Chapter 8
ISCOMs as a Vaccine Delivery System

Hanne M. Nielsen, Henriette B. Hiibschmann, and Thomas Rades

8.1 Introduction

Vaccination utilizing adjuvants based on particles ranging from relatively small
particles such as virus-like (VLP) particles or larger particles as liposomes and
emulsion droplets is a feasible way to stimulate specific immune responses. Immune
stimulating complexes (ISCOMs) can be categorized as small 40—60 nm lipid-based
particles that have shown potential as adjuvants and carriers for antigens aiming at
prophylactic or therapeutic vaccination. Both cellular and humoral immune
responses have been reported after vaccination with antigens and ISCOM adjuvants
(Sun et al. 2009; Morelli et al. 2012); some of which are in clinical trials (Hook and
Rades 2013). Immune stimulation has been observed after administration by injec-
tion, via administration to mucosal sites and after cutaneous application (Morein
et al. 1984; Sjolander et al. 1998; Pearse and Drane 2005; Sun et al. 2009; Alving
et al. 2012; Morelli et al. 2012). The adjuvant particles are formed in solution by
self-assembly at well-defined ratios of phospholipid, saponin, and cholesterol.
In aqueous dispersion, they appear as cage-like structures with a hollow centre.
The state-of-the-art with regards to formulation design, characterization, and assess-
ment of the mechanisms of action for ISCOMs are summarized and discussed along
with addressing the different routes of administration and the future perspectives of
using ISCOMs as vaccine adjuvants.
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8.2 Characteristics

ISCOMs, similar to VLPs (Chap. 9), are self-assembling particles of a size compa-
rable to most typical viruses; and are a type of vaccine adjuvant and delivery system
that is attracting continuous attention for development of vaccines (Scheerlinck and
Greenwood 2008). The resemblance to viruses in terms of geometry has been pro-
posed to be a beneficial feature, as ISCOMs like VLPs may easily be recognized
and taken up by antigen-presenting cells (APCs) due to their composition, size, and
surface structure (Scheerlinck and Greenwood 2008), followed by processing and
presentation of the antigen incorporated into the vaccine leading to induction of an
immune response (Morein et al. 1984). ISCOMs may be comparable to other
phospholipid-based vesicle adjuvants, as they have a hollow (albeit open) core, such
as liposomes, niosomes, flexosomes, vesosomes, exosomes, and ethosomes
although these are usually larger in size being in the size range of 100 nm and larger.
Likewise, emulsions and other lipid-based nanoparticles with potential as future
adjuvants (like solid lipid nanoparticles and cubosomes) usually appear larger
(Nordly et al. 2009).

Microscopic characterization of ISCOMs dispersed in aqueous medium by
cryotransmission electron microscopy (TEM) displays spherical hollow particles in
the size range of 40—60 nm (Fig. 8.1a) with the presumed 3D hollow and open
structure depicted in Fig. 8.1b. Recently, small angle X-ray scattering (SAXS) was
employed to describe ISCOMs in suspension confirming the organization of the
constituents in the expected structure (Fig. 8.1c) (Pedersen et al. 2012). Still, only
qualified theories exist as to how the single constituents self-assemble and are orga-
nized to form spherical hollow particles. One hypothesis is that the constituents are
placed in stacks with the hydrophobic parts of the molecules facing the interior of
the particle bilayers and the more hydrophilic parts oriented towards the aqueous
dispersion medium inside and outside the particle structure (Kersten et al. 1991;
Kersten and Crommelin 1995). This hypothesis has been used to explain the orga-
nization of different types of ISCOM particles, irrespective of whether their net
surface charge is negative or positive, as illustrated in Fig. 8.1d (Lendemans et al.
2005). The particles are thus organized into hollow structures with both locally
charged areas and lipophilic bilayers, with which the antigens of choice may inter-
act, and are shaped and stabilized by hydrophobic interactions, electrostatic repul-
sion, steric factors, and possibly hydrogen bonds (Kersten et al. 1991; Lendemans
et al. 2005).


http://dx.doi.org/10.1007/978-1-4939-1417-3_9

8 ISCOMs as a Vaccine Delivery System 143

protonated DC-CHOL
unprotonated DC-CHOL
QA saponins

Fig. 8.1 (a) Cryo-TEM image of ISCOMs in suspension (Pedersen et al. 2012), (b) schematic
3D-model of the ISCOM cage-like structure, (c) structure of ISCOMs as derived from SAXS
analysis (Pedersen et al. 2012), (d) proposed molecular alignment of components in lipid bilayers
(Lendemans et al. 2005). Reprinted with permissions from Elsevier (Figure 8.1A and 8.1C) and
from Wiley (Figure 8.1D)

8.3 Lipid Components

By formulation design and exchange of the traditionally used excipients, new gen-
erations of ISCOMs have appeared with slightly improved safety as well as immu-
nostimulatory profiles. Such optimizations of the ISCOM properties have been done
by partly or fully exchanging the neutral cholesterol component with the positively
charged 3B-[N-(N',N'-dimethylaminoethane)-carbamoyl](DC)-cholesterol (Kirkby
and Samuelsen 2006; Lendemans et al. 2005) or by exchanging the zwitterionic
phospholipids with the cationic dioleoyl-trimethyl-ammonium-propane (DOTAP)
(Lendemans et al. 2007) (Fig. 8.2), to decrease the anionic surface charge (Posintros)
or to provide them with a cationic surface charge (PLUSCOMs). The net cationic
surface charge of PLUSCOMs (approximately +25 mV) (McBurney et al. 2008)
will increase the likeliness of (electrostatic) interaction with antigens usually
possessing a pl value below 7.4, and thus carrying an overall negative charge at
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Fig. 8.2 Structures of lipid excipients used for the preparation of ISCOMs. (a) 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), (b) dioleoyl-trimethyl-ammonium-propane (DOTAP),
(¢) cholesterol, and (d) 33-[N-(N',N’-dimethylaminoethane)-carbamoyl]((DC)-cholesterol)

physiological pH. This will also be the case for the Posintro nanoparticles (Kirkby
and Samuelsen 2006), which are net anionic (approximately —30 mV), but contain
a higher degree of cationic charges as compared to the first generation of ISCOMs
with a net charge of —40 mV. Incorporation of other components with lipidic back-
bone structures into the ISCOM particle could also prove beneficial for the physical
stability and/or the effect of the vaccine.

The presence of phospholipids in the ISCOMs has been reported to be important
for the formation of the cage-like geometry (Myschik et al. 2006), yet also argued
not to be crucial for particle formation, although important for the incorporation or
association of antigens into the structure (Lovgren and Morein 1988). These dis-
crepancies reflect the delicate balance between the molar ratios of the constituents
that must be finely tuned when preparing ISCOMs by one of the various preparation
methods, as will be described below. Also, the presence of cholesterol seems to be
crucial in order to assemble the ISCOM structure together with the saponin adjuvant
(Lovgren and Morein 1988).

8.4 Immunostimulating Component

In order to improve the efficacy of the formulation, also the immunogenic compo-
nent may be changed. Saponins are natural products, which are surface active, nega-
tively charged, possess strong adjuvant properties (Dalsgard 1974; Alving et al.
2012) and are used as the main adjuvant in the preparation of ISCOMs. The crude
saponin mixture used for first generation ISCOMs is obtained from extracts from
the Quillaja saponaria tree and is now partly purified to give the currently most
often used, although still complex mixture, Quil A, or completely purified to obtain
one of the main and most safe components, QS-21 from the extracts (Fig. 8.3)
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Fig. 8.3 Molecular structure of QS-21. Reprinted with permission from Chea et al. 2012.
Copyright (2012) American Chemical Society

(Hook and Rades 2013). The QS-21 fraction has also been used as an adjuvant
together with other adjuvants leading to non-ISCOM type structures. Examples of
these are the adjuvants ASO1, AS02, and AS15 from GSK, all containing QS21 and
monophosphoryl lipid A (MPL) and one also CpG (AS15), in liposomal (ASO1,
AS15) or oil-in-water emulsion formulations (AS02). Structurally, these saponins
consist of a rigid lipophilic backbone and two large polar head groups and belong to
the group of bola surfactants. They are characterized as triterpene glycosides, and
the presence of the glucoronic acid present in the sugar units of the molecule is the
main contributor to the negative charge. Their surfactant properties seem to be
important for their role in the structure formation of the ISCOMs. Saponins have the
ability to bind cholesterol, which is the reason for their known effect on cell plasma
membranes mediating lysis at high concentrations due to cholesterol depletion, but
may also contribute to the stabilization of the ISCOM structure, which at the same
time reduces the side effects of the saponin upon injection (Pham et al. 2006).
Although incorporation of the saponins into the ISCOMs has been shown to reduce
the cytotoxic effect of the compound (Cox et al. 1998; Kamstrup et al. 2000), the
high content of the immune stimulating and negatively charged saponin is respon-
sible for the often overall negative charge of the resulting ISCOM nanoparticles.
The unique capacity to stimulate both the production of T-lymphocytes as well as to
stimulate a Th1-based immune response makes saponins ideal adjuvants in thera-
peutic as well as prophylactic subunit vaccines (Sun et al 2009).

The structure—activity relationship of the saponins in terms of adjuvanticity is
influenced by the hydrophilic sugar side chains and the hydrophobic aglycone back-
bone, but it is also thought to be related to the aldehyde groups present in the lipo-
philic backbone of the molecules or to the acyl residue bearing the aglycone (Sun
et al. 2009; Soltysik et al. 1995). Yet, the overall adjuvant mechanism is not com-
pletely understood. Modifications in the acyl backbone (Wang et al. 2013) have,
however, been shown to induce specific alterations in the antibody and cytotoxic
T-cell responses as well as in the hemolytic activity of QS-21 variants (Chea et al.
2012). Also, synthetic versions of QS-21 including carbohydrate modifications of
the apiose and xylose moieties along with acyl chain modifications have been shown
to have an impact on the immunological response and on how well the QS-21 deriv-
ative is tolerated (Chea et al. 2012). Besides altering the properties described above
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and improving the chemical stability of, e.g., the ester bond in the QS-21 acyl chain,
the modified versions may incorporate better in the ISCOM particles and thus pro-
vide improved properties of the ISCOMs in terms of tailoring the formulation
towards a specific immune response. However, this remains still to be proven. Also,
despite the fact that the use of novel QS-21 derivatives may improve the safety pro-
file, it may at the same time alter the immunostimulatory effect and thus, options to
incorporate other potent immunostimulatory molecules could be explored, but has
not yet been reported (Brito et al. 2013).

8.5 Antigen Component

Due to the hollow geometry, the lipid bilayers and the presence of anionic (and
sometimes cationic) patches in the ISCOM, the antigen may be enclosed in the
pores, in the interior of the particle or closely associated to the surface of the parti-
cle, but cannot as such be encapsulated in the ISCOM structure like it is the case for,
e.g., liposomes. The complexation with the ISCOM may thus be mediated by both
electrostatic as well as hydrophobic interactions depending on the properties of the
antigen. As mentioned above, a way to enhance the interaction between the adjuvant
and the usually negatively charged antigen may be to modify the ISCOM to carry
more positive charges, and it was indeed demonstrated that when using (partially)
positively charged ISCOMs (e.g., PLUSCOMs), a high association of (negatively
charged) antigen was achieved, likely due to electrostatic interactions between the
ISCOM particles and the antigen (McBurney et al. 2008). Further, modification of
the ISCOM by incorporating molecules that may bind directly with a given antigen
is a strategy to improve the loading of hydrophilic peptides or proteins in ISCOM-
adjuvanted vaccines (Andersson et al. 2000; Cruz-Bustos et al. 2012). Some anti-
gens derived from membrane spanning proteins may by nature contain hydrophobic
domains that are likely to interact with the hydrophobic parts of the ISCOM, and
some antigens, such as tetanus toxoid, can be partly unfolded to expose hydrophobic
patches (Morein et al. 1990) that can interact with the ISCOM lipid bilayers. Another
viable approach is to conjugate lipophilic moieties to antigens to promote hydropho-
bic interactions with the ISCOM bilayers. An example of the latter approach
includes conjugation of palmitic acid to ovalbumin (K6nnings et al. 2002). However,
care should be taken that this does not compromise the antigenicity of the
molecule.

In efficacy studies, the antigen is usually co-administered with the adjuvant and
detailed systematic studies regarding the localization of the antigen on or in the
ISCOM structure prior to and after administration remains still to be reported. Electron
microscopy does not provide sufficient resolution unless a thick antigen corona covers
the ISCOMs, thus possible quantitative adsorption experiments along with biophysical
analysis by, e.g., isothermal calorimetry may be used to describe the interaction
between ISCOMs and antigens. Also, as recently demonstrated, modelling of SAXS
data might provide valuable information about the localization and the amount of
antigen interacting with the ISCOM particles (Pedersen et al. 2012).
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8.6 ISCOM Terminology
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The terminology used in literature for describing the various ISCOM nanoparticles
is depending on the specific composition, and to some extent reflects their proper-
ties. In Table 8.1, the most often used terminologies are described. The differences
mainly lie in whether a crude saponin mixture or the different fractions of the Quil
A components are used resulting in different preparations that may be recommended
for different species depending on the species sensitivity to the saponin component
(Fossum et al. 2014).

Table 8.1 Overview of the composition and properties of different ISCOM-based adjuvants and

vaccines

Terminology
ISCOM

ISCOM-Matrix

ISCOMATRIX

MATRIX-M
MATRIX-Q

Posintro

PLUSCOM

ISCOPREP
saponin

Composition

Used to describe the original
technology for the adjuvant consisting
of Quil A, cholesterol, and
phospholipids; which has subsequently
been optimized. Currently used as a
general term describing the self-
assembled structures (Fig. 8.1) used for
vaccination purposes, i.e., with or
without content of antigen

Often used to describe the adjuvant
nanoparticle without antigen content
Preformed adjuvant with different ratio
of a more purified Quil A as opposed to
the original ISCOM technology.
Without content of antigen

Two different fractions of Quil A as
immunopotentiators

Quil A incorporated as
immunopotentiator

Positively charged DC-cholesterol
partly exchanged with cholesterol. Less
negative than ISCOM prepared under
same conditions (—40 mV)

Cholesterol fully exchanged with
DC-cholesterol

Specific type of saponin for use in the
preparation of ISCOMs or
ISCOMATRIX

Properties

Hollow
structure, size:
40-50 nm, zeta
potential:
-10to -40 mV
(depending on
preparation
procedure)

As ISCOM

As ISCOM

As ISCOM
As ISCOM

Size: 40-50 nm

Zeta potential:
-30 mV

Size: 40-50 nm

Zeta potential:
+25 mV

n.a.

DC-cholesterol = 3p-[N-(N’,N'-dimethylaminoethane)-carbamoyl]-cholesterol
Most names are registered trademarks and some commercially available
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Madsen et al.
(2009); Madsen
et al. (2010)
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et al. (2005);
McBurney et al.
(2008)
DiStefano et al.
(2013)
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8.7 Preparation and Characterization of ISCOM-Based
Vaccines

The properties of ISCOM adjuvants or ISCOM-based particles depend on a variety
of factors; some of which are described below.

8.7.1 Preparation Methods

The methods used for preparation of ISCOMs are similar to the methods used for
preparation of liposomes, and include dialysis, ultracentrifugation, lipid film hydra-
tion, freeze drying, and ethanol or ether injection. The methodologies and their pros
and cons are thoroughly described elsewhere (Hook and Rades 2013; Sun et al. 2009)
and will not be further addressed in the present chapter. However, briefly it should be
mentioned that although each of the mentioned methods results in colloidal disper-
sions, the main differences lie in (a) the time needed for reaching equilibrium mainly
due to the need for removing the lipid solubilizing surfactant, (b) the sample yield,
and (c) the homogeneity of the resulting dispersion. Overall, despite the relatively
long dialysis time needed to remove the solubilizing surfactant, the dialysis method
is often preferred due to the high homogeneity of the resulting ISCOMs.

8.7.2 Component Ratio

The need for including both phospholipid and cholesterol for the formation of
ISCOMs is well recognized (Kersten et al. 1991; Myschik et al. 2006) although it
has been extensively debated. The type of the three components, the exact ratio as
well as the preparation method and conditions used determine the properties of the
resulting self-assembled dispersed structures (Myschik et al. 2006; Hook and Rades
2013). Moreover, the total concentration of lipids is important for the outcome of
the preparation. As mentioned, the molecular ratio of the different lipids and the
saponin are important for the preparation of the ISCOM:s. Thus, the narrow window
of molar ratios that lead to ISCOM formation under the specified conditions must
be identified, optimally by constructing ternary phase diagrams (Hook and Rades
2013). Briefly, as described in literature, in the absence of the saponin, liposomes
are formed, whereas even relatively low amounts of saponin induce the formation of
ISCOM structures. If the concentration of the saponin is too low, the dispersion will
appear as a mixture of liposomes with ISCOM and/or ring-like micelles. Worm-like
micelles and helical structures are typically formed if only cholesterol and saponin
are present. Also, as the critical micellar concentration (CMC) of saponin is low
compared to the large concentrations required for ISCOM preparation (e.g., the
CMC for Quil A was determined to 0.03 % (Ozel et al. 1989)), the appearance of
saponin micelles may occur in the sample (Madsen et al. 2009). Further, lamellar
structures are dominant if no or only a very little fraction of cholesterol is present.
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The optimal window for ISCOM preparation may thus more realistically be
described as the ratios where mainly ISCOM structures are present after the com-
plete preparation process rather than the more unlikely case of obtaining a sample
with only ISCOM structures present. It should be emphasized that the theoretical
ratios used may not represent the final ratios in the ISCOMs. As an example, the
preparation of ISCOMs and Posintro by the dialysis method (Hoglund et al. 1989)
was done with an initial weight ratio of 5:1:1 for Quil A, POPC, and cholesterol and
when exchanging some of the cholesterol with DC-cholesterol, quantitative lipid
analysis showed that the relative amount of DC-cholesterol compared to the other
lipids in the resulting particles was much higher than theoretically expected, due to
loss during the dialysis process (Madsen, et al. 2010). In a study by Behboudi et al.
(1995), it was also shown that for five different types of ISCOMs, the measured
amount of lipids, especially the phospholipid, was much lower than the theoretical
value, whereas the amount of saponin in most cases was close to the expected value.

Although the colloidal stability of some ISCOM dispersions has been reported to
be longer than a year, the colloidal stability is critical to consider when handling
ISCOM-based vaccines. Especially as it is a self-assembled particle in an equilib-
rium state, the colloidal stability of the dispersion will depend on the surrounding
conditions, e.g., the storage medium and temperature, and changes to this as for
example mixing and diluting with an antigen solution prior to use.

8.7.3 Structural Characterization

As the sample stability is dependent on, e.g., the ISCOM concentration and the
ionic strength of the dispersion medium, care must be taken when preparing sam-
ples for analysis and when interpreting results obtained on for example diluted
samples. Dilution of samples may be needed for proper determination of the size by
using dynamic laser scattering (DLS) or of the zeta potential by using laser Doppler
electrophoresis, which is often measured on diluted samples in low-ionic strength
buffer. However, the size and shape characteristics may change upon storage or
dilution, as results of in vitro studies have demonstrated that with higher dilution,
the structure changes from ISCOM structures to more liposomal-like structures
indicating a diffusion of the saponin out of the ISCOM (Lendemans et al. 2006). As
an expression of negative surface charge density, the mobility of ISCOM particles
has been monitored by titration with a cationic polymer, which clearly showed the
change in surface charge density when incorporating the positively charged
DC-cholesterol (Madsen et al. 2010).

8.7.4 Size and Structure

For confirmation of size and structural properties, transmission electron microscopy
(TEM) or cryo-TEM has traditionally been applied elucidating ISCOMs as spheri-
cal particles in the size range of 40-60 nm and composed of ring-like subunits and
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a hollow centre (Ozel et al. 1989; Kersten et al. 1991). The pores of around 7-10 nm
in the structure (Kersten et al. 1988; Ozel et al. 1989) has also been indicated by
freeze fracture electron microscopy.

Recently, SAXS was applied on an undiluted ISCOM sample prepared by
dialysis with a resulting size of 43.9+0.2 nm and a polydispersity index of 0.14,
measured by DLS, indicating a rather narrow and homogeneous size distribution
of the ISCOM particles. Based on Monte Carlo simulation integrations, a novel
modelling method was developed and implemented in order to describe the
obtained SAXS data. The sample clearly showed a more polydisperse distribution
with three types of perforated bilayer vesicles; namely icosahedral (29 nm), foot-
ball (49 nm), and tennis ball (38 nm) structures. The predominant species that was
named the tennis ball structure, accounted for 76—79 % of the ISCOMs in the
dispersion by number and mass fractions, respectively. Modeling of these
ISCOMs showed 20 pores per tennis ball of a diameter of 5-6 nm and a lipid
bilayer membrane thickness of 4.6 nm (Pedersen et al. 2012), corresponding to
the general perception of the ISCOM pore size. The structures determined by
SAXS were very similar to structures observed in cryo-TEM images on the same
batch (Fig. 8.4) strongly indicating that SAXS may be used to model ISCOM
structures.

Fig. 8.4 Cryo-TEM image of dispersed ISCOMs (scale bar 50 nm) and SAXS-derived suggested
structures indicating three different populations of ISCOMs in the sample (not to scale). Reprinted
from Pedersen et al. (2012) with permission from Elsevier
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Fig. 8.5 Localization of tetanus toxoid on the predominant ISCOM species (38 nm, pore size
5-6 nm) derived from SAXS analysis. Surface representation (left) and cross-section (right)
Reprinted from Pedersen et al. (2012) with permission from Elsevier

8.7.5 Association of Antigen

Co-administration of antigens to preformed ISCOM-based adjuvants likely broad-
ens the use of the adjuvants as compared to ISCOM-based vaccines with antigens
incorporated or chemically bound to the surface. In both cases, however, the stabil-
ity and the localization of the antigen are considered key for the efficacy of the vac-
cine (Brito et al. 2013). How and to which extent the antigens may incorporate into
the ISCOMs is speculated to depend strongly on the properties of both components.
Only rarely, the ISCOMs with associated antigens are distinguishable from the
ISCOMs without the antigen present, as visualized by electron microscopy (Barr
and Mitchell 1996), which indicates that only a low number of antigen molecules
may (partly) be incorporated in the adjuvant system (Hook and Rades 2013). This
hypothesis was confirmed based on modeling of data obtained by using SAXS, as it
was evident that only one molecule on average of the tetanus toxoid antigen mono-
mer associated to one ISCOM structure with a size of 38 nm, which did not lead to
a detectable change in the size as measured by using DLS. Further, and surprisingly,
it was indicated that the tetanus toxoid was located just below the membrane inside
the particles (Fig. 8.5). Thus, scattering may provide a useful tool to predict the
further information on the interaction of specific antigens with ISCOMs.

8.8 Administration and Mechanisms of Action

The exact mode of action for ISCOMs to induce an immune response is not com-
pletely understood, yet at the cellular level, the endocytotic uptake in APCs is stimu-
lated by the particulate nature of the adjuvant/drug delivery system (Kersten and
Crommelin 2003), which is likely to be dependent on the interaction with the plasma
membrane of the cell.
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8.8.1 Interaction with Cells and Lipid Bilayer Membranes

The cellular interaction may also be unspecifically increased due to the interaction
between the saponin carbohydrate and specific receptors on dendritic cells (DCs)
(Jiang et al. 1995) or by interaction with the cholesterol component of the plasma
membrane (Bangham et al. 1962). Also, the overall charge and thus composition of the
particle may be important. An example is the clear increase in the interaction between
net negatively charged stratum corneum-like liposomes and the Posintro, which has
(theoretically) 25 % of the cholesterol exchanged with DC-cholesterol as compared to
ISCOMs without DC-cholesterol and thus a higher degree of cationic charges (Madsen
et al. 2010). This entropy-driven interaction was clearly dependent on the content of
DC-cholesterol in the ISCOMs and resulted in interference with the lipid bilayer. In
addition, the uptake specificity and kinetics may be modulated by formulation design
to target, e.g., B-cells, by incorporating specific receptor ligands (Lycke 2004; Helgeby
et al. 2006). The uptake and resulting specific cytokine responses may be dependent
not only on the incorporated or co-administered antigen, but also on the adjuvant/car-
rier composition as well as the route and mode of administration.

8.8.2 Injection of ISCOM-Based Vaccines

The structure of the nanoparticles will inevitably be affected by the administration
due to dilution or interaction with the surrounding biological matrix. Upon either
subcutaneous (s.c.) or intramuscular (i.m.) injection, the ISCOMs may form a depot
at the injection site and by this attract APCs although the results of some studies
claim that the particles quickly disappear from the site of injection (Pearse and
Drane 2005; Morein and Bengtsson 1998). Given the charged properties of ISCOMs,
it is likely that some aggregation occurs as reported (Henriksen-Lacey et al. 2010)
for the somewhat larger liposome adjuvant CAFO1 currently in clinical trials, fol-
lowed by disintegration and diffusion of individual components from the depot over
time. The kinetics of the depot formation and disassembly will depend on the spe-
cific formulation and site of injection. However, it has been demonstrated that the
size of nanoparticles in a range from 25 to 100 nm is a prerequisite for their ability
to be transported via the lymphatic capillaries to the draining lymph nodes after
injection, thus targeting lymph node-residing DCs (Reddy et al. 2007). This corre-
sponds with reports that the DCs in the lymphoid organs and the spleen have been
shown to be a target after s.c. or intraperitoneal injection of ISCOMs in mice
(Sjolander et al. 1996, 1997).

Recent studies have shown promising results using ISCOMs as adjuvants admin-
istered by injection; one being a phase 1 clinical study in healthy adults demon-
strating efficacy of influenza vaccination (Fries et al. 2013). Further, chickens were
efficiently vaccinated by i.m. administration resulting in increased levels of
antigen-specific intestinal IgA and CD4 and CDS positive intestinal intraepithelial
T-lymphocytes after a subsequent oral challenge with the antigen (Zhang et al. 2014).
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8.8.3 Non-injectable Administration
of ISCOM-Based Vaccines

Non-injectable administration of vaccines constitutes a more patient friendly, more
convenient, and potentially also safer alternative to i.m. and s.c. vaccination strate-
gies. At the same time it provides the possibility for induction of a local immune
response at the site of dosing, e.g., to obtain a higher mucosal IgA response after
dosing to mucosal sites. Mucosal administration of nanoparticle vaccines includes
dosing primarily via the airway and oral routes, which are also the primary sites of
infection.

Oral administration and single-dose vaccines have long been desired, yet major
challenges remain to formulate a vaccine that is effectively delivered to the target,
the gut-associated lymphoid tissue (GALT) within a time frame ensuring sufficient
colloidal stability of the drug delivery system and also the appropriate chemical
stability of the antigen or subunit antigen in the harsh environment of the gastroin-
testinal tract. Although the oral mucosa in general is considered to be relatively
immune tolerant rather than mediating immune responses (Scheerlinck and
Greenwood 2008) it is intriguing to aim for an oral vaccine with ISCOMs and
indeed some are tested after oral administration (Gregory et al. 2013; Mowat
et al. 1999).

Immunization via the airways may be achieved via the nose- or bronchial-
associated lymphoid tissue (NALT and BALT, respectively) and ISCOMs are also a
realistic option to be applied for this route of vaccination. Administration via the
nose was recently demonstrated to be effective in boosting an existing immunity in
draining nasal lymph nodes, whereas pulmonary administration induced strong
immune responses in both the lung lavage as well as in the blood (Vujanic et al.
2012). Pulmonary administration of the ISCOMATRIX™ was also shown effective
for influenza vaccination (Vujanic et al. 2010). Also, for vaccination against respira-
tory syncytial virus, the particle size of the nanoparticles was found to significantly
influence the immune response (Mottram et al. 2007), which should attract attention
for the development of future vaccines.

Transcutaneous immunization by cutaneous application of ISCOM-based vac-
cines has also been investigated (Combadiere and Mahe 2008). This is mediated by
the fact that the strongly immune competent Langerhans cells (LC) are present in
high numbers in the epidermis and thus covering a large area underneath the skin
surface (Huang 2007). Upon stimulation, these LCs, and activated DCs residing in
the dermis, migrate to the lymph nodes resulting in cellular immune responses and
antibody production resulting in also mucosal immunity (Frech et al. 2008).
Penetration of the adjuvant and an antigen through the outermost layer of the skin,
the stratum corneum, constitutes a delivery challenge and considerable efforts are
put into creation of novel devices and strategies for expanding the repertoire of skin-
breaching modalities, such as the use of microneedles (Bal et al. 2010). Also, the
development of novel adjuvants suitable for transcutaneous immunization is a focus
area, and it was demonstrated that the application of Posintro particles to human
skin in vitro significantly enhanced the penetration of an incorporated dye into
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stratum corneum, and that the application of ISCOMs using a hydrogel patch
resulted in ultrastructural changes in the human stratum corneum (Madsen et al.
2009). Previously, indications that the hair follicles may be a route of entry for
ISCOM-based vaccines were given when fluorophore-labeled Posintro particles
were observed to localize in the hair follicles of mouse skin after cutaneous applica-
tion in vivo (Madsen 2010). Especially, since the appearance of LC protrusions is
pronounced close to the hair follicles, this finding is valuable.

8.9 Summary and Perspectives

Since the first description of the potential of ISCOMs as adjuvants by Morein et al.
(1984), the technology has matured significantly, and several vaccines with this
adjuvant have been tested in clinical trials (Hook and Rades 2013). Extensive modi-
fication of the basic technology was first made to mitigate the toxicity due to the
presence of the saponin, which included use of purified fractions of the crude
mixture of saponins, a different Quil A-to-lipid ratio (Brito et al. 2013) as well as
synthetic, more specific immunopotentiators prepared from chemical modifications
of the saponin skeleton. Recent mechanistic insight into the influence of the glycol
moieties on the adjuvant is opening new perspectives for improved design of
carbohydrate-based vaccines (Berti and Adamo 2013) and by use of the progressing
biosynthetic technologies, novel glycoconjugates may be pursued for use in future
ISCOM-based vaccines.

Research is ongoing with regards to optimizing the formulation design of the
ISCOM-based adjuvants and vaccines, especially on the control of the type and
specificity, as well as efficacy of the immune response generated, which seem to
depend on both the properties of the nanoparticles, the administration route, the
dose and dosing regimen as well as the antigen used. The stability and localization
of the co-delivered antigens are key factors for the concept to be a success, and since
the performance of ISCOM-based vaccines appears to be partially dependent on
antigen association (Brito et al. 2013) various approaches to improve the association
and binding of the antigens to the particles have been described. The successful use
of for example Matrix-M as an adjuvant simply admixed with the antigen, poses the
question as to what extent incorporation of the antigen into the ISCOM structure is
really needed (Bengtsson et al. 2011). The concept of using preformed ISCOM
adjuvants to which the antigen of choice is added prior to use seems therefore prom-
ising both from a manufacturing perspective as well as with regards to broader
application ranges. However, also in this case it is of importance to investigate the
antigen-to-particle association behavior and the importance of this to the efficacy of
the vaccine. Many open or only partially answered questions still remain in order to
fully understand and develop ISCOM adjuvants and vaccines further: The molecular
level mechanism of ISCOM adjuvanticity is still not well understood, nor is the fate
of ISCOMS after administration. Also the question of what importance the different
colloidal structures, which are found when slightly modifying the component ratios
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in ISCOM formulations, are for adjuvanticity or immunogenicity needs to be further
investigated. The question regarding in which cases co-localization of the antigen
and the ISCOM is advantageous and in which cases co-administration is sufficient
should be investigated further. Finally, alternative application routes need to be
explored and exploited in more detail. These are only a few of the remaining chal-
lenges that inspire current application of ISCOM as adjuvants and require future
research. Despite these open questions, as ISCOM-based vaccines are generally
well tolerated and only inducing minor local side effects upon injection, they are
likely to be a part of the future adjuvants and vaccines also for, e.g., cancer vaccines
and for both human and veterinary use.
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