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Abstract

The effects of Lactobacillus crispatus

on alleviation of allergic asthma

Yoon Soyon
Dept. of Environmental Health
The Graduate School of Public Health

Seoul National University

Development of asthma is affected by the microbiota modulating immune and
metabolic functions of host. Epidemiological studies have shown more
frequent incidence of asthma in infants delivered by Caesarean section than
in ones delivered by vaginal birth. In this study, we investigated the effect of
representative vaginal lactobacilli strain, Lactobacillus crispatus (LC), on
alleviating asthmatic responses induced by ovalbumin (OVA) and house dust
mite (HDM) in mice. Daily oral administration of LC isolate from a healthy



Korean woman initiated seven days prior to day 0 (approximately 2.0 x10°
CFU/mouse/day) and continued until the end of the experiments. In OVA-
induced asthma model, mice were sensitized with OVA and alum through
intraperitoneal injection on day 0 and 14, followed by OVA challenge through
intranasal injection on day 18 - 20. In HDM-induced asthma model, mice
were challenged with HDM on day 0, day 7-11 through intratracheal injection.
In both studies, histological analysis of lung tissue revealed significantly
reduced eosinophil infiltration around bronchioles in LC-administered group
compared to control group. The LC-administered group displayed a
significantly lower airway hyperresponsiveness level compared to HDM-WT
group. Flow cytometric analysis revealed that LC treatment successfully
reduced OVA/HDM-induced IL-5 and IL-13 in lungs and IL-57/13" CD4" T
lymphocytes in an IL-4-independent manner. We observed a significant
elevation in IL-5/13" innate lymphoid cell (ILC) population induced by OVA,
but not by HDM, which was inhibited by LC treatment. We also observed a
significantly reduced dendritic cells in LC-treatment group in HDM-induced
asthma model. In order to confirm the underlying mechanism of anti-
inflammatory action of LC, we purified and treated peptidoglycan (PGN)
from LC culture to papain-stimulated murine epithelial cells in vifro. Both
pasteurized LC pellets and LC PGN significantly reduced i/-33 expression in

murine lung epithelial cells. Taken together, LC successfully alleviated



allergic asthmatic responses induced by OVA and HDM in mice and can be

applied to a microbiome-based therapy for asthma.

Keywords: Lactobacillus crispatus, Probiotics, Allergic asthma, Ovalbumin
(OVA), House-dust mite (HDM), Airway hyperresponsiveness (AHR),

Innate lymphoid cells (ILC), Peptidoglycan
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I. Introduction

Asthma is a chronic inflammatory pulmonary disease characterized
by various and recurrent symptoms which can display a wide extension of
severity. Symptoms of asthma include wheezing, coughing, reversible airflow
obstruction and bronchospasm. Worldwide, about 339 million people suffer
from asthma (1), and 13.8 million disability-adjusted life years (DALYs) are
estimated to be lost annually due to asthma (2). Due to its high incidence,
prevalence and chronic nature, asthma is one of the major sources of global

economic burden (2-4).

Allergic asthma is the most common form of asthma and often
characterized by eosinophilic airway inflammation (5-7). Aeroallergens
derived from house-dust mites (HDM), pollen, or dust particles trigger
allergic reactions when inhaled (8). Both innate and adaptive immune
responses are reported to be the main drivers of the pathogenesis of the
disease; Tu2 response is traditionally believed to be responsible for
pathogenesis of asthma, while there is growing evidence that innate lymphoid
cells (ILC) and the related responses are also involved (9-12). The
pathogenesis of allergic asthma is characterized by Interleukin (IL)-5 and IL-
13 dependent lung eosinophilia, airway hyperresponsiveness (AHR), goblet
cell hyperplasia, and IL-4 dependent Immunoglobulin E (IgE) elevation in
serum (7, 9-11, 13-16). Popular treatments for allergic asthma include inhaled

steroids such as corticosteroids (17-19), monoclonal anti-IgE antibody (20-
1



23) and bronchodilators (24, 25), but their efficacy is restricted to minimizing
the symptoms without curing the disease (16, 19). These treatments are not
100% effective to all patients (26, 27) and possess potential side effects (28-
31). Consequently, there is an increasing demand for novel treatment
strategies not restricted to reducing allergic responses, but rather focus on

attenuating the earlier stages of pathogenesis (16).

Probiotics, also referred to as live biotherapeutic products (LBP), are
novel approaches for allergic diseases (32, 33). Human microbiome plays a
crucial role in shaping and developing aspects of host immune responses (34).
The bacterial colonization in human is a dynamic process which begins as
soon as the time of birth; the delivery mode has been identified as a significant
factor determining the initial colonization and composition of the neonatal
microbiome (35, 36). There is growing evidence showing higher risk of
developing asthma in children who had been delivered by Caesarean section
(C-section) (37-39). Contrast to C-section, neonates delivered by a vaginal
delivery contact to mothers’ vaginal microbiome, which is predominantly
colonized by bacteria from genus Lactobacillus. Lactobacillus species are one
of the most recognized probiotics which produce lactic acid and form biofilms
in the vaginal and gut microbiota. Infants delivered by C-section experience
dysbiosis of the gut microbiota, which may negatively affect immune
development in infants and increase their susceptibility to chronic diseases

(40, 41). While the functional relationship between the human microbiota and
2



asthma is still poorly understood, several studies have shown that oral
delivery of intestinal Lactobacillus species could reduce asthmatic symptoms
in both animal models and human studies (42-44). In a study of atopic
dermatitis, Lactobacillus crispatus (LC) showed the highest anti-
inflammatory capacity in vitro among various vaginal-derived Lactobacillus
spp. based on the prohibiting effect on production of allergy-mediating
cytokines, such as IL-4 and IL-5 (45). Mice treated with LC revealed
significantly decreased atopic dermatitis inflammatory scores (45). Multiple
epidemiological studies suggest the sequential development of allergic
diseases, that is, atopic dermatitis in infancy, and allergic rhinitis and/or
asthma in later stages of life caused by allergen exposure through the
epidermis (46). Considering its high anti-inflammatory capacity in atopic
dermatitis studies, vagina-derived Lactobacillus crispatus may be a

promising candidate of novel therapeutic potential for asthma.

In this study, we aimed to demonstrate the efficacy of LC on
alleviating allergic asthma using ovalbumin (OVA) and house-dust mite
(HDM) as allergens. The study also investigated the underlying mechanism
of reduced lung inflammation due to LC administration. Daily oral dosing
with LC abrogated the disease pathogenesis by decreasing infiltration of
eosinophils in lungs. L.C reduced both innate and adaptive immune responses.

With its potential to modulate various immune responses, LC can be further



tested to be a novel therapeutic for allergic asthma.
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II. Materials and Methods

1. Bacteria culture and preparation

Lactobacillus crispatus KBL693 (LC) was isolated from vagina of a
healthy Korean woman. Frozen stock of LC was thawed and inoculated on
Man-Rogosa-Sharpe (MRS) (5.5%; w/v, BD Difco) agar containing L-
cysteine (0.05%; w/v; Sigma-aldrich) and incubated at 37°C for 48 hours in
anaerobic condition. An isolated single colony of LC was inoculated in MRS
broth media and incubated at 37°C in anaerobic condition for 16 hours. 2
times of subculture (1% v/v) of incubation subsequently followed for
activation of bacterial culture. The culture was harvested by centrifugation at
4,000 rpm for 10 minutes at 4°C. Bacterial pellets were washed with 1%
Phosphate Buffer Saline (PBS). Collected pellets were resuspended in PBS to

1.0 x10'° colony forming units (CFU)/ml.



2. Animals

6 weeks old female BALB/c mice were purchased from Orient Bio
Inc. (Seongnam, Republic of Korea). Upon arrival, mice were randomly
allocated to individually ventilated cages that have available portable water
and food ad libitum. Mice were kept in a semi specific pathogen-free facility
at Seoul National University (Seoul, Republic of Korea). Mice were
acclimated to the facility for 7 days; mice were 8-week-old at the initiation of
the study. All experiments were in accordance with the Seoul National
University Institutional Animal Care and Use Committee (IACUC)
guidelines (SNU-170116-4-5). Mice were sacrificed at experimental end by
isofurane (Hana Pharm Co., Ltd., Republic of Korea) overdose and cervical

dislocation.



3. Ovalbumin (OVA) sensitization, challenge and treatment (Fig 1)

Mice were divided into three groups: PBS-challenged PBS treatment
group (Wild-type; WT), OVA-challenged PBS treatment group (OVA-WT)
and OVA-challenged LC treatment group (OVA-LC). Each mouse was
received daily oral gavage of 200 pl (2.0 X 10° cfu/ml) of LC or 200 ul PBS
from day -7 to day 20. General sensitization was done through intraperitoneal
injection of 20 pg ovalbumin (OVA) (Sigma Aldrich) absorbed in 2 pg of
Imject® Alum (Thermo Fisher Scientific) on days 0 and 14. On days 18, 19

and 20, mice were challenged intranasally with 50 pg of OVA.

4. House-dust mite (HDM) sensitization, challenge and treatment

(Fig 1)

Mice were divided into three groups: PBS-challenged PBS treatment
group (WT), HDM-challenged PBS treatment group (HDM-WT) and HDM-
challenged LC treatment group (HDM-LC). Each mouse was received daily
oral gavage of 200 pl (2.0 x 10° cfu/ml) of LC or 200 ul PBS from day -7
to day 11. General sensitization was done through intranasal injection of 10
ug of HDM (Greer) resuspended in PBS on day 0. On days 7 to 11, mice were

challenged intranasally with 10 pg of HDM.
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5. Isolation of lung, lung histology and inflammation scoring

Lungs were used for histopathological examination. 24 hours after
OVA challenge, right middle lobes were removed by dissection and fixed in
formalin (Sigma Aldrich). Lung tissue sections were stained with
hematoxylin and eosin stain (H&E) for general morphology and identification

of eosinophilia.

6. Determination of serum IgE.

Blood was collected by cardiac puncture immediately after mice were
anaesthetised by isofurane (Hana Pharm Co., Ltd., Republic of Korea). The
blood was coagulated for 30 minutes at room temperature and centrifuged
subsequently at 13,000 g for 5 minutes. Collected serum was stored at -80°C
until further analysis. LEGEND MAX™ Mouse OVA Specific IgE ELISA

Kit (Biolegend®, San Diego, CA) was used to quantify the IgE levels in

serum. The assay was performed according to the manufacturer’s instructions.

10



7. RNA preparation and quantitative reverse transcriptase-

polymerase chain reaction (RT-PCR)

RNA was isolated from lung tissue using easy-spin™ [DNA free]
Total RNA extraction Kit (iNtRON Biotechnology). Complementary DNA
(cDNA) was synthesized using High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). Synthesized cDNA was used to perform
quantitative PCR with Power SYBR® Green Master Mix (Thermo Fisher
Scientific) on the Applied Biosystems™ QuantStudio™ 6 Flex Real-Time

PCR System (Applied Biosystems). Primers sequences are shown in Table 1.

8. Airway Hyperresponsiveness (AHR)

Mice were anesthetized with 150mg/kg pentobarbital sodium. Tracheas were
dissected, intubated with 18-gauge catheters and mechanically ventilated at a
tidal volume of 0.2ml and a frequency of 140 breaths per min. Lung
resistance(R1) was measured with invasive BUXCO FinePointe Resistance
and Compliance (BUXCO Electronics) in response to aerosolized acetyl-p3-

methylcholine chloride methacholine (10, 20, 40 mg/ml) (Sigma-Aldrich).

11
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9. Flow cytometry

Murine lungs were chopped and incubated in RPMI1640 media with
Img/ml type IV collagenase (Wortihngton BioChem) for at least 1hr 30min
at 37°C. RBC were lysed using RBC lysis buffer (Biolegend). Lung single
cells were stained with following fluorochrome-conjugated antibodies: (A)
surface staining: Anti-CD45 (30-F11), Anti-CD3e (145-2C11), anti-CD1l1c¢
(HL3), anti-CD11b (M1/70), anti-CD19 (ID3), anti-CD49b (DXS5), anti-
FceRla (MAR-1), anti-CD90,2 (30-H12), anti-F4/80 (BMS) and anti-Ly6G
(1A8) (Biolegend). Anti-SiglecF (E50-2440) was purchased from BD
Bioscience, (B) Intracellular staining: Anti-IL5 (TRFKS) and anti-IL17A
(TC11-18H10.1) (Biolegend), Anti-IL13 (eBiol3A) (ThermoFisher
Scientific), (C) intracellular staining, Fixation/Permeabilization Solution Kit
with BD GolgiPlug (BD Biosciences) was used following the manufacturer’s
protocol. Flow cytometry was performed using LSRFortessa™ X-20 (BD

biosciences) and analyzed by FlowJo (V10.2) software.

13



10.  Peptidoglycan extraction

Peptidoglycan (PGN) of LC was obtained using the method of
Desmarais et al. (47) with minor modifications. LC cultured for 14 hours in
37°C was boiled in 6% Sodium Dodecyl Sulfate (SDS; Thermofisher
Scientific) solution for 3 hours and left overnight. Ultrapure water was used
to wash out remaining SDS from the mixture. Using ultracentrifugation at
400,000 x g for 20 minutes at room temperature, large PG polymers were
pelleted and thereby separated from other cellular components. After
confirming the absence of SDS residue in the sample, the sample was
resuspended with 10 mM Tris-HCI (pH7.2) + 0.06% w/v NaCl, following the
addition of 1 mg/ml activated Pronase E (Sigma-aldrich). After 2 hours of
incubation at 60°C, 6% SDS was added to stop the Pronase E activity. The
sample was washed by ultracentrifugation at 400,000 x g for 20 minutes at
room temperature using ultrapure water until SDS is fully removed. On the
last washing step, the sample was resuspended in 50 mM sodium phosphate
buffer (pH4.9) and 1 mg/ml muramidase (Sigma-aldrich) was added. The
sample was incubated overnight at 37°C. The sample was boiled to 100°C to
stop the muramidase activity. After centrifugation at 16,000 x g at room
temperature for 10 minutes, the supernatant was collected. The supernatant
was lyophilized and collected PG was resuspended in ultrapure water to 1

mg/ml.

14



11. Lung epithelial cell and allergen

Murine lung epithelial cells (MLE-12 ATCC® CRL-2110™) were
obtained from the American Type Culture Collection and cultured in
DMEM/F-12 medium (ATCC) with following supplements: 5 ug/ml insulin,
10 pg/ml apo-transferrin, 30nM sodium selenite, 10 nM hydrocortisone, 10
nM B-estradiol, 2 mM L-glutamine, 10mM HEPES, and 10% fetal bovine
serum. Papain (Sigma-Aldrich, St Louis, MO, USA) was reconstituted with
sterile PBS to 1 mg/mL and stored at -20°C. Cells were treated with papain
(0.1 - 0.25 mg/mL). Following papain stimulation, pasteurized LC pellets
(1:10 ratio) or LC peptidoglycan (100 pg/ml) was treated. LC pellets were
pasteurized at 70°C for 30 minutes before treatment. After 9 hours, the cells
were collected and lysed. mRNA was extracted using easy-spin™ [DNA free]
Total RNA extraction Kit (iNtRON Biotechnology) and complementary DNA
(cDNA) was synthesized subsequently using Topscript™ RT DryMIX

(enzynomics).

15



12. Statistical analysis

Differences between each group were compared using unpaired
Student’s t-test, as appropriate, or one-way analysis of variance (ANOVA)
(version 8.0, GraphPad software, San Diego, CA). All values were expressed
as means + standard error of the mean (SEM). Statistical difference was

accepted at p<0.05.

16



III. Results

1. LC treatment suppressed airway inflammation and eosinophilia in

OVA-induced allergic asthma model.

OVA-induced eosinophilia was visually examined through
histopathological studies. Histopathological studies were performed to assess
the anti-inflammatory effect of LC in OVA-induced allergic asthma model.
As expected, in OVA-challenged mice, eosinophil infiltration in the
perivascular and peribronchial areas were observed (Fig. 2A). In LC-treated
mice, a marked reduction in eosinophil infiltration in the perivascular and
peribronchial areas was observed (Fig. 2A). The degree of inflammation was
further analyzed using inflammation scoring; the OVA-WT mice scored
significantly higher than the WT mice (Fig 2B), while the LC-treated mice
showed a significantly lower inflammation score in comparison to WT mice
(Fig 2B). The degree of eosinophil infiltration in peribronchial areas and
bronchiolar epithelial thickness was considered for inflammation scoring (Fig
2C, 2D). In WT mice, no infiltrated eosinophils were found. We observed
increased eosinophil counts in OVA-challenged mice (Fig. 2C). LC-treated
mice showed a significant reduction in the number of eosinophils in
comparison to WT mice (Fig 2C). Similarly, when we observed bronchiolar
epithelial thickness, the OVA-WT mice had significantly thicker bronchiolar

in comparison to WT mice (Fig 2D). Coinciding with the previous results, the

17



thickness of bronchiolar epithelial was significantly reduced comparing to
OVA-WT mice (Fig 2D). The IgE level in serum was significantly increased
in OVA-challenged mice (Fig 2E). Although insignificant, we observed a
reducing trend in serum IgE level in LC-treated mice in comparison to OVA-

WT mice (Fig 2E).

18
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2. LC treatment alleviated eosinophilia infiltration in lungs of OVA-

challenged mice.

Using flow cytometry, we examined CD45+"2" immune cell populations in
lung which are known as key markers of pathogenesis of allergic asthmatic
inflammation. The populations of eosinophils and dendritic cells increased in
both OVA-challenged groups (Fig 3A), while alveolar macrophages (AM)
were significantly reduced by OVA challenge (Fig 3A). We did not observe
any changes in neutrophil population in three experimental groups (Fig 3A).
LC treatment group showed significantly reduced eosinophils in lung
compared to OVA-WT mice (Fig 3A). We performed RT-PCR analysis to
measure gene expression levels of transcription factors and a surface marker
which could help determine the mechanism underlying alleviated
eosinophilia in lung (Fig 3B). In OVA-challenged mice, the levels of siglec-
/. t-bet and foxp3 mRNA expression were enhanced in comparison with the
WT mice; no difference in the levels of gata-3 and roryt was detected (Fig.
3B). In LC treatment group, we observed a significant reduction in the
expression of siglec-f, the prominent biomarker of eosinophils, in comparison

to OVA-WT (Fig 3B).
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3. LC treatment significantly reduced production of IL-5 and IL-13 in

lungs of OVA-challenged mice.

We performed flow cytometry to further investigate the mechanisms
underlying reduced population of lung eosinophils resulted by OVA challenge
and LC treatment. The total amount of inflammatory cytokines in lung
lymphocytes was examined. (Fig 4). Both PBS- and OVA-challenged mice
displayed no difference in total amount of Interferon (IFN)-y and IL-17A,
proinflammatory cytokines which are produced by Tyl CD4+ cells and Tul7
cells, respectively, in lung lymphocytes (Fig 4D, 4E). Similarly, no detectable
differences in the total amount of IL-10 in lung lymphocytes among three
experimental groups (Fig 4F). Flow cytometry results revealed increased total
amounts of IL-5 and IL-13 in OVA-challenged mice in comparison to PBS-
challenged mice (Fig 4A, 4B). IL-5 and IL-13 are type 2 cytokines which are
used as biomarkers of allergic asthma. LC treated mice, however, showed
significant reduction in total IL-5 and IL-13 in lung lymphocytes (Fig 4A,
4B). Notably, the OVA challenge did not change the total amount of IL-4 in

lung lymphocytes despite IL.-4 is one of the major Tn2 cytokines (Fig 4C).

24



Sad
P =y u.._‘.«SO mm_n_.,«sv ,<_>m.oz 0
. : |
B . Cad k =
. ! : m i b
il ) z
{ i ¢d
[T e |
. : _ - H
JTVYAQ S8d-YAO  SHdJ-VAO ON €%
£ ®
oLl v
ot
F 0411 1B10L
a
; 4
Sad
. — U._r.4_>c mmn_‘.<>0 ‘<>m. ON
' 0
“- 3
& i =
M i 72
e, L =
o i 8
£ Lielr e =
PN, I |_| ¥ o
2TYAO S8d-YAO  S8d-YAO ON T T <
5 ]
N4l
c 9
3
2 A-NdI 3oL
i a
S8d
e e JTYAO  SHdVAO -YAOON
E F oo
! { =
¥ t 50 3
i t T &
R j— 3
Lo LT 0 =3
o
$8d-YAO ON i 2
= @
€11 [E— @

abeauy

g1l (B0l

-
o~

S¢

sad
_ S JTYAO  SBAVAC WAOON
zo ¥
3
o
vog
=
i G m.o.m.
J7T-VAQ $8d-YAO S8d-VAO ON _ 80 B
T = @
VL -
5 VLTI B0l
a
' 3
sad
JTYAO S84VAO -VAOON
h ; : ¥

H e
§9d-YAO ON
¥l

$8d-VAO

J2TVAO

[a]
=]
w
L

v.h«n

$8d-YAO ON
sl

_hn.c

$8d-YAO

JTVYAO

abeaur

o
=

-
]
sapfaoydwiqu v,

=
1=
D
a0
#-1 [ejoL
sad
JTWAD  SEd-VAO -¥AO ON

oo
o =
=
= — o ..—.M-
E}
-
90 3
Q
i -
el 80§

_
e 0L
57 |ej0L

<

]
|

 RELT

1

‘H.
-r—
Ly

= A <



9¢

'sdnoi3 juouneon uoamidq 100 0>Assxsx ‘10°0>% s S0°'0>dy "VAONYVY "S1400ydwA]
Suronpoad (1-T71 18101 % () ‘sa1kooydwA] Suronpoid v/ 1-T1 18101 9% (7) ‘sakooydwA] Suronpord A-NT 18103
o, () s91ko0ydwA] Suronpoad -] [8101 9, (D) ‘sdkooydwA] Suronpoid ¢ -1 18101 %, (g) ‘s91ko0ydw£| Suronpoad
G-I 18101 9 (V) "SDV.] SuIsn paurudlop d1om sakooydwA| uronpoid auryoifd Jo sagejuadiod -o3udeyd [euly

Io)Je U PRIo9[od sorduwes yim ‘)T Yim pajean pue VAQO YIm paSudfeyd 291w Jo s3unj ur s[[d jo uonemndod

‘VAO YA PISud[[eyd Id1ul Jo sSun| ul sI10)eIpawi Alojewrwe[jul uo D jo pedwy p 9ansiy



4. LC treatment significantly reduced IL-5 and IL-13 producing innate

lymphoid cells in lungs of OVA-challenged mice.

We confirmed that the OVA-induced allergic asthma is mainly driven
by Tu2 response, by inducing the production of IL-5 and IL-13, but not IL-4,
and that LC treatment greatly reduced such induction. We then investigated
which immune cell populations LC targeted. Flow cytometry analysis
revealed no difference in CD4" T cell population among PBS-challenged
groups and OVA-challenged groups (Fig 5A). When we investigated CD4+
subtype populations, however, we discovered that IL-5" and IL-13" CD4"
lymphocytes greatly increased in OVA-challenged groups (Fig 5B). Next, we
sought for different groups of cells in addition to T lymphocytes that can
produce IL-5 and IL-13. Since the total amount of IL-4 remained unchanged
after OVA challenge (Fig 4C), we hypothesized that T2 response may not be
the only response that governs the immune responses when stimulated by
OVA. Innate lymphoid cells (ILC) residing cells in mucosal and lymphoid
tissues which produce a variety of inflammatory cytokines in response to
environmental factors. We thus investigated how OVA-induced allergic
asthma changed ILC populations in lungs (Fig 5B). A significant reduction in

IL-5" ILCs in LC treatment group in comparison to OVA-WT group (Fig 5B).
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LC treatment significantly reduced the population of IL-5* ILCs, even to a
greater degree than PBS-challenged group (Fig 5B). OVA challenge
significantly increased IL-13" ILCs, which was compromised by LC
treatment (Fig 5B). Overall, the results showed that LC treatment lowers total
amount of IL-5 and IL-13, and populations of IL-5 and IL-13 producing

immune cells in lung in OVA-induced allergic asthma.
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5. LC treatment alleviated eosinophilia infiltration and airway

hyperresposiveness in lungs of HDM-challenged mice.

To confirm the efficacy of LC on allergic asthma and whether it works
universally on other allergic asthma models, we constructed another allergic
asthma model using house-dust mite (HDM) as allergen. The severity of
disease and the anti-inflammatory effect of LC were measured through

histopathological analysis and airway hyperresponsiveness (AHR).

Coinciding with the results of OVA-induced allergic asthma model,
the whole scan image of HDM-WT mouse lungs revealed eosinophil
infiltration in the perivascular and peribronchial areas (H&E staining), while
there was no eosinophil infiltration observed in PBS-challenged mouse lungs
(Fig 6A). In LC-treated mice, we observed a marked reduction in eosinophil
infiltration in the perivascular and peribronchial areas (Fig 6A), showing

much reduced inflammatory activity in lungs of LC-treated mice.

We assessed whether LC treatment has an effect on lung mechanics
by measuring AHR to inhaled methacholine (Fig 6B). HDM-WT mice
displayed AHR with an elevated response for the resistance of conducting
airways (Rn) compared to WT mice. LC treatment mice, however, displayed

significantly reduced resistance in comparison to HDM-WT mice. Taken
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together, we confirmed the efficacy of LC on lowering asthmatic symptoms

caused by HDM challenge.
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6. LC treatment significantly reduced eosinophilia and dendritic cell

population in lungs of HDM-challenged mice.

Using flow cytometry, we examined CD45+"" immune cell
populations in lung which are known as key markers of pathogenesis of
allergic asthmatic inflammation. Similar to OVA model, when challenged
with HDM, we observed increased populations of eosinophils and dendritic
cells (DC) increased in both HDM-challenged groups (Fig 7A), and
significantly reduced alveolar macrophages population in HDM-challenged
groups (Fig 7A). Neutrophil population remained unchanged after HDM
challenge. (Fig 7A). LC treatment group showed significantly reduced
eosinophils in lung compared to HDM-WT mice (Fig 7A). Unlike to the result
which we observed in Fig 3A, the population of DC was significantly lowered
in HDM-LC mice in comparison to HDM-WT mice. Next, we measured the
levels of inflammatory cytokines which are crucial for determining the
pathogenesis of allergic asthma using flow cytometry (Fig 7B). As expected,
HDM-WT mice revealed significantly elevated levels of the total IL-5 and
IL-13 compared to WT mice (Fig 7B). Although insignificant, we observed a

reducing trend of the total IL-5 and IL-13 in HDM-LC mice (Fig 7B).
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7. Innate lymphoid cells were not crucial players of inducing

inflammatory response in HDM-induced allergic asthma model.

After confirming anti-inflammatory effect of LC on lowering AHR
and eosinophilia in lung in HDM-induced allergic asthma model, we
investigated under which mechanism LC inhibits the development of asthma
and which subtypes of lymphocytes are targeted by LC. In the same manner
with OVA-induced allergic asthma model, we used flow cytometry to
determine sub-populations of lymphocytes. Similar with the results observed
in the OVA model, there was indistinguishable difference in the population of
total CD4" T lymphocytes among all experimental groups (Fig 8A).The flow
cytometric analysis also revealed elevated IL-5" and IL-13" subpopulations
of CD4" T lymphocytes (Fig 8C). Consistent with our observation in Fig 7B,
there was a reducing trend of IL-5" and IL-13" subpopulation of CD4" T

lymphocytes in LC treatment group (Fig 8C).

Since we observed the similar patterns in results with the previous
results of the model using OVA, we hypothesized that HDM challenge would
increase the population of ILCs. Contrast to our expectation, the population
of ILCs remained unaffected after HDM challenge; no effect of LC was

detected (Fig 8B). Further analysis of ILC sub-populations revealed no
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difference among all groups after HDM challenge; both IL-5" and IL-13"ILC
populations remained unaffected by HDM challenge or LC treatment (Fig 8C).
Taken together, we concluded that ILCs are not involved in inducing
inflammatory response in HDM model and the response is rather governed

exclusively by CD4" T lymphocytes.

39



JTWaH

S8d-WaH

vaz

|
Y _

S8d-WAH ON

70600

a8eaun

OTINaH

S mm,_s_nx

sad
.s_ﬂw,._ ON

el |

= w g @w g
o - - o o
sajAsoydwA- ur 9,

0
o

or

ol | 1.,¥ao
o | L5 L |
1 1 1 1 o.c
* Fgo
=
Lo &
3
-
H |m F W
OTWNAH = o <
bl |Q.N o
= Sgd-WaH = H ®
®  Sgd-NOHON = .
) -G'¢
bo
S8d
on_.c.._DI wmu..s_.u_._ .s_n__..~ ON 0
! B/ ob ®
[ S 5
| e 0z g
u._.s_n:._‘ . w.Wm._zDL. S8d-WdH ON ‘ — o m
vas - — or &
5 08
% saykooudwAl L v
Y

,ﬂ 8.



1474

'sdnoi3 juouneon usomioq

100°0>dsss 10°0>dex “50°0>ds "VAONV "(3LD) sOTII pue (Yo) sakooydwid] + @D Jo sedfqns +¢1-11
pue +G-1 (D) SOTI 18101 (g) sarkooydwiA] I+ 81031 (V) JO sardajens uned AnomwolAdo mo[J daneuasaidar

pue sa3.1ud019d "SOV.] SuIisn paurua}op a1om s1LooydwA] Suronpoid auryoifd Jo safeiuaorod o3ud[eyd [euy
I9)Je Ujyg PRIORY[09 sajdwres yim ‘)T Yim pajednt pue N(H YHm pa3ud[eyd 91w Jo s3uny ur s[[a9 jo uonemdod
"INAH YMM pISud[[eyd 1w Jo

sguny ur (pOTD SR proydwA| ajeuur pue sayL0ydwA] I, +H)D Jo uonemndod uo ) jo 3edwy g 3anS1



8. Cell wall component of LC downregulated the alarmin cytokine that

directly affects recruitment of ILCs in vitro

Significant reduction in the population of IL-5" and IL-13" ILCs
observed in Fig 5B led us to further investigation of the anti-inflammatory
effect of LC on cellular level. ILCs, members of innate immune system, are
known to be stimulated by alarmin cytokines such as IL-33 and TSLP
produced by epithelial cells in the pathogenesis of asthma. We hypothesized
that orally administered cellular components of LC bypass the liver, enter the
bloodstream, and ultimately reach to the lungs where they may have impact
on lung epithelial cells to secrete alarmin cytokines. We set up an in vitro
experiment using MLE-12 lung epithelial cells, using papain, another allergen
which can induce asthma, as stimulant. We treated MLE-12 cells with

pasteurized LC and analyzed the gene expression using RT-PCR.

As expected, papain greatly induced IL-33 mRNA expression in
MLE-12 cells (Fig 9A). Notably, treatment of pasteurized LC significantly
reduced IL-33 mRNA expression (Fig 9A). In contrast, TSLP, another
cytokine produced by lung epithelial tissue, was not upregulated by papain
stimulation (Fig 9A), showing that the L.C specifically targets the production

of IL-33. We also analyzed the gene expression of patter-recognition
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receptors (PRRs) to study which receptors of innate immune system are
stimulated by papain and LC. Addition of papain did not induce the
expression of t/r2 nor tlr4. We observed significantly upregulated expression
of tlr2 in pasteurized LC treatment group (Fig 9A). There was no difference
in the gene expression of ¢/r4 in all experimental groups (Fig 9A). TLR2 is a
receptor in the innate immunity which recognizes the peptidoglycan structure
of the bacterial cell wall, while TLR4 recognizes lipopolysaccharide (LPS)

structure of the Gram-negative bacterial cell wall.

Given these results, we hypothesized that hypothesized that
peptidoglycan (PGN) from the cell wall structure of LC will downregulate
the gene expression of alarmin cytokines. MLE-12 cells were stimulated with
papain before treated with PBS or LC PGN. Treatment of LC PGN greatly
increased the expression of #/r2, but not tlr4, as expected, confirming the
MLE-12 cells recognized the structure of LC PGN (Fig 9B). Papain did not
have an affect on upregulation of t/r2 and tlr4 (Fig 9B). Congruent with the
results in Fig 9A, treatment of LC PGN significantly reduced the expression

of il-33, but not tsip.
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IV. Discussion

In this study, we demonstrated the effect of LC on alleviating the
allergic asthmatic symptoms and inhibiting the disease pathogenesis.
Furthermore, we aimed to discover the cellular component of LC which may
reduce development of ILCs, one of the key players of innate immunity and
the pathogenesis of allergic asthma. Two known allergens to trigger allergic
reactions were used in animal studies: OVA and HDM. Both OVA and HDM
are well characterized, widely used allergen to induce acute allergic asthma
in mice. OVA, the chicken egg white derivative, induces a robust allergic
reaction in mice which leads to pulmonary inflammation (48). In this study,
BALB/c mice were sensitized to OVA in Imject® Alum intraperitoneally and
challenged with OVA intranasally to generate key features of clinical asthma.
Since HDM is often preferably chosen over OVA in many asthma studies for
its clinical relevance (49), we performed an additional experiment using
HDM as allergen to prove the efficacy of LC on relieving allergic asthmatic
symptoms in a more clinically relevant model. BALB/c mice were sensitized
and challenged with HDM intratracheally. In both models, oral delivery of
LC reduced prevented disease development, represented by reduced airway
inflammation and lung eosinophil infiltration. Through our results, we also
confirmed the differences between OVA and HDM in earlier stages of disease
pathogenesis, and how the oral treatment of LC had the alleviating effect

accordingly.
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OVA induction increased pulmonary inflammatory infiltrates, despite
the reduction in alveolar macrophage. We confirmed a significant increase in
lung eosinophilia and bronchiolar epithelial thickness induced by OVA
challenge, which were used to determine the inflammatory scores of each
group. A striking effect of LC on the significant reduction lung eosinophilia
and bronchiolar epithelial thickness was confirmed through lung
histopathology and flow cytometric analysis. This suggests that the disease
was induced in a strongly eosinophil-dependent manner, and LC acts on
prevention of disease development by inhibiting recruitment of eosinophils in
lung. This was supported by the significant reduction in mRNA expression
levels of siglec-F, a surface marker of eosinophil which is used to regulate

levels of eosinophils (13).

The level of IgE in serum is often measured to determine the severity
of disease. Our observation in serum IgE level revealed modest reduction in
LC treatment group, however statistically insignificant. During OVA
stimulation, IgE is mainly produced by plasma B cells which are activated as
a result of Ty2-type response (50). Our result therefore suggests that there
may be an alternative response other than Th2-type response on which LC
acted to lower OVA-induced eosinophil infiltration in the lungs of LC

treatment group.

Multiple mechanisms have been proposed to provide insight into our
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understanding in development of allergic asthma and resulting phenotypes,
which, eventually, suggest potential therapeutic targets. They are not
restricted to adaptive immunity represented by CD4" T helper cells; innate
immunity also plays a pivotal role. Traditionally, Th2 asthma hypothesis has
been used to explain the disease development of asthma. It is based on
dysregulation of the Ty1/TH2 balance (51). It states that IgE and eosinophils
are regulated by Tu2 cytokines and play the major part in disease pathogenesis.
Tu2 cells activated by allergen produces Th2 cytokines, mainly I1.-4, IL-5 and
IL-13, which leads to eosinophilic lung inflammation, goblet cell hyperplasia,
and mucous production. The recruitment of eosinophils in lung and the degree
of eosinophilia are closely related to AHR. Recently, however, there is
growing evidence that innate immunity also plays an important role in
development of allergic asthma. ILC2 have been reported to significantly
contribute to the IL-5 and IL-13 production in murine models of allergic
asthma (52), thus activating and recruiting eosinophils. ILCs may act the
innate counterparts of Tul, Tu2, and Tul7 cells, yet they lack antigen
receptors (53). While allergens presented by DCs induce differentiation of
CD4" naive T-cells into Tr2 cells, cytokines secreted by lung epithelial cells,
such as IL-33, IL-25, and thymic stromal lymphopoietin (TSLP), directly
activate ILCs (53). When ovalbumin in alum is used to induce asthma in mice,
both T cells and ILCs seem to contribute equally to the production of IL-5

and IL-13. Thus, immune response pathways of either Tu2 cells or ILCs can
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be therapeutic targets of preventing or treating asthma.

Our RT-PCR and flow cytometric analysis suggest that OVA induced
a strong induction of Tu2-type response especially, but not exclusively. We
observed a significant reduction of the total levels of IL-5 and IL-13 in lung,
but not IL-4. We also observed a significant decrease in IL-5" and IL-13"
CD4" lymphocytes, but not in the total amount of CD4" lymphocytes. These
cytokines are the main T2 cytokines; IL-4, especially, is crucial in naive T
cell differentiation to Tu2 cells. No marked changes in total levels of 1L-4,
therefore, implies that an alternate pathway other than Tu2 pathway largely
contributed to disease development, and the effect of LC was not limited to
Tu2 response. Furthermore, the gene expression of gata3, the signature
transcription factor of T2 lymphocytes, was not affected by OVA nor LC,
emphasizing the roles of non-TH2 pathway in the disease development. OVA
failed to induce Tyl response; there was no observable difference in levels of
I[FN-y among WT and OVA groups, despite the upregulation of #-bet, the
transcription factor of IFN-y. Moreover, OVA did not induce the IL-17A and
its transcription factor roryt expression, suggesting Tyl7 response was not
involved in the disease pathogenesis in OVA model. Although we did observe
an increase in the gene expression of foxp3, the transcription factor of Treg
cells, we concluded that T response was not induced by OVA challenge,
supported by the evidence displaying no change in total amount of IL-10 after

OVA challenge. The results, therefore, have led us to hypothesize that the
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innate immune response, ILCs especially, is involved in the earlier stage of
disease pathogenesis of the OVA model, and LC can reduce ILC development

as it does to Tu2 development.

As expected, we confirmed that OVA challenge induced elevation of
IL-5" and IL-13" ILCs, and the effect of LC on reducing ILC population in
lung. The effect of LC was reflected on a significant reduction in the
population of IL-5" and IL-13* lung ILCs. There is growing evidence that
ILCs can act in the upstream of the immune pathway involving adaptive Tn2
immune response (53). ILC2-deficient mice lacked ability to induce Tu2
immune response in response to papain allergen (54). While large amounts of
IL-13 and IL-5 were produced by ILC2 under papain stimulation, change in
the level of 1L-4 was negligible; the mechanism of papain-induced Tn2
responses was independent of IL-4. IL-13 produced by ILCs acted as a main
promoter of Ty2 cell differentiation in the draining lymph nodes (54).
Coincidingly, our results suggest the role of LC on production of IL-5 and IL-
13 by ILCs under OVA stimulation, which then interfere with induction of

Tu2 responses and eosinophils, ultimately reducing the disease severity.

After verifying the alleviating effect of LC on OVA-induced allergic
asthma, we proceeded to verify its effect on HDM-induced allergic asthma.
Similar to OVA, HDM is known to induce a strong Tn2 response. Therefore,

we expected orally administered LC would inhibit the disease development
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by inhibiting Tu2 response. As expected, LC reduced HDM-induced lung
inflammation and eosinophilia, as supported by histopathological and flow
cytometric analysis. AHR, closely related to eosinophilia in lung, was greatly
reduced in LC treatment mice, strongly insisting LC’s effect on reducing
asthmatic symptoms induced by HDM. The population of IL-5" and IL-13"
lymphocytes significantly increased by HDM challenge, while there was a
notable reduction of them with a statistical significance. The results suggest
that LC affects on recruitment and proliferation of IL-5" and IL-13"
lymphocytes, as we discovered in the results of the OVA model. Unlike in
OVA model, however, LC significantly reduced the population of DC in lung.
Upon foreign antigen exposure, DC presents the antigen and send signals to
naive T lymphocytes which then differentiate into functional, mature T
lymphocytes (55). Due to its ability to determine the type of Tu response
elicited on inhalation of aeroallergen, it affects the development and
continuation of allergic asthmatic inflammation (55). A significant reduction
of DC in LC treatment mice, therefore, may imply a great amount of adaptive
immune response involving Th response was reduced. That is, HDM-elicited

immune responses were largely predisposed to Ty response.
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How the pathogenesis of HDM-induced asthma was mainly governed
by adaptive immunity was verified by the flow cytometric results of CD4" T
lymphocyte and ILC populations. As OVA did, challenge with HDM did not
cause a change in population of CD4" T lymphocytes; only the
subpopulations, IL-5" and IL-13%, remarkably increased. Although
statistically insignificant, LC treatment induced a modest reduction in IL-5"
and IL-13" CD4" lymphocytes. Meanwhile, the population of ILCs and
subpopulations of ILCs remained unchanged after HDM challenge,
suggesting that there was a miniscule influence of innate immunity on
initiating the cascade of immune response; production of proinflammatory
cytokines, IL-5 and IL-13, and disease development was done by Tu2
lymphocytes. These results coincide with our earlier observation of
significantly reduced DC population in lungs of LC treatment mice. It is
assumed that lung DCs are originated from two sources: the circulating pre-
conventional DC (pre-cDC) progenitor expressing hematopoietic cytokine
receptor FIt3, and monocyte-derived DC (moDC) (56, 57). Under
inflammatory conditions, monocytes largely contribute to the lung DC pool
(58); proinflammatory chemokines like CCL2 and CCL7 are produced by
lung epithelial barrier cells. These chemokines upregulate the release of
CCR2" monocytes from the bone marrow, which then migrate to the airway
mucosa and differentiate into moDC (59-61). During HDM challenge, moDC

direct allergic inflammation by presenting allergen in the lung and produce
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proinflammatory cytokines (58). Taken together, we concluded that HDM-
induced allergic asthma is developed by Tu2 response which initiate from DC
uptake of inhaled allergen. We also concluded that LC may inhibit
differentiation of DC precursors like monocytes, and recruitment to mucosal
surfaces. As a result, DC activities which are crucial for earlier stages of
allergic reaction, such as antigen presentation and migration to lymph nodes
where naive and mature Ty lymphocytes reside may be inhibited, hence

preventing the progress of the allergic cascade.

Lastly, we aimed to discover the cellular component of LC which can
directly affect the innate immunity, more specifically, ILC development.
Orally administered LC is broken down in the digestive system into cellular
components, which will travel through blood stream. We hypothesized that
the cellular component may directly affect the lung epithelial cells, and as a
result, the levels of alarmin cytokines secretion by lung epithelial cells under
allergen stimulation will be altered. Substantially decreased gene expression
of il-33, in MLE-12 cells after treatment of pasteurized L.C suggests that the
strain’s anti-inflammatory effect which we observed in vivo studies may be
due to the cellular components, not its metabolic activities. The elevated
expression level of #lr2 by pasteurized LC led us to investigate the anti-
inflammatory effect of PGN purified from LC. LC, with all the other lactic
acid bacteria, is categorized as Gram-positive bacteria. The cell wall of Gram-

positive bacteria consists of a think peptidoglycan (PGN) sacculus. The
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composition and cross-linking of peptidic chains and their residues can vary
among species; the structural variations of PGN are often associated with
increasing resistance of bacteria against certain antibiotics (62). A previous
study has reported the association between the protective capacity of
Lactobacillus salivarius 1.s33 in inflammatory bowel disease (IBD) and the

purified PGN of the strain (63).

Consistent with our hypothesis, LC PGN treatment significantly
reduced i/-33 expression in MLE-12 cells under papain stimulation,
suggesting the role of LC PGN in IL-33 production and its potential role in
earlier stages of allergic asthma development. IL-33 is an important cytokine
for regulation of both innate and adaptive immunity. It promotes Tnu2
differentiation of naive CD4"T lymphocytes in the IL-4 independent manner,
enhancing IL.-5 and IL.-13 production (64). It also regulates development and
the function of ILC2; IL-13 production in chronic rhinosinusitis with nasal
polyps is largely dependent on epithelial cell-derived IL-33 and IL-33-
responsive ILCs (65). Our results suggest that LC PGN may directly act on
lung epithelial cells and down-regulate their IL-33 production, leading to
downregulation of Ty response and ILC response, and overall disease

development.

In summary, this study successfully confirmed the alleviating effects

of LC on development of allergic asthma induced by OVA and HDM and
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provided novel therapeutic targets for allergic asthma. The anti-inflammatory
effects of LC were verified by diminished allergic asthma phenotype. The
alleviating effects of LC acted on inhibiting both innate and adaptive
immunity, which may be due to the ability of PGN purified from LC to
downregulate the expression of i/-33. We suggest the future studies to use LC
PGN on alleviating asthmatic symptoms in vivo in order to verify its effects

on alleviating asthmatic symptoms.
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VII. Appendix

List of Abbreviations

Airway hyperresponsiveness (AHR)

CC chemokine ligand (CCL)

Cluster of differentiation (CD)

Colony forming unit (CFU)
Complementary DNA (cDNA)

Denderitic cell (DC)

Deoxyribonucleic acid (DNA)
enzyme-linked immunosorbent assay (ELISA)
Fluorescence-activated cell sorting (FACS)
Formalin-fixed paraffin-embedded (FFBE)
Haematoxylin and eosin (H&E)
House-dust mite (HDM)

Immunoglobulin E (IgE)

Innate lymphoid cell (ILC)

Interleukin (IL)

Lactobacillus crispatus (LC)

Live biotherapeutic product (LBP)

Lung resistance (Rr)

61



Man-Rogosa-Sharpe (MRS)

Ovalbumin (OVA)

Peptidoglycan (PGN)

Phosphate buffer saline (PBS)

Polymerase chain reaction (PCR)

Real-time polymerase chain reaction (RT-PCR)
Ribonucleic acid (RNA)

Sodium dodecyl sulfate (SDS)

T helper cells (Tw cells)

Toll-like receptor (TLR)

Wild type (WT)
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