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Vaccines are powerful tools that can activate the immune system for protection against
various diseases. As carbohydrates can play important roles in immune recognition,
they have been widely applied in vaccine development. Carbohydrate antigens have
been investigated in vaccines against various pathogenic microbes and cancer.
Polysaccharides such as dextran and p-glucan can serve as smart vaccine carriers for
efficient antigen delivery to immune cells. Some glycolipids, such as galactosylceramide
and monophosphoryl lipid A, are strong immune stimulators, which have been studied
as vaccine adjuvants. In this review, we focus on the current advances in applying
carbohydrates as vaccine delivery carriers and adjuvants. We will discuss the examples
that involve chemical modifications of the carbohydrates for effective antigen delivery, as
well as covalent antigen-carbohydrate conjugates for enhanced immune responses.

Keywords: adjuvant, carbohydrates, immune activation, vaccine development, glyco-conjugates

INTRODUCTION

Carbohydrates are common surface molecules in the living system. With their rich structural
diversities, carbohydrate molecules play important roles in cellular recognition and signaling,
including immune recognition, and activation (Rabinovich et al., 2012; Mahla et al., 2013; Varki,
2016). Most of the cell surface immune receptors, such as toll-like receptors (TLRs), NOD-like
receptors (NLRs) and major histocompatibility complex class I and class II (MHC I and MHC
II), are glycoproteins. Several essential receptors for immune cell activation, e.g., TLRs, NLRs,
C-type lectins, and sialic acid-binding immunoglobulin-type lectins (Siglecs), can recognize glycan
containing ligands including those expressed on the surface of many pathogenic microbes and
cancer cells (Rabinovich et al., 2012).

Carbohydrates have been widely applied in vaccine development (Lesinski and Westerink,
2001). Vaccines containing bacterial polysaccharides have been commercialized as anti-bacterial
vaccines (Roy, 2004; Astronomo and Burton, 2010), and many anti-cancer vaccines have been
studied to target tumor-associated carbohydrate antigens (TACAs) (Guo and Wang, 2009;
Astronomo and Burton, 2010; Yin and Huang, 2012; Feng et al., 2016). Carbohydrates are also
attractive immune adjuvant candidates. Various carbohydrates such as p-glucan, mannan, and
monophosphoryl lipid A (MPLA) can activate the immune system and induce T helper cell type
1 (Th1) immune responses (Suzuki et al., 2001; Stambas et al., 2002; Petrovsky and Cooper, 2011;
Hu et al., 2013). They may complement Alum, the FDA approved adjuvant in humans, which only
induces T helper cell type 2 (Th2) immune responses. Carbohydrates can be readily metabolized or
degraded in vivo and are less likely to generate long-term toxicity (Petrovsky and Cooper, 2011; Hu
etal., 2015; Li and Wang, 2015). With their biocompatibility, low toxicity and ease of modification,
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carbohydrates have been studied as carriers for antigen delivery
(Liu et al., 2008; Correia-Pinto et al.,, 2013; Zhang et al., 2013;
Cordeiro et al., 2015; Pushpamalar et al, 2016), which can
often induce immune cell targeting and provide self-adjuvanting
activities for a successful vaccination.

Although natural carbohydrates can be applied as vaccine
components directly (Mata-Haro et al., 2007; Arca et al., 2009;
Mirza et al, 2017). in many cases chemical modification of
carbohydrates is necessary for enhanced efficacy. One of the
commonly used strategies in vaccine design is to prepare
conjugates of antigens and/or adjuvants with the delivery
carrier (Liu and Irvine, 2015). This can be beneficial in
multiple ways, such as prolonged circulation and controlled
release, size-induced lymph node targeting, better immune
recognition through multivalency, enhanced cell uptake and
immune activation. In this review, we focus on recent
vaccine designs applying carbohydrates as vaccine delivery
carriers and adjuvants. We will discuss examples involving
chemical modifications of the carbohydrates, especially the
covalent conjugates of antigens and carbohydrate-based delivery
carrier or adjuvants. Vaccines that contain carbohydrates and
derivatives only as antigen components, or natural carbohydrates
encapsulated/admixed with other vaccine components, have
been reviewed (Marzabadi and Franck, 2017; Colombo et al.,
2018; Wei et al., 2018; Weyant et al., 2018; Jin et al., 2019; Micoli
et al., 2019), and are not discussed here.

ZWITTERIONIC POLYSACCHARIDES
(ZPSs)

Many types of bacteria can produce high molecular weight
polysaccharides as their capsules. Polysaccharides have been
traditionally considered as T cell independent antigens unless
conjugated to proteins or lipids (Stein, 1992; Wei et al., 2018).
Polysaccharides usually interact with polysaccharide-specific B
cells generating low-affinity IgM with little detectable IgG
antibodies and little induction of T cell responses or immune
memory (Abbas et al, 2000). However, a special group of
polysaccharides, referred to as ZPSs, has been found to have the
ability to induce MHC II mediated T cell response specifically
(Kalka-Moll et al., 2002; Mazmanian and Kasper, 2006). At least
eight different ZPSs have been isolated from Bacteroides fragilis,
Staphylococcus aureus, and Streptococcus pneumoniae type I,
of which the PS Al (isolated from Bacteroides fragilis) is the
most studied ZPS so far (Scheme 1A) (Cobb and Kasper, 2005;
Mazmanian and Kasper, 2006; Surana and Kasper, 2012; Nishat
and Andreana, 2016).

TACAs are saccharides aberrantly expressed on surfaces of
multiple types of cancer cells (Heimburg-Molinaro et al., 2011).
Like most types of carbohydrate antigens, TACAs induce only
weak IgM responses when administered alone. For successful
TACA vaccines, TACAs are commonly conjugated with strong
immunogenic proteins, such as bovine serum albumin (BSA),
tetanus toxoid (TT), keyhole limpet hemocyanin (KLH), and
virus like particles, in order to generate high levels of IgG
responses (Kaltgrad et al., 2007; Heimburg-Molinaro et al., 2011;

Wu et al., 2018, 2019). However, these carrier proteins can result
in carrier induced suppression of antibody responses to the
desired TACA due to high antibody responses to the carrier itself
(Leclerc et al., 1990). Furthermore, some of the protein carriers
tend to aggregate or suffer from stability issues (Dasgupta et al.,
2014). ZPSs as novel non-protein T cell-activating carriers have
been applied to cancer vaccine design by the Andreana group (De
Silva et al., 2009). They first reported an “entirely carbohydrate
vaccine” by conjugating a model TACA, Tn, and the most studied
type of ZPS, PS Al. PS Al was isolated from B. Fragilis in a large
scale, then subjected to selective oxidation leading to aldehyde
functioned PS A1 that reacted with aminooxy functionalized Tn
by oxime formation (Scheme 1B).

Immunization of mice with Tn-PS Al resulted in a 200-
fold increase of total antibody titer against Tn compared to
the pre-immunized sera, while the antibody titers against the
PS Al backbone were modest. IgM and IgG3 were the major
subtypes of antibodies generated (De Silva et al., 2009). Anti-sera
of Tn-PS Al immunized mice were found to react with a range
of Tn expressing cancer cell lines (MCF-7, MDA-231, Jurkat,
JurkatTAg, Panc-1) (De Silva et al., 2012), while binding little
to human peripheral blood mononuclear cells and human bone
marrow cells as the negative control. The anti-PS Al and anti-
Tn-PS Al sera showed completely different cytokine profiles.
A high level of IL-17A, a pro-inflammatory factor promoting
CD4™ T cell proliferation, was detected in anti-Tn-PS Al sera
but not in anti-PS Al sera. Besides Tn antigen, other TACAs
such as sialyl-Tn (STn) (Nishat and Andreana, 2016; Shi et al.,
2016) and Thomsen-Friedenreich (Tf) (Trabbic et al., 2016) have
been conjugated with PS A1 (Scheme 1B) and another ZPS, i.e.,
PS B (Scheme 1C) (Trabbic et al., 2016). The conjugates were
able to induce moderate levels of both IgM and IgG antibodies
against the target TACAs. Co-administration of an exogenous
adjuvant such as Sigma adjuvant system (SAS) and TiterMax
Gold (TMG) could enhance the levels of IgG antibodies. Post-
immune sera bound with multiple types of cancer cells and were
able to kill tumor cells via complement-dependent cytotoxicities
while sparing normal cells. Furthermore, the STn-PS A1+4-SAS
vaccine generated cellular immunity besides humoral antibody
response. The enzyme-linked immune absorbent spot (ELISpot)
assay of splenocytes from mice immunized with STn-PS A14+SAS
pulsed with STn-PS Al or BSM showed secretion of INF-vy,
clearly indicating a Th1-dominant cellular immune response.

These studies indicated that ZPSs are promising vaccine
carrier/adjuvant to elicit a selective immune response against
TACAs. However, to date, the efficacy of protection in mouse
tumor models by these entirely carbohydrate vaccines have not
been reported. Further studies are needed to demonstrate the full
potential of ZPS in anti-cancer vaccine development.

MPLA

MPLA is a derivative of lipopolysaccharide (LPS), a fraction
isolated from cell walls of gram-negative bacteria such as
Salmonella minnesota (Casella and Mitchell, 2008). Through
a hydrolytic process reported by Edgar Ribi, LPS can be
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converted into an acylated di-glucosamine mixture widely known
as monophosphoryl lipid (Ribi et al., 1979; Qureshi et al.,
1982; Casella and Mitchell, 2008). The majority of these species
contains six acyl side chains, no polysaccharide chains and one
phosphoryl group (Scheme 2A) (Evans et al., 2003; Casella and
Mitchell, 2008). Compared to LPS, MPLA is about 0.1% as toxic
as the parent LPS compound in rabbit pyrogenicity assays while
maintaining its immune-stimulating activities (Qureshi et al.,
1982; Evans et al., 2003). MPLA interacts with the immune
system through TLR-4 and usually induces Thl or a blended
Thl and Th2 type immune response. With its low toxicity,
MPLA has been applied as the adjuvant in several vaccines
successfully in clinical trials (Evans et al., 2003; Cluff, 2009;
Artiaga et al., 2016). Vaccines containing MPLA such as FENDrix
(HBV vaccine), Cervarix (HPV vaccine), Melacine (melanoma
vaccine), Pollinex Quattro (allergy vaccine), and Mosquirix
(malaria vaccine for young children) have been registered for use
in many countries (Artiaga et al., 2016). MPLA can also serve as
a vaccine carrier and a built-in adjuvant when conjugated with
antigens covalently. Herein we discuss examples of fully synthetic
vaccines containing MPLA as the carrier (Wu and Guo, 2006;
Wang et al., 2011; Zhou et al,, 2014, 2015; Liao et al., 2016).

In 2011, the Guo lab first reported the covalent conjugation of
a TACA, i.e., GM3, with MPLA as an anti-cancer vaccine (Wang
etal., 2011). The liposomal vaccine was formed by sonication of a
mixture of the GM3-MPLA conjugate, 1,2-distearoyl-sn-glycero-
3-phosphocholine, and cholesterol. The resulting vaccine was
injected to C57BL/6 mice subcutaneously for 4 weekly injections.
A strong GM3-specific antibody response was observed by
enzyme-linked immuno-sorbent assay (ELISA) in antisera on day
38, which included high levels of both IgM and IgG3 antibodies.
When a GM3 derivative, GM3NPhAc (Pan et al., 2005), was
conjugated with MPLA using a similar strategy, a 3.8 times higher
total antibody titer with a significant increase of IgG3 and IgG1
titers was observed in day 38 antisera compared to the GM3-
MPLA group. The antisera from GM3NPhAc-MPLA immunized
mice showed strong binding toward cancer cell SKMEL-28 by
fluorescence activated cell sorting (FACS) analysis. The free
phosphate and free hydroxyl groups on MPLA are important
for immunostimulation, as the conjugates with benzyl protected
phosphate and hydroxyl groups showed no significant immune
responses. The linker between MPLA and GM3/GM3NPhAc
did not significantly influence the immunological properties of
the resulting conjugates. Interestingly, addition of an external
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SCHEME 2 | (A) Structure of MPLA. (B) Examples of antigen-MPLA conjugate through 1-O position. (C) Example of antigen-MPLA conjugate through 6'-N position
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antigen-MPLA conjugate
through 6'-N position on MPLA

adjuvant such as Titermax Gold to the vaccine formulation led
to lower antibody titers relative to GM3/GM3NPhAc-MPLA
conjugates alone. This work indicated that the fully synthetic
conjugation of MPLA-TACA can serve as a possible “self-
adjuvanting” cancer vaccine candidate.

The generality of the MPLA platform has been demonstrated
in later studies. Three more MPLA analogs with different lipid
chain lengths and linkages were synthesized and conjugated
to another TACA derivative, STnNPhAc (Wu and Guo, 2006;
Zhou et al.,, 2014), and formulated into a liposomal vaccine. All
STnNPhAc-MPLA conjugates successfully generated immune

responses toward STnNPhAc in mice and the conjugate with an
8-carbon lipid chain length and free -OH groups induced the
highest antibody titers. Similar to the GM3-MPLA conjugate,
when the exogenous adjuvant Titermax Gold was added to the
formulation, the antibody titers decreased.

The optimized MPLA structure was used to conjugate with
another TACA, globo H, and the immunological properties were
compared with the globo H conjugate with KLH, a gold standard
carrier commonly utilized in vaccine studies (Zhou et al., 2015).
Significantly higher total antibody titers as well as IgG titers
were observed in anti-sera from MPLA-globo H immunized mice
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compared to those immunized with KLH-globo H, suggesting
the advantage of MPLA as the carrier. Both conjugates induced
higher levels of pro-inflammatory cytokines including IL-4, IL-
12, IFN-y, and TNF-a in mice compared to the non-immunized
group. Although the KLH-globo H group showed a higher level
of cytokine secretion compared to MPLA-globo H, antisera from
MPLA-globo H immunized mice showed a stronger binding
toward both MCF-7 and SKMEL-28 tumor cells by FACS analysis
and induced more cell lysis of human breast cancer cell MCEF-
7. The enhanced cytokine secretion in KLH conjugate group
might come from the immune response against the protein
carrier instead of the globo H antigen. This study indicated
that the MPLA may serve as a good alternative to KLH protein
vaccine carrier.

In addition to the aforementioned cancer vaccines, a Group
C meningitis vaccine has been reported by conjugating MPLA
and a-2,9-oligosialic acid containing di-, tri-, tetra- and penta-
sialic acid (Liao et al.,, 2016). The resulting liposomal vaccines
with various MPLA-oligosialic acid conjugates induced strong
immune responses as revealed by high total antibody titers. The
major antibody subtype generated was IgG2b indicating a T
cell-dependent immunity. Both oligosialic acid chain length and
MPLA structure influenced the immune responses. The shorter
sialic acid chains (di- and tri-sialic acid) were overall better
immunogens than longer ones (tetra- and penta-sialic acid).
However, the antibody induced by the short sialic acid were
more restricted to short sialic acid chains. Conjugates containing
tri-, tetra-, or penta-sialic acid showed stronger binding toward
Group C meningitides capsule polysaccharide than the conjugate
containing di-sialic acid. Consistent with cancer vaccine studies,
addition of external adjuvants such as CFA, alum and Titermax
Gold did not lead to higher antibody responses. All conjugates
showed protective effects against Group C meningitides bacterial
challenges in mice, which suggested the possibility of applying the
MPLA platform to anti-microbial vaccine development.

In the aforementioned MPLA based vaccine designs, the
antigens were all conjugated with MPLA through 1-O-position
instead of 6'-O-position where the polysaccharide chain is
attached to LPS in nature (Wang et al., 2017). Guo and Gu further
studied the influence of different antigen linkage positions
on immunological properties (Schemes2B,C), by linking a
tetrasaccharide antigen from lipoarabinomannan (LAM), a
Mycobacterium tuberculosis cell surface lipopolysaccharide, to
either 1 or 6 position of MPLA. As the ester linkage on 6’
position was not stable, the 6'-O was first substituted with an
amino group linker in order to form a more stable amide
bond. The resulting conjugates were evaluated in vivo. Both
conjugates showed significantly enhanced antibody titers against
LAM compared to the simple mixture of tetrasaccharide and
MPLA, which indicated the importance of covalent conjugation
between the antigen and MPLA. As revealed by ELISA, the
antigen conjugated to MPLA through 6'-N position induced
significantly higher IgG titers than the corresponding conjugate
through the 1-O position. The method of vaccine administration
also influenced the immune response outcome. Vaccine given
through intraperitoneal injection induced a 4-5 times higher
antibody titer compared to the subcutaneous route. This study

suggested the conjugation through 6’ position of MPLA could be
a more superior strategy for MPLA based vaccine design.

As a low toxicity TLR4 stimulator, MPLA has been widely
applied in many vaccines as an add-in adjuvant (Artiaga
et al., 2016). Guo’s work demonstrated the potential of MPLA
as a good “self-adjuvating” vaccine carrier. MPLA-antigen
conjugates containing liposomal vaccines can induce strong
immune responses comparable to KLH protein. The MPLA
platform showed good generality for several carbohydrate
antigens including TACAs and bacterial glycans. This platform
is not compatible with many external adjuvants and the
antigen conjugation site can significantly influence the outcome
of vaccination.

MANNAN

Mannan, a polysaccharide derived from the yeast cell wall,
contains mostly p-1,4-linked mannose backbone with a small
number of a-1,6- linked glucose and galactose side chain residues
(Moreira and Filho, 2008). In addition, around 5% proteins
were contained in mannan (Scheme 3A) (Nelson et al., 1991;
Tzianabos, 2000). As an important component of fungal cell
wall, mannan has been widely targeted as carbohydrate based
vaccines for Candidiasis (Han and Rhew, 2012; Cassone, 2013;
Johnson and Bundle, 2013). It was noticed from patients suffering
from Candidiasis that the mannan has immunomodulatory
functions (Domer et al., 1986; Wang et al., 1998). Mannan
can be recognized through binding with mannose recognition
lectins presented on macrophages and other immune cells, which
activates the host immune system via a non-self-recognition
mechanism (Vasta et al, 1999; Gadjeva et al., 2004). The
recognition initiates a set of signal transduction events leading
to cytokine secretion, complement activation and CD8" T cell
activation (Garner et al., 1990; Garner and Hudson, 1996;
Tzianabos, 2000). In this section, we focus on vaccines based
on mannan carrier-antigen complex/conjugations, including
mannan-mucin 1 (MUC1) fusion protein conjugation for tumor
therapy, mannan-DNA vaccine and mannan-allergy vaccines.

The investigation of mannan’s potential as a vaccine carrier
started in 1990s. The Steward group conjugated mannan and
dextran to hepatitis B virus (HBV) 139-147 peptide and studied
the immune response in mice toward these two constructs
(Okawa et al., 1992). The mannan carrier successfully induced
high IgG titers against HBV 139-147 peptide without additional
adjuvants, while the corresponding dextran conjugate failed to
elicit an immune response. Although some previous studies
showed that mannan could suppress immunity (Garner et al.,
1990; Podzorski et al., 1990), this study opened the door for
using mannan as a “self-adjuvanting” vaccine carrier to enhance
antibody production.

Mannan-MUC1 Fusion Protein Conjugation
(M-FP)

Mucins are heavily glycosylated proteins expressed on cell
surface. MUCI is a prototypical mucin, which has been found to
be over-expressed on a wide range of tumor cells. Furthermore,
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tumor associated MUCI1 has drastically shorter O-glycans in
the tandem repeat region of MUC1 made of 20-amino acid
residues (APDTRPAPGSTAPPAHGVTS) (Gendler et al., 1990),
which leads to the exposure of the protein core, rendering
it a highly attractive antigen for anti-cancer immune-therapy
(Gendler et al., 1988; Hanisch et al., 1989).

MUCI by itself is only weakly immunogenic in humans
partly due to its self-antigen nature. Immunization of mice
with MUCI fusion protein containing 5 of the tandem repeats
induced antibodies but with little measurable cytotoxic T cell
(CTL) responses and poor tumor protection (Apostolopoulos
et al., 1994). To enhance anti-MUC1 immunity, MUC1 has been
conjugated with mannan (Apostolopoulos et al., 1996).

Two strategies (oxidative or reductive, Scheme 3B) for linking
mannan to MUC1 have been investigated, which induced
drastically different types of immune responses (Apostolopoulos
et al., 1995b). Human MUCI FP was conjugated to mannan
oxidized with sodium periodate to provide the oxidative
mannan-MUC1 fusion protein conjugate (ox-M-FP). The
reductive mannan-MUCI fusion protein conjugate (red-M-FP)
was obtained by treating ox-M-FP with sodium borohydride.
BALB/c mice were immunized with either ox- or red- M-
FP then challenged with MUCIT 3T3 tumor cells. The red-
M-FP generated Th2 type immune responses and induced
antibody secretion. However, it has little tumor protective
effects. In contrast, the ox-M-FP generated Thl type responses
and induced a high tumor specific CTL precursor frequency
providing protection in a mouse tumor model. The CTL response
elicited by ox-M-FP was MHC 1 restricted (Apostolopoulos
et al., 1995a), and the CTL precursor frequency can be further
enhanced by a combination with a chemotherapeutic drug, i.e.,
cyclophosphamide (Apostolopoulos et al.,, 1998). The detailed
mechanism of the entry of ox-M-FP into MHC I pathway has also
been studied (Apostolopoulos et al., 2000). While both aldehyde
and Schiff base groups are presented on ox-M-FP, the aldehyde
groups but not the Schift base groups were found to be important
for antigen presentation through the MHC I pathway.

The ox-M-FP had been evaluated in human clinical trials.
In phase I studies, no significant toxicities or autoimmunities
were noted among >100 patients with advanced melanoma.
However, in contrast to preclinical mouse studies, the patients
generated mainly antibodies rather than cellular immunity
against MUC1 (Karanikas et al.,, 1997, 2000, 2001). The route
of ox-M-FP administration influenced antibody generation
in patients. Intraperitoneal injections were significantly more
effective compared to intramuscular injections (Karanikas et al.,
2001). Pilot phase III study of ox-M-FP has been performed in
early-stage breast cancer (Apostolopoulos et al., 2006). Although
vaccine-induced antibody and weak cellular immunity responses
showed little benefits in advanced disease stage, ox-M-FP
significantly improved survival time compared to the placebo
control group in early-stage cancer patients (Apostolopoulos
et al., 2006). In a 12-15 years follow-up study, the recurrence
rate of ox-M-FP group was much lower than that of the placebo
group (12.5 vs. 60%) (Vassilaros et al., 2013). The mean time
of recurrence in the ox-M-FP group was 52.2 months longer
compared to placebo group (118 vs. 65.8 months) (Vassilaros

et al, 2013). In another study, autologous dendritic cells were
chosen as the vaccine carrier to maximize the cellular immunity
in patients (Loveland et al., 2006). The phase I/II clinical trial
showed ox-M-FP loaded monocyte derived dendritic cells were
well tolerated for immunotherapy, and vaccine-specific IFN-y
secreting CD4" and CD8™ T cells were successfully induced in
all patients (Loveland et al., 2006).

Mannan as Carrier for DNA Vaccines
Oxidized and reduced mannan (ox-Man and red-Man,
respectively) have been studied as DNA vaccine carriers.
Apostolopoulos and Pietersz groups conjugated ox-Man and
red-Man with polycationic linker poly-L-lysine (PLL) and
then complexed them with DNA corresponding to the protein
ovalbumin (OVA) (Tang et al,, 2007). The conjugation with
mannan reduced cytotoxicity of PLL, and the Man-PLL-OVA
DNA complex successfully induced immune responses against
OVA. At a lower dose (10 pg), red-Man-PLL-OVA DNA mainly
induced CD4" T cell responses, while ox-Man-PLL-OVA
DNA induced CD8™" T cell responses. Meanwhile, at a higher
immunization dose (50 jg), both red-Man and ox-Man-PLL-
OVA DNA complex generated CD4™ and CD8™" T cell responses.
Both complexes induced good tumor protection against OVA
expressing EG.7 tumor using either low (10 g) or high (50 pg)
immunization doses.

With the success of OVA DNA vaccine, Apostolopoulos and
coworkers further studied MUC1 DNA vaccine, by preparing the
Man-PLL-DNA complex (Tang et al., 2008). The resulting ox-
Man-PLL-MUCI DNA generated immune responses in C57BL/6
mice and protected mice in tumor challenge with a low
immunization dose. In addition, the vaccines generated strong
immune responses in MUCI transgenic mice, which are tolerant
toward human MUCI as in humans. Similar to previous reports,
the ox-Man-PLL-MUC1 DNA mainly generated a Th1l response
while red-Man-PLL-MUC1 DNA generated a Th2 dominant
response. A more detailed study showed the differences between
DNA alone and Man-PLL-DNA complex upon immunization
(Tang et al, 2009). Man-PLL protected cargo DNA against
the DNase digestion. Ox-Man and red-Man induced different
cytokine secreting profiles. Compared to DNA alone, ox-Man
induced higher levels of IL-2, IL-12, IFN-y, and TNF-a while
red-Man induced only IL-2. The Man-PLL-DNA complex was
able to stimulate DC maturation through a TLR2 but not a TLR4
dependent pathway.

Mannan as the Carrier for Allergy Vaccine
Allergen-specific immunotherapy has attracted researchers’
attention as it may provide a long-lasting relief from allergy for
the patients. Mannan-allergen conjugates have been studied as
potential anti-allergy vaccines (Benito-Villalvilla et al., 2018).
The Weiss lab studied the conjugation between oxidized
mannan and model allergens, OVA protein and papain,
for vaccination targeting dendritic cells (Weinberger et al,
2013). The mannan backbone here served as not only a
targeting molecule toward the C-type lectin receptor (a receptor
expressing on DCs), but also a platform to induce cross-linking
for multimerization of allergen proteins for immunogenicity
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enhancement (Chackerian et al.,, 2002). Sodium periodate was
used for generating aldehyde groups on mannan backbone for
allergen conjugation by oxidative cleavage between C2 and C3.
The conjugation efficiency depended on antigen properties as
well as the degree of oxidation. The C-lectin binding property
of mannan was not disturbed after conjugation with antigen
proteins when the oxidation degree was careful controlled. The
mannan-antigen conjugate significantly increased the number of
antigen-presenting DCs in lymph nodes in vivo. Immunization
successfully reduced the enzymatic activity or IgE binding
capacity of antigen proteins in vaccinated mice. Antibody
class-switching from allergy-promoting IgE subtype to non-
allergic IgG1 subtype was noticed indicating an anti-allergy
therapeutic effect.

Palomares et al. used another strategy to conjugate allergen
proteins to non-oxidized mannan by a simple treatment
of glutaraldehyde (Scheme 3C) (Manzano et al, 2016). The
conjugate took advantage of the trace amount of mannan protein
on mannan backbone. Allergens were polymerized and linked to
mannan protein through glutaryl diimine linker and the resulting
conjugate significantly reduced IgE binding activity against the
allergens. Later Palomares et al. applied this conjugation method
for preparing P pratense pollen-non-oxidized mannan conjugate
(PM) (Sirvent et al,, 2016). The PM was hypoallergenic with
low IgE binding in vitro and induced fewer mast cells under
the skin in an in vivo skin-prick test. Immunization of rabbit
with PM induced blocking antibodies against IgE binding.
Compared to the free allergen or the polymerized allergen, the
PM can be captured more effectively by human DCs. More anti-
inflammatory cytokines IL-6 and IL-10 secretion in human DCs
were induced by PM, and Foxp3+ Treg generation through PD-
L1 in human subjects was also promoted, which indicated a
down-regulation of immune responses toward the allergen.

A drawback in using oxidized mannan is that the mannose
ring in the mannan backbone is partially opened, which may
impair the capture of PM by DCs in mice and human
subjects (Sirvent et al., 2016). This can be overcome with non-
oxidized mannan.

Another important consideration in mannan based vaccine
is the combination of external adjuvant. In a recent study, the
Palomares lab reported the PM induced anti-allergy Foxp3+
Treg generation can be inhibited when co-administrated with
Alum (Benito-Villalvilla et al., 2019). This was because Alum
suppressed the increasing production of lactate and consumption
of glucose induced by PM in human DCs by altering the glucose
metabolic fate in mitochondria and inhibiting mammalian target
of rapamycin (mTOR).

a-GALACTOSYLCERAMIDE (¢-GALCER)

The presentation of antigen fragments on antigen presenting cell
(APC) surface is an important step for activating the adaptive
immune system. Besides the commonly known MHC I and MHC
II, CD1 family is a third subset of antigen presenting molecules
(Zajonc, 2016). There are 4 types of CD1 (CD1a-CD1d) capable
of binding and presenting glycolipids to CD1-restricted T cells.

A subtype of T cells, invariant natural killer T (iNKT) cells,
is defined as a T cell lineage expressing NK cell receptors
and an additional invariant CD1d restricted af-T cell receptor
(TCR) (Bendelac et al., 2007). After activation through its TCR
binding with glycolipid presenting CD1d on APCs, iNKT cells
can secret various cytokines, which build a bridge between
the innate and the adaptive immune system. iNKT cells can
initiate “T" dependent (TD) type II response,” which needs no
participation of CD4™ T cells. It has been reported that iNKT
cells play a role in protection against pathogens as well as cancer
(Kawano et al., 1997; Metelitsa et al., 2001; Merle et al., 2015).
The first iNKT activator, a-GalCer (KRN7000, Scheme 4A) was
a synthetic compound discovered from a class of glycolipids
originally isolated from marine sponges (Natori et al., 1993;
Morita et al., 1995; Shimosaka, 2002). Since then, hundreds of
analogs were synthesized by varying the amide side chain length
and functional groups, substitutions at galactose-6 position and
galactose-ceramide linker etc. a-GalCer is by far the most
explored structure and the C-glycoside analog 7DW8-5 with an
aryl side chain were also attractive structures for immune studies.
Many excellent reviews about a-GalCer and its analogs have been
published (Carrefo et al., 2014; Marzabadi and Franck, 2017;
Waldowska et al., 2017; Zhang et al., 2019).

a-GalCer has been applied as an adjuvant in many studies
(Mattarollo and Smyth, 2013; Faveeuw and Trottein, 2014;
Artiaga et al.,, 2016; Liu and Guo, 2017; Fujii et al., 2018; Sainz
et al,, 2018; Yamashita et al., 2018; Zhang et al., 2019), including
vaccines against cancer, influenza, and malaria. To improve
the delivery efficiency of a-GalCer and therefore enhancing the
activation of iNKT cells, various delivery systems have been
designed, such as liposomes, poly(lactic-co-glycolic acid) (PLGA)
particles and bacteriophage particles (Macho-Fernandez et al.,
2014; Dolen et al., 2016; Ghinnagow et al., 2017a,b; Sartorius
et al., 2018). By delivering covalently conjugated antigen and
a-GalCer, the immune response could be stronger due to the
simultaneous delivery of the antigen and the adjuvant to the same
immune cell, and we focus on examples of covalent conjugate
vaccines of a-GalCer.

The first examples of covalent conjugation of the antigen
and a-GalCer were reported in 2014 (Anderson et al., 2014;
Cavallari et al., 2014). The Painter and Herman’s lab developed
self-adjuvanting vaccines that suppress allergy by conjugating
the antigen peptide to a-GalCer through a cleavable linker
(Scheme 4B) (Anderson et al., 2014). Starting from a-GalCer, an
N to O acyl migration occurred under acidic conditions, which
produced an a-GalCer prodrug with a free amino group for
further functionalization. The amino group was then capped with
an esterase-labile acyloxymethyl carbamate group. The resulting
ketone group could be functionalized with an aminooxy peptide
containing the protease cleavable FFRK sequence following the
desired antigen peptide. Under the physiological condition, the
FFRK linker would be cleaved to release the desired antigen while
the acyloxymethyl carbamate group would be degraded by an
esterase to release the a-GalCer prodrug. After a reversed O to
N acyl migration, the active adjuvant a-GalCer would be formed
in situ. In this study, two model antigen peptides, SINFEKL and
KAVYNFATM, were selected. Both peptide-GalCer conjugates
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stimulated greater CD8" T cell proliferation compared to non-
conjugated mixtures containing the same amount of peptide and
a-GalCer. By intracellular staining, large amounts of IFN-y and
TNF-a were detected, while allergy related IL-4 cytokine was
not detectable. The conjugates induced antigen-specific cytotoxic
responses in immunized animals, while the admixture of peptide
and a-GalCer failed to do so. This strong activity was CD4%
T cell independent and the covalent conjugation was shown to
be critical. The SIINFEKL-a-GalCer conjugate strongly reduced
inflammatory responses in an allergy animal model, sensitized
by the OVA protein. In contrast, the mixture of peptide and
a-GalCer did not reduce the allergic response.

About the same time, the De Libero’ lab developed a
semisynthetic vaccine against S. pneumoniae by conjugating S.
pneumoniae serotype 4 capsular polysaccharides (CPS 4) to 6
position of a-GalCer through a cleavable linker (Scheme 4C)
(Cavallari et al., 2014). Different from Painter and Herman’s
strategy, the immunogenic lipid tail was kept intact. Instead,
an amino moiety was connected to 6-OH of a-GalCer then
conjugated with CPS 4 via cyanogen bromide chemistry. The
conjugates were usually a mixture of isoureas, N-substituted
imidocarbonates and N-substituted carbamates, which could
release the original CPS 4 under acidic condition when
taken up by APCs. The CPS 4-GalCer conjugation generated
polysaccharide-specific IgM, IgGl, IgG2a, IgG2b, and I1gG3
antibody responses in mice, while the mixture of CPS 4 and
a-GalCer and CPS 4 only generated weak IgM responses
with no IgGs. The conjugation induced germinal centers and
the resulting antibody induced S. pneumoniae opsonization.
Animals vaccinated with the CPS 4-GalCer conjugate exhibited
a significant survival advantage (89%) in bacterial challenge
model compared to animals receiving CPS alone (25%). By FACS
analysis of the splenocytes, CPS 4-GalCer, but not mixture of
CPS 4 and a-GalCer or CPS4 alone, induced antibody isotype
switching to IgG, generation of memory B cells and antigen
secreting plasma cells. Experiments on CD1d ™/~ mice indicated
that iNKT cells were required to establish effective protections
against S. pneumoniae.

Both conjugation methods, ie., conjugating antigen to
lipid tail or to 6-OH on galactose through cleavable linker,
were proven to be successful. The conjugated vaccines have
been demonstrated to provide stronger immune stimulation
compared to a simple mixture of antigen and adjuvant. Several
more examples using either conjugation method have been
published since then (Schemes 4B,C).

Painter and Herman continued the study on conjugation
linkers and designed several possible linkage methods to
covalently conjugate the antigen with a-GalCer (Scheme 4C)
(Anderson et al., 2015; Compton et al, 2015). They first
investigated four different linkers to link short peptide antigens
on GalCer lipid tail (Anderson et al., 2015). Similar to their
previous work (Anderson et al., 2014), an N to O migration of the
acyl group on a-GalCer was designed, resulting in an a-GalCer
prodrug with a free amino group. The amino group was further
capped with an esterase sensitive acyloxymethyl carbamate linker
containing ketone (linker 1) or azido group (linker 3), or with
protease sensitive valine-citrulline-p-amino-benzyl (VC-PAB)

carbamate linkers containing ketone (linker 2) or azido group
(linker 4). Short peptide antigens with a protease cleavable FFRK
sequence were conjugated to the 4 different linkers through
oxime formation (for linkers 1 and 2) or copper catalyzed
azido-alkyne coupling (CuAAC) (for linkers 3 and 4). All four
conjugates showed similar levels of NKT cell activation in a
melanoma challenge model. These conjugates showed improved
protection compared to unconjugated mixtures. Among the four
choices, linker 4 provided a better stability under physiological
pH and eased the synthesis of peptide payload, and therefore was
considered as a lead compound for further development.

Painter and Turner applied the aforementioned conjugation
strategy for the development of an influenza vaccine.
They linked a synthetic long peptide (SLP) containing an
immunogenic sequence OVAjs5; (amino sequence: SIINFEKL),
a known CD4" T cell epitope OVA3,3 (amino acid sequence:
ISQAVHAAHAEINEAGR) and a protease cleavage sequence
FFRK, with the a-GalCer prodrug with VC-PAB linker through
CuAAC (linker 4) or strain-promoted alkyne-azide cycloaddition
(SPAAC) (linker 5) (Anderson et al, 2017). Though the two
conjugation methods introduced slightly different linker
structures in the final a-GalCer prodrug-SLP conjugates, the
two vaccines primed NKT cells similarly in vivo. As the SPAAC
strategy provided a higher yield with fewer side-products,
this form of vaccine was subjected to further studies. It has
been noted that the a-GalCer prodrug-SLP conjugate vaccine
induced CD8+ T memory cell at a similar level as A/PR8-OVA
challenged group, which was known to induce OVA specific
memory response. The memory T cell response lasted for at
least 60 days after immunization. The a-GalCer alone, SLP
alone or a-GalCer + SLP mixture failed to induce such memory
T cell response. In vivo challenge study using OVA modified
influenza virus showed that mice vaccinated with the a-GalCer
prodrug-SLP conjugates showed a faster viral clearance and body
weight recovery compared to a-GalCer alone or a-GalCer +
SLP mixture, suggesting the generation of protective immunity
by vaccination.

Weinkove and Painter reported an o-GalCer prodrug
conjugated with pp65495_503, an HLA-A*02-restricted peptide
from cytomegalovirus (CMV) pp65 protein, through the VC-
PAB linker using CuAAC chemistry (linker 4) (Speir et al., 2017).
The resulting conjugate activated human DCs and CD8" T cells
besides NKT cells in vitro. After incubating human peripheral
blood mononuclear cells (PBMCs) with a-GalCer or a-GalCer-
PP65495—503 conjugate, increased NKT proliferation and IFN-
y secretion were observed. Human DCs can be activated by
a-GalCer or a-GalCer-pp65495—503 conjugate only when co-
cultured with NKT cells. The activation of NKT cells and DCs
can be blocked by anti-CD1d antibodies, which suggested o-
GalCer-pp65495-503 activate human immune cells through the
CD1d dependent pathway. The activation of human CD8" T
cells also required NKT cells. The conjugation between antigen
peptide and a-GalCer is crucial for CD8' T cell activation, as
the admixed components failed to induce the expression of T
cell activation marker CD137. An oncogenic viral antigen HPV16
E749_57 was conjugated to a-GalCer prodrug through the same
strategy and the resulting conjugate vaccine showed significant
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antitumor response against HPV16 E7 expressing tumor in mice
model, which further suggested the effectiveness of a-GalCer
prodrug-peptide antigen conjugate strategy.

Painter and Herman’s labs also investigated the conjugation
of antigen to 6-OH position of a-GalCer through a disulfide
bond or a maleimido-linker (Compton et al., 2015). 6”-De0xy-
6 -thiol-a-GalCer was first synthesized and was proven to
have similar bioactivities as a-GalCer. The thiol group may be
trapped with 2,2’-dithiodipyridine followed by reacting with Cys-
peptide to form disulfide bond, or reacting with N-propargyl
bromomaleimide followed by CuAAC for conjugation with the
peptide. Both conjugates induced a stronger peptide-specific
cytotoxic response in vivo relative to a mixture of a-GalCer and
the peptide.

Liu and Guo designed a fully synthetic cancer vaccine
candidate by linking tumor associated STn antigen to a-GalCer
through a covalent linker at the 6-OH position (Yin et al., 2017).
Previous study showed that PEGylation on 6-OH position of
a-GalCer through the amide linker retained the specificity of
CD1d receptor and the ability to activate iNKT cells (Ebensen
et al., 2007). Therefore, the 6 position of a-GalCer was selected
as the site of conjugation via an amide bond to a non-cleavable
linker consisted of a non-branched aliphatic chain to link
with the STn antigen. STn-B-GalCer was also synthesized as a
weak iNKT activator. The synthetic STn-a-GalCer and STn-f-
GalCer were mixed with other lipids to form liposomal vaccines,
respectively. Based on ELISA results, though the two vaccines
generated similar sera IgM titers against STn on BALb/c mice,
STn-a-GalCer induced 23-fold higher IgG titers compared to
STn-p-GalCer. Subtype analysis indicated the IgG antibodies
were primarily IgGl and IgG3, which were strong inducers
of complement-dependent cytotoxicity (CDC) and antibody
dependent cell-mediated cytotoxicity (ADCC). In this case, a-
GalCer served as a liposomal carrier as well as an adjuvant for
iNKT cell activation. In a later study from the Seeberger lab,
the liposomal form of Tn-a-GalCer conjugates showed effective
activation of anti-Tn immunity in vivo (Broecker et al., 2018).
Compared to Tn-CRMg7, a protein carrier-based vaccine, the
anti-Tn IgG response generated by the liposomal form of Tn-
a-GalCer conjugate was more consistent and more specific.
Furthermore, the liposomal form of Tn-a-GalCer conjugates
also generated long-lasting memory response against Tn, while
the Tn-CRMj9; only induced memory response to the carrier
protein in some of the mice but not to the glycan antigen.
Liposomes formed by Tn-lipid conjugate without the o-Gal
structure could also generate anti-Tn IgG, but with a lower
magnitude of response compared to Tn-a-GalCer liposomes.
The size of the liposomes was shown to be crucial in this case.
While the ~400 nm sized liposomes promoted Thl-type IgG2a
antibodies, the smaller particles (~120 nm) mainly induced the
production of Th2-type IgG1 antibodies. This report indicated
the multivalent display of antigens by the antigen-a-GalCer
conjugated liposome can be beneficial.

The aforementioned examples have shown the promises of
antigen-o-GalCer conjugates as vaccines. The conjugates have
been reported to have a stronger protective effect compared to the
antigen and a-GalCer mixture. Short peptides and carbohydrates

antigens can be used and multiple methods for conjugation
were developed, which provided flexible ways for vaccine design.
The liposomal form of antigen-a-GalCer covalent conjugates can
further help inducing strong and tunable immune responses.

MODIFIED DEXTRAN

Dextran is a branched natural polysaccharide containing a-1,6-
linkage between glucoses as the backbone with a-1,3 linked
branches. It is a biocompatible, biodegradable and FDA proved
material. Dextran is water soluble and is easy to modify with
other functional groups to achieve environment responsive
properties. Though crystalized dextran particles can serve as
vaccine delivery vehicle as reported (Schroder and Stahl, 1984;
Shen et al., 2013), most studies have focused on modified dextran
as a candidate for vaccine design. In this section, we discuss only
modified dextran.

Acetalated Dextran

Acetalated dextran (Ac-Dex) is a pH responsive material first
reported in 2008 by the Fréchet’s group (Bachelder et al., 2008).
It can be synthesized easily from dextran through a single step
acetal formation with 2-methoxypropene. In contrast of dextran,
Ac-Dex is not soluble in water and can form microparticles
using an emulsion procedure. Under acidic conditions, the
acetals get hydrolyzed to unmask the parent water soluble
dextran structure and therefore breaking up the hydrophobic
microparticles. In their study, a model hydrophobic payload,
OVA, was encapsulated inside Ac-Dex particles via double
emulsion with aloading rate of 3.6 wt%. At pH = 7.4, the particles
were stable, while in pH = 5.5 buffers, the particles degraded
within 24h. T cell activation assay showed that OVA loaded
Ac-Dex particles significantly increased MHC I presentation
of SIINFEKL on RAW macrophages compared to free OVA
group. The Huang group applied Ac-Dex to deliver foreign
antigens for anti-tumor therapy (Kavunja et al, 2017). The
SIINFEKL loaded Ac-Dex particles significantly enhanced the
efficiency of SIINFEKL reaching tumor tissue and successfully
slowed down tumor growth. In vivo CTL assay indicated the
OVA loaded Ac-Dex induced CTL responses without additional
adjuvants (Kavunja et al., 2017). With the ability of enhancing
CTL activation, these Ac-Dex particles were highly efficacious in
protecting mice from tumor induced death.

A great advantage of Ac-Dex over traditional PLGA is the
ease in tuning rate of degradation, providing the possibility to
optimize the payload releasing rate for a specific application
(Broaders et al., 2009; Chen et al., 2016). During the acetal
modification, two types of acetal, cyclic acetal which hydrolyzes
more slowly and acyclic acetal with faster degradation rates,
would be formed on dextran (Scheme 5). As the kinetic product
acyclic acetal forms first before the more stable cyclic acetals,
the ratio of cyclic/acyclic acetal on the dextran backbone can be
tuned by reaction time. The ratio of cyclic and acyclic acetal in
the final product dictates the degradation behavior of the Ac-Dex
particles. By controlling the reaction time from 2 to 1,500 min,
a set of Ac-Dex with different ratios of cyclic/acyclic acetal was
prepared (Broaders et al., 2009). The degradation half-life at pH
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= 5.5 was tuned from minutes to days. The degradation rates at
pH = 7.4 were usually 230-280 times slower than those at pH =
5.5, which was stable enough for delivery applications. Half-life
of degradation correlated well with cyclic acetal content, which
indicated the hydrolysis of cyclic acetal may be the rate-limiting
step in particle degradation. The molecular weight of dextran also
influenced the degradation of particles (Chen et al., 2016). With
similar cyclic acetal coverage, the Ac-Dex with higher molecular
weight degraded faster.

The degradation rate can be important for both MHC 1
and MHC II antigen presentation (Broaders et al., 2009). OVA
loaded Ac-Dex particles with degradation half-lives from 0.27 to
16 h were prepared and incubated with bone marrow dendritic
cells (BMDCs) followed by T cell activation assays to determine
MHC I and MHC II presentation of OVA derived epitopes. The
particles with 1.7 h degradation half-life led to an optimal MHC

I or MHC II presentation of OVA derived epitopes compared
to particles with either longer or shorter degradation half-life.
These optimal particles performed an order of magnitude better
than traditional PLGA or iron oxide particles. Interestingly,
the Ac-Dex particles with 1.7h degradation half-life did not
require the transporter to be associated with antigen processing
(TAP), a protein involved in the most common MHC I antigen
loading mechanism, for antigen presentation, while the particles
with 16 h degradation half-life required TAP for antigen loading
(Broaders et al., 2009). The difference might be attributed to
the surface chemistry difference of the two materials due to the
different degradation rate. A recent in vivo study (Chen et al,
2018b) showed that OVA loaded Ac-Dex particles with 20% cyclic
acetal coverage (CAC) generated stronger antibody response
during the entire experiment period compared to particles with
40 and 60% CAC. Notably, when the particles were used for
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adjuvant delivery, the immune activating behavior was different.
The adjuvant loaded Ac-Dex particles with 20% CAC induced
stronger antibody and cytokine response at early time points
(day 14), while the 40 and 60% CAC induced greater antibody
titers at later time points (days 28 and 42). This study suggested
the importance of delivery of antigen and adjuvant separately in
individually optimized Ac-Dex particles.

One possible limitation for Ac-Dex is that, one of the products
released from degradation is methanol, which is known to be
highly toxic. Therefore, 2-ethoxypropene was explored as an
alternative to functionalize dextran instead of 2-methoxypropene
(Kauffman et al, 2012). No significant differences were
observed in cell viability when cells were incubated with the
acetalated dextran formed with 2-ethoxypropene or Ac-Dex
at concentrations below 1 mg/ml. Further toxicity study is
needed to determine if the new acetalated dextran improved the
biocompatibility at higher concentrations. To date, most studies
have been using Ac-Dex as the carrier material.

Ac-Dex has been introduced for vaccine adjuvant delivery
since 2010 (Bachelder et al, 2010) for several types of TLR
agonists. Keane-Myers and co-workers first studied Ac-Dex
microparticles as the delivery platform for imiquimod, a
hydrophobic TLR7/8 agonist, as an adjuvant in vitro. Imiquimod
loaded Ac-Dex microparticles were prepared with 4 wt%
loading rate and 100% loading efficiency. After incubation with
imiquimod loaded particles, the gene expression level, cytokine
secretion level of inflammatory cytokines IL-1B, IL-6, and TNF-
o, and the expression of two activation markers PD1-L1 and
iNOS as well as the production of downstream product NO,
were significantly increased in two macrophage cell lines, MH-
S and RAW 264.7. The particles also significantly increased the
production of IL-1p, IL-6, IL-12p70, and MIP-1a in BMDCs.
Compared to free imiquimod, the encapsulated imiquimod
induced higher amounts of cytokine at lower concentrations
of the particles. Empty Ac-Dex did not induce detectable
inflammatory cytokine or activation marker increases. This in
vitro study showed the promise of Ac-Dex as a vaccine adjuvant
carrier to achieve a good immune stimulation effect.

Another method for Ac-Dex particle preparation, electrospray
(ES), provided a better encapsulation efficiency (83%) toward a
less hydrophobic TLR 7/8 agonist resiquimod compared to the
standard emulsion encapsulation method (6%) (Duong et al.,
2013). Particles made by electrospray were larger (1-5 um) than
those from the emulsion method (~300 nm) and had a collapsed
morphology. More spherical particles could be obtained when
blending with Tween 80 during electrospray process. The Tween
80-blended Ac-Dex particles stimulated macrophages in vitro to
increase NO release and inflammatory cytokine secretion. The
in vivo study showed that these particles reduced L. donovani
amastigotes in heart and liver of mice relative to mice receiving
empty nanoparticles or PBS.

The Ainslie’s group applied Ac-Dex to deliver another two
TLR agonists, i.e., poly I:C and CpG as vaccine adjuvants (Peine
et al.,, 2013). 71 kDa Ac-Dex with 5min acetalation reaction
time [Ac-Dex (5min)] was found to be the best material for
the delivery of both agonists. The encapsulation efficiencies of
poly I:C and CpG in Ac-Dex (~55 and ~36%, respectively) were

significantly higher compared to traditional PLGA particles (~33
and ~3%, respectively). A significantly higher level of NO release
and cytokine secretion including IL-6, IL-12p70, IL-1f, IL-2,
TNF-a, and IFN-y was observed in RAW 264.7 macrophages
with poly I:C encapsulated Ac-Dex (5 min) particles compared to
poly I:C encapsulated PLGA particles and another Ac-Dex, Ac-
Dex (4 h), which degraded slower. Due to the poor encapsulation
of CpG in PLGA (~3%), only Ac-Dex (5min) was tested for
delivering CpG to RAW 264.7. For both NO release and cytokine
profile, CpG encapsulated in Ac-Dex was superior to free CpG.
Ting’s lab applied Ac-Dex particles for the delivery of cyclic
dinucleotide (CDN) 3'3’-cGAMP, a ligand of stimulator of
interferon genes (STING), for immune cell activation (Junkins
et al,, 2018). The cGAMP is a water-soluble adjuvant, which has
poor cell penetration abilities. Liposomes and hydrogel delivery
carrier of cGAMP were associated with low encapsulation
efficiency and poor long-term stability (Hanson et al., 2015;
Irvine et al., 2015; Lee et al., 2016; Koshy et al.,, 2017). With the
electrospray method, the Ac-Dex particles (ES Ac-Dex) loaded
up to 0.52%wt of cGAMP with 89.7% encapsulation efficiency,
which is significantly higher compared to Ac-Dex particles
prepared through the emulsion method (EM Ac-Dex), PLGA
particles or liposomes. The cGAMP loaded ES Ac-Dex remained
intact in pH neutral media at 37°C for at least 28 days without
losing the bioactivity of cGAMP. Strong immune activation was
observed both in vitro and in vivo without significant toxicities.
When ES Ac-Dex was co-administrated with a model antigen
OVA, the level of antibody against OVA generated in vivo
was enhanced by 10* to 10° folds compared to OVA alone.
Analysis of antibody subtype indicated the cGAMP encapsulated
ES Ac-Dex particles induced balanced Thl and Th2 associated
immune responses, while the Alum adjuvant produced mainly
Th2 polarized responses. Besides humoral responses, the cGAMP
encapsulated ES Ac-Dex also induced cellular responses against
the model antigen OVA. On a B16F10 melanoma model, the
cGAMP Ac-Dex showed a better anti-tumor effect compared to
three other Ac-Dex particles encapsulating different adjuvants,
Murabutide, imiquimod, and Poly I:C (Watkins-Schulz et al,
2019). The successful anti-cancer immunotherapy by cGAMP
Ac-Dex particles was also observed on a triple negative breast
cancer cell line E0771. Systematic administration of cGAMP
Ac-Dex through intravenously injection slowed down tumor
growth as efficient as local administration through intratumoral
injection. Interestingly, in the B16F10 model, the NK cells,
instead of T cells, were the major type of cells for tumor
lysis. However, for E0771 tumor, both NK and T cells were
important for the anti-tumor responses. These results indicated
the importance of activating both the innate immune cells (NKs)
and adaptive immune cells (T cells) for tumor immunotherapy,
as the T cells may not always be the major anti-tumor responders.
Co-delivering more than one adjuvant within one Ac-Dex
particle can improve the immune activation compared to single
adjuvant loaded Ac-Dex particles. For example, cGAMP ES
Ac-Dex successfully induced high levels of IFN-f, IL-6, and
TNF. With the co-encapsulation of resiquimod (R848) in the
same particle, the cGAMP/R848 ES Ac-Dex elicited two more
important cytokines for adaptive immune activation, IL-1p, and
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IL-12p70 (Collier et al., 2018). Co-administration of separate
cGAMP ES Ac-Dex and R848 ES Ac-Dex particles was not as
efficient as co-encapsulation of the two adjuvants within the same
particle based on in vitro cytokine release study. The combination
of muramyl dipeptide (MDP), a NOD?2 ligand, with R848, also
showed superior additive effects (Pafilick et al., 2018).

Besides serving as an adjuvant carrier, Ac-Dex particles can
deliver both the antigen and the adjuvant as a full vaccine against
various targets, such as anthrax, bacterial infection and influenza.

Anthrax caused by the infection of (B. Anthracis) can lead
to death within 1 week, with the current vaccine Anthrax
Vaccine Adsorbed requiring up to 6 doses and 18 months to
achieve protection (Schully et al,, 2013). A vaccine that can
generate fast immune protection against anthrax is urgently
needed. The Ainslie’ group designed a Ac-Dex based vaccine
to generate a rapid immune response against anthrax, where
Ac-Dex was used to encapsulate R848, and Protective Antigen
(PA), the most important toxic component of anthrax antigen,
in separate particles by emulsion (Schully et al, 2013). Mice
received both R848 Ac-Dex and PA Ac-Dex showed much
stronger IgG responses on days 14, 28, and 42 after immunization
compared to PA+Alum or free PA 4+ R848 Ac-Dex particles.
All mice immunized with PA Ac-Dex +R848 Ac-Dex vaccine
survived 3 challenges on days 14, 28, and 42 with both low
and high doses of B. Anthracis. This Ac-Dex based vaccine
only required two injections at days 0 and 7, and effective
protection against anthrax was observed as early as 14 days.
The fast generation of protective immune response by Ac-Dex
based vaccine provided a promising way fighting against fast
progressing diseases. In a later study, electrospray method was
used instead of emulsion to fabricate Ac-Dex particles with PA
only or with both PA and R848 (Gallovic et al., 2016). Three
vaccine formulations were used to immunize the mice: (i) PA
absorbed to resiquimod microparticles; (ii) PA and resiquimod
encapsulated in separate particles; and (iii) PA and resiquimod
encapsulated in same particle. Both (ii) and (iii) induced high
IgGl and IgG2a titers on day 42 after immunization similar
to or higher than Anthrax Vaccine Adsorbed, the current
anthrax vaccine. The in vivo study showed that (ii) was the
best vaccine, which protected 50% mice from death during 28-
days observation, while mice immunized with (iii) only had 10%
survival. BioThrax group did not survive beyond 13 days. The in
vivo study indicated that delivering PA and adjuvant in separate
particles may provide a faster and stronger immune response
toward anthrax. This finding supported the idea that adjuvant
and antigen should be encapsulated in separate Ac-Dex particles
optimized for each component with different CAC percentages
(Chen et al., 2018b).

Ac-Dex was used as carrier for a Burkholderia pseudomallei
subunit vaccine and showed the ability to generate immune
responses within a short time period (Schully et al., 2015).
The antigen B. pseudomallei lysate and an adjuvant R848
were encapsulated in separate Ac-Dex particles. The rapid
immunization schedule (two injections on day 0 and 7) slowed
down the death progress during 26-days observation when mice
were challenged on day 14 with a lethal dose B. pseudomallei. 12%
of the immunized mice survived the challenge on day 26 while

most mice in control groups died within 2 days of challenge and
none survived beyond 20 days. The vaccinated group had higher
antibody titers, stronger cytokine secretion (IL-4, IL-5, IL-17A,
IL-12, IFN-y, GM-CSE, and TNF-a) and more cytotoxic T cells
compared to the control group receiving PBS only.

The Ting lab applied the cGAMP encapsulated Ac-Dex with
soluble hemagglutinin (HA) protein from HINI influenza virus
for anti-influenza vaccination (Junkins et al., 2018). A strong
Th1-biased antibody response was observed in cGAMP Ac-Dex
+ HA group, while Alum + HA only induced weak Th2-biased
antibody response. The cGAMP Ac-Dex + HA protected 12
out of 13 mice from HIN1 influenza challenge, while >90% of
untreated mice and >75% of mice immunized with free HA
only were killed during the challenge. The neutralizing antibodies
generated by cGAMP Ac-Dex + HA remained detectable in
mouse sera for more than 4 months after immunization and
protected the mice from a lethal dose of HINI influenza virus
challenge 7 months after immunization. The Bachelder lab
investigated the co-administration of cGAMP Ac-Dex and the
ectodomain of matrix protein 2 (M2e) encapsulated Ac-Dex
particles as an anti-influenza vaccine (Chen et al., 2018a). The
M2e and cGAMP were encapsulated in separate Ac-Dex particles
with different percentage of CAC. In contrast to the delivery
of OVA antigen where a high antibody titer was observed in
Ac-Dex particles with low CAC (20%) (Chen et al., 2018b),
it was observed that the M2e Ac-Dex with high CAC (60%)
induced higher antibody titers compared to M2e Ac-Dex with
lower CAC (40 and 20%). The cGAMP encapsulated Ac-Dex
particles with different CAC (20, 40, or 60%) did not significantly
change the antibody titers. The M2e and cGAMP encapsulated
in separate Ac-Dex particles (60% CAC) induced significantly
higher antibody titers compared to the co-encapsulation of
M2e and cGAMP in same Ac-Dex (60% CAC). Besides the
antibody titer, significantly higher levels of IFN-vy, IL-2, and IL-
6 secretion were detected in mice immunized with M2e Ac-
Dex (40% or 60% CAC) + cGAMP Ac-Dex (60% CAC), which
suggested a successful generation of cellular immunity. Both
vaccines, M2e Ac-Dex (40%) + cGAMP Ac-Dex (60%) and
M2e Ac-Dex (60%) + cGAMP Ac-Dex (60%) showed significant
improvement of survival during a lethal dose influenza challenge
in mice.

The studies discussed so far relied on passive uptake of the
Ac-Dex particles by immune cells. The Fréchet group studied
mannosylated Ac-Dex particles for immunomodulation through
mannose targeting (Cui et al., 2011). “Click-able” Ac-Dex was
obtained by partially modifying the hydroxyl groups on dextran
backbone with an azido-triethylene glycol linker followed by
acetalation. Microparticles were then prepared through the
emulsion method with subsequent surface mannosylation using
the CuAAC reaction. These particles (referred to as Man-
Ac-Dex) with high density mannose on the surface (up to
10%/particle) had high binding avidity to mannose receptors on
DC surface. Man-Ac-Dex showed 1.5-2 fold increase of DC
uptake and about 5 fold increase of MHC I presentation on DCs
compared to Gal-Ac-Dex, azido-Ac-Dex, or Ac-Dex particles,
suggesting more potent immune activation. However, no in vivo
study was performed with particles.
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Reducible Dextran Nanogel

Besides acetalated dextran, reducible dextran nanogel is another
type of modified dextran, which has been developed for antigen
delivery to DCs (Li et al, 2015, 2016). A cationic dextran
nanogel has been fabricated by inverse mini-emulsion photo-
polymerization with methacrylated dextran, a methacrylamide
functionalized disulfide linker, and a positively charged
methacrylate monomer. The nanogel was then covalently
conjugated with a model antigen OVA through a disulfide
linker (Scheme 6). The confocal microscopy indicated the OVA
conjugated nanogel enhanced the uptake by D1 cells compared
to non-covalently loaded OVA-nanogel, free OVA or empty
nanogel. The OVA-conjugated nanogel combined with poly
L:C significantly slowed down the growth of B16-OVA tumor
expressing OVA antigen in a mouse tumor model compared
to free OVA, non-covalent OVA-nanogel (Li et al, 2016).
A preventive antitumor model was studied by immunizing
C57BL/6 mice on days 0 and 14 with different vaccine formula
followed by tumor challenge on day 28 with B16-OVA cells. All
PBS or empty nanogel treated mice died within 20 days after
tumor cell injection. Only 30% of the mice in non-covalent
OVA-nanogel group were tumor-free on day 52, while 90%
of mice immunized with OVA-conjugated nanogel+poly I:C

remained tumor free. OVA-conjugated nanogel+poly I:C
induced highest percentage of OVA specific CD8' T cell and
OVA specific IgG titers. In addition to the preventive model,
the efficacy of the vaccine was investigated in a therapeutic
model. Mice were injected with B16-OVA on day 0, which was
followed by two immunizations on days 6 and 16. While all other
groups developed fast-growing tumor and died within 35 days,
the OVA-conjugated nanogel+poly I:C significantly slowed the
tumor growth and prolonged the survival.

These two studies showed the reducible nanogel carrier
can enhance DC activation in vitro and generate significant
preventive and curative effects against tumor in vivo. It was
found that the OVA-loaded nanogel exhibited cytotoxicity at high
concentrations, which may require more chemical modifications
to improve biocompatibility (Li et al., 2015). For example, the
percentage of the cationic monomer may be lowered to reduce
the level of positive surface potential to decrease cytotoxicity.

Oxidation Sensitive Dextran

Reactive oxygen species are heavily produced in the phagosomes
of APCs, which are crucial for initiating immune responses
(Jones, 2008; Winterbourn, 2008). It has been reported that
the most effective APCs, DCs, may have phagosomes with
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H,0; concentration up to 1 mM (Savina et al., 2009). Therefore
oxidation sensitive dextran was investigated as a vaccine carrier
candidate (Broaders et al., 2011). Free hydroxyl groups on
dextran were modified with arylboronic ester resulting in Oxi-
Dex (Scheme 7). 100-200 nm sized particles were prepared via
the standard emulsion method. The resulting particles were
stable in PBS buffer but decomposed in 1 mM H;O; with a half-
life of 36 min. The OVA encapsulated Oxi-Dex induced a 27-
fold increase of OVA presentation in DC 2.4 cells compared to
OVA encapsulated PLGA particles, while free OVA did not get
presented. However, this Oxi-Dex was not further studied after
this report.

pH Sensitive Amphiphilic
Galactosyl-dextran-retinal Conjugates
(GDR)

The galactosyl-dextran-retinal (GDR) conjugates is a pH
sensitive amphiphilic material reported by the Ma group (Wang
et al, 2016). All-trans retinal, the precursor of retinoic acid
(active metabolite of Vitamin A), was first conjugated to
dextran through a pH-responsive hydrazone bond then further
modified with ethylenediamine following reaction with NHS
activated lactobionic acid to obtain the GDR conjugate. GDR was
amphiphilic, which spontaneously self-assembled into nanogel
with size around 115 nm and zeta-potential around 27 mV. At pH
= 7.4, the GDR was relatively stable with <10% of retinal release
within 48h. However, the hydrazone bond in GDR conjugate
could be rapidly cleaved at pH 5.0 resulting in over 50% retinal
release within 24 h, which could serve as an adjuvant. GDR
nanogel induced BMDC maturation in vitro while free retinal
failed to do so. OVA-loaded GDR nanogel enhanced both MHC
I and MHC II antigen presentation on BMDCs. The release
of retinal from GDR nanogel significantly elevated the reactive
oxygen species (ROS) generation in BMDCs by 2-3 folds relative
to free all-trans retinal within 4h due to lysosomal disruption,
and the resulting ROS significantly enhanced proteasome activity
in BMDCs. In a B16-OVA tumor model, the OVA-GDR nanogel
vaccine suppressed tumor growth and prolonged mouse survival

compared to free OVA, free OVA+retinal and PBS groups. OVA-
GDR nanogel induced robust CD 8 T cell proliferation as well
as high levels of IFN-y production and lysis of tumor cells.

B-GLUCANS

B-Glucans are B-1,3-linked glucose polymers with p-1,6 branches.
B-Glucans can be isolated from fungal cell wall, bacteria, seaweed,
cereal, etc. Depending on the source, the polysaccharides may
have varied primary, secondary or tertiary structures, or physical
properties. Though heterogeneous, these polysaccharides can
induce similar immune responses and therefore usually termed
as a common name “B-glucans” (Novak and Vetvicka, 2008).
The major B-glucan receptors in mammals are dectin-1, and
complement receptor 3 (CR3, CD11b/CD18) (Levitz et al., 2015).
It has been reported that the stimulation via dectin-1 primes
Th1, Th17, and cytotoxic T lymphocyte responses (LeibundGut-
Landmann et al., 2008; Geijtenbeek and Gringhuis, 2009; Levitz
etal,, 2015). With their immune stimulating properties, f-glucans
have been studied in vaccine design with an established record
of safety in both preclinical and human trials (Williams et al.,
1988; Novak and Vetvicka, 2008; Weitberg, 2008). As a major
component of fungal cell wall, B-glucans has been widely used
as antigens for generating anti-glucan antibodies against fungal
infections (Bromuro et al., 2010; Cassone and Casadevall, 2012;
Liao et al.,, 2015). In this section, we focus on examples applying
B-glucans as vaccine carriers and built-in adjuvants.

f-Glucan Particles

B-Glucan particles (GPs) are the most studied vaccine carriers
in the B-glucan family. They were developed in 1980s but only
widely used as vaccine carriers in recent years (Hunter et al,
2002; Mirza et al., 2017; Abraham et al.,, 2019). GPs are highly
purified, hollow porous cell wall shells with 2-4 um sizes. GPs
can be derived from baker’s yeast through a series of hot alkali and
organic extractions (Di Luzio et al., 1979; Williams et al., 1989). It
contains primarily 1,3-p-glucans along with small amounts of -
1,6-glucans and chitin (Levitz et al., 2015). GPs can be recognized
by dectin-1 and upregulate cell surface presentation of MHC
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molecules and co-stimulation molecules as well as inducing the
production of inflammatory cytokines (Hunter and Redelman,
2004; Berner et al., 2005; Huang et al., 2009). The hollow GPs
have been studied as carriers for proteins, DNA, siRNA, and
other small molecules (Soto and Ostroff, 2008; Aouadi et al., 2009;
Huang et al., 2010, 2012; Tesz et al., 2011; Soto et al., 2012).

Antigens can be non-covalently trapped inside GPs with the
addition of polymers such as yeast tRNA, alginate-calcium or
alginate-calcium-chitosan mixture. The Levitz group used tRNA
to trap OVA protein inside GPs (Huang et al., 2010). These GPs
were efficiently taken up and proteolyzed by DCs to induce DC
maturation. Significant T cell proliferation was observed when
incubated with GP-OVA at concentrations starting from 0.03
png OVA /ml, while the free OVA protein needed 100 times
higher concentration to reach similar stimulation levels. The
CD4™ T cells isolated from GP-OVA immunized mice secreted
significantly higher amounts of pro-inflammatory cytokines
such as IL-4, IL-17, and IFN-y compared to Alum/OVA
immunized mice. For antibody responses, the GP-OVA vaccine
successfully induced Th1 skewing antibody subtype IgG2c, while
the Alum/OVA induced only IgG1 responses. The long-term
immune responses were monitored 18-20 months after the last
immunization (Huang et al., 2013). The CD4" T cells isolated
from immunized mice resumed cytokine secretion upon ex
vivo OVA stimulation, and the serum antibody titer remained
detectable. Notably, the encapsulation of OVA in GPs was
found important, as the admixture of OVA and GPs was not
as effective in inducing CD4" T cell cytokine secretion and
antibody responses (Huang et al., 2013). The Levitz group also
studied polymers such as alginate-calcium (AC) or alginate-
calcium-chitosan (ACC) mixture for trapping antigens in GPs
(Huang et al, 2013). The AC and ACC trapped GP-OVA
showed comparable capacities to induce antigen-specific T cell
responses and antibody responses in mice as the tRNA trapped
GP-OVA. Other antigens such as BSA (De Smet et al,, 2013),
FedF (Baert et al., 2016), could also be trapped inside GPs as
vaccine candidates.

Antigens can be loaded into GPs through covalent coupling.
The Hunter group covalently conjugated antigen BSA to
GPs through amide bonds (Berner et al., 2008). The BSA-
GP conjugates were phagocytized by macrophages and both
intradermal and oral administration of BSA-GP vaccine induced
immune responses against BSA. OVA-GP conjugates were
synthesized similarly, which induced strong BMDC, CD4"
and CD8T T cells activation in vitro (Berner et al., 2015).
The Hong group prepared OVA loaded GPs in organic phase,
which reduced GP aggregation compared to aqueous phase
conjugation, and provided more homogenous OVA-GPs (Yang
et al,, 2017). With this novel conjugation method, the GPs were
first dispersed in cyclohexane/Igepal CO-520 (85:15) solution
followed by the addition of aqueous solution containing the
OVA antigen and glutaraldehyde cross-linker sequentially. The
hydrophilic antigen and cross-linker would be slowly soaked
into GP cavity due to the hydrophilic environment of the
glucans and the conjugation primarily took place inside the GP
cores rather than on the exterior of the GPs, which may cause
cross-linking between particles and lead to aggregation. The

resulting OVA-GPs successfully induced BMDC maturation and
T cell proliferation in vitro and stimulated B cell activation and
germinal center formation in vivo. High anti-OVA IgG2c titers
were detected after only one immunization with the OVA-GP
vaccine, which indicated a strong Th1 biased immune response.
The OVA-GPs successfully induced antigen-specific CD8" T
cell response in vivo and provided significant protection against
tumor development to EG.7-OVA tumor bearing mice.

An interesting property of GPs is that they can be
administered orally. GPs can be taken up by human intestinal
epithelial cells and induce the secretion of chemokines and the
expression of pattern recognition receptors and costimulatory
molecules (De Smet et al., 2013). The GP-OVA complex can be
delivered by M cells to mucosal lymphoid tissues and induce
the proliferation of OVA specific CD4"T T cells when given
orally to mice. Surface functionalization of an immunoglobulin-
binding protein G followed by the anti-aminopeptida N (APN,
an intestinal epithelial receptor) antibody on GPs can further
enhance the passage of particles through the epithelial barrier
(Baert et al., 2015). Compared to isotype antibody conjugated
GPs, the anti-APN GPs can be internalized 10 times more
by intestinal epithelial cell line IPEC-J2 at a 16-fold lower
concentration. In vivo study showed that orally administrated
anti-APN-coated, FedF-loaded GPs induced significantly higher
titers of antibodies compared to non-targeting FedF loaded GPs.

f-Glucan-antigen Complex

A p-glucan member, schizophyllan (SPG), contains a f-1,3-
glucan main chain with $-1,6-glycosyl side chain every three
glucose residues. It can form stoichiometric complexes with
specific homonucleiotides such as poly(C) or poly (dA) via a
combination of hydrogen bonding and hydrophobic interactions
(Scheme 8) (Sakurai and Shinkai, 2000; Sakurai et al., 2001;
Numata et al, 2003). Unlike B-glucan particles, these SPG
complexes are nano-rod shaped with diameters around 10-20 nm
(Kobiyama et al., 2014). The complex includes two SPG chains
and one polynucleiotide chain forming a triple helix through
interactions between two main-chain glucoses and one base, and
the stability of complex depends on the length of polynucleotide
(Sakurai and Shinkai, 2000; Sakurai et al., 2001). The complex can
be recognized by dectin-1 receptor inducing immune responses
(Minari et al., 2010; Mochizuki and Sakurai, 2011), and therefore
have been studied as vaccine adjuvants.

A complex of SPG with CpG-dAyg, a short single stranded
DNA fragment with CpG motif and a 40-mer poly(dA)
tail, has shown strong immune activating effects due to
the combination delivery of immunocytes targeting SPG and
immuno-stimulative CpG (Kobiyama et al., 2014; Miyamoto
et al., 2014, 2018). This complex can induce antigen-presenting
cell activation as well as Thl and CD8T cell responses
(Kobiyama et al, 2014, 2016; Ito et al, 2017). Intravenous
injection of CpG-SPG complex suppressed tumor growth
more efficiently than SPG, CpG or mixture of SPG and
CpG on several tumor models (Kitahata et al., 2016). The
CpG-SPG complex could be cross-linked to form nanogels
with a larger size (~150nm) by mixing CpG-SPG and its
complementary sequence (Kobiyama et al, 2014; Miyamoto
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et al., 2017), which may further improve the delivery efficiency
toward immune cells due to the size effect (Manolova
et al, 2008). Compared to CpG-SPG complex, the cross-
linked CpG-SPG nanogel induced significantly higher IL-6
secretion in mice splenocytes in vitro (Kobiyama et al., 2014).
The fluorescence microscopy imaging indicated a 10 times
higher uptake of the cross-linked CpG-SPG nanogel than
CpG-SPG complex by macrophages (Miyamoto et al., 2017).
The CpG-SPG nanogel induced more antigen specific CD8"
T cells in vivo compared to CpG-SPG complex when co-
administrated with OVA antigen. The nanogel immunization
significantly slowed down EG7 tumor growth and prolonged
survival in mice compared to free CpG or CpG-SPG complex
(Miyamoto et al., 2017).

Besides CpG, peptide antigens can be conjugated with
poly(dA) for preparing SPG-antigen complexes. The Sakurai
group reported an OVA-SPG complex prepared with OVA
peptide-poly(dA) conjugate and SPG (Mochizuki et al., 2015,
2017). It was observed that the conjugation strategy could
influence the immune cell processing of the OVA-SPA complex
(Mochizuki et al., 2017). OVA-poly(dA) conjugated through a
glutathione cleavable disulfide linker can induce significantly
higher levels of OVA antigen presentation on macrophages
compared to the OVA-poly(dA) conjugated through a triazole.
The conjugation of poly(dA) at the N terminal of OVA peptide,
instead of at the C terminal, showed a higher OVA presentation
by macrophages (Mochizuki et al., 2017). The OVA-SPG induced
peptide specific CD8" T cell responses both in vitro and in
vivo when co-administrated with CpG-SPG complex. OVA-
SPG/CpG-SPG vaccine immunized mice showed significantly
more effective in vivo lysis of OVA-pulsed target cells compared
to free OVA peptide, free OVA + free CpG and free OVA + CpG-
SPG group as indicated by in vivo CTL assays (Mochizuki et al.,
2015). The strong CTL activation was observed with a very low
dose of OVA peptide (100 ng/mouse) (Mochizuki et al., 2017).
The OVA-SPG/CpG-SPG vaccine also successfully suppressed

the growth of EG7 tumor and prolonged survival time in mice
(Mochizuki et al., 2015).

B-Glucan Based Nanoparticles for Vaccine

Delivery
Beside the large-sized GPs and rod-shaped SPG complexes, p-
glucan nanoparticles were investigated for vaccine delivery. The
Dong group developed a synthetic MUCI vaccine by conjugating
MUC1 peptide with a B-glucan chain (Wang et al., 2019).
The resulting MUCI-B-glucan material formed homogenous
nanoparticles sized 150nm due to hydrophobic interactions.
This MUCI1--glucan nanoparticle induced significantly higher
serum antibody titers and IFN-y and IL-6 cytokines. The Zhang
lab prepared B-glucan nanoparticles based vaccines by mixing
positively charged aminated p-glucan with negatively charged
CpG adjuvant and OVA protein antigen (Jin et al, 2018).
The combination of dectin-1 activating B-glucan and TLR-9
activating CpG in one nanoparticle showed synergistic effects in
inducing both strong humoral and cellular immune responses.
The Kono lab reported a set of B-glucan based pH sensitive
materials for cytoplasmic delivery of antigen (Yuba et al,
2017). Curdlan, a kind of B-glucan, was modified with methyl
glutaric acid (MGlu) to generate a pH responsive polysaccharide
MGIlu-Curd. Using a similar strategy, pH responsive 3-
methyl glutaryl mannan (MGlu-Man), and 3-methyl glutaryl
dextran (MGlu-Dex) were prepared. 1-Aminodecane was then
conjugated to these polysaccharides to anchor these pH
responsive polysaccharide chains onto membranes of OVA-
loaded liposomes. All three types of liposomes with different
polysaccharides induced the release of cargo from liposome at
around pH 5. The polysaccharide backbone played an important
role for obtaining liposomes with high affinity to DC cells.
Compared to MGlu-Man and MGlu-Dex coated liposomes, the
liposome containing MGlu-Curd with 59 MGlu groups per chain
(MGlusg-Curd), induced the highest DC uptake of the liposomes.
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The percentage of MGlu modification also influenced the
immune activation. In general, curdlan with higher percentage
of MGlu content (MGluy;-Curd and MGlusg-Curd) induced
higher pro-inflammatory cytokines such as TNF-a and IL-12
in DC2.4 cells compared to those with lower MGlu content
(MGluy;-Curd and MGluy;-Curd). Compared to MGlu-Man
and MGlu-Dex, MGlusg-Curd elicited more IFN-y and higher
cell-mediated cytotoxicity in splenocytes isolated from OVA-
immunized mice in vitro. The tumor challenge study showed
that mice immunized with MGlus9-Curd had the smallest tumor
size and longest survival time highlighting the advantage of the
curdlan backbone.

CONCLUSIONS AND FUTURE OUTLOOK

In summary, we have reviewed recent advances in vaccine
development applying carbohydrates as adjuvants and/or vaccine
carriers. With their biocompatibility, ease for modification, and
the ability to interact with the immune system through multiple
mechanisms, carbohydrates provide a great variety of choices to
meet the various needs for vaccine studies.

Carbohydrates can be modified through multiple methods
such as amide or ester formation, CuAAC reaction, oxidation of
sugar rings followed by imine or oxime formation, which make
them flexible for various applications in vaccine designs. For
example, the controlled release of the antigen and adjuvant from
the vaccine carrier is important for immune activation. A desired
carrier should not release their cargos before entering immune
tissues, and should not release too slow after encountering
immune cells, which may fail to produce enough immune
stimulation resulting in tolerance (Lofthouse, 2002; Sivakumar
etal., 2011).

The optimal deliveries of antigens and adjuvants can
be different, and the carriers may need to be optimized
separately (Chen et al, 2018a,b). By controlling the reaction
time during the acetalation of dextran, a carbohydrate-based
vaccine carrier with fine-tuned releasing profile can be achieved,
which can serve as a great platform for vaccine optimization.
Antigen-MPLA and antigen-a-GalCer conjugates can be easily
combined with other well-studied lipid molecules to form
liposomal vaccines. Taking advantage of the well-developed
strategies for liposome preparation (Abu Lila and Ishida,
2017; Bulbake et al., 2017), carriers with controlled size and
surface charges, another two important factors for immune
targeting (Xiang et al., 2006; Bachmann and Jennings, 2010), can
be obtained.

Notably, although there are many examples showing that
successful carbohydrate conjugate-based vaccines can be
achieved through multiple chemistry reactions and linker
structures, the small structure alteration of carbohydrate
backbones due to the conjugation may significantly influence the
final immune outcomes. The carbohydrates often contain more
than one position available for chemical modification. When
designing carbohydrate vaccines, the conjugation site should be

carefully chosen in order to obtain optimal immune recognition.
As an example, the antigen-MPLA conjugates through 6'-
position, where the polysaccharide chain is attached to the
natural LPS, were superior in generating IgG responses compared
to the antigen-MPLA conjugates that using 1-O-position as the
conjugation site (Wang et al., 2017), while the blockade of the
phosphate group on MPLA completely suppressed the ability for
immune activation (Wang et al., 2011). The linkers between the
payload and the carbohydrate backbones also played important
roles in immune tuning. For example, the oxidative conjugation
of mannan and MUC1 FP through imine linkers induced Thl
type immune response and successfully protected mice from
tumor growth, while reductive conjugation through amines
induced Th2 type immune response without successful tumor
protection (Apostolopoulos et al., 1995b). Interestingly, there
are examples using the trace amount of mannoproteins (~5% in
mannan) for allergen conjugation as allergic vaccines (Manzano
et al., 2016; Sirvent et al., 2016). This strategy, taking advantage
of other components in polysaccharide mixtures for chemical
conjugation, can maintain the intact carbohydrate structure,
which may reduce the chance of disturbing the immune
activation function. However, the disadvantage of this strategy
might be the quality control issue. The protein components may
vary batch-to-batch, which may influence the conjugation
efficiency, the physical and biological properties of the
final materials.

An attractive strategy for future vaccine design can be the
combination of different adjuvants that activates the immune
system through different receptors. Adjuvants are playing
crucial roles in vaccine design, and there have been examples
indicating that combining adjuvants with different immune
activating mechanisms can trigger additive effects and enhance
the vaccine efficacy (Collier et al., 2018; Pafllick et al., 2018).
However, cautions need to be taken in combining other
adjuvants with the “self-adjuvating” carbohydrates. There are
examples indicating the additional adjuvants have negative
effects in MPLA and mannan based vaccine conjugates (Wu
and Guo, 2006; Wang et al, 2011; Zhou et al, 2014,
2015; Liao et al, 2016; Sirvent et al., 2016; Benito-Villalvilla
et al., 2019). Therefore, the external adjuvant needs to be
carefully selected. Understanding the detailed mechanism of how
multiple adjuvants collaborate with each other can guide future
vaccine designs.

AUTHOR CONTRIBUTIONS

XH conceived the topic. SL and XH wrote the manuscript.

ACKNOWLEDGMENTS

We are grateful to the National Institutes of Health (ROl
CA225105, RO1AI146210), Michigan State  University
Foundation, and the Department of Chemistry, Michigan
State University for partial financial supports.

Frontiers in Chemistry | www.frontiersin.org

19

April 2020 | Volume 8 | Article 284


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lang and Huang

Carbohydrate Conjugates in Vaccine Developments

REFERENCES

Abbas, A. K., Lichtman, A. and Pober, J. (2000). “Congenital and
acquired immunodeficiencies” in Cellular and Molecular Immunology,
ed. R. Gruliow (Philadelphia, PA: Saunders Elsevier), 463-488.
doi: 10.1016/B978-1-4160-3123-9.50029-2

Abraham, A., Ostroff, G., Levitz, S. M., and Oyston, P. C. F. (2019). A novel vaccine
platform using glucan particles for induction of protective responses against
francisella tularensis and other pathogens. Clin. Exp. Immunol. 198, 143-152.
doi: 10.1111/cei. 13356

Abu Lila, A. S., and Ishida, T. (2017). Liposomal delivery systems: design
optimization and current applications. Biol. Pharm. Bull. 40, 1-10.
doi: 10.1248/bpb.b16-00624

Anderson, R. ], Compton, B. J., Tang, C.-W., Authier-Hall, A., Hayman,
C. M, Swinerd, G. W,, et al. (2015). NKT cell-dependent glycolipid—
peptide vaccines with potent anti-tumour activity. Chem Sci. 6, 5120-5127.
doi: 10.1039/C4SC03599B

Anderson, R. ], Li, J., Kedzierski, L., Compton, B. J., Hayman, C. M., Osmond, T.
L., et al. (2017). Augmenting influenza-specific T cell memory generation with
a natural killer T cell-dependent glycolipid—peptide vaccine. ACS Chem. Biol.
12, 2898-2905. doi: 10.1021/acschembio.7b00845

Anderson, R. J., Tang, C.-W., Daniels, N. ], Compton, B. J., Hayman, C.
M., Johnston, K. A, et al. (2014). A self-adjuvanting vaccine induces
cytotoxic T lymphocytes that suppress allergy. Nat. Chem. Biol. 10, 943-949.
doi: 10.1038/nchembio.1640

Aouadi, M., Tesz, G. J., Nicoloro, S. M., Wang, M., Chouinard, M., Soto, E.,
et al. (2009). Orally delivered siRNA targeting macrophage Map4k4 suppresses
systemic inflammation. Nature. 458:1180. doi: 10.1038/nature07774

Apostolopoulos, V., Loveland, B. E., Pietersz, G. A., and McKenzie, I. F. (1995a).
CTL in mice immunized with human mucin 1 are MHC-restricted. J. Immunol.
155, 5089-5094.

Apostolopoulos, V., Pietersz, G. A., Gordon, S., Martinez-Pomares, L.,
and McKenzie, I. F. C. (2000). Aldehyde-mannan antigen complexes
target the MHC class I antigen-presentation pathway. Eur. J. Immunol.
30, 1714-1723. doi: 10.1002/1521-4141(200006)30:6<1714::AID-IMMU1714>
3.0.CO2-C

Apostolopoulos, V., Pietersz, G. A., Loveland, B. E., Sandrin, M. S., and McKenzie,
L. F. (1995b). Oxidative/reductive conjugation of mannan to antigen selects for
T1 or T2 immune responses. Proc. Natl. Acad. Sci. U.S.A. 92, 10128-10132.
doi: 10.1073/pnas.92.22.10128

Apostolopoulos, V., Pietersz, G. A., and McKenzie, I. F. C. (1996). Cell-mediated
immune responses to MUCI fusion protein coupled to mannan. Vaccine 14,
930-938. doi: 10.1016/0264-410X(95)00258-3

Apostolopoulos, V., Pietersz, G. A., Tsibanis, A., Tsikkinis, A., Drakaki, H.,
Loveland, B. E., et al. (2006). Pilot phase IIl immunotherapy study in early-stage
breast cancer patients using oxidized mannan-MUC1 [ISRCTN71711835].
Breast Cancer Res. 8:R27. doi: 10.1186/bcr1505

Apostolopoulos, V., Popovski, V., and McKenzie, I. F. (1998). Cyclophosphamide
enhances the CTL precursor frequency in mice immunized with
MUCI-mannan fusion protein (M-FP). J. Immunother. 21, 109-113.
doi: 10.1097/00002371-199803000-00003

Apostolopoulos, V., Xing, P.-X., and McKenzie, I. F. C. (1994). Murine immune
response to cells transfected with human MUCI: immunization with cellular
and synthetic antigens. Cancer Res. 54, 5186-5193.

Arca, H. C., Giinbeyaz, M., and Senel, S. (2009). Chitosan-based systems
for the delivery of vaccine antigens. Expert Rev. Vaccines. 8, 937-953.
doi: 10.1586/erv.09.47

Artiaga, B. L., Yang, G., Hackmann, T. J., Liu, Q., Richt, J. A., Salek-Ardakani,
S., et al. (2016). a-galactosylceramide protects swine against influenza
infection when administered as a vaccine adjuvant. Sci Rep. 6, 23593-23593.
doi: 10.1038/srep23593

Astronomo, R. D., and Burton, D. R. (2010). Carbohydrate vaccines: developing
sweet solutions to sticky situations? Nat. Rev. Drug Discov. 9, 308-324.
doi: 10.1038/nrd3012

Bachelder, E. M., Beaudette, T. T., Broaders, K. E., Dashe, J., and Fréchet, ].
M. J. (2008). Acetal-derivatized dextran: an acid-responsive biodegradable
material for therapeutic applications. J. Am. Chem. Soc. 130, 10494-10495.
doi: 10.1021/ja803947s

Bachelder, E. M., Beaudette, T. T., Broaders, K. E., Fréchet, J. M. J., Albrecht,
M. T., Mateczun, A. J., et al. (2010). In vitro analysis of acetalated dextran
microparticles as a potent delivery platform for vaccine adjuvants. Mol. Pharm.
7, 826-835. doi: 10.1021/mp900311x

Bachmann, M. F., and Jennings, G. T. (2010). Vaccine delivery: a matter of size,
geometry, kinetics and molecular patterns. Nat. Rev. Immunol. 10, 787-796.
doi: 10.1038/nri2868

Baert, K., De Geest, B. G., De Greve, H., Cox, E., and Devriendt, B. (2016).
Duality of B-glucan microparticles: antigen carrier and immunostimulants. Int.
J. Nanomed. 11:2463. doi: 10.2147/1JN.S101881

Baert, K., De Geest, B. G., De Rycke, R.,, da Fonseca Antunes, A. B., De
Greve, H., Cox, E,, et al. (2015). B-glucan microparticles targeted to epithelial
APN as oral antigen delivery system. J. Control. Release. 220, 149-159.
doi: 10.1016/j.jconrel.2015.10.025

Bendelac, A., Savage, P. B., and Teyton, L. (2007). The biology of NKT cells. Annu.
Rev. Immunol. 25, 297-336. doi: 10.1146/annurev.immunol.25.022106.141711

Benito-Villalvilla, C., Soria, I, Pérez-Diego, M., Ferndndez-Caldas, E., Subiza, J.
L., and Palomares, O. (2019). Alum impairs tolerogenic properties induced by
allergoid-mannan conjugates inhibiting mTOR and metabolic reprogramming
in human DCs. Allergy 75, 648-659. doi: 10.1111/all.14036

Benito-Villalvilla, C., Soria, 1., Subiza, J. L., and Palomares, O. (2018). Novel
vaccines targeting dendritic cells by coupling allergoids to mannan. Allergo ]
Int. 27, 256-262. doi: 10.1007/s40629-018-0069-8

Berner, M. D., Sura, M. E., Alves, B. N., and Hunter, K. W Jr. (2005). IFN-y primes
macrophages for enhanced TNF-a expression in response to stimulatory and
non-stimulatory amounts of microparticulate B-glucan. Immunol. Lett. 98,
115-122. doi: 10.1016/j.imlet.2004.10.020

Berner, V. K., Redelman, D., and Hunter, K. W. (2015). Microparticulate
B-glucan vaccine conjugates phagocytized by dendritic cells activate both
naive CD4 and CD8T cells in vitro. Cell. Immunol. 298, 104-114.
doi: 10.1016/j.cellimm.2015.10.007

Berner, V. K., Sura, M. E., and Hunter, K. W. (2008). Conjugation of protein
antigen to microparticulate B-glucan from saccharomyces cerevisiae: a new
adjuvant for intradermal and oral immunizations. Appl. Microbiol. Biotechnol.
80, 1053-1061. doi: 10.1007/s00253-008-1618-8

Broaders, K. E., Cohen, J. A., Beaudette, T. T., Bachelder, E. M., and Fréchet, J. M.
J. (2009). Acetalated dextran is a chemically and biologically tunable material
for particulate immunotherapy. Proc. Natl. Acad. Sci. U.S.A. 106, 5497-5502.
doi: 10.1073/pnas.0901592106

Broaders, K. E., Grandhe, S., and Fréchet, J. M. J. (2011). A biocompatible
oxidation-triggered carrier polymer with potential in therapeutics. J. Am.
Chem. Soc. 133, 756-758. doi: 10.1021/ja110468v

Broecker, F., Gotze, S., Hudon, J., Rathwell, D. C. K., Pereira, C. L., Stallforth, P.,
et al. (2018). Synthesis, liposomal formulation, and immunological evaluation
of a minimalistic carbohydrate-a-galcer vaccine candidate. J. Med. Chem. 61,
4918-4927. doi: 10.1021/acs.jmedchem.8b00312

Bromuro, C., Romano, M., Chiani, P., Berti, F., Tontini, M., Proietti,
D., et al. (2010). Beta-Glucan-CRM197 conjugates as candidates
antifungal vaccines. Vaccine 28, 2615-2623. doi: 10.1016/j.vaccine.2010.
01.012

Bulbake, U., Doppalapudi, S., Kommineni, N., and Khan, W. (2017). Liposomal
formulations in clinical use: an updated review. Pharmaceutics 9:12.
doi: 10.3390/pharmaceutics9020012

Carrefio, L. J., Kharkwal, S. S, and Porcelli S. A. (2014). Optimizing
NKT cell ligands as vaccine adjuvants. Immunotherapy. 6, 309-320.
doi: 10.2217/imt.13.175

Casella, C. R,, and Mitchell, T. C. (2008). Putting endotoxin to work for us:
monophosphoryl lipid a as a safe and effective vaccine adjuvant. Cell. Mol. Life.
Sci. 65, 3231-3240. doi: 10.1007/s00018-008-8228-6

Cassone, A. (2013). Development of vaccines for candida albicans: fighting a skilled
transformer. Nat. Rev. Microbiol. 11, 884-891. doi: 10.1038/nrmicro3156

Cassone, A., and Casadevall, A. (2012). Recent progress in vaccines against
fungal diseases. Curr. Opin. Microbiol. 15, 427-433. doi: 10.1016/j.mib.2012.
04.004

Cavallari, M., Stallforth, P., Kalinichenko, A., Rathwell, D. C. K., Gronewold, T.
M. A,, Adibekian, A., et al. (2014). A semisynthetic carbohydrate-lipid vaccine
that protects against S. pneumoniae in mice. Nat. Chem. Biol. 10, 950-956.
doi: 10.1038/nchembio.1650

Frontiers in Chemistry | www.frontiersin.org

20

April 2020 | Volume 8 | Article 284


https://doi.org/10.1016/B978-1-4160-3123-9.50029-2
https://doi.org/10.1111/cei.13356
https://doi.org/10.1248/bpb.b16-00624
https://doi.org/10.1039/C4SC03599B
https://doi.org/10.1021/acschembio.7b00845
https://doi.org/10.1038/nchembio.1640
https://doi.org/10.1038/nature07774
https://doi.org/10.1002/1521-4141(200006)30:6<1714::AID-IMMU1714>3.0.CO;2-C
https://doi.org/10.1073/pnas.92.22.10128
https://doi.org/10.1016/0264-410X(95)00258-3
https://doi.org/10.1186/bcr1505
https://doi.org/10.1097/00002371-199803000-00003
https://doi.org/10.1586/erv.09.47
https://doi.org/10.1038/srep23593
https://doi.org/10.1038/nrd3012
https://doi.org/10.1021/ja803947s
https://doi.org/10.1021/mp900311x
https://doi.org/10.1038/nri2868
https://doi.org/10.2147/IJN.S101881
https://doi.org/10.1016/j.jconrel.2015.10.025
https://doi.org/10.1146/annurev.immunol.25.022106.141711
https://doi.org/10.1111/all.14036
https://doi.org/10.1007/s40629-018-0069-8
https://doi.org/10.1016/j.imlet.2004.10.020
https://doi.org/10.1016/j.cellimm.2015.10.007
https://doi.org/10.1007/s00253-008-1618-8
https://doi.org/10.1073/pnas.0901592106
https://doi.org/10.1021/ja110468v
https://doi.org/10.1021/acs.jmedchem.8b00312
https://doi.org/10.1016/j.vaccine.2010.01.012
https://doi.org/10.3390/pharmaceutics9020012
https://doi.org/10.2217/imt.13.175
https://doi.org/10.1007/s00018-008-8228-6
https://doi.org/10.1038/nrmicro3156
https://doi.org/10.1016/j.mib.2012.04.004
https://doi.org/10.1038/nchembio.1650
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lang and Huang

Carbohydrate Conjugates in Vaccine Developments

Chackerian, B., Lenz, P., Lowy, D. R, and Schiller, J. T. (2002). Determinants
of autoantibody induction by conjugated papillomavirus virus-like particles. J.
Immunol. 169, 6120-6126. doi: 10.4049/jimmunol.169.11.6120

Chen, N., Collier, M. A., Gallovic, M. D., Collins, G. C., Sanchez, C. C., Fernandes,
E. Q. et al. (2016). Degradation of acetalated dextran can be broadly tuned
based on cyclic acetal coverage and molecular weight. Int. J. Pharm. 512,
147-157. doi: 10.1016/j.ijpharm.2016.08.031

Chen, N., Gallovic, M. D., Tiet, P., Ting, J. P. Y., Ainslie, K. M., and Bachelder, E. M.
(2018a). Investigation of tunable acetalated dextran microparticle platform to
optimize M2e-based influenza vaccine efficacy. J. Control. Release 289, 114-124.
doi: 10.1016/j.jconrel.2018.09.020

Chen, N., Johnson, M. M., Collier, M. A., Gallovic, M. D., Bachelder, E.
M., and Ainslie, K. M. (2018b). Tunable degradation of acetalated dextran
microparticles enables controlled vaccine adjuvant and antigen delivery to
modulate adaptive immune responses. J. Control. Release 273, 147-159.
doi: 10.1016/j.jconrel.2018.01.027

Cluff, C. W. (2009). “Monophosphoryl lipid A (MPL) as an adjuvant for anti-
cancer vaccines: clinical results,” in Lipid A in Cancer Therapy, ed. J. F. Jeannin
(New York, NY: Springer), 111-123. doi: 10.1007/978-1-4419-1603-7_10

Cobb, B. A, and Kasper, D. L. (2005). Microreview: zwitterionic capsular
polysaccharides: the New MHCII-dependent antigens. Cell. Microbiol. 7,
1398-1403. doi: 10.1111/j.1462-5822.2005.00591.x

Collier, M. A., Junkins, R. D., Gallovic, M. D., Johnson, B. M., Johnson, M.
M., Macintyre, A. N., et al. (2018). Acetalated dextran microparticles for
codelivery of STING and TLR7/8 agonists. Mol. Pharm. 15, 4933-4946.
doi: 10.1021/acs.molpharmaceut.8b00579

Colombo, C., Pitirollo, O., and Lay, L. (2018). Recent advances in the
synthesis of glycoconjugates for vaccine development. Molecules 23:1712.
doi: 10.3390/molecules23071712

Compton, B. J., Tang, C.-W., Johnston, K. A., Osmond, T. L., Hayman,
C. M., Larsen, D. S, et al. (2015). Synthesis and activity of 6 "
deoxy-6 " -thio-a-GalCer and peptide conjugates. Org. Lett. 17, 5954-5957.
doi: 10.1021/acs.orglett.5b02836

Cordeiro, A. S., Alonso, M. J., and de la Fuente, M. (2015). Nanoengineering
of vaccines using natural polysaccharides. Biotechnol. Adv. 33, 1279-1293.
doi: 10.1016/j.biotechadv.2015.05.010

Correia-Pinto, J. F., Csaba, N., and Alonso, M. J. (2013). Vaccine delivery
carriers: insights and future perspectives. Int. J. Pharm. 440, 27-38.
doi: 10.1016/j.ijpharm.2012.04.047

Cui, L., Cohen, J. A., Broaders, K. E., Beaudette, T. T., and Fréchet, J. M. J. (2011).
Mannosylated dextran nanoparticles: a pH-sensitive system engineered for
immunomodulation through mannose targeting. Bioconj. Chem. 22, 949-957.
doi: 10.1021/bc100596w

Dasgupta, S., Erturk-Hasdemir, D., Ochoa-Reparaz, J., Reinecker, H.-C., and
Kasper, D. L. (2014). Plasmacytoid dendritic cells mediate anti-inflammatory
responses to a gut commensal molecule via both innate and adaptive
mechanisms. Cell Host Microbe. 15, 413-423. doi: 10.1016/j.chom.2014.03.006

De Silva, R. A., Appulage, D. K., Pietraszkiewicz, H., Bobbitt, K. R., Media, J., Shaw,
J., et al. (2012). The entirely carbohydrate immunogen Tn-PS Al induces a
cancer cell selective immune response and cytokine IL-17. Cancer Immunol.
Immunother. 61, 581-585. doi: 10.1007/s00262-012-1205-9

De Silva, R. A., Wang, Q., Chidley, T., Appulage, D. K., and Andreana, P. R.
(2009). Immunological response from an entirely carbohydrate antigen: design
of synthetic vaccines based on Tn-PS Al conjugates. J. Am. Chem. Soc. 131,
9622-9623. doi: 10.1021/ja902607a

De Smet, R., Demoor, T., Verschuere, S., Dullaers, M., Ostroff, G. R., Leclercq,
G., et al. (2013). B-Glucan microparticles are good candidates for mucosal
antigen delivery in oral vaccination. J. Control. Release 172, 671-678.
doi: 10.1016/j.jconrel.2013.09.007

Di Luzio, N. R,, Williams, D. L., McNamee, R. B., Edwards, B. F., and Kitahama,
A. (1979). Comparative tumor-inhibitory and anti-bacterial activity of soluble
and particulate glucan. Int. J. Cancer. 24, 773-779. doi: 10.1002/ijc.2910240613

Dolen, Y., Kreutz, M., Gileadi, U., Tel, J., Vasaturo, A., van Dinther, E. A. W,
etal. (2016). Co-delivery of PLGA encapsulated invariant NKT cell agonist with
antigenic protein induce strong T cell-mediated antitumor immune responses.
Oncoimmunology 5:¢1068493. doi: 10.1080/2162402X.2015.1068493

Domer, J. E., Elkins, K., Prescott, B., Caldes, G., and Baker, P. J. (1986).
Separation of immunomodulatory effects of mannan from candida albicans

into stimulatory and suppressive components. Cell. Immunol. 101, 403-414.
doi: 10.1016/0008-8749(86)90153-X

Duong, A. D., Sharma, S., Peine, K. J., Gupta, G., Satoskar, A. R., Bachelder, E. M.,
etal. (2013). Electrospray encapsulation of toll-like receptor agonist resiquimod
in polymer microparticles for the treatment of visceral leishmaniasis. Mol.
Pharm. 10, 1045-1055. doi: 10.1021/mp3005098

Ebensen, T., Link, C., Riese, P., Schulze, K., Morr, M., and Guzman, C. A. (2007).
A pegylated derivative of a-galactosylceramide exhibits improved biological
properties. J. Immunol. 179:2065. doi: 10.4049/jimmunol.179.4.2065

Evans, J. T., Cluff, C. W., Johnson, D. A., Lacy, M. J., Persing, D. H., and
Baldridge, J. R. (2003). Enhancement of antigen-specific immunity via the
TLR4 ligands MPL™ adjuvant and Ribi.529. Expert Rev. Vaccines. 2, 219-229.
doi: 10.1586/14760584.2.2.219

Faveeuw, C., and Trottein, F. (2014). Optimization of natural killer T cell-mediated
immunotherapy in cancer using cell-based and nanovector vaccines. Cancer
Res. 74:1632. doi: 10.1158/0008-5472.CAN-13-3504

Feng, D., Shaikh, A. S., and Wang, F. (2016). Recent advance in tumor-associated
carbohydrate antigens (TACAs)-based antitumor vaccines. ACS Chem. Biol. 11,
850-863. doi: 10.1021/acschembio.6b00084

Fujii, S.-I., Yamasaki, S., Sato, Y., and Shimizu, K. (2018). Vaccine designs utilizing
invariant NKT-licensed antigen-presenting cells provide NKT or T cell help for
B cell responses. Front. Immunol. 9:1267. doi: 10.3389/fimmu.2018.01267

Gadjeva, M., Takahashi, K., and Thiel, S. (2004). Mannan-binding lectin—
a soluble pattern recognition molecule. Mol. Immunol. 41, 113-121.
doi: 10.1016/j.molimm.2004.03.015

Gallovic, M. D., Schully, K. L., Bell, M. G., Elberson, M. A., Palmer, J. R., Darko,
C. A, et al. (2016). Acetalated dextran microparticulate vaccine formulated
via coaxial electrospray preserves toxin neutralization and enhances murine
survival following inhalational bacillus anthracis exposure. Adv. Healthcare
Mater. 5,2617-2627. doi: 10.1002/adhm.201600642

Garner, R. E,, Childress, A. M., Human, L. G., and Domer, J. E. (1990).
Characterization of candida albicans mannan-induced, mannan-specific
delayed hypersensitivity suppressor cells. Infect Immun. 58, 2613-2620.
doi: 10.1128/1AI.58.8.2613-2620.1990

Garner, R. E., and Hudson, J. A. (1996). Intravenous injection of candida-derived
mannan results in elevated tumor necrosis factor alpha levels in serum. Infect
Immun. 64, 4561-4566. doi: 10.1128/IA1.64.11.4561-4566.1996

Geijtenbeek, T. B. H., and Gringhuis, S. I. (2009). Signalling through C-
type lectin receptors: shaping immune responses. Nat. Rev. Immunol. 9:465.
doi: 10.1038/nri2569

Gendler, S., Taylor-Papadimitriou, J., Duhig, T., Rothbard, J., and Burchell, J.
(1988). A highly immunogenic region of a human polymorphic epithelial
mucin expressed by carcinomas is made up of tandem repeats. J. Biol. Chem.
263, 12820-12823.

Gendler, S. J.,, Lancaster, C. A., Taylor-Papadimitriou, J., Duhig, T., Peat, N,,
Burchell, J., et al. (1990). Molecular cloning and expression of human tumor-
associated polymorphic epithelial mucin. J. Biol. Chem. 265, 15286-15293.

Ghinnagow, R., Cruz, L. J., Macho-Fernandez, E., Faveeuw, C., and Trottein, F.
(2017a). Enhancement of adjuvant functions of natural killer T cells using
nanovector delivery systems: application in anticancer immune therapy. Front.
Immunol. 8:879. doi: 10.3389/fimmu.2017.00879

Ghinnagow, R., De Meester, ], Cruz, L. J, Aspord, C., Corgnac, S,
Macho-Fernandez, E., et al. (2017b). Co-delivery of the NKT agonist a-
galactosylceramide and tumor antigens to cross-priming dendritic cells breaks
tolerance to self-antigens and promotes antitumor responses. Oncoimmunology
6:1339855. doi: 10.1080/2162402X.2017.1339855

Guo, Z., and Wang, Q. (2009). Recent development in carbohydrate-based cancer
vaccines. Curr. Opin. Chem. Biol. 13, 608-617. doi: 10.1016/j.cbpa.2009.08.010

Han, Y., and Rhew, K. Y. (2012). Comparison of two candida mannan vaccines:
the role of complement in protection against disseminated candidiasis. Arch.
Pharmacal Res. 35,2021-2027. doi: 10.1007/s12272-012-1120-9

Hanisch, F.-G., Uhlenbruck, G., Peter-Katalinic, J., Egge, H., Dabrowski, J., and
Dabrowski, U. (1989). Structures of neutral O-linked polylactosaminoglycans
on human skim milk mucins. A novel type of linearly extended poly-N-
acetyllactosamine Backbones with Gal beta (1-4) GIcNAc beta (1-6) repeating
units. J. Biol. Chem. 264, 872-883.

Hanson, M. C., Crespo, M. P., Abraham, W., Moynihan, K. D., Szeto, G.
L., Chen, S. H,, et al. (2015). Nanoparticulate STING agonists are potent

Frontiers in Chemistry | www.frontiersin.org

21

April 2020 | Volume 8 | Article 284


https://doi.org/10.4049/jimmunol.169.11.6120
https://doi.org/10.1016/j.ijpharm.2016.08.031
https://doi.org/10.1016/j.jconrel.2018.09.020
https://doi.org/10.1016/j.jconrel.2018.01.027
https://doi.org/10.1007/978-1-4419-1603-7_10
https://doi.org/10.1111/j.1462-5822.2005.00591.x
https://doi.org/10.1021/acs.molpharmaceut.8b00579
https://doi.org/10.3390/molecules23071712
https://doi.org/10.1021/acs.orglett.5b02836
https://doi.org/10.1016/j.biotechadv.2015.05.010
https://doi.org/10.1016/j.ijpharm.2012.04.047
https://doi.org/10.1021/bc100596w
https://doi.org/10.1016/j.chom.2014.03.006
https://doi.org/10.1007/s00262-012-1205-9
https://doi.org/10.1021/ja902607a
https://doi.org/10.1016/j.jconrel.2013.09.007
https://doi.org/10.1002/ijc.2910240613
https://doi.org/10.1080/2162402X.2015.1068493
https://doi.org/10.1016/0008-8749(86)90153-X
https://doi.org/10.1021/mp3005098
https://doi.org/10.4049/jimmunol.179.4.2065
https://doi.org/10.1586/14760584.2.2.219
https://doi.org/10.1158/0008-5472.CAN-13-3504
https://doi.org/10.1021/acschembio.6b00084
https://doi.org/10.3389/fimmu.2018.01267
https://doi.org/10.1016/j.molimm.2004.03.015
https://doi.org/10.1002/adhm.201600642
https://doi.org/10.1128/IAI.58.8.2613-2620.1990
https://doi.org/10.1128/IAI.64.11.4561-4566.1996
https://doi.org/10.1038/nri2569
https://doi.org/10.3389/fimmu.2017.00879
https://doi.org/10.1080/2162402X.2017.1339855
https://doi.org/10.1016/j.cbpa.2009.08.010
https://doi.org/10.1007/s12272-012-1120-9
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lang and Huang

Carbohydrate Conjugates in Vaccine Developments

lymph node-targeted vaccine adjuvants. J. Clin. Invest. 125, 2532-2546.
doi: 10.1172/JCI79915

Heimburg-Molinaro, J., Lum, M., Vijay, G., Jain, M., Almogren, A., and
Rittenhouse-Olson, K. (2011). Cancer vaccines and carbohydrate epitopes.
Vaccine 29, 8802-8826. doi: 10.1016/j.vaccine.2011.09.009

Hu, J., Qiu, L., Wang, X., Zou, X., Lu, M., and Yin, J. (2015). Carbohydrate-based
vaccine adjuvants — discovery and development. Expert Opin. Drug Disc. 10,
1133-1144. doi: 10.1517/17460441.2015.1067198

Hu, X,, Liu, R,, and Zhu, N. (2013). Enhancement of humoral and cellular
immune responses by monophosphoryl lipid A (MPLA) as an adjuvant
to the rabies vaccine in BALB/c mice. Immunobiology 218, 1524-1528.
doi: 10.1016/j.imbio.2013.05.006

Huang, H., Ostroff, G. R, Lee, C. K, Agarwal, S, Ram, S., Rice, P.
A., et al. (2012). Relative contributions of dectin-1 and complement to
immune responses to particulate p-glucans. J. Immunol. 189, 312-317.
doi: 10.4049/jimmunol.1200603

Huang, H., Ostroff, G. R,, Lee, C. K., Specht, C. A., and Levitz, S. M. (2010).
Robust stimulation of humoral and cellular immune responses following
vaccination with antigen-loaded B-glucan particles. MBio 1, €00164-e00110.
doi: 10.1128/mBi0.00164-10

Huang, H., Ostroff, G. R, Lee, C. K, Specht, C. A, and Levitz, S. M.
(2013). Characterization and optimization of the glucan particle-based vaccine
platform. Clin. Vaccine Immunol. 20, 1585-1591. doi: 10.1128/CV1.00463-13

Huang, H., Ostroff, G. R,, Lee, C. K., Wang, J. P., Specht, C. A., and Levitz, S.
M. (2009). Distinct patterns of dendritic cell cytokine release stimulated by
fungal B-glucans and toll-like receptor agonists. Infect Immun. 77, 1774-1781.
doi: 10.1128/IAI.00086-09

Hunter, K. W Jr, Gault, R. A, and Berner, M. D. (2002). Preparation
of microparticulate  B-glucan  from  saccharomyces
use in immune potentiation. Lett. Appl. Microbiol.
doi: 10.1046/j.1472-765X.2002.01201.x

Hunter, K. W Jr, and Redelman, D. (2004). Microparticulate PB-glucan
upregulates the expression of B7. 1, B7. 2, B7-H1, but not B7-DC
on cultured murine peritoneal macrophages. Immunol. Lett. 93, 71-78.
doi: 10.1016/j.imlet.2004.02.006

Irvine, D. J., Hanson, M. C., Rakhra, K., and Tokatlian, T. (2015). Synthetic
nanoparticles for vaccines and immunotherapy. Chem. Rev. 115, 11109-11146.
doi: 10.1021/acs.chemrev.5b00109

Ito, H., Ando, T., Nakamura, M., Ishida, H., Kanbe, A., Kobiyama, K., et al. (2017).
Induction of humoral and cellular immune response to hepatitis B Virus (HBV)
vaccine can be upregulated by CpG oligonucleotides complexed with dectin-1
ligand. J. Viral Hepatitis. 24, 155-162. doi: 10.1111/jvh.12629

Jin, J. W.,, Tang, S. Q., Rong, M. Z,, and Zhang, M. Q. (2018). Synergistic
effect of dual targeting vaccine adjuvant with aminated B-glucan and CpG-
oligodeoxynucleotides for both humoral and cellular immune responses. Acta
Biomater. 78, 211-223. doi: 10.1016/j.actbio.2018.08.002

Jin, K.-T., Lan, H.-R,, Chen, X.-Y., Wang, S.-B., Ying, X.-]., Lin, Y., et al. (2019).
Recent advances in carbohydrate-based cancer vaccines. Biotechnol. Lett. 41,
641-650. doi: 10.1007/s10529-019-02675-5

Johnson, M. A, and Bundle, D. R. (2013).
antifungal glycoconjugate vaccine. Chem. Soc.
doi: 10.1039/C2CS35382B

Jones, D. P. (2008). Radical-free biology of oxidative stress. Am. J. Physiol. Cell
Physiol. 295, C849-C868. doi: 10.1152/ajpcell.00283.2008

Junkins, R. D., Gallovic, M. D., Johnson, B. M., Collier, M. A., Watkins-Schulz,
R., Cheng, N., et al. (2018). A robust microparticle platform for a STING-
targeted adjuvant that enhances both humoral and cellular immunity during
vaccination. J. Control. Release 270, 1-13. doi: 10.1016/j.jconrel.2017.11.030

Kalka-Moll, W. M., Tzianabos, A. O., Bryant, P. W., Niemeyer, M., Ploegh,
H. L, and Kasper, D. L. (2002). Zwitterionic polysaccharides stimulate
T cells by MHC class II-dependent interactions. J. Immunol. 169, 6149.
doi: 10.4049/jimmunol.169.11.6149

Kaltgrad, E., Sen Gupta, S., Punna, S., Huang, C.-Y., Chang, A., Wong, C.-
H., et al. (2007). Anti-carbohydrate antibodies elicited by polyvalent display
on a viral scaffold. ChemBioChem. 8, 1455-1462. doi: 10.1002/cbic.2007
00225

Karanikas, V., Hwang, L.-A., Pearson, J., Ong, C.-S., Apostolopoulos, V., Vaughan,
H., etal. (1997). Antibody and T cell responses of patients with adenocarcinoma

cerevisiae  for
35, 267-271.

Designing a new
Rev. 42, 4327-4344.

immunized with mannan-MUCI fusion protein. J. Clin. Invest. 100, 2783-2792.
doi: 10.1172/JCI119825

Karanikas, V., Lodding, J., Maino, V. C., and McKenzie, I. F. C. (2000). Flow
cytometric measurement of intracellular cytokines detects immune responses
in MUC1 immunotherapy. Clin. Cancer. Res. 6, 829-837.

Karanikas, V., Thynne, G., Mitchell, P., Ong, C.-S., Gunawardana, D., Blum,
R, et al. (2001). Mannan mucin-1 peptide immunization: influence of
cyclophosphamide and the route of injection. J. Immunother. 24, 172-183.
doi: 10.1097/00002371-200103000-00012

Kauffman, K. J., Do, C., Sharma, S., Gallovic, M. D., Bachelder, E. M., and Ainslie,
K. M. (2012). Synthesis and characterization of acetalated dextran polymer
and microparticles with ethanol as a degradation product. ACS Appl. Mater.
Interfaces. 4, 4149-4155. doi: 10.1021/am3008888

Kavunja, H. W,, Lang, S., Sungsuwan, S., Yin, Z., and Huang, X. (2017). Delivery
of foreign cytotoxic T lymphocyte epitopes to tumor tissues for effective
antitumor immunotherapy against pre-established solid tumors in mice.
Cancer Immunol. Immunother. 66, 451-460. doi: 10.1007/s00262-016-1948-9

Kawano, T., Cui, J., Koezuka, Y., Toura, 1., Kaneko, Y., Motoki, K., et al.
(1997). CD1d-restricted and TCR-mediated activation of Va14 NKT cells by
glycosylceramides. Science 278:1626. doi: 10.1126/science.278.5343.1626

Kitahata, Y., Kanuma, T., Hayashi, M., Kobayashi, N., Ozasa, K., Kusakabe, T.,
et al. (2016). Circulating nano-particulate TLR9 agonist scouts out tumor
microenvironment to release immunogenic dead tumor cells. Oncotarget
7:48860. doi: 10.18632/oncotarget.10379

Kobiyama, K., Aoshi, T., Narita, H., Kuroda, E., Hayashi, M., Tetsutani, K,
et al. (2014). Nonagonistic dectin-1 ligand transforms CpG into a multitask
nanoparticulate TLRY agonist. Proc. Natl. Acad. Sci. U.S.A. 111, 3086-3091.
doi: 10.1073/pnas.1319268111

Kobiyama, K., Temizoz, B., Kanuma, T., Ozasa, K., Momota, M., Yamamoto,
T., et al. (2016). Species-dependent role of type I IFNs and IL-12 in the
CTL response induced by humanized CpG complexed with B-glucan. Eur. J.
Immunol. 46, 1142-1151. doi: 10.1002/eji.201546059

Koshy, S. T., Cheung, A. S., Gu, L., Graveline, A. R., and Mooney, D. J. (2017).
Liposomal delivery enhances immune activation by STING agonists for cancer
immunotherapy. Adv. Biosyst. 1:1600013. doi: 10.1002/adbi.201600013

Leclerc, C., Schutze, M. P., Deriaud, E., and Przewlocki, G. (1990). The in vivo
elimination of CD4+ T cells prevents the induction but not the expression of
carrier-induced epitopic suppression. J. Immunol. 145:1343.

Lee, E., Jang, H.-E.,, Kang, Y. Y., Kim, J., Ahn, J.-H., and Mok, H. (2016).
Submicron-sized hydrogels incorporating cyclic dinucleotides for selective
delivery and elevated cytokine release in macrophages. Acta Biomater. 29,
271-281. doi: 10.1016/j.actbio.2015.10.025

LeibundGut-Landmann, S., Osorio, F., Brown, G. D., and e Sousa, C.
R. (2008). Stimulation of dendritic cells via the dectin-1/syk pathway
allows priming of cytotoxic T-cell responses. Blood 112, 4971-4980.
doi: 10.1182/blood-2008-05-158469

Lesinski, G. B., and Westerink, J. (2001). Vaccines against polysaccharide antigens.
Curr. Drug Targets: Infect. Disord. 1, 325-334. doi: 10.2174/1568005014605964

Levitz, S. M., Huang, H., Ostroff, G. R., and Specht, C. A. (2015). Exploiting
fungal cell wall components in vaccines. Semin. Immunopathol. 37, 199-207.
doi: 10.1007/s00281-014-0460-6

Li, D., Kordalivand, N., Fransen, M. F., Ossendorp, F., Raemdonck, K,
Vermonden, T., et al. (2015). Reduction-sensitive dextran nanogels aimed
for intracellular delivery of antigens. Adv. Funct. Mater. 25, 2993-3003.
doi: 10.1002/adfm.201500894

Li, D, Sun, F., Bourajjaj, M., Chen, Y., Pieters, E. H., Chen, J., et al. (2016). Strong
in vivo antitumor responses induced by an antigen immobilized in nanogels via
reducible bonds. Nanoscale 8, 19592-19604. doi: 10.1039/C6NR05583D

Li, P., and Wang, F. (2015). Polysaccharides: candidates of promising vaccine
adjuvants. Drug Discov. Ther. 9, 88-93. doi: 10.5582/ddt.2015.01025

Liao, G., Zhou, Z., Burgula, S., Liao, J., Yuan, C, Wu, Q, et al. (2015).
Synthesis and immunological studies of linear oligosaccharides of B-glucan
as antigens for antifungal vaccine development. Bioconj. Chem. 26, 466-476.
doi: 10.1021/bc500575a

Liao, G., Zhou, Z., Suryawanshi, S., Mondal, M. A., and Guo, Z. (2016).
Fully synthetic self-adjuvanting o-2, 9-oligosialic acid based conjugate
vaccines against group C meningitis. ACS Cent. Sci. 2, 210-218.
doi: 10.1021/acscentsci.5b00364

Frontiers in Chemistry | www.frontiersin.org

22

April 2020 | Volume 8 | Article 284


https://doi.org/10.1172/JCI79915
https://doi.org/10.1016/j.vaccine.2011.09.009
https://doi.org/10.1517/17460441.2015.1067198
https://doi.org/10.1016/j.imbio.2013.05.006
https://doi.org/10.4049/jimmunol.1200603
https://doi.org/10.1128/mBio.00164-10
https://doi.org/10.1128/CVI.00463-13
https://doi.org/10.1128/IAI.00086-09
https://doi.org/10.1046/j.1472-765X.2002.01201.x
https://doi.org/10.1016/j.imlet.2004.02.006
https://doi.org/10.1021/acs.chemrev.5b00109
https://doi.org/10.1111/jvh.12629
https://doi.org/10.1016/j.actbio.2018.08.002
https://doi.org/10.1007/s10529-019-02675-5
https://doi.org/10.1039/C2CS35382B
https://doi.org/10.1152/ajpcell.00283.2008
https://doi.org/10.1016/j.jconrel.2017.11.030
https://doi.org/10.4049/jimmunol.169.11.6149
https://doi.org/10.1002/cbic.200700225
https://doi.org/10.1172/JCI119825
https://doi.org/10.1097/00002371-200103000-00012
https://doi.org/10.1021/am3008888
https://doi.org/10.1007/s00262-016-1948-9
https://doi.org/10.1126/science.278.5343.1626
https://doi.org/10.18632/oncotarget.10379
https://doi.org/10.1073/pnas.1319268111
https://doi.org/10.1002/eji.201546059
https://doi.org/10.1002/adbi.201600013
https://doi.org/10.1016/j.actbio.2015.10.025
https://doi.org/10.1182/blood-2008-05-158469
https://doi.org/10.2174/1568005014605964
https://doi.org/10.1007/s00281-014-0460-6
https://doi.org/10.1002/adfm.201500894
https://doi.org/10.1039/C6NR05583D
https://doi.org/10.5582/ddt.2015.01025
https://doi.org/10.1021/bc500575a
https://doi.org/10.1021/acscentsci.5b00364
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lang and Huang

Carbohydrate Conjugates in Vaccine Developments

Liu, H, and Irvine, D. J. (2015). Guiding principles in the design of
molecular bioconjugates for vaccine applications. Bioconj. Chem. 26, 791-801.
doi: 10.1021/acs.bioconjchem.5b00103

Liu, Z., and Guo, J. (2017). NKT-cell glycolipid agonist as adjuvant in synthetic
vaccine. Carbohydr. Res. 452, 78-90. doi: 10.1016/j.carres.2017.10.006

Liu, Z., Jiao, Y., Wang, Y., Zhou, C., and Zhang, Z. (2008). Polysaccharides-based
nanoparticles as drug delivery systems. Adv. Drug Del. Rev. 60, 1650-1662.
doi: 10.1016/j.addr.2008.09.001

Lofthouse, S. (2002). Immunological aspects of controlled antigen delivery. Adv.
Drug Del. Rev. 54, 863-870. doi: 10.1016/S0169-409X(02)00073-X

Loveland, B. E., Zhao, A., White, S, Gan, H., Hamilton, K., Xing, P.-X,,
et al. (2006). Mannan-MUCI1-pulsed dendritic cell immunotherapy: a phase
I trial in patients with adenocarcinoma. Clin. Cancer. Res. 12, 869-877.
doi: 10.1158/1078-0432.CCR-05-1574

Macho-Fernandez, E., Cruz, L. J., Ghinnagow, R., Fontaine, J., Bialecki, E., Frisch,
B., et al. (2014). Targeted delivery of a-galactosylceramide to CD8a+ dendritic
cells optimizes type I NKT cell-based antitumor responses. J. Immunol.
193:961. doi: 10.4049/jimmunol.1303029

Mahla, R., Reddy, C., Prasad, D., and Kumar, H. (2013). Sweeten PAMPs: role
of sugar complexed PAMPs in innate immunity and vaccine biology. Front.
Immunol. 4:248. doi: 10.3389/fimmu.2013.00248

Manolova, V., Flace, A., Bauer, M., Schwarz, K., Saudan, P., and Bachmann, M.
F. (2008). Nanoparticles target distinct dendritic cell populations according to
their size. Eur. J. Immunol. 38, 1404-1413. doi: 10.1002/eji.200737984

Manzano, A. I, Cases, B., Sirvent, S., Soria, I., Palomares, O., Fernandez-Caldas,
E., et al. (2016). Structural studies of novel glycoconjugates from polymerized
allergens (Allergoids) and mannans as allergy vaccines. Glycoconjugate J. 33,
93-101. doi: 10.1007/s10719-015-9640-4

Marzabadi, C. H.,, and Franck, R. W. (2017). Small-molecule
carbohydrate-based immunostimulants. Chem. A Eur. J. 23, 1728-1742.
doi: 10.1002/chem.201601539

Mata-Haro, V., Cekic, C., Martin, M., Chilton, P. M., Casella, C. R., and Mitchell,
T. C. (2007). The vaccine adjuvant monophosphoryl lipid A as a TRIF-biased
agonist of TLR4. Science 316, 1628-1632. doi: 10.1126/science.1138963

Mattarollo, S. R., and Smyth, M. J. (2013). NKT cell adjuvants in therapeutic
vaccines against hematological Oncolmmunology — 2:€22615.
doi: 10.4161/0nci.22615

Mazmanian, S. K., and Kasper, D. L. (2006). The love-hate relationship between
bacterial polysaccharides and the host immune system. Nat. Rev. Immunol. 6,
849-858. doi: 10.1038/nri1956

Merle, N. S., Noe, R., Halbwachs-Mecarelli, L., Fremeaux-Bacchi, V., and
Roumenina, L. T. (2015). Complement system part II: role in immunity. Front.
Immunol. 6:257. doi: 10.3389/fimmu.2015.00257

Metelitsa, L. S., Naidenko, O. V., Kant, A., Wu, H.-W., Loza, M. J., Perussia, B.,
et al. (2001). Human NKT cells mediate antitumor cytotoxicity directly by
recognizing target cell CD1d with bound ligand or indirectly by producing IL-2
to activate NK cells. J. Immunol. 167:3114. doi: 10.4049/jimmunol.167.6.3114

Micoli, F., Del Bino, L., Alfini, R., Carboni, F., Romano, M. R, and Adamo, R.
(2019). Glycoconjugate vaccines: current approaches towards faster vaccine
design. Expert Rev. Vaccines 18, 881-895. doi: 10.1080/14760584.2019.1657012

Minari, J., Mochizuki, S., Matsuzaki, T., Adachi, Y., Ohno, N., and Sakurai, K.
(2010). Enhanced cytokine secretion from primary macrophages due to dectin-
1 mediated uptake of CpG DNA/B-1, 3-glucan complex. Bioconj. Chem. 22,
9-15. doi: 10.1021/bc1001196

Mirza, Z., Soto, E. R., Dikengil, F., Levitz, S. M., and Ostroff, G. R. (2017). “Beta-
glucan particles as vaccine adjuvant carriers,” in Vaccines for Invasive Fungal
Infections, eds M. Kalkum and M. Semis (New York, NY: Humana Press),
143-157. doi: 10.1007/978-1-4939-7104-6_11

Miyamoto, N., Mochizuki, S., Fujii, S., Yoshida, K., and Sakurai, K. (2017).
Adjuvant activity enhanced by cross-linked CpG-oligonucleotides in B-
glucan nanogel and its antitumor effect. Bioconj. Chem. 28, 565-573.
doi: 10.1021/acs.bioconjchem.6b00675

Miyamoto, N., Mochizuki, S, and Sakurai, K. (2014). Enhanced
immunostimulation with crosslinked CpG-DNA/B-1, 3-glucan nanoparticle
through hybridization. Chem. Lett. 43,991-993. doi: 10.1246/cl.140164

Miyamoto, N., Mochizuki, S., and Sakurai, K. (2018). Designing an immunocyte-
targeting delivery system by use of beta-glucan. Vaccine 36, 186-189.
doi: 10.1016/j.vaccine.2017.11.053

cancers.

Mochizuki, S., Morishita, H., Kobiyama, K., Aoshi, T., Ishii, K. J., and Sakurai,
K. (2015). Immunization with antigenic peptides complexed with B-glucan
induces potent cytotoxic T-lymphocyte activity in combination with CpG-
ODN:s. J. Control. Release 220, 495-502. doi: 10.1016/j.jconrel.2015.11.008

Mochizuki, S., Morishita, H., and Sakurai, K. (2017). Complex consisting of
B-glucan and antigenic peptides with cleavage site for glutathione and
aminopeptidases induces potent cytotoxic T lymphocytes. Bioconj. Chem. 28,
2246-2253. doi: 10.1021/acs.bioconjchem.7b00159

Mochizuki, S., and Sakurai, K. (2011). Dectin-1 targeting delivery of TNF-a
antisense ODNs complexed with B-1, 3-glucan protects mice from LPS-induced
hepatitis. J. Control. Release 151, 155-161. doi: 10.1016/j.jconrel.2011.01.026

Moreira, L. R. S., and Filho, E. X. F. (2008). An overview of mannan structure
and mannan-degrading enzyme systems. Appl. Microbiol. Biotechnol. 79:165.
doi: 10.1007/s00253-008-1423-4

Morita, M., Motoki, K., Akimoto, K., Natori, T., Sakai, T., Sawa, E., et al. (1995).
Structure-activity relationship of a-galactosylceramides against B16-bearing
mice. J. Med. Chem. 38, 2176-2187. doi: 10.1021/jm00012a018

Natori, T., Koezuka, Y., and Higa, T. (1993). Agelasphins, novel «-
galactosylceramides from the narine sponge agelas mauritianus. Tetrahedron
Lett. 34, 5591-5592. doi: 10.1016/S0040-4039(00)73889-5

Nelson, R. D., Shibata, N., Podzorski, R. P., and Herron, M. J. (1991). Candida
mannan: chemistry, suppression of cell-mediated immunity, and possible
mechanisms of action. Clin Microbiol Rev. 4, 1-19. doi: 10.1128/CMR .4.1.1

Nishat, S., and Andreana, P. R. (2016). Entirely carbohydrate-based vaccines:
an emerging field for specific and selective immune responses. Vaccines 4:19.
doi: 10.3390/vaccines4020019

Novak, M., and Vetvicka, V. (2008). B-glucans, history, and the present:
immunomodulatory aspects and mechanisms of action. J. Immunotoxicol. 5,
47-57. doi: 10.1080/15476910802019045

Numata, M., Matsumoto, T., Umeda, M., Koumoto, K., Sakurai, K., and Shinkai,
S. (2003). Polysaccharide-polynucleotide complexes (15): thermal stability of
schizophyllan (SPG)/poly(C) triple strands is controllable by a-amino acid
modification. Bioorg. Chem. 31, 163-171. doi: 10.1016/S0045-2068(03)00020-8

Okawa, Y., Howard, C. R., and Steward, M. W. (1992). Production of
anti-peptide specific antibody in mice following immunization with
peptides conjugated to mannan. J. Immunol. Methods 149, 127-131.
doi: 10.1016/50022-1759(12)80057-3

Pan, Y., Chefalo, P., Nagy, N., Harding, C., and Guo, Z. (2005). Synthesis and
immunological properties of N-modified GM3 antigens as therapeutic cancer
vaccines. J. Med. Chem. 48, 875-883. doi: 10.1021/jm0494422

Paflick, D., Piradashvili, K., Bamberger, D., Li, M., Jiang, S., Strand, D., et al. (2018).
Delivering all in one: antigen-nanocapsule loaded with dual adjuvant yields
superadditive effects by DC-directed T cell stimulation. J. Control. Release 289,
23-34. doi: 10.1016/j.jconrel.2018.09.008

Peine, K. J., Bachelder, E. M., Vangundy, Z., Papenfuss, T., Brackman, D. J.,
Gallovic, M. D., et al. (2013). Efficient delivery of the toll-like receptor agonists
polyinosinic: polycytidylic acid and CpG to macrophages by acetalated dextran
microparticles. Mol. Pharm. 10, 2849-2857. doi: 10.1021/mp300643d

Petrovsky, N., and Cooper, P. D. (2011). Carbohydrate-based immune adjuvants.
Expert Rev. Vaccines. 10:523. doi: 10.1586/erv.11.30

Podzorski, R. P., Gray, G. R, and Nelson, R. D. (1990). Different effects of native
candida albicans mannan and mannan-derived oligosaccharides on antigen-
stimulated lymphoproliferation in vitro. J. Immunol. 144, 707-716.

Pushpamalar, J., Veeramachineni, A. K, Owh, C., and Loh, X. J. (2016).
Biodegradable polysaccharides for controlled drug delivery. ChemPlusChem 81,
504-514. doi: 10.1002/cplu.201600112

Qureshi, N., Takayama, K., and Ribi, E. (1982). Purification and structural
determination of nontoxic lipid A obtained from the lipopolysaccharide of
salmonella typhimurium. J. Biol. Chem. 257, 11808-11815.

Rabinovich, G. A., Kooyk, Y. V., and Cobb, B. A. (2012). Glycobiology
of immune responses. Ann. N. Y. Acad. Sci. 1253, 1-15.
doi: 10.1111/.1749-6632.2012.06492.x

Ribi, E., Parker, R., Strain, S. M., Mizuno, Y., Nowotny, A., Von Eschen, K.
B., et al. (1979). Peptides as requirement for immunotherapy of the guinea-
pig line-10 tumor with endotoxins. Cancer Immunol. Immunother. 7, 43-58.
doi: 10.1007/BF00205409

Roy, R. (2004). New trends in carbohydrate-based vaccines. Drug Disc. Today
Technol. 1, 327-336. doi: 10.1016/j.ddtec.2004.10.005

Frontiers in Chemistry | www.frontiersin.org

23

April 2020 | Volume 8 | Article 284


https://doi.org/10.1021/acs.bioconjchem.5b00103
https://doi.org/10.1016/j.carres.2017.10.006
https://doi.org/10.1016/j.addr.2008.09.001
https://doi.org/10.1016/S0169-409X(02)00073-X
https://doi.org/10.1158/1078-0432.CCR-05-1574
https://doi.org/10.4049/jimmunol.1303029
https://doi.org/10.3389/fimmu.2013.00248
https://doi.org/10.1002/eji.200737984
https://doi.org/10.1007/s10719-015-9640-4
https://doi.org/10.1002/chem.201601539
https://doi.org/10.1126/science.1138963
https://doi.org/10.4161/onci.22615
https://doi.org/10.1038/nri1956
https://doi.org/10.3389/fimmu.2015.00257
https://doi.org/10.4049/jimmunol.167.6.3114
https://doi.org/10.1080/14760584.2019.1657012
https://doi.org/10.1021/bc1001196
https://doi.org/10.1007/978-1-4939-7104-6_11
https://doi.org/10.1021/acs.bioconjchem.6b00675
https://doi.org/10.1246/cl.140164
https://doi.org/10.1016/j.vaccine.2017.11.053
https://doi.org/10.1016/j.jconrel.2015.11.008
https://doi.org/10.1021/acs.bioconjchem.7b00159
https://doi.org/10.1016/j.jconrel.2011.01.026
https://doi.org/10.1007/s00253-008-1423-4
https://doi.org/10.1021/jm00012a018
https://doi.org/10.1016/S0040-4039(00)73889-5
https://doi.org/10.1128/CMR.4.1.1
https://doi.org/10.3390/vaccines4020019
https://doi.org/10.1080/15476910802019045
https://doi.org/10.1016/S0045-2068(03)00020-8
https://doi.org/10.1016/S0022-1759(12)80057-3
https://doi.org/10.1021/jm0494422
https://doi.org/10.1016/j.jconrel.2018.09.008
https://doi.org/10.1021/mp300643d
https://doi.org/10.1586/erv.11.30
https://doi.org/10.1002/cplu.201600112
https://doi.org/10.1111/j.1749-6632.2012.06492.x
https://doi.org/10.1007/BF00205409
https://doi.org/10.1016/j.ddtec.2004.10.005
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lang and Huang

Carbohydrate Conjugates in Vaccine Developments

Sainz, V., Moura, L. I F., Peres, C., Matos, A. L, Viana, A. S., Wagner, A. M., et al.
(2018). a-galactosylceramide and peptide-based nano-vaccine synergistically
induced a strong tumor suppressive effect in melanoma. Acta Biomater. 76,
193-207. doi: 10.1016/j.actbio.2018.06.029

Sakurai, K., Mizu, M., and Shinkai, S. (2001). Polysaccharide- polynucleotide
complexes. 2. complementary polynucleotide mimic behavior of the
natural polysaccharide schizophyllan in the macromolecular complex
with single-stranded RNA and DNA. Biomacromolecules 2, 641-650.
doi: 10.1021/bm000121r

Sakurai, K., and Shinkai, S. (2000). Molecular recognition of adenine, cytosine, and
uracil in a single-stranded RNA by a natural polysaccharide: schizophyllan. J.
Am. Chem. Soc. 122, 4520-4521. doi: 10.1021/ja0000145

Sartorius, R., D’Apice, L., Barba, P., Cipria, D., Grauso, L., Cutignano, A,
et al. (2018). Vectorized delivery of alpha-galactosylceramide and tumor
antigen on filamentous bacteriophage fd induces protective immunity
by enhancing tumor-specific T cell response. Front. Immunol. 9:1496.
doi: 10.3389/fimmu.2018.01496

Savina, A., Peres, A., Cebrian, I, Carmo, N., Moita, C., Hacohen, N., et al.
(2009). The small GTPase Rac2 controls phagosomal alkalinization and antigen
crosspresentation selectively in CD8+ dendritic cells. Immunity 30, 544-555.
doi: 10.1016/j.immuni.2009.01.013

Schroder, U., and Stahl, A. (1984). Crystallized dextran nanospheres with
entrapped antigen and their use as adjuvants. J. Immunol. Methods 70, 127-132.
doi: 10.1016/0022-1759(84)90397-1

Schully, K. L., Bell, M. G., Prouty, A. M., Gallovic, M. D., Gautam, S., Peine, K.
J., et al. (2015). Evaluation of a biodegradable microparticulate polymer as a
carrier for burkholderia pseudomallei subunit vaccines in a mouse model of
melioidosis. Int. . Pharm. 495, 849-861. doi: 10.1016/j.ijpharm.2015.09.059

Schully, K. L., Sharma, S., Peine, K. J., Pesce, J., Elberson, M. A., Fonseca, M. E,,
et al. (2013). Rapid vaccination using an acetalated dextran microparticulate
subunit vaccine confers protection against triplicate challenge by bacillus
anthracis. Pharm. Res. 30, 1349-1361. doi: 10.1007/s11095-013-0975-x

Shen, L., Higuchi, T., Tubbe, I., Voltz, N., Krummen, M., Pektor, S., et al. (2013). A
trifunctional dextran-based nanovaccine targets and activates murine dendritic
cells, and induces potent cellular and humoral immune responses in vivo. PLoS
ONE. 8:¢80904. doi: 10.1371/journal.pone.0080904

Shi, M., Kleski, K. A., Trabbic, K. R., Bourgault, J.-P., and Andreana, P. R.
(2016). Sialyl-Tn polysaccharide Al as an entirely carbohydrate immunogen:
synthesis and immunological evaluation. J. Am. Chem. Soc. 138, 14264-14272.
doi: 10.1021/jacs.6b05675

Shimosaka, A. (2002). Role of NKT cells and a-galactosyl ceramide. Int. J. Hematol.
76, 277-279. doi: 10.1007/BF03165262

Sirvent, S., Soria, L., Cirauqui, C., Cases, B., Manzano, A. I, Diez-Rivero, C. M.,
et al. (2016). Novel vaccines targeting dendritic cells by coupling allergoids to
nonoxidized mannan enhance allergen uptake and induce functional regulatory
T cells through programmed death ligand 1. J. Allergy Clin. Immunol. 138,
558-567. doi: 10.1016/j.jaci.2016.02.029

Sivakumar, S. M., Safhi, M. M., Kannadasan, M., and Sukumaran, N. (2011).
Vaccine adjuvants — current status and prospects on controlled release
adjuvancity. Saudi Pharm. J. 19, 197-206. doi: 10.1016/j.jsps.2011.06.003

Soto, E. R,, Caras, A. C., Kut, L. C., Castle, M. K., and Ostroff, G. R. (2012).
Glucan particles for macrophage targeted delivery of nanoparticles. J Drug
Deliv. 2012:143524. doi: 10.1155/2012/143524

Soto, E. R., and Ostroff, G. R. (2008). Characterization of multilayered
nanoparticles encapsulated in yeast cell wall particles for DNA delivery. Bioconj.
Chem. 19, 840-848. doi: 10.1021/bc700329p

Speir, M., Authier-Hall, A., Brooks, C. R., Farrand, K. J.,, Compton, B. J.,
Anderson, R. J., et al. (2017). Glycolipid-peptide conjugate vaccines enhance
CD8(+) T cell responses against human viral proteins. Sci Rep. 7:14273.
doi: 10.1038/s41598-017-14690-5

Stambas, J., Pietersz, G., McKenzie, 1., Nagabhushanam, V., and Cheers,
C. (2002). Oxidised mannan-listeriolysin O conjugates induce Th1/Th2
cytokine responses after intranasal immunisation. Vaccine 20, 1877-1886.
doi: 10.1016/50264-410X(02)00039-7

Stein, K. E. (1992). Thymus-independent and
responses to polysaccharide antigens. J. Infect.
doi: 10.1093/infdis/165-Supplement_1-549

thymus-dependent
Dis. 165, S49-S52.

Surana, N. K, and Kasper, D. L. (2012). The yin yang of bacterial
polysaccharides: lessons learned from B. fragilis PSA. Immunol. Rev. 245, 13-26.
doi: 10.1111/j.1600-065X.2011.01075.x

Suzuki, Y., Adachi, Y., Ohno, N., and Yadomae, T. (2001). Th1/Th2-balancing
immunomodulating activity of gel-forming (1— 3)-B-glucans from fungi. Biol.
Pharm. Bull. 24, 811-819. doi: 10.1248/bpb.24.811

Tang, C. K., Lodding, J., Minigo, G., Pouniotis, D. S., Plebanski, M., Scholzen,
A., et al. (2007). Mannan-mediated gene delivery for cancer immunotherapy.
Immunology 120, 325-335. doi: 10.1111/j.1365-2567.2006.02506.x

Tang, C. K., Sheng, K.-C., Esparon, S. E., Proudfoot, O., Apostolopoulos, V., and
Pietersz, G. A. (2009). Molecular basis of improved immunogenicity in DNA
vaccination mediated by a mannan based carrier. Biomaterials 30, 1389-1400.
doi: 10.1016/j.biomaterials.2008.11.010

Tang, C. K., Sheng, K.-C., Pouniotis, D., Esparon, S., Son, H.-Y., Kim, C.-
W., et al. (2008). Oxidized and reduced mannan mediated MUC1 DNA
immunization induce effective anti-tumor responses. Vaccine 26, 3827-3834.
doi: 10.1016/j.vaccine.2008.05.008

Tesz, G. J., Aouadi, M., Prot, M., Nicoloro, S. M., Boutet, E., Amano, S. U, et al.
(2011). Glucan particles for selective delivery of siRNA to phagocytic cells in
mice. Biochem. J. 436, 351-362. doi: 10.1042/BJ20110352

Trabbic, K. R., Bourgault, J.-P., Shi, M. Clark, M., and Andreana, P.
R. (2016). Immunological evaluation of the entirely carbohydrate-based
thomsen-friedenreich — PS B conjugate. Org. Biomol. Chem. 14, 3350-3355.
doi: 10.1039/C60B00176A

Tzianabos, A. O. (2000). Polysaccharide immunomodulators as therapeutic agents:
structural aspects and biologic function. Clin Microbiol Rev. 13, 523-533.
doi: 10.1128/CMR.13.4.523

Varki, A. (2016). Biological
doi: 10.1093/glycob/cww086

Vassilaros, S., Tsibanis, A., Tsikkinis, A., Pietersz, G. A., McKenzie, I. F. C., and
Apostolopoulos, V. (2013). Up to 15-year clinical follow-up of a pilot phase
III immunotherapy study in stage II breast cancer patients using oxidized
mannan-MUC1. Immunotherapy 5, 1177-1182. doi: 10.2217/imt.13.126

Vasta, G. R, Quesenberry, M., Ahmed, H., and O’Leary, N. (1999). C-type lectins
and galectins mediate innate and adaptive immune functions: their roles
in the complement activation pathway. Dev. Comp. Immunol. 23, 401-420.
doi: 10.1016/50145-305X(99)00020-8

Waldowska, M., Bojarska-Junak, A., and Rolinski, J. (2017). A brief review of
clinical trials involving manipulation of invariant NKT cells as a promising
approach in future cancer therapies. Cent Eur ] Immunol. 42, 181-195.
doi: 10.5114/ceji.2017.69361

Wang, C., Li, P, Liu, L, Pan, H., Li, H, Cai, L, et al. (2016). Self-
adjuvanted nanovaccine for cancer immunotherapy: role of lysosomal rupture-
induced ROS in MHC class I antigen presentation. Biomaterials 79, 88-100.
doi: 10.1016/j.biomaterials.2015.11.040

Wang, H., Yang, B., Wang, Y., Liu, F., Fernindez-Tejada, A., and Dong, S. (2019).
B-glucan as an immune activator and a carrier in the construction of a synthetic
MUCI vaccine. Chem. Commun. 55, 253-256. doi: 10.1039/C8CC07691]

Wang, L., Feng, S., Wang, S., Li, H.,, Guo, Z.,, and Gu, G. (2017). Synthesis
and immunological comparison of differently linked lipoarabinomannan
oligosaccharide-monophosphoryl lipid A conjugates as antituberculosis
vaccines. J. Org. Chem. 82, 12085-12096. doi: 10.1021/acs.joc.7b01817

Wang, Q., Zhou, Z., Tang, S., and Guo, Z. (2011). Carbohydrate-monophosphoryl
lipid A conjugates are fully synthetic self-adjuvanting cancer vaccines eliciting
robust immune responses in the mouse. ACS Chem. Biol. 7, 235-240.
doi: 10.1021/cb200358r

Wang, Y., Li, S. P., Moser, S. A,, Bost, K. L., and Domer, J. E. (1998). Cytokine
involvement in immunomodulatory activity affected by candida albicans
mannan. Infect Immun. 66, 1384-1391. doi: 10.1128/1A1.66.4.1384-1391.1998

Watkins-Schulz, R., Tiet, P., Gallovic, M. D., Junkins, R. D., Batty, C., Bachelder, E.
M., etal. (2019). A microparticle platform for STING-targeted immunotherapy
enhances natural killer cell-and CD8+ T cell-mediated anti-tumor immunity.
Biomaterials 205, 94-105. doi: 10.1016/j.biomaterials.2019.03.011

Wei, M.-M., Wang, Y.-S., and Ye, X.-S. (2018). Carbohydrate-based vaccines for
oncotherapy. Med. Res. Rev. 38, 1003-1026. doi: 10.1002/med.21493

Weinberger, E. E., Himly, M., Myschik, J., Hauser, M., Altmann, F., Isakovic, A.,
et al. (2013). Generation of hypoallergenic neoglycoconjugates for dendritic

roles of glycans. Glycobiology 27, 3-49.

Frontiers in Chemistry | www.frontiersin.org

24

April 2020 | Volume 8 | Article 284


https://doi.org/10.1016/j.actbio.2018.06.029
https://doi.org/10.1021/bm000121r
https://doi.org/10.1021/ja0000145
https://doi.org/10.3389/fimmu.2018.01496
https://doi.org/10.1016/j.immuni.2009.01.013
https://doi.org/10.1016/0022-1759(84)90397-1
https://doi.org/10.1016/j.ijpharm.2015.09.059
https://doi.org/10.1007/s11095-013-0975-x
https://doi.org/10.1371/journal.pone.0080904
https://doi.org/10.1021/jacs.6b05675
https://doi.org/10.1007/BF03165262
https://doi.org/10.1016/j.jaci.2016.02.029
https://doi.org/10.1016/j.jsps.2011.06.003
https://doi.org/10.1155/2012/143524
https://doi.org/10.1021/bc700329p
https://doi.org/10.1038/s41598-017-14690-5
https://doi.org/10.1016/S0264-410X(02)00039-7
https://doi.org/10.1093/infdis/165-Supplement_1-S49
https://doi.org/10.1111/j.1600-065X.2011.01075.x
https://doi.org/10.1248/bpb.24.811
https://doi.org/10.1111/j.1365-2567.2006.02506.x
https://doi.org/10.1016/j.biomaterials.2008.11.010
https://doi.org/10.1016/j.vaccine.2008.05.008
https://doi.org/10.1042/BJ20110352
https://doi.org/10.1039/C6OB00176A
https://doi.org/10.1128/CMR.13.4.523
https://doi.org/10.1093/glycob/cww086
https://doi.org/10.2217/imt.13.126
https://doi.org/10.1016/S0145-305X(99)00020-8
https://doi.org/10.5114/ceji.2017.69361
https://doi.org/10.1016/j.biomaterials.2015.11.040
https://doi.org/10.1039/C8CC07691J
https://doi.org/10.1021/acs.joc.7b01817
https://doi.org/10.1021/cb200358r
https://doi.org/10.1128/IAI.66.4.1384-1391.1998
https://doi.org/10.1016/j.biomaterials.2019.03.011
https://doi.org/10.1002/med.21493
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lang and Huang

Carbohydrate Conjugates in Vaccine Developments

cell targeted vaccination: a novel tool for specific immunotherapy. J. Control.
Release 165, 101-109. doi: 10.1016/j.jconrel.2012.11.002

Weitberg, A. B. (2008). A phase I/II trial of beta-(1,3)/(1,6) D-glucan
in the treatment of patients with advanced malignancies receiving
chemotherapy. J Exp Clin Cancer Res. 27, 40-40. doi: 10.1186/1756-9966-
27-40

Weyant, K. B, Mills, D. C., and DeLisa, M. P. (2018). Engineering a new
generation of carbohydrate-based vaccines. Curr. Opin. Chem. Eng. 19, 77-85.
doi: 10.1016/j.coche.2017.12.009

Williams, D. L., Sherwood, E. R., Browder, I. W., McNamee, R. B., Jones,
E. L., and Di Luzio, N. R. (1988). Pre-clinical safety evaluation of soluble
glucan. Int. J. Immunopharmacol. 10, 405-414. doi: 10.1016/0192-0561(88)
90127-0

Williams, D. L., Yaeger, R. G., Pretus, H. A, Browder, I. W., McNamee,
R. B, and Jones, E. L. (1989). Immunization against trypanosoma
cruzi: adjuvant effect of glucan. Int. J. Immunopharmacol. 11, 403-410.
doi: 10.1016/0192-0561(89)90087-8

Winterbourn, C. C. (2008). Reconciling the chemistry and biology of reactive
oxygen species. Nat. Chem. Biol. 4:278. doi: 10.1038/nchembio.85

Wu, J., and Guo, Z. (2006). Improving the antigenicity of STn antigen by
modification of its sialic acid residue for development of glycoconjugate
cancer vaccines. Bioconj. Chem. 17, 1537-1544. doi: 10.1021/bc06
0103s

Wu, X, McKay, C., Pett, C, Yu, J., Schorlemer, M., Ramadan, S., et al.
(2019). Synthesis and immunological evaluation of disaccharide bearing MUC-
1 glycopeptide conjugates with virus-like particles. ACS Chem. Biol. 14,
2176-2184. doi: 10.1021/acschembio.9b00381

Wu, X, Yin, Z., McKay, C., Pett, C., Yu, J., Schorlemer, M., et al. (2018). Protective
epitope discovery and design of MUCI-based vaccine for effective tumor
protections in immunotolerant mice. J. Am. Chem. Soc. 140, 16596-16609.
doi: 10.1021/jacs.8b08473

Xiang, S. D., Scholzen, A., Minigo, G., David, C., Apostolopoulos, V., Mottram,
P. L., et al. (2006). Pathogen recognition and development of particulate
vaccines: does size matter? Methods 40, 1-9. doi: 10.1016/j.ymeth.2006.
05.016

Yamashita, K., Arimoto, A., Nishi, M., Tanaka, T., Fujita, M., Fukuoka, E.,
et al. (2018). Application of iNKT cell-targeted active immunotherapy in
cancer treatment. Anticancer Res. 38, 4233-4239. doi: 10.21873/anticanres.
12719

Yang, Z., Xu, M,, Jia, Z., Zhang, Y., Wang, L., Zhang, H., et al. (2017). A novel
antigen delivery system induces strong humoral and CTL immune responses.
Biomaterials 134, 51-63. doi: 10.1016/j.biomaterials.2017.04.035

Yin, X.-G., Chen, X.-Z., Sun, W.-M., Geng, X.-S., Zhang, X.-K., Wang, J., et al.
(2017). IgG antibody response elicited by a fully synthetic two-component
carbohydrate-based cancer vaccine candidate with a-galactosylceramide as
built-in adjuvant. Org. Lett. 19, 456-459. doi: 10.1021/acs.orglett.6b03591

Yin, Z., and Huang, X. (2012). Recent development in carbohydrate
based anticancer vaccines. J. Carbohydr. Chem. 31, 143-186.
doi: 10.1080/07328303.2012.659364

Yuba, E., Yamaguchi, A., Yoshizaki, Y., Harada, A., and Kono, K. (2017).
Bioactive polysaccharide-based pH-sensitive polymers for cytoplasmic delivery
of antigen and activation of antigen-specific immunity. Biomaterials 120,
32-45. doi: 10.1016/j.biomaterials.2016.12.021

Zajonc, D. M. (2016). The CD1 family: serving lipid antigens to t cells since the
mesozoic era. Immunogenetics 68, 561-576. doi: 10.1007/s00251-016-0931-0

Zhang, N., Wardwell, P., and Bader, R. (2013). Polysaccharide-based micelles for
drug delivery. Pharmaceutics 5, 329-352. doi: 10.3390/pharmaceutics5020329

Zhang, Y., Springfield, R., Chen, S., Li, X., Feng, X., Moshirian, R., et al. (2019). a-
GalCer and iNKT cell-based cancer immunotherapy: realizing the therapeutic
potentials. Front. Immunol. 10:1126. doi: 10.3389/fimmu.2019.01126

Zhou, Z., Liao, G., Mandal, S. S., Suryawanshi, S., and Guo, Z. (2015). A fully
synthetic self-adjuvanting globo h-based vaccine elicited strong T cell-mediated
antitumor immunity. Chem Sci. 6, 7112-7121. doi: 10.1039/C5SC01402F

Zhou, Z., Mondal, M., Liao, G., and Guo, Z. (2014). Synthesis and evaluation
of monophosphoryl lipid A derivatives as fully synthetic self-adjuvanting
glycoconjugate cancer vaccine carriers. Org. Biomol. Chem. 12, 3238-3245.
doi: 10.1039/C40B00390]

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lang and Huang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

25

April 2020 | Volume 8 | Article 284


https://doi.org/10.1016/j.jconrel.2012.11.002
https://doi.org/10.1186/1756-9966-27-40
https://doi.org/10.1016/j.coche.2017.12.009
https://doi.org/10.1016/0192-0561(88)90127-0
https://doi.org/10.1016/0192-0561(89)90087-8
https://doi.org/10.1038/nchembio.85
https://doi.org/10.1021/bc060103s
https://doi.org/10.1021/acschembio.9b00381
https://doi.org/10.1021/jacs.8b08473
https://doi.org/10.1016/j.ymeth.2006.05.016
https://doi.org/10.21873/anticanres.12719
https://doi.org/10.1016/j.biomaterials.2017.04.035
https://doi.org/10.1021/acs.orglett.6b03591
https://doi.org/10.1080/07328303.2012.659364
https://doi.org/10.1016/j.biomaterials.2016.12.021
https://doi.org/10.1007/s00251-016-0931-0
https://doi.org/10.3390/pharmaceutics5020329
https://doi.org/10.3389/fimmu.2019.01126
https://doi.org/10.1039/C5SC01402F
https://doi.org/10.1039/C4OB00390J
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Carbohydrate Conjugates in Vaccine Developments
	Introduction
	Zwitterionic Polysaccharides (ZPSs)
	MPLA
	Mannan
	Mannan-MUC1 Fusion Protein Conjugation (M-FP)
	Mannan as Carrier for DNA Vaccines
	Mannan as the Carrier for Allergy Vaccine

	α-Galactosylceramide (α-GaLCer)
	Modified Dextran
	Acetalated Dextran
	Reducible Dextran Nanogel
	Oxidation Sensitive Dextran
	pH Sensitive Amphiphilic Galactosyl-dextran-retinal Conjugates (GDR)

	β-Glucans
	β-Glucan Particles
	β-Glucan-antigen Complex
	β-Glucan Based Nanoparticles for Vaccine Delivery

	Conclusions and Future Outlook
	Author Contributions
	Acknowledgments
	References


