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Dose-sparing effects of
novel adjuvants and
aluminum hydroxide on
two different vaccines in
a neonatal mouse model
Jenny Lorena Molina Estupiñan1,2,
Poorya Foroutan Pajoohian1,2, Gabriel Kristian Pedersen3,
Dennis Christensen3, Serena Marchi4, Emanuele Montomoli4,5,
Stefanı́a P. Bjarnarson1,2, Ingileif Jonsdottir1,2

and Audur Anna Aradottir Pind1,2*

1Faculty of Medicine, School of Health Sciences, University of Iceland, Reykjavík, Iceland, 2Department
of Immunology, Landspitali, the National University Hospital of Iceland, Reykjavík, Iceland, 3Center for
Vaccine Research, Statens Serum Institut, Copenhagen, Denmark, 4Department of Molecular and
Developmental Medicine, University of Siena, Siena, Italy, 5VisMederi, Siena, Italy
Childhood vaccination provides protection against infectious diseases, but

multiple vaccinations are required to achieve this. In situations like influenza

epidemics or COVID-19 pandemic, vaccine demands may exceed production

capacity, highlighting the need for dose-sparing strategies. Adjuvants can boost

and modulate immune responses to vaccines and could reduce the antigen

doses needed to confer protection. Herein we evaluated the dose-sparing

effects of the novel adjuvants dmLT, mmCT, CAF01, and CAF08b and alum

(aluminum hydroxide) on primary neonatal antibody (Ab) response to a conjugate

vaccine against Streptococcus pneumoniae, Pn1-CRM197, and a recombinant

influenza hemagglutinin (HA) protein vaccine. The primary Ab levels of neonatal

mice immunized once with a full dose of Pn1-CRM197 or HA were low. mmCT

and CAF08b enhanced Pn1-specific IgG Abs elicited by fractional doses of Pn1-

CRM197, providing eightfold dose sparing of the vaccine, whereas dmLT and

CAF01 provided fivefold and twofold dose sparing, respectively. These adjuvants

elicited protective Pn1-specific Ab levels against bacteremia (91%–63%) and

pneumonia (50%–38%) in neonatal mice when combined with a half-dose of

Pn1-CRM197. In addition, mmCT, CAF01, and CAF08b enhanced the persistence

of Pn1-specific IgG Ab-secreting cells (ASCs) in bone marrow compared with a

full dose of vaccine only. With the influenza HA vaccine, CAF08b provided 40-

fold dose sparing, while CAF01 and mmCT provided twofold dose sparing.

CAF08b induced the micro-neutralization (MN) titers above protective levels in

100% and 86% of mice receiving 1/8 and 1/40 of HA dose, respectively, and

CAF01 in 88% and 50% of mice receiving 1/4 and 1/8 dose of HA, respectively,

whereas only 38% of mice receiving a full-dose HA without adjuvant reached the

protective MN levels. Furthermore, these adjuvants provided cross-protective

Abs and ASCs against a closely related heterologous influenza strain. In contrast,

aluminum hydroxide did not provide any dose-sparing effects. Collectively, our

results demonstrate that mmCT, CAF01, and CAF08b enhanced the protective

humoral responses and had large dose-sparing effects on both Pn1-CRM197 and
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HA vaccines, although the adjuvant effect was clearly vaccine-dependent. The

results support the potential use of safe adjuvants in situations when vaccine

production capacity is limited, including vaccination of pediatric populations that

may be of high risk.
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1 Introduction

Childhood vaccination against infectious diseases have a major

impact on human health, preventing each year 3.5–5 million deaths

from infectious diseases, including diphtheria, tetanus, pertussis,

influenza, and measles (1). However, infectious diseases remain as

one of the main causes of death for children under 5 years of age (2),

many of which are vaccine preventable. The ideal vaccine would be

a single dose given at birth at a low cost, with good safety profile,

with few side effects, and that provides long-lasting protection (3).

Even though protective vaccines against many diseases are available,

antibody (Ab) immunity wanes 6–9 months after several primary

doses in infancy, making boosters during the second year of life

essential to maintain the protection and immunological memory

(4). Multiple vaccinations require more doses of vaccine being

manufactured, which is expensive and can be problematic in

cases such as influenza or COVID-19 pandemic where the

vaccine demands may exceed the vaccine production capacity.

Possible solutions include dose-sparing strategies, which aim to

increase vaccine immunogenicity and reduce the dose of vaccine

required to confer effective immunity, often by including adjuvants

into the vaccine formulation. Adjuvants can increase the specific

immune response to an antigen due to their capacity to enhance

both the magnitude and duration of immune responses, and some

can modulate the nature of responses (5, 6). In recent years,

numerous studies have demonstrated the dose-sparing capacity of

several adjuvants in both animal models (7–10) and clinical trials

(11–13), highlighting their use as an effective dose-sparing tool with

vaccines in urgent situations.

In this study, we evaluated the dose-sparing effects of two types of

adjuvants, the enterotoxin-derived adjuvantsmmCTanddmLTand the

cationic liposome adjuvants CAF01 and CAF08b, using a neonatal

murine model (Supplementary Table S1). Enterotoxin-derived

adjuvants, including LT-K63, mmCT, and dmLT, have been shown to

overcome key limitations of the neonatal immune system (14–18). The

non-toxic mmCT and dmLT were designed for mucosal application,

but we have demonstrated their capabilities to enhance the induction

and persistence of neonatal immune responses to pneumococcal

conjugate vaccines and tetanus toxoid after both mucosal and

systemic application (14, 16, 19), rendering them promising adjuvants

for early-life vaccination. CAF01 is an adjuvant composed of cationic

liposomes DDA (dimethyldioctadecylammonium) with the synthetic
02
immunomodulator andmincle agonist TDB (trehalose 6,6′-dibehenate)
(20) and has been shown to increase immune responses to different

vaccines in adult mice (9, 21, 22) as well as neonatal mice where it was

shown to induce bona fide germinal centers and promote long-lasting

antibody responses sufficient to protect against influenza challenge

following a single HA/CAF01 immunization (23, 24), making it a

potent novel adjuvant. CAF08b is also a combined synergistic

adjuvant composed of DDA, a TLR7/8 agonist (3M-052) along with

TDB, and has been shown to activate neonatal monocyte-derived

dendritic cells and enhance Th1 polarization (25), providing protective

immunity against RSV in neonatal mice (26). For comparison, we used

alum (aluminumhydroxide), themost widely used adjuvant for over 80

years and licensed in many pediatric vaccines, such as diphtheria,

tetanus, and pneumococcal conjugate vaccines (27, 28).

To evaluate the dose-sparing effects of these adjuvants, we

selected two vaccines against respiratory pathogens, highly

relevant for early-life vaccination: first, a conjugate vaccine, Pn1-

CRM197, against the extracellular bacteria Streptococcus

pneumoniae, a significant pathogen responsible for severe and

potentially life-threatening infections in young children (29, 30),

and secondly, we chose a recombinant hemagglutinin (HA) protein

vaccine against influenza virus, as it is recommended by WHO and

the American Academy of Pediatrics that all children over 6 months

of age are vaccinated against influenza (31, 32). Influenza

pandemics and seasonal outbreaks are also clear examples of the

need for dose-sparing strategies since vaccine demand often exceeds

the vaccine production capacity (33). Furthermore, vaccine efficacy

in neonates, especially to subunit vaccines, is suboptimal, and it has

proven difficult to generate vaccine-specific immune responses at an

early age, which can be improved with the use of adjuvants (23).

In this paper, we demonstrate that the adjuvants mmCT, dmLT,

CAF01, and CAF08b can enhance primary humoral immune

responses induced by fractional doses of the vaccine Pn1-CRM197,

achieving protective Ab levels in neonatal mice. Thus, mmCT and

CAF08b enabled dose sparing of Pn1-CRM197 by at least eightfold,

whereas dmLT and CAF01 enabled five- and twofold dose sparing,

respectively. Moreover, CAF08b enabled 40-fold dose sparing with

the HA vaccine, whereas CAF01 and mmCT provided twofold dose

sparing. In contrast, aluminum hydroxide did not induce dose

sparing of either vaccine tested. CAF08b and CAF01 also increased

the cross-protective HA antibodies to a heterologous influenza

strain with reduced HA doses. Our results demonstrate that the
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adjuvants mmCT, dmLT, CAF01, and CAF08b have dose-sparing

capacities and can potentially be used to reduce vaccine antigen

dose in early-life vaccination in situations where vaccine production

capacity is limited.
2 Materials and methods

2.1 Mice

NMRI mice (5 to 6 weeks old) were obtained from Taconic

(Skensved, Denmark). At 1 week after arrival, we started the

breeding, putting together two female mice and one male mouse

for 2 weeks, then separating the females, one in each cage, and

checking the cages daily for pups. At 4 weeks of age, the mice were

weaned from their mothers. The animals were kept under

standardized conditions at ArcticLAS vivarium facility (Reykjavıḱ,

Iceland), with free access to commercial food pellets and water and

regulated temperature, daylight, and humidity. The Experimental

Animal Committee of Iceland approved the protocol according to

regulations 279/2002 (licence no. 2021-01-04, valid to 31.12.2024).
2.2 Vaccine, adjuvants, and immunizations

The Serum Institute of India (India) provided the

pneumococcal conjugate vaccine Pn1-CRM197 which consists of a

pneumococcal polysaccharide of serotype 1 (Pn1) conjugated to a

non-toxic mutant of diphtheria toxoid (CRM197) (34). The

influenza vaccine, a recombinant hemagglutinin (rHA) protein

from A/Michigan/45/2015 (H1N1) influenza virus, was provided

by Sanofi (MA, USA). The rHA is a full-length glycosylated protein

produced in Sf9 cell line, a clonal isolate of Spodoptera frugiperda

using baculovirus expression vector system. The adjuvants

(Supplementary Table S1) mmCT and dmLT were manufactured

as previously described (35, 36) and provided by the Vaccine

Research Institute (University of Gothenburg, Sweden).

Lyophilized dmLT and mmCT were resuspended in sterile

nuclease-free water (Qiagen, Venlo, Netherlands) to a final

concentration of 1.4 µg/mL. CAF01 and CAF08b were provided

by Statens Serum Institut (Copenhagen, Denmark) and prepared as

described (37). Aluminum hydroxide (alhydrogel) was purchased

from Brenntag Biosector A/S (Ballerup, Denmark).

The neonatal mice (7 days old) were immunized with 50 µL of

vaccine solution at the base of the tail subcutaneously (s.c.) once with

a full dose of either vaccine (4 µg) or fractional doses of the vaccine (2,

1, 0.75, 0.5, and 0.1 µg) with the selected adjuvant: mmCT (5 µg/

mouse), dmLT (5 µg/mouse), CAF01 (250 µg DDA/50 mg TDB),

CAF08b (125 µg DDA/25 µg TDB/1 µg 3M-052), or alhydrogel

(0.48% aluminum hydroxide per 1 µg of protein/mouse). The vaccine

formulations were mixed 1 h prior to vaccination by mixing the

vaccine solution with the adjuvant solution in sterile saline. For CAF-

adjuvanted vaccine formulations (CAF01/CAF08b), vaccine solutions

were mixed with TRIS (trisaminomethane) buffer provided by

Statens Serum Institute at room temperature to a total volume of
Frontiers in Immunology 03
50 µL and vortexed for 1 to 2 min prior to adding CAF adjuvant

solution at room temperature to the solution, 100 µL at a time and

vortexing for 1 to 2 min in between.
2.3 Blood sampling

The mice were bled bi-weekly, from weeks 2 to 8 post-

vaccination, from the tail vein. The serum was isolated for

measurement of anti-Pn1 or anti-HA IgG antibodies, micro-

neutralization (MN), and hemagglutination inhibition assay

(HAI), by centrifugation at 2,400 rpm for 10 min at room

temperature and stored at -20°C.
2.4 Pn1- and HA-specific IgG enzyme-
linked immunosorbent assay

IgG Pn1- and HA-specific antibodies were measured by enzyme-

linked immunosorbent assay (ELISA) as previously described (38).

For Pn1-specific IgG antibodies, microtiter plates (MaxiSorp;

Nunc AS) were coated with 100 µL of 5 mg/mL Pn1 (161-X,

American Type Culture Collection, Rockville, MD, USA) in

phosphate-buffered saline (PBS) solution for 5 h at 37°C (coated

plates could be stored at 4°C for up to 3 weeks). The plates were

then washed four times with PBS containing 0.05% Tween 20 (PBS-

Tween; Sigma, Saint Louis, MO, USA) and blocked with PBS-

Tween with 1% bovine serum albumin (BSA; Millipore

Corporation, Bedford, MA, USA) for 1 h at room temperature in

100 µL/well. The serum samples and standard were neutralized with

500 mg/mL cell wall polysaccharide (CWPS; Statens Serum Institute,

Copenhagen, Denmark) for 30 min at room temperature in a

dilution ratio of 1:50. After discarding the blocking solution from

plates without washing, pre-diluted serum/standard samples

(standard: 1/3,000, samples dilution range: 1/50–1/500) were

serially diluted in threefold dilution and incubated in duplicates

for 2 h at room temperature in 100 µL/well.

For HA-specific IgG antibodies, the microtiter plates were

incubated overnight at 4°C with 2.0 µg/mL HA (A/Michigan/45/

2015 or A/Wisconsin/588/2019 strain (for cross-reactive Abs), Sino

Biological, Beijing, China) in 0.05 M carbonate-bicarbonate buffer

(pH 9.6) containing NA2CO3 (15 mM) and NaHCO3 (35 mM) with

NaN3. The plates were then washed four times with PBS containing

0.05% Tween 20 (PBS-Tween; Sigma, Saint Louis, MO, USA) and

blocked with PBS-Tween with 1% bovine serum albumin (BSA;

Millipore Corporation, Bedford, MA, USA) for 1 h at room

temperature in 100 µL/well. After discarding the blocking

solution from plates without washing, pre-diluted serum/standard

samples (standard: 1/4,000, serum samples dilution range 1/50–1/

3,000) were serially diluted in threefold dilution and incubated in

duplicates for 2 h at room temperature in 100 µL/well.

For the detection of both Pn1- and HA-specific IgG antibodies,

the plates were washed (as previously described) and incubated with

1:5,000 horseradish peroxidase (HRP)-conjugated goat anti-mouse

IgG (cat. no.: 1012-05, Southern Biotechnology Associates Inc.,
frontiersin.org
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Birmingham, AL, USA) in PBS-Tween for 2 h at room temperature

in 100 µL/well. Following five washes of the plates, 100 µL/well of

3,3′,5,5′-tetramethylbenzidine substrate (Kirkegaard & Perry

Laboratories, Gaithersburg, MD, USA) was added for the

development of the HRP enzyme reaction, and 13–15 min later,

the reaction was stopped with 100 µL 0.18 M H2SO4. Absorbance

was measured at 450 nm using a Multiskan FC Microplate

Photometer (Thermo Scientific, Waltham, MA, USA), and optical

density ranging from 0.1 to 2.0 was considered valid. Standard

curves made by serial dilutions of reference serum pools from adult

mice hyperimmunized with the Pn1-CRM197 or influenza HA

vaccine were used to quantify vaccine-specific IgG Abs. The

results were presented as mean log of ELISA units (EU/mL) ±

standard deviation (SD). Readouts with coefficient of variation

(CV) >20 were excluded, and the measurements of those samples

were repeated. Representative standard curves are displayed in

Supplementary Figure S1.
2.5 Micro-neutralization assay

The micro-neutralization (MN) assay was modified from a

previously described procedure (40). This method is based on the

capability of live virus to infect and replicate in cells. The presence

of neutralizing antibodies contained in the serum of vaccine

subjects is assessed by performing an ELISA assay which is based

on the detection of the viral nucleoprotein (NP) expressed by the

virus-infected cells forming the monolayer. Influenza live virus A/

Michigan/45/2015 was propagated in Madin–Darby canine kidney

(MDCK) cells by VisMederi and used in the assay at the

concentration of 200 TCID50/100 mL [50% tissue culture infective

dose (TCID50)]. Positive and negative control sera, as well as a

back-titration plate for virus titration check, were included in each

run. The hyperimmune serum used was specific for the strain

tested, while depleted serum (serum minus IgA/IgM/IgG, S5393,

Sigma-Aldrich, St. Louis, MO, USA) was used as the

negative control.

The serum samples were heat-inactivated at 56°C for 1 h. Each

heat-inactivated serum was twofold diluted in microtiter plates,

starting from 1:10, and incubated with an equal volume of virus

solution (200TCID50/100 mL) for 1 h at 37°C and 5% CO2. Then,

100 µL of MDCK cell suspension was added to the virus–sera

mixture at the concentration of 1.5 × 105 cells/mL; then, the plates

were incubated at 37°C and 5% CO2 for 16–20 h. After overnight

incubation, the cells were fixed, and the presence of influenza A

virus NP in infected cells was detected by ELISA using the Pan

Influenza A Nucleoprotein Rabbit mAb (Sino Biological) as

primary Ab and HRP-labeled goat anti-rabbit IgG-Fc (Sino

Biological) as secondary Ab. TMB was used as substrate for HRP,

and the optical density (OD) (measured at 450 nm) of each well was

determined by using ELISA reader. The OD value x which

represents the cutoff for virus neutralization was calculated

as follows:

x = [(average OD of VC wells) – (average OD of CC wells)]/2 +

(average OD of CC wells)
Frontiers in Immunology 04
where the cell control (CC) consisted of non-infected cells and the

virus control (VC) consisted of infected cells without addition of

serum. All wells with an OD (450 nm) below or equal to “x” were

considered positive for neutralization activity. The neutralizing titer

was determined as the reciprocal of the highest serum dilution with an

OD ≤x. Indicative seroprotection rate was defined as the percentage of

vaccine recipients with serum MN titer ≥20 after vaccination.
2.6 Hemagglutination inhibition assay

The hemagglutination inhibition assay (HAI) measurement was

carried out by following the VisMederi procedures. The influenza

antigen strain A/Wisconsin/588/2019, heterologous H1N1 closely

related to the vaccine strain (A/Michigan/45/2015), was propagated

inMDCK cells. Viral antigen was diluted at the standard concentration

of 160 hemagglutinating units (HAU)/mL, and the correctness of

antigen dilution was checked out through back-titration in every run.

Positive and negative control sera were included in each run. The

hyperimmune serum used as the positive control was specific for the

strain tested, while depleted serum (serumminus IgA/IgM/IgG, S5393,

Sigma-Aldrich) was used as the negative control.

The serum samples were treated with a receptor-destroying

enzyme (RDE, Denka Seiken, Tokyo, Japan) in a ratio of 1:3. The

sera were incubated overnight with RDE solution and then heat-

inactivated at 56°C for 1 h. After RDE treatment, adsorption with

turkey red blood cells (RBCs) was carried out to remove non-

specific agglutinins. A turkey RBC solution at 12.5% in Dulbecco

PBS (Thermo Scientific) was added to the serum–RDE mixture in a

ratio of 1:1, getting a final serum dilution of 1:10.

Twofold serial dilutions starting from 1:10 were performed for

each serum in duplicate in “V”-bottomed 96-well plates. The antigen

solution (4 HAU/25 mL) was added to each serum dilution, and the

plates were incubated for 1 h at room temperature. A 0.5% solution of

turkey RBCs was added to each well, and the plates were incubated

for 1 h at room temperature. The HA protein is able to agglutinate

RBCs due to its binding affinity to the surface glycoprotein of

erythrocytes, and antibodies may interfere with this binding

recognizing the virus antigen. This phenomenon produces an

inhibition of hemagglutination, resulting in a change in the

appearance of the well (41, 42). The readout was performed by

naked eye, distinguishing between the presence of hemagglutination

and inhibition of it. The HAI titer was calculated as the reciprocal

value of the highest serum dilution in which the hemagglutination

was still inhibited. Seroprotection rate was defined as the percentage

of vaccine recipients with serumHAI titer ≥40 after vaccination. If the

initial dilution did not give a positive titer, the titer was recorded as

half of the minimum detectable titer for calculation purposes (e.g., 5).
2.7 Isolation of mononuclear cells from
spleen and bone marrow

Isolation of mononuclear cells was performed as previously

described (43). Spleen, femur, and tibia were dissected from mice at
frontiersin.org
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8 weeks post-immunization. The bone marrow (BM) was flushed

out of the bones by injection of 2.0 mL of RPMI 1640 medium

(RPMI-1640; Gibco, Fisher Scientific, Paisley, UK) containing 25

mM hepes buffer (Gibco), 2 mM L-glutamine (Gibco), 100 U/mL

penicillin/100 µg/mL streptomycin (Gibco), and 10% fetal calf

serum (FCS; Gibco). The spleens were pressed through a sterile

100-µm nylon cell strainer (BD Biosciences, San Jose, CA, USA) to

obtain single cell suspensions which were maintained in sterile

Hanks balanced salt solution (HBSS, Gibco) with 100 U/mL

penicillin/100 µg/mL streptomycin and 2% FCS. The spleen and

BM single-cell suspensions were incubated with ammonium

chloride buffer (pH 7.2) for 5 min to lyse red blood cells. After

washing, the cells were resuspended in 10 mL of tissue culture

media and kept on ice for 10 min to allow tissue fragments to settle

in the bottom of the tubes. Then, the top 9.0 mL was gently moved

to a new tube and centrifuged at 1,000 rpm for 10 min at 4°C. The

number of cells in each tube was calculated by counting the cells

stained with trypan blue (Sigma) in C-CHIP disposable

hematocytometers (NanoEntek, Seoul, Korea) using a microscope

(Leica, Biosystems, Wetzlar, Germany). Each cell suspension was

adjusted to 108 cells per milliliter to perform the ELISPOT analysis.
2.8 Pn1- and HA-specific enzyme-linked
immunospot

Pn1- and HA-specific IgG+ ASCs were enumerated by enzyme-

linked immunospot (ELISpot) in bone marrow and spleen 8 weeks

after immunization as previously described (44). MultiScreen-IP

96-well sterile plates (Millipore Corporation, Bedford, MA, USA)

were coated with 20 µg/mL Pn1 (ATCC) or 4 µg/mL HA (A/

Wisconsin/588/2019 strain, Sino Biological) and incubated

overnight at 37°C. After washing once with PBS containing 0.05%

Tween 20 (PBS-Tween; Sigma) and three times with PBS, RPMI

1640 (Thermo Fisher, UK) with 10% fetal bovine serum (Thermo

Fisher), penicillin/streptavidin (Thermo Fisher), and L-glutamine

(Thermo Fisher) was incubated for 1 h at 37°C for blocking. Single-

cell suspension isolated from bone marrow and spleens, as

described above, were incubated in duplicate wells for each of

four threefold dilutions starting with 1 × 107 cells in 100 µL per

well for 5 h at 37°C. Then, the plates were washed and incubated

with alkaline phosphatase (AP)-labeled-goat anti-mouse IgG (cat.

no.: 1030-04, Southern Biotechnology Associates) at 4°C overnight.

The development of the AP enzyme reaction and precipitation of

the colored product around each antibody-secreting cell (ASC) was

achieved by 5-bromo-4-chloro-3-indolylphosphate and nitroblue

tetrazolium (NBT) in AP development buffer (Bio-Rad Labs,

Hercules, CA, USA). Pn1- and HA-specific ASCs (spots) were

counted using the ELISPOT reader ImmunoSpot R S6

ULTIMATE with ImmunoSpot R SOFTWARE (Cellular

Technology Limited (CTL) Europe, Bonn, Germany).

The results are presented as the number of ASC per 106 cells

calculated as mean cell number in wells with number of spots

within the recommended range (10–200) after correcting for

the dilution.
Frontiers in Immunology 05
2.9 Statistical analysis

Mann–Whitney U-test was used for statistical comparison

between groups, and Spearman rank-order correlation was used to

assess correlation using GraphPad Prism 10.2.3 (GraphPad Software,

La Jolla, CA, USA). P-values below 0.05 were considered statistically

significant (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).
3 Results

3.1 Adjuvants mmCT, dmLT, CAF01, and
CAF08b enhance the protective antibody
response after neonatal immunization,
providing dose sparing for the vaccine
Pn1-CRM197

We and others have shown how adjuvants can overcome

limitations of the early life immune system, enhancing

responsiveness to a variety of vaccine antigens in neonatal mice

(14, 15, 23, 45–48). Thus, it is conceivable that by increasing vaccine

immunogenicity, adjuvants could minimize the dose of antigen

necessary to reach protective immunity.

To evaluate the antigen dose-sparing capacity of the adjuvants

mmCT, dmLT, CAF01, and CAF08b, neonatal mice were

immunized subcutaneously once with a full dose (4 µg) of Pn1-

CRM197 or fractional doses (2, 1, 0.75, and 0.5 µg) of Pn1-CRM197

with adjuvant. Sera obtained 2, 4, 6, and 8 weeks after immunization

were used to measure Pn1-specific IgG Abs, and adjuvanted groups

were compared to the full-dose vaccine only group. The IgG Ab

levels of neonatal mice immunized with a full dose of Pn1-CRM197

alone were low. Inclusion of the adjuvants mmCT, dmLT, CAF01,

and CAF08b in the vaccine formulation significantly enhanced the

Pn1-specific IgG Ab responses elicited by fractional doses of Pn1-

CRM197 compared with a full dose of Pn1-CRM197 without an

adjuvant up to 8 weeks after immunization (Figure 1). In contrast,

immunization with fractional doses of Pn1-CRM197 and aluminum

hydroxide elicited low IgG Abs, comparable to those of Pn1-

CRM197 alone, rendering aluminum hydroxide unable to provide

a dose-sparing effect of the vaccine Pn1-CRM197 (Figure 1A). By

including mmCT and CAF08b in the vaccine formulation, it was

possible to reduce the vaccine dose down to 0.5 µg while still

significantly enhancing Pn1-specific IgG Abs compared with 4 µg of

Pn1-CRM197 alone, providing at least eightfold sparing of the Pn1-

CRM197 vaccine dose (Figures 1B, E). By including dmLT in the

vaccine formulation, the Pn1-CRM197 dose could likewise be

lowered to 0.75 µg, indicating that dmLT can promote dose

sparing by reducing the Pn1-CRM197 vaccine dose by at least

fivefold (Figure 1C). Lastly, the inclusion of CAF01 enabled

twofold sparing of the Pn1-CRM197 dose (Figure 1D).

Our group has established a protective Pn1-specific IgG Ab

threshold in adult mice in an intranasal pneumococcal infection

murine model, where IgG levels above log 1.3 EU/mL protect against

bacteremia and levels above log 2.5 EU/mL protect against lung

infection regardless of the immunization route, following
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FIGURE 1

Adjuvants mmCT, dmLT, CAF01, and CAF08b enhance humoral immune responses, providing dose sparing for the vaccine Pn1-CRM197. Pn1-specific
serum Ab levels at 2, 4, 6, and 8 weeks after s.c. immunization of neonatal mice with fractional doses (2, 1, 0.75, and 0.5 mg) of Pn1-CRM197 with
adjuvants aluminum hydroxide (A), mmCT (B), dmLT (C), CAF01 (D), or CAF08b (E) or with a full dose (4 mg) of Pn1-CRM197 alone (black-filled
circle), and an unimmunized control group (grey open circle) (A–E). The results are expressed as IgG levels (log mean EU/mL ± SD) in seven to nine
mice per group, and statistical difference was calculated using Mann–Whitney U-test where adjuvant groups were compared to the 4-µg-of-
vaccine-only group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. The dotted lines represent protective IgG Ab levels for pneumococcal bacteremia (log 1.5)
and lung infection (log 2.5). Based on these values, the percentages of mice in each group that reached protective Ab levels against bacteremia (F)
and lung infection (G) at 8 weeks after immunization were calculated. The figure shows the results from four independent experiments, where
mmCT and dmLT were assessed in the same experiment, and the rest of the adjuvants were assessed in different experiments.
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immunization with a pneumococcal conjugate vaccine Pnc1-TT (39).

These thresholds have been confirmed across various immunization

settings (adult, infant, neonatal, and maternal), although neonatal

mice require a slightly higher threshold for bacteremia at log 1.5 EU/

mL (49–53). We have confirmed the protective thresholds of log 1.5

and 2.5 EU/mL for pneumococcal bacteremia and lung infection,

respectively, in over 90% of subcutaneously immunized neonatal

mice using the pneumococcal conjugate vaccine Pn1-CRM197

(Supplementary Figure S2). Based on this, we calculated the

percentage of mice in each group that reached protective Ab levels

against bacteremia or lung infection. Importantly, none of the mice

immunized once with 4 µg of Pn1-CRM197 alone reached protective

Ab levels against bacteremia or lung infection. However, one

immunization with half dose (2 µg) and 1/5 (0.75 µg) of Pn1-

CRM197 with mmCT, dmLT, CAF01, or CAF08b, but not

aluminum hydroxide, induced protective Ab levels against

bacteremia (91%–63% and 75%–63%, respectively) and pneumonia

(38-50% half dose) 8 weeks after immunization, which were

significantly higher than those of the full dose (4 µg) of Pn1-

CRM197 without adjuvant (0% and 0%, respectively) (Figures 1F,

G), demonstrating that even a fractional dose of Pn1-CRM197 with

these adjuvants induced a superior protective vaccine-specific Ab

responses than a full dose of Pn1-CRM197 alone.
3.2 mmCT and CAF08b improve the
persistence of antibodies and antibody-
secreting cells following neonatal
immunization with fractional doses of Pn1-
CRM197

We have demonstrated the potential of some adjuvants to induce

vaccine-specific Ab-secreting cells (ASCs) and prolong their

persistence in the bone marrow (BM) following immunization of

neonatal mice (14–16, 44, 55). Therefore, we wanted to assess if

fractional doses of the vaccine with the adjuvants could enhance the

persistence of the IgG immune response. To do so, we measured IgG+

ASCs in BM 8 weeks after immunization with fractional doses of the

vaccine Pn1-CRM197 with mmCT, dmLT, CAF01, CAF08b, or

aluminum hydroxide and compared them with the full dose of the

vaccine alone. Immunization with fractional doses of the vaccine and

aluminum hydroxide did not enhance ASCs in the BM nor IgG in

serum as the levels were comparable to the vaccine-alone group

(Figure 2A). The only fractional dose given with mmCT that had a

higher number of Pn1-specific IgG+ ASCs in BM at this late time

point compared to immunization with 4 µg of vaccine alone was 1 µg,

even though all fractional doses with mmCT increased the IgG level

in serum (Figure 2B). CAF01 increased the number of Pn1-specific

IgG+ ASCs in BMwhen co-administered with 0.75 and 0.5 µg of Pn1-

CRM197 compared with 4 µg of the vaccine alone (Figure 2D).

However, the serum IgG Ab levels in these mice were comparable

with those in the vaccine-alone group. The mice immunized with 2

and 1 µg of Pn1-CRM197 and CAF08b adjuvant had a higher number

of Pn1-specific IgG+ ASCs in BM thanmice the immunized with 4 µg

of vaccine alone, and all fractional vaccine doses with CAF08b had
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higher IgG Ab levels in the serum (Figure 2E). Lastly, dmLT did not

increase the number of Pn1-specific ASCs in BM (Figure 2C).

However, it should be noted that even though mmCT and dmLT

enhanced the Ab response compared to vaccine alone, a dose-

dependent decrease in vaccine-specific IgG Abs was observed,

where 0.5 µg of Pn1-CRM197 with mmCT induced a significantly

lower level of IgG Abs than 2 and 1 µg of the vaccine with the same

adjuvant (Figure 2B), and 0.5 µg of Pn1-CRM197 with dmLT induced

a lower Ab response than 2 and 0.75 µg of Pn1-CRM197 with dmLT

(Figure 2C). The results indicate that in our experimental setup the

adjuvants mmCT and CAF08b are effective inducers of persistent Ab

responses that are essential for protection from pneumococcal disease

(39, 50, 54, 56). However, we and others have demonstrated that it is

challenging to induce sustained polysaccharide-specific ASCs in the

bone marrow after only one immunization at an early age. Therefore,

reducing the vaccine dose with a booster vaccination may be

more effective.
3.3 Dose-sparing effect of mmCT, CAF01,
and CAF08b after immunization of
neonatal mice with influenza vaccine HA

Herein several of the adjuvants tested possess dose-sparing

properties with a pneumococcal conjugate vaccine. We

hypothesized that the dose-sparing effects observed with the

pneumococcal conjugate vaccine might extend to other types of

vaccines. Therefore, we evaluated the dose-sparing capacity of

mmCT, CAF01, CAF08b, and aluminum hydroxide to a

recombinant influenza HA protein vaccine. This is especially

relevant, as the demand for influenza vaccines during pandemics

and seasonal outbreaks often exceeds the production capacity. For

this, neonatal mice were immunized subcutaneously once with full-

dose HA (4 µg) or fractional doses of HA (2, 1, 0.5, and 0.1 µg) with

mmCT, CAF01, CAF08b, or aluminum hydroxide. Sera obtained 2,

4, 6, and 8 weeks after immunization were used to measure

protective Abs by MN assay, and the adjuvanted groups were

compared to the full-dose HA-vaccine-only group. The MN assay

has been reported to be more sensitive than the HAI assay for the

detection of influenza virus-neutralizing antibodies (57, 58), and a

MN titer of ≥20 has been suggested as an indicative correlate of

protection and corresponds approximately to an HAI titer of ≥40,

the conventional seroprotection threshold (58, 59). The mice

immunized with a full dose of HA alone or with fractional doses

of HA and aluminum hydroxide or mmCT generated low levels of

neutralizing antibodies to the influenza vaccine strain (A/Michigan/

45/2015) (Figures 3A, B). In contrast, fractional doses of HA

combined with CAF01 or CAF08b elicited significantly higher

MN titers, with CAF08b achieving a 40-fold (Figure 3D) and with

CAF01 a twofold dose-sparing effect (Figure 3C), whereas mmCT

and aluminum hydroxide showed no dose-sparing effects

(Figures 3A, B). Importantly, CAF08b induced protective MN

titers (≥20) in 100% of mice with three of the fractional doses of

HA (0.5, 1, and 2 µg) and in 86% of mice receiving 0.1 µg HA dose

at 8 weeks after one immunization (Figure 3E). The seroprotection
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FIGURE 2

Dose-sparing effects of the adjuvants on the persistence of IgG immune response. Number of Pn1-specific IgG+ ASCs in BM and Pn1-specific serum
Ab levels at 8 weeks after s.c. immunization of neonatal mice with fractional doses (2, 1, 0.75, and 0.5 µg) of Pn1-CRM197 with adjuvants aluminum
hydroxide (A), mmCT (B), dmLT (C), CAF01 (D), or CAF08b (E) or with a full dose (4 µg) of Pn1-CRM197 alone (black-filled circle, (A–E). The results
are expressed as the number of spots/106 cells (mean ± SD) and IgG levels (log mean EU/mL ± SD) in eight mice per group, and statistical difference
was calculated using Mann–Whitney U-test where the adjuvant groups were compared to the 4-µg-of-vaccine-only group (colored stars) and
fractional doses of adjuvanted groups were compared between each other (black stars). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. The results shown are
from four independent experiments, where mmCT and dmLT were assessed in the same experiment, and the rest of the adjuvants were assessed in
different experiments.
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FIGURE 3

Adjuvants CAF01 and CAF08b enhance micro-neutralization (MN) titers providing seroprotection against influenza strain A/Michigan/45/2015. MN
assays were performed in serum Ab levels 2, 4, 6 and 8 weeks after s.c. immunization of neonatal mice with fractional doses (2, 1, 0.5 and 0.1 µg) of
HA with adjuvants aluminium hydroxide (A), mmCT (B), CAF01 (C) or CAF08b (D); or with a full dose (4µg) of HA alone (black-filled circle), and an
unimmunized control group (gey open circle) (A–D). The results are expressed as log MN titers (mean ± SD) in eight mice per group, and statistical
difference was calculated using Mann–Whitney U-test where adjuvant groups were compared to the 4-µg-of-vaccine-only group. *p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001. The dotted line represents seroprotective MN titer against influenza (≥20). Seroprotection rate was defined as the percentage of
mice with serum MN titer ≥20 at 8 weeks after immunization (E). The results are from three independent experiments, where mmCT and aluminum
hydroxide were assessed in the same experiment, and the rest of the adjuvants were assessed in different experiments.
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rate was 88% in mice receiving CAF01 with 2 and 1 µg of HA and

50% in mice with 0.5 µg HA. In contrast, only 14% of mice given a

half dose of HA (2 µg) with either aluminum hydroxide or mmCT

achieved protective MN titers against the immunizing strain

compared to 38% of mice receiving the full HA dose (4 µg)

without adjuvant. We also measured IgG-specific Abs in serum 6

and 8 weeks after immunization, and the adjuvanted groups were

compared to the full-dose vaccine-only group. The mice immunized

with a full dose of HA alone or with fractional doses of HA and

aluminum hydroxide generated low levels of HA-specific IgG

(Supplementary Figure S3A). In contrast, the mice immunized

with fractional doses of HA combined with mmCT, CAF01, or

CAF08b elicited significantly higher IgG levels, where inclusion of

mmCT or CAF01 with the HA vaccine enabled twofold dose

sparing (Supplementary Figures S3B, C), but CAF08b provided

40-fold dose sparing (Supplementary Figure S3D). Additionally,

there was a strong correlation between IgG-specific Ab levels and

MN titers specific for the vaccine strain (Spearman r = 0.82, p <

0.0001, Supplementary Figure S4).

Taken together, our results suggest that CAF08b and CAF01

enhance the immunogenicity of the HA vaccine in neonatal mice

and possess effective dose-sparing properties for the HA vaccine.
3.4 CAF01 and CAF08b enhance the cross-
protective antibodies and ASCs following
neonatal immunization with HA

To evaluate the effect of these adjuvants on cross-protective

antibodies against a heterologous but closely related HA strain, we

measured their protective capacity against A/Wisconsin/588/2019

by HAI assay. An HAI titer of ≥40, first described in 1972 as

providing 50% protection (60), is widely used as a surrogate

correlate of protection (32, 61–63). The mice immunized with a

full dose of HA vaccine alone had no protective cross-reactive HAI

titers at baseline, and there were no differences in the cross-reactive

HAI titers between the mice immunized with a full dose of HA

alone and the mice immunized with fractional doses of HA and

aluminum hydroxide or mmCT (Figures 4A, B). However, 2 µg of

HA with CAF01 and 2, 1, and 0.5 µg of HA with CAF08b had higher

cross-reactive HAI titers than that induced by a full dose of vaccine

alone 6 and 8 weeks after immunization (Figures 4C, D). Thus,

eightfold and twofold reduction of the HA dose for CAF08b and

CAF01, respectively, still induced enhanced cross-reactive Abs

compared with the full-dose HA vaccine alone. In line with that,

one immunization with 2 µg of HA with CAF08b or CAF01 induced

cross-reactive seroprotection against closely related heterologous

influenza strain in 63% and 38% of mice, respectively (Figure 4E).

Cross-reactive anti-HA IgG levels were also measured by ELISA

and were low in mice receiving full-dose HA alone or with

aluminum hydroxide (Supplementary Figure S5A). In contrast,

mice immunized with fractional doses of HA combined with

mmCT, CAF01, or CAF08b elicited significantly higher IgG Ab

levels against the heterologous HA, where reduction of the HA dose

by 40-fold with CAF08b (Supplementary Figure S5D) and by
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eightfold with mmCT or CAF01 still resulted in enhanced cross-

reactive Abs (Supplementary Figure S5B, C). Furthermore, there

was a positive strong correlation between cross-reactive IgG Ab

levels and HAI titers against the heterologous strain (Spearman r =

0.65, p < 0.0001, Supplementary Figure S6). Significant correlations

were also found between protective capacity against the vaccine

strain and the closely related heterologous strain, i.e., MN titers

against the vaccine strain and HAI titers against the heterologous

strains (r = 0.64, p < 0.0001).

Next, we assessed if delivering lower doses of the influenza

vaccine with the adjuvants mmCT, CAF01, CAF08b, or aluminum

hydroxide affected the persistence of cross-reactive IgG+ anti-HA

ASCs in BM 8 weeks after the immunization of neonatal mice.

Similar to what we observed for Pn1-CRM197, mice immunized with

fractional doses of HA and aluminum hydroxide had low levels of

both cross-reactive anti-HA IgG+ ASCs and IgG Abs in serum and

were comparable to mice immunized with a full dose of vaccine alone

(Supplementary Figure S7A). The mice immunized with 2, 1, and 0.5

µg of HA and mmCT had a higher number of cross-reactive anti-HA

IgG+ ASCs in BM and higher serum IgG Abs than mice immunized

with 4 µg of vaccine alone (Supplementary Figure S7B). All fractional

doses of HA with CAF01 or CAF08b elicited higher numbers of

cross-reactive anti-HA IgG+ ASCs in BM and higher levels of IgG

Abs in serum than 4 µg of vaccine alone (Supplementary Figures S7C,

D). Furthermore, the HA vaccine with mmCT or CAF01 showed a

dose-dependent decrease in cross-reactive anti-HA IgG Abs, where

0.1 µg of HA with mmCT or CAF01 induced significantly lower Ab

responses than 2 µg of HA with the same adjuvant (Supplementary

Figures 7B, C). It is worth noting that immunization with all

fractional doses of HA and CAF08b or 2 and 1 µg of HA with

CAF01 additionally enhanced the number of cross-reactive IgG+

ASCs in spleen at this late time point, 8 weeks after immunization

(Supplementary Figure S8). These results indicate that CAF01 and

CAF08b, and mmCT to a lesser degree, effectively promote a stronger

and more persistent immune response even with fractional doses of

the HA vaccine than HA with aluminum hydroxide or full-dose HA

alone. Importantly, CAF08b and CAF01 enhanced the protective

capacity to a heterologous closely related influenza strain, even when

the antigen dose was reduced.
4 Discussion

Vaccine shortages during epidemics have highlighted a critical

gap in global health preparedness, prompting the researchers to

explore innovative solutions. One promising avenue is the use of

adjuvants to enhance specific immune responses to vaccines. By

incorporating adjuvants, vaccine formulations can improve the

efficacy, potentially allowing for lower doses of the vaccine antigen

(64), increasing vaccination coverage, and enabling quicker responses

to outbreaks. As the world faces increasing health threats, adjuvants

could be a key strategy in mitigating vaccine shortages and protecting

the population more effectively (65, 66). In this study, we evaluated

the dose-sparing and immunostimulatory effects of four novel

adjuvants and the adjuvant aluminum hydroxide following the
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neonatal immunization of mice with vaccines against pneumococcus

and influenza virus. We demonstrate that mmCT, CAF01, and, in

particular, CAF08b enhanced the induction and persistence of

humoral responses and provided large dose-sparing effects on both
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vaccines, even though the adjuvant effect was, to some extent,

vaccine dependent.

Incorporating adjuvants into neonatal vaccine formulations

could significantly improve the functionality of the immature
FIGURE 4

Cross-protective effects of mmCT, CAF01, and CAF08b on hemagglutination inhibition (HAI) titers. HAI Ab titers against a closely related heterologous
virus strain (A/Wisconsin/588/2019) in mouse sera 2, 4, 6 and 8 weeks after s.c. immunization of neonatal mice with fractional doses (2, 1, 0.5 and 0.1
µg) of HA with adjuvants aluminium hydroxide (A), mmCT (B), CAF01 (C) or CAF08b (D), or with a full dose (4µg) of HA alone (black filled circle), and an
unimmunized control group (grey open circle) (A–D). The results are expressed as log of geometric mean titers (mean ± SD) in eight mice per group,
and statistical difference was calculated using Mann–Whitney U-test where adjuvant groups were compared to the 4-µg-of-vaccine-only group. *p ≤

0.05, **p ≤ 0.01. The dotted line represents seroprotective HAI titer against influenza (≥40). Seroprotection rate was defined as the percentage of mice
with serum HAI titer ≥40 at 8 weeks after immunization (E). The results are from three independent experiments, where mmCT and aluminum hydroxide
were assessed in the same experiment, and the rest of the adjuvants were assessed in different experiments.
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neonatal immune system. This approach may accelerate immune

maturation, improve antigen presentation, and increase T and B cell

co-stimulatory signals, effectively overcoming the typically low

vaccine responses in neonates (23, 24, 44, 47). Adjuvants may

specifically enhance T follicular helper (Tfh) cell responses, elevate

the frequency and quality of germinal center and memory B cells,

and promote the production and persistence of high-affinity

antibodies (23, 24). Additionally, they could strengthen cellular

immunity by stimulating Th1 responses, contributing to a more

robust and protective immune response (67, 68). Our group has

demonstrated the ability of mmCT to enhance primary immune

responses in neonatal mice, specifically increasing APRIL and

BCMA expression following s.c. immunization with tetanus

toxoid (TT) vaccine (16) and enhancing GC reaction, Abs, and

ASCs after s.c. immunization with TT and the conjugate vaccines

Pnc1-TT and Pn1-CRM197 (14–16, 55). mmCT also increased IgA

Abs in serum and mucosa and IgA+ ASCs following intranasal

immunization with Pn1-CRM197, although a higher dose of

the vaccine was needed to reach comparable IgG Ab levels to

s.c. immunization (14). Herein we demonstrate that mmCT

enhances vaccine-specific serum IgG Abs induced by fractional

doses of both Pn1-CRM197 and influenza HA vaccines. Using 4 µg

as the full dose, mmCT achieved eightfold dose sparing of Pn1-

CRM197 and twofold dose sparing of HA, and when the persistence

of the response was evaluated, immunization with mmCT and

fractional doses of Pn1-CRM197 induced higher number of IgG+

ASCs than the full dose. However, after one immunization with HA

and mmCT, the mice did not induce protective Ab titers. These

results emphasize the importance of using the proper adjuvant for

specific vaccines since mmCT seems to be a better adjuvant for

induction of protective immunity by Pn1-CRM197 than by the

influenza HA vaccine.

We also evaluated the dose-sparing effects of another

enterotoxin-based adjuvant, dmLT, with the Pn1-CRM197, where

dmLT reached fivefold dose sparing of the vaccine. However, when

evaluating the persistence of the immune response, we observed no

difference in the number of Pn1-specific IgG+ ASCs compared to

the full dose of Pn1-CRM197 alone, even though a trend for a higher

number of Pn1-specific IgG+ ASCs was observed in some of the

groups receiving the dmLT with fractional doses of the vaccine.

Similarly, we have reported a more pronounced effect of mmCT

than dmLT following neonatal immunization with Pn1-CRM197

(14). Nonetheless, dmLT has been shown to possess effective dose-

sparing properties in adult mice where its inclusion could reduce

the dose of inactivated polio vaccine while still enhancing the

mucosal immunity and longevity of humoral responses (7).

Furthermore, preclinical and clinical studies have confirmed the

safety and effectiveness of dmLT and its ability to induce protective

immunity when used with the oral inactivated enterotoxigenic

Escherichia coli (ETEC) vaccine, both in human adults and

infants (69–71). Thus, it is not clear whether dmLT is suboptimal

compared to mmCT with the Pn1-CRM197 vaccine in our neonatal

mouse model or if mmCT is better suited for neonatal

immunization, but this may depend on the vaccine and the type

of immune response required for protection against the pathogen.
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In this study, we also assessed the dose-sparing effects of two

cationic liposomes DDA-based parenteral adjuvants, CAF01 and

CAF08b, both known to be effective at enhancing immune

responses in the neonatal period. CAF01 has been shown to

enhance GC reaction, Tfh cells, and ASCs (23) and induce a

mixed Th1/Th17 response (24) after immunization of neonatal

mice with HA. As for CAF08b, it has been shown that a single

immunization with CAF08-adjuvanted respiratory syncytial virus

pre-fusion antigen is able to enhance the induction of antigen-

specific CD8+ T cells and Th1 cells and protect from RSV infection

in neonatal mice (26). In fact, CAF08b was specifically designed to

enhance Th1 responses in early life through the synergistic

engagement of TLR-7/8 and C-type lectin receptor mincle (26).

Herein CAF01 and CAF08b were potent adjuvants that enhanced

the immune response to both vaccines tested, reaching good dose-

sparing effects, although the effects of CAF08b were more

pronounced with the HA vaccine. Thus, we observed higher dose

sparing effects of CAF08b on Ab response when combined with the

influenza HA protein vaccine (40-fold) than with the pneumococcal

conjugate vaccine Pn1-CRM197 (eightfold). Additionally, CAF01

and CAF08b induced high MN titers, reaching seroprotection (≥20)

against influenza, especially CAF08b that reached seroprotection

rate in 100% of mice with up to 1/8 of the vaccine dose, and

inducing high levels of IgG Abs even with the lowest dose of HA

tested, rendering CAF08b as the most promising candidate of the

tested adjuvants for dose sparing of HA vaccine in the neonatal

mouse model.

We next examined cross-protection against A/Wisconsin/588/

2019, a later H1N1pdm09 strain that has undergone antigenic drift

relative to A/Michigan/45/2015, potentially impacting existing Ab

recognition and neutralization (72, 73). Notably, CAF01 and

CAF08b induced high HAI titers, reaching seroprotection (≥40)

against this heterologous strain. Specifically, CAF08b, when

combined with 2 µg of HA, achieved a 63% cross-reactive

seroprotection rate, indicating that the Abs elicited by the 2015

strain with CAF08b effectively inhibited A/Wisconsin/588/2019

hemagglutination. Such cross-reactivity could be attributed to the

Abs targeting highly conserved epitopes shared between these two

strains (74), or it might be a beneficial outcome of the adjuvant

effect, as adjuvants are known to enhance both the magnitude and

breadth of the immune response (75, 76). This is consistent with a

study in adult mice, where the “IVAX-1” adjuvant combination

enhanced the magnitude and breadth of Ab cross-reactivity induced

by recombinant influenza hemagglutinin trimer vaccine (77). In

addition, when evaluating the persistence of the immune response

through ASCs in BM, all fractional doses of HA with CAF01 or

CAF08b induced higher numbers of cross-reactive anti-HA IgG+

ASCs than the full dose. These adjuvants also increased the number

of cross-reactive anti-HA IgG+ ASCs in spleen 8 weeks after

immunization with HA influenza vaccine. CAF adjuvants are

considered depot-forming adjuvants, and the slow release of the

vaccine from the depot could promote germinal center reaction for

a long period as previously shown with CAF01, where GCs were

observed 42 days post-immunization in the groups immunized with

CAF01 (78). In our study, we observed a similar effect of these
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adjuvants only when used with the influenza HA vaccine, but not

with the conjugate Pn1-CRM197.

Our findings shed light on how the choice of adjuvant interacts

with antigen type to shape the immune response, providing critical

insights into optimizing vaccine formulations for diverse pathogens.

Herein mmCT appeared to be more effective in increasing the

protective capacity of Pn1-CRM197 than HA. This may be a good

fit due to mmCT’s ability to induce Th17 responses (79), which are

crucial against pneumococcal colonization (80, 81). In contrast,

influenza virus clearance relies more on HA-specific antibodies, but

Th1 responses are also essential (82). In this case, CAF08b seems to be

appropriate since it has been shown to have Th1-inducing properties

(26) as well as enhancing humoral responses. Therefore, different

immune responses are required for optimal protection, with some

adjuvants being better suited for pneumococcal vaccines and others

for influenza vaccines.

It is worth noting that a full dose of either vaccine with the

adjuvants elicited significantly higher Ab responses than a full dose

of vaccine alone (Supplementary Figures S9 and Supplementary

Figure S10), resulting in comparable or higher Ab responses than

that elicited by a half-dose of the vaccine with the adjuvants.

It is also important to note that our study evaluated primary Ab

responses after a single neonatal immunization. In adult mice, a

single dose of Pn1-CRM197, whether full or fractional, elicits high,

protective Ab levels within 2 weeks. Conversely, in neonatal mice,

Pn1-CRM197 generated Ab levels comparable to unimmunized

controls (Supplementary Figure S11). This aligns with human

infant data where a multivalent PncCRM197 conjugate vaccine,

even with aluminum hydroxide adjuvant, induced low Pn-specific

Ab responses after the first dose, requiring subsequent

immunizations for robust Ab production (83).

It has also been demonstrated that adult mice generate

significantly stronger responses to HA influenza vaccine than

neonatal mice. Subcutaneous immunization of adult mice with

HA alone elicited antibody titers comparable to those seen in

neonatal mice immunized with HA adjuvanted with MF59, GLA-

SE, IC31, or CAF01. Notably, adjuvantation further enhanced the

antibody responses in adult mice (84, 85).

For most vaccines, it is difficult to induce protective Ab levels in

neonates or infants with one immunization, even by including

adjuvants in the formulation (86). We demonstrated herein that even

though Pn1-specific Abs were high, Pn1-specific ASCs in BM

remained relatively low, irrespective of the immunizing dose. This is

in accordance with our previously published data, where immunization

with a pneumococcal conjugate Pnc1-TT induced lower and less

persisting polysaccharide-specific ASCs than protein-specific ASCs in

the bone marrow (15), suggesting that the responses to conjugate

vaccines at an early age seems to be less potent to the polysaccharide

moiety of the vaccine than the protein moiety (50). Given the

significant increase in vaccine-specific IgG Abs and the improved

rate of responders reaching protective levels when the adjuvants used in

this study were added to fractional doses of Pn1-CRM197 or HA, the

results suggest that immunization of neonates twice with fractional

doses of Pn1-CRM197 or HA and adjuvants could induce highly

protective vaccine-specific Ab levels. Lastly, we evaluated the
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dose-sparing effects of aluminum hydroxide to benchmark our

findings with the novel adjuvants since it is the most commonly

used adjuvant in pediatric vaccines. We found that there was no

difference between the fractional doses of the vaccines with aluminum

hydroxide and the full dose of vaccines alone, demonstrating that

aluminum hydroxide had no dose-sparing effect with either vaccine,

Pn1-CRM197 or HA, in our neonatal mouse model. This is in

accordance with our previous studies where aluminum hydroxide

did not enhance the neonatal immune response after immunization

of mice (15, 16), suggesting that aluminum hydroxide is a suboptimal

adjuvant for neonates and highlighting the need for adjuvants tailored

to this critical age period. It is worth noting that aluminum phosphate

is the standard adjuvant used in pediatric pneumococcal conjugate

vaccines. Therefore, it is plausible that aluminum phosphate might

have elicited stronger or altered immune responses in our model. This

consideration is supported by previous studies demonstrating that

aluminum hydroxide and aluminum phosphate activate different

innate immune pathways (87).

While this study provides important insights into the dose-

sparing effects of several novel adjuvants in neonatal vaccination, it

has some limitations. First, the experiments were performed in a

neonatal mouse model, which, while useful to study early-life

immunity, does not fully replicate the human neonatal immune

system. However, the immune system of 7-day-old mice corresponds

well to those of human neonates, both in terms of T cell function and

Ab responses to proteins and pure polysaccharides (49, 50, 88, 89),

making the neonatal mouse an important model, especially for in vivo

studies. Second, we focused on humoral responses, upon which

correlates of protection against pneumococcal and influenza

infections are based, although recognizing that cellular immune

responses likely contribute to protection and vaccine efficacy. We

aim to assess cellular responses in future studies. In this study, we

follow previously published methodologies and define an MN titer

≥20 as an indicative threshold for seroprotection (58, 59), it is

important to note that no absolute MN correlate of protection has

been universally defined for all influenza strains or vaccine platforms,

and the protective threshold may vary depending on host factors,

viral strains, and assay methodology (90). Protective thresholds for

pneumococcal bacteremia and lung infection reported in earlier

studies were established using both subcutaneous and intranasal

immunization, with a different pneumococcal conjugate vaccine

(Pnc1-TT) (38, 39, 49). These immunization routes likely elicit

both mucosal and systemic antibody responses. In the present

study, we have confirmed comparable thresholds in neonatal mice

immunized subcutaneously with the vaccine used herein (Pn1-

CRM197). Given that protection against invasive pneumococcal

disease is primarily mediated by serum IgG antibodies (91, 92), the

Pn1-specific thresholds associated with protection against bacteremia

and lung infection in the mouse model provide a relevant benchmark

to evaluate the protective capacity of vaccination formulations and

schedules. Importantly, in humans, correlates of protection against

pneumococcal disease are based on pneumococcal serotype-specific

IgG levels and opsonophagocytic activity (OPA) in serum (93, 94).

Using a neonatal murine model to screen for adjuvants is an

effective approach to study the immune response in early life, which
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can differ significantly from adults. The main advantages of the

neonatal mouse model for evaluation of adjuvant effects, vaccine

formulations, and vaccination strategies are its sensitivity to detect

improved immune responses due to the immaturity of their

immune system, access to all key immune compartments, and

correlation with the developmental stage of the human neonatal

immune system (88, 89). Thus, our model offers a unique target for

vaccination and adjuvant studies, and understanding how adjuvants

can enhance immune responses in this population is crucial for

vaccine development (67). Integrating dose-sparing adjuvants into

pediatric vaccines can potentially increase the available supply of

vaccine doses. The results presented in this study indicate that

mmCT, CAF01, and CAF08b are promising adjuvants in early life

vaccination, as a single immunization of neonatal mice with the

vaccines Pn1-CRM197 or HA with these adjuvants provides antigen

dose sparing and enhances the persistence of immune responses.

Our results support the potential use of these safe adjuvants in

situations when vaccine production capacity is limited, including

vaccination of pediatric populations that may be of high risk.
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immunization with pneumococcal polysaccharide conjugate vaccines protects mice
against invasive pneumococcal infections. Infection immunity. (1999) 67:4128–33.
doi: 10.1128/iai.67.8.4128-4133.1999

39. Jakobsen H, Schulz D, Pizza M, Rappuoli R, Jónsdóttir I. Intranasal
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