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Abstract

Introduction: Neonates are less responsive to vaccines than adults, making it harder to protect
newborns against infection. Neonatal differences in antigen presenting cell, B and T cell function,
all likely contribute. A key question is whether novel adjuvants might be able to make neonatal
vaccines more effective.

Areas Covered: This review addresses the issues of how to improve neonatal vaccines, which
we have defined as vaccines given in the first 4 weeks of life in a human infant or the first week of
life in a mouse. A search was performed using keywords including ‘neonatal immunity’, ‘neonatal
immunisation’, ‘vaccine’ and ‘adjuvant’ of PubMed articles published between 1960 and 2018.

Expert Opinion: Sugar-like structures have recently been shown to prime the infant adaptive
immune system to respond to vaccines, being potentially more effective than traditional adjuvants.
Sugar-based compounds with beneficial adjuvant effects in neonatal vaccine models include delta
inulin (Advax), curdlan, and trehalose 6,6’-dibehenate. Such compounds make interesting neonatal
adjuvant candidates, either used alone or in combination with traditional innate immune adjuvants.
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1. Pediatric respiratory virus disease burden

According to the World Health Organization (WHO), 2.8 — 3.3 million deaths annually
occur in the first four weeks of neonatal life [1]. Fifty-two percent of the 6.3 million children
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who died under 5 years of age in 2013, died of infectious causes, with viruses, bacteria and
parasites all contributing to infant morbidity and mortality [2]. Influenza and respiratory
syncytial virus (RSV) are common causes of acute lower respiratory infections (ALRI) in
children. Influenza having an annual global attack rate of 20-30% in children (versus 5-
10% in adults) [3]. Children aged <5 years have greater rates of hospitalisation and
complications, particularly in the presence of co-existing illnesses [4-8]. In a cohort of 209
US infants monitored weekly from birth to 1 year of age, 33% developed influenza infection
[8]. In a retrospective cohort study of children hospitalized with community-acquired
influenza during 4 consecutive influenza seasons (July 2000 through June 2004), 25% were
<6 months old and 77% were children <5 years old [6]. In 2008 alone, an estimated 28,000
to 111,500 children died worldwide as a result of influenza-associated ALRI [9]. Annual
global burden of RSV-associated ALRI is estimated at 33 million cases resulting in > 3
million hospitalizations and ~60,000 deaths in those under 5 years of age, with RSV in
children under the 1 year of age accounting for 9 times more deaths than influenza [10-16].
Around 80% of children have developed RSV-specific antibodies by 18 months of age and
by 3 years virtually all children have been exposed [17].

2. The neonatal immune system

The newborn immune system has traditionally been viewed as immature [19,20] with
Medawar and colleagues proposing the immaturity of the newborn immune system
functioned as a barrier to autoimmunity [21]. Although mature a.p T and B cells can be
detected in the fetal liver from 8 weeks of gestation [22], the newborn immune system
exhibits a reduced response to active immunization with neonates responding to
immunization with qualitatively and quantitatively lower memory immune responses[23]. It
has more recently been suggested that reduced neonatal immunity is not a defective state of
immaturity, but rather reflects necessary adaptation of the immune system to the demands
placed on it in early life[22]. Regardless, the problem remains that vaccination during the
neonatal period results in lower antibody and T cell responses compared to adults, resulting
in reduced ability to use vaccines to prevent neonatal morbidity and mortality from
infections.

3. Potential role of adjuvants in enhancing neonatal vaccine responses

Successful neonatal vaccines will require development of strategies to overcome these
reduced adaptive immune responses in infancy. Traditional inflammatory adjuvants, improve
adult vaccine responses, but are less successful in neonates [24,25]. Adjuvants act in a
variety of ways to increase recruitment of immune cells to the site of injection, enhance
migration of activated APCs to the draining lymph node, increase uptake of the Ag by
APCs, increase APC antigen presentation and co-stimulation, all resulting in enhanced
adaptive immune responses (reviewed in [26-28]). In adults, this manifests in a higher
frequency of CD4* T helper cells, and higher antibody (Ab) titers. A key question is whether
such benefits of adjuvants can be utilised to create more effective neonatal vaccines. This
review explores the problems of neonatal immunization and identifies potential adjuvant
solutions, focussing on new findings in respect of unique benefits of sugar-based adjuvant
compounds.

Expert Rev Clin Immunol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sakala et al.

Page 3

4. Factors underlying reduced neonatal vaccine responses

Low and/or delayed responses to many vaccines are seen in neonatal animal models
[19,39,40] reflecting what is seen in human newborns. Neonates have reduced vaccine
responses because of differences in both innate and adaptive immune pathways when are
compared to adults [23,41,42]. Furthermore, passively acquired maternal Abs which help
protect neonates against early-life infections, may also contribute to inhibition of neonatal
vaccine responses by antigen interference [43-45]. The features of the neonatal immune
system are illustrated in Figure 1 [20,23,44]. The immune system in early-life is skewed
towards immune tolerance because of the need to avoid autoimmunity and inflammatory
immunopathology. This is reflected in increased activity of suppressive T regulatory cells
[46,47], reduced antigen presenting cell (APC) function, a higher threshold for B cell
activation, reduced production of immune effectors such as inflammatory cytokines, and a
bias to a T helper type 2 (Th2) phenotype [48].

APCs, including dendritic cells (DC), macrophages and monocytes, express a range of
receptors/molecules that respond to pathogen-associated molecular patterns (PAMPS) and
damage-associated molecular patterns (DAMPSs). There are four major classes of such
receptors which includes the toll-like receptors (TLRs), Nod-like receptors (NLRS), retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs) and C-type lectin receptors (CLRS).
Activation of these receptors results in innate immune stimulation and increased pro-
inflammatory cytokine production and upregulation of co-stimulatory molecules (CD40,
CD80, CD86, MHC-II) facilitating increased Ag presentation to memory T and B cells. In
neonates, APCs express low basal levels of co-stimulatory molecules and MHC-II, and have
a decreased ability to produce cytokines, particularly interleukin-12 (IL-12), in response to
TLR stimulation [23,49,50]. The downstream effect is reduced activation and expansion of
memory T and B cells. While inflammatory adjuvants based on PAMPs and DAMPs
enhance APC function and are effective in adults [28], these are on the whole poorly
effective if at all in neonates. This suggests that the development of effective neonatal
adjuvants will require a fresh approach and cannot simply rely on repurposing adjuvants
shown to work in adults.

Follicular DCs (FDCs) play an essential role in B cell responses as they capture/retain Ag in
the form of immune complexes for extended periods and thereby draw together Ag-specific
B and T cells [51-53]. FDCs develop slowly after birth, resulting in delayed germinal center
(GC) formation and ability to produce high affinity Ab [54]. Abs currently define the
correlate of protection for the majority of successful vaccines against infectious agents [56].
Even if vaccines induce Ab responses in neonates, the induced Ab are quantitatively lower
and qualitatively inferior compared with older individuals [20]. Lower neonatal Ab
responses reflect limitations of both GC and extrafollicular plasma cell responses. Low APC
Ag expression combined with low expression of costimulatory molecules causes reduced B
cell receptor (BCR) signalling and hence less Ab avidity maturation and isotype switching
[23,57,58-61]. In neonates there is slow maturation of marginal zone neonatal B cells, a
subset of PAMP-responsive B cells that mount rapid T-independent extra follicular B cell
responses [40]. Extrinsic factors that influence the magnitude, persistence, or quality of
neonatal vaccine responses also include maternally-derived Abs [44,62] and an increased
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frequency of CD4* Foxp3™ regulatory T cells (Treg) [46,63]. Maternal Abs reduce neonatal
vaccine responses through masking neutralizing Ab epitopes, binding to the Fcy-receptor
2B, disposing of antigen and neutralizing attenuated vaccine vectors [43,44]. Tregs are
present at higher levels at birth and administration of BCG or HBV vaccines to mice
together with anti-CD25 Ab treatment to deplete Treg resulted in higher vaccine responses
[65][66]. In human infants, malaria infection was associated with increased malaria-specific
Tregs [68] and this correlated with decreased responses to BCG vaccination persisting to 1
year of age [69]. Hence adjuvants that reduced Tregs could be beneficial for neonatal
vaccines. A problem is that traditional PAMP-based adjuvants such as TLR agonists
typically stimulate Tregs and anti-inflammatory cytokines such as IL-10 in neonates thereby
hindering rather than helping neonatal vaccine responses [64].

CD4* and CD8* ap T lymphocytes are the main adaptive immune cells responsible for B-
cell help and cytotoxic killing of infected cells, respectively. During responses to vaccination
or acute infection, Ag-specific CD4+ T cells proliferate and differentiate into different Th
subsets: e.g. Thl, Th2, Th17, T follicular helper (TFH) cells, which are characterized by
different cytokine profiles that mediate their functions. Diminished T cell responses
predispose neonates to infections by intracellular pathogens. Impaired T-cell function in
early life is attributed to a low T cell precursor frequency plus reduced quantity and quality
of APCs [23,70]. The dominant anti-inflammatory cytokine milieu preferentially supports
development of Th2 rather than Th1 responses. Moreover, as shown in mice the expression
of the IL4Ra/IL13Ra heteromeric receptors by neonatal Th1 cells renders them susceptible
to apoptosis upon IL-4 binding [71]. Nevertheless, the reduced Thl capacity in neonates is
not absolute because they can develop Thl responses to some infections and vaccines e.g.
BCG [72,73], pertussis [74] and cytomegalovirus infections [75]. Memory T-cell subtypes
are critical to vaccination, as they affect the type and quality of B-cell responses. In mice,
Th1 cytokines induce class switching to 1gG2 and IgA [80], whereas Th2-type cytokines
primarily induce IgM, IgG1, IgA and IgE antibodies [79]. TFH cells are essential for the
generation of high-affinity memory B cells through the GC reaction producing I1L-21 plus
IFN-y or IL-4, inducing 1gG2a/c and 1gG1 Ab production, respectively [83-86]. Also, TFH
cells play an important role in promoting IgA production, and homing of IgA-committed B
cells to mucosal sites. TFH cells in tonsils and Peyer’s patches produce 1L-21 that
synergizes with transforming growth factor B1 (TGF-B1) to skew isotype switching toward
IgA [87,88]. IL-21 also downregulates CXCR5, the chemokine receptor that promotes
follicular localization of B cells and upregulates CCR10, the chemokine receptor that
facilitates the migration of IgA class-switched B cells to local mucosal effector sites [89,90].
Limited neonatal GC B cell and plasma cell responses have been correlated with delayed
maturation of FDCs and reduced expansion of TFH cells [91,92]. As TFH cells likely limit
humoral responses to vaccines in early life [92], adjuvants that support neonatal TFH cell
differentiation could be beneficial in improving neonatal vaccine responses

5. Lessons from successful neonatal vaccines

Given the difficulties of neonatal vaccination, much could be learned from the few vaccines
that have proved successful in the neonatal period [42,94-96]. BCG and HBV vaccines are
routinely administered to neonates as part of the Expanded Program of Immunization (EPI)
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schedule. Gaining insight into how these vaccines induce neonatal protection may help in
development of strategies to induce protective neonatal responses to other vaccines. BCG is
a live attenuated Mycobacterium bovis vaccine administered as a single dose within the first
few days of life in developing countries to prevent tuberculous meningitis and disseminated
TB in children. BCG contains inherent adjuvant activity, expressing factors that stimulate
PAMP receptors including TLR-2, TLR-4 and TLR-9, NOD2 and MINCLE [97,98]. The
effectiveness of BCG has been linked to its ability to induce a strong neonatal Th1 immune
response due to activation of all these PAMP receptors [72,73,99]. This indicates that the
right immune signals can induce favourable adaptive immune responses in early life.
Nevertheless, poor BCG efficacy in regions closer to the equator has been associated with
prior Treg induction by environmental mycobacteria [103], highlighting the challenges even
for a successful neonatal vaccine like BCG.

HBV vaccine formulated with aluminium salt adjuvants (hydroxide or phosphate), is the
other immunization administered at birth to reduce the risk of mother-to-infant transmission
of HBV [99,105-107]. Children routinely receive three doses of HBV vaccine as part of
childhood immunization schedules with the first dose administered within 24 hours of birth
and the second and third dose administered at 1 — 2 months and 6 — 18" mouths of age,
respectively. This strategy is highly effective in preventing acute and chronic HBV infection
in infants born to mothers who are HBV positive [37]. Notably, the dynamics of preventing
infection at the time of birth by a birth dose of HBV vaccine is different to the use of birth
doses of vaccine to protect against prospective infections such as influenza or RSV, where
short duration low level immunity induced by a birth dose may not be sufficient to protect
for more than a few weeks after vaccine administration, if at all.

WHO also recommends an oral polio vaccine (OPV) dose at birth followed by a series of
three further OPV doses in polio-endemic countries [108]. More than half of newborns that
received a monovalent-OPV had seroconverted 30 days after priming [110], showing this
strategy to be effective. However, OPV is a live infectious vaccine that also contains RNA
thereby ensuring its ability to activate both DAMPS and PAMPS, effectively acting as inbuilt
adjuvants [109], and this likely explains its effectiveness in neonates.

As opposed to the few vaccines mentioned above, most vaccines are only administered after
the neonatal phase has passed. Starting at 2 months of age, vaccines administered to infants
include rotavirus vaccine (2 and 4 moths), diphtheria, pertussis, tetanus (DTaP) (2, 4, 6, and
15-18 months), Hib conjugate (2, 4, 6, 12-15 months), pneumococcal conjugate (PCV; 2, 4,
6, 12-15 months), IPV (2, 4, 6-18 months), seasonal influenza (6 months and older),
measles, mumps, and rubella (MMR) (12 months), varicella (12 months), and hepatitis A
(12-18 months) (reviewed in [99,117]). The major reason for this delay is two-fold; first,
there is an age-dependent increase in seroconversion rates if vaccination is delayed and also
this delay avoids much of the potential problem of maternal antibody interference [40]
[20,40,43].

Many attempts to immunize children at birth with other vaccines have been unsuccessful.
For example, immunization at birth with pertussis vaccines resulted in a reduced response to
pertussis boosters at up to 5 months of age, which was independent of maternal Abs [113].
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Conversely, if immunization was delayed until 3 weeks of age the serological response to
pertussis was significantly improved [114,115]. A study of rotavirus vaccine similarly found
the response was less robust, the earlier in life the vaccine was given [116]. Questions are
also raised of whether neonatal vaccination might induce persistent immune hypo-
responsiveness, due to immune paralysis, tolerance or Ag interference [99,118,119]. For
example, DTaP vaccine given at birth was associated with significantly reduced Ab
responses to DTaP boosters through to 7 months of age [120].

In summary, two of the 3 vaccines given at birth are live organisms (BCG, rotavirus) that
express multiple inbuilt PAMPs and in the act of infection also induce endogenous DAMPS,
thereby explaining their effectiveness. The third example is a recombinant antigen (HBsAQ)
where the role of the birth dose of this vaccine is just to protect against immediate infection
transmission at the time of birth, with subsequent immunity provided by additional
immunisations starting at 2 months. The key question is whether specific adjuvants or
adjuvant combinations could be used to replicate the effects of the live BCG and rotavirus
vaccines and thereby improve neonatal vaccine responses.

6. Neonatal vaccines against influenza and RSV

ALRI are the most common cause of infant mortality worldwide, with influenza, RSV,
parainfluenza and human metapneumovirus being the most common causes of ALRI in
children [9,123,124] [125,126]. Vaccination is the primary strategy for prevention of
influenza [127,128]. Currently licensed influenza vaccines include trivalent or quadrivalent
inactivated vaccines (TI1V/QIV) and intranasal live attenuated influenza vaccine (LAIV)
[129]. Even though both TIV/QIV and LAIV are effective in preventing influenza and its
associated complications in children 6 months and older, neither of them are indicated for
neonates due to poor responses to inactivated vaccines and increased side effects from LAIV
vaccines [130,131]. A single dose of TIV failed to induce seroconversion against HIN1
strains in infants less than 3-5 months of age and seroprotection was only seen in ~29% of
infants even after a second dose, with a correlation between the age of first immunisation
and the rate of seroconversion [132]. This leaves neonates highly vulnerable to infection in
the absence of an effective neonatal influenza vaccine.

No vaccine is licensed anywhere in the world for the prevention of RSV disease. The initial
RSV vaccine tested in 1960s was a formalin-inactivated whole-virus vaccine formulated
with alum adjuvant [135]. Although infants immunized with a 3-dose series administered
between 2 and 7 months of age developed RSV-specific serum Ab responses, these were
non-neutralizing, failed to protect against RSV infection and ultimately exacerbated
infection outcomes (vaccine-enhanced disease) [136][137]. Major obstacles remain to
successful development of a neonatal RSV vaccine. Although a high serum neutralizing Ab
titer is able to prevent ALRI due to RSV in adults, it is more difficult to induce high Ab
levels in neonates. Even if an adjuvant could induce high Ab responses in neonates, there is
still the issue of vaccine-enhanced disease. Data from rodent models suggest that vaccine-
enhanced disease is associated with priming of an excessive Th2 response, a factor
exacerbated by the Th2 adjuvant, alum [144,145]. Although alternative adjuvants, most
notably TLR agonists, have been suggested to overcome the problem of RSV vaccine-
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enhanced disease in animal models, even TLR agonists have a Th2 bias in young infants and
ability to use this strategy to prevent vaccine-enhanced disease has yet to be confirmed in
human infants.

7. Adjuvants for neonatal vaccines

Novel adjuvants may assist the development of effective neonatal vaccines with the current
major focus being on TLR agonists. TLR2 and TLR5 ligands primarily enhance Ab
production whereas TLR3, 7, 8 and 9 ligands promote a Th1 polarized response (reviewed in
[28,151]). Monophosphoryl Lipid A (MPLA), a TLR4 ligand when combined with alum or
QS21 enhances Ab response. However, while these TLR adjuvants have been demonstrated
to be effective in older children and adults, there is still no guarantee that they will work in
human neonates. Neonates exhibit reduced responsiveness of TLR and inflammasome
pathways [64,155,156]. In particular, they have a defect in pro-caspase 1 cleavage that
contributes to the low responses of human neonatal cells to adjuvants targeting the IL-1p/
inflammasome pathway [155]. Endosomal TLRs such as TLR-3 or =7 may have better
preserved activity in neonates [157-159] but in our experience are still not able to fully
compensate for the reduced responses to influenza vaccine in neonatal mice (manuscript in
preparation).

As depicted in Figure 2, addition of an adjuvant to neonatal vaccine formulations might help
accelerate maturation of the neonatal immune system, thereby enhancing Ag presentation,
increasing T and B cell co-stimulatory signals and overriding reduced neonatal vaccine
responses. Adjuvants could potentially be used to enhance neonatal TFH T cell responses,
increase the frequency and quality of GC and memory B cell responses and thereby enhance
high-affinity broadly neutralizing Ab production in addition to enhancing cellular (Th1)
immunity [163-165]. Unfortunately, there is a paucity of available data on the utility of
adjuvants to enhance immune responses to vaccines in human neonates. While alum
adjuvanted HBV vaccine is effective in infants and adults, it was not effective in preterm
neonates [169-172].

Most neonatal data on novel adjuvants still comes from neonatal animal models, with
uncertainty as to how well this might reflect the situation in human neonates. The squalene
oil emulsion adjuvant, MF59, failed to induce protective influenza antibody responses when
used to immunize 7 day old mice vaccine, even when a second booster dose was
administered [93]. By contrast, a lipidated TLR7/8 agonist was reported to enhance B cell
responses to a polysaccharide pneumococcal vaccine when administered to rhesus macaques
on the first day of life [164]. Overall, there is a paucity of data to demonstrate that traditional
adjuvants used in adults, are effective in neonates.

8. Benefits of sugar-based adjuvants in neonatal vaccines

As noted previously, BCG is one of the few vaccines that is effective in newborns. BCG
expresses glycolipids, glycopeptides and other sugar-based structures that are potent
activators of the innate immune system. The success of BCG raises the question of whether
sugar-based immune activators may be able to preferentially activate the neonatal immune
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system. Trehalose 6,6’-dibehenate (TDB) is a synthetic analog of mycobacterially-expressed
trehalose-6,6-dimycolate (TDM) that targets the PAMP receptor, MINCLE (macrophage
inducible Ca2*-dependent lectin receptor). TDB was shown to activate human newborn DCs
and enhanced Th1 polarizing cytokine production by DCs when given in combination with a
TLR7/8-ligand [166]. TDB enhanced protection against influenza in immunized neonatal
mice through the induction of Tfh cells and high-affinity plasma cells [165]. CAF01, a
cationic adjuvant formulation consisting of TDB in dimethyl dioctadecyl ammonium (DDA)
delivery vehicle successfully induced Th1/Th17 responses in murine neonates [167].
Curdlan, a water-insoluble linear beta-1,3-glucan produced by bacteria was also been shown
to enhance Th1l responses to a subunit TB vaccine [165] and an influenza vaccine in
neonatal mice [168]. Zymosan, a glucose-based polysaccharide expressed by yeast that
activates multiple PAMP receptors including TLR2 and the glucan receptor, induced
comparable cytokine levels in cord blood and adult blood monocytes and DCs [178]),
raising the possibility it may also be an effective neonatal adjuvant.

The above data supports the hypothesis that sugar-based compounds may uniquely activate
the neonatal adaptive immune system in a way that supports the induction of more adult-like
memory responses. Although the exact mechanism for this favourable action is not known,
TDB is known to activate MINCLE and Curdlan activates Dectin-1. MINCLE and Dectin-1
are both C-type lectin receptors. TDB and Curdlan have been shown in neonatal mice to
enhance protection against influenza through the induction of TFH, GCs, and bone marrow
high-affinity plasma cells [165]. This suggests that activation of C type lectin receptors by
sugar-based compounds may specifically bypass blocks to other innate immune pathways in
neonates and thereby boost neonatal vaccine responses.

9. Deltainulin (Advax) as a neonatal vaccine adjuvant

Delta inulin, a plant-based polysaccharide, is the basis of Advax adjuvant. Inulin is a fructan
comprised of a linear chain of fructose units connected by p-(2-1) glycosidic bonds and
capped at the reducing end by an a-D-(1-2)-glucopyranoside ring [182,183]. The inulin
must be crystallized into microparticles known as delta inulin to become adjuvant active,
with soluble inulin having no measurable immunological activity. Advax alone or in
combination with TLR agonists has proved effective in enhancing humoral and cellular
immunity in adult animals against a broad range of pathogens including influenza, Japanese
encephalitis virus, West Nile virus, tuberculosis, anthrax, African horse sickness, HIV,
listeria and HBV, amongst others (reviewed in [183]). Advax adjuvant similarly afforded
complete protection to murine pups vaccinated at seven days of age with a single-dose of
inactivated influenza vaccine whereas the influenza vaccine alone provided no protection
[163]. The Advax-formulated vaccine induced significantly higher levels of serum influenza-
specific Ab of both Thl and Th2 isotypes plus a 3—4 fold increase in the frequency of
influenza-specific IgM and 1gG secreting cells in the spleen and bone marrow [163]. Pups
immunized with Advax-formulated vaccine also had significantly higher influenza-specific
T cell production of IFN-y, IL-2, IL-4, and IL-10 together with a 3-10-fold higher
frequency of influenza-specific T cells on ELISPOT secreting IFN-y IL-2, IL-4 and IL-17
[163]. No adverse effects were observed in the Advax-immunized pups even although they
received the same 1 mg dose of Advax used in adult mice. The ability of Advax adjuvant to
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enhance neonatal influenza vaccine protection so effectively raises many questions,
including the nature of the mechanisms whereby it achieves this effect. Notably, in exactly
the same neonatal influenza model we have shown that the TLR9 agonist, CpG2006, had no
adjuvant activity and provided no protection to the 7 day old immunised pups (manuscript in
preparation). Neonatal protection with Advax-adjuvanted influenza vaccine was dependent
on functional B cells as protection was not seen in immunized UMT neonates that were B
cell deficient [163].

The exact mechanism(s) by which Advax enhances the immunogenicity of influenza vaccine
in animal models and human clinical trials has yet to be determined. Delta inulin does not
activate classical inflammatory innate immune receptors such as the TLRs, but instead
works through another receptor or non-receptor mechanism to modulate the function of DCs
[182,184] inducing chemotaxis and enhancing expansion of memory T and B cells. In
murine TB studies, addition to Advax to a TLR9 agonist, CpG oligonucleotide (Advax-
CpG), improved both the immunogenicity and protective efficacy of a novel TB vaccine
candidate, CysVac2 [192]. Immunization with CysVac2 with Advax-CpG resulted in
heightened release of the chemoattractants, CXCL1, CCL3, and TNF-a, and rapid influx of
monocytes and neutrophils to the site of vaccination, with pronounced early priming of
CysVac2-specific CD4* T cells.

Human subjects immunized with Advax-adjuvanted seasonal influenza vaccine had
increased serum neutralising antibody titers with an increased frequency of plasmablasts
seen in their peripheral blood days 7 post vaccination [185]. These plasmablasts when sorted
and sequenced exhibited a 2—3 fold higher rate of non-silent mutations in the B cell receptor
(BCR) heavy chain complementarity-determining region (CDR3). This was associated with
higher plasmablast expression of activation-induced cytidine deaminase (AICDA), the major
enzyme controlling BCR affinity maturation, providing a mechanism to explain the
enhanced neutralising antibody responses seen in subjects receiving Advax adjuvant.

While studies are ongoing in animal models to determine how Advax adjuvant enhances
humoral immune responses, preliminary results suggest this is dependent on enhanced
activation of CD4+ T cells. We thereby hypothesize that Advax increases the frequency of
TFH cells which then act to enhance antigen-specific B cell activation, BCR affinity
maturation, 1gG switching and production of high avidity Ab. Whether this action of Advax
on enhanced activation of CD4+ T cells might be mediated by interaction with one or more
C type lectin receptors expressed on APC is not known. However, Advax’s non-
inflammatory effect on human PBMC suggests it is not acting through one of the pro-
inflammatory types of C type lectin receptors such as MINCLE, Dectin-1 or-2 or DC-SIGN.

10. Use of combination adjuvants in neonatal vaccines

Compared with the effects in adult blood, LPS (TLR4), Pam3CSK4 (TLR2), flagellin
(TLR5) or Poly I:C (TLR3) stimulated weaker inflammatory cytokine production in cord
blood monocytes. A Haemophilus influenza B vaccine, adjuvanted with the outer membrane
protein (OMP, Porin B (PorB) from Neisseria meningitidrs), a TLR2 agonist, induced
minimal Ab in neonates and was only protective when the first dose was given after 2
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months of age. This suggests that TLR signals alone may be relatively inefficient in
stimulating neonatal vaccine responses. Furthermore, TLR-7/8 and TLR-9 adjuvants, which
induce Th1 responses in adults, paradoxically induce Th2 responses in neonates. Notably,
Advax can be combined with traditional innate immune activators, such as TLR and NOD2
agonists, to further enhance its adjuvant activity. Notably when co-formulated with CpG
oligonucleotide, Advax not only enhanced the immunogenicity of a SARS coronavirus
vaccine but also prevented vaccine-associated eosinophilic lung pathology, a problem
exacerbated by formulation of SARS vaccine with an alum adjuvant [191]. Hence, it will be
interesting to see how the co-formulation of Advax and CpG oligonucleotide performs in a
neonatal setting.

Conclusion

There is a major need for vaccines that can be used to protect young infants. Emerging data
suggests that particular immune pathways, including the C type lectin receptors, that
respond to sugar structures may be particularly effective at activating the infant immune
system. This may help explain the beneficial effects on neonatal vaccine responses of sugar-
based compounds including delta inulin (Advax), curdlan, and TDB. Hence, additional
research into these alternative immune pathways induced by sugar-based compounds might
help elucidate additional compounds able to enhance neonatal vaccine responses. This is a
promising area of investigation for development of neonatal vaccines against pathogens that
cause significant infant morbidity and mortality including influenza and RSV.

7. Expert Opinion

The millions of deaths in neonates and infants from infectious disease annually, emphasize
the need to develop more effective strategies for early-life immunization. The success of
BCG and rotavirus vaccines given at birth is proof-of-concept that effective and safe
neonatal immunization is feasible [34,193]. A framework to allow discovery of neonatal
age-specific adjuvants is needed. Comparing responses of various immune-stimulators in
cord and adult blood may not translate to complex adjuvant effects /n vivo [176,194-196].
Ultimately, answers will only come from human neonatal studies of vaccines containing
novel adjuvants. To assist progress, there is a need to define and validate specific neonatal
biomarkers of vaccine and adjuvant safety and efficacy. The beneficial effects in neonatal
animal models of sugar-based adjuvants such as delta inulin, curdlan, and TDB on neonatal
vaccine responses highlights the ability to identify compounds able to enhance neonatal
vaccine responses. To understand the specific benefits of these compounds, more research is
needed into the differences in immune signalling pathways between newborns and adults.
Systems biological analysis of the host response to vaccination has provided new insights
into the adult immune response to vaccination, [197,198]. Systems biology approaches
employ high-throughput molecular and cellular measurements called ‘OMICs’ analysis
[199]. For example, transcriptomic analyses showed early gene signatures following
vaccination were predictive of subsequent measures of immunogenicity for seasonal
influenza [200]. These high-dimensional methodologies could be applied to characterization
of neonatal vaccine induced molecular signatures that correspond to protection [201-203].
The importance of formulation to vaccine effectiveness is often overlooked, and hence there
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is also a need for research into development of new and improved formulations and stable
delivery systems to improve neonatal vaccine immunogenicity. New knowledge will help in
the rational design of neonatal vaccines and adjuvants, reduce empiricism and lessen the risk
of failed vaccine candidates, thereby expediting the development of effective neonatal
vaccines.
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Article Highlights

. Influenza and RSV infections cause high morbidity in neonates, requiring
better vaccines

. Neonatal responses to non-living vaccines are low and unprotective

. Live BCG vaccines that are effective in neonates express immune activators
including trehalose-6,6-dimycolate

. Multidose Hepatitis B and polio vaccine regimens have shown benefit when
the first dose is given to neonates

. Sugar-based adjuvants including delta inulin (Advax), curdlan and trehalose
6,6’-dibehenate enhance neonatal vaccine responses

. Such sugar-based adjuvants may help solve the need for neonatal influenza
and RSV vaccines
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Figure 1. Challenges to neonatal immunization related to characteristics of the newborn immune
system.

Differences in the neonatal immune system has an effect on increased susceptibility to
infection and decreased vaccine efficacy. The recognition of infectious agents is reduced in
early life and it is therefore easier for a pathogen to invade the host. Neonates are also less
experienced so have no immune memory against infection. (2) Decreased vaccine efficacy.
In a similar fashion to infection, reduced recognition of vaccine antigens as foreign means
that induction of protective memory responses to vaccines are reduced. There is also an
effect of maternally derived antibody that may mask key epitopes of the vaccine. Therefore,
a successful vaccine formulation should be able to circumvent or overcome the functional
peculiarities of the neonatal period. Abbreviations: APC = Antigen presenting cells. (Refs:
[20,23,44])
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Figure 2. Overcoming functional differences in neonatal immune system through use of vaccine
adjuvants.

Adjuvants enhance immunogenicity of neonatal vaccines through innate activation and via
enhancement of multiple aspects of adaptive immunity. Adjuvants can activate APC, such as
monocytes and dendritic cells and increase cytokine production and co-stimulatory marker
expression, which improves the priming of naive CD4" T cells. Following activation and
antigen presentation, CD4* T cells can differentiate into T follicular helper cells, which are
necessary in the germinal center reaction to assist B cells in generating effective antibodies.
Improvement in memory and plasma B cells enhances antigen detection and neutralization
through increased production of high-affinity antibodies. Abbreviations/key to
understanding. TLR=Toll-like receptor; CpG-ODN = CpG-oligodeoxynucleotides; MPLA =
Monophosphoryl lipid A; DDA/TDB = dimethyldioctadecyl ammonium (DDA) and
trehalose 6,6 -dibehenate (TDB); 3M-052-SE = a TLR7/8 agonist containing
imidazoquinoline/Oil-in-water squalene emulsion (SE); Advax = delta inulin adjuvant.
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