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Immune responses against group B Streptococcus
monovalent and pentavalent capsular polysaccharide
tetanus toxoid conjugate vaccines in Balb/c mice

Nisha Dhar,1,* Ebrahim Mohamed,2 Frank Kirstein,2 Matthew Williams,2 Shantal Dorasamy,2,7 Petrus van Zyl,2

Madelyn Johnstone Robertson,2 Taigh Anderson,2 Lois M. Harden,3 Kimberly Jardine,4 Balaji Veeraraghavan,5

Seanette Wilson,2 Patrick Tippoo,2 Shabir A. Madhi,1,6,8 and Gaurav Kwatra1,5,6,8,9,*

SUMMARY

Immunization of pregnant women with Group B Streptococcus (GBS) capsular
polysaccharide (CPS) conjugate vaccine (CV) could protect young infants against
invasive GBS disease. We evaluated the immunogenicity of investigational five
GBS monovalent (serotypes Ia, Ib, II, III, and V) CPS-tetanus toxoid (TT)-CV with
adjuvant and GBS pentavalent CPS-TT-CV with adjuvant (GBS5-CV-adj) and
without adjuvant (GBS5-CV-no-adj), in Balb/c mice. Aluminum phosphate was
the adjuvant in the formulations, where included. The homotypic immunoglobulin
G (IgG) geometric mean concentration (GMC) and opsonophagocytic activity
(OPA) geometric mean titer (GMT) did not differ after the third dose of the
GBS5-CV-adj vaccine compared with the monovalent counterparts for all five se-
rotypes. The GBS5-CV-adj induced higher post-vaccination serotype-specific IgG
GMCs and OPA GMTs compared to GBS5-CV-no_adj. The GBS5-CV with and
without adjuvant should be considered for further development as a potential
vaccine for pregnantwomen to protect their infants against invasiveGBSdisease.

INTRODUCTION

Group B Streptococcus (GBS), also known as Streptococcus agalactiae, colonizes the vagina or rectum in

approximately 18% of pregnant women globally,1 which is a major risk factor for invasive GBS disease dur-

ing the first week of life (early onset disease) in their newborns.1,2 Ascending GBS infection in utero in preg-

nant women could also cause stillbirth and preterm delivery.3,4 The global estimated incidence of invasive

GBS disease among infants less than 90 days of age is 0.49 per 1000 live births (95% confidence interval [CI],

0.43–0.56), with the highest incidence in the Africa (1.12 per 1000 live births).2 Globally, case fatality risk

from invasive GBS disease in infants is 8.4% (95% CI, 6.6%–10.2%), and highest in Africa (18.9%).2 Maternal

intrapartum antibiotic prophylaxis (IAP) is effective in reducing the incidence of early-onset diseases,5 how-

ever, its implementation is limited in low resource countries due to logistical constraints and cost effective-

ness considerations.5,6 Immunization of pregnant women with a GBS vaccine is an alternate strategy for

protection against early onset disease, and could also protect against late onset disease (7–89 days age)

through trans-placental acquisition of protective antibodies by the fetus.7 Also, a maternal GBS vaccine

could reduce the risk of recto-vaginal GBS colonization in pregnant women,5,8–10 and consequently may

protect against GBS associated preterm labor and stillbirths.

Group B Streptococcus is covered with a sialic acid-rich capsular polysaccharide (CPS), based on which it is

classified into ten serotypes (Ia, Ib, and II–IX).11 Globally, five serotypes (Ia, Ib, II, III, and V) account for 98%

of all maternal GBS colonisation serotypes,1,12 and 96% of infant invasive GBS disease causing sero-

types.2,13 With a potential role in immune evasion by inhibiting complement deposition and phagocytosis,

CPS is crucial for pathogenesis, and is considered as a prime vaccine target epitope.8,14,15 Capsular poly-

saccharide-protein conjugate vaccines generate strong and functional CPS-specific immunoglobulin G

(IgG) response.16–19 An effective multivalent CPS-protein conjugate vaccine covering serotypes Ia, Ib, II,

III, and V targeted at pregnant women could protect their young infant against invasive GBS disease.2,20

Currently, there is no licensed vaccine against GBS.5 To date, a trivalent CPS-cross reactive material 197

(CRM197) conjugate vaccine has been evaluated in pregnant women,21,22 and more recently a hexavalent
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CPS-CRM197 conjugate vaccine has been evaluated in phase 1 studies in non-pregnant women and is

currently under investigation in pregnant women.23,24 The objective of the current study was to determine

the immunogenicity of pentavalent GBS CPS-tetanus toxoid (TT) conjugate vaccine (GBS5-CV), including

serotypes Ia, Ib, II, III, and V; which was formulated with and without aluminum hydroxide as an adjuvant,

in Balb/c mice. The homotypic serotype specific immune responses induced by the GBS5-CV with adjuvant

(GBS5-CV-adj) was compared with monovalent GBS CPS-TT conjugate vaccines with serotype Ia (mGBS-Ia-

CV-adj), Ib (mGBS-Ib-CV-adj), II (mGBS-II-CV-adj), III (mGBS-III-CV-adj), and V (mGBS-V-CV-adj), each

formulated with adjuvant. We further compared immunogenicity of GBS5-CV-adj and GBS5-CV without

adjuvant (GBS5-CV-no_adj) formulations. Also, we investigated immunogenicity of unconjugated pentava-

lent GBS CPS formulation with adjuvant (GBS5-CPS-adj) compared with GBS5-CV-adj formulation.

RESULTS

The current study was an intervention study to access the GBS vaccines immunogenicity in 6–8 weeks old

female BALB/c mice. The CPS and CPS-TT conjugates of serotypes Ia, Ib, II, III and V were characterised

before formulating the vaccines. All five CPS contained no significant burden of residual protein and

nucleic acid (all less than 3%); Table S1. All conjugates contained no significant burden of endotoxin

(<0.1 EU/mg); Table S2. The nuclear magnetic resonance evaluation of the CPS and conjugates revealed

that sialic acid portion of the CPS in the conjugate were fully sialylated and 1-cyano-4-

dimethylaminopyridinium tetrafluoroborate (CDAP) conjugation chemistry had no impact on the CPS sia-

lylation (unpublished data). The study was designed with nine vaccination groups and includedmonovalent

GBS CPS-TT conjugates with adjuvant, pentavalent GBS CPS-TT conjugate formulated with and without

adjuvant and an unconjugated pentavalent CPS vaccine with adjuvant. Vaccine diluent with adjuvant was

also included as the placebo group. Aluminum phosphate was the adjuvant in the formulations, where

included. Each mouse was injected intramuscularly with a specific vaccine formulation three times in a

two-week interval at day 0, day 14 (D14), and day 28 (D28) prior to which blood was collected from the

tail vein on the same days. Mice euthanization and final blood collection through cardiac puncture was

done at two weeks after the third dose at day 42 (D42), Figure 1.

Serotype specific seroconversion rates and fold change in immune response

The serotype-specific IgG geometric mean concentrations (GMCs) and seroconversion rates were higher at

14 days post-dose 3 i.e., at day 42 (D42) compared to first (D14) or second dose (D28) of all conjugate vac-

cine formulations (Tables S3–S7). Seroconversion rates at D42 for serotype Ia, Ib and II were 83.3%, 100%,

100% and 16.6% for the mGBS-Ia-CV-adj, GBS5-CV-adj, GBS5-CV-no_adj and GBS5-CPS-adj vaccines,

respectively (Figure S1). For serotype V, seroconversion was 100% in mGBS-V-CV-adj, GBS5-CV-adj,

GBS5-CV-no_adj, but 0% in the GBS5-CPS-adj group. For serotype III, 100% seroconversion was evident

for each of the vaccine formulation groups.

The fold increase in serotype-specific IgG GMCs between day 0 and D42 ranged from 613 (serotype V) to

1480 (serotype Ia) in the monovalent conjugate vaccines with adjuvant (mGBS-CV-adj) groups; 251

Figure 1. Study design

An intervention study in 6–8 weeks old female BALB/c mice with nine vaccination groups and 6 mice per group was designed. Each mouse was injected

intramuscularly with the vaccine formulation three times in a two-week interval at day 0, day 14, and day 28 prior to which blood was collected from the tail

vein on the same days. Mice euthanization and final blood collection through cardiac puncture was done at two weeks after the third dose at day 42.
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(serotype III) to 1576 (serotype II) in the GBS5-CV-adj group; 81 (serotype V) to 481 (serotype 1a) in GBS5-

CV-no_adj group; no fold increase (Serotype V) to 14.47 (serotype III) in the GBS5-CPS-adj group

(Tables S3–S7). No serotype specific IgG or opsonophagocytosis activity (OPA) titers were detected in

the placebo group.

mGBS-CV-adj compared with GBS5-CV-adj vaccine

The serotype-specific IgG GMCs increased after the second and third dose of all the conjugate vaccine for-

mulations. At D42, the homotypic GMCs were similar between the mGBS-CV-adj and GBS5-CV-adj vaccine

for all serotypes (Figure 2 and Tables S3–S7). Also, the serotype-specific opsonophagocytosis activity

(OPA) geometric mean titers (GMTs) at D42 were similar for all serotypes between the mGBS-CV-adj

and GBS5-CV-adj vaccines (Figure 3 and Tables S3–S7).

GBS5-CV-adj vs. GBS5-CV-no_adj vaccine

The mean fold difference in serotype-specific IgG GMCs at D42 was higher in the GBS5-CV-adj compared

with GBS5-CV-no_adj group for all serotypes; however, the differences in GMCs were not statistically

Figure 2. Serotype specific IgG responses post-third immunization dose (day 42) among study groups

(A–E) Represented on X axis are monovalent conjugate vaccines with adjuvant (mGBS-Ia-CV-adj, mGBS-Ib-CV-adj, mGBS-II-CV-adj, mGBS-III-CV-adj,

mGBS-V-CV-adj), pentavalent conjugate vaccine with adjuvant (GBS5-CV-adj) and without adjuvant (GBS5-CV-no_adj), and unconjugated pentavalent CPS

vaccine with adjuvant (GBS5-CPS-adj) study groups, IgG concentrations (black dots) in arbitrary units (AU/ml) on Y axis for serotype Ia (A), serotype Ib (B),

serotype II (C), serotype III (D), serotype V (E), geometric mean concentration (thick solid line) with 95%CI (thin solid line), and p value by Kruskal-Wallis test

comparing all groups (**) and Dunn’s multiple comparisons test (*), # indicates analysis based on 5 mice.
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significant (Ia, 1963 vs. 1395, p = 0.88; Ib, 839 vs. 167.8, p = 0.55; II 4808 vs. 617.4, p = 0.22; III, 2958 vs. 2117,

p = 0.70 and V, 2728 vs. 356.2, p = 0.16); Figure 2, and Tables S3–S7. Also, the OPAGMTs were higher in the

GBS5-CV-adj compared with GBS5-CV-no_adj groups for all serotypes (Ia, 160 vs. 20, p = 0.16; Ib, 147 vs.

29, p = 0.18; II, 4199 vs. 1848, p = 0.49; III, 1045 vs. 537, p = 0.70; V, 2335 vs. 766, p = 0.19), albeit not sig-

nificant; Figure 3, and Tables S3–S7. Similarly, after second immunization at D28 mean fold difference in

serotype-specific IgG GMCs was higher in the GBS5-CV-adj compared to GBS5-CV-no_adj group, albeit,

differences in GMCs were not statistically significant for all five serotypes (Ia, 99.3 vs. 50.1, p = 0.63; Ib, 76.7

vs. 7.7, p = 0.15; II 197.7 vs. 62.1, p = 0.47; III, 1063 vs. 541.4, p = 0.34 and V, 220.3 vs. 27.2, p = 0.16);

Tables S3–S7.

GBS5-CV-adj compared with GBS5-CPS-adj vaccine

The GBS5-CV-adj vaccine induced higher serotype specific IgG GMCs compared with the GBS5-CPS-adj

vaccine against serotypes Ia (1963 vs. 4.24 AU/ml, p = 0.01), Ib (839 vs. 2.0 AU/ml, p = 0.007), II (4808 vs.

21.7 AU/ml, p = 0.04), III (2958 vs. 170.1 AU/ml, p = 0.008) and V (2728 vs. 4.35, p = 0.001); Figure 2, and

Tables S3–S7. Similarly, GBS5-CV-adj induced higher serotype specific OPA GMT’s for all serotypes

Figure 3. Serotype specific opsonophagocytic titers post-third immunization dose (day 42) among study groups

(A–E) Represented on X axis are monovalent conjugate vaccines with adjuvant (mGBS-Ia-CV-adj, mGBS-Ib-CV-adj, mGBS-II-CV-adj, mGBS-III-CV-adj,

mGBS-V-CV-adj), pentavalent conjugate vaccine with adjuvant (GBS5-CV-adj) and without adjuvant (GBS5-CV-no_adj), and unconjugated pentavalent CPS

vaccine with adjuvant (GBS5-CPS-adj) study groups, opsonophagocytic titers (black dots) on Y axis for serotype Ia (A), serotype Ib (B), serotype II (C),

serotype III (D), serotype V (E), geometric mean titer (thick solid line) with 95%CI (thin solid line), and p value by Kruskal-Wallis test comparing all groups (**)

and Dunn’s multiple comparisons test (*), # indicates analysis based on 5 mice.
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compared with GBS5-CPS-adj (serotype Ia, 160 vs. 4, p = 0.009; serotype Ib, 147 vs. 4, p = 0.003; serotype II,

4199 vs. 17, p = 0.01; serotype III, 1045 vs. 48, p = 0.008; serotype V, 2335 vs. 4.24, p = 0.002); Figure 3, and

Tables S3–S7.

Correlation between homotypic serotype-specific IgG antibody and opsonophagocytic

activity

There was a significant association between serotype specific IgG concentration and homotypic OPA titer

for all serotypes among the combined conjugate vaccine groups (p < 0.0001 for serotypes Ia, Ib, II, and III;

p = 0.005 for serotype V); Figure 4. Positive correlations were also observed for each conjugate vaccine

group, ranging between: serotype Ia, r = 0.77–0.89; serotype Ib, r = 0.77–0.87; serotype II, r = 0.65–1; sero-

type III, r = 0.60–0.82; serotype V, r = 0.6–0.7; except for mGBS-V-CV-adj vaccine group in which no corre-

lation was noted (r = �0.08), Figure S2.

DISCUSSION

This study demonstrated GBS5-CV with or without adjuvant were immunogenic in Balb/c mice. The im-

mune response elicited from the GBS5-CV-adj vaccine was not inferior compared to the GBS monovalent

conjugate vaccine formulations. Conjugation with TT was beneficial in evoking a strong CPS specific im-

mune response to the GBS5-CV-adj vaccine. The study further showed that GBS5-CV-adj vaccine immune

responses were higher compared with GBS5-CV-no_adj vaccine for all serotypes, albeit, not significant.

This study investigated the immunogenicity of GBS5-CV with tetanus toxoid as the carrier protein. To

date, a trivalent and a hexavalent conjugate vaccine have been evaluated with CRM197 as the carrier pro-

tein.21–24 A GBS pentavalent conjugate vaccine (serotypes Ia/Ib/II/III/V) would cover 96% of invasive dis-

ease causing GBS serotypes in young infants compared to 98% by GBS hexavalent vaccine which includes

an additional serotype IV.2,23

Figure 4. Deming linear regression analysis between serotype-specific IgG concentrations and opsonophagocytic titers among combined

conjugate vaccine groups

(A–E) Represented are IgG concentrations in arbitrary units (AU/ml) on X axis for serotype Ia (A), serotype Ib (B), serotype II (C), serotype III (D), serotype V (E),

and serotype specific opsonophagocytic (OPA) titers on Y axis among combined conjugate vaccine study groups including monovalent conjugate vaccines

with adjuvant, pentavalent conjugate vaccine with adjuvant and without adjuvant, p values using Deming linear regression analysis.
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Our study compared the homotypic serotype-specific IgG and OPA responses induced by GBS5-CV-adj

vaccine to that evoked from the monovalent conjugate vaccine counterparts, necessary for assessing

any potential immune interference between serotypes. The homotypic serotype-specific IgG and OPA re-

sponses induced by GBS5-CV-adj vaccine were compared with the mGBS-CV-adj formulations, as OPA is

considered tomeasure functional antibody activity against GBS.25 The mean fold change of IgG antibodies

was slightly higher in mGBS-CV-adj compared to GBS5-CV-adj vaccine, however, the serotype-specific

GMCs and OPA GMTs were similar; indicating the potential of GBS5-CV-adj vaccine to induce a strong

and functional IgG response. Our study evidently showed that GBS5-CV-adj and mGBS-CV-adj vaccines

were comparable in functional IgG response for all serotypes. Previously, no study compared GBS mono-

valent- and multivalent-conjugate vaccine (with adjuvant) responses. Only one study reported a compara-

ble IgG response between a bivalent (II and III)-TT conjugate vaccine (without adjuvant) andmonovalent-TT

conjugate vaccines in humans.26 Furthermore, conjugating TT protein to CPS was beneficial in immunoge-

nicity of GBS5-CV, as a stronger and higher functional serotype-specific IgG response to GBS5-CV-adj vac-

cine was elicited, compared to GBS5-CPS vaccine. This supports earlier findings with monovalent conju-

gate vaccines versus uncoupled monovalent vaccines in animal models27 and in human trials.16–19,28

Prior to this study, we evaluated CDAP and reductive amination (RA) conjugation chemistry on different

serotype III conjugate vaccine formulations in Balb/c mice (unpublished data). Similar serotype IgG titer

were induced with both CDAP and RA coupled conjugates, however, significantly higher OPA titers

were observed for serotype III CPS-TT conjugate using CDAP chemistry compared to RA chemistry

(p = 0.01). The higher functional immune responses induced by CDAP than the reductive amination conju-

gate noted in our study was in agreement with findings for pneumococcal conjugate vaccines.29 Further-

more, synthesis of CDAP coupled bacterial polysaccharide protein conjugates is a much faster and simpli-

fied process,30,31 and could be adequately scalable to large quantities at a lower cost.32 Hence, CDAP

chemistry was selected as the preferred conjugation chemistry.

Strong correlations between serotype-specific IgG and OPA titers among GBS5-CV-adj and GBS5-CV-

no_adj groups confirms the functionality of the anti-capsular IgG evoked by both the vaccines. This is in

agreement with positive correlations previously observed for serotype-specific IgG andOPA titers induced

with monovalent serotype Ia, Ib, II, and III conjugate vaccines in non-human primates or non-pregnant

women,17,28,33 and trivalent conjugate vaccine in pregnant women.34 An exception was mGBS-V-CV-adj

in this study, in which a poor correlation between IgG and OPA titers was observed, possibly due to a lower

proportion of IgG-relative to IgM-among antibodies elicited by serotype V CPS than those evoked by other

CPS serotypes as reported previously.16,35 However, this phenomenon seems to occur with monovalent-

and not the pentavalent-serotype V immune response. Notably, in this study serotype V specific IgG and

OPA responses to both GBS5-CV-adj and GBS5-CV-no_adj vaccines were concordant, which suggests

that most of the induced serotype V specific IgG antibodies were opsonophagocytic. As IgG is the only

antibody which significantly crosses the human placenta from mother to baby,36 elevated functional IgG

levels induced with the vaccine in mothers could ensure protective IgG antibody levels transmitted to their

fetuses or newborns.

This study further demonstrated that GBS5-CV-adj induced slightly higher IgG GMCs and OPA GMTs than

GBS5-CV-no_adj vaccine, albeit not significant, for all five serotypes. Nevertheless, a higher mean fold

change of IgG antibodies in GBS5-CV-adj compared with GBS5-CV-no_adj vaccine, indicates that inclusion

of aluminum phosphate adjuvant could elicit stronger immune response to GBS5-CV. The beneficial effect

of aluminum phosphate or MF59 adjuvant on GBS vaccine immune response has varied in previous studies,

wherein, trivalent-CRM197 conjugate or monovalent serotype III- TT conjugate vaccine immune responses

in humans were not superior in adjuvanted compared with non-adjuvanted vaccine.19,37 The effect of

aluminum phosphate adjuvant differed between serotypes in GBS hexavalent-CRM197 conjugate vaccine

immune responses in rhesus macaques,23 wherein, no significant differences in functional IgG concentra-

tions were observed between the adjuvanted and non-adjuvanted vaccine groups for serotypes II, III and V,

however, higher responses were noted in adjuvanted formulation for serotype Ia, Ib and IV.23

Previous pre-clinical studies have shown that two booster doses with adjuvant are required to induce peak

IgG responses in non-human primates,38 and in mice or rabbits for serotype 1b, II and III-conjugate vac-

cines.39,40 In line with those findings, the majority of the mice in our study had higher immune responses

for all serotypes after the second booster doses of GBS5-CV with or without adjuvant and for mGBS-CV-

adj vaccine. However, serotype III-conjugate vaccines trials in humans have shown booster doses post
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primary vaccination are effective in inducing peak IgG response, specifically in individuals with undetect-

able antibodies to GBS serotype III before the 1st dose of vaccine, while, only a single dose is sufficient

in those with pre-existing antibodies.37 Given natural exposure of most women to GBS colonization,1 which

induces GBS serotype specific immune responses,41 it is likely that fewer doses of GBS5-CV will be required

to reach a peak IgG response. In the study on the trivalent GBS conjugate vaccine, immunized pregnant

women remained persistently high in IgG GMCs from the time of delivery through to one-year post-par-

tum, whilst a slight increase was observed during the same period in women who received placebo.22 A

similar finding was observed in a recent study of the GBS hexavalent conjugate vaccine, where IgG geomet-

ric mean fold rises (approximately 10-fold–56-fold rise) remained substantially high for all doses and formu-

lations at 6 months after vaccination compared to placebo.24 These studies suggest that there could be

continuous boosting of antibodies in vaccinated women possibly with triggering of vaccine induced mem-

ory immune responses on natural exposure to recto-vaginal GBS colonization. There are still ongoing de-

liberations on whether a single rather than two dose maternal GBS vaccine regimen would be sufficient,

and whether additional doses would be required in subsequent pregnancies.

The GBS5-CV (with or without adjuvant) investigated in this study is the second GBS multivalent conjugate

vaccine formulation globally with a broad coverage and the first GBS multivalent vaccine being developed

in Africa, a region with the highest GBS invasive disease burden in infants. The GBS5-CV-no_adj formula-

tion conforms to the World Health Organisation preferred product characteristics of a GBS vaccine for im-

munization of pregnant women.20 The GBS5-CV-adj formulation might possibly induce mild to moderate

local reactogenicity as previously reported among the adjuvanted vaccine groups versus non-adjuvanted

or placebo groups in a GBS trivalent-CRM197 conjugate vaccine trial among non-pregnant women.19 How-

ever, transient, mild to moderate local symptoms are acceptable, as per World Health Organization (WHO)

recommendations, for preferred product characteristics of a GBS vaccine.20 Tetanus toxoid as the carrier

protein in GBS5-CV has a well-established safety and efficacy in GBS vaccine trials in pregnant women,22,42

and is also a routine WHO recommended vaccine during pregnancy. Furthermore, an added advantage of

TT in GBS5-CV is that it is likely to generate a robust anti-TT response post-vaccination, as has been evident

with other TT-conjugate vaccines, that could reduce incidences of neonatal tetanus infections.43–45 The

GBS pentavalent vaccine with TT as carrier protein could be an effective vaccination strategy for prevention

of both neonatal GBS and tetanus infections, particularly in high burden regions like Africa.5

Conclusion

This study demonstrated the potential of GBS5-CV with or without adjuvant to induce a robust functional

IgG antibody response against five GBS CPS serotypes (Ia, Ib, II, III, and V) and would cover 96% of invasive

disease causing GBS serotypes in young infants. Further investigation of GBS5-CV-adj and GBS5-CV-

no_adj vaccines in human clinical trials is warranted that could provide further insights into vaccine safety

and immunogenicity, with respect to serotype-specific IgG or OPA titer threshold associated with reduced

risk of GBS serotype specific disease in infants for vaccine evaluation and licensure.46

Limitations of our study include that we did not evaluate vaccine efficacy in mice challenge experiments and

the small number of mice in each group, which could have compromised the power to detect differences

between some vaccine groups. Nevertheless, previous studies on the monovalent, trivalent, tetravalent and

hexavalent GBS conjugate vaccines have shown good correlation between ability of vaccine to induce opso-

nophagocytic IgG antibodies in vitro and vaccine protective efficacy against GBS in animal challenge

experiments.17,23,34,39,40 The IgM responses in mice could not be evaluated due to very limited sample volume

left after performing both IgG and OPA assays. Variations in immune response was noted among mice vacci-

natedwith the same vaccine formulation. However, individuals within inbred strains are not isogenic, and there

are genetic variations,47 which are likely to affect the immune responses of mice receiving the same vaccine.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Gaurav Kwatra (gaurav.kwatra@wits-vida.org).

Materials availability

There are restrictions to the availability of GBS vaccines due to intellectual property rights.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to re-analyze the data reported in this paper is available from the

lead contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SECONDARY ANTIBODY IgG for Luminex

[R-Phycoerythrin-conjugated AffiniPure Goat Anti-Mouse

IgG (subclasses1+2a+2b + 3), Fcg Fragment Specific]

JACKSON IMMUNORESEARCH 115-115-164

Bacterial strains for OPA assay

Serotype Ia American Type Culture Collection BAA-1138

Serotype Ib American Type Culture Collection BAA-1174

Serotype II Center for Diseases Control

and Prevention (CDC, USA)

SS-619

Serotype III American Type Culture Collection BAA-1176

Serotype V American Type Culture Collection BAA-611

Biological samples

Mice Serum WITS-VIDA G001-054

Chemicals, peptides, and recombinant proteins

DMTMM ((4-(4,6-dimethoxy[1,3,5]triazin-2-yl)-4-

methyl-morpholinium chloride)

SIGMA 74104-1G-F

Baby rabbit complement Pel-Freez 31061–3

Capsular polysaccharides (Ia, Ib, II, III, V) Biovac Biovac CPS Ia-V

Bacteriological AGAR SIGMA A5306

Todd Hewitt Broth SIGMA T1438

Experimental models: Cell lines

HL-60 Cell Line (Human promyelocytic leukemia cell line) American Type Culture Collection ATCC CL 240

Experimental models: Organisms/strains

Female Balb/c Mice (6–8 weeks old) South African Vaccine Producers (Pty) Ltd M7

Software and algorithms

GraphPad Prism version 8.0.02 software GraphPad Software, San Diego, California https://www.graphpad.com/

scientific-software/prism/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal experiments were conducted in compliance with protocols (reference number: 2020/05/04/B)

approved by the Animal Research Ethics Committee of the University of the Witwatersrand. Female

Balb/c mice were purchased from South African Vaccine Producers (Pty) Ltd, Sandringham, Johannesburg

at 6–8 weeks of age and housed with six mice per cage under standard Wits Research Animal Facility

(WRAF) conditions. Mice were housed in a temperature-controlled (20�C–22�C) room on a 12 h light/

dark cycle and were fed on a standard rodent chow diet.

METHOD DETAILS

An intervention study in 6–8 week old female Balb/c mice with nine vaccination groups and 6 mice per

group was designed. Each mouse was injected intramuscularly with 0.1 mL of a specific vaccine formulation

three times in a two-week interval at day 0, day 14, and day 28 prior to which blood (0.1–0.2 mL) was

collected from the tail vein on the same days. At day 42, mice were euthanised with an intra-peritoneal in-

jection of pentobarbitone. As soon as the mice were unresponsive, blood was collected via cardiac punc-

ture; Figure 1. Investigated vaccine formulations included monovalent GBS CPS-TT conjugate vaccines

with serotype Ia (mGBS-Ia-CV-adj), Ib (mGBS-Ib-CV-adj), II (mGBS-II-CV-adj), III (mGBS-III-CV-adj), and V

(mGBS-V-CV-adj), each formulated with adjuvant; pentavalent GBS CPS-TT conjugate vaccine with all se-

rotypes formulated with adjuvant (GBS5-CV-adj) and without adjuvant (GBS5-CV-no_adj). In addition, an

unconjugated pentavalent GBS CPS vaccine formulated with TT and adjuvant (GBS5-CPS-adj) was investi-

gated for evaluation of the GBS5-CV-adj immune responses, with the objective to study the effect of

tetanus toxoid carrier protein conjugation on pentavalent polysaccharide immunogenicity. Included in

the experiments was a control group of six mice who received placebo composed of vaccine diluent

and adjuvant. Capsular polysaccharides were conjugated individually to TT using 1-cyano-4-

dimethylaminopyridine tetrafluoroborate chemistry, and formulated with 5 mM histidine in sodium chlo-

ride buffer as the vaccine diluent, and aluminum phosphate as the adjuvant where included. Analytical

data for CPS and CPS conjugates is provided in Tables S1 and S2. Total serotype specific CPS dose was

1ug for each serotype in the monovalent and pentavalent (total 5ug of CPS) formulations and 0.1 mg of

aluminum phosphate in formulations which included adjuvant.

Measurement of serotype-specific anti-capsular serum IgG concentration

Quantitative serum GBS serotype-specific CPS IgG antibody concentrations were measured with a bead-

based assay on the multiplex Luminex platform. The purified CPS antigens were coupled to the magnetic

microsphere beads (Bio-Rad, USA) with the cross-linking agent 4-(4,6-dimethoxy [1,3,5] triazin-2-yl)-4-

methyl-morpholinium (DMTMM) as previously described.41 Pooled mice serum from a different vaccine

group was used as reference serum for the assay and was assigned a concentration of 1000 arbitrary units

(AU) per mL. Assays were performed in true duplicates. Bead fluorescence was read with the Bio-Plex 200

instrument (Bio-Rad) using Bio-Plex manager 5.0 software (Bio-Rad). The optimal serum and secondary

antibody dilution was 1:100 and 1:200, respectively. The results for serum CPS IgG were reported in AU

per mL with lower detection limits of 5.8, 3.0, 6.1, 23.5 and 8.7 for serotype Ia, Ib, II, III, and V, respectively.

For statistical analysis, samples with values below these limits were assigned values of half the lower limit of

detection.

Serum opsonophagocytosis activity assay

The functional activity of serum was determined by serotype-specific opsonophagocytosis activity (OPA)

assay using the HL-60 cell line as previously described.41 Standard GBS strains were used for the assays

(GBS serotype Ia (A909), GBS Serotype Ib (H36B), GBS Serotype II (SS-619), Serotype III (COH1) and sero-

type V (2603 v/r). Pooled mice serum from different vaccine groups was used as the control in each plate.

Briefly, 10000 CFU of serotype-specific GBS wase mixed with an appropriate dilution of heat-inactivated

serum sample (10 mL), and incubated for 15 min in an incubator set at 37�C with 5% carbon dioxide

(CO2). Baby rabbit complement (10 mL) and Human promyelocytic leukemia (HL-60) cells (40 mL of 1 3

107, cultured for 5 days in the presence of dimethyl formamide) were added to the mixture and incubated

for a further hour with agitation in an incubator set at 37�Cwith 5%CO2,. Aliquots (10 mL) were removed and

plated on Todd- Hewitt agar plates for quantitative culture. OPA was expressed as the titer at which the

serum dilution yielded 50% killing compared to the bacterial growth in the complementary controls.

Continuous titers were determined by interpolating the concentration at which 50% killing of GBS bacteria
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occurred. The limit of detection was 8. For statistical analysis, samples below the detection were assigned

an arbitrary titer of 4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size

Sample size was based on the Resource equation method.48 Based on the number of groups for each sero-

type, the sample size needed for the study was 6 mice per group.

Statistical analyses

Seroconversion rates were defined as proportion of vaccinated mice with R 4-fold change in IgG concen-

tration.17,49 Antibody concentrations between groups were compared using Kruskal-Wallis test and Dunn’s

multiple comparisons test. For all analyses, p values, geometric means, and 95% CIs were reported. Cor-

relation analysis was performed using Deming linear regression and Spearman correlation test. For all an-

alyses, a p value < 0.05 was considered statistically significant. Data were analyzed using GraphPad Prism

version 8.0.02 software (GraphPad Software, San Diego, California).
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