3P-KLH primed mice were isolated using mouse B lymphocyte enrichment
magnetic beads (BD Biosciences 557792). Isolation of a given cell type was confirmed by
flow cytometry. CD4+ T cells (1x107) from either Pn3P or Pn3P-KLH immunized donors
and B cells (1x10") from Pn3P-KLH immunized mice were adoptively transferred to
recipient mice through tail vein injections in PBS. The recipient mice were then immunized
with Pn3P-KLH or Pn3P-OVA 1 day after adoptive transfer.
Detection of Pn3P-specific serum antibodies
Mice were bled from the tail vein on days 14 and 21 during the prime-boost
immunization experiments. Mice used in the adoptive transfer experiment were bled 3 days
after booster immunization (4 days after transfer). Pn3P-specific antibodies in serum were
detected by ELISA in 96 well plates coated with 2.5 mg/ml of Pn3P-HSA conjugate. Four
immune sera per group were used in all ELISA experiments.
Opsonophagocytic killing assay
Opsonophagocytic killing assay was performed as previously described(15). Briefly,
Type 3 Streptococcus pneumoniae WU?2 strain (approximately 800 CFU/10 mL/well) was

incubated with mouse sera samples (20 mL each at 1:30 dilutions) in duplicate wells in a 96-
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well round-bottom plate for 30 minutes with shaking at room temperature in Opsonization
Buffer B (sterile 1X PBS with Ca"/Mg™, 0.1% gelatin, and 5% heat-inactivated
FetalClone). HL60 cells (generously provided by Moon Nahm, UAB) were cultured in
RPMI with 10% heat-inactivated FetalClone (HyClone, SH30080.03) and 1% L-glutamine.
HL60 cells were differentiated using 0.6% N,N-dimethylformamide (DMF, Fisher, D131-1)
for three days, harvested, and resuspended in Opsonization Buffer B. Baby rabbit
complement (Pel-Freez, 31061) was added to HL60 cells at 20% final volume, with a final
cell concentration of 1x10” cells/mL. The HL60/complement mixture was added to the
serum/bacteria at 5x10° cells/well. The reactions were incubated at 37°C for 1 hour with
shaking. The reactions were stopped by incubating the plate(s) on ice for approximately 20
minutes. 10 mL of each reaction was diluted into a final volume of 50 mLand plated onto
blood agar plates. Plates were incubated overnight at 30°C in anaerobic conditions and
counted. Percent survival was calculated as each duplicate reaction subtracted from the
mean values obtained for control samples (naive serum, 100% survival).
Antibodies and Flow Cytometry

The following fluorophore-conjugated antibodies used in flow cytometry detection were
purchased from Biolegend: anti-mouse CD3e (clonel45-2C11), anti-mouse CD4 (clone
GK1.5), anti-mouse CD69 (clone HI1.2F3). 5(6)-Carboxyfluorescein diacetate N-
succinimidyl ester (CFSE) was purchased from Sigma. Surface staining of cell suspensions
was performed in PBS/0.1% BSA/0.02% NaNj; solution at 4°C. Samples were analyzed on

CyAn (Beckman Coulter). Data were analyzed using FlowJo software (Tree Star).
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ELISPOT Assay

Groups of BALB/c mice were immunized with 10ug of Pn3P-OVA emulsified in
Freund’s adjuvant (Thermo Scientific) by subcutaneously injection. CD4+ T cells were
isolated from lymph nodes of Pn3P-OVA immunized mice and stimulated in vitro in the
presence of irradiated APCs pulsed with indicated antigens. After 24hr stimulation, IL-2
production was detected by Enzyme-Linked ImmunoSpot (ELISPOT) assay using
commercially available mouse ELISPOT reagent set (Cellular Technology Ltd) according to
the manufacturer’s protocol. The ELISPOT samples were analyzed by ImmunoSpot S6
analyzer using the ImmunoCapture 6.3 and ImmunoSpot 5.0 Pro DC software (Cellular
Technology Ltd).

Generation of Pn3P-specific T cell Hybridomas

T-cell hybridomas were generated as previously described(16). Briefly, BALB/c mice
were immunized with Pn3P-KLH emulsified in Freund’s adjuvant (Thermo Scientific).
Primary CD4+ T cells obtained from lymph node of immunized mice were re-stimulated in
intro with APCs that pulsed with Pn3P-KLH. Activated CD4+ T cells were fused with
BW5147 T cell lymphoma cells at a ratio of 1:1. The T cell hybrids were selected in
Dulbecco's Modified Eagle's Medium containing hypoxanthine-aminopterin-thymidine and
screened for CD3 and CD4 expression. Antigen specificity was screened by activating the T
hybridoma cells with appropriate antigens in the presence of APCs. Culture supernatant was
collected after 24hrs stimulation to test IL-2 production by ELISA assay using paired rat

monoclonal antibodies for mouse IL-2 (Biolegend).
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Results
Carrier specific T cells are unable to boost Pn3P specific IgG titers

To assess the role of carbohydrate specific CD4+ T cells on the adaptive humoral immune
response to Pn3P glycoconjugate, we performed a series of immunization experiments. We first
performed primary immunizations to BALB/c mice with either KLH or Pn3P-KLH conjugate
and 14 days later we performed booster immunizations with the Pn3P-KLH conjugate. On day
21, we compared Pn3P-specific IgG levels in the sera of the mice receiving primary and
secondary immunizations (Fig. 2.1A). Mice that received the Pn3P-KLH conjugate in both
primary and secondary immunizations produced high IgG titers, characteristic of a booster
response. However, priming with KLH alone failed to generate a booster IgG response after the
secondary immunization. If the Pn3P-KLH conjugate had induced T cell stimulation via a
peptide epitope, the mice primed with either carrier alone or with the conjugate should have had
comparable Pn3P IgG titers after boosting with the conjugate. We compared carrier specific IgG
titers in mice immunized with conjugate versus carrier alone. KLH specific IgG levels were
similar in these groups (Fig. 2.7). To determine whether the inability of the carrier to induce a
priming response for a glycoconjugate boost is due to a lack of T-cell or B-cell priming, we
immunized mice with an unconjugated mixture of Pn3P and KLH to provide T cells primed with
KLH derived peptides, and B cells primed with Pn3P, and boosted these mice with the
glycoconjugate (Fig. 2.1A). Again, priming with the mixture did not support a robust secondary
antibody response to the polysaccharide upon boosting with the glycoconjugate (Fig. 2.1A).
Regardless of whether the glycan was conjugated or not, similar Pn3P IgM levels were found in

the sera of both groups of immunized mice, suggesting a similar level of B cell stimulation (Fig.
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2.1B). Additional control groups of mice primed with no antigen (PBS) or Pn3P alone (Fig. 2)

showed very low levels of serum IgG and IgM.

Boosting with alternate carrier protein conjugate generates high Pn3P IgG responses

In a separate immunization experiment we performed primary immunizations to groups of
BALB/c mice with Pn3P-KLH and booster immunizations with a glycoconjugate containing the
heterologous carrier protein, ovalbumin (OVA), to assess whether CD4+ T-cells specifically
recognizing Pn3P epitopes help to induce the secondary humoral immune response to the
glycoconjugate. Serum levels of Pn3P-specific IgG were measured after primary and secondary
immunizations (Fig. 2.2A). Boosting of Pn3P-KLH-primed mice with Pn3P-OVA induced
Pn3P-specific IgG titers consistent to those seen after priming and boosting with Pn3P-KLH or
priming and boosting with Pn3P-OVA (Fig. 2.2A). Control groups included mice primed with
Pn3P-KLH and boosted with a mixture of unconjugated Pn3P and OVA, and mice primed with
Pn3P and boosted with Pn3P-OVA. Similar Pn3P IgM levels were found in the sera of all
immunized mice, suggesting a similar level of B cell stimulation (Fig. 2.2B). In order to further
confirm Pn3P specificity, we performed whole cell and competition ELISA experiments (Fig.
2.8). Serum IgGs bound to paraformaldehyde fixed whole Pn3 cells (WU2 strain) (Fig. 1.3A)
whereas they failed to bind to Pn4 cells (TIGR4 strain) (data not shown). Additionally, prior
incubation with soluble Pn3P inhibited IgGs from binding to the Pn3P-HSA coated plate
whereas soluble Pn4P did not (Suppl. Fig. 2.3B). Observing a booster humoral immune response
upon immunization with a heterologous carrier strongly suggests that T cell help for induction of
Pn3P-specific immune responses is recruited primarily via recognition of a presented

carbohydrate epitope. A key aspect of this experiment is to ensure that conjugate with OVA
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carrier induces similar Pn3P IgG titers upon primary and secondary immunizations as does the

conjugate with KLH carrier so alternate carrier data is comparable (Fig. 2.2A).

CD4+ T cells adoptively transferred from Pn3P-KLH immunized mice can be boosted by Pn3P-
OVA in recipient mice

To directly examine the contribution of CD4+ T cells in the Pn3P-specific booster I1gG
responses, we performed an adoptive transfer experiment (Fig. 2.3). In this experiment groups of
BALB/c donor mice were immunized with Pn3P or Pn3P-KLH. CD4+ T cells from each group
were isolated and adoptively transferred to groups of recipient mice through tail-vein injections.
Two groups of recipient mice received CD4+ T cells from mice immunized with Pn3P, and two
groups of recipient mice received CD4+ T cells from mice immunized with Pn3P-KLH. All
groups of recipient mice received splenic B cells obtained from Pn3P-KLH immunized mice to
directly assess the functional role of CD4+ T cells in the polysaccharide specific IgG responses
to glycoconjugate immunization. One day after receiving T and B cells, groups were immunized
with Pn3P-KLH, or the glycoconjugate with alternate carrier protein, Pn3P-OVA (Fig. 2.3A).
Titers of Pn3P specific [gG were determined in serum collected three days after immunization of
recipient groups. Groups that received CD4+ T cells from Pn3P-KLH immunized donor mice
displayed significantly higher Pn3P specific IgG titers than the groups that received CD4+ T
cells from Pn3P immunized donor mice (Fig. 2.3B). Additionally, the booster IgG response in
the Pn3P-KLH immunized group was comparable to the Pn3P-OVA group. Again, similar Pn3P
specific IgM levels were found in the sera of all immunized mice (Fig. 2.3C). We then
performed an opsonophagocytic killing assay to assess the functional capacity of these Pn3P

specific IgGs (Fig. 2.3D). We observed that serum from mice that received CD4+ T cells from
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Pn3P-KLH immunized mice demonstrated nearly complete killing of the WU2 strain, while
serum from mice that received CD4+ T cells from Pn3P immunized mice showed minor killing

activity.

In vitro stimulation of primary CD4+ T cells display carbohydrate specificity

To further investigate the CD4+ T cell responses to glycoconjugates, we isolated CD4+ T
cells from lymph nodes of Pn3P-OVA immunized mice. These cells were stimulated in vitro
with polysaccharide alone, the carrier protein ovalbumin, or the conjugate Pn3P-OVA in the
presence of irradiated splenic APCs. T cell activation by these antigens was examined by
detecting the CD69 expression by flow cytometry after 3 days of stimulation (Fig. 2.4A-B). A
significantly higher percentage of T cells are activated by the conjugate in vitro than by the
carrier protein or polysaccharide alone, an evidence for carbohydrate dependent recognition in
this T cell population. Additionally, we looked at T cell proliferation by CFSE staining of the
CD4+ T cells prior to in vitro stimulation. The T cell proliferation rate was measured by CFSE
dilution after 5 days of culture (Fig. 4C-D). Again, a higher percentage of these cells proliferate
upon stimulation with Pn3P-OVA conjugate compared to carrier protein alone. T cell activation
was also tested by CD69 expression on CD4+ T cells from mice that were primed with Pn3P-
OVA, and then boosted with Pn3P-KLH (Fig. 2.4E). We observed that in vitro stimulation by
both conjugates activated a higher percentage of CD4+ T cells than their carriers alone or
polysaccharide alone. Further evidence was obtained by stimulating CD4+ T cells from Pn3P-
OVA-immunized mice with a heterologous (Pn3P-TT) conjugate compared with its carrier
protein. Higher T cell activation was observed in response to the Pn3P-TT conjugate than the TT

alone by measuring IL-2 production in an ELISPOT assay (Fig. 2.9).
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Pn3P specific CD4+ T cell hybridoma generation
In order to begin assessing T cell specificity at the clonal level we generated T cell hybridomas
by fusing primary CD4+ T cells from Pn3P-KLH immunized mice with BW5147 T cell
lymphoma cells. After limiting dilutions, CD3+CD4+ hybridomas were then screened by
incubation with Pn3P-KLH in vitro in the presence of irradiated APCs. Numerous T cell
hybridomas were stimulated in vitro by Pn3P-KLH as measured by the production of Interleukin
2 (IL-2) using ELISA (Fig. 2.5A). Hybridomas that secreted high concentrations of IL2
compared to controls were tested for their carbohydrate specificity by incubation with Pn3P-
OVA, Pn3P-KLH, and the carrier proteins alone. Four select hybridomas shown here (Fig. 2.5B)
were consistently stimulated by glycoconjugates, no matter which carrier protein, without
responding to the carriers alone, indicating a carbohydrate dependent recognition by these cells.
Discussion

Despite the availability of a glycoconjugate vaccine against S. pneumoniae, it remains one of
the world’s most deadly pathogens. The current 13-valent vaccine induces variable immune
responses to each serotype and is not as effective against serotype 3, an exceptionally virulent
serotype (17, 18). Studies have shown that multivalent glycoconjugate vaccines encompassing
serotype 3 CPS have impaired booster responses, and fail to protect from otitis media infections
from serotype 3 (19). In addition, individuals vaccinated with PCV13 require higher
opsonophagocytosis assay serum titers for serotype 3 in comparison with other serotypes(20)

T cell responses described here are consistent with our previous findings(6,7) Upon
immunization, a very small percentage of T cells that recognize carbohydrate epitopes are
expanded. Through in vitro expansion, this Tcarb population could be enriched. In addition to

our own studies, multiple past and present studies demonstrate the presence of Tcarb populations
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recognizing carbohydrate epitopes of glycoconjugate vaccines(21-24). This work contributes to
the universalization of Tcarb mediated immune responses and generalizable vaccine
development strategies against bacterial pathogens. Future studies on cloning the T cell
populations described here will shed light on functional properties of Tcarb populations and
structural requirements for their T cell receptor engagement with carbohydrate epitopes and
MHCII complexes. Further identification of Tcarb epitopes generated through processing and
presentation of pneumococcal glycoconjugate vaccines by the antigen presenting cells will have
direct implications in producing future knowledge-based vaccines that are target-specific,
structurally designed, highly immunogenic and protective, and produced at much lower cost,
thus allowing a much wider use on a global scale than current vaccines to control or eliminate

invasive pneumococcal diseases (13).
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Figure 2.1. Conjugate Immunizations. Pn3P IgG (A) and IgM (B) titers in BALB/c mice
primed (day 0) and boosted (day 14) with different antigen combinations, as measured by ELISA
in serum obtained on day 14 (pre-boost) and 21. n=4/group. Serum titers are reported as the
reciprocal dilution that results in an OD of 0.5 at 405nm. Statistical significance was determined
with the two-tailed student’s t-test. P<0.001. NS=not significant. ND=not detectable.
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Figure 2.2
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Figure 2.2. Heterologous carrier immunizations. Pn3P IgG (A) and IgM (B) titers in BALB/c
mice primed (day 0) and boosted (day 14) with different antigen combinations, as measured by
ELISA in serum obtained on day 21. n=4/group. Serum titers are reported as the reciprocal
dilution that results in an OD of 0.5 at 405nm. Statistical significance was determined with the
two-tailed student’s t-test. P<0.001. NS=not significant
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Figure 2.3
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Figure 2.3. CD4+ T cells adoptively transferred from donor mice immunized with Pn3P-KLH
provides the T cell help for Pn3P-specific secondary immune responses in the recipient mice
upon their immunization with Pn3P-OVA (A). Pn3P IgG (B) and IgM (C) titers in BALB/c
mice that received CD4+ T cells and B cells from immunized donor mice and were immunized
with Pn3P-KLH or Pn3P-OVA (day 0), as measured by ELISA in serum obtained on day 3.
n=4/group. Serum titers are reported as the reciprocal dilution that results in an OD of 0.5 at
405nm. Functional test of Pn3P specific antibodies in serum using opsonophagocytic killing
assay (D) Statistical significance was determined with the two-tailed student’s t-test. ***
P<0.001. NS= not significant
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Figure 2.4
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Figure 2.4. Evidence for Pn3P specific CD4+ T cell response after Pn3P conjugates
immunization. (A-D) CD4+ T cells were isolated from lymph nodes of Pn3P-OVA immunized
mice and stimulated in vitro in the presence of irradiated APCs (CD3 depleted mouse splenic
mononuclear cells) pulsed with indicated antigens. T cell activation and proliferation were
detected by flow cytometry. Representative FACS profiles (A) and the percentile (B) of CD69
expression on CD4+ T cells after 3 days stimulation were shown. (C, D) CD4+ T cells were
labeled with CFSE fluorescence before culture. CFSE dilution as T cell proliferation rate was
measured after 5 days stimulation. (E) The response of CD4+ T cells from Pn3P-OVA primed
and Pn3P-KLH boosted mice to indicate Pn3P conjugates or carrier proteins were detected as
mentioned above. Representative results are shown from one of three independent experiments
performed. Data were shown as mean+SD. *P<0.05, **P<0.01, ***P<0.001.
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Figure 2.5
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Figure 2.5. Generation of Pn3P specific CD4+ T cell hybridomas. Pn3P conjugate specific T
cell hybridomas were generated by fusion of primary CD4+ T cells isolated from Pn3P-KLH
immunized mice with BW5147 T cell lymphoma cells. T hybridoma cell lines positive for both
CD3 and CD4 expression were selected to investigate their response to Pn3P-KLH antigen. (A)
Antigen specificity of T hybridoma cell lines was determined by their ability to produce IL-2
using ELISA assays in the presence of irradiated APCs and Pn3P-KLH antigen. T hybridoma
cell lines with higher IL-2 level than control groups were selected out for fine specificity of
antigen recognition. (B) Four representative CD4+ T hybridoma cell lines were selected and
tested their ability to produce IL-2 using ELISA assays in the presence of APCs pulsed with
Pn3P conjugates or carrier proteins.
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Figure 2.6
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Figure 2.6. Purification of Glycoconjugates A)Superdex 200 (OVA) and B)Sephacryl 300
(KLH) elution profiles of glycoconjugates. Conjugates fractions were collected, desalted, and
lyophilized for long-term storage.
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Figure 2.7
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Figure 2.7. Conjugate Immunizations. KLH IgG titers in BALB/c mice primed (day 0) and
boosted (day 14) with different antigen combinations, as measured by ELISA in serum obtained
on day 14 (pre-boost) and 21. n=4/group. Serum titers are reported as the reciprocal dilution that
results in an OD of 0.5 at 405nm. ND=Not Detected. Statistical significance was determined
with the two-tailed student’s t-test.
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Figure 2.8
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Figure 2.8. Heterologous carrier immunizations. (A) Whole fixed Pn3 cell ELISA detecting
Pn3P IgG titers in BALB/c mice primed (day 0) and boosted (day 14) with different antigen
combinations, as measured by ELISA in serum obtained on day 21. n=4/group. Serum titers are
reported as the reciprocal dilution that results in an OD of 0.5 at 405nm. (B) Competition
experiment using increasing doses of soluble Pn3P to compete for Pn3P specific IgGs in BALB/c
mice primed (day 0) and boosted (day 14) with different antigen combinations, as measured by
ELISA in serum obtained on day 21. Statistical significance was determined with the two-tailed
student’s t-test. P<0.001. NS=not significant
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Figure 2.9
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Figure 2.9. Presence of CD4+ T cells that recognize Pn3P epitopes after Pn3P-OVA
immunization. CD4+ T cells were isolated from lymph nodes of Pn3P-OVA immunized mice
and stimulated in vitro in the presence of irradiated APCs pulsed with Pn3P, homologous (Pn3P-
OVA) or heterologous (Pn3P-TT) conjugates and carrier proteins. IL-2 production was detected
by ELISPOT assay. Representative results are shown from one of three independent experiments
performed. Data were shown as mean+SD. *P<0.05, **P<0.01, ***P<0.001
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Abstract

Bacillus circulans Jordan 32352 was isolated from decaying organic matter in the New
Jersey soil in the early 1930s. This soil-dwelling bacterium produced an enzyme capable of
degrading the type 3 capsular polysaccharide (Pn3P) of Streptococcus pneumoniae (Spn). Early
reports of this enzyme, Pn3Pase, demonstrated its inducibility by, and specificity for Pn3P. We
set out to identify and clone this enzyme for its recombinant expression and characterization. We
first sequenced the genome of this bacterial species, and reclassified the Pn3Pase producing
bacterium as Paenibacillus species 32352. We identified the putative protein of Pn3Pase through
mass spectrometry-based proteomics and cloned the gene for recombinant expression. We then
characterized the oligosaccharide products generated upon the enzymatic depolymerization of
Pn3P. Sequence analysis suggests that this glycoside hydrolase (GH) belongs to a new
Carbohydrate-Active enzyme (CAZy) GH family. To our knowledge, this is the only enzyme to

demonstrate Pn3P depolymerization activity.
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Introduction

In 1930, Avery and Dubos isolated an organism from soil taken from cranberry bogs,
which was capable of depolymerizing type 3 capsular polysaccharide of Streptococcus
pneumoniae (Pn3P), a linear polymer of -3)BGlcA(1-4)BGlc(1- (I, 2). The expression of this
enzyme (Pn3Pase) was inducible in the presence of Pn3P, and the bacterium was able to grow
with Pn3P as the sole carbon source. They described this bacterium as a sporulating, gram-
negative, aerobic bacillus with peritrichous flagella. A few years later, Sickles and Shaw isolated
two additional similar strains demonstrating the same enzymatic activity targeting Pn3P (3, 4).
These strains were designated as Bacillus palustris, before being accepted as synonymous to
Bacillus circulans (4-6). Besides Pn3Pase, these strains demonstrated the ability to produce
enzymes capable of depolymerizing S. pneumoniae capsular serotypes 2 and 8, although soluble
protein in cell free extracts were inactive against these polysaccharides (3, 7). There are
numerous possible practical applications for these strains and enzymes. For example,
investigators have applied the Sickles and Shaw Pn3Pase enzyme while examining Pn3P
biosynthesis as well as its immunological properties (8-11).

We obtained the ‘Bacillus circulans Jordan strain 32352 (i.e., the Sickles and Shaw
strain) from American Type Culture Collection, and sequenced its genome (12). 16S rRNA
analysis revealed that this bacterium belonged in the Paenibacillae genus, and it is now
identified as Paenibacillus sp. 32352 (Pbac). Paenibacillus species are of growing interest since
the genus was established in 1991 (13). These microbes are a rich source of extracellular
enzymes that catalyze a variety of reactions, which have demonstrated utility in numerous
agricultural and medical applications (14-19). Database for carbohydrate-active enzyme

annotation (dbCAN) of the Paenibacillus sp. 32352 genome indicates 665 carbohydrate active
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entries out of 7200 predicted genes, 252 of those exhibiting glycoside hydrolase- or
polysaccharide lyase- like architecture (20).

We set out to determine the identity of the gene producing Pn3Pase in order to express,
utilize, and study the enzyme’s unique Pn3P-specific activity. Here, we have identified the
Paenibacillus Pn3Pase through proteomics of culture supernatant preparations with Pn3P
supplemented minimal media growth. We have cloned the Pn3Pase gene and expressed the
active enzyme in E. coli. We have also identified kinetic parameters, characterized
oligosaccharide products, and determined optimal conditions for Pn3P depolymerization by

Pn3Pase.

Results

Pn3P utilization induces expression of genes organized into locus

We began by culturing Pbac in minimal M9 media with either 2% glucose or Pn3P as the
sole carbon source. Pbac growth was monitored by OD 600 nm for 14 h to achieve maximum
Pn3Pase production, (Figure 3.1A). Pbac was able to grow and utilize Pn3P and glucose, but
was unable to utilize cellulose. Supernatants from these cultures were concentrated 20x, and
proteins were visualized by coomassie staining. In the Pn3P growth conditions a prominent band
~55 kDa was observed (Figure 3.1B). Proteomic analysis of these samples by LC-MS/MS
identified numerous proteins that were present in both samples. Two proteins, however, were
significantly enriched in the Pn3P growth condition as highlighted in Table 3.1.

These two Pn3P induced Pbac proteins appear to be organized into a locus of Pn3P

utilization (Figure 3.1C) consisting of ABC-type polysaccharide transport system, permease
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component (Pbac 3556), probable ABC transporter permease protein ytcP (Pbac 3555),
lipoprotein (Pbac 3554), DNA-binding response regulator, AraC family (Pbac 3553),
multidomain protein with a surface-layer homology region and immunoglobulin-like motif
(Pbac_3552), and a hypothetical protein (Pbac_3551). Since two of these proteins are more
abundant in the Pn3P growth conditions, we compared the transcription of three genes of this
locus with the commonly expressed surface layer protein (Pbac 1521) in the glucose and Pn3P
samples by RT-PCR. The transcription of genes 3551, 3552, and 3554 increase ~130-fold with
Pn3P utilization, while mRNA expression of Pbac 1521 is unchanged between the two growth
conditions (Figure 3.1D). The only major difference observed at the protein level, based on
coomassie stain (Figure 3.1B) of the culture supernatant of Pn3P induced culture, is the
dominant Pbac 3554 product. The sensitivity provided by mass spectrometry allowed us to
identify Pbac 3551 in the supernatant as well, although at low abundance. While transcript
levels are increased dramatically for all genes that were tested in this locus, some of these
proteins may be more closely associated with the cell surface and not efficiently shed similarly to

Pbac 3554.

Pn3Pase identification and domain analysis

Pbac 3554, Pbac 3552, and Pbac 3551 were cloned and expressed in E. coli BL21
(DE3) cells to determine which upregulated gene product was responsible for Pn3P
depolymerase activity. The hypothetical protein Pbac 3551 (Accession WP _079915027), with
primary sequence shown in Figure 3.2A was expressed and purified by immobilized metal
affinity chromatography (Figure 3.2B). Initial preparations have yielded ~2.5mg/L of BL21

culture. Pbac_3551 (hypothetical protein) demonstrated rapid and efficient hydrolysis of tritium
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radio-isotope labeled Pn3P, as shown by counts per min shift to lower molecular weight
oligosaccharides when reaction products were separated by size exclusion chromatography
(Figure 3.2C). Reactions of recombinant Pn3Pase with unlabeled Pn3P were performed, spotted
on a PVDF membrane, and probed with a Pn3P monoclonal antibody. Reactivity to the
monoclonal antibody was completely abolished after 4 h Pn3Pase treatment of Pn3P (Figure
3.2D).

The translated protein sequence of Pbac 3551 consists of 1,545 amino acids. Predicted
cleavage of the signal peptide by SignalP 4.1 server (21) from residues 1-40 would yield a
mature protein of 164.1 kDa. Protein sequence analysis and classification by InterPro online
software (22) recognized homology to glycoside hydrolase, family 39 (GH39) at the N-terminus,
most similar to the B-xylosidase from Themoanaerobacterium saccharolyticum (beta/alpha)8
barrel region (23). Other regions related to galactose-binding domain-like related to
carbohydrate-binding module, family 6 (CBM6) from 621-765, a domain of unknown function
DUF1080 from 781-950 with structural similarity to an endo-1,3-1,4-beta glucanase belonging to
glycoside hydrolase, family 16 (GH16), and a concanavalin A-like lectin/glucanase domain from
1,209-1,348 (Figure 3.2E) were found. Based on carbohydrate active enzyme (CAZy) database,
although segments of this enzyme display some homology to numerous carbohydrate active
proteins, no overall homology to known glycoside hydrolase families across the length of the
enzyme exist (data not shown). This unique enzyme will potentially be sorted into a new
dedicated glycoside hydrolase family related to clan GH-A. Clan GH-A are retaining enzymes

with a catalytic domain displaying a (beta/alpha)8 barrel fold (24).
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Characterization of oligosaccharide products

The oligosaccharide products of Pn3Pase hydrolysis were separated by size exclusion
chromatography. This hydrolysis yielded two major product peaks eluting late in the Superdex
peptide column corresponding to a tetrasaccharide and hexasaccharide (Figures 3.3A-C). The
identities of these peaks were confirmed as tetrasaccharide (Figure 3.3B) and hexasaccharide
(Figure 3.3C) by electrospray ionization mass spectrometry. Mass spectrometry data is
summarized in Table 3.2.

The characterization of oligosaccharide products by NMR spectroscopy is presented in
Figure 3.4. All anomeric proton signals are assigned in representative 'H NMR spectra of tetra-
and hexa- saccharides (Figure 3.4). Anomeric proton signals of residue A, C and E at ~4.70 ppm
were overlapped with HOD peak (Figures 3.4A, 4D) but showed up in 2D HSQC spectrum
(Figures 3.4B, E). The *Jyy coupling constants of B-1 and D-1 were 8.22 Hz, demonstrating /-
linkages. The signals at 5.15 CJyy = 3.69) and 4.58 (*Juy = 8.05) ppm correspond to a- and f3-
configuration of GIcA residue F, respectively. By combining HSQC and COSY experiments
(Figures 3.4C, F), we were able to identify that proton signal of F-5 possessed a high chemical
shift (~4.05 ppm) suggesting that GIcA residue (F) was at the reducing end of the carbohydrate
chain. These data demonstrate that Pn3Pase cleaves the f(1-4) linkage between glucuronic acid

and glucose in the polysaccharide chain.

Pn3Pase activity analysis
A time course experiment was performed using tritiated Pn3P and the recombinant
Pn3Pase to understand whether this enzymatic degradation proceeds through endolytic or

exolytic cleavage. Reaction products were separated by size exclusion chromatography after
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proceeding for the given time. Low molecular weight oligosaccharides are generated early on in
the reaction (Figure 3.5A). Both an increase in CPM for the oligosaccharide elution volume, and
corresponding decrease in CPM for the higher molecular weight polymer over time suggest an
exolytic type cleavage (Figure 3.5A) that preferentially generates tetrasaccharides and
hexasaccharides (Figure 3.3A). A gradual shift of the peak from left to right over time would be
indicative of true random endolytic cleavage.

Two-hour reactions were performed in three different buffers at pH 6.0, 7.2, and 8.0,
detecting the concentration of reducing end glucuronic acid by the p-hydroxybenzoic acid
hydrazide (PAHBAH) method (25) to determine the optimum reaction conditions for Pn3Pase.
Pn3Pase displays slightly better activity in sodium phosphate buffer at pH 7.2 than in MES
buffer pH 6.0, but performs significantly worse in Tris buffer at pH 8.0 (Figure 3.5B). Further
optimization focusing on metal-ion dependence was performed with Mg®" and Ca*" in Tris-HCI
pH 7.4. Pn3Pase displays a concentration-dependent increase in activity with addition of Ca*" or
Mg?*, as it produces a higher concentration of reducing end GIcA in presence of 10 mM of these
divalent cations (Figure 3.5C). Surprisingly, Pn3Pase activity is minimal at 23°C, optimal at
30°C, and slightly less than optimal at 37°C, the temperature at which all other experiments are
carried out (Figure 3.5D). Our initial kinetic analyses determined the K,, and Vu.x to be

108.4ug/mL and 24.82 umoles/min/mg respectively.

Discussion
The Paenibacillus genus, literal Latin translation, “almost Bacillus,” was ruled distinct
from true Bacillus species when phylogenetic analysis on 16S rRNA gene sequences was

performed for a number of strains previously defined as Bacillus (6). Sequence analysis showed
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that several bacterial strains sorted into this genus, required reassignment. Species belonging to
this genus have been obtained from diverse ecological niches (26) from aquatic (27) to desert
environments (28), and from hot springs (29) to extreme cold regions (30). Many Paenibacillus
species are found in soil (3, 31) and plant root environments (32), however, a number are
isolated from human samples as well (33). Paenibacillus species are a rich source for a variety of
agricultural, biomedical, and industrial products (26). Extracellular enzymes demonstrating
numerous activities (34) have applications in production of a variety of industrially significant
materials (26). A number of these species are efficient nitrogen fixers that have been applied
agriculturally to promote crop growth (35). In addition, protective action of novel antimicrobial
peptides and compounds obtained from Paenibacilli has been demonstrated (36).

While Paenibacillus sp. 32352 was isolated from a soil source (3), it is appropriate to
question the evolutionary pressure to obtain enzymes capable of acting on a human pathogen Spn
CPS. Based on earlier studies, this particular strain demonstrates the ability to degrade three
distinct pneumococcal CPSs (3, 9). Whether these are the natural substrates for the enzymes, or
whether other soil dwelling microbes or plant matter possess similar glycan residues and
linkages remains to be investigated.

However originally acquired, Paenibacillus sp. 32352 has adapted the Pn3Pase described
here to play an important functional role in its metabolism. Early reports by Torriani and
Pappenheimer on this species indicated the ability to induce Pn3Pase activity in culture
supernatant by addition of Pn3P in the growth medium (7). The “inducibility” was in contrast to
the Avery and Dubos findings that Pn3Pase formation only occurred in conditions where Pn3P is

present as a sole carbon source(2). Here, we demonstrate that while Pn3P is not required for
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bacterial growth, it can serve as the sole nutrition source. Moreover, our data indicate that
presence of Pn3P in the Pbac culture medium induces the expression of Pn3Pase.

Our attempts to purify multi-milligram quantities of active, native Pn3Pase from an
induced culture of this strain were unsuccessful, though Pn3P depolymerizing activity can be
detected in these culture supernatant preparations. In this study, we have identified and cloned
the Pn3Pase gene from Paenibacillus sp. 32352. We have fully characterized the oligosaccharide
products. Kinetic values found in this manuscript will serve as initial parameters towards future
structure-activity relationship studies of this enzyme. Future structural studies will determine
factors of substrate specificity, active site residues, and catalytic mechanism of this unique
glycoside hydrolase. In addition, future experiments will assess this enzyme’s utility as a
treatment for serotype 3 Spn infections by stripping the capsular polysaccharide (CPS) from the
bacterial surface. The capsular polysaccharide is a major virulence factor for type 3 strains, as
non-encapsulated mutants fail to colonize (37). The virulence mechanisms of CPS is to help Spn
evade the immune system through resisting or inhibiting its phagocytosis by host macrophages
while also limiting mucus-mediated clearance (38). The Pn3P component of the current 13-
valent vaccine (PCV13) induces variable immune responses to serotype 3 (39, 40). Individuals
vaccinated with PCV13 require higher opsonophagocytosis assay serum titers for serotype 3 in
comparison with other serotypes (41). Despite current vaccination programs against Spn, it
remains one of the world’s most lethal pathogens. Inefficiencies in current vaccination and
antibiotic administration necessitate the discovery of alternative therapeutic approaches for

controlling these and other encapsulated pathogens.
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Materials and methods
Bacterial strains and growth conditions

Paenibacillus sp. 32352 (ATCC 14175) was cultured aerobically with shaking at 37°C on
Tryptic Soy Agar with 5% sheep blood (Hardy Diagnostics), or in minimal medium (M9
Teknoba) culture containing 1 mM MgSO4, 1 mM biotin, ImM thiamin, and 2% glucose (Sigma
Aldrich) or Pn3P powder (ATCC 172-X) as sole carbon source. Streptococcus pneumoniae type
3 (WU2 strain) and acapsular derivative (JD908), generous gifts from Moon Nahm (University
of Alabama at Birmingham), were cultured aerobically without shaking at 37 °C on Tryptic Soy
Agar with 5% sheep blood (TSAB), or in Todd Hewitt Broth plus 0.5% yeast extract (THY) (BD
Biosciences).
Proteomics of culture supernatants

Paenibacillus sp. 32352 was cultured in 5 ml of minimal medium M9 containing 2%
(w/v) carbon source, as described above. Bacterial cultures were harvested at mid-log phase
(OD600nm 0.6). Culture supernatants were passed through a 0.45 pm syringe filter and
concentrated to 1/20™ culture volume using a microsep advance centrifugal device with 10K
molecular weight cutoff (Pall). Protein concentration was determined by bicinchoninic acid
assay. An in-solution trypsin digestion was performed as described previously (42). Briefly, 20
mg protein from culture supernatant protein was reduced by incubation with 10 mM DTT for 1 h
at 56 °C, followed by carboxyamidomethylation with 55 mM iodoacetamide in the dark at room
temperature for 45 min, and then digested with 1 mg of sequencing grade trypsin (Promega) in
40 mM ammonium bicarbonate overnight at 37 °C. Trypsin digest was stopped with 1%
trifluoroacetic acid and incubation on ice for 30 min. The resulting peptides were cleaned up

using C18 spin columns (G Biosciences), dried down, and reconstituted in 0.1% formic acid. The
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peptides were analyzed on a Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher
Scientific) interfaced with an UltiMate 3000 RSLCnano HPLC system (Thermo Fisher
Scientific). Peptides were resolved on an Acclaim™ PepMap™ RSLC C18 column (75 um ID x
15 cm; 2 um particle size) at a flow rate of 200 nL/min using a linear gradient of 1-100% solvent
B (0.1% formic acid in 80% acetonitrile) over 60 min and a total run time of 90 min. Data-
dependent acquisition was carried out using the Orbitrap mass analyzer collecting full scans of
200-2000 m/z range at 60,000 mass resolution. Most intense precursor ions were selected using
top speed mode with a maximum cycle time of 3 s. Precursor ions with charge state 2-5 were
selected with dynamic exclusion set to exclude precursors for 20 s following a third selection
within 10 s. Selected precursors were fragmented using collision-induced dissociation (CID) set
to 38%, and resulting MS/MS ions were scanned out in the ion trap. The raw MS/MS spectra
were searched against the Rapid Annotation Server(43) (RAST) annotated genome database for
Paenibacillus sp. 32352 using SEQUEST HT in Proteome Discoverer 1.4 (Thermo Fisher
Scientific) with precursor mass tolerance of 10 ppm and fragment tolerance of 0.3 Da. Static
modification of +57.021 Da (carbamidomethylation of cysteine residues), and dynamic
modification of +15.995 Da (oxidation of methionine residues) were allowed in the search

parameters. Results were filtered at a 1% false discovery rate for peptide assignments.

Gene expression

Comparison of the levels of transcript expression from the Pn3P induced locus was
performed by RT-PCR. Paenibacillus sp. 32352 was cultured in 5 ml of minimal medium
containing 2% (w/v) carbon source, as described above. Triplicate bacterial cultures were

harvested at mid-log phase (OD 600 nm 0.6), RNA was purified using E.N.Z.A. Bacterial RNA
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Kit, followed by TRIzol (Thermo Fisher Scientific) extraction of RNA from contaminating
genomic DNA as described previously (44). RNA purity was assessed with nanodrop, and 1 pg
of RNA was used for reverse transcription reaction using iscript CDNA synthesis kit (BioRad).
Quantitative real time-PCR was performed in a 96-well plate on a MyiQ system (BioRad) with
1Q SYBR green mastermix. Primers used in RT-PCR are listed in Table 3.3. The reactions were
carried out in 20 pl, consisting of 10 pl of SYBR Green mix, 20 ng of cDNA, and 1 pM primer
mix. The reaction conditions were 95 °C 180 s, followed by 45 cycles of 95 °C for 10 s, 55 °C
for 20 s, and 72 °C for 30 s. The data were normalized to 16S rRNA transcript levels, and
changes in expression level were calculated as fold change compared with cultures of minimal
medium with glucose supplement.
Production of recombinant Pn3Pase

The coding region of Pbac 3551 (ref seq WP _079915027), Pbac 3552 (ref seq
WP _079915028), and Pbac 3554 (ref seq WP_079915030.1) (minus predicted signal peptide
and stop codon) were amplified from Paenibacillus sp. 32352 genomic DNA (DNeasy blood and
tissue kit, Qiagen) using 2x platinum superfi mastermix (Thermo Fisher Scientific) with
overhang containing B-sites to facilitate gateway cloning (45) via BP reaction (Thermo Fisher
Scientific) into pDONR221. Primers for cloning are listed in Table 3.3. After DH5a
transformation and DNA sequence confirmation, an LR-clonase reaction was performed to insert
the gene into the pET-DEST42 (Thermo Fisher Scientific) destination vector for the expression
of a carboxy-terminal Hisec-tagged fusion protein in E. coli BL21(DE3) cells. BL21(DE3) cells
transformed with the pET-DEST42-“Pn3Pase” plasmid were grown in LB medium
supplemented with 100 pg/ml ampicillin at 37 °C, and cell density was monitored by absorbance

at 600 nm. Once the OD 600 nm reached 0.6, the cells were transferred into 25 °C, protein
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expression was induced by the addition of Isopropyl B-D-1-thiogalactopyranoside to a final
concentration of 1 mM and the cell culture was allowed to incubate for 8 h (until 4600 reached
~1.1). Cells were harvested by centrifugation. Cells were then resuspended in phosphate-
buffered saline (PBS, pH 7.2) with 1 mg/ml lysozyme for 20 min at 30 °C, probe sonicated for 2
min (four cycles of 20 s on, 10 s off), clarified by centrifugation at 17,000 x g for 1 h at 4°C, and
passed through a 0.45 pm syringe filter. Recombinant Pn3Pase was purified by Ni*"-NTA resin
at 4 °C, eluted with 300 mM imidazole and buffer exchanged into PBS pH 7.2. Protein
concentration was determined by bicinchoninic acid assay. Purity was assessed by visualizing
proteins on stain free tris-glycine gel (BioRad) using gel doc EZ imager (BioRad).

Enzyme assays

Tritiated Pn3P assays- Recombinant enzyme activity against type 3 capsular
polysaccharide was assayed by incubation of 0.2 pg/ml recombinant protein, or heat killed
control, with 10 mg/ml *H-Pn3P in PBS. The reaction was stopped after 2 h by heating at 100 °C
for 5 min. Reaction mixture was separated on a superdex peptide 10/300 GL column (GE) on an
NGC discoverer FPLC system (BioRad). Fractions of 1ml were collected, and counts per min in
each fraction were counted in a Tri-Carb 2910 TR liquid scintillation analyzer (Perkin Elmer).
Time course experiments were analyzed by the same method.

Reducing end sugar assays- recombinant Pn3Pase hydrolysis activity was determined by
measuring the increase in reducing ends using the p-hydroxybenzoic acid hydrazide (PAHBAH)
method (25). A reaction mixture (200 pl) containing 20 pg Pn3P, and 1 pg recombinant Pn3Pase
in either 50 mM MOPS-NaOH (pH 6.0), 50 mM sodium phosphate buffer (pH 7.2), or 20 mM
Tris-HCI (pH 8.0), was incubated at 37 °C for 1 h and then heated at 100 °C for 5 min to stop.

Reaction mixture (40 pl) was mixed with 120 ul of 1% (w/v) PAHBAH-HCL solution, heated at
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100 °C for 5 min. Absorbance at 405 nm was measured on a Biotek synergy H1 microplate
reader in a clear bottom 96-well microplate. Concentrations of reducing sugars were calculated
based on GIcA standard curves generated by the same method in respective buffers. Metal
dependence assays were performed similarly with addition of MgCl, or CaCl, in Tris buffer (pH
7.4).
Enzyme Kinetics

The Michaelis-Menten constant (K,,) and the maximum velocity (Vmax) of Pn3Pase were
measured using Pn3P as substrate (average molecular weight: 400,000 Da). The substrate was
used at eight concentrations ( 3200 nM, 1600 nM, 800 nM, 400 nM, 200 nM, 100 nM, 50 nM
and 25nM) in phosphate buffered saline at pH 7.4. Pn3Pase was added at lug/mL and the
reactions were incubated at 37°C. Reactions were stopped at 0,4,8,12,16, and 20 minutes
(corresponding to approximately 10% of total depolymerization yielding mostly
tetrasaccharides) by boiling the reaction at 100°C for 5 minutes. The amount of product formed
was measured using PAHBAH-HCI, as described above, with tetrasaccharides obtained from
enzymatic depolymerization to generate a standard curve for data fitting. Initial velocity was
calculated using the amount of product formed in the linear region of absorbance. Initial
velocities of each substrate concentration were inserted into the Michaelis-Menten equation to
determine K, and V yax.
Oligosaccharide analysis

Pn3P powder (2 mg) was incubated with 100 mg of Pn3Pase at 37 °C for 48 h. The
reaction was stopped by heating at 100 °C for 5 min, and loaded onto Superdex peptide 10/300
GL column (GE). Products were separated in phosphate buffered saline at a flow rate of 1

ml/min and monitored by refractive index. Fractions (0.5 ml) were collected and oligosaccharide
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peaks were purified, desalted into water on a packed fine P2 column (Biorad). Desalted oligos
were lyophilized and subject to ESI-MS for mass determination and NMR for structural and
reducing end identification.
NMR

Oligosaccharides were dissolved in 400 pL ’H,0 (99.9 %, Sigma-Aldrich, St. Louis,
MO) and lyophilized three-times to remove the exchangeable protons. The samples were re-
dissolved in 400 pl 99.96 % *H,0 and transferred to NMR microtubes. 'H spectroscopy, "°C
spectroscopy, 'H-'H correlated spectroscopy (COSY), and 'H-"C heteronuclear single quantum
coherence spectroscopy (HSQC) experiments were all performed at 298 K on Bruker 600 or 800

MHz spectrometer with Topspin 2.1.6 software.
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Figure 3.1. Culture of Paenibacillus sp. 32352 in minimal medium with Pn3P as carbon source.

(A) Growth of Paenibacillus sp. 32352 (Pbac) on minimal medium plus 2% (w/v) glucose, Pn3P,
cellulose, or nothing as carbon source. (B) SDS-PAGE coomassie blue stained gel of concentrated culture
supernatant of Pbac grown on glucose (1) or Pn3P (2). (C) Proposed locus of Pn3P utilization
organization based on the Rapid Annotation Server (43) (RAST) annotation. (D) Real-Time PCR of select
genes within putative locus in Pbac grown on 2% glucose or Pn3P, shown as fold change in expression in
Pn3P culture versus glucose culture. SLH (Surface layer homology) Ig-motif (Immunoglobulin-like
motif)
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Table 3.1

Table 3.1. Proteomic identification of culture supernatant proteins of Paenibacillus sp. 32352 grown in

Pn3P. Highlighted are proteins unique to Pn3P grown culture.

# Unique
Gene Description Score Coverage # PSMs” # AAs MW [kDa]
Peptides
Pbac_3554 *Lipoprotein 1301.24  82.02 49 597 506 55.9

Ig-like, group 2, Surface
Pbac_1521 450.46  50.17 44 218 1190 128.7
layer protein

Pbac_6539  Hypothetical protein 237.19  31.20 17 82 577 64.1
Pbac_5871 NLP/P60 family protein 103.53  61.54 6 35 156 16.9
Alpha/beta hydrolase fold
Pbac_1659 94.98 66.07 13 72 280 30.1
(EC 3.8.1.5)
Hypothetical protein
Pbac_3551 NCBI ref seq: 39.14 16.70 6 53 1545 168.0

WP_079915027

APSM, peptide spectral matches, filtered at a 1% false discovery rate. Proteins considered with >30

PSM.
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Figure 3.2. Pn3Pase identification and domain schematic of amino acid sequence.

(A) Amino acid sequence and accession of Pn3Pase. Underlined are tryptic peptides identified with high

confidence by proteome discoverer software.

(B) Purification is His-tagged recombinant Pn3Pase by
Nickel-NTA column. Lane 1) uncaptured flow-through 2) 5X concentrated wash 3) elution. (C)
Separation of recombinant Pn3Pase depolymerized tritium radioisotope labeled Pn3P by size exclusion
chromatography, measured by counts per minute in each 1 ml fraction. (D) Dot blot of recombinant
Pn3Pase depolymerized cold Pn3P probed with Pn3P monoclonal antibody (E) Schematic of predicted
domains of Pn3Pase by InterPro.

96



A 20~
15+

104

Refractive units

Figure 3.3

B 346._2611
z=2

.
W
"

800

693.1693
z=1
poly dp6 (& DI KPR N S R P — B B
200 300 400 500 600 700
miz
C 515.1256
- 2=2
1\40]
0
60
T T T T T 10312563
8 10 12 14 16 18 4& 7=1

Volume (mil)

s
1 .o. il
!

|

00 50 60 0 80

mz

™

T ™
800 1000 1100

T

1200

Figure 3.3 Identification of oligosaccharide products by electrospray ionization mass spectrometry.
Separation of oligosaccharide products (A) and mass spectra of the tetrasaccharide (B) and the
hexasaccharide (C). Experimental molecular weights and the accuracies are shown in Table 3.2
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Table 3.2

Table 3.2. Different charge states of the tetrasaccharide and hexasaccharide detected by mass

spectrometry.
Error
m/z observed Charge state Experimental M  Theoretical M

(ppm)

Tetrasaccharide 693.1699 1 694.1777 694.1804 -3.85
346.0811 2 694.1779 694.1804 -3.66

Hexasaccharide 1031.2563 1 1032.2641 1032.2653 -1.13

515.1256 2 1032.2669 1032.2653 1.51
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Figure 3.4
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Figure 3.4. Nuclear Magnetic Resonance characterization of oligosaccharide products.
'H NMR spectrum (A), 2D HSQC NMR spectrum (B), and 2D COSY NMR spectrum (C) of the Pn3
tetrasaccharide. "H NMR spectrum (D), 2D HSQC NMR spectrum (E), and 2D COSY NMR spectrum (F)

of the Pn3 hexasaccharide.
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Figure 3.5
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Figure 3.5. Activity assessment of Pn3Pase.

(A) Time course assay of recombinant Pn3Pase depolymerized tritium radioisotope labeled Pn3P
separated by size exclusion chromatography, measured by counts per min in each 1 ml fraction. (B)
Optimization of recombinant Pn3Pase in three different buffer conditions, measured by concentration of
glucuronic acid reducing end generated in mg/ml. (C) Metal dependence determination with Mg*" and
Ca®" reaction supplements, measured by concentration of glucuronic acid reducing end generated in
ug/ml. (D) Temperature dependence of recombinant Pn3Pase, measured by concentration of glucuronic
acid reducing end generated in mg/ml. Statistical significance was determined with the two-tailed
Student #-test *** P<0.001 ** P<0.01 ns- not significant
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CHAPTER 4

ENZYMATIC HYDROLYSIS OF PNEUMOCOCCAL CAPSULAR POLYSACCHARIDE

RENDERS THE BACTERIUM VULNERABLE TO HOST DEFENSE
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Abstract

Despite a century of investigation, Streptococcus pneumoniae (Spn) remains a major human
pathogen, causing a number of diseases such as pneumonia, meningitis, and otitis media. Like
many encapsulated pathogens, the capsular polysaccharide (CPS) of Spr is a critical component
for colonization and virulence in mammalian hosts. This study aimed to evaluate the protective
role of a glycoside hydrolase, Pn3Pase, targeting the CPS of type 3 Spn, which is one of the most
virulent serotypes. We have assessed the ability of Pn3Pase to degrade the capsule on a live type
3 strain. Through in vitro assays we observed that Pn3Pase treatment increases the bacterium’s
susceptibility to phagocytosis by macrophages and complement-mediated killing by neutrophils.
We have demonstrated that in vivo Pn3Pase treatment reduces nasopharyngeal colonization, and
protects mice from sepsis caused by type 3 Spn. Due to the increasing shifts in serotype
distribution, rise in drug resistant strains, and poor immune responses to vaccine-included
serotypes, it is necessary to investigate approaches to combat pneumococcal infections. This
study evaluates the interaction of pneumococcal CPS with host at molecular, cellular and
systemic levels and offers an alternative therapeutic approach for diseases caused by Spn through

enzymatic hydrolysis of the CPS.

Introduction

Streptococcus pneumoniae (Spn), the causal agent of pneumonia, meningitis, and otitis media,
remains a major threat to human health. This bacterium can stably colonize the human
nasopharynx as a part of the normal commensal microflora (1-3). Colonization is the primary
mode of transmission and a key step in the initiation of disease, despite asymptomatic carriage

(4, 5). A critical component for survival within the host and full pathogenicity of most Spn

102



strains is the capsular polysaccharide (CPS) (6, 7). The CPS is a large and distinct
polysaccharide structure coating the entire surface of the bacterium. The capsule helps Spn evade
the host immune system through resisting or inhibiting its phagocytosis by host macrophages
while also limiting mucus-mediated clearance (8-11). The requirement of the CPS in bacterial
virulence, surface accessibility, and antigenicity, has made it a target in vaccination studies for
over 100 years (12-16). Great strides have been made at increasing the immunogenicity and
efficacy of pneumococcal vaccines that utilize the CPS by conjugation to a protein carrier (17,
18).

Spn has over 90 unique capsular serotypes, each differing in monosaccharide composition
and linkage, as well as other modifications such as acetylation (14). Current pneumococcal
vaccines aim to provide serotype-specific protection for some of the most relevant clinical
serotypes (12, 14). The use of the 7 and 13-valent pneumococcal conjugate vaccines, PCV7 and
PCV13 (Prevnar; Pfizer) has been a major success; reducing invasive pneumococcal disease
(IPD) rates significantly in both vaccinated and unvaccinated populations (15, 19-22).

While the conjugate vaccines have been effective for preventing carriage and IPD caused
by most included serotypes, the exception has been serotype 3. The pneumococcal type 3
polysaccharide (Pn3P) component of the current PCV13 induces variable immune responses to
Spn serotype 3, (23-25). Pn3P is a linear polymer of -3)BGIcA(1-4)BGlc(1- disaccharide
repeating units with an average molecular weight of >400 kDa (26, 27). It was noted that
significantly higher serum titers are required for serotype 3 in comparison with other serotypes
for opsonophagocytic killing of Spn (14, 28, 29). Numerous animal model and epidemiology
studies have associated type 3 strains with increased virulence and death risk compared to other

pneumococcal serotypes (30-32). A recent case report demonstrated a fatal case of IPD caused
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by serotype 3, highlighting increased complications and generally poor outcomes associated with
this invasive serotype (33). In addition, recent data indicate that Spn strains are resistant to one or
more antibiotics in 30% of IPD cases (34). The Centers for Disease Control and Prevention
predict a rise in antibiotic-resistance features of Spn (35, 36).

The inability of vaccination to provide adequate protection against one of the most
aggressive serotypes of this major human pathogen necessitates the urgent exploration of
alternative approaches for type 3 pneumococcal infections. This, along with a rise in the
prevalence of antibiotic resistant strains (37, 38) led us to revisit early studies by Avery and
Dubos, who discovered a soil dwelling bacterium producing an enzyme that hydrolyzes Pn3P
(39-41). Previously, we have identified this bacterium as a Paenibacillus species, cloned its type
3 specific glycosyl hydrolase, Pn3Pase and characterized its degradation products (26, 42). In
light of the continued prevalence, and severity of serotype 3 Spn, we postulated the potential use
of this purified protein as a therapeutic agent for hyper virulent serotype 3 infections. Here, we
investigated the ability of Pn3Pase to degrade the capsule on a live virulent type 3 Sprn strain and

therefore render the bacterium susceptible to host immune clearance.

Results
Pn3Pase removes capsule from growing type 3 Spn

The encapsulated type 3 WU?2 strain was cultured for 10 hours with the recombinant
enzyme added to the growth medium and bacterial growth was monitored by measuring OD at
600 nm to assess effects of Pn3Pase treatment on growing type 3 Spn. Pn3Pase treatment of cells
demonstrated no adverse growth or cytotoxic effects on the bacteria (Fig 4.1A). In the same

experiment, we obtained comparable CFU values for both enzyme treated and non-treated
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groups at two-hour intervals (data not shown). To assess direct impact of enzyme treatment on
bacterial survival, a log-phase culture was isolated and suspended in nutrient-free buffer with
active, or heat inactivated Pn3Pase. Enzyme treated cells showed comparable counts to
inactivated and PBS controls over the 8-hour time course (Fig 4.1B).

The bacterial cells grown in the presence of Pn3Pase were then examined by competition
ELISA to determine if the enzyme led to efficient capsule removal in the growing cultures. After
treatment, fixed whole cells, at two different concentrations, were used to compete for Pn3P
specific antibodies binding to the Pn3P coated plate. The acapsular WU2 mutant strain (JD90S)
showed minimal to no inhibition of antibody binding due to its lack of capsule. Heat inactivated
Pn3Pase treated cells demonstrated the highest percent inhibition as cell surfaces should be fully
decorated with CPS. With active Pn3Pase treatment, inhibition of antibody binding begins to
decrease in a Pn3Pase concentration dependent manner (Fig 4.2A), suggesting that the enzyme
strips the capsule from live, growing type 3 Spn.

A time course experiment was performed in which the bacterial cells were grown to mid-
log phase, suspended in PBS, and treated with Pn3Pase for 0, 1, 2, or 4 hours. The Pn3Pase dose
was lowered to 1mg/ml for this assay given that the WU2 strain should not be actively growing
and therefore not producing a substantial amount of new CPS under these conditions. At each
time point, the treated cells were fixed and examined by competition ELISA as described above.
The acapsular WU2 mutant strain (JD908), again, showed minimal to no inhibition due to its
lack of capsule. Untreated cells exhibited the highest percent inhibition, indicative of a cell
surface fully decorated with CPS. With increasing Pn3Pase incubation time, inhibition of
antibody binding begins to decrease significantly, appearing essentially acapsular after 2- or 4-

hour treatments (Fig 4.2B).
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The Pn3Pase treated cells were visualized by transmission electron microscopy and
compared to the cells treated with heat inactivated Pn3Pase. The heat inactivated enzyme treated
cells displayed a thick, complete CPS coat across their surface (Fig 2C), undoubtedly distinct
from the acapsular mutant (Fig 4.2D). The capsule layer of the enzyme treated cells exhibited

little to no capsule (Fig 4.2E), appearing as acapsular.

Pn3Pase treatment of type 3 Spn allows phagocytic cell uptake and killing

A major virulence mechanism of the CPS is to provide the bacterium the ability to resist
phagocytosis by host phagocytic cells (1, 6). To investigate the effect of Pn3Pase treatment on
uptake by macrophages in vitro, we stained mid-log phase bacterial cultures with
carboxyfluorescein succinimidlyl ester (CFSE) and then treated with Pn3Pase followed by
incubation with RAW 264.7 macrophages. Macrophages were then washed extensively and
imaged by fluorescent microscopy (Fig 4.3A). The extent of bacterial uptake by macrophages
was quantified by flow cytometry (Fig 4.3B). Bacteria treated with the enzyme were taken up by
macrophages significantly more than the encapsulated strain. We then determined the percentage
of fluorescent macrophages, representing the phagocytosis of fluorescent bacteria (Figs 4.3C-D).
The encapsulated type 3 strain incubated with heat inactivated Pn3Pase had minimal
fluorescently labeled phagocytes whereas Pn3Pase treated bacteria were as efficiently taken up
by the macrophages as the acapsular mutant strain. Uptake was partially dependent on
complement as evidenced by higher bacterial uptake in the presence of complement (Fig 4.3C).
Pn3Pase treatment rendered the bacteria more susceptible to phagocytic engulfment by RAW
macrophages in a dose dependent manner, while even high doses of the inactivated enzyme had

no significant effect on bacterial uptake (Fig 4.3D).
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Complement deposition on the pneumococcal surface is an important mechanism aiding
in efficient phagocytosis and clearance (10, 11). Since CPS provides complement evasive
properties to the bacterium (10, 11), we investigated the effect of capsule removal by Pn3Pase
treatment on C3b deposition on the bacterial surface. The encapsulated type 3 WU2 strain was
treated with active or inactive Pn3Pase. The untreated type 3 strain and the acapsular mutant
were included as additional controls. Bacteria were then incubated with normal mouse serum,
washed, and stained with FITC-conjugated antibody to mouse complement. Fixed samples were
then analyzed with flow cytometry. In a dose dependent manner, Pn3Pase treatment increased
the deposition of complement on the bacterial surface, reaching the levels of deposition on the
acapsular strain. Complement had minimal binding to the bacteria either untreated or treated with
inactivated-Pn3Pase (Fig 4.4).

The standard in vitro assay to assess phagocytic killing of Spn is an opsonophagocytosis
assay (OPA) in which HL-60 cells are differentiated into neutrophils to engulf and clear antibody
opsonized bacteria. This method has been widely used to measure the quality of antibody
responses in numerous vaccine studies (43-48). Neutrophils are one of the most important
components of innate immunity against pathogenic bacteria in the lungs (49-51). While the focus
of this study is not on humoral immune responses to Spn, we have used a modified OPA to
evaluate complement-mediated neutrophil killing of type 3 Spn treated with Pn3Pase in vitro.
Encapsulated type 3 Spn was incubated with active or heat inactivated Pn3Pase. Differentiated
HL-60 cells were pre-incubated with active or heat-inactivated complement. The mixture of HL-
60 cells and complement was added to the bacteria and incubated at 37°C for 1 hour. To
quantify the surviving bacteria in the experimental groups, the reaction mixtures were plated and

CFUs were counted the next day. Percent survival was calculated as each duplicate reaction
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normalized to mean values obtained for control samples (reactions without neutrophils, 100%
survival). The enzyme-untreated, encapsulated type 3 strain was able to escape neutrophil killing
to show maximum survival while the acapsular mutant strain was reduced to nearly 40%
viability upon incubation with active complement and neutrophils (Fig 4.5). Pn3Pase treatment
to remove the capsule rendered the type 3 strain susceptible to complement dependent neutrophil

killing similar to the acapsular strain (Fig 4.5).

Pn3Pase limits nasopharyngeal colonization

To investigate the enzyme’s protective abilities in vivo we first performed an intranasal
colonization experiment with BALB/c mice. Nasal colonization by Spn is essential for transition
to invasive pneumococcal disease (4, 5). It is established that the capsule of this strain is required
for intranasal colonization(6). Therefore, we used the nasal colonization model to assess the
ability of Pn3Pase to reduce bacterial colonization in the nasopharynx through removal of the
capsule of the colonizing type 3 strain. We first confirmed that the acapsular mutant, JD90S,
failed to colonize the nasopharynx (data not shown). Groups of mice were then intranasally
inoculated with 10° log-phase wildtype (wt) encapsulated bacteria in 10ul PBS. All inocula were
chased with either Pn3Pase or buffer control. Groups were dosed with the enzyme at either day
0, day 0 and 3, or day 0, 3, and 7 to assess the effects of multiple administrations. Mice were
euthanized, and bacterial load was quantified on day 10. Nasal lavage fluid was obtained, serially
diluted, and plated to enumerate the bacterial load. Vehicle control treated mice were colonized
with significantly higher bacterial loads than mice treated with only a single dose of Pn3Pase.
Administration of two or three doses of Pn3Pase made the majority of the animal lavage fluid

void of any viable bacterial colonies (Fig 4.6A). Lung homogenates and serum samples showed
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no evidence of a bacterial burden (data not shown). Signature pro-inflammatory cytokine levels
were measured in the nasal lavage fluid by ELISA (52). Vehicle treated mice had significantly
increased levels of the cytokines IL-6 and TNFa compared to Pn3Pase treated animals, a
reflection of a continued host inflammatory response to the bacterial burden in this group (Figs
4.6B-C) (52). A significant reduction in IL-6 and TNFa was observed in most animals even after
a single dose of Pn3Pase on day 0. The mouse with higher bacterial load in the single dose group
contributed to the increased cytokine levels in this group.
Pn3Pase protects mice from lethal challenge

To further assess Pn3Pase for its protective abilities and evaluate the utility of Pn3Pase as
a therapeutic agent, we employed an intraperitoneal (I.P.) sepsis model (53, 54). Groups of mice
were infected with 5x10° CFU of log-phase WU2 type 3 strain of Spn. We assessed the effect of
a single dose of 5ug or 0.5ug, administered at time 0, 12, or 24 hours post infection. Control
groups treated with heat inactivated enzyme died within 48 hours of infection. Regardless of the
enzyme dose or the timing of the administration, all treated groups displayed no signs of illness

and experienced full protection from the I.P. challenge (Fig 4.7).

Discussion

This study aimed to evaluate the protective role of a carbohydrate-degrading enzyme
(glycoside hydrolase), Pn3Pase, targeting the capsular polysaccharide of the pathogenic
bacterium, serotype 3 Streptococcus pneumoniae (Spn). Invasive pneumococcal diseases (IPD)
caused by Spn have been a major threat to human health with alarming mortality rates. Despite a
global vaccination program and the use of antibiotics Spn remains among the deadliest infectious

agents worldwide. Pneumococcal vaccines are made empirically and are variably/poorly
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immunogenic especially among elderly and immunocompromised individuals. Widespread use
of antibiotics against IPD led to spread of drug resistance pneumococcal strains. This study
offers an alternative targeted therapeutic approach to the shortcomings of the incumbent vaccine
and antibiotic solutions to IPD. The results presented here indicate that enzymatic hydrolysis of
the CPS may be a valid alternative or complementary therapeutic approach for diseases caused
by Spn and other important encapsulated pathogens such as Neisseria meningitidis and
Methicillin-Resistant Staphylococcus aureus (MRSA).

In this study, we first assessed the ability of Pn3Pase to degrade the capsule on a live type
3 strain. We found that the enzyme could efficiently remove the capsule from live pneumococci
while demonstrating no bactericidal effects on the cells. This could potentially serve as a tool to
shed light on host-capsule interactions, or to understand novel biological roles for the type 3
CPS. Through in vitro assays we observed that Pn3Pase treatment increases the bacterium’s
susceptibility to phagocytosis by a macrophage cell line. These results were promising since the
capsule is a major host immune evasion component that allows Spn to resists engulfment by host
phagocytes (9). We further investigated how Pn3Pase influences killing by neutrophils. We
found that enzyme treatment significantly increased complement-mediated killing by the
neutrophils. We have demonstrated that a single dose of Pn3Pase reduces murine nasopharyngeal
colonization by type 3 Spn significantly, indicating that the enzyme may function as a
prophylactic measure to control colonization by this serotype in at-risk populations. Finally, an
intraperitoneal challenge was performed to assess the protective capacity of Pn3Pase in a sepsis
model. We determined that a single dose of Sug given at time 0 post-infection protects mice from
sepsis caused by type 3 Spn. Additionally and surprisingly, a single dose of 0.5ug administered

24 hours after infection was also able to protect 100% of the challenged mice from the bacterial
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challenge while control treated animals did not survive longer than 48 hours. The robust
protective capacity of Pn3Pase in this model demonstrates the enzymatic activity is sufficient
within the host to effectively degrade the capsule even at low doses.

Given that Pn3Pase has therapeutic potential for pneumococcal infections, practical
issues pertaining to the application of the enzyme such as immunogenicity, administration routes,
and substrate specificity will need to be addressed (55). Our preliminary assessment of antibody
titers generated against Pn3Pase in the challenge experiments observed no IgM or IgG response
generated against the effective dose of the enzyme. Preliminary activity assays have been
performed on the most similar mammalian glycan structures such as hyaluronic acid, -
4)BGIcA(1-3)BGIcNAc(1- and chondroitin, -4)BGIcA(1-3)BGalNAc(1- to assess potential
relaxed substrate specificity. We have found this enzyme to be specific for the type 3 structure.
Future studies will evaluate humoral and cellular immune responses to Pn3Pase and investigate
alternative routes of administration such as intravenous for a bacteremia model, or aerosolized
spray for a pneumonia model. A useful example of enzyme delivery to the respiratory tract by
aerosol spray is the recombinant human deoxyribonuclease known as Pulmozyme, used to
relieve airway obstruction by secreted DNA in cystic fibrosis patients(56).

In addition to the high potential of Pn3Pase as a therapeutic enzyme, this glycosyl
hydrolase has unique properties from a structure/function point of view in that it does not fall
into a currently established glycosyl hydrolase Carbohydrate Active enZYme (CAZY) family
(57). Further examination of structural properties of this protein may lead to the discovery of
structurally similar enzymes with activities toward other unique bacterial CPSs. Future
investigations will explore the existence of enzymes for use against other prevalent

pneumococcal serotypes and other encapsulated pathogenic bacteria. Based on earlier studies,
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the native species expressing Pn3Pase has the capacity to degrade two additional pneumococcal
CPSs (58, 59). While this Pn3Pase expressing Paenibacillus species was isolated from the soil
(26, 42, 59), it is befitting to question why this species would evolve to possess such enzymes
that are capable of degrading capsules of a human pathogen. Whether these are the natural
substrates for the enzymes, indicating co-evolutionary relationship, or whether other soil-
dwelling microbes or plants express similar glycan residues and linkages remains to be explored.

In summary, this study serves as the first comprehensive evaluation of the protective role
of a glycoside hydrolase, Pn3Pase, debilitating an otherwise lethal bacterial pathogen through

targeting its capsular polysaccharide.

Materials and Methods
Bacterial strains and growth conditions

Streptococcus pneumoniae type 3 (WU2 strain) and acapsular derivative (JD908) (60,
61), generous gifts from Moon Nahm (University of Alabama at Birmingham), were cultured
aerobically without shaking at 37 °C on Tryptic Soy Agar with 5% sheep blood (TSAB), or in
Todd Hewitt Broth plus 0.5% yeast extract (THY) (BD Biosciences).
Mice
Eight-week-old female BALB/c mice were obtained from Taconic Biosciences (Hudson, NY)
and housed in the Central Animal Facility at the University of Georgia. Mice were kept in

microisolator cages and handled under BSL-2 hoods.
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Production of recombinant Pn3Pase

Pn3Pase was produced as described previously with minor modifications(26). Briefly,
BL21(DE3) cells transformed with the pET-DEST42-“Pn3Pase” plasmid were grown in Terrific
Broth supplemented with 100 pg/ml ampicillin at 37 °C, and cell density was monitored by
absorbance at 600 nm. Once the OD 600 nm reached 1.0, the cells were transferred into 18 °C.
Protein expression was induced by the addition of Isopropyl B-D-1-thiogalactopyranoside to a
final concentration of 1 mM and the cell culture was allowed to incubate for 18 h. Cells were
harvested by centrifugation, resuspended in phosphate-buffered saline (PBS, pH 7.2) and lysed
by pressure lysis. The lysate was clarified by centrifugation at 17,000 x g for 1 h at 4°C, and
passed through a 0.45 pm syringe filter. Recombinant Pn3Pase was purified by Ni*"-NTA resin
at 4 °C, eluted with 300 mM imidazole and buffer exchanged into PBS pH 7.2. Protein
concentration was determined by the bicinchoninic acid assay according to the instructions of the
manufacturer. Purity was evaluated by coomassie staining.
Pn3Pase treatment of type 3 S. pneumoniae

Fresh Streptococcus pneumoniae type 3 (WU2) and acapsular derivative (JD908)
colonies on TSAB plates were inoculated to 0.1 OD 600 nm in THY broth and cultured as
described above. WU2 growth in presence of 100 mg/ml Pn3Pase was monitored over the course
of 10 h by measuring OD 600 nm. WU2 was grown in presence of 2 mg/ml, 10 mg/ml, or 10
mg/ml heat inactivated Pn3Pase for 6 hours, serially diluted, and plated to determine colony
forming units. Cultures were harvested by centrifugation, washed in PBS, fixed in 2%
paraformaldehyde for 20 min on ice, washed once more, and suspended in 1 ml PBS. For the
time course experiment, WU2 and the acapsular strain were grown to mid-log phase (OD 600 nm

of 0.6), harvested by centrifugation, washed in PBS, and then suspended in 1 ml PBS. Then, 1
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mg/ml Pn3Pase was added and incubated at 37 °C for the 1, 2, or 4 hours. Treated cells were
serially diluted, and plated to determine colony forming units, fixed in 2% paraformaldehyde for
20 min on ice, washed once more, and suspended in 1 ml PBS.
Competition ELISA

ELISA plates (96 well, Nunc) were coated with 5 mg/ml Pn3P in 0.1 M carbonate buffer
(pH 9.0) overnight at room temperature. Plates were washed 4-times with PBS +0.1% Tween
(PBS-T) 20 using a Biotek 405/LS microplate washer. After 1 h blocking at room temperature
with 1% BSA in PBS, microplate wells were incubated for 2 h at room temperature with fixed,
treated cells that were pre-incubated for 30 min with Pn3P specific anti-serum in PBS-T. Plates
were washed, and then incubated for 2 h at room temperature with 1:2000 dilution of goat anti-
mouse IgG-AP (Southern Biotech #1030-04) in PBS-T. After washing, plates were incubated for
~30 min at 37 °C with 2 mg/ml phosphatase substrate (Sigma S0942) in 1 M Tris 0.3 mM
MgCl,. Absorbance at 405 nm was measured on a Biotek synergy H1 microplate reader. Percent
inhibition of antibody binding was calculated by ((Uninhibitedopaos-Inhibitedopaos)/
Uninhibitedopaos) x 100.
Electron microscopy

Electron microscopy was performed by the Georgia Electron Microscopy core facility at
the University of Georgia according to a modified method by Hammerschmidt et al. (62).
Treated cells were fixed in 2% glutaraldehyde, 2% paraformaldehyde, 0.075M lysine-acetate and
0.075% ruthenium red in PBS buffer for 1 h on ice and then rinsed 2x with buffer containing
0.15% ruthenium red, 15 min per rinse. Cells were then fixed in 1% osmium tetroxide in buffer
containing 0.15% ruthenium red for 1 h at room temperature followed by two rinses in buffer

containing 0.15% ruthenium red, 15 min per rinse. Pellet was dehydrated in a graded ethanol
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series (30%, 50%, 75%, 95%, 100% and 100%) and two changes in 100% acetone, 15 min each
step. Pellet was then infiltrated with 25% Spurr's resin and 75% acetone - 2 h followed by
sequential infiltration with 50% Spurr's resin and 50% acetone, 75% Spurr's resin and 25%
acetone, 100% Spurr's resin and then polymerized in a 70 °C oven for 24 h. Samples were
sectioned at 60 nm with a Diatome diamond knife and picked up on slot grids. Grids were post-
stained on drops of uranyl acetate and lead citrate, 5 min each and rinsed with H,O 30 s between
stains. Samples were scoped using a JEOL JEM 1011 TEM (JEOL USA, Peabody, MA)
operated at 80 kV.

Phagocytosis

Mid-log phase WU2 and JD908 (acapsular) cultures were washed and stained with 10 mM
Carboxyfluorescein succinimidlyl ester (CFSE) for 30 minutes at room temperature. The WU2
strain was concurrently treated with 2 mg/ml of active or heat-inactivated Pn3Pase. Bacterial cell
pellets were washed extensively, suspended in 1 ml sterile PBS. 107 bacteria were added to a
confluent monolayer of murine leukemia virus transformed macrophage line, RAW 264.7
(American Type Culture Collection (ATCC) Manassas, VA) with active or heat-inactivated baby
rabbit complement (Pel-Freez) in a 24 well plate and incubated for 1 hour at 37°C. Wells were
washed 4x with PBS to remove extracellular bacteria. Macrophages were fixed with 2%
paraformaldehyde at 4°C for 15 minutes and removed from the plate. For microscopy, cells were
incubated at room temperature for 30 minutes with a 1/500 dilution of biotinylated wheat germ
agglutinin (Vector labs) in 1% bovine serum albumin followed by a 30-minute room temperature
incubation with a 1/1000 dilution of streptavidin APC (Biolegend). Cells were imaged with a
40X objective lens. Flow cytometry was performed on a Beckman Cytoflex S cytometer and

analyzed by FlowJo. Cells were gated on the macrophage population by scatter plot. A non-
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CFSE labeled control served to gate highly fluorescent cell populations. The Pn3Pase dose
dependent experiment was performed as above with addition of active complement.
Complement deposition

A complement deposition assay was performed as described previously(63). Type 3 WU2 and
acapsular (JD908) strains of bacteria were resuspended in 3% BSA in PBS. Aliquots (in
duplicate wells on a 96-well round-bottom plate) were stained with Hoechst 33342 and treated
with inactivated or functional Pn3Pase at 5 or 50 mg/ml for 1 hour at 37°C. Normal mouse
serum (1:10 dilution) was added to the samples for 30 minutes at 37°C. Cells were washed and
stained with FITC-conjugated goat antibody to mouse complement (MP BioMedical, Santa Ana,
CA) at 4°C for 30 minutes. Samples were washed with 3% BSA in PBS and resuspended in 2%
paraformaldehyde to fix. Samples were then analyzed with flow cytometry. Mean fluorescent
intensity (MFT) of FITC-A was calculated from gating of Hoechst-positive cells.

Modified OPA

An opsonophagocytic killing assay was performed as described previously with modifications
(43). Briefly, the type 3 WU2 and acapsular (JD908) strains were incubated in duplicate wells in
a 96-well round-bottom plate for 1 hour or 4 hours at 37°C with or without Pn3Pase (inactivated
or functional at concentrations of 5 or 50 ug/ml) in opsonization buffer B (OBB, sterile 1X PBS
with Ca” /Mg, 0.1% gelatin, and 5% heat-inactivated FetalClone). Human promyelocytic
leukemia cell line, HL-60 (ATCC Manassas, VA) were cultured in RPMI with 10% heat-
inactivated FetalClone (HyClone) and 1% L-glutamine. HL-60 cells were differentiated using
0.6% N,N-dimethylformamide (DMF, Fisher) for three days before performing the OPA assay,
harvested, and resuspended in OBB. Active or heat-inactivated (no complement) baby rabbit

complement (Pel-Freez) was added to HL-60 cells at 1:5 final volume. The HL-60/complement

116



mixture was added to the serum/bacteria at 5x10° cells/well (for controls, no HL-60/complement
was added; equal volumes of OBB buffer was added instead). The final reactions were
incubated at 37°C for 1 hour. The reactions were stopped by incubating the samples on ice for
approximately 20 minutes. Then, 10 ml of each reaction was diluted to a final volume of 50 ml
and plated onto blood agar plates in duplicate. Plates were incubated overnight at 30°C in
anaerobic conditions and counted the next day. Percent survival was calculated as each duplicate
reaction normalized to mean values obtained for control samples (reactions without HL-60 cells,
100% survival).

Murine intranasal colonization

An intranasal colonization was performed essentially as described by Puchta et al(64). Mid-log
phase WU2 cultures were washed with sterile PBS and suspended at a concentration of 10°
CFU/ml or 10° CFU/10 ml. Groups of 5 to 10 unanesthetized 8-week-old female BALB/c mice
(Taconic) were intranasally inoculated with 10° CFU/10 ml as previously described. Mice were
either inoculated with 10 ml of PBS as vehicle on day 0,3, and 7 or treated by administering
50mg of Pn3Pase in 10 ml PBS on day 0, 0 and 3, or 0,3, and 7. Nasal lavage fluid was obtained
on day 10 by flushing out the nasopharynx with PBS by insertion of a 25 gauge needle into the
trachea to expel 500 ml through the nares. Serial dilutions of the nasal lavage fluid were plated
on Tryptic Soy Agar with 5% sheep blood (TSAB), to enumerate the colony forming units. A
sandwich ELISA (Biolegend mouse ELISA MAX) was performed according to manufacturers
instructions to determine IL-6 and TNFa cytokine levels in the lavage fluid.

Murine sepsis challenge

Mid-log phase WU2 cultures were washed with sterile PBS and suspended at a concentration of

5x10° CFU/100 mL. Groups of 4 unanesthetized 8-week-old female BALB/c mice (Taconic)
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were injected intraperitoneally (I.P.) with 5x10° CFU. Control mice were injected I.P. with 5mg
of heat inactivated Pn3Pase in 100 mL of PBS at time 0, or directly after infection. Treated mice
were administered I.P. 0.5 mg or 5 mg of Pn3Pase in 100 mL PBS at time 0, 12, or 24 hours post
infection. Animals were monitored every 12 hours.

Ethics statement

All mouse experiments were in compliance with the University of Georgia Institutional Animal
Care and Use Committee under the approved animal use protocol 2478 A2016 11-022-Y1-AO0.
Our animal use protocol adheres to the principles outlined in U.S Government Principles for the
Utilization and Care of Vertebrate Animals Used in Testing, Research and Training, the Animal
Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the AVMA Guidelines

for the Euthanasia of Animals.
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Fig 4.1. Effects of Pn3Pase treatment on type 3 Spn viability.
(A) Growth curve of WU2 in THY broth in the presence of 100mg/ml Pn3Pase following the OD

at 600 nm. (B) WU2 survival in PBS in the presence of 100mg/ml active or heat inactivated
Pn3Pase.
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Fig 4.2. Depleting the capsule on live type 3 Spn by Pn3Pase treatment.

(A-B) Competition ELISA in which acapsular WU2, WU2 treated with heat-inactivated
Pn3Pase, or WU2 treated with Pn3Pase at two different concentrations (2mg/ml or 10mg/ml)
were used to compete for Pn3P specific antibody binding to Pn3P coated ELISA plate. Data is
presented as percent inhibition of antibody binding. Statistical significance was determined with
the two-tailed Student ¢ test ** P<(.01, *** P<(0.001. Transmission electron microscopy images
of WU2 mock treated with 2mg/ml heat-inactivated Pn3Pase (C), acapsular WU?2 strain (D) and
2mg/ml active-Pn3Pase treated WU2 (E). Bottom panels are imaged at 15000X direct
magnification and top panels are imaged at 10000X direct magnification (C-E).
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Fig 4.3. Macrophage uptake of type 3 Spn treated with Pn3Pase.

(A) A representative RAW 264.7 macrophage containing fluorescent streptococci following
Pn3Pase treatment. Streptococci, CFSE, green. Macrophage, Biotinylated-WGA, Streptavidin-
APC, red. (B) Histogram of the flow cytometry analysis of fluorescent phagocytes demonstrating
increased fluorescence intensity for the acapsular control and Pn3Pase treated WU2 strain. (C)
Influence of Pn3Pase treatment and complement on macrophage uptake of CFSE labeled Spn
quantified by flow cytometry. (D) Pn3Pase dose dependent effect on the percent of fluorescent
phagocytes. Statistical significance was determined with the two-tailed Student ¢ test ***
P<0.001.
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Figure 4.4
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Fig 4.4. Effect of Pn3Pase treatment on complement deposition on Sprn surface.

Analysis of mouse complement deposition on Pn3Pase treated or untreated type 3 Spn by flow
cytometry. Mean fluorescent intensity (MFI) of FITC-A was calculated from gating of Hoechst-
positive cells. Statistical significance was determined with the two-tailed Student ¢ test **
P<0.01, *** P<0.001, ns= not significant
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Figure 4.5
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Fig 4.5. Effect of Pn3Pase treatment on complement mediated killing by neutrophils
Complement mediated killing capacity of differentiated HL-60 cells on Pn3Pase treated Spn.
Percent survival was calculated as each duplicate reaction normalized to mean values obtained
for control samples (reactions without HL60 cells, 100% survival). Statistical significance was
determined with the two-tailed Student ¢ test *** P<(0.001, ** P<0.01, * P<0.05, ns= not
significant
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Figure 4.6
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Fig 4.6. Intranasal colonization with type 3 Spn.

Ability of Pn3Pase treatment to reduce Spn colonization in nasopharynx of BALB/c mice. (A)
Groups of mice were intranasally inoculated with 10° log-phase bacteria in 10ul PBS. All inocula
were chased with either 50pg of Pn3Pase or buffer control (10ul). Groups were dosed with the
enzyme at either day 0 (WU2+Pn3Pase*1), day 0 and 3 (WU2+Pn3Pase*2), or day 0, 3, and 7
(WU2+Pn3Pase*3). Serial dilutions of nasal lavage fluid were plated in duplicate to determine
CFU values. (B) IL-6 and (C) TNFa concentrations in nasal lavage fluid was determined by
ELISA. Statistical significance was determined with the two-tailed Student ¢ test * P<0.05,**
P<0.01
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Figure 4.7

1008888000000

50+
-®- |nactivated

% Pn3Pase*

Percent Survival

c . L Ll L} Ll Ll 1
0 2 4 6 8 10 12 14

Days

Fig 4.7. Protective ability of Pn3Pase

Assessment of ability of Pn3Pase to protect BALB/c mice from lethal challenge. Groups of mice
were infected through intraperitoneal administration of 5x10° log-phase virulent type 3 Spn.
*Shown are the effect of a single dose of Spg or 0.5ng, administered at time 0, 12, or 24 hours
post infection.
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CHAPTER 5
GLYCOSYLATION OF PNEUMOCOCCAL SERINE-RICH PROTEIN (PSRP) ENHANCES

VIRULENCE AND HOST INFLAMMATORY RESPONSE

Dustin R Middleton, Javid Aceil, Seema Mustafa, Osman Sheikh, Jeremy A. Duke, Lance Wells

and Fikri Y. Avci
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Abstract

The Pneumococcal serine rich protein (PsrP) is a high-molecular weight, glycosylated
adhesin that promotes bacterial attachment to host cells. PsrP, its associated glycosyltransferases,
and dedicated secretion machinery, are encoded in a 37 kb genomic island that is present in
~50% of clinical isolates of Streptococcus pneumoniae (Spn). PsrP has been implicated in
establishment of lung infection in murine models, although specific roles of the PsrP glycans in
disease progression or bacterial physiology have yet to be uncovered. Moreover, enzymatic
specificities of associated glycosyltransferases have not been well characterized. We hypothesize
that many of the glycosyltransferases that modify PsrP are critical for the adhesion properties and
infectivity of Spn. Here, we characterize the PsrP glycosylation and the putative Spn psrP-locus
glycosyltransferases responsible for PsrP glycosylation. We also begin to elucidate their roles in
Spn virulence. We show that the majority of putative glycosyltransferases within the psrP locus
are indispensable for Spn biofilm formation, lung epithelial cell adherence, and establishment of

lung infection in a mouse model of pneumococcal pneumonia.

Introduction

Streptococcus pneumoniae (Spn) is a Gram-positive bacterial pathogen that colonizes the
host nasopharynx and upper respiratory tract. Although colonization in healthy individuals is
asymptomatic, dissemination of the bacterium to otherwise sterile sites can prompt invasive
pneumococcal diseases (IPDs) such as pneumonia (lungs), otitis media (middle ear), bacteremia
(bloodstream), or meningitis (meninges)(1, 2). Spn is the leading cause of all community-
acquired pneumonia cases(3). IPDs account for one million deaths in children less than 5 years

of age each year(4). Despite vaccination programs and availability of antibiotic therapies, the
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mortality rate for pneumococcal pneumonia remains as high as 40% in infants and the elderly(5,
6).

The pneumococcal serine-rich protein, or PsrP, is a putative adhesin protein that mediates
bacterial attachment to host as well as other bacterial cells(7). This large glycoprotein is encoded
in a 37-kb genomic island, psrP-secY2A2 (Figure 5.1A). The PsrP island is present and
conserved in many invasive clones of the pneumococcus(8). These loci carry all of the genes
necessary to glycosylate and export the PsrP to the bacterial surface(9). PsrP consists of a signal
peptide, a short, glycosylated serine rich repeat region, followed by a basic region composed
mostly of lysine resides, a very long, glycosylated serine rich repeat region, and a domain to
anchor the protein to the cell wall peptidoglycan.

Multiple reports have implicated PsrP in establishment of lung infection in murine
models(7-11). As of yet, the specific roles of the PsrP glycans in disease progression or bacterial
physiology are not completely understood. Moreover, enzymatic properties and specificities of
these glycosyltransferases (Figure 5.1B) along with their potential role in bacterial virulence
mechanisms have yet to be fully characterized. Here, we begin to characterize the putative Spn
psrP-locus glycosyltransferases and elucidate their roles in Spn virulence. We hypothesize that
many of the glycosyltransferases that modify PsrP are critical for the adhesion properties and
infectivity of Spn.

Using recombinant enzymes we assess the sugar-nucleotide donor specificities of the
glycosyltransferases within the psrP locus. We then create single gene mutant strains for each of
the putative glycosyltransferases within this locus. We determine the enzymes necessary for Spn
biofilm formation, lung epithelial cell adherence, and establishment of pneumococcal pneumonia

in a mouse intratracheal infection.
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Results
Glycosyltransferase sugar nucleotide specificities

Previous studies have reported that SP_1758 catalyzes the first step of PsrP glycosylation
with the addition of an N-Acetyl Glucosamine (GIcNAc) residue(12, 13). The activities of the
other glycosyltransferases in the psrP locus remain unknown. For preliminary characterization of
the putative GTs of Spn, each enzyme was tested for its ability to hydrolyze UDP-sugars to
determine sugar donor specificity in absence of acceptor substrate (Figure 5.2A-E). The
reactions were assessed by detecting free UDP after hydrolysis using the UDP-Glo
Glycosyltransferase assay kit (Promega) and six common available ultrapure UDP-sugars(14).
While each enzyme showed some level of UDP-sugar hydrolysis, it is important to consider
additional or preferred activities for other Spn sugar-nucleotide donors such as dTDP-Rha, UDP-
ManNAc, UDP-FucNAc. The results confirmed the UDP-GIcNAc specificity of SP_1758
(Figure 5.2A). Furthermore, The only two donor sugars hydrolyzed by these GTs were UDP-
Glucose and UDP-Galactose. While SP 1766, SP 1767, and SP 1771 preferentially utilize
UDP-Galactose, SP 1768 shows specificity for UDP-Glucose. Surprisingly, SP 1765
hydrolyzed both UDP-Glucose and UDP-Galactose at very similar levels (Figure 5.2B).

PsrP is expressed in AGT mutant strains of Spn

Glycan modifications on proteins often can contribute to protein stability and
solubility(15). To determine if deletion of PsrP-modifying glycosyltransferases influences PsrP
stability or surface localization, we probed the WT or deletion strains with serum generated
against the polybasic N-terminus of the protein, termed 72N. In a whole cell ELISA (Figure
5.3A) wild-type and GT mutant strains showed high 72N serum IgG binding, whereas the

Omega (ApsrP-SecY2A?2) strain, A1772(PsrP) strain, and Spn WU2 strain naturally lacking the
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psrP locus were not recognized by the anti-sera indicating that the GT mutant strains display
near equivalent quantities of PsrP. Furthermore, cell lysates from wild type and mutant strains
were separated by SDS-PAGE and blotted with 72N serum. A high molecular weight protein
band was reactive in all AGT strains, but not the Omega strain (Figure 5.3B). These results were
confirmed by proteomics. This data indicates that PsrP is expressed on the surface of mutant

strains, and defects in glycosylation do not drastically influence protein stability or secretion.

The PsrP locus glycosyltransferases are essential for biofilm formation

PsrP has been reported as a major adhesion that promotes bacterial aggregation and
biofilm formation(7, 9, 16). We hypothesized that PsrP glycosylation could contribute to
establishment of biofilms. We tested the capacity for the wild type and mutant strains to form a
biofilm in a 24-hour assay on a polystyrene microtiter plate or glass cover slips for confocal
microscopy. Biofilms were stained with crystal violet (Figure 5.4A-C) or Syto 9 (Figure 5A-B).
The Q strain that is missing PsrP and all associated glycosyltransferases failed to form a thick
biofilm. Additionally, strains SP_ 1758, SP 1765, SP 1768, SP 1771, and SP 1772 were
significantly impaired in the ability for form biofilms as shown by crystal violet staining of the
biofilms grown on polystyrene plate or Syto 9 staining of biofilms grown on borosilicate glass
coverslips (Figure 5.4 and 5.5). SP_1766 and SP_1767 strains formed biofilms of comparable
intensities and thickness to the wild type strain, which grew to an average thickness of 27.2 um

(Figure 5.5B).

Glycosylation mediates adherence to lung epithelial cells

A critical step in disease progression to pneumococcal pneumonia is adherence to lung

epithelium(2). Because PsrP is a putative adhesin, we tested the wild type and GT mutant strains
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to determine the role of PsrP glycosylation an in vitro lung epithelial cell adherence assay using
A549 cells. We observed a significant reduction in A549 binding in vitro for all of the mutant
strains tested, with the exception of SP_1766 and SP_1767 (Figure 5.6). Eighty-nine percent of
the Wild-Type TIGR4 strain that was incubated on the confluent A549 monolayer bound,
whereas only 52-56% of the most of the mutant strains bound. Again, SP_1766 and SP_1767
mutants had similar results to the wild-type at 86% and 93%, respectively. These results
demonstrate a critical role for extended glycosylation of PsrP in binding to lung epithelium, and

also show that SP_1766 and SP_1767 do not have critical activities that promote this binding.

Glycosyltransferases are indispensable for lung infection

It is known that the PsrP locus of the TIGR4 strain of Spn is required for lung infection in
mice(17). However, the contribution of the PsrP-specific glycosyltransferases remains unclear.
We performed an intratracheal infection of BALB/c mice with the wild-type and mutant strains
to determine the roles of each GT in establishment of pneumococcal pneumonia. While one
mouse from the PsrP locus deficient () strain, and one mouse from the A1758 strain had
measurable bacterial titers in the bronchoalveolar lavage fluid (BALF), only the wild-type strain
was able to consistently infect the lung tissues of these mice (shown in Figure 5.7A), clearly
demonstrating a role for the extended glycosylation of PsrP in establishing infection. No
measurable bacterial loads were found in the blood of the mice in any groups. Pro-inflammatory
IL-6 and TNFa levels were measured in the BALF (18). Wild-Type infected mice had
significantly increased levels of both IL-6 and TNFa compared BALF of mice infected with

mutant strains (Figs 5.7B-C) (18).
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Discussion

Previous reports have implicated the pneumococcal serine rich protein in bacterial
aggregation, biofilm formation, and virulence capacity of Spn. However, these studies have
attributed their findings to the PsrP peptide backbone, specifically the N-terminal basic region of
the protein(17, 19, 20). Specific roles of PsrP glycosylation, or contributions of PsrP-modifying
glycosyltransferases have not been elucidated. Moreover, enzymatic properties and specificities
of these glycosyltransferases have yet to be fully characterized. The majority of pneumococcal
pneumonia clinical isolates contain the psrP locus in the genome, and the downstream
glycosyltransferases are surprisingly well-conserved, suggesting their critical activities for Spn
pathogenesis. We hypothesized that many of the glycosyltransferases that modify PsrP are
critical for the adhesion properties and infectivity of Spn. Here, using single gene mutant strains
for each of the putative glycosyltransferases within this locus we determined the enzymes
necessary for Spn virulence properties in vitro and in vivo.

Previous reports have suggested that SP_1758 is important for PsrP stability, however the
authors of the study recognize a lack of clear and convincing evidence for this(9). This is in
contrast with our results here using anti-sera against PsrP to detect the protein in all of the AGT
strains that we constructed. We can, therefore, consider that defects in bacterial aggregation,
biofilm formation, cell adherence, and Ilung infection for strains lacking specific
glycosyltransferases if an effect of missing glycan modifications on PsrP, although direct
evidence for glycosylation changes is not presented in this work.

Interestingly, our results indicate that SP_1766 and SP 1767 are dispensable in in vitro
virulence assays. This raises the possibility that these are redundant gene products and activities.

Protein BLAST analysis reveals 38% identity across the length of the protein sequences and 58%
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positive amino acid homology. Additionally, our preliminary UDP-sugar hydrolysis assays
suggest that these enzymes can preferentially transfer galactose moieties. Future experiments
will utilize a double knockout Spn strain to determine the effects of knocking out both genes in
in vitro and in vivo experiments.

Based on reduction in lung epithelial cell binding by most AGT strains, we propose the
existence of specific surface lectins on lung epithelium that recognize the mature PsrP
glycoform. It has been proposed that Spn lung epithelium binding is mediated through the PsrP
basic region binding to Keratin 10(20). While this may be one mechanism that contributes to
binding, there is certainly a clear and demonstrable defect in binding of non-glycosylated PsrP
Spn strains. Our results show that ~50% of Spn binds independent of PsrP glycosylation status.
However, PsrP glycosylation remains critical for TIGR4 Spn pathogenesis in the murine
pneumonia model.

There is very limited knowledge of PsrP glycosylation, biosynthetic pathways and
potential role of PsrP glycans in Spn virulence and immunogenicity of PsrP (7, 9, 12, 17).
However, there is an abundance of putative GTs with unknown function. Efforts to dissect the
enzymatic pathway for PsrP glycosylation have begun to examine specificity and sequence of
transfer to PsrP(13), but delineating the oligosaccharide structures on the natively expressed
protein has remained out of reach. Furthermore, PsrP glycans may be a promising vaccine target
as the immense size of the protein allows these epitopes to extend past the capsular
polysaccharide shield. Therefore, we will evaluate the wild-type PsrP glycoform in vaccine

constructs and assess protective capacities of these vaccines.

In conclusion, our results clearly demonstrate that the majority of putative

glycosyltransferases within the psrP locus are indispensable for Spn biofilm formation, lung
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epithelial cell adherence, and establishing lung infection in a murine model of pneumococcal
pneumonia. Future studies will utilize the AGT strains constructed here to analyze changes in
glycosylation profile and determine specific transfer activities of each glycosyltransferase within

the PsrP glycosylation pathway.

Materials and Methods

Bacterial strains and mutant construction

Streptococcus pneumoniae type 4 (TIGR4 strain) and T4ApsrP-secY2A2 () generous
gifts from Carlos Orihuela (University of Alabama at Birmingham), were cultured aerobically
without shaking at 37 °C on Tryptic Soy Agar with 5% sheep blood (TSAB), or in Todd Hewitt
Broth plus 0.5% yeast extract (THY) (BD Biosciences). Glycosyltransferase knock-out (AGT)
strains were generated by allelic replacement with a “Sweet” janus cassette(21). Briefly, DNA
fragments flanking each gene were amplified and assembled up and downstream of the cassette
encoding SacB and Kanamycin resistance genes. AGT strains were selected and grown with
kanamycin supplementation (200ug/ml). Primers used for mutant construction can be found in
table 5.1.
Mice

Five-week-old female BALB/c mice were obtained from Taconic Biosciences (Hudson,
NY) and housed in the Central Animal Facility at the University of Georgia. Mice were kept in
microisolator cages and handled under BSL-2 hoods. All mouse experiments were in compliance
with the University of Georgia Institutional Animal Care and Use Committee under the approved
animal use protocol 2478 A2016 11-022-Y1-AO. Our animal use protocol adheres to the

principles outlined in U.S Government Principles for the Utilization and Care of Vertebrate
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Animals Used in Testing, Research and Training, the Animal Welfare Act, the Guide for the Care
and Use of Laboratory Animals, and the AVMA Guidelines for the Euthanasia of Animals.
Recombinant glycosyltransferase production

Coding regions of GTs lacking a stop codon were obtained in Gateway clone sets from
BEI Resources. An LR clonase(Thermo Scientific) reaction was performed to insert the gene into
the pET-Dest42 destination vector for the expression of a C-terminal His-tagged fusion protein
in BL21 cells. Glycosyltransferases were produced as described previously with minor
modifications(22). Briefly, BL21(DE3) cells transformed with the pET-DEST42-GT plasmids
were grown in Luria Broth supplemented with 100 pg/ml ampicillin at 37 °C, and cell density
was monitored by absorbance at 600 nm. Once the OD 600 nm reached 0.6, the cells were
transferred into 25 °C. Protein expression was induced by the addition of Isopropyl B-D-1-
thiogalactopyranoside at a final concentration of 1 mM and the culture was incubated with
shaking for 8 h. Cells were harvested by centrifugation, resuspended in phosphate-buffered
saline (PBS, pH 7.2) and lysed by sonication. The lysate was clarified by centrifugation at
17,000 x g for 1 h at 4°C, and passed through a 0.45 um syringe filter. Enzymes were purified by
Ni**-NTA resin at 4 °C, eluted with 300 mM imidazole and buffer exchanged into PBS pH 7.2.
Protein concentration was determined by the bicinchoninic acid assay according to the
instructions of the manufacturer. Purity was evaluated by coomassie staining.
UDP-Glo glycosyltransferase hydrolysis assays

Ultra Pure UDP-Glc, UDP-GIcNAc, UDP-Gal, UDP-GalNAc and UDP-GIcA were
purchased from Promega Corporation. Ultra Pure UDP-Xyl was a generous gift from Dr. Osman
Sheikh from the Wells laboratory at the University of Georgia. Specificity of each recombinant

enzyme’s sugar-nucleotide hydrolysis activity was performed by incubation of 3 png of >90%

145



pure protein with 50 uM of a single UDP-sugar in the absence of acceptor in 20 pL reactions
containing 20mM Tris pH 7.4, 10 mM MgCI2 at 37°C for 16 h. Control samples were all
reaction components, except enzymes. Hydrolysis reactions were stopped by the addition of the
UDP-Glo Detection Reagent, and detection of free UDP was performed UDP-Glo
Glycosyltransferase Assay Detection per manufacturers instructions. Each sugar-nucleotide
hydrolysis reaction was combined in a ratio of 1:1 (20 pL:20 puL) with the UDP-Glo Detection
Reagent. 10 pL of each mixture was placed in independent wells of a white, flat bottom 384-well
plate (Corning) and incubated at room temperature. After 1 h incubation, Relative Luminescence
Units (RLU) was measured using a microplate reader (Synergy H1, Bio-Tek).
RNA Isolation and RT-PCR

Spn cultures were harvested at mid-log phase (OD 600 nm 0.6), RNA was purified using
E.N.Z.A. Bacterial RNA Kit, followed by TRIzol (Thermo Fisher Scientific) extraction of RNA
from contaminating genomic DNA as described previously (23). RNA purity was assessed with
nanodrop, and 1 pg of RNA was used for reverse transcription reaction using iscript CDNA
synthesis kit (BioRad). RT-PCR was performed using primers designed to amplify a fragment
within the glycosyltransferase gene and knockouts were confirmed by lack of amplification with
this specific primer set. Results confirmed that recombination did not result in polar effects
(supplemental Figure 5.8).
72N terminal serum production and whole cell ELISA

The coding region of the N-terminus of PsrP from signal peptide through two SRR2
repeats (amino acid 1-320) was amplified from TIGR4 genomic DNA using primers with adapter
attB sites used in gateway cloning systems (Thermo Scientific). A BP clonase reaction was

performed to insert the gene into the pPDONR221 vector. After sequence confirmation, an LR
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clonase reaction was performed to insert the gene into the pET-Dest42 destination vector for the
expression of a C-terminal His-tagged fusion protein. The vector was transformed, expressed,
and purified as described above for Spn glycosyltransferases. The purified protein was used to
immunize 8-week-old BALB/c mice at Sug/dose with alum as an adjuvant. 7 days after booster
immunization, serum was taken by tail-vein bleeding.

ELISA plates (96 well, Nunc) were coated with 107 CFU of paraformaldehyde fixed
Spn strains in phosphate buffered saline (pH 7.2) overnight at 4°C. Plates were washed 4-times
with PBS +0.1% Tween (PBS-T) 20 using a Biotek 405/LS microplate washer. After 1 h
blocking at room temperature with 1% BSA in PBS, microplate wells were incubated for 2 h
with 1:2000 dilution of 72N serum in PBS-T. Plates were washed, and then incubated for 2 h at
room temperature with 1:2000 dilution of goat anti-mouse IgG-AP (Southern Biotech #1030-04)
in PBS-T. After washing, plates were incubated for ~30 min at 37 °C with 2 mg/ml phosphatase
substrate (Sigma S0942) in 1 M Tris 0.3 mM MgCl,. Absorbance at 405 nm was measured on a
Biotek synergy H1 microplate reader.
Western blotting
Overnight cultures of WT and mutant Spn strains were pelleted by centrifugation at 5,000g for
15 minutes, and resuspended in PBS with 0.1% Sodium Dodecyl Sulfate + 0.1% Sodium
Deoxycholate. After shaking at 200rpm at 37C for 30 minutes, the samples were centrifugation
at 20,000g for 30 minutes. Cell lysates (supernatants) were mixed with loading dye and separated
by SDS-PAGE on NuPage 3-8% Tris Acetate gel (Invitrogen) at 150V for 80 minutes. Proteins
were transferred to a PVDF membrane at 100V for 50 minutes. Membrane was blocked with 3%
BSA in TBS-T, and probed with 1:2000 dilution of 72N serum and 1:4000 dilution of goat anti-

mouse IgG-HRP (Biolegend).
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Biofilm formation assay with Crystal Violet staining

Equal CFU of mutant and WT Spn were inoculated individually into wells of 96-well
polystyrene plates containing THY broth in quadruplicate. Cultures were incubated at 37°C and
evaluated for biofilm formation at 24 hours. Supernatants containing non-adhered cells were
discarded and attached biofilms were, stained with crystal violet, dried, suspended in 30% acetic
acid, and quantified by measuring the absorbance at 550nm on a Biotek synergy H1 microplate
reader (19, 24). For light microscopy, wells were visualized prior to suspension in 30% acetic
acid on a Leica DMIL LED light microscope with the 20X objective lens.
Confocal microscopy of biofilms
Equal CFU of mutant and WT Spn were inoculated individually into wells of 24-well
polystyrene plates with coverslips at the bottom of the wells containing THY broth in
quadruplicate. Cultures were incubated at 37°C and evaluated for biofilm formation at 24 hours.
Supernatants containing non-adhered cells were discarded and attached biofilms were stained
with SYTO 9 (Thermo Scientific) per manufacturer’s instructions. After gentle washing,
coverslips were mounted on slides with Vectashield mounting medium (Vector Labs). Imaging
was performed with an Olympus FV1200 microscope. Quantification of average biofilm
thickness was performed using COMSTAT?2 image analysis software in ImageJ(25).
A549 cell adherence assay

A549 cells were grown to confluence in 24-well plates, washed, and incubated with 10’
CFU/ml of wild type and mutant Spn for 2 hours at 37C. After washing 3 times with sterile PBS,
adhered bacterial counts were determined by lysis with 0.1% triton X-100, and plating

dilutions(17).
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Intratracheal Infection

Five-week old BALB/c mice were anesthetized with ketamine-acepromazine-xylazine
mixture. After effective anesthesia, mice were hung by their incisors with their backs resting on a
solid surface. Mice were inoculated intratracheally with 10’ CFU of wild-type TIGR4, PsrP locus
deficient, or GT mutant strains in 50ul of PBS using a gel loading tip to intubate the trachea.
Bacterial burden in lungs was assessed 48 hours after infection by obtaining bronchoalveolar
lavage fluid ~1.5mL and plating serial dilutions of BALF.
Cytokine ELISA

Cytokine production in BALF from the intratracheal experiment above was determined
using enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates (Costar) were
coated overnight at 4C with anti-TNFa or anti-IL-6 antibodies (1:200 dilution; Biolegend) and
blocked with 1% BSA in PBS. Plates were washed with PBS—T and incubated with BALF for 1
hour at room temperature. After washing, biotinylated anti-TNFa or anti-IL-6 detection
antibodies (1:200 dilution; Biolegend) were added for 1 hour at room temperature followed by
HRP-conjugated Avidin (1:1000 dilution; Biolegend) for 30 minutes at room temperature. Plates
were developed using 3, 3', 5, 5' tetramethyl benzidine (TMB) substrate (Biolegend) and stopped
with 2N H,SO4. The optical densities were determined at 450 nm using a microplate reader

(Synergy H1, Bio-Tek).
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Figure 5.1
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Figure 5.1

A.) Genomic organization of PsrP-secY2A2 locus. Lightly shaded arrows are putative transport
genes, whereas white arrows indicate putative or experimentally determined
glycosyltransferases. Uniprot TIGR4 gene products SP_1772(PsrP) to SP_1755. B.) Domain
organizations of the glycosyltransferases encoded by the psrP locus with their
CAZY (carbohydrate active enzymes) Glycosyltransferase family predictions, along with
proposed functions for SP_1758, and SP_1768. There are Domains of Unknown Function (DUF)
in SP_1758, and SP_1767.
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Figure 5.2
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Figure 5.2

Comparison of UDP-sugar donor specificities of psrP locus glycosyltransferases. Each enzyme

was incubated with 50 uM of each UDP-sugar for 16 h at 37°C, and UDP release was detected

by the UDPGlo (Promega) assay. Data are represented as the ratio of the UDP detected from the

reactions with enzyme to the reactions without enzyme.
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Serum Dilution for OD 0.5

Figure 5.3
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Figure 5.3

Whole cell ELISA (A), and Western blot (B) showing expression of PsrP in AGT strains.
Wild-type and mutant strains were probed with anti-sera raised against the N-terminal
basic region of PsrP.
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Figure 5.4
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Figure 5.4

Biofilm formation assay with crystal violet staining. Attachment of Wild-Type and mutant
strains to the bottom of 96-well polystyrene plate after 24 hours. A.) Biofilm was stained using
crystal violet and B.) absorbance was read at 550nm. C.) Before dissolving crystal violet, stained
bacteria were viewed on a Leica light microscope with a 20X objective. All experiments were
performed in quadruplicate. Statistical analysis was performed using a two-tailed Student’s t-test.
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Figure 5.5
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Figure 5.5

Biofilm formation assay with Syto 9 staining. Attachment of TIGR4 (WT) and mutant strains to
borosilicate glass coverslip after 24 hours. A.) Biofilm was stained using Syto 9 and imaged by
confocal microscopy on an Olympus FV1200 microscope. B. Average thickness of the biofilms
was calculated using COMSTAT image analysis software plugin on Imagel]. All experiments
were performed in quadruplicate. Statistical analysis was performed using a two-tailed Student’s
t-test.
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Figure 5.6

100~

80+
c
)

p o 60-
o
Q
s

S 40-
X

20+

o_

Figure 5.6

A549 adherence of Wild-type and mutant strains of Spn. The ability of Wild-type and mutant
Spn to bind to a confluent monolayer of A549 cells. Results displayed as percent of total input.
Assay performed in duplicate, Statistical analysis was performed using a two-tailed Student’s t-
test.
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Figure 5.7
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Figure 5.7

Intratracheal infection of Wild-type and mutant strains of Spn. A.) Bacterial titers in
Bronchoalveolar Lavage Fluid of Wild-type and mutant Spn infected BALB/c mice. Mice were
Intratracheally infected with 10" CFU of each strain. B.) TNFat levels in BALF of infected mice.
C. IL-6 levels in BALF of infected mice. Statistical analysis was performed using a two-tailed
Student’s t-test.
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Figure 5.8
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Figure 5.8
RT-PCR of adjacent genes in psrP locus of mutant strains to confirm knock-out and demonstrate
no polar affects from knock-out procedure. RNA was isolated from mutant strains, and cDNA

was prepared by reverse transcriptase. No RT was used as control to ensure no genomic DNA
contamination in reactions (data not shown).

161



Table 5.1. Oligonucleotides used in this study

Oligonucleotide Sequence (5’ to 3°)
1758downfor ttatattttactggatgaattgttttagactttatgatagttacagtcaagaaagtc
1758downrev cccagcaaagtaaagagcaaacc
1758upfor gctcataagctctttactaaagataagg
1758uprev ttaaaaatcaaacggatcgatccttaaattttctccttttatggaaaatgagtcac
1765downfor ttatattttactggatgaattgttttagtgagtgaattaattagtgttgtggtac
1765downrev cctgaggaatatttaaaaccatactgg
1765upfor ttgattttatgtatgcttggacctac
1765uprev ttaaaaatcaaacggatcgatccttaaactgttctctacctcatgtaagatc
1766 upfor gagattgcatccacaaattgttc
1766 uprev ttaaaaatcaaacggatcgatccttaacattttaaatccttatcatttattttaaatagtctag
1766 downfor ttatattttactggatgaattgttttagagaacagtatgagaaaatcaatagtattage
1766 downrev  ggacttgctgataaagagtttcaatc
1767 upfor tgaaacacgctatgtgtatatgac
1767 uprev ttaaaaatcaaacggatcgatccttaattcattcccttaatcaattcccaag
1767 downfor ttatattttactggatgaattgttttagactatttaaaataaatgataaggatttaaaatgag
1767 downrev  ctgtcgcaaaaaatctaaagtaagaag
1768downfor ttatattttactggatgaattgttttaggggaatgaaatgaacaaaacaattg
1768downrev atttctgcaacgatatcggatg
1768upfor aatcataaatggtatgagatttctgagttg
1768uprev ttaaaaatcaaacggatcgatccttaaattacgctatctcattttttattactatctacg
1771downfor ttatattttactggatgaattgttttagagaaaaatcatttagtaggagatgcte
1771downrev ctaccattttgtttggttcgg
1771upfor caagtgcgtcggcttcag
1771uprev ttaaaaatcaaacggatcgatccttaattctgaaaattctttacaaatttcacctg
1772 upfor cgtctatcttgatggcaacac
1772 uprev ttaaaaatcaaacggatcgatccttaagacctgagtagtatcaacaccac

1772 downfor
1772 downrev
sweetjanfor
sweetjanrev

ttatattttactggatgaattgttttaggacaacctgtaaagttaggctaaac
gtccaattccaaccatttatgttc
ttaaggatcgatccgtttgatttttaatgg
ctaaaacaattcatccagtaaaatataatattttattttc
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Abstract

Since the introduction of the 13-valent (PCV13) glycoconjugate vaccine the incidence rates of
invasive pneumococcal diseases (IPDs) in children and the elderly have been greatly reduced.
However, Streptococcus pneumoniae (Spn) remains the leading cause of community acquired
pneumonia and otitis media with high mortality rates. A global serotype distribution shift and a
rise of nonencapsulated Spn, highlight the need for urgent investigation of serotype-independent,
conserved, protective subunit vaccine targets. Currently Spn surface proteins are being examined
as vaccine candidates, without considering potential post-translational modifications. Reports on
glycosylation of Spn surface proteins, and how such modifications impact virulence and
immunogenicity are limited. Here, we describe for the first time, the glycosylation of highly
immunogenic, conserved Pneumococcal surface protein A (PspA), and show that PspA glycans
are antigenic and they enhance the immunogenicity of the protein. Our results indicate that
pneumococcal surface glycans on glycoproteins are ideal and promising targets for next

generation pneumococcal vaccine design.

Introduction

A global serotype distribution shift has highlighted the importance of generating
improved pneumococcal vaccines to include a wider range of serotypes(l, 2). Moreover,
increasing numbers of clinical isolates from IPD patients are nonencapsulated Spn (NESpn),
indicating the emergence of pathogenic NESpn strains(3-5). The serotype distribution shift and
increasing NESpn in the clinical isolates necessitate the urgent investigation of serotype-
independent, conserved, protective subunit vaccine targets. Spn surface proteins are major

virulence factors and conserved immunogens and, therefore, Spn proteins have been examined as
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vaccine candidates, without considering potential post-translational modifications(6, 7). Current
knowledge on the potential glycosylation of Spn surface proteins, such as Pneumococcal surface
protein A, and how this modification impacts virulence and immunogenicity is surprisingly very

limited.

PspA has been shown to inhibit complement-mediated opsonization by interfering with
the C3 complement component(8, 9). PspA also helps to protect Spn from bactericidal activity
by binding lactoferrin (10, 11). This surface-exposed virulence determinant is also antigenic and
is therefore an attractive vaccine target. PspA has been characterized as a protective antigen in
multiple reports(7, 12-15). It was demonstrated that mice immunized with native PspA isolated
from Spn were protected from fatal sepsis in challenge experiments, whereas PspA expressed in
E. coli recombinantly was significantly less immunogenic and protective in comparison to native
PspA (15). This observation suggests potential roles for posttranslational modifications in

immunogenicity of PspA.

We hypothesized that PspA glycosylation is essential for Spn virulence and carbohydrate
epitopes from PspA can induce protective adaptive immune responses. In this study PspA is
investigated due to its possession of three important features: surface localization, critical roles in
Spn virulence, and high immunogenicity. We have collected evidence for the glycosylation of
PspA. Moreover, we show that PspA glycans are antigenic and contribute to the immunogenicity
of the protein. Here, we characterize PspA glycosylation, develop a glycan dependent

monoclonal antibody, and identify PspA glycosylation as a target for vaccine design.
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Results

PspA is a periodate-reactive glycoprotein

Choline Binding Proteins (CBPs) are a family of surface proteins that contain multiple
conserved 20-amino-acid repeats through which they attach to the choline units of the
lipoteichoic acids and teichoic acids on the cell wall (16, 17). We first isolated (CBPs) from Spn
TIGR4 as described previously(16, 18) by stripping them from the bacterial cell surface in a
suspension of 2% choline chloride. The crude CBP mixture was visualized using the Pro-Q 488
Glycoprotein Gel kit from Invitrogen (Figure 6.1A). This revealed a predominant reactive band
that we identified as Pneumococcal surface protein A. This fluorescent reagent reacts with
oxidized vicinal diols on glycan moieties on proteins to selectively stain glycoproteins. PspA is a
major component of the CBP mixture. PspA was further purified by flowing the choline chloride
released protein mixture over a Sepharose Q column utilizing the choline-like, quaternary amine
resin (19). PspA was then purified from the total CBP mixture by size exclusion chromatography
(SEC) using a Superdex 200 column. Purity of PspA was confirmed by SEC and SDS-PAGE
(Figure 6.1B). Proteomic analysis of trypsin digested PspA confirmed the identity of isolated

PspA (data not shown here).

PspA is modified by O-linked di-hexose-glycerol moiety

After isolation of pure PspA, we identified its monosaccharide composition by
methanolysis-trimethylsilyl (TMS) derivatization GC-MS(20, 21) Monosaccharides were run
along with standard monosaccharides. Peaks identified in the PspA sample were galactose, and
glucose, shown in Figure 6.2. O-linked oligosaccharides from PspA were released by in-gel

beta-elimination after separation by SDS-PAGE, permethylated, and analyzed by electrospray
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ionization direct infusion MS for MS1 and ion trap MS for MS2. Peaks were assigned manually.
Further fragmentation of the 565.278 m/z peak aided in structural assignment. The results
confirmed the presence of an O-linked di-hexose-glycerol glycan with a permethylated
mass/charge of 565.278(Figure 6.3A-B).
Native PspA is more immunogenic than recombinant PspA

To determine how glycosylation affects the humoral immune responses to native PspA,
we performed an immunization experiment in which glycosylated, Spn-expressed PspA was
compared to non-glycosylated E.coli expressed recombinant PspA. In an ELISA, the plate was
coated with paraformaldehyde-fixed TIGR4 Spn. Serum generated against native or recombinant
PspA was used as the primary antibody. The results in Figure 6.4A-B strongly suggest that
serum IgGs/IgMs generated from native PspA immunization recognize PspA on the fixed Spn at
a significantly higher degree than serum IgGs/IgMs from recombinant PspA immunizations
(immunization schemes and antigen concentrations are identical for both groups). These results
as well as results from others (15) suggest that the native form of PspA has different antigenic
and immunogenic epitopes with contributions from glycan modifications.

Glycan dependent monoclonal antibodies are generated upon immunization with native PspA

With such a robust response against the native protein, we were interested to see if there
are glycan specific antibodies generated upon native PspA immunization. B cell hybridomas
were generated and, after limiting dilution of cells, we screened out and purified antibodies from
wells that responded to native PspA and not recombinant PspA, which would infer their glycan
dependence (Figure 6.5A). The monoclonal antibody 2.83 was analyzed further by coating an
ELISA plate with native or recombinant PspA, treating with increasing concentrations of

periodate for 20 minutes, disrupting the glycan structure, and using either 2.83 mAb or
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recombinant PspA serum as primary antibody. 2.83 mAb binding decreases as periodate
concentration increases, whereas recombinant PspA serum reactivity stays the same (Figure

6.5B). This indicates glycan specificity or dependence of the 2.83 monoclonal antibody.

In vitro T cell response to native PspA.

To compare T cell responses to native and recombinant PspA, groups of Balb/c mice
were immunized intranasally with ethanol killed TIGR4 Spn whole cell antigen (WCA) with
Cholera toxin (CT) as adjuvant or CT alone. Lymphocytes were isolated 3 weeks after final
immunization and stimulated in vitro with native or recombinant PspA, and type 4 capsular
polysaccharide (Pn4P), as a negative control. CD4+ T cells from WCA immunized mice showed
higher proliferation upon stimulation with native PspA than with recombinant PspA as shown by
the reduction in CFSE division in Figure 6.7A. Cytokine levels, after in vitro stimulation, were
measured by ELISA. Native PspA stimulated the secretion of significantly more IL-2 (Figure
6.7B) and IL-17 (Figure 6.7C) than recombinant PspA. Measured IL-4 and IFN-g levels were
not significantly different upon stimulation with these different antigens (data not shown). These
results suggest a major contribution from the glycan component of native PspA in the generation
of robust T cell responses.

Discussion

This study investigates and uncovers novel glycosylation of pneumococcal surface
protein A (PspA). We demonstrate that PspA glycans are antigenic and contribute to the
immunogenicity of the protein. While these results are important and exciting to the
pneumococcal field, several questions remain unanswered. Future efforts will determine the
amino acid(s) of PspA that receives the glycan modification, specific enzymes that catalyze the

glycosylation reactions, conservation of the modification between strains, and contribution of the
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glycan in pathogenicity of Spn.

PspA is present in essentially all clinical isolates, but has variable primary amino acid
sequence amongst strains (22, 23). Based on its sequence, PspA can be organized into three
families, or 6 clades. It has been reported that up to 99% of pneumococcal isolates belong to
families 1 and 2 (clades 1-5)(24, 25). Although PspA is divided into these distinct groups, it is
exceptionally cross-reactive with anti-sera and monoclonal antibodies(26, 27). Immunization
with a single PspA can protect mice against strains expressing other clades of PspA. This cross-
protection was observed when mice were challenged with 14 Spn strains after immunization with
individual PspAs from different clades(22). Monoclonal antibodies to PspA have been shown to
protect mice from fatal pneumococcal sepsis(28, 29). How the glycan structures on PspA
influence or contribute to this cross-reactivity remains to be investigated. In future experiments
we will utilize the glycan dependent 2.83 monoclonal antibody in passive immunization
experiments to assess the protective ability of this antibody. Furthermore, we will determine if
the specific mAb epitope is conserved among a variety of Spn strains and serotypes.

We previously demonstrated a novel mechanism through which uptake of a
glycoconjugate vaccine by antigen presenting cells (APCs) results in the presentation of a
carbohydrate epitope by the major histocompatibility class II complex (MHCII), thus stimulating
carbohydrate-specific CD4+ T-cell clones (i.e., Tcarbs) (30, 31). These findings led us to
postulate that it is highly unlikely that T cells have evolved to only recognize carbohydrate
epitopes derived from artificially synthesized protein-polysaccharide conjugates. Thus, we
hypothesized that carbohydrate epitopes from native PspA are presented by antigen presenting
cells for recognition by T cells, and that carbohydrate-induced, adaptive immune responses can

contribute to the clearance of pathogen in an infection. CD4+ T cells play a key role in mediating
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antibody-independent protective immunity to pneumococcal colonization(32). Specifically, IL-
17A-secreting CD4+ T cells (TH17) are found to be critical for protection offered by ethanol
killed whole cell pneumococcal antigen (33). Humans lacking TH17 cells are highly susceptible
to Spn infections (34). A number of pneumococcal antigens were identified in whole cell-
immunized mice and shown to induce TH17 response to protect mice from colonization by Spn
(35, 36). Our results indicate that the PspA glycopeptides may be T cell epitopes, as native PspA
promotes the production of both IL-2 and IL-17 significantly more than nonglycosylated
recombinant PspA.

In conclusion, we have collected evidence for the first time that PspA is glycosylated, and
we showed that PspA glycans are antigenic and enhance the immunogenicity of the protein. We
developed a glycan dependent monoclonal antibody, and identified PspA glycosylation as a
target for vaccine design to be used in future studies. Identification and immunological
characterization of PspA glycosylation may lay the foundation for a new field of study within
pneumococcal research, which may contribute to our understanding of Spn infectivity. Using
glycan-based novel and conserved immunogens as new-generation pneumococcal vaccine targets
may enable us to combat this major human pathogen and overcome IPDs caused by Spn.

Materials and Methods

Bacterial strains and mutant construction

Streptococcus pneumoniae type 4 (TIGR4 strain) was obtained from ATCC and cultured
aerobically without shaking at 37 °C on Tryptic Soy Agar with 5% sheep blood (TSAB), or in
Todd Hewitt Broth plus 0.5% yeast extract (THY) (BD Biosciences). PspA knock-out (APspA)
strains were generated by allelic replacement with a “Sweet” janus cassette(37). Briefly, DNA

fragments flanking each gene were amplified and assembled up and downstream of the cassette
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encoding SacB and Kanamycin resistance genes. AGT strains were selected and grown with
kanamycin supplementation (200ug/ml).
Mice

8-week-old female BALB/c mice were obtained from Taconic Biosciences (Hudson, NY)
and housed in the Coverdell Rodent Vivarium at the University of Georgia. Mice were kept in
microisolator. All mouse experiments were in compliance with the University of Georgia
Institutional Animal Care and Use Committee under the approved animal use protocol 2478
A2016 11-022-Y1-AO. Our animal use protocol adheres to the principles outlined in U.S
Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing,
Research and Training, the Animal Welfare Act, the Guide for the Care and Use of Laboratory
Animals, and the AVMA Guidelines for the Euthanasia of Animals.
Proteomic Identification of PspA
An in-gel trypsin digestion was performed as described previously (38). Briefly, after SDS-PAGE, the
gel was stained with coomassie blue. The stained protein band extracted with a razor blade and gel slice
was destained with 25mM ammonium bicarbonate in 50% acetonitrile. After gel was shrunk with
acetonitrile, dried, and rehydrated, the protein was digested with 100 ng of sequencing grade trypsin
(Promega) in 40 mM ammonium bicarbonate overnight at 37 °C. Trypsin digest was stopped with 1%
trifluoroacetic acid and incubation on ice for 30 min. The resulting peptides were obtained from digestion
buffer, dried down, and reconstituted in 0.1% formic acid. The peptides were analyzed on a Orbitrap
Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) interfaced with an UltiMate 3000
RSLCnano HPLC system (Thermo Fisher Scientific). Peptides were resolved on an Acclaim™ PepMap™
RSLC C18 column (75 wm ID x 15 cm; 2 um particle size) at a flow rate of 200 nL/min using a linear

gradient of 1-100% solvent B (0.1% formic acid in 80% acetonitrile) over 60 min and a total run time of

90 min. Data-dependent acquisition was carried out using the Orbitrap mass analyzer collecting full scans
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of 200-2000 m/z range at 60,000 mass resolution. Most intense precursor ions were selected using top
speed mode with a maximum cycle time of 3 s. Precursor ions with charge state 2-5 were selected with
dynamic exclusion set to exclude precursors for 20 s following a third selection within 10 s. Selected
precursors were fragmented using collision-induced dissociation (CID) set to 38%, and resulting MS/MS
ions were scanned out in the ion trap. The raw MS/MS spectra were searched against the Rapid
Annotation Server(39) (RAST) annotated genome database for TIGR4 Spn using SEQUEST HT in
Proteome Discoverer 1.4 (Thermo Fisher Scientific) with precursor mass tolerance of 10 ppm and
fragment tolerance of 0.3 Da. Dynamic modification of +15.995 Da (oxidation of methionine residues)
was allowed in the search parameters. Results were filtered at a 1% false discovery rate for peptide
assignments.
Recombinant PspA production

Coding regions of PspA without stop codon was amplified from TIGR4 genomic DNA
using primers with adapter attB sites used in gateway cloning systems (Thermo Scientific). A BP
clonase reaction was performed to insert the gene into the pPDONR221 vector. After sequence
confirmation, an LR clonase(Thermo Scientific) reaction was performed to insert the gene into
the pET-Dest42 destination vector for the expression of a C-terminal His-tagged fusion protein
in BL21 cells. PspA were produced as described previously with minor modifications(40).
Briefly, BL21(DE3) cells transformed with the pET-DEST42-PspA plasmids were grown in
Luria Broth supplemented with 100 pg/ml ampicillin at 37 °C, and cell density was monitored by
absorbance at 600 nm. Once the OD 600 nm reached 0.6, the cells were transferred into 25 °C.
Protein expression was induced by the addition of Isopropyl B-D-1-thiogalactopyranoside at a
final concentration of 1 mM and the culture was incubated with shaking for 8 h. Cells were
harvested by centrifugation, resuspended in phosphate-buffered saline (PBS, pH 7.2) and lysed

by sonication. The lysate was clarified by centrifugation at 17,000 x g for 1 h at 4°C, and passed
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through a 0.45 um syringe filter. PspA was purified by Ni*-NTA resin at 4 °C, eluted with 300
mM imidazole and buffer exchanged into PBS pH 7.2. Protein concentration was determined by
the bicinchoninic acid assay according to the instructions of the manufacturer. Purity was
evaluated by coomassie staining.

Pro-Q 488 glycoprotein staining

The choline binding protein mixture was separated by SDS-PAGE along side the
CandyCane molecular weight standards (Invitrogen) and the gel was stained with the Pro-Q
Emerald 488 glycoprotein stain kit (Invitrogen) according to the manufacturer’s protocol.
Briefly, after staining, the gel was fixed with 50% methanol and 5% acetic acid. After washing
with 3% acetic acid, the gel was incubated with oxidizing solution for 20 minutes in the dark to
oxidize the carbohydrates. After extensive washing, the gel was incubated with the Pro-Q
Emerald 488 staining solution for 2 hours at room temperature. After extensive and prolonged

washing, the gels were imaged on a typhoon scanner with 510nm excitation.
Trimethylsilane Derivitization Gas Chromatography- Mass Spectrometry

100pg of native PspA was added to 20ug of inositol (internal standard) and the sample was
lyophilized. 800pl of 1M methanolic HCL was added to the tube, and the sample was heated at
80°C for 16 hours. The sample was dried down with a stream of nitrogen gas. 200ul of
anhydrous methanol was added, and sample was dried down once more. 200pl of methanol,
100yl of pyridine, and 100l of acetic anhydride was added and incubated at room temperature
for 30 minutes. After the sample was dried down, Iml of Trimethylsilane was added, and the
sample was incubated at 80°C for 20 minutes. After incubation, the sample was dried down

incompletely, and 1 ml of hexanes was added. This sample was passed over a glass wool filter,

173



dried down to ~100pl and GC-MS was performed on an Agilent 7890A GC-MS.

In-gel Beta elimination

In-gel Beta elimination was performed as described previously(41). Briefly, after separation of
proteins by SDS-PAGE the gel was stained with coomassie blue. The PspA protein band was
excised and destained by alternating acetonitrile and ammonium bicarbonate incubations. After
the gel was destained, the gel slice was washed with ethyl acetate overnight at 4°C followed by a
10 minute wash with ammonium bicarbonate. The gel slide was then washed with water, and
then acetonitrile and dried under a stream of nitrogen. The washed gel was swelled with 100mM
sodium hydroxide and sodium borohydride was added at a final concentration of 1M. The
sample was incubated for 18 hours at 45°C. After incubation, 10% acetic acid was added to the
tube on ice to neutralize the base. The supernatant was passed through a glass wool filter and
lyophilized to dryness overnight. To remove excess borate salts 300pul of 10% acetic acid in
methanol was added and dried under a stream of nitrogen gas three times. Sample was dissolved
in 5% acetic acid and passed through a C18 sepak column (waters), and flow through was
lyophilized overnight. Sample was permethylated by traditional methods as previously
described(41), and analyzed by electrospray ionization direct infusion MS for MS1 and ion trap

MS for MS2. Peaks were assigned manually using ChemDraw software.

Immunizations

Groups of BALB/c mice were immunized intraperitoneally on days 0 and 14 with Sug of
Native PspA or recombinant PspA per dose with alum as adjuvant. Mice were bled from the tail

vein 14 days after prime and 7 days after boost to obtain serum used in whole cell ELISA.
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Whole cell ELISAs

ELISA plates (96 well, Nunc) were coated with 107 CFU of paraformaldehyde fixed
Spn strains in phosphate buffered saline (pH 7.2) overnight at 4°C. Plates were washed 4-times
with PBS +0.1% Tween (PBS-T) 20 using a Biotek 405/LS microplate washer. After 1 h
blocking at room temperature with 1% BSA in PBS, microplate wells were incubated for 2 h
with 1:2000 dilution of Native or recombinant PspA serum in PBS-T. Plates were washed, and
then incubated for 2 h at room temperature with 1:2000 dilution of goat anti-mouse IgG-AP
(Southern Biotech #1030-04) in PBS-T. After washing, plates were incubated for ~30 min at 37
°C with 2 mg/ml phosphatase substrate (Sigma S0942) in 1 M Tris 0.3 mM MgCl,. Absorbance
at 405 nm was measured on a Biotek synergy H1 microplate reader.
Generation of monoclonal antibodies

A mouse was immunized with native PspA and its splenocytes were harvested three days
after a secondary immunization. After filtering through 40um cell strainers red blood cells were
lysed by ACK lysis buffer. 10°® splenocytes were mixed with 2 X 10’ Sp2/0 myeloma cells and
washed with DME. Cells were pelleted at 300G for five minutes, supernatant was removed. 700
ul of Polyethylene glycol (PEG) was added. Then, 15ml DMEM was slowly added. Cells were
pelleted again, and media was removed. Cells were resuspended in 60 ml complete media with
20% FBS and plated in six 96 well plates. On the following day complete media with 2X HAT
supplement was added to the plates to select fused hybridoma cells. Once colonies were
established, the presence of PspA specific antibodies in hybridomas supernatant was tested by
ELISA. Colonies with positive results underwent limited dilutions to obtain monoclones in
complete media with 10% FBS and 1X HT supplement. After confirming the presence of anti

PspA antibodies, colonies were grown in regular complete media with 10% FBS.
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T-cell proliferation and cytokine ELISAs

Groups of Balb/c mice were immunized intranasally with 10" ethanol killed TIGR4 Spn
whole cell antigen (WCA) with lug Cholera toxin (CT) as adjuvant or CT alone. CD4" T cells
were isolated from lymph nodes of mice 3 weeks after boost immunization using mouse CD4 T
lymphocyte enrichment set (BD Biosciences) following manufacturer’s protocol. CD4" T cells
were stimulated in vitro in the presence of irradiated splenic mononuclear cells pulsed with
10ug/ml of indicated antigens for 5 days. For CFSE labeling, CD4" T cells were incubated with
2uM CFSE solution (Sigma) at 37C for 8 minutes before stimulation. CFSE dilution was

measured by flow cytometry as an indication of T cell proliferation.

Cytokine release upon in vitro T-cell stimulation with native and recombinant PspA was
determined using ELISA. Briefly, 96-well plates (Costar) were coated overnight at 4C with anti-
IL-2 or anti-IL-17 antibodies (1:200 dilution; Biolegend) and blocked with 1% BSA in PBS.
Plates were washed with PBS-T and incubated with culture supernatants for 1 hour at room
temperature. After washing, biotinylated anti-IL-2 or anti-IL-17 detection antibodies (1:200
dilution; Biolegend) were added for 1 hour at room temperature followed by HRP-conjugated
Avidin (1:1000 dilution; Biolegend) for 30 minutes at room temperature. Plates were developed
using 3, 3', 5, 5' tetramethyl benzidine (TMB) substrate (Biolegend) and stopped with 2N H,SO4.
The optical densities were determined at 450 nm using a microplate reader (Synergy H1, Bio-

Tek).
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Figure 6.1
A.) Pro-Q Emerald 488 Glycoprotein Gel of crude choline binding protein mixture (lane 2) along

with CandyCane ladder with positive and negative controls. B.) Purification of native PspA from
TIGR4 Spn. Size exclusion chromatography and Coomassie blue stain (lane 1: ladder) indicates

purity protein.
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Figure 6.2
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Figure 6.2
Tri-methyl silyl-derivatized GC-MS monosaccharide analysis of purified native PspA. Inositol
served as an internal standard for all samples.
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Figure 6.3

ESI-MS/MS of in-gel Beta-eliminated, permethylated PspA oligosaccharide. A) Full FTMS of
PspA oligosaccharide. B) ITMS showing fragmentation of parent ion confirming oligosaccharide
species.

186



Figure 6.4
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Fixed Spn cells reacted against serum from mice immunized with either native (black) or
recombinant (grey) PspA in a whole cell ELISA. Antibody titers are reported as the reciprocal
dilution that resulted in an A405 of 0.5.
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Figure 6.5
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Figure 6.5
A.) B cell hybridomas generated upon immunization of Balb/c mice with native PspA were

screened for differential recognition of native (glycosylated) PspA and E. coli recombinant PspA
in an ELISA. B.) Glycan dependence of mAb 2.83 was examined by treatment of native PspA
with increasing concentrations of periodate to disrupt glycan structures, while not interfering
with protein specific recognition.
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In vitro stimulation of T cells after immunization with whole cell (Spn) antigen. A.) CD4+ T cell
proliferation measured by flow cytometry reduction in CFSE staining, B.) IL-2 and C.) IL-17
secretion measured by ELISA upon stimulation
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

In this dissertation, we employ glycoconjugates of type 3 Streptococcus pneumoniae (Spn)
Capsular polysaccharide (CPS) to assess whether the carbohydrate-specific adaptive immune
responses can be applied to type 3 Spn (Pn3P) conjugates. We provide evidence for the
functional roles of Pn3P-specific CD4+ T cells utilizing mouse immunization schemes that
induce Pn3P-specific immunoglobulin G (IgG) responses in a Tcarb-dependent manner. These T
cell responses are consistent with our previous findings (6,7) This work contributes to the
universalization of Tcarb (carbohydrate-specific T cell) mediated immune responses and
generalizable vaccine development strategies against encapsulated bacterial pathogens. Future
studies on cloning these T cell populations will shed light on functional properties of Tcarb
populations and structural requirements for their T cell receptor engagement with carbohydrate
epitopes and MHCII complexes. Further identification of Tcarb epitopes generated through
processing and presentation of pneumococcal glycoconjugate vaccines by the antigen presenting
cells will have direct implications in producing future knowledge-based vaccines that are target-
specific, structurally designed, highly immunogenic and protective, and produced at much lower
cost, thus allowing a much wider use on a global scale than current vaccines to control or
eliminate invasive pneumococcal diseases (IPDs) (1).

Despite the availability of a glycoconjugate vaccine against Spn, it remains one of the
world’s most deadly pathogens. The current 13-valent vaccine induces variable immune

responses to each serotype and is not as effective against serotype 3, an exceptionally virulent

190



serotype (2, 3). Studies have shown that multivalent glycoconjugate vaccines encompassing
serotype 3 CPS have impaired booster responses, and fail to protect from otitis media infections
from serotype 3 (4). In addition, individuals vaccinated with PCV13 require higher
opsonophagocytosis assay serum titers for serotype 3 in comparison with other serotypes(5)

In this dissertation, we identify and evaluate the protective role of a glycoside hydrolase,
Pn3Pase, targeting the CPS of serotype 3 Spn. IPDs caused by Spn, specifically serotype 3, have
been a major threat to human health. Widespread use of antibiotics against IPD led to spread of
drug resistance pneumococcal strains. We hypothesized that enzymatic removal of the major
pneumococcal virulence factor, the CPS, would allow the host immune system to clear the
infection. Through in vitro assays we observe that Pn3Pase treatment increases the bacterium’s
susceptibility to phagocytosis by macrophages and complement-mediated killing by neutrophils.
We further demonstrate that in vivo Pn3Pase treatment reduces nasopharyngeal colonization, and
protects mice from sepsis caused by type 3 Spn. This study offers an alternative targeted
therapeutic approach to the shortcomings of the incumbent vaccine and antibiotic solutions to
IPD. The results presented here indicate that enzymatic hydrolysis of the CPS may be a valid
alternative or complementary therapeutic approach for diseases caused by Spn and other
important encapsulated pathogens such as Neisseria meningitidis and Methicillin-Resistant
Staphylococcus aureus (MRSA).

In addition to the high potential of Pn3Pase as a therapeutic enzyme, this glycoside
hydrolase has unique properties from a structure/function point of view in that it does not fall
into a currently established glycoside hydrolase Carbohydrate Active enZYme (CAZY) family
(6). Further examination of structural properties of this protein may lead to the discovery of

structurally similar enzymes with activities toward other unique bacterial CPSs. Future
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investigations will explore the existence of enzymes for use against other prevalent
pneumococcal serotypes and other encapsulated pathogenic bacteria. Based on earlier studies,
the native species expressing Pn3Pase has the capacity to degrade two additional pneumococcal
CPSs (7, 8). While this Pn3Pase expressing Paenibacillus species was isolated from the soil (8-
10), it is befitting to question why this species would evolve to possess such enzymes that are
capable of degrading capsules of a human pathogen. Whether these are the natural substrates for
the enzymes, indicating co-evolutionary relationship, or whether other soil-dwelling microbes or
plants express similar glycan residues and linkages remains to be explored.

Additional work presented here investigates the glycosylation of the pneumococcal
serine-rich protein, or PsrP, a putative adhesin protein that mediates bacterial attachment to host
as well as other bacterial cells(11). Previous reports implicate the pneumococcal serine rich
protein in bacterial aggregation, biofilm formation, and virulence capacity of Spn. However,
these studies have attributed their findings to the PsrP peptide backbone, specifically the N-
terminal basic region of the protein(12-14). Specific roles of PsrP glycosylation, or contributions
of PsrP-modifying glycosyltransferases have not been elucidated. Moreover, enzymatic
properties and specificities of these glycosyltransferases have yet to be fully characterized. The
majority of pneumococcal pneumonia clinical isolates contain the psrP locus in the genome, and
the downstream glycosyltransferases are surprisingly well-conserved, suggesting their critical
activities for Spn pathogenesis. We hypothesized that many of the glycosyltransferases that
modify PsrP are critical for the adhesion properties and infectivity of Spn. We use single gene
mutant strains for each of the putative glycosyltransferases within this locus to determine the
enzymes necessary for Spn virulence properties in vitro and in vivo.

Based on reduction in lung epithelial cell binding by AGT strains, we propose the
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existence of specific surface lectins on lung epithelium that recognize the mature PsrP
glycoform. It has been proposed that Spn lung epithelium binding is mediated through the PsrP
basic region binding to Keratin 10(14). While this may be one mechanism that contributes to
binding, there is certainly a clear and demonstrable defect in binding of non-glycosylated PsrP
Spn strains. Our results show that ~50% of Spn binds independent of PsrP glycosylation status.
However, PsrP glycosylation remains critical for TIGR4 Spn pathogenesis in the murine
pneumonia model.

There is very limited knowledge of PsrP glycosylation, biosynthetic pathways and
potential role of PsrP glycans in Spn virulence and immunogenicity of PsrP (11, 12, 15, 16).
Efforts to dissect the enzymatic pathway for PsrP glycosylation have begun to examine
specificity and sequence of transfer to PsrP(17), but delineating the oligosaccharide structures on
the natively expressed protein has remained out of reach. Furthermore, PsrP glycans may be a
promising vaccine target as the immense size of the protein allows these epitopes to extend past
the capsular polysaccharide shield. Therefore, in future studies we will evaluate the wild-type

PsrP glycoform in vaccine constructs and assess protective capacities of these vaccines.

Finally, we uncover novel glycosylation of pneumococcal surface protein A (PspA). We
demonstrate that the PspA glycan is antigenic and contributes to the immunogenicity of the
protein. While these results are important and exciting to the pneumococcal field, several
questions remain unanswered. Future efforts will determine the amino acid(s) of PspA that
receives the glycan modification, specific enzymes that catalyze the glycosylation reactions,
conservation of the modification between strains, and contribution of the glycan in pathogenicity
of Spn.

PspA is present in essentially all clinical isolates, but has variable primary amino acid
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sequence amongst strains (18, 19). Based on its sequence, PspA can be organized into three
families, or 6 clades. It has been reported that up to 99% of pneumococcal isolates belong to
families 1 and 2 (clades 1-5)(20, 21). Although PspA is divided into these distinct groups, it is
exceptionally cross-reactive with anti-sera and monoclonal antibodies(22, 23). How the glycan
structures on PspA influence or contribute to this cross-reactivity remains to be investigated. In
future experiments we will utilize the glycan dependent 2.83 monoclonal antibody in passive
immunization experiments to assess the protective ability of this antibody. Furthermore, we will
determine if the specific mAb epitope is conserved among a variety of Spn strains and serotypes.

We previously demonstrated a novel mechanism through which uptake of a
glycoconjugate vaccine by antigen presenting cells (APCs) results in the presentation of a
carbohydrate epitope by the major histocompatibility class II complex (MHCII), thus stimulating
carbohydrate-specific CD4+ T-cell clones (i.e., Tcarbs) (24, 25). These findings led us to
postulate that it is highly unlikely that T cells have evolved to only recognize carbohydrate
epitopes derived from artificially synthesized protein-polysaccharide conjugates. Thus, we
hypothesized that carbohydrate epitopes from native PspA are presented by antigen presenting
cells for recognition by T cells, and that carbohydrate-induced, adaptive immune responses can
contribute to the clearance of pathogen in an infection. CD4+ T cells play a key role in mediating
antibody-independent protective immunity to pneumococcal colonization(26). Specifically, IL-
17-secreting CD4+ T cells (TH17) are found to be critical for protection offered by ethanol killed
whole cell pneumococcal antigen (27). Our results indicate that the PspA glycopeptides may be
T cell epitopes, as native PspA promotes the production of both IL-2 and IL-17 significantly
more than non-glycosylated recombinant PspA. Future efforts will try to identify T cell clones

that recognize the PspA glycan.
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In summary, we identify PspA glycosylation as a target for vaccine design to be used in
future studies. Identification and immunological characterization of PspA glycosylation may lay
the foundation for a new field of study within pneumococcal research, which may contribute to
our understanding of Spn infectivity. Using glycan-based novel and conserved immunogens as
new-generation pneumococcal vaccine targets may enable us to combat this major human

pathogen and overcome IPDs caused by Spn.

Overall, the efforts and results of this dissertation increase our understanding of the
interactions of pneumococcal surface glycans with the host and may lead to new treatments
and vaccines against this highly virulent human pathogen to reduce the burden of invasive

pneumococcal diseases.
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Abstract
Here, we report the complete genome sequence for the Bacillus circulans Jordan strain 32352.
This species is a soil dwelling bacterium that expresses glycoside hydrolase enzymes degrading

pneumococcal capsular polysaccharides.

Introduction

The soil microbiome is a tremendously diverse microbial community of bacteria and
fungi that produce a variety of enzymes and small molecules relevant to human biology(1, 2). In
1930, Avery and Dubos described a soil-dwelling Bacillus produced an enzyme capable of
degrading the type III capsular polysaccharide (Pn3P) of Streptococcus pneumoniae(3). A few
years later, Sickles and Shaw were able to isolate a similar enzyme producing, Bacillus palustris
(renamed later Bacillus circulans) strain from decaying organic matter in soil. They described
this bacterium as a sporulating, gram-negative, aerobic bacillus with peritrichous flagella(4). In
several studies since, researchers have utilized culture filtrate preparations of this Pn3P
degrading enzyme (Pn3Pd) while investigating Pn3P biosynthesis and its antigenic and
immunological properties(5-7). We set out to sequence this bacterium in order to identify the
enzyme responsible for Pn3P depolymerization and other potential carbohydrate active enzymes
produced in this strain.

Bacillus circulans Jordan strain 32352 was acquired from American Type Culture
Collection (ATCC®14175). Genomic DNA was isolated using DNeasy Blood & Tissue Kit
(Qiagen, USA). Genomic DNA was submitted to the Georgia Genomics Facility (University of

Georgia) for DNA library synthesis using a KAPA Hyper Kit (Kapa Biosystems, Ina
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Wilmington, MA) and TrueSeq LT adapters. Paired-end (PE) 150-base reads were sequenced on
an I[llumina (Illumina Inc. San Diego, CA) NextSeq 500 system run with NextSeq v2 reagents.

Genome assembly and analysis was performed by the Quantitative Biology Consulting
Group (University of Georgia). Raw and trimmed reads were assessed using FastQC (8) and
quality trimming was done using Trimmomatic (9) with the following settings
(ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10 LEADING:20 TRAILING:15
SLIDINGWINDOW:4:25 MINLEN:50). Genome assembly was performed using SPAdes
(ver.3.9) software (10) with both paired and unpaired reads as input. Assembly metrics were
determined using QUAST (11) and genome annotation was performed on the RAST server (12).
Identification of putative prophage elements was done with PHAST (13).

Trimmed reads (ca. 2.4 million paired and 1.54 million unpaired) representing 150 X
base coverage were assembled. The genome assembly of Bacillus circulans Jordan strain 32352
contained 494 contigs of which 40 were > 500 bp. The largest scaffold was 1.36 Mb in length
and total assembly length was 7.92 Mb with an N50 = 433 kb and an L50 = 6. GC content was
49.3%. RAST annotation predicted 7,269 coding sequences and PHAST analysis detected two
regions containing questionable and incomplete prophage elements, respectively.
Accession number. The whole-genome shotgun project has been deposited at
DDBJ/ENA/GenBank under the accession number MZNT00000000. The version described in
this paper is the first version, MZNT01000000.
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