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vitro and increases antibody production in vivo in late neonatal-age
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PA, USA effectiveness is of high priority. The glycolipid alpha galactosylceramide

(aGalCer) is known as a potent immune modulator due mainly to natural
killer (NK) T cell activation. Using a mouse tetanus toxoid (TT) immuniza-
tion model, we observed that neonatal mice given aGalCer at the time of
primary immunization on postnatal day (pnd) 17 had a significantly higher
TT-specific immunoglobulin (Ig)M response as well as a memory IgG
response, while alGalCer given on pnd 7 resulted in only marginal boosting.
Consistently, immunostaining of the spleen sections from oGalCer-treated
pnd 17 immunized neonates showed a higher number of Ki67* cells in the
splenic germinal centre area, suggesting a stronger response after immuniza-
tion. In-vitro kinetic studies revealed that spleen cells from newborn to pnd 7
neonates did not respond to aGalCer stimulation, whereas cell proliferation
was increased markedly by aGalCer after pnd 7, and became dramatic
around neonatal pnd 17-18, which was accompanied by increased B, T and
NK T cell populations in the spleen. In addition, in pnd 17 spleen cells,
o/GalCer significantly stimulated the production of NK T cytokines, interleu-
kin (IL)-4 and interferon (IFN)-y, and promoted the proliferation of CD23*
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infants [8,9]. Among these, most have focused upon finding

Introduction . . . .
proper adjuvants that stimulate the innate immune system

The immune response of neonates is often characterized by
a lack or weakness of memory response, slow adaptive
response and T helper type 2 (Th2) polarization, which not
only represents the immaturity or suppression of the
immune system, but also serves as a protective strategy in
order to cope with new environmental stimuli [1-4]. As a
result, the reduced generation of Th1 responses renders the
neonates highly susceptible to infections and therefore
results in poor vaccine responses in early life [5-7]. Numer-
ous studies have focused on the development of efficient
formulae to improve the response to immunization and
offer long-lasting vaccine protection for newborns and

and shape the adaptive immune response, such as the Toll-
like receptor ligands that target antigen-presenting cells and
in turn activate B and T cell functions at this time, to
achieve protective immunity [10-13].

Recently, the glycolipid alpha-galactosylceramide
(aGalCer) has attracted attention as an immune modulator
[14,15]. Animal and clinical trials have shown oGalCer to
be a promising antigen that facilitates anti-infective, anti-
tumour and immune regulatory activities [16-18]. The
underlying mechanisms by which oGalCer works are
centred mainly on the rapid activation of CD1d-restricted
invariant natural killer (NK) T cells (iNK T) [19] which,
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upon stimulation, produce significant amounts of both
interferon (IFN)-y and interleukin (IL)-4 which then, in
turn, influence the differentiation of dendritic cells, stimu-
lation of macrophages to produce IL-12 and activation of T
and B cells [20-22]. Previously, we have shown that
0GalCer is a strong stimulator for B cells of the adult
mouse [23,24]. o.GalCer induced B cell proliferation and
differentiation to increase the number of antibody-secreting
cells in vitro and increased the production of tetanus toxoid
(TT)-specific antibodies in vivo. Despite these encouraging
results in adult animals, little is known about the develop-
ment of the ability of the immune system to respond to this
immunomodulator, and whether or not the neonatal
vaccine response could be augmented by aGalCer. Here,
our objective was to evaluate the ability of oGalCer to
amend the compromised immune response during early
life, which could help to augment the vaccination response
for improved protection.

Materials and methods

Animals and experimental design

Animal protocols were approved by the Institutional
Animal Use and Care Committee of Pennsylvania State
University. BALB/c mice (Charles River Laboratories,
Wilmington, MA, USA) were bred under standard housing
conditions and fed a chow diet. T cell receptor (TCR)-f
knock-out mice from the Jackson Laboratory (Bar Harbor,
ME, USA) were used to eliminate iNK T cell development.
Spleens from mice of different ages, from postnatal day
(pnd) 0 to 8-week adult, were collected to quantify in-vitro
cell proliferation and for cell population analysis using flow
cytometry.

Immunization protocol

Neonatal mice at pnd 7 and 17 were injected subcutane-
ously with TT [3 pg/mouse in 100 pl phosphate-buffered
saline (PBS)] with or without aiGalCer (0-7 pg/mouse; Enzo
Life Sciences, Farmingdale, NY, USA) injected simultane-
ously with antigen. Blood was collected 10 days later. Some
groups of mice were immunized again 3 weeks after the
primary immunization and blood was collected 7 days later.
Plasma was used to analyse the specific anti-TT immuno-
globulin (Ig)M level (primary immunization) and IgG (sec-
ondary immunization) using a TT-specific enzyme-linked
immunosorbent assay (ELISA), as described previously
[25]. Mouse spleens were embedded in optimal cutting
temperature compound (OCT; Fisher Scientific, Pittsburgh,
PA, USA) and rapidly frozen for cryosectioning and
immunofluorescent antibody staining.

Cell culture and [*H]-thymidine incorporation

Splenocytes isolated by Ficoll-Hypaque® (Sigma, St Louis,
MO, USA) centrifugation were cultured in RPMI-1640
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medium supplemented with 10% fetal bovine serum and
5% 10°M B-mercaptoethanol (Invitrogen, Carlsbad, CA,
USA). For cell proliferation activity, cells were stimulated
with oGalCer (100 ng/ml) for 3 days, then 0-1 puCi of [’H]-
thymidine was added for the last 6 h of culture and the
cells were harvested for determination of [*H]-thymidine
incorporation.

Flow cytometry analysis

Cells (10° per well) were incubated with 0-1ug of
fluorescently labelled antibody for 1 h at room temperature
using antibodies to CD3, TCR Vf8, IgD and CD19 (BD
Biosciences, San Jose, CA, USA) and IgM, Ki67, CD49b,
CD23 and CD21 (eBiosciences, Inc., San Diego, CA, USA)
[26]. CD1d tetramer-Alexa 647 was provided by the NIH
Tetramer Facility (Emory University), along with an
unloaded tetramer control. Live cells were defined by
propidium iodide staining, and unstained and isotype-
control antibody-stained cells were used as negative con-
trols to set up the gates; single stainings were used for
compensation to ensure correct positive staining.

Carboxyfluorescein succinimidyl ester (CESE) dye was
also used to monitor cell proliferation (Life Technologies—
Molecular Probes, Grand Island, NY, USA). Splenocytes
were incubated with CFSE (10 nM in PBS) for 30 min, and
then washed with culture medium containing 10% fetal
bovine serum (FBS). Labelled cells were subjected to culture
for 4 days followed by antibody staining and flow cytometry
analysis.

Immunostaining of tissue

Spleen sections (10 um) were stained with fluorescein
isothiocyanate (FITC)-conjugated anti-IgM and phycoe-
rythrin (PE)-conjugated anti-Ki67 antibodies and analysed
by fluorescence microscopy, using isotype control antibod-
ies as negative controls.

Anti-TT ELISA

Plasma anti-TT IgM and IgG levels were determined by
ELISA [25] and the antibody levels were calculated based on
a standard curve on each plate.

Statistical analysis

Data are the mean * standard error of the mean (s.e.m.).
Results were analysed by t#-test or one- or two-way
analysis of variance followed by Tukey’s post-hoc test,
using Prism version 6 software (GraphPad Software,
Inc., San Diego, CA, USA). P<0-05 was considered
significant.
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Results

oGalCer regulates the TT-specific antibody response in
neonatal mice

Using a neonatal immunization model adapted from our
previous studies with adult mice [23], TT was administered
at pnd 7 or 17, with and without aGalCer. The inclusion of
0GalCer with TT-immunization on pnd 7 did not alter the
specific anti-TT IgM level measured 10 days later (Fig. la)
compared to the response of control mice; however,
oGalCer given with TT on pnd 17 (Fig. 1b) resulted in sig-
nificantly increased IgM production. Three weeks after the
primary immunization mice were re-immunized and
plasma IgG was determined 7 days later (Fig. 1c). In mice
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given oiGalCer at primary immunization on pnd 17 the sec-
ondary TT-specific IgG level was also increased, whereas no
significant increase was observed in pnd 7 mice (data not
shown). Because mice from pnd 0 to 14 are considered as
newborn [27], our result suggests that the response to
oGalCer is developmentally regulated, but not apparent at
the newborn/early neonatal age, due probably to the devel-
opmental insufficiency.

Splenic architecture is also regulated developmentally.
Thus, follicle and germinal centre activity was examined
using anti-IgM and anti-Ki67 immunostaining [24,28,29].
Figure 1d shows that there were only a few sporadic Ki67
staining cells within the follicles from pnd 7 as well as pnd
17-immunized pups in the absence of aGalCer treatment.
In contrast, spleens from pnd 17 neonates that received
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Fig. 1. Alpha-galactosylceramide (0GalCer) increases anti-tetanus toxoid (TT)-specific antibody production in postnatal day (pnd) 17 neonates.

Pnd 7 (a) and pnd 17 (b) neonates were immunized with TT given with and without co-treatment with otGalCer. Plasma TT-specific

immunoglobulin (Ig)M levels (enzyme-linked immunosorbent assay) were determined 10 days later. (c) TT-specific IgG for pnd 17 neonates 7 days

after secondary immunization. Results represent two independent experiments each with five or six mice per group. Differences from control

(TT alone) were determined by Student’s ¢-test, P < 0-05. (d). Representative images of spleen sections (10 um) after primary immunization stained
with anti-IgM-fluorescein isothiocyanate (FITC) (green) and anti-Ki67-phycoerythrin (PE) (red). IgM outlined the follicles and Ki67 stained

germinal centre activity (arrow). The number of red cells within the follicle region is noted on each of the representative images.
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oGalCer with TT immunization showed an obvious segre-
gation of Ki67-stained cells, a characteristic of splenic ger-
minal centre activity [29], which is temporally consistent
with the plasma anti-TT ELISA and suggests a mechanism
for the increased responsiveness of the antibody response
after co-stimulation with aGalCer.

aGalCer-stimulated mouse spleen cell proliferation
increases gradually during postnatal growth
and development

To further test the responsiveness of spleen cells to oGalCer,
a 3-day culture assay previously established in adult mice
[24,26] was used, in which total spleen cells were prepared
from neonatal mice of various ages and treated with
oGalCer in vitro, after which their proliferative potential
was measured. Figure 2a shows that spleen cells were not
responsive to aiGalCer in the first postnatal week; however,
in the second week oGalCer began to stimulate cell prolif-
eration. Cell proliferation became significant around pnd
17-18, which correlated with the immunization results
shown in Fig. 1. The responsiveness to o.GalCer increased
steadily during growth after birth and reached more than 10
times higher at adulthood (8 weeks) compared to early neo-
natal age.

To examine the role of aGalCer-mediated NK T activa-
tion in the regulation of spleen proliferation, NK T-
deficient mice were used to perform the proliferation assay.
As shown in Fig. 2b, spleen cell proliferation stimulated by
0.GalCer was blocked significantly in the absence of NK T
cells, while the response to anti-|, which causes B cell recep-
tor (BCR) ligation, was not affected. These data suggest that
germline ablation of NK T cells affects the development of
the spleen’s response to stimulation with aGalCer.

Splenic lymphocyte populations are gradually enriched
after birth and aGalCer stimulates lymphocyte
activation and differentiation

We then analysed the major cell population of the spleen,
including CD3* T cells, IgD* B cells and CD11b* myeloid
cells, which are responsible for antigen presentation and
mounting effective immune responses. The B cell popula-
tion, marked by IgD* cells, started to increase within the
second week after birth, and continued to climb until adult-
hood (Fig. 3a). A similar trend was observed when CD19
was used to detect the B cell population (Fig. 3b). The T cell
population was higher in the third week, increasing signifi-
cantly until young adulthood (pnd 32-36) (Fig. 3a,b). Con-
comitantly, the proportion of CD11b* myeloid cells,
including monocytes, macrophages and dendritic cells,
remained similar over time (Fig. 3a). The increase in B and
T cells after the first postnatal week may explain the emer-
gence of responsiveness to aiGalCer at this time, manifested
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Fig. 2. Alpha-galactosylceramide (0GalCer) increases spleen cell
proliferation time-dependently after birth. (a). Kinetic study showed
the effect of aGalCer in the stimulation of spleen cell proliferation.
Spleen cells were isolated at each age and cultured for 3 days with and
without oGalCer (100 ng/ml). [*H]-Thymidine incorporation was
performed to determine the cell proliferation activity shown as
proliferation index calculated as the fold change over the control
unstimulated cultures. (b). 0GalCer-mediated spleen cell proliferation
is natural killer (NK) T cell-dependent. Splenocytes were isolated from
wild-type (WT) and NK T-deficient mice (knock-out) and were
stimulated in the presence and absence of a:GalCer as described in (a);
# and * = control (Con) group different from oGalCer-treated or
anti-pl-stimulated group, P < 0-05.

by increased in-vitro cell proliferation (Fig.2) and in-vivo
antibody production (Fig. 1) at the later neonatal age.

The NK T cell population was examined early (pnd 7)
and later (pnd 17) in the postnatal period to determine the
NK T cell phenotypes at these times. As shown in Table I,
most NK T cells in the thymus, ~35%, were either CD8-
positive or CD4, CD8 double-positive cells at pnd 7. At pnd
17, although the percentage of double-positive cells
remained the same, the proportion of cells expressing CD8*
declined while those expressing CD4" increased, reaching
approximately 12 and 16% of total cells, respectively. In
contrast, splenic NKT cells were mainly CD8-positive,
although the CD4-positive NK T cell population increased
at pnd 17.
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Fig. 3. Splenic lymphocyte populations increase steadily after birth.
Spleen cells were isolated and subjected to flow cytometry analysis.
CD3, immunoglobulin (Ig)D and CD11b were used to identify T and
B lymphocytes and myeloid cells, respectively. (a) T, B and myeloid
cell populations at various times after birth, six mice per group.

*# =P < 0-05 compared to the same cell population on postnatal day
0-5. (b) Representative histograms of CD19 and CD3 staining of
splenocytes from mice at three different ages.

aGalCer compared to lipopolysaccharide (LPS)
differentially expands T and B cell populations in
spleen cells of late-stage neonatal mice versus
adult mice

To analyse splenocyte proliferation potential in response to
0GalCer in detail, spleen cells were labelled with CFSE to

Table 1. CD4 and CD8 distribution of CD1d tetramer-positive cells
isolated from spleen and thymus of postnatal day (pnd) 7 and 17 mice.

CD8* CD4~ Dp
D 7 spleen 397 1-5 55
D 17 spleen 20-3 9:6 53
D 7 thymus 34-4 4.1 35:0
D 17 thymus 12-2 16-8 34-4

trace cell proliferation activity during a 4-day culture, and
cell surface markers were used to identify cells that
responded to oiGalCer stimulation. LPS, a strong mitogen
for antigen-presenting cells including B cells, was used as
positive control [30,31]. Figure 4 shows that oGalCer
increased T cell (CD3*), B cell (CD19") and NKT cell
(CD3%mCD11b"CD27*CD49b") proliferation in pnd 17 and
adult mice. Especially for T and B cells, the response to
oGalCer became more dramatic as the mice grew older,
whereas LPS significantly stimulated cell proliferation in the
first postnatal week.

As oGalCer is well known for its prominent stimulation
of NKT cells, the NKT cell population was evaluated
further. NK T cells were identified with both TCR V38 and
CDl1d-tetramer staining, shown as the insert in Fig. 5a.
Consistent with the data in Fig. 4c, oGalCer increased the
NK T cell population significantly on pnd 17, but not on
pnd 7. In addition, NK T cells from pnd 17 mice contained
markedly higher levels of IL-4 and IFN-y after stimulation
with aGalCer, suggesting the activation of NK T cells by
treatment. It is worth mention that the cytokine-producing
cells, such as IFN-y* cells, belonged mainly to the proliferat-
ing cells which were stained as IFN-y" and CFSE diluted
cells shown by the gate in the insert of Fig. 5c.

Further analysis of B cells was also conducted using stain-
ing for CD23 and CD21, which discriminate B cells typical
of the follicular (FO) region and marginal zone (MZ) sur-
rounding the follicle [32,33]. Results shown in Fig. 6 dem-
onstrate that oGalCer stimulated proliferation of the
CD23"CD21" B cell subset, a phenotype of follicular B cells,
while LPS mainly stimulated the proliferation of B cells of
the CD23°CD21"™ subset, characteristic of MZ B cells. This
was observed in both in pnd 17 and adult mice. The activa-
tion of the lymphocytes and especially the increase in spe-
cialized B cells may explain the effect of aGalCer in
assisting the antibody response to immunization with a T
cell-dependent protein antigen.

Discussion

The immune system at the neonatal stage is frequently defi-
cient in its response to various immune challenges, as
both innate and adaptive immune components are either
suppressed or developmentally immature at this stage
[3,34,35]. Therefore, novel strategies are being sought, and
finding safe and effective adjuvants is of importance for
achieving protective vaccine responses. The glycolipid
oGalCer has been shown as an effective adjuvant in
adult animals for vaccination with protein antigens, as
co-treatment with oGalCer at the time of immunization
was well tolerated and resulted in increases in antibody pro-
duction and antibody-secreting cell numbers and memory
B cell generation [23,24,36]. The underlying mechanisms
may be due to the ability of aGalCer to stimulate iNK T
cells, considered a major target [22], as well as B cells, which
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Fig. 4. Alpha-galactosylceramide (0GalCer)

stimulates splenic T cell, B cell and natural killer
(NK) T cell proliferation differentially in
comparison with lipopolysaccharide (LPS).
Isolated splenocytes were labelled with
carboxyfluorescein succinimidyl ester (CFSE)
and cultured for 4 days with and without

aGalCer (100 ng/ml) and LPS (100 ng/ml), ©)
then subjected to flow cytometry analysis.
Proliferation of CD3* T cells (a), CD19"B cell
(b), and NK T cells
(CD11b*CD3%™CD27*CD49b*) (c) was defined
by analysing CFSE dye dilution. Inserts show

representative CFSE dye patterns for each cell
population [only control and oGalCer are

NK T cells (%)

shown in the inset to (c), as cell distributions
from LPS and oiGalCer treatments were

similar]. The gates shown by bars define cells

having undergone CFSE dye dilution. Graphs 0
represent triplicates for two independent

experiments. Groups with different numbers of

* differed from each other by two-way analysis

of variance (ANova) and post-hoc test, P < 0-05.

also expressed the surface receptor for aGalCer, the major
histocompatibility complex (MHC) class I-like molecule
CD1d [24,37]. Here, we tested the possibility that oGalCer
may be effective in the regulation of the neonatal immune
system. Our results have shown, first, that oGalCer
increased spleen cell proliferation and increased antibody
production when administered after the second week (pnd
17-18). Secondly, the response to a.GalCer was correlated
with increases in lymphocyte populations, suggesting that

the developmental maturation of the immune system is
critical for the stimulatory effect of ouGalCer, which is medi-
ated by the CDIld-restricted iNKT and B cell activation
[38—40]. Thirdly, detailed studies confirmed that o.GalCer
stimulated the proliferation of spleen lymphocytes includ-
ing T, B and NK T cells and NK T cell-associated cytokines.
The stimulation was significant in pnd 17 mice and became
more dramatic in adults. In this study, LPS was used as a
positive control to evaluate splenocyte proliferation, as
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Fig. 5. Alpha-galactosylceramide (0GalCer) stimulation enriches
natural killer (NK) T cells and increases interleukin (IL)-4 and
interferon (IFN)-y production by NK T cells. Splenocytes were
cultured in the presence and absence of oiGalCer for 4 days. Cells were
stained with T cell receptor (TCR) V8 and CD1d tetramer, and then
subjected to intracellular IL-4 or IFN-y staining. (a) oGalCer
increased NK T cell population from postnatal day (pnd) 17 mice. A
representative flow cytometric graph was shown to indicate the NK T
cell gate (TCR VB8* CD1d tetramer®). o:GalCer increased IL-4 (b) and
IFN-y (c) expression in NK T cells from pnd 17 mice. Splenocytes
were first gated on TCR VB8 CD1d tetramer* cells, then cytokine
levels were determined. *Treated compared to untreated control (Con)
cells, P < 0-05.

Toll-like receptor (TLR)-4 is a functional receptor in early
as well as adult life [41]. It is worth mention that LPS
stimulated cell proliferation at a very early age (pnd 5),
which was earlier than oGalCer (pnd 17), suggesting the
importance of the TLR-4 response at the early neonatal
time, while the response to aiGalCer, mediated through the
CD1d pathway, may take a longer time to develop.

It is interesting to note that among the B cell population,
0.GalCer especially stimulated the proliferation of cells with
characteristics of follicular B cells (CD23"CD21") while, on
the contrary, LPS produced a stronger effect on the prolif-
eration of B cells with the phenotype of MZ B cells
(CD23"CD21"). As the follicles are adjacent to T cell zones
that facilitate the communication between activated
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Fig. 6. Alpha-galactosylceramide (0GalCer) increases proliferation of
follicular B cells. Carboxyfluorescein succinimidyl ester
(CFSE)-labelled splenocytes were cultured as in Fig. 4 and stained
with anti-CD19, CD21 and CD23. (a) o.GalCer stimulated
proliferation of follicular (FO) B cells (CD19*CD23"CD21") from
pnd 17 neonatal and adult mice. (b) o.GalCer compared to
lipopolysaccharide (LPS) was less stimulatory for marginal zone (MZ)
B cells (CD19*CD23"°CD21"). Groups with different numbers of *
differed by two-way analysis of variance (ANova) and post-hoc test,

P <0-05.

follicular B cells and T helper cells in the immune response
to T cell-dependent protein antigens [32], the results
suggest that aGalCer may stimulate antibody production,
as observed in vivo, through the stimulation of germinal
centre activity. These observations also suggest that LPS
serves as a critical innate signal in early life to stimulate the
marginal zone response, as the ligand for the pattern recog-
nition receptor TLR-4 is highly expressed on MZ B cells, as
well as dendritic cells and macrophages [42], This could
provide important surveillance for blood-borne pathogens
[41,43]. It has been reported that when LPS and oGalCer
are co-administered they can synergize to each other to
enhance LPS-mediated nitric oxide production and
0.GalCer-mediated IFN-y production in splenocytes [44].
In conclusion, our results indicate both the limitations
and the potential for oGalCer to stimulate the vaccine
response according to postnatal age, as 0.GalCer was not
effective in the early neonatal stage but became effective by
the late neonatal stage, and continued to be effective in the
adult. These results suggest that ouGalCer may represent a
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new strategy for increasing the rate of effective immuniza-
tion if used in the later neonatal to adult period.
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