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Abstract

Context: One of the treatment strategies for atopic diseases is to skew immune response away
from Th2 dominance by using Mycobacterial strains. Objective: We wanted to find out whether M.
vaccae administration to pregnant mice had any preventive effect on the offsprings in the devel-
opment of a murine asthma model. Materials and Methods: Pregnant BALB/c mice were divided
into two groups; first group received heat-killed M. vaccae subcutaneously on 12t day of preg-
nancy and the latter group received PBS. After delivery, newborn mice of each group were further
divided into two subgroups as M. vaccae/Ovalbumin (OVA), M. vaccae/control, PBS/OVA and PBS/
control. To establish experimental murine asthma model, mice were intraperitoneally sensitized
and challenged intratracheally with Ovalbumin. We analysed airway histopathology, bone marrow
eosinophil progenitors and splenic cell cytokine profiles of the offsprings. Results: Comparison of
offsprings in M. vaccae/OVA group were not different than PBS controls with respect to thick-
nesses of airway epithelium, basement membrane, subepithelial smooth muscles and number of
hyperplasic goblet cells as well as bronchial associated lymphoid tissue density and eosinophil
progenitors in the bone marrow. Comparison of M. vaccae/OVA group to asthma model revealed
significant differences and lower levels of OVA-induced IL-5. Conclusions: We propose that immu-
nization of pregnant BALB/c with M. vaccae could prevent histopathological alterations in the
airways related to the asthma model and down-regulates IL-5 secretion from splenocytes of off-
springs.
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1. Introduction

The prevalence of allergic disease and asthma has increased dramatically over the last few decades. This in-
creasing prevalence of the dysregulated mucosal T helper (Th) 2 responses characterizing allergic pathology
have typically been framed in terms of reduced or absent stimulation by Thl polarizing stimuli. Recently called
the “hygiene hypothesis”, the predominant model has suggested that dramatic increase in allergic disorders have
inverse correlation with reduced exposure to childhood bacterial and viral infections. Also this hypothesis high-
lighted elimination of chronic Th2 polarizing stimuli which was supported by Shirakawa et al. who demon-
strated a strong inverse relationship between atopy and infection with or exposure to Mycobacterium tuberculo-
sis [1]-[4].

The etiology of allergic asthma is multifactorial and involves genetic factors as well as individual history of
exposure to airborne allergens and pathogens [5]-[7]. Epidemiological studies have highlighted maternal asthma
as an additional risk factor for developing the disease during childhood [8]-[10]. Apparently greater influence of
maternal versus paternal asthma supports the idea that, besides genes, maternal immune status including the al-
lergic conditions may be more critical to transferring asthma risk [11]. It was suggested that maternal asthma
had additional risk for offsprings for an originally sensitized allergen.

Among the Mycobacterium species, saprophytic Mycobacterium vaccae (M. vaccae) was shown to be a po-
tent inducer of Th1l immune response. M. vaccae is mainly being studied for use as an immunotherapeutic agent
together with chemotherapy in the treatment of tuberculosis and other diseases, such as cancer, atopic dermatitis,
and psoriasis [12]. Studies also showed that M. vaccae has been able to supress allergic and asthma-like
responses in mice [13]-[15]. Furthermore, we demonstrated that treatment of newborn mice with heat-killed M.
vaccae significantly reduced the number of goblet cells, the thickness of the basement membrane and sub-
epithelial smooth muscle after subsequent allergen sensitization and challenge [16]. In these studies, the
exposure to Thl-inducing mycobacterial infections was suggested to cause a shift from Th2 to Thl immune
responses, which subsequently prevent the development of allergy [17]. The allergy suppressive effects of M.
vaccae in mice are due to the induction of IL-10 and TGF-p producing T cells [18]. The hypothesis that early
exposure to this Thl stimuli even during in utero may prevent late diseases led us to perform these concurrent
experiments. To understand this, we analysed whether M. vaccae administration to pregnant BALB/c mice has
any role in the development of a forthcoming murine asthma model in the offsprings. So far, there are no data
concerning the effect of M. vaccae in pregnant mice.

2. Methods
2.1. Mice

Five to 6-week-old pregnant BALB/c mice (n = 10) were obtained from TUBITAK (The Scientific and Techni-
cal Research Council of Turkey; Gebze, Kocaeli) and housed according to the National Institutes of Health
Guidelines. Experimental protocols were ethically approved and complied with the Animal Research Committee
of Marmara University (Istanbul, Turkey).

2.2. Preparation of M. vaccae

M. vaccae (ATCC 29678 strain) was supplied from North Carolina State University and was cultured in Lowen-
stein-Jensen medium (REMEL, Lenexa, KS). After 3 - 4 weeks in the culture, the vials were centrifuged and
re-suspended in PBS. Vials were autoclaved at 120°C for 25 minutes. Logarithmic dilutions of the cells were
made into sterile vials. Aliquots of 1 x 10’ Colony Forming Units (CFU)/ml in medium for subcutaneous ad-
ministration were prepared and frozen at —20°C until analysis.
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2.3. Immunization of Pregnant BALB/c Mice with M. vaccae

Pregnant BALB/c mice were divided into two groups (5 pregnant mice in each group); mice in the first group
received 107 colony-forming units (CFU) of heat killed M. vaccae subcutaneously on 12" day of pregnancy and
the latter group received only PBS and served as controls. The day when plaque was seen after mating was ac-
cepted as day 1 of pregnancy. After labour newborn mice of each group (6 - 7 siblings from each pregnant mice)
were further divided into two subgroups named as experimental Th1 group (M. vaccae/OVA), M. vaccae/control
group, experimental Th2 group (PBS/OVA) and PBS/control group (n = 15, each). Study design is presented in
Figure 1.

2.4. Establishment of Experimental Murine Asthma Model

To establish murine experimental asthma model, starting at day 42 of offsprings’ life, mice in both experimen-
tal Thl and experimental Th2 groups received 10 pg of ovalbumin (OVA) (Sigma, St Louis, Mo, USA) in 100
pl of saline intraperitoneally (i.p.) for 7 times on each alternate days. On the other hand, mice in M. vaccae/
control and PBS/control received only 100 ul of saline i.p. to serve as study controls. Allergen challenge was
performed on days 82, 85 and 88 via intratracheal route by administration of 20 pg of OVA in 10ul of saline
under a stereomicroscope after the mice were anaesthetized [19].

2.5. Histopathologic Analyses

Twenty-four hours after the last intratracheal instillation, mice in all groups were sacrificed and lungs were fixed
for histopathologic evaluation and inflated by intratracheal instillation of buffered formol solution. Then, lungs
were removed and placed in buffer solution. Subsequently, lungs were embedded into paraffin for preparation of
histopathological sections. 3 - 5 um thick tissue sections were affixed to microscope slides and the paraffin
washed. The slides were stained with Hematoxylin & Eosin (H & E) for the evaluation of epithelial thickness and
Periodic Acid-Schiff (PAS) to analyze mucus containing goblet cells, thicknesses of smooth muscle and base-
ment membrane. All histological analyses were carried out with MS Basic Image Analyser Software (Microsys-
tem, Computerized Microscope Systems Ltd, Beykoz, Istanbul, Turkey), which was adapted on an Olympus
BH2-RFCA model microscope. The airways were classified as small (<500 pum), medium (500 - 1000 um) and
large (>1000 pm) according to their circumferences. Measurements were made on distal airways cut in trans-
verse section and free of branching. Measurement of thicknesses of epithelial, basement membrane, subepithe-
lial smooth muscle layer, number of hyperplasic goblet cells and inflammation area on airways were recorded.

2.6. Determination of Eosinophil Numbers in the Bone Marrow

Cellular samples from bone marrow of mice were obtained by aspirating right femur marrow space of each ani-
mal. Cytospins were prepared, and slides were stained with H & E. Cell differentiation was determined by
counting at least 300 cells under light microscopy. Eosinophils were defined as cells containing eosinophilic
granules.

pregnancy offsprings
days
T w111
M. vaccae (s.c.) sensitization  challenge analyses
(OVA) (OVA)

Figure 1. Study design. Pregnant BALB/c mice were divided into two groups; First group re-
ceived M. vaccae subcutaneously on 12" day of pregnancy while second group received only
PBS. After labour newborn mice of each group were further divided into two subgroups. First
subgroups named as M. vaccae/OVA and PBS/OVA. Asthma model was established by 7 i.p.
OVA (sensitization) and 3 i.t. OVA (challenge) instillation. Second subgroups named as M.
vaccae/control and PBS/control and served as negative control of asthma group.
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2.7. Cytokine Level Determinations

Spleens were removed from all groups, tissue was dispersed into single-cell suspension, and mononuclear cells
were purified by means of Histopaque gradient centrifugation (Sigma, St. Lois MO, USA). Cells were washed,
counted and suspended in RPMI 1640 (Sigma, St. Lois MO, USA) tissue culture medium containing heat-inac-
tivated 10% FCS, 100 mg/mL penicillin, 200 mg/mL streptomycin, 5 mmol/L L-glutamine, and 50 mmol/L
2-mercaptoethanol (all from Sigma, St. Lois MO, USA). Then splenocytes were stimulated with OVA (40
ug/ml), PHA (1 ug/ml, Sigma, St. Lois MO, USA) and M. vaccae (2 x 10’CFU/ml). After 24 (for IL-10 and
IFN-y levels detection), and 48 hours (for IL-5 level detection) supernatants were harvested. Cytokine levels of
culture supernatants were determined with commercial ELISA kit (Endogen, Rockford, USA).

2.8. Statistical Analyses

For statistical analyses, SPSS package (release 10.1 SPSS inc., Chicago, IL, USA) program was used. Kruskal
Wallis test was used for comparison of all groups. When differences were statistically significant, Mann-Whit-
ney U-test was used to differentiate between the groups. A p-value less than 0.05 was considered statistically
significant.

3. Results
3.1. Histopathology and Bone Marrow Eosinophils

Establishment of murine asthma model. The PBS/OVA group had statistically significantly higher numbers of
hyperplasic goblet cells, increased thickness of basement membrane in all of three classified airways, also in-
creased epithelial thickness of small and large airways, increased subepithelial smooth muscle thickness of small
airways, increased density of bronchus associated lymphoid tissue (BALT) when compared to PBS/control
group. The number of eosinophil progenitors in bone marrows was found to be significantly higher compared to
PBS/control group (Table 1, Figures 2-5). These results indicated that the OVA asthma model was success-
fully established.

Effect of M. vaccae immunization to pregnants. Comparison of M. vaccae/OVA offsprings with PBS/control
counterparts revealed no statistically significant difference in the number of hyperplasic goblet cells in all classi-
fied airways, epithelial thickness of large airways, basement membrane thickness of small and large airways,
subepithelial smooth muscle thickness of large airways as well as BALT density and progenitors of eosinophils
in the bone marrow. In addition, when the M. vaccae/OVA group was compared with PBS/OVA group, number
of hyperplasic goblet cells in all airways, thickness of basement membrane of small and large airways, smooth
muscle thickness of small airways, BALT density and number of eosinophil progenitors in the bone marrow
were found to be significantly less in the M. vaccae/OVA group (Table 1, Figures 2-5).

3.2. Cytokine Levels

In the OVA asthma model, the M. vaccae treated animals had significantly lower IL-5 levels than the PBS/OVA
treated group (p < 0.05). There were no statistically significant differences in the comparison of I1L-10 and IFN-y
levels between groups. On the other hand OVA induced IL-10 levels tended to be higher in the M. vaccae/OVA
group compared to other groups (Figure 6).

4. Discussion

In the current study we evaluated whether in utero exposure to a Thl stimulant, could prevent against the de-
velopment of murine asthma model in the offsprings. To test this hypothesis a single injection of the potent Thl
stimulant M. vaccae was administered to pregnant BALB/c mice at a time point which referred to the second
trimester of their pregnancy.

There are significant changes that occur in the maternal immune system during pregnancy with an associated
shift from a Thl to Th2 response. This shift is required to protect the fetus from immunological rejection despite
not associated with a general immunosuppression in the mother [20].

Plasma concentrations of cytokines have been shown to change with the state of pregnancy but results are
conflicting [21]. Maternal plasma IL-13, TNF-¢, IFN-y[22] [23] and IL-10 [24] has been found to be absent or
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Table 1. Histopathological analyses of airways.

Pregnancy M. vaccae

M. vaccae

PBS

PBS

Offsprings OVA

Mean (range)

control

Mean (range)

OVA

Mean (range)

control

Mean (range)

Goblet cell number
17.0 (7-35)"
49.3 (10 - 92)
181.3 (21 - 263)"

Small airways
Medium airways
Large airways
Epithelial thickness
23.9 (20 - 30.9)*
29.0 (20-37.2)"
31.1(15.3-39.7)

Small airways
Medium airways

Large airways

0(0-0)
0(0-0)
0(0-0)

12.0 (10.7 - 12.5)"
13.8 (10.7 - 18.9)"
14.9 (10.5 - 20.8)

263.3 (170 - 330)*
271.6 (245 - 320
378.3 (317 - 480)™

29.5 (17.4 - 45.2)*
27.5 (18 - 40.5)
33.2(21.8 - 41.4)*

0(0-0)
0(0-0)*
0 (0 - 0)¥

10.3 (9.8 - 11.1)¥
17.5 (17.1 - 22)*
18.4 (12.8 - 24)*

Basement membrane thickness

Small airways 1.3(1.2-1.6) 1.2 (0.8 - 1.5) 242-2.7)% 1.1(0.8-1.5)"
Medium airways 1.7(15-2.2)% 11(11-1.4)" 25(2.1-33) 1.3(1.2-1.4)"
Large airways 1.8(1.6-1.9) 1.3(1.2-1.6) 25(2-3)™ 1.6 (1.5-1.8)*
Subepithelial smooth muscle thickness
Small airways 5.7 (5.1-6.1)" 4.2 (3.4-5.3) 10.9 (9.8 - 11.9)™ 33(3.2-3.6)%
Medium airways 8.0(5.9-11)" 4.4 (35-54) 7.4 (55 - 10) 52 (4.4-5.7)
Large airways 7.4(65-8.4) 53(4.4-6.2) 7.0 (5.3-10.3) 7.6 (6.2-6.9)
BALT density pm? 3539.6 (3202 - 3916)" 598 (405 - 734)"  4862.6 (4604 - 5133)™  596.3 (370 - 754)
Eosinophil progenitors in bone marow 25.6 (18 - 30)"" 53(4-6) 40.6 (35 - 46)™ 10.3 (7 - 16)¥

“Comparision of M. vaccae/OVA and M. vaccae/control groups. P < 0.05. "Comparison of M. vaccae/OVA and PBS/OVA groups. P < 0.05.
*Comparision of M. vaccae/OVA and PBS/control groups. P < 0.05. ¥*Comparision of PBS/OVA and PBS/control groups. P < 0.05.

at low levels during normal pregnancy. While others report a decrease in maternal plasma IFN-yand IL-10 and
no change in IL-6 [25] [26]. Excessive amounts of Thl type cytokines hampers the immunologic tolerance of
the female to the foreign antigens of the fetus. Increased expression of Thl cytokines or an increased ratio of
Th1/Th2 cytokines has been observed at the feto-metarnal interface in abortion-prone mice [27]. This occurs not
only at the feto-maternal interface but also in human pregnancy failures [28]-[30]. In a recent study maternal
transfer of protection from development of allergic airway disease to offspring in a murine model of maternal
Th1 type immunity was demonstrated to be ag-specific. This study also confirmed that the transfer of maternal
factors would impact on the development of immune response in offspring [11].

It has been demonstrated that healthy non-atopic subjects have detectable allergen-specific T-reg cells medi-
ating their function through IL-10 and/or TGF-g production, suggesting an important contribution of T-reg,
Trl-like cells to the immune regulation in allergy [31]. Also Kearly et al. clearly showed that transfer of
CD4'CD25" T cells suppresses the Th-2 cell-driven response to allergen in vivo by an 1L-10-dependent mecha-
nism [32]. Recent data showed that cord blood mononuclear cells of atopic mothers had significantly lower ex-
pression of the Treg cells and Treg-associated markers GITR and LAG3, and trend wise lower expression for
Foxp3 and CTLAA4 after innate stimulation [33].

In recent studies, injection of M. vaccae into ovalbumin (OVA)-sensitized mice decreased Th2 type response
such as eosinophilia and interleukin (IL)-4 expression [34]. It was also shown that intragastric administration of
M. vaccae inhibited pulmonary allergic inflammation in murine models with increased production of IL-10 and
IFN-y [35]. In the agreement with these findings, we showed that OVA induced IL-10 levels tended to be higher
in the M. vaccae/OVA group compared to other groups. Also recently it was shown that even a single dose of
injection of heat-killed M. vaccae was capable of treating mild to moderate atopic dermatitis in dogs [36].
Moreover Arkwright et al., reported clinical efficacy of M. vaccae (SRL172) in children with moderate to severe
atopic dermatitis [37]. In a previous study of our group, we demonstrated that M. vaccae immunization to new-
born mice prevented the development of histopathologic changes in a murine asthma model [16].

©,
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PBS/control

M. vaccae/OVA
airways of all groups. PAS staining / 40x

S 4 iy
M.vaccae / control

Figure 2. Histopathologic analyses of airways. Lungs of all groups were
taken 1 day after last intratracheal OVA instillation. They were fixed in
formaldehyde and embedded to paraffin. Sections were stained with PAS
and analysed under light microscope with 40x magnification. (a), In the PAS
stain examinations of airways sections of mice in the murine model of lung
sections of mice in PBS/OVA group, numerous goblet cells (g), and in-
creased thickness of epithelial layer (epi) were seen. Also marked peribron-
chial and perivascular inflammations (inf) were observed. PBS/control (b),
M. vaccae /OVA (c), M. vaccae/control (d).

PBS/OVA PBS/control

Eosinophil
progenitor

M. vaccae/OVA M.vaccae / control

Figure 3. Bone marrow of mice with Hematoxylin & Eosin (H & E) staining. Eosinophilic
progenitor cells were seen in PBS/OVA group (a). PBS/control (b), M. vaccae/OVA (c), M.
vaccae/control (d). Magnification 100x.

Experimental evidence was sufficient to support the role of heat-killed M. vaccae in inhibiting allergen-in-

duced airway inflammation. Short-term beneficial effects of systemic M. vaccae administration were shown to
be present and use of microbial-derived materials as a potential source of new therapeutics for the treatment of
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Figure 4. Microscopic findings of small, medium and large airways. Number of hyperplasic goblet cells
and thickness of basement membrane decreased significantly in all airways, but thickness of epithelium did
not significantly changed in the airways. Thickness of smooth muscle also decreased in only small airways.
“p < 0.05, statistically significant.
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Figure 5. Effect of M. vaccae immunization to pregnant BALB/c mice on the formation of BALT (inflam-
mation) in the lung and number of eosinophil progenitors in the bone marrow. Comparison of groups p <
0.05.

asthma and allergic disorders lead to suppressed Th2 driven responses in murine asthma models [38]-[42]. Be-
side the short term effect of M. vaccae, a study from our group showed that intratracheal treatment with heat-
killed M. vaccae administered 28 days after sensitization along with intratracheal allergen challenge was able to
ameliorate histopathologic parameters of airways which persisted 24 days after the treatment [43].

Our results demonstrated that M. vaccae immunization to mothers during pregnancy did not result in abortion.
Moreover, M. vaccae ameliorated eosinophilia in bone marrow and airway histopathologic features seen in
murine asthma models such as hyperplasic goblet cells, basement membrane and smooth muscle thickening and
a reduction in BALT density in OVA-sensitized and challenged offsprings. Functional measurements such as
airway (lung) resistance would potentiate the strength of our experiments.

Hunt et al. showed that a single intragastric administration of M. vaccae in mice induced a transient increase
in the production of I1L-10 and IFN-y by mesenteric lymph nodes and splenocytes [35]. In addition Zuany-Amo-
rim et al. demonstrated that killed M. vaccae gives rise to allergen-specific CD4*CD45RB" regulatory T cells,
which were able to protect from airway inflammation in OVA-sensitized mice [40]. In the current study, M.
vaccae immunization to mothers revealed a down regulation of OVA-induced IL-5 secretion in two OVA-sen-
sitized offsprings when compared to OVA-sensitized counterparts of non-immunized mothers. These results re-
vealed that further studies are needed with more pregnant mice and their offsprings to evaluate the amount of

IL-5 secretion.
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Figure 6. OVA stimulated, M. vaccae stimulated, PHA stimulated and unstimulated culture supernatants were col-
lected and IL-10, IL-4 and IFN-y levels were detected by ELISA. p < 0.05, statistically significant.

Recently, our group evaluated whether M. vaccae immunization to pregnant BALB/c mice has an effect on
cytokine profile of placental and newborn mice on the 2™ and 28" day of life. We demonstrated that a single M.
vaccae administration to OVVA-sensitized pregnant mice down-regulated I1L-5 secretion and up-regulated IFN-y
secretion from placental lymphocytes. Moreover, this cytokine profile persisted in newborns up to the 28" day
of life [44].

It is now becoming a prerequisite to find out new therapeutic interventions before the establishment of aller-
gic disorders. Early preventive measures which should be extremely harmless to the organism, especially to the
fetus should be developed in order to gain more attraction in those strategies. M. vaccae is thought to be one of
the possible promising agents among them.

5. Conclusion

Our results showed that M. vaccae immunization to pregnant BALB/c mice ameliorates lung histopathology and
bone marrow eosinophilia in OVA sensitized offsprings. In addition to that, further studies which evaluate the
effect of M. vaccae immunization to IL-5 secretion in offsprings are needed.
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