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ABSTRACT
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Plant glycans play a central role in vaccinology: they can serve as adjuvants and/or delivery
vehicles or backbones for the synthesis of conjugated vaccines. In addition, genetic engineering is
leading to the development of platforms for the production of novel polysaccharides in plant
cells, an approach with relevant implications for the design of new types of vaccines. This review
contains an updated outlook on this topic and provides key perspectives including a discussion
on how the molecular pharming field can be linked to the production of innovative glycan-based
and conjugate vaccines.
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Introduction
The development of vaccines was a major accomplishment in
the fight against a variety of infectious agents. Vaccination
with subunit vaccines provides a protection against the
respective infectious disease by inducing an antigen-specific
primary immune response in a safe manner since no attenuated pathogens are used. However, vaccination coverage is
limited due to high production costs or low efficacy since
vaccines do not protect against a wide number of pathogen
variants [1]. Therefore new vaccine design approaches are
needed to develop delivery strategies, adjuvants, and production platforms [2].
Although a myriad of protective antigens are proteins,
polysaccharides play an important role in vaccinology. They
can be used as delivery vehicles, adjuvants, and even as
immune-protective agents [3,4]. Polysaccharides entered into
the vaccinology field in the early 20´s when Avery and
Heidelberger identified the carbohydrate nature of the pneumococcal capsule derived from Streptococcus pneumoniae [5].
Since then, continuous and remarkable progress has been
achieved in the field of carbohydrate-based vaccines against
infectious diseases and cancer [6–8]. Since the first approved
polysaccharide vaccine, PneumoVax [9] composed of unconjugated capsular polysaccharides isolated from 14 pneumonia
serotypes, several polysaccharide-based vaccines have been
approved to fight infectious diseases [10–14].
Capsular polysaccharides consist of several hundred repeating units containing one to eight sugars that are usually linked
by glycosidic bonds; in addition, phosphodiester bonds can
also join the monosaccharides [15]. Polysaccharide antigens
are large molecules consisting of repetitive epitopes that are
not processed by antigen-presenting cells (APC) but interact
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directly with B cells [16], inducing antibody synthesis without
the participation of T cells (thus designated T-independent
antigens). Purified polysaccharides induce specific IgM
responses without a detectable IgG response. This T-cell-independent immune response fails to induce immunoglobulin
class switching from IgM to IgG, therefore no immunological
memory is conferred; which is critical for long-lasting protection [16,17]. However, coupling polysaccharides to proteins
allows for the induction of T helper (Th) cell responses,
which opened the development of glycoconjugated vaccines
that consist of a carrier protein (CP) that is coadministered or
conjugated with the target polysaccharides [18,19]. This
approach has been used over the past decade mainly to
improve the efficacy of vaccines against three polysaccharide-encapsulated bacterial species that cause several highimpact epidemiologic diseases: Streptococcus pneumoniae
(Pneumococcus), Neisseria meningitides serogroup C, and
Haemophilus influenza type b (Hib). Recent epidemiological
data show that Hib causes more than 8 million cases of
meningitis, pneumonia, and other invasive diseases every
year around the world [20]. In 2008, 190,000 children under
5 years of age died after invasive Hib infection [21]. S. pneumoniae is responsible for about half a million deaths due to
pneumonia, meningitis, and septicemia in children under
5 years of age worldwide. These two pathogens caused an
estimated 935,000 deaths in 5-year-old children in 2013, representing 15% of all deaths of 5-year-old children [22]. The
annual number of global invasive meningococcal disease
cases is estimated to be at least 1.2 million, with 135,000
associated deaths [23]. In industrialized countries, the mortality rates from meningococcal disease reached 0.2–4.7 cases
per 100,000 inhabitants each year, whereas endemic annual
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mortality rates in sub-Sahara African countries within the
‘meningitis-belt’ reached 100 cases per 100,000 individuals
with over 1000 cases per 100,000 populations during epidemics [24]. Also, long-term consequences of infections with
these pathogens may be devastating. Up to 20% of the
patients who survived Hib meningitis suffered from permanent hearing loss or other long-term neurological aftermath
[25]. Therefore, the vaccination against this type of bacterial
species is a relevant topic. The fight against these diseases has
included the development of polysaccharide-based vaccines,
which are extensively used in the clinic. However a limitation
of the current vaccines, consisting of either polysaccharides
alone or conjugated to a protein, is given by the serotypes not
included in the vaccine [26]. For instance, the current vaccine
against Pneumococcus includes the 23 most dominant serotypes in Europe and North America out of approximately 90
different capsular polysaccharides [27]. Therefore, multicomponent vaccines are required to optimize their efficacy, considering that the serotype distribution varies with time and
geography. However, the production of such vaccines would
be complex and expensive [28].
In this context, the attention turns to plants, which have
served for centuries as a source of medicinal compounds.
Interestingly, plant cells have the ability to synthesize a wide
range of polysaccharides and the continuous advances in
biochemistry and functional analysis of polysaccharides have
led to the identification of a myriad of plant polysaccharides
that exert biological activities, including immune-stimulatory
effects [3,29,30]. Besides understanding their biological activity
and using them as vaccine adjuvants, plant polysaccharides
have also been used as vaccine delivery vehicles in the form of
nanocarriers or gels [31–33]. Moreover, new approaches to
produce glycan-based vaccines are under way [34,35]. The
increasing use of genetic engineering approaches has substantially changed the role of plants in vaccination: these
organisms are now being exploited as a source of biopharmaceuticals. This field, named molecular pharming, has allowed
for the production of antibodies, cytokines, and vaccines in
platforms that imply low production costs [36] and offers the
possibility to achieve the oral delivery of biopharmaceuticals
[37]. Recent data suggest that glycan-based vaccines can be

produced in plants [38], which open new possibilities for the
molecular pharming field. In the present review, we analyze
the outlook on the role of plant glycans as vaccine adjuvants,
delivery vehicles, or even as precursors of antigens produced
in planta through conventional techniques or genetic engineering approaches, placing the development of innovative
glycan-based vaccines in perspective.

Plant glycans as adjuvants and vaccine delivery
vehicles
Plant polysaccharides are made up of repeats of saccharide
units joined by glycosidic bonds in various alternative configurations and contain mixtures of different polymer chain structures with differing amounts of branching and variation in
chain length. The research of different sources of polysaccharides as novel adjuvants is nowadays a field of interest, since
carbohydrate structures play critical roles in immune system
function and have proven to be safe molecules due to their
easy metabolism and excretion with little risk of generating
toxic metabolites [39,40]. Table 1 summarizes the current
plant polysaccharides used as adjuvants. It is known that
such compounds enhance both humoral and cellular immunity and exert adjuvant activities by binding to pattern-recognition receptors expressed by APCs, since these recognize
pathogen-associated molecular patterns [41]. Therefore, polysaccharide-based compounds have the ability to enhance
antigen uptake, processing, and presentation by APCs stimulating subsequent T cell responses [42].
One of the first polysaccharides recognized to have immunological effects was inulin, a polymer comprising linear
chains of fructose groups linked by β(2→1) glycosidic bonds
terminated at the reducing end by an α-D-(l→2)-glucopyranoside ring group (β-D-(2→1) poly(fructo-furanosyl) α-D-glucose),
which is a natural plant-derived storage carbohydrate found in
the roots of Compositae [43]. The immune activity of inulin was
first identified when inulin solutions were found to activate
the complement system through a nonclassical pathway,
which led to the discovery of the alternative pathway for
complement activation. This activation was found to be due
to a high-molecular-weight inulin, which is non-soluble at

Table 1. Examples of polysaccharides with adjuvant or immunostimulatory activities.
Adjuvant Chemical structure
Mannan
β-D-[1→4]polymaltose
Delta
β-D-[2→1] poly
inulin
(fructo-furanosyl)
α-D-glucose
β-glucan β-D-[1→3]-glucan
Starch
Dextran
Pectin

α-D-[1→4]-glucan
with α-D-[1→6]branches
α-D-[1→6]-glucan
with α-D-[1→3]branches
α-[1→4]-linked
D-galacturonic
acid.

Immune actions
Promotes proinflammatory (TNF-α and IL-1β) and humoral responses.
Activates NF-κB, complement and promotes DCs maturation
Promotes CD4+ and CD8+ responses and humoral responses. Activates
complement, chemokine secretion, monocytes, macrophages, and
promotes DCs maturation
Promotes humoral and cellular responses, activates NF-κB, complement
and inflammasome
Improves the delivery of antigens to APC in the GALT and promotes
strong mucosal and systemic humoral responses

Current use
Tested in Phase I and II human
cancer vaccine clinical trials
Has been successfully tested in
multiple human Phase II clinical
trials
Some versions of β-glucan adjuvants
remain in preclinical development
Bioneedles in clinical trials

Promotes proinflammatory responses (IL-1β, IL-6, TNF-α), activates NF-κB, Used in veterinary adjuvants
and promotes macrophage maturation

References
[57,58,60]
[50,51,54,56]
[136,137]
[61,63]
[138,139]

[84,140]
Promotes cellular responses depending on % of galacturonic acid, >80% An O-acetylated pectin conjugate
galacturonic acid decrease macrophage activity, <75% do not.
has proven to be safe in a phase I
clinical trial

TNF: Tumor necrosis factor, IL-1 β: Interleukin-1 β, IL-6: Interleukin-6, DCs: Dendritic cells, NF-κB: Nuclear factor kappa-light-chain-enhancer of activated B cells, APC:
Antigen-presenting cells, GALT: Gut-associated lymphoid tissue.
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body temperature and able to activate the complement and
enhance humoral immune responses for the co-injected antigen. These insoluble particles named gamma inulin (GI) represent a completely new polymorphic form of inulin [44]. GI,
similar to other complement-activating compounds, was subsequently found to have adjuvant activity of at least equivalent potency to aluminum adjuvants; a property not shared by
alpha- and beta-inulin [45]. Several subsequent studies
demonstrated that γ-inulin also had antitumor activity [46].
In head-to-head adjuvant comparison studies in mice, GI alone
or complexed with aluminum hydroxide (algammulin) was
shown to be more potent than aluminum adjuvants and in
several cases achieved equipotency to complete Freund’s
adjuvant, which to this day remains the gold standard for all
adjuvant potency comparisons performed in animals
[45,47–49].
Later, a novel isoform of β-D-(2→1) poly(fructofuranosyl)αD-glucose called delta inulin (DI) was described and characterized by Cooper et al. [50]. In vitro studies revealed that DI
enhances antigen-specific CD4+ and CD8+ memory T-cell
responses and antigen-specific IgM, IgG, and IgA. The action
mechanism of DI is yet to be fully elucidated, but it appears to
be predominantly driven through interaction with APCs
including monocytes, macrophages, and dendritic cells (DCs);
to which it binds and induces phenotypic changes associated
with enhanced antigen presentation and antigen-specific Tand B-cell stimulation to coadministered antigens [51]. Of
special interest is the relative high thermostability of DI particles in aqueous solutions, which is compatible with the relatively high bonding in its packing structure. DI suspensions
can be dissolved by heat, reprecipitated by cooling as alpha
inulin, and finally reconverted back to DI by repeated heat
treatment. DI was proposed as a potential adjuvant for human
vaccines. Subsequently, the semicrystalline particles of DI were
termed Advax™, Vaxine Pty Ltd., whose adjuvant effect has
been proven in influenza vaccine [52], hepatitits B vaccine [53],
and Japanese encephalitis virus vaccine [54] at preclinical
testing. Furthermore, a phase I clinical trial confirmed the
safety, tolerability, and immunogenicity of Advax [55], suggesting that this polysaccharide can be a candidate for replacing aluminum adjuvants in prophylactic human vaccines.
Interestingly, a recent report suggests that a single dose can
achieve immune-protection against influenza when Advax is
used as adjuvant. The study was based on immunizing mouse
pups and the inclusion of Advax overcame neonatal immune
hyporesponsiveness with protection against lethal influenza
infection achieved after a single immunization, which supports
the use of Advax™ for the formulation of effective neonatal
vaccines [56].
Mannan is a storage polysaccharide produced by plants, a
polymer of mannose formed by β(1→4) linkages. Mannan
binds to C-type lectins of the mannose receptor family leading
to complement activation, opsonization, and phagocytosis
[57]. Since C-type lectin receptors mediate endocytosis, mannan and its derivatives, including oxidized and reduced forms,
have been used as vaccine adjuvants to target antigens to
APCs to stimulate peptide-specific T-cell responses and the
production of inflammatory cytokines, including TNF-α and
IL-1β [58]. Mannan, oxidatively coupled to the recombinant
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protein antigen and administered intranasally, was shown to
be superior to cholera toxin in enhancing the production of
antigen-specific IgA, IgG1, and IgG2a in serum and secretory
IgA in lung, tear duct, vaginal, and salivary secretions [59].
Recently, mannan was conjugated to whole inactivated
H1N1 influenza viruses and administered intranasally in mice.
Conjugating 100 μg of mannan with 1 μg of inactivated H1N1
elicited higher serum IgG and IgA in mucosa than immunization with the virus alone. The serum from immunized mice
strongly inhibited H1N1-mediated red blood cell agglutination [60].
Starch is another plant polysaccharide that has been
applied as adjuvant and vaccine delivery vehicle; it has been
used as a precursor for the production of bioneedles that
consist of small hollow implants made from thermoplastic
starch [61]. This material is loaded with the target antigen in
solution and is subsequently freeze-dried. Vaccination consists
of the intramuscular or subcutaneous implantation of the
bioneedles by using high-velocity compressed air [61].
Bioneedles also offer other advantages such as high thermostability and easy and rapid administration.
Recent studies in mice have applied this approach for the
delivery of vaccines against Clostridium tetani, hepatitis B virus
[62], influenza virus [63], Poliovirus [64], and Mycobacterium
tuberculosis [65], providing evidence for a comparable or an
improved magnitude in the induced immune response when
compared to conventionally injected vaccines [66].
Remarkably, bioneedles have been tested in a phase 1 clinical
trial showing acceptable safety and tolerability [32].
Another potential approach for vaccination based on starch
relies on the use of antigens adsorbed to starch particles.
Carbohydrate-binding modules (CBMs) promote enzyme activity by facilitating attachment to the substrate and increasing
the substrate concentration at the active site [67]. For instance,
amylases possess a CBM, called starch-binding domain (SBD),
which is indispensable for enzyme adsorption to the insoluble
substrate [68]. Given this activity a tandem arranged SBD
(SBDtag) was designed and fused to distinct antigens and
proteins from different microorganisms leading to antigens
that are efficiently adsorbed to starch particles [69].
Moreover, a study conducted by Guillén et al. [31] used starch
conjugates to successfully deliver a subunit vaccine through
the oral route in mice using the atoxic fragment C from
tetanus toxin (TetC) as model antigen. TetC was fused to
SDBtag and loaded onto starch particles. After intragastric
delivery, it was observed that the use of starch as a delivery
vehicle enhanced the antibody response and induced a delay
in mortality when challenged with tetanus toxin. This concept
has also been assessed for an antigen from M. tuberculosis
(heat shock protein alpha crystalline, Arc) that was orally and
intranasally immunogenic when administered using starch
granules loaded with the Arc fused to SBDtag [70]. Therefore,
this is a promising approach for the production of highly
effective oral vaccines since antigens associated to starch
particles constitute particulate antigenic complexes that are
easily absorbed by APCs at the gut-associated lymphoid tissues (GALT).
Another recently reported approach, implemented in the
alga Chlamydomonas reinhardtii, relies on the expression of
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the target antigen as a fusion protein comprising the granulebound starch synthase, which is the major protein associated
to the starch matrix in starch-accumulating plants and algae.
This type of starch-based particles was designated as amylosomes, which are proposed as a convenient way to easily
produce highly immunogenic complexes for vaccination, taking advantage of the adjuvant properties of the starch particles and their stability [71]. In fact, the algae amylosomes
showed to be highly immunogenic since a single dose of
them induced a significant and reproducible delay of mortality
in pathogen-challenged mice, an effect that was enhanced in
mice that received three doses. Although no comparisons on
the magnitude of the immune responses induced by amylosomes and the soluble antigen were performed, the presented
evidence reflects a high immunogenic potential for
amylosomes.
Since the starch metabolism is similar in land plants and in
algae, this approach could be directly applied to plant species
to design new vaccines and explore the potential of amylosomes produced in plants. Of special interest is the use of seed
crops in which important achievements have been obtained in
corn [72,73], rice [74], and soybean [75,76].

Immunogens produced by modification of plant
glycans
Plant polysaccharides have another key application in vaccinology; they can be used as backbones for the synthesis of
immunogens. This field is of remarkable interest because
although several efforts have been conducted to advance
polysaccharides syntheses technologies to develop vaccines
against cancer and bacterial, viral, and parasitic infections
[35,77,78], plant polysaccharides are easily produced with a
low cost when compared to chemical synthesis. In addition,
most natural carbohydrates are nontoxic and well-tolerated in
vivo.
Pectin is a relevant case since it can be used for the
production of compounds mimicking antigens of relevance
in vaccination. Pectin is a plant polysaccharide of high-range
molecular weight constituted of a mostly linear polymer of
predominantly α(1-4)-linked D-galacturonic acid with <5%
neutral sugars and a <5% degree of esterification. The capsular
polysaccharide of Salmonella typhi Vi is similar to pectin but
the latter is N-acetylated at C-2 and O-acetylated at C-3 having
a molecular size of 2000 kDa. Following O-acetylation at C-2
and C-3 [79], O-acetylated pectin (OAcPec) is obtained, showing relevant properties. Szewczyk et al. [80] described that
precipitated with Vi anti-serum no serological cross-reaction
between pectin and Vi exists. Although OAcPec is antigenically
identical to Vi in double immunodiffusion assays, it is not
immunogenic in mice, which is probably a consequence of
having a lower molecular weight than Vi, thus conjugation to
proteins was proposed to generate a highly immunogenic
compound [81]. OAcPec conjugated to tetanus toxoid elicited
Vi antibodies in mice and reinjection elicited a booster
response, which in fact is an advantage over Vi that does
not induce an increase of antibody levels after boosting [82].
Szu et al. [81] performed pioneering studies to characterize
the immunogenic properties of OAcPec, reporting the

successful induction of humoral responses in mice using
OAcPec-tetanus toxoid conjugates, although a lower immunogenic potential was suggested for OAcPec-tetanus toxoid conjugates when compared to Vi conjugates. This study led to
further advances in the design of polysaccharide-based vaccines [81].
Further evaluations of Vi or OAcP, alone or as protein
conjugates, were performed in young outbred mice and guinea pigs revealing that both conjugates are immunogenic in a
higher potency than Vi or OAcP alone. It was also observed
that both conjugates induced booster responses. Although it
was confirmed that Vi conjugates are more immunogenic than
OAcP conjugates, the evaluation at the clinical level of OAcP
was proposed given the substantial advantages of its production method [83].
Remarkably, the results from a phase I clinical trial evaluating O-acetylated pectin conjugates have been reported. The
vaccines consisted of chemically OAcPec conjugated to a
recombinant exoprotein A from Pseudomonas aeruginosa
(rEPA) as CP. The study revealed a direct correlation between
the level of anti-Vi IgG before and after the injection of the
conjugate at an acceptable safety level. The OAcPec-rEPA
elicited lower IgG anti-Vi titers than those raised in Vi-rEPAimmunized individuals [84].
As a relevant perspective, genetic engineering approaches
to enable the plant cell for the acetylation of pectin to resemble Vi from Salmonella typhi could lead to the in planta production of anti-typhoid fever vaccines.

Implications of plant oligosaccharides in
glycoproteins obtained by molecular pharming
approaches
Molecular pharming is a research field that aims for the production of biopharmaceuticals in transgenic plants or animals.
In particular, the plant systems have proven to serve as a
robust platform for the production of biopharmaceuticals in
contained systems that rely on stable or transient transformation events. Among the most successful expression systems
are the stable expression in chloroplasts [85], transient nuclear
expression mediated by viral vectors [86,87], and nuclear
expression in either constitutive [88] or tissue-specific manner
[89,90]. One product named Taliglucerase alpha, a human
glucocerebrosidase produced in carrot cells, was released to
the market in 2012. Interestingly this carrot-made enzyme
possesses a glycosylation pattern that comprises 100%
exposed paucimannosidic structures, thus not requiring an in
vitro modification to show proper uptake by the target cells
[91]. In parallel, antibodies have been produced with promising perspectives. Plant-made anti-Ebola antibodies were
recently applied to humans in the course of the 2014 Ebola
epidemic [92–94]. A number of vaccines are now in the pipeline for commercialization to treat diseases such as influenza
and non-Hodgkin’s lymphoma [95,96].
In this field, the variation in the glycosylation among the
organism used as host for biopharmaceutical production has
important implications. Plants possess a particular glycosylation machinery (i.e. for protein N-glycosylation, the presence
of beta1,2-xylosylation and core alpha1,3-fucosylation). For the
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production of biopharmaceuticals, especially those that are
not vaccines, this fact has raised concerns related to the
potential immunogenicity that involve the risk of the induction of allergic reactions or the production of blocking antibodies able to neutralize the subsequent doses [97]. However,
it is of considerable interest that a recent report on the safety
of a vaccine produced in Nicotiana found no allergic/hypersensitivity symptoms in immunized individuals. Although
some individuals (34%) developed transient IgG and, in some
cases IgE, to plant glyco-epitopes, no IgE responses to the
MMXF motif were detected, suggesting an acceptable safety
for this vaccine containing plant oligosaccharides [98].
Therefore, the glycosylation and its impact on safety and
efficacy should be analyzed case by case.
Glyco-engineering strategies based on genetic engineering
tools have been implemented in plant species including the
following: (i) RNA interference technology applied to downregulate plant-specific glycosyltransferases [99,100]; (ii) using
mutant plants defective in genes that encode specific plant
glycosyltransferases [101]; (iii) transient expression of enzymes
required for sialylated mucin-type O-glycosylation [102]; (iv)
heterologous expression of enzymes that enable the synthesis
of complex-type N-glycans [100]. These glyco-engineering
strategies will be of great usefulness for the implementation
of platforms for the production of oligosaccharides-based
vaccines (conjugated or not).

Expert commentary
Moss in molecular pharming
Within this framework, the moss Physcomitrella patens is of
particular interest. It possesses the following attractive features: it can be propagated in low-cost culture media consisting only of inorganic salts [103], the protonema stage of
gametophyte development comprises cell filaments that
extend by the serial division of their apical cells and can be
easily propagated with very fast and stable growth rates without the need of hormones or vitamins [103,104] in various
photo-bioreactor configurations [105–107], and an efficient
secretion of the recombinant proteins can be achieved,
which represents a substantial advantage since downstream
processing is greatly simplified. The genetic transformation
tools are available including protoplast transformation protocols that allow for the rescue of large numbers of transformants [108,109]. Interestingly, nuclear-encoded genes of P.
patens can be specifically targeted and ablated or altered by
homologous recombination, which minimizes position effects
and silencing [110].
P. patens has been used as a biofactory for complex biopharmaceuticals showing a high biosynthetic capacity and can
extensively process proteins at the posttranslational level,
including the formation of disulfide bridges and complex
glycosylation in the same way as vascular plants [88]. Precise
genome engineering has been successfully established in
moss, for example, to modify the protein glycosylation
machinery. This feature was successfully employed for broad
glyco-engineering approaches. By targeted knockouts of the
responsible glycosyltransferase genes (α1,3-fucosyltransferase
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and β 1,2-xylosyltransferase), plant-specific fucose and xylose
residues were avoided on complex-type N-glycans [111].
Additional glycan modifications involve the removal of planttypical β 1,3-galactose residues [112] as well as the introduction of human-type β 1,4-galactoses [113]. Plant-specific protein O-glycosylation at oxidized proline residues was
prevented by targeting of the P. patens prolyl hydroxylase
genes [114]. Meanwhile, one moss-produced growth factor
(KGF/FGF7) for cell-culture use is commercially available
(www.greenovation.com). With the recent permission to start
a phase I clinical trial with moss-made aGal, a human αGalactosidase to treat the lysosomal storage disease Morbus
Fabry, a milestone was reached for the validation of moss as a
biopharmaceutical production system [88]. Several additional
pharmaceuticals, such as the human complement regulator
Factor H [115], have been produced in moss (summarized in
Reski et al. [88]). The system has also begun to be used as a
vaccine production platform [116,117].

Moss and oligosaccharide-based vaccines production
An interesting aspect that may become important for vaccine
production in the near future is the pattern of other oligosaccharides existing in mosses. Although knowledge in this area
is still narrow, recent efforts to perform global characterization
of oligosaccharides population in seed plants and mosses
have revealed important differences between the studied
groups [118,119]. For instance, mosses produce high levels
of mannan, a finding that has been substantiated by linkage
analyses. Furthermore, two genes have been recently identified in P. patens with similarity to the mannan synthase-encoding AtCSLA family in Arabidopsis [120]. Interestingly, highly
methyl-esterified homogalacturonan was present almost
exclusively in sporophyte-rich samples, which could reflect a
remodeling of the pectic network associated with the transition from the gametophyte to the sporophyte generation
[121].Therefore in terms of low cost, biosynthetic capacity,
and genetic versatility, moss is a promising GMP-approved
platform that could play an important role in implementing
new
approaches
for
oligosaccharide-based
vaccine
production.

In planta synthesis of pathogen polysaccharides: a field
of opportunity in molecular pharming
The advantages of the molecular pharming and the glycan
biosynthetic capacity of plant cells can be joined in an application of particular relevance for vaccinology, namely the in
planta production of antigenic polysaccharides as a low-cost
production strategy since the current production of polysaccharides requires large-scale manufacture and further purification to remove undesired bacterial compounds such as toxins
and pyrogens along with a strict quality control. A pioneering
study by Smith et al. [38] has opened a new path for the field:
the concept of producing bacterial glycans in plants has been
developed to address the limitations related to the production
using conventional processes. Plants can be used as convenient bioreactors having several advantages such as easy scaleup procedures, economic production cost, and many species
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lack of toxic compounds. In a first approach, tobacco plants
were engineered to express the Pneumococcal Type 3 Capsule
Synthase Gene (Cps3S) fused to the PR1b signal sequence to
direct the secretion of the enzyme to the apoplast.
Type 3 polysaccharide of S. pneumoniae is a relatively simple carbohydrate composed of repeating D-glucose (Glc) and
D-glucuronic acid (GlcA) with the following unit structure:
(1→4)-β-D-Glcp-(1→3)- β -D-GlcpA-(1→4) [122,123], since the
precursors for the biosynthesis are UDP-glucose (UDP-Glc) and
UDP-glucuronic acid (UDP-GlcA), which are produced by plant
cells for cell wall polysaccharide synthesis [124,125], the only
requirements for the production of the bacterial polysaccharide is the Cps3S activity.
Apoplast extracts from transgenic tobacco synthesizing
bacterial type 3 polysaccharides induced IgG-specific
responses in mice [38]. From this pioneering study, the
authors propose the ambitious goal of producing conjugate
vaccines in planta by using the plant glycosylation machinery
to synthesize glycosylated heterologous proteins with the
bacterial heterologous polysaccharide.

Five-year view
Since polysaccharides have played a relevant role in vaccinology, plants as organisms producing a diverse group of such
compounds are of importance in the field and interesting
advances are expected in the following years (Figure 1). With
the advent of molecular pharming, new approaches for vaccine production implying polysaccharides have been identified. Considering that conjugated vaccines are very expensive,
the ability to produce antigenic polysaccharides in plants on a

large scale could lead to an economical and safe source of
conjugated vaccines. Expanding plant-based expression to
enzymes related to the synthesis of bacterial polysaccharides
is a key perspective for this field. Even the production of
conjugated vaccines in planta is envisioned and will require
the expression of the enzyme for polysaccharide synthesis, a
CP, and a specific glycosyltransferase. Remarkably such
approaches have already been implemented in bacterial systems. For instance, the Campylobacter jejuni N-glycosylation
machinery has been installed in E. coli. In particular, the C.
jejuni oligosaccharyltransferase (PglB) was selected because it
has low substrate specificity and thus is capable of joining
heterologous oligosaccharides to proteins from different origins [126,127]. These tools allowed for the production of conjugated vaccines in vivo, which is a greatly simplified process
when compared to the traditional method [128–131]. However
since this process is not highly efficient, it is still under optimization [132] and in any case bacterial systems require extensive purification to remove endotoxins increasing the cost. In
contrast, plants will provide an advantageous platform for the
implementation of these types of strategies. The pioneering
work published by Smith in 2014 [38], where a bacterial polysaccharide is synthesized in planta, will be the basis for the
production of plant-made conjugated vaccines in the near
future.
Modifying the starch or pectin metabolism could also play
an important role in producing polysaccharides with desirable
characteristics as immunogens, immunogen precursors, or
delivery vehicles/adjuvants. In addition, the use of genetic
engineering tools to produce fusion proteins comprising the
SBDtag and the target antigen could allow for the in planta-

Loaded starch
granule

(ii)

Amylosome

(i)

SG
SG

SBD::Ag

Polysaccharide
precursors

GBSS::Ag

PS

nucleus

Antigenic
polysaccharide

GT

CP

Conjugated
vaccine

(iii)

Figure 1. Possible configurations for glycan-based vaccines produced in genetically engineered plants. (i) Amylosome-based vaccines, produced by expressing
antigens fused to the granule bound starch synthase (GBSS), which are absorbed on native starch granules (SG). (ii) Starch granules-based vaccines, produced by
expressing antigens fused to starch binding domains (SBD), which are absorbed on native starch granules; (iii) conjugated vaccines, produced by expressing a carrier
protein (CP), the enzyme(s) for pathogen polysaccharide synthesis (PS) and specific glycosyltransferases (GT).
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production of starch particles loaded with the antigen of
interest. This approach will avoid the purification of the antigen and the vaccines could be obtained in a simplified process yielding highly effective oral vaccines.
Regarding the species to be used for the above-mentioned
approaches, the most attractive platforms to explore would be
edible crops such as carrot, which could be used in a straightforward manner for oral vaccine formulation (e.g. freeze-drying and milling for proper dosage). In terms of regulatory
approval, the carrot offers the advantage of being currently
used for the production of a commercialized biopharmaceutical, which will make the production and approval processes
smoother [133]. Seeds also provide a highly advantageous
system in the molecular pharming field, especially for oral
vaccines, since they accumulate large amounts of polysaccharides, constitute a suitable delivery vehicle to GALT, show high
thermostability, result in high protein yields, and grant protection from digestive enzymes in the gut. Since seeds possess
high starch contents, they are ideal targets for implementing
genetic-engineering approaches directed to modify starch; for
example, implementing the amylosomes strategy or introducing enzymes to modify the starch composition allowing for
novel conjugation approaches or enhancing immunomodulatory activity. The current tools allow for the stable deposition
in protein bodies or protein storage vacuoles in rice and an
enhanced endosperm-specific expression can also be
achieved. These tools will greatly facilitate the advancement
on these goals [74].
The moss Physcomitrella patens also constitutes an attractive platform to prove the concept of specific glyco-engineering approaches, given the straightforward genome
engineering possibilities. During the implementation of strategies for conjugated vaccines production, moss offers not
only an attractive GMP-approved expression platform due to
site-directed insertion of transgenes but the straightforward
possibility to eliminate or modify specific glycosyltransferases
[88]. In addition, moss is a potential source of new glycans that
could be used as vaccine delivery vehicles or as new adjuvants; thus a relevant perspective consists in the evaluation of

7

moss glycan fractions as immunomodulatory compounds or
delivery vehicles.
A recent milestone in the molecular pharming field consists
in the approval of the manufacturing process for an HIVneutralizing monoclonal antibody (2G12). These efforts
allowed translating this process into a prototypic manufacturing process that was approved by the German regulatory
agency and subsequently a first-in-human, double-blinded,
placebo-controlled, randomized, dose-escalation phase I
safety study was performed [134,135]. This remarkable
achievement is a valuable example of the potential of plantbased platforms for the production of BFs in safe and low
costs systems, achieving regulatory framework development
and approval by the corresponding agencies.
In conclusion, the identified advances in molecular pharming and glycan-based vaccines development indicate that
there is a remarkable potential to develop innovative glycanbased vaccines produced in planta, which could increase the
benefit of vaccination since these contemplated approaches
offer low production costs, high stability, and easy administration, which is critical to produce vaccines available to the
developing world.
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Key issues
●
●
●
●

Plants synthesize a diverse group of polysaccharides of importance for vaccinology, for instance, inulin, starch, and pectin are applied as delivery
vehicles, as adjuvants, or as precursors for immunogen production.
In recent years, the production of bacterial polysaccharides in plants has opened the path for the development of innovative glycan-based vaccines at
low costs.
Perspectives on how molecular pharming may impact the development of glycan-based vaccines are provided.
Molecular pharming comprises the use of genetically engineered plants for the production of valuable compounds including biopharmaceuticals; current
glyco-engineering approaches in seed plants and in the moss Physcomitrella patens offer the potential for the in planta production of specific proteinlinked glycans.
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