
R

T
T
D

I
T
p
c
T
s
T
(
k
d
a
a
i
o
a

m
D

0
d

The American Journal of Medicine (2006) 119, 897.e1-897.e6
EVIEW

LR9-Based Immunotherapy for Allergic Disease
omoko Hayashi, MD, PhD, Eyal Raz, MD

AJM Theme Issue: Pulmonology/Allergy
epartment of M

A
r
a
i
l
e
i
T
p
p
t
w
i
t
E

E-mail address

002-9343/$ -see f
oi:10.1016/j.amjm
edicine, University of California San Diego.

ABSTRACT

significant amount of data generated over the last few years supports the contention that Toll-like
eceptor (TLR) 9-based immunotherapy is effective in the prevention and treatment of animal models of
llergic disorders. We will review here our experience with two distinct therapeutic strategies: TLR9-based
mmunomodulation and TLR9-based vaccination. Immunomodulation of allergic inflammation by TLR9
igand (TLR9-L) is transient. It prevents both the early and late phases of the allergic reaction in
xperimental models of allergic asthma, rhinitis, and conjunctivitis. It also reverses ongoing allergic
nflammation. Indoleamine 2.3-dioxygenase, the rate-limiting enzyme of tryptophan, is induced by
LR9-L and mediates, in part, these anti-inflammatory effects. TLR9-based immunomodulation is inde-
endent of allergens and, therefore, has a potential therapeutic advantage in a broad spectrum of allergic
atients. On the other hand, TLR9-based vaccination therapy is an allergen-specific mode of immuno-
herapy, which provides long-term inhibition of allergen-specific hypersensitivities. Current clinical trials
ith TLR9-based immunotherapy demonstrate high immunogenic and therapeutic efficacy, as well as

mproved safety when compared with conventional allergen desensitization. Thus, if proven efficient,
herapeutic strategies with TLR9-L may revolutionize the current treatment of allergic diseases. © 2006
lsevier Inc. All rights reserved.

KEYWORDS: TLR9 ligands; Immunostimulatory sequence oligonucleotides (ISS-ODN); CpG-ODN; Allergic asth-
ma; Allergic rhinitis; Allergic conjunctivitis; Indoleamine-2.3 dioxygenase
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MMUNOBIOLOGY OF TOLL-LIKE RECEPTORS
oll-like receptors (TLRs) are expressed mainly on macro-
hages and dendritic cells and recognize specific structural
omponents conserved among microorganisms. Activation of
LRs leads to the induction of inflammatory responses and
hapes the subsequent development of adaptive immunity.1

LR9-Ls are immunostimulatory sequence oligonucleotides
ISS-ODN) containing unmethylated CpG dinucleotides (also
nown as CpG-ODN).2,3 In retrospect, TLR9-Ls were initially
iscovered in Freund’s adjuvant.4-6 Synthetic TLR9-L induces
robust and multifaceted innate immune response in mice

nalogous to the response elicited with bacterial DNA.7-9 The
nnate response to TLR9-L is characterized by the production
f cytokines such as TNF�, IL-12, IL-18, IFNs (�/� and �)
nd IL-6, and the upregulation of co-stimulatory molecules by
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ent of Medicine 0663, University of California San Diego, 9500 Gilman
rive, La Jolla CA, 92093.
o: eraz@ucsd.edu

ront matter © 2006 Elsevier Inc. All rights reserved.
ed.2005.12.028
ntigen-presenting cells (APCs), B cells, and NK cells.10,11

unctionally, TLR9-L increases NK cell activity, induces mat-
ration of APCs to elicit Th1 immune responses, and stimu-
ates antigen-independent B-cell proliferation.7,12

HE HYGIENE HYPOTHESIS AND TLR9-BASED
MMUNOTHERAPY
ver the past 3 decades, the prevalence of allergic diseases has

ncreased in industrialized countries.13 One proposed explana-
ion is the “hygiene hypothesis,” which is based on the as-
umption that a reduction of microbial burden in early child-
ood that would induce a strong Th1-biased immunity,
edirects the immune response toward a Th2 phenotype and,
herefore, predisposes the host to allergic disorders.14 Because
LR9-L stimulates innate immunity and has a long-lasting Th1
iasing effect,15 it may mimic an infectious exposure and shift
he Th2 deviation towards a more appropriate Th1/Th2 bal-
nce. Increasing amounts of experimental data have suggested
hat TLR9-based immunotherapy is effective in the treatment

f animal models of allergic disorders and can even reverse the
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nderlying Th2-biased immune-dysregulation.16 We will dis-
uss here two distinct strategies for TLR9-based therapy: im-
unomodulation and vaccination (Figure 1), both of which

ave shown promise in numerous mouse models of allergic
isease by our group,17-20 as well as other investigators.21,22

urthermore, phase I/II clinical tri-
ls with a TLR9-based vaccination
ave already been initiated,23-25 and
phase III trial is in progress.

LR9-BASED
MMUNOMODULATION

LR9-L Suppresses
xperimental Asthma
he inflammatory response in aller-
ic asthma is characterized by cel-
ular infiltration of the airways with
osinophils and T lymphocytes.26,27

large number of therapies are cur-
ently available for the treatment of
llergic asthma; corticosteroids for
he reversal of allergic inflamma-
ion, antihistamines and leukotriene
nhibitors for the attenuation of pa-
hology associated with mast cells
nd eosinophils, and adrenergic receptor agonists for the re-
ersal of bronchospasms.28,29 However, none of these thera-
ies have been shown to reverse the underlying hypersensitiv-
ties to allergens that perpetuate the allergic phenotype.
llergen desensitization can be achieved with traditional aller-
en (ie, protein)-based vaccination. However, this approach is
ccompanied by critical disadvantages such as the requirement
f repeated injections and the associated risks of life-threaten-
ng anaphylaxis.30,31

Immunomodulation by TLR9-L, which is allergen-indepen-
ent, by systemic administration (eg, intraperitoneal [i.p.] in-
ection) or by mucosal administration (ie, intranasal [i.n.] in-
oculation) provided almost immediate protection against
xperimental asthma upon allergen challenge in allergen-sen-
itized mice.17,22,32 Administration of TLR9-L before allergen
hallenge significantly inhibited both early- and late-phase
eaction of asthma, for example, airway hyperresponsiveness
AHR) to inhaled metacholine (MCh),17,22,32 eosinophilia in
ronchoalveolar lavage fluid (BALF), and IgE levels in the
erum33 (Figure 2). TLR9-L also inhibits IL-4 dependent IgE
ynthesis by human B cells in vitro.34 Administration of
LR9-L not only inhibited eosinophil infiltration into the air-
ays and into the lung parenchyma but also significantly

nhibited blood and bone marrow eosinophilia. The inhibition
f asthmatic parameters (eg, AHR) by TLR9-L was associated
ith a significant inhibition of Th2 cytokine production (eg,

L-5) and induction of allergen-specific IFN-� production. An-
ibody neutralization studies have shown that the inhibitory
ffect of TLR9-L on AHR and on Th2 cytokine secretion was

CLINICAL SIGNIF

● Immunomodulat
found to prevent
lergic symptoms
models of allerg
conjunctivitis.

● In animal experi
cination provide
munogenic and
well as improved
conventional alle

● Based on on-goi
may revolutioniz
gic diseases.
ostly mediated by innate cytokines (IFNs and IL-12) secreted T
y TLR9-activated monocytes/macrophages and NK cells.
he effects of TLR9-L on reducing the number of tissue
osinophils were both immediate and sustained. TLR9-L ad-
inistration was effective in inhibiting eosinophilic airway

nflammation when administered either systemically (i.p.) or
mucosally (i.n.).35

Administration of TLR9-L when
given after allergen challenge also
promotes the resolution of airway
inflammation at a level similar to
that seen with dexamethasone
(DXM),36 the standard therapy for
allergic asthma. Mice that had al-
ready developed significant levels
of eosinophilic airway inflamma-
tion did not develop AHR when
treated with either TLR9-L or
DXM,36 The combined administra-
tion of TLR9-L and DXM was
more effective in inhibiting AHR
than the administration of either
TLR9-L or DXM alone. Both
TLR9-L and DXM significantly re-
duced eosinophil infiltration and the
levels of Th2 cytokines (ie, IL-5) in
BALF, as well as the number of
mucous-producing airway epithelial

ells. However, administration of TLR9-L induced a signifi-
ant level of IFN-� in BALF whereas DXM did not.36 Thus,
dministration of TLR9-L is as effective as DXM, and the
dministration of both is synergistic in the prevention and
eversal of inflammation in experimental asthma.

LR9-L Inhibits Airway Remodeling
llergic asthma is characterized by chronic inflammation fol-

owed by airway remodeling. This process results in subepi-
helial fibrosis, an increase in smooth muscle mass and an
ncrease in mucous glands.37 Chronically allergic mice devel-
ped sustained eosinophilic airway inflammation and AHR to
Ch, as well as other features of airway remodeling. We and

ther investigators showed that systemic administration of
LR9-L significantly inhibited the development of AHR, eo-
inophilic inflammation, airway mucous production, and most
mportantly, airway remodeling.38-40 In addition, TLR9-L sig-
ificantly reduced the level of the profibrotic cytokine, trans-
orming growth factor (TGF)-�, in BALF and the lungs.38

hese studies demonstrate that the administration of TLR9-L
revents not only the Th2-mediated airway inflammation in
esponse to acute allergen challenge, but also the consequent
irway remodeling associated with chronic allergen exposure.

Administration of TLR9-L also can reverse established air-
ay remodeling. Its administration to mice with established

irway remodeling significantly reduced the degree of airway
ollagen deposition.41 These findings were accompanied with
reduction in the levels of Th2 attracting chemokines, the

umber of peribronchial Th2 lymphocytes, and the levels of
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The inhibitory effect of TLR9-L in airway remodeling was
urther demonstrated in an allergic primate model42 using rhe-
us monkeys where allergic asthma was induced with house
ust mite allergens. AHR and eosinophil infiltration were re-
uced 2-fold in monkeys treated with inhaled TLR9-L com-
ared with those that were sham-treated. Airways from TLR9-
-treated monkeys had thinner reticular basement membranes,

ewer mucous goblet cells, fewer eosinophils, and fewer mast
ells than sham-treated allergic monkeys.42 These findings
ndicate that inhaled TLR9-L is able to attenuate the magnitude
f AHR and airway remodeling produced in a nonhuman
rimate model of allergic asthma that shares similar immuno-
athological mechanisms to the human disease.

LR9-L Inhibits Experimental Allergic Rhinitis
llergen-sensitized mice that received TLR9-L had attenuated

mmediate and late phase responses to intranasal allergen chal-
enge. Specifically, TLR9-L-treated mice had less histamine
nd cysteinyl leukotriene release, and less eosinophilic inflam-
ation in their nasal passages. In addition, splenocytes from
LR9-L-treated mice displayed attenuated allergen-specific

L-4, IL-5, and IL-13 but increased IFN-� secretion.20 Thus,
ystemic or local TLR9-L delivery attenuates both the imme-
iate and the late phase responses in an experimental allergic

igure 1 The principles of TLR-9-based immunotherapy; imm
ation by TLR9-L is independent of allergens and its effect

llergen-specific therapy that provides long-term inhibition of alle
hinitis (AR) model. w
LR9-L Inhibits Experimental Allergic
onjunctivitis
hort ragweed (RW) is the major cause of late summer allergic
onjunctivitis (AC) in North America.43 We have investigated
he ability of TLR9-L to modulate allergic responses in a
W-induced mouse model of seasonal AC.19 Systemic or
ucosal administration of TLR9-L before or simultaneously
ith RW challenge inhibited the immediate hypersensitivity

nd the late-phase responses and the induction of cellular
nfiltration in the conjunctiva. TLR9-L-administration signifi-
antly suppressed the development of RW-specific IgE titers
fter repeated allergen challenge and improved the clinical
ymptoms of AC to the same degree observed for DXM.

echanism of Immunomodulation by TLR9-L:
nduction of Indoleamine 2,3-Dioxygenase
nitially, we and other investigators speculated that the immu-
omodulatory activities induced by TLR9-L are mediated by
edirecting an allergen-specific Th2 response toward a Th1
esponse.17,19 Recently, we found that indoleamine 2,3-dioxy-
enase (IDO), the rate-limiting tryptophan (trp) catabolizing
nzyme, is induced in the lungs by TLR9-L and suppresses
h2-driven allergic asthma.44 IDO is induced by TLR9-L, as

dulation and vaccination. Immunomodulation of allergic inflam-
sient (up to 6 weeks). TLR9-based vaccination therapy is an
pecific hypersensitivities.
unomo
is tran
ell as some other TLR-Ls,45,46 mainly via the production of
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FNs.47 IDO expression is enhanced by IL-10 but suppressed
y IL-4 and IL-1348 and is expressed in various cell types
ncluding fibroblasts, macrophages, dendritic cells and epithe-
ial cells.49,50 TLR9-L-induced IFN-� amplifies IDO expres-
ion and enzymatic activity in the bronchial epithelial cells.
he inhibition of IDO activity by a specific inhibitor, 1-methyl-
L-tryptophan (M-trp), reversed the immunomodulatory ef-

ects of TLR9-L in experimental asthma as was demonstrated
y an increase in AHR, eosinophilic infiltration, and in the
evels of IL-5 and IL-13 in the BALF. We observed that
LR9-L administration, via IDO induction, reduces the sur-
ival of allergen-specific Th2 cells and, consequently, Th2
ytokine production using an adoptive transfer model of Th2
ells into SCID mice.44 These data indicate that TLR9-induced
DO mediates its immunomodulatory effects by inducing the
eath of effector Th2 cells and not via the induction of a Th1
r a regulatory T cell response.

echanism of Imunmodulation by TLR9-L:
nhibition of the Th2 Phenotype Spread
pidemiological evidence indicates that the key events con-

ributing to the development of allergic asthma occur in early
hildhood.51-53 An accelerated generation of Th2 memory re-
ponses against various aeroallergens also occurs during these
arly years.54,55 We hypothesized that a preexisting Th2/asth-

igure 2 Immunomodulation by TLR-9-L affects the early and l
inutes after allergen exposure. TLR9-L inhibits IgE synthesis, hi
he late phase reaction, which is orchestrated by many types of cel
-4 hours after allergen exposure, and resolves in 12-24 hours. TLR
osinophils, and neutrophils) in the late phase reaction. Allergic res
dema, or mucous secretion. ; indicates the sites of inhibition by
atic response can promote Th2 responses to the same or to a
ewly encountered allergens (ie, Th2 phenotype spread).
LR9-L administration inhibited the production of chemo-
ines involved in the homing of naive CD4� T and Th2 cells
o the bronchial lymph nodes, which resulted in the abrogation
f the future development of a Th2 phenotype spread. This
uggests that TLR9-L may be effective in reducing the spread
f allergen reactivity in atopic children.54,55

LR9-BASED VACCINATION FOR ALLERGIC
ISEASE
he principal goal of a vaccination strategy against allergic
isease is to elicit a protective immune response to a specific
ntigen/allergen. In the past, researchers have modified anti-
ens to make them less allergenic and more immunogenic in
rder to prevent adverse reactions upon allergen injection, that
s, allergen desensitization.56 We have developed two strate-
ies for TLR9-based vaccination: the injection of a TLR9-L
ixed with allergens and the injection of allergen-TLR9-L

ISS)-conjugates (AIC). Vaccination with allergens mixed or
onjugated with TLR9-L has been shown to be effective in
eversing Th2-biased immune profiles and is accompanied by
Th1-biased immune deviation.21,57

Physical linking of TLR9-L to allergens substantially im-
roved the immunogenicity while it reduced the allergenicity

ses of the allergic reaction. The early phase reaction occurs within
e release, and the induction of leukotriene C4 (LTC4) in the lung.
example, Th2 cells, eosinophils, neutrophils and mast cells, begins
hibits the infiltration and survival of inflammatory cells (Th2 cells,

in experimental asthma include bronchoconstriction, submucosal
dministration of TLR9-L.
ate pha
stamin
ls, for
9-L in
ponses
nd the anaphylactogenicity of the related allergen as com-
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ared with allergen mixed with TLR9-L.18,58,59 In mice, the
njection of TLR9-L conjugated to the major short ragweed
llergen, Amba1 (the allergen associated with hay fever), in-
uced IFN-�-producing CD4� T cells and a higher titer of
mba1-specific IgG2a as compared with Amba1 mixed with
LR9-L. Furthermore, AIC treatment in mice sensitized to
mba1 converted a preexisting Th2 response to a Th1 re-

ponse (ie, increased IgG2a and IFN-� production and de-
reased IgE and IL-5 production).60 AIC was less allergenic
han naïve protein because the bound ODNs sterically prevent
ts recognition by specific IgE.57,59,60 Furthermore, AIC prep-
rations had enhanced allergen uptake61,62 and presentation.
ndeed, recent data from a clinical trial with TLR9-L conju-
ated to Amba1 (TOLAMBA; Dynavax, Berkeley, Calif)
emonstrated significant symptom relief and immunomodula-
ion of the allergic response in patients with allergic rhini-
is.23,25,63 AIC led to a shift from Th2 immunity toward Th1
mmunity and appeared to be safe.64 In addition, AIC exhibited
ignificant fewer local reactions on quantitative intradermal
kin titration compared with standardized aqueous ragweed.24

aken together, AIC demonstrates higher immunogenic and
herapeutic efficacy and improved safety compared with the
onventional allergen desensitization (vaccination) approach.

ONCLUSIONS
ccumulated experimental data in animal models and emerg-

ng data from clinical trials support TLR9-based immunother-
py as effective in the prevention and treatment of allergic
isorders. TLR9-based immunotherapy contains 2 distinct
trategies: TLR9-based immunomodulation and vaccination
Figure 1). Immunomodulation by TLR9-L prevents or treats
llergic symptoms in experimental models of allergic asthma,
hinitis, and conjunctivitis. IDO induced by TLR9-L is one of
he mechanisms by which TLR9-L inhibits experimental
sthma. TLR9-L intervenes in the sequential development of
llergic immunopathology (eg, Th2 phenotype spread, airway
emodeling), and TLR9-based vaccination provides long-term,
igher immunogenic and therapeutic efficacy, as well as im-
roved safety compared with conventional allergen vaccina-
ion. Because the beneficial effects of TLR9-based immuno-
herapy, vaccination and immunomodulation are different from
ach other, that is, allergen specific vs allergen nonspecific, or
ong term vs short term, we propose that these two therapeutic
trategies could be used to complement each other for the
reatment of allergic disease, once their efficacy has been
stablished through clinical trials.
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