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a b s t r a c t

Vaccination is one of the most successful medical interventions for the prevention of disease in the twen-
tieth century. However, with the development of new and less reactogenic vaccine antigens, which take
advantage of molecular recombinant technologies, comes the need for more effective adjuvants that will
facilitate the induction of adaptive immune responses. In this context, immunomodulatory biomaterials,
particularly the ones based on biodegradable polymers, show great promise. This article discusses the var-
ious classes of immunomodulatory biomaterials and advocates a cross-disciplinary approach that brings
together molecular concepts from various fields to rationally design vaccine adjuvants with immunomod-
ulatory properties.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Vaccines are one of the most successful interventions for infec-
tious diseases. However, major challenges remain in vaccine design,
including improving their efficacy significantly and developing
new vaccines for emerging diseases. Current vaccines typically
include an antigen or live attenuated microorganism, an adju-
vant to enhance the immune response, and a delivery system
to target delivery to the right location (Pashine et al., 2005). An
adjuvant is an agent that stimulates the immune system, increas-
ing the response to a vaccine, while not having any specific

antigenic effect. Adjuvants perform one or more of three main
functions. (i) They provide a “depot” for the antigen for slow
release; (ii) they facilitate targeting of the antigen to immune cells
and enhance phagocytosis, and (iii) they modulate and enhance

∗ Corresponding author. Tel.: +1 515 294 8019; fax: +1 515 294 9273.
E-mail address: nbalaji@iastate.edu (B. Narasimhan).
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he type of immune response induced by the antigen alone (Cox
t al., 2006; Trujillo-Vargas et al., 2005; Lutsiak et al., 2006;
etrovsky, 2006). Adjuvants may also provide the danger signal
he immune system needs in order to respond to the antigen
s it would to an active infection (Janeway et al., 2001). Thus,
djuvants play a significant role on every aspect of the immune
esponse.

However, currently very few adjuvants and delivery systems
re licensed for human use, with alum being the most common
ne. Adjuvants and delivery systems play a much more significant
ole in newer vaccines consisting of isolated antigens as opposed
o live microorganisms. However, most current adjuvants only
timulate one immune pathway, as described below. Therefore the
evelopment of immunomodulatory biomaterials as adjuvants

nd delivery systems can have a significant impact on vac-
ines. This review discusses the current approaches to designing
mmunomodulatory adjuvants and presents some future research
rends in this area. We begin with a brief discussion of the immune
esponse.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:nbalaji@iastate.edu
dx.doi.org/10.1016/j.ijpharm.2008.06.030
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remote mucosal surfaces because of a common mucosal immune
Fig. 1. Activation of immune response.

. Immune response mechanisms

A physiological immune response begins with the antigen pre-
enting cell (APC). This is the crucial step of the activation of the
mmune system. The best APCs responsible for activation of helper
cells, killer T cells and B cells are dendritic cells (DCs). Immature
Cs are found under the skin and mucous membranes where they

ample surrounding for possible pathogens through pattern recog-
ition receptors. After detecting pathogen, these cells engulf it via
hagocytosis and pinocytosis and migrate to lymph nodes where
hey become mature. Once inside the DC, pathogens are degraded
nto small fragments that are further expressed at their surface

here they can be presented to T cells and B cells (Fig. 1). After
he T cells and B cells become activated, they generate a cascade of
vents that lead to attack the disease.

There are two antigen presenting pathways within DCs that
ead to the major histocompatibility complex (MHC) molecules.
hese molecules bind peptide fragments from pathogens and dis-
lay them on the DC surface for recognition by T cells (O’Neill,
005). One of these pathways is endogenous, which involves
resentation of MHC I molecules to CD8+ T cells. The CD8+ T
ells activated by DCs presenting antigens can kill infected cells
irectly by activating cytotoxic T lymphocytes (CTLs). On the other
and, the exogenous pathway involves presentation of MHC II
olecules to CD4+ T cells. A subset of the activated CD4+ T cells,

nown as helper T cells, Th1 and Th2, are responsible for cell-
ediated immunity (CMI) and humoral immunity, respectively.
cells of the immune system which generate CMI or a Th1

esponse require the antigen to be processed and presented on
he surface of an antigen presenting cell to stimulate T cells. B
ells are responsible for the humoral or Th2 response, and they
ecognize antigens through B cell receptors and can secrete anti-
odies in response. Most current vaccine designs generate an
cquired immune response but do not stimulate the Th1 path-
ay. An immune response of the Th2-type is characterized by the
roduction of cytokines such as IL-4, IL-5, IL-10 and IL-13 produc-

ng elevated IgG1 and IgE antibody isotypes. Th1-type responses
re characterized by the production of the cytokines IFN-� and
NF-�, antibodies of the IgG2 isotype and are usually associ-
ted with CMI including activated macrophages and delayed-type
ypersensitivity (McNeela and Mills, 2001). Immune responses of
he Th1 type are directed more towards intracellular pathogens
nd are necessary for clearance of many viruses, some bacteria
e.g., Mycobacterium tuberculosis) and anti-tumor effects, whereas
Th2 response is generally sufficient for the neutralization of tox-
ns, viruses, and bacterial adhesion (Brewer and Pollock, 2004;
inkelman and Urban, 1992). Further, CD4+ cells can be classified as
h17 or Treg (Annunziato et al., 2007; Villadangos and Schnorrer,
007).
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For efficacious vaccines, it is essential to induce the appropriate
mmune response is essential for vaccine efficacy (Finkelman and
rban, 1992; Woodland, 2004). For example, in the BALB/c model
f leishmaniasis, a Th2-biased immune response does not afford
rotection and the mice are unable to clear the infection (Sedlik
t al., 1997; Chatelain et al., 1999; Brady et al., 1998). In another
xample, the currently used Bacille Calmette Guerin (BCG) vaccine
or tuberculosis is ineffective in preventing disease because it is
nable to redirect a pre-existing immune response (due to previous

nfection) to a protective, Th1 dominant immune response (Rook
t al., 2005; Heath and Carbone, 2003). Similarly, current vaccines
gainst feline infectious peritonitis viruses are ineffective because
hey are biased towards enhancing humoral immunity, which has
een shown to exacerbate the disease, whereas a CMI or regulatory
esponse would be protective (Hebben et al., 2004).

As mentioned before, DCs are critical components of innate
mmunity that affect the acquired immune response (Banchereau
t al., 2000) and their activation is a powerful tool to manipulate the
mmune system (Banchereau and Steinman, 1998). DCs are present
n an immature state where they cannot stimulate T cells, but the
resence of an antigen causes the DCs to mature and mobilize.
herefore vaccines that can stimulate DC maturation are promis-
ng in order to obtain a more balanced immune response and to
ncrease the efficacy of vaccines. Harnessing both immune system
athways and facilitating immunomodulation to obtain an unbi-
sed immune response (i.e., Th0, which is a balance between Th1
nd Th2) is key to effective vaccine treatments against infectious
gents (Akira et al., 2001).

. Limitations of current vaccines

Current vaccine designs do not target the DC system. DCs
an readily stimulate T cells and can operate at mucosal sur-
aces, where early protection is needed in many infections, while
xisting vaccines are weak stimulators of T cells. T-cell activation
s only guaranteed by repeated encounters with persistent low
evels of antigens (Zinkernagel, 2006). Therefore therapeutic strate-
ies based on modulating the immune response may significantly
xpand treatment options and circumvent the problem of rapid
mergence of resistance. The major advantage of infectious disease
herapies based on immunomodulation is that it harnesses a sys-
em that has evolved and is continuously evolving to protect against

icroorganism-related diseases. While both the innate immune
ystem and antimicrobial agents show rapid onset of action, mod-
lators of innate immunity are not likely to develop resistance
ecause they do not disable a specific microbial target and their
echanisms of action involve multiple effector cells.
Vaccinology, including adjuvant design, has focused mainly

n parenteral routes of administration. However, most pathogens
nter through mucosal routes such as oral, nasal or genital and par-
nteral vaccines alone do not typically produce mucosal immune
esponses. The difference between the mucosal mode of entry
f most pathogens versus the parenteral route of administration
f most vaccines leads to stimulation of production of different
sotype antibodies. Current vaccines elicit mainly IgG isotype anti-
odies, in contrast to natural infections that elicit a wide range of
ntibody isotypes. Therefore the protection afforded by the vac-
ines is not as long-lasting.

Immunization of one mucosal surface also sensitizes other
ystem. However, mucosal delivery of vaccines poses several
hallenges. Most protein antigens are poor immunogens when
dministered mucosally and may induce immunological tolerance
nstead (Elson et al., 2005). There have been several intranasal vac-



nal Jo

c
a
e
c
d
i
m
J
a
t
l
b

a
a
m
i
i
m
N
n
i
a
i

4

i
p
u
e
b
p
(
l
m
i
c
i
i
v

v
2
a
i
C
a
h
w
a
u
i
c
m
a
m
r

a
v
a
t
S
m
l
e
e
f
(

a
a
l
d
e
a
w
b

T
I

A

M

C

N

S

S.K. Mallapragada, B. Narasimhan / Internatio

ines that have been developed to counter infectious diseases such
s diphtheria and pneumonic plague (Alpar et al., 2001; Bielinksa
t al., 2008; Bielinska et al., 2008; Jones et al., 2006). These vac-
ines are more effective when adjuvanted with either microbially
erived components or synthetic polymers and are usually inhaled

n particulate form. Some of these intranasal vaccines induce cell-
ediated immunity, leading to protection (Bielinska et al., 2008;

ones et al., 2006). On the other hand, oral administration provides
ccess to the largest immunological organ of the body, the intes-
ine. Digestive degradation following oral administration causes
arge and repeated doses of killed microbe or peptide antigens to
e required.

Therefore potentially new solutions to this problem are imper-
tive, and a U.S. National Research Council (NRC) panel recently
ddressed grand challenges in this area. The panel’s main recom-
endations (Immunomodulation, 2006) to improve vaccine design

nclude: (1) Research to identify good delivery mechanisms and (2)
dentification of potential molecular targets for targeting DCs and

odulating innate immunity without undesired side effects. The
RC report identified the determination of how to elicit protective
on-IgG responses and simulate the mucosal response, and devis-

ng strategies to target DCs and optimize antigen delivery to DCs
s the most likely approaches to improve vaccinations and combat
nfectious diseases (Immunomodulation, 2006).

. Immunomodulators

The list of potential molecular targets for modulators of
nnate immunity is quite extensive (Germain, 2004). In cancer
atients, for example, the immune system is non-specifically stim-
lated with immunomodulators in addition to treatment (Hanks
t al., 2005). Several immunomodulatory agents are currently
eing investigated as adjuvants. Examples include natural com-
ounds (calf thymic hormones, glucans), synthetic compounds
oligodeoxynucleotides containing CpG motifs, maramyl peptides,
ipopolysaccharide (LPS) derivates, isopronosine, pidotimod, lino-

ide) and endogenous compounds such as cytokines. These

mmunomodulatory adjuvants are shown in Table 1 and dis-
ussed in more detail in this section. Several adjuvants are being
nvestigated to enhance the immune response and to serve as
mmunomodulators. The advantages and drawbacks of these adju-
ants are discussed below.

O

o
e
2

able 1
mmunomodulatory adjuvants, their basic characteristics, and their immune deviation pr

djuvant Examples Basic characteristics

icrobially derived MPLA Detoxified TLR-4 ligand

LT/CT Modified bacterial toxins for mucosal
adherence heat-liable enterotoxin and
cholera toxin

CpG Non-methylated bacterial DNA, a TLR-9
ligand

ytokines IL-1 Pro-inflammatory cytokine

IL-2 Lymphoproliferative cytokine
IL-12 Pro-inflammatory cytokine
IL-6 Anti-inflammatory cytokine

atural polymers Polysaccharides Coating or emulsified with solid
antigen

ynthetic polymers Polyesters Antigen and immunostimulators
emulsified into biodegradable particles
ranging from 50 �m to 20 nm

Polyanhydrides Antigen emulsified into biodegradable
particles ranging from 50 �m to 20 nm
urnal of Pharmaceutics 364 (2008) 265–271 267

Sub-toxic doses of E. coli heat-labile enterotoxin (LT) as an adju-
ant can lead to effective mucosal immunity (Brewer and Pollock,
004; Freytag and Clements, 2005; Majde et al., 1995). LT has shown
djuvant efficacy for induction of mucosal as well as parenteral
mmunity in mice and in rhesus monkeys (Baqar et al., 1995).
holera enterotoxin (CT) is another such related potent mucosal
djuvant for oral immunization (Elson et al., 2005). LT is highly
omologous to CT, but CT stimulates predominantly Th2 responses
hile LT stimulates predominantly Th1 responses. However, CT

djuvants delivered by the nasal route have been found to be taken
p by the olfactory nerve and the central nervous system, lead-

ng to potential unwanted effects (van Ginkel et al., 2000) and CT
an induce diarrhea in humans. Not much is known about the cell-
ediated immunity or delayed hypersensitivity response to CT. The

bility of CT to act as a mucosal adjuvant has been confirmed by
any investigators with a variety of antigens, and giving CT by a

oute different from the antigen is not effective (Majde et al., 1995).
Many antigen preparations, especially recombinant derived

ntigens, contain bacterial LPS and other compounds with adju-
ant activity (Singh and O’Hagan, 2002). LPS is known to stimulate
variety of cells to produce cytokines and chemokines that con-

rol dendritic cell movement and maturation (Banchereau and
teinman, 1998). But despite its potency, LPS is toxic. Chemically
odified forms of its active component such as monophosphoryl

ipid A (MPLA), have been shown to possess many of the adjuvant
ffects of LPS itself with less toxicity (Gavin et al., 2006; Johansson
t al., 2004; Mata-Haro et al., 2007). But its effects at mucosal sur-
aces on the immune system are complex and largely unknown
Singh and O’Hagan, 2002).

Pertussigen, a complex mixture including LPS and variable
mounts of pertussis toxin has been used experimentally as an
djuvant. But potential toxicity and severe reactions in humans
imits its usefulness as a mucosal adjuvant. Muramyl dipeptide,
erived from the cell wall of mycobacteria has been used par-
nterally for experimental vaccines, but data on use as a mucosal
djuvant are very limited. Lipopeptides from bacterial lipoproteins,
hich are potent adjuvants for parenteral immunization, are also

eing explored as mucosal adjuvants (Elson et al., 2005; Singh and

’Hagan, 2002).

Bacterial DNA such as CpG oligodeoxynucleotides or synthetic
ligonucleotides containing immunostimulatory “CpG” motifs is
ffective at triggering the innate immune system (Diwan et al.,
002; Singh and O’Hagan, 1999). CpGs are effective in experimental

eferences

Dominant antibody isotype Reference

IgG1 and IgG2a/c Gavin et al. (2006), Johansson et al.
(2004), Mata-Haro et al. (2007)

LT: IgG1, IgG2a, and IgA CT: IgG1 Brewer and Pollock (2004), Freytag
and Clements (2005), Majde et al.
(1995)

IgG2a Diwan et al. (2002), Singh and
O’Hagan (1999)

IgG2a, IgA Cox et al. (2006), McNeela and
Mills (2001)

IgG2a McNeela and Mills (2001)
IgG2a, IgA Lynch et al. (2003)
IgG1, IgA Griffin et al. (2002)

IgG1 or IgG2a depending on route Brewer and Pollock (2004)

Variable depending on
immunostimulants and antigen
incorporated

Lutsiak et al. (2006), Brewer and
Pollock (2004), Raghuvanshi et al.
(2002)

Variable depending on polymer
chemistry

Hanes et al. (1998), Hanes et al.
(1997), Kipper et al. (2006)
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nfection models against several pathogens including L. mono-
ytogenes (Chong et al., 2005). Cytokines themselves have been
xplored as adjuvants to provide potentially less toxic approaches.
ot much work has been done in this area, but possible candidates

nclude several interleukins such as IL-1, IL-2, IL-6, and IL-12 (Cox
t al., 2006; McNeela and Mills, 2001; Griffin et al., 2002; Lynch et
l., 2003).

Some synthetic adjuvants are based on the concept of packaging
he antigen into micro/nanoparticles or micelles, where the parti-
le size is a crucial determinant of efficient uptake. Cationic stealth
iposomes significantly increased the uptake of these oligonu-
leotides by immune cells, suggesting that use of these liposomes
an improve the delivery and activity of CpG in vivo. Quil A, a
etergent derived from plants has been employed as an adjuvant,
ut suffers from toxicity issues (Elson et al., 2005). Multiple emul-
ions involving block copolymers and lipids have been used for
arenteral immunization, but only recently for mucosal immu-
ization. These include poloxamers that act more as delivery
ystems rather than as adjuvants. Combined DNA vaccines to four
issimilar bio-warfare pathogens (anthrax, Ebola, Marburg and
enezuelan equine encephalitis (VEE)) was demonstrated using

his approach, enabling rapid development of multi-agent vaccines
Reimenschneider et al., 2003). These DNA vaccines can also be
ombined with other immunostimulatory agents such as CT and
T (Dean et al., 2005).

There are potential drawbacks of the immunomodulation
pproach. Toll-like receptor agonists can trigger autoimmune
isorders in genetically predisposed mice (Lang et al., 2005).
xcessive stimulation of the innate immune system can lead to
ro-inflammatory mediators that promote host damage. Enhancing
-cell regulatory activity in vivo has been shown to limit infection-
ssociated inflammation and this can be used as a strategy to
inimize inflammation (Belkaid and Rouse, 2005). Possible toxic

ide effects due to potent activation of innate immunity can be min-
mized by use of suitable delivery systems to minimize diffusion
rom the injection site (Pashine et al., 2005).

. The promise of polymeric biomaterials

The adjuvants discussed above, while promising, suffer from
everal drawbacks. Pathogens have evolved mechanisms against
ost immune systems. Moreover, toxicity is a huge concern with
everal of these adjuvants. Synthetic polymers with specific char-
cteristics can be used as adjuvants and immunomodulators as an
lternative to the microbially derived adjuvants currently being
nvestigated. This is a relatively new interdisciplinary area involv-
ng a marriage of immunology and materials chemistry. The use
f hydrophobic and amphiphilic biodegradable polymers as both
djuvants and as delivery agents has not been explored much in
his context for immune modulation, but holds great promise, for
he reasons described below.

The innate immune system has a dual role, and is associated
ith defense against pathogens, and also some normal physiolog-

cal processes such as tissue remodeling after damage and during
evelopment. A model proposed by Matzinger suggests that APCs
re tuned to endogenous danger/alarm signals from distressed tis-
ues (Seong and Matzinger, 2005). Therefore the danger model
uggests that immune responses occur against any entities asso-
iated with host damage, and not just by other microorganisms.

here is evidence to suggest that the toll-like receptors on DCs
ave evolved to recognize and react to hydrophobic portions (“hyp-
os’) of molecules should they suddenly become exposed, as can
appen after injury and during repair and remodeling (Seong and
atzinger, 2005). These exposed hyppos can aggregate intracellu-

c
b
p

w

urnal of Pharmaceutics 364 (2008) 265–271

arly or extracellularly, leading to potential cytotoxicity as in the
ase of prions, amyloid-� proteins etc. Thus, hyppos are poten-
ially immunostimulatory. It is also well known that inflammation
ncreases with polymer hydrophobicity, hydrophobic bacteria are

ore readily phagocytosed by macrophages, and LPS and other
icrobial immunostimulatory products have large hydrophobic

ortions that are exposed when the microorganisms are damaged.
Therefore a new strategy involving use of hydrophobic synthetic

iodegradable polymeric biomaterials as immunomodulators can
liminate the use of microbially derived adjuvants that suffer from
oxicity issues and other drawbacks. Moreover, these polymers
an simultaneously serve as delivery devices for the antigens in
he form of microspheres or nanospheres (Kipper et al., 2002) for
nabling alternate routes of delivery, and provide sustained release
o facilitate single-dose vaccines and eliminate the need for booster
hots. These materials obviate the need for surgical removal, and
ost are manufactured from synthetic base compounds, elimi-

ating many potential reactive antigenic or allergenic epitopes
ssociated with animal or plant derived materials. Polyesters and
olyanhydrides are the two most widely studied biodegradable
aterials for controlled release of antigens. In addition, other

olymers have been evaluated and shown to successfully deliver
ntigen to laboratory animals.

Copolymers of lactic acid and glycolic acid (i.e., poly(lactide-
o-glycolide) or PLGA) have been widely utilized in biomedical
pplications such as soluble sutures and have been recently shown
o induce protective immunity (Hanks et al., 2005; Chong et al.,
005; Hamdy et al., 2007; Alonso et al., 1994; O’Brien and Guidry,
996). However, as the polyester degrades, an acidic microenviron-
ent is created by the lactic or glycolic acid. A prolonged exposure

o acidic environments may be detrimental to the stability and
mmunogenicity of recombinant proteins used in vaccines, e.g.,
etanus toxoid (TT) and diphtheria toxoid (Jiang and Schwendeman,
001; Xing et al., 1996). Vaccine formulations based on PLGA
ave been successful in inducing immune responses to many anti-
ens (McNeela and Mills, 2001; Alpar et al., 1997; Conway et al.,
001; Gupta et al., 1998; Kim et al., 2002; Raghuvanshi et al.,
002). Furthermore, encapsulation of antigens in PLGA micro-
pheres was shown to enhance antigen presentation via MHC I
eading to increased activation of antigen specific cytotoxic T cells
Conway et al., 2001; Audran et al., 2003; Evans et al., 2004).
owever, some of these investigations included MPLA, a known
h1 immune response activator, in the microsphere while others
sed multiple injection regimens in vivo. Some studies have sug-
ested an immune response shift after immunization with PLGA
icrospheres. Moore et al. showed that HIV gp120 protein loaded

LGA microspheres shift the immune response from Th2 or mixed
h1/Th2 to Th1 (Moore et al., 1995). It has also been shown that
hen CpG DNA is formulated together with PLGA microspheres

nd HIV-1 enc gp120 recombinant protein, an enhanced immune
esponse is observed (Fig. 2) compared to the response with PLA
icrospheres or CpG DNA alone (Singh and O’Hagan, 2002). In other

tudies, the Th2-biased Hepatitis B core antigen has been formu-
ated with MPLA in PLGA nanoparticles to develop a stronger Th1
esponse (Lutsiak et al., 2006). More recently, a vaccine formulation
gainst malaria with PLGA microspheres and Montanide ISA 720
as shown to exhibit a Th1 response (Mata et al., 2007). There is no
onsensus opinion, however, as to whether PLGA-based vaccines
re immunomodulatory by themselves (i.e., without the addition
f an immunomodulator like MPLA or CpG DNA) or more effica-

ious than current adjuvant systems. Additionally, no studies have
een reported on PLGA-based vaccine formulations that attest to
rotective immunity in humans.

Polyanhydrides are surface erodible polymers that have been
idely used as carriers for controlled delivery of drugs, proteins,
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Fig. 2. Effect of CpG DNA and PLGA microsphere adjuvants on the antibody
responses after two i.m. injections 4 weeks apart in mice. The adjuvants were pro-
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In summary, good immunostimulatory vaccine adjuvants acti-
ided together with HIV-1 env gp120 recombinant protein. The induced responses
re compared to gp120 in MF59 adjuvant. The data is presented as geometric mean
iter ± standard error. Reproduced with permission.

nd antigens (Leong et al., 1986a,b; Narasimhan and Kipper, 2004;
amada and Langer, 1992; Torres et al., 2006a). These degrad-
ble biomaterials break down into carboxylic acids, which are
on-mutagenic and non-cytotoxic (Katti et al., 2002; Kumar et
l., 2002). Their surface erosion mechanism leads to a controlled
elease profile with predictable degradation profiles, which can
ange from days to months, depending on the polymer chemistry
Kipper et al., 2002; Shen et al., 2002). As the hydrophobicity of the
olymer decreases, these materials also exhibit characteristics of
ulk erosion (Torres et al., 2007; Vogel and Mallapragada, 2005).
olyanhydride-based systems for antigen delivery have exhib-
ted improved adjuvanticity, antigen stabilization, and enhanced
mmune responses (Leong et al., 1986a,b; Tamada and Langer, 1992;
chwendeman et al., 1997; Determan et al., 2004). A desirable fea-
ure of polyanhydrides as antigen carriers is the enhanced protein
tability conferred by them (Hanes et al., 1998, 1997; Kipper et al.,
006). Polyanhydrides are capable of stabilizing polypeptides and
ustaining their release without the inclusion of potentially reactive
xcipients or stabilizers (Torres et al., 2007; Ron et al., 1993; Tabata
t al., 1993; Determan et al., 2006). Furthermore, the degradation
roducts of polyanhydrides are less acidic than those of polyesters,
hich may further enhance the stability of encapsulated antigens

nd reduce tissue reactions to the polymer (Torres et al., 2007;
eterman et al., 2006).

Polyanhydrides based on hydrophobic moieties such as sebacic
cid (SA) and 1,6-bis(p-carboxyphenoxy)hexane (CPH) have been
hown to modulate the immune response, which holds great
romise for immunomodulatory vaccines (Kipper et al., 2006). In
ivo release studies in mice of tetanus toxoid from poly(CPH-co-
A) microspheres with different CPH:SA ratios has shown that
he microspheres provided adjuvant-like activity and a prolonged
xposure to TT was sufficient to induce an enhanced immune
esponse following a single administration (Kipper et al., 2006).
ore significantly, in this single-dose polymer-based vaccine, alter-

ng the copolymer composition and hydrophobicity allowed the

ominant Th2 immune response induced by TT to be selectively
iminished (Fig. 3), resulting in a balanced (Th0) immune response.
he preferential enhancement of the Th1 immune response result-
ng in more balanced immune response (i.e., immune deviation) is

v
c
t
I

0:80 group represents TT antigen encapsulated in 20:80 CPH:SA microspheres
nd the 50:50 group represents TT antigen encapsulated in 50:50 CPH:SA micro-
pheres. The asterisk (*) represents statistical significance (p < 0.05). Reproduced
ith permission.

unique and valuable feature of this delivery vehicle that makes
t a promising adjuvant candidate for vaccines. Potent adjuvants
uch as polyanhydrides with the ability to shift Th1-Th2 potential
ave the ability to improve current vaccine strategies that are often

nappropriate.
Related work has shown that amphiphilic biodegradable

olyanhydrides can be used to establish optima for both sur-
ace hydrophobicity-controlled phagocytosis and amphiphilicity-
ontrolled antigen stabilization by tailoring polymer chemistry
nd microenvironment to yield superior adjuvanticity, enhanced
ntigen stability, modulation of antigen uptake and presenta-
ion, and induction of a balanced immune response characterized
y both B and T-cell responses. Studies have shown that
olyanhydrides are capable of stabilizing polypeptides and sus-
aining their release (Torres et al., 2007; Determan et al., 2004;
eterman et al., 2006). A new class of amphiphilic polyanhydrides
ased on oligomeric ethylene glycol-containing anhydrides (e.g.,
1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane) (CPTEG)) (Vogel and

allapragada, 2005; Torres et al., 2006b) have shown promise
s novel vaccine carriers with immunomodulatory capabilities.
sing ovalbumin (Ova) as a model antigen, stimulation of DCs
sing various adjuvants such as LPS and CPTEG:CPH polyanhy-
ride microspheres shows that the highest proliferative response
ccurs with the CPTEG:CPH microspheres in combination with Ova
Torres et al., submitted for publication). Therefore these degrad-
ble biomaterials serve as effective immunomodulators without
he toxicity issues associated with LPS. They can also be used
s microspheres for single-dose vaccines and inhalation delivery
echanisms to help target mucosal tissues directly, which would
imic the route of entry for most pathogens.

. Discussion and conclusions
ate DCs to mature and migrate to the draining lymph node,
oincident with induction of the cytokine profile appropriate to
he desired immune response mechanism (i.e., IFN-�, IL-2, and
L-12 for the Th1 response and IL-4, IL-5, and IL-6 for the Th2
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esponse). Like adjuvants that target DCs, some immunostimula-
ory vaccine adjuvants also interact with TLR proteins. Regardless
f the mechanism of adjuvanticity, vaccine adjuvants must activate
he desired adaptive immune response without over stimulating
nnate immune function. From an economic and practical stand-
oint, immunomodulatory biomaterials need to be stable and
ost-effective for them to have widespread use. This creates poten-
ial problems for cytokines and some biodegradable polymers.
here is also the need to for the biomaterial to be delivered to
ucosal surfaces in many instances and for the delivery to occur

n a single dose. Finally, it is important that these delivery systems
e manufactured with ease and under GMP conditions, which may
rovide challenges for micro- and nanoparticles, which are typi-
ally fabricated in solvent-intensive processes.

The balance of Th1 and Th2 immune responses has been shown
o be important in the favorable outcome of many disease states.
n this regard, vigorous and inappropriate Th1-biased immune
esponses have been implicated in the induction of autoimmune
iseases (multiple sclerosis and Crohn’s disease) while Th2-biased

mmune responses are associated with allergic reactions (Akira
t al., 2001). In order to control the induction of appropri-
te immune responses and reduce the risk of autoimmunity or
llergic responses, there is an urgent need to develop new, well-
haracterized adjuvants that allow for tailored immune activation
nd deviation. In spite of these implications of immune deviation,
he mechanisms by which adjuvants influence whether Th1 or Th2
ells dominate an immune response are not well understood. It is
lso critical to re-think the importance of antibody titer as a corre-
ate of vaccine efficacy, since this does not translate into the best
rotection (Magyar et al., 2008).

While microbially derived adjuvants have shown promise,
oxicity issues can limit their usage, and the use of non-
oxic biodegradable synthetic polymeric biomaterials as adjuvants
an greatly improve immunomodulatory capabilities by tuning
olymer chemistry and hydrophilicity. These polymers can simul-
aneously serve as delivery agents as well, with aerosol delivery
nvolving polymer micro and nanospheres mimicking the natural
outes of entry of many pathogens. These polymers can also lead
o single-dose vaccines that can stimulate DCs by forcing them to
espond to danger signals induced by the hydrophobic moieties in
he polymers.

The recommendations of the NRC panel on Immunomod-
lation (Immunomodulation, 2006) to improve vaccine design

ncluded an enhanced molecular level understanding of the innate
mmune system, the need for effective delivery mechanisms, the
dentification of potential molecular targets to modulate innate
mmunity without undesirable side effects, and new strategies to
arget DCs and optimize antigen presentation. A key need that
as identified was that in order to solve these problems, it is

mportant to develop novel cross-disciplinary approaches that
ring together researchers from multiple disciplines. These fields

nclude biochemistry, immunology, materials science, cell biol-
gy, computational biology/materials science, pathology, oncology,
icrobiology, and combinatorial science. Our own view is con-

urrent with this strategy and the development of tomorrow’s
uccessful adjuvants and vaccine delivery devices will likely be
raced to the seamless melding of ideas from these fields.
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