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Abstract
Conjugation of bacterial capsular polysaccharides to immunogenic carrier
proteins has been employed for almost five decades to protect infants and
adults against bacterial infections. This review investigates the immune
mechanisms, conjugation chemistry, and carrier protein interactions that
define glycoconjugate technology, and reports on the recent developments
that have facilitated a renewed interest into the field of conjugated vaccines.
With novel methodologies such as bioconjugation and Generalized Modules
for Membrane Antigens (GMMA) reaching maturity, and the carrier protein
CRM(197) seeing a research-renaissance, molecular characterization has
never been more important. Elucidation of the physiochemical properties of
prospective therapeutics is a crucial quality control measure that allows their
structural integrity, stability, and immunogenicity to be verified. Thus, a special
mention is made to the hydrodynamic methods that ensure current and novel
therapeutics remain safe and efficacious (6899 words).
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1. Introduction

Vaccine technology has been propelled into the spotlight in recent years. Armed with almost
unlimited public resources, biotechnology companies were able to significantly advance the
development and production of vaccines against the SARS-CoV-2 virus, free from the usual
economic risks posed by pharmaceutical development (Lalani et al., 2023). Messenger RNA
(mRNA) and viral vector vaccines saw the most rapid development and spearheaded the effort
to immunise the world against the deadly respiratory disease and return us to some level of
normality (Francis et al., 2022). While the pandemic has ebbed away, a shift in the attitude
towards health and vaccination remains. For example, a greater acceptance and uptake of
influenza vaccination has been observed post pandemic (Kong et al., 2022). During this period
of greater intrigue into public health, it would perhaps be wise to shed light on other vaccine
technologies that have the potential to prevent lesser-researched and underfunded diseases;

technologies such as glycoconjugate vaccines.

One of the phrases frequently broadcasted during the pandemic was ‘spike protein’. Like many
viruses, the term relates to the proteinogenic antigen that covers the surface of the SARS-CoV-
2 virus, mediating entry into the cell and reproduction (Magazine et al., 2022). This element
also elicits an immune response once recognised by the immune system, and antibodies are
raised against it (Gao et al., 2020). The spike protein was therefore a primary vaccine
candidate against SARS-CoV-2, and it was crucial that the structural domains and
corresponding functions were well understood (Xia, 2021). Identification and characterisation
of coat protein antigens is a key stage in the development of vaccines against viruses.

Structural elucidation can facilitate the elimination of undesirable domains, stabilization of



the antigen such that the most relevant antigenic epitopes are presented, and identification
of molecular conjugation sites (Malito et al., 2015). Proteinogenic components of pathogens
are not the only vaccine candidates, however. Many different cellular components can act as
antigens, can bring about an immune response, and can grant immunity (Weintraub, 2003).
This is no better exemplified than in the case of bacterial pathogens whose capsular
polysaccharides (CPS) present a highly diverse, highly abundant source of antigenic vaccine

candidates (Geno et al., 2015).

CPS are vital to many bacteria. As the component exposed to the extracellular environment,
they undergo binding interactions, help the organism evade immune defences, and facilitate
the continuation of the life cycle of the cell (Keinhorster et al., 2019, Kenney and Fein, 2011).
They are also key virulence factors in immune recognition by their animal hosts (Singh et al.,
2018). As a class of high molecular weight extracellular polysaccharides, CPS are carbohydrate
containing polymers synthesised via complex biosynthetic pathways and excreted from the
bacteria, providing contact with the external environment (De et al., 2010). The rich structural
diversity of CPS means that many serotypes may exist for any given bacteria, where each can
be identified by unique structures and sero-typical interactions (Jauneikaite et al., 2015). CPS
are most common to gram negative bacteria but can be found in gram-positives including
pathogens which interact with human epithelial surfaces such as in the gut and respiratory
tract (Donnio et al., 2004). These are a particular nuisance as they mimic human tissue to
conceal other antigens that would normally illicit an immune response. These bacterial
pathogens therefore remain undetected for longer, leading to more chronic infections and

disease (Guan et al., 2020). While tricky to detect, healthy individuals will typically elicit a



humoral response to fight off such infections, calling upon a vast repertoire of anti-

carbohydrate antibodies (Luetscher et al., 2020).

As native extracellular polysaccharides are non-virulent antigens, a theorised strategy for
immunisation against bacterial pathogens was direct injection of purified CPS (Artenstein et
al., 1970). The problem with this solution is that polysaccharides are not inherently good at
eliciting an immune response. More specifically, native polysaccharides are T-cell independent
antigens that can only stimulate antibody production by direct interaction with B-cells,
generating an immunoglobulin M (IgM) biased response (Jones et al., 2009). While this offers
some protection to the individual, the immune response is significantly lower than it would
be in the event of B-T cooperation and antibody class switching to higher affinity
immunoglobulin G (IgG) (Kelly et al., 2005). Moreover, during the early stages of human
development, the mechanism that stimulates T-cell independent antibody and memory cell
production is not yet mature (Zandvoort et al., 2001). Coupled with the heightened disease
burden at this age, bacterial infections have historically been a major cause of infant mortality,
with pneumonia and meningitis responsible for 23.6% of deaths in children under the age of
5 (Bhutta and Black, 2013). It is therefore imperative to immunise children against bacterial
CPS in a way that stimulates B-T cooperation. One solution is to introduce T-cell epitopes by
way of a protein carrier molecule - this is the core principle of glycoconjugate vaccines. (van

Putten and Tgnjum, 2010).



2. Polysaccharide Vaccines

Polysaccharide vaccines are by no means new. The use of native CPS in prevention of
pneumonia is reported as early as 1945 with subcutaneous injections of tetravalent
formulations of pneumococcus types |, Il, V, and VIl CPS (MaclLeod et al., 1945). However, it
wasn’t until the 1970s that their importance in preventing bacterial disease was properly
recognised with the development and licencing of a 14-valent pneumococcal vaccine. This
later developed into a 23-valent formulation that is still used to immunise the elderly against
Streptococcus pneumoniae (Tomczyk et al., 2014, Gotschlich et al., 1978). A meningococcal
vaccine containing four serogroups of bacterial polysaccharide (A, C, Y and 1-135) has also
been in use in the USA since 1981 and confers 80-95% bactericidal immunity. Therefore, the
efficacy and safety of polysaccharide vaccines is well established (Rouphael et al., 2009). These
examples highlight an additional challenge associated with polysaccharides; they are
significantly more diverse than proteins (Holt et al., 2020). Where a single proteinogenic
antigen may be sufficient in conferring immunity to a virus, a bacterial pathogen can have
many different serotypes of capsular polysaccharide, each with the potential to cause disease
(Lipsitch, 1997, Cox et al., 2008). Neisseria meningitidis has 13 serotypes, with 6 responsible
for most incidences of disease. Vaccine formulations against Neisseria must therefore protect

against each of these 6 serotypes (Lipsitch, 1997, Attarpour-Yazdi et al., 2014).

3. Conjugate Vaccines

The conjugation of polysaccharide antigens to a carrier protein was the most significant
development in polysaccharide vaccine technology. The first conjugated vaccine was licenced

in 1987 in the form a Haemophilus influenzae type b (Hib) conjugate vaccine (Alexander et al.,



1987). This vaccine aimed to reduce the occurrence of Hib associated diseases of which, 90%
of cases occur in children under the age of 5 and a further 59% of these cases occur in children
younger than 12 months old. Routine vaccinations with Hib vaccines have led to a decline in
the incidence of severe Hib infection by more than 90%, a credit to the efficacy and
importance of conjugate polysaccharide vaccines (World Health Organisation, 2013).
Currently, there are 11 licenced conjugate vaccines in the US offering protection against
Pneumococcal, Meningococcal and Hib infections caused by Streptococcus pneumoniae,
Neisseria meningitidis and Haemophilus influenzae type b respectively (Center for Biologics

Evaluation and Research, 2022).

3.1. Immune Mechanism

Understanding the mechanism of immune response to glycoconjugates is key to the
development of effective vaccines. In naive infants’, dendritic cells take up the conjugate
vaccine and within days it is transported to lymph nodes where the T-cell dependent antigens
of the carrier protein induce germinal centre (GC) formation (Mesin et al., 2016). This requires
three crucial cell types: follicular dendritic cells (FDC) which contain and present the antigen,
polysaccharide-specific B-cells expressing surface antibodies acting as receptors (BCR), and
follicular helper T-cells (Trn) which recognise the protein carrier antigen presented on the

surface of B-cells (Rappuoli et al., 2019).
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Figure 1. Interaction of polysaccharides-based vaccines with the FDC, B and Tr+ cells in the
GC. 1, Lack of response to native polysaccharides; 2, B-T cooperation elicited by
polysaccharide-protein conjugate; A, peptide loading onto MHC; B, TCR recognition of
polysaccharide. Adapted from (Rappuoli et al., 2019).

The GC also has distinct light and dark regions. B-cells undergo selection and activation in the
light region where they bind and extract conjugate antigens from the FDCs. The peptides are
loaded into the cavity of the major histocompatibility complex (MHC) exposing them to Trx
cells, which activate the B-cells by direct cell-cell interaction and cytokine secretion,
kickstarting the GC reaction. Activated B-cells then enter the dark region of the GC where they
multiply rapidly and express cytidine deaminase which introduces random mutations in the
variable region of the BCR. B-cells bearing functional receptors re-enter the light zone and

once again receive antigens from the FDC to be presented to the Tex cells. Limited numbers of

Tru cells ensures that B-cells with improved affinity are preferentially selected and perpetually



enhanced via affinity maturation. Eventually, a small fraction of high affinity B-cells leave the
GC to become memory B-cells and polysaccharide-specific antibody secreting plasma cells

(Figure 1.2) (Rappuoli et al., 2019, Rappuoli, 2018).

In infants, polysaccharide antigens initially follow the same mechanism. They can bind specific
antibodies on the B-cell surface, are extracted from the FDCs, and become internalised.
However, they cannot enter the MHC cavity, so the GC reaction can go no further. Interaction
of the B-cell with CD4 helper T-cells is needed for B-T interactions. CD4 cells are
‘immunodeviant’ in neonates and exhibit a shorter-lived effector lineage compared to their
adult counterparts. This could explain the absence of this mechanism in children, which
matures as the lineage of CD4 cells changes (Cyster and Allen, 2019, Rudd, 2020).
Consequently, the necessary steps to produce polysaccharide-specific antibody secreting cells
do not take place. The lack of a mature T-cell independent mechanism for antibody
proliferation in infants means that they are not afforded immunisation when exposed to

polysaccharides alone (Figure 1.1) (Rappuoli et al., 2019).

It is thought that by adolescence we have acquired memory B-cells via direct exposure to
polysaccharides from pathogens or via cross reacting polysaccharides from commensal flora
or food. These low affinity B-cells can induce T-cell independent extrafollicular proliferation
and plasma cell formation in response to polysaccharide vaccines. While this is a preferential
response compared to that seen in infants, hypo-responsiveness is often observed after
subsequent immunisation resulting from the lack of GC activation and depletion of the
memory B-cells pool (Richmond et al., 2000). This leads to a reduced immune response

compared unvaccinated people, even to conjugated vaccines, raising concerns about the use



of polysaccharide vaccines. Initial immunisation with conjugates offers better protection and

should be used preferentially (Rappuoli, 2018).

3.2. Carrier Proteins

Effective carrier molecules must fit certain criteria. They require approved safety in humans,
suitable linkage sites, and many T-cell epitopes (Pichichero, 2013). It is unsurprising then that
many existing licenced therapeutic proteins have been reappropriated as carriers for
polysaccharide antigens. Of the currently licenced glycoconjugate vaccines, all are conjugated
to one of five carrier proteins. Two are bacterial cell membrane proteins: protein D (PD) a
highly conserved ~42 kDa surface lipoprotein of Haemophilus influenzae, and the outer
membrane protein complex of Neisseria meningitidis serogroup b (OMPC). Three are secreted
toxoid proteins in the form of chemically detoxified tetanus and diphtheria toxoid proteins
and a genetically detoxified mutant of the diphtheria toxoid protein CRM197 (Micoli et al.,

2018). A summary of licenced conjugated vaccines and their carriers is presented in Table (1).

Table 1. Licenced vaccines and their carriers (Broker et al., 2017, Kallet and Aaron, 2021).

Carrier protein(s) Polysaccharide(s) Brand name(s)

T Hib Hiberix™, ActHIB™
MenA MenAfriVac™
MenC NeisVac-C™
MenACWY Nimenrix™
MenC-Hib Menitorix™
MenCY-Hib MenHibrix™

DT Hib ProHIBIT™

MenACWY

Menactra™



Carrier protein(s)

Polysaccharide(s)

Brand name(s)

CRM

Hib

MenC

MenACWY

7 pneumococcal serotypes
13 pneumococcal serotypes
20 pneumococcal serotypes

15 pneumococcal serotypes

VaxemHib™

Meningitec™, Menjugate™
Menveo™

Prevnar™

Prevnar 13™

Prevnar 20™

Vaxneuvance™

Protein D, TT, DT

10 pneumococcal serotypes

Synflorix™

OMPC

Hib

PedvaxHIB™

Abbreviations: CRM, cross-reacting material 197; DT, diphtheria toxoid; Hib, Haemophilus
influenzae type b; MenA, meningococcal capsular group A; MenACWY, meningococcal
capsular groups A, C, W, Y; MenC, meningococcal capsular group C; MenCY, meningococcal
capsular groups C, Y; OMPC, outer membrane protein complex; TT, tetanus toxoid.

3.3. Cross Protection

One of the more novel benefits reported in glycoconjugate vaccine usage is the cross
protection offered by the carrier protein (Broker et al., 2017). As the proteinogenic component
of the vaccine is also antigenic, an immune response will be triggered against both the
polysaccharide and the protein. This means that the carrier used for conjugation can be
tailored to give immunity where it is most needed. Theoretically, if an individual is already
immunised against tetanus but not diphtheria, then the most suitable protein carrier for this
individual might be diphtheria toxoid or CRM197. In reality, tetanus and diphtheria vaccines are
frequently administered together. However, this theory may become more relevant with the
development of novel carriers that could offer protection against a broader spectrum of

pathogens (Gasparini et al., 2014). All toxoid-based carriers have been reported to significantly
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increase antibody levels against their respective pathogens. All evoke antibody titres similar

to that of a booster dose of tetanus-diphtheria vaccine (Broker et al., 2017).

PD is the first non-typal Haemophilus influenzae (NTHi) antigen that has been demonstrated
as eliciting a protective immune response in humans. Its development as a carrier protein is
significant as NTHi has been implicated in middle ear infections following pneumococcal
infections of the respiratory tract (Holz et al., 2023). When PD is used to conjugate
pneumococcal polysaccharide antigens, it has been shown to reduce acute otitis media (AOM)

caused by both the pneumococci and non-typal H. influenzae (Forsgren and Riesbeck, 2008).

4. Structures

Considering that the majority of licenced glycoconjugates are conjugated to one of three
proteins (Table 1), comparing their structures to elucidate common features and differences
may be informative for the future development of novel carriers. It may also allow us to better

understand their hydrodynamics and physical characteristics.

4.1. Tetanus Toxoid

The tetanus neurotoxin (TeNT) of Clostridium tetani is a ~150 kDa protein which enters the
nervous system and inhibits neurotransmitter release by hydrolysis of the 76-GIn-|-Phe-77'
bond of synaptobrevin-2 (Schiavo et al., 1992). TeNT is 1315 amino acids in length, split
between a light and heavy chain, and bears a closed domain structure stabilised by two
disulphide bonds. The light chain is a comprised of a single ~50 kDa N-terminal catalytic

domain responsible for the enzymatic activity of the toxin. The heavy chain consists of two
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~50 kDa domains: an N-terminal translocation domain responsible for transport across the
synaptic vesicle, and a C-terminal domain responsible for neuronal binding (Masuyer et al.,
2017). Regarded as one of the most potent neurotoxins, it is essential that TeNT is detoxified
to tetanus toxoid (dTT) before conjugation or direct use (Choi et al., 2018). Formaldehyde
treatment induces methyl adducts on amino acid residues which are further dehydrated
leading to Schiff base modification (Bayart et al., 2017). Schiff bases are then converted to
cross-links by reaction with tyrosine residues (Aggerbeck and Heron, 1992). Analysis of dTT
revealed most modifications occur in the heavy chain of the protein, and toxicity is negated
by preventing the toxin from entering synaptic vesicles (Long et al., 2022). Certain residues of
dTT are consistently modified during detoxification. Long et al. (2022) found 15 repeatable
modifications, 14 on the heavy chain and 1 on the light chain. However, they also found lots
of variation between batches, so the modifications and resulting structure cannot be entirely
predicted. This could be problematic considering structural changes could alter the
immunogenicity of the protein, although much of the antigenicity of dTT is attributed to the

light chain which avoids the brunt of the chemical modification. (Long et al., 2022).

High throughput mapping of TeNT revealed 43 IgG epitopes. Three epitopes, TT-8/G, TT-40/G,
and TT-42/G were found to be key epitopes in dictating the efficacy of the vaccine. TT-8/G
interferes with the enzymatic toxicity of the virus, while the other two interfere with neural
cell receptor binding by the toxin (De-Simone et al., 2023). These three epitopes are visualised

in Figure (2).
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Figure 2. PyMOL representations of tetanus toxin (PDB: 5NOB) rotated through 90°
highlighting the light chain (dark grey), heavy chain (white) and significant epitopes: TT-8/G,
blue; TT-40/G, green; TT-42/G, blue.

It is interesting to note that the significant epitope TT-8/G, found on the light chain, is buried
within the closed structure of the toxin. This could indicate the occurrence of a structural
change of the protein in vivo, allowing the epitope to become available for binding, although

the literature indicates that this epitope is on the surface of the protein and accessible to the

solvent. The other significant epitopes are found on the heavy chain, meaning that they could

13



be subject to structural changes induced by formaldehyde treatment, reducing the overall

vaccine efficacy (De-Simone et al., 2023).

4.2. Diphtheria Toxoid

Diphtheria toxin (DT) is an exotoxin of Corynebacterium diphtheriae that inhibits protein
synthesis. This ~58 kDa protein consist of a single polypeptide chain of 535 amino acids and
three domains — receptor (R), translocation (T), and catalytic (C). The R domain is responsible
for cell binding and initiates endocytosis. A shift to acidic pH causes conformational change of
the protein and subsequent insertion of the T domain into the endosomal membrane. This
facilitates the translocation of the C domain into the cytosol which is then cleaved from
domains R and T by proteolysis, allowing it to inhibit the EF2 translation factor and terminate
protein synthesis (Rodnin et al., 2020). The protein can be proteolyzed with trypsin to two
distinct fragments. Fragment A (residues 1 — 190) contains the C domain, and fragment B
(residues 191 — 535) contains the remaining R (residues 191 —378) and T (residues 379 — 535)
domains (Bennett et al., 1994). Diphtheria toxin is frequently observed as a dimer consisting
of two identical chains, although the dimeric form of DT does not bind to receptors and is
therefore nontoxic. The dimer slowly dissociates to form fully toxic monomers (Choe et al.,

1992).

Like tetanus toxin, DT is extremely potent. The lethal dose of DT is 0.1 ug of toxin per kg of
body weight, so detoxification is essential prior to its use as a therapeutic agent or carrier
molecule (Murphy, 1996). Formaldehyde treatment is also the most common method for the
conversion of DT to detoxified diphtheria toxin (dDT). Typically, formaldehyde and extra

glycine is added to a culture supernatant containing DT, resulting in intramolecular cross-links
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and formaldehyde-glycine attachments. These structural changes critically alter both the
NADp-binding cavity and the receptor-binding site of diphtheria toxin (Metz et al., 2020). An
investigation into repeatable modifications found more modification of the A chain compared
to the B chain, and concluded that A chain modification eliminates toxicity while the B chain
retains immunogenicity (Long et al., 2022). Some T-cell epitopes are also affected by these

chemical changes, although universally the effects are negligible (De-Simone et al., 2021).

20 IgG epitopes were found on DT after mapping. This is roughly half the number of epitopes
that are present on the surface of the TeNT, but DT is almost a third the size of TeNT, so has
more epitopes relative to its molecular weight (De-Simone et al., 2021). Regarding linkage
sites, lysine is the most frequently modified residue by reductive amination. DT has 39 lysines
while TeNT has 107. Glycine is also a commonly modified residue, used for attachments of
linker moieties. TeNT has 8 cysteines, 5 of which appear at the surface. DT has 2 cysteine
residues with both lying on the surface. The implication here is that there is that TeNT affords

more flexibility in glycosylation site selection compared to DT (Figure 3).
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Figure 3. PyMOL representations of both toxoid carriers with surface cysteine residues
highlighted in red. A, TeNT (PDB: 5NOB); B, DT (PDB: 15GK)

4.3. CRM197

CRM197 or Cross-Reacting Mutant 197 was first described after discovery of the lysogenic
C7(B1g7)toxe™* strain of Corynebacterium diphtheria producing a detoxified form of the
diphtheria toxin. This strain was subsequently used to isolate mutant phage producing the
same protein. Previous non-toxic forms of the diphtheria toxoid protein had been isolated,
but CRM197 was special in that it bare such a close resemblance to native DT (Uchida et al.,

1972).

16



The physical and chemical properties of CRM197 and DT are almost identical. The two proteins
have the same molecular weight of ~58 kDa and are immunologically indistinguishable. The
key difference is that CRM197 has a toxicity less than one-millionth that of DT, with 0.5 mg
failing to produce a reaction, proximal to the site of injection in guinea pigs. The lack of toxicity
is a result of a single glycine to glutamate substitution at position 52 (G52E) that renders the

protein enzymatically inactive (Uchida et al., 1972, Giannini et al., 1984).

In native DT the mechanism of toxicity is NAD dependent. The C domain of fragment A
catalyses the cleavage of the N-glycosidic link between the nicotinamide ring and the N-ribose
of NAD. ADP-ribose is then covalently transferred to the modified histidine 715 (diphthamide)
of the elongation factor EF-2. This results in the inactivation of EF-2 and protein synthesis
ceases, leading to cell death (Malito et al., 2012). The loss of toxicity can be attributed to a
significantly reduced ability of CRM197 to both bind and hydrolyse NAD in solution. This is due
to the change in structure of an active site loop that covers the front of the NAD binding site.
In DT, this loop is well ordered in the absence of NAD and disordered in its presence (Bell and
Eisenberg, 1997, Bell and Eisenberg, 1996). The loop in the mutant is disordered in both cases
and displays an intrinsic flexibility regardless of NAD binding. Due to the active site in itself
being structurally unchanged, the loss of actively can be wholly linked to the inability of NAD
to bind (Malito et al., 2012). A comparison of the structures reveals the altered active site
loop. The increased flexibility of the loop in the unbound state is evidenced by the lack of

structure due to low electron density (Figure 4).
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Figure 4. Monomer of nucleotide free native diphtheria toxin (grey, PDB: 1SGK) and CRM197;
(red, PDB: 4AEQ) superimposed in PyMOL. The flexible active site loop (CL2) comprising
residues 38—-49 (PKSGTQGNYDDD) is displayed in dark grey.

The benefits of a genetically detoxified carrier protein are significant from a structural
standpoint. As the mutant always contains the same single amino acid substitution,
researchers can be far more confident about the structure they are dealing with. Without the
need for chemical processing, the protein will be free from random structural deviations and
all the epitopes remain unchanged. The antigenicity of the protein can be more easily
predicted and has greater consistency between batches. It has been suggested that this more
uniform structure confers improved carrier effect when compared with dDT (Mishra et al.,
2018). It should be noted that there is conflicting evidence stating that formaldehyde
modification acts to stabilise fragment B, such that it resists proteolysis more readily. Where
fragment B of CRM197 is prone to degradation in vivo, the structural changes due to chemical

modification preserve the fragment and its immunogenicity (Porro et al., 1980).
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5. Carrier Production Methods

5.1. Tetanus and Diphtheria Toxins

Methods for production of the TeNT and DT are straightforward. Typically, toxigenic strains of
bacteria are grown in liquid medium under conditions that promote toxin formation (Licona-
Cassani et al., 2016). Corynebacterium diphtheriae and Clostridium tetani are cultured for DT
and TeNT production respectively. Once a sufficient titre of toxin has been achieved, the
supernatant is treated with formalin, an aqueous solution containing formaldehyde, to yield
the requisite detoxified toxoid proteins. Toxoid proteins are then purified via ion exchange
chromatography, ready for downstream processing (Metz et al., 2013). For diphtheria toxoid
production, a hypertoxinogenic strain PW8 is grown in large fermenters for 36 — 45 h or until
the concentration of the toxin reaches 150 — 250 limit of flocculation units (Lf/ml), where 1 Lf
is equal to roughly 2.5 ug of toxin. This strain is often grown on low-cost media. Formaldehyde
treatment of the supernatant then takes 4 — 6 weeks to ensure complete detoxification

(Broker et al., 2011, Chung et al., 2016).

5.2. CRM1g7

Production of CRM1e7 is more interesting than its native toxin counterpart. As a secreted
protein, CRM197 can be directly purified from the cell supernatant and requires no further
processing. Classically the mutant protein has been expressed in native Corynebacterium
diphtheriae, although the need for more tightly controlled culture conditions results in higher
production costs compared with the native toxin. This has led researchers in search of

different production vehicles (Aw et al., 2021). Principally, research has focussed on
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production in E. coli as CRM197 exhibits toxicity towards mammalian cells and spheroplasts of
Saccharomyces cerevisiae. This has come with several challenges. While E. coli produces high
yields, the protein frequently forms inclusion bodies which requires intensive downstream
refolding steps to yield the native structure, inflating the cost of production (Park et al., 2018).
Periplasmic expression promises to overcome this, also reporting high yields of up to 3 g.L?,
but significant downstream processing to recover the protein from the periplasmic space also
limits the potential implementation of this production method (Goffin et al., 2017). Expression
in secretory organisms has been achieved, although B. subtilis yielded only small titres of
proteins at 7.1 mg L (Jianhua and Petracca, 1999). One of the more promising candidate
production organisms is the methylotrophic yeast Pichia pastoris. These single eukaryotic cells
are tolerant to CRM197 and can be grown to high cell density on less expensive media. Crucially,
they also secrete CRM197 which can be easily purified to >95% purity at a concertation of 114
mg L (Aw et al., 2021). This yield is consistent with traditional production in Corynebacterium
diphtheriae, which ranges from 100 — 150 mg L%. The most productive recombinant CRM197
comes by way of the commercially available Pfenex CRM197 produced in an engineered strain
of Pseudomonas fluorescens, claiming yields of 1 — 2 g L%, This is also the only commercially
available current good manufacturing practice (cGMP) CRMig7 that is currently used in
approved conjugate vaccines; all others are derived from the classic Corynebacterium

diphtheriae expression system (Hickey et al., 2018).

6. Conjugation Methods

The presence of many -OH groups is usually indicative of good reactivity due to their reactive

covalent bonds and the electronegativity of oxygen compared to carbon and hydrogen
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(Klecker and Nair, 2017). Despite this, most polysaccharides are not sufficiently reactive for
direct conjugation with proteins. Typically, chemical modification is required to introduce

reactive functional groups such that the glycan can covalently bind with the carrier protein.

6.1. Reductive Amination

The method employed for conjugation in the majority of licenced glycoconjugate vaccines is
reductive amination. This is achieved by targeting neighbouring hydroxyl-containing
monosaccharides with sodium periodate. Hydroxyl groups react with sodium periodate to
form aldehydes that undergo Schiff base formation with amines on the protein carriers.
Generally, polysaccharides activated in this way are readily coupled to lysine residues on

carrier proteins by reductive amination (Figure 5) (Morais and Suarez, 2022).

Polysaccharide Carrier
X antigen protein -
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Figure 5. Reductive amination reaction between a carbohydrate oxidised with sodium
periodate and the amine group of a carrier protein. Adapted from (Morais and Suarez, 2022).

Chemical modification of the polysaccharide antigen must be carefully performed so to retain
the immunogenicity and stability of the vaccine. The oxidation of diols is often localised to
saccharide rings where the reaction leads to the irreversible opening of the ring and the

formation of a pseudo-sialic acid structure. If many rings along the length of the
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polysaccharide are opened the structural change could reduce antibody cross-reactivity and

stability (Lees et al., 2008).

6.2. Cyanylation

Another established strategy for polysaccharide activation is to introduce cyanoester groups
that will react with amines or hydrazines. This was initially performed with cyanogen bromide
(CNBr) and later implemented in the production of the PRP-T Hib conjugate vaccine
(Schneerson et al., 1980, Chu et al., 1983). Later iterations of this method use CDAP (1-cyano-
4-dimethylaminopyridinium tetrafluoroborate) to circumvent the issue of low efficiency of
CNBr which required conjugates to be formulated with linkers such as adipic acid dihydrazine
to achieve sufficient levels of conjugation. CDAP reacts with the polysaccharide, exchanging a
cyano group for a hydroxyl hydrogen to produce a cyanoester. The cyanoester will then link

the epsilon amine of lysines to form a strong covalent bond (Figure 6) (Frasch, 2009).

Polysaccharide Carrier
antigen protein

HoC.,-CHs

Figure 6. Cyanlyation of a carbohydrate with CDAP and subsequent reaction with an amine of
a carrier protein. Adapted from (Morais and Suarez, 2022).

Again, researchers have raised concerns as to the impact on molecular integrity using this
method. Optimization of the reaction involves increasing the pH and performing the reaction

in the cold due to the instability of CDAP. The increase in the pH means that side reactions are
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more likely and may affect the stability of the polysaccharide. Additionally, both cyanylation
and reductive amination are considered random methods for conjugation meaning there is

little control over the site at which polysaccharides will conjugate (Lees et al., 2020).

6.3. GOase Activation

A novel alternative to chemical modification methods is enzymatic oxidation by the GOase
enzyme of the fungus Fusarium sp. In certain polysaccharides, GOase generates site specific
aldehydes at position C6 of galactose in a reversible reaction (Duke et al., 2022). CPS of S.
pneumoniae conjugated to CRM197 using the GOase method elicited significantly higher IgM
and IgG titres compared with chemical oxidation, and equal functional protection measured
by opsonophagocytic killing potential assay. This less destructive conjugation method
therefore elicits a stronger humoral response, in a way that is non-detrimental to the efficacy

of the vaccine (Berti, 2022).

6.4. Site Selective Approaches

Carrier protein mutagenesis can be carried out to introduce a cysteine residue or unnatural
amino acid to which functionalized polysaccharide antigens can be selectively coupled.
Studies into site selective approaches typically conjugate a synthetic carbohydrate to a
bacterial protein (Nilo et al., 2015). In one study, Pillot et al. (2019) made use of the lack of
cysteine residues in the structure of pneumococcal surface adhesin A by replacing surface-
exposed lysines with single cysteine residues. A synthetic tetrasaccharide representative of a
serotype 14 CPS of Streptococcus pneupmoniae could then be linked to the single cysteine of
the carrier protein by thiol/maleimide coupling chemistry using a sulfhydryl (SH) linker. This

demonstrated the specific conjugation of a sugar residue in a fully controlled reaction (Pillot
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et al., 2019). Additional control was added to this method by the adoption of amber codon
rearrangement for the incorporation of unnatural amino acids (UAA) in vivo. Non-canonical
amino acids can be coded for by inserting orthogonal aminoacyl-tRNA synthetase/tRNA pairs
into normal protein sequences via mutation (Liu and Schultz, 2010). Using this method, the
non-canonical amino acid N¢propargyloxycarbonyl-I-lysine (PrK) bearing a bioorthogonal
alkyne functional group was incorporated into a pneumococcal protein in place of surface
lysines. Click chemistry was then used to link a synthetic azido-functionalised tetrasaccharide
by reaction of their alkyne groups. This chemistry refers to efficient yet selective reactions
joining small building blocks by formation of a covalent bond between two reactive functional
groups performed under mild conditions (Kolb et al., 2001). The resultant conjugates
produced similar antigenicity when compared with a randomly conjugated control (Violo et
al., 2023).

The benefit of this system is that the only full-length protein synthesis occurs if the UAA is
introduced, simplifying the quality control process. It is possible to produce combinatorial
mutants harbouring more than one sugar residue, implying that multivalent vaccines could be
produced using this method. There are some concerns as to the stability of the protein,
however. Compared with random addition of the tetrasacchride, the antibody titres of the
mutants were less homogeneous, potentially a result of structural changes due to chemical

derivatization and conjugation (Violo et al., 2023).

6.5. Clinical Relevance

In addition to the concerns surrounding conjugation method and molecular stability, the
method or chemistry used in conjugation has also been reported to influence the

effectiveness of vaccines. Streptococcus pneumoniae serotype 19F conjugated to CRM197 Using
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reductive amination raised an additional epitope that isn’t present when the same
polysaccharide is conjugated to CRMig7 using cyanylation. It was also discovered that the
cyanylated vaccine resulted in greater opsonophagocytic antibodies titres as well as higher
levels of cross-opsonophagocytic antibodies against the closely related serotype 19A; clearly
suggesting a relationship between conjugation method and antibody functionality (Poolman

etal.,, 2011).

7. Quality Control and Characterization

In vaccine development, one of the most important considerations is quality control, with
protocols implemented in each stage of the developments process to validate the structural
integrity of the products being produced. Characterisation of the conjugated vaccine itself is
arguably the most important step in safeguarding patient health. Immunoassays and
physiochemical test ensure that the vaccine is efficacious and meets the strict regulatory

guidelines set out by authorities such as the WHO (Jones, 2015, World Health, 2022).

7.1. Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC) is a primary technique used to investigate the
hydrodynamics of macromolecules (Lebowitz et al., 2002). In an AUC experiment, high
centrifugal forces cause the sedimentation of the macromolecule through its solution. The
rate at which the molecule sediments is analysed by absorbance or interference optical
systems depending on the whether the macromolecule absorbs UV radiation. This is then used
to determine molecular weight and sedimentation coefficient and subsequently to determine

the shape and size of the molecule. Two independent methods, sedimentation velocity and
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sedimentation equilibrium, are used to determine sedimentation coefficient and molecular
weight respectively. Unlike other analytical technique, these experiments can be performed
in biological solutions and true solution-state conditions. AUC doesn’t rely on interaction with
a separation matrix, so data can be analysed directly without the need for comparison with a

standard (Edwards et al., 2020).

7.1.1. Sedimentation Velocity

Sedimentation velocity (SV) involves centrifugation at high-speed causing the sample to
migrate towards the bottom of the cell independent of back diffusion, creating a boundary
between the solvent and solution (Hansen et al., 1994). The solute accelerates initially until a
constant speed of sedimentation is reached and then the velocity of movement v can be
measured. The rate of the movement of the boundary per unit centrifugal field allows the
sedimentation coefficient to be calculated which is dependent on the shape, size, and viscosity

of the molecule. Sedimentation coefficient, s, is determined via the svedberg equation:

v__ MQA-9py) _ M(1-Dpo)D _ M(1=7po)
w?r Naf N4kp RT

s = (1)
Where s is the sedimentation coefficient, v is the velocity of boundary movement, w?r is the
angular acceleration, M is the molar mass, v is the partial specific volume, p, is the density

of the solvent, N, is Avogadro’s constant, f is the frictional coefficient, D is the diffusion

coefficient, ky is the Boltzmann constant, R is the ideal gas constant, and T is the temperature.
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Molecular interactions are identified by SV on a sedimentation distribution. Aggregating
molecules sediment slower and are identifiable by multiple peaks corresponding to species
with a molecular weight greater than that of the target molecule. Conversely, degradation
products or impurities may sediment faster than the target, and therefore appear as peaks

with lower corresponding molecular weights (Dam et al., 2005).

One of the pitfalls of SV is the influence nonideality of the analyte caused by co-exclusion and
residual polyelectrolyte effects. This can lead to a miscalculation of solution properties. Thus,
sedimentation distributions must be produced using the lowest possible concentrations. Once
s has been corrected to standard density and viscosity of water at 20°C (s20,w), a plot of szo,w
against concentration can be extrapolation to zero to find s free from nonideality effects

(Harding et al., 2015).

7.1.2. Sedimentation Equilibrium

Sedimentation equilibrium (SE) experiments are performed at lower speeds, where the
sedimenting forces are allowed to equilibrate with the back diffusion effects. At equilibrium,
an even distribution of concentrations is observed when the flux of sedimenting molecules is
equal to the flux of diffusing molecules. Under these conditions there are no friction effects,
so the migration of the macromolecule is independent of shape and only a function of the
weight average molecular weight (My). Centrifugal conditions are related to molecular weight

by the equation:

RT dc(r)

2 s —
w*rM(1 — vpy) = )

(2)
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Where w?r is centrifugal acceleration, M is the molar mass, ¥ is the partial specific volume,
po is the density of the solvent, R is the ideal gas constant, T is temperature, ¢ is

concentration, and r is the radius (Cole et al., 2008).

One limitation of SE experiments is that the sample purity and homogeneity must be more
strictly controlled than in SV. Non-homogeneous species are not fractionated during SE, as
they are in SV. Thus, contaminants or denaturation products of the analyte will influence the
determined molecular weight. Additionally, multiple exponential functions must be solved by
software to fit SE concentration gradients; a task that becomes exponentially more difficult

with multiple species (Cole et al., 2008).

7.2. SEC-MALS

Size exclusion chromatography coupled with multiple angle light scattering (SEC-MALS) is a
technique commonly applied in biomolecular technology to analyse the molecular weight
distribution of macromolecular solutions. Solutes are passed through a column filled with a
porous matrix at a constant rate. Smaller molecules enter the pores and are retained in the
column for longer. Molecules therefore pass through the column in descending order of
molecular weight, which can be determined by comparing elution time with known standards.
As elution time is also dependent on shape, the standard must have the same conformation
as the target molecule. This adds an additional level of complexity to SEC when analysing
complex biomolecules capable of multiple conformations such as polysaccharides (Some et

al., 2019).
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The MALS component works around this problem as an absolute determinate for molecular
weight, independent of standards. Spherical particles with sufficient size will cause light to
scatter in all directions at equal intensity so it is typically okay to use single angle light in this
case. Non-spherical partials will cause light to scatter with variable intensity depending on the
angle of incidence. Therefore, multiple angle measurements allow the molecular weight to be

determined by the equation:

R(0)
KC(%)Z

(3)

Where M is the molecular weight of the analyte, R(0) is the reduced Rayleigh ratio

(intensity of scattered light vs laser intensity) extrapolate to zero angle by the instrument, ¢
. . . . dn . o
is the weight concentration determined by the UV or rDI detector, d—: is the refractive index

increment of the analyte, and K is an optical constant defined by Equation (4).

2,241 2
_4nn0dc)

K = N2t (4)
. . .. dn. . . ,
Where n3 is the solvent viscosity, d—: is the refractive increment, Ny is Avogadro’s constant

and A is the wavelength (De et al., 2010).

SEC MALS and AUC experiments can be used interchangeably, and both can give an accurate
report of aggregation profiles and molecular weight. The former is often preferred due to
the significantly quicker analysis times, but AUC acts as a complementary method that can

validate the data obtained via SEC-MALS (Ogawa and Hirokawa, 2018).
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7.3. Intrinsic Viscosity

Solution viscosity of macromolecules is of significant interest due to the impact of viscosity on
the development of new therapeutics. As viscosity depends on molecular shape and size,
intermolecular interactions can lead to complications in bioprocessing, formulation
development, subcutaneous drug delivery, and manufacturing of biomolecules. Higher
concentrations, and even small amino acid changes in proteins can result in increased

aggregation and subsequently much higher viscosities (Buck et al., 2015).

Typically, the relative viscosity of a dialysate can be determined by comparing its flow rate

against the solution in which it is dissolved, given the densities of each:

=g (5)

Where 7,.is relative viscosity, t is time of flow of dialysate, t, is time of flow of solution, p is

density of dialysate, and p, is density of solution.
Further equations are used to find reduced viscosity by considering the concentration of the

dialysate:

Nrea = It = KH [T]]ZC + [77] (6)

C

Where 7,4 is reduced viscosity, c is concentration, Kyis the Huggins constant, and [n]is the

intrinsic viscosity.
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Transformation of the equation allows for [n] to be plotted against concentration and
extrapolated back to zero to account for nonideality effects. These effects typically occur when
intermolecular forces between a solute and solvent are less strong than between solute
molecules themselves. An approximation of [n] from a single concentration is given by the
Solomun-Ciuta Equation (7) but is often less accurate than extrapolation of the physical data

(Harding, 1997).

[n]~ 2(myr—1)-21n(ny) (7)

[

7.4. Comparison of Hydrodynamic Techniques

While each of the techniques mentioned previously can reveal important molecular
information, a comparison of the all the methods highlights the advantages and limitations of
each (Table 2). Thus, to obtain a more accurate characterization of the physiochemical
properties of a particular biomolecule, all the techniques should be used collectively to

validate the results.
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Table 2. Comparison of hydrodynamic techniques (Harding et al., 2015).

Technique
LoRsiceiation Sedimentation  Sedimentation Capillary
. e s SEC-MALS . .
Velocity Equilibrium Viscosity
Time Hours Day(s) Minutes Minutes
Cost Expensive Expensive Less Expensive Inexpensive
Molar mass Absolute My, MOI?r m.ass
Measurements distribution. S and M distribution, 7]
’ ’ Muw, Mz, My, Rg
Analyte volume ~ 400 pl ~ 100 ul ~ 100 pl 1-2ml
Comprehensive
Conformation . — Axial
) , Yes No Size only . .
information dimension and
flexibility
.Interactl.on Yes No Yes Yes
information
Physiological
.\ Yes Yes Yes Yes
conditions
Matrix No No Yes No

Abbreviations: SEC-MALS, size exclusion chromatography coupled to multiple angle light
scattering; S, sedimentation coefficient; My, weight average molecular weight; M;, size
average molecular weight; My, number average molecular weight; [1], intrinsic viscosity.

8. Prospects

8.1. Novel Carriers

Given the application of glycoconjugate vaccines dates back almost half a century, it is
surprising that only five carrier proteins are currently utilized, especially considering the
benefits that are afforded by cross-protection. Many novel protein carriers are currently being
researched as a result. One group recently developed a full length genetically detoxified
tetanus toxin, 8MTT. This new mutant has reported similar a-tetanus IgG levels to dTT in mice,

yields of up to 500 mg Lt when expressed in E. coli, and an antigenic purity well above the

32



1000 Lf units per mg of protein nitrogen specified by the WHO to ensure tetanus vaccine
efficacy (World Health Organization, 2007). This protein marks a significant improvement over
current genetically detoxified forms of TT such as the receptor binding domain (THc), where
the complete structure induces more protective antibodies and superior protection (Chang et

al., 2022).

8.2. Outer Membrane Vesicles

Aside from the current carriers, outer membrane vesicles (OMV) present a unique solution to
the issue of glycan antigen delivery. Also referred to as Generalized Modules for Membrane
Antigens (GMMA), these genetically engineered gram-negative derived OMV are essentially
native components of bacteria that have surface exposed antigens as well as
immunostimulatory molecules such as lipoproteins, peptidoglycans, and lipopolysaccharides
(LPS). GMMAs are first produced in bacteria engineered for improved OMV production and
altered lipid A structure (Rossi et al., 2016). This reduces the reactogenic capacity of the LPS
while maintaining its immunopotentiator effect. Antigens are then linked using the chemistry
established in glycoconjugate technology, such as SH-Maleimide chemistry and reductive
amination. This platform affords the ability to conjugate multiple heterologous glycans
offering protection against multiple organisms simultaneously, hosted on carriers that are
highly expressed in efficient production systems. This hints towards the potential of GMMAs
as a plug and play technology for the rapid and affordable development of much needed,
under researched vaccines. Perhaps most significantly Micoli et al. (2020) report improved
carrier effects when Neisseria meningitidis serogroups C oligosaccharides were conjugated to

GMMAs compared with CRMjig7, especially when the CRMsig7 conjugates required an
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Alhydrogel adjuvant to elicit anti-saccharide-specific 1gG production, where GMMA

conjugates did not (Micoli et al., 2020).

8.3. Bioconjugates

Bioconjugation is a concept that promises to streamline the manufacturing of conjugate
vaccines. This comprises complete in vivo synthesis of glycoconjugates, typically in E. coli,
where the protein and glycan construction are performed entirely by the cell. Genetic
engineering is employed to introduce one or more N-glycosylation consensus sequence to the
carrier protein for site selective conjugation. E. coli are engineered to express a bacterial
capsule derived o-antigen polysaccharide (O-PS) and an oligosaccharyl transferase which
catalases the transfer of the glycan to the asparagine of the N-glycosylation site in the

periplasm (Figure 7) (lhssen et al., 2010).
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Figure 7. Typical bioconjugation pathway in E. coli expressing Campylobacter
oligosaccharyltransferase (PgIB), Pseudomonas aeruginosa exoprotein A (EPA), and
polysaccharide O antigens. Abbreviation: SEC, secretory pathway (Poolman and Wacker,
2015).

Production strains and conditions can then be optimized to achieve high levels of expression
such that the complete glycoconjugate can be purified from cell lysate. A caveat to this
method is that the O-PS structure must be known, including the gene cluster required for its
expression. The glycosylation of the protein in vivo is also difficult to predict and control, and
the resulting glycoconjugates are often heterogenous (van der Put et al., 2023). Since the
polysaccharides show polydispersity and variable repeating units’ number, structural
characterization of bioconjugates was considered a developmental barrier. Nicolardi et al.
(2022) recently reported an ultrahigh-resolution MALDI-in-Source Decay FT-ICR Mass
Spectrometry method permitting the determination of the terminal amino acid sequence and
monosaccharide composition of the repeating oligosaccharide units from intact
bioconjugated glycoproteins. This method presents a new rapid method for validating the
structural integrity of bioconjugates without the need for separation instrumentation
(Nicolardi et al., 2022). Bioconjugate technology has been extensively investigated in the
search for a Shigella vaccine, where chemical methods have failed. The robustness, safety, and
efficacy of the bioconjugation platform and Shigella O antigens has since been demonstrated.
Subsequent development of a quadrivalent bioconjugate vaccine comprising four Shigella O-
antigens conjugated to recombinant Pseudomonas aeruginosa exoprotein A (EPA) is currently
undergoing clinical trials and marks the most significant advancement towards a Shigella

vaccine to date (Martin and Alaimo, 2022).
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9. Concluding Remarks

Nevertheless, CRM197 remains the gold standard carrier protein for glycoconjugate vaccines,
and is almost always used as a comparative control when investigating the efficacy of novel
carriers (Micoli et al.,, 2020). The extensive application, ease of processing, high-yield
expression and proven safety and efficacy make CRM197 one of the most versatile therapeutic
proteins currently available. Recent implications in the use of CRM197 as a carrier for cancer
vaccines is a testament to this versatility (Xiong et al., 2021). KH-1 is a tumour-associated
carbohydrate (TACA) and thymus-independent antigen (TD-Ag) bearing limited
immunogenicity, as is the case for most TACAs. Conjugation of KH-1 to CRM197 induced higher
IgG titres with the potential to recognise and eliminate KH-1-positive cancer cells via
complement-dependent cytotoxicity (Liu et al., 2023). Researchers are also cited as
investigating CRM197 as a carrier to improve the immunogenicity of low molecular weight
SARS-CoV-2 immunogenic and antigenic moieties. A protein chimera of CRM197 and the
Receptor-Binding-Domain (RBD) of SARS-CoV-2 spike protein was expressed in, and purified
from, E. coli, and was shown to have improved immunogenic properties when compared to
RBD alone. The potential of CRM197 to confer immunogenicity to low molecular mass antigens
reaffirms its value as a research tool (Maltoni et al., 2022). This renewed intrigue has spurred
on non-clinical research into the structure of CRM197. The crystal structure of functional
monomeric CRMi97 has now been elucidated and promises to enable more thorough
comparisons of the protein in different expression systems and conjugation optimization

(Gallagher et al., 2023).
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Despite the broad interest in CRMaig7, the current literature is void of high-quality
characterisations of the hydrodynamics of the carrier protein — a collection of physical
properties pertinent to the development of new therapeutics. Hydrodynamic characterisation
offers a highly accurate report of the structural integrity of a given therapeutic and is a key
indicator of safety and stability. This current work aims to produce a thorough characterisation
of CRM1e7, contributing to the current knowledge of the molecule and improving the

development of future CRM197 based therapies.
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Abstract

Conjugation of thymus independent polysaccharide antigens to immunogenic carrier proteins
improves their immunogenicity and confers long lasting immunity. This approach has been
employed for decades to protect global populations against bacterial infections. With the
omnipresent threat of antibiotic resistance growing ever greater, glycoconjugate technology
has seen a resurgence as a strategy to prevent lesser-researched bacterial infections before
antibiotic treatment is required. Despite recent advances, the genetically detoxified
diphtheria toxin CRM197 remains the gold standard carrier protein and has also been
investigated as a carrier of cancer antigens. As glycoconjugate technology experiences a
research-renaissance an added pressure is placed on manufacturers to produce high quality
therapeutic constituents. Improving the knowledge of molecular characteristics of vaccine
components is therefore a crucial cog in the developmental machine. In this current work, we
report on the high inherent stability of CRM197 under appropriate storage conditions but
highlight an unusual tendency to aggregate under forces like those exerted on the protein
during manufacturing or transportation. Further comment is made regarding the influence of
polysaccharide serotype on therapeutic hydrodynamics, emphasizing the importance of

structural considerations in vaccine design.
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1. Introduction

Of the many crises currently faced by clinicians, the increased prevalence of antibiotic
resistance takes the top spot. Continued misuse of antibiotics, lack of public awareness, and
insufficient education has led us to a situation where the number of antibiotic resistance
infections is rising year on year (UK Health Security Agency, 2022). Given the drastic
consequences that widespread antibiotic resistance would cause to global health and the
modest number of newly approved antibiotics in the last decade, researchers are turning
towards prevention rather than treatment as a means to subdue bacterial infections within
the population (Chahine et al., 2022, Ye and Chen, 2022).

Vaccination is an approach that has been used for decades to prevent bacterial infections.
Alongside proteins and other antigenic structures, many bacteria have highly diverse capsular
polysaccharides (CPS) coating their exterior, granting the organism binding capability and
protection (Singh et al., 2018). These structures can be a nuisance as they help pathogens
evade immune detection by mimicking host tissue molecules to conceal antigens and cause
chronic disease (Cress et al., 2014). Fortunately, as a structural component with rich serotypic
diversity they also present an abundance of bacterial antigens from which vaccine
formulations can be developed (Geno et al., 2015).

Initial vaccine formulations looked to protect against pneumococcal infections by taking highly
pure extracts of these CPS and administering them intravenously (MacLeod et al., 1945). This
type of vaccination proved fairly effective in adults, despite polysaccharide being T-
independent antigens (Jones et al., 2009). It would later be discovered that the mechanism
leading to the immune response in adults relies heavily on the cooperation of B cells and

helper T cells (Rappuoli, 2018). This mechanism is not fully developed in neonates and



children due to their expression of an immunodominant lineage of CD4 helper T cells (Rudd,
2020). This rendered early polysaccharide vaccine formulations ineffective in children. A
breakthrough occurred when capsular polysaccharides were conjugated to a carrier protein
to produce the first conjugated vaccine. Licenced in 1987, the first Haemophilus influenzae
type b (Hib) conjugate vaccine comprising purified polysaccharide capsule polyribosylribitol
phosphate conjugate to diphtheria toxoid reduced the incidence of sever Hib infections in
children under the age of 5 by 90% (Alexander et al., 1987, World Health Organisation, 2013).
Conjugation of the polysaccharide antigen to a carrier protein introduces the T cell epitopes
absent from the sugar. These facilitate B-T cooperation, allowing high affinity anti-
polysaccharide immunoglobulin G’s (1gG) to proliferate and generating sufficient memory cells
to grant long lasting immunity (Rappuoli et al., 2019).

It is this technology that continues to provide immunity against common bacterial infections
for children and adults alike (Center for Biologics Evaluation and Research, 2022). A recent
resurgence in glycoconjugation has seen vaccine development considered for historically
overlooked bacteria such as Streptococcus agalactiae by conjugation of CPS to the carrier
protein, CRM197 (Carreras-Abad et al., 2020).

CRMy197 is one of the most frequently used carrier proteins for glycoconjugate vaccine
formulations. As a genetically detoxified form of the diphtheria toxin, it requires minimal
processing prior to application (Aw et al., 2021). Other carriers such as detoxified tetanus toxin
(dTT) and detoxified diphtheria toxin (dDT) require stringent detoxification which can disrupt
the protein’s structure, introduce random structural changes, and interfere with T cell
epitopes (Long et al., 2022). It is thought that the retainment of its native structure leads to
an improved carrier effect for CRM197 compared to dTT and dDT (Mishra et al., 2018). Despite

recent advances in glycoconjugate technology CRM197is still the gold standard carrier protein.



It is often used to compare the efficacy of novel conjugate technologies such as Generalized
Modules for Membrane Antigens (GMMA) and has been investigated as a carrier itself to
improve the immune response against cancer and SARS-CoV-2 antigens (Micoli et al., 2020,
Maltoni et al., 2022, Xiong et al., 2021).

With the development of new therapeutics there is an added emphasis on the physical
characterisation of both the individual components and the fully assembled vaccine. Novel
vaccine formulations and therapeutics must meet the strict guidelines established by
regulatory authorities such as the world health organisation (World Health, 2022). These
guidelines are implemented at each stage of development and work to ensure high quality
manufacturing of structurally integral components that are both safe and efficacious (Jones,
2015).

This current work aims to contribute to the wealth of knowledge of the carrier protein CMR197,
elucidating key information regarding its stability and conformational through a range of
hydrodynamic tests. This information is pertinent to its both the manufacture and regulation
of the protein. Comparisons will be drawn to the closely related dTT with consideration as to
how chemical means of detoxification may affect some of the hydrodynamic properties.
Hydrodynamics characterisation of four novel vaccine formulations comprising Streptococcus
agalactiae CPS conjugated to CRM197 will also be performed to investigate how polysaccharide

serotype influences therapeutic hydrodynamics.



2. Materials and Methods

2.1. Buffer Preparation

Phosphate buffer saline pH 7.0 adjusted to an ionic strength | = 0.1 mol.L** (PBS) was produced
following the formulation outlined in Table 1 and used as a solvent and reference buffer for
all hydrodynamic experiments. The density of PBS at 20.0°C was measured as (1.00334 +
0.0001) g.mL ! using a densitometer. The viscosity of PBS at 20.0°C was measured as (0.010200

+0.00001) Poise using an Anton Paar rolling ball viscometer (Anton Paar GmbH, Graz, Austria).

Table 1. Constituents and their relative masses for the formulation of phosphate buffer
saline pH 7.0 adjusted to an ionic strength 1 = 0.1 mol.L2.

Component Mass (g)

Disodium hydrogen orthophosphate dodecahydrate

.5950 + 0.0005
(Na;HPO4+12H,0) 4.5950 + 0.00

Potassium dihydrogen orthophosphate (KH2POQ4) 1.5610 + 0.0005
Sodium chloride (NaCl) 2.9230 + 0.0005
Deionized water (H,0) 1000
2.2. Samples

Samples of CRM197 protein and CRM-Conjugated vaccine candidates were kindly provided by
GSK vaccines, Rixensart. The partial specific volume () of CRM197 was determined to be 0.733
mL.g* using the routine SEDNTRP (Laue, 1992) from amino acid sequence. ¥ of each conjugate
was determined by applying the protein : polysaccharide concentration ratio and previously
determined ©’s for CRM197 and the unconjugated polysaccharides (MacCalman, 2023)(Table

2).



Table 2. Formulations and supplementary properties for four samples of different serotypes
of Streptococcus agalactiae conjugated to CRM197.

. . v v v
Conjugate  Serotype Concentration Conceptratlon PS CRMis;  conjugate dn/d_c1
PS (ug) Protein (ug) (mLgY) (mLg)  (mLg?) (mL.g?)
GBAO_ZC:M_ la 865 783 0.642 0.733 0.683 0.166
GBB-CRM- Ib 1421 1251 0.622 0.733 0.670 0.166
008B
GBD-
CRM-005 I 842 669 0.627 0.733 0.666 0.165
GBEggM_ n 1320 861 0.661 0.733 0.661 0.163

N.B. All sample and their information were kindly provided by Ghislain Delpierre of
GlaxoSmithKline Pharmaceuticals, Avenue Pascal 2-4-6 1300 Wavre, Belgium. PS =
polysaccharide.

2.3. Sample Preparation

Samples of CRM197 were thawed for one hour at 37.0°C before being transferred to a
Thermofisher Biodesign™ cellulose dialysis tubing 14000 mwco dialysis bag (Thermofisher,
Massachusetts, USA) and dialysed in PBS overnight at 4.0°C. Conjugates were stored at 4.0°C
and dialysed directly before each experiment. Both CRM197 and each of the conjugates were
subsequently stored at 4.0°C. Absorbance of stock samples of CRM197 were measured using a
Jenway 7305 spectrophotometer (Jenway, Staffordshire, UK) absorbing at 280 nm to elucidate

concentration by application of the Beer Lambert law:

A= ecyl (1)

Where A is absorbance at 280 nm, ¢ is the extinction coefficient of the sample, c,, is the molar

concentration of the sample in mol.L?, and [ is the optical pathlength. Molar concentration is

then converted to weight concentration by:



c=cyM (2)

Where c is the weight concentration in mg.mL?, ¢,,, is molar concentration, M is the molecular
weight. Stock concentrations of CRM1s7 were (25.0 + 0.5) mg.mL™.

Concentrations of each glycoconjugate vaccine candidate were determined by refractometry
using an Atago DD-7 digital refractometer (ATAGO CO., Tokyo, Japan) to calculate BRIX % at

20°C. BRIX % is then converted to concentration using the equation:

dn

dc
¢ = BRIX% - 722 . 10 (3)
ESU.CTOSE
. . . d . .
Where c is weight concentration in mg.mL?, —: is the refractive increment of each
sample
d . .
sample (Table 2), and = is the refractive increment of sucrose at 20.0°C. Stock
dcsucrose

concentrations of GBA-CRM-026, GBB-CRM-008B, GBD-CRM-005, and GBT-CRM-003 were
2.21 mg.mL?, 3.18 mg.mL?, 1.69 mg.mL?, and 2.46 mg.mL? respectively.

Samples of CRM197 were diluted in PBS to produce concentration series for each of the
experiments. A single concentration series was produced for each of the glycoconjugates to
perform all the hydrodynamic experiments (Table 3). A full series for the vaccine candidate

GBD-CRM-005 could not be produced due to the smaller volume of sample (Table 3).



Table 3. Experimental concentration series for each of hydrodynamic experiments and the
samples characterised.

Experimental concentration series (mg.mL?)

GBA-CRM-026,

CRM15;SV  CRMyo7 SE vcisc“c:l;:y GBB-CRM-008B, CRGJ_%'OS
GBT-CRM-003
2.00 1.0 14 2.0 1.5
1.00 0.9 12 1.7 1.3
0.50 0.8 10 1.4 1.1
0.25 0.7 8 1.1 0.9
0.125 0.6 6 0.8 0.7
0.0625 0.5 4 0.5 -
- 0.4 2 0.2 -

2.4. Sedimentation Velocity

Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiments were performed
using a Beckman Optima XL-I analytical ultracentrifuge (Beckman Coulter, Brea, CA) equipped
with Rayleigh interference and UV optics (280nm). 395 pL of sample and 405 pL of reference
buffer were injected into two sector epoxy cells with a 12 mm centre piece and either sapphire
or quartz windows. For CRM197 alone, cells were loaded into an An-60 Ti Analytical 4-Place
Titanium Rotor (Beckman Coulter, Brea, CA). Conjugate vaccines were loaded into an 8 hole
An-50 Ti Analytical 8-Place Titanium Rotor (Beckman Coulter, Brea, CA). Experiments were
performed at 20.0°C with an equilibration time of one hour, and a single experiment for
CRM197 was performed at 30.0°C with an equilibration/ incubation time of four hours. A
temperature correction was applied to the partial specific volume for analysis of data from

this experiment (Hinz, 1986):

B, = Dys + 4.25 X 10~4(T — 25) (4)



Where 7, is the partial specific volume at the given temperature, U,5 is the partial specific
volume of the sample at 25.0°C, and T is the given temperature of the experiment in °C. Rotor
speed for all CRM197 experiments was set at 48000 rpm while the rotor speed for each of the
conjugates was set at 40000 rpm.

Data were analysed using SEDFIT (Schuck, 2000, Schuck, 1998). Partial specific volumes, buffer
density and buffer viscosity used in the analysis have been previously described (Table 2).
Continuous c(s) distributions were produced using 200 scans in each case. The ‘least squares
g(s)’ method was used to generate distributions of g(s) vs s, where s is the sedimentation
coefficient (Svedberg units, S = 10 13 s). Sedimentation coefficients were normalised to
standard conditions (viscosity and density of water at 20.0°C) to give s2qw. A range of 0 — 15
Svedbergs was used for CRM197, with a resolution of 200 points per distribution. A range of 0
— 25 Svedbergs was used for each of the conjugates, with a resolution of 200 points per
distribution. A confidence level of 0.95 was used for all analyses. Extrapolation of standard 1
/ s20w Vs c plots was performed to eliminate the effects of nonideality and to estimate sz,w at
zero concentration (SSO'W). Distributions and plots were exported into graphics package Prism

10 before reporting.

2.5. Sedimentation Equilibrium

Sedimentation equilibrium analytical ultracentrifugation (SE-AUC) experiments were
performed using a Beckman Optima XL-1 analytical ultracentrifuge (Beckman Coulter, Brea,
CA) equipped with Rayleigh interference and UV optics (280nm). 150 pL of sample and
reference buffer were injected into two sector titanium cells with a 20 mm centre piece and
either sapphire or quartz windows. All samples were loaded into an 8 hole An-50 Ti Analytical

8-Place Titanium Rotor (Beckman Coulter, Brea, CA) and experiments were performed at

10



20.0°C after > 1 hour of equilibration time. Samples of CRM197 were centrifuged at 13000 rpm
until equilibrium was reached. Conjugates were centrifuged at 10000 rpm until equilibrium
was reached.

Sedimentation distribution data were analysed using SEDFIT (Schuck, 2000, Schuck, 1998) and
weight average molecular weight (Mu,qpp) using the SEDFITMSTAR algorithm (Harding et al.,
1992, Schuck et al., 2014). The alternative calculation for weight average molecular weight,
hinge point (incorporated into SEDFITMSTAR), was also performed and calculates Mw,app
relative to the initial loading concentration. The z-average molecular weight M; was also
determined using the MFIT algorithm (Ang and Rowe, 2010). A confidence level of 0.95 was
used for all analyses. Extrapolation of standard 1 / M\, vs ¢ plots to zero concentration were
performed to eliminate the effects of nonideality. Distributions and plots were exported into

the graphics package Prism 10 before reporting.

2.6. Rolling ball viscometry

Intrinsic viscosity of each sample was determined using an Anton paar AMVn rolling ball
viscometer (Anton Paar GmbH, Graz, Austria). All experiments were performed at 20.0°C. An
inversion angle 70.0° for 10 repeats was used to find the average runtime of sample and PBS

from which, relative viscosity could be determined using the following equation:
t

Nyelt = g (5)

where t is the time of flow of the solution, t, is the time of flow of the solvent.
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The concentration series previously described in Table 2 enabled plots to be produced from

the Huggins and Kraemer equations (Huggins, 1942, Kraemer, 1938):

=2 = [n](1 + Ky[n'le) (6)

1 re 4 !
20l = [')(1 = Kieln'le) (7)
where 1), is specific viscosity defined as 1,.¢; — 1, 11¢; is the relative viscosity of the solution,

c is concentration, [n'] is kinematic intrinsic viscosity, and Ky and Kjare the Huggins and

In (rel)
c

. . . n .
Kraemer coefficients, respectively. Plots of % vs ¢ and vs c are extrapolated to give

[1'] free from the effects on nonideality. The density correction described by Tanford (1955)
was applied to obtain dynamic intrinsic viscosity [1] from the previously determined kinematic
intrinsic viscosity [1] for CRM197. Density correction for the conjugates was negligible, owing

to their high viscosity, meaning [n']~[n]:

[m] = =20+ ] (8)

where p, is the density of the solvent.

2.7. U-tube capillary viscometry
A single measurement for the intrinsic viscosity of CRM197 was also taken using a Xylem
Analytics U-tube Ostwald capillary viscometer (Xylem Analytics GmbH, Germany) with flow

times recorded with a semi-automated Schott Gerate AVS 400 viscometer in a temperature-

12



controlled water bath at 20.0°C. 2.0 mL of a 10.0 mg.mlt sample of CRM197 was injected into
the viscometer and degassed before being submerged in the water bath. The sample was
allowed to equilibrate overnight. The flow time of the sample through the viscometer was
recorded automatically with 10 repeat runs. Intrinsic viscosity was then determined using the
Solomon-Ciuta equation, which allows [1] to be estimated from a single concentration point

(Solomon and Ciuta, 1962):

2(7'_1_1(1‘
[n]~\/[77 )—In(7,)]

[

(9)

2.8. SEC-MALS

Size-exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) analysis, as
described by Wyatt (1993), was conducted for each of the glycoconjugates. The SEC setup
included a Postnova Analysis PN7505 degassing unit (Postnova Analytics GmbH, Landsberg am
Lech, Germany), a Shimadzu LC-10 AD HPLC Pump (Shimadzu UK, Milton Keynes, UK), and a
Spark-Holland Marathon Basic autosampler (Spark Holland, Emmen, The Netherlands).
Samples were separated through a TSK Gel guard column (7.5 x 75 mm) and TSK Gel G5000
and G6000 columns (7.5 x 300 mm) connected in series (Tosoh Biosciences, Tokyo, Japan).
Light scattering intensities were concurrently recorded at 18 angles during elution using a
DAWN® HELEOSTM Il light scattering photometer, connected sequentially to an Optilab® rEX
refractive index detector (Wyatt Technology Corporation, California, USA). Prior to injection
into the column, 1.0 mg.mL? samples of each conjugate were filter sterilized through a 0.45
um syringe filter. 100 ul aliquots were analysed using the PBS dialysate as eluent, flowing at a

rate of 0.8 mL.min2.
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For the estimation of weight average molecular weight, M\, (g.mol?), and z-average molecular
weight, M, (g.mol?), we employed ASTRATM (Version 6) software (Wyatt, USA). A 4 mW He-
Ne laser with a wavelength of 632.8 nm was utilized, and the refractive increment for each
conjugate was referenced from previously reported values (Table 2). It is worth noting that
due to the low solute concentrations post-dilution within the columns, nonideality effects

were considered negligible.

3. Results and Discussion

3.1. Characterisation of CRM197

3.1.1. Sedimentation Velocity

Three different conditions were employed for the sedimentation velocity characterisation.
These were freshly thawed protein that had previously been stored at -80.0°C, protein that
had been diluted and stored at 4.0°C for 3 weeks, and protein that had been incubated at
30.0°C prior to centrifugation. Each case indicated that the protein has good stability in its

natural state.
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Figure 1. Sedimentation coefficient distributions of CRM197 at 6 loading concentrations under
different experimental conditions. 1a, Interference data for freshly thawed protein; 1b
absorbance data for freshly thawed protein; 2a, Interference data for protein stored at 4.0°C
for three weeks; 2b, absorbance data for protein stored at 4.0°C for three weeks; 3a
interference data for protein incubated for 4 hours at 30.0°C; 3b absorbance data for protein
incubated at 30.0°C for 4 hours.
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Each of the distributions reveals that the majority of CRM197 remains in its monomeric
conformation in solution. For each of the three conditions, the absorbance data show the
main peak to be > (95.5 + 3.3) % of the whole distribution (Figure 1). There is a slight increase
in the proportion of the larger dimeric species in both the 3 week and 30.0°C samples
compared to the freshly thawed (Table 4b). The interference distributions show a smaller
species as well as an aggregating one. A small peak can be observed around 1 — 2 S on each
of the distributions and occupies a larger proportion of the distribution for lower
concentrations. For the freshly thawed protein at concentrations of 1.0 and 0.5 mg.mL?, the
smaller species makes up 1.1 and 3.6 % of the distribution respectively, while the main peak
accounts for 92.1 and 92.7 %. At concentration 0.25 and 0.125 mg.mL?, the smaller species
makes up 5.8 and 12.7 % of the distribution respectively, while the main peak accounts for
88.4 and 75.9 % (Figure 1). This trend is observed for all experimental conditions and is
responsible for the monomeric peak taking up a lower proportion of the distribution and
displaying a larger standard deviation for the interference data than the absorbance (Table
4a). The interference data also shows a larger proportion of the system is aggregating with
even the fresh sample displaying (4.4 + 3.2) % of the distribution as dimer. For both optical
systems, incubating the protein and centrifuging at 30.0°C produced a wider peak for the

monomeric species on the sedimentation distribution (Figure 1).
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Figure 2. Concentration dependence of the reciprocal of sedimentation coefficient
normalised for standard conditions (density and viscosity of water at 20.0°C) for each species
observed by interference optics under sedimentation velocity of CRM197. A, directly after
thawing; B, after storage at 4.0°C for 3 weeks; C, after incubation at 30.0°C for 4 hours.

Table 4a. Analysis of interference data from sedimentation coefficient distributions and
reciprocal sedimentation coefficient plots for each of the experimental conditions of CRM197.

Sample s%owPeak1 Proportion s%g.Peak2 Proportion s%gwPeak3 Proportion

conditions (S) Peak 1(%) (S) Peak 2 (%) (S) (%)
Freshly 1.80 10.4+11.2 4.20 84.1+14.3 7.04 44+32
Thawed
3 ij(';s T . 14.8+6.4 4.07 813+13.7 6.1 52426
Incubated for
4 hours at 2.26 8.2+11.8 5.24 84.4+13.9 7.88 72412
30°C

N.B. Three main peaks of each distribution were analysed, and 5% was determined from
the intercept of linear regression for each plot (Figure 2).
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Figure 3. Concentration dependence of the reciprocal of sedimentation coefficient
normalised for standard conditions (density and viscosity of water at 20.0°C) for each species
observed by absorbance optics (280nm) under sedimentation velocity of CRM1g7: A, directly
after thawing; B, after storage at 4.0°C for 3 weeks; C, after incubation at 30.0°C for 4 hours.

Table 4b. Analysis of absorbance data from sedimentation coefficient distributions and

reciprocal sedimentation coefficient plots for each of the experimental conditions of
CRMjg7.

Proportion Peak Proportion Peak 2

g o o
Sample conditions 5%, Peak 1(S) 1(%) s%20,w Peak 2 (S) (%)
Freshly Thawed 4.16 97.1+15 7.97 2713
3 Weeks at 4°C 4.22 95.5+33 7.85 3.5+3.2
Incubated for 4
+ +
hours at 30°C 5.06 97.4+25 8.24 3.1+25

N.B. Two main peaks of each distribution were analysed, and s%. was determined from the
intercept of linear regression for each plot (Figure 3).
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For the experiments performed at 20.0°C both optical systems are in good agreement as to
the size of the monomeric peak between ~4.1 S —4.2 S. There is greater variation between
the two optics for the aggregating species. The interference indicates it to be between ~6.1S
—7.0S, while absorbance shows the larger species to be between ~7.9 S—8.0S: this difference
could be a result of the low concentration of the aggregating species. The larger sedimentation
coefficient for the samples incubated at 30.0°C is likely a result of the higher partial specific

volume applied during the analysis (7 = 0.737 mL.g}).

3.1.2. Sedimentation Equilibrium

Like the velocity data, the SE-AUC experiments for CRM197 reveal that it is largely stable. Only
two of the experimental conditions were analysed using SE-AUC due to time constraints, so
only data for the freshly thawed protein and the protein stored at 4.0°C for 3 weeks are

reported here.
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Figure 4. Plots of apparent molecular weight vs concentration for: 1a, interference data for
freshly thawed protein; 1b, absorbance data for freshly thawed protein; 2a, interference data
for protein sored at 4.0°C for 3 weeks; 2b, absorbance data for protein sored at 4.0°C for 3
weeks. Two different methods for data manipulation are plotted in the form of M* and Hinge
point and extrapolated to zero concentration to give an estimate for Mu,qpp free from the
effects of nonideality.

Table 5. Sedimentation equilibrium data from both interference and absorbance optics for
CRMy197 under two distinct experimental conditions

. Interference Absorbance
Sample Conditions M* (kDa) Hinge (kDa) M, (kDa) M* (kDa) Hinge (kDa) M, (kDa)
Freshly Thawed 58.04 58.01 58.12 58.28 63.65 58.27
Stored at 4°C for 3 Weeks 60.46 66.66 59.88 60.71 58.67 58.11

N.B. Two different calculations for weight average molecular weight (M), M* and Hinge point
(Schuck et al., 2014), are performed. z-average molecular weight (M,) is also reported.
Estimates of molecular weight are made from extrapolations of M* and Hinge point vs c to
eliminate the effects on nonideality (Figure 4), generally with good agreement. Assumed error
for monodisperse systems is + 3%, so estimates to within ~ (+ 1.7 kDa).
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The M* data for both the freshly thawed and 3-week-old protein have good agreement
between the interference and absorbance data. The M* estimate for interference is 2.42 kDa
larger for the 3-week-old protein than the freshly thawed sample. Similarly, the M* estimate
from absorbance is 2.43 kDa larger for the 3-week-old protein compared to the freshly thawed
sample (Table 5). Both estimates for the fresh sample are very similar to the theoretical
molecular weight of CRM197 taken from the protein sequence as 58.48 kDa (Malito et al.,
2012). M* and Hinge estimations from the interference data of the freshly thawed protein in
good agreement, with only a 0.03 kDa discrepancy. The same is not true for any of the
absorbance data, or the interference data of the 3-week-old protein (Table 5). This could be
due to the greater standard deviation observed for each of the point on these respective plots
(Figure 4). The M, value is 1.76 kDa larger for the stored protein compared to the freshly
thawed protein when considering the interference data. This is what would be expected given
that a greater proportion of the system is in dimeric form or larger, and that M, gives more

weight to larger molecular species.

3.1.3. Viscosity

Two different methods were employed to determine the intrinsic viscosity of CRM1g7. The first
method used a U-tube capillary viscometer submerged in a temperature-controlled water to
measure the flow times of different concentrations of CRM197 relative to the PBS buffer in
which they were dissolved. It proved difficult to record repeatable flow times for the protein
using this method. After two hours of equilibration time, the flow rates between the first
repeat and tenth repeat varied by 1.23 seconds. The same was the case for the following 20
repeats, with each subsequent repeat leading to a longer flow time. The standard deviation

for all 30 repeats was 0.67 seconds (Table 6).
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Table 6. Flow times of a 10.0 mg.mL? solution of CRM197 measured using a U-tube viscometer
submerged in a water bath at 20°C.

Flow Time (s)

Repeat

Run1l Run 2 Run 3
1 98.62 99.94 100.09
2 98.88 99.51 100.28
3 98.97 99.53 101.05
4 99.09 99.77 100.64
5 99.21 99.82 100.55
6 99.23 99.72 100.40
7 99.49 99.98 100.87
8 99.37 99.81 100.74
9 99.40 100.05 101.13
10 99.85 100.27 100.75

N.B. Three independent runs of 10 repeats were performed sequentially, with a single run
taking around 40 minutes.

This is despite recording consistent repeatable flowtimes for PBS prior to measuring the flow
times of the protein using the same equilibration time. There is the possibility of interaction
between the glass and the protein which could be causing localised increases in concentration
within the capillary, leading to the increase in flow time. It also seemed to be the case that
the protein was aggregating readily under the forces of the flow of solution. There were visible
aggregates resembling white strings which formed after multiple runs, particularly in the case
of the higher concentrations. The partial blockage of the capillary by these aggregates could
have also resulted in the longer flow time and any highly variable flowtimes also. It was
possible to take repeatable measurements after 2.0 ml of 10.0 mg.mL* CRM197 was left to
equilibrate in the capillary submerged in a temperature-controlled water bath overnight at
20.0°C. The resultant flow time times of (110.09 + 0.15) s for CRM197 and (100.46 + 0.10) s for
PBS gave an unexpectedly high estimate for intrinsic viscosity of 9.30 mL.g? using the

Solomon-Ciuta equation (Equation 9)(Table 7).
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Table 7. Flow times for PBS and a 10.0 mg.mL solution of CRM197 measured using a U-tube
viscometer equilibrated overnight in a water bath at 20.0°C.

Repeat Flow Time PBS (s) Flow Time CRMyg7 (s)

100.25 109.95
2 100.41 110.15
3 100.48 109.95
4 100.43 110.09
5 100.47 109.95
6 100.62 110.41
7 100.52 110.28
8 100.44 110.00
9 100.54 110.04
10 100.44 110.08

After much effort and repeated failures, attempts to measure intrinsic viscosity via this
method were abandoned and rolling ball viscosity was instead employed. An explanation for
these problems is outlined in the discussion.

By contrast, consistent, repeatable flow times were achieved using rolling ball viscosity which
allowed the relative viscosity, 1,.;, of each concentration of CRM197 to be estimated. 1,,; was
then applied to the Kraemer and Huggins equations (Equation 7, 8), to produce a plot of
relative viscosity. Extrapolation of these plots gives an estimate for intrinsic viscosity, [n], of

(4.2 £0.1) mL.g™* after correction for density (Equation 8)(Figure 5).
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Figure 5. Plots of reduced viscosity (Huggins) and inherent viscosity (Kraemer) from rolling
ball measurements of CRM197 in PBS buffer at 20.0°C with extrapolation to zero concentration
to give an estimate for intrinsic viscosity free from the effects of nonideality.

3.1.4. Conformation

The conformation of monomeric CRM197 can be estimated from sedimentation and viscosity
data using the ELLIPS suite of macromolecular conformation algorithm (Harding et al., 1997).
For an sxow ~4.2 S, Mw = 58,000 kDa, ¥ = 0.733 ml/g: a frictional ratio (f/f,) = 1.27 is
calculated using the using the routine UNIVERSAL PARAM and ELLIPS1. For an (f/f,) of 1.27,
the Perrin (P) universal shape function = 1.13 and 1.10 for a hydration, §, of 0.30 g/g and 0.40
g/g respectively. A hydration value of 0.30 g/g — 0.40 g/g is inferred from nuclear magnetic
resonance of globular proteins, hence the chosen hydration values in place of missing
experimental data (Kuntz, 1971). These data correspond to an aspect ratio (a/b) of ~(3.0

0.2) (for a prolate ellipsoid) in ELLIPS1 (Harding et al., 1997).
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From [n] = 4.20 mL.g?, ¥ = 0.733 mL.g}, a Simha—Saito (Harding, 1997, Simha, 1940, Sait6,
1951) universal shape function, v, of 4.06 and 3.70 is calculated for a hydration, &, of 0.30 g/g
and 0.40 g/g respectively. These data correspond to an aspect ratio of 3.0 — 3.4 in ELLIPS1.

Estimations for both sedimentation and viscosity data give an aspect ratio (a/b) for CRM197 of
(3.10 £ 0.30), and both methods have good agreement as to the conformation of the protein

as that of a prolate ellipsoid (Figure 6).

a/b= 3.10 b/c= 1.00

Figure 6. Prolate ellipsoid representation of a monomer of CRM197 visualised using the
ELLIPS1 programme and displaying an asymmetrical structure of axial ratio 3.1 : 1.

For this protein, the rolling-ball viscometer proved the most appropriate. Attempts to use a
standard Ostwald U-tube viscometer proved problematic as indicated above, possibly
related to the automatic pumping of the CRM197 solutions from the reservoir prior to the
measurement of flow times under creeping flow. This is considered further in the

discussion.
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3.2. Characterisation of glycoconjugate vaccine candidates

3.2.1. Sedimentation Velocity

Sedimentation velocity was performed for each of the glycoconjugate vaccine candidates
using Rayleigh interference optics to account for the lack of absorbance of the polysaccharide
components of the samples. Analysis of the sedimentation data for each of the prospective
conjugate vaccines hints towards a polydisperse system comprising at least two major species
(Figure 4). Interestingly, despite the serotype of each conjugate varying, the distribution
pattern for each of the four vaccine candidates is very similar. Each sample has a major peak
in the region of ~5.0—-6.0S, a secondary peak around ~7.5-9.5 S, and a tertiary peak around
~11 - 13 S, apart from GBD-CRM-005, for which there are only two distinct species on the

distribution (Table 8).
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Figure 8. Sedimentation coefficient distributions produced from Rayleigh interference optical
data of: A, 7 loading concentrations of GBA-CRM-026; B, 7 loading concentrations of GBB-
CRM-008B; C, 5 loading concentrations of GBD-CRM-005; D, 7 loading concentrations of GBT-
CRM-003.

Table 8. Analysis of interference data from sedimentation coefficient distributions and
reciprocal sedimentation coefficient plots for each of the conjugate vaccine candidates.

Peak 1 Peak 2 Peak 3
Conjugate 0m(S) Proportion 0 (S) Proportion 0 (S) Proportion
20,w (%) 20,w (%) 20,w (%)
GBA-CRM-026 5.06 37.2%5.2 8.12 30.2+11.9 10.83 24.8+14.7
GBB-CRM-008B 5.02 46.3+4.4 7.51 28.4+0.9 11.88 18.6+7.6
GBD-CRM-005 6.01 44.0+4.6 8.56 46.8+13.5 No Peak No Peak
GBT-CRM-003 5.69 60.1+5.3 9.41 30.3+10.6 12.85 11.6+2.6

N.B. Three main peaks of each distribution were analysed for all samples except GBD-CRM-
005. s%p,w was determined from the intercept of linear regression for each plot (Figure 9).
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Figure 9. Concentration dependence of the reciprocal of sedimentation coefficient
normalised for standard conditions (density and viscosity of water at 20.0°C) for each
conjugate observed by interference optics under. A, GBA-CRM-026; B, GBB-CRM-008B; C,
GBD-CRM-005; D, GBT-CRM-003.

While the shape of each distribution shows similarity, the relative proportion of each species
varies between each of the samples. The primary peak of GBA-CRM-026 occupies the smallest
proportion of the distribution relative to the other conjugates at 37.2%, while the primary
peak of GBT-CRM-003 makes up almost double that at 60.1% of the distribution (Table 8). It is
also generally the case that proportion peak 1 (%) > proportion peak 2 (%) > proportion peak
3 (%), except for GBD-CRM-005 where the second peak occupies a larger percentage of the

distribution, although the primary peak has a greater amplitude (Figure 8).

28



Absorbance data were also collected for a number of cells for three of the conjugates to test

which species were proteinogenic.
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Figure 8. Sedimentation coefficient distributions of two loading concentrations of: 1, GBB-
CRM-008B; 2, GBD-CRM-005; 3, GBT-CRM-003 produced from sedimentation velocity at rotor
speed 40,000 rpm in PBS buffer. A, corresponds to absorbance data; B, corresponds to
interference data

Looking at the distributions produced from both sets of data side by side, it is clear to see that

each of the peaks corresponds to a proteinogenic species. That means that the peak could be
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either an unbound protein, conjugated glycoconjugate, aggregating protein, or aggregating
glycoconjugate. These data also imply that none of the species in the sample are unconjugated
polysaccharide.

Sedimentation coefficient is a manifestation of both molecular shape and molecular weight;
thus it is possible to estimate the molecular weight by further estimation of diffusion or
frictional coefficient as well as sedimentation coefficient (Schuck, 1998). SEDFIT therefore
gives an estimate for the molecular weight of each peak. Each of the major peaks for all of the
conjugates has a molecular weight of 50,000 — 60,000 Da. It is reasonable to assume that this
species is unconjugated protein where the change in molecular weight could be the result of

altered structure during chemical conjugation.

3.2.2. Sedimentation Equilibrium

Absolute molecular weight determination proved difficult due to the polydisperse nature of
each of the samples. Sedimentation equilibrium gives the most accurate estimation for
molecular weight when a highly pure monodisperse system is analysed. Due to the presence
of multiple species of highly variable molecular weight, it is near impossible to achieve a state
where all of the species in such a sample are in equilibrium. This is in stark contrast for the
charachterisation of a globular protein like CRM197 which we considered above. We can
however give an estimate as to the average molecular weight for all the species in that sample.
Extrapolations of concentration dependence plots give estimates for the Mu,app and M, for
each of the glycoconjugates (Figure 9, 10). The range of estimates for M* is 343.3 —424.3 kDa,
while the range of hinge point estimates is slightly smaller at 262.3 —302.9 kDa (Table 9). The
differences in Mu,qpp do not seem to relate to the difference in molecular weight of the

polysaccharides each of the conjugates contains, as the molecular weight of the sized serotype
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la, Ib, and Il polysaccharides are reported as 189, 156 and 161 kDa (accurate to + 5 — 10 %)
respectively, while the molecular weight of the native serotype Il polysaccharide is reported
as 102 kDa (MacCalman, 2023). These molecular weights lead one to believe that GBA-CRM-
026 should have the largest molecular weight, assuming the conjugation ratios and methods
to be the same, however this is not the case (Table 9). Given the disagreement between the
two estimations for My, it is hard to give any weight to interpretations from the sedimentation

equilibrium data at this stage (Figure 9).
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Figure 9. Plots of apparent molecular weight, Mu,app, Vs concentration for: A, GBA-CRM-026;
B, GBB-CRM-008B; C, GBD-CRM-005; D, GBT-CRM-003 in PBS buffer, pH = 7.0, | = 0.1 mol.L
and a rotor speed of 10,000 rpm.
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Figure 10. Weight average molecular weight, M., vs concentration plots produced by
sedimentation equilibrium of each of the 4 glycoconjugates in PBS buffer, pH =7.0,1=0.1
mol.L'? and a rotor speed of 10,000 rpm.

Table 9. Sedimentation equilibrium data from for each of the conjugate vaccine candidates.

Sample My, app M*(kDa) My, app Hinge (kDa) M, (kDa)
| GBA-CRM-026 | 343.3 | 262.3 | 485.8 |
GBB-CRM-008B 362.7 284.7 450.2
GBD-CRM-005 424.3 297.7 464.7
GBT-CRM-003 349.1 302.9 464.5

N.B Two different calculations for weight average molecular weight (M), M* and Hinge point,
are performed. z-average molecular weight (M,) is also reported. Estimates of molecular
weight are made from extrapolations of M* and Hinge point vs c to eliminate the effects on
nonideality (Figure 9). Estimates of M, are made from extrapolations of concentration
dependence plots extrapolated to zero concentration (Figure 10). The differences between
the M* and Hinge methods are most likely due to the presence of aggregates which have a
greater effect on the M* estimates (Schuck et al., 2014).

3.2.3. SEC-MALS

SEC-MALS analysis was also performed for each of the glycoconjugate vaccine candidates.

Similarly, to the initial sedimentation velocity data, SEC-MALS revealed two distinct species
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present in each of the samples. Where the two methods differ is the size estimations for each
species. The SEC-MALS data give a much higher estimate for both the weight average and z-
average molecular weights compared to sedimentation equilibrium (Table 10). While some
larger species were present in the mega Dalton range during SE-AUC, they mostly occupied <1
% of the sedimentation distribution and were therefore not optically registered. The mass
fraction calculated during SEC-MALS for each of these large peaks was between 29-40 %. It
could be the case that this peak is in fact multiple species whose combined molecular weights
are leading to this large M. This is evidenced by the slight hump to the right of the main peak
(Figure 11). Additionally, the column may have been contaminated by larger molecular weight
species. Given that the sedimentation data indicated that the conjugate vaccine candidates
are rather similar regarding molecular weight and sedimentation coefficient, the large

differences observed in the SEC-MALS data are surprising (Table 8, Table 9).
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Figure 11. Combined multi angle light scattering data from SEC-MALS analysis of each
conjugate, including a highlighted view of the first peak.

33



Table 10. Average molecular weight estimates from SEC-MALS analysis of each conjugate
vaccine candidate.

| Peak 1 Peak 2
sample My (kDa) M, (kDa) My (kDa) M, (kDa)
GBA-CRM-026 2374 3120 759 798
GBB-CRM-0088 1679 2098 459 495
GBD-CRM-005 944 1129 332 346
GBT-CRM-003 725 817 274 286

N.B. Estimates for molecular weight from SEC-MALS are accurate to within ~ (£ 5 %).

3.2.4. Viscosity

Estimates for intrinsic viscosity from rolling ball viscometry of each conjugate shows that there
is a lot of variation between samples (Table 11). It is possible that this variation is caused by
differences in the structures and viscosities of the polysaccharide serotypes conjugated to
each sample but again, the previously reported intrinsic viscosities for each serotype disagree
with this proposal. The intrinsic viscosities of the sized serotype la, Ib, and Il polysaccharides
are reported as 48.7, 62.1 and 55.0 mL.g? respectively, while the intrinsic viscosity of the
native serotype Il polysacharide is reported as 44.7 mL.g? (MacCalman, 2023). While both
the sized serotype Il polysaccharide and the serotype Il conjugate (GBB-CRM-008B) have the
highest estimated viscosity, the serotype Ill conjugate (GBT-CRM-005) does not have the
lowest viscosity, while the serotype Il polysaccharide does (Table 11). Perhaps it is the case
that the conjugation efficiency of each polysaccharide is different and therefore a different
number of polysaccharide chains ends up on the final molecule leading to variation in the
viscosity. It should be noted that some of the data for the conjugates is poor. Specifically, the
relative viscosity of GBA-CRM-026 should not be decreasing with concentration so some

instrumental error may be involved in the intrinsic viscosity estimates.
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Figure 12.

Plots of reduced viscosity (Huggins) and inherent viscosity (Kraemer) with

extrapolation to zero concentration to give an estimate for intrinsic viscosity free from the
effects of nonideality for: A, GBA-CRM-026; B, GBB-CRM-008B; C, GBD-CRM-005; D, GBT-CRM-
003. (Anomalous results are either omitted or excluded from the trend lines).

Table 11. Intrinsic viscosities for each of the conjugate vaccine candidates estimated from
extrapolations of concentration dependence plots (Figure 12).

Sample Intrinsic Viscosity, [n] (mL.g?)
GBA-CRM-026 13.1+0.1
GBB-CRM-008B 55.9+0.1
GBD-CRM-005 22.510.2
GBT-CRM-003 443+ 0.7
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4. Discussion

Despite the sample of CRM1g7 stored at 4.0°C and the sample incubated at 30.0°C having
slightly more aggregating species than the freshly thawed sample, both still fall well within
the 90% protein purity requirement specified by the world health organisation for the control
of CRM197 for use in glycoconjugate vaccines (World Health and Standardization, 2013). Under
all experimental conditions CRM197 has significantly less aggregate than the related carrier
protein, dTT. Previous sedimentation velocity experiments analysing samples of dTT found
they comprised an average of (86 + 2) % monomer and (14 + 2) % dimer across a range of 7
loading concentration from 0.1 — 2.0 mg.mL (Abdelhameed et al., 2012). This shows there is
significantly less interaction between monomers of CRMig7 than the related carrier protein
that sees frequently and continued used in glycoconjugate vaccine formulations (Kensinger
and Arunachalam, 2022). This increase in aggregation could be due to the introduction of
random structural changes during the detoxification process. Typically, formaldehyde
treatment causes Schiff base modification in tetanus toxin which undergo cross linking
reactions with tyrosine residues (Long et al., 2022). Given that charge state and
hydrophobicity are known factors in aggregation, the introduction of cross links could alter
either of these properties and therefore induce aggregation (Trainor et al., 2017). It appears
that the retention of the native structure due to genetic detoxification of CRM1g7is implicit in
the lower degree of aggregation when compared to chemical detoxification (Uchida et al.,
1972). Although dTT and CRM197 are not the same protein, they are closely related. Much of
the modification induced by formaldehyde treatment of dTT is also observed after
detoxification of diphtheria toxin (Metz et al., 2020). | would therefore expect to see a similar

degree of aggregation if detoxified diphtheria toxin were to be analysed, and this would be
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the next logical comparison against CRM1g7. The superiority of a genetically detoxified toxoid
carrier compared to a chemically detoxified one is given more credence by recent efforts to
develop, and optimise the production of, a full length genetically detoxified tetanus toxin
(Chang et al., 2022).

Where the stability of CRM197 does come into question is under agitation. As previously
reported, repeated flow of samples of CRM197 through a capillary viscometer caused the
formation of visible aggregates. Experiments investigating the effects of shear flow on protein
unfolding found that even very high shear forces induced by passing a model globular protein,
horse cytochrome c, through a ~160 um at a rate of up to 10 m.s* had little to no effect on
the stability of the folded protein (Jaspe and Hagen, 2006). As these flow rates are significantly
higher than those applied to CRM1g7 it is unlikely that the protein is aggregating under shear
force alone. Studies into large extensional flow under pressure (e.g. in syringes) tell a different
story, however. Dobson et al. (2017) revealed that extensional flow conditions induce
unfolding and aggregation of several proteins, including bovine serum albumin and various
immunoglobulins. Regarding Ostwald viscometry, the movement of the sample from the
reservoir to the capillary under constant force applied by the Schott Gerate AVS 400
viscometer prior to the creeping flow measurements under gravity may have caused a rapid
local increase in fluid viscosity generating an extensional flow (Willis et al., 2018). It is possible
that this flow prior to the start of viscometer timing caused CRM197 to unfold with time
exposing otherwise concealed sequences who have a higher propensity for aggregation and
led to the visible aggregate observed after the experiments (Dobson et al., 2017). Dynamic
light scattering of samples before and after U-tube viscosity measurements would give a good
indication as to the level of aggregation caused so would be a good suggestion for further

study.
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An interesting trend was the tendency for lower concentrations of freshly thawed CRM197 to
have higher aggregation. This is in direct conflict with what is usually expected for protein as
aggregation is a second order reaction, where an increase in concentration would lead to an
increase in collisions and therefore greater aggregation (Lumry and Eyring, 1954). For
absorbance, 2.0 and 1.0 mg.mL* samples had 0.0 and 1.7 % dimer respectively, while 0.125
and 0.0625 mg.mLhad 4.0 and 4.3 % respectively (Appendix 1). For interference, 2.0 and 1.0
mg.mL? samples had 3.0 and 3.6 % dimer respectively, while 0.125 and 0.0625 mg.mL! had
6.3 and 10.0 % respectively (Appendix 2). Inverse relationships between concentration and
aggregation have been reported for proteins that experience agitation. This is due to the
increased air/water interface to protein ratio (Treuheit et al., 2002). CRM197 may be sensitive
to these effects also, so perhaps more care should have been taken when handling the protein.
These effects were not previously observed for dTT, which exhibited a normal concentration,
aggregation relationship (Abdelhameed et al., 2012). In this instance, while the formaldehyde
treatment leads to overall increases in aggregation, dTT may have an increased resistance to
unfolding due to cross-linking and therefore is less prone to aggregation under agitation
(Thaysen-Andersen et al., 2007). It should be noted that a concentration of 0.0625 mg.mL* is
just below the minimum sample concentration for absorbance analysis of typical proteins
(~0.08 mg.mL?) — depending on the extinction coefficient and is approaching the minimum
sample concentration for interference analysis of typical proteins (~0.06 mg.mL?) — see for
example Cole et al. (2008). The sensitivity of the two optical systems may therefore be too low

to give accurate data at this concentration.

Itis difficult to meaningfully comment on the hydrodynamics of each of the conjugate vaccines

at this stage given the high degree of polydispersity observed, leading to differences in the
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hinge and M* methods for molecular weight extraction from sedimentation equilibrium and
with SEC-MALS. The age of the samples also ranged from 6 — 7 years so the stability and
structure could have changed significantly over that period. Assuming each of the conjugates
was produced and manufactured identically, it could be inferred that the serotype of
polysaccharide significantly influences the hydrodynamic properties of the whole conjugate.
If we consider the initial peak for each of the velocity experiments to be unbound CRM197 then
the serotype also affects conjugation efficiency. For example, ~37.2 % of GBA-CRM-026 and
~60.1 % of GBT-CRM-003 was monomeric CRM197, indicating that serotype 1a had a better
binding affinity for the carrier protein than serotype Il (Table 2). Before further conclusions
can be made, further sedimentation equilibrium measurements will be needed at different
equilibrium speeds: lower speeds to focus on the high molecular weight aggregates, and

higher speeds focusing on the macromolecular component.

5. Conclusions

The results reported here have implications in the development process of conjugate vaccines
or therapeutics. While CRM197 appears to aggregate less than the related dTT under regular
storage conditions, its tendency to aggregate under agitation or under specific flow conditions
could be overlooked during manufacturing. This could be particularly important during
transportation or large-scale production of CRM197 where these conditions are common. To
make more meaningful conclusions about the influence of chemical detoxification on the
hydrodynamics and aggregation of carrier proteins, further experiments and comparison
should be performed with the chemically detoxified diphtheria toxin. Regarding the conjugate

vaccines, repeat experiments would have to be conducted using fresher samples to properly
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investigate the long-term stability of the molecules as well as the influence of serotype on the

hydrodynamic properties.
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8. Appendix

Appendix 1. Relative proportions dimer for 6 loading concentrations of CRM197 under three
different experimental conditions determined by sedimentation velocity. Data collected by
absorbance optics (280 nm).

Proportion of dimeric peak (%)

Concentration (mg.mL?)

Freshly Thawed 3 weeks at 4.0°C 4 hours at 30.0°C
2.00 - 2.2 0.9
1.00 1.7 4.6 2.4
0.50 1.7 9.1 1.9
0.25 1.8 0.3 7.4
0.125 4.0 0.9 -
0.0625 4.3 3.9 2.7

Appendix 2. Relative proportions dimer for 6 loading concentrations of CRM197 under three
different experimental conditions determined by sedimentation velocity. Data collected by
Rayleigh interference optics.

Proportion of dimeric peak (%)

Concentration (mg.mL?)

Freshly Thawed 3 weeks at 4.0°C 4 hours at 30.0°C
2.00 3.0 3.0 7.4
1.00 3.6 4.1 5.9
0.50 1.9 1.9 6.4
0.25 2.8 6.1 -
0.125 6.3 7.8 8.9
0.0625 10.0 8.1 7.4
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