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ABSTRACT
Streptococcus pneumoniae (Spn) is a major human pathogen and a threat to public

health with its ability to cause invasive pneumococcal diseases (IPD). Currently, there are
over 100 different serotypes of Spn characterized by the distinct capsular polysaccharide
(CPS) structures. These CPS are targeted for inclusion in glycoconjugate vaccines to
combat infections. A [glyco]conjugate vaccine is comprised of a carrier protein
covalently linked with the CPS of a bacterium. The current pneumococcal conjugate
vaccine on the market, PCV13 is a multimeric vaccine utilizing CPSs isolated from 13
different highly invasive Spn serotyes and conjugated with a carrier protein (i.e.,
CRM197 or tetanus toxoid (TT)). PCV13 has seen great success in curving disease;
however, limited effects have been observed in the elderly and immunocompromised
populations as well as low or variable protection for the included serotypes. This
demonstrates a need for continued research into conjugate vaccine design, mechanism of
immune activation and novel methods for fighting IPD. In this dissertation, | provide
evidence for adaptive immune activation by glycoconjugates utilizing the major

histocompatibility class 11 (MHCII) pathway. Additionally, a new design for



glycoconjugates utilizing carrier peptides linked with defined lengths of oligosaccharides
over the traditional full protein linked to full polysaccharide. I defined a set of human
derived carrier peptides discovered from clinically relevant carrier proteins to be used in
conjugate strategies. Finally, I elucidated the mechanism of action for the glycoside
hydrolase Pn3Pase to aid in its use as a therapeutic against highly virulent type 3 Spn
infections. These studies increase our knowledge and understanding of the mechanism of
action of glycoconjugate vaccines to aid in new therapeutics and knowledge-based

vaccine design to help battle IPD.
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CHAPTER 1
FORWARD AND LITERATURE REVIEW
The goal of this dissertation has been to elucidate the molecular mechanisms
of glycoconjugate vaccine activation of the adaptive immune system. This information will
be used to address the short comings in current glycoconjugate vaccine production
strategies as well as work towards alternative prophylactic and therapeutic approaches to
combat invasive pneumococcal diseases (IPD).

Chapter 1 discusses the antigen processing and presentation pathway leading to
activation of the adaptive immune system. Further, this chapter discusses the interaction
components MHCII and the T cell receptor (TCR) of CD4+ T cell in-depth and the roles
they play in the immune response. Lastly, this chapter explores carbohydrates as T cell
antigens and antigen presentation of glycoconjugates.

Chapter 2 examines the current state of glycoconjugate vaccines against IPD. It
explores the underlying cause of disease as well as the various diseases attributed to
pneumococcal bacteria. Additionally, this chapter covers the existing vaccines, successes,
and potential shortcomings of the vaccines.

Chapter 3 follows closely with chapter 2 and discusses two serotypes of
Streptococcus pneumoniae that continue to cause disease despite their inclusion in the
current glycoconjugate vaccine on the market. Type 3 is of particular interest to my work

and is continued to be explored in the subsequent chapters.



Chapter 4 uses a model glycoconjugate vaccine against type 3 Streptococcus
pneumoniae prepared using oligosaccharides from the capsular polysaccharide of the
bacteria to understand the molecular mechanisms of immune activation. | provide evidence
that the glycoconjugates bind with purified MHCII molecules as well as the T cell receptor
binding the glycan portion of the conjugate suggesting these glycoconjugates are following
the glycan dependent model of T cell activation.

Chapter 5 investigates MHCII binding and T cell activating peptides from two
proteins that are used in glycoconjugate vaccines on the market today. The goal of this
work was to identify peptides binding human MHCII and activating human T cells to be
applied to the strategy from chapter 4. | provide a list of human peptides that both bind a
variety of human MHCII alleles and activate human T cells from healthy adult donors that
express a set of MHCI| alleles representative of a large portion of the population.

Chapter 6 explores the glycoside hydrolase Pn3Pase for its uses as a therapeutic
against highly virulent type 3 pneumonia infection. Pn3Pase is produced by Paenibacillus
sp. 32352, but exhibits depolymerization activity against the capsular polysaccharide of
type 3 Streptococcus pneumoniae (Pn3P). I identified the active residues in this enzyme,
domains important for function, determined the mechanism of action, and Pn3Pase affinity
for Pn3P substrate.

Chapter 7 summarizes all the works and covers the implications of these
discoveries. Additionally, it offers future directions for the research into glycoconjugate
immune activation and implications. The co-author manuscript that is of direct relevance

to my dissertation and that I contributed to is in appendix A. Co-author works that are not



directly relevant to my doctoral dissertation, but I worked on through collaborations are
listed below.

1. Sun L, Paschall AV, Middleton DR, Ishihara M, Ozdilek A, Wantuch PL, Aceil J,
Duke JA, LaBranche CC, Tiemeyer M, Avci FY. 2020. Glyopeptide epitope
facilitates HIV-1 envelope specific humoral immune responses by eliciting T cell
help. Nature Communications. 2020

2. Veldkamp CT, Kiermaier E, Gabel-Eissens SJ, Gillitzer ML, Lippner DR, DiSilvio
FA, Mueller CJ, Wantuch PL, Chaffee GR, Famiglietti MW, Zgoba DM, Bailey
AA, Bah Y, Engebretson SJ, Graupner DR, Lackber ER, LaRose VD, Medeiros T,
Olson ML, Phillips AJ, Pyles H, Richard AM, Schoeller SJ, Touzeau B, Williams
LG, Sixt M, Peterson FC. Solution structure of CCL19 and identifications of
overlapping CCR7 and PSGL-1 binding sites. Biochemistry. 2015, 54(27):4163-
4166.

3. Middleton DR, Zhang X, Wantuch PL, Ozdilek A, Liu X, Lopilato R, Gangasani N,
Bridger R, Wells L, Linhardt RJ, and Avci FY. Identification of the Streptococcus
pneumoniae type 3 capsule-specific glycosyl hydrolase gene of Paenibacillus sp.
32352. Glycobiology. 2018, 28(2):90-99.

My contribution to work (1) was developing the MHCII binding assay utilized and
synthesizing/preparing all the peptides utilized in the study. My contribution to work (2)
was protein synthesis and purification, 2D NMR, data analysis and manuscript writing. To

work (3), | performed the kinetic analysis, protein purification and manuscript writing.



Literature Review
Adaptive Immune Responses

The host immune response to foreign invaders can simplistically be viewed as
having two lines of defense, the innate response and adaptive immune response. Innate
immunity is often referred to as the hosts’ first line of defense (1,2). This defense
mechanism is initiated immediately, or within hours, of exposure to a pathogen or
antigen. Generally, the innate immune response comprises four types of barriers:
anatomic, physiologic, endocytic and phagocytic (1). Since this immune response acts
rapidly, it is antigen independent and unable to generate immune memory to the invading
pathogen (1). Adaptive immunity, on the other hand, is highly antigen specific leading to
long lasting immune memory to aid the host in continued defense against pathogens (2).
While, these two immune responses are fundamentally different in mechanism of action,
both work synergistically and are required for a fully functioning immune system.

The adaptive arm of the immune system utilizes antigen specific Band T
lymphocytes to generate an immune response (2,3) (Figure 1.1). Briefly, antigen specific
receptors on the surface of B lymphocytes bind antigen and present it to T lymphocytes
through the major histocompatibility complex class Il (MHCII) protein (4). The T cell
receptor (TCR) on the surface of the T lymphocyte binds the antigen which in turn
stimulates the cell. This stimulation of the T lymphocyte provides cognate help to
activate the B lymphocyte to produce antibodies and be further differentiated (3) (Figure
1.1). The first step in generating this adaptive humoral (antibody dependent) immune
response is referred to as antigen processing and presentation and will be covered in

greater detail below. However, it is apparent that an effective immune response is



generated through this tri-molecular complex consisting of: antigen, MHCII, and TCR
(Figure 1.1). Further, these three components must function together as the antigen must
bind MHCII and the TCR must be able to bind the antigen-MHCII complex. Thus,
understanding the molecular mechanisms of interaction between these three components
is crucial for our understanding of the immune response. These next sections cover
MHCII proteins and TCRs in greater detail.
Major Histocompatibility Complex Class 11

Major histocompatibility (MHC) proteins are a central part of generating an
immune response. There are two classes of these proteins, class | and class |1 (MHCII).
Both share similar functions which is to present antigens at the cell surfaceto T
lymphocytes (5). However, the two proteins differ in the nature of the antigens they
present. While class | proteins mostly present antigens derived from intracellular sources
to CD8+ T cells, class 11 present exogenous antigens to CD 4+ T cells (5,6). These two
proteins also differ in their binding grooves. Class I grooves are closed at both ends
leading to the presentation of smaller peptides usually 8-10 residues in length (7). MHCII
proteins, on the other hand, have binding grooves that are open at both ends
accommodating longer peptides generally up to 25 amino acids (8-10) (Figure 1.2).
Additionally, while class | proteins are expressed on nearly every cell, class Il proteins
are limited to antigen presenting cells (APCs) such as dendritic cells, macrophages and B
cells (5,11).

In humans there are three genetically distinct isotypes of MHCII proteins: HLA-
DR, HLA-DQ and HLA-DP, while mice have two I-A and I-E (11). In humans these

proteins are encoded by the highly polymorphic human leukocyte antigen (HLA) genes,



HLA-DR, -DP and -DQ (8). MHCII molecules are heterodimers consisting of two
membrane inserted chains, o and  (12) (Figure 1.2A). The peptide binding cleft of these
proteins is formed by a B-sheet floor topped with two parallel a-helices, one from each
subunit of the protein (13) (Figure 1.2B). In some instances these a-helices may also run
antiparallel (11). Peptide binding by MHCII molecules influences its conformation,
stability, and surface appearance (10,14). Additionally, it has been noted that empty
MHCII molecules are unstable and tend to aggregate (5,15).

These proteins possess the remarkable ability to bind a vast array of peptides to
any given MHCII molecule forming a natural peptide library. While this topic has been
the scope of many immunological research projects over the years, the mechanism by
which MHCII proteins present antigens is still an active area of investigation (5).
However, many works have been done to understand peptide binding with MHCI|I.
Crystal structure analysis of peptide bound MHCII proteins reveals a mostly uniform
mode of binding in which side chains of amino acids interact with pockets in the MHCII
molecule (11,16-20). Additionally, it is thought peptides bind in a conserved N- to C-
terminal orientation following two criteria: hydrogen bonds form between the MHCII
protein and peptide backbone and four to five peptide side chains bind in the MHCII
pockets (21,22).

It is generally accepted there are four major binding pockets: P1, P4, P6 and P9
with the numbering referring to the peptide side chain residing within the pocket (23)
(Figure 1.3). However, P7 is sometimes referenced as a major binding pocket as well
(12). The peptide is bound in an extended conformation taking a fold similar to a

polyproline 11 helix (24). During binding up to seventeen hydrogen bonds may form



between conserved residues on MHCII and the backbone of the peptide (19). Peptide side
chains that are not residing within binding pockets are positioned outward where they can
then interact with the T cell receptor (23) (Figure 1.3). This hydrogen binding array
allows MHCII to exhibit highly promiscuous binding (23). Given the high binding
promiscuity of these proteins and the lack of a concrete consensus binding sequence,
there has been evidence of peptides binding MHCII in different registers. That is, the
same peptide binding MHCII only differing in the positions of the side chains within the
MHC binding pockets (23,25).

Generally, there is little known about an exact binding motif or consensus
sequence for peptides binding with MHCII. However, some work has been done to shed
light on this matter. One study indicates that a stretch of nine amino acids may be critical
for binding (12). Additionally, the side chain residue fitting into pocket P1 is almost
always a hydrophobic anchor (12,26). However, beyond this binding requirements vary
between alleles of MHCII. For example, HLA-DR1, -DR2, -DR3, and —DR4 prefers
anchor spacing at P1, P4, P6, P7 and P9, while other alleles such as -DR5, DP4, and
DQ?7 bind with anchors at P3 and P5 (12). Another example of this difference at the
residue level is HLA-DR1 prefers hydrophobic residues at P9, but HLA-DR4 prefers
negatively charged residues (12). These allelic changes make it difficult to pin-point an
exact binding preference for these molecules. Nevertheless, one study did look fourteen
different peptides binding with the mouse allele I-A% and noticed what appeared to be a
common binding motif. Similar to above, the first position in P1 appeared to always be
hydrophobic, next is typically a basic or polar residue, followed by two hydrophobics (P3

and P4), position five was variable, and position six was strictly alanine or serine (26).



These studies may point towards the anchor residues residing in the binding pockets to be
hydrophobic. Lastly, MHCII molecules are able to bind antigens other than peptides. A
number of studies have demonstrated MHCII unique ability to bind super antigens in a
variety of different conformations (27-29).

In addition to the antigen presenting —-DR, -DQ, -DP molecules there are two
other MHCII proteins that aid in peptide binding and epitope selection. These proteins are
HLA-DO and HLA-DM (30). To understand the roles of these two chaperones it is first
important to understand the pathway of antigen processing and presentation.

Antigen Processing and Presentation

The central step in generating an adaptive immune response is T cell activation,
which is induced by the T cell receptor recognizing antigen’s epitopes bound with
MHCII. How these epitopes are generated and antigen becomes associated with MHCI|I
is through a process known as antigen processing and presentation. This process can be
summarized simply into six steps: 1) Acquisition of the antigenic molecule by the APC;
2) targeting the antigenic molecule for destruction; 3) proteolysis of the antigenic
molecule in the endosome; 4) delivery of the resulting antigenic peptides to the
endolysome; 5) binding of the peptides with MHCII; and 6) present the peptide-MHCII
complex on the surface of the APC (31) (Figure 1.4).

Steps one through three above are all specific to the type of antigen presenting
cell involved. Each type of cell: B cell, macrophage or dendritic cell (DC) acquires
antigens and degrades them in its own process. B cells utilize an antigen specific B cell
receptor (BCR) on the cell surface to capture antigen (Ag) (30,32). The BCR-Ag

complex is then internalized into early endosomes (33). Macrophages, which serve as a



link between adaptive and innate immune response, are recruited to peripheral tissues
during pathogen exposure and acquire antigens through phagocytosis (34) which are
delivered to the phagosome (35). Dendritic cells circulate peripheral tissues for immune
invaders and use endocytosis to acquire antigens derived from the pathogens (36) which
are then delivered to endosomal/lysosomal multivesicular bodies (MVBs) (37). Both
macrophages are dendritic cells require activation by mediators such as IFN-y and GM-
CSF (macrophages) or LPS (DCs) to induce higher expression levels of MHCII (38,39).
Once the antigens are in their relevant compartments in each cell type, they are degraded
in much the same way. Each APC type is equipped with both similar and distinct acidic
proteases known as cathepsins (40,41) which degraded antigens into their respective T
cell epitopes for presentation via MHCII. It is still largely unknown exactly which
cathepsins degrade antigens into presentable T cell epitopes; however, it has been shown
that Cat B, S and L are involved in processing internalized antigens (42,43), Cat D and E
may play roles in certain cell types (44), and additional cathepsins such as Cat Z, F, K
and H may be present (30).

Delivery of these newly degraded T cell epitopes for binding with MHCI|, step
four from above, is a complex process involving many steps and players. Therefore, it is
first essential to look in the endoplasmic reticulum for the assembly of MHCI]I.
Additionally, it is important to note that the synthesis and assembly of MHCII, HLA-DM
and HLA-DO occurs concurrently or prior to antigen degradation. MHCII molecules are
assembled in the endoplasmic reticulum and need to be associated with the polypeptide
termed invariant chain (li) (45). Binding of the li not only helps form and stabilize the

MHCII binding groove (46,47), but allows the release of MHCII from the endoplasmic



reticulum (ER) (5). Further, binding of the Ii blocks the peptide binding groove of
MHCI|, thus preventing other endogenous peptides in the ER from binding with the
molecule (5). The invariant chain is additionally important as it’s cytoplasmic tail
contains the sorting motifs which direct the assembled MHCII molecules from the ER to
late endosomal compartments, termed MIIC for MHC class 11 compartment, where the
newly degraded antigens await (48).

While MHCII is assembled in the ER, the helper chaperones HLA-DM and HLA-
DO are likewise assembled in the ER (49,50). While all APCs express HLA-DM, it was
long accepted that only B cells were capable of expressing HLA-DO (51). However,
recent studies have found evidence of —DO in thymic medullary cells (52) and dendritic
cells (53-55). Both of these chaperones play a role in modulating peptide binding with
MHCII. In the ER, HLA-DO must bind with HLA-DM to be transported from the ER
into late endosomal compartments, i.e. MIIC (50). It is here, in the MIIC, where
processed peptides, -DM, -DO, cathepsins and MHCII molecules combine and MHCII
can acquire its antigenic peptide.

How the newly processed antigenic peptides were shuttled to the MIIC depends
on in which APC cell type presentation is occurring. In macrophages and DCs were
antigens are endocytosed into phagosomes, the phagosomes eventually fuse with late
endosomes/lysosomes to form a phagolysosome exposing the peptides to proteases,
HLA-DM and MHCII (30,31). In B cells, signal sequences located on the cytoplasmic
tail of the BCR sort the processed peptides into MIIC (30). Before MHCII can bind with
these antigenic peptides, it must first degrade the li currently bound within the binding

groove. This is primarily accomplished by the cathepsins Cat S and L (56,57), which

10



degrade li to the minimum peptide class Il-associated invariant chain (CLIP) (30). It is
here that HLA-DM assists MHCII molecules in loading antigenic peptides. HLA-DM
binds with class Il molecules which induces the release of CLIP from the binding groove
and stabilizes the molecules (58,59). Studies suggest that -DM binding with MHCII leads
to a conformational change in MHCII structure which enables the dissociation of CLIP
through the disruption of hydrogen bonds between the peptide backbone and MHCI|I
(15,59). Further, HLA-DM also assists MHCII in binding of high affinity antigenic
peptides (60-62). This peptide selection process if often referred to as “editing” in which
—DM eliminates presentation of low affinity peptides while enhancing that of high
affinity binders (59). Indeed, studies show that cells deficient in HLA-DM are defective
in MHCII antigen presentation and that restoration of the molecule restores the cells
ability to process and present antigens (63,64). The role of HLA-DO in antigen
presentation is still a considerable question in the field; however, it is known that -DO
functions as a modulator of -DM (49). HLA-DO binds HLA-DM in the same location
that MHCII would, therefore acting as an inhibitor of -DM function with MHCII (49).
This has led to thoughts that HLA-DO may play a key role in regulating autoimmunity
(49). Additionally, it is thought that —-DO may acts as a chaperone to —-DM itself. HLA-
DO binding with —-DM may stabilize the molecule and prevent its degradation until the
antigen containing endosomes fuse with lysosomes forming the MIIC and MHCII is
ready to be loaded with antigenic peptides (65). Finally, -DO may have roles in
promoting peptide presentation specifically in B cells (66). The sixth and final step in
antigen processing and presentation is shuttling the peptide-MHCII complex from the

MIIC to the plasma membrane to be presented to T cells. This is controlled by factors

11



such as cholesterol, pH, kinases and GTPases. Additionally, transport is driven by
microtubule-based motors (dynein) and actin-based myosin motors, but the molecular
basis for this processed is still largely undefined (5).

CD4+ T cells

CDA4+ T cells play a major role in MHCII driven adaptive immune responses. T
cells are developed in the thymus derived from lymphoid progenitor cells which come
from either the bone marrow or fetal liver (67-69). T cell populations include CD4+ and
CD8+ T cells, y6 TCR T cells, and natural killer T (NKT) cells (1,3). However, the most
abundant T cell type in the human body is the CD4+ of§ TCR population (3). These cells
most often serve in a helper function (enhance B and T cell responses) and are denoted as
Tw cells (3). Upon activation T cells produce an array of cytokines leading them to be
further classified into subcategories such as Th1, Th2, Th17, TrH, Treg, Or TH9 based on
the cytokines they produce (3). T cells become activated when their T cell receptor
(TCR) binds an antigen-MHC complex. This is necessary not only to generate a cellular
immune response, but also for the development and maintenance of the host T cell
repertoire (70).

CD4+ afp TCRs specifically interact with antigen-MHCII complexes to initiate T
cell activation. Each TCR is made of two chains, an a and 3, with each chain being
composed of variable and constant regions (71). Additionally, TCRs contain an antigen
binding site with three complementarity determining regions (CDRs) (70,71). The TCR
binds with both the antigenic peptide (about 30% of the interface) (72) and the MHCI|I
molecule (70) to form the immunological synapse (73). Peptide binding contacts are

made through the CDR3 loop while binding with the MHCII helices are made through
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CDR1 and CDR2 loops (74). TCR binding to their antigen-MHCII ligand is typically
characterized by low affinity binding with slow kinetics, believed to be results of
conformational changes during binding (75). The current accepted binding model of TCR
with antigen-MHCII complexes is the TCR a and B chains are fixed over the o and 3
helices of MHCII that make up the peptide binding groove (76). However, a number of
recent studies have demonstrated non-traditional docking topologies for TCRs with MHC
or MHC-like molecules (76-78).

Glycoconjugates as T cell antigens (adapted from Sun, Middleton, Wantuch PL et al.,
Glycobiology 2016) (79)

The preceding sections have given in-depth explanation into the antigen
processing and presentation pathway leading to an adaptive immune response, as well as
exploring the tri-molecular complex responsible for generating the response: the antigen,
MHCII, and TCR. This final section will review glycoconjugates as T cell antigens,
specifically glycoconjugate vaccines, and how they elicit a T cell dependent adaptive
immune response via the MHCII presentation pathway.

The introduction of glycoconjugate vaccines led to major breakthroughs in
combating bacterial pathogens (80,81). Currently, there are a number of vaccines on the
market against such pathogens as S. pneumoniae, H. influenzae type b and N.
meningitidis (82,83). Glycoconjugate vaccines are composed of a carrier protein
covalently conjugated to a bacterial carbohydrate pathogen. This is to induce a strong
antibody response against the carbohydrate pathogen of the bacteria (84-86). The

following sections will address glycoconjugate vaccines and their immune activation
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broadly; for more in depth coverage of S. pneumoniae glycoconjugate vaccines
specifically (the major focus of this thesis work) see Chapters 2 and 3.
Glycoconjugates generate T cell dependent immune protection

The capsular polysaccharide (CPS) of bacteria often contribute to their virulence
mechanism and allow immune evasion from the host through increased bacterial
attachment which prevents phagocytosis (87,88). In addition to being a major virulence
factor, CPS are also surface localized with unique structures making them ideal vaccine
candidates. These vaccines are designed to generate carbohydrate specific immune
responses against the bacteria. However, polysaccharides alone are poorly immunogenic
and cannot trigger T cell help to induce an adaptive immune response leading to memory
B and T cells (89-91). There are a number of pure polysaccharide based vaccines used
today; however, these vaccines while seeing some success in healthy adults fail to
provide adequate protection in infants, elderly and immunocompromised individuals (92-

94).

Glycoconjugate vaccines, on the other hand, are capable of eliciting a T cell
dependent immune response against the CPS. This is accomplished by the coupling of the
CPS to a carrier protein (95,96). These vaccines induce a CPS specific adaptive immune
response which leads to IgM to 1gG class switching, B and T memory and higher
protection compared to the polysaccharide based vaccines (97,98). Indeed, immunization
with current glycoconjugate vaccines on the market, such as Prevnar 13® against S.
pneumoniae, have prevented infections by inducing long lasting protection against the
bacteria (81,91,99-101). Despite the successes of glycoconjugate vaccines problem still

persist. Namely in the vaccines failure to induce robust protective responses in the elderly
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and immunocompromised individuals (81,93,102). These continued problems
demonstrate the great need to enhance vaccine design and efficacy by developing
structurally well-defined conjugates based on their mechanism of immune activation, i.e.

presentation to T cells via MHCII.

Glycoconjugates elicit carbohydrate specific T cell responses via MHCII pathways

It has been a long standing hypothesis that carbohydrates are T cell independent
antigens and therefore accepted that an adaptive immune response from glycoconjugate
vaccine activation was due to the presentation of a peptide derived from the carrier
protein (103) (Figure 1.5). This hypothesis follows the same antigen processing and
presentation pathway described in the above section with one difference; the BCR of the
B cell binds the carbohydrate portion of the glycoconjugate (as opposed to carrier
protein) which stimulates the production of CPS specific antibodies. The B cell would
then process the carrier protein as previously explained and presents a peptide via MHCII
to a CD4+ T cell. T cell activation induces the production of cytokine IL-4 which
stimulates B cell maturation and subsequent CPS specific antibodies, IgG class switching
and memory B and T cell production (94,98) (Figure 1.5). At the time, considering that
carbohydrates were T cell independent antigens and T cells could only bind protein
antigens, this seemed the plausible hypothesis. However, this mechanism assumes one,
the strong covalent linkage between the CPS and carrier protein is broken under
endosomal conditions and two, fails to consider if T cells can bind an MHCII presented
peptide linked carbohydrate (93,100,101,104-106).

Recently, the mechanism for glycoconjugate vaccine activation resulting in an

adaptive immune response has been discovered. Importantly, this discovery shifted the
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paradigm of peptide-centric T cell recognition (107). This work demonstrated that
glycoconjugate vaccines are taken up by APCs and depolymerized into smaller molecular
weight glycan-peptide conjugates showing the strong covalent linkage between the two is
intact even under harsh endosomal conditions (107). After this processing by the APC,
the smaller glycoconjugates follow the same antigen presentation pathway as above, in
that they bind with MHCII and are presented at the APC surface (Figure 1.6).
Importantly, MHCII deficient APCs did not present the conjugates further demonstrating
this presentation is MHCII dependent (107). The working model for this presentation
shows that the peptide portion of the glycan-peptide binds with MHCII leaving the
glycan exposed to be bound by the CD4+ TCR (Figure 1.6). This work also
demonstrated that immunizations with glycoconjugate vaccines induced a subset of
CD4+ T cells, termed Tcarbs, which specifically recognize the carbohydrate portion of
the conjugate, establishing that T cells are in fact able to recognize carbohydrates. The
current model therefore is that it is not the T cell’s inability to bind carbohydrate, but
rather the carbohydrate’s inability to bind MHCII without being linked with a carrier
peptide.

Importantly, additional studies suggest the generalizability of Tcarb mediated
immune response induced by glycoconjugate vaccines. In one such report,
glycoconjugates for type 3 S. pneumoniae CPS provide evidence for CPS specific 1gG
responses in a Tcarb dependent manner (108). Additional works demonstrate evidence
for glycoconjugate vaccine presentation at the APC surface (109) and Tcarb production
from a meningococcal glycoconjugate vaccine (110). Further, a more recent report

explored five conjugate vaccines in which four followed the Tcarb mediated mechanism,
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while one followed the traditional peptide based mechanism described above (111). This
IS important as it demonstrates that while a Tcarb mediated response is the major
activation pathway it is not the only pathway to generate carbohydrate specific adaptive
immune responses. A further understanding of the immune mechanisms leading to
glycoconjugate vaccine activation of adaptive immunity will provide a guide for the
development of highly immunogenic vaccines to combat bacterial, parasitic and viral

infections utilizing their surface glycans.
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Figure 1.1: Mechanism of adaptive immune response and depiction of tri-molecular
complex. Antigen enters the B cell through the B cell receptor (BCR) and is delivered to
MHCII. The tri-molecular complex is labeled as 1) MHCII protein 2) Antigen and 3)
CD4+ T cell receptor. The presentation of the antigen via MHCII to the TCR leads to T
cell activation. CD4+ T cell activation leads to B cell induction to help produce antigen

specific IgG antibodies.
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Figure 1.2

Figure 1.2: Structure of mouse MHCII protein, I-A%. PDBID 11AO was used to create

images of protein, reference 11 A) Full view of the protein, chains A and B of MHCII are
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colored in blue while the antigen OVAp is colored in red. B) View of the antigen binding

groove. MHCII is colored in blue, antigen is colored in red.

35



Figure 1.3
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Figure 1.3: Cartoon representation of MHCII binding pockets. Top line depicts a peptide
antigen binding with MHCII where some residues fit into designated pockets, while
others point upwards. Residues pointing upwards may be bound by the T cell receptor
(longer residues) or not (shorter residues). Bottom in the MHCII protein with major

pockets (P1,4,6,9) labeled. Figure conceptualized from reference 23.
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Figure 1.4
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Figure 1.4: Antigen processing and presentation pathway. Extracellular antigen is
endocytosed by the APC and processed into smaller antigen fragments by cathepsins.
Meanwhile in the ER MHCII, HLA-DM and HLA-DO are assembled and transported to
exocytic vesicles. The exocytic vesciles fuse with endosomes containing the processed
antigens to form the MIIC. Here in the MIIC, li is cleaved into CLIP, with the help of HLA-
DM CLIP is removed and swapped for the antigenic peptide. The loaded MHCII is

transported to the surface of the APC for antigen presentation to T cells.
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Figure 1.5: Antigen processing and presentation pathway of peptide based carbohydrate
specific response. The B cell receptor (BCR) binds with the polysaccharide portion of the
glycoconjugate. The glycoconjugate is endocytosed into the endosome and processed by
reactive oxygen and nitrogen species (ROS/RNS) and cathepsins to yield separate
oligosaccharide and peptide fragments. MHCII binds with a peptide fragment and
presents the peptide on the cell surface where a T cell receptor (TCR) binds the complex.
This activate the T cells to stimulate the B cell into producing antibodies against the

polysaccharide in which it originally bound through the BCR.
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Figure 1.6: Antigen processing and presentation pathway of Tcarb based carbohydrate

specific response. The B cell receptor (BCR) binds with the polysaccharide portion of the

glycoconjugate. The glycoconjugate is endocytosed into the endosome and processed by

reactive oxygen and nitrogen species (ROS/RNS) and cathepsins to yield covalently

attached glycan-peptide fragments. MHCII binds with a peptide fragment of the glycan-

peptide and presents the glycoconjugate on the cell surface. Here a T cell receptor (TCR)

binds the glycan portion of the glycoconjugate. This activate the T cells to stimulate the B

cell into producing antibodies against the polysaccharide.
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Abstract

Streptococcus pneumoniae is a major human bacterial pathogen responsible for
millions of deaths each year and significantly more illnesses worldwide. With over 90
different serotypes, providing effective vaccine programs has been a continuing
challenge. Since 1983, the world has been introduced to three different pneumococcal
vaccines (PPSV23, PCV7, and PCV13) each with their own complications and successes.
Since vaccination programs began, a decrease in the overall rate of pneumococcal
pneumonia and associated diseases has been observed, notably in higher risk populations.
However, with a decrease in incidence of vaccine type pneumococcal serotypes,
increases in non-vaccine serotypes of the bacteria have been observed along with
serotype switching. Additionally, a rise in antibiotic resistant strains of S. pneumoniae is
noted. Here we discuss both the positive and negative clinical manifestations of
pneumonia vaccine programs and discuss the challenges in pneumococcal vaccine
design.
Characteristics of the bacterium

Streptococcus pneumoniae is a gram-positive coccus bacterium (1). It most often
colonizes in the nasopharynx of its host (2). Colonization with this bacterium in the
nasopharynx is exceptionally common, with 40-95% of infants and 1-10% of adults being
colonized at any time (3). There are over 90 distinctive serotypes of this bacterium, which
vary in geographical prevalence (4). Different serotypes either cause mucosal
colonization or invasive disease. For example, serotypes 1 and 3 are most often isolated

from the lung, whereas serotypes 6,10, and 23 are regularly associated with meningitis
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(5). Approximately 23 serotypes are responsible for 80-90% of invasive pneumococcal
disease (IPD) (5). Each serotype is distinguished by its unique capsular polysaccharide
(CPS), which decorates the outside surface of the bacterium. The CPS is a major
virulence factor, significantly contributing to disease. Other virulence factors include the
cell wall, pneumolysin, and pneumococcal surface protein A (6).

Virulence of the bacterium differs with the composition of the CPS, making it one
of the primary virulence factors. The CPS allows the bacterium to evade phagocytosis by
the host cells (7). Its antigenicity allows the host to make antibodies against specific
serotypes.

Diseases associated with S. pneumoniae

S. pneumoniae is responsible for many invasive infections including meningitis,
sepsis, and bacteremia, as well as more common bacterial infections such as community
acquired pneumonia (CAP) and otitis media. On average, there are 4,100 cases of
meningitis (8), 12,000 of bacteremia (9), 500,000 of pneumonia, and 7 million cases of
otitis media annually in the United States (10,11). The bacterium most commonly affects
pediatric, elderly, and immunocompromised hosts. S. pneumoniae is the leading cause of
pneumonia in children worldwide and is responsible for 30% of adult pneumonia cases
(12). This bacterium is particularly troublesome in at-risk populations, including
diabetics, asthmatics, and the HIV positive. In fact, coinfection with influenza or HIV
leads to increased S. pneumoniae carriage, which leads to a significantly higher risk of
pneumococcal infection and mortality (3). S. pneumoniae and H. influenzae coinfection is
the eighth leading cause of death in the United States, with a death toll of over 50,000

people in 2014 (13,14). An average of 1.2 million young children worldwide die due to
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pneumococcal pneumonia and meningitis (10). In developed countries, the mortality rate
for pneumococcal pneumonia can reach 11-40% (12).
Pneumococcal Vaccines

In 1983, Pneumovax® PPSV23, a vaccine against 23 prevalent serotypes of S.
pneumoniae was introduced in the United States (Table 2.1) (5). This vaccine showed
evidence of protection against invasive disease in adults (12,15). There is also some
evidence to suggest the vaccine protects the elderly, which is a high-risk population for
pneumococcal infections (16). However, the vaccine still has many shortcomings,
including poor immunogenicity in children, especially those under the age of two (15).
There is also no strong evidence showing protection in immunocompromised patients (5).
The effectiveness of PPSV23 seems to decrease with age of the patient and time since
administration (5). The majority of these factors can be attributed to the short-lived IgM
antibodies elicited from the T-cell independent response, no affinity maturation, and lack
of 1gG class switching of antibodies (17). The solution for these issues came with the
introduction of the T cell dependent conjugate vaccines in the 2000s.

In 2000, PCV7 was introduced in the United States. This vaccine contained the
CPS of seven highly virulent serotypes of S. pneumoniae covalently conjugated to the
carrier protein, non-toxic diphtheria toxin mutant CRM197 (Table 2.1) (18). While this
conjugate vaccine showed evidence of greater protection in children and herd effect
among the population (19), the effectiveness in adults was not well studied (5). In 2010, a
new conjugate vaccine was released in the United States, Prevnar® PCV13. Much like
PCV7, PCV13 contains the CPS of 13 virulent serotypes conjugated to CRM197 (Table

2.1) (15). PCV13 showed promising results for protecting against invasive pneumonia
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infection as well as otitis media in young children. Additionally, a 2015 study on PCV13
found it to be protective against CAP in elderly patients (15).
Populations Affected

Pneumococcal pneumonia infections are prevalent among three population
groups: children, elderly, and the immunocompromised. Children under the age of two
are affected the most. This is most likely due to their immature immune systems, which
makes administering vaccinations at this age critical. Children aged two to five are also
considered at risk. It is estimated that worldwide pneumococcal disease causes 11% of all
deaths in children less than five (19). A study looking at the effects of the PCV7 vaccine
noted the risk in this group and the importance of implementing the PCV7 vaccine as
PPSV23 was not considered effective in children (20).

Adults over the age of 65 are considered a major risk group. The high risk of
pneumococcal infection mostly stems from altered immunity and increased carriage (3).
While PPSV23 vaccine was not found effective in children, it did offer limited immunity
in adults. The introduction of PCV7 saw a great reduction in pneumococcal pneumonia
cases in children; however, its impact on adult disease was not well studied (5,15). With
the introduction of PCV13, a greater impact of protection was observed in adults,
specifically 65 and older (15).

Lastly, patients who are immunocompromised are at a greater risk of infection.
This includes patients who are HIV positive and patients who suffer from chronic
diseases (5). S. pneumoniae is the most common cause of pneumonia, sepsis, and
meningitis among the immunocompromised (3). A more detailed look into how the

vaccines have affected these populations is explored in the subsequent section.

44



Vaccine impact on disease

The overall impact of vaccines on pneumococcal disease has been a major
success. The bulk of post vaccination data comes from PCV7 as it was released in 2000;
data on PCV 13 effectiveness is still being observed. After the introduction of PCV7 in
the United States in 2000, a 77% reduction in pneumonia in children under the age of five
was observed (Figure 2.2A) (21). Additionally, in 2001 there was a 69% decrease in IPD
in young children compared to 1998-1999 (Figures 2.1 and 2.2) (20,22). The overall rate
of vaccination in the United States was between 68-69% (21). A reduction in IPD among
immunocompromised patients was also seen as an effect of PCV7 introduction (5).

There has also been reported data of effectiveness in Europe. Specifically, in the
Netherlands there was a 35% reduction of disease in children under the age of two and
vaccine-type caused IPD decreased by 67% after the introduction of PCV7 (21).
However, this was lower than the results seen in the United States despite the
Netherlands having an increased rate of vaccination among children (94.4%) (21). The
Netherlands also used PCV10, a conjugate vaccine containing all the serotypes of PCV7
plus three more (Table 2.1) and observed a 34% reduction in the first episode of otitis
media (5). Similar results were seen throughout Europe.

From a major study done on the impact of the PCV13 vaccine, we can see the first
effects of this vaccine (15). In 2008 it was reported that 68.4% of invasive pneumonia
incidents in adults 65 or older were caused by PCV13 serotypes and 49.7% by PCV7
serotypes (15). In 2013, after the introduction of PCV13, these numbers decreased to
42.3% by PCV13 serotypes, 6% by PCV7 serotypes (Figure 2.2) (15,22). Additionally,

PCV13 has reduced the incidence of IPD in young children by 36% (Figure 2.1) (5,22).
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However, with the great many positives observed from the introduction of
pneumococcal vaccines there are still areas of concern. In 2006 it was reported that
between 23-30% of children still carried pneumococci with no evidence of a decline in
carriage prevalence (18,23). Additionally, while PCV7 reduced the incidence of IPD by
97% for serotypes included in the vaccine in children under the age of five, infection
from non-vaccine type serotypes increased by 22% (5). This was also observed in the
Netherlands, where IPD rates for non-vaccine serotypes increased by 13% (21). The rate
of IPD eventually leveled off despite the huge reduction seen in PCV7 serotypes because
an emergence in infections caused by serotypes 19A and 7F was observed (Figures 2.1
and 2.2) (21,22). It was also noted that the rate of IPD in adults 65 and older caused by
19A was 5.3% in 2008 but increased to 11.4% by 2013 (15). Large increases in non-
vaccine serotypes were also observed for HIVV/AIDs positive adults (24). Further insights
into serotype replacement and the consequences of pneumonia vaccines is discussed in
the following sections.

Challenges Associated with Pneumococcal Conjugate Vaccines

The negative consequences observed from pneumococcal pneumonia vaccines are
not solely attributed to the vaccines themselves. While there are long-standing problems
associated with conjugate vaccine production, such as cost effectiveness and empirical
conjugation chemistries, more uncontainable factors are at play.

A major factor in variable responses from the vaccines is that serotypes are not
the same geographically. For example, the serotypes contained in PCV7 covered 80% of
the most prominent serotypes seen in the US, and 60% of those in Europe (21). The most

common serotypes seen in Europe are 1, 3, 7F, 14, and 19A (5). However, even with this
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general consensus, large differences are seen country to country. Serotypes 1, 5, 6A, 6B,
14, 19F, and 23F have been isolated in at least 50% of infected individuals worldwide,
making them very common worldwide (5).

Additionally, serotype distribution changes between age groups and diseases. The
most common serotypes seen in children are 6A, 14,19A, and 19F (25), while the most
prevalent in adults are 3, 6A, 7F, and 19A (5). Among pneumococcal diseases, serotypes
1,2,4,6A, 6B, 7F, 8, 9V, 14, 18C, 19F, and 23F are dominantly associated with IPD
worldwide (5). However, serotypes 6, 10, and 23 are frequently linked with meningitis
and serotypes 14 and 19F with otitis media (26).

One can see how producing a vaccine to capture these many serotype factors
would be challenging. Furthermore, immunity is limited to the serotypes contained within
the vaccines, with current conjugation chemistries controlling the number of capsules that
can be incorporated. Another challenge is the increased frequency of host colonization
with other respiratory pathogens such as S. aureus and H. influenza (16).

A major challenge with conjugate immunization is carrier-specific immune
suppression. This is the idea that pre-existing immunity to the carrier protein due to
vaccination suppresses the immune response to the carbohydrate linked to the same
carrier protein in conjugate vaccines (27). A possible mechanism for this occurring
within the host is currently existing antibodies to the carrier protein may prevent or
hinder anti-carbohydrate B cells from interacting with their epitopes, thereby favoring
anti-carrier protein B cell responses. There have been studies that found that pre-existing
immunity to the carrier protein TT interferes with antibody responses to conjugate

vaccines (27). The idea of carrier-specific immune suppression and possible mechanisms
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by which it occurs is of particular importance to not only pneumococcal conjugate
vaccines, but also all existing conjugate vaccines.

Lastly, an issue that is of rising concern is the increase in antibiotic-resistant
strains of S. pneumoniae. After the introduction of the PCV7 vaccine there was a
significant increase in strain 19A, a non-vaccine type strain (28). Importantly, the amount
of antibiotic-resistance in this serotype also increased (29). Serotypes 6A, 6B, 9V, 14,
15A, 19F, and 23F have also shown the most antibiotic-resistance to penicillin and
erythromycin, with many of these serotypes being included in the vaccines (25). A
positive side to this is that many of these vaccine type serotypes, while showing antibiotic
resistance, have decreased in frequency since the introduction of the conjugate vaccine.
Importantly, the introduction of PCV13 has led to a 45% decrease in IPD caused by 19A
in young children (5).
Serotype Replacement and Serotype Switching

A major element that contributes to the effectiveness of the vaccines is serotype
replacement and serotype switching. Serotype replacement can be defined as the
expanding of non-vaccine type serotypes within the population, while serotype (capsular)
switching is a change in a serotype of a single clone by changing of its cps locus that
synthesizes the CPS. These two events are not mutually exclusive, with capsular switch
variants often expanding within the population (7).

The post PCV7 vaccination era saw an increase in multiple non-vaccine type
serotypes. During pre-vaccination years 17% of pneumonia was caused by non-vaccine
serotypes in children under five, this increased to 88% by 2004 (24). For adults 65 and

older the same trend was witnessed. Between 1998 and 1999 the IPD rate by non-vaccine
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serotypes was 44%, which increased to 78% by 2004 (24). There was a notable rise in
strains 19A and 7F (18). The proportion of IPD caused by 19A increased from 0% in
1991-1994 to 18% in 2001-2003 (29). Additionally, strains 3, 15, 22F and 33F increased
in children under the age of five, however, these strains were also seen among adults
(24). Slight increases in strain 19F, 6A, 16F, 23A, and 35 were also observed in adults
(24,25,29). The increase in strains 19A and 3 is particularly alarming since these two
serotypes are commonly associated with IPD. The post PCV7 era also witnessed an
increase in non-vaccine type IPD in the elderly, with this increase being more
pronounced than the increase that was observed in children under five (29). There was
also an increase in non-vaccine type IPD in HIV adults. However, there was a 33%
reduction in overall S. pneumoniae caused meningitis in the elderly (29). While data is
still being acquired for the post PCV13 era, there has been a noteworthy increase in
serotype 35B since introduction of the vaccine (12,30).
Nonencapsulated S. pneumoniae

In addition to capsular switch variants and serotype replacement strains, it is
important to consider nonencapsulated strains (NESp) of S. pneumoniae. As per their
name, these strains do not produce a capsular polysaccharide, but NESp also include
strains that express novel serotypes or capsules below detectable levels. These strains
have been associated with causing conjunctivitis, IPD, otitis media, and carriage (31).
Strains can be divided into two classes. Class I types contain the cps locus which
normally codes for the CPS; however, mutations or disruptions prevent the bacteria from
making a capsule. Class Il types, on the other hand, completely lack the cps locus and

genes required to produce a capsule, and instead have novel genes and virulence factors

49



(31-33). Typically, the CPS is the primary virulence factor and without it strains cannot
readily colonize or cause disease. However, NESp have been shown to colonize the
nasopharynx (32). This is probably due to increased exposure of host cell receptors to
surface proteins due to lack of capsule. The surface proteins of S. pneumoniae are
important because they adhere to the hosts’ cells. Many group II NESp have a novel
surface protein, PspK (33). Strains that produce PspK have been shown to have increased
colonization over strains lacking PspK (33). Additionally, NESp may be able to cause
disease because many contain DItA and EndA proteins which have been shown to inhibit
neutrophil extracellular traps, thus allowing them to evade bacterial clearance (32).
Lastly, NESp create larger biofilms than encapsulated strains. This is again most likely
due to increased exposure of the surface proteins, which adhere to the host cells (32).
Larger biofilm formation also reduces the strains sensitivity to antibiotics and host
response.
Discussion

Despite the current challenges with pneumococcal vaccine programs, there is no
denying the effectiveness of the vaccines. Post vaccine era statistics on the decreases seen
in pneumococcal pneumonia infections attest to this (Figure 2.1). However, one
important aspect of these vaccines that needs to be researched and addressed further is
their production. Up to this point, conjugate vaccines have been constructed using poorly
controlled conjugation chemistries to link carbohydrate and protein (34). These designs
do not consider the mechanism of action within the body once administered, with gaps in
knowledge of the required immune response to induce protection being a major scientific

challenge (35). This leads to poorly-characterized, heterogeneous, and variably
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immunogenic conjugate vaccines (36,37). Recently, a mechanism for conjugate vaccine-
triggered immune response has been proposed (38,39). In this model, uptake and
processing of conjugate vaccines by an antigen-presenting cell yield the presentation of a
carbohydrate epitope via the major histocompatibility complex class II. This in turn
stimulates carbohydrate specific T-cells (Tcarbs) and leads to the production of high-
affinity carbohydrate specific 1gGs (38,40,41). Considering the mechanism of action in
producing conjugate vaccines will help produce knowledge-based vaccines that are target
specific, structurally better-defined, both immunogenic and protective, and produced at a
much lower cost (39). This will allow for use on a more global scale to help control
pneumococcal infections. Additionally, this will aid in designing vaccines targeted
specifically for certain at-risk groups, as it is becoming increasingly clear that
vaccination, particularly in adults, is not a one-size-fits-all concept. A recent study has
found that adults aged 55-74, when previously vaccinated with PPSV23, showed reduced
OPA response to PCV13 (42). This is known as immune hyporesponsiveness, in which
the patient shows poor immune response to PCV13 as a result of prior polysaccharide
antigen administration in PPSV23 (42). Similarly, a study found that children who had
previously received doses of PCVV7 when boosted with PPSV23 at 12 months exhibited
immune hyporesponsiveness compared to children who did not receive the PPSV23
booster (43). Fortunately, by age 5-7 these children showed normal immune response to
PCV13 and the hyporesponsiveness did not persist (43).

Furthermore, while it is true that we see a rise in non-vaccine type serotypes post
introduction of the vaccines, there is some evidence that points to this occurring

naturally. In a study by Wyres et al., it was noted that capsular switching most likely
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arises naturally in pneumococcal strains as well as post vaccine introduction (7). While
vaccination programs do induce a selective pressure on pneumococci, which contributes
to the serotype epidemiology, these naturally occurring fluctuations among serotypes
play a contributing role. An example of vaccine induced selective pressure and natural
selection occurring simultaneously was observed in the post PCV7 era (18). Croucher et
al., points out that a number of successful lineages that were vaccine-type prior to PCV7
introduction will likely persist through variants that have acquired non-vaccine type
capsules through natural transformation from vaccine pressure, i.e., serotype switching
(18). As was the circumstance after the introduction of PCV?7, it is probable that non-
vaccine type capsular switch variants will persist and emerge from the PCV13 vaccine
program. Fortunately, the extent of serotype replacement and serotype switching on IPD
and pneumonia rates has been minimal to this point (29).

Awareness of NESp is important for a multitude of reasons. Firstly, there has
been an increase in NESp prevalence since the introduction of conjugate vaccines. It was
observed that strains increased from 1.5% in 2001 to 5.1% in 2006 (31). However, at any
point in time NESp frequency can be between 3-19% worldwide (32). This is important,
as current conjugate vaccines do not protect against NESp. One detail to note, however,
is that while this increase in NESp prevalence was observed from use of conjugate
vaccines, it is also due to more stringent typing of pneumococcal samples. Additionally,
as pointed out above, these strains are still able to cause diseases, albeit at a lower
frequency than encapsulated strains (32). These strains are also found to be highly
resistant to antibiotics. One study out of Portugal found 7% of carriage isolates to be

NESp, with all NESp strains being resistant to one antibiotic and 89% of them being
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resistant to multiple (32,44). Another possibility is genetic exchange between NESp and
encapsulated strains. The cps locus is considered a hotspot due to abnormally high
horizontal gene transfer (23). NESp have been shown to acquire mutants at a higher rate
than encapsulated strains (32). With the increase in nasopharynx colonization by NESp
and non-vaccine type serotypes the likelihood of transfer between the two is great (33).
This could transfer novel genes, such as pspK, and antibiotic resistance to encapsulated
strains. NESp also contain novel virulence factors, which could potentially be transferred.
Lastly, as the use of conjugate vaccines becomes more widespread, the increased pressure
on S. pneumoniae strains to adapt becomes greater. Conjugate vaccines affect the niche
that non-vaccine type and NESp can now exploit to expand. This leaves room for
increased risk of IPD caused by NESp. Pressure from vaccines also forces the vaccine
type serotypes to adapt in order to persist, leaving room for genetic exchange between
them and NESp. Over all, the frequency of NESp and non-vaccine type strains will likely
continue to grow as conjugate vaccines continue to target specific serotypes.

Lastly, when thinking about the rise in antibiotic-resistant strains of pneumococci,
it is possible that a subsidizing factor in this is the increased use of antibiotics and broad-
spectrum antibiotics, not just vaccine programs. There is evidence that the increase in
disease caused by serotype 19A is also universally related to the increase in antibiotic use
and therefore the trend of antibiotic resistance observed in this particular serotype
(25,29). Moreover, there is a rise in infection from antibiotic-resistant strains seen in
countries without a national pediatric vaccination program, leaving room for uncertainty
whether the spike in 19A, and antibiotic-resistance in this strain, is solely from the

introduction of PCV7 (29). As noted in a 2013 study, rates of antibiotic-resistance tend to
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vary from region to region and are influenced by such factors as serotype epidemiology
of that region, vaccination programs, and antibiotic usage (25). Additionally, the use of
conjugate vaccines against S. pneumoniae has led to a reduction in antibiotic use to treat
these infections, which hopefully lessens the pressure for resistance to evolve (45). This
further corroborates the belief that both antibiotic-resistance and serotype
replacement/switching are not solely influenced by vaccination programs, but act via
natural and outside factors. However, with an estimated 700,000 deaths annually from
antibiotic-resistant infections, and that number only expected to rise, this is an important
issue to consider (45).

In conclusion, numerous studies of the pneumococcal vaccines have all shown
increases in non-vaccine type serotypes post vaccine era, the persistence of vaccine type
serotypes, and the connection of antibiotic resistance with certain serotypes. However,
the greater impact of these vaccines is undeniable. The overall percentage of pneumonia
has decreased worldwide since the introduction of the conjugate vaccines. Multiple
studies show evidence of reduction in carriage from vaccine type strains in those
vaccinated and importantly even the unvaccinated are protected indirectly through herd
immunity. This has been an added benefit of vaccination programs where vaccinated
individuals are protected from disease and colonization, however, by preventing disease
they also subsequently reduce transmission of the pathogen to individuals who are
not/cannot be vaccinated (45). Reservations over serotype replacement, antibiotic
resistance, and nonencapsulated strains should not dissuade the use of conjugate vaccines
nor refute the fact that these vaccines have impeded serious illnesses among the

population.
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Table 2.1
Table 2.1: Description of past and present pneumococcal vaccines. Table was adapted

from references 4 and 9.

Vaccine Year Introduced Carrier Protein Serotypes Impacts

PSV23 1983 N/A 1,2,3,4,5,6B,7F,8,9N,9V,10A,11A,12F,14,15B -Reduced invasive disease in adults
17F,18C,19A,19F,20,22F,23F,and33F -Not protective in children

PCV7 2000 CRM197 4,6B,9V,14,18C,19F, and 23F -Reduced invasive disease

-More protective in children
-Increase 19A and 7F infections

PCV10 2011 (Not in US) NTHi protein D; tetanus 1,4,5,6B,7F,9V,14,18C,19F, and 23F -Decrease in otitis media infection
toxoid; diphtheria toxoid

PCV13 2010 CRM197 1,3,4,5,6A,6B,7F,9V,14,18C,19A,19F, -Reduced invasive disease
and 23F -Protection in all age/risk groups
-Increase in 35B infections
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Figure 2.1

Trends in IPD in age groups 1998-2016
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Figure 2.1: Trends in overall rate of IPD (invasive pneumococcal diseases) in
different age groups between the years 1998-2016 in the United States. Blue line
represents children under five, orange line adults ages 19-64, gray line adults over the age
of 65. Important dates for vaccine introduction and recommendations are pinpointed.
Data for children less than five was only available through 2015. Figure was constructed

with data from the CDC ABCs bacterial surveillance programs, 2016 references 22.
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Trends in IPD in adults 65+
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Figure 2.2: Trends in overall rate of IPD (invasive pneumococcal diseases), disease
caused by PPSV23 included serotypes, and disease caused by PCV13 serotypes in
different age groups between the year 1998-2016 in the United States. A) Children
under 5, with only overall and PCV13 data available through 2015. B) Adults ages 19-64
C) Adults over 65. Figure was constructed with data from the CDC ABCs bacterial

surveillance program, 2016 reference 22.
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Abstract

Since 1983 the world has been introduced to four vaccines combating disease
caused by Streptococcus pneumoniae bacteria. However, despite vaccination programs
disease caused by S. pneumoniae continues to lead to high morbidity and mortality
worldwide. Surprisingly, instances of invasive pneumococcal disease (IPD) are still
highly attributed to serotypes found in the current vaccine, such as serotypes 3 and 19A.
Conversely, non-vaccine serotypes, such as 35B, are increasing and of rising interest. The
persistence of vaccine type serotypes and the increase in non-vaccine type serotypes
show the need for further research into conjugate vaccine design and the need for novel
strategies to combat IPD.
Vaccine Type S. pneumoniae Strains

We would like to thank Ozkaya-Parlakay et al. for their response to our article
and for further emphasizing a continuing cause for concern in invasive pneumococcal
disease (IPD) caused by vaccine type Streptococcus pneumoniae strains. Despite the use
of conjugate vaccines, we are seeing an increase in both non-vaccine type and vaccine
type serotypes (Figure 3.1) (1), with the persistence or increase of vaccine types being
particularly alarming. Of the vaccine type serotypes, types 3 and 19A are of great
concern. The drastic increase seen in 19A (Figure 3.1), is of interest as it included in the
current marketed vaccine, PCV13, indicating a reduced efficacy of the vaccine to protect
against this serotype. Additionally, this particular serotype has noted antibiotic resistance,
more so than other serotypes (2-4). The rise in antibiotic resistant strains is becoming
greater cause for concern and action as it is recently estimated that 30% of IPD cases are

caused by S. pneumoniae resistant to one or more antibiotics (5).
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The prevalence of disease caused by serotype 3, on the other hand, has not
increased but rather stayed the same despite current vaccination programs (Figure 3.1).
This indicates reduced effectiveness of the vaccine against this serotype as well. Owing
to its increased virulence and mortality rate, serotype 3 has raised global attention (6-9).
In fact, serotype 3 is the second most common isolate of adult IPD and currently accounts
for about 10% of all disease with that number ever increasing (6). In the recent study by
Silva-Costa surveying pediatric pneumonia cases in Portugal between 2010-2015, they
found that serotypes 3,1, and 19A accounted for 62% of all cases (10). With more and
more data suggesting reduced vaccine effectiveness against type 3 it is imperative to seek
new strategies to combat this serotype. Recently, work has been done to implement a
capsule degrading enzyme against type 3 as a therapeutic agent (11,12).

It is our opinion that both vaccine type and non-vaccine type serotypes are
emerging concerns in human health. This is due to increased antibiotic resistance seen in
a growing number of serotypes (5), capsular switching and replacement, and the
persistence of vaccine serotypes (4). This brings to light the need for novel strategies to
fight IPD and the need for truly protective, new-generation conjugate vaccines that utilize
effective immune mechanisms (13-15). However, it is imperative that these issues should
not deter use of the current conjugate vaccines against S. pneumoniae. Numerous studies
have shown the effectiveness of these vaccines (4), including recent work studying the
administration of PCV13 in adults over the age of 65 and demonstrating its effectiveness
against IPD (16). Remarkably, the prevalence of most vaccine-type serotypes has
decreased since the introduction of conjugate vaccines (Figure 3.1), which manifests the

power of conjugate vaccines in combating infectious diseases.
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Figure 3.1
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Figure 3.1: Serotype distribution before and after vaccine introduction, all ages.
Distribution of vaccine type and non-conjugate vaccine type serotypes before (blue) and
after (gray) implementation of conjugate vaccines. Figure was constructed with data from
reference 1. Note: Serotypes 15B and 22F are included in the 23-valent polysaccharide
vaccine, PPSV23. The term “non-vaccine” used throughout the articles refers to “non-

conjugate vaccine” serotypes.

73



CHAPTER 4

MOLECULAR MECHANISMS FOR CARBOHYDRATE PRESENTATION TO CD4+

T CELLS VIA MHCII PATHWAY

Wantuch PL et. al., unpublished. (In collaboration with Drs. Robert J Woods and Robert
J Linhardt)

*To be submitted to Journal of Immunology
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Abstract
The introduction of glycoconjugate vaccines has led to great strides in combating
bacterial infections. However, despite the successes of these vaccines infections still
persist, especially in high risk populations. This is in part due to not fully understanding
the immune mechanisms that govern glycoconjugate vaccine immune activation leading
to variably constructed vaccines. Recently, a model for carbohydrate specific T cell
immune activation has been elucidated; however, the molecular mechanisms of epitope
presentation are still unclear. Using a library of covalently linked glycan-peptide
conjugates, purified MHCII proteins and T cells this study works to shed light on these
mechanisms. To initiate a T cell dependent immune response, glycan-peptides bind with
MHCII leaving the glycan exposed for T cell recognition. The T cell receptor specifically
binds the glycan to activate T cell help to produce carbohydrate specific immune
response. The mechanism identified here will help create knowledge based
glycoconjugates to better combat infections.
Introduction

Many bacterial pathogens express a large molecular weight capsular
polysaccharide (CPS) that coat their external surface. Due to the their high antigenicity
and accessibility CPSs have long been targeted as the main component of glycoconjugate
vaccines (1). Glycoconjugate vaccines are composed of a bacterial pathogen, such as the
CPS, covalently linked with a carrier protein. Over the last three decades glycoconjugate
vaccines have been used to combat infectious disease in pathogens such as S.
pneumoniae, H. influenzae and N. meningitidis (2,3). The covalently coupling of the CPS

to a carrier protein leads to T cell help for B cells to produce a strong antibody response
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against the bacterial CPSs (4-7). Immunizations with these vaccines induces IgM to IgG
class switching, B and T cell memory and increased protection (8,9). While
glycoconjugates have proven successful to help control bacterial disease, their
immunogenicity has been variable especially in high risk populations (10). This has been
attributed to construction of these vaccines, which is empirically linking these two
molecules with minimum consideration for their mechanism of immune activation (7).

It has long been postulated that carbohydrates are T cell independent antigens and
that glycoconjugate induced immune activation was due to a peptide, generated from the
carrier protein, binding with major histocompatibility class Il (MHCII) and being
presented to CD4+ T cells (11). However, this hypothesis overlooks the strong covalent
linkage between the two molecules, which is unlikely to be broken even under
endolysosomal conditions (7,12). Recently, a model of glycoconjugate vaccine immune
activation has been demonstrated which leads to carbohydrate specific CD4+ T cell
activation via the presentation of a glycan-peptide by MHCII (13-15). This model reveals
that under endosomal conditions the covalent bond between the two molecules is not
broken; however, they are processed into smaller fragments, glycan-peptides. These
glycan-peptides bind with MHCII and are presented at the cell surface where
carbohydrate specific CD4+ T cells will bind the glycan activating the T cell to help the
B cell produce glycan specific antibodies (13). Importantly, this model continues to be
shown, demonstrating its wider applicability (16-18). However, the structural nature of
the molecular mechanisms governing this model remain unclear.

In this current study, we utilized a library of glycan-peptides to mimic processed

glycoconjugates that would be generated within the endosome to test the molecular
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mechanisms underlying antigen processing and presentation of glycoconjugates. These
glycoconjugates consist of defined lengths of oligosaccharides from the CPS of type 3 S.
pneumoniae covalently coupled to the carrier peptide OVAp. This library was tested for
the ability to bind with purified MHCII molecules and for T cell activation. Additionally,
computational work went into elucidating the structure of MHCII binding with the
glycan-peptides. A thorough understanding of the molecular mechanisms leading to
glycoconjugate vaccine induced immune activation is of utmost importance to design
next generation vaccines to combat infections not only against highly virulent type 3 Spn
used in this study, but also other bacterial pathogens.

Material and Methods

Mice

We used primary cells from either wild type BALB/c mice or OVAp specific TCR
transgenic mice [C-Cg-Tg(D011.10)10D10/J] from Jackson Laboratories in all T cell
assays. Mice were housed in Center for Molecular Medicine Rodent Vivarium at the
University of Georgia. Mice were kept in microisolator cages and handled under a hood.
All animal experiments were in compliance with the University of Georgia Institutional
Animal Care and Use Committee under the approved animal use protocol # A2019 11-
008-Y1-A0

Peptide Synthesis

We synthesized OVAp 323-339 and five derivatives modified with either C or K
residues. Sequences of peptides can be found in Table 4.1. All couplings for peptides
were carried out on an automated microwave-assisted solid-phase peptide synthesizer

(CEM Corp. Liberty microwave synthesizer) using the standard protocols in the
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instrument software. Peptides were synthesized on Rink amide resin (0.6 meq/g;
Novabiochem) via NR-N-(9-fluorenyl)methoxycarbonyl (Fmoc) approach in the primary
solvent N,N-dimethylformamide (DMF). 20% 4-methylpiperidine in DMF was used for
Fmoc removal. 2-(1H-Benzotriazole-1-yl)-oxy-1,1,3,3-tetramethyluronium
hexafluorophosphate/1-hydroxybenzotriazole in the presence of N,N-
diisopropylethylamine (DIPEA) were used as the coupling reagents. Peptides were
cleaved from the resin through TFA/triisopropylsilane/H20 (95:2.5:2.5) cocktail for ~2
hours. The cleavage cocktail was added dropwise through a filter to cold ether to
precipitate the crude peptide and centrifuged to remove the ether supernatant. Purity was
verified by analytical HPLC and MALDI-TOF MS.

Conjugations

Purified Pn3P (type 3 Spn CPS) powder was obtained from American Type Cell
Collection (ATCC 172-X). Pn3P was reduced to oligosaccharides utilizing acid
hydrolysis as previously described (17,19). Various lengths of oligosaccharides (tetra,
hexa or octasaccharide) were conjugated with OV Ap derivatives using reductive
amination or chemoselective ligation as previously described (13,14,17).

T cell Activation

Splenic mononuclear cells were harvested fresh from DO11.10 transgenic or WT mice.
The culture medium for the PBMCs was RPMI 1640 (Corning) supplemented with 2 g/L
sodium bicarbonate, 50 UM 2-mercaptoethanol, 2 mM L-glutamine, 1 mM sodium
pyruvate, 1% nonessential amino acids, 1% penicillin/streptomycin, and 10% heat
inactivated FBS. Activation assays were performed with full splenocytes using 5x10°

cells/well. Cells were plated in duplicate per antigen in 200 pL supplemented RPMI in
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96-well flat bottom plate. Cells were stimulated with each of the following antigens at 2
pg/ml: OVAp, scrambled OVAp, Nterm C/K OVAp, Cterm C/K OVAp, A326C/K,
H328C/K, H331C/K, H331K-Octa, H328K-Tetra, H328K-Octa, A326K-Hexa, or Nterm-
Tetra. Cells were harvested after 48 hours for activation assessment. The extent of
activation was measured by percent CD69 positive among CD4+ T cells using anti-
mouse CD4 and CD69 antibodies (Biolegend) in flow cytometry analysis (CytoFLEX,
Beckman Coulter). Live cells were gated as CD69+ in CD4+ populations. Basal growth
rate was determined from duplicate wells that contained full splenocytes without stimuli.
All flow data was analyzed using FlowJo software (Tree Star).

IL-2 Cytokine ELISA

Cytokine production from T cell activation was determined by ELISA. 96-well plates
(Costar) were coated overnight with anti-1L-2 antibody (1:1000 dilution; Biolegend) and
blocked with 1% BSA in PBS. Plates were washed with 0.05% PBST, all subsequent
washes were the same. After washing, wells were incubated with cell supernatants from
T cell activation assays for 2 hours at room temperature. After washing, biotinylated anti-
IL-2 (1:1000 dilution; Biolegend) was added for 1.5 hour at room temperature followed
by HRP-Avidin (1:1000 dilution; Biolegend) for 1 hour at room temperature. Plates were
developed using TMB substrate (Biolegend) and stopped with 2 N H2SO4. The optical
densities were determined at 450 nm using a microplate reader (Synergy H1, Bio-Tek).
Significance was determined using Student’s t test with p<0.05.

MHCII Binding Assays

Purified MHCII monomers (mouse allele I-A%) were graciously provided by the NIH

tetramer facility. Monomers came peptide loaded with a 3C protease cleavage site. This
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peptide was cleaved with 1 of 3C protease (Pierce™ HRV 3C Protease Solution Kit)
per 200pg monomer for 8 hours at room temperature. Cleaved monomer is then loaded
with desired peptide or glycoconjugate through a peptide exchange reaction. Peptide
exchange reaction use 200ug cleaved monomer with 270uM peptide (or glycan-peptide)
sample at pH5 in a citrate buffer. Samples for this experiment were OVAp, scrambled
OVAp, Nterm C/K OVAp, Cterm C/K OVAp, A326C/K, H328C/K, H331C/K, H331K-
Octa, H331K-Hexa, H331K-Tetra, H328K-Hexa, A326K-Octa, or A326K-Hexa.
Reactions were incubated for 5 days at room temperature. At the end of the incubation,
reactions were neutralized with 1M sodium phosphate buffer pH 7.5 and spun down at
max speed for 10 minutes to remove aggregates. Absorbance was measured at 280, all
samples except the scrambled OV A peptide reaction gave significant concentration
values. Binding was confirmed by isoelectric focusing (Novex™ pH 3-7 Protein IEF
gels). Gel was visualized using silver stain (Pierce™ Silver Stain Kit).

MHCII Tetramer Preparation and Staining

MHCII monomers exchanged with OVAp were used to make tetramers. Starting with
20pL of monomer, 6ul of Streptavidin-APC antibody (Biolegend) was added every 10
minutes until 60pL total antibody had been added. Since monomers are biotinylated
tetramers will form with the addition of streptavidin. To test if tetramers could bind/stain
live CD4+ T cells, full splenocytes were collected from WT or DO11.10 mice. Cells were
added as 5x10° cells/tube in supplemented RPMI media (Corning). Cells were plated in
duplicate and were incubated with no antigen or with tetramer for 3 hours at 37 degrees.

After washing all cells were stained with anti-mouse CD4 antibody (Biolegend) and
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analyzed in flow cytometry (CytoFLEX, Beckman Coulter). The extent of T cell bind by
tetramers was measured as percent of APC+ populations in CD4+ populations.

MHCII Tetramer Activation

To test if tetramers could activate T cells in vitro T cell stimulation was used. 96 well
plates (Thermo) were coated with no antigen or with tetramer at 2pug/mL. Full
splenocytes were collected from WT or DO11.10 mice and CD4+ T cells were isolated
using a negative selection CD4 enrichment kit (BD Biosciences). CD4+ T cells were
plated as 5x10* cells/well in supplemented RPMI (Corning) media and incubated for 48
hours at 37 degrees in 5% COx. Cells were collected, washed and stained with anti-mouse
CD4 (Biolegend) and anti-mouse CD25 (Biolegend). The extent of activation was
measured by percent CD25+ in CD4+ T cells in flow cytometry analysis (CytoFLEX,
Beckman Coulter). Live cells were gated as CD69+ in CD4+ populations. Basal growth
rate was determined from duplicate wells that contained full splenocytes without
coat/stimuli.

Molecular Dynamics

Crystal structure of MHCII in complex with ovalbumin peptide 323-339 (PDBID 11A0)
was used as a starting structure for all models (20). The structure was modified by adding
a neutral lysine residue at position indicated in Table 4.1 to match synthetic peptides.
FF12SB and GLYCAMO6 (J-1) force field were used to parameterize the systems
(21,22). Varying lengths of oligosaccharides were attached to the structure. The systems
were neutralized with counter ions and solvated with TIP3P in a rectangular box. Three
energy minimization steps were performed each with 5,000 steps steepest descent

followed by 20,000 steps of conjugate gradient methods. The three minimizations first
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restrained all atoms, second restrained the protein backbone and carbohydrate ring atoms
(if necessary) and the last left the system completely unrestrained. The system was heated
from 5 to 300K over a span of 100 picoseconds using Langevin thermostat under NVT
conditions. The MD simulations were performed under the same conditions as
equilibrium for 20 nanoseconds.
Binding Affinity Calculations
Computational binding affinities were calculated using 20,000 snapshots extracted evenly
from 20ns of MD simulations using a single trajectory method with the
MMPBSA.py.MPI module of AMBER (23). The net binding energies were calculated as
the difference between the energies of the complex minus the protein and ligand.
Results
OVAp and derivatives stimulated transgenic TCR

To elucidate the mechanism in which glycan-peptides bind with MHCII we
started with a model peptide OVAp 323-339. This is a well-known MHCII binding
peptide, with ample evidence showing it binding with mouse allele I-AY (20,24-26) and
evidence suggesting binding with human allele HLA-DR (13). The glycan-peptide
conjugates which will be utilized in this study require either a cysteine or lysine amino
acid residue to link with the oligosaccharide. To this end we modified the sequence of the
OVAp either at the N-terminus, C-terminus or positions 326, 328, or 331. A scrambled
version of the original OVAp was used as a negative control. The sequence of these
peptide can be seen in Table 4.1. To assess whether the modifications made to the
peptides alter their ability to stimulate T cells, we utilized the transgenic mouse line

DO011.10 in which TCRs are specific for the OVAp. Using splenic mononuclear cells in
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an invitro T cell assay we tested T cell activation via flow cytometry and IL-2 cytokine
production. As indicated by CD69+ cells in CD4+ populations, OVAp and derivatives all
significantly activated CD4+ T cells, while the scrambled peptide and no antigen controls
did not (Figure 4.1A,B). Similarly, all other peptides (OVAp and derivatives) produced
significant levels of IL-2 cytokine while the scrambled version of OVAp gave no
significant response comparable to the no antigen control (Figure 4.1C) indicating T cell
activation. This data demonstrates that while the scrambled version of OVAp acts as a
negative control all other OVAp derivatives have the ability to activate transgenic T cells
as well as the unmodified OVAp, showing these peptide derivatives are comparable to
OVAp as T cell epitopes.
Glycan-peptides inhibit T cell activation

With the production of a library of peptides we then attached different lengths of
oligosaccharides through the Lys or Cys residues as previously described in collaboration
with the Linhardt lab (17). This left us with an initial library of five peptides having
either a tetra, hexa or octasaccharide attached at differing locations to simulate glycan-
peptides which may be produced within the antigen presenting cell under endosomal
conditions. The CPS of type 3 Spn consists of repeating disaccharides of glucose (Glc)
and gluronic acid (GIcA). Therefore, the oligosaccharides used in this study are either
two (tetra), three (hexa) or four (octasaccharide) repeating units. In a Tcarb (carbohydrate
specific T cell) mediated immune response we hypothesize that the peptide of the glycan-
peptides binds with MHCII leaving the glycan exposed to be bound by the TCR.
Following this hypothesis, we used the transgenic mouse DO11.10 which should have an

inhibited T cell response if the TCR is binding glycan and not peptide. T cell activation
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was measured by CD69+ cells in CD4+ populations, all glycoconjugates had inhibited T
cell activation compared with peptide alone (Figure 4.2A,B). Similarly, as measured by
IL-2 cytokine production the unmodified OVAp gave a robust T cell response as
expected, but glycan-peptide conjugates gave no significant response (Figure 4.2C).
Taken together this suggests that the peptide specific transgenic TCR are binding with the
exposed oligosaccharide thus inhibiting their T cell activation as our hypothesis states.
Peptide and glycoconjugates bind with MHCI|I

It is possible that the inhibited T cell response observed from the glycoconjugates
could be due to their inability to bind with MHCII thus no antigen would be present for T
cell binding. Our hypothesis states that the peptide portion of the conjugate binds with
MHCII leaving the glycan exposed. Therefore, we first needed to test whether the
modifications we made to the OVAp derivatives affect the peptides ability to bind
MHCI|I. Using an isoelectric focusing gel we measured the peptides binding with MHCI|I.
Compared to OVAp all peptide derivatives bind with MHCII as indicated by the presence
of an intense band, although H328K peptide (lane 4) does give a lesser faint band (Figure
4.3A). However, due to data in Figure 4.1 we know that H328K peptide stimulates T
cells therefore must have the ability to bind MHCII. Contrary to this, the two negative
controls scrambled peptide and hexasaccharide show no significant binding with MHCII
as evidenced by the absence of a protein band (Figure 4.3A). It is known that empty
MHCII proteins are unstable and thus aggregate in solution (27), which explains why no
protein is present when peptides do not bind.

Evidence of a glycan-peptide binding with MHCI|I is evident not only by the

presence of a band, but additionally by a downward shift in protein location as the
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slightly negative charge of the glycan would shift the isoelectric point of the protein. The
glycoconjugates NtermC-tetrasaccharide (Figure 4.3B) and A326K-hexasacchardie
(Figure 4.3C) give evidence of binding with MHCII as judged by these two properties.
Importantly, both of these conjugates also inhibited DO11.10 T cell activation (Figure
4.2). Taken together these preliminary data suggest that a subset of the glycoconjugates
bind with MHCII and inhibit transgenic T cell activation supporting the Tcarb mediated
immune response hypothesis.
OVAp tetramers bind and activate T cells

MHCII tetramers are useful tools to bind and identify subsets of T cells. It is our
hope to use these tetramers to isolate the population of T cells that are specific to the
Pn3P carbohydrate. To optimize this protocol, we first generated tetramers that were
bound with the OVAp (Figure 4.4). To test the efficiency of the tetramers and confirm
the OV Ap is bound with the MHCII, we first performed an in vitro T cell assay using WT
mice or the transgenic DO11.10 mice. Isolated CD4+ T cells from each group were
incubated with either no antigen or the OVAp tetramers. Compared to the no antigen
control, the tetramers were able to significantly activate DO11.10 T cells (Figure
4.4A,B). Importantly, there was not a significant difference in activation between the no
antigen or tetramer incubated WT as these were naive mice never exposed to OVA
antigen (Figure 4.4A,B). Additionally, the positive control CD3 incubated cells in both
groups gave a robust positive response (Figure 4.4A,B). Next, we tested the tetramers
ability to bind a population of CD4+ T cells. Total splenic mononuclear cells were
harvested from either WT or DO11.10 mice and incubated with no antigen or OVAp

tetramers. Using flow cytometry, the tetramer bound CD4+ T cells were separated
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(tetramers are labeled with APC (what APC stands for)). This population would contain
CD4+ T cells that tetramers bound to. Compared to no antigen control, the tetramers were
able to bind a population of CD4+ T cells (Figure 4.4C,D). Importantly, the tetramers
were not able to bind a significant population of cells in WT mice (Figure 4.4C,D). At
this time, work is still in progress to produce tetramers bound with glycan-peptide.
However, this data suggests we are able to produce MHCII tetramers that both activate
and bind CD4+ T cells of a specified population.
MHCII binding glycan-peptides

To visualize the structure of MHCII binding with the peptide and glycan-peptides
we generated a model based on an existing crystal structure in collaboration with the
Woods lab. We used PBDID 11AO to model our OVAp and glycoconjugates into the
binding groove. Figure 4.5 depicts models of H331K-Tetra (Figure 4.5A) and Nterm-
Tetra (Figure 4.5B) glycoconjugates. As the model shows, both conjugates bind in the
MHCII binding groove and the peptide portion is what actually binds the MHCII groove
leaving the glycan exposed. Additionally, the attached oligosaccharides are positioned in
such a way they are exposed for potential TCR binding (Figure 4.5). To help understand
the binding requirements of MHCII with peptides and glycan-peptides we used MM-
GBSA analysis (Figure 4.6). This analysis is useful to estimate the free energy of binding
of small ligands, such as peptides, to their receptor (28). Figure 4.6A gives the binding
profile of OVAp with MHCII. Compared to that, there are slight differences in residues
contributing to binding of glycan-peptides with MHCII (Figure 4.6B). The more
negative the binding value the color of the residue will become more red as evidenced by

the scale below the figure. Additionally, the more negative value the more this amino
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acid contributes to binding the ligand. It appears that certain residues of MHCII
contribute more to binding the glycan-peptide than peptide alone. Indeed, there were five
amino acids in particular that contributed more to binding in the presence of a glycan
(Figure 4.6C). We compared binding energies of OVAp alone, Nterm-Tetra, Cterm-
Tetra, and H331K-Tetra glycoconjugates. 173, N63, and R77 contributed to binding in all
simulations; however, contributed more when a glycan was present. Further, residues
Y23 and L74 only contributed to binding when a glycan was present and not peptide
alone (Figure 4.6C). Taken together, these data suggest that there may be differences in
binding requirements between peptide and glycoconjugates, but that both bind MHCII.
Additionally, binding the glycoconjugates potentially positions the glycan in such a way
that it in exposed for TCR binding.
Discussion

The insight into the immune mechanisms of glycoconjugate vaccine immune
activation laid out in this chapter will aid in the design of novel knowledge based
vaccines. Recent studies have begun to shed light on this subject (13,16,18); however, the
structural requirements were still unclear. Herein we have reported evidence to strength
the existing working model of Tcarb mediated immune response. This data suggests that
the peptide portion of the glycoconjugate binds with MHCII protein leaving the attached
glycan exposed for recognition by a carbohydrate specific T cell as previously proposed.
While peptide alone is shown to bind MHCII, a hexasaccharide displayed no binding.
However, a glycan-peptide consisting of the same peptide and hexasaccharide covalently
linked together now binds MHCII. Further, the idea of T cells binding to carbohydrates

was further strengthened through the use of peptide specific transgenic mice. While
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peptide alone heavily activated these T cells as expected, glycoconjugates constructed
with the same peptide inhibited T cell activation proposing the T cell binds to glycan, not
peptide. With a greater understanding of the molecular mechanisms leading to antigen
processing and presentation of glycoconjugates to stimulate a carbohydrate specific T cell
response, we can begin applying this knowledge to vaccine design. A process which is
often empirically linking the two molecules (protein and carbohydrate) without
considering these mechanisms.

Further, the use of peptide based glycoconjugates in this study was not simply to
mimic endosomal conditions. Rather, a strategy based on logic and understanding of the
immune system to shift towards peptide based glycoconjugate vaccines. Indeed, several
studies have explored this avenue in vaccine design (13,29-35). These studies have
demonstrated that peptide vaccine candidates work as well as (36-38) or better than (13)
full protein vaccines. The peptide based glycoconjugates accurately recapitulates what is
processed in the endosome, therefore are the smallest units possible for MHCII binding.
This means these vaccine candidates are not likely to be further degraded once
administered, as traditional vaccines are, which could alter their immune activity. By
supplying the immune system with the requirements for MHCII and T cell binding, we
ensure that every epitope is utilized for a more robust T cell response.

For years, it has been thought that carbohydrates are T cell independent antigens.
However, we postulate that it is not the T cells inability to bind carbohydrate, but rather
the inability of MHCII to bind carbohydrates. Thus, MHCII is ill equipped to present
such a carbohydrate epitope to T cells without the covalent linkage of a peptide. Besides

the recent studies demonstrating a carbohydrate specific T cell response to challenge the
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idea of glycans being T cell independent (13,16,18), there is increasing evidence of the
immune system interacting with non-protein antigens such as carbohydrates. For
example, zwitterionic polysaccharides have been shown to activate T cells (39,40).
Glycolipids are presented to T cells by MHCI-like proteins CD1b and CD1d (41,42).
Lastly, glycopeptides have been shown to be presented to CD4+ and CD8+ T cells (43-
46). All these reports challenge the idea of carbohydrates being T cell independent
antigens and strengthens the idea of Tcarb mediated immune response explored in this
current study.

Despite the insights into molecular mechanism of glycoconjugate immune
activation presented in this study, work remains to be done. To fully understand the Tcarb
mediated immune response a thorough understanding of T cell receptor (TCR) binding is
also necessary. It is important to understand what drives T cell binding to carbohydrates
at the structural level of the TCR where there could be unique sequence changes allowing
for such binding. Further, to test these glycoconjugates as possible vaccine candidates it
is necessary to develop a larger library of possible epitopes. This requires moving away
from the model OVAp used in this study and towards clinically relevant peptides. Indeed,
this exact solution is explored in the next chapter. Once this library is constructed
immunizations to test vaccine efficacy are also essential. However, the work shown here
is a steppingstone towards future work into knowledge based glycoconjugate vaccines

and is invaluable to our understanding of the immune mechanisms.
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Table 4.1

Table 4.1: List of peptide derivatives use in the study. Modifications using either Cys

(C) or Lys (K) are shown in locations and depicted in bold.

Peptide Derivatives

OVAp

Nterm C/K

Cterm C/K

A326C/K

H328C/K

H331C/K

Scrambled OVAp

ISQAVHAAHAEINEAGR

C/KISQAVHAAHAEINEAGR

ISQAVHAAHAEINEAGRC/K

ISQC/KVHAAHAEINEAGR

ISQAVC/KAAHAEINEAGR

ISQAVHAAC/KAEINEAGR

AIGHASNEIQAVAEHAR
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Figure 4.1: T cell activation of peptides A) T cell proliferation measured using flow
cytometery gating percent CD69+ in CD4+ T cells. B) Quantification of flow cytometry
gating using duplicates. C) T cell activation of transgenic mouse line DO11.10 using

peptide derivatives as measured by IL-2 ELISA.
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Figure 4.2
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Figure 4.2: T cell activation of conjugates A) T cell proliferation measured using flow
cytometery gating percent CD69+ cells in CD4+ T cells. B) Quantification of flow
cytometry gating using duplicates C) T cell activation of transgenic mouse line DO11.10

using glycoconjugates as measured by IL-2 ELISA.
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Figure 4.3

Figure 4.3: MHCII binding of peptides and conjugates. Binding of A) peptides lanes:
1) OVAp 2) scrambled 3) H331K 4) H328K 5) A326K 6) Nterm-K 7) Cterm-K 8)
hexasaccharide; B) glycoconjugates lanes: 1) OVAp 2) scrambled 3) Nterm-C 4) Nterm-
C-Di 5) Nterm-C-Tetra; C) glycoconjugates lanes: 1) H331K-Octa 2) A326K-Octa 4)
H331K-Hexa 5) A326K-Hexa 6) H331K-Tetra to MHCII detected using IEF gel and

silver stain.

102



CD25

Figure 4.4
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Figure 4.4: OVA peptide MHCII tetramer staining of T cells. A) T cell staining from
T cell activation assay using WT or DO11.10 mice. Flow was gated as CD25+ in CD4+
cells. CD3 was used as a positive control. B) Quantification of flow cytometry gating
using duplicates C) APC labeled OVAp MHCII tetramers binding T cells using WT or
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depicted.
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Figure 4.5: Structure of MHCII bound with antigen. MHCII molecule (PDBID:
11A0) [reference 20] was modeled to bind A) H331K-Tetrasaccharide glycoconjugate B)

Nterm-K-Tetrasaccharide glycoconjugate
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Figure 4.6
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Figure 4.6: Binding requirements of peptide and conjugates. MHCII molecules
(PDBID: 11AQ) [reference 20] were modeled with A) OVAp or B) H331K-Tetra
glycoconjugate. MM-GBSA analysis was performed. MHCII residues contributing to
binding of the antigen are colored by degree to which they contribute (red- highest

binding, blue-lowest). C) Five residues were found to contribute more to binding when
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glycans were present than peptide binding alone. Green bar: H331K-Tetra, Red bar:

Nterm-K-Tetra, Blue bar: Cterm-K-Tetra, Purple bar: OVAp
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Abstract

In the preparation of glycoconjugate vaccines in clinical practice, two highly
immunogenic carrier proteins, CRM197 and tetanus toxoid (TT), are predominantly used
to glycoconjugate with the capsular polysaccharides (CPSs) of bacterial pathogens. In
addition, TT has long been used as an effective vaccine to prevent tetanus. While these
carrier proteins play an important role in immunogenicity and vaccine design alike, their
defined human major histocompatibility complex class Il (MHCII) T cell epitopes are
inadequately characterized. In this current work, we use mass spectrometry to identify the
peptides from these carrier proteins that are naturally processed and presented by human
B cells via MHCII pathway. The MHCII-presented peptides are screened for their T cell
stimulation using primary CD4+ T cells from four healthy adult donors. These combined
methods reveal a subset of eleven CD4+ T cell epitopes that proliferate and stimulate
human T cells with diverse MHCII allelic repertoire. Six of these peptides stand out as
potential immunodominant epitopes by responding in three or more donors. Additionally,
we provide evidence of these natural epitopes eliciting more significant T cell responses
in donors than previously published TT peptides selected from T cell epitope screening.
This study serves toward understanding carrier protein immune responses and thus
enables the use of these peptides in developing novel knowledge-based vaccines to

combat persisting problems in glycoconjugate vaccine design.

Introduction

The introduction of glycoconjugate vaccines to clinical practice in the late 80s has
led to great strides in combating infections against bacterial pathogens (1-4).

Glycoconjugate vaccines against a number of highly infective serotypes of S.
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pneumoniae, H. influenzae type b, and N. meningitidis are currently available (3). These
vaccines are composed of the bacterial capsular polysaccharide (CPS) covalently
conjugated to a carrier protein. The most common carrier proteins include tetanus toxoid
(TT) and a non-toxic mutant of diphtheria toxin, CRMu97 (1,3). Surprisingly, while these
carrier proteins play a prominent role in glycoconjugate vaccine design, the precise
nature of their major histocompatibility complex class 11 (MHCII) epitopes has not been
extensively studied.

Upon administration, vaccine components are endocytosed by antigen presenting
cells (APCs) processed into smaller peptide fragments that bind with MHCII (5,6). This
allows the processed peptide epitopes to be shuttled to the APCs surface to interact with
T cell receptors (TCR) of CD4+ helper T cells. Since glycoconjugate vaccines primarily
induce humoral immune responses, antigen presentation by B cells is essential for their
subsequent activation and differentiation into plasma cells (6,7). There are two working
models for how glycoconjugate vaccines induce CD4+ T cell stimulation. According to
the first model, when the polysaccharide portion of the glycoconjugate vaccine is not
fully degraded in the endolysosomes, a peptide-bound, processed carbohydrate T cell
epitope is presented on the surface of APCs (8-10). In the second model, the
polysaccharide portion of the glycoconjugate is fully degraded in the endolysosomes and
the free peptide is presented on the APCs surface (10). Both models require processing of
the carrier protein into MHCII-binding peptides with or without a covalently bound,
processed glycan for T cell presentation (11-13). This in turn stimulates the T cells to
help B cells produce high-affinity 1gG antibodies against the CPS (8). Thus, it is evident

that the immunogenicity of the given glycoconjugate vaccine is dependent upon the
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endosomal processing of glycoconjugate vaccine to yield peptide-containing epitopes that
bind to a wide variety of MHCII alleles for T cell stimulation (14). The trimolecular
complex, consisting of TCR, MHCII and the T cell epitope are crucial for B cell
activation and differentiation into plasma cells and therefore our understanding of the
adaptive, humoral immune responses elicited by glycoconjugate vaccines.

The intimate knowledge of the nature of the trimolecular complex can then be
exploited for the production of knowledge-based, new-generation glycoconjugate
vaccines. Due to their empirical design and synthesis, current glycoconjugate vaccines
have variable immunogenicity, especially in high-risk populations, such as elderly and
immunocompromised individuals (2,15). Carrier-specific suppression wherein antibody
response to the polysaccharide portion of the glycoconjugate vaccine can be inhibited due
to pre-existing immune response to the carrier protein from prior immunizations is also a
rising concern (16-19). Carrier-specific suppression may be contributing to lowered
immunogenicity and efficacy of glycoconjugate vaccines as continued exposure to the
same carrier proteins continues to rise with generation of new vaccines. Carrier-specific
suppression stems, in part, from the presence of carrier-specific B cells and suppressor T
cells (18). Therefore, one approach to eliminate this is the identification of immunogenic
peptide epitopes with T cell helper function as has been the focus of multiple studies (16-
18).

Importantly, the advantage of using immunogenic peptide epitopes as carriers for
glycoconjugate vaccines over the traditional carrier proteins has been demonstrated in
previous studies (8,19-28). For example, one study showed that the use of a peptide as a

carrier led to higher IgG titers against the polysaccharide and greater protection in a
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survival assay compared to a protein carrier (8). Another study performed the preclinical
evaluation of a colorectal cancer vaccine target utilizing the established PAn DR Epitope
(i.e., PADRE peptide) as the carrier (27). Most recently, a study showed that peptide as
carrier leads to reduced anti-carrier antibody titers compared to protein carrier, indicating
reduced carrier-specific suppression (28). These studies mark an important point in
understanding immune activation and mechanism behind glycoconjugate vaccines. Only
a very small subset of peptides generated from any protein carrier in the endolysosome
will bind to MHC. Implementing the use of MHCII-binding peptides as carriers will lead
to effective T cell mediated responses. To date, there have been a number of peptides
derived from carrier protein TT for this very task. Some of the more common, often
referred to as universal TT epitopes, are P2, P30, and P32 (14,18,29-34). Additionally, a
subset of peptides has been identified for CRM1g7, although research into T cell epitopes
of this carrier protein is less extensive (19-21,35,36). While the insights gleaned from
these works are significant and important, it remains that these peptides were identified
through indirect approaches; namely, prediction softwares or T cell screening of
overlapping synthetic peptides spanning the proteins.

In this study, we aimed to identify naturally processed and presented
immunogenic peptide epitopes derived from carrier proteins TT and CRM1g7, through
immunoprecipitation and mass spectrometry. The identified peptides were then probed
for T cell proliferation in four healthy adult donors primed with TT and CRM197. We
determine peptide epitopes for both carrier proteins, in addition to variants of previously
published peptides, which are capable of binding MHCII and stimulating human CD4+ T

cells. Additionally, we present evidence that these defined peptide epitopes discovered
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through natural MHCII presentation perform better in activating CD4+ T cells than
previously reported TT epitopes. This information will be valuable for generating
peptide-based carriers to be used in future vaccine design.

Material and Methods

Study Subjects

The studies described herein utilized human samples approved by the University of
Georgia Institutional Review Board as STUDY00005127. Four adult male donors from
Athens, GA USA who were vaccinated with PCV13 (Prevnar-13) less than one year prior
to their blood collection, and with verbally confirmed Tdap vaccination within the past 10
years were recruited to the University of Georgia Clinical and Translational Research
Unit. Participants provided written informed consent for participation in this study.
Peripheral blood mononuclear cells (PBMCs) were purified by Ficoll-gradient density
centrifugation and were used fresh in all assays.

Affinity Purification of MHCII Molecules

Approximately 5x10” human B lymphoblasts (Raji ATCC CCL-86) were incubated with
1 mg of carrier protein (CRM197 [Fina Biosolutions, LLC], Tetanus toxoid [TT], or TT
heavy chain [TTnc][ Fina Biosolutions, LLC]) in RPMI 1640 (Corning) medium
containing 2 g/L sodium bicarbonate, 2 mM L-glutamine, 1 mM sodium pyruvate, 1%
penicillin/streptomycin, and 10% heat inactivated FBS. Cells were incubated for 18 hrs at
37 degrees in 5% CO,. After incubation MHCII molecules were obtained via
immunoprecipitation after lysis of the cells in NP-40 buffer for 1 hour at room
temperature. The lysate was cleared by centrifugation at 15,000xg for 15 minutes. The

MHCII molecules were immunoprecipitated from the cleared lysate using 15 ng of each
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anti-human HLA-DR antibody (L243 Biolegend), HLA-DP antibody (BRAFB6 Santa
Cruz Biotechnology), or HLA-DQ antibody (B-K27 Santa Cruz Biotechnology) bound to
Protein A agarose beads (Sigma-Aldrich). The affinity column was washed with PBS
four times. The MHCII molecules were then eluted from the affinity column with 10%
acetic acid at room temperature for 3 minutes with 4 elution fractions collected. Eluted
MHCII proteins were evaluated for purity via mass spectrometry. Immunoprecipitation
for mass spectrometry analysis was performed three independent times to select the
peptide epitopes displayed here.

Separation of Peptides from MHCII Molecules

Eluted MHCII molecules were heated at 70 degrees for 10 minutes to denature MHCII
and release bound peptides. Peptides were separated out from denatured HLA protein
subunits by ultrafiltration using a 10 kDa cutoff membrane filter (Millipore) at 4000xg.
The filter was washed two times using deionized water before loading samples.
Recovered peptides in the filtrate were dried down and resuspended in 8M urea in 50 mM
ammonium bicarbonate before sonication. Samples were desalted prior to mass
spectrometry analysis with ZipTip C-18 columns per product protocol (Millipore). The
eluted peptides were diluted to 10% acetonitrile with 0.1% formic acid and spun through
a 0.2 uM nylon centrifugal filter (VWR) at 1000xg to remove any precipitants. The
retentate fraction containing denatured HLA proteins was dried down and resuspended in
8M urea in 50 mM ammonium bicarbonate containing 10 mM TCEP. Samples were
treated with 10 mM iodoacetamide and sonicated. Trypsin (250ng) was added and the
samples were incubated overnight at 37 °C. The resulting peptides were desalted on

ZipTips as described above.
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Analysis by Mass Spectrometry

The samples were injected onto a PepMap RSLC C18 column (Thermo Scientific) with
an Easy nano HPLC coupled to a Q-Exactive Plus mass spectrometry system (Thermo
Scientific) at a flow rate of 300 nl/min with a 25 min 0-40% acetonitrile gradient in 0.1%
formic acid followed by a 3 min gradient to 80% acetonitrile. Spectra were recorded with
a resolution of 35,000 in the positive polarity mode over the range of m/z 350-2,000 and
an automatic gain control target value was 1x10°. The 10 most prominent precursor ions
in each full scan were isolated for higher energy collisional dissociation-tandem mass
spectrometry (HCD-MS/MS) fragmentation with normalized collision energy of 35%, an
automatic gain control target of 2x10°, an isolation window of m/z 3.0, dynamic
exclusion enabled, and fragment resolution of 17,500.

Database Search

Targeted searches against tetanus toxin protein (Uniprot P04958) and diphtheria toxin
protein (Uniprot Q6NK15) were performed by Byonic v (Protein Metrics) software. Non-
specific cleavage was selected with a parent ion mass error of 10 ppm and MS2 ion mass
error of 20 ppm. Peptides identified after 2% False Discovery Rate were manually
evaluated. Byonic scores for positive identifications were greater than 50 but under 100,
so spectra with discernable isotopic distributions and few MS2 contaminants were
considered. Proteome Discoverer 2.1 was used for Sequest searches against the human
proteome (UniProt ID UP000005640) to identify MHCII molecules in retentate fractions.
Synthesis of Discovered Peptides

We synthesized 11 peptides that were observed through mass spectrometry analysis.

Peptides were derived from either CRM197 or tetanus toxoid (TT) proteins. Additionally,
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we synthesized two known CD4+ cell epitopes of TT, P2 and P32. Sequences and protein
positions of peptides can be found in Table 1. All couplings for peptides were carried out
on an automated microwave-assisted solid-phase peptide synthesizer (CEM Corp. Liberty
microwave synthesizer) using the standard protocols in the instrument software. Peptides
were synthesized on Rink amide resin (0.6 meg/g; Novabiochem) via NR-N-(9-
fluorenyl)methoxycarbonyl (Fmoc) approach in the primary solvent N,N-
dimethylformamide (DMF). 20% 4-methylpiperidine in DMF was used for Fmoc
removal. 2-(1H-Benzotriazole-1-yl)-oxy-1,1,3,3-tetramethyluronium
hexafluorophosphate/1-hydroxybenzotriazole in the presence of N,N-
diisopropylethylamine (DIPEA) were used as the coupling reagents. Peptides were
cleaved from the resin through TFA/triisopropylsilane/H20 (95:2.5:2.5) cocktail for ~2
hours. The cleavage cocktail was added dropwise through a filter to cold ether to
precipitate the crude peptide and centrifuged to remove the ether supernatant. Purity was
verified by analytical HPLC and MALDI-TOF MS (data not shown).

ELISA of Donor Serum

Anti-carrier protein 1gG titers were determined using enzyme-linked immunosorbent
assay (ELISA). Briefly, 96-well plates (Costar) were coated in duplicate overnight with 2
ug/mL protein (CRMzig7, TTm, TThe, Or BSA as negative control). Wells were blocked
with 1% BSA in PBS and washed with 0.05% PBS-Tween (PBST) all subsequent washes
were the same. Serial dilutions of donor serum starting at 1:200 was added to wells for 2
hours at room temperature and washed. Total IgG titers were detected by HRP
conjugated anti-human IgG (Santa Cruz Biotechnology) (1:2000 dilution) added to wells

for 2 hours at room temperature. After washing, plates were developed using 3,3',5,5
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tetramethyl benzidine (TMB) substrate (Biolegend) and stopped with 2 N H2SO4. The
optical densities were determined at 450 nm using a microplate reader (Synergy H1, Bio-
Tek). Serum titers were determined at OD 0.5 and significance determined using 2-tailed
Student’s t test with p<0.05.

T cell Proliferation

PBMCs were collected freshly from healthy donors and separated using Ficoll extraction.
The culture medium for the PBMCs was RPMI 1640 (Corning) supplemented with 2 g/L
sodium bicarbonate, 50 uM 2-mercaptoethanol, 2 mM L-glutamine, 1 mM sodium
pyruvate, 1% nonessential amino acids, 1% penicillin/streptomycin, and 10% heat
inactivated FBS. CD4+ T cells were separated out from PBMCs using a negative
selection CD4 enrichment kit (BD Biosciences) and stained with 2 uM
carboxyfluorescein diacetate succinimidyl ester (CFSE) (37). CD4- depleted PBMCs
were treated with mitomycin-C at 25 ug/mL. Proliferation assays were performed with
CFSE stained CD4+ T cells using 10° cells/well and mitomycin-C treated PBMCs (2x10°
cells/well) as APCs. Cells were plated in quadruplicate per antigen in 200 uL
supplemented RPMI in 96-well flat bottom plate. Cells were stimulated with 2.5 ng/mL
IL-2 and each of the following antigens at 50 ug/ml: CRM197 protein (Fina Biosolutions,
LLC), TThc protein (Fina Biosolutions, LLC), TTm, P2, P32, TTgs-107, TTes0-667, T T826-837,
TT1093-1102, TT1169-1179, T T1222-1236, T T1228-1239, CRM26-39, CRMs7-97, CRM299-312, and
CRMa42s.440. After 72 hours cells were supplemented with 2.5 ng/mL IL-2 and 50 pg/ml
antigen in 50 pL supplemented RPMI media. Cells were harvested after 6 days for
proliferation assessment. The extent of proliferation was measured by CFSE depletion

among CD4+ T cells using anti-human CD4 antibody (Biolegend) in flow cytometry
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analysis (CytoFLEX, Beckman Coulter). Proliferating cells were gated as CFSE- in
CD4+ populations. Basal growth rate was determined from quadruplicate wells that
contained CD4+ cell enriched PBMCs without stimuli.

MHCII Binding Assays

MHCII binding was assessed using an ELISA based assay as previously described (38).
Approximately 1x107 Raji cells or MHCII-deficient Raji derived RJ2.2.5 cells were
plated per well in 3mL supplemented RPMI medium in a 6-well plate. Cells were
incubated with 100 pg of biotinylated peptides (CRM2g9-312 Or TT1093-1102) in RPMI 1640
(Corning) medium containing 2 mM L-glutamine, 1% penicillin/streptomycin, and 10%
heat inactivated FBS. After 18hrs incubation at 37 degrees, cells were lysed in NP-40
buffer for 1 hour at room temperature. The lysate was cleared by centrifugation at
15,000xg for 15 minutes. ELISA assay was performed to detect the presence of MHCII
bound biotinylated peptides. Briefly, 96-well plates (Costar) were coated in duplicate
overnight with 5 pg/mL L243 anti-HLA-DR (Biolegend). Wells were blocked with 1%
BSA in PBS and washed with 0.05% PBS-Tween (PBST). Whole cell lysates were
incubated for 1 hour at room temperature. Presence of MHCII bound biotinylated peptide
was detected by adding HRP conjugated Avidin (Biolegend) (1:1000 dilution) for 1 hour
at room temperature. After washing, plates were developed using TMB (Biolegend) and
stopped with 2 N H2SO4. The optical densities were determined at 450 nm using a
microplate reader (Synergy H1, Bio-Tek). Significance was determined using 2-tailed
Student’s t test with p<0.05 comparing no antigen negative control wells to experimental

cell groups incubated with biotinylated peptides.
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IFN- y Cytokine ELISA

Cytokine production from T cell stimulation was determined by ELISA. 96-well plates
(Costar) were coated overnight with anti-IFN-y antibody (1:200 dilution; Biolegend) and
blocked with 1% BSA in PBS. Plates were washed with 0.05% PBST, all subsequent
washes were the same. After washing, wells were incubated with cell supernatants from
T cell assays for 2 hours at room temperature. After washing, biotinylated anti-1FN-y
(2:200 dilution; Biolegend) was added for 1 hour at room temperature followed by HRP-
Avidin (1:1000 dilution; Biolegend) for 30 minutes at room temperature. Plates were
developed using TMB substrate (Biolegend) and stopped with 2 N H2SO4. The optical
densities were determined at 450 nm using a microplate reader (Synergy H1, Bio-Tek).
Significance was determined using Student’s t test with p<0.05.

HLA Locus Genotyping of Donors

HLA typing of each donor was performed by CD Genomics. Alleles of DPA1, DPB1,
DQAL, DQB1, DRB1, and DR345 locus were genotyped for each donor.

Results

Immunoprecipitation to pulldown peptide-loaded MHCII proteins

To identify peptides generated through processing of CRM1g7, TTm, or TThe by
human APCs and presented by MHCII, we adapted a previously described method of
immunoprecipitation (IP) and mass spectrometry (39) (Figure 5.1). We utilized a human
B cell lymphoblast line, Raji cells (ATCC CCL-86) as APCs and incubated with either
CRMug7, TTm, or TThe. The use of two TT proteins, TTm (full protein:light chain and
heavy chain) and TT heavy chain (TTnc) was to assess if T cell epitopes existed in the

light chain of the protein as the majority of reported T cell epitopes are in the heavy chain
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(40). Raji cells are known to express multiple alleles of -DRB1 and B3, -DPB1, and -
DQAL and B1 (41). To observe a full spectrum of peptides presented via Raji MHCII
proteins, we used antibodies against all three isotypes of MHCII, HLA-DR -DP and -DQ
(Figure 5.1). Mass spectrometry analysis of the retentate revealed that we were able to
successfully pull down each isotype of MHCII protein selectively with little cross
contamination between isotypes (Figure 5.2). Elution fractions were heated to dissociate
the MHCII protein into releasing the bound peptides, which were then separated using
ultrafiltration. Importantly, mass spectrometry confirmed the presence of MHCII in the
cutoff column retentate and absence in the filtrate, which contained the eluted peptides
(data not shown). Taken together, these results indicate the IP protocol is efficiently
pulling down each isotype of MHCII proteins with few contaminants or isotype
Crossover.
Mass spectrometry analysis reveals a subset of new MHCII binding peptides

To determine the identity of the eluted peptides from each MHCII IP, we used
LC-MS/MS (Figure 5.1). Mass spectral analysis of eluted peptide pools revealed a set of
eleven MHCII binding peptides from either TT or CRMug7 of varying lengths naturally
presented via MHCII from human B cells (Table 5.1). The majority of peptides were
discovered through HLA-DR IP. Four peptides were isolated from HLA-DQ IP, and only
one from HLA-DP IP. Three of the peptides were observed in IP with multiple alleles
(Table 5.1). We found the average length of peptide epitopes from TT processing and
presentation to be 12 residues, with peptides ranging from 8-15 residues. Peptides found
for CRMag7, on the other hand, had an average length of 14 residues, ranging from 11-16

amino acids (Table 5.1). We found two peptides (T Ts2e-g37 and T T11e0-1179) that shared
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overlapping sequences with known TT peptides P2 (QYIKANSKFIGITEL) and P32
(LKFIIKRYTPNNEIDS) respectively (14). TTagze-837 Shares 8 amino acid residues with
P2 at the N-terminus of P2. Similarly, TT11e9-1179 Shares 7 residues with P32 at the N-
terminus of P32. Additionally, we observed one peptide from the TT light chain TTgs-107.
Human donors have 1gG titers against CRMig7 and TT

To determine if these identified peptides were able to stimulate antigen-specific T
cell response in a physiological scenario, human PBMCs were utilized. We first screened
human sera for reactivity to both carrier proteins used in this study to confirm that each
donor had existing IgG titers, therefore responsive B and T cells. Donors were previously
immunized with both PCV13 and Tdap. Serum titers against each carrier protein and a
negative control of BSA were determined using ELISA (Figure 5.3). Serum IgG titers
against carrier proteins were significantly higher than negative control BSA for all donors
(Figure 5.3). The variability in serum titers, particularly for TT proteins compared to
CRMa1g7, most likely results from timing of vaccination for donors. Donors received
PCV13 in the preceding months before this study, but the time of vaccination for Tdap
was as early as 10 years prior to the study. These results indicate that the selected donors
had significant 1gG titers against all three carrier proteins and would be sufficient to study
T cell response against identified peptides.
Identified peptides are able to stimulate donor CD4+ T cell response

Next, we assessed the ability of the newly identified CRM197 and TT peptides to
stimulate CD4+ T cells. For this purpose, we used CD4+ enriched donor PBMCs and
monitored percent of CFSE depletion in CD4+ T cells after 6 days of incubation with

each peptide. We observed that each donor responded to one or more of the identified
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peptides as well as the full carrier proteins (Table 5.2). Donor 1 displayed increased
proliferation to peptides TT11e0-1170 (P32-like peptide), TT1222-1236, CRM26-39, and CRM2go-
312 (Figure 5.4b). Several other peptides showed slight increase compared to the basal
growth rate but were not significant. Interestingly, Donor 1 did not show increased
proliferation to previously described TT peptides P2 or P32 (Figure 5.4b). Donor 2 had
increased proliferation compared to basal growth for peptides P32, TTos-107, T T1169-1179,
TT1222-1235, CRM299.312, and CRMazs.440 (Figure 5.4c). Donor 2 did not show significant
proliferation of the TT peptide P2. Additionally, slight proliferative increases were seen
in TT1o93-1102and in CRMg7.97, but they were not significant compared to basal growth
rate (Figure 5.4c). Donors 3 and 4 showed broad significant T cell proliferation
compared to basal growth rate for all identified peptides except two TT peptides each
(Table 5.2, Figure 5.4a, d, e). Donor 3 had no significant response to peptides TTg26-837
and TT1222-1236, While Donor 4 had no response to peptides TTgs-s37 and TT1169-1170.
Notably, one peptide, CRM299.312, gave a positive response in all four donors, while
peptides CRMazs.440, CRM26.39, T To4-107, T T1222-1236, aNd TT1169-1179 (P32-like peptide)
gave positive response in three out of the four donors. Taken together, these results
suggest each identified peptide has the capability of proliferating donor CD4+ T cells and
six of the peptides responded in three or more donors.

To examine the ability of the identified peptides to stimulate the production of
cytokine IFN-y by T cell, we tested cell supernatants via ELISA (Figure 5.5). Culture
supernatants from CD4+ T cell enriched donor PBMCs were stimulated with full carrier

proteins or identified peptides and screened for IFN-y production after 6 days. Each

identified peptide, and carrier protein, was capable of stimulating IFN-y production in
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one or more donors (Table 5.2). As expected, the results for IFN-y screening closely
matched results from the proliferation assay with few discrepancies. Donor 1 had
significant levels of IFN-y response to TTes0-667, T T1093-1102, and CRM peptides 26-39, 87-
97, and 299-312 (Figure 5.5a). Donor 2 displayed significant production of IFN-y for
eight identified peptides, TTos-107, TT1093-1102, T T1169-1179, T T1222-1235, CRM26-39, CRMag7-97,
CRM2g99.312, and CRMazs.440 (Figure 5.5b). Donor 3 had significant IFN-y production
towards each peptide except two (Figure 5.5c). Likewise, Donor 4 had significant IFN-y
production in response to every peptide except two (Figure 5.5d). Overall, eight peptides
were able to produce significant levels of IFN-y in at least three donors: TToa-107, T Teeo-
667, T T1003-1102, T T1160-1179 (P32-like peptide), CRM26.39, CRMg7-97, CRM299.312, and
CRM425-440.
Identified peptides bind to MHCII

To corroborate immunoprecipitation data on MHCII binding, we performed an
ELISA-based in vitro binding assay (Figure 5.6) adopting a previously described method
(38). One peptide from each TT and CRM subsets was selected and biotinylated for
MHCII binding evaluation based on their significant T cell activity (Table 5.2, Figures
5.4 and 5.5). Biotinylated peptides were incubated with Raji B cells or MHCII-deficient,
Raji-derived RJ2.2.5 B cells and binding was assessed. MHCII-bound biotinylated
peptides were pulled down together with MHCII molecules and detected by Avidin-HRP.
Compared to no antigen control, both peptides showed a significant binding to MHCII
(Figure 5.6a). Importantly, RJ2.2.5 cells were used as a control of MHCII binding as
these B cells lack MHCII expression (Figure 5.6b). There was no detection of

biotinylated peptides bound with MHCII compared to the no antigen negative control
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when incubated with RJ2.2.5 cells, suggesting a lack of MHCII binding and presentation.
Taken together this data further supports that selected peptides bind to MHCII and these
peptides are processed and presented via MHCII in APCs to stimulate T cell response.
Donors have unique subset of class 1l alleles

We hypothesize that donors respond to different peptides due to their distinct
HLA allele expression. To reveal the correlations, we assessed the class 11 genotype of
each donor (Table 5.3). In brief, individual donor DNA was isolated and HLA gene
capture was performed. After library construction deep sequencing was completed to
determine HLA alleles at loci DPA1, DPB1, DQAL, DQB1, DRB1, and DR345 for each
donor. Each donor has two alleles per loci with resolution to six digits (Table 5.3).
However, Donors 1 and 3 only had a single allele for loci DR345 (Table 5.3), as not
every individual possess the DRB3 loci (7).

As expected, three donors were heterozygous for each loci alleles, with the
exception of DPA1 (Table 5.3). This is most likely due to the low polymorphism of the
DPAZ1 loci (7). All four donors are homozygous and express the allele DPA1*01:03:01,
which is the most dominant allele in the United States populations (42).

Next, we established which alleles were shared between donors and how this
correlates with positively responding peptides (Figure 5.7). Interestingly, all four donors
express at least one allele of DPA1*01:03 and DPB1*04:01 (Figure 5.7a, Table 5.3).
CRM299-312 Was the only peptide pulled down in the HLA-DP specific
immunoprecipitation and it gave a positive T cell proliferative response in all four donors
as determined by CFSE depletion (Figure 5.7a). In looking at the HLA-DQ alleles for

each donor, there was no single allele shared between all; however, Donors 1 and 3 share
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two alleles, while Donors 3 and 4 share one (Figure 5.7b). There were four peptides
pulled down in the -DQ IP, TT1093-1102, T T1228-1239, CRM299.312, and CRMa25.440. Both TT
peptides gave positive response in Donors 3 and 4, while CRMaso.465 gave response in
Donors 2,3, and 4 and CRMagg9-312 in all four donors (Figure 5.7b). Unsurprisingly, there
was little overlap between donors and alleles of DRB1 and DRB345. HLA-DR loci have
one of the highest levels of polymorphism with hundreds of alleles present in the
population (43). However, Donors 1 and 3 share allele DRB1*01:01 (Figure 5.7c). There
were nine identified peptides that gave positive response in two or more donors pulled
down from the -DR IP (T Ts2e-837 Was also identified through this IP but failed to give
significant response in more than one donor). Peptides TTeeo-667, T T1093-1102, ahd CRMgr-
97 gave significant response in Donors 3 and 4 (Figure 5.7c). Peptides, TTos-107, TT1160-
1179, T T1222-1236, CRM26-39, and CRMua25.440 gave significant response in three donors each.
Peptide CRM299.312 Was also identified through the -DR IP, much like -DP and -DQ, and
gave a significant response in all four donors (Figure 5.7¢). Taken together, we have
identified a subset of peptides that give significant T cell response in multiple donors that
have different MHC class 11 genotypes, and that donors have different alleles from Raji B
cells which were first used to identify peptides. This suggests possible immunodominant
roles for these peptides in immune presentation and may have implications for rational
vaccine design.
Discussion

Past reports have shed light on T cell epitopes of carrier proteins CRM1g7 and TT
through bioinformatics or T cell screening of synthetic peptides spanning the proteins

(14,18,21,29-36). This study sought to explore the epitopes that are naturally processed
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by human B cells and presented via MHCII when exposed to the common glycoconjugate
vaccine carrier proteins CRM1o7 and tetanus toxoid. Herein, we define a set of eleven
CDA4+ T cell epitopes for TT or CRM1¢7 proteins utilizing mass spectrometry of MHCI|I
presented peptides. To our best knowledge, none of these peptides have been reported
previously with the specific amino acid sequences observed here. However, it is
important to note that peptide epitopes described here share overlapping sequences in
various degrees with epitopes reported on the Immune Epitope Database and Analysis
Resource (IEDB). Each of the eleven peptides is capable of stimulating CD4+ T cells in
at least one donor, with six peptides stimulating T cells in three or more donors,
suggesting an immunodominant role for these epitopes. In support of this, all four donors
have different class Il genotypes from each other as well as from the Raji cell line
originally used to identify the peptides demonstrating these peptides are associated with
multiple alleles of MHCII. Based on a recently published study analyzing HLA-DR and
DQ alleles in US population, one or more MHCI|I alleles in all four donors are identified
as top 10 most common alleles in the United States population across ethnicities (44).
Additionally, every allele (DRB1, DQB1 and DPBL1) in all donors and Raji cell line are
considered a common allele as described by the Common and Well-Documented (CWD)
alleles catalogue (42,45,46). This allelic information paired with our donor T cell data
suggests these identified peptides could bind MHCII in a large subset of the population,
making them ideal vaccine components.

A subset of the observed peptides did not show significant response, either
through proliferation or IFNy secretion, in one or more donors. There could be a few

explanations concerning this. First, it is possible that a negative response could be due to
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a low frequency of responding cells. Since peptides were probed with total CD4+ T cells
and not TT or CRM specific T cells alone, wells could have contained a lower frequency
of carrier protein specific CD4+ T cells leading to a lower response. Second, the timing
of Tdap for donors could play a role in T cell responses against TT. Verbal confirmation
of Tdap was received from donors which was further tested by IgG titers against each
carrier protein. While each donor displayed titers to both TT and CRM carrier proteins, it
remains that the time since vaccination could cause variation in the observed results. For
example, donor 1 displays relatively low levels of IgG against TT suggesting time of
vaccination was years prior. Would a booster of the Tdap vaccine increase TT IgG titers
in this donor and change the observed results? Lastly, there has been increased interest in
the role that biological sex has on vaccine efficacy (47-49). Studies suggest that females
tend to display greater vaccine efficacy and higher antibody titers post vaccination (47-
49). In this current study all human donors were male which may affect the responses we
observed here. However, it is encouraging that all peptides gave a positive response in
one or more donors given that research suggest males may have lower vaccine efficacy.
This further suggests these peptides would be ideal vaccine components. In any
vaccination strategy or study the importance of biological sex, age, and vaccine
components should be considered.

Interestingly, we observed no significant response against the previously
published TT epitopes P2 and P32 in one or more donors. This is consistent with a recent
study on T cell responses to TT (34) wherein researchers show no significant responses to

TT epitope P2. Having this observation in multiple studies necessitates a direct
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methodology that follows natural MHCII pathway to define T cell epitopes as laid out in
this study.

During our MS analysis of the MHCII presented peptides, no proteases were
utilized prior to MS to capture the full length and sequence of the MHCII bound peptides.
Discovery of two peptides that overlap slightly with P2 and P32 with different N-terminal
residues demonstrate that identification of naturally processed peptides can be preferable
to alternative screening approaches. Thus, characterizing epitopes isolated from MHCII
pathway could yield new immunodominant peptides. These findings may also suggest
that MHCII proteins may prefer different binding registers than what has been previously
described. Indeed, a number of reports have shown the ability of MHCII proteins to bind
well-known MHCII epitope OV As23.339 in distinct registers (50,51). These studies
indicate that MHCI|I proteins are capable of binding the same peptide in different ways,
suggesting why we observed similar, yet distinct peptides from what has been described.
This also suggests that previously published peptides identified through use of
overlapping synthetic peptides spanning the complete protein sequence or peptides found
through prediction algorithms may not be: 1) what MHCII preferentially binds to and 2)
the most effective approach for identifying naturally presented immunogenic peptides.

Recently, there has been a shift towards utilizing immunogenic peptides as
carriers for vaccine candidates over the full-length carrier proteins. Several past studies
have explored this idea (8,18,22-24,26-28) and shown that the candidates work as well
(19-21), or better than traditional carrier protein vaccines (8). Importantly, this shift is not
just a current trend, but rather based on logic and our knowledge of the immune system.

After processing in the endolysosome of the APCs, proteins are broken into fragments
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with only a small subset of these fragments capable of MHCII binding. By supplying the
immune system with the exact epitopes necessary for presentation we can ensure every
epitope is utilized to enrich for a more robust T cell mediated response. Additionally, the
use of these peptide constructs for vaccine candidates accurately recapitulates what is
occurring in the endolysosome. Furthermore, these peptides are the smallest units
possible for MHC binding and are not likely degraded further, which may alter their
immune activity.

Discovering a repertoire of MHCII-binding peptides derived from multiple carrier
proteins is critical since most peptides by themselves are limited in their MHCII allelic
coverage. Therefore, a number of strategies have been proposed and studied to overcome
this limitation. Studies have been done on linking strings of MHCII promiscuous peptides
together (19,20,25), utilizing liposomes (52), nanoparticles (53), and more. These studies
show the feasibility and future direction of utilizing peptide epitopes for the generation of
glycoconjugate vaccines over full-length carrier proteins. Moreover, shifting towards
immunogenic peptide epitopes allows for more robust and cost-effective means of
vaccine production as peptides can be produced on a larger scale, high yield, and at low
cost. The knowledge gained from this work will aid in defining these MHCII binding
peptides to be used in the production of knowledge-based, structurally-defined next

generation vaccines.
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Figure 5.1

1. MHCII enrichment
» Raji B cells treated with carrier protein samples
{Either m: :\I:I\J"IC, or CRMlB?)

» MHCII isolated by immunoprecipitation (using L243 —
DR, BRAFB6 —DP, B-K27 —DQ)

2. Presented peptide isolation
» Peptide release from MHCII by heating in
acidic conditions

» Peptide separated from protein by
ultrafiltration using 10kD cutoff column

» C-18 column to clean up peptide samples

3. Peptide Identification
» LC-MS/MS analysis of peptide pool

Figure 5.1: Schematic representation of experimental design to identify peptides
presented on differing isotypes of MHCII molecules on human B cells after treatment
with common carrier proteins used in vaccine design (CRM1g7 and tetanus toxoid [TT]).

Diagram shows steps from cell treatment through peptide identification.
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Figure 5.2
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Figure 5.2: Mass spectral analysis of immunoprecipitation products. Identified
MHCII proteins in bead bound product from each immunoprecipitated isotype compared
via number of peptide spectral matches (PSMs). The data represents the average of

number of PSMs from three biological replicates. The error bars are standard deviation.
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Table 5.1: List of peptides identified through LC-MS/MS analysis of MHCI I

Table 5.1

immunoprecipitation. Table lists the peptide sequences identified from B cells treated

with carrier protein and the amino acid residues at which they occur, the MHCII isotype

used for their pulldown, and the calculated and observed parent ion masses (all masses

converted to singly charged M+H™ m/z) from mass spectra.

Peptide Sequence Observed in Isotypes Parent lon [M+H]" Predicted |[M+H|*
TTgq1i7 LFNRIKNNVAGEAL DR 1558.881 1558.870
TTg60-667 NFIGALET DR 864.454 864.446
TTga5.837 NILMQYIKANSK DR 1294.704 1294.682
TTyo93.1102 CKALNPKEIE DR, DQ 1144.596 1144.603
TTies 117 LYNGLKFIIKR DR 1364.850 1364.841
TTy222.1296 DRILRVGYNAPGIPL DR 1653.943 1653.943
TTyas 1399 GYNAPGIPLYKK DO 1320.733 1320.731
CRMyg 39 GYVDSIQKGIQKPK DR 1560,873 1560.874
CRMg7 a7 GLTKVLALKVD DR 1156.723 1156.730
CRM g5 312 KTTAALSILPGIGS DR, DP, DQ 1328.778 1328.787
CRM 35 440 TPLPIAGVLLPTIPGK DR, DQ 1586.984 1586988
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Figure 5.3
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Figure 5.3: Serum IgG titers of four human donors. Serum titers are for three carrier

proteins CRMzg7, TTm, and TThe. BSA was used as a negative control. A) Donor 1 B)

Donor 2 C) Donor 3 D) Donor 4 serum titers were determined at OD 0.5. Significance

was determined using Student’s t test with p<0.05
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Table 5.2
Table 5.2: List of peptides that gave a positive response in at least one donor. Results
are shown for CFSE staining and IFN-y ELISA per donor. Significance was determined
using student’s t test and is given as * p<0.05 **p<0.005 ***p<0.0005. Boxes are color

coded based on significance value as pale green (*), light green (**), and dark green

(***).
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Figure 5.4
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Figure 5.4: Proliferation of CD4+ enriched PBMCs from four donors. A) Donor 4
gating of CD4+ cells with CFSE- populations squared off. CFSE responsive peptide
stimulations are bold. TTn is shown as positive control and medium as negative. %
CFSE- in CD4+ for B) Donor 1 C) Donor 2 D) Donor 3 and E) Donor 4. PBMCs were
enriched for CD4+ T cells and APCs then incubated with respective antigen
supplemented with IL-2. Proliferation was measured by gating CD4+ T cells and
measuring percent of CFSE- in CD4+ populations. Student’s t test was performed for

statistical value with p<0.05.
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Figure 5.5: IFN-y cytokine secretion of human PBMCs from four donors. A) Donor 1
B) Donor 2 C) Donor 3 D) Donor 4. PBMCs were enriched for CD4+ T cells and APCs
then incubated with respective antigen supplemented with IL-2. Cytokine secretion was
measured using ELISA assay and output was converted to product formed in pg/mL

using IFN-y human standards. Student’s t test was performed for statistical value against

media blank with p<0.05.
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Figure 5.6
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Figure 5.6: MHCII presentation of peptides for T cell recognition. A) Raji B or B)
RJ2.2.5 cells were incubated with biotinylated peptides. Whole cell lysates were
incubated on L243 anti-HLA-DR (Biolegend) coated ELISA plates and binding to

MHCII was measured by Avidin-HRP.
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Figure 5.7
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Figure 7: Three tier comparison of the class 11 alleles expressed in each donor for
each isotype of MHCII and the peptides presented by that isotype. Venn diagram
depicts comparison of class Il alleles expressed in each donor for A) DP, B) DQ and C)
DR isotypes of MHCII. The outer colored lines represent the peptides that were identified
via mass spectrometry for that isotype of MHCII. These lines surround the donors which

had a positive T cell proliferative response (as determined by CFSE staining).
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CHAPTER 6
CHARACTERIZATION OF THE B-GLUCURONIDASE PN3PASE AS THE

FOUNDING MEMBER OF GLYCOSIDE HYDROLASE FAMILY GHxxx

Paeton L Wantuch, Satya Jella, Jeremy A Duke, Jarrod J Mousa, Bernard Henrissat,
John N Glushka and Fikri Y Avci. Accepted: Glycobiology 2020. Reprinted here with

permission of publisher.
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Abstract

Paenibacillus sp. 32352 is a soil-dwelling bacterium capable of producing an enzyme,
Pn3Pase that degrades the capsular polysaccharide of Streptococcus pneumoniae serotype
3 (Pn3P). Recent reports on Pn3Pase have demonstrated its initial characterization and
potential for protection against highly virulent S. pneumoniae serotype 3 infections.

Initial experiments revealed this enzyme functions as an exo-p1,4-glucuronidase cleaving
the B(1,4) linkage between glucuronic acid and glucose. However, the catalytic
mechanism of this enzyme is still unknown. Here, we report the detailed biochemical
analysis of Pn3Pase. Pn3Pase shows no significant sequence similarity to known
glycoside hydrolase families, thus this novel enzyme establishes a new carbohydrate-
active enzyme (CAZy) glycoside hydrolase family. Site directed mutagenesis studies
revealed two catalytic residues along with truncation mutants defining essential domains
for function. Pn3Pase and its mutants were screened for activity, substrate binding and
kinetics. Additionally, NMR analysis revealed that Pn3Pase acts through a retaining
mechanism. This study exhibits Pn3Pase activity at the structural and mechanistic level to
establish the new CAZy glycoside hydrolase family GHxxx belonging to the large GH-A
clan. (Final family number will be assigned at proof stage if manuscript is deemed
acceptable for publication in Glycobiology) This study will also serve towards generating
Pn3Pase derivatives with optimal activity and pharmacokinetics aiding in the use of

Pn3Pase as a novel therapeutic approach against type 3 S. pneumoniae infections.
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Introduction

A number of early studies demonstrated an enzyme found in Bacillus circulans was
capable of degrading the capsular polysaccharide of highly virulent type 3 Streptococcus
pneumoniae (Pn3P) (1-3). However, upon sequencing the genome of this bacterial strain
“Bacillus circulans Jordan strain 32352 we discovered this bacterium rather belonged
within the Paenibacillus genus and was reestablished as Paenibacillus sp. 32352 (4). As
previously reported, this soil-dwelling Paenibacillus bacterium is capable of producing a
glycoside hydrolase (GH), Pn3Pase, which degrades the linear repeating disaccharide
polymer -3)BGIcA(1-4)BGlc(1- that makes up Pn3P (1-3). Recently, we reported further
on Pn3Pase identifying and cloning the Pn3Pase gene from Paenibacillus sp. 32352,
determining optimal activity parameters and characterizing oligosaccharide products
from Pn3P degradation (5). Further, we have reported on Pn3Pase potential as a
therapeutic agent against type 3 pneumococcal infections (6).

With the reclassification of the Paenibacillus bacteria and exploration into the
Pn3Pase gene it appeared this glycoside hydrolase did not belong to any existing
carbohydrate-active enzyme (CAZy) (7) (http://www.cazy.org) family. Sequence
alignments revealed no significant homology to current CAZy GH families over the
entire length of a known catalytic domain; however, InterPro analysis suggests local
similarities to family GH39 (8). Additionally, Phyre2 analysis suggests sequence
similarities to glucuronidases of family GH79 (9). Sequence alignments also suggest
Pn3Pase may belong to the GH-A clan and thus may function with a retaining
mechanism, as other GH-A clan members. Further, this enzyme has a primary sequence

without homologs in the database and it is also functionally unique. To our knowledge,
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this is the only enzyme that demonstrates Pn3P hydrolysis activity. Taken together, this
information suggested Pn3Pase may establish and belong to a new GH family.

Given that Pn3Pase has potential as a therapeutic agent against the highly infectious
serotype 3 S. pneumoniae, determining the structure function relationship of this enzyme
is crucial to generating Pn3Pase derivatives with optimal activity and pharmacokinetics.
Apart from the study exploring Pn3Pase as a therapeutic (6) and the work on elucidating
the Pn3Pase gene for recombinant protein expression (5) little work has been done on this
enzyme. We do not yet know enzymatic activity sites/domains, mechanism of action,
substrate binding specificity, kinetic parameters, or structure.

In continuation of our work characterizing this important enzyme, here we present
the detailed biochemical analysis of Pn3Pase. This work led to the establishment of a new
GH family designated GHxxx of which Pn3Pase is its founding member. Site directed
mutagenesis revealed the nucleophile and acid/base catalytic residues, while C-terminal
truncations indicated domains crucial for activity. Binding and kinetic assays revealed
this enzyme’s activity towards Pn3P and its substrate specificity. NMR analysis
demonstrated Pn3Pase utilizes a retaining mechanism similar to other GH-A clan
members. Taken together, this work provides the biochemical basis for the Pn3P
hydrolysis catalyzed by Pn3Pase. Additionally, this work will aid in developing Pn3Pase
as a therapeutic agent against the highly pathogenic type 3 pneumococcus infection.
Material and Methods
Production of recombinant Pn3Pase and mutants

WT recombinant Pn3Pase (DDBJ/ENA/GenBank accession number:

MZNT01000000) was produced as previously described (5). Briefly, the coding region of
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Pbac_3331 (Pn3Pase) was amplified from Paencibacillus sp. 32352 genomic DNA into
pDONR221 using BP clonase reaction (Thermo Fisher Scientific). Primers for cloning
WT and all mutants are listed in Table 2. After transformation into DH5a cells and DNA
sequence confirmation, LR clonase reaction (Thermo Fisher Scientific) was performed to
insert into pET-DESTA42 destination vector for the expression of a carboxy-terminal Hise-
tagged fusion protein in E. coli BL21(DE3) cells. C-terminal truncation mutants, TM1,
TM2 and TM3 were produced by first amplifying DNA in PCR reaction containing 25pl
2x master mix, 2.5ul each of forward and reverse primers, 2.5ul template Pbac. genomic
DNA, and brought up to 50ul with water. PCR reaction conditions were 98°C 120 s,
followed by 20 cycles of 98°C for 15 s, 55°C for 15s and 72°C for 6 mins. PCR products
were visualized on 1% agarose gel and excised. DNA was extracted from gel using
EZNA gel extraction kit (Omega Bio-tek). Using extracted DNA, mutants were then
produced following the same BP and LR clonase reactions as WT above. Single and
double site mutant proteins were produced using the Quik Change XL Site Directed
Mutagenesis Kit (Agilent). PCR reactions contained 5ul 10x buffer, 5ul Pbac_3551 DNA
in pDONR221 vector, 2.5ul each of forward and reverse primers, 1ul dNTPs, 3uL
QuikSolution, 1pl Pfu Ultra HF, and brought up to 50ul with water. PCR reaction
conditions were 95°C for 60 s followed by 18 cycles of 95°C for 50 s, 60°C for 50 s and
68°C for 9 mins. Following PCR Dpn1 reaction from kit was performed followed by
transformation into XL10 competent cells and DNA sequence confirmation. LR clonase

reaction was done same as above.
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Purification of enzymes

BL21 cells transformed with pET-DEST42-Pn3Pase or mutant plasmid were grown
in LB medium supplemented with 100pg/mL ampicillin at 37°C while cell density was
monitored at absorbance 600nm. Once OD 600nm reached 1, cells were transferred to
20°C, protein expression was induced by adding Isopropyl B-D-1-thiogalactopyranoside
to a final concentration of 1mM and the cell culture was allowed to incubated for 24 hrs.
Cells were harvested by centrifugation. Cells were resuspended in phosphate-buffered
saline (PBS, pH 7.2) with 10pg/mL DNase and lysed using EmulsiFlex-C5 homogenizer
(Avestin). Lysate was cleared by centrifugation at 18,000 xg for 45 mins at 4°C and
passed through a 0.45-um filter. Proteins were purified by Ni*-NTA resin at 4°C and
eluted with 300 mM imidazole. Elution was run through FPLC Superdex 200 sizing
column (GE LifeSciences) with PBS as running buffer. Protein concentration was
determined using NanoDrop (Thermo Fisher Scientific) using extinction coefficients for
each protein determined using EXPASy ProtParam tool (10). Purity was assessed by
visualizing proteins on stain free tris-glycine gel (BioRad) using gel doc EZ imager
(BioRad).
Enzyme Activity Assays

Recombinant Pn3Pase and mutant hydrolysis activity was determined by measuring
the increase in reducing ends using p-hydroxybenzoic acid hydrazide (PAHBAH) method
(11). A reaction mixture (100ul) containing 10pug Pn3P (ATCC 172-X) and 30nM, 60nM
or 120nM enzyme in PBS was incubated at 37°C for 30, 60 or 120 minutes then heated at
100°C for 5 minutes to stop reaction. Time 0, used as a negative control, was the same

reaction mixtures containing 30nM, 60nM or 120nM of heat killed enzyme. A volume of
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40ul of the reaction was mixed with 120ul of 1% (w/v) PAHBAH-HCI solution in
duplicate, heated at 100°C for 5 minutes. Absorbance at 410nm was measured on Biotek
synergy H1 microplate reader in a clear flat bottom 96-well microplate. Statistical
analysis was determined using Student’s t test and compared all data points to their
corresponding time zero data.
Enzyme Kinetics

The Michaelis-Menten constant (Km) and the maximum velocity (Vmax) of WT
Pn3Pase was measured using Pn3P as substrate (average molecular weight: 400,000 Da).
Pn3P was found to be 400 kDa as determined by size exclusion using the Sephacryl S-
300 column (GE Healthcare) using the refractive index of defined mass dextran standards
for comparison (12). The substrate was used at seven concentrations for WT (800, 400,
200, 100, 50, 25, and 0 nM) in PBS. WT Pn3Pase was added at 1pg/ml (5.9nM).
Reactions were heated at 37°C and aliquots were taken/stopped at 0, 4, 8, 12, 16, and 20
minutes (corresponding to approximately 10% of total hydrolysis yielding mostly
tetrasaccharides) by heating reactions at 100°C for 5 minutes. The amount of product
formed was measured using PAHBAH-HCI assay as described above with
tetrasaccharides, obtained from enzymatic degradation of Pn3P, used to generate a
standard curve for data fitting. Initial velocity was determined using the amount of
product formed in the linear region of absorbance. Initial velocities of each substrate
concentration were curve fitted using non-linear regression with Michaelis-Menten model
on GraphPad Prism to determine Km and Vmax. Kcat Was likewise determined using
GraphPad Prism as Vmax/ET with Et set as total enzyme concentration 5.9nM. The

catalytic efficiency keai/Km Was determined using these values in min*M™,
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Tetrasaccharides used for standard curve were generated as previously described (5).
Standard deviation of data was determined through independent experimental duplicates.
Binding Assay

Binding affinity of recombinant proteins to Pn3P substrate was determined using
Biolayer Interferometry (BLI) (ForteBio OctetRED-384). All proteins and Pn3P were
suspend in buffer (PBS, 0.5% bovine serum albumin [BSA], 0.05% Tween). Biotinylated
Pn3P substrate (20pug/mL) was immobilized on streptavidin biosensor tips (ForteBio) for
150 s after an initial baseline in running buffer for 60 s. Baseline signal was measured
again for 60 s before biosensor tips were immersed in wells containing protein (Onm,
100nM, 250nM, or 500nM) for 300 s. Dissociation was measured by returning biosensor
tips to baseline for 300 s. Octet data analysis software was used to analyze data. Values
of reference wells containing no protein (Onm) were subtracted from data and affinity
values were calculated using local and partial fit curve function with a 1:1 binding model.
Kon, Koff and Kp values were determined as the average of the three substrate
concentration binding curves. Binding curves were graphed using GraphPad Prism.
NMR for stereochemical analysis

'H NMR analysis was performed on reaction products released from Pn3Pase

hydrolysis of Pn3P to determine reaction mechanism. Pn3P was resuspended as 1mg/mL
(2.6 mM) in PBS and 10% D0 and transferred to a 3mm NMR tube. After collecting an
initial spectrum at 37°C, the enzyme was added to the tube with a final concentration of
15pg/mL, mixed, and data collection then resumed after 2 minutes. Data were collected
continually and four transients were summed every 8 seconds. NMR spectra were

acquired on an Agilent 600 MHz DD?2 spectrometer equipped with a 3mm cryoprobe, and
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used the standard presaturation pulse sequence to reduce the water signal. Data was
processed with Mnova software (Mestrelab, Inc.)
Generation of biotinylated Pn3P

Biotinylated Pn3P was prepared using hydrazide biotin. 2 mg of 25 kDa Pn3P was
dissolved in 500 pL of 0.1 M sodium borate buffer (pH 5.4). EZ-Link hydrazide-biotin
(Thermo Fisher Scientific) (12mg) was dissolved in 100 pL DMSO and added to Pn3P
solution. EDC (1-ethyl-3-(3-dimethylaminopropyl) carboiimide HCL) (Thermo
Scientific) (1.5mg) was added to the solution, vortexed and incubated before at 25°C for
3 hours with agitation. Product was purified using Superdex 200 sizing column (GE
LifeSciences).
Results
Pn3Pase domain analysis and production

We previously reported on the Paenibacillus sp. 32352 gene, Pbac_3551, which
encodes for the Pn3Pase protein (5). The translated protein sequence of Pn3Pase contains
1545 amino acids and yields a mature protein of 164.1 kDa. InterPro sequence analysis
(8) of the full protein revealed putative domains (Figure 1A,B). There was homology
between residues 180 and 353 to glycoside hydrolase superfamily, with suggested
homology to GH family 39 at the N-terminal region. Other predicted regions of interests
were homology to galactose-binding-like superfamily, which for the purpose of this study
we took to be the potential carbohydrate binding module (CBM) (Figure 1B), a domain
of unknown function 1080 (DUF1080), which has structural similarity to a $1,3-1,4
glucanase in GH family 16, and a concanavalin A-like lectin/glucanase superfamily

(Figure 1B). Alignments with existing GHs in the CAZy database revealed short
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segments of homology with carbohydrate-active enzymes; however, no significant
homology across the full length of Pn3Pase exists. Pn3Pase was run against CAZy
HMMs built for GH families (HMMer2,3) which yielded scores insufficient for inclusion
in any existing CAZy GH family. The only two borderline hits, GH39 and GH79, showed
local similarity that did not extend along the length of the catalytic domains. However,
the alignments with GH39 and GH79 showed conservation of the subsequence
surrounding the known acid/base residue of clan GH-A (E in GNEPN) and the known
nucleophile (E in VSEYGW), with the later only visible in the alignment with GH39
(supplemental data 1) (13). Altogether these low score and incomplete alignments
suggested Pn3Pase would establish a new GH family related to clan GH-A, have
potential catalytic residues at amino acid sites 196 and 306, and suggested Pn3Pase works
through a retaining mechanism. Enzymes belonging to clan GH-A function through
retaining mechanisms with their catalytic domain having a (B/a))s barrel fold (14)
suggesting Pn3Pase may also have these features.

Moving forward with these preliminary evidences, we performed site directed
mutagenesis and deletion studies to confirm the identity of catalytic residues and of
domains important for function (Figure 1). Figures 1A and 1B describe the Pn3Pase
derivatives and their predicted domains used in this study. WT Pn3Pase and mutant
coding sequences were amplified and cloned into pET-DEST42 vector with a C-terminal
Hisstag, and expressed in E. coli. Recombinant proteins were purified using affinity
chromatography followed by size exclusion chromatography and purity was assessed
using SDS-PAGE gel (Figure 1C). Bands at appropriate molecular weights (Figure 1A)

for each protein were observed (Figure 1C). Oligonucleotides used to generate the
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mutants are displayed in Table 1 and site directed mutants were confirmed through
sequencing.
Biochemical characterization of Pn3Pase mutants

To assess domains important for function and predicted catalytic residues, we
performed activity assays utilizing the p-hydroxybenzoic acid hydrazide (PAHBAH)
method (11). The method labels the reducing ends of sugars and would reveal if Pn3P
hydrolysis was occurring through each Pn3Pase derivative. Unmodified Pn3Pase and its
derivatives were first assayed under previously established conditions utilizing 10pug/mL
Pn3P substrate in PBS with 30nM enzyme for 30-120 minutes (Figure 2A). As expected
WT reached Pn3P hydrolysis saturation within 30 minutes with labeled reducing ends not
significantly increasing at 60 or 120 minutes (Figure 2A). Interestingly, TM1 and E196A
mutant began displaying significant hydrolysis activity at 30 minutes which continued to
increase over the time course. However, no other Pn3Pase mutant showed hydrolase
activity even after 4 hours (Figure 2A). To determine if these derivatives truly exhibited
no activity against Pn3P we increased the enzyme concentration to 2x and 4x that of the
original concentration (Figure 2B,C). Again, no derivatives except TM1 and E196A
displayed Pn3P hydrolase activity even at increased enzyme concentrations. TM1
displayed increased levels of activity compared to E196A, which was especially evident
at 120nM where TM1 reached hydrolysis levels similar to WT after 120 minutes (Figure
3C).

To continue the biochemical assessment of Pn3Pase activity, we measured
Michaelis-Menten kinetic parameters utilizing PAHBAH assay. Since WT was the only

enzyme to display significant activity levels at early time points with low enzyme and
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substrate levels we only carried on with this protein. Michaelis-Menten parameters of
WT Pn3Pase were determined using different concentrations of Pn3P substrate ranging
from 0-800 uM with 1pg/mL (5.9nM) enzyme. WT Pn3Pase displayed activity Kinetics
with a keat of 1483 min and Km of 0.32 + 0.026 uM (Figure 3). The catalytic efficiency
defined by the specificity constant Keai/Km was calculated as 4.6x10° mintM™,

Taken together, these results suggest that the glutamic acid residues at 196 and 306
positions function as catalytic residues. Further, both E196 and E306 are conserved
glutamic acids in Pn3Pase and its close homologs as is the case for clan GH-A glycoside
hydrolases (15) making them the acid/base and the nucleophilic residues respectively.
Additionally, amino acids and domains after residue 765 do not appear to be crucial for
function, while the putative carbohydrate binding module is required for function. While
TM1 and E196A are the only Pn3Pase mutants to display function, they hydrolyze at
reduced efficiency compared to WT Pn3Pase.

Pn3Pase binding affinity to Pn3P

To determine Pn3Pase binding affinity for its substrate we utilized biolayer
interferometry. Pn3P was biotinylated, bound to streptavidin biosensors and Pn3Pase
proteins were used as ligand (Figure 4). We used only the non-catalytic Pn3Pase (low
catalytic activity for E196A) mutants for this assay as WT and TM1 significantly
hydrolyzed the substrate during the course of the experiment and therefore showed little
to no binding (data not shown). The site mutants E196A, E306A, and E196/306A had
high affinities with Kp (equilibrium dissociation constant) of 418 nM, 451 nM, and 357
nM respectively. TM2 binding curves at 100 nM and 250 nM are both present but

overlapped and appeared as a single curve. TM2 had a Kp roughly 10-fold higher than
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site mutants at 3.7uM which appears to be due to a slower kon (Second-order rate constant
of the binding reaction) rate. This result is to be expected as TM2 mutant lacks the
putative CBM which has been suggested to play a large role in substrate binding (16).
Importantly, this previous study also suggests both the glycoside hydrolase and
carbohydrate binding modules are involved in binding elucidating why we observed
binding even in the absence of a CBM albeit at a lower affinity than non-catalytic full
length mutants (16). In addition, we observed no apparent binding of TM3 to Pn3P
substrate (Figure 4). As TM3 is the putative carbohydrate binding module mutant we
expected to see binding; however, it has been suggested some CBMs display weak
binding interactions as could be the case for our protein (17).
Pn3Pase reaction mechanism

Next, we determined whether Pn3Pase acts through a mechanism that yields either a
retention or inversion of the stereochemistry at the GIcA anomeric reducing end (Figure
5). We used 'H NMR spectroscopy to monitor the hydrolysis of the B-GIcA(1-4)p-Glc-
glycosidic linkage in Pn3P by Pn3Pase over time. Chemical shifts of Pn3P were based on
previously published data (5). Since the B-H1 signal of free reducing GIcA (4.60 ppm) is
obscured by the overlapping water signal at 37° C and further reduced by the water
suppression NMR pulse program, the GIcA H5 signals were used to monitor the reaction
(Figure 5). The Pn3P starting material shows the glycosidically linked p-GIcA H5 signal
at 3.9 ppm (bottom trace, Figure 5). Immediately after the addition of enzyme a signal
corresponding to the HS of the free reducing -anomer of GIcA (3.85 ppm) is produced
and continues to grow over time (Figure 5). Only after around 10 minutes, does a small

signal appear corresponding to the H5 of the free reducing a-GIcA (4.04 ppm) (Figure 5,
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top trace), which is due to mutarotation. This experiment confirms that Pn3Pase functions
through a retaining mechanism and supports an activity mechanism that functions
through a nucleophile and an acid/base catalytic residues (15) as other clan GH-A
members further suggesting Pn3Pase may belong to this GH clan. Taken together these
results demonstrate that Pn3Pase acts via a retaining mechanism to hydrolyze Pn3P.
Discussion

The capsular polysaccharides (CPS) of many pathogenic bacteria are prominent
features serving many functions such as assisting in adhesion and colonization and
inhibition of opsonophagocytosis rendering them major virulence factors (18,19).
Unencapsulated mutants often fail to colonize and rarely cause infections due to efficient
opsonophagocytotic clearance by host cells (18,20). Among S. pneumoniae species,
serotype 3 is one of the most virulent (21-23) and continues to be of concern despite its
inclusion in the current conjugate vaccine against pneumococcal infections (24-27).
Armed with this knowledge, the benefits of utilizing an alternative therapy against type 3
pneumococcal infection becomes apparent. Indeed, we have begun investigations into
utilizing Pn3Pase, described in this study, as a therapeutic agent against highly virulent
type 3 infections (6). Pn3Pase’s unique ability to hydrolyze the CPS of type 3 S.
pneumoniae makes it a potential therapeutic agent to reduce bacterial colonization and
infection. Information from this current study will aid in further developing Pn3Pase as
an alternative to conventional treatments such as antibiotics, establishing the biochemical
characteristics necessary for optimum therapeutic potential. Additionally, recent work on
a mucin-selective protease StcE (28) suggests a possible role for the non-catalytic

Pn3Pase mutants in purifying capsule. Type 3 is among the pneumococcal serotypes that
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has exhibited capsule shedding (29). Non-active mutants of Pn3Pase may be useful in
isolating shed capsule in vivo to assess capsule shedding in bacterial virulence as well as
for serotyping in clinics.

In this current work we observed unique binding characteristics in our truncation
mutants compared to non-catalytic full length proteins. TM3 mutant did not exhibit any
significant binding to Pn3P substrate as well as having abolished activity. TM3 being
non-catalytic was expected (30). It was previously noted that substrate binding for CBMs
varies in a wide range with some having relatively weak interactions (17) as could be the
case in Pn3Pase’s putative CBM. TM2 recorded binding to Pn3P with approximately 10-
fold lower affinity than full length proteins. An important role of the CBM is to target the
substrate and bring it into closer proximity with the enzyme (31) which increases
hydrolysis of the substrate (32). TM2 lacks the putative CBM, which paired with the
published work above may explain the lower binding affinity and no enzymatic activity.
With no CBM, TM2 does not appear to bring Pn3P into close proximity with the
hydrolase domain nor bind the substrate long enough for hydrolysis to occur. Several
studies have suggested that removal of the CBM dramatically decreases enzymatic
activity (32-34).

TM1 and E196A were the only mutants to display catalytic activity. We were
unable to observe substrate binding with WT or TM1 due to degradation activity.
Compared to WT, TM1 and E196A have significantly lower catalytic activities. In TM1
it is possible this could be due to structure and removal of the C terminal domains.
InterPro analysis suggests full length Pn3Pase has two C-terminal domains that may

possess carbohydrate-binding-like properties, the DUF1080 and a ConA-like/glucanase
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superfamily domain. Reviews have suggested proteins that possess hydrolytic activity,
i.e. glycoside hydrolases, can have one or more CBMs (32). If this is the case for
Pn3Pase, TM1, being half the size of WT, could have lower catalytic activity due to
removal of these other potential CBM-like domains. Additionally, the C terminal
domains could be important for overall tertiary structure which could aid in activity. TM1
mutant does however demonstrate the minimum structure requirements for Pn3Pase
activity, the glycoside hydrolase domain and putative CBM. All other C terminal
domains do not appear to be essential for hydrolase activity. Our results also suggest the
correct assignment of E196 as the acid/base catalytic residue and E306 as the
nucleophile. This conclusion is apparent by E196A drastically decreased activity
compared to WT and E306A complete loss of function. Prior work on GHs have shown
that mutating these catalytic residues does not always lead to a complete ablation of
activity (35). With catalysis taking place at the glucuronic acid residue bond, it is possible
that the carboxylate of GICA may be able to act as the acid/base residue in the E196A
mutant thereby leading to partial activity rescue (Figure 6). Further, members of clan
GH-A have conserved glutamic acid residues functioning as the acid/base and
nucleophile catalytic residues as appears to be the case with Pn3Pase (13)

A Blast search using Pn3Pase sequence against the non-redundant protein sequence
database of the NCBI shows that a small number of close homologs exist, all of which
are essentially found in Paenibacillus sequences. Proteins with more distant similarity
were also found (supplemental data 2), but their distance to the only characterized GHxxx
member (Pn3Pase) is such that it is appropriate to place them into the non-classified

CAZy section of the glycoside hydrolases until a sufficient taxonomical diversity is
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captured in family GHxxx. The reason behind the small size of the family is unclear;
perhaps it simply means that degradation of Pn3P is not widespread and that the more
distant relatives of Pn3Pase (those outside the red box in the supplemental 2) may act on
a different substrate.

Taken together, the work in this current study establishes the initial biochemical
analysis of the glycoside hydrolase Pn3Pase which led to the establishment of GH family
GHxxx. Despite our best efforts we have yet to obtain a crystal structure of this enzyme.
Due to the large sequence divergence between Pn3Pase and other clan GH-A members
we were also unable to build a homology model that had meaningful features. However,
similarity with clan GH-A predicts Pn3Pase would have a B/og barrel fold (TIM barrel),
but the exact structural details that govern substrate recognition cannot be reliably
predicted. Continuing work with Pn3Pase will involve a crystal structure to complement
the work in this study and shed more light into the structure-function relationship of
Pn3Pase with Pn3P. Additionally, further structural analysis will reveal if the correlations
between activity and domains observed in this study are accurate and confirm the
assignment of residues E196 and E306 as the acid/base and nucleophile. Further
structural investigations will also aid in developing Pn3Pase as a therapeutic against type

3 pneumococcal infections.
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Figure 6.1
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Figure 6.1: Characterization of Pn3Pase mutants. A) Description of Pn3Pase and

derivatives used in this study. Extinction coefficients were determined using EXPASy

ProtParam tool, reference 33. B) Schematic of predicted domains (InterPro). Pn3Pase is

full length native protein, WT is recombinant Pn3Pase, TM1,2,3 are truncation mutants

(TM). CBM, carrepresentationbohydrate binding module homologous to galactose

binding domains. Signal peptide is represented by black rectangle. C) Stain free SDS-

PAGE gel of Pn3Pase mutants: 1) WT 2) TM1 3) TM2 4) E196A 5) E306A 6)

E196/306A 7) TM3
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Table 6.1

Table 6.1: Oligonucleotides for each protein used in this study

Oligonucleotide Sequence 5-3’
| WT_F | ggggacaagtttgtacaaaaaagcaggcttcgaaggagatagaaccatggcacccgtgaatctggaage |
WT_R ggggaccactttgtacaagaaagctgggtgctccacgatcaccttattcgataacg
TM1 R ggggaccactttgtacaagaaagctgggtgttcggcaaaaacctttacatcg
TM2_R ggggaccactttgtacaagaaagctgggtgggtgtagaaagtgcggec
E196A F gggcaacgcgccgaacc
E196A R ggttcggcegcegttgecc
E306A_F tgttagcgcatacggctggaag
E306A_R cttccagcecegtatgcgctaaca
TM3_F ggggacaagtttgtacaaaaaagcaggcttcgaaggagatagaaccatgaatatcgtgtctgecgge
TM3_R ggggaccactttgtacaagaaagctgggtgttcggcaaaaacctttacatcg
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Figure 6.2
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Figure 6.2: Activity characteristics of Pn3Pase mutants. PAHBAH assay was used to
determine substrate degradation. All samples had .1mg/ml Pn3P substrate and A) 30nM
B) 60nM C) 120nM enzyme incubated for 0, 30, 60 and 120 minutes. Legend for all
graphs is the same and to the right of C. Significance for each data is determined using

Student’s t test comparing data to corresponding time zero data.
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Figure 6.3
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Figure 6.3: Substrate saturation curve for WT Pn3Pase. Michaelis-Menten kinetics were
determined plotting substrate concentration against initial velocities for WT Pn3Pase. For
kinetics experiments WT received 1ug/ml (5.97nM) enzyme respectively. Substrate
concentrations were 800, 400, 200, 100, 50, 25 and 0 nM. Initial velocities were
determined as the slope of the line in amount of product formed between 0 and 8 minutes.
Amount product formed was determined using tetrasaccharide as standards. Kinetic
parameters were determined using nonlinear regression (GraphPad Prism). Standard

deviation of data was determined through independent duplicates.
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Figure 6.4
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Figure 6.4: Binding characterization of Pn3Pase and mutants to Pn3P. Binding rates
were determined using Biolayer interferometry (BLI). Biotinylated Pn3 polysaccharide
(20ug/mL) was attached to streptavidin coated sensor for 150 seconds then returned to
baseline buffer. Sensor was then exposed to Pn3Pase or mutants (100nm, 250nm and
500nm) for 300 seconds. Dissociation was measured over 300 seconds to determine Kp.
Kb, kon and ko rates were determined as the average of the three binding curves. All
three binding curves are present for TM2 mutant, 100nm and 250nm curves are

overlapping. Fits are shown as dotted lines.
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Figure 6.5
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Figure 6.5: Reaction mechanism of Pn3Pase. Region of the 600 MHz proton spectrum of
Pn3P, [-3)-p-D-GIcA(1-4)-B-D-Glc(1-] in PBS buffer with 10% D20 at 37°C identifying
doublet signals from GIcA-H5. Bottom trace at time zero, additional spectra at times

indicated.
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Figure 6.6
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Figure 6.6: Proposed reaction mechanism for Pn3Pase and its E196A mutant (adapted
from CAZypedia’s reaction mechanism for a retaining b-glycoside hydrolase). Pn3Pase
operates with a double displacement mechanism which involves a glucuronyl-enzyme
intermediate. The second step is the nucleophile attack of the glucuronyl-enzyme
intermediate by a water residue, which is normally activated by E196. In the E196A
mutant the water is likely activated, albeit less efficiently, by the carboxylate of the GIcA
accounting for the small retention of activity when the acid//base catalytic residue is

mutated.
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Figure 6.S1
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Figure 6.S1: HMM search results against all HMMs for glycoside hydrolase families.

The catalytic residues are in red.
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Figure 6.52
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Figure 6.S2: Blast analysis to see the extent of the new family (GHxxx). Until proof of
activity has been found for the more remote members, it is safer to restrict family
membership to those sequences in the red box. In the meantime, sequences outside of the
red box will be placed in the non-classified section of CAZy. We will reexamine the
possible membership of these sequences to family GHxxx when family GHxxx has

sufficient diversity (too few members right now).
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

The primary goal of this dissertation was to explore the adaptive immune
mechanisms of glycoconjugate vaccine activation using type 3 S. pneumoniae
glycoconjugates as a model. We had previously shown that glycoconjugates against type
3 Spn followed a Tcarb (carbohydrate specific T cell) mediated adaptive immune
response similar to prior work (1,2). Therefore, these glycoconjugates would serve as
ideal models to uncover the molecular mechanisms that lead to this carbohydrate specific
adaptive immune response. Our current hypothesis for this work postulates that T cells
are not carbohydrate independent, rather MHCII lacks the ability to bind and present pure
carbohydrates which contributed to this T cell notion. However, given the continued
evidence for carbohydrate specific T cells (1-5), we hypothesize that intact glycan-
peptides survive endosomal conditions and are presented via MHCII (6,7). It is the
peptide portion of the glycan-peptide which binds MHCII and leaves the attached glycan
exposed for T cell receptor binding. However, the molecular and structural nature of this
hypothesis remains unclear.

In this dissertation I provide evidence of the above hypothesis. | demonstrate,
using a library of glycan-peptide conjugates to mimic glycoconjugate processed in the
endosome, that while peptide alone binds purified MHCII purified oligosaccharide does

not. However, a glycoconjugate consisting of the same peptide and oligosaccharide
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covalently attached together binds MHCII (Chapter 4). Further, using peptide specific
transgenic mice, peptides activate the T cells while glycoconjugate inhibit the T cell
response. Taken together, these provide evidence that the peptide portion anchors the
glycoconjugate to MHCII and the T cell binds the glycan which would inhibit activation
of peptide specific T cells. While this work helps identify molecular mechanisms of
immune activation, contributes to the universalization of Tcarb mediated immune
responses and aids in knowledge-based vaccine strategies, work to fully understand the
immune response remains to be done. Future work will involve cloning carbohydrate
specific T cell populations to understand the functional properties of the T cell and T cell
receptor which leads to their engagement with carbohydrate antigens. Further, generation
of peptide based glycoconjugates will continue to assist in producing knowledge-based
vaccines, which will be structurally well defined and target specific, therefore highly
immunogenic and protective across populations (8,9).

The idea to switch from full carrier protein vaccines to peptide based is not just a
theory, but rather an idea based on logic and understanding of the immune system.
Endosomal processing leaves only a small subset of peptides which will bind with
MHCII at high affinity, leaving most of the generated peptide epitopes useless. Utilizing
peptides already known to be high affinity MHCII binders will ensure a more robust T
cell mediated response. Importantly, such advantages of peptide based vaccines has
already been explored (1,10-17). Herein, I identified several MHCII binding peptides
from clinically relevant carrier proteins currently used in marketed glycoconjugate
vaccines (Chapter 5). Moreover, these peptides robustly stimulated CD4+ T cells from

human donors expressing a wide variety of MHCII alleles, indicating these peptides may
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be immunodominant. Future work will entail utilizing these identified peptides in the
conjugation strategy above and testing their efficiency as glycoconjugate vaccines against
type 3 Spn. Additionally, since peptides alone are limited in their immunogenicity we
will explore strategies to combat this. Current strategies include linking these MHCI|I
promiscuous peptides together (10,11,18) or including them as part of liposomes (19) or
nanoparticles (20).

Despite a glycoconjugate vaccine against Spn being currently available, the
morbidity and mortality from the bacterial pathogen remains high (21-24). This vaccine,
while being ultimately successful, still elicits variable immune response in serotypes,
especially highly virulent type 3 (9,25,26). This serotype alone accounts for over 10% of
all IPD (invasive pneumococcal disease) (27). Additionally, widespread use of antibiotics
to treat pneumococcal infections has led to a rise in antibiotic resistance (28). Therefore,
while continuing to work on improving methods for glycoconjugate vaccine production,
it is imperative to seek additional therapies to combat pneumococcal infections caused by
type 3 Spn. To this end we have been investigating a novel glycoside hydrolase, Pn3Pase,
which hydrolyzes the capsule (CPS) of type 3 Spn (29). We hypothesized that removal of
the CPS through enzyme treatment would reduce the bacteria ability to cause infection
and allow the host immune response to better clear infection (30).

While this previous work shed great insight into Pn3Pase role as a therapeutic, we
still do not fully understand the mechanism of action. Pn3Pase is unique not only in its
ability to acts a potential therapeutic, but also has unique structural properties. Pn3Pase
does not fall within any existing Carbohydrate Active enZyme (CAZy) glycoside

hydrolase (GH) family. In this dissertation, I established family GHxxx with Pn3Pase as
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its founding member (Chapter 6). Additionally, I discovered that Pn3Pase acts through a
retaining mechanism with unique kinetics, while identifying domains crucial for function
and the active residues. This structural information on Pn3Pase will be crucial to further
develop the enzyme with optimal pharmacokinetics. Future structural work will entail
solving the structure of this enzyme as we have been unsuccessful despite many attempts.
The work demonstrated here, along with previous work on Pn3Pase, provides promise
that Pn3Pase may act as a valid alternative therapeutic to antibiotics. Importantly, further
research into bacterial glycoside hydrolase could identify more enzymes with capsule
degrading abilities that could function as therapies against more encapsulated highly
virulent pathogens.

In summary, this dissertation sheds light on the molecular mechanisms of
carbohydrate specific immune activation by glycoconjugate vaccines. The
discoveries made through this thesis work will be valuable in generating novel
glycoconjugate vaccines that function using a knowledge of the immune system. The
findings of this work will be applied to strategies to combat invasive pneumococcal

diseases.
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Abstract

Chemoselective ligation of carbohydrates and polypeptides was achieved using an
adipic acid dihydrazide cross-linker. The reducing end of a carbohydrate is efficiently
attached to peptides in two steps, constructing a glycoconjugate in high yield and with
high regioselectivity, enabling the production of homogeneous glycoconjugates.
Introduction

Carbohydrates are often found linked to other biomolecules to form
glycoconjugates. Glycoproteins and glycolipids, commonly found on the surface of cells,
act as receptors for cell-cell recognition and are involved in cell growth, repair, adhesion
and migration as well as tumor metastasis in cancer (1). Vaccination is a key strategy for
the control of infectious diseases caused by viruses, bacteria and parasites (2).
Oligosaccharides and polysaccharides can be antigenic (3), and capsular polysaccharides
(CPSs) of bacterial pathogens, including Streptococcus pneumoniae, Haemophilus
influenzae type b (Hib), and Neisseria meningitidis, are highly antigenic and recognizable
by mammalian B cell receptors. CPSs are major targets for eliciting carbohydrate specific
antibody responses to confer protection from these pathogens. However, CPSs are poorly
immunogenic only eliciting a short-term immune response without immunological
memory. The conjugation of the carbohydrates of these pathogens to protein carriers can
induce long-lasting protection against encapsulated bacteria opening a path to the
development of glycoconjugate vaccines (3-4). Glycoconjugate synthesis generally
involves the random linking of carbohydrate and protein without regards to sites, leading
to an incomplete understanding of mechanism of action (3). The cellular and molecular

mechanisms for adaptive immune activation mediated by glycoconjugate vaccines have
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been elucidated (5). Demystifying T cell activation mechanisms of glycoconjugate
vaccines represents a key step towards designing a knowledge-based, structurally-
defined, generation of new vaccines. This study offers an efficient conjugation strategy.

Different carrier proteins can remarkably impact immunogenicity and the efficacy of
glycoconjugate vaccines. The ability to synthesize glycoconjugates of greater structural
diversity should afford an improved understanding of vaccine mechanism and result in
the development of more effective vaccines (6). In addition, the controlled glycosylation
of peptide-based therapeutics can help protect against proteolytic degradation,
denaturation and premature clearance, modulating their biophysical and physiological
properties (7). Improved methods for glycoconjugate synthesis are urgently needed.

There are many strategies for glycopeptide synthesis relying on conventional chemical
utilization of aldehydes, thiols, activated esters or hydrazides, carboxylic acids and
amines, and even new bacterial protein glycan coupling technologies (PGCT)
(2a,6b,6¢,8). These approaches provide low yields and complex product mixtures,
particularly when the reactants involve proteins and glycans with multiple reactive sites
or with high levels of steric hindrance (2).

We describe a high-yield ligation chemistry affording homogenous glycoconjugates,
in which the reducing sugar is first reacted with adipic acid dihydrazide (ADH) to form a
carbohydrate bearing a linker at its reducing-end. The remaining acyl hydrazide is
oxidatively converted to an acyl azide and then captured as a thioester and transesterified
with the cysteine residue of a peptide to obtain a thioester-linked glycoconjugate. When
this cysteine is at the N-terminus of the peptide chain, the thioester rapidly rearranges to

form a stable amide linkage between the carbohydrate and peptide (Figure A.1). The
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installation of the ADH linker at the carbohydrate’s reducing end and its selective
reaction with the cysteine residue of the peptide affords homogeneous constructs with
compositional control of the carbohydrate-protein conjugate and preserves the integrity of
carbohydrate epitopes (9). In addition, ADH provides a 10-atom bridge between the
carbohydrate and peptide after conjugation, potentially increasing detection limits of
immunoassays by reducing steric hindrance (10).
Material and Methods
All chemicals unless noted otherwise were purchased from commercial sources and used
as received. Yields are given after purification. NMR spectra were recorded on a Bruker
600 spectrometer with topspin 2.1.6 software at 298 K. Mass data were acquired by high-
resolution ESI-MS (Thermo LTQ XL Orbitrap, Bremen, Germany).
I. General procedure for glycopeptides synthesis
a) Carbohydrate-ADH (adipic acid dihydrazide) synthesis

Carbohydrate (2.0 mg, 1.0 equiv) and ADH (50.0 equiv) were dissolved in 200
uL acetate buffer (pH 5.5, 100 mM, containing 1 mM PhNH2) at 50 oC and incubated for
24 h. The conjugation product was then recovered by Sephadex G-10 gel filtration (for
small size oligosaccharides-ADH, Table A.2, entries 1-7) or size exclusion spin column
(MWCO 3000 Da) (for GAGs-ADH, Table A.2, entries 8-15) and washed by distilled
water and lyophilized.
b) Chemoselective ligation with N-terminal cysteine-peptides

Peptide?® (2.0 mg, 1.0 equiv) and carbohydrate-ADH (2.0 equiv) were dissolved in
0.2 mL of ligation buffer (3.0 M Gn'HCI, 0.2 M Na2HPO4, pH 3.8), 20 uL of NaNO2

(200 mM) was added dropwise, and the reaction mixture was stirred for 20 min at -10 oC.
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After that, 0.2 mL of freshly prepared MPAA (200 mM, dissolved in ligation buffer pH
7.0) was added, and the acidity of the mixed solution was adjusted to pH 7.0 with NaOH
(2.0 M) slowly. The reaction mixture was stirred at room temperature for 2 hours. Before
analysis, the reaction solution was reduced by 30 mM neutral tris(2-
carboxyethyl)phosphine(TCEP). The reactions were monitored by HPLC and conjugation
product were recovered by size exclusion spin column (MWCO 3000 Da) and Sephadex
G-10 gel filtration washed by distilled water. The linkage of the corresponding conjugate
is amido bond.
aN-terminal cysteine-peptides with no modification.
c) Chemoselective ligation with other peptides

Peptide® (2.0 mg, 1.0 equiv) and carbohydrate-ADH (2.0 equiv) were dissolved in
0.2 mL of ligation buffer (3.0 M Gn"HCI, 0.2 M Na2HPO4, pH 3.8), 20 uL of NaNO2
(200 mM) was added dropwise, and the reaction mixture was stirred for 20 min at -10 oC.
After that, 0.2 mL of freshly prepared MPAA (200 mM, dissolved in ligation buffer pH
7.0) was added, and the acidity of the mixed solution was adjusted to pH 7.0 with NaOH
(2.0 M) slowly. The reaction mixture was stirred at room temperature for 2 hours. The 5
reactions were monitored by HPLC and conjugation product were recovered by size
exclusion spin column (MWCO 3000 Da) and Sephadex G-10 gel filtration washed by
distilled water. The linkage of the corresponding conjugate is thioester bond.
bC-terminal, internal cysteine-peptides or acetyl protected N-terminal cysteine-peptides.
I1. MHCII binding studies of glycopeptides dp2- and dp4-OVA
a) Disaccharide GlcA(1—4)Glc and tetrasaccharide

GlcA(1—4)Glc(1—3)GlcA(1—4)Glc preparation
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Pure type 3 capsular polysaccharide (CPS, 40 mg) (ATCC 172-X) was added to
20 mL distilled H20O in a flask and heated on a hot plate. When most of the CPS is
dissolved, 20 mL of 0.6 M TFA was added to the flask and continued to heat until fully
dissolved and then incubated for exactly 2 hours at 100 oC. Immediately cool on ice and
aliquot into tubes, speed vac to dryness. Re-suspend pellets in H20 and speed vac to
dryness again. Re-suspended contents of all tubes in 2 mL H20, centrifuged and the
supernatant was subjected to Superdex 30 column to obtain the target compounds
b) Synthesis of glycopeptides dp2- and dp4-OVA
The procedures of dp2-ADH and dp4-ADH, and the corresponding conjugates with
CysOVA (sequence: CISQAVHAAHAEINEAGR) are described in Section |.
¢) MHCII binding test

Purified MHCII monomers (mouse allele I-Ad ) were graciously provided by the
NIH tetramer facility. Monomers came loaded with a placeholder peptide with a 3C
protease cleavage site. Peptide is cleaved by treating monomer with 3C protease
(PierceTM HRV 3C Protease Solution Kit) for 8 hours at room temperature. Cleaved
monomer with empty binding groove is then loaded with desired peptide or glycan-
peptide through an 7 exchange reaction. Exchange reactions use 200 pg cleaved
monomer with 270 uM peptide (or glycan-peptide) sample at pH 5.0 in a citrate buffer.
Samples for this experiment were OVA peptide 323-339, scrambled OVA peptide, OVA
peptide 323-339 with an added Cys residue at the N terminus, disaccharide-peptide
conjugate, and tetrasaccharide-peptide conjugate. Reactions were incubated for 5 days at
room temperature. At the end of the incubation, reactions were neutralized with 1 M

sodium phosphate buffer pH 7.5 and spun down at max speed for 10 minutes to remove
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aggregates. Absorbance was measured at 280, all samples except the scrambled OVA
peptide reaction gave significant concentration values. Binding was confirmed by
isoelectric focusing (NovexTM pH 3-7 Protein IEF gels). Gel was visualized using silver
stain (PierceTM Silver Stain Kit).
Results
Our study began by re-investigating the previously published reaction between

heparin and adipic acid dihydrazide for the directional immobilization of heparin onto
surfaces (11). A heparin dodecasaccharide, prepared through the controlled enzymatic
depolymerization of heparin (12), and ADH were reacted to form a hydrazone bond
(Figure A.1 and Table A.1). This chemistry is particularly challenging with this glycan
since the heparin dodecasaccharide is a polyanion (-48 charge) with a molecular weight
3990 Da. Its single reducing end is comprised of a relatively unreactive sugar with an
anionic N-sulfo group adjacent to its anomeric center. Several common conjugation
conditions including NaCNBH3, PhANH2/MeOH/H20 (13) and CeCls-7H20 (14) were
initially tested and resulted in very low yields (entries 1-3, Table A.1). Interestingly,
conjugation in AcCOH-DMSO (15) afforded a high yield of multiple ADH conjugated to
the heparin dodecasaccharide (entry 4, Table A.1). HCOONa buffer (16) afforded the
single desired product at 75% yield (entry 5, Table A.1) and PhNH>/acetate buffer (17)
provided the same desired product in 80% yield (entry 6, Table A.1). Based on these
results, PhNH/acetate buffer was selected as it provided high yields in the shortest
reaction time.

With the optimized conditions in hand, we next turned our attention to investigate the

scope of this reaction by treating various reducing disaccharides, oligosaccharides and
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polysaccharides, with adipic acid dihydrazide to prepare a small library of carbohydrate-
ADH conjugates (Table A.2). Coupling either simple neutral or acidic oligosaccharides
with dihydrazide under these optimized conditions, such as lactose, maltotriose,
maltotetraose, maltooligosaccharide and 6'-sialyllactose afforded the expected products in
nearly quantitative yields, and the yields were greatly improved compared to those
obtained using previous methods (16) (entries 1-5, Table A.2). Two tetrasaccharides,
Gle(1—-3)GleA(1—4)Gle(1—4)GleA (18a) and GleA(1—4)Gle(1—3)GleA(1—4)Gle
(18b), having glucuronic acid or glucose at the reducing end, prepared through controlled
depolymerization of type-3 CPS of Streptococcus pneumoniae (Pn3P), also proved
excellent substrates to conjugation with ADH, and are being investigated in vaccine
development (entry 6-7, Table A.2). Notably, more structurally complex
glycosaminoglycans, having both short or long carbohydrate chains, and low or high
levels of sulfation, also furnished good results suggesting the adaptability of this method
to a variety substrate (entries 8-15, Table A.2). Representative 1D *H NMR data for the
analysis of heparin-ADH, depolymerized heparin dodecasaccharide-ADH and lactose-
ADH, are presented in Figure A.2A. All the other compounds were also confirmed by
NMR analyses.

We next investigated the conjugation of different carbohydrate-ADH derivatives with
a variety of peptides containing N-terminal cysteine residues (Table A.3). Initially, we
utilized conventional carbodiimide chemistry, involving EDC/NHS, to react lactose-ADH
with the Cys-Gly dipeptide. This resulted in the recovery of starting materials with only
trace amounts of conjugate (entry 1, Table A.3). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-

methyl-morpholinium chloride (DMTMM) has been reported to be highly efficient for
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the activation of hydrazide chemistry in protein-protein ligation (19). Thus, we undertook
the reaction of lactose-ADH with the Cys-Gly dipeptide using DMTMM and obtained the
desired glycopeptide conjugate in moderate 37% yield (entry 2, Table A.3).

Liu and co-workers (20) recently developed a protein ligation method for the
chemoselective reaction between a C-terminal peptide hydrazide and an N-terminal Cys-
peptide affording a peptide bond. Inspired by this study, we investigated using sodium
nitrite and thiol to form glycopeptides (Figure A.1 and Table A.3). We were pleased
that the reaction of lactose-ADH with the Cys-Gly dipeptide in the presence of
NaNO2/MPAA (4-mercaptophenylacetic acid) generated the glycopeptide in excellent
85% yield (entry 3, Table A.3).

A representative characterization of lactose-dipeptide (Cys-Gly) by HRMS and NMR
spectroscopy is presented in Figure A.2B-E. The signals corresponding to the anomeric
protons of Gal and Glc residues are 4.36 and 4.04 ppm, respectively. The signals at 1.52,
2.15 and 2.28 ppm correspond to the adipic linker. The 2Jun coupling constant of the Glc
anomeric proton was 9.0 Hz, suggesting a -linkage with the adipic linker. Proton signal
of a-position at 4.67 ppm was overlapped by HDO in *H NMR spectrum but could be
detected (4.67, 52.2) in 2D HSQC spectrum. The H-H correlations between o and S
position of cysteine residue were also observed. The structure was characterized by
HRMS with [M+H]* 645.2285 (Figure A.2C).

We next evaluated the substrate sensitivity of this reaction. Using the more complex
cysteine-containing tridecapolypeptide CRKRLQVQLSIRT, corresponding to the
syndecan-1 binding sequence within laminin (21), we coupled either simple lactose-ADH

or the more complex heparin dp12-ADH (entries 4-5, Table A.3).
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Cysteine-hydrazide coupling chemistry involves three steps based on a
mechanistic analysis. Carbohydrate-ADH is first oxidized to the acyl azide, which
subsequently reacts with the thiol group-containing reagent 4-mercaptophenylacetic acid
and is then transesterfied by the N-terminal cysteine residue generating an acetyl-thiol
ester intermediate. Proceeding through a five-membered ring transition state, the vicinal
amino group of this cysteine residue then attacks the acetyl-thiol ester forming a more
stable amide linkage.

Ovalbumin (OVA) 323-339 is a major MHC class Il-restricted T-cell epitope of OVA,
which has been used for studies of immunological allergic responses. The N-cysteine-
containing OVA 323-339, CISQAVHAAHAEINEAGR, was used in the preparation of
glycopeptides with stable amide linkages to lactose and a disaccharide and
tetrasaccharide derived from the type-3 CPS of Streptococcus pneumoniae derived
(entries 6-8, Table A.3). The binding of the major histocompatibility complex class 11
protein (MHCII) with the two synthetic glycopeptides (entries 7-8, Table A.3) was
demonstrated (Figure A.3). The OVA peptide (positive control, lane 1) and the two
synthetic OVA-glycopeptides (lanes 4 and 5) bound to MHCII with comparable
affinities. This is in contrast to the scrambled OV A peptide (negative control, lane 2),
which only afforded a faint band due to aggregation of I-A% protein in the absence of a
binding peptide. MHCII molecules with an empty binding groove reportedly aggregate
during prolonged incubation periods (22). Binding was observed through the downward
shift in pl resulting from the introduction of the negative charge associated with the
glycan that is especially noticeable in the tetrasaccharide-peptide conjugate. T-cells have

long been considered to be non-responsive to carbohydrate antigens. Recently, however,
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a model for T-cell recognition of a glycoconjugate vaccine has been advanced in which a
carbohydrate epitope is presented on the surface of an antigen-presenting cell through
MHCII. This presented epitope is then recognized by, and stimulates, carbohydrate
specific CD4+ T cells (5a-5c). Carbohydrate does not interfere with peptide binding
MHCII (Figure A.3). This suggests that in the case of glycoconjugate vaccines, the
carrier peptide binds MHCII exposing the covalently linked carbohydrate for T-cell
recognition.

Finally, we examined if coupling could occur with thiol-functionalized biomolecules
in place of ones with an unprotected N-terminal cysteine. Enfuvirtide (ENF), a 36-
residue synthetic peptide drug, is a potent inhibitor of HIV-1 infection used in the
treatment of AIDS. Sialic acid conjugated ENF has a dramatically extended circulating
half-life (23). AcCHNCys-T20, Ac-
CYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF-NH2, a modified version of
ENF with an acetyl protected cysteine at its N-terminus, was conjugated with 6'-
sialyllactose-ADH and obtained the thioester linked glycocojugate in good yield (entry 9,
Table A.3). Additional glycoconjugates, to N-terminal protected, C-terminal, or internal
cysteine residues also afford thioester-linked products.
Discussion

In summary, we have successfully implemented a cross-linking strategy
targeting glycoconjugate preparation. This chemistry involves ADH as cross-
linking reagent combining the reducing end of carbohydrates with the thiol groups
of target peptides. Based on Liu and coworkers (20), who used a synthetic mono-

hydrazide modified peptide as precursor in polypeptide synthesis, we introduced a
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bifunctional dihydrazide linker that could be directly introduced in high yield into
the reducing end of the carbohydrate. The second hydrazide group was then
oxidatively converted to an acyl azide, captured as a thioester and then
chemoselectively transesterified with a Cys-peptide to afford the target
glycopeptide. The strength of this approach lies in its ability to produce
structurally defined, homogeneous glycan-peptide conjugates. Based on our
mechanistic understanding of the activation of the immune response to
glycoconjugates, this approach holds promise for the synthesis of glycopeptide
vaccine (5). This approach also facilitates the synthesis of glycosylated peptide-
based therapeutics, protecting polypeptides against proteolysis, denaturation and
improving their pharmacokinetics by modulating the biophysical and physiological
properties. Finally, this chemistry has been extended to the chemoselective
ligation of carbohydrate-hydrazide to biomolecules containing a single thiol group

further broadening the scope of this reaction.
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Figure A.1
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Figure A.1: Glycopeptide preparation. Peptides where cysteine is not at the N-terminus

could also be synthesized but instead result in a thioester linkage
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Table A.1

Table A.1: Optimization for conjugation of heparin dodecasaccharide with adipic acid
dihydrazide

Entry Reagents/solvents Temp(°C) Time(h) Yield

1 NaCNBHs, H,O 70 48 10%

2 PhNH;, MeOH/H,0 75 24 trace

3 CeCls+7H,0, EtOH/H,0 50 1 trace
Multiple

4 AcOH/DMSO 45 8 conjugates

5 m% buffer pH 4.75 37 72 75%

6 PhNH,, ace;a;e buffer pH 50 2 80%
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Table A.2

Table A.2: Carbohydrate substrate scope in dihydrazide reaction*

Entry Carbohydrate Yield (%)
1 Lactose 99
2 Maltotriose 95
3 Maltotetraose 91
4 Maltooligosaccharnde 87
5 6'-S1alyllactose 97
6 Gle-GleA-Gle-GleA 85
7 GlcA-Gle-GleA-Gle 89
8 Heparin dodecasaccharide 80
9 Heparan sulfate 200
10 Heparin 800
11 LMW-heparin 80P
12 N-desulfated heparin 90b
13 Chondroitin sulfate A 200
14 Chondroitin sulfate E 80P
15 Dermatan sulfate 500

*The ADH reaction with carbohydrate was conducted at PhNH2/acetate buffer (pH 5.5)
conditions described in entry 6, Table 1. [b]Yields of ADH reaction at the reducing end

of a heterogeneous, polydisperse polysaccharides were estimated by 1H-NMR.
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Figure A.2
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Figure A.2: NMR and HRMS analysis. Panel (A) shows 1D 'H NMR spectra of
heparin-, heparin dodecasaccharide- and lactose-ADH. Two sets of peaks at 1.51 and 2.16
ppm in the 'TH NMR correspond to dihydrazide adipic linker. Panel (B), (D), (E) and (C)
show the 1D 'H, 2D 'H-'H COSY, 'H-'*C HSQC NMR and HRMS (positive-mode)

spectra of lactose-dipeptide (Cys-Gly) conjugate.
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Table A.3

Table A.3: Conjugation of carbohydrate-adipic acid dihydrazide (ADH) with

peptides
Carbohydrate- Yield
Entry Aglycones Conditions
ADH (%)
1 Lactose Cys-Gly dipeptide EDC/NHS Trace
2 Lactose Cys-Gly dipeptide DMTMM 37
3 lact Cys-Gly dipeptide 0¥ 85
actose ys-Gly dipeptide
MPAA
Cys-Laminin NaNO,,
4 Lactose 75
peptide MPAA
) Cys-Laminin NaNO,,
5 Heparin dp12 57
peptide MPAA
NaNO.,
6 Lactose Cys-OVA-323-339 68
MPAA
NaNO,,
7 GIA-Glc Cys-OVA-323-339 67
MPAA
NaNO.,
8 (GlcA-Glc), Cys-OVA-323-339 64
MPAA
NaNO.,
9 6'-Sialyllactose AcHNCys-T20 62
MPAA
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Figure A.3
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Figure A.3: NovexTM pH 3-7 protein IEF gel analysis of MHCII binding with peptide

and glycopeptides visualized using silver stain.
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