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Subcutaneous immunotherapy (SCIT) has been investigated for almost a
century [1,2] and is currently used to treat allergies to insect venom, house dust
mites (HDMs), grass and tree pollens, and animal epithelia [3—8]. Currently,
allergen-specific immunotherapy is considered the only curative treatment for
type 1 allergies because of its capacity to reorient inappropriate humoral and
cellular immune responses. Although SCIT is considered a reference therapy, it
requires multiple injections and can be associated with severe side effects, in-
cluding anaphylactic shock. Thus, safer and noninvasive mucosal routes, in-
cluding nasal, oral, and sublingual routes of administration, are considered an
alternative to SCIT.

A rationale for administering immunotherapy through the mucosal route is
that the immune system in aerodigestive mucosae is poised to induce immune
tolerance rather than immunostimulation when exposed to antigens and allergens
from the environment [9,10]. Mucosal tolerance is believed to be a consequence
of either anergy (after the depletion of responsive cells) or the induction of
suppressive mechanisms mediated by regulatory T lymphocytes [11]. In light
of a better understanding of immune mechanisms associated with successful
antiallergic treatments, new strategies can be implemented to improve mucosal
allergy vaccines. The latter may rely on modified or unmodified recombinant
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allergens or derived peptides associated with new vectors and adjuvant molecules
to enhance allergen-specific regulatory T-cell responses.

Immune tolerance after subcutaneous allergen-specific immunotherapy

After the pioneer studies by Noon [1] almost a century ago, allergen-specific
SCIT was established based on clinical efficacy as a reference for curative treat-
ment of allergies [3—8]. Venom SCIT is a very effective treatment in patients
allergic to Vespula or honeybees. SCIT is also efficacious in treating rhinocon-
junctivitis and asthma associated with grass and tree pollens, dust mites (eg, Der-
matophagoides pteronyssinus, D farinae, Lepidoglyphus destructor), cat dander,
and Cladosporium or Alternaria [3]. SCIT reduces immediate (ie, linked to the
release of inflammatory mediators such as histamine or prostaglandin D2) and
late phase (ie, linked to the activation of mast cells and eosinophils) allergen-
induced symptoms in target organs (Table 1) [4,12-16].

Successful SCIT is often associated with a decrease in the sera of allergen-
specific IgE antibody production concomitant with an up-regulation of IgGs,
particularly IgG1 and IgG4s, some of which may exhibit a potential blocking
activity (see Table 1) [17]. Such an altered IgE/IgG4 antibody balance contributes
to the reduction of IgE-mediated histamine release by basophils and antigen pre-
sentation to T cells [18-21]. Researchers have suggested that during SCIT, the
affinity of IgE antibodies for allergens is potentially decreased, whereas the
affinity of allergen-specific IgG4 antibodies seems enhanced [22]. A limited num-
ber of studies have also documented an increase in seric IgA antibodies [23,24].
Successful SCIT also inhibits the recruitment and activation of proinflammatory
cells, such as mast cells, basophils, and eosinophils in the skin, nose, eye, and
bronchial mucosae, as shown after provocation or natural exposure to allergens
(see Table 1) [18,19,25-30].

In the current view of the immune system (Fig. 1), CD4+ T lymphocytes play
a critical role in controlling the various immune effector mechanisms contribut-
ing to allergic inflammation [31]. That allergic patients mount allergen-specific
CD4+ T-cell responses of the T helper 2 (Th2) type (ie, associated with the
secretion of interleukin (IL)-4, IL-5, and IL-13 cytokines [13,32]) is well es-
tablished. Successful SCIT redirects those allergen-specific Th2 responses to-
ward the Thl type [33-37], with an increased production of IL-12 and interferon
(IFN)-~ within the blood and target organs, such as the nasal mucosa or the skin
(see Table 1). More recently, research established that SCIT also stimulates
allergen-specific subsets of CD4+ regulatory T cells capable of down-regulating
Thl and Th2 responses through the production of IL-10 or transforming growth
factor (TGF)-3 and cell-to-cell contact (see Table 1) [31].

Taken together, SCIT is widely agreed to be effective in curing allergic
rhinoconjunctivitis and preventing progression to asthma. However, repeated in-
jections are needed over several years in the course of SCIT, which makes this
treatment cumbersome, particularly for children. In addition, a major drawback
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Fig. 1. Cellular and humoral mechanisms of allergen-specific immunotherapy. After allergen capture
at the administration site, dendritic cells mature and migrate to draining lymph nodes where they
stimulate naive T cells (ThO). Depending on the cytokine milieu, ThO cells can differentiate into
various CD4" T helper cells producing distinct patterns of cytokines. Such CD4" T helper cells
stimulated after allergen exposure or desensitization with the vaccine are critical in controlling
antibody production and isotype switching, and recruitment and activation of proinflammatory cells
(eg, mast cells, eosinophils, basophils). The purpose of allergen-specific immunotherapy is to restore
immune tolerance by shifting T-cell responses from Th2 to Thl regulatory T cells.

is the risk for serious systemic reactions such as anaphylaxis, which is infrequent
but can be lethal [38]. Therefore, alternative vaccination strategies through the
nasal, oral, or sublingual mucosal routes are being investigated.

Tolerance induction by mucosal immunotherapy
Intranasal immunotherapy
Local nasal immunotherapy (LNIT) has been evaluated in clinical trials for

almost 3 decades with some encouraging results in terms of safety and efficacy
(see Table 1) [39]. For example, LNIT with either aqueous extracts or chemically
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modified allergens (allergoids) elicited a marked reduction in symptoms and
medication scores in patients who had allergic rhinitis to ragweed and grass
pollens [40—42]. In general, chemically modified allergens were better-tolerated
than aqueous extracts, although a lower therapeutic benefit was sometimes ob-
served with the former [41,42]. Several studies have shown clinical efficacy of
LNIT in patients who have allergic rhinitis to various pollens (eg, Parietaria,
birch, grass) or mites when using allergens in a macronized powder form
[43-47]. Medication and symptoms scores were improved and a long-lasting
protective effect was observed, most particularly with regard to nasal symptoms
[48]. In contrast, no significant clinical efficacy of LNIT could be shown in the
second year after treatment with an allergoid grass vaccine [49]. Adverse reac-
tions during LNIT are infrequent and generally restricted to the upper respira-
tory tract.

No clear immunologic changes correlating with vaccine efficacy have been
noted in LNIT clinical trials [41-47,50]. Immune mechanisms underlying LNIT-
induced tolerance have been investigated in mice. In such preclinical models,
T-cell anergy, a decrease in Th2 responses, and an induction of TGF-3— and
IL-10—producing regulatory T cells have been proposed to be potential mecha-
nisms for tolerance induction through the nasal route [51,52]. Biodistribution
studies of radiolabeled Parietaria judaica allergen (Par j 1) have been conducted
in humans after intranasal administration. Such studies showed that most of the
allergen is swallowed and absorbed through the gastrointestinal tract in volun-
teers who had allergies and those who did not, leading to a plasmatic peak 1 hour
after administration [53,54]. A fraction of the allergen seems to persist up for to
24 hours in the nasal cavity in healthy volunteers but not in patients who are
allergic. The rapid local clearance of the allergen observed in volunteers who
were allergic likely involves IgE-mediated capture mechanisms.

Altogether, LNIT represents a safe and efficient treatment against grass pollen
rhinitis. However, it requires particular technical skills, and controlling the exact
dose administered is not trivial. Thus, these limitations have hampered its broad
use in allergen-specific immunotherapy.

Oral immunotherapy

Oral immunotherapy (OIT) was investigated in the early 1980s in allergic pa-
tients [55-57]. Several studies were conducted in adults and children us-
ing an orally administrated grass pollen extract, either as an aqueous solution,
a powder, or enterosoluble tablets [55,56]. Although such oral grass pollen vac-
cines were well tolerated, no major impact was observed on symptom and
medication scores or on skin or nasal reactivity (see Table 1). In addition, no
significant alteration of seric allergen-specific IgG or IgE levels was found in
patients undergoing OIT compared with those of patients undergoing therapy
with placebo [55-57]. In parallel studies, immunotherapy using high doses
of allergen formulated as enterosoluble grass pollen capsules also lacked any
therapeutic effect [58,59]. In contrast, oral immunotherapy with high doses of
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encapsulated birch pollen extracts showed some clinical efficacy in adults and
children who were allergic [58,59]. When compared with the placebo group,
patients undergoing birch pollen OIT showed an increase in seric-specific IgG
antibody levels, associated with a reduction in seasonal IgE levels [60-62].
Encouraging clinical efficacy data were also obtained for OIT in patients allergic
to either Dermatophagoides sp, Artemisia, or ragweed pollen [63—65].

OIT has also been extensively evaluated as a potential treatment for non-
allergic inflammatory or autoimmune diseases [9,10]. Because tolerance break-
down of the intestinal immune system is known to cause inflammatory disorders,
such as celiac or Crohn’s disease, OIT is being considered in these patholo-
gies [66]. Also, oral tolerance has shown some efficacy in preclinical models of
autoimmune encephalomyelitis, arthritis, type I diabetes, thyroiditis, uveitis, ath-
erosclerosis, and cerebrovascular stroke [9]. Using peptide vaccines, OIT was
evaluated in patients who had rheumatoid arthritis, diabetes, or multiple sclerosis
[10,11], with only a limited clinical benefit observed [10,11].

Regarding immunologic mechanisms involved during OIT, high doses of
antigen administered orally are believed to promote T-cell depletion or anergy
[11]. Alternatively, low-dose antigen tolerance is likely mediated through active
suppressive mechanisms involving regulatory T cells. In all circumstances, in-
creasing evidence suggests that dendritic cells play a crucial role in the regulation
of mucosal immunity and tolerance as a consequence of their capacity to direct
the fate of T cells. The level of costimulatory molecules and the cytokine milieu
influence the degree of antigen-presenting cell (APC) maturation and activation,
leading to systemic or suppressive T-cell responses [67]. Several studies focusing
on CD4" regulatory T cells have shown that such cells are critical in the induction
of oral tolerance [11]. Regulatory T cells induced during OIT are highly hetero-
geneous and include Th3 cells (producing TGF-§ or IL-10), Trl cells (producing
IL-10), and CD4" CD25" cells, which mediate their regulatory function through
cytokine secretion or cell contact-dependent mechanisms involving the cytotoxic
T-lymphocyte associated antigen-4 (CTLA-4) or programmed death-1 (PD-1) mole-
cules [11].

Although oral tolerance induction has been successful in several animal
models, its clinical efficacy has not been firmly established in humans. Thus, a
purely oral route of administration is not recommended as a routine approach in
allergic immunotherapy.

Sublingual immunotherapy

More than a decade ago, SLIT was investigated in patients with allergies
[68—75]. During sublingual immunization, the allergen extract is held under the
tongue for at least 1 to 2 minutes to allow capture by oral Langerhans-like
dendritic cells (LLDCs) before being swallowed. Wilson and colleagues [70]
conducted a meta-analysis encompassing 22 randomized clinical studies evaluat-
ing SLIT in 979 patients who had allergic rhinitis to HDMs, pollens (from grass,
Parietaria, olive, ragweed, Cupressus), or cat dander. They concluded that
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SLIT significantly reduces symptoms and medication requirements [70]. For
example, high-dose SLIT has beneficial effects on nasal symptoms during the
peak pollen season in patients who have severe seasonal allergic rhinitis, even
if 2 years of treatment are required [76]. The safety and efficacy profile of SLIT
has been confirmed in children, including those younger than 5 years [77]. In
adults and children who had rhinitis, long-term clinical benefits in the form of
prevention of new sensitizations or asthma were observed after SLIT [70]. A
comparison of SCIT and SLIT regimens performed in a clinical trial in adult
patients allergic to birch pollen showed no statistical difference in terms of effi-
cacy between the two routes when high-dose SLIT regimens were used [78].

Biologic mechanisms underlying SLIT are being clarified [79]. As shown for
the subcutanecous route, the IgE/IgG4 ratio is decreased in several clinically
effective SLIT studies. SLIT most particularly increases allergen-specific 1gG4
levels compared with placebo, as shown with house dust mites (HDM) and
Parietaria/grass pollen vaccines [68,69,71]. Allergen-specific IgG (and possibly
IgA) antibodies induced during SLIT are believed to compete with IgEs for
binding to the allergen, thus preventing basophil or mastocyte degranulation (see
Table 1) [24,80,81]. Within target organs (eg, eye or nose), SLIT reduces the
recruitment of inflammatory cells induced by allergen challenge [75,82-85].
SLIT with grass pollen or HDM extracts also decreases the release of inflam-
matory mediators such as tryptase or eosinophil cationic protein in sputum or
nasal secretions [82,84]. The expression of the intercellular adhesion molecule 1
(ICAM-1), is also down-regulated on epithelial cells after SLIT [83,85]. Similarly,
rush SLIT to Parietaria reduces the recruitment of neutrophils and eosinophils
to the nasal mucosa, and the expression of the ICAM-1 molecule [86]. The im-
pact of SLIT on allergen-specific T-cell polarization is still poorly documented.
Although several SLIT studies have shown no impact on T-cell responses [87,88],
successful sublingual immunotherapy in patients allergic to HDMs reduces the
production of the Th2 cytokine IL-13 and the proliferation of peripheral blood
mononuclear cells [89,90]. In a recent preliminary report, SLIT was found to
stimulate IL-10—producing T cells in the peripheral blood of patients allergic
HDMs, although no functional test was used to confirm that those cells were bona
fide regulatory T cells [91].

Biodistribution studies in humans showed that no direct plasmatic absorption
of allergens occurs through the sublingual mucosa [53,92]. Radiolabeled Par j 1
administered sublingually was detected in the plasma only after ingestion, with a
peak between 1 and 2 hours after administration, implying absorption through the
gut mucosa. Radiolabeled allergens persisted for up to 20 hours at the mucosal
surface after SLIT, suggesting that allergen capture by Langerhans cells can occur
during this time frame. The sublingual mucosa contains many LLDCs expressing
constitutively high-affinity receptors for IgE (FceRI), which are believed to play
a crucial role in tolerance induction during desensitization [93]. Cross-linking
of IgE receptors on LLDCs induces TGF-3 and IL-10 cytokine production and
the synthesis of indoleamine 2,3-dioxygenase (IDO), a tryptophan-catabolizing
enzyme regulating T-cell proliferation [94,95]. After allergen capture in the sub-



[oct s¢et]

[ve1-cetl

[1e1'0€1°901]

MASCARELL et al

[sorvor]

[c01-001]

"2JN0I SNOJUBINOGNS A1) YSNOoIy) suewny OISI[[e paamSer Ul pajsa)

Suraq st aurooes Ddo-e quiy 2e3nluod vy o1 ur ssaudAIsuodsarodAy paonpur-uddiaqe syuaadrd
sopnoa[onuogio Hndy 01 pasny [ B qUIy YIm UONBZIUNWWI [BULIDPENU] ‘sasuodsar (STLD pue v3|)
[esoonw pue (STLD pue egN3J]) orwasAs sojowoid surojord ym 1oypeSo) NGO DD jo A1oarop
[esoonp “syueanfpe [y, juejod are (NGO HAD) sypow Hd) Sururejuoo saprooonuosIjo dSOYIUAS
‘9)nol engurjqns

3} 10J JueAN(pe Ue SB SUBWINY Ul PA)sd) Fu1aq ST TJIA 9INOI SN0aULINOqNS Y3 Y3nody) saIpoquue 03|
pue D3] oy109ds Jo uononpoid Suons e donpur TJN YIM paurquiod suaSiofre usfjod ssein) ‘(TLD
pue eg03J]) sasuodsalr [y [, pue y3] [BOO] PUB OLIDS SIONPUI 7S DY 10 TN [ 1SI01UT JO USS1IUR JO
([e10 ‘Teseu) uONENSIUIWIPE [BSOINJA UOIBINJRW JI3Y) pue suedio proydwA| 0} uoneidiwu H sejowold
PLT-INO "9IN0I OTA)SAS B YSNOIY) POIISIUTWIPE UoyMm SjueAn(pe [y [njromod a1e soanearop v pidry
‘K010 UIX0) AU} Yim pjedn(uod Ajjedruayd 10 ‘pasny

‘paxIw 9q ued uddId[[e/uadnue Y], sesuodsar y3] pue HI] oyroads-usSnue aAnodj01d pue Juons
dojoadp [T payrxolep AJ[eonoudsd 10 g1 Ynm A[JUBIWOdU0d UrunnSSeway SNIA BZUSNjul yjm
pajeuIdORA OIA (VS SUIZI[ENNSU [BSOONW PUB JLIdS JO UONONpUI A1) AjonueAn(pe [esoonw 3uons
' urejd1 A)Anoe aserdjsuel) [ASoqul AV MOYIM (Siunqns g 10) [ pue 1D PAYIX01p A[[eonauan

"UOTJBISIUTWPE [BULIOPEIUL 19)J8 PIAIISQO UIIq OS[E Sey|

spneuLdp d1doje 9ALY OYM UIPIYD Ul AJBIIJJQ QWOS "dJIW Ul UOHBWWE[JUl ABMITE JsureSe uonodjold
SuLLIRJuOd ‘g-JD ], Pue (O]-] FUNAIOAS S[[29 Fal], SIONPUI 2V2IVA UNLI2IODGOIAPY P -1BOH

'S[[99 Fa1L, +pD dy10ads AQ PI[[OHUOI UOHBWIWE[JUI US PAIRIPIW—][0-],

+8QD SAINPaI 12502 SNjJ1oPqoIAYT “()1-TI JO uononpoid pasuequd Jo 2ouanbasuod e se ‘pow
sp1jod ouunu e ur Ajoeded 2anodjoxd ouadns e sjquuxs Aemyjed sisayiuAksorq proe d10yo1) Ay

ul paoye wnipyuvld snjj1opqolopT JOo JUBINW Y "USSIS[[R YY) 0) PAZIISUIS 01w ul uonanpoid ,-NAT
pue sarpoquue egHS] SAONPUI | A Jog JUBUIQUIOdAT YIM 101050) wn.vjund snjjiopqoionT 10 syov)
$712200012D7 SB Y0NS dUNSAUI AY) 0] pajdepe BLIA)ORY [BSUSWUWIOD JO UONRISIUIWIPE [ESOINW ‘DIIW U]

od)

(62S DY “(TdN) v prdyp
1K1oydsoydouows “p/[-INO)
s3oreue v prdry

(4171 ‘41D LT LD)
SOAIJBALIOP PUE SUIXO],

syonpoad [eLd)Eq
JNOYPUAS/[eANJBN

2D22DA
wn1.12320qO2Ap\ PI[IY-1edH

125D SN]j19DqOIODT
wnavjuvyd snjjonqov
‘S1OD] SNI202010DT
BLIDIIB( I[OYA\
SI0Je[NPOUNIUTU]

SOOUQIAJOY

SIUWIWO))

294

SourooeA ASIO[[E [ESOINUI YIIM UONONPUI dIUBIO[O) JOJ SJUBANIPE PUE SWISAS J0JOIA

z o1quL



295

NOVEL WAYS IN ALLERGY IMMUNOTHERAPY

(23pd jxau uo panuiuod)

[Ly1]

[or1°601]

[sp1—ev1°T11]

[zr1]

[1v10p1]

[sor1°L01]

loct18¢1]

[LeT]

*s[[99 Sunuosaid

-udgnue 1931e) 01 saponredoIoIW 10 -OuBU UIYIM USSHUR JY) Judsaid 0) pasn oq ued yOId
‘sasuodsar sunuur 2A192301d 2onpur SWODS] Se PAILINULIOJ SHWQNS SNIA BZUIN[JUT JO UOTRNSIUTWIPE
[eseN uone[nwis [[99 [, 10J sua3nue Jo uonejuasaid [] SSe[o pue | sse[o o) 3urpes] sny) ‘syuowredwos
91]0S0JAD pue [BWIOSOpUd Ay} 19518} saponted SNODSI “ANANSe JueAn(pe [esoonw pue OI)SAS
Suoms e 31qIyxa SNODS] 1Sl Jo uadnue oyl yim paxiur spidijoydsoyd pue ‘[o11sa[oyo ‘y [mo
juean(pe-uruodes gy Sursudwods (19)owerp wiu () [—(¢) seImonns [eoudyds are soxo[dwos asay ]
‘(esou pue Funj ay) Ul YOI pue D3] PIm)

sasuodsair esoonw pue d1weIsAs Suoms saonpul (17 “IdIN ‘SdT S2) s1ojenuajodounuuuur

yIm 1973930} sawosod] Ul Paje[NULIO) USSNUR Y} (PIM UONBZIUNUIUI [ESBURHU] "SAIPOqNUL

V3] pue D3] JLIOS PuB JLSOINW [B}0A1 PuUk [euISeA U} Ul SaIpoqiue Y3 A1032109s o1y10ads saonpur
spidi] o1uoneds ym paje[nuiioj soxojdwos NG prwseld Jo uonensiuiwpe [eseN ‘saIpoqnue y3[
Suizijennaou pue H3] SASLAIOUI SUONB[NULIOY d)e[nonied Yons Jo uonensiuupe [BSOINA “(SOWOSOIIA
01 Surpea) surajoid adojaAud [exA Jeuonouny derodioour ued sawosodi| se yons sa[IIYdA paseq-pidry

‘sasuodsai [[99-], A1018[N321
doueyud Ued [najouwr dArejoudydookwr pue ‘urpkwreder (90g I V ULOdSO[9Ad) SI0)IQIYUI ULINQUIO[BD
‘sp10o110009n3 snjd £ urwenAAXoIpAyIp ‘(LY 1L 10} spuedi|) saurjournbozeprwi ‘S[opow QuLINW U]
'sasuodsar 93KooydwA]-, 91X030149 9A1}99)01d sojeIouasS Quas G-I Yl Yym urunn[3Sewoy ezusnjul

Surssardxo-pruise[d s uoneZIUNUIWIO)) "SISUOASAT SUNUILIT [ESOONT JUSIOIJO 2ONPUI OS[E SAUAT
ouny0jAo Jurssardxa sourooeA YN( "SNIIA eZuonfjul jsurede juean(pe fesoonwr 3uons e st gA-NA[

‘sorpoqnue yS[ pue [HS] pue sTLD o110ads Pim ‘uonooyord [esoonwr sonpur
apndod Aus-ATH ue yim (JSO-ND Pue ‘§1-TI “ZI-TI + [-TI A[urew) saurjoiko Jo suoneurquio)

"90IW Ul 0Ald Ul S[[dd
1L 2onpur ued sissnpiad vjjappiog woly (YVH) uunnj33eway snojudwe(j Y], ‘suewny ur s[[d [,
Suronpold—( [~ 2oNpul UBD §150]12.42qN1 WiNLLIIPGOIAPY Wol} (ddd) 2AneALdp urjoid pagund oy,

*(SnI1ABIOI JO SNIIA [epudg 3uisn)
oSuojreyd [enA [eyio] & jsureSe Sunosjord sosuodsar sunwiwl [esoonw sadnpur (17) SAT-dAN

(VOT1d) proe
(o11004]3-00-0pnoe- (1) £0d

(spidr pue suruodes jo
x91dwod parmonns) SINODSI

SOWIOSOIIA ‘sowosodI|
SUONB[NULIOY JJe[ndnied
SWQ)SAS AIOAI[OP/SIOJOIA

SI[NII[OW IPIYJUAS [[eUIS

EM-NAI ASD-IND
SI-T1 “ST-T1 “TI-T1 “1-T1
SAUN[0)L)

sjungns [eLejoRg

(aam)
sapndadipAwrenuw spoyuls



MASCARELL et al

296

‘urxoy e3Iyg Jo junqns g ‘gx LS vy ujoid oueiquow 19no ‘ydwQ
(17 Jo spungns g ‘gl ‘UIXojoIud 9[iqe[-1edy ‘I sexojdwod Jupenwmsounwil ‘SNODSI ] 2[NOJOW UOISAYPE JR[N[[IAUL ‘[-NYD] 10108] Funenuns-Auojod
o3eydororw-g)Lo0[nueis ‘ISO-AD ([[99 dNLIPUIP D ASe[oAd drejAuape ‘yeA) @1kooydwA] I, o1x030340 1D ‘1D JO spuunqns g ‘gD ‘UIxo} BI[OYD ‘1)) SUOYDINALGGY

'SAIPOqUUE ((D-NUEB M 19(1050) PIIdISIUTPE UAYM JOTW UT Sasuodsar [[90-, oij10ads-yYAQ

[zs1] Suoms 2onpur pue sH 03 uddnue Ay 12318} (YAQ) urungreao o) pa[dnod sarpoquue oz-Ogd-NUVY
‘sasuodsar sunurwl [SOONUI JI91[3 0} AJ1oeded J19y) 10J Pajen[eAd udaq Jou dARY (gX IS “VeAD) SI0109A

9say [, ‘sesuodsar [erowny Suons pue sasuodsar [[20-], pazuejod-y ] oy1oads 0) Surped| ‘Kemyed

uonejuasald [ SSe[o 9y} OJUI PAISAIIP AT I0JOAA SIY} O} Pasny suagnue pue ‘sH S1931e) os[e gx IS

ay, ‘sAemyed DHIA II SSe[d pue | sse[o a3 03 uonejuasaid 0 Jurpes] ‘sodojido uadnue ym 1941301

[0S01AD 9y} OJUI UTBWOP ONATLIRI S} SIDAI[OP puB SO U0 passardxa suudajul go §1aD/q11dD

0} A[reony10ads spuiq szssnpiad vjjajapiog woly yekD) ay [, ‘g 103dadar a1j-[jo1, ysno1y) s)( (Jeseu "3-9)

[L11-¥11] [esoonwi o |, [[D 30818} (VdwQdy) avruownaud vjjarsqary woy ydwQ oy 03 pajdnod sussnuy

'sO damewwr Ja31ey AJ[eonyroads yorym ‘sqTA sniia ewojpided uewny pue (JTA-Add)

dIA snaaoared surorod ay) opnjoul swoISAs AIDAIRP JTA [enuojod 1oy sesuodsar o1ud)sAs pue

[esoonw sojeUNS SJTA Ul pajernsdesus sourodeA YN JO UonensIUIWpPE [eIQ) “UONAIAS Apoqnue

V3 pue D3] oy1oads seonpur sadoyda [[09-g Jurssardxd sgTA-ATH JUBUIQUOIAT YIIM UOIIBUIIIBA

[eIO "SuewINy pue S[eWIUR Ul sasuodsal Apoqnue [esoonur 91j109ds aonpur sqTA J[BMION 1O

(AFH) snaiA g snneday JUBUIQUIOd2T JO UOTENSIUIIUPE [BSLU 1O [eI() "SoSUOdsal ountuwl Je[nyod

[1s1-8v1ct1‘zinl puE [eIOWNY dJE[NNS UBD JBy} PIWIo] aIe SJTA ‘surjoid pisdes jo A|quiesse snosuejuods 10}y

satpoquue GOZOAA-HUY

(ax1s ‘vek) ‘ydwQ)
SO[NOdOUI [BLIDJOBE
$10)99A 3upagie-Hq

snuaoated ourorod
‘SIITA Y[BMION] “SOSNIIA
ewo[[ided uewny woi
(sdTA) soponed I[-snaA

SOOURIRJOY sjuauwrmo))

(panutjuod)  o1qe],



NOVEL WAYS IN ALLERGY IMMUNOTHERAPY 297

lingual mucosa, LLDCs rapidly migrate to proximal-draining lymph nodes of the
cervical/submaxillary chain [96]. The latter represents a TGF-3—rich environment
that likely favors the activation of B cells expressing “blocking IgG” antibodies
(IgG2b in mice) and the induction of suppressive T cells [97].

Because of its well-established safety profile, with more than 500 million
doses administered to humans, SLIT is currently considered a valid alternative
to SCIT [78].

Novel mucosal vector systems and adjuvants

In SCIT, mineral adjuvant molecules (eg, calcium phosphate, aluminum hy-
droxide) are used as part of allergy vaccines [73]. No such adjuvants are
currently used during mucosal immunotherapy, implying that the dose of al-
lergens should be increased. For example, it is well-documented that up to 50 to
100 fold more allergen is needed in SLIT to reach a level of efficacy similar to
SCIT [73]. Specialized Langerhans cells in mucosae are prone to elicit regulatory
T cells, favoring the development of allergen-specific IgG or IgA antibodies
instead of IgE responses through IL-10 and TGF-3 cytokine production. Capi-
talizing on the better understanding of immune mechanisms associated with im-
mune tolerance, more efficacious mucosal vaccines can be rationally designed,
particularly adjuvants/formulations that better target mucosal Langerhans cells,
to improve stimulation of allergen-specific regulatory T cells. Schematically, anti-
gen presentation platforms that can be used to improve mucosal tolerance include
(1) immunopotentiators (ie, synthetic or biologic adjuvant molecules modulating
immune responses by providing cosignals to immune cells) and (2) vector sys-
tems (targeting the antigen/allergen to APCs within the mucosa).

Immunopotentiators

Using appropriate immunopotentiators together with antigens/allergens may
be necessary to redirect T-lymphocyte polarization from Th2 to regulatory T-cell
responses. Several adjuvants are currently available from the vaccine industry
that could lead to more efficient mucosal and systemic immune responses after
administration at mucosal surfaces. Some are explored as novel approaches to
potentiate antigen-specific Thl or regulatory T-cell responses. For example, the
Thl adjuvant monophosphoryl lipid A has been used successfully through the
subcutaneous route as part of grass pollen vaccines [98,99] and is currently being
tested in humans through the sublingual route. In preclinical models, living or
heat-killed bacteria (eg, Lactobacillus plantarum, Lactococcus lactis, Mycobac-
terium vaccae) showed some benefits as adjuvants in murine models of asthma
(Table 2) [100-105]. Other potential mucosal adjuvants include bacterial toxins,
such as cholera toxin and the closely related Escherichia coli heat-labile en-
terotoxin or their nontoxic derivatives (genetically detoxified or B subunits).
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These bacterial toxins can be coadministered as a mix, conjugated, or fused with
soluble antigens (see Table 2) [106]. A combination of cytokines mimicking
signals induced by bacterial toxins can be used instead [107,108]. Triggering
Toll-like receptors by lipid A or synthetic muramyl dipeptide analogs is also
effective in inducing systemic and mucosal responses (see Table 2). Immuno-
suppressive drugs (eg, glucocorticoids with vitamin Ds) also represent potential
regulatory T-cell adjuvants for allergy immunotherapy because they are powerful
inducers of IL-10 through immune cells (see Table 2).

Mucosal vector systems

Selected formulations can be used to present allergens in a particulate form,
thereby targeting antigen-presenting cells (eg, Langerhans cells) with phagocytic
activity. They may be used in association with immunopotentiators to further
increase immune responses (see Table 2). These formulations include liposomes,
virosomes, or immunostimulating complexes [109]. Ideal mucosal vectors should
protect the allergens in the vaccine (mostly proteins or glycoproteins) from deg-
radation by local proteases while targeting mucosal inductive sites or antigen-
presenting cells.

Several vector systems to express antigen/allergen at mucosal surfaces have
been tested. Using naked plasmid DNA or DNA absorbed on microparticles,
markedly enhanced systemic and mucosal immune responses have been obtained
[110,111]. Nonreplicating virus-like particles (VLPs) generated by the sponta-
neous assembly of viral capsid proteins also represent an attractive alternative for
expressing either the whole antigen/allergen, or selected T- or B-cell epitopes
within a particulate vector system [112,113]. As an advantage for mucosal ap-
plication, VLPs are often derived from viruses for which mucosae represent a
natural route of transmission (see Table 2). Genetically detoxified or nontoxic
bacterial products, such as the adenylate cyclase from Bordetella pertussis, the
outer membrane protein A (OmpA) from Klebsiella pneumoniae, or the Shiga
toxin B subunit, can be conjugated to antigens/allergens to target antigen-
presenting cells (see Table 2) [114—116]. Delivering epitopes of interest through
these vectors generates specific protective cytotoxic T lymphocytes and sys-
temic antibody responses [114-116]. Nasal administration of OmpA induces
mucosal immune responses [117]. Collectively, several vector systems are avail-
able to target antigens/allergens to mucosal Langerhans cells. Although such vec-
tors were initially designed and tested to elicit effector immune responses of
the Th1 and Th2 types, none of these potential mucosal vectors has been estab-
lished as a means to enhance antigen-specific regulatory T cells.

Summary

Building on the success of SCIT in curing allergic disease, improved allergy
vaccines that rely on mucosal routes of administration are needed. To varying
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degrees, desensitization through the oral, nasal, and sublingual routes has shown
some efficacy. The development of allergy vaccines has almost exclusively been
based on natural or modified allergen extracts. A second generation will consist
of vaccines based on recombinant proteins. In this regard, a major interest exists
in developing hypoallergenic forms of recombinant allergens capable of inducing
IgGs and stimulating T cells while exhibiting reduced IgE-binding capacity.
Although this approach is definitively promising for vaccines administered par-
enterally, a more appropriate strategy for mucosal immunization, particularly for
sublingual immunotherapy, is perhaps to rely on recombinant allergens presented
in the most native form to allow IgE-mediated targeting and capture of aller-
gens by mucosal Langerhans cells [93]. A better understanding of immune
mechanisms involved in the induction and maintenance of antigen-specific im-
mune tolerance provides opportunities for the design and development of im-
proved mucosal vaccines. An emergent working hypothesis is that allergy
vaccines should induce allergen-specific regulatory T lymphocytes capable of
producing suppressive cytokines (eg, IL-10, TGF-(3). Developing a new gen-
eration of safer and more efficient allergy vaccines administered through non-
parenteral routes implies the need for adjuvants or vector systems specifically
selected to enhance tolerance at mucosal surfaces. Identifying allergen pre-
sentation systems suitable for mucosal application will help develop more effi-
cient allergy vaccines while simplifying immunization schemes.
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