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Abstract

Background—CpG-containing oligodeoxynucleotides (CpG-ODN) are potent inhibitors of Th2-
mediated allergic airway disease in sensitized mice challenged with allergen. A single treatment
has transient effects but a limited series of treatments has potential to achieve clinically
meaningful sustained inhibition of allergic airway disease.

Objective—To optimize the treatment regimen and determine the mechanisms of action in mice
of an inhaled form of CpG-ODN being developed for human asthma treatment.

Methods—A limited series of weekly intranasal 1018 ISS (CpG-ODN; B-class) treatments were
given to ragweed allergen-sensitized mice chronically exposed to allergen during and after the
1018 ISS treatment regimen. Treatment effects were evaluated by measuring effect on lung Th2
cytokines and eosinophilia as well as lung dendritic cell function and T cell responses.

Results—Twelve intranasal 1018 ISS treatments induced significant suppression of BAL
eosinophilia and IL-4, IL-5, and IL-13 levels and suppression was maintained through 13 weekly
ragweed exposures administered after treatment cessation. At least 5 treatments were required for
lasting Th2 suppression. CpG-ODN induced moderate Th1 responses but Th2 suppression did not
require IFN-y. Th2 suppression was associated with induction of a regulatory T cell response.

Conclusion—A short series of CpG-ODN treatments results in sustained suppression of allergic
lung inflammation induced by a clinically relevant allergen.
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Introduction

Results

Current treatment options for allergic asthma: bronchodilators which improve lung function
and corticosteroids which reduce lung inflammation, provide temporary relief but do not
address the causes underlying allergic disease 1. Allergen-specific immunotherapy provides
long-term relief for allergic rhinitis but is not as effective for asthma 2-3. Thus, the need to
develop treatment alternatives for asthma that have long-lasting, disease-modifying effects is
apparent 6.

The potential of CpG-containing oligodeoxynucleotides (CpG-ODN) as an immune-
modulating therapy for allergic asthma has been demonstrated in many animal models.
CpG-ODN stimulate innate and adaptive immune responses through TLR9 expressed
principally by plasmacytoid dendritic cells (pDCs) and B cells in humans ’: 8. In allergen
challenge models, prophylactic or therapeutic CpG-ODN administration inhibited airway
hyperresponsiveness, mucus secretion, eosinophilia, Th2 cytokine levels, and Th2 migration
to the lung %17, Long-term treatment models in mice and monkeys (3 to 6 months in
duration) demonstrate inhibition of lung inflammation and remodeling in the presence of
continued CpG-ODN dosing 18-24, However, enduring suppression of Th2 responses in the
presence of frequent allergen exposures long after completion of a limited CpG-ODN
treatment course, a model more relevant to clinical application, has not been demonstrated in
animal models of allergic asthma.

Evidence that brief treatment with CpG-ODN could produce long-term suppression of
allergic disease comes from clinical studies using the CpG-ODN 1018 ISS conjugated to the
major ragweed allergen Amb a 1. Studies showed that 6 doses result in lower nasal and
systemic Th2 responses with reduction in allergy symptoms for two ragweed seasons after
treatment 25-27,

CpG-ODN therapy thus has potential for durable disease modifying effects. The optimum
strategy for treating allergic asthma, usually triggered by multiple allergens, is application
directly to respiratory tract, the site of offending allergen exposure. However, treatment
optimization requires a better understanding of the treatment regimens and mechanisms
needed to produce long term suppression of allergic disease. Thus, we developed a chronic
mouse model focused on therapeutic delivery of free 1018 ISS directly to the airways via
intranasal administration. We demonstrate that a short series of weekly treatments with free
CpG-ODN induces months-long inhibition of lung Th2 responses to ragweed. We assessed
the contributions of dendritic cell function as well as T cell subset responses to the
maintenance of this CpG-ODN-induced disease modification.

A series of 1018 ISS treatments induces long-lasting suppression of allergic responses of
mice chronically exposed to ragweed

To test whether ongoing CpG-ODN treatments could affect and maintain inhibition of lung
Th2 responses, we developed a murine allergic asthma model with a treatment and allergen
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exposure pattern intended to mimic the clinical delivery of inhaled CpG-ODN to patients.
After sensitization to RW in alum, mice were exposed weekly to low dose intranasal (0.5
ng) RW. Treated mice received 20 pg 1018 ISS intranasally with weekly RW exposures (Tx
Protocol 1, Fig 1, A). Treatment Protocol 1 represents continual concurrent weekly allergen
exposures and 1018 ISS treatments. Groups of mice were sacrificed after 1, 3, 8 and 17
weeks of treatments in order to determine how many weekly treatments were required to
suppress inflammation in the presence of ongoing allergen challenges. To assess treatment
effects without the confounding effects of the direct response to 1018 ISS, mice were rested
for 2 weeks before a final challenge with a high dose (5 pug) of RW. Control mice were
sensitized to RW, but exposed to saline thereafter.

Chronic RW exposures induced a Th2-polarized lung inflammation, with large increases in
IL-4, IL-5, and 1L-13 protein and BAL eosinophilia (Fig 1, B), which continued through 17
weekly allergen challenges. Intranasal 1018 ISS, in conjunction with weekly RW exposures
(Tx Protocol 1), resulted in a sharp reduction to background of all markers of Th2 activity
by 8 weeks and continuing through 17 weeks of exposure to RW plus 1018 ISS (Fig 1, B).

To determine whether a limited course of CpG-ODN treatment had durable effects in
chronically allergen-exposed mice, some groups received weekly allergen exposures after
completion of a course of 1018 ISS (Tx Protocol 2, Fig 2, A). Treatment Protocol 2
represents a limited course of weekly allergen and 1018 ISS exposures, followed by
continued weekly exposures to allergen alone. Strikingly, allergic responses were inhibited
equally well in mice administered 12 weekly RW+1018 ISS treatments followed by 4
weekly RW exposures (Tx Protocol 2) or mice administered 16 weekly RwW+1018 ISS
treatments (Tx Protocol 1). BALF Th2 cytokines, BAL eosinophil levels, and lung Th2-
associated genes 1113, Ccl11, Gob5 and Fizz1 were suppressed to a comparable extent with
either protocol (Fig 2, B). Subsequent experiments showed that Tx Protocol 2 was highly
effective even when as many as 13 weekly RW exposures were administered after the series
of 12 weekly 1018 ISS treatments (Fig 2, C). Thus a limited series of CpG-ODN treatments
inhibited allergic lung inflammation for over 3 months after treatment in the presence of
continued weekly allergen challenges.

To determine the minimum number of treatments required for stable disease modification,
Tx protocol 2 was varied to include groups receiving 1, 3, 5, or 8 weekly RW+1018 ISS
treatments, followed by 4 additional weekly RW exposures each. At least 5 weekly 1018
ISS treatments were required to achieve significant, lasting reduction of Th2-mediated
responses to continued allergen exposure (Fig 3). This suggests that a limited series of 1018
ISS treatments can produce a lasting reduction of Th2-based immune dysfunction in allergic
asthma.

1018 ISS treatments induce a shift from a ragweed-specific Th2 to Thl response

To determine whether CpG-ODN treatments induced a Th1 shift in lungs of RW allergen-
exposed mice, we measured lung Thl-associated genes. CpG-ODN are expected to enhance
Th1 responses and this was demonstrated by the progressive increase in expression of the
Th1l-associated genes, I1fng, Cxcl9, and Cxcl10 in mice receiving RW+1018 ISS but not RW
only (Fig 4, A; Tx Protocol 1). This progressive Th2 to Th1-like shift in RW+1018 ISS-
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treated mice was observed directly in ragweed-specific lung T cells (Fig 4, B). Following ex
vivo re-stimulation with RW, lung-derived antigen-specific CD4* T cells were identified by
de novo expression of CD154 28-30_ After 17 weekly RW exposures, these cells were
predominantly Th2-like, but predominantly Thil-like in mice treated 17 weeks with RW
+1018 ISS (Tx Protocol 1; Fig 4, C). Secreted BALF IFN-vy protein, however, was below the
limit of ELISA detection (13 pg/mL), suggesting only a moderate induction of Thl
responses in 1018 ISS treated mice. The Th1 shift in lungs was reflected systemically as
indicated by reduced IgE levels and elevated 1gG2a levels in serum of mice administered
RW+1018 ISS (Tx Protocol 1; see Fig E1 in this article’s Online Repository at
www.jacionline.org).

To determine the role of IFN-y in maintenance of the Th2 to Th1 shift induced by 1018 ISS,
mice were administered 13 weekly RW+1018 ISS treatments (Tx Protocol 2) and were then
treated with anti-IFN-vy antibody, isotype control antibody, or no antibody during 4 weekly
post-treatment RW exposures. Once established, the lasting Th2 suppression resulting from
1018 1SS was not reversed by IFN-y neutralization. BALF IL-4, IL-5, and serum IgE as well
as levels of IL-4 or IL-5-expressing RW-specific T cells in the lung or blood remained low
in anti-IFN-vy treated mice (Fig 5, A-B). Inhibition of lung Cxcl9 and Cxcl10 expression in
RW+1018 I1SS-treated mice confirmed the activity of IFN-y antibodies (data not shown).

Ragweed-pulsed dendritic cells cannot restore allergic responses in 1018 ISS-treated mice

A single CpG-ODN treatment inhibits the ability of lung APC to activate Th2 cells 31, To
determine whether APC dysfunction could explain the durable Th2 suppression resulting
from 1018 ISS treatment, mice were challenged with exogenous APC pulsed with RW
antigen. Intra-tracheal challenge with allergen-pulsed BMDCs, is comparable to airway
allergen challenge and sufficient to induce all features of allergic airway inflammation in
sensitized mice 3234, Mice given 5 weekly treatments with RW+1018 1SS, followed by 4
weekly RW exposures (Tx Protocol 2) were challenged with RW-pulsed BMDCs
(RWpDCs), untreated DC, RW, or saline. RW-exposed mice challenged with RWpDCs had
elevated BALF IL-5 and IL-13, BAL eosinophils, and lung Th2-associated genes (Fig 6, A).
However, RWpDCs did not restore Th2 responses in 1018 ISS-treated mice (Fig 6, A), but
rather induced expression of the Thl-associated genes 1fng, Cxcl9, and Cxcl10 (Fig 6, B).
Thus, allergen presented by DCs never exposed to 1018 ISS did not restore the Th2 response
to RW in 1018-treated mice, indicating that defects in lung APC function are not sufficient
to explain the long-lived inhibition of Th2 responses by 1018 ISS.

Elevated expression of regulatory T cell-associated genes and proteins and increased
regulatory T cell activity results from 1018 ISS treatment

Having demonstrated that neither IFN-y nor chronic suppression of APCs could fully
account for the persistence of 1018 1SS-induced Th2 inhibition, we employed microarray
analysis to provide a comprehensive and unbiased approach to identify differences between
RW, RW+1018 ISS treated, and control mice. To assess steady-state gene expression, no
final ragweed challenge was administered to mice rested 2 weeks after 16 weekly RwW+1018
ISS treatments (Tx protocol 1). Microarray analysis revealed a pattern of 1018 1SS-induced
up-regulation of regulatory T cell (Treg)-associated genes. Specifically genes for Foxp3,
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IL-10 and TGF- (Tgfbl) as well as Treg-associated proteins CD223 (Lag3), CD134
(Tnfrsf4), and CD25 (I112ra) were all expressed at significantly higher levels in 1018 ISS-
treated mice than RW-exposed or control mice (Figure 7, A). The expected Th2 or CpG-
ODN-inducible gene expression was also evident in RW and RW+1018 ISS treated mice,
respectively (see Tables E1 and E2 in this article’s Online Repository at
www.jacionline.org).

Elevated Treg-associated gene expression in RW+1018 ISS treated mice was reflected at the
protein level, except for CD25, as shown by flow cytometry of lung CD3*CD4" T cells
(pooled/treatment group) from RW+1018 1SS-treated compared to RW-exposed mice (Fig 7,
B; Tx Protocol 2, 5 weekly RW+1018 ISS, followed by 4 weekly RW, no final challenge).
Additionally, CD3*CD4*Foxp3*T cells from lungs of 1018 1SS-treated mice (Tx Protocol 1,
16 weekly RW+1018 ISS, no final challenge) demonstrated an increased proportion of
CD25*CD127'° T cells containing higher numbers of CD39*CD73* T cells (Fig 7, C).
CD39*CD73* expression ranged from ~5-8% for T cells from RW+1018 1SS-treated mice
compared to ~0-2% for T cells from RW-exposed mice. Lastly, CD4*CD25" “regulatory” T
cells were incubated at different ratios with CD4*CD25~ “effector” T cells (Tgs) as well as
irradiated spleen cells (APCs) from the lungs of RW-exposed mice. On a per cell basis, Treg
cells from RW+1018 1SS-treated mice suppressed anti-CD3 stimulated Tggs cell
proliferation more effectively than Treg from RW-exposed mice (Figure 7, D). These data
demonstrate that a short course of 1018 ISS treatment induces a functional regulatory T cell
response which correlates with reduced allergic lung responses in this chronic asthma
model.

Discussion

Defining the conditions for generating durable suppression of allergic airway disease is a
key step in developing a CpG-ODN treatment regimen in humans. Previous reports of CpG-
ODN treatment in longer-term murine asthma models (3 to 6 months duration) examined
effects within days of the last dose administered or only after a very limited number of
allergen challenges following therapy, a scenario not representative of natural chronic
allergen exposure 10.18-23 \\jth the aim to model human allergic asthma as closely as
possible, we developed a long term asthma model using weekly exposures to a clinically
relevant allergen (RW) administered at a dose (0.5 pg) much lower than previously reported
in limited RW allergen exposure studies® 3% 36, |_ung Th2 inflammation was sustained for
a half-year with weekly low-dose RW exposures. Using this model, we tested whether a
limited course of inhaled CpG-ODN therapy would produce durable inhibition of Th2
responses despite recurrent weekly allergen exposures continuing after cessation of CpG-
ODN treatments. The drug was delivered directly to the lung by intranasal administration,
which has been shown to be more effective than distal delivery37, and is the intended
administration route for clinical application.

Our data show that 12 weekly 1018 ISS treatments induce suppression of allergic airway
inflammation lasting through 13 subsequent weekly RW exposures and a final high dose (5
ug) RW allergen challenge 2 weeks later (i.e. suppression was maintained for a total of 15
weeks). Therefore the period of post-treatment disease inhibition lasted longer than the
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treatment period and likely may last even longer, as no loss of efficacy was observed. A
minimum of 5 weekly 1018 ISS doses were required to suppress Th2 functions and the
suppression lasted for at least 6 weeks without loss of efficacy. Thus, CpG-ODN offers the
potential to induce disease modifying effects in allergic asthma after a relatively brief
treatment regimen, possibly to multiple allergen sensitivities. In comparison, allergen-
specific immunotherapy generally requires much longer treatment regimens (2-3 years) to
induce sustained remission lasting in time up to the length of the treatment regimen38: 39,

CpG-ODN are known to induce Th1 responses 7- 40 and the durable suppression of Th2
responses achieved here was accompanied with a moderate shift to more Th1-like responses
in the lungs of 1018 1SS-treated mice. The continuing presence of a small population of lung
ragweed-specific Th2 cells in 1018 ISS-treated mice suggests that the treatment regimen
may not completely eliminate Th2 cells, but substantially compromises their function. In
vivo neutralization of IFN-y administered after completion of 1018 ISS treatment however
did not reverse lung Th2 suppression (Fig 5), showing that the Th1 shift is not required for
Th2 inhibition, although it may still contribute to the effect. Sustained impairment of lung
DCs cannot account for 1018 ISS-induced long term suppression of Th2 responses as
delivery of fresh antigen-loaded DCs directly to the lungs did not restore local Th2
inflammation in 1018 1SS-treated mice (Fig 6). However, it is possible that impairment of
DC responses may also play a role.

Animal model and clinical studies suggest that regulatory T cells have the potential to
contribute to suppression of allergic airway disease. In mice, adoptive transfer of
CD4*CD25* Treg cells into sensitized mice before or after allergen challenge reduces
allergic inflammation in the airways 4143 and, conversely, Treq depletion exacerbates
allergic responses®. In patients on specific immunotherapy, induction of
CD4*CD25*Foxp3* T cells and 1L-10 expression has been correlated with 1gG4/IgE ratios
and clinical efficacy for suppression of seasonal allergies*>-47. Indeed, analysis of allergen-
specific T cells in healthy and allergic individuals suggest that the fine balance between
TRreg and Th2 cells may determine the development of allergic disease 48, In the present
study, expression of multiple Treg-associated genes was higher in the lungs of 1018 ISS-
treated mice (Fig 7) and this was reflected at the protein level, except for CD25 which is
also expressed on activated T cells, which are likely still to be present in the lungs at this
point 4%, In our model, the induction of TReg activity in response to 1018 1SS was confirmed
in an in vitro assay.

In summary, we evaluated whether repeated treatments with a TLR9 ligand, administered
directly into the respiratory tract of mice, leads to a disease-modifying alteration of allergic
airway inflammation caused by a common human allergen, ragweed pollen. Durable
inhibition of the response to allergen challenge was achieved in as few as five weekly
treatments with 1018 ISS and allergen and was associated with a shift from a Th2 to a mixed
Th1/TRreg response. Neither IFN-y nor long-lived inhibition of lung APC function was
required for disease modification, although both mechanisms may contribute to the overall
effect. These findings support development of inhaled CpG-ODN as a novel disease
modifying therapy for allergic asthma.
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Materials and Methods

Chronic ragweed-allergic asthma model and CpG-ODN therapy

Animal procedures were performed at Pacific Biolabs (Hercules, CA) or Murigenics
(Vallejo, CA) and were Institutional and Animal Care Use Committee—approved following
the “Guide for the Care and use of Laboratory Animals”, National Research Council (1996).
Acclimatized BALB/c mice (6-8 week old females; Charles River) were sensitized
intraperitoneally with 15 pg of ragweed (RW) (Ambrosia artemissifolia; Greer Laboratories)
in alum on days 0 and 7. After day 14 mice were exposed weekly to low dose RW (0.5 g)
for 1-26 weeks (varying/ experiment) via the intranasal route under light isofluorane
anesthesia. Mice were rested 2 weeks and given a final high dose (5 pg) RW challenge 24
hours before sacrifice. 20 ug 1018 1SS [B-class; 5-TGACTGTGAACGTTCGAGATGA],
synthesized as previously described 30 was formulated with RW and administered to
indicated treatment groups (Tx Protocol 1; Figure 1, A). In certain experiments, RW+1018
ISS administration was limited to a set number of weeks, after which mice received RW
exposures only in the subsequent weeks (Tx Protocol 2; Figure 2, A) before rest and final
RW challenge. Intraperitoneal injections of protein G-purified anti-IFN-y antibody (2 mg,
R46A2(ATCC) or XMGL1.2) were concurrent with weekly low dose ragweed exposures after
completion of 1018 ISS therapy. Hybridomas secreting XMG1.2 and GL113 (isotype
control) were kind gifts from Dr Stephen Stohlman (Cleveland Clinic, OH).

Tissue harvest and assessment of airway inflammation

Blood was collected via cardiac puncture and serum was isolated using separation tubes (BD
Biosciences). BALF was processed and BAL cytospins prepared for differential counting as
previously described3L. Single cell suspensions from treatment group-pooled lung tissue,
spleen or lymph nodes were prepared by DNase I/collagenase D digestion and depleted of
red blood cells as previously described3L. Spleen cells were irradiated for use as antigen-
presenting cells. PBMCs were isolated from heparinized mouse blood using Lympholyte
cell separation media (CedarLane) per the manufacturer’s instructions.

Cytokine and serum antibody quantification

BALF cytokines and serum antibodies were quantified using matched antibody pairs (BD
Biosciences) or ELISA kits (R&D Systems or Alpha Diagnostics International) according to
manufacturer’s instructions. Lower limits of detection were 8, 16, 8, 8, and 13 pg/mL for
IL-4, IL-5, IL-13, IL-10, and IFN-v, and 250 and 100,000 ng/mL for total serum IgE and
1gG2a, respectively.

Gene expression analysis

Real-time PCR of RNA extracted from lung tissue was performed as previously
described31: 90, Normalized data are expressed as gene/ubiquitin ratio. Microarray analysis
was performed by Expression Analysis, Inc. (Durham, NC). RNA was extracted from
individual lung samples and profiled for quality on the Agilent 2100 bioanalyzer (Agilent
Technologies) and for expression on Mouse WG-6 v2 BeadChips (I1lumina). Of 45,281
probes targeting transcripts, 30,221 were detected in >95% of samples. Log-2 expression
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levels were further analyzed using R (The Comprehensive R Archive Network), specifically
to perform T-tests with Welch’s correction for unequal variance and to plot data.

BMDC generation and adoptive transfer

Bone marrow was harvested from femurs of naive BALB/c mice and BMDCs were
generated in vitro per Lutz et al’s protocol®L. After 9 days maturation, BMDCs were pulsed
overnight with RW (100 pg/mL) and washed prior to adoptive transfer. BMDCs were
typically 80-85% I-Ad* and CD11c*. Mice received 2 x 108 RW-pulsed or non-pulsed
BMDC:s intratracheally as a final challenge 24 hours before sacrifice, following Tx Protocol
2. Control mice received RW (5 pg) or saline intratracheally.

T cell analysis

For stimulation of intracellular cytokine responses, isolated and enriched lung T cells (1 x
108/mL/pooled/ treatment group) were incubated in 96 well plates (200 pL/well) with
irradiated splenic white blood cells (5 x 106/mL), anti-CD28 (1 pg/mL) and RW (250
ug/mL) for 6 hours with Brefledin A (5 ug/mL) added for the final 4 hours. Intracellular
cytokines were quantified as a percentage of CD154 (CD40L) antigen-reactive T cells as
previously described 30, Non-stimulated, enriched lung T cells (pooled/treatment group)
were surface stained with antibodies (BD Biosciences or eBiosciences). Samples were
collected on a FACSCaliber or a LSRII flow cytometer (BD Biosciences). Analysis was
performed using Flow Jo software (Tree Star, Inc) with gating through light scatter-defined
lymphocytes followed by CD3*CD4" T cells. To evaluate Treg activity in vitro, enriched
lung T cells (pooled/treatment group) were stained for CD4 and CD25 and sorted on a
MoFlo high speed sorter (DakoCytomation). 200 uL triplicate cultures of CD4*CD25*
(Treg) cells from RW or RW+1018 1SS-treated mice and CD4*CD25™ (Tg) cells (5 x10%)
from RW-exposed mice were stimulated with anti-CD3 (0.5 pg/ml) in the presence of
irradiated spleen cells (1 x 10°) for 48 hours in 96-well U-bottom plates. Proliferation was
measured following a final 6 hour pulse with 1 uCi of 3H-Thymidine.

Analysis of data

Individual sample data are expressed as mean + SEM. All study groups were tested for equal
variance and compared with the respective RW-exposed group using 1 or 2-way ANOVA,
the Mann-Whitney U test, or t-test. A probability (P) value of <0.05 was regarded as
statistically significant.

Online Repository

Figure E1 shows total serum IgE and 1gG2a in saline, RW, and RW+1018 ISS Tx Protocol
1-treated mice. Tables E1 and E2 show, respectively, fold induction of selected Th2-
associated genes in lungs of RW-sensitized mice exposed weekly to low dose RW (0.5 pg)
and, induction of selected CpG-ODN-up-regulated genes in lungs of RW-sensitized mice
exposed weekly to 1018 ISS and low dose RW. Treatments were by the intranasal route and
results are shown for groups with or without a final high dose RW challenge (5ug) 24 h
before sacrifice.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APC Antigen-presenting cell
BAL(F) Bronchoalveolar lavage (fluid)
BMDC Bone marrow dendritic cell
CpG-ODN CpG-containing oligodeoxynucleotides
NK Natural Killer
pDC plasmacytoid dendritic cell
RW ragweed
Treg Regulatory T cell
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Fig 1. 1018 ISS treatments progressively suppress airway Th2 responses
A, Tx protocol 1: 1, 3, 8, or 17 weekly intranasal saline, RW, or RW+1018 ISS treatments, 2

weeks rest, and a final RW challenge 24 hours before sacrifice. B, BALF cytokines and
eosinophils (mean + SEM, 5 mice/group). *P<0.05, **P<0.01, or ***P<0.0001, compared
to RW. 1 representative experiment of 4 shown.

Thorax. Author manuscript; available in PMC 2015 September 03.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Campbell et al.

A) RW + 1018 ISS Tx Protocol 2

Rest  *
*x ARARRAARANRAREEEE]

12 3 45 6 7 8 9 10 11 12 13 14 15 16
Weekly Intranasal Administrations

* 2x 15 ug RW Sensitization w/ Alum
B 0.5 ug RW Exposure
Fs5 ug RW Challenge (24 h Before Sacrifice)

A 20 pg 1018-ISS Treatment

B) Tx Protocol 1 versus Tx Protocol 2 (+4 weekly RW exposures post 1018 ISS treatments)

Page 15

BALF IL-4 BALF IL-5 BALF IL-13 BAL Eosinophils
300 600 300 £ 20
3
o 15
— 200 — 400 — 200 hrt
£ £ £ <
> =) ) m 10
Qo Q Q _
100 200 100 ]
* . '9 5 *kkk
*k *% *k *k e\n F*kkk
0 0 0 0
Lung 1113 Lung Ccl11 Lung Gob5 Lung Fizz1
.% 80 .% 4000 -% 5x1004 -% 31005
o 14 14 14
c 60 c 3000 g 9107 c
B £ £ 34004 £ 2400
S S 5 3x10 H
o 40 T 2000 k=3 k=3
o * o 8 2x1004 o
2 *x 2 =) S 1x00¢ ¥ P
3 20 s 1000 - e S 1,100¢ g
o ® @ Jk *% o
o o (C] 0 [C] 0 o 0
RW Tx Tx RW Tx Tx RW Tx X RW Tx Tx
Protocol 1 Protocol 2 Protocol 1 Protocol 2 Protocol 1 Protocol 2 Protocol 1 Protocol 2
RW+1018 ISS RW+1018 ISS RW+1018 ISS RW+1018 ISS
C) Tx Protocol 1 versus Tx Protocol 2 (+13 weekly RW Exposures post 1018 ISS treatments)

pg/ml

=
a o
o © o

BALF IL-4
200

150

pg/ml

3

300

200

100

BALF IL-5

pg/ml

B

200

150

100

50

BALF IL-13

32

24

% Total BAL Count
-] ;

BAL Eosinophils

o

Lung 113 Lung Ccl11 Lung Gob5 Lung Fizz1
2 350 2 3000 £ 20404 2 2008
© © © ]
& = € 1.5x104 - 1.5x10%
£ ;zg £ 2000 £ £
5 5 T 1.0x104 5 10405
2 i 5 10 3 5
3 100 3 3 5.0x10° T 5.0x10¢
§ o 5 ; 5 §
[CI] o 0 (C] 0 o 0
RW Tx Tx RW Tx Tx RW Tx Tx RW Tx Tx
Protocol 1 Protocol 2 Protocol 1 Protocol 2 Protocol 1 Protocol 2 Protocol 1 Protocol 2
RW+1018 ISS RW+1018 ISS RW+1018 ISS RW+1018 ISS

Fig 2. Limited 1018 ISS treatments induce lasting suppression of airway Th2 responses
A, Tx Protocol 2: Groups similar to Tx Protocol 1 except that 1018 ISS was given for 12

weeks, followed by either 4 (B) or 13 (C) weekly RW only exposures. BALF cytokines,
eosinophils, and lung gene expression shown (mean + SEM, 5 mice/group). *P<0.05,
**P<0.01, and ***P<0.0001, compared to RW. 1 representative experiment of 4 shown.
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Fig 3. Five weekly 1018 ISS treatments are required for durable suppression of allergen-induced

Th2 responses in the airways

Tx protocol 2 with 1, 3, 5, or 8 weekly RwW+1018 ISS treatments followed by 4 weekly RW
exposures, compared to continual RW exposures. BALF cytokines and eosinophils depicted
(mean £ SEM, 5 mice/group). **P <0.01 and ***P<0.001, compared to RW. 1

representative experiment of 2 shown.
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Fig 4. 1018 ISS progressively induces a Th1 shift in lungs of treated mice
A) Lung gene expression (mean £ SEM, 5 mice/group; Tx Protocol 1). **P <0.01,***P

<0.001, and ****P<0.0001, compared to RW. B) Kinetics of intracellular cytokine
expression as a proportion of CD1547 cells (lung tissue pooled per group), C) Intracellular
cytokine expression after 17 weeks of Tx Protocol 1. Data representative of 2-4 experiments.
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Fig 5. IFN-y is not required for maintenance of 1018 1SS-induced disease modification
Tx Protocol 2: 13 weekly RW+1018 ISS treatments were followed by 4 weekly RW

exposures + antibodies. A) BALF cytokines and serum IgE (mean = SEM, 5 mice/group).
***pP<(.001, ****P<0.0001, compared to RW. B) Antigen-specific intracellular cytokine
expression (tissue pooled/group). Data representative of 2 experiments.
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Fig 6. Ragweed-pulsed BMDCs do not restore Th2 responses in 1018 ISS treated mice
Tx Protocol 2: 5 weekly RW+1018 ISS treatments were followed by 4 weekly RW

exposures, final challenge of pulsed DCs (RWpDCs), DCs, RW or saline. (A) Th2
cytokines, eosinophils and genes, and (B) Thl genes (mean +/— SEM, 8 mice/group).
*P<0.05, **P <0.01, ***P<0.001, ****P<0.0001, compared to corresponding RW treatment
group. Data representative of 2 experiments.
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Fig 7. 1018 1SS-induced disease modification is associated with induction of a lung Treg response
A) Lung tissue expression of Treg-associated genes revealed by microarray analysis (16
weeks Tx Protocol 1, no final challenge). Student’s t-test p-value, compared to RW, is
indicated on box-and-whisker plots (1 experiment/n=>5). B) Surface expression of Treg
markers on lung CD4* T cells (pooled/treatment group; 5 weeks Tx Protocol 2, then 4
weeks RW only, no final challenge). C) CD39 and CD73 expression on lung
CD25MCD127!°CD4*CD25*Foxp3*T cells (pooled/treatment group; same protocol as A).
D) Proliferative responses of anti-CD3-stimulated lung Tg¢ (CD47CD257) from RW-
exposed mice incubated with irradiated splenic APCs and lung Treg (CD4* CD25%) from
RW or RW+1018 ISS treated mice (mean + SEM of triplicate cultures, cells pooled/
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treatment group; 7 weeks Tx Protocol 1, no final challenge). Average for Tg¢ in absence of
TRreg Was 2000 CPM. Data are representative of 3-5 experiments.
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