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Abstract

Background Anti-tumor necrosis factor (TNF)-o therapeutics has the potential
to alleviate allergic inflammation. However, in previous studies, the systemic
administration of anti-TNF-o agents was frequently accompanied by many adverse
effects, such as infection, immunogenicity and malignancy. Efforts are made in the
present study to evaluate whether or not local administration of TNF-o, antisense
oligonucleotide would inhibit allergic airway inflammation and influence systemic
immune responses in an ovalbumin-induced asthmatic murine model.

Methods The treatment effects of TNF-o antisense oligonucleotide on mice,
as well as the alternative proportion of regulatory T cells and Ty2 cells, were
examined and compared with untreated mice.

Results Local administration of TNF-o antisense oligonucleotide resulted in
significantly inhibited TNF-o expression, remarkably decreased inflammatory
cell infiltration and dramatically reduced mucus hypersecretion. These treatment
effects were associated with induced CD4*CD25Foxp3™ regulatory T cells,
reduced Ty2 cells and generally decreased Ty2-type cytokines expression in
bronchoalveolar lavage fluid. Systemic immunosuppression was not triggered
by local antisense oligonucleotide administration because the proportion of
CD4*CD25*Foxp3™ regulatory T cells in the blood, thymus or spleen was not
affected. Attenuated 4-1BBL expression was likely involved in the alternative
proportion of T cells.

Conclusions These findings demonstrate that local administration of TNF-o
antisense oligonucleotide contributes to anti-inflammatory action via the enhance-
ment of regulatory T cells-mediated immune tolerance, which is not accompanied
by systemic immunosuppression associated with systemically-induced regulatory
T cells. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Asthma is a chronic inflammatory pulmonary disease characterized by airway
hyperresponsiveness, chronic eosinophilia, elevated serum immunoglobulin
(Ig)E, excessive mucus production, and airway remodeling [1]. The path-
ogenesis of asthma is associated with the expansion and activation of type 2
helper T cells (Ty2) cells in the airway [2]. These activated Ty2 cells up-regulate
the expression of a gene cluster encoding Ty2-type cytokines interleukin
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(IL)-4, IL-5, IL-9 and IL-13, which are involved in IgE
synthesis, the recruitment of mast cells, and the maturation
of eosinophils and basophils [3]. By these Ty2-biased
responses, immune tolerance against allergens is broken
down and lung function is threatened by on-going allergic
airway inflammation.

Patients with refractory asthma have obvious evidence
of an up-regulated tumor necrosis factor o (TNF-o) axis
[4]. In recent years, TNF-a has served as a potential
therapeutic target for the treatment of asthma. There
are six reported clinic trials concerned with the
systemic administration of anti-TNF-o monoclonal antibody
(mAb) or soluble receptor for treating asthma, although
contradictory results have emerged. Two trials have
confirmed the efficacy of anti-TNF-o soluble receptor
Etanercept [4,5] and two trials have denied this efficacy
[6,7]. In addition, a trial using anti-TNF-o mAD Infliximab
resulted in a reduced number of mild exacerbations [8],
whereas another trial using Golimumab led to serious
adverse events, and even one death and eight malignan-
cies occurred in the Golimumab groups [9]. From these
studies, the use of anti-TNF-o therapeutics reveals its
potential for the treatment of asthma, especially refrac-
tory asthma with overexpressed TNF-o, although the
therapeutic method needs to be discussed and the serious
adverse effects need to be dealt with.

Indeed, in the past 10years, there has been serious
concern on the adverse effects that accompany the systemic
administration of anti-TNF-o. mAb or soluble receptor for
inhibiting pathologic inflammation systemically. Infections,
immunogenicity and malignancies, as well as pneumonia
and interstitial lung disease, have been reported in the
therapeutic processes of various inflammatory diseases
[10]. There were obvious clues that immunogenicity and
comprehensive immunosuppression caused by systemic
administration of protein-based anti-TNF-o. agents were
involved. Thus, the strategy that local administration of
anti-TNF-o agent with no proteantigen-triggered immuno-
genicity, in which nucleic acid antisense drugs are the
preferred candidate, is proposed as an alternative for
treating these inflammatory diseases.

In previous studies and trials, the mechanism of
anti-TNF-a therapeutics on allergic inflammation was
attributed to the inhibition effect on TNF-o-mediated
eosinophilic disorder, in which the attenuated chemo-
kines, adhesion molecules and various cytokines were
involved [5,11]. Although eosinophils were associated
with allergic inflammation, more recent studies have
indicated that the allergen-induced Ty2 responses must
play more critical part in allergic inflammatory pathology
[3]. This conceptual improvement resulted in a varied
progression with respect to the restored immune toler-
ance against Ty2 responses, such as glucocorticoid-
induced regulatory T cells (Tregs)-mediated immune
tolerance [12]. However, there was little concern about
the influence of anti-TNF-a therapeutics on allergen-
induced Ty2 responses, and the mechanism of anti-TNF-o
therapeutics on allergen-induced Ty2 inflammation
remains unclear.

Copyright © 2012 John Wiley & Sons, Ltd.
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In the present study, we focused on the treatment effect
of local TNF-o antisense oligonucleotide (ASO) administra-
tion in an ovalbumin (OVA)-induced asthmatic murine
model. ASO ISIS25302, which was designed to target
the 3’-UTR of the primary RNA transcript of TNF-o, was
administered intranasally. ASO was enriched in the airway
epithelium and significantly inhibited TNF-o expression
was found in bronchoalveolar lavage fluid (BALF) and
the airway epithelium. Accompanied by inhibited TNF-o
expression, the infiltrates of eosinophils and mast cells
were remarkably attenuated, and mucus production was
apparently reduced. For the mechanism study, we found
that inhibited TNF-o expression caused by instilled TNF-a
ASO contributed to a dramatically increased proportion of
CD4*CD25"Foxp3* Tregs in BALF. In parallel, the proportion
of CD3*CD8TL-4™ T2 cells and the levels of Ty2-type cyto-
kines IL-4, IL-5, IL-13 in BALF were remarkably decreased.
All these effects were not concerned with any significant differ-
ence in the proportion of CD4"CD25"Foxp3* Tregs in the
blood, thymus and spleen. We also found that co-stimulatory
molecule ligand 4-1BBL in trachea tissue and lung tissue was
restricted by the inhibited TNF-o. expression, which was likely
involved in the alternative proportion of T cells. This mecha-
nism of anti-TNF-o. therapeutics probably provides hints with
respect to a new therapeutic target of allergic inflammation.

Materials and methods
Mice

Female BALB/c aged 6-8weeks of age was obtained from
Laboratory Animal Center of Nanjing University (Nanjing,
China). All animals were housed in a SPF facility and received
human care in accordance with Chinese legal requirements.

Antisense oligodeoxynucleotide

The phosphorothioate-modified antisense oligonucleotide
used in the present study, ISIS 25302, which was designed
to target the 3'-UTR of the primary RNA transcript of
TNF-o, was synthesized by Genset (La Jolla, CA, USA).

The sequence of ISIS25302 is: 5'-AACCCATCGGCTGG-
CACCAC-3'. As a scrambled control oligonucleotide (SCO),
ISIS 18154 (5'-TCAAGCAGTGCCACCGATCC-3') was used.
Rhodamine was modified onto the TNF-o0 ASO by Invitrogen
(Carlsbad, CA, USA).

Other methods

The methods for OVA sensitization, airway challenge,
ASO distribution, measurement of cytokines in BALF,
flow cytometry for the proportion of CD4*CD25" Foxp3™*
Tregs and CD3"CD8IL-4* T2 cells, histology, immuno-
histochemistry for TNF-o, reverse transcriptase-polymerase
chain reaction (RT-PCR) assay for TNF-o and 4-1BBL, western
blot analysis for 4-1BBL, and immunofluorescent analysis
for 4-BBL, are described in the Supporting information.
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Statistical analysis

Results are expressed as the mean+ SEM. Differences
between groups were analyzed by the Kruskal-Wallis
analysis of variance test. p < 0.05 was considered statisti-
cally significant.

Results

Local TNF-o ASO administration inhibits
TNF-u expression in BALF, trachea tissue
and lung tissue

Figure 1A shows the schematic timeline of the experiments.
Sensitized Balb/c mice were challenged with aerosolized
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OVA and intranasally administered with phosphate-buffered
saline, TNF-o0 SCO, TNF-ao ASO and rhodamine-labeled
TNF-0. ASO, respectively. Administration of rhodamine-
labeled TNF-o. ASO in an instillation manner resulted in the
enrichment of ASO in the airway epithelium of trachea tissue
and lung tissue (Figure 1B). Twenty-four hours after the last
instilled treatment, the concentration of TNF-o protein in
BALF was examined using an enzyme-linked immunosorbent
assay (ELISA). A significant increase in TNF-o expression was
observed in the OVA-challenged mice, whereas the concen-
tration of TNF-o. was reduced by 69.1% in the TNF-o. ASO
treated mice compared to OVA challenged mice (Figure 1C).
We also examined TNF-o mRNA expression and TNF-o
protein distribution in trachea tissue and lung tissue. Using
an RT-PCR assay, the level of TNF-oo mRNA was found to
be increased in both trachea and lung tissue of the OVA-
challenged mice. After mice were treated with TNF-o. ASO,

1 % OVA
Challenge
(aerosol)

Samplhe
Harvest

(A) o o
OVA Sensitization
(i.p.)
\ ]
0 day 14 day

Trachea tissue
Control Rhodamine-AS0O

(8)

28 M
day day

ASO
administration
(intranasal)

Lung tissue

Control Rhodamine-AS0

(C) 100
80 (D)
E o~ Traches TNF-a
& tissue 18s rRNA
2 TNF-
S J L -0
=} 40 * H:snl.?a
o 18s rRNA
DT 2 00
= 20 SFEESS
oll. Sl
OVA OVA  OVA
Control  OVA  oae  sco  Aso
OvVA [#1°)-% ova
(E) Control ovA ot
F'x." .—ld‘F
Tuchuu%;i$

tissue

}5““‘ '-w!

ity
] oy .3’!.3‘\‘}

’ ."’liﬁt i &}t«

Figure 1. Instillation of TNF-a ASO inhibits OVA-induced TNF-a expression. (A) Schematic timeline to establish OVA-induced
allergic airway inflammation and to administer TNF-a ASO intranasally. (B) Distribution of rhodamine-labeled TNF-a ASO
(x 200 magnification). Red for rhodamine-labeled TNF-a ASO; blue for 4,6-diamidino-2-phenylindole (DAPI) nuclear staining.
(C) Concentration of TNF-a in BALF (n =8 for each group, with the experiments carried out in triplicate). (D) RT-PCR anal-

ysis of TNF-a mRNA production. (E) Immunohistochemistry for TNF-a expression (x 400 magnification).

OVA-challenged mice.
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TNF-oo mRNA expression in the two tissues was apparently
decreased (Figure 1D). By immunohistochemistry, the
airway epithelium of trachea tissue and lung tissue was
detected as the main source of TNF-o expression in the
OVA-challenged mice. By contrast, TNF-o expression in the
airway epithelium was substantially reduced by TNF-o ASO
treatment (Figure 1E).

Local TNF-a ASO administration inhibits
OVA-induced airway inflammatory cell
infiltration

OVA challenge induced the infiltration of allergic inflamma-
tory cells into the peribronchiolar and perivascular connec-
tive tissues, whereas local TNF-o. ASO administration
attenuated the recruitment of these inflammatory cells
[Figure 2A, hematoxylin and eosin (H&E) row]. OVA
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challenge also resulted in a significant increase of mucus
production that was secreted by goblet cells in the airway
epithelium, whereas mucus production was apparently
reduced in TNF-o ASO treated mice [Figure 2A, periodic
acid-Schiff (PAS) row]. The average ratio of PAS positive
cells to total epithelial cells in TNF-o0 ASO treated mice
was 8.1%, which was significantly less than that of 68.8%
in OVA challenged mice (Figure 2B). By Congo red and
toluidine blue staining, it was observed that the OVA-
induced infiltration of eosinophils into lung tissue and mast
cells in the subepithelial of trachea tissue was enhanced.
After mice were treated with TNF-o0 ASO, the numbers of
infiltrated eosinophils (Figure 2A, Congo red row) and mast
cells (Figure 2A, toluidine blue row) were prominently
reduced. By calculation, the average number of eosinophils
per single scope significantly decreased from 16 to 7
(Figure 2C), and that of mast cells also significantly
decreased from 10 to 1 (Figure 2D).
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Figure 2. Local TNF-a ASO administration inhibits OVA-induced mucus hypersecretion and infiltrates of eosinophils and mast cells.
(A) Histology of lungs or tracheas from TNF-a ASO treated mice. H&E staining indicates peribronchial infiltrates of inflammatory
cells (x 200 magnification). PAS staining showing mucus production (some indicated by black arrows) in the lung airway epithelium
(x 200 magnification). Congo red staining showing eosinophil infiltration (some indicated by open arrows) into lung airways
(x 400 magnification). Toluidine blue staining showing mast cell infiltration (some indicated by red open arrows) into the subepithelial
of trachea tissues (x 200 magnification). (B) The average ratio of PAS positive cells to total epithelial cells. (C) The average number of
eosinophils per single scope at a magnification of x 400 in Congo red staining lung sections. (D) The average number of mast cells per
single scope at a magnification of x 200 in toluidine blue staining trachea sections (n = 10 for each group, with the experiments carried
out in triplicate). *p < 0.05 versus OVA-challenged mice.
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The levels of Ty2-type cytokines and
OVA-induced eosinophil recruitment in
BALF (but not the level of Ty1-type
cytokines and the number of
lymphocytes) are inhibited by local
TNF-o. ASO administration

BALF was collected 24h after the last instilled treat-
ment. Subsequently, total and differential cells were
counted. OVA challenge significantly increased total cell,
eosinophil and lymphocyte counts in BALF (Figure 3A).
After local TNF-a ASO administration, the average
number of total cells in BALF significantly decreased from
26.3 x 10% to 6.2 x 10* per ml and that of eosinophils
significantly decreased from 17.1 x 10* to 8.8 x 10* per ml
(Figure 3A). However, the number of lymphocytes in BALF
was not affected by TNF-o. ASO instillation (Figure 3A).

The levels of Ty2-type cytokines in BALF were mea-
sured using ELISA. OVA challenge remarkably induced
the release of IL-4, IL-5 and IL-13 into BALF (Figure 3B).
Treatment of OVA-challenged mice with TNF-oo ASO

Y. Luo et al.

significantly reduced the concentration of IL-4 from
56.8 pg/ml to 16.1 pg/ml, as well as the concentration of
IL-5 from 80.1 pg/ml to 30.2 pg/ml and that of IL-13 from
145.6 pg/ml to 31.2 pg/ml (Figure 3B). We also examined
the levels of Tyl-biased pro-inflammatory cytokine IL-12
and Tyl-type cytokine IFN-y in BALF. Instilled TNF-o
ASO did not result in significant differences of IL-12 and
IFN-y (Figure 3C). Moreover, the concentration of TGF-3
in BALF was also not affected by TNF-o. ASO treatment
(Figure 3C). The level of IL-10 in BALF was increased
from 22.6pg/ml to 272.6pg/ml when OVA challenge
was conducted, and decreased to 117.9pg/ml after
TNF-o0 ASO was instilled (Figure 3C).

Local TNF-oo ASO administration
decreases the ratio of OVA-induced
CD3"CDS8IL-4" T2 cells in BALF

Ty2 cells in BALF, which were capable of secreting IL-4,
IL-5 and IL-13, were analyzed by flow cytometry. The
ratio of CD8TIL-4" cells divided by total CD3" cells
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Figure 3. Local TNF-a ASO administration inhibits OVA-induced eosinophil infiltration, Ty2-type cytokine production and IL-10 in
BALF, whereas the number of infiltrated lymphocytes, the levels of Tyl-biased cytokines and TGF-8 in BALF are not affected. (A)
The numbers of total cells, eosinophils and lymphocytes in BALF. (B) The levels of Ty2-type cytokines IL-4, IL-5 and IL-13 in BALF.
(C) The levels of Ty1-biased cytokines IL-12 and IFN-vy, as well as the levels of TGF-p and IL-10, in BALF (n = 8 for each group, with
the experiments carried out in triplicate). *p < 0.05 versus OVA-challenged mice.
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was measured. It was determined that OVA challenge
increased the ratio of CD8TIL-4" cells from 0.75% to
3.43% (Figure 4A). In parallel, the absolute number of
CD3*CD8IL-4™ cells per ml BALF significantly increased
from approximately 150 to over 1800 (Figure 4B). The
instillation of TNF-a ASO to the OVA-challenged mice
led to remarkable decrease in the ratio of CD8IL-4" cells
from 3.43% to 1.25% (Figure 4A) and the number of
CD3*CD8IL-4" cells per ml BALF from over 1800 to
approximately 800 (Figure 4B).

The proportion of CD4"CD25 "Foxp3™
Tregs in BALF was significantly
increased by local TNF-o. ASO
administration

Tregs in BALF, which was implicated in the suppression of
Ty2 responses to allergen challenge and the maintainance

. Control
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of peripheral immune tolerance, was analyzed by flow
cytometry. CD4" cells were gated and the proportion of
CD25*Foxp3* cells was determined. OVA challenge gave
rise to an increased ratio of CD25 Foxp3™ cells from 2.28%
to 7.05% (Figure 5A). When calculated as the absolute num-
ber, CD4"CD25*Foxp3™ Tregs that were induced by OVA
rose from approximately 60-722 per ml BALF (Figure 5B).
Treatment of OVA-challenged mice with TNF-o ASO resulted
in a significantly increased ratio of CD25 Foxp3™ cells from
7.05% to 15.52% (Figure 5A) and the absolute number of
CD4*CD25"Foxp3™ Tregs per ml BALF was also increased
from 722 to approximately 1500 (Figure 5B).

We also measured the ratio of CD25"Foxp3* cells to
total CD4™" cells in the blood, thymus and spleen. Local
TNF-o0 ASO administration in an intranasal instillation
manner led to a slight increase in the proportion of
CD4"CD25*Foxp3™ Tregs in blood (Figure 5C), as well as
a slight decrease in the proportion of CD4"CD25 " Foxp3*
Tregs in the thymus (Figure 5D) and spleen (Figure 5E).
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Figure 4. Local TNF-o ASO administration inhibits OVA-induced CD3*CD8 IL-4" Ty2 cells in BALF. (A) Flow cytometry analysis of
CD3*CD8IL-4" Ty2 cells in BALF. (B) The absolute number of CD3*CD8IL-4"* T2 cells in BALF (n = 24 for each group, each group
contains six samples and each sample is comprised of four combined cell pellet from BALF to ensure the cell numbers exceed 2 x 10°
in total). The experiments were carried out in triplicate. *p < 0.05 versus OVA-challenged mice.
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Figure 5. Local TNF-a ASO administration leads to remarkably increased CD4*CD25*Foxp3™ Tregs in BALF. (A) Flow cytometry
analysis of CD47CD25*Foxp3* Tregs in BALF. (B) The absolute number of CD4*CD25*Foxp3™ Tregs in BALF. (C) Flow cytometry
analysis of CD4"CD25"Foxp3* Tregs in blood. (D) Flow cytometry analysis of CD4*CD25*Foxp3™ Tregs in the thymus. € Flow

cytometry analysis of CD4"CD25"Foxp3* Tregs in the spleen (n=

sample is comprised of four combined cell pellet from BALF to ensu
carried out in triplicate. *p < 0.05 versus OVA-challenged mice.

Co-stimulatory molecule ligand 4-1BBL
was inhibited by local TNF-o. ASO
administration

4-1BBL, one of the co-stimulatory molecule ligands that
was involved in T cell co-stimulation, was examined using
the RT-PCR assay, western blot analysis and immunofluo-
rescent analysis. 4-1BBL mRNA expression and protein
production were up-regulated in both trachea and lung
tissue from OVA-challenged mice, and local TNF-oo ASO
administration effectively attenuated the OVA-induced
up-regulation of 4-1BBL with respect to both mRNA and
protein levels (Figures 6A and 6B). By immunofluorescent
analysis, increased 4-1BBL expression was investigated in
the airway epithelium of lung tissue after OVA challenge
was conducted. After TNF-oo ASO was instilled, 4-1BBL
expression was apparently reduced (Figure 6C). By calcula-
tion, local TNF-o« ASO administration contributed to the

Copyright © 2012 John Wiley & Sons, Ltd.

24 for each group, each group contains six samples and each
re the cell numbers exceed 2 x 10° in total). The experiments were

significantly decreased ratio of 4-1BBL positive cells to total
airway epithelial cells from 85.5% to 21.9% (Figure 6D).

Discussion

Compared to patients with mild-to-moderate asthma,
patients with refractory asthma have obvious evidence of
an up-regulated TNF-o axis, and TNF-o therefore has
received much attention recently in refractory asthma [4].
These patients comprise 5-10% of asthma patients [13]
and are particularly resistant to conventional therapy [11].
Thus, targeting TNF-o. was considered as a new therapeutic
approach for asthma. Systemic administration of anti-TNF-o
mAb or soluble receptor has been explored and evaluated.
Two reported trials have confirmed the efficacy of anti-TNF-
o soluble receptor Etanercept [4,5] and two trials have
denied this efficacy [6,7]. In addition, treatment with anti-
TNF-o. mAD Infliximab resulted in a reduced number of mild

J Gene Med 2012; 14: 374-383.
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staining. (D) The average ratio of 4-1BBL positive cells to total airway epithelial cells (n = 8 for each group, with the experiments car-

ried out in triplicate). *p < 0.05 versus OVA-challenged mice.

exacerbations [8], whereas treatment with Golimumab led
to serious adverse events, and even one death and eight
malignancies occurred in the Golimumab groups [9].

As a result of the immunosuppressive properties of
anti-TNF-o. agents, treatment for various inflammatory
diseases by the systemic administration of anti-TNF-o. mAb
or soluble receptor was associated with many aspects of
adverse effects, such as infection, immunogenicity and
malignancy, as well as pneumonia and interstitial lung
disease [10]. The efficacy of those anti-TNF-o. agents is
always accompanied by risks related to systemic immuno-
suppression. This problem led us to try a new strategy in
which local administration of anti-TNF-o. agent with no
proteantigen-triggered immunogenicity is explored as an
alternative for treating T cell-driven allergic airway inflam-
mation. Nucleic acid antisense drugs are one of the preferred
candidates. In a previous study, local ASO administration
against IL-5, stem cell factor and p38x mitogen-activated
protein kinase, as well as the common f chain of IL-3, IL-5
and granulocyte macrophage colony-stimulating factor,
resulted in alleviated allergic airway inflammation in the
murine models [14]. Moreover, the efficacy of TPI ASM8
against CCR3 and IL-5 receptors, as well as AIR 645 against
IL-4 receptor o on asthma, is currently undergoing clinic
trials [15]. In a safety assessment of inhaled TPI ASM8 ASO
in monkeys, ASO was found to be safe and well tolerated,
with an absence of a generalized inflammatory response,
very limited changes in the respiratory tract and very limited
systemic exposure [16].

In recent work, a potent and highly selective TNF-o
ASO, which represented a favorable therapeutic effect on
the protection of mice from TNBS-induced colitis and
CD4"CD45RB" T cells-mediated colitis in a previous study
[17], was intranasally administered and the treatment effects
were evaluated using an OVA-induced asthmatic murine
model. Our present findings demonstrate that local TNF-o

Copyright © 2012 John Wiley & Sons, Ltd.

ASO administration inhibited TNF-o expression significantly,
which was associated with remarkably alleviated Ty;2-biased
responses. A series of studies have led to the conclusion that
the immune balance inclined to a pro-inflammatory Ty2
response is a central feature in allergic inflammation [18].
It has been indicated that up-regulated T2 cytokines IL-4
and IL-5 account for eosinophil infiltration into airways and
eosinophil activation [19-21]. Moreover, IL-5 and IL-13 are
linked to mucus hypersecretion in the Ty2-responsive
airway epithelium [22,23]. Therefore, approaches aiming
to inhibit T2 cells and T2 responses play a vital role in
the treatment of allergic airway inflammation. Although
Ty1-biased cytokines are of great importance in the recipro-
cally inhibitory functions of Ty1 and Ty2 cells [24,25], our
data show that the levels of IL-12 and IFN-y in BALF were
unchanged. This result demonstrates that Ty1-biased
cytokines were most probably not involved in the inhibited
T2 responses by local TNF-o0 ASO administration. Indeed,
there are several reports concerned with exacerbated
Ty2 inflammation by the enhancement of Tyl responses
[26-28] suggesting a synergistic effect of the Ty 1 response
with T2 inflammation in asthma.

Besides Ty1 responses, Tregs served as another modu-
lator that plays a critical role in inhibiting Ty2-biased
responses to allergen challenge and maintaining immune
tolerance [29,30]. Approaches for inducing Treg-
mediated tolerance were therefore investigated in
previous studies. In a murine model, adoptive transfer
of CD4*CD25"% Tregs before allergen challenge of
sensitized mice led to inhibited differentiation of naive
CD4" T cells into Ty2 cells [31]. In another study, oral
administration of OVA resulted in the generation of
peripheral antigen-specific CD4*CD25 " Foxp3"CD45RB"
Tregs that were responsible for inhibited lung inflammation
[32]. Moreover, several studies have demonstrated that
retinoic acid [33] and glucocorticoids [12] could benefit
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immune tolerance to allergic stimulation by the induction of
CD4"CD25"Foxp3™ Tregs. Thus, strategies aiming to shift
the balance towards Treg-mediated tolerance held great
promise for the treatment and prevention of allergic
airway inflammation. Given the suppressive potency of
Tregs on Ty2 responses, we examined the proportion of
CD4"CD25"Foxp3™ Tregs in BALF after local anti-TNF-o
treatment. Anti-TNF-o. agents were found to participate in
the induction of thymic or splenic Tregs when systemic
administration of these agents is performed. In neonatal
NOD mice, anti-TNF-o treatment was associated with the in-
duction of peripheral CD4"CD25™ Tregs [34]. The consistent
result was achieved in a murine histoplasmosis model with
intraperitoneally injected antagonistic mAb against TNF-o
[35]. These studies implied the potential relationship
between anti-TNF-o treatment and thymic or splenic Tregs.
Nevertheless, the mechanism of anti-TNF-o therapeutics on
allergen-induced asthmatic inflammation remains unclear.
In the present study, we found that inhibited
TNF-o. expression caused by local ASO administration
contributed to a significantly increased proportion of
CD4*CD25*Foxp3™ Tregs in BALF, which was
parallel to the remarkably decreased proportion of
CD3*CD8IL-4" Ty2 cells in BALF. Our data further
demonstrated that these induced CD4*CD25 Foxp3™
Tregs were not related to TGF-f or IL-10 secretion in
BALF, and they were also not matured in the thymus or
spleen because the proportion of CD4*CD25 Foxp3™
Tregs in the blood, thymus and spleen was not affected
by local ASO administration. CD4"CD25*Foxp3™ Tregs
can develop either in the thymus from CD4* T cells and
then migrate, or in the periphery from local naive
CD4" T cells via encountering local conditions [36].
Previous studies have indicated that co-stimulatory sig-
naling driven by the interaction between co-stimulatory
molecules on the surface of T cells and their ligands
serves as one of the local conditions determining the
mode of T cell development in the periphery [37]. In
the present study, local TNF-a ASO administration
resulted in an altered expression of 4-1BBL in the airway
epithelium. 4-1BBL is one of co-stimulatory molecule
ligands. In many previous reports, the reported findings
regarding the effect of 4-1BBL and 4-1BB signaling on
T cells were contradictory. Addition of agonistic anti-
4-1BB antibody led to remarkably impaired CD4"CD25*
Treg-mediated tolerance [38] and suppression of effector
T cells [39], whereas another study suggested that
the 4-1BB signal was strongly co-stimulatory for
CD4"CD25" T cells both in vitro and in vivo [40]. In
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addition, disruption of 4-1BB/4-1BBL signaling by anti-4-
1BBL mAb prevented the destruction of corneal tissue by T
cells [41]. Our results support that the idea that local
TNF-o0 ASO administration inhibits 4-1BBL expression in the
airway epithelium, which might take part in the generation
of CD4*CD25*Foxp3™ Tregs and the impairment of T2 cells.
Given that systemically enhanced CD4*CD25" Tregs
resulting from systemic anti-TNF-o. administration was
the main cause of comprehensive immunosuppression,
which was also associated with an increased incidence
of infection [35] and many other adverse effects
including increased risk of malignancy [9], we investi-
gated the treatment effects of local TNF-o0 ASO adminis-
tration on OVA-induced airway inflammation. Inhibited
TNF-o expression caused by instilled TNF-o0 ASO resulted
in the comprehensive inhibition of Ty2-biased inflam-
mation via the induction of CD4"CD25*Foxp3™ Tregs
in BALF, which was not accompanied by systemic
incitation of Tregs in the blood, thymus and spleen.
Our results imply the potential of a new therapeutic
strategy in which local anti-TNF-o treatment benefits
the reversion of Ty2-driven inflammatory diseases
with no comprehensive immunosuppression caused by
systemic anti-TNF-o treatment. An aerosol formulation of
TNF-o0 ASO enabling efficient and convenient local treat-
ment against allergic lung inflammation will be studied.

Acknowledgements

The present study was supported by National Natural Science
Foundation of China (30771036, BK2007144 and 31071232),
National Science Fund for Distinguished Young Scholars
(81025019), Key Program for Science and Technology Research
from Chinese Ministry of Education (01005), the Chinese
National Programs for High Technology Research and Develop-
ment (863 Program 2006AA027177), National Key Pharmaceutical
Program (20097X09503-028), Natural Science Fund for Colleges
and Universities in Jiangsu Province (BK 2009237), and China
Postdoctoral Science Foundation 20080431077 and 200801364.
The authors declare that there are no conflicts of interest.

Supporting information

Doc S1. The methods for OVA sensitization, airway chal-
lenge, ASO distribution, measurement of cytokines in BALF,
flow cytometry analysis, histology, immunohistochemistry,
reverse transcriptase-polymerase chain reaction assay,
western blot analysis, and immunofluorescent analysis.

factor o in refractory asthma. N Engl J

not to respond: T cells in allergic
asthma. Nat Rev Immunol 2003; 3:
405-412.

. Robinson DS, Hamid Q, Ying S,
et al. Predominant Ty2-like bronch-
oalveolar T-lymphocyte population in

Copyright © 2012 John Wiley & Sons, Ltd.

298-304.

. Holgate ST, Polosa R. Treatment strategies

for allergy and asthma. Nat Rev Immunol
2008; 8: 218-230.

. Berry MA, Hargadon B, Shelley M, et al.

Evidence of a role of tumour necrosis

Med 2006; 354: 697-708.

. Howarth PH, Babu KS, Arshad HS, et al.

Tumour necrosis factor (TNFa) as a
novel therapeutic target in symptomatic
corticosteroid dependent asthma. Thorax
2005; 60: 1012-1018.

J Gene Med 2012; 14: 374-383.
DOI: 10.1002/jgm



Local anti-TNF-o therapy on allergic inflammation

6.

10.

11.

12.

13.

14.

15.

16.

17.

Rouhani FN, Meitin CA, Kaler M, Miskinis-
Hilligossa D, Stylianouc M, Levinea SJ.
Effect of tumour necrosis factor antago-
nism on allergen-mediated asthmatic
airway inflammation. Respir Med 2005;
99: 1175-1182.

. Morjaria JB, Chauhan AJ, Babu KS, Polosa

R, Davies DE, Holgate ST. The role of a sol-
uble TNFu. receptor fusion protein (etaner-
cept) in corticosteroid refractory asthma:
a double blind, randomized, placebo con-
trolled trial. Thorax 2008; 63: 584-591.

. Erin EM, Leaker BR, Nicholson GC, et al.

The effects of a monoclonal antibody
directed against tumour necrosis factor-
o in asthma. Am J Respir Crit Care Med
2006; 174: 753-762.

. Wenzel SE, Barnes PJ, Bleecker ER, et al.

A randomized, double-blind, placebo-
controlled study of tumour necrosis
factor o blockade in severe persistent
asthma. Am J Respir Crit Care Med
2009; 179: 549-558.

Connor V. Anti-TNF therapies: a compre-
hensive analysis of adverse effects associ-
ated with immunosuppression. Rheumatol
Int 2011; 31: 327-337.

Matera MG, Calzetta L, Cazzola M. TNF-o.
inhibitors in asthma and COPD: we must
not throw the baby out with the bath water.
Pulm Pharmacol Ther 2010; 23: 121-128.
Karagiannidis C, Akdis M, Holopainen P,
et al. Glucocorticoids upregulate FOXP3
expression and regulatory T cells in
asthma. J Allergy Clin Immunol 2004;
114: 1425-1433.

Brightling C, Berry M, Amrani Y.
Targeting TNF-o: a novel therapeutic
approach for asthma. J Allergy Clin
Immunol 2008; 121: 5-10.

Popescu FD. Antisense- and RNA
interference-based therapeutic strate-
gies in allergy. J Cell Mol Med 2005;
9: 840-853.

Bennett CF, Swayze EE. RNA targeting
therapeutics: molecular mechanisms of
antisense oligonucleotides as a therapeutic
platform. Annu Rev Pharmacol Toxicol
2010; 50: 259-293.

Guimond A, Viau E, Aubé P, Renzi PM,
Paquet L, Ferrari N. Advantageous
toxicity profile of inhaled antisense
oligonucleotides following chronic dosing
in non-human primates. Pulm Pharmacol
Ther 2008; 21: 845-854.

Zuo L, Huang Z, Dong L, et al. Targeting
delivery of anti-TNF-a oligonucleotide
into activated colonic macrophages

Copyright © 2012 John Wiley & Sons, Ltd.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

protects against experimental colitis.
Gut 2010; 59: 470-479.

Douglas SR. The role of the T cell in
asthma. J Allergy Clin Immunol 2010;
126: 1081-1091.

Lukacs NW. Role of chemokines in the
pathogenesis of asthma. Nat Rev Immunol
2001; 1: 108-116.

Koo GC, Shah K, Ding GJ, et al. A small
molecule very late antigen-4 antagonist
can inhibit ovalbumin-induced lung
inflammation. Am J Respir Crit Care
Med 2003; 167: 1400-1409.

Adachi T, Choudhury BK, Stafford S, Sur
S, Alam R. The differential role of
extracellular signal-regulated kinases
and p38 mitogen-activated protein
kinase in eosinophil functions. J Immunol
2000; 165: 2198-2204.

Justice JP, Crosby J, Borchers MT,
Tomkinson A, Lee JJ, Lee NA. CD4*
T cell-dependent airway mucus pro-
duction occurs in response to IL-5
expression in lung. Am J Physiol
Lung Cell Mol Physiol 2002; 282:
L1066-L1074.

Zhu Z, Homer RJ, Wang Z, et al. Pulmo-
nary expression of interleukin-13 causes
inflammation, mucus hypersecretion,
subepithelial fibrosis, physiologic abnor-
malities, and eotaxin production. J Clin
Invest 1999; 103: 779-788.

Tournoy KG, Kips JC, Pauwels RA. Is Th1
the solution for Th2 in asthma? Clin Exp
Allergy 2002; 32: 17-29.

Shirakawa T, Enomoto T, Shimazu S,
Hopkin JM. The inverse association
between tuberculin responses and atopic
disorder. Science 1997; 275: 77-79.
Hansen G, Berry G, DeKruyff RH,
Umetsu DT. Allergen-specific Th1 cells
fail to counterbalance Th2 cell-induced
airway hyperreactivity but cause severe
airway inflammation. J Clin Invest
1999; 103: 175-183.

Dahl ME, Dabbagh K, Liggitt D, Kim S,
Lewis DB. Viral-induced T helper type 1
responses enhance allergic disease by
effects on lung dendritic cells. Nat
Immunol 2004; 5: 337-343.

Randolph DA, Stephens R, Carruthers
CJ, Chaplin DD. Cooperation between
Thl and Th2 cells in a murine model
of eosinophilic airway inflammation. J
Clin Invest 1999; 104: 1021-1029.
Umetsu DT, DeKruyff RH. The regulation
of allergy and asthma. Immunol Rev
2006; 212: 238-255.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

383

. Venuprasad K, Elly C, Gao M, et al.

Convergence of Itch-induced ubiqui-
tination with MEKKI1-JNK signaling
in Th2 tolerance and airway inflam-
mation. J Clin Invest 2006; 116:
1117-1126.

Kearley J, Barker JE, Robinson DS, Lloyd
CM. Resolution of airway inflammation
and hyperreactivity after in vivo transfer
of CD4" CD25" regulatory T cells is
interleukin 10 dependent. J Exp Med
2005; 202: 1539-1547.

Mucida D, Kutchukhidze N, Erazo A,
Russo M, Lafaille JJ. Curotto de Lafaille
MA. Oral tolerance in the absence of
naturally occurring Tregs. J Clin Invest
2005; 115: 1923-1933.

Goswami S, Angkasekwinai P, Shan M,
et al. Divergent functions for airway
epithelial matrix metalloproteinase 7
and retinoic acid in experimental asthma.
Nat Immunol 2009; 10: 496-503.

Wu AJ, Hua H, Munson SH, McDevitt
HO. Tumour necrosis factor-o regulation
of CD4+CD25+ T cell levels in NOD
mice. Proc Natl Acad Sci USA 2002;
99: 12287-12292.

Deepe GS Jr, Gibbons RS. TNF-a
antagonism generates a population of
antigen-specific CD4+CD25+ T cells
that inhibit protective immunity in
murine histoplasmosis. J Immunol
2008; 180: 1088-1097.

Curiel TJ. Regulatory T-cell develop-
ment: is Foxp3 the decider? Nat Med
2007; 13: 250-253.

Beier KC, Kallinich T, Hamelmann E.
Master switches of T-cell activation
and differentiation. Eur Respir J 2007;
29: 804-812.

Morris GP, Chen L, Kong YC. CD137
signaling interferes with activation and
function of CD4+CD25+ regulatory T
cells in induced tolerance to experi-
mental autoimmune thyroiditis. Cell
Immunol 2003; 226: 20-29.

Choi BK, Bae JS, Choi EM, et al. 4-1BB-
dependent inhibition of immunosup-
pression by activated CD4+CD25+ T cells.
J Leukoc Biol 2004; 75: 785-791.

Zheng G, Wang B, Chen A. The 4-1BB
costimulation augments the proliferation
of CD4+CD25+ regulatory T cells. J
Immunol 2004; 173: 2428-34.

Seo SK, Park HY, Choi JH, et al. Blocking
4-1BB/4-1BB ligand interactions prevents
herpetic stromal keratitis. J Immunol
2003; 171: 576-583.

J Gene Med 2012; 14: 374-383.
DOI: 10.1002/jgm



Supporting information
Yi Luo, PhD, Zhonghua Pang, M S, Qian Zhu, PhD, Xing Cai, PhD, Yuan Yin, PhD, Min
Wang, M S, Jie Zhu, PhD, Jiangning Chen, PhD, Ke Zeng, PhD, Chenyu Zhang, PhD,
Junfeng Zhang, PhD

Nanjing, China

From State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing
University, Nanjing 210093, P. R. China.

Reprint requests: Junfeng Zhang, PhD, State Key Laboratory of Pharmaceutical Biotechnology,
School of Life Sciences, Nanjing University, Nanjing 210093, P. R. China. Tel.:

+86-25-83592502, Email: jfzhang@nju.edu.cn.




Methods

Sensitization and airway challenge

Mice were immunized by intraperitoneal injection of 20 ug OVA (Sigma-Aldrich,
St Louis, Missouri, USA) emulsified in 2.25 mg alum (Pierce, Rockford, IL, USA) in
a total volume of 100 pl saline on the 0 day and the 14th day. After sensitization, mice
were challenged viaairways with 1 % OVA in saline for 30 min on the 28th, 29th and
30th day by ultrasonic nebulization. ASO and SCO were dissolved in PBS at a
concentration of 5 mg/ml. The intranasal instillation of 100 pg ASO, 100 ug SCO or
20 pl PBS alone was performed on the 28th and 30th day, which was conducted 4 h
after aerosol challenge. All of mice were assessed 24 h after the last instilled treatment.
On the 28th day, each of three OVA-challenged mice was intranasally administered
with 100 pg rhodamine-labelled ASO in 20 pl PBS, which was performed just
simultaneously as the ASO instillation. After 3 hours, the distribution of
rhodamine-labelled ASO in the trachea and the lung tissue was investigated on the
frozen sections. Briefly, the trachea and the lung tissue were removed and embedded
in OCT. Frozen sections of 5 pm were mounted on polylysine-coated glass slides and
fixed in 4 % paraformaldehyde for 15 min and then washed twice. The nuclei of fixed
tissue were stained with DAPI (Sigma-Aldrich, St Louis, Missouri, USA) for 6 min
and washed twice. All of frozen sections were photographed under fluorescent

microscopy (TE2000-U, Nikon, Japan).



M easurement of cytokinesin BALF

Lungs were lavaged twice viatracheal tube with 1 ml RPMI 1640. The collected
BALF was centrifuged by 300 g for 5 min at 4 °C. The supernatant was transferred
into anew eppendorf tube, while the cell pellet was resuspended in RPMI 1640 and
waited for flow cytometry analysis or differential cell count using a modified Wright
stain [1]. By Elisakits (eBioscience, San Diego, CA, USA), the concentration of
TNF-a, IL-4, IL-5, IL-10, IL-12, IL-13, IFN-y and TGF-§ in the BALF was

determined.

Flow cytometry

The frequency of CD4"CD25"Foxp3” Tregs and CD3'CDS8IL-4" Ty2 cellswas
measured by flow cytometry, using the protocols provided by Multi Sciences Biotech,
Hangzhou, China. In this section, each group contained 24 mice. Every 4 samples of
cell pellet from BALF in the same group were combined to ensure the cell number
exceeding 2 x 10°in total. 6 combined cell suspension in each group was then
obtained. Every cell suspension was divided equally into two parts, one for Treg
measurement and the other for T2 measurement. The statistics within each group
was calcul ated from the results of the 6 combined samples.

For CD4*CD25"Foxp3* Tregs, 1 x 10° lavaged cells, or thymic cells, or splenic



cells, or blood cells, were suspended in 100 pl 1 % BSA. After Fc block, 0.125 ug
FITC-labeled anti-mouse CD4 Ab and 0.06 ug APC-labeled anti-mouse CD8 Ab were
added. The cells were washed, centrifuged, and then resuspended in 1 ml
Fixation/Permeabilization working solution. 0.5 pg PE-1abeled anti-mouse Foxp3 Ab
was added. After washed and resuspended, the cells were analyzed on aflow
cytometer.

For CD3'CDS8IL-4" Th2 cells, 1 x 10° lavaged cells in 200 pl RPMI 1640 were
incubated with 10 ul phorbol 12-myristate 13-acetate (1 pg/ml, Enzo Life Sciences,
Farmingdale, NY, USA) and 8 pl lonomycin (50 pyg/ml, Enzo Life Sciences,
Farmingdale, NY, USA) for 3 h at 37 °C, followed by addition of 4 pl Brefeldin A (0.1
mg/ml, Enzo Life Sciences, Farmingdale, NY, USA) and incubation for 1 h at 37 °C.
The stimulated cells were then incubated with FITC-labeled anti-mouse CD3 Ab and
APC-labeled anti-mouse CD8 Ab. After 100 ul Fix&Perm Reagent (Invitrogen,
Carlsbad, CA, USA) A was added, the cells were recovered by centrifuge, then
resuspended in a mixture of 100 pl Fix&Perm Reagent B and PE-labeled anti-mouse
IL-4 Ab. Each of cell sample was washed and resuspended, then analyzed by flow

cytometry.

Histology and immunohistochemistry

After lavage, tracheas and lungs of 12 mice in each group were removed and fixed

in 10 % formal dehyde and embedded in paraffin. Sections of 5 ym were mounted for



H&E, PAS, Congo red and toluidine blue stains.

For immunohistochemistry, sections of 5 um were mounted on polylysine-coated
glass dides. The slides were blocked in 5 % BSA and then incubated with 10 pg/ml
anti-mouse TNF-a monoclonal Ab (Abcam, Cambridge, UK). After washed in PBS,
the dlides were incubated with biotinylated secondary Ab (Abcam, Cambridge, UK),
then reacted with Streptavidin-Biotin Complex (Boster, Wuhan, China).
Diaminobenzidine (Boster, Wuhan, China) as the chromogen was then added. All of

the dlides were examined by microscopy.

RT-PCR measurement

Total RNA from trachea tissue or lung tissue was prepared using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). 1 ug RNA was reversely transcripted into cDNA
using AMV method (TaKaRa, Japan). PCR was performed using Premix Taq Version
2.0 kit (TaKaRa, Japan). The program was initially 5 min at 94 °C, followed by 35
cycles of 30 seconds at 94 °C, 30 seconds at 60 °C and 1 min at 72 °C. The primer
sequences were as follows:

Mouse TNF-a sense, 5’-CGCGACGTGGAACTGGCAGAA-3’,

Mouse TNF-a antisense, 5’-CTCCTCCACTTGGTGGTTTGCTACG-3'.

The product length of mouse TNF-a was 288.

Mouse 4-1BBL sense, 5’-GTGGCCGCCTGCACTGAACT-3’,

Mouse 4-1BBL antisense, 5’-ACAGGAGAGCCCTGTTGTGTAGTGT-3'.



The product length of mouse 4-1BBL was 234.

Mouse 18s rRNA sense, 5’-AGGGGAGAGCGGGTAAGAGA-3’,
Mouse 18s rRNA antisense, 5’-GGACAGGACTAGGCGGAACA-3’.
The product length of mouse 18s rRNA was 241.

Electrophoresis of products was performed using 2 % agarose.

Western blot analysis

Western blot analysis for 4-1BBL was conducted in the trachea tissue and the lung
tissue freshly isolated from mice in each group. A total of 100 ug protein was
separated by 10 % SDS-PAGE and then transferred onto a polyvinylidene difluoride
membrane (Bio-Rad, Hercules, CA, USA). The membrane was probed with
anti-mouse 4-1BBL Abs (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed
by HRP-conjugated secondary Ab (Santa Cruz Biotechnology, Santa Cruz, CA, USA)

and then visualized.

I mmunofluorescent analysis

Paraffin-embedded lung tissue sections of 5 ym were mounted on
polylysine-coated glass slides and immersed in 3 % H,O, for 10 min and washed.
Heat-induced epitope retrieval was conducted by boiling the sections. 5 % BSA was

added and incubated for 30 min at room temperature. All of the sections were



incubated with goat anti-mouse 4-1BBL Abs overnight at 4 °C and washed, followed
by incubation with tetramethyl rhodamine isothiocyanate-conjugated secondary Ab
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 37 °C for 30 min. The nuclei of
tissue were stained with DAPI for 6 min and washed twice. All of sections were

photographed under fluorescent microscopy.
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