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Abstract
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exposure) to induce allergic inflammation in human bronchial epithelial cells and a mouse
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and a mouse model of Asthma. Parasit  extract, expression levels of interleukin-6 and interleukin-8 were lower than that in the
Host Dis 202361(1):60-71. control group. The total cell count and eosinophil count in bronchoalveolar lavage fluid
was also lower in mice exposed to the ampicillin-treated extract than in those exposed
to normal cockroach extract. Mouse lung histopathology showed reduced immune cell
infiltration and mucus production in the ampicillin group. Our results showed that ampi-
cillin treatment reduced the symbiont bacterial population and major allergen levels in
German cockroaches, leading to reduced airway inflammation in mice. These results
can facilitate the preparation of protein extracts for immunotherapy or diagnostics appli-
cations.
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Introduction

Cockroach infestations are associated with human allergic diseases such as asthma, which
can be induced by cockroaches spreading pathogenic bacteria through their feces or frass
in homes, shops, and hospitals [1,2]. Treatment of German cockroaches with antibiotics

© 2023 The Korean Society for  has been shown to change their microbiome [3]. The microbiome composition and aller-
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as a digestive enzyme [7]. Bla g5 is a sigma-class glutathione transferase and one of the ma-
jor allergens produced by German cockroaches as it induces a high IgE response [8]. Al-
though Bla g5 concentrations in German cockroaches are 100-time lower than Bla g1 and
Bla g2 concentrations, some patients respond strongly to Bla g5 [9].

Active pharmaceutical ingredient (API), the active ingredients of pharmaceutical drugs,
exert beneficial health effects on consumers [10]. However, APIs are also released into the
natural environment during their manufacture, use, and disposal [11]. Exposure to APIs
can lead to problems such as antibiotic-resistant bacteria and feminization in fish [12]. As
cockroaches tend to prefer warm and humid areas [13], they are likely to be exposed to APIs
discharged into rivers or catchments. This process may alter the microbiome or allergens of
cockroaches from those generated by exposure to normal food or water.

Cockroach extracts for immunotherapy or diagnostics applications have not yet been
standardized, and the composition varies considerably depending on the breeding envi-
ronment of the cockroach and the extraction method [9]. Furthermore, the effect of cock-
roach extracts on T cell potency or IgE reactivity varies according to a patient's allergen
profile [9]. Therefore, suitable methods are required to develop a standardized cockroach
extract, as well as diverse extracts for various patient profiles.

In a previous study, German cockroaches treated with ampicillin contained few bacteria
and exhibited an altered microbiome composition from the control cockroaches [4]. Their
gene expression was also altered, with reduced levels of Bla g1 and Bla g2, which are major
allergens in the German cockroach [4]. However, the ability of ampicillin-treated German
cockroaches to cause allergic inflammation in humans remains unclear. This study aimed
to examine airway inflammation in human bronchial cells and a mouse model resulting

from exposure to ampicillin-treated German cockroach extracts.

Materials and Methods

Ethics statement

All experiments were approved by the Institutional Review Board of Yonsei University Col-
lege of Medicine (IACUA no. 2021-0319).

Rearing conditions

German cockroaches (Blattella germanica) were reared for several generations under the
same laboratory conditions to minimize the potential influence of environmental factors
and diet. All cockroaches were reared in plastic boxes (27 x 34 x 19 cm) incubated at 25°C
under 50% relative humidity. B. germanica were fed sterilized fish food and provided auto-
claved antibiotic untreated tap water or tap water containing ampicillin (autoclaved before
the addition of 0.03% ampicillin) ad libitum (Fig. 1A).

DNA extraction

Total DNA was extracted using the NucleoSpin DNA Insect Kit (Macherey-Nagel, Diiren,
Germany), according to the manufacturer’s instructions. The DNA extracted from each
sample was eluted in 20 W of elution buffer. All procedures were conducted on a clean bench
under a sterilized hood and in a DNA-free room. The DNA concentration was quantified
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Fig. 1. Total bacteria and major allergens of German cockroaches treated with ampicillin. (A) Experimental design depicting ampicillin
treatment in B. germanica. The cockroaches were divided into 2 groups, and individuals were either treated with ampicillin (@mpicillin
group: A) or left untreated as control specimens (control group: C). Ampicillin was administered to cockroaches from the G1 (i.e,, off-
spring from GO) generation, 21 days after they reached the adult stage. (B) Relative levels of bacterial 16S rRNA genes in the control
group and ampicillin group. (C) Concentration of lipopolysaccharides (LPS) in 1 mg/ml of B. germanica extract. (D) Quantitative PCR
(gPCR) analysis showing Bla g1, Bla g2, and Bla g5 gene expression levels in German cockroaches. (E) Allergen levels in extracts from the
2 German cockroach groups. *P < 0.05, **P < 0.01, ***P <0.001.

using an ND-1000 NanoDrop system (Thermo Fisher Scientific, Waltham, MA, USA).

Protein extraction

Total protein was extracted by adding 2 ml of phosphate buffered saline (PBS) to each sam-
ple. Protein extract was extracted from the whole cockroach bodies. The samples were then
sonicated (QSonica Q500, Fullerton, CA, USA) and centrifuged at 10,000 x g for 30 min at
4°C. The resulting supernatants were filtered using a 0.22-um membrane filter (Tullagreen,
Carrigtwohill, Cork, Ireland).
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Table 1. Primers used in this study

Primer name Primer sequence (5’ — 3')
ActinF CACATACAACTCCATTATGAAGTGCGA
ActinR TGTCGGCAATTCCGGTACATG
BACT1369 CGGTGAATACGTTCYCGG
PROK1492R GGWTACCTTGTTACGACTT
Blag1F CTATATGACGCCATCCGTTCTC
Blag1R CACATCAACTCCCTTGTCCTT
Blag2F TGATGGGAATGTACAGGTGAAA
Blag2R TGTTGAGATGTCGTGAGGTTAG
Blag5F GATTGATGGGAAGCAAACACAC
Blag5R CGATCTCCAAGTTCTCCCAATC

Enzyme-linked immunosorbent assay (ELISA)

Cockroach protein extracts (2 mg/ml) were either diluted 100-fold to measure Bla gI and
Bla g2 levels or diluted 10-fold to measure Bla g5 levels using the corresponding ELISA kits
(Indoor Biotechnologies, Charlottesville, VA, USA) according to the manufacturer’s instruc-
tions. Briefly, the detection antibody and conjugate mix were used for the immunoassay, and
color development was obtained using the substrate 3,3',5,5'-tetramethylbenzidine (TMB;
Sigma-Aldrich, St. Louis, MO, USA).

RNA extraction and cDNA synthesis

Total RNA was extracted by adding 1 ml of TRIzol reagent (GeneAll, Seoul, Korea) to each
sample and purified using isopropanol. RNA extracted from each sample was eluted in 20
wl of elution buffer. A master-mix, comprising 5x cDNA synthesis mix and 20 x reverse
transcriptase, was added to mRNA samples in PCR tubes for cDNA synthesis.

Quantitative real-time PCR

Quantitative real-time PCR (qQPCR) was performed to quantify Bla g1, Bla g2, Bla g5, and
bacterial 16S rRNA levels in the cockroaches. Actin 5C was used as an internal control, and
primers specific to this gene (ActinF and ActinR) were designed for the experiment (Table
1) [14]. All bacterial 16S rRNA was amplified using the forward primer BACT1369 and the
reverse primer PROK1492R (Table 1) from XenoTech with the AMPIGENE qPCR Mix
(ENZO, USA) [3]. Bla g1, Bla g2, and Bla g5 gene expression was determined to measure
the major allergen content. qPCR was performed using the 2 x SensiFAST SYBR Hi-ROX
kit (Bioline Meridian Bioscience, London, UK) with SYBR Green as the fluorescent report-
er, H,O, the corresponding primers, and either genomic or complementary DNA. At the
end of each reaction, a melting curve was generated to check the specificity of amplifica-
tion and confirm the absence of primer dimers. All reactions, including the negative con-
trols (containing water instead of DNA), were run in duplicate in 96-well plates.

Cell culture and exposure to extracts
Human bronchial epithelial cells (BEAS-2B cells) were maintained in DMEM/F40 medi-
um at 37°C with 5% CO.. Cells were seeded at a concentration of 1x 10° cells/well in 6-well
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plates (SPL Life Sciences, Pocheon, Korea), then treated with each German cockroach ex-
tract (GCE) sample. Cells were sampled 24 h after a single exposure to 100 pg/ml of each
GCE and compared with the PBS-treated controls. Four independent samples were exam-
ined for each GCE and PBS control.

Cytokine measurement

The concentrations of cytokines secreted from BEAS-2B cells were measured from the su-
pernatants using the DuoSet ELISA human IL (Interleukin)-6 and IL-8 (R&D Systems, Min-
neapolis, MN, USA).

Mouse model of allergic airway inflammation

Wild-type BALB/c mice (6-8 weeks old) were purchased from Orient Bio 13 (Seongnam,
Korea). A mouse model of allergic airway inflammation was used to investigate the effect
of allergen-reduced German cockroaches on allergic disease. GCE from each group (120
ug) was administered intranasally twice per week for 3 weeks [14]. The 3 treatments were
as follows: PBS treatment (PBS group), normal GCE treatment (control group), and ampi-
cillin-treated GCE treatment (ampicillin group). Mice were sacrificed on day 21, and bron-
choalveolar lavage (BAL) was performed with 1ml of PBS. Blood from the cardiac tissue
was stored at 4°C. Lungs were dissected then frozen or fixed in formalin.

Bronchoalveolar lavage fluid (BALF) cells

The procedure for BALF cell collection was identical to that described previously [14]. Af-
ter elimination of red blood cells, centrifugation (23 x g for 15 min) was performed, and
the total BALF cell count was determined using a hemocytometer. All slides were subjected
to DiffQuik staining (Sysmex Corporation, Kobe, Japan). Eosinophil, macrophage, lym-
phocyte, and neutrophil cell counts were determined in 400 BALF cells.

Lung histology in the mouse model of asthma

Lung tissue samples were sectioned (5pm-thickness) and subjected to hematoxylin and
eosin (H&E) staining, along with periodic acid-Schiff (PAS) staining, using standard histo-
logical protocols to detect mucus-containing cells [15]. The pathological change index of
H&E-stained slides was assigned numerical values according to inflammatory cell infiltra-
tion and thickness around the airway and blood vessels (0, normal or no cells; 1, thickness
of <3 cells; 2, thickness of 4-6 cells; 3, thickness of 7-9 cells; and 4, thickness of >10 cells).
Similarly, numerical values were assigned according to the proportion of airways and blood
vessels in each section surrounded by inflammatory cells (0, normal or no airways or blood
vessels; 1, <25% of airways or blood vessels; 2, 25-50% of airways or blood vessels; 3, 51-
75% of airways or blood vessels; and 4, >75% of airways or blood vessels). The exponent
was calculated by multiplying the severity by the range, with a maximum possible score of
9. The number of mucus-containing cells/mm? in the basement membrane and the inten-
sity of bronchial and perivascular inflammation were also measured. Furthermore, airway
epithelial cells were scored on the degree of goblet cell hyperplasia on a percentage scale of
PAS+ cytoplasm. PAS+ cells in the epithelial region were counted 6 times per section in 2
tissue sections per mouse (=8 mice/group) [14,15]. Each value was expressed as the mean
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+SD.

Lung lysate analysis

The lungs were harvested after BAL fluid collection and homogenized using the T-PER
Tissue Protein Extraction Reagent (Thermo Fisher Scientific). After homogenization, the
suspensions were incubated at 4°C for 30 min and centrifuged at 1,400 x g for 10min. Su-
pernatants were filtered through a 0.45-pum filter to analyze the cytokine levels [14].

Quantification of cytokines in bronchoalveolar lavage fluid and lung homogenates
ELISAs for IL-4, IL-5, IL-13, and Interferon gamma (IFN-y) were performed using the re-
spective commercial kits (Peprotech, Rocky Hill, NJ, USA) according to the manufacturer’s

instructions.

Quantification of German cockroach-specific immunoglobulins IgE, IgG1, and Ig-
G2a levels in serum

German cockroach-specific IgE, IgG1, and IgG2a levels in mouse sera were assessed using
antigen-capture ELISA. Briefly, 96-well plates were coated with 20 pg of GCE in 100 pl of
coating buffer and incubated overnight at 4°C. The plates were blocked with 200 pl/well of
the assay diluent. Diluted serum samples (1: 10 dilution) were added to each well and incu-
bated. The wells were washed, and biotin-anti-mouse IgG1, IgG2a, or IgE (BioLegend, San
Diego, CA, USA) was added and incubated for 2 h. This was followed by 30 min of incuba-
tion with avidin-goat peroxidase (BioLegend). TMB substrate solution (100 pl) was added
to each well and incubated in the dark for 20 min. The reaction was stopped using 2N sul-
furic acid (H.SO.). Optical densities were measured at 450 nm using a spectrophotometer.

Statistical analysis

Student’s t-test and analysis of variance (ANOVA) with Bonferroni correction as a post-hoc
analysis were used for data analysis. Differences with P-values of 0.05 or less were consid-
ered statistically significant.

Results

First, we checked whether the total bacterial count of the cockroaches was reduced by anti-
biotic treatment during rearing. As shown in Fig. 1B, gPCR analysis demonstrated that the
total number of bacteria in the cockroaches was 20 times higher in the control group than
in the ampicillin group. We also observed a significant decrease in lipopolysaccharide, a
bacteria-derived substance, in the ampicillin group (Fig. 1C). The gene expression levels of
the 3 major allergens (Bla g1, Bla g2, and Bla g5) were measured using gPCR. The expres-
sion levels of all 3 allergens were reduced in the ampicillin group (Fig. 1D). When we mea-
sured the levels of Bla g1, Bla g2, and Bla g5 at the protein level (Fig. 1E), the results were
similar to those obtained from the gene expression analyses. Bla g1, Bla g2, and Bla g5 gene
expression levels were significantly lower in the ampicillin group than in the control group.
We next examine the effect of extracts from antibiotic-treated cockroaches on airway in-
flammation. Cytokine secretion was measured by treating airway epithelial cells with the
cockroach extracts. When human bronchial epithelial cells (BEAS-2B) were treated with
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Fig. 2. Effect of exposure to extracts of antibiotic-treated cockroaches on cytokine expression in
bronchial epithelium in vitro. Concentrations of (A) IL-6 and (B) IL-8 secreted from human bronchial
epithelial cells (BEAS-2B) exposed to the extract of German cockroaches treated with 0.03% ampi-
cillin (ampicillin group). ***P < 0.001.

ampicillin-treated cockroach extracts, the secretion of proinflammatory cytokines, such as
IL-6 and IL-8, was significantly lower than that in cells treated with the control (Fig. 2A, B).
In the allergen-dose equivalent condition in which the Bla g5 concentrations of the 2 groups
were the same, the difference in cytokine production between groups was reduced, alth-
ough cytokine production was still lower in the antibiotic-treated group (Supplementary
Fig. S1).

Thereafter, a mouse asthma model was established using GCEs. In BALE eosinophil lev-
els were lower in the ampicillin group than in the control group (Fig. 3A). Moreover, lung
histopathology showed infiltration of less immune cells in the ampicillin group compared
to the control group (Fig. 3B-D). The ampicillin group also had lower immune cell infiltra-
tion and inflammation scores than the control group (Fig. 3C, D). Furthermore, the con-
centrations of IL-4, IL-5, and IL-13 in the BALF and lung tissue were lower in the ampicil-
lin group than in the control group (Fig. 3E, F). However, we observed no significant dif-
ference in IFN-y levels between the 2 groups (Fig. 3E, F). Serum immunoglobulin levels
were also measured. B. germanica-specific IgE levels increased in both asthma groups, with
no significant difference between these groups (Fig. 3G). Serum IgG1 and IgG2a levels were
lower in the ampicillin group than in the control group (Fig. 3H, I).

Discussion

Previous research confirmed a reduction in bacterial abundance and diversity in German
cockroaches treated with ampicillin [4]. Similarly, we found that cockroaches reared under
ampicillin treatment showed reduced amounts of total bacteria in their bodies. Further,
ampicillin-treated cockroaches showed reduced amounts of lipopolysaccharides (LPS), an
immunomodulatory molecule derived from bacteria. Although not measured in this study,
we expect that several microbe-associated molecules other than LPS also decreased in the
extract of ampicillin-treated cockroaches. Similar to a previous study, levels of the major al-
lergens such as Bla g1, Bla g2, and Bla g5 were significantly decreased at both the protein
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Fig. 3. Effect of exposure to extracts of antibiotic-treated cockroaches in a mouse model of asthma. (A) Number of total cells, macro-
phages, eosinophils, neutrophils, and lymphocytes in the bronchoalveolar lavage (BAL) fluid of asthma model mice. (B-D) Lung histolo-
gy results in the mouse model of allergic airway inflammation. (B) Histologic results with hematoxylin and eosin (H&E) and periodic ac-
id-Schiff (PAS) staining of lung tissues. (C, D) Immune cell infiltration scores and inflammation scores including mucus production scores.
Data are reported as mean = SE (n=8/group). (E, F) Supernatants of BAL fluid were collected after centrifugation, and the production of
IL-4, IL-5, IL-13, and IFN-y was measured. Concentrations of IL-4, IL-5, IL-13, and IFN-y in lung tissues were analyzed using the respective
ELISA kits. Comparison of serum B. germanica-specific (G) IgE, (H) IgG1, and (1) IgG2a levels among B. germanica-induced asthmatic mice
groups. Optical density values measured during ELISA are also presented. Data are reported as mean =* SE (n=8/group). One-way ANO-
VA was conducted, and the Bonferroni-corrected p-values are presented. PBS group: PBS-treated group; Control group: group exposed to
normal German cockroach extract; Ampicillin group: group exposed to ampicillin-treated German cockroach extract. *P < 0.05, **P < 0.01,
**¥P<0.001. (Continued to the next page)
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and mRNA levels. Bla g1 is a strong risk factor for sensitization [16]. Bla g2 is the most im-
portant allergen in German cockroaches and typically has the highest sensitization rate of
54-71% [17]. In a previous study, out of 23 sera from a cockroach-sensitized cohort, 12
(37.5%) showed positive IgE reactivity against recombinant Bla g5 [18]. This study con-
firmed a reduction in total bacteria caused by antibiotic treatment, as well as changes in
gene expression, which led to a reduction of allergen levels [4].

Moreover, IL-6 and IL-8 levels were decreased in airway epithelial cells (BEAS-2B) treat-
ed with ampicillin-treated cockroach extract. IL-6 is a major proinflammatory cytokine re-
sponsible for immune response activation [19]. IL-8 is also a proinflammatory cytokine
with proangiogenic, proliferative, and promotility activities [20].

The mechanism underlying cockroach allergen-induced sensitization involves distur-
bance of airway epithelial integrity by cockroach-derived proteases, which leads to increased
cockroach allergen penetration. Proteases can modulate airway epithelial cell responses: i.e.,
cockroach-derived and other proteases can induce airway epithelial cell responses through
G protein-coupled proteinase-activated receptors (PARs) [21]. Stimulation of PAR2 can in-
duce airway epithelial cells to release Granulocyte-macrophage colony-stimulating factor
(GM-CSF), a neutrophil and eosinophil chemoattractant and a survival factor [22]. A pre-
vious study reported that house dust mite group 1 allergens and endotoxins are recognized
by PAR2 and Toll-like receptor 4, thus stimulate the secretion of IL-6 and IL-8 in airway
epithelial cells. In addition, LPS inhibitor treatment reduces the amount of IL-6 and IL-8
released from BEAS-2B cells after treatment with house dust mite extract. This indicates

that bacterial components, such as endotoxins, act synergistically on airway epithelial cells
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to induce an inflammatory response [23]. Similar to these findings, reduced endotoxin lev-
els in GCE owing to antibiotic usage are likely associated with a decrease in allergic airway
inflammation in bronchial epithelial cells.

We confirmed that our asthma model was sensitized to intranasal injections with cock-
roach extract. We observed that eosinophil count in the BALF was reduced in the ampicil-
lin group. Moreover, eosinophilic airway inflammation, a key feature of allergic airway dis-
eases including allergic asthma, was significantly reduced in the ampicillin group. Similarly,
in lung sections, perivascular and peribronchiolar immune cell infiltration scores were sig-
nificantly reduced. Further, PAS staining showed a significant decrease in the number of
mucus-producing cells. In the serum, IgE levels were not significantly different but showed
a decreasing trend from that in the control group. The levels of eosinophils, PAS, IL-4, and
IL-5 in the ampicillin-treated group were significantly lower than those in the positive group;
however, the IgE level did not show any significant difference. As IgE is already produced
during the sensitization phase, there may be no significant difference in serum after mouse
sacrifice. IgG1 and IgG2a levels were significantly lower in the ampicillin group than in the
control group. IgG1 and IgG2a are immunoglobulins associated with T helper 2 (Th2) and
T helper 1 (Th1) responses, respectively. Levels of the cytokines such as IL-4, IL-5, IL-13,
and IFN-y were measured in both BALF and lung homogenates. Although there was no
significant difference in IFN-y levels between the ampicillin treated group and control group,
IL-4, IL-5, and IL-13 levels were significantly lower in the ampicillin group than in the con-
trol group. Thus, we confirmed decreases in the Th2 related cytokines and immunoglobu-
lin (IgG1), which is correlated with reduced airway inflammation in ampicillin group.

A reduction in airway inflammation was also confirmed in BEAS-2B cells and in the
mouse asthma model induced by cockroach extracts. As total bacteria in the cockroaches
were greatly reduced by ampicillin treatment, it is expected that their extract contained less
LPS and other bacteria-derived substances. During protein extraction, bacteria were re-
moved using a filter. However, bacteria-derived substances cannot be filtered out. Further,
extracts from ampicillin-treated German cockroaches showed lower levels of the major al-
lergens Bla g1, 2, and 5. Thus, we thought that the reduced airway inflammation might be
caused by a decrease in major allergen levels and the absence of bacteria-derived substanc-
es followed by the decrease in total bacteria.

In the allergen-dose equivalent condition, the difference in cytokine production was small-
er than that shown in Fig. 2, which highlighted the role of allergens on cytokine production.
Nevertheless, cockroaches in the ampicillin-treated group produced less cytokine than those
in the control group (although the difference was not statistically significant). The reduc-
tion in cytokine production may be attributable to the decreased bacterial load following
antibiotic treatment.

GCEs have not yet been standardized for immunotherapy or diagnosis. A previous study
reported that the potency of the allergic response in patients varies according to the level of
allergens present in German cockroaches [18]. Further, it is important to prepare several
extracts because the T cell potency of each extract differs depending on the most dominant
allergen for the patient [9]. Although the levels of major allergens were lower in the protein
extract of cockroaches treated with ampicillin, the levels of all proteins did not decrease,
but the pattern changed. Therefore, the use of extracts from ampicillin-treated German
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cockroaches is considered a suitable approach for preparing various extracts for immuno-
therapy and diagnosis.

The amount of LPS or major allergens in the extract differs depending on the extraction
method or rearing environment of the cockroaches [4]. From an environmental perspec-
tive, large amounts of antibiotics are discharged into rivers and lakes [24]. As cockroaches
are omnivores and inhabit sewers, they are expected to consume water containing antibiot-
ics. In this experiment, we only used ampicillin-treated German cockroaches to assess their
allergen production and ability to induce airway inflammation. However, wild cockroaches
consume multiple types of antibiotics [24]. Wild cockroaches are expected to exhibit vari-
able allergen ability and airway inflammation in humans. Further research is required to
determine the changes in the ability of cockroaches to cause allergies in different countries
or regions, owing to exposure to different APIs.

This study has limitations. Cytokines were evaluated only in BALF and lung homoge-
nates but not in lymph nodes or spleen. In future research, we will evaluate cytokines in
lymph nodes and spleen. Depending on the rearing season of cockroaches or the amount
of water and food intake, differences may occur in. The degree of reduction of bacteria and
allergens in cockroach protein extract may vary, depending on the season in which the cock-
roaches are reared, and the amount of water and food that they consume.

In conclusion, German cockroaches treated with ampicillin caused reduced airway in-
flammation in human epithelial cells and mice. It is expected that the extract developed in
this study can contribute to research into the standardization of extracts for immunothera-
py and diagnosis, as well as the development of various extracts for future clinical trials.
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Supplementary Fig. S1. Concentrations of (A) IL-6 and (B) IL-8 secreted from human bronchial epithelial cells (BEAS-2B) exposed to
cockroach extracts in a dose-dependent manner, with allergen-dose equivalent condition. The extract was adjusted to contain the
same amount of Bla g5 in both groups.
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