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Abstract

Background/Objectives: Group B Streptococcus (GBS) is a significant cause of perina-
tal infection in neonates and infants. Complications could include neonatal sepsis and
meningitis, preterm birth, stillbirth, or death. Though no GBS vaccine is currently licensed,
maternal immunization is expected to be a highly effective strategy to address invasive
GBS disease—particularly in low- and middle-income countries (LMICs), where the disease
burden is the greatest and access to existing interventions is limited. In this study, we
present a novel hexavalent GBS vaccine candidate with a unique combination of serotypes
(ST)—Ia, Ib, I1, 111, V, and VII—that could be an efficacious and cost-effective intervention,
with the broadest coverage of 99% against circulating serotypes globally. Methods: The
6-valent conjugate vaccine candidate, GBS-06, is developed using a novel approach by
linking the six polysaccharides (PS) to recombinant cross-reactive material 197 (rCRM197)
carrier protein derivatized with a hydrazide-polyethylene glycol-hydrazide (HZ-PEG-HZ)
linker. A repeat-dose GLP toxicology study with GBS-06 was conducted at the highest clin-
ical dose of 20 ug in rabbits with saline as the placebo control. Results: The results reveal
induction of robust anti-capsular polysaccharide-specific IgG responses against each of the
six serotypes after each dose with the highest antibody GMCs at Day 49 following the third
dose. Conclusions: Hence, this work is the first demonstration of strong immunogenicity
achieved using a linker (HZ-PEG-HZ) for GBS glycoconjugate vaccine development. The
positive data from the study have strong implications in the advancement of the candidate
for evaluation in clinical trials and provide a licensure pathway for maternal immunization.

Keywords: GBS; meningitis; neonates; maternal immunization; conjugate vaccine;
rCRM197; HZ-PEG-HZ linker; IgG

1. Introduction

GBS or Streptococcus agalactiae is a Gram-positive bacterium that is responsible for a
serious invasive disease: neonatal sepsis and meningitis [1,2]. GBS infection in newborns is
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classified into two categories: early-onset disease (EOD), occurring within the first 6 days
of birth, and late-onset disease (LOD), occurring between 7 and 89 days after birth [3]. EOD
occurs due to transmission of GBS from the mother to the newborn during pregnancy or
at birth. Although the nature of transmission of LOD is not completely understood, it is
suspected to be attributed to GBS gastrointestinal colonization at birth, breastfeeding, or
other external factors [4-6].

GBS infections are attributed to a median of 518,000 [uncertainty interval: 36,000-1,142,000]
preterm births and more than 90,000 infant fatalities every year, with a 3-fold higher mean fa-
tality rate in the LMICs compared to that of high-income or developed countries [7,8]. More
than 40% of overall childhood mortality in LMICs occurs during the neonatal period—most
of it in the first week of life. Overall, prevalence of Group B Streptococcus colonization
in mothers in South Asian and African countries is approximately 24% [9]. While there
has been a decline in infant deaths, the incidence of maternal and neonatal mortality and
stillbirth is still very high, mostly in sub-Saharan Africa and South Asia [3]. Testing for GBS
during pregnancy has become a standard practice in some developed countries, along with
the intravenous administration of intrapartum antibiotic prophylaxis (IAP) during labor.
However, in LMICs, there are no programmatic microbiological screening protocols or
standardized IAP practices available. Furthermore, IAP administration led to a reduction
in EOD but has shown no effect on LOD [4,10]. In this regard, intervention strategies
such as maternal vaccination gained great impetus based on the success of other maternal
vaccination programs, such as influenza, RSV, and Tdap, that can prevent diseases in new-
borns [11]. According to the WHO report, vaccination against GBS is an effective, equitable,
and affordable approach for eliminating the global disease burden by integration into
routine maternal immunization programs [8]. In relation to this, capsular polysaccharides
which are implicated in GBS disease virulence can serve as attractive candidates for vaccine
development. There are 10 known serotypes of GBS (la, Ib, and II-IX) based on the structure
of the capsular polysaccharides, with the key antigenic epitope being the terminal sialic
acid in the polysaccharide repeating unit [12]. Sialic acid plays a critical role in GBS CPS
antigenicity, and antibodies against capsular polysaccharide epitopes have been shown
to confer natural immunity against GBS [13]. Further, seminal work by Carol Baker and
colleagues firmly established protection against GBS III disease due to the presence of high
concentrations of anti-capsular PS Ill-specific IgG antibodies in maternal sera [14]. These
findings in fact laid the cornerstone for GBS polysaccharide-protein conjugate vaccine
development wherein vertically transferred immunity through maternal vaccination can
confer protection in newborns against GBS infection [15]. In subsequent years, GBS vaccine
development efforts gained more momentum globally and were identified as a priority
by the WHO in 2015. According to the 2021 WHO assessment report, GBS vaccine with a
coverage of at least 90% of the disease-causing serotypes in target regions and 80% efficacy
against invasive disease in offsprings is preferred [8]. Hence, a maternal vaccine with 80%
efficacy and 90% coverage could prevent more than 200,000 neonatal and maternal GBS
cases, and more than 40,000 stillbirths and close to 65,000 infant deaths annually [3].

GBS vaccine development efforts in the last two decades have taken advantage of
polysaccharide-protein conjugation technology proven to be effective in vaccines against
other encapsulated bacteria, such as H. influenzae, S. pneumoniae, and N. meningitidis. There
is no currently approved GBS vaccine, although a few vaccine candidates based on CPS-
rCRM197 glycoconjugates or protein subunits are in clinical stages of development [16]. In
relation to this, encouraging immunogenicity data have been reported from phase II clinical
trial studies of a 6-valent GBS conjugate vaccine covering STs Ia, Ib, II, III, IV, and V in
pregnant women [17]. In parallel, vaccines based on the conserved GBS cell-surface Alpha-
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like proteins AlpCN and RibN or Alp-1N and Alp2/3 N have been evaluated in phase I
clinical trials [18] and in phase 2 clinical trials involving pregnant women (NCT05154578).

In this paper, we present preclinical studies of a 6-valent GBS glycoconjugate vaccine,
GBS-06, containing the six capsular serotype (ST) PS- 1a, Ib, II, I1I, V, and VII with rCRM197
as the carrier protein. In particular, including serotype VII—reported in GBS-positive
pregnant women in India and Bangladesh—is a distinctive approach that is reported for
the first time to our knowledge [19,20]. Although, STs VI-IX relate only to 3% of the clinical
isolates from maternal colonization worldwide, there has been a higher prevalence (>10%)
of these serotypes in different parts of Asia [21,22].

The 6-valent conjugate vaccine candidate is developed by conjugation of GBS capsular
polysaccharide (CPS) to rCRM197 carrier protein derivatized with a HZ-PEG-HZ linker.
Some of the advantages of using PEG spacers include literature data on the enhancement
of immune responses to vaccines by increasing conjugate half-life, and prevention of
steric hindrance, which is important in the context of glycoconjugates involving complex
polysaccharide structures and bulky protein groups [23]. Further, PEG-linkers can promote
stability by preventing aggregation of biomolecules in solution [24]. Herein, we report the
serology data from a GLP toxicology study in a rabbit animal model aimed at assessing
the safety and immunogenicity of the GBS-06 vaccine candidate with the potential to be
approved as a vaccine for maternal immunization. Top-line results indicate generation of
robust immune responses against all GBS serotypes (lIa, Ib, I1, III, V, and VII) with increasing
IgG concentrations after each dose of GBS-06 vaccine in a three-dose regimen in rabbits.

2. Materials and Methods
2.1. Animal Ethics Statement

The study was performed at Bioneeds India Private Limited, Karnataka, India in
accordance with the recommendation of the Committee for the Control and Supervision
of Experiments on Animals (CCSEA) guidelines for the laboratory animal facility, 2018.
The study protocol was approved by the Institutional Animal Ethics Committee (IAEC)
(Protocol No.: BIO-IAEC-4669, Approval Date: 9 September 2023). The New Zealand white
rabbits were procured from Invivo Biosciences (Bengaluru, KA, India).

2.2. Capsular Polysaccharide Production

The strains for GBS CPS serotypes were procured from ATCC, Manassas, VA, USA or
SSI, Hillered, Herredsvejen, Denmark. The species and serotype identity were confirmed
using DNA sequencing (Accugenix ID-BacSeq, Charles River Laboratories, Wilmington,
MA, USA) and the ImmuLexTM Strep-B latex agglutination test (SSI Diagnostica, Hillered,
Herredsvejen, Denmark), respectively.

The fermentation of the GBS bacterial cultures for capsular PS production was per-
formed in yeast extract feed media in a glass fermenter. OD600 was measured at regular
intervals for monitoring cell growth and density. During the fermentation run, the pH,
temperature, and dissolved oxygen% were maintained at 7.3, 37.0 °C, and >25%, respec-
tively. After termination of the fermentation by base addition, the crude inactivated culture
broth was neutralized to pH 7.5 and centrifuged at 15,500 ¢ for 25 min followed by diafil-
tration with water using a 10 kDa cut-off cassette (Repligen Corp., Waltham, MA, USA),
maintaining a transmembrane pressure (TMP) of 15 psi. CPS was then subjected to alkaline
hydrolysis for removal of protein and nucleic acid impurities, followed by re-N-acetylation
of the CPS with equal volumes of acetic anhydride: ethanol mixture (Millipore Sigma,
St. Louis, MS, USA) at pH 9.0. In the final polishing step involving hydrophobic interaction
chromatography, the PS dissolved in aqueous buffer containing 3 M NaCl, pH 6.8, was
loaded in the pre-packed HIC column (Repligen Corp., Waltham, MA, USA) and collected
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in the flow-through. The product was purified by diafiltration in water, filtered with a
0.22 um polyethersulfone filter (Thermo Fisher Scientific, Waltham, MA, USA) and stored at
—80 °C. The CPS concentration was determined by resorcinol assay [25] and the structural
identity was confirmed by NMR.

2.3. Conjugation of CPS to rCRM197

The strain of the rCRM197 carrier protein expressed in E. coli (EcoCRM®) was obtained
from Fina Biosolutions, LLC, Rockville, MD, USA. The culture was fermented under
controlled conditions maintaining the pH, dissolved oxygen, and temperature, followed by
cell lysis and purification. The purity of rCRM197 was analyzed by SEC-HPLC.

As a first step in conjugation, the purified rCRM197 was derivatized with HZ-PEG-HZ
linker, 1 kDa (Hunan Huateng Pharmaceutical Co., Ltd., Changsha City, Hunan Province,
China), following previously described methods [26]. Briefly, HZ-PEG-HZ linker dissolved
in MES buffer (Millipore Sigma, St. Louis, MO, USA) was added to the rCRM197 carrier pro-
tein at the desired input ratios in a glass vessel (AGI Inc., Austin, TX, USA) provided with
software controls for pH, stirring, and temperature. 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) (Millipore Sigma, St. Louis, MO, USA) was dissolved in MES buffer
and added to rCRM197-linker solution at the desired ratios. Following the derivatization
process, the product was purified by diafiltration using a 30 kDa cassette (Sartorius Stedim,
Gottingen, Germany) and filtered using a 0.22 pum filter (Thermo Fisher Scientific, Waltham,
MA, USA). Protein concentration was estimated using the A280 method using the extinc-
tion coefficient of 0.934 mg~! mL cm™~!. The degree of derivatization was determined by
established 2, 4, and 6-Trinitrobenzene sulfonic acid (TNBS) assay protocol [27].

Purified GBS CPS was activated with 1-cyano-4-dimethylaminopyridinium tetraflu-
oroborate (CDAP) according to published methodology [28]. The conjugation scheme
is provided in Figure 1. CDAP (SelectLab Chemicals, Miinster, Germany) dissolved in
acetonitrile (Millipore Sigma, St. Louis, MO, USA) was added to the polysaccharide at
the desired PS:CDAP ratios and the pH was maintained at 9.0-10.0 with NaOH. After
a 7-10 min activation period, rCRM197-linker was added to PS at 1:0.5-1:1.5 (w/w, PS:
protein). After 3.0-6.0 h of conjugation, the reaction was quenched with 2 M Glycine
(Thermo Fisher Scientific, Waltham, MA, USA). Conjugates were purified by tangential
flow filtration (TFF) using a 300 kDa cut-off membrane cassette (Sartorius Stedim North
America, Bohemia, NY, USA) in 20 mM L-histidine (Avantor Life Sciences, Radnor, PA,
USA), 150 mM NaCl, pH 7.0 buffer and filtered through a 0.22 um filter (Sartorius Stedim,
Gottingen, Germany, Bohemia, NY, USA) and stored at 5 £ 3 °C.

Conjugates were characterized for PS and protein contents by Resorcinol [25] and
Bicinchoninic acid assays (BCA) [29], respectively. Percentage of free PS in the conjugates
was determined by deoxycholate-HCI precipitation followed by Resorcinol assay [30]. The
molar mass of the conjugates was determined by the size exclusion chromatography multi-
angle laser light scattering (SEC-MALLS) technique using a DAWN 8 system provided
with a light scattering detector (Wyatt Technologies, Santa Barbara, CA, USA), and Arc
Premier HPLC separation module, UV detector, and refractive index detector (Waters Corp.,
Milford, MA, USA).

2.4. GBS-06 Test Article Preparation

GBS-06 formulation comprising of monovalent bulk conjugates of ST Ia, Ib, II, III, V,
and VII was prepared at a 20 ng dose for each of the six CPS antigens (120 pg total CPS)
in 20 mM L-histidine buffer with 150 mM NaCl, pH 7.0 without adjuvant. The dose was
selected to assess toxicity and immunogenicity at the highest foreseen clinical dose of 20 ug.
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The test article was confirmed to have very low endotoxin levels (<0.1 EU/ug of PS) and
be bioburden-free before use in GLP toxicology studies.
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Figure 1. Schematic representation of GBS polysaccharide activation with CDAP and conjugation of
activated GBS PS with derivatized rCRM197 using GBS III as a representative serotype. Structure of
rCRM197 (shown as combination of green, blue, and purple colors) adapted from Gallagher et al. [31].
For illustration purposes, the C4 of sialic acid is shown as the PS activation site involving the -CN
group, although other primary (C9 of sialic acid) and secondary hydroxyl groups of the constituent
sugars are possible sites for PS activation and attachment to the derivatized rCRMjgy.
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2.5. GLP Toxicology Study of 6-Valent GBS Vaccine in Rabbits

New Zealand White (NZW) rabbits were chosen since preclinical immunogenicity
has been well established in this species and they are the representative animal model of
choice for the repeat dose toxicology study. Only animals that were in a good state of health
as determined by a licensed veterinarian were included in the study. The animal sample
size was determined based on the existing information and experience in performing
GLP toxicology studies in animals. For animal inclusion and grouping, the animals were
weighed, arranged in ascending order of their body weights, and weight-stratified rabbits
were randomly distributed to all dose groups using a Microsoft Excel spreadsheet, such that
the body weight variation of the animals did not exceed %+ 20% of the mean body weight
for each sex. Further, body weights of the animals were analyzed statistically for mean
body weight to confirm that there was no statistically significant difference among groups
within each sex. The body weight ranged from 1.80 to 2.20 kg across both the sexes and
the animals were 13 weeks old at treatment. Each main group consisted of 6 rabbits/sex
and each recovery (R) group consisted of 4 rabbits/sex. A three-dose regimen was selected
based on an n + 1 schedule where “n” represents the possible number of doses in a clinical
setting. In the unblinded study, a total of 20 rabbits (10 male and 10 female) received
0.9% saline (Groups G1/G1R) or unadjuvanted GBS-06 formulation at 20 ug of each of the
six GBS serotypes/dose (Groups G2/G2R) via IM injection into the right thigh muscle at
0.5 mL/animal on Days 1, 22, and 43 of the experimental periods. After the last treatment
on Day 43, the main group of animals (G1 and G2) were euthanized on Day 49; animals in
the recovery groups (G1R and G2R) were euthanized on Day 71.

Study endpoints included mortality, clinical signs of toxicity, detailed clinical exam-
inations, local injection site reactions, body weights, food consumption, ophthalmology
examinations, body temperatures, clinical pathology parameters (hematology, coagula-
tion, clinical chemistry, and urinalysis), C-reactive protein (CRP), immunogenicity, organ
weights, and macroscopic and microscopic observations. The sera from the study were
collected on the day prior to the first vaccination (pre-dose), prior to vaccination on Days
22 and 43, Day 49, and Day 71, and processed and stored at -80 °C.

2.6. Multiplex ELISA

Determination of anti-GBS capsular polysaccharide-specific immunoglobulin G re-
sponses (anti-GBS CPS-specific IgG responses) against each of the six serotypes (Ia, Ib, 11,
III, V, and VII) in the 6-valent formulation was carried out using a multiplexed bead-based
immuno assay (MBIA, Bio-Rad, Hercules, CA, USA) [32]. The rabbit anti-GBS PS-specific
serum IgG antibody concentrations for each of the six PS serotypes in the vaccine were
tested by using an in-house qualified rabbit polyclonal standard reference serum with
known concentrations of serotype-specific IgG antibody against each of the six serotypes
(Ia, Ib, 11, I1, V, and VII). Single analysis was run with eight serial dilutions for each serum
sample. IgG geometric mean concentrations (GMCs) were determined by calculation of
eight determinations for each sample. The GMCs and 95% confidence interval (CI) were
calculated for sera samples at all timepoints for each dosed group. Data analysis was
performed using GraphPad Prism 10. Differences in serum IgG concentrations between
groups were assessed using the Mann-Whitney U test, due to the non-normal distribu-
tion of the data and the small sample size. Prior to analysis, the distributions of IgG
concentrations were confirmed to have similar shapes across groups, allowing for valid
comparison using the Mann-Whitney U test. A significant p-value (p < 0.05 or p < 0.01 or
p <0.001) indicated that the geomean IgG concentration differences between the groups
were statistically significant.
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3. Results
3.1. Vaccine Characterization

Analytical characterization of the CPS, rCRM197 carrier protein, monovalent bulk
conjugates, and the vaccine formulation was carried out using in-house established an-
alytical methods. Appropriate in-process controls and release specifications were made
available at each stage of vaccine development, and the product was ensured for quality
as per internal quality guidelines prior to the initiation of the GLP toxicology study. The
structural identity of the six capsular polysaccharides was determined by 'H-NMR and
found to be consistent with published literature information [33]. A representative GBS
III PS (Figure 2) shows the chemical shifts corresponding to the four anomeric protons
from Hj-p-GlcNAc (4.8 ppm), H;-p-Gall-branch (4.65 ppm), Hi-3-Glc (4.55 ppm) and
H;-B-Gal2 (4.46 ppm), ring protons corresponding to He-B-GIcNAc (4.21 ppm), Hy-3-Gal2
(4.18 ppm), H3-B-Gall-branch (4.1 ppm), Hy-B-Glc (3.4 ppm), Hzeq NeuNAc (2.8 ppm),
and H3,x NeuNAc (1.8 ppm). Methyl protons corresponding to the N-acetyl groups of
GlcNAc and NeuNAc (2.06 ppm) were also identified. IH-NMR for PS Ia, Ib, II, V, and VII
are provided as Figures S1-55. The molar mass for rCRM197 carrier protein as determined
by SEC-MALS was 58.1 kDa, which is consistent with the theoretical value of 58.4 kDa
(Figure 3). The degree of derivatization of the rCRM197 protein with hydrazide linker
was 2-3 based on TNBS assay. Product quality attributes of monovalent bulk conjugates
such as conjugate molecular size, polysaccharide to rCRM197 carrier protein ratio, and %
free PS (Table 1), antigenicity (Table S1), and identity (Table S1) were determined using
in-house established analytical methods. The conjugates” molecular size ranged from 2000
to 10,000 kDa (size exclusion profiles shown in Figures S6-511) with a PS: protein of 0.7-1.1
(wt/wt). The free PS% was found to be low and <10% for each of the six monovalent bulk
conjugates. The quality attributes were found to be optimal according to WHO Technical
Review Series (TRS) guidelines available for other conjugate vaccines [34]. A test article
containing the six monovalent conjugates formulated with excipients was tested in a repeat
dose toxicology study in rabbits to evaluate safety and immunogenicity.

|
N AT

T T T T T T T 1
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 PEM

Figure 2. Structural identity of a representative GBS III PS by 'H-NMR. Data were acquired at a
400 MHz frequency at 75 °C and as an average of 40 scans. Chemical shifts are shown as black traces
and the peak integrals are shown in red.

3.2. Vaccine Safety

There was no mortality and no GBS-06-related effects on clinical observations, body
weights, percent body weight change with respect to Day 1, food consumption, ophthal-
mology findings, local injection site reactions, clinical pathology parameters (hematology,
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coagulation, clinical chemistry, and urinalysis), CRP, organ weights, or macroscopic or
microscopic findings (manuscript in preparation).
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Figure 3. Molar mass profile (blue trace) of purified rCRM197 carrier protein analyzed using the
SEC-MALLS technique corresponding to 58.1 kDa. The sample was run using LB-804 and LB-806
tandem columns at a flow rate of 0.8 mL/min with 1X PBS, pH 7.4 as the mobile phase buffer. The
red trace denotes the UV signal at 280 nm.

Table 1. Analytical characterization data for the derivatized rCRM carrier protein and six monovalent
bulk conjugates used in the preparation of GBS-06 vaccine formulation.

Serotype PS: Protein (wt/wt) % Free PS Molar Mass (My*, kDa)
Ia 1.1 4 7844
Ib 0.8 5 7364
I 0.7 3 4532
I 0.7 3 7433
\% 0.9 4 2443
VII 0.7 3 9531

M,,* denotes the weight-averaged molar mass distribution of molecules determined by the SEC-MALLS technique.

3.3. Vaccine Immunogenicity

Immunogenicity data from sera corresponding to the main group of rabbits (pre-dose,
Day 22, Day 43, and Day 49) from control and test formulations are reported in this study.
In the saline control group (G1), baseline anti-GBS PS-specific IgG antibody GMCs from
pre-dose sera ranged from 0.003 to 0.038 pug/mL for the six serotypes. Following the
dosing on Day 1, Day 22, and Day 43, there were no changes in antibody responses for
all the six serotypes, and IgG GMCs at Day 49 was 0.024 pug/mL for Ia, 0.004 ug/mL
for Ib, 0.067 ug/mL for II, 0.051 pg/mL for III, 0.061 ng/mL for V, and 0.025 ug/mL for
VII (Table 2). The results are as expected for naive rabbits following immunization with
the control article. In the GBS-06 group (G2), very low immune responses were detected
in the pre-dose sera with the anti-GBS PS-specific IgG antibody GMCs of 0.016 pug/mL,
0.003 pg/mL, 0.040 pg/mL, 0.033 pg/mL, 0.045 ng/mL, and 0.023 pg/mL for Ia, Ib, II,
III, V, and VII, respectively (Table 3). Thus, the baseline IgG GMCs from the GBS-06 pre-
dose sera was similar to that of the control sera. Following the first dose with the GBS-06
article, there was an increase in sera anti-GBS PS-specific IgG responses for each of the
six PS serotypes on Day 22 with the GMCs of 0.760 ug/mL, 0.215 pg/mL, 0.182 ug/mL,
0.952 pg/mL, 0.689 pug/mL, and 0.327 ug/mL for Ia, Ib, I, III, V, and VII, respectively
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(Table 3). The same trend of boost in immune responses was observed in Day 43 sera after
the second dose vaccination in all the six serotypes with the IgG GMCs of 3.540 pg/mL for
Ia, 0.668 ug/mL for Ib, 0.515 pg/mL for II, 3.431 pg/mL for I1I, 5.715 pg/mL for V, and
1.287 pg/mL for VII (Table 3). The highest antibody concentrations were noted on Day 49
after the third vaccination with at least a 3-fold increase in IgG GMCs across all serotypes
compared to that of responses after the second dose vaccination in Day 43 sera (Table 3).
The greatest increases in anti-GBS PS-specific IgG GMCs in the test group were found to be
12.947 pug/mL at Day 49 vs. 0.016 ug/mL at pre-dose for GBS Ia; 2.335 pg/mL at Day 49 vs.
0.003 pg/mL at pre-dose for GBS Ib; 1.962 pug/mL at Day 49 vs. 0.040 pg/mL at pre-dose
for GBS II; 10.873 pg/mL at Day 49 vs. 0.033 pg/mL at pre-dose for GBS III; 46.536 pg/mL
at Day 49 vs. 0.045 ug/mL pre-dose for GBS V; and 7.028 pug/mL at Day 49 vs. 0.023 ug/mL
at pre-dose for GBS VIL. It should also be highlighted that the highest level of antibody
response after the third dose (Day 49) was achieved for ST V (46.536 png/mL) among the six
serotypes. In addition, there were no significant differences in the IgG antibody responses
observed in male and female rabbits across all the six serotypes in pre-dose, Day 22, Day 43,
and Day 49 sera (p > 0.05). The anti-GBS PS-specific IgG GMCs in Day 49 sera from rabbits
immunized with GBS-06 was significantly higher (p < 0.001) as compared to anti-GBS
PS-specific IgG GMCs in rabbits immunized with the 0.9% saline control (Figure 4). The
fold rise in IgG antibody responses in GBS-06 sera at the Day 22, Day 43, and Day 49
timepoints compared to that of the control sera are provided in Table 4. Individual rabbit
(grouped as male and female rabbits) IgG GMCs in pre-dose, D22, D43, and D49 sera for
each of the six ST-Ia, Ib, II, I1I, V, and VII in saline control or GBS-06 groups are provided in
Figure 5a—f. Overall, strong immune responses were generated against each of the STs in
both the male and female rabbits following dosing with the GBS-06 test article.

Table 2. Anti-GBS serotype-specific IgG concentrations in sera following one, two, or three intramus-
cular administrations of saline control (G1) in NZW rabbits.

Group 1 GBS Ia GBS Ib GBS 1I GBS III GBSV GBS VII
Number of animals in 1 =20 (10/sex)
per-protocol population -
Number of animals
with evaluable anti-GBS
PS-specific [gG n=20 n=20 n=20 n=20 n=20 n=20
concentrations
o 0.016 0.003 0.047 0.027 0.038 0.017
Pre-dose GMC (95% CI) 111 0.022)  (0.002,0.005) (0.032,0.071) (0.018,0.040) (0.024,0.061) (0.012, 0.025)
o 0.016 0.003 0.039 0.026 0.040 0.019
Day 22 GMC 5% CD) 6012 0.021)  (0.002,0.004) (0.029,0.053) (0.018,0.036) (0.029, 0.054) (0.014, 0.024)
o 0.017 0.003 0.041 0.033 0.043 0.017
Day 43 GMC (5% CD)  013,0.022)  (0.002,0.004) (0.028,0.060) (0.023,0.048) (0.032,0.057) (0.013, 0.022)
o 0.024 0.004 0.067 0.051 0.061 0.025
Day 49 GMC (5% CI) 4 019,0.030)  (0.002,0.005) (0.045,0.100) (0.032,0.081) (0.046,0.082) (0.020, 0.033)

Table 3. Anti-GBS serotype-specific IgG geomean concentrations in sera following one, two, or three
intramuscular administrations of GBS-06 (G2) in NZW rabbits.

Group 2

GBS 1Ia

GBS Ib

GBS 1II

GBS III

GBSV

GBS VII

Number of animals in
per-protocol population

n =20 (10/sex)
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Table 3. Cont.
Group 2 GBS Ia GBS Ib GBS 11 GBS 111 GBSV GBS VII
Number of animals

with evaluable anti-GBS - _ 5 1 =20 1 =20 1 =20 1 =20 1 =20
PS-specific IgG
concentrations

0.016 0.003 0.040 0.033 0.045 0.023

Pre-dose GMC (95% CI)

(0.012,0.022) (0.003, 0.005) (0.031,0.050) (0.024,0.045) (0.034,0.061) (0.017, 0.030)

Day 22 GMC (95% CI)

0.760 0.215 0.182 0.952 0.689 0.327

(0.414,1.395) (0.132,0.352) (0.136,0.244) (0.657, 1.379)  (0.459,1.033) (0.221, 0.486)

Day 43 GMC (95% CI)

3.540 0.668 0.515 3431 5.715 1.287

(1.620,7.735)  (0.420,1.061) (0.328,0.807) (2.090,5.630) (3.376,9.677) (0.810,2.045)

12.947 2335 1.962 10.873 46.536 7.028
Day 49 GMC (95% CI) (6.838, (1 56§ 3474) (1 15é 3.325) (6.419, (23.374, (3.977,
24.515) 69, 5. 198, 3. 18.417) 92.647) 12.420)
1
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Figure 4. Comparison of anti-GBS PS serotype-specific IgG concentrations in Day 49 sera from NZW
rabbits, 7 days following the third IM immunization with GBS-06 (G2) or 0.9% saline (G1). Data are
represented as the geomean of 20 animals in each group. The geomean of eight determinations was
calculated for each sample. Error bars represent 95% confidence intervals (CI) of the geomean for
each group. The Mann-Whitney U test was applied for the assessment of differences in sera IgG
antibody concentrations between groups. *** p < 0.001 indicates statistically significant differences in
immune responses in rabbit sera following dosing with the control and GBS-06 test articles.

Table 2 shows the geometric mean concentrations and 95% confidence intervals in
sera samples following one, two, or three intramuscular administrations of saline control
(Group 1) (CI = confidence interval). Single analysis was run with eight serial dilutions for
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each serum sample. IgG geomean concentration was determined by calculation of eight
determinations for each sample. LLOQ and ULOQ ranged between 0.035-0.130 ng/mL
and 4.45-16.68 ng/mL, respectively, depending on the serotype.

Table 4. Fold rise in anti-GBS serotype-specific IgG GMCs at different timepoints following in-
tramuscular administrations of GBS-06 (G2) in NZW rabbits compared to that of saline control
group (G1).

GBS Ia GBS Ib GBS 1II GBS 111 GBSV GBS VII

Fold rise in anti-GBS PS-specific IgG GMCs

in GBS-06 compared to placebo Day 22 47.5 717 47 36.6 17.2 172
Fold rise in anti-GBS PS-specific IgG GMCs

in GBS-06 compared to placebo Day 43 208.2 222.7 12.6 103.9 132.9 75.7
Fold rise in anti-GBS PS-specific IgG GMCs 539.5 583.8 29.3 2132 762.9 2811

in GBS-06 compared to placebo Day 49

Serotype Specific 1gG (ug/mL) - GMC * 95% C|

Table 3 geometric mean concentrations and 95% confidence intervals in sera sam-
ples following one, two, or three intramuscular administrations of the GBS-06 test article
(Group 2) (CI = confidence interval). Single analysis was run with eight serial dilutions for
each serum sample. IgG geomean concentration was determined by calculation of eight
determinations for each sample. LLOQ and ULOQ ranged between 0.035-0.130 ng/mL
and 4.45-16.68 ng/mL, respectively, depending on the serotype. The samples were diluted
in order to fit the working range.
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Figure 5. (a—f) Individual rabbit (grouped as male and female rabbits) anti-GBS PS-specific IgG
antibody geometric mean concentrations against ST Ia, Ib, II, III, V, and VII and 95% confidence
intervals in sera samples following one, two, and three intramuscular administrations of saline
control (G1) and GBS test article (G2) (CI = confidence interval; M = male; and F = female). Single
analysis was run with eight serial dilutions for each serum sample. IgG geomean concentrations were
determined by calculation of eight determinations for each sample. The Mann-Whitney U test was
applied for comparison of differences in antibody concentrations between male and female rabbits in
the groups and no statistically significant differences in immune responses was observed between
the two sexes (p > 0.05).

Table 4 shows the fold rise in IgG geometric mean concentrations in Day 22, Day
43, and Day 49 sera samples following intramuscular administrations of GBS-06 (G2) in
comparison to that of saline control (G1) at the respective timepoints. The greatest and the
lowest fold IgG increase were observed for STs V and II, respectively, in the G2 group in
comparison to the G1 group. IgG geomean concentration was determined by calculation of
eight determinations for each sample.

4. Discussion

GBS disease caused by Streptococcus agalactiae species inflicts mortality and debilitating
effects on millions of newborns. Recent data suggest that the global burden of GBS is
higher than previously recognized. This includes GBS neonatal/early infant meningitis,
sepsis, death, and neurodevelopmental impairment, with additional stillbirth/preterm
births and maternal sepsis, with the burden being highest in sub-Saharan Africa [35]. Sero-
epidemiological data suggest that certain concentrations of GBS serotype-specific maternal
serum antibodies transferred in utero to infants are associated with a diminished risk of
neonatal GBS sepsis [15,36]. Momentum for a more aggressive GBS maternal immunization
effort has been building recently due to (1) the success of the maternal and neonatal tetanus
(MNT) elimination initiative, (2) data demonstrating that vaccination of pregnant women
with inactivated influenza vaccines, pertussis, and RSV vaccines confers protection against
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these infections in newborn infants that is persistent for the first few months of life [37],
and (3) positive phase 1 and 2 clinical trial results from other GBS conjugate vaccines
in non-pregnant/pregnant women [17,18], including the most recent clinical data from
immunization of a Tdap-GBS combination vaccine in non-pregnant women volunteers [38].
In this study, we presented the development of a 6-valent conjugate vaccine, GBS-06, with
a focus on the vaccine ST coverage, preclinical immunogenicity data, and advancements
to the vaccine program. Significant findings from the GLP toxicology study reveal that
GBS-06 is tolerated at the maximum evaluated dose of 20 ug in rabbits without any clinical
signs of toxicity, or vaccine-related adverse effects combined with the induction of strong
humoral responses against each of the six capsular polysaccharides antigens—Ia, Ib, I, III,
V, and VII—in the test article in comparison with the placebo control group.

Development of a maternal GBS vaccine providing the broadest coverage involves an
understanding of the serotype distribution from representative samples such as maternal
rectovaginal tract, umbilical cord blood, and infant blood isolates, and different clinical pre-
sentations such as maternal colonization, maternal disease including preterm or stillbirths,
and infant EOD and LOD. A comprehensive analysis of global GBS serotype distribution
based on clinical isolates from maternal colonization and newborns indicates ST Ia, III,
and V to be the predominant STs associated with neonatal disease. Collectively, a vaccine
containing Ia, Ib, II, III, and V in its composition could prevent different manifestations of
the disease by >90% [39]. However, emphasis on other emerging serotypes in the pregnant
women population in LMICs settings or regions where IAP policies are either unavailable
or not fully defined, is warranted. In this context, relevance and significance of the inclusion
of ST VII as discussed in the current study should be highlighted. ST VII is one of the circu-
lating serotypes in the maternal population in different parts of Eastern and Southeastern
Asia and is associated with maternal and infant morbidities [9,19,20]. The juxtaposition
of these findings with the ST composition in vaccines that are more advanced in clinical
trials indicates that the vaccine coverage could be reduced in regions with the prevalence
of ST VII [19]. Taken together, a 6-valent formulation containing Ia, Ib, II, III, V, and VII
can provide protection against 99% of GBS serotypes causing stillbirth, 98% of serotypes
causing EOD, and 99% of serotypes causing LOD [3], and can effectively address the issue
of serotype replacement from the non-vaccine serotypes that are commonly observed with
glycoconjugate vaccines.

We explored cyanylation chemistry involving CDAP coupled with the proprietary
HZ-PEG-HZ linker platform technology for GBS-06 glycoconjugate development. The
CDAP-based conjugation approach is widely known in the glycoconjugate vaccine field,
and it has been adopted in approved pneumococcal and meningococcal vaccines [40,41].
With cyanylation being the conjugation chemistry of choice, we also employed HZ-PEG-HZ
linker for derivatization of the rCRM197 carrier protein and subsequent conjugation to CPS.
A review of the literature suggests that the inclusion of the PEG linker in meningococcal
vaccines showed an enhancement of immune responses likely by preventing steric hin-
drance between carrier protein and a complex polymer such as polysaccharides [42]. The
presence of PEG has also been shown to improve the half-life of antibody-drug conjugates
and other PEG-based biopharmaceuticals by enabling slower serum clearance, presumably
by delaying uptake by the macrophages and other immune effector cells [43]. Consistent
with this idea, GBS-06 glycoconjugate vaccine development involving an HZ-PEG-HZ
linker was carried out, evaluated in proof-of-concept preclinical studies, and found to
generate strong immune responses without any safety concerns in animals. With promising
immunogenicity data from several preclinical studies, a GLP toxicology study was con-
ducted for comprehensive safety and immunogenicity assessment of the vaccine candidate
before progression into clinical trials. Characterization of the CPS and rCRM197 starting
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materials used in the GBS-06 test article preparation for the toxicology study indicates
that the structural identity of all six CPSs as determined by 'H-NMR was consistent with
the published literature data [33]. Further, the presence of characteristic spectral shifts
related to the axial and equatorial protons in sialic acid and methyl protons arising from the
N-acetyl groups of the constituent amino sugars is confirmed since these structural features
are key to vaccine immunogenicity [44]. Similarly, analytical characterization of rCRM197
by chromatography confirm protein purity with >90% protein monomer, thus ensuring
the quality of the carrier protein that directly mediates T-cell responses to glycoconjugate
vaccines and confers B cell memory (primarily through IgG antibodies) [45]. Characteriza-
tion of the monovalent bulk conjugates involving key product attributes such as conjugate
molar mass, PS: protein, and % free PS is optimal based on the guidelines available for
other conjugate vaccines, although there is no WHO TRS currently available for production
and control of GBS conjugate vaccines [34]. Of note, the free PS removal process is very
efficient (<10% free PS) during the manufacturing of six conjugate drug substances. Higher
free PS levels in the product can result in the vaccine being weakly immunogenic [46].

Immunogenicity analysis of sera from the GLP toxicology study of the GBS-06 vaccine
shows negligible IgG antibody GMCs for the six serotypes in the saline control group (G1),
as expected for naive rabbits following immunization with the control article (Table 2). In
the GBS-06 group (G2), there is an observable increase in serum anti-GBS PS-specific IgG
antibody GMCs for each of the six PS serotypes on Day 22 after the first vaccination and Day
43 after the second vaccination, with the highest antibody concentrations noted on Day 49
after the third vaccination (Table 3). There is a >20-fold increase in sera IgG concentrations
against each of the six serotypes in both the male and female rabbits following dosing
with the GBS-06 article compared to that of the saline control group (p < 0.001), which is
indicative of the elicitation of strong immune responses by the 6-valent GBS glycoconjugate
vaccine (Figure 4) and (Figure 5). A limitation of the current study is the lack of functional
antibody response data against the GBS-06 vaccine candidate containing a 20 pg antigen
dose. Nevertheless, functional antibody analysis from previous representative batches of
GBS-06 was performed using opsonophagocytic killing assay (OPA) at different antigen
doses (5 and 10 pg). Higher bacterial killing titers (> 800) were achieved against each of the
circulating bacterial strains corresponding to the six STs included in GBS-06 with strong
correlations to the neutralizing antibody responses at these doses compared to the placebo
control (killing titers < 8) (Table S2). Taken together, our observations are highly suggestive
of the effectiveness of the GBS-06 vaccine in eliciting protective antibody responses against
GBS disease.

Establishing correlates of protection is critical for demonstration of vaccine efficacy and
providing a regulatory pathway for licensure. One of the approaches that is under discus-
sion for determination of GBS vaccine efficacy is based on the serological thresholds of risk
reduction (SToRR) endpoints. For example, measuring binding and/or functional antibody
levels in cord blood at infant birth can serve as an SToRR [47]. In a sero-epidemiological
study in South Africa conducted as a subset of the GBS-6 glycoconjugate vaccine clinical
trial in pregnant women [NCT01755598], anti-CPS pooled IgG concentration thresholds
of 0.184 pg/mL were predicted to provide a 75% reduction in GBS disease risk based on
Bayesian statistics [17]. In another study involving the phase I clinical trial of the GBS sub-
unit vaccine in healthy adult women, IgG thresholds of >0.428 png/mL and >0.112 pug/mL
against RibN and Alp1N cell-surface proteins, respectively, were associated with a 90% re-
duction in invasive GBS disease based on a case-control natural immunity study performed
again in South Africa [48]. Hence, SToRR-based clinical trials combined with post-licensure
vaccine effectiveness studies can accelerate approval and enable timely availability of
vaccines, especially in LMIC settings. A similar approach could be potentially applied as a
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regulatory strategy in GBS-06 clinical trials for vaccine licensure. Albeit there is a lack of
clinical data on GBS-06 vaccine efficacy, the serology data in rabbits from the current study
indicate induction of robust immune responses against the six capsular polysaccharide
antigens compared to the placebo, with the caveat that the differences in dosing schedule
and the nature of immune responses in preclinical models cannot faithfully predict the
vaccine efficacy in humans.

Success of GBS vaccines for maternal immunization involves careful product develop-
ment considerations given the target population being pregnant women. The rCRM197
carrier protein, which is a component in the GBS-06 glycoconjugate vaccine, is known for
its precedence of use in licensed pediatric vaccines against S. pneumoniae and N. meningi-
tidis [49]. A positive safety profile for PEG has been established based on approved COVID
vaccines, of which millions of doses have been administered in the pregnant women popu-
lation [50]. As for the effects of hydrazide linker on patient safety, hydrazine, a congener of
hydrazide, has previously been used in the meningococcal conjugate vaccine MenAfriVac in
pregnant and lactating women, in addition to the target pediatric population, without any
safety concerns [51]. In addition, a positive safety profile for the hydrazide PEG linker has
been established based on phase I clinical trial data of a pneumococcal conjugate vaccine
candidate employing the same linker technology from our group in healthy non-pregnant
adults (NCT05540028), although direct evaluation of the 6-valent GBS vaccine in pregnant
women is warranted. In regard to the vaccine dose selection and composition, earlier non-
clinical immunogenicity work involved antigen dose-ranging studies and assessment of
adjuvant effects in augmenting CPS antigen-based IgG immune responses. The data from
the previous studies indicate induction of robust IgG immune responses across the antigen
doses tested (2.5-20 pg), which was further enhanced by the presence of adjuvant in the test
articles compared to that of non-adjuvanted formulation however, adjuvanted formulation
was not included in later studies because the enhancement of immune response is not
anticipated in adult humans. Data from a phase 1/2 study in healthy adults (men and
nonpregnant women) with a similar rCRMj97-conjugated 6-valent GBS conjugate vaccine
candidate formulated with and without aluminum phosphate revealed that the vaccine
elicited robust immune responses that persisted for 6 months after vaccination irrespective
of the presence of adjuvant [52]. Owing to the lack of an immunological benefit of including
an adjuvant in the vaccine formulation and consistent with the WHO preferred product
characteristics for a GBS vaccine without adjuvant [53], a non-adjuvanted formulation at
the highest clinical dose of 20 ug has been evaluated in the GLP toxicology study.

5. Conclusions

To our knowledge, this is the first report of a HZ-PEG-HZ linker-based GBS glyco-
conjugate vaccine to be evaluated in a GLP toxicology study. Additionally noteworthy is
the unique vaccine composition of GBS-06-containing ST VII. Analytical characterization
data of the six monovalent conjugates reveal optimal product quality attributes, which
is further confirmed by induction of significant and robust anti-GBS capsular PS-specific
IgG antibody responses against all six GBS serotypes in both male and female rabbits. The
results of the immunogenicity analysis show that GBS-06 is pharmacologically active. The
candidate is currently being evaluated at three dose levels: 2.5 pg, 7.5 pg, and 20.0 pg in
phase I clinical trials in healthy, non-pregnant women volunteers in the U.S and South
Africa (NCT06611371). Positive results from the clinical trials would signal a step closer to
the approval and licensure of a glycoconjugate vaccine for effective management of GBS
disease affecting millions of newborns worldwide.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vaccines13090952/s1, Figure S1: Proton NMR of GBS Ia PS,
Figure S2: Proton NMR of GBS Ib PS, Figure S3: Proton NMR of GBS II PS, Figure S4: Proton NMR of
GBS V PS, Figure S5: Proton NMR of GBS VII PS, Figure S6: Molar mass exclusion profile of GBS
Ia conjugate, Figure S7: Molar mass exclusion profile of GBS Ib conjugate, Figure S8: Molar mass
exclusion profile of GBS II conjugate, Figure S9: Molar mass exclusion profile of GBS III conjugate,
Figure S10: Molar mass exclusion profile of GBS V conjugate, Figure S11: Molar mass exclusion
profile of GBS VII conjugate; Table S1: Antigenicity, antigen content, and identity of each of the six
conjugated GBS capsular polysaccharides in the 6-valent GBS conjugate vaccine (GBS-06) used in
GLP Toxicology Study, Table S2: Functional antibody responses for a representative batch of GBS-06
vaccine using OPA.
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Abbreviations

The following abbreviations are used in this manuscript:

BCA Bicinchoninic Acid Assay

CDAP 1-cyano-4-dimethylaminopyridinium tetrafluoroborate
CPS Capsular polysaccharide

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide)
EOD Early Onset Disease

GBS Group B Streptococcus

GMC(s) Geometric Mean concentration(s)

HZ-PEG-HZ Hydrazide-Polyethylene Glycol-Hydrazide
IAP Intrapartum Antibiotic Prophylaxis
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IeG Immunoglobulin G

LOD Late Onset Disease

LMICs Low- and Middle-Income Countries
MBIA Multiplexed Bead-based Immunoassay
MNT Maternal and Neonatal Tetanus

NZW New Zealand White

OPA Opsonophagocytic Killing Assay

PS Polysaccharide

rCRM197 recombinant Cross-Reacting Material;gy
SEC-MALLS  Size Exclusion Chromatography Multi Angle Laser Light Scattering
ST Serotype

SToRR Serological Thresholds of Risk Reduction
TMP Trans Membrane Pressure

TNBS 2,4,6-trinitrobenzene sulfonic acid
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