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Abstract

Previous studies have highlighted the importance of lung-draining lymph nodes in the respiratory
allergic immune response, whereas the lung parenchymal immune system has been largely
neglected. We describe a new in vivo model of respiratory sensitization to Blomia tropicalis,

the principal asthma allergen in the tropics, in which the immune response is focused on the lung
parenchyma by transfer of Th2 cells from a novel TCR transgenic mouse, specific for the major B.
tropicalis allergen Blo t 5, that targets the lung rather than the draining lymph nodes. Transfer of
highly polarized transgenic CD4 effector Th2 cells, termed BT-11, followed by repeated inhalation
of Blo t 5 expands these cells in the lung >100-fold, and subsequent Blo t 5 challenge induced
decreased body temperature, reduction in movement, and a fall in specific lung compliance unseen
in conventional mouse asthma models following a physiological allergen challenge. These mice
exhibit lung eosinophilia; smooth muscle cell, collagen, and goblet cell hyperplasia; hyper IgE
syndrome; mucus plugging; and extensive inducible BALT. In addition, there is a fall in total
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lung volume and forced expiratory volume at 100 ms. These pathophysiological changes were
substantially reduced and, in some cases, completely abolished by administration of neutralizing
mAbs specific for IL-4 and IL-13 on weeks 1, 2, and 3. This IL-4/IL-13-dependent inducible
BALT model will be useful for investigating the pathophysiological mechanisms that underlie
asthma and the development of more effective drugs for treating severe asthma.

The worldwide frequency of asthma has nearly doubled over the past 30 y and continues

to rise in emerging economies (1). Drugs such as B agonists, corticosteroids, and,

more recently, leukotriene antagonists have provided substantial clinical benefit for many
asthmatics but are not effective in all patients (2) and struggle to control severe asthma

in some patients (3, 4). Traditionally, OVA, an egg allergen, has been used in animal
asthma models (5, 6) but have largely been replaced by respiratory allergens such as
Dermatophagoides pteronyssinus (7-9), cockroach (10, 11), and Blomia tropicalis (12-14).
Although these newer models are more closely aligned to human disease, they still do not
recapitulate all of the features of asthma.

B. tropicalisis a storage mite that is widely present in homes, offices, and factories (15)
in tropical or subtropical regions (16, 17). It is the major asthma allergen—comparable
in importance to, or of greater importance than, D. pteronyssinus—in countries such as
Colombia (18), Brazil (19), Singapore (20), China (21), and Venezuela (22), as well as in
the southern United States (23). Blo t 5 is a 14-kDa protein that is the major B. tropicalis
allergen (24). Recombinant Blo t 5 protein has been synthesized in bacteria (Escherichia
coli) (24), yeast (Pichia pastoris) (20), and Chinese hamster ovary cells (25).

We have generated a novel TCR transgenic mouse (BT-11) whose CD4 T cells recognize

a peptide (55-70) of Blo t 5. These cells use Va11.1/11.2 and VB3 chains of the TCR

that are coexpressed on a high percentage (>95%) of CD4 T cells. Polarization of these
cells in vitro yielded Th2 cells that expressed GATA-3 (>90%), but not T-bet (<1%), and
secreted large amounts of the Th2 cytokines IL-5 and IL-13. Transfer of these cells to

naive mice, followed by thrice-weekly intranasal (i.n.) challenge with recombinant Blo t

5, induced airway inflammation and hyperresponsiveness. This response was restricted to
the lungs, with 10 times fewer transgenic T cells migrating to the draining lymph node.

The inflammatory pattern observed after a second week of exposure was severe, and mice
exhibited respiratory symptoms within 15 min of in exposure to Blo t 5. Twenty-four

hours after challenge, bronchoalveolar lavage (BAL) on week 3 shows that eosinophil levels
average 4 x 10° per lung. This finding is paralleled by extreme pathological changes in the
lung, akin to what is seen in patients who die of asthma, including mucus hypersecretion and
plugging, formation of inducible BALT (iBALT), extensive airway restructuring, alveolitis,
and increased collagen and smooth muscle deposition. The inflammatory response was still
evident after 6 wk. Thus this transgenic mouse model may be useful to study the underlying
pathogenesis of severe asthma and, by extension, to evaluate novel therapeutic modalities
that have been developed for its treatment.

J Immunol. Author manuscript; available in PMC 2022 March 09.
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Materials and Methods

Mice
Sex- and age-matched 8- to 10-wk-old specific pathogen—free C57BL/6J mice were bred
at the Department of Comparative Medicine, National University of Singapore. Blot 5
CDA4 TCR transgenic mice (BT-11) were prepared from a Blo t 5—specific TCR cloned
into a cassette provided by Diane Mathis, Harvard University, and generated by Level
Biotechnologies, Taiwan. Cloning of the a f TCR and insertion into plasmids and
generation of transgenic mice are detailed in Supplemental Figs. 1-4. Mice were maintained
at a temperature between 20 and 26°C and 30-70% humidity, with a mean temperature of
23°C and 50% humidity. All experiments were conducted in accordance with institutional
guidelines and were approved by the National University of Singapore Institutional Animal
Care and Use Committee under protocol number 015/12.

Polarization of BT-Il and OT-Il CD4 T cells

Single-cell suspensions from BT-11 or OT-11 mouse lymph nodes were incubated with anti-
CD4 MicroBeads isolated on a MACS LS column (Miltenyi Biotec, Singapore). Splenic
dendritic cells (DCs) were digested with Liberase Cl (Roche, Switzerland) at 37°C for 30
min and isolated by centrifugation over OptiPrep Density Gradient Medium (Sigma-Aldrich,
St Louis, MO), incubated with anti-mouse CD11c MicroBeads, and passed through a
MACS LS column (Miltenyi Biotec). BT-11 and OT-11 CD4 T cells and splenic DCs were
cocultured in 48-well plates with 10 pug/ml Blo t 555_7¢ peptide (IRELDVVCAMIEGAQ)
or OVA323_339, respectively (AnaSpec, Fremont, CA); 20 ng/ml IL-4 (PeproTech, Rocky
Hill, NJ)1; 20 pg/ml anti-mouse IFN-y; 20 ug/ml anti-mouse IL-12/1L-23 p40 (eBioscience,
ImmunocCell, Singapore); and 20 ug/ml mouse IFN-y R1/CD119 Ab (R&D Systems,
Minneapolis, MN). Cells were restimulated on days 3, 7, and 11 with Blo t 555_70,
cytokines, and neutralizing Abs. Fresh DCs were added on day 7. Th2-polarized BT-11 cells
were harvested on day 14.

Adoptive transfer and i.n. Ag challenge

Th2-polarized BT-11 cells (5 x 10 cells) were i.v. transferred into naive mice, and

the next day 100ug recombinant Blo t 5 in 50ul sterile PBS was administered i.n. for

three consecutive days. Mice were euthanized 1 d after the final challenge and blood,
bronchoalveolar lavage (BAL), and lungs were harvested. Lungs were minced and digested
in Liberase Cl (Roche) at 37°C for 30 min and isolated over Ficoll-Paque (GE Healthcare
Cleveland, OH).

Intracellular staining for transcription factors

Th2-polarized BT-I1 cells were stained with anti-mouse CD3 FITC (eBioscience) and anti-
mouse CD4 PB (BD Biosciences, Franklin Lakes, NJ). After 30 min, cells were washed,
then fixed and permeabilized by adding one part Fixation/Permeabilization Concentrate
with three parts Fixation/Permeabilization Diluent for 1 h at 4°C, washed twice with 1x
Permeabilization Buffer (eBioscience), and stained with anti-mouse GATA-3 eFluor 660
(BD Biosciences) and anti-mouse T-bet PE (eBioscience).

J Immunol. Author manuscript; available in PMC 2022 March 09.
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CFSE labeling of BT-1l Th2 cells

Th2 BT-I1 cells were labeled at 20 million cells/ml with CFSE (Life Technologies, Carlshad,
CA), diluted to 10 mM, at a 1:1 ratio at 37°C in the dark for 15 min, and the reaction was
stopped with complete RPMI 1640 medium on ice for 5 min.

Recombinant Blo t 5 protein

The mRNA sequence of the gene encoding Blo t 5 is described in GenBank

accession number U59102 (http://www.nchi.nlm.nih.gov/nuccore/u59102). The construct
was designed and codon optimized for expression in the £. colibacteria by the
OptimumGene algorithm (GenScript, Piscataway, NJ) and cloned into a pET28 expression
vector (EMD Millipore, Billerica, MA). The Blo t 5 gene and the pET28 vector were
digested with Ncol and BamHlI, respectively. Following ligation and transformation into
E. coli DH5a,, colonies were screened by PCR and sequenced. Cells with DH5a and
pET28-Blo t 5 were expanded and the plasmids purified using plasmid miniprep kits
(QIAGEN, Germantown, MD) and transformed into £. coli BL21 for protein expression.
E. coli cells transformed with pET28-Blo t 5 were grown in 1-1 cultures and induced to
express recombinant Blo t 5 by the addition of isopropyl p-D-1-thiogalactopyranoside at
the log phase. The soluble fraction of the bacterial lysate was precipitated with different
concentrations of saturated ammonium sulfate separated on a MonoQ 5/50 GL anion
exchange column (GE Healthcare).

Flow cytometric analysis of cells in BAL fluid and lungs

ELISAs

BAL was obtained using 3 x 0.7 ml cold PBS supplemented with 2% FCS (Biowest,
Kansas City, MO) and 1% EDTA. Lungs were digested with Liberase ClI (Roche). Both
BAL and lung ceHs were stained with allophycocyanin anti-mouse Ly-6G (BioLegend,
San Diego, CA), PE rat anti-mouse Siglec-F (BD Pharmingen), PetCP/Cy5.5 anti-mouse
CDllc (BioLegend), and anti-mouse CD3 eEluor 450 (eBioscience). This staining

panel distinguished neutrophils (Ly-6G*CD11c) from eosinophils (Siglec-F*CD11¢™) and
macrophages (Ly-6G~"CD11c*).

Cytokines IFN-vy, IL-5, IL-10, and IL-13 were measured using Mouse DuoSets (R&D
Systems). IgE was measured using a Mouse IgE ELISA Set (BD Biosciences). The assays
were carried out in accordance with the manufacturers' recommendations. Blo t 5-specific
IgG1 was measured using microtiter wells coated with 100 ul recombinant Blo t 5 protein at
a concentration of 5 ug/ml in carbonate buffer, pH 9.8, overnight at 4°C.

Lung function testing

Lung function was measured in two ways. In the first, it was measured as the change in
airway resistance to increasing concentrations of nebulized methacholine (0.5-8.0 mg/ml)
(Sigma-Aldrich). Mice were anesthetized, tracheostomized, and mechanically ventilated
at a fixed breathing rate of 140 breaths/min using the FinePointe Series RC Sites

(Buxco Research Systems, Wilmington, NC), and airway resistance and specific dynamic

J Immunol. Author manuscript; available in PMC 2022 March 09.
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compliance were recorded. Results are expressed as a percentage of respective basal values
in response to PBS.

The second used the Pulmonary Function Test Plethysmograph system (Buxco Research
Systems) as recommended by the manufacturer (https://www.datasci.com/products/buxco-
respiratory-products/pulmonary-function-testing). Mice were anesthetized with a mixture
consisting of ketamine/medetomidine/saline. Sedation was ensured to be deep enough before
the trachea was cannulatcd and connected to a built-in ventilator using a tracheal cannula.
The data of breathing, airflow obstruction, and lung volumes were acquired using FinePointe
software by measuring, and the parameters of total lung capacity (TLC) and forced
expiratory volume were determined according to the manufacturer's recommendations. The
results shown are TLC and forced expiratory volume at 100 ms (FEV100).

Effect of anti—IL-4/IL-13

To investigate the mechanism of the extreme inflammatory response, two neutralizing Abs
specific for IL-4 (clone 1B11) and IL-13 (clone 1316H) (eBioscience) were administered as
50-ug doses i.v. and i.n. 1 h prior to the first i.n. Blot t 5 administration on days 2, 9, and 16.

Lung histology

Cardiac perfusion was performed with 20 ml PBS, and lungs were fixed in 4%
paraformaldehyde (Sigma-Aldrich) for a week, dehydrated, and paraffin embedded. Sections
(4 um thick) were cut and stained with H&E, periodic acid-Schiff (PAS), and Masson’s
trichrome (MTC) stains. To perform immunofluorescence staining, lung tissues were fixed
with 2% paraformaldehyde in PBS with 30% sucrose at 4°C overnight and washed with
PBS for 2 d at 4°C, then embedded in Optimum Cutting Temperature (OCT) compound
(Sakura FineTek, Singapore); sections 5 um thick were then cut on a cryostat (Leica,
Singapore), air dried, and blocked with PBS containing 0.2% BSA. B cells were identified
with rat anti-mouse B220 (1:200; eBioscience), T cells with Armenian hamster anti-mouse
TcRP (1:200; BD Pharmingen), and DCs with biotinylated Armenian hamster anti-CDlIc
(1:100; eBioscience) in PBS containing 1% normal mouse serum overnight at 4°C. Cy2-
conjugated donkey anti-rat Ab (1:300; Jackson ImmunoResearch, West Grove, PA), Cy3-
conjugated goat anti-hamster Ab, and donkey anti-avidin-labeled Ab (both 1:500; Jackson
ImmunoResearch), respectively, were used for detection. Sections were counterstained
with DAPI (KPL) and mounted with fluorescent mounting medium (Dako, Singapore) for
analysis using a fluorescence microscope (Axiolmager Z1, Zeiss, Singapore).

Lung scoring

Inflammation 0: normal (no inflammation); 1: <10%; 2: 10-29%; 3: 30-59%; 4:
60-89%; 5: 90-100% of the total number of airways in the whole section of lung are
inflamed—also scored as a very severe disease state.

Airway remodeling 0: normal airways; 1: <10%; 2: 10-29%; 3: 30-59%; 4: 60—
89%; 5: 90-100% of the total number of airways in the whole section of lung are
remodeled—also scored as a very severe disease state.

J Immunol. Author manuscript; available in PMC 2022 March 09.
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iBALT 0: normal (no iBALT) 1: <10%; 2: 10-29%; 3: 30-59%; 4: 60-89%; 5: 90—
100% of the whole section of lung has iBALT.

Mucus (PAS) 0: normal (ho mucus); 1: <10%; 2: 10-29%; 3: 30-59%); 4: 60-89%); 5:
90-100% of the total number of airways in the whole section of lung stain pink for
mucus and 50% are mucus plugged—also scored as a very severe disease state.

Cell sorting and ex vivo assays

Lung cells were stained with anti-mouse CD3 allophycocyanin (eBioscience), anti-mouse
CD4 PB (BD Pharmingen), anti-mouse Va11.1, 11.2 FITC (BD Pharmingen), and anti-
mouse VB3 PE (BD Pharmingen) and sorted into the transgenic (CD3CD4Vall.1,
11.2*VB3™) and the nontransgenic (CD3CD4Vall.1, 11.27VB3") subsets. Sorted cells were
cultured with splenic DCs and recombinant Blo t 5 protein for 6 d, and supernatants assayed
for IL-5, IL-10, and 1L-13 by ELISA.

Statistical analysis

Results

An unpaired two-tailed Student ¢test was used for comparison between two groups, and
one-way ANOVA was used for comparison between multiple groups. Data are representative
of at least two independent experiments, with three to four mice per group. Data are
expressed as means + SEM (p value range was indicated). Flow cytometric profiles and
histological images are representations of repeated experiments.

BT-11 CD4 T cells assume an effector Th2 phenotype following polarization in vitro

Naive BT-11 CD4 T cells were cultured with splenic DCs and Blo t 5°5-70 for 14 d under
Th2-polarizing conditions (IL-4, anti-IL-12, anti-IFN-yR, and anti—-IFN-y), as outlined in
Fig. 1A. The genotype of the BT-11 mice was examined by flow cytometry. Most (99%) of
CD4 T cells coexpressed Va11.1/11.2 and VB3 (Fig. 1B). Th2-polarized BT-11 CD4 T cells
expressed GATA-3 (92%), but not T-bet (0%) (Fig. 1C, 1D), and secreted large amounts

of IL-5, IL-10, and IL-13 but little IFN-y and no IL-17 (Fig. 1E). Th2-polarized BT-II

cells were stained for CD62L, CD44, and CD45RB. More than 97% were CD45RBH! and
CD62L° (Fig. 1F), and 90% were CD44Hi and CD62L° (Fig. 1G).

Adoptively transferred Th2-polarized BT-Il CD4 T cells induce allergic lung inflammation
and airway hyperresponsiveness

A total of 5 x 108 BT-11 Th2 cells in sterile saline were transferred i.v. into C57BL6J mice
that were restrained in a plastic tube and warmed with a heat lamp. Mice were subsequently
challenged i.n. on 3 successive days with 100 pg recombinant Blo t 5, which induced
significant eosinophilia in both the lung parenchyma and BAL (Fig. 1H). Challenge with
incremental doses of methacholine increased airway resistance in Th2 cell-transferred and
challenged mice (Fig. 1I), which also had increased numbers of peribronchial lymphocytes
(Fig. 1J) and PAS-positive goblet cells (Fig. 1K).

J Immunol. Author manuscript; available in PMC 2022 March 09.
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Adoptive transfer of BT-1l Th2 cells followed by repeated i.n. exposure to recombinant Blo t
5 induced severe allergic asthma

Mice were transferred with 5 x 106 Th2-polarized BT-11 CD4 T cells and challenged

i.n. with 100 pg Blo t 5 three times per week for <6 wk (Fig. 2A). In the second week,
eosinophil numbers in BAL had increased to 2 x 106 per mouse and further increased to

4 x 108 per mouse at weeks 3 and 4 (Fig. 2B). This was paralleled by lung parenchymal
eosinophils that rose to 12 x 108 per mouse on week 3 (Fig. 2C). Subsequently, BAL
eosinophil numbers fell but were still >500,000 per mouse at week 6 (Fig. 2C). There was

a smaller transient rise in neutrophils (Fig. 2D, 2E) that was not significant in the BAL and
only significant in the lung on week 2. T lymphocytes in BAL also increased from week 1 to
3 when there were ~6 x 105 T lymphocytes per mouse (Fig. 2F). Serum IgE levels rose by 3
logs to 40 pg/ml (Fig. 2G), and IgG1 anti-Blo t 5 Abs rose to 40 pug/ml at week 2 (Fig. 2H).
Both were still substantially elevated at week 6. CFSE-labeled adoptively transferred BT-11
Th2 cells were identified 24 h later in lung, spleen, and liver, with very few in lymph nodes
(Fig. 21), which is consistent with their effector memory phenotype (Fig. 1F, 1G).

In addition, on the first challenge of week 2, >80% of mice exhibited a lack of movement,
a reduction in specific airway compliance (Fig. 2J), and a fall in body temperature (Fig.
2K) within 20 min of i.n. challenge. Thus mice transferred with BT-11 Th2 cells and i.n.
challenged exhibited a severe allergic asthma-like airway response.

Both transgenic and nontransgenic T cell numbers rose 3 logs by week 2 but declined
gradually after week 3 (Fig. 3A, 3B) and were still elevated at week 5. BT-11 T cells
cultured ex vivo with DCs and Blo t 5 produced 8 ng/ml of IL-5 at week 2 (Fig. 3C).
Nontransgenic T cells produced similar levels of cytokines (Fig. 3D). A similar pattern of
response was seen for IL-10 (Fig. 3E, 3F) and IL-13 (Fig. 3G, 3H), which reached 3 and 50
ng/ml, respectively.

BT-1l Th2 cells induced a severe asthma phenotype and iBALT formation upon repeated
allergen exposure

H&E-stained sections obtained from the lungs of mice euthanized at week 3 revealed that
the general alveolar architecture of the lungs was lost, with >80% of the whole section
inflamed (Fig. 4A, 4B) and the lung wall altered (Fig. 4C, 4D). PAS-stained sections from
these mice showed mucus plugging of the airways, and >20% of the airways were either
mucus lined or mucus plugged (Fig. 4E, 4F). MCT-stained sections also indicated that more
collagen was deposited around the airways of asthmatic than of naive mice (Fig. 4G).

Interestingly, extensive iBALT was observed around the airways and elsewhere, affecting
>50% of the lung section. iBALT could be detected in the lung parenchyma (Fig. 5A)
and around airways (Fig. 5B) and blood vessels (Fig. 5C). IBALT was examined in more
detail using frozen sections. B cells (B220*) were found in tight clusters and were closely
associated with T cells (TcRB*) (Fig. 5E) and DCs (CD11c™") (Fig. 5F) as compared with
their respective controls (Fig. 5G, 5H).

J Immunol. Author manuscript; available in PMC 2022 March 09.
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OT-1l Th2 cells induced a less severe and less persistent inflammatory response

To compare the response of an established CD4 TcR transgenic mouse that is specific for
OVA, we polarized OT-I1 cells using the same protocol as for BT-11 cells and transferred 5

x 108 Th2-polarized OT-11 CD4 T cells to naive C57BL6/J recipients that were challenged
in groups of six thrice weekly for up to 6 wk (Supplemental Fig. 4A). Eosinophils in BAL
increased to a maximum of 2.5 x 10% at week 2 but had declined to 2.5 x 10° by week 4
(Supplemental Fig. 4B). In contrast, the peak BAL eosinophil count (4 x 106) in the BT-II
system occurred at week 4 (Fig. 2B). As for BT-11 mice (Fig. 2D), there was no increase

in BAL neutrophils after week 1 (Supplemental Fig. 4C). There was comparable expansion
of BT-11 (Fig. 2F) and OT-I1 (Supplemental Fig. 4D) T cells. As for BT-1l mice (Fig. 2G),

in which serum IgE increased from 100 ng/ml to 40 pg/ml, IgE levels in OT-I1-transferred
mice rose to 60 pug/ml (Supplemental Fig. 4E). However, the level of IgE fell much earlier

in the OT-1I-transferred mice. To examine the formation of iBALT in OT-Il-transferred
mice, lung sections were cut and stained at week 3 (Fig. 4A—C). iBALT was detectable
compared with naive mice (Supplemental Fig. 4F, 4G) but to a much lesser extent than in the
BT-l1-transferred mice. Indeed, inflamation and airway remodeling were also much reduced
in the OT-1I-transferred mice.

Severely asthmatic mice are sensitive to treatment with mAbs to IL-4 and 1L-13

To test the effect of neutralizing IL-4/IL-13 on the lung inflammatory response and the
formation of iBALT, mice were transferred with 5 x 106 Th2-polarized BT-11 cells and
challenged thrice weekly with 100 ug Blo t 5 i.n. for 3 wk. In addition, mice were
administered 50 ug of anti—IL-4 and 50 ug of IL-13 i.n. and the same amounts i.v. before
the first of the weekly challenges, as shown in Fig. 6A. Parameters of Th2 inflammation,
including BAL (Fig. 6B) and lung eosinophilia (Fig. 6C), serum IgE (Fig. 6D), and Blo t
5-specific IgG1 (Fig. 6E), were substantially decreased in the mice treated with anti—I1L-4/
IL-13. BAL and lung neutrophilia (Fig. 6F, 6G), as well as BAL and lung T cells (Fig. 6H,
61), were not significantly altered. Lung tissue sections from these mice were stained with
H&E and PAS. Inflammation in the lungs of mice that received anti—IL-4/anti-I1L-13 was
reduced from >80 to <10% (Fig. 6J), airway remodeling from >80 to 10% (Fig. 6K), iBALT
from 50 to <20% (Fig. 6L), and mucus secretion from 50 to <10% of the whole lung section
(Fig. 6M). The alveolar architecture is preserved, although signs of lymphocyte infiltration
still are evident with anti—IL-4/IL-13 treatment (Fig. 6N, 60). Mucus plugging and goblet
cell hyperplasia were substantially reduced in mice treated with anti-1L-4/1L-13 (Fig. 6P).
Lung function was measured using the Buxco Pulmonary Function Test Plethysmograph
system. The effect of neutralizing Abs on TLC (Fig. 6Q) and FEV100 (Fig. 6R) was
determined and found to be reduced in sensitized and challenged mice. Treatment with
anti—-IL-4/IL-13 completely reversed this (Fig. 6Q, 6R). None of the mice treated with anti—
IL-4/IL-13 exhibited respiratory or behavioral symptoms following challenge

Discussion

We have developed a mouse model of severe asthma by transfer of highly Th2-polarized
respiratory allergen—specific transgenic CD4 T cells followed by repeated i.n. challenge with
recombinant allergen. Key features of this response include highly elevated BAL and lung

J Immunol. Author manuscript; available in PMC 2022 March 09.
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eosinophilia, mucus hypersecretion, extensive airway remodeling, bronchial plugging, and
alveolitis. These changes are accompanied by peribronchial deposition of collagen fibers,
smooth muscle hyperplasia, and iBALT formation. Transferred BT-11 Th2 cells expand
>100-fold in the lung by week 2 and secrete large amounts of the Th2 cytokines IL-5, IL-10,
and IL-13 when cultured ex vivo with Blo t 5 and DCs. Host lung CD4 T cells cultured in
the same way secreted the same levels of these cytokines, indicating that the transferred T
cells create conditions for priming endogenous CD4 T cells and polarizing them into Blo t
5-specific Th2 cells possibly through the formation of Th2 iBALT, although the direct effect
of iBALT on the endogenous immune system has yet to be proved. Serum IgE and 1gG1
Abs increased >1000-fold to 30-40 pg/ml. Neutralization with monoclonal anti-IL-4 and
anti-1L-13 Abs administered at weekly intervals attenuated this response.

Adoptively transferred OVA-specific Th2 cells followed by OVA challenge has been shown
to induce an asthma-like response in rats (26, 27) and mice (28-30). However, the
magnitude of the allergic response is limited to ~4 y 10° eosinophils in BAL and a modest
increase in IgE. A limitation of asthma models using transferred T cells is that they fail to
expand significantly in the adoptive host. Our study maximized polarization of Th2 cells
by neutralizing Thl-inducing cytokines (IFN-y and IL-12) and repeatedly stimulating the
cells in the presence of IL-4. The BT-11 Th2 cells generated expressed CD44 and CD45RB,
but not CD62L. CD45RB is traditionally considered a marker of naive cells but has been
described on Th2-polarized CD4 T cells (31-33) as well as on activated CD8 T cells (34).
By week 2 the number of transgenic T cells had risen to 100,000 and by week 3 to 200,000-
300,000 cells per lung. Such a dramatic in vivo expansion of Th2 cells has not previously
been described and importantly was associated with extensive iBALT formation.

First described in rabbits (35, 36) and subsequently in mice (37), inducible iBALT has been
reported in response to influenza infection and neonatal LPS (38). Furthermore, iBALT

has been described in neonates and asthmatic children (39-41). Formation of iBALT is
more frequently seen as a consequence of lung infection and may be dependent on IL-17
(42), although IL-17-independent iBALT has also been described (43). Regulatory T cells
have been shown to inhibit iBALT (44) via a neutrophil-dependent process. In our study
we observed extensive iBALT formation, with >50% of the airways in the whole lung
sections affected. We observed iBALT proximal to airways and blood vessels but also
seemingly independent of these in the lung parenchyma. Th2-associated iBALT has rarely
been reported in asthma models (45), and there has been no investigation of its composition
or the cytokines required to induce it.

A new therapeutic mAb to the common IL-4Ra-chain of the receptors for human

IL-4 and IL-13 (Duplimab) has been reported to reduce inflammation in patients with
atopic dermatitis (46—-48) and those with moderate-to-severe asthma (49). We carried out
experiments to inhibit IL-4 and I1L-13 using two mAbs known to neutralize these cytokines
and observed that mice that received Abs exhibited significantly decreased inflammation in
all parameters except for the neutrophilia and the numbers of T lymphocytes. Histological
examination of the lung sections from mice treated with anti—IL-4/anti—IL-13 revealed that
these treatments were effective against eosinophilia, IgE and 1gG1 anti-Blo t 5, airway
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remodeling, and iBALT formation. Thus it appears that in an allergic asthmatic response
Th2 cytokines can cause iBALT formation.

In our study, we have developed a new mouse model of severe asthma that results in
extensive lung inflammation, a strong adoptive and host Th2 response, airway remodeling,
and the formation of IL4/IL-13-dependent iBALT. Mice transferred with highly polarized
Th2 cells and i.n. exposed to the corresponding allergen exhibit respiratory symptoms
when challenged i.n., a response, to our knowledge, that is hitherto unseen in previously
described mouse asthma models. This study provides a new model of asthma that may help
discriminate between drugs that do and do not work for severe and hard-to-treat asthma. In
addition, our T cell transfer-challenge model sheds new light on the mechanism underlying
Th2 iBALT formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

All gene-modified mice were bred under the Life Sciences Institute transgenic core breeding program. All flow
cytometry and cell sorting were carried out in the Life Sciences Institute flow laboratory with assistance from Dr.
P Hutchinson and G.H. Teo. Technical support was received from G.H. Soh, H.M. Wen, and L.H. Chua in the
Department of Pediatrics, Yong Loo Lin School of Medicine, Singapore.

This work was supported by the National Medical Research Council (Grant NMRC 1321/2012), the Life Sciences
Institute, the National University of Singapore (to D.M.K.), the Yong Loo Lin School of Medicine (to D.M.K.,
PAM., KY.C,Y.Z,WS.PW., and YA)), and the National Research Foundation National University of Singapore-
Hebrew University of Jerusalem Programme for Inflammation (to D.M.K., H.S.W,, and Q.Z.).

Abbreviations used in this article:

BAL bronchoalveolar lavage

DC dendritic cell

FEV100 forced expiratory volume at 100 ms
iBALT inducible BALT

i.n. intranasal(ly)

MTC Masson's trichrome

PAS periodic acid-Schiff

References

1. Braman SS 2006. The global burden of asthma. Chest 130(Suppl.): 45-12S. [PubMed: 16840363]

2. Sousa AR, Lane SJ, Atkinson BA, Poston RN, and Lee TH. 1996. The effects of prednisolone on the
cutaneous tuberculin response in patients with corticosteroid-resistant bronchial asthma. J. Allergy
Clin. Immunol. 97: 698-706. [PubMed: 8621857]

3. Bousquet J, Mantzouranis E, Cruz AA, Ait-Khaled N, Baena-Cagnani CE, Bleecker ER, Brightling
CE, Burney P, Bush A, Busse WW, et al. 2010. Uniform definition of asthma severity, control,

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chua et al.

13.

15.

16.

17.

18.

19.

20.

Page 11

and exacerbations: document presented for the World Health Organization Consultation on Severe
Asthma. J. Allergy Clin. Immunol. 126: 926-938. [PubMed: 20926125]

. Chung KF 2015. Managing severe asthma in adults: lessons from the ERS/ATS guidelines. Curr

Opin. Pulm. Med. 21: 8-15. [PubMed: 25405672]

. Sagar S, Akbarshahi H, and Uller L. 2015. Translational value of animal models of asthma:

challenges and promises. Eur. J. Pharmacol. 759: 272-277. [PubMed: 25823808]

. Tang Y, Guan SP, Chua BY, Zhou Q, Ho AW, Wong KH, Wong KL, Wong WS, and Kemeny

DM. 2012. Antigen-specific effector CD8 T cells regulate allergic responses via IFN-gamma and
dendritic cell function. J. Allergy Clin. Immunol. 129: 1611-1620.e1614. [PubMed: 22385629]

. Cates EC, Fattouh R, Wattie J, Inman MD, Goncharova S, Coyle AJ, Gutierrez-Ramos JC,

and Jordana M. 2004. Intranasal exposure of mice to house dust mite elicits allergic airway
inflammation via a GM-CSF-mediated mechanism. J. Immunol. 173: 6384-6392. [PubMed:
15528378]

. Fattouh R, Pouladi MA, Alvarez D, Johnson JR, Walker TD, Goncharova S, Inman MD, and

Jordana M. 2005. House dust mite facilitates ovalbumin-specific allergic sensitization and airway
inflammation. Am. J. Respir. Crit. Care Med. 172: 314-321. [PubMed: 15879422]

. Johnson JR, Wiley RE, Fattouh R, Swirski FK, Gajewska BU, Coyle AJ, Gutierrez-Ramos JC, Ellis

R, Inman MD, and Jordana M. 2004. Continuous exposure to house dust mite elicits chronic airway
inflammation and structural remodeling. Am. J. Respir. Crit. Care Med. 169: 378-385. [PubMed:
14597485]

10. Ullah MA, Revez JA, Loh Z, Simpson J, Zhang V, Bain L, Varelias A, Rose-John S, Blumenthal

A, Smyth MJ, et al. 2015. Allergen-induced IL-6 trans-signaling activates y8 T cells to promote
type 2 and type 17 airway inflammation. J. Allergy Clin. Immunol. 136: 1065-1073. [PubMed:
25930193]

. Arizmendi NG, Abel M, Puttagunta L, Asaduzzaman M, Davidson C, Karimi K, Forsythe P,
and Vliagoftis H. 2011. Mucosal exposure to cockroach extract induces allergic sensitization and
allergic airway inflammation. Allergy Asthma Clin. Immunol. 1: 22.

. Baqueiro T, Russo M, Silva VM, Meirelles T, Oliveira PR, Gomes E, Barboza R, Cerqueira-Lima
AT, Figueiredo CA, Pontes-de-Carvalho L, and Alcantara-Neves NM. 2010. Respiratory allergy
to Blomia tropicalis: immune response in four syngeneic mouse strains and assessment of a low
allergen-dose, short-term experimental model. Respir. Res. 11: 51. [PubMed: 20433763]
Barboza R, Camara NO, Gomes E, Sa-Nunes A, Florsheim E, Mirotti L, Labrada A, Alcantara-
Neves NM, and Russo M. 2013. Endotoxin exposure during sensitization to allergens shifts TH2
immunity towards a TH17-mediated airway neutrophilic inflammation: role of TLR4 and TLR2.
PLo0S One 8: e67115. [PubMed: 23805294]

14. Zhou Q, Ho AW, Schlitzer A, Tang Y, Wong KH, Wong FH, Chua YL, Angeli V, Mortellaro A,

Ginhoux F, and Kemeny DM. 2014. GM-CSF-licensed CDIIb+ lung dendritic cells orchestrate Th2
immunity to Blomia tropicalis. J. Immunol 193: 496-509. [PubMed: 24943219]

Zhang L, Chew FT, Soh SY, Yi FC, Law SY, Goh DY, and Lee BW. 1997. Prevalence and
distribution of indoor allergens in Singapore. Clin. Exp. Allergy 27: 876-885. [PubMed: 9291283]
Fernandez-Caldas E, Puerta L, Mercado D, Lockey RF, and Caraballo LR. 1993. Mite fauna, Der
p |, Der f I and Blomia tropicalis allergen levels in a tropical environment. Clin. Exp. Allergy 23:
292-297. [PubMed: 8319126]

Arlian LG, Vyszenski-Moher DL, and Femandez-Caldas E. 1993. Allergenicity of the mite,

Blomia tropicalis. J. Allergy Clin. Immunol. 91: 1042-1050. [PubMed: 8491936]

Puerta L, Ferndndez-Caldas E, Mercado D, Lockey RF, and Caraballo LR. 1996. Sequential
determinations of Blomia tropicalis allergens in mattress and door dust samples in a tropical city. J
Allergy Clin. Immunol. 97: 689-691. [PubMed: 8621855]

Mori JC, Pires MC, Galvéo CB, Ferreira de Mello J, Golcher FM, and Montealegre F. 2001.
Determination of Blomia tropicalis-specihc IgE and IgG subclasses in atopic dermatitis patients.
Allergy 56: 180-184. [PubMed: 11167381]

Kuo IC, Cheong N, Trakultivakom M, Lee BW, and Chua KY. 2003. An extensive study of human
IgE cross-reactivity of Blo t 5 and Der p 5. J. Allergy Clin. Immunol. 111: 603-609. [PubMed:
12642844]

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chua et al.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 12

Sun BQ, Wu A, Chan A, Chik S, Wong D, and Zhong NS. 2004. House dust mite allergen (Derpl
and Blot5) levels in asthmatics home in Hongkong. Chin. Med. Sci. J 19: 185-188. [PubMed:
15506644]

Puccio FA, Lynch NR, Noya O, Noda A, Hagel I, Lépez E, L6pez R, Caraballo L, Mercado D,
and DiPrisco MC. 2004. Importance of including Blomia tropicalis in the routine diagnosis of
Venezuelan patients with persistent allergic symptoms. Allergy 59: 753-757. [PubMed: 15180763]

Stanaland BB, Fernandez-Caldas B, Jacinto CM, Trudeau WL, and Lockey RF 1994. Sensitization
to Blomia tropicalis. skin test and cross-reactivity studies. J Allergy Clin. Immunol. 94; 452-457.
[PubMed: 8083450]

Arruda LK, Vailes LD, Platts-Mills TA, Femandez-Caldas B, Montealegre F, Lin KL, Chua KY,
Rizzo MC, Naspitz CK, and Chapman MD. 1997. Sensitization to Blomia tropicalis in patients
with asthma and identification of allergen Blo t 5. Am. J. Respir. Crit. Care Med 155: 343-350.
[PubMed: 9001334]

Lim LH, Li HY, Cheong N, Lee BW, and Chua KY. 2004. High-level expression of a codon
optimized recombinant dust mite allergen, Blo t 5, in Chinese hamster ovary cells. Biochem.
Biophys. Res. Commun. 316: 991-996. [PubMed: 15044082]

Watanabe A, Mishima H, Renzi PM, Xu LJ, Hamid Q, and Martin JG. 1995. Transfer of allergic
airway responses with antigen-primed CD4+ but not CD8+ T cells in brown Norway rats. J. Clin.
Invest. 96: 1303-1310. [PubMed: 7657805]

Haczku A, Macary P, Huang TJ, Tsukagoshi H, Barnes PJ, Kay AB, Kemeny DM, Chung KF, and
Mogbel R. 1997. Adoptive transfer of allergen-specific CD4+ T cells induces airway inflammation
and hyperresponsiveness in brown-Norway rats. Immunology 91: 176-185. [PubMed: 9227314]

Cohn L, Homer RJ, Marinov A, Rankin J, and Bottomly K. 1997. Induction of airway mucus
production By T helper 2 (Th2) cells: a critical role for interleukin 4 in cell recruitment but not
mucus production. J. Exp. Med. 186: 1737-1747. [PubMed: 9362533]

Randolph DA, Carruthers CJ, Szabo SJ, Murphy KM, and Chaplin DD. 1999. Modulation of
airway inflammation by passive transfer of allergen-specific Thl and Th2 cells in a mouse model
of asthma. J. Immunol. 162: 2375-2383. [PubMed: 9973518]

Hansen G, Berry G, DeKruyff RH, and Umetsu DT. 1999. Allergen-specific Thl cells fail to
counterbalance Th2 cell-induced airway hyperreactivity but cause severe airway inflammation. J.
Clin. Invest. 103: 175-183. [PubMed: 9916129]

Swain SL, Huston G, Tonkonogy S, and Weinberg A. 1991. Transforming growth factor-beta and
IL-4 cause helper T cell precursors to develop into distinct effector helper cells that differ in
lymphokine secretion pattern and cell surface phenotype. J Immunol. 147: 2991-3000. [PubMed:
1680924]

Lugman M, Johnson P, Trowbridge I, and Bottomly K. 1991. Differential expression of the
alternatively spliced exons of murine CD45 in Thl and Th2 cell clones. Eur. J. Immunol. 21:
17-22. [PubMed: 1671357]

Birkeland ML, Kraus T, Tardelli L, and Puré E. 1992. Progressive changes in CD45RB phenotype
and lymphokine production by murine CD4+ T cells after alloantigen exposure. Immunology 75:
632-638. [PubMed: 1350569]

Croft M, Carter L, Swain SL, and Dutton RW. 1994. Generation of polarized antigen-specific CD8
effector populations: reciprocal action of interleukin (IL)-4 and IL-12 in promoting type 2 versus
type 1 cytokine profiles. J. Exp. Med 180: 1715-1728. [PubMed: 7525836]

Bienenstock J, Johnston N, and Perey DY. 1973. Bronchial lymphoid tissue. Il. Functional
characterisitics. Lab. Invest. 28: 693-698. [PubMed: 4576805]

Bienenstock J, Johnston N, and Perey DY. 1973. Bronchial lymphoid tissue. I. Morphologic
characteristics. Lab. Invest. 28: 686—692. [PubMed: 4123478]

Breel M, Van der Ende M, Sminia T, and Kraal G. 1988. Subpopulations of lymphoid and
non-lymphoid cells in bronchus-associated lymphoid tissue (BALT) of the mouse. Immunology
63: 657-662. [PubMed: 3259206]

Moyron-Quiroz JB, Rangel-Moreno J, Kusser K, Hartson L, Sprague F, Goodrich S, Woodland
DL, Lund FB, and Randall TD. 2004. Role of inducible bronchus associated lymphoid tissue
(iBALT) in respiratory immunity. Nat. Med 10: 927-934. [PubMed: 15311275]

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chua et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 13

Heier I, Malmstrém K, Pelkonen AS, Malmberg LP, Kajosaari M, Turpeinen M, Lindahl H,
Brandtzaeg P, Jahnsen FL, and Médkel& MJ. 2008. Bronchial response pattern of antigen presenting
cells and regulatory T cells in children less than 2 years of age. Thorax 63: 703-709. [PubMed:
18250182]

Zhao FH, Lewkowitz AK, Hu SY, Chen F, Li LY, Zhang QM, Wu RF, Li CQ, Wei LH, Xu

AD, et al. 2012. Prevalence of human papillomavirus and cervical intraepithelial neoplasia in
China: a pooled analysis of 17 population-based studies. Int. J. Cancer 131: 2929-2938. [PubMed:
22488743]

Zhu M, and Fu Y. 2012. Proinflammatory IL-17 induces iBALT development. Cell. Mol. Immunol.
9: 101-102. [PubMed: 21927015]

Rangel-Moreno J, Carragher DM, de la Luz Garcia-Hernandez M, Hwang JY, Kusser K,

Hartson L, Kolls JK, Khader SA, and Randall TD. 2011. The development of inducible bronchus-
associated lymphoid tissue depends on IL-17. Nat. Immunol. 12: 639-646. [PubMed: 21666689]
Fleige H, Haas JD, Stahl FR, Willenzon S, Prinz I, and Forster R. 2011. Induction of BALT in the
absence of IL-17. Nat. Immunol. 13: 1, author reply 2. [PubMed: 22179267]

Foo SY, Zhang V, Lalwani A, Lynch JP, Zhuang A, Lam CB, Foster PS, King C, Steptoe RJ,
Mazzone SB, et al. 2015. Regulatory T cells prevent inducible BALT formation by dampening
neutrophilic inflammation. J. Immunol. 194: 4567-4576. [PubMed: 25810394]

Guest IC, and Sell S. 2015. Bronchial lesions of mouse model of asthma are preceded by immune
complex vasculitis and induced bronchial associated lymphoid tissue (iBALT). Lab. Invest. 95:
886-902. [PubMed: 26006019]

Hamilton JD, Suérez-Farifias M, Dhingra N, Cardinale I, Li X, Kostic A, Ming JE, Radin AR,
Krueger JG, Graham N, et al. 2014. Dupilumab improves the molecular signature in skin of
patients with moderate-to-severe atopic dermatitis. J. Allergy Clin. Immunol. 134: 1293-1300.
[PubMed: 25482871]

Beck LA, Thagi D, Hamilton JD, Graham NM, Bieber T, Rocklin R, Ming JE, Ren H, Kao R,
Simpson E, et al. 2014. Dupilumab treatment in adults with moderate-to-severe atopic dermatitis.
N. Engl. J. Med. 371: 130-139. [PubMed: 25006719]

Boguniewicz M, and Leung DY. 2015. Targeted therapy for allergic diseases: at the intersection

of cutting-edge science and clinical practice. J Allergy Clin. Immunol. 135: 354-356. [PubMed:
25662304]

Wenzel S, Ford L, Pearlman D, Spector S, Sher L, Skobieranda F, Wang L, Kirkesseli S, Rocklin
R, Bock B, et al. 2013. Dupilumab in persistent asthma with elevated eosinophil levels. N. Engl. J.
Med. 368: 2455-2466. [PubMed: 23688323]

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chuacetal.

A
Day 0 Day 3 Day 7 Day 10 Day 14
BT-11CD4  Cocktail sDC + Cocktail Harvest
T cells, cocktail
sDC,
+ cocktail

Cocktail = IL-4, anti-IL-12, anti-IFN-y + anti-IFN-yR

E

Cytokine conc (pg/ml)

H

2,000,000

1,500,000

Cells

500,000

1,000,000

100,000

10,000

1,000

100

IL-5 IL-10

Cytokines
BAL
OControl
@Th2/BT5

IL-13  IFNgy

Lung

dekk

FIGURE 1.

Page 14

B 4
[l 99%
s &
C  Vell1,112 D
r N
% ©
3 0% .s 92%
e <
o L
P - 1 10
cD4 cpa
F , G
-
2.
©
(=]
(&)

CD45RB

o
o
=)

-~ Th2/Blot5
‘@ Th2/PBS

100091 -&- Control

33
=)
o

------

% Change in airway resistance
o
4

0 A

Transfer of Th2-polarized BT-11 CD4 T cells to C57BL6 mice, followed by allergen
challenge, induced an asthma phenotype. (A) Experimental scheme. Mixture = anti-IFN-y
(20 mg/ml), anti-IFN-yR (20 mg/ml), anti-IL-12 (20 mg/ml), and IL-4 (10 ng/ml). (B)
Expression of VB3, Vail.1/11.2 by BT-I1 cells. Th2-polarized BT-11 T cell expression of
T-bet (C) and GATA-3 (D), and cytokines secreted by BT-11 Th2 cells cultured with Blot t

5 (E). BT-11 Th2 cells expressed low levels of CD62L and high levels of CD45RB (F) and
CD44 (G). (H) BAL and lung eosinophils. The response of mice to methacholine challenge
(1. Peribronchial mononuclear cell infiltration (J) and mucus secretion (K). The data shown
are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001,

Student ¢test.

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chuacetal. Page 15

A day S: day 12: day 19: day 26: day 33: day 39:
Eutlranisc Eulhz}nisc Eulhfmisc Eulhz}uisc Eulhz‘nisc Eul_hm]isc
\\ 1T TTT [TT [T ITT ITT
Lyt S — e Ert =
day 1 days days days days days days
Transfer  2,3,4 9,10, 11 16,17,18 23,24,25 30, 31,32 37, 38,39
BT-II Th2 100pgBlot5in. 100ugBlot5in. 100pgBlot5in. 100ugBlot5in. 100ug Blot5 in. 100pug Blot 5 i.n.
cells i.v.
B C .
F S =
= a0’
2 d 2
? 10° @10
o o
w w
2 2o
o 5
a
10° 10
L 2 T L N N
oe* Qu* e" 00* 00* e‘“f ‘\‘b\ ©
D AT T AT T T e E «

BAL Neutrophils
2 5 =
E I:
«
Lung Neutrophils
3 3
I;
5,
»

*\ *W ‘*’5 ‘Q‘ *") N 8 ~ “ > » o ©
.
A At at @t o I R
ns
F — G sy

BAL CD3" T cells
s B B &
%
e E
Total IgE (ng/ml)

I
4
..
4
.,
4
2,
4
.
4

Blo t 5-specific IgG1 (ng/ml)
533333
°
; [
e,
%
%
CFSE+CD4 T cells
-
%
LT
%
N
%

N Lung PMLN Spleen Liver
o o° o Od Gl o ESd
ESEE S N O withoutchalienge B with challenge
-0.01
p=0:0123 @ Naive group K
00207 w
o DA O Asthma group

*

0.015 p =0.0416

0.010

Cdyn

0.008

Body temperature C

0.000

Methacholine (mg/mi)

FIGURE 2.
Repeated challenge of Th2-polarized BT-11-transferred mice with Blo t 5 produced an

extreme allergic response. Mice were transferred with Th2-polarized BT-IIT cells, as shown
in the scheme (A). Eosinophils in BAL (B) and lung (C); neutrophils in BAL (D) and lung
(E). T cells in BAL (F), total serum IgE (G), and serum Blo t 5-specific 1gG1 (H) in BT-II
Th2-transferred and Blo t 5-challenged mice. CFSE-labeled Th2-polarized BT-11 CD4 T
cells transferred 24 h earlier in lung, posterior mediastinal lymph node (pMLN), spleen,
and liver (1). Specific compliance on week 3 (J) and body temperature 15 min after first
challenge of week 2 (K). The data shown are representative of two to four independent
experiments. *p < 0.05, **p< 0.01, ***p < 0.001, p< 0.0001, Student ¢test.

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chua et al.

Page 16

Ins I

.

«\4\;\«*4\4\“
10°
1.7]"‘]‘_.‘

~x‘ ~x‘ ~x\ ~x‘ 4* «‘

Transgenic CD4 T cells/lung
Non-transgenic CcD4T cellsllung

O
o

IL-5 (pg/m1)
IL-5 (pg/m1)

E F
E E
) )
e a
= =
3 3
0\4
q\q\«\q\q\q\“
G H LA

IL-13 (pg/m])
IL-13 (pg/m1)

10° t i
104
10°
102
LI TR, T S N R
BN

& «x°°$ FOSN R

FIGURE 3.
Repeated allergen challenge to BT-11 Th2-transferred mice expands transgenic and

nontransgenic T cells that contribute equally to Th2 cytokine production. Transgenic (A)
and nontransgenic (B) CD4 T cells in the lung. Cytokines secreted following 6-d culture
with Blo t 5 and splenic CDIllc* DCs and both transgenic and nontransgenic CD4 T cells,
IL-5 (C and D), IL-10 (E and F), and IL-13 (G and H). The data shown are representative
of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, Student ztest. Cdyn,
dynamic compliance.

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chuacetal.

A Th2/Blot 5

FIGURE 4.

s}

Airway remodelling score O Inflammation score

n

Mucus score

Page 17

Th2/Blot5 Naive

%k ke

9

Th2/Blot5 Naive

* ok

T —

Th2/Blot5 Naive

Repeated weekly exposure to allergen-induced tissue damage, airway remodeling, mucus
hypersecretion, and iBALT formation. Lungs from Th2 BT-1I-transferred and allergen-
challenged or naive mice were paraffin embedded, sectioned, and stained with H&E (A

and C). Lung inflammation (B), airway remodeling (D), and mucus (F) were assessed blind
by three independent observers. Mucus secretion was measured (E) by PAS staining and (G)
collagen (blue) by MCT. Original magnification x20 (A, C, E, and G). The data shown are
representative of two independent experiments. **p < 0.01, ***p < 0.001, Student ¢test.

J Immunol. Author manuscript; available in PMC 2022 March 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Page 18

O

iBALT score

Th2 /Blot5 Naive

FIGURE 5.
Examination of iBALT. Lungs from Th2 BT-1I-transferred and Blo t 5-challenged or naive

mice were frozen and sectioned as described in Materials and Methods. Different patterns of
iBALT included interstitial (A), peribronchial (B), and perivascular (C), which was scored
by three independent observers of B cells (D). Frozen sections from BT-Il Th2-transferred
and challenged mice were stained with mAb to B220 (green) and T cells with mAb to TcRB
(red) (E and G). In addition, DCs from Th2 BT-lI-transferred and allergen-challenged mice
were stained (red) with mAb to CDllc and counterstained with anti-B220 (green) (F and

H). Untreated mice that served as controls for (E) are shown in (G), and those that served

as controls for (F) are shown in (H). For each panel the individual monoclonal staining is
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FIGURE 6.
Inhibition of asthma phenotype and lung pathological changes by anti—IL-4/1L-13.

Monoclonal anti—-IL-4 and IL-13 Abs were administered i.v. and i.n. 24 h before the first

of three weekly challenges, and the mice were sacrificed on week 3 (A). BAL (B) and

lung (C) eosinophils, total serum IgE (D) and Blo t 5 1gG1 (E), BAL (F) and lung (G)
neutrophils, and BAL (H) and lung (1) T cells were measured in mice treated with anti—
IL-4/IL-13 and compared with control animals. In parallel experiments, lungs were excised,
fixed with paraformaldehyde, paraffin embedded, and stained with H&E. Lung pathological
changes were compared with and without anti—IL-4/IL-13 and scored for inflammation (J),
airway remodeling (K), iBALT formation (L), and mucus production (M) assessed by three
independent observers. Examples of tissue sections stained with H&E (N and O) and PAS
(P) are shown. (N-P) Original magnification x20. Effect of neutralizing Abs on TLC (Q)
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and FEV100 (R). Data are representative of two experiments. *p < 0.05, **p < 0.01, ***p <
0.001, Student ¢test.

J Immunol. Author manuscript; available in PMC 2022 March 09.



	Abstract
	Materials and Methods
	Mice
	Polarization of BT-II and OT-II CD4 T cells
	Adoptive transfer and i.n. Ag challenge
	Intracellular staining for transcription factors
	CFSE labeling of BT-II Th2 cells
	Recombinant Blo t 5 protein
	Flow cytometric analysis of cells in BAL fluid and lungs
	ELISAs
	Lung function testing
	Effect of anti–IL-4/IL-13
	Lung histology
	Lung scoring
	Cell sorting and ex vivo assays
	Statistical analysis

	Results
	BT-II CD4 T cells assume an effector Th2 phenotype following polarization in vitro
	Adoptively transferred Th2-polarized BT-II CD4 T cells induce allergic lung inflammation and airway hyperresponsiveness
	Adoptive transfer of BT-II Th2 cells followed by repeated i.n. exposure to recombinant Blo t 5 induced severe allergic asthma
	BT-II Th2 cells induced a severe asthma phenotype and iBALT formation upon repeated allergen exposure
	OT-II Th2 cells induced a less severe and less persistent inflammatory response
	Severely asthmatic mice are sensitive to treatment with mAbs to IL-4 and IL-13

	Discussion
	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	FIGURE 4.
	FIGURE 5.
	FIGURE 6.



