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The neonatal immune system is distinct from the immune system of older
individuals rendering neonates vulnerable to infections and poor responders to
vaccination. Adjuvants can be used as tools to enhance immune responses to
co-administered antigens. Antibody (Ab) persistence is mediated by long-lived
plasma cells that reside in specialized survival niches in the bone marrow, and
transient Ab responses in early life have been associated with decreased
survival of plasma cells, possibly due to lack of survival factors. Various cells
can secrete these factors and which cells are the main producers is still up for
debate, especially in early life where this has not been fully addressed. The
receptor BCMA and its ligand APRIL have been shown to be important in the
maintenance of plasma cells and Abs. Herein, we assessed age-dependent
maturation of a broad range of bone marrow accessory cells and their
expression of the survival factors APRIL and IL-6. Furthermore, we performed
a comparative analysis of the potential of 5 different adjuvants; LT-K63, mmCT,
MF59, IC31 and alum, to enhance expression of survival factors and BCMA
following immunization of neonatal mice with tetanus toxoid (TT) vaccine. We
found that APRIL expression was reduced in the bone marrow of young mice
whereas IL-6 expression was higher. Eosinophils, macrophages,
megakaryocytes, monocytes and lymphocytes were important secretors of
survival factors in early life but undefined cells also constituted a large fraction
of secretors. Immunization and adjuvants enhanced APRIL expression but
decreased IL-6 expression in bone marrow cells early after immunization.
Furthermore, neonatal immunization with adjuvants enhanced the proportion
of plasmablasts and plasma cells that expressed BCMA both in spleen and bone
marrow. Enhanced BCMA expression correlated with enhanced vaccine-
specific humoral responses, even though the effect of alum on BCMA was
less pronounced than those of the other adjuvants at later time points. We
propose that low APRIL expression in bone marrow as well as low BCMA
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expression of plasmablasts/plasma cells in early life together cause transient Ab
responses and could represent targets to be triggered by vaccine adjuvants to
induce persistent humoral immune responses in this age group.
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neonatal vaccination, adjuvant, comparative study, a proliferation inducing ligand
(APRIL, TNFSF13), IL-6, B cell maturation antigen (BCMA, TNFRSF17), plasma cell

survival niche

Introduction

The neonatal immune system is immature leaving neonates
particularly vulnerable to infection and poor responders to
vaccination. Low and transient antibody (Ab) responses
following infection or vaccination in this age group have been
associated with limited germinal center activation and decreased
survival of plasma cells (1). In germinal centers, activated B cells
undergo clonal expansion, affinity maturation, class switch
recombination and can differentiate into memory B cells or
plasmablasts that secrete Abs (2). Subsequently, plasmablasts
can migrate to the bone marrow where they differentiate to long-
lived plasma cells and persist (3). It has been reported that in
neonatal mice that of the few plasmablasts formed in germinal
centers, most of them home efficiently to the bone marrow but
cannot persist due to lack of a proliferation inducing ligand
(APRIL) (4), a critical survival factor for plasma cells. B cell
maturation antigen (BCMA) is a high affinity receptor for
APRIL whereas transmembrane activator calcium modulator
and cyclophilin ligand interactor (TACI) binds APRIL with
lower affinity (reviewed in (5)). TACI-deficient mice have
diminished numbers of plasma cells, both in spleen and bone
marrow (6) whereas BCMA-deficient mice display a drastic
reduction in numbers of bone marrow plasma cells (7-9),
leaving plasma cells in secondary lymphoid organs unaffected
(8, 10) suggesting that BCMA is essential for survival of long-
lived plasma cells in the bone marrow whereas TACI may be
more important for the induction and survival of plasma cells in
secondary lymphoid organs (reviewed in (11)).

A large fraction of vaccine candidates undergoing clinical
development are made of highly purified recombinant protein or
peptide antigens. This has driven the need for adjuvants as key
components in modern vaccines since purified protein vaccines
are rarely immunogenic (12). Adjuvants are immune-stimulating
agents that can enhance and modulate responses to antigens and
can be used as tools to enhance responsiveness to vaccines in
vulnerable populations such as young infants (13). However, alum
is the only adjuvant licensed for use in the pediatric population
with the exception of MF59 and AS03 that have been licensed for
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use in seasonal and pandemic influenza vaccines (14). Thus, there
is an unmet need for novel adjuvants and elucidation of their and
other established adjuvants’ mechanisms of action in order to
identify adjuvants active in early life and optimize vaccination
responses in the pediatric population.

We evaluated effects of four adjuvants to overcome
limitations of neonatal immunity and induce potent and
persistent immune responses following neonatal immunization
with the protein vaccine tetanus toxoid (TT) and compared with
the previously established effect of LT-K63 (15). The adjuvants
assessed are of various categories and have been reported to
employ different mechanisms of action. We assessed effects of
two toxin-based adjuvants, LT-K63, a mutant of E.coli heat labile
enterotoxin and mmCT, a multiple mutant of cholera toxin (CT)
derived from V.cholarae. MF59 is a squalene-based oil-in-water
emulsion and has been licensed for use in children from 6
months of age (14). IC31 is a TLR9 agonist combined with an
antimicrobial peptide (16) and lastly alum, the most widely used
adjuvant that has been licensed in several paediatric vaccines.
Table 1 lists the adjuvants assessed herein and their main
properties on adult and neonatal immune responses. We have
previously compared the effects of the selected adjuvants with
another vaccine, a pneumococcal conjugate Pncl-TT, where we
found that LT-K63, mmCT, MF59, and IC31, but not alum,
enhanced germinal center formation and follicular dendritic cell
maturation in neonatal mice which was associated with
enhanced and prolonged persistence of vaccine-specific
antibody-secreting cells (ASCs) and Abs up to 9 weeks after
immunization (19, 20). However, alum only transiently
enhanced vaccine-specific ASCs in bone marrow and serum
Abs up to week 6 (20). Ab persistence is mediated by long-lived
plasma cells that reside in specialized survival niches in the bone
marrow (34) and their survival was recently shown to be
dependent on direct contacts with stromal cells as well as
APRIL : BCMA binding (35). In line with that, we
demonstrated that LT-K63 enhanced early APRIL expression
by bone marrow accessory cells, particularly by eosinophils,
macrophages and megakaryocytes after immunization of
neonatal mice with Pncl-TT (15). Additionally, a higher
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TABLE 1 Adjuvants assessed and their reported immune profiles.

Immune profile

Th17 (21), IgA and IgG Abs
Mixed Th1/Th2 (24) or Th2

Mixed Th1/Th2 (16) or Thl

10.3389/fimmu.2022.904415

Early life immune profile

Th1/Th2 (18), Abs, FDCs, GCs (19), TNF-R and ligands (15),
persistent ASC and Abs (19, 20)

FDCs, GCs, persistent ASC and Abs (20)

Tth (26), FDCs, GCs, persistent ASC and Abs (20)

Mixed Th1/Th2 (28) or Thl (29), Tth cell (30), FDC, GC, persistent
ASC and Abs (20)

Adjuvant Composition
LT-K63 Toxin-based - mutant of LT Th1 (17)
mmCT Toxin-based — mutant of CT
(22, 23)
MF59% Squalene-based oil-in-water emulsion
and Abs (25)
1c31% KLKLsKLK antimicrobial peptide with a synthetic
TLR-9 agonist ODN1a and Abs (27)
Alum Inorganic insoluble aluminum salts (aluminum Th2 and Abs (31, 32)

hydroxide)

Th2 and Abs (33)

LT, E.coli heat-labile enterotoxin; CT, Cholera toxin; FDC, follicular dendritic cell; GC, germinal center; TNF-R, tumor necrosis factor receptor; ASC, antibody-secreting cell; Abs,

antibodies; Tth, T follicular helper cell; TLR, Toll-like receptor.

proportion of plasmablasts and plasma cells of neonatal mice
immunized with Pncl-TT with LT-K63 expressed BCMA (15).
Therefore, we wanted to explore whether the difference we
previously observed (20) in the persistence of humoral
immune responses induced by the selected adjuvants could be
explained by their different effects on expression of plasma cell
survival factors by bone marrow accessory cells and BCMA
expression of plasmablasts/plasma cells up to this 6 week time
point, where LT-K63 is used as a positive control. Furthermore,
we assessed how the observed effects related to germinal center
activation and induction of humoral immune responses. Prior to
assessing the effects of neonatal immunization and adjuvants, we
investigated age-dependent maturation of accessory cells of the
plasma cell survival niche and their expression of survival factors
APRIL and IL-6, for the first time to our best knowledge.

Materials and methods
Mice

Adult NMRI mice were purchased from Taconic (Skansved,
Denmark) and adapted for a minimum of one week after arrival
before initiation experiments. For breeding of neonatal mice,
two adult female mice were put in the cage of one adult male
mouse for two weeks. Female mice were then separated from the
male and kept in separate breeding cages which were checked
daily for new births and the pups stayed with the mother until
weaning at the age of 4 weeks. Mice were housed under
standardized conditions at the vivarium facility Arctic Las
(Reykjavik, Iceland) with regulated daylight, humidity and
temperature and kept in micro-isolator cages where they had
free access to commercial pelleted food and water. All
experiments were carried out in accordance with Act No. 55/
2013 on animal welfare and regulations 460/2017 on protection
of animals used for scientific research. The protocol was
approved by the Experimental Animal Committee of Iceland
(license no. 2015-10-01).
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Vaccine, adjuvants, and immunization

Purified tetanus toxoid (TT) was purchased from Statens
Serum Institute (Copenhagen, Denmark). LT-K63 (36) and
MF59 (37) were produced and purified by Novartis Vaccines
& Diagnostics (now GSK vaccines, Siena, Italy). mmCT was
provided by Jan Holmgren, Michael Lebens and Manuela
Terrinoni, from the Department of Microbiology and
Immunology, Gothenburg University and was produced as
described (22). IC31 was produced by Intercell AG, (now
Valneva Austria GmbH, Vienna, Austria) as described (16).
Aluminum hydroxide (Alhydrogel) was purchased from
Brenntag Biosector A/S (Ballerup, Denmark). Neonatal (7 days
old) mice were immunized with either vaccine alone, vaccine
with adjuvant or saline as unimmunized controls. Mice were
immunized subcutaneously (s.c.) at the base of the tail with 2 pg
(0.8 limit of floculation, Lf) of purified TT (Statens Serum
Institute) alone or mixed with the adjuvants LT-K63 (5 pg/
mouse), mmCT (2 pg/mouse), MF59 (50% of injected volume/
mouse), IC31 (50 nmol KLK and 2 nmol ODNIla/mouse) or
alum (0.48% aluminum hydroxide per 1 pig of protein/mouse) in
50 ul of saline, or with 50 pl of saline alone as a control.

Blood sampling

For blood collection, mice were bled from the tail vein and
serum was prepared by centrifugation at 2400 rpm for 10
minutes at room temperature and stored at ~20°C until use.

Measurements of TT-specific antibodies
in mouse sera

Measurement of TT-specific IgG antibodies was done using the
following protocol. Microtiter plates (MaxiSorp) were coated with
5.0 ug/ml purified TT (Sanofi Pasteur) in 0.10 M carbonate buffer
(pH 9.6) and incubated overnight at 4°C. Plates were washed 3
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times with PBS containing 0.05% Tween 20 (v/v) (PBS-Tween20,
Sigma) and then blocked with PBS-Tween20 containing 1% bovine
serum albumin (BSA) for 1 hour at room temperature. Plates were
washed as before and samples and standard were serially diluted
(three-fold dilutions) and incubated in duplicates on TT-coated
plates for 2 h atroom temperature. The plates were washed as before
and specific antibodies were detected with horseradish peroxidase
(HRP)-conjugated goat anti-mouse antibody (Southern
Biotechnology Associates Inc., Birmingham, AL, USA) diluted in
PBS-Tween20 for 2 h at room temperature. As before the plates
were washed and development of the enzyme reaction was
performed by adding 100 ul of 3,3",5,5-tetramethylbenzidine
peroxidase (TMB) substrate (Kirkegaard & Perry Laboratories,
Gaithersburg, MD, USA) into each well for approximately
15 min and the reaction was stopped with 100 pl of 0.18 M
H,SO,. The absorbance was read at 450 nm in a Titertek
Multiscan Plus MK II spectrophotometer (ICN Flow
Laboratories, Irvine, UK). Results were calculated from standard
curves constructed by serial dilutions of a reference serum pool
from hyperimmunized adult mice. The titers of the reference serum
pool corresponded to the inverse serum dilution giving an optical
density of 1.0, which has been assigned 100 ELISA units per ml (EU/
ml). Results were expressed as mean log EU/ml + standard
deviation (SD).

Measurements of TT-specific
antibody-secreting cells in
spleen and bone marrow

TT-specific ASC were enumerated by ELISPOT, as previously
described (15, 19, 20, 38). MultiScreen High protein binding
immobilon-P membrane plates (Millipore Corporation, Bedford,
MA) were coated with 10 g/ml TT overnight at 37°C, blocked with
complete RPMI 1640 (Life Technologies BRL, Life Technologies,
Paisley, U.K.). Duplicates of cells from spleen and bone marrow in
four three-fold dilutions starting with 1 x 107 cells in 100 uL in
complete RPMI 1640 per well were incubated for 5 hours at 37°C,
washed and incubated with ALP-goat anti-mouse IgG (Southern
Biotechnology Associates) overnight at 4°C, and developed by 5-
bromo-4-chloro-3-indolylphosphate and NBT in AP development
buffer (Bio-Rad Labs, Hercules, CA). The number of spots, each
representing a cell secreting TT-specific IgG antibodies, was
counted with ELISPOT reader ImmunoSpot® S6 ULTIMATE
using ImmunoSpot® SOFTWARE (Cellular Technology Limited
(CTL) Europe, Bonn, Germany).

Immunofluorescent staining of tissue
sections

Spleens were frozen in Tissue-Tek OCT (Sakura,
Zouterwoude, the Netherlands) and cut into 7 pum
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cryosections at 2 levels, starting 1,750 um into the tissue and
separated by 210 um, fixed in acetone for 10 minutes, and
stored at —70°C. Two sections per spleen (one from each level)
were stained with fluorescent labeled IgM-FITC (BD
Pharmingen) to visualize follicles, and biotinylated peanut
agglutinin (PNA)-bio (Vector Laboratories, Burlingame, CA)
to label dark-zone B cells, to visualize active GC reaction.
Primary antibodies were incubated at room temperature for
30 minutes. The sections were then washed in PBS for 2 x
5 minutes prior to incubation with APC Streptavidin (BD
Biosciences, Stockholm, Sweden) at room temperature for
another 30 minutes and sections washed again as before.
DAPI (Invitrogen, Eugene, OR) was used for nuclear
counterstaining and incubated for the last 10 minutes of the
later staining step. The sections were photographed with a
digital camera (AXIOCAM; Zeiss) in a microscope (Zeiss)
equipped with x10 and x40 objectives and Axiolmaging
Software (Birkerod, Denmark) for light and three-color
immunofluorescence. Areas of PNA-positive staining were
measured from all pictures using the Axiolmaging Software.

Immunofluorescence staining and
flow cytometry

Spleens and bone marrow were collected 4, 8, 14 and 42 days
after immunization for flow cytometry analysis using the
following protocol as described (15). Single-cell suspensions
from spleen and bone marrow were prepared and cells were
washed and incubated (30 minutes on ice) in PBS with 0.5% BSA
(Sigma) with 4 mmol/L EDTA (Sigma) with fluorochrome-
labeled antibodies to B220, CD21, CD23, BAFE-R, CD138,
Gr-1 (all from BD Biosciences), APRIL, CD11lc, CD11b,
CD200R3 (all from Biolegend), CD41, Siglec-F, F4/80 (all
from eBioScience/Thermo Fisher) and BCMA (R&D
Systems). Fc block (BD Biosciences), rat serum and mouse
serum (2.7% each) was added to the staining mix to minimize
unspecific binding. The stained cells were analyzed using
Navios cytometer (Beckman Coulter, Brea, CA, USA) where
recorded events were 400,000, and the generated data were
analyzed by Kaluza® analysis software (version 2.1 from
Beckman Coulter) where dead cells and doublets were
excluded prior to analysis.

Statistical analysis

Mann-Whitney U test was used for comparison between
groups and correlation was assessed using Spearman rank-order
correlation applying a significance threshold of p<0.05 for both
tests. All statistical analyses were carried out using Graphpad
Prism 9.03 (GraphPad Software, La Jolla, CA).
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Results

Limitations in APRIL, but not IL-6
expression in early life

Before assessing the effects of neonatal immunization and
adjuvants on bone marrow accessory cells and their expression
of survival factors, we investigated their age-dependent
maturation at steady state in 1-, 2-, 3-week-old and adult
mice. In this study, we analyzed a broader range of accessory
cell types than we had done previously (15). Eosinophils were
defined as Gr-1™F4/80*CD11b"Siglec-F*SSC"&", macrophages
as Gr-1"F4/80*CD11b*Siglec-F™SSC™, megakaryocytes as
CD417F4/80"CD11c Gr-1"FSCM", monocytes as Gr-1"'F4/
80"CD11b"*Siglec-F'SSC'®", basophils as CD200R3"F4/
807™Gr-1""" neutrophils as Gr-1"F4/80°CD11b* and
dendritic cells as CD11c¢*CD200R Siglec-F~ FSC'**SSC'*"
(Supplementary Figure 1). We found that APRIL expression
by bone marrow cells was limited in early life as previously
shown (4) and that it had not reached adult levels at 3 weeks of
age (Figure 1A). Frequency and total number of eosinophils,
megakaryocytes, monocytes and neutrophils were reduced in
young mice and had not reached adult levels at 3 weeks of age

10.3389/fimmu.2022.904415

(Supplementary Figures 2A, C, D, F, G). Macrophages and
lymphocytes were limited in 1-2 week old mice, but reached
adult levels at 3 weeks of age (Supplementary Figures 2B, E).
When assessing APRIL expression of accessory cells we found
that frequency and number of APRIL cells; eosinophils,
macrophages, megakaryocytes, monocytes and lymphocytes
was reduced in young mice and had not reached adult levels at
3 weeks of age (Figures 1B-F). Undefined APRIL" cells, i.e.
APRIL" cells that did not fall into any of our flow cytometry
gates, constituted for over 60% in 1 week old mice (Figure 1G).
This high proportion of undefined cells among APRIL" cells
decreased with increasing age, and around 10% of APRIL" cells
remained undefined in adult mice (Figure 1G). Neutrophils,
dendritic cells and basophils expressed very low levels of APRIL,
constituting less than 1% of APRIL" cells both in young or adult
mice (data not shown).

In contrast to APRIL expression, IL-6 expression seemed to
be higher in 1- and 2-week-old-mice than in adult mice, as they
had increased frequency of IL-6" cells. However, the total
numbers of IL-6" cells in 1- and 2-week-old-mice was still
lower than in adult mice (Figure 2A). Frequency of IL-6"cells;
macrophages, monocytes, lymphocytes and neutrophils, was
higher in young mice than in adults (Figures 2C, E, F, G),
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APRIL expression of bone marrow cells is limited in early life. Frequency and total number of APRIL* cells (A) and frequency, total number and
proportion out of total APRIL* cells for APRIL" eosinophils (B), APRIL* macrophages (C), APRIL™ megakaryocytes (D), APRIL* monocytes (E),
APRIL*lymphcoytes (F) and undefined APRIL* cells (G) in bone marrow assessed by flow cytometry in 1-, 2-, 3-week-old and adult (AD) mice.
Each red circle and blue square represents one mouse and results are demonstrated as means + SD. Mann Whitney U test was used for
statistical comparison where values from 1-, 2- or 3-week-old-mice were compared to adult mice and *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2

IL-6 expression of bone marrow cells is enhanced in early life. Frequency and total number of IL-6" cells (A) and frequency, total number and
proportion out of total IL-6" cells for IL-6"eosinophils (B), IL-6" macrophages (C), IL-6* megakaryocytes (D), IL-6" monocytes (E), IL-6*
lymphocytes (F), IL-6" neutrophils (G) and undefined IL-6" cells (H) in bone marrow assessed by flow cytometry in 1-, 2-, 3-week-old and adult
(AD) mice. Each red circle and blue square represents one mouse and results are demonstrated as means + SD. Mann Whitney U test was used
for statistical comparison where values from 1-, 2- or 3-week-oldmice were compared to adult mice and *p < 0.05, **p < 0.01, ***p < 0.001.

whereas no difference was observed for eosinophils and
megakaryocytes (Figures 2B, D). Undefined cells constituted
for around 20% of IL-6" cells in 1-, 2- and 3-week-old mice but
had dropped down to 10% in adult mice (Figure 2H). Dendritic
cells and basophils expressed very low levels of IL-6 and together
constituted for less than 1% of IL-6" cells, both in young and
adult mice (data not shown).

Taken together, these data demonstrate that APRIL
expression was limited in bone marrow at least up to 3 weeks
of age whereas IL-6 expression was higher in 1-2-week-old than
adult mice. Various accessory cells contributed to the production
of these survival factors and undefined cells were more
prominent at early age.

Neonatal immunization and adjuvants
enhance APRIL expression of bone
marrow cells and BCMA expression of
plasmablasts/plasma cells

We have previously demonstrated that neonatal immunization
with Pncl-TT+LT-K63 enhanced APRIL expression of bone
marrow cells early after immunization which associated with
enhanced persistence of vaccine-specific humoral immune
responses (15). We therefore wanted to address if the adjuvants
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tested also mediated their adjuvanticity through a similar
mechanism. Thus, neonatal mice (7 days old) were immunized
s.c. at base of tail with TT w/wo the adjuvants LT-K63, mmCT,
MF59, IC31 or alum or injected with saline as controls.
Immunization with TT alone enhanced both frequency and total
numbers of APRIL" cells in bone marrow when compared with
saline-injected mice 4, 8 and 14 days after immunization
(Figures 3A, B and Supplementary Table 1). Additionally, all the
adjuvants assessed further enhanced APRIL" cells in bone marrow,
however with different kinetics (Figures 3A, B). LT-K63, IC31 and
alum enhanced frequency and total number of APRIL" cells 4 days
after immunization, where the effect of LT-K63 was most
pronounced. mmCT enhanced frequency and total number of
APRIL" cells 8 days after immunization and lastly, MF59
enhanced frequency of APRIL" cells in bone marrow 14 days
after immunization. Eosinophils, macrophages, monocytes and
lymphocytes constituted considerable fractions of APRIL® cells,
but undefined cells were generally still the most abundant
(Figure 3C and Supplementary Table 2). Of note, lymphocytes
accounted for a large proportion of APRIL" cells at the peak of its
expression for each adjuvant (Figure 3 and Supplementary Table 2).

When assessing the effect of immunization and adjuvants on
the kinetics of accessory cell populations, we found that LT-K63,
MF59, IC31 and alum enhanced megakaryocytes in bone marrow
4 days after immunization (Supplementary Figure 3C).
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bone marrow and mean distribution of APRIL" cell types, mean frequencies and total numbers of APRIL" cells for each group and time point (C)
4, 8 and 14 days after neonatal immunization with TT (blue circle) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange
triangle), IC31 (purple triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Each symbol represents one
mouse and results are shown as means + SD in 8 mice per group per time point (except n=7 for TT group on day 14 and n=7 for TT+mmCT
group on days 8 and 14). For statistical evaluation Mann—-Whitney U-test was used. Blue stars represent p values after comparison of TT group
to adjuvant groups and grey stars represent comparisons of all the groups to saline group. *p < 0.05, **p < 0.01, ***p < 0.001.

Additionally, mmCT, MF59 and IC31 enhanced monocytes
(Supplementary Figure 3D) and neutrophils (Supplementary
Figure 3G) early after immunization, where neutrophils
accounted for up to 30% of bone marrow cells in the TT
+mmCT group 4 days after immunization (Supplementary
Figure 3G). The kinetics of different APRIL" accessory cells and
undefined APRIL" cells in bone marrow following immunization
with TT w/wo adjuvants or saline are depicted in Supplementary
Figures 4A-F.

It was recently reported that both stromal cell contact and
binding of APRIL to BCMA is required for plasma cell survival
(35). Since APRIL expression was enhanced by bone marrow cells
early after immunization we next assessed BCMA expression of
bone marrow plasmablasts/plasma cells at these early time points.
Like we had observed before (15), we found that CDI138
expression was lower in neonatal than adult mice so two
populations of plasmablasts/plasma cells were assessed. Firstly,
we defined B220"CD138" cells as pre-plasmablasts/plasmablasts
(prePB/PB), containing both pre-plasmablasts and plasmablasts
(4, 39) and secondly B220*°CD138"" cells were defined as
plasmablasts/plasma cells (PB/PC), containing both plasmablasts
and plasma cells (39, 40). Immunization with TT alone subtly
enhanced the proportion of bone marrow plasmablasts/plasma
cells at these early time points (Figures 4A, B). Most of the
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adjuvants further enhanced plasmablasts/plasma cells but with
different kinetics, where the effects of LT-K63 and IC31 were most
pronounced (Figures 4A, B and Supplementary Figures 5A, B).
Likewise, immunization with TT alone transiently enhanced the
proportion of plasmablasts/plasma cells that expressed BCMA,
whereas inclusion of each of the adjuvants further enhanced their
proportion that persisted up to 14 days after immunization
(Figures 4C, D). Of note, the immunization and adjuvant effects
on the PB/PC subset were more pronounced as a much higher
proportion of this subset was BCMA™ than of the prePB/PB subset
in all immunization groups (Figures 4C, D).

Taken together, immunization and adjuvants enhanced both
APRIL expression by accessory cells and BCMA expression of
plasmablasts/plasma cells in bone marrow at early time points
after immunization but the effects were more pronounced when
adjuvants were included.

Neonatal immunization and adjuvants
decrease IL-6 expression by bone
marrow cells

Since we found that immunization and adjuvants enhanced
APRIL" cells in bone marrow early after immunization we were
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curious to know if the same effects would be observed for IL-6*
cells, considering that like APRIL, IL-6 has been linked to
prolonged plasma cell survival (41-43). On the contrary,
immunization with TT alone decreased IL-6" cells in the bone
marrow 8 days after immunization and including adjuvants in
the immunization accelerated this decrease (Figure 5A, B and
Supplementary Table 3). As for APRIL" cells, eosinophils,
macrophages and lymphocytes all constituted a considerable
fraction of IL-6" cells, but megakaryocytes and undefined cells
were also abundant (Figure 5C and Supplementary Table 4). The
kinetics of different IL-6" accessory cells and undefined IL-6"
cells in bone marrow following immunization are depicted in
Supplementary Figure 6A-G.

Enhanced BCMA expression of splenic
plasmablasts and plasma cells by
adjuvants correlates with enhanced TT-
specific antibody-secreting cells in
spleen and serum antibodies 2 weeks
after immunization

Next we wanted to assess if immunization and adjuvants
mediated similar effects on splenic plasmablasts/plasma cells and
their BCMA expression like we observed for bone marrow and if
these effects could be connected to enhanced induction of
vaccine-specific humoral responses.
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Thus, neonatal mice were immunized as before and spleens
harvested at various time points after immunization. We found
that immunization with TT alone did not increase plasmablasts/
plasma cells nor enhance their BCMA expression (Figures 6A, B,
Supplementary Figures 7A, B and Supplementary Table 6). On
the contrary, including adjuvants in the immunization enhanced
both prePB/PB and PB/PC in spleen at early time points and the
proportion BCMA™ cells (Figures 6A, B, Supplementary
Figure 7A, B, Supplementary Table 6).

In response to a protein antigen, activated B cells can enter
germinal center reactions where class switching, affinity
maturation and differentiation into memory B cells or
plasmablasts/plasma cells occurs (44). Germinal centers are
generally attenuated in human infants (45-47), but some
adjuvants have been shown to overcome limitations and
induce potent germinal centers in early life murine models
(19, 20, 30). We had previously demonstrated that the
adjuvants LT-K63, mmCT, MF59 and IC31 enhanced
germinal center induction after neonatal immunization with a
pneumococcal conjugate vaccine (Pncl-TT). In order to assess if
the adjuvants would have similar effects on germinal center
induction with a purified protein, TT vaccine, spleens were
obtained 8 and 14 days after immunization of neonatal mice.
We found that mmCT enhanced germinal center induction 8
and 14 days after immunization (Figure 6C, Supplementary
Figure 7D) and LT-K63 and IC31 only at day 14 (Figure 6C).
On the contrary, neither MF59 nor alum enhanced germinal
center induction after neonatal immunization with TT.
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mouse and results are shown as means + SD in 8 mice per group per time point (except n=7 for TT group on day 14 and n=7 for TT+mmCT
group on days 8 and 14). For statistical evaluation Mann—Whitney U-test was used. Blue stars represent p values after comparison of TT group
to adjuvant groups and grey stars represent comparisons of all the groups to saline group. *p < 0.05, **p < 0.01, ***p < 0.001.

However, all adjuvants enhanced TT-specific IgG"ASCs in
spleen (Figure 6D, left) and TT-specific IgG Abs in serum
(Figure 6D, right) 14 days after immunization. Of note, the
adjuvants mmCT, MF59 and IC31 additionally enhanced TT-
specific ASC in bone marrow already at this same time point.
Furthermore, the adjuvants LT-K63, mmCT and MF59
prolonged the induction in spleen since TT-specific IgG" ASC
were still enhanced 6 weeks after immunization (Supplementary
Figure 7C). To assess if there was any association between
BCMA expression of plasmablasts/plasma cells and vaccine-
specific responses we analyzed the correlation between
proportional BCMA expression of the two plasmablast/plasma
cell populations and TT-specific ASC and Abs 14 days after
immunization. A significant correlation was found between
proportional BCMA expression of prePB/PB and TT-specific
ASC (Figure 6E) and Abs (Figure 6F) and also between
proportional BCMA expression of PB/PC and TT-specific ASC
(Figure 6G) but not Abs (Figure 6H).

Taken together, all the adjuvants enhanced BCMA
expression by plasmablasts and plasma cells in spleen, which
correlated with enhanced vaccine-specific humoral immune
responses. However, only LT-K63, mmCT and IC31 enhanced
GC induction.
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Enhanced BCMA expression of bone
marrow plasmablasts and plasma cells by
adjuvants correlates with vaccine-
specific humoral immune responses 6
weeks after immunization

Lastly, we wanted to explore if enhanced APRIL expression
by bone marrow cells early after immunization and increased
BCMA expression of plasmablasts/plasma cells by adjuvants
were associated with enhanced persistence of vaccine-specific
humoral immune responses. We were also curious to know if
BCMA expression by plasmablasts/plasma cells induced by
adjuvants persisted after immunization. Thus, we assessed the
frequency and total numbers of plasmablasts/plasma cells and
TT-specific ASC in bone marrow and TT-specific serum Abs 6
weeks after immunization. At this time point, we did not detect
much effect of immunization and adjuvants on the frequency
and BCMA expression of prePB/PB in bone marrow (Figure 7A,
Supplementary Table 5). However, PB/PC of mice immunized as
neonates with each of the adjuvants were more frequently
BCMA™ than PB/PC of mice immunized with vaccine alone or
saline-injected mice (Figure 7B). Of note, even though neonatal
immunization with TT+alum enhanced BCMA expression by
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Adjuvants enhance BCMA expression of plasmablasts/plasma cells in spleen correlating with enhanced TT-specific antibody-secreting cells and
antibodies. Frequency and BCMA expression of B220"CD138*prePB/PB (A) and B220*/-CD138"9" PB/PC (B) in spleen 4, 8 and 14 days after
neonatal immunization with TT (blue circles) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange triangle), IC31 (purple
triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Germinal center activation determined by fluorescent
staining of spleen sections with PNA and anti-IgM 14 days after immunization of neonatal mice. PNA/IgM ratio represents activated GCs in
relation to total number of follicles (C, left panel) and PNA* area represents total area of positive PNA staining per section (C right panel). TT-
specific antibody-secreting cells (ASC) in spleen (D, left panel) and TT-specific IgG serum antibodies (D, right panel) 14 days after immunization.
Each symbol represents one mouse and results are shown as means + SD in 8 mice per group per time point (except n=7 for TT group on day
14 and n=7 for TT+mmCT group on days 8 and 14). Results for germinal center induction (C), ASCs and Abs (D) are pooled from two
independent experiments. For statistical evaluation Mann—-Whitney U-test was used. Blue stars represent p values after comparison of TT group
to adjuvant groups and grey stars represent comparisons of all the groups to saline group. *p < 0.05, **p < 0.01, ***p < 0.001. In C-H, p values
are visible on the figures. Spearman correlation plots for evaluation of association between BCMA*prePB/PB frequency and TT-specific ASC (E)
or TT-specific IgG Abs (F) or BCMA* PB/PC frequency and TT-specific ASC (G) or TT-specific IgG Abs (H) 14 days after immunization.

PB/PC to a higher degree than immunization with TT alone at
this time point, LT-K63 (p=0.0121), mmCT (p=0.0016), MF59
(p=0.0002) and IC31 (p=0.0002) were superior to alum in
inducing persistent enhanced BCMA expression. All of the
adjuvants enhanced TT-specific ASC in bone marrow and
serum Abs at this time point (Figure 7C). Again, mmCT
(p=0.0003 for ASC and p=0.0008 for Abs) and MF59
(p=0.0014 for ASC and p=0.0415 for Abs) were superior to
alum in enhancing vaccine-specific ASC and Abs. To explore if
there was any association between BCMA expression of
plasmablasts/plasma cells in bone marrow and vaccine-specific
responses, we assessed the correlation between proportional
BCMA expression of the two plasmablast/plasma cell
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populations and TT-specific ASC in bone marrow and serum
Abs 6 weeks after immunization. A significant correlation was
observed between proportional BCMA expression of prePB/PB
and TT-specific Abs (Figure 7E) but not ASC (Figure 7D) and
also between proportional BCMA expression of PB/PC and TT-
specific ASC (Figure 7F) and Abs (Figure 7G). Interestingly,
mice immunized with the adjuvants LT-K63, mmCT, MF59 and
IC31 grouped together in the correlation plot while alum-
immunized mice rather grouped with mice immunized with
TT alone (Figure 7G).

To summarize, immunization with adjuvants induced a
higher proportion of PB/PC to express BCMA which persisted
up to 6 weeks, although these effects were significantly less
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immunization. Frequency (upper panels) and proportional BCMA expression (lower panels) of B220"CD138*prePB/PB (A) and B220*/~CD138M9"

PB/PC (B), TT-specific antibody-secreting cells (ASC) in bone marrow (C, upper panel) and TT-specific IgG serum antibodies (Abs) (C, lower
panel) 6 weeks after neonatal immunization with TT (blue circles) w/wo adjuvants LT-K63 (red triangle), mmCT (pink triangle), MF59 (orange
triangle), IC31 (purple triangle), alum (turquoise triangle) or saline-injected mice (light grey circles) as controls. Spearman correlation plots for
evaluation of association between BCMA*prePB/PB frequency and TT-specific ASC (D) or TT-specific IgG Abs (E) or BCMA™ PB/PC frequency
and TT-specific ASC (F) or TT-specific IgG Abs (G) 6 weeks after immunization. Each symbol represents one mouse and results are shown as
means + SD in 8 mice per group (except n=3 for TT+LT-K63 group n=5 for TT+mmCT group). Results for ASC and Abs (C) are pooled from two
independent experiments. For statistical evaluation Mann—Whitney U-test was used. P values from comparisons between TT group and adjuvants
groups are visible on the figures whereas grey stars represent comparisons of all groups to saline group. *p < 0.05, **p < 0.01, ***p < 0.001.

pronounced for alum. This enhanced BCMA expression
correlated with persistent vaccine-specific humoral
immune responses.

Discussion

It has previously been reported from experiments using
mouse models that the majority of plasmablasts emerging from
germinal centers after neonatal and infant immunization
efficiently migrates to the bone marrow (48). However, poor
APRIL expression by bone marrow stromal cells (4) was
associated with reduced persistence and enhanced apoptosis of
plasmablasts (48). This lack of survival signals in neonatal bone
marrow could therefore explain transient Ab responses reported
in this age group (1), since Ab persistence is mediated by long-
lived plasma cells that reside in specialized survival niches in the
bone marrow (34). APRIL can be expressed by stromal cells but
can additionally be expressed by various hematopoietic cells, also
termed accessory cells, in the bone marrow (49, 50). For the first
time in a neonatal mouse model we performed a comparative
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analysis of different adjuvants on APRIL expression by accessory
cells in the bone marrow. Before assessing effects of immunization
and different adjuvants, we wanted to assess, also for the first time,
age-dependent maturation of bone marrow accessory cells and
their expression of the plasma cell survival factors APRIL and IL-6
at steady state. We found that APRIL was poorly expressed by
early life accessory cells, but this was not the case for IL-6.
Furthermore, neonatal immunization, in particular with
adjuvants, enhanced APRIL expression by accessory cells but
decreased their IL-6 expression. This is in line with what we
previously showed for LT-K63, when administered with a
pneumococcal conjugate vaccine (15) (and unpublished data).
Importantly, all five adjuvants assessed herein enhanced
APRIL expression in bone marrow but the extent and kinetics
of this APRIL enhancement differed between adjuvants. Early
increase in APRIL following immunization was not expected
since plasma cell influx to the bone marrow after immunization
usually remains low until after more than 3 weeks (19).
However, soluble APRIL can be bound by heparan sulphate
proteoglycans (51, 52) in the bone marrow and APRIL bound to
proteoglycan has been found to be superior to soluble APRIL in
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activation of B cells (52, 53). In line with that, APRIL-rich niches
with plasma cells have been found in human mucosa where
heparan sulphate proteoglycans retained neutrophil-derived
APRIL (54). Furthermore, mice deficient in glucuronyl C5-
epimerase, an enzyme that controls heparan sulphate chain
flexibility affecting ligand binding, failed to respond to APRIL-
mediated survival signals resulting in reduced plasma cells and
Ab levels (55), emphasizing the importance of heparan sulphate
proteoglycans in plasma cell survival.

It must be noted that the effects of adjuvants on APRIL
expression was less pronounced than we had previously reported
when neonatal mice were immunized with Pncl-TT with LT-
K63 (15). However, there were some fundamental differences
between the sets of experiments described herein and the
experiments previously published (15). In the previous study T
cells, B cells, NK cells, dendritic cells, mast cells and basophils
were depleted from the bone marrow cell suspension prior to
analysing APRIL expression and accessory cells. Therefore, the
cells that have potential of APRIL expression might have been
more concentrated in the earlier study. Additionally, the
depletion protocol might have stimulated the cells to some
extent. Finally, the cells were analysed in a different flow
cytometer and thus inevitably with different settings.

It was surprising that immunization and adjuvants
decreased IL-6 expression by bone marrow cells since IL-6 has
been identified as a plasma cell survival factor (41-43).
Nonetheless, other data from mice suggest that IL-6 seems to
only be required for induction but not maintenance of plasma
cells in vivo (56). Additionally, blocking of IL-6R using
tocilizumab has not been shown to affect serum IgG Ab levels
of patients (57). Of note, co-injection of adult mice with IL-6 and
a pneumococcal conjugate vaccine enhanced T follicular helper
(Tth) cells and T follicular regulatory (Tfr) cells that was
associated with improved Ab responses. On the contrary, the
same immunization protocol in neonatal mice reduced the
expansion of Tfh cells but increased Tfr cells that led to
limited Ab responses. This could be explained by enhanced
expression of IL-6R by neonatal compared with adult Tfr cells
and decreased IL-6R expression of neonatal Tth cells compared
with adult Tth cells (58). This suggests that even though IL-6 can
be beneficial for induction of immune responses in adult setting
it could have opposite effects in a neonatal setting.

How the adjuvants induce their effects on cells of the bone
marrow is still unclear. We find it unlikely that the adjuvants
reach the bone marrow to directly activate cells there, although
we cannot exclude that possibility. A more plausible explanation
would be that they induce influx of immune cells to site of
injection, and through the engagement of pattern recognition
receptors or other receptors lead to activation and secretion of
pro-inflammatory cytokines and chemokines that in turn
enhances hematopoiesis and activation of cells in the bone
marrow. During infection or inflammation, hematopoietic
stem cells respond to inflammatory stimuli by emergency
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myelopoiesis (59). Interestingly, enhanced IL-6 was recently
found to be involved in age-associated hematopoietic decline
(60). Therefore, decreased IL-6 expression in bone marrow cells
early after immunization, which was more pronounced with the
inclusion of adjuvants, could be a sign of enhanced
hematopoiesis (Figure 5A).

A large fraction of both APRIL" cells and IL-6" cells in bone
marrow remained undefined, i.e. didn’t fall into any of our
assigned cell population gates. These cells accounted for more
than 60% of APRIL" cells in 1 week old mice but decreased with
increasing age. Thus, they may represent precursor cells and
therefore lack efficient expression of cell-identifying surface
markers. Interestingly, bone marrow neutrophil precursors
have been shown to express APRIL in adult mice (61).
Another explanation may be that some other cell types that
were not assessed herein expressed plasma cell survival factors to
a higher degree in younger than adult mice. Like before (15),
eosinophils, macrophages and megakaryocytes constituted a big
part of APRIL" cells in bone marrow but herein we additionally
found that monocytes and lymphocytes were frequently APRIL".
Likewise, eosinophils, macrophages, megakaryocytes and
lymphocytes constituted a big fraction of IL-6" cells.

BCMA is predominantly expressed by GC B cells, memory B
cells and plasma cells (5) and has been shown to be needed for
survival of long-lived plasma cells in the bone marrow, as
BCMA-deficiency in mice drastically reduced numbers of bone
marrow plasma cells (7-9), leaving plasma cells in secondary
lymphoid organs unaffected (8, 10). Following differentiation of
B cells into plasmablasts in secondary lymphoid organs they can
relocate to the bone marrow, and it has been demonstrated that
plasmablasts sufficiently migrate to the early life bone marrow
compartments following neonatal immunization (48). Like we
had previously found for LT-K63 (15) when administered with a
pneumococcal conjugate vaccine, immunization with TT, and in
particular when adjuvants were included, enhanced BCMA
expression of plasmablasts/plasma cells, both in spleen and
bone marrow. This enhanced BCMA expression of the PB/PC
subset induced by adjuvants was still observed 6 weeks after
immunization. Enhanced BCMA expression of plasma cells may
render them more fit for prolonged survival, enabling binding of
APRIL. BCMA expression of plasmablasts/plasma cells
correlated with vaccine-specific ASCs, early in spleen and later
in bone marrow, and with serum Abs. The correlation was
generally weaker in the spleen and the best correlation was
observed between proportional BCMA expression of PB/PC
subset with TT-specific Abs 6 weeks after immunization. This
indicates a strong association between BCMA expression and
Abs at later time points after immunization, fitting well with
previous publications demonstrating that BCMA is essential for
long-lived plasma cells (8).

In our previous work (20) we demonstrated that LT-K63,
mmCT, MF59 and IC31 but not alum accelerated maturation of
follicular dendritic cells and enhanced germinal center induction
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when they were administered to neonatal mice with a
pneumococcal conjugate vaccine, Pncl-TT. Herein, only LT-
K63, mmCT and IC31 enhanced germinal center induction, but
MF59 and alum did not. Even though MF59 and alum did not
enhance germinal center formation, both adjuvants induced
enhanced TT-specific IgG" ASC in spleen and IgG serum Abs
at 2 and 6 weeks after immunization, compared with TT alone.
Of interest, MF59 could enhance IgG Abs following
immunization of CD4 knockout mice or CD4-depleted mice
after immunization with a TD influenza virus split vaccine (62)
suggesting that a CD4-independent pathway bypassing GC
induction can be an alternative mechanism for MF59. It might
be that the timepoints assessed were suboptimal for assessing GC
induction following immunization with TT, since vaccine
adjuvants have been shown to differently affect kinetics of
germinal center responses (63), or it could be that these
adjuvants trigger more extra-follicular responses. However, the
adjuvanticity of MF59 has been shown to be mediated through
enhanced Tfh cells and in turn enhanced germinal center
induction, but MF59 was unable to activate Tth cells following
neonatal immunization with HA (26).

We have also previously shown that a single immunization
of neonatal mice with Pncl-TT with the adjuvants LT-K63,
mmCT, MF59 and IC31, but not alum, was sufficient to induce
vaccine-specific ASCs in bone marrow and serum Abs that
persisted above protective levels against pneumococcal
bacteremia and lung infection 9 weeks after immunization
(20). On the contrary, alum only transiently enhanced
vaccine-specific ASCs in bone marrow and serum Abs up to
week 6 (20). In this study, all the adjuvants induced higher levels
of IgG Abs than TT alone. Of interest, bone marrow PB/PC of
mice immunized with TT+alum were less frequently BCMA™ 6
weeks after immunization than PB/PC of mice immunized with
any of the other adjuvants assessed herein and may therefore be
less fit for prolonged survival as was observed in previous studies
(20, 64).

It was surprising that adjuvants with previously established
different mechanisms of action (Table 1) all induced similar
responses in our model, i.e. enhanced APRIL and BCMA
expression, although with different kinetics and magnitudes
and decreased IL-6 expression, that associated with enhanced
humoral immune responses. It still remains unknown through
which mechanisms this enhanced APRIL and BCMA expression
and decreased IL-6 expression is mediated and likely they differ
between adjuvants, and will be studied in more detail in future
experiments. Nonetheless, a significant correlation of BCMA
expression among plasmablasts/plasma cells and serum Abs 6
weeks after immunization suggests that upregulation of BCMA
on plasmablasts/plasma cells is an important step in rendering
these cells more fit for prolonged survival and induction of
persistent Ab responses after neonatal immunization. In line
with that, mice immunized with LT-K63, mmCT, MF59 and
IC31 clearly grouped together on this correlation plot whereas
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mice immunized with alum grouped with mice immunized with
TT alone (Figure 7G), revealing differences between alum and
the other adjuvants that could explain more transient responses
induced by alum as previously reported by us and others
(20, 64).

To summarize, we found that APRIL expression was limited
in young mice whereas IL-6 expression was higher in younger
than adult mice. We identified eosinophils, macrophages,
megakaryocytes, monocytes and lymphocytes as important
secretors of survival factors in early life but undefined cells
also constituted a large fraction of secretors. Neonatal
immunization and adjuvants enhanced APRIL expression but
decreased IL-6 expression in bone marrow cells early after
immunization. Moreover, immunization and adjuvants
enhanced proportions of plasmablasts/plasma cells that
expressed BCMA early in spleen and later in bone marrow,
and this enhanced BCMA expression significantly correlated
with enhanced vaccine-specific humoral responses. It must be
noted that alum’s effect on BCMA expression was less
pronounced at later time points than the effects of the other
adjuvants which could explain previous reports of transient
humoral immune responses induced by alum (20, 64). We
demonstrate that not only APRIL is limited in early life, but
also BCMA expression of plasmablasts/plasma cells and that
enhanced BCMA expression induced by adjuvants correlated
with enhanced persistence of vaccine-specific humoral immune
responses, offering an explanation for transient Ab responses in
early life. These results together with our previously published
data (20) warrant further investigations of the adjuvants mmCT,
MF59 and IC31 for use in early life vaccinology.
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