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a  b  s  t  r  a  c  t

Neonates  are  at  high  risk  for  influenza  morbidity  and  mortality  due  to immune  immaturity  and  lack
of priming  by  prior  influenza  virus  exposure.  Inactivated  influenza  vaccines  are  ineffective  in  infants
under  six  months  and  to provide  protection  in  older  children  generally  require  two doses  given  a month
apart.  This  leaves  few options  for rapid  protection  of infants,  e.g.  during  an influenza  pandemic.  We
investigated  whether  AdvaxTM, a novel  polysaccharide  adjuvant  based  on  delta  inulin  microparticles
could  help  overcome  neonatal  immune  hypo-responsiveness.  We  first  tested  whether  it was  possible
to  use  Advax  to  obtain  single-dose  vaccine  protection  of  neonatal  pups  against  lethal  influenza  infec-
tion.  Inactivated  influenza  A/H1N1  vaccine  (iH1N1)  combined  with  AdvaxTM adjuvant  administered  as
a  single  subcutaneous  immunization  to  7-day-old  mouse  pups  significantly  enhanced  serum  influenza-
specific  IgM,  IgG1,  IgG2a  and  IgG2b  levels  and  was associated  with  a 3–4  fold  increase  in the  frequency
of  splenic  influenza-specific  IgM  and  IgG  antibody  secreting  cells.  Pups  immunized  with  Advax  had  sig-
nificantly  higher  splenocyte  influenza-stimulated  IFN-�, IL-2,  IL-4,  and  IL-10 production  by  CBA  and  a
3–10  fold  higher  frequency  of  IFN-�,  IL-2, IL-4  or IL-17  secreting  T cells  by ELISPOT.  Immunization  with
iH1N1  +  Advax  induced  robust protection  of pups  against  virus  challenge  3  weeks  later,  whereas  pups

immunized  with  iH1N1  antigen  alone  had no protection.  Protection  by  Advax-adjuvanted  iH1N1  was
dependent  on  memory  B cells  rather  than  memory  T cells,  with  no protection  in neonatal  �MT  mice
that  are  B-cell  deficient.  Hence,  Advax  adjuvant  overcame  neonatal  immune  hypo-responsiveness  and
enabled  single-dose  protection  of  pups  against  otherwise  lethal  influenza  infection,  thereby  supporting
ongoing  development  of  AdvaxTM as  a neonatal  vaccine  adjuvant.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Young children, after the elderly, have the next highest influenza
isease burden with pediatric cases representing ∼1–5% of annual

nfluenza deaths [1]. Indeed, influenza-related hospitalization rates
n children under 4 years are comparable to hospitalization rates
n those over 85 years old [2]. Increased disease burden in young

hildren reflects immune system immaturity, lack of previous
nfluenza exposure, poor hygiene, and high communal contact
n schools. Highlighting the high influenza transmission risk in
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children serological data from Hong Kong during the H1N1/2009
pandemic showed that 43% of children aged 5–14 years were
infected early in the pandemic compared to ∼5% of those aged
30–59 years [3]. The Advisory Committee on Immunization Prac-
tices of the Centers for Disease Control and Prevention and the
American Academy of Pediatrics recommend that annual influenza
vaccination be extended to all children over 6 months of age [4].
Because they are mostly immunologically naive to influenza young
children generally require two doses a month apart to achieve sero-
protection [4]. A recent Cochrane review estimated the efficacy
of trivalent inactivated influenza virus (TIV) vaccine in preventing
influenza at 59% in children over two  years old [5]. Neither TIV

or live attenuated influenza virus (LAIV) vaccines are indicated for
children under 6 months due to poor neonatal immune responses
to inactivated vaccines and increased respiratory side effects from
LAIV vaccines [6]. This leaves infants under 6 months of age highly
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ulnerable to influenza infection, making it imperative to identify
trategies to better protect this population.

Safety considerations must always be paramount when devel-
ping vaccines for young children given their sensitivity to
yrogens and febrile convulsions [7]. For this reason whole virus
accines are relatively contraindicated in young children and highly
urified split or subunit antigens are preferred [8]. This reduces
accine pyrogenicity but at the expense of reduced immunogenic-
ty. Adjuvants could be used to enhance the immunogenicity of
nfluenza vaccines, however only a very limited number of adju-
ants have been tested in young children and there is no guarantee
hat an adjuvant effective in adults will be similarly effective
n neonates. Highlighting the potential difficulties in developing
afe and effective influenza vaccines for young children, a split
IV vaccine (Fluvax®, CSL, Australia) was withdrawn from pedi-
tric use after causing increased febrile convulsions [9], with an
stimated three excess hospitalizations with febrile convulsions
or every influenza hospitalization prevented [10]. Furthermore,
andemrix®, a monovalent inactivated vaccine adjuvanted with
S03 (an emulsion of squalene oil, dl-�-tocopherol and polysor-
ate 80) was  found during the 2009 influenza pandemic to be
ssociated with an increased rate of narcolepsy among European
hildren aged 4–19 years [11]. An MF59-adjuvanted influenza vac-
ine was recently shown after two immunizations a month apart
o induce higher antibody titers than unadjuvanted vaccine in chil-
ren aged 6–36 months [12]. However, no influenza vaccine has yet
een shown to be effective and safe for infants under 6 months of
ge making it imperative to develop an effective influenza vaccine
or these very young infants.

AdvaxTM adjuvant is a novel polysaccharide adjuvant derived
rom microparticles of polyfructofuranosyl-d-glucose (delta inulin)
13] that when formulated with inactivated or recombinant vaccine
ntigens has proved effective in enhancing humoral and cellular
mmunity in adult animals against a broad range of pathogens
ncluding Japanese encephalitis virus, West Nile virus, anthrax,
frican horse sickness, HIV, listeria and hepatitis B, amongst others

14–21]. Advax enhanced humoral and cellular immunity in mice to
nactivated influenza antigen, translating into improved protection
gainst influenza challenge [22]. This vaccine was  safe even when
dministered to pregnant mice, overcoming pregnancy-associated
mmune suppression and enhancing vaccine immunogenicity in
regnant dams and with a secondary benefit of enhanced pro-
ection of pups via breast milk transfer of influenza-specific IgG
23]. Advax similarly enhanced vaccine protection of adult ferrets
gainst high pathogenicity avian H5N1 influenza [24]. In a clinical
rial of a pandemic influenza vaccine it was confirmed in adults
o enhance seroprotection with minimal side effects [25]. To date,
dvax adjuvant has not been tested in infants. Given the problem
f vaccine hyporesponsiveness in young children, the current study
as undertaken to test the ability of Advax adjuvant to improve

nfluenza vaccine immunogenicity and protection in neonatal mice.
 particular objective was to test whether Advax adjuvant could
e used to achieve single-dose influenza protection of neonates,
hereby helping avoid the need for two immunizations as currently
ecommended for influenza protection of young children over 6
onths of age [4].

. Materials and methods

.1. Mice and immunization procedure
BALB/c, C57BL/6 (BL6) and �MT  (BL6 background) mice were
upplied by the central animal facility of Flinders University of
outh Australia. Each litter of neonatal mice (4–8 mice/group)
ere immunized at 7 days of age with a single subcutaneous
e 33 (2015) 4892–4900 4893

(s.c.) injection in both hind thighs with 25 �l each of 1 to 15 �g
�-propiolactone (BPL)-inactivated influenza A/Puerto Rico/8/34
(iH1N1) (Advanced Biotechnologies Inc., Columbia, MD,  USA) alone
or together with 1 mg Advax delta inulin adjuvant (Vaxine Pty
Ltd., Adelaide, Australia). Control groups were injected with saline
alone. All procedures were performed in accordance with the Ani-
mal  Experimentation Guidelines of the National Health and Medical
Research Council of Australia and approved by the Flinders Ani-
mal  Welfare Committee. Three weeks post immunization, blood
samples were collected by cheek vein bleeding or by retro-orbital
plexus bleeding under anesthesia by intraperitoneal (i.p.) injection
of 75 mg/kg ketamine and 1 mg/kg medetomidine. All immuniza-
tion and challenge experiments were repeated at least 3 times to
confirm reproducibility of results.

2.2. Influenza challenges

The virus used for challenge experiments was  a mouse-adapted
Influenza A/Puerto Rico/8/34 (H1N1) virus propagated in allan-
toic fluid of 10-day old embryonated hen’s eggs and purified by
sucrose density gradient ultracentrifugation and stored at −80 ◦C
until used. The 50% mouse lethal dose (LD50) was estimated in adult
BALB/c mice by the Reed-Muench method. One adult LD50 corre-
sponded to 1250 TCID50 on MDCK cells. Unless otherwise indicated
the virus challenge dose used was 6250 TCID50 (5 × LD50). This dose
gave 100% lethality in unimmunized neonatal mice. For challenge
studies, unimmunized control groups were routinely included to
ensure that the challenge dose was  completely lethal. In all cases,
100% lethality was  always observed in control unimmunized infant
mice. Mice were infected by intranasal administration of 30 �l of
A/H1N1 virus. A sickness scoring system based on coat condition,
posture and activity was used to assess the extent of clinical disease.
Mice were evaluated daily and scored for individual symptoms.
Ruffled fur (absent = 0; slightly present = 1; present = 2), hunched
back (absent = 0; slightly present = 1; present = 2) and activity (nor-
mal  = 0; reduced = 1; severely reduced = 2) were evaluated. The final
score was  the addition of each individual symptom score (e.g. an
animal showing slightly ruffled fur (1), slightly hunched back (1)
and reduced activity (1) was scored as 3. Mice were euthanized if
they became moribund or developed a clinical score of 6. Although
it was  not possible to blind the challenges, bodyweight and clini-
cal scores were independently audited by the Flinders University
animal welfare committee.

2.3. ELISA assays

Influenza virus specific antibodies were determined by ELISA, as
previously described [22]. Briefly, inactivated A/Puerto Rico/8/34
(PR8) antigen (Charles River, CT, USA) was  used to coat 96-well
ELISA plates. After blocking, 100 �l diluted serum samples were
added followed by biotinylated anti-mouse IgG, IgG1, IgG2a/c,
IgG2b, IgG3 and IgM (Abcam) with HRP-conjugated Streptavidin
(BD Biosciences) was  added for 1 hr. After washing, TMB  substrate
(KPL, Gaithersburg, MD,  USA) was  added for 10 min before the reac-
tion was  stopped with 100 �l 1 M Phosphoric Acid. The optical
density was measured at 450 nm (OD450 nm) using a VersaMax plate
reader and analyzed using SoftMax Pro Software. Average OD450 nm
values obtained from negative control wells were subtracted.

2.4. Surface plasmon resonance (SPR)

SPR experiments were performed with a BIAcore X100 (GE

Healthcare) and CM5  sensor chip at 25 ◦C using running buffer
HBS–EP + (10 mM HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v sur-
factant P20, pH 7.4). PR8 antigen was covalently immobilized
on fc2 using wizard amine coupling method. The CM5 chip was
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ctivated with EDC/NHS for 7 min, followed by an injection of
0 �g/ml PR8 in10 mM sodium acetate, pH 4.5. The excess acti-
ated carboxyl groups were blocked with ethanolamine for 7 min
o reach the final immobilization level of 4951 RU on fc2. Pooled

ouse antisera for each vaccine group was 40-fold diluted in HBS-
P+ buffer and injected onto the surface fc2 and reference surface
c1 at 5 �l/min for 10 min. Bound anti-PR8 antibodies were fur-
her characterized by a sequential injection of 20 �l anti-mouse
ubclass specific antibodies (20 �g/ml) with the order of anti-IgG3,
nti-IgG2b, anti-IgG2a, anti-IgG1 and anti-IgM for 180 s at 5 �l/min.
he chip was regenerated by 10 mM Glycine pH 1.7 for 30 s and
.05% SDS for 30 s. Sensorgrams were corrected by subtracting the
ignal from the reference flow channel fc1.

.5. Preparation of single-cell suspensions from bone marrow and
pleen

Mice were killed by cervical dislocation then bones and spleens
ere aseptically collected. Bone marrow was isolated from femur

y flushing 3% FBS/PBS. Spleens were homogenized by grinding
ith the plunger from a 5 ml  syringe on a 70 �m cell strainer (BD
iosciences) and were treated with red blood cell (RBC) lysis buffer.
ells were stained with trypan blue and live cells were counted by

 hemocytometer.

.6. Cytokine assays

Splenocytes (2 × 105 cells/well) were re-stimulated for 3 days
n U–bottom 96-well plates (Greiner Bio-one) with 0.5 �g/ml PR8
ntigen, the supernatants harvested and cytokines measured by
ouse Th1/Th2/Th17 cytokine CBA kit (BD Biosciences) and ana-

yzed by FCAP Array Software (Soft Flow Hungary Ltd.).

.7. In vivo CD8 T-cell depletion

For CD8+ T-cell depletion, 250 �g anti-mouse CD8a (Clone 53-
.72) (Bio X Cell, West Lebanon, U.S.A.) was injected i.p. at days
3, −1, +3 and +7 of virus challenge. Depletion was verified by flow

ytometry using peripheral blood cells treated with RBC lysis buffer
nd rat anti-mouse CD16/CD32 (Clone 2.4G2), APC-anti-mouse CD4
Clone RM4-5) and PE-anti-mouse CD8a (Clone 53-6.72) (BD Bio-
ciences) and confirmed more than 95% reduction in CD8+ T cells.
at IgG enriched from naive rat serum by 30% ammonium sulfate
recipitation was used as a negative control.

.8. ELISPOT

Ninety-six-well multiScreen filter plates (Millipore, USA) were
re-wetted with 35% ethanol then washed twice with PBS before
oating. Plates were coated at 4 ◦C overnight with 10 �g/ml PR8
or B-cell ELISPOTs or 5 �g/ml anti-mouse IL-2, IL-4, or IFN-� (all
rom BD Biosciences) or IL-17 mAb  (BioLegend, San Diego) for T-
ell ELISPOTs. The plates were washed with PBS, then blocked with
PMI 1640 + 10% FCS. A total of 4 × 105 splenocytes and 5 �g/ml
R8 were added in triplicates before the plates were incubated at
7 ◦C for 24 h (B-cell ELISPOT) or 48 h (T-cell ELISPOT). The plates
ere washed 3 times with PBS-Tween 20 and 2 �g/ml detection

ntibodies in PBS + 10% FCS were added and incubate for overnight
t 4 ◦C. After discarding detection antibodies, plates were washed

 times with PBS/Tween 20 and incubated with 1:200 dilution of

RP-Streptavidin (BD Biosciences) for 1 h at RT. After washing spots
ere visualized using AEC substrate (BD Biosciences). The plates
ere washed twice with water, dried, and analyzed by Immunospot

LISPOT system (Cellular Technology, Shaker Heights, OH, USA).
e 33 (2015) 4892–4900

2.9. In vivo CTL assay

Splenocytes were harvested from naive BL6 mouse spleens
and half of the splenocytes were pulsed with 5 �M NP366 pep-
tide (sequence ASNENMETM) for 2 h at 37 ◦C. The remaining half
was incubated without peptide. After washing with PBS, cells were
labeled by incubation for 7 min  at RT with either 5 �M CFSE (Life
Technologies) (peptide-pulsed cells, CFSEhi) or 0.5 �M CFSE (un-
pulsed cells, CFSElow). CFSE-labeled cells were washed twice with
PBS + 10% FCS. A mixture of 2 × 106 CFSEhi and 2 × 106 CFSElow cells
was then injected intravenously through tail vein. After 18 hr, ani-
mals were sacrificed, splenocytes collected and analyzed by flow
cytometry.

2.10. Statistical analysis

Mann-Whitney or Kruskal–Wallis tests were performed using
GraphPad Prism version 5.01 for Windows (GraphPad Software,
San Diego). Survival curves were created using the Kaplan-Meier
method and statistical analyses of survival curves used a log-rank
(Mantel–Cox) test. For all comparisons, p < 0.05 was  considered to
represent a significant difference. All data shown as mean ± SEM.
In figures * p < 0.05; ** p < 0.01; and *** p < 0.001.

3. Results

3.1. A single dose of Advax-adjuvanted influenza vaccine provides
protection of neonatal mice

We  first asked whether a single immunization with iH1N1 with
or without adjuvant could protect neonatal mice. Although an
intramuscular immunization route is often used in adult immu-
nization studies, it is not possible to use this route to administer
vaccine to very small pups and hence the subcutaneous (s.c.) route
was used. Seven-day-old BALB/c pups were immunized s.c. in the
hind limb with 1, 5 or 15 �g of iH1N1 with or without Advax adju-
vant. When they reached 4 weeks of age immunized pups were
challenged intranasally with homologous influenza virus. Immu-
nization with iH1N1 alone provided no protection of pups, with
rapid weight loss and death by 10 days post-challenge, even at
the highest 15 �g iH1N1 dose (Fig. 1). By contrast, complete pro-
tection was  seen in pups immunized with 15 �g iH1N1 + Advax
adjuvant (100% survival) with the pups continuing to gain weight
throughout the challenge period consistent with a lack of clini-
cal disease. Partial protection was also seen in pups immunized
with 5 �g iH1N1 + Advax (60% survival), although the survivors
lost ∼20% body weight before recovering. Immunization with
1 �g iH1N1 + Advax was not protective (0% survival). This indi-
cated that 7-day-old neonatal mice could be protected with a
single high dose of iH1N1 providing it was formulated with Advax
adjuvant.

3.2. Advax adjuvant overcomes neonatal B-cell
hyporesponsiveness

To better understand the mechanism whereby Advax adjuvant
provided enhanced single-dose vaccine protection of neona-
tal pups, the challenge study was  repeated using the 15 �g
iH1N1 + Advax dose that provided complete single-dose protec-
tion in the first study. Immunized pups were bled at 3 weeks
of age for measurement of serum anti-influenza antibodies and

then challenged at 4 weeks of age with homologous virus. Pups
immunized with iH1N1 + Advax had significantly increased serum
influenza-specific IgM, IgG1, IgG2a and IgG2b levels 3 weeks post-
immunization, whereas pups immunized with iH1N1 alone had
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Fig. 1. Single-dose vaccine protection of neonates. Seven-day-old pups (n = 5/gp) were
immunized once s.c. with indicated dose of iH1N1 alone or with Advax adjuvant then
challenged 3 weeks later with H1N1 virus. Shown are body weights (A), sickness
scores (B) and survival rates (C). All data in figures are shown as mean ± SEM.
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iH1N1 + Advax. Neonatal iH1N1 + Advax-immunized survivors all
xperiment was  repeated twice with similar results.

ow to undetectable levels of all antibody isotypes (Fig. 2A). To com-
are relative amounts of each antibody isotype in immunized pups,
urface plasmon resonance (SPR) was performed using pooled pre-
hallenge sera from each vaccine group. This revealed that pups
mmunized with iH1N1 + Advax produce predominantly IgM and
o a lesser extent IgG1, but not IgG2a, 2b or 3 (Fig. 2B). This con-
rasted with the result of previously published studies in adult mice
here immunization with iH1N1 + Advax induced IgG2a and 2b as
ell as IgG1 [22,23]. This suggests that the 7-day-old pups had

 marked Th2 isotype bias to influenza immunization, consistent
ith data reported elsewhere [26]. A subset of immunized pups

rom each group were sacrificed 2 weeks post-immunization and
he frequency of influenza-specific IgM and IgG antibody secreting
ells (ASC) measured by ELISPOT. Consistent with serum antibody,

 significantly increased (∼3–4 fold) frequency of influenza-specific
gM and IgG ASC was seen in the spleens of pups immunized

ith iH1N1 + Advax versus those immunized with iH1N1 alone
Fig. 2C). When challenged at 3 weeks post-immunization, pups
mmunized with iH1N1 + Advax gained weight, had minimal clin-
cal disease and had high levels of survival (survival 8/9, 89%,

 < 0.0001). By contrast, pups immunized with iH1N1 alone, lost
eight, had high clinical scores and all succumbed to infection

Fig. 2D).

Sera taken from iH1N1 + Advax survivors two  weeks post-

hallenge showed a large rise in influenza-specific IgG1 from
re-challenge levels, with loss of the pre-challenge IgM component,
e 33 (2015) 4892–4900 4895

(Fig. 2B), consistent with the vaccine-induced IgM-secreting B cells
having undergone an isotype switch from IgM to IgG1 production
in response to influenza virus exposure.

3.3. Advax adjuvant overcomes neonatal T-cell
hyporesponsiveness

To further characterize the mechanism whereby Advax adju-
vant enhances neonatal protection, memory T-cell responses were
assessed in immunized pups. Splenocytes were isolated from pups
3 weeks post-immunization, stimulated with iH1N1 antigen and
cytokines measured in the culture supernatants. Pups immunized
with iH1N1 + Advax had significantly higher (∼2–3 fold) influenza-
stimulated recall production of IFN-�, IL-2, IL-4, and IL-10, but
not IL-6 or TNF, when compared to pups immunized with iH1N1
alone (Fig. 3A). Thus although neonates typically have impaired Th1
vaccine responses [27], immunization with iH1N1 + Advax adju-
vant was  able to overcome this defect and enhance T-cell IFN-�
production. We  next tested by cytokine ELISPOT whether higher
cytokine recall responses in Advax-immunized pups reflected an
increased frequency of influenza-specific memory T cells. Con-
sistent with the bulk cytokine production data, pups immunized
with iH1N1 + Advax had ∼3–10 fold higher frequencies of IFN-�,
IL-2, IL-4, and IL-17 secreting memory T cells when compared to
pups immunized with iH1N1 alone (Fig. 3B). Thus, immunization
of pups with iH1N1 + Advax adjuvant successfully overcame neona-
tal immune immaturity at both the B- and T-cell level, resulting in
increased influenza-specific serum antibody levels, and increased
frequency of anti-influenza memory B cells and Th1, Th2 and Th17
memory T cells.

3.4. B cells are required for neonatal influenza protection by
Advax-adjuvanted vaccine

Interestingly, although iH1N1 + Advax induced memory T-cell
responses belonging to both Th1 and Th2 subsets as indicated by
their patterns of cytokine production, the antibody production in
these pups was solely Th2 in nature (IgM and IgG1) even after
influenza virus challenge. We  asked, therefore, whether influenza
protection in iH1N1 + Advax immunized pups was dependent on
memory B- or T-cells. �MT  mice lack mature B cells and abil-
ity to make antibody [28]. Hence, to test the role of memory
B cells in neonatal protection we immunized C57BL6 wildtype
(WT) or �MT  pups with iH1N1 + Advax and then challenged them
with influenza virus 3 weeks post-immunization. As previously
observed, C57BL6 WT  pups immunized with iH1N1 alone lost
weight and succumbed to infection, whereas those immunized
with iH1N1 + Advax survived and gained weight throughout the
challenge period (Fig. 4). By contrast, all neonatal �MT  pups includ-
ing those immunized with iH1N1 + Advax lost weight and died.
This indicates that protection of pups with iH1N1 + Advax requires
functional B cells and is not conferred by memory T cells alone.
Consistent with this result, CD8 T-cell depletion of iH1N1 + Advax
immunized WT  pups at the time of challenge did not reduce
survival, indicating that CD8 T cells were not required for pro-
tection of Advax-immunized WT  pups (Fig. 4). We  next asked
whether the inability of T cells to provide protection in �MT  pups
reflected an inability of neonates to make cytotoxic T lymphocytes
(CTL). To address this question we  performed in vivo CTL assays
post-challenge in WT  pup survivors previously immunized with
exhibited a high level of target cell killing indicating that they were
able to generate anti-influenza CTL’s in response to viral exposure
(data not shown).
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Fig. 2. Advax adjuvant overcomes neonatal B-cell hyporesponsiveness. Seven-day-old pups (n = 9–10/gp) were immunized s.c. with 15 �g of iH1N1 alone or with Advax adjuvant.
Serum  was collected 3 weeks post-immunization for antibody determination by ELISA (A). Pooled sera from the iH1N1 + Advax immunised group pre- and post-challenge
were  captured on an iH1N1-immobilized Biacore chip for SPR analysis of the relative quantities of each antibody isotype as determined by sequential injection over the
sensor  surface and depicted as relative percentage of antibody isotypes (B). Pups from each group were sacrificed pre-challenge to determine the frequency of H1N1-specific
A ith H1
r

3
A

i
a
i
n

SC  in their spleens by ELISPOT (C). Remaining immunized pups were challenged w
ate  monitored for 2 weeks (D).

.5. Absence of adverse effects in neonates receiving
dvax-adjuvanted vaccine

Potential adverse effects of Advax adjuvant were assessed in

mmunized pups, including inspection for injection site reactions
nd monitoring of feeding behavior and growth. Pups receiving
H1N1 + Advax had no evidence of injection site lesions, and showed
ormal development and weight gain comparable to control pups
N1 virus 3 weeks post-immunization and body weight, sickness score and survival

(Fig. 5). This is consistent with the absence of adverse effects of
Advax adjuvant previously seen in immunization studies of adult
mice including pregnant dams [22,23].
4. Discussion

These results confirm that Advax adjuvant is able to successfully
overcome neonatal hypo-responsiveness to inactivated influenza
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ig. 3. Advax adjuvant overcomes neonatal T-cell hyporesponsiveness. Splenocytes we
ytokine levels in the culture supernatant determined by CBA (A). The frequency of

mmunization, thereby enabling robust single-dose protection of
-day-old pups against otherwise lethal influenza infection. Immu-
ization of 7-day-old pups with a single dose of iH1N1 + Advax
djuvant induced high serum IgM and IgG1 levels and increased
he frequency of splenic influenza-specific ASC. Advax adju-
ant also enhanced cellular immunity, increasing frequencies of
nfluenza-specific memory T cells and increasing recall cytokine
roduction.

The effectiveness of Advax adjuvant in protection of neonates
tands in contrast to other adjuvants that have been shown to be
neffective in inducing neonatal influenza protection. For example,
n alum-adjuvanted influenza vaccine provided no protection in

eonatal mice [29], despite use of a very similar influenza model
o the one in the current study. This can be explained by the fact
hat alum adjuvant has reduced ability to induce IgG production, B-
ell affinity maturation and germinal center formation in neonates
rvested 2 weeks post-immunization of 7-day-old pups, stimulated with iH1N1 and
-specific T cells in the spleen of the same mice was assessed by ELISPOT (B).

[30]. The squalene oil emulsion adjuvant MF59 is currently the only
adjuvant in an approved human seasonal influenza vaccine. It was
recently reported that immunization of neonatal mice at 7 and
21 days of age with MF59-adjuvanted influenza vaccine failed to
provide protection or to enhance antibody titers, consistent with a
complete lack of MF59 effectiveness in neonates despite it enhanc-
ing protection in older infant and adult mice given the same two
dose vaccine regimen [31]. This stands in marked contrast to the
outcomes seen in the current study where Advax adjuvant induced
high serum levels of IgM and IgG1 in 7-day-old mice after just a sin-
gle vaccine dose and protected them against an otherwise highly
lethal influenza challenge. Hence, Advax adjuvant appears unique

in its ability to overcome neonatal immune hyporesponsiveness
and induce vaccine protection in such young mice.

Neonatal mice did require a higher antigen dose than adult
mice for complete influenza protection. Neonatal mice are known
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Fig. 4. Vaccine protection of neonates is B-cell dependent. Seven-day-old wild type
(WT) and �MT mice were immunized s.c. with 15 �g of iH1N1 alone or with Advax
adjuvant. One group of WT mice also received anti-mouse CD8 antibody to deplete
C
v
r

t
w
i
t
h

F
(
o
s

D8+ cells during challenge. �MT  pups were challenged with 1250 TCID50 of H1N1
irus. Shown are post-challenge body weights (A), sickness scores (B) and survival
ates (C).

o have higher susceptibility to lethal influenza than adults [32],

hich likely reflects immaturity of both innate and adaptive

mmune systems and similarly increased neonatal susceptibility
o influenza is also seen in human epidemiological data [1]. This
igh neonatal susceptibility to influenza makes the search for an

ig. 5. Advax adjuvant does not affect neonatal growth. Seven-day-old pups
n  = 10–13/gp) were immunized once s.c. with saline or 15 �g iH1N1 with or with-
ut  Advax adjuvant and the bodyweight of each pup recorded 3 weeks later. ns = no
ignificant difference between groups.
e 33 (2015) 4892–4900

effective neonatal vaccine strategy imperative. How the influenza
antigen requirement required for complete protection of neonates
in the current study might translate to doses needed to protect
human neonates cannot be predicted in advance of human studies,
but it must be noted that the vaccine regimen used in the cur-
rent study was protective after just a single dose, whereas typically
even older human infants require at least 2 doses for seroprotec-
tion. The World Health Organization consequently recommends
that infants aged 6–35 mouths receive two  7.5 �g doses of split
influenza vaccine a month apart. Hence even though a high dose
of antigen was  needed in the current study for single dose pro-
tection of neonates, there should be considerable scope to reduce
the neonatal vaccine dose by using a more typical two-dose regi-
men  of Advax-adjuvanted influenza vaccine. For example, in adult
mice we  have found protection with a two-dose regimen requires
as little as one-hundredth the dose required for single-dose protec-
tion. In future studies we will confirm whether a two-dose regimen
of Advax-adjuvanted influenza vaccine significantly reduces the
antigen dose required for neonatal protection.

Neonatal protection with the Advax-adjuvanted influenza vac-
cine was  dependent on functional B cells as protection was not
seen in immunized neonatal �MT  mice that are deficient in B cells
and are unable to make immunoglobulin. Neonatal protection with
Advax-adjuvanted influenza vaccine was  not dependent on CD8 T-
cell immunity as protection was  observed even when CD8 T cells
were depleted prior to challenge. The fact that T cells were unable
to mediate protection in immunized neonates in the absence of
antibody was  surprising as the T-cell cytokine phenotype gener-
ated in immunized pups appeared very similar to the phenotype
previously seen in adult mice in which T-cell protection could be
demonstrated [22]. This suggested that T cells in immunized pups
might have a defect in effector function, e.g. in cytotoxic T lym-
phocyte (CTL) differentiation. However when in vivo CTL assays
were performed post-challenge in surviving iH1N1 + Advax immu-
nized WT  pups, high levels of killing of influenza peptide-labeled
target cells was  seen (data not shown), suggesting the neonatal T
cells were indeed able to differentiate into CTLs. The lack of T-cell
protection in neonatal �MT  pups could instead reflect slower dif-
ferentiation of neonatal CD8 T cells into lytic CTL effectors, with
delayed CTL differentiation having been shown to be the reason
for defective neonatal protection against herpes simplex virus [33].
Furthermore, in contrast to adults, neonatal T cells were shown to
fail to proliferate and migrate into the lungs in response to influenza
infection, consistent with qualitative differences in neonatal and
adult T-cell function [32].

How did Advax adjuvant enhance protective B cell immunity
in the immunized pups? Impaired antibody production and affin-
ity maturation in immunized neonates have been correlated with
impaired expansion of T follicular helper (TFH) lymphocytes, as
shown in neonatal mice immunized with tetanus toxoid absorbed
to alum adjuvant [34]. Poor neonatal germinal center formation
post-immunization has been correlated with a delayed maturation
of follicular dendritic cells (fDCs) [35]. Notably, MF59-adjuvanted
influenza vaccine failed to induce germinal centers and antibody
responses in 7-day-old mice associated with a failure of induction
of functional TFH cells [31]. Thus most adjuvants with the excep-
tion of Advax are incapable of correcting neonatal immune defects
in B-cell function. The central importance of TFH and fDC in opti-
mal  neonatal vaccine responses suggests that Advax through a yet
to be determined mechanism improve activation and expansion of
neonatal TFH cells and/or fDCs.

Interestingly, although iH1N1 + Advax immunization induced

almost exclusively IgM and IgG1 isotypes in pups consistent with
a Th2-dominated response, it induced memory T cells belonging
to Th1 and Th17 as well as the Th2 subset. This is interesting
as Th2 recall responses typically dominate in neonates [36]. Both
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urine [37] and human [38] newborns have been reported to have
mpaired IL-17 and IFN-� responses, with the latter caused by low
endritic cell IL-12 production [27]. It was therefore surprising that
dvax-adjuvanted vaccine induced such a robust IFN-� (Th1) recall
esponse in neonates. The mechanism by which Advax overcame
he normal neonatal Th2 bias is not known but may  potentially
e very advantageous. Excess Th2 bias can cause eosinophilic lung

mmunopathology as has been seen after either SARS coronavirus
SARS)[39], or respiratory syncytial virus (RSV) [40] immunization.

 recent study showed formulation of inactivated or recombinant
ARS vaccine with Advax adjuvant not only enhanced protection
gainst SARS but also prevented eosinophilic lung immunopathol-
gy [39]. Hence, the ability of Advax adjuvant to enhance neonatal
h1 responses and reduce their otherwise overwhelming Th2 bias
ould be of major benefit for neonatal vaccines particularly where
here might be risk of Th2 bias otherwise inducing eosinophilic lung
mmunopathology.

A key consideration when developing vaccine adjuvants for
otential use in neonates is safety and tolerability. Children
re highly prone to febrile convulsions and at least one sea-
onal inactivated influenza vaccine has had to be withdrawn
ue to excess reactogenicity and pyrogenicity in young children
10]. Although in this study 7-day-old pups received exactly the
ame Advax dose (1 mg)  previously used in adult mouse stud-
es, no adjuvant-related adverse effects were observed. Future
ose-response studies will test whether lower doses of Advax
an be used for pups. However it was a testament to Advax’s
afety that pups which weighted just a few grams were able to
olerate the full adult dose. When administered to adult mice,
ven human sized doses of 10–20 mg  of Advax did not induce
yrexia (unpublished data). While we had no means to mea-
ure temperature in the 7-day-old pups, there was  no indication
f pyrexia post-immunization, which in neonates would typi-
ally be associated with a loss of body weight. Similarly, no
dverse effects on pregnant dams or their pups were observed
hen Advax was administered during pregnancy [23]. Advax has

lso already been shown to be safe and well tolerated in adult
uman trials, with no evidence of any potential to induce pyrexia
25,41].

The ability of Advax adjuvant to enhance neonatal vaccine
rotection raises many questions, including the nature of the mech-
nisms whereby Advax adjuvant is able to correct for neonatal B-
nd T-cell immaturity. Notably, injection of Advax adjuvant alone
ithout antigen did not provide any non-specific protection against

nfluenza [22,24]. This contrasts with the non-specific virus protec-
ion due to nonspecific innate immune activation seen with CpG
ligonucleotides and other TLR agonists [42,43]. This together with
he fact that it doesn’t induce pyrexia even when administered at
igh doses suggests that Advax is not working through traditional
LR-mediated signaling pathways. However, the exact mechanism
f action remains an area of active investigation.

In conclusion, this pilot study in 7-day-old mice showed
dvax adjuvant was able to overcome neonatal immune imma-

urity with enhancement of influenza-specific antibody and T-cell
esponses and single-dose vaccine protection against otherwise
ethal influenza infection. The use of Advax adjuvant was not asso-
iated with any adverse effects, supporting the strong safety data
een in other animal models and in adult human clinical trials.
here is an ongoing need for an influenza vaccine effective in chil-
ren under 6 months. The challenge now will be to see whether
his promising murine data with Advax adjuvant translates into
imilar benefits in larger animal models and ultimately in human

nfants. These findings also raise the possibility that Advax adju-
ant might similarly beneficially enhance the immunogenicity of
ther vaccines directed at neonates, for example RSV, TB or malaria
accines.
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