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Chapter

Intratracheally Therapeutic Option
for COPD: A Potential Usage of
the Therapeutic Microbe for
Delivering Specific Protein to

the Lungs

Takashi Sato and Takeshi Shimosato

Abstract

Currently, inhaled therapy using corticosteroids and/or bronchodilators is the
major established treatment for chronic obstructive pulmonary disease (COPD). The
topic to be covered in this chapter is the recently developed experimental approach
using biologically active molecules secreted by the live genetically modified lactic acid
bacteria (gmLAB). The strategy to use gmLAB as a therapeutic/delivering tool target-
ing disease-specific active molecules/cites is proceeding. The role of inflammation
and oxidative stress in COPD development is a valid target point. Heme oxygenase
(HO)-1 as an anti-inflammatory and antioxidative stress molecule has been examined
to attenuate the lung function decline and inflammation in the murine model of
COPD. Recently, HO-1-secreting gmLAB as a tool for targeting inflammatory diseases
has been developed and examined in several disease models including COPD. When
administered intratracheally, the gmLAB showed migration to the peripheral lung
and overexpression of anti-inflammatory/oxidative HO-1 in both lung and serum,
protecting the lung from COPD development.

Keywords: chronic obstructive pulmonary disease, inhaled therapy, intratracheal therapy,
anti-inflammatory therapy, antioxidative therapy, genetically modified lactic acid bacteria,
heme oxygenase-1

1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by airway
remodeling due to chronic inflammation and subsequent airflow limitation that
should be considered most to be associated with chronic symptoms such as short-
ness of breath and dyspnea [1]. Inhaled bronchodilators of long-acting beta-2
agonist/muscarinic antagonist have been introduced to treat symptomatic COPD
[2]. Recently, more focus on the inflammation as a background condition of COPD
is growing attention to a therapeutic factor to be considered [3]. In this regard, an
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inhaled corticosteroid (ICS) has been involved in the standard therapy for moder-

ate to severe COPD. However, using ICS raises the concern of an increased risk of
pneumonia [4]. Thus, another class of anti-inflammatory therapeutic options would
be awaited. In line with this concept, experimental anti-inflammatory therapy using
heme oxygenase (HO)-1 administration or induction in murine lung disease model
including emphysema has been reported with successful amelioration of disease pro-
gression [5, 6]. HO catalyzes the degradation of heme to biliverdin, carbon monoxide
(CO), and iron [7]. Thus, the by-products of biliverdin and CO act as anti-inflamma-
tory and antioxidative agents [8, 9]. The results showing that the serum levels of HO-1
in patients with COPD having significantly lower compared to those in healthy adults
could support the benefits of HO-1 adminitration/induction in the lungs of COPD
[10]. A recent report indicates that the HO-1 could regulate lung inflammatory/oxid-
tative stress status by modulating mitogen-activated protein kinase (MAPK) pathway
especially for extracellular signal-regulated kinase (ERK) [11].

There are several ways of induction and/or upregulation of HO-1 in the lungs by 1)
chemical induction using hemin or CoPP [10, 12] and 2) local/systemic administration
of recombinant HO-1 [5, 6, 13].

Especially, the use of generally recognized as safe (GRAS) materials such as lactic
acid bacteria (LAB) for producing/delivering the therapeutics for human diseases
such as inflammatory bowel disease and colorectal cancer has been gaining growing
attention [14-17]. In addition, exploring the conceptional use of GRAS materials for
lung diseases has been planned and tried for an experimental COPD model [13, 18].

This chapter summarizes the detailed experimental approach of the intratracheal
administration of GRAS microbes for producing/delivering therapeutics in the COPD
model.

2. Usage of lactic acid bacteria for intratracheal administration
2.1 Construction of genetically modified lactic acid bacteria (LAB)

There have been various LABs constructed for specific target therapy and/or moni-
toring the LAB dynamics after administration in the animal/human body. Lactococcus
(L.) lactis NZ9000 for nisin regulated target gene expression system (MoBiTec,
Goettingen, Germany) was used for these purposes. The genetically modified L.
lactis was grown under the anaerobic condition at 30°C in M17 broth (BD Difico™)
overnight. The target gene expression was induced by adding 1.25 ng/mL of nisin
(MoBiTec). Of these gmLABEs, a green fluorescent protein (GFP)-fusion target gene
expressing LAB enables researchers to monitor the levels of target gene expressions
[19]. Figure 1 shows the vector constructed for monitoring the time-dependent migra-
tion after nasally administering Lactococcus lactis that express/produce GFP over time.

The GFP-expressing L. lactis was cultured, and further time course was monitored
for expression levels of GFP. Three hours after adding nisin (1.25 ng/mL), the cul-
tured/induced GFP-expressing L. lactis was visualized under fluorescent microscope
observation (Figure 2).

2.2 Airway migration of nasally administered L. lactis

GFP-expressing L. lactis were nasally administered to the anesthetized mice. A
total of 50 pL of saline containing 1.0 x 10° of L. lactis was dropped into the nares and
migrated to the lungs through stable nasal breathing.
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Figure1.

Construction of GFP-expressing vector incorpovated into the LAB. (a) lactococcal plasmid pNZ8148#2:CYT. (b) A
green fluorescent protein (GFP) expression vector (pNZ8148#2:CYT _GFP). (c) Vector map of the pNZ8148#2:CYT._
GEFP. Notes: P = nisin A promotor; His-tag = hexahistidine tag; FXa = Factor Xa vecognition site; MCS = multiple
cloning site; T = terminator; vep = veplication gene; and cat = chloramphenicol acetyltvasferase gene.

Figure 2.

Image of GFP-expressing Lactococcus lactis after induction with nisin. Genetically modified Lactococcus (L.)
lactis were cultured and further induced with nisin for expression of a specific protein. The high-power field
image of L. lactis showing diplococci morphology with a green signal devived from the GFP expression vector-
incorporated system was visualized using a fluorescent microscope (BZ-X800; Keyence, Japan,).

As shown in Figure 3, visualized GFP signal was time-dependently moved from
the central lesion to the peripheral lesion of the lungs. Finally, the GFP signal was
cleared from the lungs 96 hr after administration. Notably, at the same time of 96 hr,
there was still an apparent GFP signal in the trachea, indicating 1) the high affinity
of L. lactis for tracheal epithelium and 2) the potential usage of L. lactis as a carrier of
airway mucosal vaccination.

2.3 Systemic effect of nasally administered L. lactis
Potential systemic influences after administering L. lactis would be body tem-

perature, body weight, and eating behavior. Of these, time-course analysis of percent
3
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Figure 3.

Time-course analysis of ex vivo fluorescence images of removed lungs after administering GFP-expressing L. lactis.
(a) Mice (8~9 weeks of age) administered nasally with 1.0 x 10° of GFP-expressing L. lactis under anesthetized
with pentobarbital sodium (30 mg/kg) were euthanized at an indicated timepoint of (b) 24 hy, (c) 48 hr;, and (d)
96 hr. The removed lungs were observed under IVIS (In Vivo Imaging System, Perkin-Elmer) with (vight panel)
or without (left panel) fluovescence excitation. GFP signal visualized in right panel at each time point appeared
in the central lesion (trachea and hilar area of the lungs) at 24 hr (b), moved to the peripheral lesion at 48 hr (c),
and cleared from the lungs at 96 hr (d).
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Figure 4.

Change in body weight after nasal administration of L. lactis. Time-course analysis of percent change in body
weight in mice (8-9 weeks of age) administered nasally with o, 5 x 10%, 1 x 10°, or 5 x 10° of L. lactis. Results
showed that a significant body weight loss was observed in mice treated with 5 x 10° of L. lactis. The calculated
area under the curve of body weight from 3 to 4 mice per group indicated a statistically significant body weight
loss in 5 x 10° of the L. lactis group compared with the saline group. * p < 0.05. Adapted from refevence [13].
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Analysis of lung microbiota 14 days after nasal administration of L. lactis. Mice (8-9 weeks of age) administered
nasally with o, 5 x 10, 5 x 108, o7 5 x 10° of L. lactis were euthanized and collected bronchoalveolar lavage

(BAL) fluids 14 days after administration. The analysis of the 16S YRNA gene (V3-V4 region) was amplified and
subjected to next-generation sequencing (3 mice per group).
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change in body weight showed the safety concern of mice (8-9 weeks of age) admin-
istered nasally with over 1 x 10° of L. lactis. As shown in Figure 4, the calculated area
under the curve of body weight from 3 to 4 mice per group indicated a statistically
significant body weight loss in 5 x 10° of the L. lactis group compared with the saline
group. Based on these results, the optimized amount of nasal administration of L.
lactis was set to less than 1 x 10° per body at one time.

2.4 Local effects of nasally administered L. lactis

Another concern after nasally administering L. lactis would be a potential
alteration of lung microbiota. As shown in Figure 5, intratracheal administra-
tion of up to 5 x 10° of L. lactis would show no statistical significance in 1)
Bacteroidetes to Firmicutes ratio and 2) the composition of the microbiota
belonging to Bacteroidetes or Firmicutes compared with those observed in control
(saline) group.

3. Usage of lactic acid bacteria for COPD model

3.1 Construction of genetically modified L. lactis secreting anti-inflammatory/
antioxidative stress protein HO-1

To explore the anti-inflammatory therapeutic option other than corticosteroids
in COPD, HO-1 was focused on because of its low serum level shown in patients with
COPD [10]. The newly constructed HO-1 secreting L. lactis (Figure 6) was examined
by oral administration in a dextran sulfate sodium-induced murine colitis model
[17]. Since the favorable alleviation of disease symptoms was observed in this model,
a further trial was planned for lung diseases by exploring another delivery method
of intratracheal administration. Figure 6 shows the vector constructed for the HO-1
secreting L. lactis NZ9000 system.

3.2 HO-1 production in the lungs after nasally administering HO-1 L. lactis

HO-1 secreting L. lactis were nasally administered to the anesthetized mice. A
total of 50 pL of saline containing 1.0 x 10° of L. lactis was migrated to the lungs
through stable nasal breathing. Production of HO-1 derived from HO-1 L. lactis was
confirmed by immunoblotting using anti-His antibody and anti-HO-1 antibody in
lung homogenates (Figure 7a). Through the pulmonary trafficking of HO-1 L. lactis,
serum HO-1 levels were significantly increased (Figure 7b).

3.3 Effect of nasally administered HO-1 secreting L. lactis in murine emphysema
model

HO-1-secreting L. lactis were nasally administered to the anesthetized mice 48 hr
before instillation with porcine pancreatic elastase (PPE) (Figure 8). A total of 50 pL
of saline containing 1.0 x 10° of L. lactis was dropped into the nares and migrated to
the lungs through stable nasal breathing.
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Figure 6.

Construction of HO-1-expressing vector incorporated into L. lactis. (a) A lactococcal plasmid pNZ8148#2:SEC.
(b) A heme oxygenase-1 (HO-1) expression vector (pNZ8148#2:SEC_mHO1). (c) Vector map of the
pNZ8148#2:SEC_mHO1. Notes: P = nisin A promotor; SPysp,s = sequence of the signal peptide from the

USP45 protein; His-tag = hexahistidine tag; FXa = Factor Xa recognition site; MCS = multiple cloning site; T =
terminator; vep = veplication gene; and cat = chloramphenicol acetyltrasferase gene.
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Figure7.

Systemic and local HO-1 production after nasal administration of HO-1 L. lactis. Mice (8-9 weeks of age)
administered nasally with HO-1 L. lactis weve subjected to assess the local (lung) and systemic (serum) HO-1
levels 48 or 72 hr after administration. (a) The lung homogenates from naive mice receiving either control or
HO-1 L. lactis were assessed by immunoblotting. The representative result showed that the nisin-induced HO-1
was confirmed. Adapted from veference [13]. (b) Serum HO-1 levels were assessed using ELISA (MK125,
TAKARA Bio Inc., Japan) 48 hr after administration. Results from 5 to 6 mice/group showed a significant
increase in HO-1 in both naive and emphysema models receiving HO-1 L. lactis compared with those receiving
control L. lactis.
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Protocol of the prophylactic use of HO-1 L. lactis in emphysema model. HO-1 L. lactis was administered 48
hr before instillation of 1 unit of porcine pancreatic elastase (PPE; Elastin Products Co., Inc., USA) in 50
uL of saline. The mice treated with PPE showed progressive destruction of the alveolar structure, leading to
emphysematous morphologic deterioration up to day 21.

On day 21, after PPE instillation, the mice developing pulmonary emphysema
were evaluated by pulmonary function test using the flexiVent system (emka
TECHNOLOGIES Japan).

3.3.1 Systemic effect of nasally administered HO-1 secreting L. lactis

Mice pretreated with 1.0 x 10” of HO-1 L. lactis showed a significant increase
in body weight compared with those pretreated with control L. lactis or only saline
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Figure 9.

Effect of nasal administration of L. lactis on PPE-induced weight loss. Time-course analysis of percent change
in body weight after PPE instillation (Day o) in mice pretreated nasally with 1 x 10° of either HO-1 L. lactis or
control L. lactis (Day -2). A significant body weight loss observed in mice pretreated with saline (vehicle only)
was not reproduced in mice pretreated with HO-1 L. lactis. The calculated avea under the curve of body weight
from 5 to 6 mice per group indicated a statistically significant improvement in body weight loss in the HO-1 L.
lactis group compared with the control L. lactis or saline group. * p < 0.05. Adapted from reference [13].
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Figure 10.

Local effect of nasally administered HO-1 L. lactis on PPE-induced emphysema mice assessed by in vivo lung
function measurements. Mice weve treated as described in Figuve 8. In vivo lung function tests were performed
under anesthesia using a flexiVent system on day 21. The results of lung function measurements of (a) Elastance
and (b) Tissue elasticity were shown. Bars indicate the mean + SD. * p < 0.05. Adapted from reference [13].

(p < 0.05) (Figure 9). Thus, nasal administration of HO-1 L. lactis reduced the
physiological deterioration caused by PPE.

3.3.2 Local effect of nasally administered HO-1 secreting L. lactis

In human clinical trials, the efficacy of candidate drugs for COPD should be
primarily assessed by inhibiting lung function deterioration [20]. Therefore, in vivo
lung function measurements of mice receiving with or without HO-1 L. lactis before
emphysema development were assessed using a highly sensitive and reproducible
flexiVent system for small animal [21]. The characteristic of an emphysematous lung
is reduced elasticity reflecting the hyperinflation and decreased elastic recoil [21].
Consistent with this lung morphologic deterioration, “elastance” (determined by
single-frequency forced oscillation technique) and “tissue elasticity” (defined by
a small amplitude broadband oscillation technique) were significantly decreased
in PPE-induced emphysema mice pretreated with either saline or control L. lactis.
Fortunately, however, the mice pretreated with HO-1 L. lactis showed satisfactory
suppression of PPE-induced lung function deterioration (Figure 10).

4, Conclusions

This chapter summarizes the potential therapeutics of gmLAB and its application
for lung diseases, including COPD. LAB has been widely used as probiotics for health,
and to maximize its beneficial effects, gmLAB has been developed. Among several
gmLABEs, the use of L. lactis has been favored because of 1) its generally recognized
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as safe status, 2) its absence of endotoxins, 3) its easy manipulating property, and 4)
its low cost and easy administration. When applied for lung diseases, direct delivery
of the therapeutics (gmLAB) to the lungs by intratracheal administration would be
favored in terms of efficacy and safety concerns. In addition, the successful attenua-
tion of disease progression in the murine emphysema model by local administration
of anti-inflammatory gmLAB would support a further human clinical trial.
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