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Summary
Subcutaneous administration is the most appropriate route for delivering an antigen because the
antigen can drain directly from the injection site to lymph nodes where immunocompetent cells reside.
Nanoparticles, having a size ranging from 1-1,000 nm, are considered as the most promising adjuvant
for subcutaneous immunization. This article is aimed to review the studies relating to the investigation
of nanoparticles efficiency to elicit the immune response following subcutaneous administration and to
determine if the nanoparticles are actually capable to enhance immune response. Factors influencing the

achievement and the magnitude of immune induction are a so included.

Introduction

Adjuvantsare defined as substances used in combination with aspecific antigen to enhance
the immune response (Newman and Powell, 1995; O'Hagan, 1997). A variety of adjuvants
have been identified and investigated over the yearsincluding 1) inorganic compounds such as
aluminium hydroxide, aluminium phosphate and cal cium phosphate, 2) oil-based or emulsion
adjuvantssuch as Freund's adjuvantsand MF59, 3) bacteria productsand their derivativessuch as
lipopolysaccharides, diphosphoryl lipid A, monophosphoryl lipid A, trehal osedimycol ate, cholera
toxin, muramy! dipeptide, 4) cytokinesincluding monocyte col ony-stimulating factor, granulocyte
colony-stimulating factor, interleukinsandinterferons’5) oligodeoxynucl eotides containing CpG matifs
(Krieg, 2001) and 6) particulate delivery systems such as liposomes, immune-stimulating
complexes (1ISCOMSs), microparticlesand nanoparticles. To enhanceimmunogenicity of an antigen,
these adjuvantsare required and they can be used either a one or in combination with the others.
A discussion of detailson other adjuvants apart from nanoparticlesis, however, beyond the scope
of thisreview.

Subcutaneous administration is considered asthe most appropriate route for delivering
an antigen to secondary lymphoid organs such as lymph nodes where the adaptive immunity
isinitiated (Oussoren and Storm, 2001). It hasbeen long known that thefate of particlesfollowing
subcutaneous administration has been shown to be size dependent (Figure 1) (Hawley et d., 1995;
Higuchi et al., 1999; Ikomi et al., 1999). Large particles, having asizegreater than 1 umareunable
to access and drain into the lymphatics and may not be phagocytosed readily. Hence, they are
retained at the injection site until they degrade to a sufficiently small size (Ikomi et a., 1995;
Porter, 1997; Ikomi et al., 1999). Inversely, small particles having asize lessthan 1 um enter
lymphatic capillaries, which form aone-way drainage system connected to the lymphatic vessels,
lymph nodesand lympheatic ducts, respectively. Transport of these sub-micron particlesinto draining
lympheatic capillaries occursviaone of two mechanisms, again depending on particlesize. Particles
having adiameter of lessthan 100 nm enter the lymphatic capillariesthrough the gaps between the
lymphatic endothelial cells(Figure2). Ontheother hand, particles having asize between 100 nm
and 1 um arefavorably phagocytosed by antigen presenting cells such asdendritic cellswhich
subsequently passageinto thelymphatic capillaries.



54 Naresuan University Journal 2005; 13(2)

Sub cutaneous injec ton

z——-=~=-=————-—— e — “1‘.‘ o
Elood capillaries I PP =~

Larnphnode ___/ Lymphatic capillaries

Figure1 Schematic showing thefate of different sized particlesfollowing subcutaneous administration. A) Small
particles (< 100 nm) drain directly into lymphatic capillary viathe intercellular pathway. B) Particles
having sizes 100 nm - 1 um are phagocytosed by dendritic cellsand are transported viatheintracellular
pathway. C) Large particles (> 1 um) are retained at the injection site and slowly degraded
Sources: Modified from Potter (2002)
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Figure 2 Schematic of alymphatic capillary showing overlapping cellsand direction of lymph flows (1eft panel).
Enlarged pictures show the overlapping endothelial cells (right panel). The endothelial cellslining the
walls of alymphatic capillary are overlapping and forming flaplike minivalves which act as one-way
valves to prevent backflow of lymph from inside out when the fluid pressure inside the lumen of
capillary is higher than outside (top, right panel). Conversely, when the fluid pressure of theinterstitial
tissue surrounding the lymphatic capillary increases, these valves will be pushed inward allowing fluid
to flow into the lumen (bottom, right panel)

Sources: Schmid-Schonbein and Zweifach (1994), Cancer Research UK (2001)

Duetotheir smdl particlesize, nanoparticlesare thought to bethe most promising system
for delivery of antigen to the draining lymph nodes following subcutaneous administration.
Therefore, theam of thisreview isto summarize sudiesreatingtotheinvestigation of thenanoparticles
to provokeimmune protection following subcutaneousinjection, to determineif nanoparticlesare
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actually abletoinduceimmune protection and to discusswheat factorsinfluencethe achievement and
the magnitude of immuneresponse.

Nanoparticlesasvaccine adjuvants

Nanoparticlesare defined as particleswith asizeranging from 1 - 1,000 nm. They can be
classfiedinto two types. nanospheres, having amatrix interior, and nanocapsules, having acentra
cavity surrounded by a polymer wall. A number of studies have investigated the potential
of nanoparticlesasvaccine adjuvantsfollowing subcutaneous administration. These studiesare
summarised in Table 1. Theseinvestigationshavefocused on poly(methyl methacrylate) (PMMA),
poly(D,L-lactide-co-glycolide) (PLGA) and poly(alkylcyanoacrylate) (PACA) nanoparticles.

PMMA nanoparticleswere shown to bethe most effective adjuvant for inactivated HIV-2
split whole virus when compared to 23 other known adjuvants including alum and Freund's
adjuvants (Stieneker et a., 1995). The PMMA nanoparticles have also been reported to enhance
theimmuneresponseto variousantigensincluding influenzavirus (K reuter and Spe ser, 1976; Kreuter
etal., 1976; Kreuter and Haenzel, 1978; Kreuter and Liehl, 1981; Kreuter, 1992), bovine serum
abumin (BSA) and HIV-1 split vaccine (Kreuter, 1992).

PMMA nanoparticles can be prepared by dissolving methylmethacrylate (MMA)
monomer indistilled water or buffer in concentrationsup to 2% (w/v). Polymerisation can then be
initiated either by gammarradiation or by heating (65 - 85 °C) in the presence of apolymerisation
Initiator such asammonium peroxodisulfate or potassium peroxodisulfate (Stieneker and Kreuter,
1994). Theadjuvant effect of PMMA nanoparticlesisaffected by formulation variablessuch as
MMA concentration used in preparation (Kreuter and Speiser, 1976), method of antigen
incorporation (Kreuter and Liehl, 1981) and antigen concentration (Kreuter and Speiser, 1976).
Kreuter and Speiser (1976) investigated the effect of MMA concentration (ranging from
0to 2% w/v) onthelevel of antibody response against influenzavirus. The authors found that
increasing the amount of monomer up to a concentration of 0.5% w/v of the polymerisation
medium resulted in an enhanced immuneresponse. Use of concentrationsgreater than thisresulted
Inadecreased response (Kreuter et al., 1976). The decreaseinimmuneresponsetoinfluenzavirus
when using high concentrations of monomer may be dueto anincreasein particlesizeof PMMA
nanoparticles (from 100 - 200 nm to 500 nm) resulting from aggregate formation as suggested by
Kreuter and co-workers (1978, 1986).

Ingeneral, an antigen can beincorporated in nanoparticleseither by encapsulation (antigen
Isadded prior to polymerisation) or by sorption (antigen isadded after polymerisation). Using an
MMA concentration 0.5% for the preparation of nanoparticles, encapsulation of influenzavirus
resultsin higher antibody responsesthan sorption (Kreuter and Liehl, 1981). Thismay be dueto
better protection of the antigen from degradation and/or a more sustained release following
encapsulation (Kreuter and Haenzel, 1978).

Concentration of antigen has also been reported to have an effect on the antibody response
(Kreuter and Speiser, 1976). It was found that increasing antigen concentration resulted in an
increaseinthelevel of antibody response (Kreuter and Speiser, 1976).

Nanoparticles prepared from synthetic polyesters such as PLGA polymershavea so been
investigated for their adjuvant effects and have been shown to enhance theimmune responsesto
variousantigensassummarised in Table 1. Therelease of antigen from PLGA nanoparticlescan be
manipul ated by varying theratio of |actideand glycolide polymersand/or molecular weight of the
polymers(Coombeset al., 1996). The effects of these variableson the adjuvant effect of PLGA
nanoparticles have been investigated. For instance, it was demonstrated that nanoparticles
prepared from a75:25 PLGA copolymer (aslow degrading polymer) gaveas ower releaserate of
antigen than those prepared from a 50:50 PLGA copolymer (a fast degrading polymer)
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(Coombeset al., 1996). It was subsequently demonstrated that the level of 1gG antibody following
subcutaneous immuni zation with OVA-loaded 75:25 PLGA nanoparticles was maintained for
alonger period in comparison to OVA-loaded 50:50 PL GA nanoparticles(Coombeset d., 1996).

PLGA nanoparticles can be prepared by oil-in-water (o/w) or water-in-oil-in-water
(w/olw) emulsion/solvent evaporation (Lemoine and Preat, 1998). O/W emulsion/solvent
evaporationiscarried out by dissolving PL GA inavolatile organic solvent e.g. dichloromethane.
The organic phaseisthen emulsified with an aqueous phase contai ning the antigen together with
agtabilizer/surfactant such aspolyvinyl dcohol (PVA) usingahomogeniser or asonicator. Following
emulsification, the organic solvent in the resulting o/w emulsion is evaporated under reduced
pressure (Lemoine and Preat, 1998). This method enables a high entrapment of hydrophobic
bioactives (Bodmeier and Chen, 1990) but only a poor entrapment of hydrophilic bioactives
(Bodmeier and Mc Ginity, 1987). To enhance entrapment of hydrophilic bioactives a w/o/w
emulsion/solvent evaporation method has been proposed (Jeffery et a., 1993). A primary w/o
emulsionisfirst prepared by emulsifying an aqueous phase containing the antigenin the organic
solvent containing the polymer. The primary w/o emulsionisthen emulsified in an outer aqueous
phase contai ning astabilizer/surfactant to obtain aw/o/w emulsion. The organic solvent isthen
evaporated under reduced pressure (Coombes et al., 1996; Lemoine and Preat, 1998). Besides
emulsion/solvent evaporation, PLGA nanoparticles can aso be prepared by coacervation by
adding asolution of PLGA infor exampl e an acetone-methanol mixture dropwise to an aqueous
solution of antigen containing astabilizer/surfactant. The systemisstirred overnight to evaporate of f
thesolvent (Conway et a., 2001).

LikePMMA, theincorporation of an antigenin PLGA nanoparticlescan be performed by
encapsulation or sorption. Again, theimmune response elicited when an antigen is encapsul ated
ingdePL GA nanoparticleshasbeen shownto be higher than that elicited when theantigenisadsorbed
onto the surface of the nanoparticles (Coombes et al., 1996). As discussed above, this may be
dueto better protection of antigen from degradation and/or amore sustained release following
encapsulation (Kreuter and Haenzel, 1978). However, the addition of the antigen before the
addition of PLGA polymer for encapsul ation may result initsdenaturation due to the exposure of
antigen to organic solvents(e.g., dichloromethane) and high shear rates. Thiscan lead to theloss of
immunogenicity (Alonsoetal., 1994).

Theadjuvant effect of PLGA nanoparticlescan beenhanced by combining the nanoparticles
with other adjuvants such as alum (Raghuvanshi et al., 2001) and CpG oligodeoxynucleotide
(Diwan et al., 2002). Raghuvanshi and associates (2001) reported that the combination of alum
with PLGA nanoparticlesenhanced theimmuneresponseto tetanustoxoid (TT) toasimilar extent
astwoinjectionsof TT-alum and to ahigher extent than asingleinjection of TT-loaded PLGA
nanoparticles. Theauthors suggested three possible mechanismsfor the synergistic effect. Firstly,
the combination offersboth aninitial dose (resulting from alum) and abooster dose (resulting from
the nanoparticles). Secondly, dumisableto attract immunecellsto theinjection site. Thirdly, alum
formsagd at theinjection siteand thus may dow down the drainage of nanoparticles. Asaconse-
guence, theinteraction between nanoparticles and antigen presenting cells (APCs) isenhanced.
Theadjuvant effect of PLGA nanoparticlescan aso be enhanced by increasing the hydrophobicity
of the polymers through mixing PLGA polymers with other hydrophobic polymers such as
poly- -caprolactone (Singh et a., 2001). CpG motifs have also been found to enhanceimmune
response of C57BL/6 mice to tetanus toxoid (TT) when they are co-encapsulated in PLGA
nanospheres (Diwan et a., 2002).
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Both PMMA and PLGA nanoparticlesare slowly biodegradable, which can sustain the
release of antigen over aperiod of months (Kreuter, 1994). Recently, it has been suggested that the
antigen presentation by APCsto naive and effector T cellsmay only berequired over thefirst few
daysfor an efficient induction of T cell expansion and differentiation and that the prolonging of
antigen presentation can lead to T cell death and tolerance (Jelley-Gibbs et al., 2000). Hence,
nanoparticles, which release antigen over aperiod of days, may be better delivery systemsfor
vaccine antigensthan thosewhich rel ease antigen very owly. Therel ease of antigen over sucha
short time period can be obtained from PACA nanoparticles. However, alimited number of studies
haveinvestigated the potential of PACA nanoparticlesin eliciting animmuneresponsefollowing
subcutaneousadministration (Kreuter et a., 1988; Stieneker et ., 1995). In these studies, PACA
nanoparticleswere prepared by the emul sion polymerisation method which alkylcyanoacrylate
monomer isadded dropwiseinto an acidic sol ution containing surfactant. An antigen (bovineserum
albumin or inactivated whole human immunodeficiency virustype 2 (HIV-2)) wasincorporated in
theresulting nanoparticlesby sorption. Theadjuvant effect of PACA nanoparticlesreported from
these studieswas shown to be low. Thismight be dueto theincorporation method of the antigen
whichwascarried out by sorption. Asdiscussed above, the sorption method offerspoor protection
and/or cannot successfully prolong therel ease of an antigen. Inaddition, following mixing PACA
nanoparticleswith antigen solution (phosphate buffer sol ution), the adsorption wasfacilitated by
either gently agitating for 2 days (Kreuter et a ., 1988) or sonicating for 2 hrson three consecutive
days(Stieneker et a., 1995). Thedispersion of nanoparticlesin an aqueous phasemay resultinthe
degradation of the PACA polymers, which are known to be fast degrading. Furthermore, the
sonication processmay aswell disrupt the structure of nanoparticlesalthoughinthese studiesthe
temperature waskept below 20°C. Theloading efficiency of theantigensonto PACA nanoparticles
inthese studieswas not reported.

Pitaksuteepong and colleagues (2002) has evaluated the potentia of the poly(ethyl
cyanoacrylate) (PECA) nanocapsules prepared by interfacial polymerisation of water-in-oil
biocompatible microemulsions for vaccine delivery following subcutaneous administration.
The preparation method of PECA nanocapsul es based on this technique was chosen because it
offered severa advantagesover the other methods. Firstly, encapsulation efficiency of hydrophilic
bioactives such asinsulinin the nanocapsuleswasfound to be high, i.e., 80-95% at amonomer
concentration of 1.5% (w/v) of the polymerisation medium (Watnasirichaikul et al., 2000).
Secondly, since microemulsions are spontaneously forming, high shear force as used in the
preparation of PMMA and PLGA can beavoided. Thirdly, the polymerisation of PECA issmply
initiated by hydroxyl ionsresulting from the dissociation of water and thusno additiona energy input
such asradiation or heating isrequired. Using amurinedendritic D1 cell line, it wasfound that
PECA nanocapsul es enhance delivery of antigen to dendritic cells compared to formulation of
antigen asasol ution (Pitaksuteepong et al ., 2004). The potentia of nanocapsuleformulationsto
Initiate animmuneresponsewas eva uated using aBal b/c mouse modd . The results suggested that
theimmuneresponsein mice could be enhanced when OVA wasencapsulated in PECA nanocapsules.
Thedifferenceinthe magnitude of theimmune response between micereceiving thetwo typesof
nanocapsules(i.e., those prepared using 1% and 6% PECA monomer) was observed. Theimmune
response which was obtai ned from the nanocapsul es prepared using 6% monomer appeared more
sustainableand the difference was more pronounced following boosting.
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Conclusions

Several studies detailed in this review have demonstrated that nanoparticles are the
promising adjuvant systemsfor subcutaneoussub-unit antigen delivery. Thisisdueto particlesinthe
nano-szerange are shown to beefficiently taken up by APCs. An enhanced uptake of nanoparticles
by APCsfacilitatesthe drainage of particlesfrom theinjection siteto draining lymph nodeswhere
immunocompetent cellsincluding T cellsresideand thuslead to astrong adjuvant effect. However,
type of monomer/polymer employed, the preparation technique, theincorporation method of an
antigen and antigen concentration are needed to be considered in order to obtain high level of
immuneresponse.
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