
aLIl ul slJerlxa JO uorluzrprppuels rood ro sluala asranpe Jo asneJaq pa^alLI)P aq louueJ uaryo

sasop a^Il)aJJa lllerrlnadPratll 'prlil 'sua8ralle a^rlre dll^J o1 srxuldtldeue W!r't luatulearl
aql 

'8uunp "inrro 
ueJ sì)aJ{a apls palurpatu-g81 ara^as 'puorag '(Zù s}rerlxa ua3;a11u

,xàydtuor jo .totlorlsrururpe 11g Sur"rnp dolanap detu sluauodtuor rrua8,ra11u oJ saIlIAIl)Par

g31 mau ,paapul 'azrpJupuels ol llnJrJJrp aru lpql salnf,aloruorf,_eur Jaqlo pue ulxolopua

tnri"lrnq Surpnpur 'saruelsqns )rxol d11ur1ualod "ro/pue 
'suralord lua8ralleuou 'sua8ralle

Jo sarnlxrtu Surureluo) slrp"rlxa ua8ralle LIIIM pauroJrad tl JIS 
'lsrlC 'JIS qtl^ palelross€

Ilrls are stualqo.rd .rofetu aarq] /paqsllqe]sa d1apr.,r,t sr .,(du.raql 1o adft srql q8noqlly
'(lt) sua8ralle

rofetu lsure8e sasuodsa; aur1o1,,(r pue anrlera;r1ord passa.rddns dq pazlralrereq) uaaq

s€LI pup 0f-ll dq palerparu aq leu arueraloJ 'pal.rodar uaaq seq (arueralol ISolountuurr;

slla) I leraqdrrad ur a1els rr8;aue up Jo uorl)npul alil 'ra^oarol I '(0t'6) (uollel^ap auntutul)

À-NgI Jo asparrur ue lq paruedtuorre uorlrnpord g--II pue V--11to asear)ap e uI sllnsar ratlel

".ij* "r"11ud 
aurlolrir iqf ol ZqI e ruorJ asuodsar aqt SuliJILIS dq sllar J -r1;1rads-ua8ra11e

Jo uori€lnpolu (r2l) pup í(g'l) slla) asaql'dq srolelparu Jo asealar aql pue sllqdoulsoa puu sllar

lseur Jo raqrunu a{} uI uol})npar (/ll) í(9) sllar J +8CJ Surlelnpou EBI Jo uol}uraua8 1l;
í(g) sllar J ol uorlàluasard .t"3r.11n palulrlrr€J-H8l 3u1po1q puu ua8ralle 8urzr1e"r1nau ,'(q

l)aJJa slr uaxa ol pa^arlaq sl qrlqrvr 'V)BI relnrrlred ur 'satpoqrlue 331 l;trads-ua8ra11e

ur asear)ul (l) apnlJul suISIu€LIJau asaqJ '@'î) salnpaqrs IIS uoluluo) aLIl ̂q pa^alqre

luauraloJdrur letrurl) aql ur pa^lonul aq o] uraas sr(e.,uq+ud lerrSolountulul IuJa^aS 
'luaurlPaJl

"rad paral.t.tt*pn ua8ralle Jo uor+€rluaruoJ aqì qllm Sutsuanul sìslr LIIIM 'palradxaun 1ou
sr ,suorllear rrtualsds pue Ie)ol t{loq 'suoidurds rr3.ra11u 1urrdft Jo aJualrnJf,o aql 'lenptntput

pazrlrsuas p olur sua8ralp Surlrafur sa^lo^ul luaurleaJl asneJag 'drer1;;a 
IuJIuIIJ leurldo

a^arll)e ol ,rorlr"irr, 
"r.rn.ràlureur 

dlqluotu LIJea uI pa;rnba.r sr ua8rallu rofetu aql JO 3rl 97 pue

g.taj^1"q,l11errdd1 'pasn ua8ralle Jo lunotue aql uo puadap luallud aql roJ slraJJa IPIrIJauaq
aql pue ,srseq rnptS"i e uo suorleredard ua8ralle leJnlpu Jo sasop Sursea"rrut Suualstulurpu

Jo slsrsuo) luaurleaq aqJ '(Z'D sua8.ra11e ,taau lsure?e uogezlllsuas puP (Ptulllse ol slltulr{r

LuorJ) sruoldtuds ;o Suruasrom aql Surluanard dq asrno) I€rnteu aqt SullJlpolu Jo alqeder _s1
11g 

i"rn"gp Surlsrxa alelnpotu o1 dlrpqp aLIl ol uolllppu uI 'asuasrp tr8ralle udole oi qreorddu

)Lr1nr.r,,'d1.to aql sureurar JIS 
'dln1ual qtgz aql Jo urn] aqt lP paqlrrsap dlleryur Suraq

Slrdsaq '-o.r".o Jrasur pue (rapuep Iprurup 
'sallut 'ua11od ''3'a; sua8rall€ lueietlul_dq pasn€r

,rrn"rip l3ra11e roJ luaulea4 Jo ruroJ a^IlJaJJa uu sI (ilS) ,{derall}ounruur rqnads-ua8"ra11y

NOIICNOOHINI

:10(

.!ur.
-F1r

aaq

'r0o1o s rymat,w 1o luewveda, *:::';ií,,?:Xî:8;'';ì:;":;7i;'i:i:1,:;:i'lí1i:!tli;:i:,it
Pl0tt0J eullel pue leuldon eloc!N

'aulrlpaw to tuawtteda. pue v s n 'epu,tr 'edwe1 ,:f#:';:rrii::;'i'fir!í'#;!l':r!';i:^:ll;:t^
p a1a11o3 eplnH tltn}S p lltstaruull 'au\tpary puralul 1o pawyedag 'l1olounwwt pue úfue11y J0 ujtst^t0

elenloA-uenr-ues 0l0ul0H

1o aae11o3 epuot! qtnos t0 n,,,,';,,1[ ;:li,;':^'i,f;i,lí:f;3ii:;:î''Xrffl'li,J;'ilT;;'!ffi:ii:i::#
ellsdPqolil 's ue/tqs

slue^nlpv pue suoolellv pell!p01,1,1 ql!fft
rlder0ql0unuul ue0l0llV t0 stul0l lelu0tultodxl9Z

'LZ

ASU

pa,'

f,Bt
aaq

'pal

!zoo
qsn-

uuv

dBra

LIJJV

'd3o1

lue .

paiAI

uJaq.

'le p,



Mohapatra et al.

RECOMBINANT AND ENGINEERED ALLERGENS

Many of the problems associated with SIT could be overcome, in principle, by the use of
genetically engineered allergens (13,14). Cocktails of pure and standardized recombinant
allergens can be formulated to replace natural extracts, and the selected recombinant allergens
can be engineered to reduce the risk of IgE-mediated side effects. Genetic engineering of
allergens for SIT should aim at the production of modified molecules with reduced
IgE-binding epitopes (hypoallergens) while preserving structural motifs necessary for T-cell
recognition (T-cell epitopes) and for induction of IgG antibodies reactive with the natural
allergen (blocking antibodies). The uptake of allergens by antigen-presenting cells (APCs) is
mediated and facilitated by the interaction of the allergen with specific IgE (15,16) and leads to
enhanced production of Th2 cytokines and IgE production. Engineered allergens lacking IgE
binding are designed to avoid these pathways and preferentially target APCs that use
phagocytosis or pinocytosis for antigen uptake (e.g., monocytes, macrophages, and dendritic
cells). This in turn induces a balanced ThO or Thl-like cytokine production by T cells and low
IgE and high IgG production by B cells. The presence of intact T-cell epitopes in hypoallergens
enables targeting of T cells, allowing administration of higher doses to induce tolerance of
allergen-specific T cells and alteration of cytokine production towards a Thl-like pattern. In
this way, recombinant allergens could replace natural extracts in vaccines and increase the
efficacy and safety of SIT.

Low lgE-Binding Natural  lsoforms
Complementary deoxyribonucleic acid (cDNA) cloning of allergens demonstrates that many
major allergens are encoded by gene families. Within individual allergen secluences,
polymorphisms occur, such as those found in ragweed Amb a 7 (77), hazel Cor a 1 (18),
birch Bet v 7 (79), group 1 (20) and group 5 grass allergens (2t), ar?le Mal d 7 (22), celery Api g
7 (23), Parietaria Par j 1 (24), olle Ole e 7 (25), group 2 dust-mite allergens (26), latex Hev b 7
(27), and cow dander Bos d 2 (28). Because of sequence variations, isoallergens may have
different antigenic and/or allergenic activities. Differences in T-cell reactivity of isoforms have
previously been reported for Cor a 7 (29), Bet v 1 (30), Phl p 5 (31), and for Der p 2 (32).

Investigation of the IgE-binding activity of isoallergens led to the identification of naturally
occurring Bet v t hypoallergens (33). Isoforms Bet r, 1d (Bet v 1.0401), Bet v ig (Bet v 7.0707),
and Bet v 1l (Bet v 1.1001) are higl'rly antigenic in T-cell proliferation assays and poorly allergenic
in vitro and in vivo. The crystal structure of the hypoallergenic isoform Bet v 1l (Bet v 1.1001)
does (34) not differ significantly from the high lgE-binding isoform Bet v 1a (Bet v 1.0101).
Thus, the low IgE-binding activity of certain isoforms is not due to problems in the
recombinant production leading to unfolded proteins. The hypoallergenic nature of these
isoforms was confirmed in a study using recombinant Bet v 1.0401 and Bet v 1.1001 (35).
Compared with Bet v 1.0101, Bet v 1.0401 and Bet v 1.1001 isoforms were unable to induce
measurable IgE ievels in allergic individuals naturally exposed to birch pollen, whereas
significantly higher levels of IgG4 antibodies were directed mostly to Bet v 1.0401 and
Bet v 1.1001. Structural comparisons showed that most of the amino acid differences among
the Bet v 1.0101, Bet v 7.0407, and Bet v 1.1001 isoforms were located on the surface of the
proteins. Thus, naturally occurring hypoallergens could be an excellent source of vaccine
candidates. Unfortunately, this approach could not be generally applied because naturally
occurring hypoallergens have not been identified for other allergen families. Instead, genetic
engineering has been widely used to generate low lgE-binding variants.

Engineered Allergens
Genetic engineering involves the targeted modification of a protein to alter its function or
properties in a predictable manner. This usually requires the complete understanding of the
relationship between structure and function/properties for precise and effective manipulation.
Alteration of the gene includes changing specific base pairs (mutated gene), introduction of a
new piece of DNA into the existing DNA molecule (chimeric or hybrid gene, head-to-tail and
tail-to-head fusions), deletions (truncated gene), and fragmentation (gene fragment) (Fig. 1).
With the exception of the DNA shuffling approach (described later), which bypasses the need
to identify amino acid residues or motifs that are important to structure and function,
engineering of allergens usually requires knowledge of B- and T-cell epitopes and, in some
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Mohapatra et al.

data concerning T-cell recognition of calcium-binding allergens and their engineered
counterparts are not available.

The introduction of point mutations in highly conserved sequence domains of Lol p 5
(rye grass) was based on investigations of B- and T- cell epitopes and sequence comparison of
group 5 allergens from different grasses. Hypoallergenic forms of Loi p 5 were produced that
contained all relevant T-cell epitopes (43). Likewise, hypoallergenic variants of latex Hev b 6.02
(44) and Hev b 5 (45), egg Gal d7 (22), apple Mal d 7 (46), and peanut Ara h 1, Ara h 2, and Ara
h 3 (47,48) were also generated by site-directed mutagenesis. Modified peanut allergens
retained their ability to stimulate T-cell proliferation in peripheral blood mononuclear cells
(PBMCs) from allergic patients. In addition, peanut hypoallergens have been tested in a
murine model of peanut anaphylaxis (48) and shown to be effective.

Conformational V ariants
Akdis et al. (49) showed that bee venom phospholipase A2 (PLA, Api m 1) preparations
lacking native conformation and antibody-binding activity were exclusively presented by
monocytes and induced a Thl-biased cytokine profile leading to IgG4 production by B cells. In
contrast, folded PLA with full antibody-binding activity was processed and presented by B
cells, stimulated Th2-like cytokines, and induced IgE antibodies. Thus, the three-dimensional
structure of an antigen and its recognition by different APCs are likely crucial aspects in the
development of distinct T-cell cytokine patterns. These findings give further support to the use
of hypoallergens in allergen immunotherapy.

The importance of the correct native fold and its stability for antibody binding was
further demonstrated for Api m 1. Introduction of multiple mutations and deletions in exposed
areas of Api h 1, but outside of previously identified T-cell epitope regions, led to a
progressive loss of specific IgE and IgG reactivity (50). Although this Api m 1 mutant shared a
similar content of secondary structure with the wild-type protein, the surface mutations
dramatically affected the thermal stability of the protein. Hypoallergenic variants of the major
allergen of Par j 1 (Parietaria) with altered folding were produced and characterized (57,52).
Par j 1 is a member of the nonspecific l ipid transfer proteins (nsLTPs) with a characteristic
u-a-u-u-B structure, which is stabilized by four disulfide bonds. Targeting these disulfide
bonds by site-directed mutagenesis resulted in molecules with altered conformation and
decreased IgE-binding activity that retain their ability to stimulate T-cell proliferation.
Disruption of native conformation by targeting disulfide bonds could be a generally applicable
approach for engineering allergenic nsLTPs, including food-derived members. Disulfide bonds
stabilizing the antigenic structure of major allergens of dust mites have also been targeted by
site-directed mutagenesis. Hypoallergenic variants of Der p 2 (53), Der f 2 (54), and Lep d 2 (55)
were produced and evaluated for subsequent IgE-mediated reactions and celiular responses.
However, caution is warranted when targeting the conformation of allergens. Conformation
changes may reduce the solubility of the final product, and denatured or unfolded proteins
tend to form aggregates. Protein preparations consisting of aggregates or insoluble molecules
would not be suitable candidates for therapeutic products. Thus, to avoid such problems,
hypoallergenic variants of the major cat allergen Fel d 1 were generated by a rational approach
using structural information and knowledge of B- and T-cell epitopes. The three-dimensional
structure was systemically altered by duplication of selected T-cell epitopes (DTE) and
disruption of disulphide bonds (56). When applied to the cat allergen Fel d 1, DTE accounted
for reduction in lgE-binding capacity, whereas mutagenesis improved protein refolding and
solubility. This novel concept may be a valuable approach for the design of new hypoallergenic
derivatives of well-characterized allergens.

Deletion Mutants
Knowledge of IgE-reactive regions of allergens can be used to engineer hypoallergenic variants
by deleting the corresponding DNA segment in the gene. This approach was successfully used
for the timothy grass pollen allergen Phl p 5b (57). Epitope mapping was performed using
overlapping recombinant fragments, and at least four continuous IgE-binding epitopes were
identified. Deletions eliminating identified T-cell epitopes were then performed within these
IgE-binding regions. Some of these deletion mutants showed reduced IgE-binding properties,
no histamine-releasing activity, reduced skin reactivity, and no significant changes in T-cell
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function for the target allergen. The approach has the limitation that substitutions of amino
acids or segments must be appropriate for the specific position in which they are found in the
protein. The effects of substitutions, even chemically conserved ones, are practically impossible
to predict with the current knowledge-based system. DNA shuffling, or molecutai breéaing, is

? novel approach that mimics natural evolution and can be performed without prio.
knowledge of structural or functional characteristics of the target mòlecules (67).It allowi the
generation of large and complex libraries of novel chimeric genes, from which variants with
desired properties can be selected using appropriate screening methods. The features of the
DNA family shuffling method would allow the generation of allergen chimeras having T-cell
epitopes derived from several family members, reduced anaphylactic potential, and improved
immunogenicity (68). This approach was used to generate molecules that are suitable for SIT,
not only for birch pollen but also cross-reactive tree pollens like alder , hazel, hornbeam, and
oak (69). The data demonstrated that it is possible to randomly recombine in vitro T- and B-cell
epitopes of a family of related allergens and to select chimeric proteins-matching criteria
presently thought to be relevant for improving SIT. The low IgE-binding activity and reduced
capacity to induce release of inflammatory mediators of the shuffled chimeras combined with
the high potency to react with T lymphocytes is expected to minimize lgE-mediated side
effects without compromising SIT efficacy. A similar approach was successfully used to evolve
two isoforms of group 2 house-dust mite allergens, Lep d 2 and Gly d 2 (70).

Allergen DNA Vaccines
An attractive alternative for immunotherapy using allergen proteins is the use of allergen genes
in genetic immunization approaches. Intramuscular or intradermal injection of plasÀid DNA
encoding clinically relevant allergens can induce long-lasting immune responses with a Thl bias
and promote the formation of interferon (IFN)-y-producing CD4+ T cells (71J3). After
subcutaneous administration of plasmid DNA encoding an allergen, transcripts have been
simultaneously detected in several tissues. Furthermore, immunization of mice with an allergen-
cDNA cloned in a plasmid vehicle resulted in an allergen-specific lgG2a and Thl-like response,
with no detectable IgE response. This is in contrast to immunization with allergen, which
induced an IgE antibody response. However, despite the potential of this approach, no studies
have been performed in humans to date, largely because of concerns over-the introduction of
"active" genetic material into man. In the mouse model, allergen-gene DNA vaccines were
shown to efficiently protect from IgE expression, experimental airway inflammation, and airway
hyperreactivity (AHR) by induction of Thl-biased immune reactions (74).

However, before clinical application of allergy DNA vaccines, two major concerns
should be addressed: (i) anaphylactic side effects as the resuit of cross-linking preexisting IgE
molecules by the translated native gene product and (ii) weak immunogenicity of parenteraúy
injected conventional DNA vaccines in humans. The first problem was solved with DNA
vaccines coding for hypoallergenic derivatives, such as fragmented allergen genes (75) or
hypoallergens developed by mutation or gene shuffling (76). Moreover, a routinJ method was
established for the production of hypoallergenic vaccines with any given allergy gene of
interest by forced ubiquitination (77). Replicase-based DNA vaccines are immunogìnic at
10,000-fold lower concentrations than conventional DNA vaccines (78), thus elegantly
addressing the immunogenicity problem. Moreover, even at such ultralow doses, this vaccine
type displayed highly effective protection from allergic reactions in a mouse model. Taken
together, these latest DNA vaccine generations fulfill all necessary requirements for clinical
trials: (i) they can be produced with high purity, (ii) they are allergen spècifi c, (iii) they are safe
with respect to anaphylactic side effects, (iz;) they do not trigger new- "therapy-induced" IgE
antibodies, and (o) they likely can be used at nanogram doses in humans.

ALLERGEN FRAGMENTS

Large Allergen Fragments
IgE epitoPes can be formed by linear sequences of amino acids (continuous epitopes) or by
nonadjacent sequence elements brought together by folding (discontinuous or conformation-
dependent epitopes). IgE recognition of continuous epitopes may also depend on their
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The efficacy of Allervax " CAT (IPC-I /IPC-2) was evaluated by Norman and colleagues
in a double-bhnd, placebo-controlled trial (92). Four weekly subcutaneous injections of plafebo
or peptides at doses of 7.5,75, or 750 ptg were administered. Modest improvements in
symptom and medication scores were observed in the highest dose group, six weeks after
treatment. Clinical outcomes included nasal and lung symptoms during a 60-minute exposure
in a "cat room." Treatment was associated with a significant number of early and late adverse
events, including chest tightness, nasal congestion, and flushing. These occurred a few minutes
to several hours after administration of the peptides. In an associated study, a decrease in IL-4
production by IPC-1 /IPC-2-specific T-cell lines from subjects in the high-dose group was
demonstrated. However, proliferative responses to either peptide or whole allergen remained
unchanged (93).

Immunotherapy with Allervax " CAT was also evaluated in cat-allergic asthmatic
subjects, using inhaied allergen challenge (94). The investigators measured allergen PDzo
linhaled dose sufficient to reduce forced expiratory volume in 1 second (FEV1) by 20'hl before
and after a variable cumulative dose of peptides. Six weeks after ending therapy, posttreat-
ment PDzo was not significantly different between the treated and placebo groups. However,
in the middle- and high-dose groups, there was a significant increase in allergen tolerance
between baseline and posttreatment days. In addition,IL-4 release was significantly reduced in
the high-dose group. No change was observed in IFN-y production.

In a randomized, double-blind, parallel-group study (95),40 cat-allergic subjects received
subcutaneous injections of 250 prg of the same peptide preparation as used in the two studies
described previously. Subjects received consecutively, four weekly injections. No change was
seen in either early- or late-phase skin reactivity to whole cat extract up io 24 weeks after the
last injection. No significant change in cat-antigen-specific cytokine production was observed.
Frequent adverse events, including symptoms of asthma, rhinitis, and pruritus, were reported.

An additional study was a multicenter, randomized, double-blind, placebo-controlled
study of 133 cat-allergic patients. Maguire and coworkers demonstrated modest improvements
in some clinical outcome measures with peptide SIT (96). Subjects received subcutaneous
injections of either 75 or 750 ptg of peptide or placebo twice weekly for two weeks in two
treatment phases, four months apart (a total of B injections). Pulmonary function improved in
the 750-ptg group. A large number of adverse events were recorded, including the requirement
for systemic epinephrine in three peptide-treated patients. The majority of adverse events were
associated with respiratory symptoms, occurred a few hours after injection, and declined with
successive doses.

HLA-based P eptide Vnccines
In contrast to defined T-cell epitopes, other studies have focused on studies involving a large
number of peptides, hence expanded recognition by several human leukocyte antigen (HLA)
molecules, which are referred to as HlA-based peptide vaccines. Haselden and colleagues (97)
administered intradermally a mixture of three short (16 to 17 residue-long peptides, compared to
27 residue-long peptides in Allervax '' CAT) peptides from the cat allergen Fel d 1 to cat-allergic
asthmatics. In a subset of individuals, an isolated late asthmatic reaction (LAR) was observed,
characterizedby a decline in FEVI two to four hours after peptide administration. Induction of
bronchoconstriction was demonstrated to be IgE-independent and HlA-restricted, implying a
T-cell-mediated reaction. Subjects receiving Fel d 1 peptides and experiencing isoiated LAR
subsequently displayed markedly reduced reactivity to injected peptides. In later studies, 12
overlapping peptides (76/17 residues each) were synthesized. This group of peptides spanned
the majority of chains 1 and 2 of Fel d 1. Encompassing the majority of tl're molecules increased
the number of HLA haplotypes able to bind and present peptide (98). Using this preparation of
peptides, the magnitude, as well as the frequency, of isolated LARs in cat-allergic asthmatic
subjects was dose dependent, with 50% of individuals developing a LAR when challenged with
a single dose of 5 ptg of peptide. A second injection of peptides was associated with a marked
reduction or absence in LARs, with a return to baseline values of bronchial responsiveness over a
period of up to 40 weeks. Thus, peptide-induced hyporesponsiveness was long lived.

A subsequent open study employing an updosing protocol with peptides (0.1, 1.0, 5, 10,
25 ug) injected at two-weeks' intervals demonstrated the ability to induce T-cell hypores-
ponsiveness in the absence of LARs. These results indicate that incremental dosing protocols,
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Mohapatra et al.

ADJUVANTS

Approaches that have been exploited to enhance the immunogenicity of vaccine antigens
include strategies based on adjuvants, epitopes, and particulate antigens. An emerging area in
the vaccinoiogy of allergic diseases involves the use of various adjuvants to direct and redirect
protective immune responses. Substantial progress has been made in some of these
approaches, leading to clinical trials and licensure. However, safety concerns and economic
considerations have limited their commercialization. Tire experimentai research on improving
immunotherapy has involved a combination of standardized allergens or purified/cloned
allergens with an appropriate adjuvant. The latter may consist of a live or killed microorgan-
ism as a vaccine vector or molecular immunomodulators, such as those carrying cytosine-
phosphoguanosine (CpG) sequences or plasmids (pDNA) encoding protective cytokines (101).

Microbial Adjuvants
To date, a large repertoire of live vaccine vectors, either avirulent or nonpathogenic organisms,
capable of expressing important immunomodulatory molecules, has been investigated. These
include vectors with small genome sizes, such as vaccinia virus, avipoxviruses, adenoviruses,
polioviruses, salmonella, and vectors with large genomes, such as the herpes viruses and the
mycobacterium bacillus calmette-guerin (BCG) (102-104). cDNAs encoding major allergens
are available, which can be cloned into these nonpathogenic organisms to generate effective
reagents for prophylaxis and treatment of allergies. Such organisms are expected to provide a
more effective and longer-lasting adjuvant effect compared with the pDNA immunostimulants
(105), presumably because of their persistence within cells of the body.

BCG
BCG is considered an excellent vaccine vector because it offers the following unique
advantages (106,107): (i) BCG lends itself to the development of a multinntigen unccine, as would
be required for downregulation of specific allergies. (ii) Live attenuated BCG has been used for
immunization of more than 2.5 billion people worldwide since 7948, with a low incidence of
serious complications (case fatality rates of 0.79 / 10"). (iii) BCG has been shown to be a potent
adjuvant in experimental animals and man, particularly in relation to induction of Th1 cells.
(izt) BCG is heat stable and inexpensive to produce. (o) BCG can be administered by the oral
route. (vi) BCG can be given at birth or at any time afterwards and is unaffected by maternal
antibodies. (vii) BCG given as single inoculum sensitizes to tuberculoproteins for 5 to 50 years.
(aiii) Yarious in vitro studies of human and murine systems show that BCG-reactive CD4+
T cells are potent producers of IFN-y (108), the principal mediator of antituberculous
resistance. (ix) The evidence that BCG can be a resident within the phagosome of the long-lived
macrophage for years suggests that a BCG-based vaccine may induce a potentially persistent
or long-lasting allergen-specific immune response (109).

Controversial evidence in support of a role for BCG vaccination in the determination of
allergic phenotype has come from the observation that Japanese children displaying a positive
delayed-type hypersensitivity skin test reaction following prior BCG immunization exhibited
lower prevalence of atopic allergic disease (110).

Previously,Erb et al. demonstrated that infection of mice with BCG suppressed allergen-
induced airway eosinophilia (111). In order to establish if live BCG would provide an adjuvant
effect similar to that of complete Freund's adjuvant, mice were vaccinated with BCG and
subsequently immunized with recombinant allergen in alum. This protocol induced a decrease
in total IgE and specific IgE by 5- and 1O-fold, respectively. Concomitantly, lgG2a increased by
1O-fold (109). Furthermore, the production of both specific and total IFN-y was increased when
cells from mice, vaccinated in vivo with BCG followed by recombinant Kentucky bluegrass
allergen in alum, were stimulated in vitro with the same allergen. The result was an increase in
the ratio of IFN-y to IL-4. These findings demonstrate that live BCG as an adjuvant is capable of
inducing a protective Thl type of response.

In an effort to provide specificity to the effects of BCG, many investigators have
developed recombinant BCG (rBCG) producing foreign antigens within the macrophage. Oral
immunization with rBCC induces both cellular and humoral responses against foreign antigen
(112). Experiments have examined the effects of rBCG vaccination on allergic responses in a
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Mohapatra et al.

Adjuaant Eft'ects of Toll-like Receptor Agonists
Several formulations have been developed on the basis of the concept that linking or activating
specific toll-like receptors (TLRs) can modulate and bias the immune response to a preferred
profile (720). Although experimental evidence indicates that lipopolysaccharide (LPS) has a
kinase-like behavior on T-cell profiles, TLR-4, which binds L_PS, seems to consistently support
the development of a Thl response. Thus, Pollinex QuattrorM, a cocktail of several-alleifens
that use monophosphoryl lipid A (MPL) as adjuvant has been developed. MPL is a detoxified
derivative of the LPS moiety of Salmonells minnesotct R595. It binds to and specifically activates
TLR4 and promotes the development of a Th1 response (121). MPL also acts through TLR2,
which may enhance the function of CD4+ CD25+ regulatory T-cell function in a MyD88-
dependent fashion (722-724).

This formulation is currently marketed in Europe as an ultrashort course of
immunotherapy in patients suffering from allergic rhinitis during the pollen season. Besides
the use of MPL, the grass/rye-derived allergens are treated with glutaraldehyde adsorbed onto
an L-tyrosine depot, reducing the potential for adverse side effects (125). Clinical studies
demonstrate that Pollinex Quattro reduces allergen-specific T-cell proliferation (726),
rhinoconjuctivitis symptoms, and medication use (727-729). In addition, Pollinex Quattro
blunted the elevation of IgE after allergen exposure while increasing allergen-specific IgG
titers, particularly in the IgG4 subclass (128-130).

CRX-675 (aminoacyl-glucosamine 4 phosphatide), a soluble TLR4 agonist, is another
promising adjuvant showing improvement in nasal symptom scores in patients suffering from
allergic rhinitis. This formulation has no documented adverse side effects (131). Unfortunately,
there are no indications thus far about the future marketing of this compound.

Potentiall/, rìew compounds could result from the determination of the immunomodu-
latory molecules rn L. monocqtogenes based on the adjuvant studies, both in an experimental,
allergic-asthma mouse model and in food allergic dogs (119). Thus, a number of promising
research strategies may help achieve the goal of modulating the T-cell profile through the
proper stimulation of specific TLRs.

An additional, extensively studied TLR agonist is CpG-ODN. In contrast to eukaryotic
DNA, the genetic material of prokaryotes is rich in sequences containing unmethylated CpG
dinucleotide motifs. CpG DNA is most often coadministered with antigen in the form of
synthetic oligodeoxynucleotides (CpG-ODN), which are made with a nuclease-resistant
phosphorothioate backbone. Synthetic ODNs containing CpG motifs activate both innate and
acquired immune responses through a signaling pathway involving TLR9. Depending on the
sequence, length, number, and positions of CpG motifs in an ODN, distinct immunostimu-
latory profiles can be observed. These immunostimulatory profiles can be further modified
and fine-tuned by appropriate chemical modifications, leading to preclinical and ciinical
development of CpG-ODN treatments in cancer, allergy, asthma, and infectious diseases. CpG-
ODN sequences tend to induce Thl-like cytokine responses (132). The adjuvant may be
injected with natural allergens or may be genetically linked with allergen cDNA. CpG-ODN,
administered in conjunction with antigen, downregulates established Th2 responses. This
immunomodulation is neither murine strain dependent nor model dependent. Although the
effects of CpG-ODNs are associated with the induction of the Th1 cytokines IFN-y and lL-72,
neither cytokine is essential for the effect (133).

Experimental evidence indicates that CpG improves allergic airway inflammation by
both inhibiting Th2 activation and preventing IgE-dependent release of Th2 cytokines (134).
Specific immunostimulatory sequences containing CpG motifs have been evaluated in
allergen immunotherapy (135,136). A randomízed, double-blind, placebo-controlled phase 2
trial of a vaccine consisting of Amb a 1 conjugated to CpG-ODNs administered to patients
allergic to ragweed shows a significant improvement in allergic rhinitis. This formulation also
induces a transient increase in Amb a l-+pecific IgG antibodies but suppresses the seasonal
increase in Amb a 1--specific IgE antibodies. A reduction in the number of IL- -positive
basophils was also observed in formulation-treated patients. Interestingly, this treatment has
long-lasting immunomodulatory effects confirmed by observations in subsequent ragweed
seasons (737). A new formulation targeting allergies to house-dust mite has entered phase II
clinical trials, and these results will help to determine the applicability of CpG adjuvants in a
broader context (138). Treatment of rhinitis in mice sensitized to Dermatophngoides farinae
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406 Mohapatra et al

Allergens Conjugated/Linked to Human lg Receptors
An interesting approach is to modify allergens by conjugating them to molecules that play
modulatory roles in the immune system. A chimeric fusion protein comprising human Fcy
linked to Fel d 1 was deveioped. This molecule binds to FcyRII in a fashion equivaient to that of
human IgG and thereby coaggregates FcyRIIb with FceRl-bound IgE. The result is inhibition
of mediator release, such as histamine, in a dose-dependent fashion and inhibition of
IgE-mediated Syk and extracellular signal-regulated kinase (ERK) phosphorylation in
basophils from cat-allergic subjects. These results were also corroborated in cat allergen-
sensitized mice (734).

In an alternate approach, Fel d 1 was linked to a single-chain fragment of the variable
region (sFv) of the humanized anti-CD64 mAb IH22 (H2z-Fel d1). This fusion protein was
administered to (i) patients allergic to cat allergen and (ii) control subjects without Fel d 1-specific
IgE or IgC. It was found to induce cytokine-secreting subtypes consistent with ThO and Th1 cells,
mainly in the subset population of allergic individuals, and it did not induce a proallergic CD4-l-
T-cell repertoire. Although H22-Fel d 1 upregulates both an IL-5- and an Il-10-secreting T-cell
population, IL-10 seems to dominate and control IL-5+ CD4+ T cells (140).

Cytokines as Adjuvants
Advances in gene transfer technology now make it possible to deliver cytokine genes to the
target organ (Fig. 3). This approach wil l aliow the evaluation of cytokines as adjuvants with
antigen in vaccine or immunotherapy formulations. IL-12 and IFN-7 have been considered as
potentially important adjuvants for the induction of Th1 cell-mediated, protective immunity
(141). The functional effects of lL-72 in many systems are likely to be mediated through
secondary production of IFN-y. However, the Th1-inducing effect oîIL-72 in vivo may not be
accompanied by a long-lasting suppression of Th2 development, and IL-72 is toxic in some

(A) Plasmid-derived
r{\ regulatory cytokines

{,F

Activated regulatory T-cell

Plasmid encoding
cytokine/allergen

-l>

Plasmid-derived
TH1 cytokines

e
(B)

ISSODN coupled
to allergen

à
-[-r*"é

*5ó^n

Activated TH1 effector T-cell

Activated TH'l effector T-cell

nnnf> OCpG-stimulated
TH1 cytokines

Figure 3 DNA-based approaches for the treatment of al lergic diseases. (A) Plasmid DNA vectors encoding
allergens and cytokine genes may be used to generate al lergen-specif ic responses in an environment r ich in
proinf lammatory, Th1 cytokines, such as lL-12 and IFN-y, or regulatory cytokines, such as lL-10 and TGF-P.
Presentation of al lergen-derived peptides to Tp leads to the generation of robust Th1 or T-regulatory al lergen-
specif ic responses. (B) Al lergens covalently coupled to ISS-ODN may be used to del iver al lergen molecules to
APCs together with TLR-9 activation leading to the production of Th1-st imulat ing cytokines such as lL-12.
Presentation of allergen-derived peptides to Tp leads to the generation of robust Th1 allergen-specific responses.
Abbreviat ions: DNA, deoxyribonucleic acid; ISS-ODN, immunostimulatory ol igodeoxynucleotides; TLR-9, tol l- l ike
receptor-9; Tp, precursor T cells.
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Mohapatra et al.

Microbial adjuvants enhance the potency of allergen vaccines and shift the immune
response away from the allergic response.

o TLR agonists and antagonists may play a role in creating adjuvant effects.
o Microparticle or nanoparticle polymers act as adjuvants for allergen vaccines and

enhance vaccine efficacy in allergic animal models.
o Cytokines or other immune molecules may function as immune response modifiers for

allergen vaccines.
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