Natural products and the search for novel vaccine adjuvants
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Abstract
Vaccines that protect against intracellular infections such as malaria, Leishmania and Chlamydia
require strong cellular responses based on CD4+ T cells and CD8+ T cells in addition to antibodies.
Such cell-mediated responses can be potentiated with adjuvants. However very few adjuvants have
been licensed for use in humans and there is an urgent need for the discovering of new non-toxic
adjuvantsto enhance the development of new and more efficacious vaccines. Until recently, the
mechanisms of how adjuvants work remained largely unknown, but, it is becoming clearer that
many adjuvants function via host germline-encoded pattern recognition receptors (PRRs) expressed
by most immune and non-immune cells. PRRs sense infection and transmit a series of signals that
ultimately lead to the development of immunity. PRR mediated signaling can be harnessed to
search for new vaccine adjuvants. Dendritic cells (DCs) express many PRRs and are remarkably
effective at directing T cell immunity. Natural products (NPs) have been the source of many drugs
and are a rich source of immune activators and/or regulators of the immune response. Here we
review PRRs in the context of NPs and propose the use of DCs as biological probes to help identify
novel immune type molecules and adjuvants within collections of NPs.
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Introduction
Adjuvants are substances that increase or modulate the immunogenicity of an antigen while at the
same time lower the concentration of antigen required for vaccination [1, 2].

As compared with

whole-cell or virus-based vaccines, subunit vaccines are poorly immunogenic and require the
presence of adjuvants to stimulate protective immunity [1, 3].

However, currently licensed

adjuvants such as alum predominantly induce antibody responses [4]. Adjuvants that help induce T
cell-mediated immunity would facilitate the design of new vaccines for infectious diseases and
cancer [5].

A major advance in the understanding of how vaccine adjuvants function is the

discovery that signals derived from PRRs can activate DCs so that efficient priming and activation
of T cells can be achieved. The best example is Toll-like receptor (TLRs) family of PRRs whose
ligation by microbial signatures leads almost invariably to T cell-mediated immunity in which DCs
play a major role [6].
PRRs or analogues of PRRs are expressed by most living organisms across species from plants,
sponges to vertebrates [7]. In mammals, signals delivered from PRRs influence antigen presenting
cells, such as DCs, with respect to the strength and type of immunity that is developed against
bacterial, viral or fungal infections [8]. In invertebrates PRRs also function to provide protection
against a variety of infectious agents. Because of the high levels of conservation among PRRs
across species, ligands activating PRRs in lower organisms may also activate PRRs in mammals
where they could be employed to modulate immune function. However the natural ligands for
PRRs expressed by plants, marine organisms and other biota remain undefined.
Natural products (NPs) are a primary source of many pharmaceuticals used today [9-11] and are a
potential source of immune modulating compounds.. The discovery of such compounds could result
in the development of new adjuvants for vaccines and drugs for the treatment of other diseases such
as allergy and cancer where immune modulating therapies are needed. We envision that new
functional screening procedures and the availability of pre-fractionated libraries of NPs will
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facilitate the identification of such molecules. This review briefly summarizes the current body of
knowledge of PRRs in the context of immunity in vertebrates and lower organisms and proposes a
new procedure to identify potential immune modulating compounds within collections of NPs.

PRRs and the triggering of immunity
For many years, the gold standard adjuvant has been complete Freud’s adjuvant (CFA), an emulsion
of killed mycobacterium in oil [12]. More recently, different bacteria including Mycobacterum spp,
C. parvum, B. pertusis, N. meningitidis or bacterial products have been employed as vaccine
adjuvants. It is clear that most adjuvant effects of CFA and these bacteria are mediated though
PRRs [13]. Indeed, PRRs are host sensors that play a leading role in the activation of the immune
response in vertebrates [14]. PRRs interact with highly conserved microbial structures known as
pathogen associated molecular patterns (PAMPs). Following microbial recognition, PRRs transmit
signals that trigger innate immunity enabling phagocytic cells, such as macrophages and neutrophils,
to mediate pathogen uptake and killing [15]. This ultimately results in initiation of proinflammatory
responses and induction of adaptive immunity through the activation of DCs [16, 17]. Not all
PRRs, however, are equal in terms of their ability to trigger immunity. While some PRRs such as
TLRs are able to induce both B and T cell responses, other PRRs such as macrophage mannose
receptor (MMR) are not competent enough to induce an adaptive immune response on their own
[8]. Major families of PRRs contributing to the development of immunity are discussed below.

Nucleotide oligomerization domain-like receptors (NLRs)
NLRs are cytosolic molecules that sense the presence of intracellular PAMPs [18, 19]. Muramyl
dipeptide (MDP) is a derivative of intracellular bacterial peptidoglycan (PGN) and is recognized by
nucleotide-binding oligomerization domain 1 (NOD1), a member of the NLRs. Stimulation of
NOD1 by MDP drives antigen-specific immunity into a predominant Th2 polarization profile.
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Nevertheless, stimulation of NOD1 together with TLRs (see below) also triggers Th1 or Th2 or
Th17 activation pathways [20] demonstrating that NLRs potentiate responses depending on signals
derived from co-engaged receptors. Another member of the NLR family is the NACHT-LRRPYD-containing protein 3 (NLP3), a component of the inflammasome ─ a high molecular weight
complex that functions as an intracellular sensor of ‘danger’ [21]. Activation of NLP3 by alum
triggers the activation of inflammatory DCs and subsequent development of Th2 responses [22, 23].
Shellfish shell-derived Chitosan and the saponin Quil-A are also known adjuvants that activate
NLP3 signalling [24]. In general, derivatives of NLP3 strongly correlate with Th2 driven antibody
responses [14].

C-type lectin receptors (CLRs)
CLRs comprise a large group of heterogeneous PRRs found almost exclusively in the Metazoa [7,
25, 26]. CLRs are calcium-dependent carbohydrate-binding proteins [1, 26] that contain at least
one carbohydrate recognition domain (CRD) of ~130 amino acid residues in length and are highly
conserved in vertebrates [27].

CLRs have quite diverse immune function. While some are

involved in recognition of self and are involved in immune homeostasis others are true PRRs [26,
28, 29]. For example, Langerin is a type II transmembrane receptor expressed by Langerhan cells
and functions in fungus uptake [30]. DEC-205 is a CLR that targets antigens to late endosomes or
lysosomes, MHC class II rich compartments. DEC-205 expressed by a subgroup of DCs presents
antigen to CD4+ T cells as well as to CD8+ T cells via cross-presentation [31]. The macrophage
mannose receptor is a CLRs that function mostly in antigen uptake but can also induce Th17 or
Th2 differentiation pathways [32]. DC-SIGN was identified as an adhesion molecule expressed by
human DCs. Activation of DCs via DC-SIGN however triggers IL-10 production favouring a Th2
cellular immune response [33].

Dectin-1 is a CLR that recognizes β-glucans from Candida

albicans and is involved in Th17 responses and defence against fungal infections [28, 34, 35].
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RIF-I (retinoic acid-inducible gene 1)-like receptors- RLRs
RLRs are cytosolic PRRs that exclusively detect intracellular double (dsRNA) and single stranded
RNA (sRNA) from viruses [14, 36, 37]. Activation of these receptors normally requires that the
cell is infected and most cell types express RLRs [38]. RLRs contain CRD domains and signal
through CRD-CRD interactions with induction and production of type I interferons. In addition,
RLRs complement the effect of TLRs with respect to sensing intracellular viral infections [39]. In
general, signals transmitted via RLRs are sufficient to induce CD8+ T cells responses but are
insufficient to generate CD4+ T cell or B cell responses [36].

Toll-like receptors (TLRs)
TLRs are expressed by most DCs and many other immune cells such as…??. Transmembrane
TLRs contain an extracellular domain with highly conserved leucine-rich repeats of ~20-30 amino
acids in length recognizing conserved microbial PAMPs [40]. Transmembrane TLRs also contain a
transmembrane domain and a cytoplasmic Toll/interleukin-1 receptor (TIR) domain that mediates
signal transduction [41]. Presently, 15 mammalian TLRs have been described of which 10 are
found in humans [7, 42]. TLR1, TLR2, TLR4, TLR5, TLR6, TLR10, and TLR11 are expressed on
the cell surface whereas TLR3, TLR7, TLR8 and TLT9 are expressed intracellulary in endosomes.
Moreover, TLR2 forms heterodimers with either TLR1 or TLR6 [42].
Following microbial recognition, TLRs dimerize triggering a signalling pathway in which MyD88
adaptor protein plays a major role. This pathway ultimately leads to NF-κB activation resulting in
up-regulation of various pro-inflammatory mediators by DCs [43, 44]. Studies in mice have
demonstrated that signalling though TLRs is sufficient to orchestrate an adaptive immune response,
characterized by Th1 induction [45], antibody production [46] and control of adaptive immune
responses [47].
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Natural or artificial ligands for most TLRs have been identified and presently are putative
immunotherapeutics and/or candidate vaccine adjuvants. An example is the modified bacterial
lipopolysaccharide monophosphoryl lipid A (MPL), a TLR4 ligand, that has been licensed for use
with human hepatitis B virus (HBV) and human papiloma virus (HPV) vaccines [48]. Similarly
polyinosinic:polycytidylic acid (poly I:C), a TLR3 ligand, is employed in vaccines against
influenza virus [49]. The unmethylated oligonucleotyde CpG (CpG), a TLR9 ligand, has been
utilized in experimental vaccines against Salmonella Typhimurium [50], Toxoplasma gondii [51],
Leishmania major [52] and is currently in clinical trials against cancer in humans [53]. CpG alone
or a mixture of CpG and allergen is also being used in the treatment of asthma and allergies also in
humans [54].

PRRs trigger defence mechanisms in invertebrates and plants
Nucleotide oligomerization domain-like receptors (NLRs)
Recent genetic analysis suggests that NLRs are important receptors involved in host defence in both
invertebrates and plants. The first evolutionary conserved NLR-like proteins, in invertebrates, have
been identified in the sea urchin with ~203 genes [21, 55]. The majority of these genes are
expressed in cells lining the gut suggesting that the gut flora is the major driving force of NLR-like
genes in the sea urchin [55]. In plants over 40 disease resistance NLR-like genes have been
described [56]. In Arabidopsis nearly 170 nucleotide binding site-leucine rich repeat (NBS-LRR)
encoding genes were identified [57]. These receptors play a critical role in defence against bacteria,
fungi and virus infections but the specific defence mechanisms are not fully understood.
Interestingly, genetic analysis has not found evolutionary link between mammalian NLRs and plant
NBS-LRR suggesting that in mammals and in plants these receptors evolved separately [57].

C-type lectin receptors (CLRs)
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CLRs are abundant in invertebrates with a total of 17 gene groups [58] represented in insects,
scallops [59] and nematodes [60]. The Caenorhabditis elegans genome contains approximately 278
CLR genes [60]. Invertebrate CLRs are involved in self recognition and defence, sensing specific
microbial carbohydrate moieties [26]. For example, shrimp CLRs bind microbial polysaccharides
on Gram negative bacteria causing bacterial agglutination [61]. Invertebrate CLRs appear to play a
role in signalling cascades linked to the host immune response. In C. elegans, for example, CLR
members trigger signalling pathways that activate mitogen-activated protein kinase following
recognition of bacteria [62].

Toll-like receptors (TLRs)
TLRs were first described as type I transmembrane receptors that control dorsoventral patterning in
Drosophila [7]. This pathway also activates signaling cascades in Drosophila closely resembling
mammalian TLR signaling. Following fungal or Gram-positive bacterial infection TLR activation
pathways are triggered suggesting a role in host defence [7]. The sea urchin contains 222 TLR
genes with structure similar to vertebrate TLRs, many of which are encoded in tandem arrays,
suggesting that a large recognition capacity is possible, via TLRs. [55]. An LPS-interacting protein
(SLIP) coupled to D88 activation pathway is present in sponges [63]. Additional TLR analogues
have also been recently described in the aquiferous canal system of sponges [64]. In C. elegans a
single TLR homologue termed Tol-1 that has functions in the worm development as well as
pathogen recognition and host defence has been identified [65].

An analogous TLR-like

antimicrobial recognition system, termed TIR-NBS-LRR, is present in plants. RPSA4, a member of
the TIR-NBS-LRR, was found to confer resistance to Arabidopsis against bacterial strains of
Pseudomonas syringae [66]. Another receptor, the flagellin-sensitive receptor (FLS2), involved in
resistance against bacterial infection was described in Arabidopsis [67].
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NPs as source of immune active compounds
Plants. Plants are known to possessin substances that stimulate or regulate immunity. The anticancer effect of juzen-taiho-to, a popular herbal medicine used in Japan, is mediated through
induction of antigen-specific anti-tumor cytotoxic T lymphocytes in the mouse [68]. Green tea
extracts can influence resolution of pulmonary inflammation in mice. This effect is mediated
through epigallocatechin-3-gallate (EGCG), a green tea component that represses the activity of
reactive oxygen species and inhibits chemokine-induced neutrophil chemotaxis [69]. In addition
EGCG prevents carcinogenesis in mice via a mechanism mediated by IL-12 production [70].
Another plant component, taxol from Taxus brevifilia, is an alkaloid recognized by human TLR4.
Taxol inhibits cancer cell growth and is currently employed in the treatment of various cancer types
such as ….. [71-73]. NP extracts have also been reported to inhibit allergic responses without
suppressing protective antimicrobial immunity indicating that NPs are able to modulate immune
function through inductive and suppressive mechanisms [74].
More recently, plant extracts have been examined as potential vaccine adjuvants. Extracts from
Panax ginseng, an herb that possess stimulating effects, administered with ovalbumin (OVA) was
found to up-regulate both Th1 and Th2 as well as antibody responses against OVA in mice [75].
Similarly, extracts from Coriolus versicolor or Astragalus memebranaceus have been found
recently to induce antibody responses to cancer antigens Globo H and GD3 following vaccination
of mice [76]. The components and mechanism(s) of immune activation of these extracts however
remains unknown. However, it might be speculated that molecules within these extracts can
modulate immunity by activating immune cells via PRRs.

Marine organisms. Because the marine milieu is rich in microorganisms, marine fauna can be a vast
source of compounds that modulate immune function. Sponges in particular are continually exposed
to many forms of bacteria during their filter feeding process. Alpha-Galactosylceramide (GalCer),
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a glycosphingolipid extracted from marine sponges, has shown to induce natural killer T cells, B
cells and classical T cell. In the mouse, GalCer induces T cell and antibody responses against viral
infections [77]. Sponges and the sea urchin have various PRRs analogues recognizing microbial
components and involved in antimicrobial defence [55, 64]. Interesting, a novel protein complex
that binds bacteria has been described in the sea urchin [78]. The natural or microbial PAMPs
associated with triggering these and other PRRs in the sea urchin and sponges remain undefined.

Microorganisms. Microbes have been the primary source of PAMPs due to their role in causing
infection. PRRs ligands such as bacterial peptidoglycans, fungal β-glucans, lipopolysaccaride (LPS),
lipoteichoic acid, CpG, double and single stranded RNA, flagellin and others microbial PAMPs are
primarily of microbial origin [79]. Most of these molecules were identified based on their ability to
trigger activation of mammalian immune cells such as DCs [79].

A significant advance in

understanding the role of many PAMPs is the finding that by triggering activation of DCs, these
agonists and their coupling PRRs can influence the type and quality of the immune response [80].
It is notable that a number of PAMPs, including CpG and flagellin are immunostimulatory in fish
[7]. This conservation of function, in mammals and in fish, suggests that there is little mutation or
variation among PAMPS and raises the possibility that PAMPs derived from various biota can be
used to modulate immunity in mammals. Since PRRs are evolutionary conserved across species,
identification of their ligands from lower organisms will have applications in the development of
new pharmaceuticals.

High throughput screening (HTS) of immune compounds
NPs include small molecules that have been evolutionary selected to bind protein domains [81].
Binding of NPs to their domains is selective and of high affinity [82]. If these compounds comply
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with the established drug-like/lead-like criteria, summarized in the Lipinski’s “rule of five”, they
become favourable lead structures for drug discovery [83, 84].

Natural product libraries (NPLs) have been essential in HTS and identification of new drugs or
product leads and many of these compound libraries have been developed over the past few years
[83, 85]. More specialized compound libraries have been developed based on the concept of
protein structure similarity clusters (PSSC) that searches for small molecule activators/modulators
of protein function. Central for this design is the criteria of product diversity, drug-likeness and
biological relevance [81]. Modern NPLs are pre-fractionated and individual fractions contain only
a few compounds whose molecular structure can be easily identified following screening [86].
Screening for NPs with immune stimulating properties has not been routinely established for HTS
and product discovery. Interesting, immune molecules derived form NPs may comply with the
drug-like/lead-like criteria and the Lipinski “rule of five” established for classical NPs-derived
drugs. A chemical library of 24,000 compounds was recently screened with TLR2 proteins and
various TLR2-dependent activators were identified. These compounds were of low molecular mass
(less than 500 daltons), bound to localized regions within the TLR2 extracellular domain and
activated murine and human macrophages [87]. TLR activation occurs when their ligand(s) bind
extracellular domain pockets of the TLR protein causing TLR dimerization. This assembly serves
as a platform for the recruitment of adaptor molecules required to initiate signalling [88]. Together,
this suggests that structure and function of ligands modulating/activating within NPs may have lots
in common to drugs derived from NPs. HTS based on NPs can identify products or product leads
that modulate immunity. These substances may be employed to prevent or treat infections, cancer
and autoimmune diseases from the perspective of host immunity.

Dendritic cells (DCs)
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Dendritic cell maturation.

DC subsets direct the differentiation of CD4+ T cells into IFN-γ

producing Th1 cells [89].

Depending on their state of maturation, DCs also govern the

differentiation of regulatory T cells to produce IL-10 and TGF-β [3, 90]. However, to become
efficient inducers of T cells DCs must differentiate from immature DCs (iDCs) into mature DCs
(mDCs) [91, 92]. Maturation of DCs occurs after sensing PAMPs through PRRs, or through
exposure to pro-inflammatory cytokines [91, 93]. Binding of PAMPs to TLRs on DCs results in
induction of DC maturation, characterized by activation of NF-kB family of transcription factors
resulting in enhanced expression of MHC class I and II, upregulation of co-stimulatory molecules
and secretion of TNF-α, IL-6, IFNs type I and type III and IL-12 [13, 94].

Tolerogenic DCs. Immature or maturation-resistant DCs (iDCs) become tolerogenic [95]. These
DCs have impaired ability to synthesize Th1 type cytokines such as IL-12p70 and express low
amounts of MHC and costimulatory molecules. DCs isolated from patients infected with T-cell
lymphocyte virus type 1 (HTL-1) are unable to mature and this effect has been correlated with the
inability of these patients to control HTL-1 infection [96]. Similarly, the Simian virus 40 (SV40)
down regulates maturation of DCs resulting in impaired DC-induced T cell proliferation leading to
immunosupression of individuals infected with SV40 infection [97]. Of note, tolerogenic DCs can
be generated with many immune-suppressors including docosahexaenoic acid (DHA),
corticosteroids, cyclosporine, tacrolimus, rapamycin, aspirin, deoxyspergualin, mycophenolate
mofetil,

the

vitamine

D3

metabolite

1α,25-dihydroxyvitamine

D3,

glusocamine,

histamineprostaglandine E2 [95, 98, 99]. The majority of these agents prevent DC maturation
and/or their activation impairing the ability of DCs to produce IL-12 p70 in which IL-10 and TGF-β
play a major role [95].

Therefore it is critical to ensure that DC maturation is stimulated in any

attempt to induce protective immunity by targeting DCs in vivo, otherwise tolerogenic responses
can be induced..
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DCs as biological probes for HTS of NPs. The ability of DCs to initiate and regulate immunity as
well as their ability to undergo maturation via PRRs can be utilized to identify new immune
compounds and adjuvants. Human monocyte-derived DCs (MoDCs) and myeloid DCs express
most known TLRs including TLR1, TLR2, TLR3, TLR4, TLR5, TLR6 and TLR8 [8, 42, 101]. In
addition MoDC express various CLRs including the MMR and DEC205 as well as NLRs NOD1
and NOD2 [102]. Furthermore, MoDCs express numerous markers such as CD4, CD11b, CD11c,
CD13, CD33, CD1a and Ly6c. Upon activation, MoDC secrete secret IL-1β, IL-6, IL-10, bioactive
IL-12p70, IL-18 and IL-23 depending on the activation status [102, 103]. MoDCs can be generated
from human peripheral blood monocytes cultured in vitro with GM-CSF and IL-4 or IL-13 [104].
Murine DCs can be also generated in vitro from bone marrow cells (BM-DCs) cultured in the
presence of GM-CSF and IL-4 [105]. Of note, TLR7 and TLR9 are no expressed by MoDCs but
they are expressed plamacytoid DCs (pDCs), a DC subset involved in anti-virus defence. Both
human and murine pDCs can be differentiated in vitro in the presence of flt3 ligand and can
undergo maturation in response to PRR ligands [8, 106].

We propose a procedure for screening NPLs utilizing DCs as bioprobes in Figure 1. In this
procedure:
(i)

immature DCs are grown from human peripheral mononuclear cells or from mouse bone
marrow cells,

(ii)

iDCs are then incubated with pre-fractionated NPLs and the culture supernatants recovered,

(iii)

The culture supernatants of treated DCs are examined for secreted cytokines,

(iv)

Cytokine profiles secreted by DCs following incubation with NP fractions are utilized to
classify NP fractions in Th1 or Th2,
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(v)

NP fractions inducing Th1 cytokines are further tested for their ability to induce DC
maturation and DC immunogenicity,

(vi)

Th1 fractions are then further tested in vaccines as adjuvants in established animal models of
infection.

(vii)

The molecular identification of the active compound within the Th1-inducing fraction is
identified by mass spectrometry using appropriate PRRs [86] and finally,.

(viii) The active compound is re-assessed in prototype vaccine formulations in established animal
models of infection.
NEED TO COMMENT ON FEASIBILITY AND PRELIMINARY WORK WHICH
DEMONSTRATES THE PROCEDURE WORKS!!!!
Conclusions
NPs have provided a very rich source of pharmaceuticals used in research and medicine including
antibiotics, anti-tumour, anti-cholesteric and immunossupressive agents such as cyclosporine A and
FK 506. NPLs remain a rich resource from which new compounds that are able to modulate
immune function can be discovered. A significant field of research has now developed around NPs
which has lead to development of sophisticated technologies for the identification of compounds
and their analysis. However, there is a need to rapid functional screening procedures that can be
assessed in relevant biological model. Pre-fractionated libraries based on NPs and established
biochemical technologies offer a unique opportunity to search for these compounds. This can be
readily accomplished using DCs as bioprobes and established immunological read outs.
Figure 1. A model for identification of adjuvants within collections of NPs. Endotoxin-free,
fractionated library of NPs is screened with human and/or mouse DCs. NP fractions preferentially
inducing Th1 cytokines such as IL-12, TNF-α, IL-27 and expressing low levels of Th2 cytokines
such IL-10 by DCs by will be tested immunologically for inducing immunogenicity of DC
including maturation and antigen presentation. Fractions promoting Th1 responses will be tested in
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vaccines as adjuvants. Subsequently, the active molecules within these Th1 fractions are identified
by mass spectrometry SEC-MS based on their ability to bind appropriate PRRs. The adjuvanticity
of Th1 inducing molecules are tested in prophylactic vaccines in animal models of infection.
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