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Despite significant advances, asthma remains a cause of premature death, and current
treatments are suboptimal. Antigen-specific Th2 cells and their cytokines are primary
mediators of the pathophysiological changes seen in asthma. Studies in animal models
have shown that mycobacteria can suppress the asthma phenotype by alteration of the
Th1/Th2 cytokines ratio. In this study, utilizing a Th1 delivery system to modulate the
allergic airway inflammation in a Th2-driven model of asthma, we evaluated the efficacy of
immunization with Mycobacterium tuberculosis-specific antigen Rv3619c, either alone or
in combination with low dose dexamethasone. The rv3679¢c gene was cloned in an
expression plasmid pGES-TH-1, expressed in Escherichia coli, and the recombinant
protein Rv3619¢ was purified to homogeneity using affinity chromatography. Mice were
immunized with the recombinant protein emulsified in Freund’s Incomplete Adjuvant (IFA)
alone and in combination with low dose dexamethasone, and then challenged with
ovalbumin (OVA). Airway inflammation was assessed by quantifying airway cytology,
histological changes and Th2 cytokine (IL-5) secretion from splenocytes. OVA-specific
IgE, 1gG and IgG1 from sera was assessed, as well as pERK1/2 expression in the lung
tissue. Immunization with recombinant Rv3619c¢ alone inhibited the OVA-induced
increase in total cell counts, eosinophil airway cell infiltration in BAL fluid, perivascular
and peribronchial inflammation and fibrosis, and goblet cell hyper/metaplasia. In addition,
Rv3619c¢/IFA inhibited the OVA-induced IL-5 in spleen cells, OVA-specific IgE, 1gG, and
IgG1 levels in sera, and pERK1/2 expression in lung tissue. Immunization with Rv3619c¢/
IFA in combination with low dose dexamethasone resulted in an enhanced effect on some
but not all the asthma features. Taken together, this study demonstrates that
immunization with Rv3619c/IFA, alone or in combination with dexamethasone, may be
an effective treatment strategy for the prevention of asthma.

Keywords: asthma, hygiene hypothesis, ovalbumin, Mycobacterium tuberculosis, Rv3619c, Th1, Th2, inflammation

INTRODUCTION

The incidence of asthma has been increasing globally over the last few decades, with up to 339
million affected people worldwide (particularly children) (Kurvilla et al., 2019). Inhaled
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corticosteroids (ICS) remain the cornerstone of asthma therapy
due to their demonstrated efficacy in reducing airway
inflammation (Williams, 2018; Zhang et al., 2018). However,
limitations associated with their use still exist (Olin and
Wechsler, 2014). For example, long-term usage can result in
both local and systemic side effects and patients with severe
asthma remain uncontrolled despite receiving high doses of
inhaled steroids (Williams, 2018). The introduction of agents
such as anti-IgE, anti-IL-4, and anti-IL-5 improved outcomes to
a certain degree but more effective and affordable forms of
treatment are still needed to deal with a global health challenge
(Drick et al., 2018).

Antigen-specific Th2 cells and their cytokines (such as IL-
4Ra, IL-5, and IL-13), and inflammatory cells such eosinophils
and mast cells are primary mediators of the pathological changes
seen in asthma such as airway inflammation and airway hyper-
responsiveness (AHR) (Hosoki et al., 2015; Wuhao et al,, 2017).
Indeed, the Th2 cytokines IL-4 and IL-5 are not only critical for
both IgE and eosinophil production, but also for the induction
of the overall asthma phenotype and severity (Stokes, 2017;
Drick et al, 2018). The recent introduction of new biologics
that specifically target these molecules recognizes their
importance in driving the asthma disease. Indeed, recent studies
have shown that when monoclonal anti-IgE omalizumab, or the
anti-IL-5 mepolizumab are added to the asthma therapy, there is a
reduction in the frequency of asthma exacerbation and
hospitalization and the necessity for higher doses of ICS (Stokes,
2017; Drick et al,, 2018). Th17 cell cytokines such as IL-17A and
IL-22 have also been reported to enhance neutrophilic airway
inflammation and Th2 cell-mediated eosinophilic airway
inflammation in asthma, and are thought to contribute to the
severity of asthma by enhancing eosinophil recruitment into the
airways and mediating Th2-cell differentiation (Wakashin
et al., 2008).

In contrast to the pathological roles played by Th2 and Th17
cells and cytokines, cytokines secreted by Thl and Treg cells may
play a protective role in asthma (Ji et al, 2014). This has been
elegantly highlighted by several studies demonstrating that Thl
cells can suppress Th2-mediated airway inflammation (Han et al,,
2012; Tsujimura et al,, 2014). Indeed, inadequate differentiation of
naive T cells into Th1 and Treg cells has been suggested as one of
the main reasons for the increase in the prevalence of asthma. This
is possibly due to a decrease in infectious diseases because of a
general improvement in hygiene practices across the world
(Ownby and Johnson, 2009). Several studies have shown that
the human immune system tends to deviate to Th2 immune
reactions, which are suppressed by Thl and Treg cells. However,
when this suppression is inadequate, Th2 immune reactions are
activated which can result in allergic diseases (the so-called
“hygiene hypothesis”) (Han et al., 2010). In this context,
numerous animal studies have reported that immunization with
mycobacterial preparations, including BCG and purified
mycobacterial antigens, can prevent or down-regulate asthma
features such as AHR and eosinophilic airway inflammation
through the induction of Thl/Treg responses. Although live
BCG has a suppressive effect on asthma, its use in medical

practice may be limited due to adverse reactions it induces
(Marciano et al., 2014). BCG has been widely used globally, yet
the correlation between BCG vaccination and asthma has had very
controversial outcomes possibly due to 1) vaccination with
different BCG strains and doses; that may have resulted in
variations in the immunogenicity of the vaccine, and 2) in
vaccination protocols, particularly the age at which the vaccines
are administered; this may influence the function of T-
lymphocytes and Thl activation by BCG and sensitization to
allergens (Krishna and Salvi, 2002). To develop a product that
suppresses asthma with minimal adverse effects, culture
supernatants containing secreted proteins have also been used in
the murine model of asthma. Studies have been conducted with
native proteins Ag85 Complex, 38 kDa protein, MPB70 purified
from the culture supernatants of Mycobacterium tuberculosis (Han
et al,, 2012), and recombinant Ag85B (T'sujimura et al., 2014) to
determine the role of individual secreted proteins of M.
tuberculosis in the immunomodulation of asthma. All of these
secreted proteins were shown to be inducers of the protective
cytokine interferon- y (IFN-y) by Thl cells (Mustafa and Al-
Attiyah, 2009). While the use of purified bacterial proteins should
have fewer side effects than whole cell mycobacteria (Han et al.,
2012), these proteins are cross-reactive and may face the problem
of masking or blocking the anti-asthma effects (Mangtani et al.,
2014). The use of M. tuberculosis-specific antigens may overcome
these limitations. The role of IFN-y in asthma remains unclear.
Some preclinical studies have shown that IFN-ylevels are inversely
correlated with Th2 cytokine levels and may indeed have a
protective role in asthma (Han et al, 2010; Tsujimura et al,
2014). However, other studies have shown that IFN-y secretion
correlates with asthma severity (Tsujimura et al., 2014; Raundhal
et al, 2015). This suggests that the role of IFN-y in asthma
is complex.

In this study we evaluated 1) whether immunization with
Rv3619¢ emulsified with Freund’s Incomplete Adjuvant (IFA), a
Th1 delivery system, would inhibit the allergic airway inflammation
in a Th2 driven model of asthma, and 2) whether a combination
of Rv3619¢/IFA with low dose dexamethasone would result
in a greater anti-asthma effect than with Rv3619¢/IFA
immunization alone.

MATERIALS AND METHODS

Plasmid Vectors and Bacterial Strains

The plasmids pGEM-T Easy (Promega corporation Madison, W1,
USA) was propagated in Escherichia coli strain TOP10 (ATCC,
Manassas, VA, USA), and the plasmid pGES-TH-1 (Ahmad et al,
2003) was propagated in E. coli strain BL-21 (Novagen, Madison,
WI, USA), as described previously (Hanif et al., 2010a). Genomic
DNA isolated from M. tuberculosis H37Rv (obtained from the
American Type Culture Collection, (Rockville, MD, USA) served
as the source for the amplification and subsequent cloning of the
genes, as described previously (Ahmad et al,, 2003). All DNA
manipulations, restriction enzyme digestions and bacterial cell
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transformations with the plasmids were performed according to
previously described procedures (Ahmad et al., 2003; Hanif et al.,
2010a; Hanif et al., 2010b; Shaban et al., 2013).

PCR Primers

The primers for amplifications of the target gene from the genomic
DNA of M. tuberculosis by polymerase chain reaction (PCR) were
designed on the basis of nucleotide sequences of these genes in M.
tuberculosis genome (Tuberculist — Genolist Institute Pasteur, http://
genolist.pasteur.fr/TubercuList/). The nucleotide sequences of
forward (F) and reverse (R) primers were F: 5 aatcggatccatga
ccatcaactatcaattcggg 3’ and R: 5 acgaagcttggeccagetggagecgacggegct
3’ (The restriction sites for BamH I and Hind III are underlined in
the forward and reverse primers, respectively). The primers
contained additional sequences at the 5’ end for digestion with the
appropriate restriction enzyme to clone efficiently the PCR-amplified
DNA in the expression vector pGES-THI, as described previously
(Ahmad et al., 2003; Hanif et al., 2010a; Hanif et al., 2010b; Shaban
et al., 2013). The primers were synthesized commercially
(ThrmoFisher Scientific, Ulm, Germany).

Cloning of Genes in Various Vectors

DNA corresponding to rv3619c gene was amplified by PCR using
genomic DNA isolated from M. tuberculosis and gene-specific
primers, as described previously (Ahmad et al., 2003; Hanif et al.,
2010a; Hanif et al.,, 2010b). The amplified DNA was ligated to the
cloning vector pGEM-T Easy and propagated in E. coli TOP10.
The identities of genes cloned in pGEM-T Easy were determined
by restriction digestion and DNA sequencing according to
standard procedures (Shaban et al., 2013). The DNA fragment
corresponding to the amplified gene was restriction digested from
the recombinant pGEM-T Easy and subsequently cloned into the
expression vector pGES-THI, as described previously (Ahmad et
al., 2003; Hanif et al., 2010a; Hanif et al., 2010b; Shaban et al., 2013).

Recombinant Protein

The expression vector pGES-TH1 was used for high level
expression of Rv3619c fusion protein in E. coli, as described
previously (Ahmad et al, 2003; Hanif et al., 2010a). The

expression of fusion protein was determined by western
blotting using anti-GST antibodies (Ahmad et al., 2003). The
recombinant protein was purified to homogeneity, with removing
endoxins, using affinity glutathione S-transferase (GST) and Nickle
affinity (Ni-NTA) chromatography techniques and analyzed by
SDS-PAGE using standard procedures (Ahmad et al., 2003).

Experimental Animals

Six to eight weeks old female pathogen-free BALB/c mice were
used in this study. All experiments in mice were performed in
accordance with the principles of NC3Rs” ARRIVE guidelines for
reporting humane animal research. The experimental protocols
were approved by the “Health Science Center Animal Welfare
Committee” and the project funding body (approval number
YMO06/15), and complied with regulations for the animal care
and ethical use of Laboratory Animals in the Health Sciences
Center, Kuwait University.

Immunization of Mice with

M. tuberculosis-Specific Protein Rv3619c
Mice in Rv3619¢/IFA and Rv3619c¢/IFA/dexamethasone
(0.5 mg) groups (n=10) were immunized intraperitoneally on
day 0 with preparations containing 2 pg of purified M.
tuberculosis-specific recombinant protein Rv3619¢ emulsified in
IFA. The mice were then boosted twice on days 14 and 28 with 2
ug of purified protein only. Mice in PBS, OVA, dexamethasone
(0.5 mg) and dexamethasone (3 mg) groups were immunized
with PBS emulsified with IFA on day 0 and re-injected with PBS
on days 14 and 28 (Figure 1).

Immunization of Mice With Ovalbumin

Mice in all groups (n=10), except for PBS group, were immunized
by intraperitoneal injection with 10 pg OVA in 0.2 ml of
Aluminum hydroxide Cy (Alu-Gel-S) [SERVA Electrophoresis
GmbH, Heidelberg, Germany] on day 42 (EI-Hashim et al., 2012;
El-Hashim et al., 2017), and then challenged intranasally, once a
day, over 4 consecutive days, with 20 g OVA in 50 pl PBS on
days 52-55. The PBS group mice were injected intraperitoneally

Sacrifice

Immunization (L.P.) with Boost (I.P.) with Boost (I.P.) with Immunization (I.P.) with Treatment (L.P.) with
Rv3619¢/IFA or PBS/IFA Rv3619¢ or PBS Rv3619¢ or PBS OVA/AIuG or PBS DE?f B(gﬁ mg or 3 mg)
or
Time (days) 0 14 28 42 52-53-54-55 56

—
Challenge (I.N.) with
OVA or PBS

FIGURE 1 | Immunization protocol with Rv3619¢/IFA in ovaloumin (OVA)-challenged murine model of asthma. 6-8 weeks ok female balb/c mice (n = 10) were
immunized intraperitonealy on day O with either 2 pg of Rv3619c emulsified with Freund’s Incomplete Adjuvant (IFA) and boosted with protein only on days 14 and
28 [Rv3619c/IFA and Rv3619c/IFA+ dexamethasone (DEX) (0.5 mg) groups]. All other groups (n = 10) were immunized with PBS emulsified with IFA on day O and
PBS only on days 14 and 28. All mice (except PBS group mice) were immunized intraperitoneally with OVA/AluG on day 42. Mice were then challenged intranasally
with OVA for four consecutive days (days 52 to 55). The PBS group mice were challeneged intranasally with PBS on the same days. Mice in Rv3619c/IFA/
dexamethasone (DEX) (0.5 mg), dexamethasone (DEX) (0.5 mg), and dexamethasone (DEX) (3 mg) groups were treated with either dexamethasone an hour prior to
intranasal challenge. All mice were sacrificed on day 56 and Bronchoalveolar lavage fluid (BALF) lung tissue, blood and spleens were collected.
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with PBS on day 42 and challenged intranasally with 50 ul PBS
subsequently over 4 consecutive days (days 52-55) (Figure 1).

OVA Challenge and Dexamethasone
Treatment

The mice in the Rv3619c/dexamethasone and dexamethasone
(0.5 mg) groups were injected intraperitoneally with 0.5 mg/kg
dexamethasone an hour prior to intranasal challenge. Mice in
dexamethasone (3 mg) groups were injected intraperitoneally
with 3 mg/kg dexamethasone an hour prior to intranasal
challenge (Figure 1). Mice in other groups were injected
intraperitoneally with PBS an hour prior to intranasal challenge.
All mice were sacrificed with an overdose of halothane one day after
the last intranasal challenge (day 56) (Figure 1). Bronchoalveolar
lavage fluid (BALF), lung tissue, blood and spleen were collected
from each mouse.

BALF Total and Differential Cell Counts
BALF was collected by cannulating the trachea and washing the
lungs with saline solution (4 x 0.3 ml each) (Ji et al., 2014). BALF
cells were counted using a particle size counter (Z1 series,
Beckman Coulter, Florida, USA) and cytospins (Shandon
Scientific Ltd, Cheshire, U.K.) prepared. Cells were stained with
Diff-Quik and a differential count of 100 cells was performed using
standard morphological criteria (El-Hashim et al., 2012). Results
of cell counts in BALF were expressed as total cell count/ml, total
differential count/ml, total macrophages/ml, lymphocytes/ml,
neutrophils/ml, and eosinophils/ml.

Histological Changes and Airway
Remodeling in the Lung Sections

Lungs were resected and fixed in 10% formalin and embedded in
paraffin wax. Sections (3 pum) were stained with H&E and
examined for pathological changes under a light microscope.
Sections of lungs were also stained with Masson’s Trichrome
stain to evaluate fibrillar collagen and connective tissue matrix
proteins. Three-micrometer serial sections were mounted on
each slide. Mucus and mucus containing goblet cells in the
bronchial epithelium were stained with a Periodic Acid-Schiff
(PAS) staining. All the slides were blindly scored by at least two
different observers to reduce intra-observer variation as
described previously (El-Hashim et al., 2017). The average of
these scores were calculated for all the animals used in this study.
Ten sections from each mouse were assessed. The grade changes
description was scored as given below:

* 1 = Normal histology

e 2 = Mild changes

e 3 = Moderate changes

* 4 = Severe changes

* 5 = Highly severe changes

Th2 (IL-5) Cytokine Levels in Culture
Supernatants of Stimulated Spleen Cells
Spleens were collected, and spleen cells were isolated and
stimulated with 25 pg OVA, as described previously (Mustafa

and Al-Attiyah, 2009; Hanif et al., 2010b). In brief, 5x10° spleen
cells were seeded into 96-well tissue culture plates (Nunc,
Roskilde, Denmark), stimulated with 25 ug OVA and incubated
for 6 days. The negative control wells didn’t receive OVA to test
for antigen-nonspecific secretion of cytokines. The culture plates
were incubated at 37°C in a humidified atmosphere of 5% CO,
and 95% air. The culture supernatants were collected for cytokine
assays as described previously (Shaban et al, 2013). The
concentrations of Th2 cytokine (IL-5), in the culture supernatants,
were estimated using enzyme-linked immunosorbent assay (ELISA)
kits purchased from ThermoFisher Scientific Inc, Waltham, MA,
USA, as specified by the manufacturer.

OVA-Specific IgE, IgG, and IgG1 Levels in
Sera

Blood was collected from the heart of mice by cardiac puncture
and kept at 4°C overnight. Sera was collected after centrifuging
blood for 10 min at 4°C. OVA-specific IgE was detected using
LEGEND MAX'™ MOUSE kit [BioLegend, San Diego, CA,
USA], according to the manufacturer’s instructions, and OVA-
specific IgG and IgGl were detected using in-house ELISA
(Hanif et al, 2010a). In brief, the wells of each plate were
washed four times with 1X washing buffer, and 50 pl of Assay
Buffer A was added to standard and sample wells. Fifty microliter
of diluted samples (1:10 for OVA-specific IgE and 1:1,000 for
OVA-specific IgG and IgGl) were added and the plate was
incubated for 2 h at room temperature with shaking on an orbital
shaker (Scientific Industries, Inc., New York, USA). The wells
were washed, and detection antibody was added, and the plate
was then incubated for 1 h at room temperature with shaking.
The wells were washed, and Avidin-HRP D or Alkaline
phosphatase solution was added. After incubation for 30 min
at room temperature, the wells were washed and 100 pl substrate
solution F was added. The plate was incubated for 15 min in the
dark, the stop solution was added to the wells and the optical
density (OD) was read at 450 or 405 nm. The concentration of
antibodies was calculated according to mouse OV A-specific IgE,
IgG, or IgGl standards (range from 0.156-10 ng/ml).

Detecting pERK1/2 Levels in Lung Tissue
by Immunofluorescences

Lung sections were incubated in blocking solution (5% BSA +
0.3% Triton X-100 in PBS) for 1 h, followed by incubation
overnight at 4° C with primary antibodies (phoso-extracellular
signal-regulated protein kinase ERK1/2 1:50 dilutions) [Cell
Signaling Technology, Inc., Danvers, MA, USA] diluted in 1%
blocking solution. The sections were washed three times with
PBS, and the secondary antibody (Alexa fluor 555 goat anti-
rabbit) [SFX kit; ThermoFisher Scientific, Inc., Waltham, MA,
USA] was added and incubated at room temperature for 2 h in
the dark. The slides were washed three times with PBS, the
sections were stained with 4,6 diamidino-2-phenylindole and
mounted. Images of the sections were captured on a ZEISS LSM
700 confocal microscope (Carl Zeiss, Jena, Germany) and
fluorescence intensities were estimated in defined fields using
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software Zen 2010D (Zeiss Microlmaging, Carl Zeiss) ZEISS
(Khajah et al., 2016; El-Hashim et al., 2017).

Statistical Analyses

All numerical values were expressed as means + S.E.M. Total cell
counts represent the number of BALF cells/ml. Differential cell
counts represent both the absolute number of each cell type/ml of
BALF. For histopathology, a semi-quantitative 5-level lung
pathology score was used to grade the extent of abnormalities in
each microscopic field at 200X. All data were tested for normality. A
one-way analysis of variance (ANOVA) test followed by Newman-
Keuls post hoc test was used to compare mean differences between
individual groups for the total and differential cell counts and
histopathological data. For the immunofluorescence data, a
ANOVA test followed by Bonferroni post hoc test was used. The
mean difference was considered as significant at a probability level
of less than 0.05. All analyses were performed using GraphPad
Prism version 7.0 (GraphPad Software, Suite, San Diego, USA).

RESULTS

Cloning and Subcloning of Genes and the
Expression and Purification of Proteins

The DNA fragment corresponding to rv3619c gene was PCR-
amplified from the genomic DNA of M. tuberculosis using gene-
specific primers. The amplified product was purified, ligated to
PGEM-T easy vector and propagated into E. coli TOP-10 cells
and then subcloned into the expression vector pGES-THI.
Western-blot analysis, using anti-GST antibodies, of cell lysates
from E. coli cells transformed with pGES-TH1/rv3619¢ showed
the expression of fusion proteins corresponding to the respective
expected size (data not shown). The cells carrying the parent
plasmid (pGES-THI1) expressed GST alone and migrated to its
expected size (29 kDa) (data not shown).

Total cell count ml
Absolute count

PBS-challenged mice. *P < 0.05 versus time-matched ovalbumin-challenged mice.

1.0x10°

5.0x105

0.0

The induced recombinant E. coli cells containing pGES-TH1/
rv3619c were sonicated and the solubilized proteins were loaded
onto Glutathione-Sepharose affinity matrix, cleaved thrombin
protease and then reloaded onto Ni-NTA agarose affinity matrix.
The eluted protein was analyzed by SDS-PAGE and corresponded
to the expected size of GST-free Rv3619c (Figure S1).

Effect of Rv3619c/IFA Alone and in
Combination With Dexamethasone on
Total and Differential Cell Counts in
OVA-Challenged Mice

Intranasal OVA-challenge resulted in a significant (P<0.05)
increase in total BAL cell count and also in eosinophils and
lymphocytes, when compared to PBS-challenged control mice
(Figure 2). Immunization of mice with Rv3619¢/IFA resulted in
a significant decrease in total cell count and in eosinophil count
compared to OVA-challenged/vehicle mice (P<0.05) and was
comparable to the high dose dexamethasone treatment (3 mg)
(Figure 2A). Of interest, immunization of mice with Rv3619c¢/
IFA in combination with dexamethasone (0.5 mg) treatment
showed a tendency to decrease the eosinophil infiltration more
than that seen with immunization with Rv3619¢/IFA alone;
however, this was not statistically significant (Figure 2B).

Effect of Rv3619c/IFA Alone and in
Combination With Dexamethasone on
Histological Changes and Airway
Remodeling in the Lung Sections of
OVA-Challenged Mice

Intranasal OVA-challenge resulted in a marked and significant
(P<0.05) perivascular and peribronchial inflammatory cell
infiltration and fibrosis (Figures 3, 4), and goblet hyper/
metaplasia (Figure 5) when compared with PBS-challenged
control mice (Figures 3-5). Immunization of mice with
Rv3619¢/IFA alone resulted in a significant reduction in all of

A B
2.0%108 - Em PBS
# E3 OVA
1.5%10° E3 Rv3619c/IFA

[ DEX (3 mg)

Rv3619c/IFA+
DEX (0.5 mg)

DEX (0.5 mg)

Nuetro Eosino

Lympho

FIGURE 2 | Effect of Rv3619c/Freund’s Incomplete Adjuvant (IFA) alone and in combination with low dose dexamethasone (0.5 mg) treatment on total (A) and
differential (B) cells counts in ovalbumin (OVA)-challenged mice. Immunization of mice with Rv3619¢/IFA alone or in combination with dexamethasone (DEX) (0.5 mg)
treatment significantly inhibited OVA-induced BAL total cell counts and eosinophilia. Data are expressed as mean + SEM (n = 10). *P < 0.05 versus time-matched
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FIGURE 3 | A representative low-magnification light photomicrographs (A) and score (B) display H&E staining of whole lung samples from PBS-challenged/vehicle,
ovalbumin (OVA)-challenged/vehicle, OVA-challenged/Rv3619c/IFA, OVA-challenged/dexamethasone (DEX) (3 mg), OVA-challenged/Rv3619c/IFA/dexamethasone
(DEX) (0.5 mg), and OVA-challenged/dexamethasone (DEX) (0.5 mg). OVA-challenged/vehicle treated mice had marked peribronchial and perivascular inflammatory
cell infiltrations compared with PBS-challenged/vehicle treated mice. Immunization with Rv3619¢/IFA alone resulted in a significant reduction in the peribronchial and

Rv3619¢/IFA and dexamethasone (0.5 mg).

perivascular inflammatory cell infiltration compared to OVA-challenged/vehicle treated mice and was comparable with high dose dexamethasone (3 mg).
Immunization with Rv3619c/IFA in combination with dexamethasone (0.5 mg) resulted in a greater inhibitory effect on the inflammatory response compared to
immunization with Rv3619¢/IFA alone. B = bronchioles, BV = blood vessels, (=) = marked peribronchial and perivascular inflammatory cell infiltrations. Data are
expressed as mean = SEM (n = 10). *P < 0.05 versus time-matched PBS-challenged mice. *P < 0.05 versus time-matched OVA-challenged mice. **P < 0.05 versus

FIGURE 4 | A representative low-magnification light photomicrographs (A) and score (B) display Masson’s Trichrome staining of whole lung samples from PBS-
challenged/vehicle, ovalbumin (OVA)-challenged/vehicle, OVA-challenged/Rv3619c/IFA, OVA-challenged/dexamethasone (DEX) (3 mg), OVA-challenged/Rv3619c/
IFA/dexamethasone (DEX) (0.5 mg), and OVA-challenged/dexamethasone (DEX) (0.5 mg). OVA-challenged/vehicle treated mice had marked perivascular and
peribronchial fibrosis compared with PBS-challenged mice. Immunization with Rv3619¢/IFA alone resulted in a significant reduction in the perivascular and
peribronchial fibrosis compared to OVA-challenged/vehicle treated mice and was comparable to the high dose dexamethasone (3 mg). Immunization with Rv3619¢/
IFA in combination with dexamethasone (0.5 mg) treatment did have any greater effect on the perivascular and peribronchial fibrosis compared to Rv3619¢/IFA
alone. B = bronchioles, BV = blood vessels, (=) = marked peribronchial and perivascular fibrosis. Data are expressed as mean + SEM (n = 10). *P < 0.05 versus
time-matched PBS-challenged mice. *P < 0.05 versus time-matched OVA-challenged mice.

the histopathological changes compared to OVA-challenged/
vehicle mice (P<0.0.5; Figures 3-5). Interestingly, immunization
of mice with Rv3619¢/IFA in combination with the low
dexamethasone (0.5 mg) treatment resulted in significant
enhancement in the reduction of the perivascular and
peribronchial inflammation when compared to immunization
with Rv3619¢/IFA alone and was comparable with the high dose
dexamethasone treatment (3 mg) (Figure 3). However, no
significant decrease in the perivascular and peribronchial fibrosis
and goblet cell hyper/metaplasia was observed following

immunization of mice with Rv3619¢/IFA in combination with
the low dexamethasone (0.5 mg) treatment (Figures 4, 5).

Effect of Rv3619c/IFA Alone and in
Combination With Dexamethasone on

Th2 Cytokine Secretion in the Spleen of
OVA-Challenged Mice

Intranasal OVA-challenge induced a significant (P<0.05)
increase in the levels of IL-5 secreted from spleen cells when
compared to PBS-challenged control mice (Figure 6).
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FIGURE 5 | A representative low-magnification light photomicrographs (A) and score (B) display PAS staining of whole lung samples from PBS-challenged/vehicle,
ovalbumin (OVA)-challenged/vehicle, OVA-challenged/Rv3619c/Freund’s Incomplete Adjuvant (IFA), OVA-challenged/dexamethasone (DEX) (3 mg), OVA-challenged/
Rv3619c/IFA/dexamethasone (DEX) (0.5 mg), and OVA-challenged/dexamethasone (DEX) (0.5 mg). OVA-challenged/vehicle treated mice had marked bronchial
mucus production and goblet cell hyper/metaplasia compared with PBS-challenged mice. Immunization with Rv3619¢/IFA alone resulted in a significant reduction in
the bronchial mucus production and goblet cell hyper/metaplasia compared to OVA-challenged/vehicle treated mice and was somewhat comparable to the high
dose dexamethasone (3 mg). Immunization with Rv3619¢/IFA in combination with dexamethasone (0.5 mg) did have any greater effects on the bronchial mucus
production and goblet cell hyper/metaplasia compared when compared to Rv3619¢/IFA alone. B = bronchioles, BV = blood vessels, (=) = marked bronchial mucus
production and goblet cell hyper/metaplasia. Data are expressed as mean + SEM (n = 10). #P < 0.05 versus time-matched PBS-challenged mice. *P < 0.05 versus

time-matched OVA-challenged mice.
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FIGURE 6 | Effect of Rv3619c/Freund’s Incomplete Adjuvant (IFA) alone and
in combination with low dose dexamethasone (DEX) (0.5 mg) treatment on
Th2 cytokine (IL-5) secretion from spleen cells of ovalbumin (OVA)-challenged
mice. Immunization of mice with Rv3619¢/IFA showed a significant inhibition
of secretion of Th2 cytokine (IL-5). Immunization with Rv3619c¢/IFA in
combination with dexamethasone (0.5 mg) treatment did have any greater
effects on the IL-5 levels. Data are expressed as mean + SEM (n = 10). *P <
0.05 versus time-matched PBS-challenged mice. *P < 0.05 versus time-
matched OVA-challenged mice.

Immunization of mice with Rv3619¢/IFA alone resulted in a
significant decrease in IL-5 secretion compared to OVA-
challenged/vehicle treated mice (P<0.05) and was comparable
to the high dose dexamethasone (3 mg) (Figure 6). Immunization

of mice with Rv3619¢/IFA in combination with dexamethasone
(0.5 mg) significantly decreased IL-5 secretions compared to OVA-
challenged/vehicle-treated mice but did not result in any further
enhancement of the effects of Rv3619¢/IFA alone (Figure 6).

Effect of Rv3619c/IFA Alone and in
Combination With Dexamethasone on
OVA-Specific IgE, IgG, and IgG1 Levels in
Sera of OVA-Challenged Mice

Intranasal OV A-challenge induced a significant increase in the
sera levels of OVA-specific IgE, IgG, and IgG1l compared with
PBS-challenged control mice (Figure 7). Immunization with
Rv3619¢/IFA alone significantly (P<0.05) reduced the sera
levels of OV A-specific IgE, IgG and IgG1 compared to OVA-
challenged/vehicle treated mice (Figure 7). Interestingly, neither
low nor high dose dexamethasone treatment had any effect on
the OVA-specific IgE levels, however, both doses significantly
reduced OV A-specific IgG and IgG1 levels (Figure 7).

Effect of Rv3619c/IFA Alone and in
Combination With Dexamethasone on
PERK1/2 in the Lung Sections of
OVA-Challenged Mice

Intranasal OVA-challenge induced a marked and significant
(P<0.05) increase in the levels of pERK1/2 when compared
with PBS-challenged control mice (Figure 8). Immunization of
mice with Rv3619¢/IFA alone resulted in a complete and
significant (P<0.05) inhibition of the OVA induced increase in
the expression of pERK1/2 and was comparable to high dose
dexamethasone (3 mg) (Figure 8). Immunization of mice with
Rv3619¢/IFA in combination with dexamethasone (0.5 mg) did
not result in any significant enhancement of the effects of
Rv3619¢/IFA alone (Figure 8).
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DISCUSSION

Mycobacterial secretory proteins are known to be strong Thl
inducers and may play an important role in the prevention of
asthma in murine models. However, antigens previously reported to
show a protective effect were not M. tuberculosis-specific, which
may decrease their effectiveness in providing effective protection
(Mangtani et al., 2014). Our data showed that immunizing mice
with a M. tuberculosis-specific antigen Rv3619¢ emulsified with IFA
resulted in a significant inhibition of the OVA-induced increase in
the total cell count in the BAL, a decrease in eosinophilic and
lymphocytic influx into the airways and suppression of the OVA-
induced perivascular and peribronchial inflammation, fibrosis and
goblet cell hyper/metaplasia. In addition, we showed that
immunization with Rv3619¢/IFA in combination with treatment
with low dose dexamethasone (0.5 mg) had an enhanced inhibitory
effect on some of the asthma parameters. These findings suggest that

OVA-specific IgG concentration (ng/ml)

FIGURE 7 | Effect of Rv3619c/Freund’s Incomplete Adjuvant (IFA) alone and in combination with low dose dexamethasone (DEX) (0.5 mg) treatment on sera levels
of ovalbumin (OVA)-specific IgE (A) IgG (B) and IgG1 (C) from OVA-challenged mice. Immunization with Rv3619c¢/IFA alone resulted in significant reduction in the
sera levels of OVA-specific IgE, 1gG, and IgG1. Immunization with Rv3619¢/IFA alone or in combination with dexamethasone (0.5 mg) treatment did have any greater
effects on the OVA-specific IgE, IgG, and IgG1. Data are expressed as mean + SEM (n = 10). *P < 0.05 versus time-matched PBS-challenged mice. *P < 0.05
versus time-matched OVA-challenged mice. **P < 0.05 versus Rv3619¢/IFA and dexamethasone (0.5 mg).

immunization with M. tuberculosis-specific antigen Rv3619¢ may
offer a novel approach for the prevention of asthma.

The effects of immunizing mice with Rv3619¢/IFA are
consistent with data from another murine model of asthma
which show that immunization with viral vectors expressing
mycobacterial protein Ag85A and Mtb32 reduce allergic
inflammatory changes (Zhang et al., 2018). Indeed, immunization
with single mycobacterial secretory proteins has been shown to
demonstrate a greater inhibitory effect on eosinophil infiltration
than live whole-cell BCG (Han et al., 2012). Moreover, our findings
are in agreement with other studies demonstrating that
immunization of mice with an immunodominant mycobacterial
antigen results in anti-inflammatory action and reduction of airway
remodeling, resulting in a reduced loss of lung function (Wakashin
et al,, 2008; Wu et al., 2009; Karamatsu et al., 2012).

Of interest is the finding that immunization of mice with
Rv3619¢/IFA in combination with a low dose of dexamethasone
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FIGURE 8 | A representative low-magnification light photomicrographs (A) and score (B) display pERK1/2 fluorescence of whole lung samples from PBS-
challenged/vehicle, ovalbumin (OVA)-challenged/vehicle, OVA-challenged/Rv3619¢/Freund’s Incomplete Adjuvant (IFA), OVA-challenged/dexamethasone (DEX)

(8 mg), OVA-challenged/Rv3619c/IFA/dexamethasone (DEX) (0.5 mg), and OVA-challenged/dexamethasone (DEX) (0.5 mg). OVA-challenged/vehicle treated mice
had marked increase in pERK1/2 signals compared with PBS-challenged mice. Immunization with Rv3619c/IFA alone resulted in a significant reduction in the
pERK1/2 signals compared to OVA-challenged/vehicle treated mice and was comparable to the high dose dexamethasone (3 mg). Immunization of mice with
Rv3619¢/IFA in combination with dexamethasone (0.5 mg) did not result in any significant enhancement of the effects of Rv3619¢/IFA alone. Data are expressed as
mean + SEM (n = 5). *P < 0.05 versus time-matched PBS-challenged mice. *P < 0.05 versus time-matched OVA-challenged mice.

(0.5 mg) resulted in a greater inhibition of the total cell count
and the eosinophil influx in BAL fluid than that noted
with immunization with Rv3619¢/IFA alone. Moreover, this
combination had a significantly greater inhibitory effect on the
perivascular and peribronchial inflammation compared to
immunization with Rv3619¢/IFA alone, and was indeed
comparable with the high dose dexamethasone (3 mg).
However, there was no enhancement of the inhibition of the
goblet cell hyper/metaplasia, fibrosis, IL-5 and IgE levels or ERK1/
2 expression over the effects of Rv3619c/IFA alone. These findings
suggest that the use of the antigen with low dose steroid
combination may be more effective in reducing the asthma
phenotype. However, this may not extend to all features of asthma.

Multiple mechanisms are involved in mediating airway
inflammation in allergic asthma. The mechanism by which
mycobacterial proteins suppress this inflammation in murine
models of asthma still remains to be completely established.
Based on the so-called “hygiene hypothesis”, the induction of a
high Thl response by mycobacteria or mycobacterial antigens
deviates the immune response from the excessive Th2 response,
thus inhibiting the development of an allergic asthma-like
phenotype (Cookson and Moffatt, 1997). Preclinical studies
have demonstrated that Thl cells contribute to the protection
against the development of the allergic asthmatic phenotype
(Obihara et al., 2007; Zhang et al., 2012). Indeed, the production
of high levels of the Thl cytokine IFN-y ameliorates aberrant
Th2 responses deviating the immune response toward protective
Th1 responses (Han et al., 2010; Zhang et al., 2018). Studies have
also shown that Rv3619c protein can induce cellular immune
responses by elevating the secretion of Th1 cytokines IFN-y and
IL-12 but not Th2 cytokines such as IL-4 and IL-5 (Mahmood
et al., 2011; Safar et al,, 2020). In eosinophilic asthma, IL-5 is
mainly produced by Th2 cells, mast cells and natural killer T
(NKT) cells in the airways. In addition, IL-5 plays a role in

promoting eosinophil maturation by inducing the secretions of
eosinophil eotaxins 1, 2, and 3 (McBrien and Menzies-Gow,
2017; Pelaia et al., 2017). Furthermore, IL-5 plays an important
role in eosinophil migration from the bloodstream to the airways
(Shrimanker and Pavord, 2017). In this regard, our data showed
that immunization with Rv3619¢/IFA alone significantly reduced
the OVA elevated levels of IL-5 secreted by spleen cells in vitro.
Therefore, it is very likely that the anti-asthma effects seen
following immunization with Rv3619c may be, in part, due to
the increased secretion of IFN-v. This is consistent with the study
of Han and colleagues who showed that immunization with
mycobacterial antigens (Ag85 complex, MPB70 and 38-kDa)
resulted in a significant increase in the IFN-y:IL-5 ratio in the
spleen compared to the asthma control group (Han et al., 2012).
This reduction in IL-5 secretion may be one of the mechanisms
by which immunization with Rv3619c, resulted in a reduction in
the eosinophilia detected in the BAL fluid and the perivascular
and peribronchial eosinophil cellular infiltration. Of interest,
despite the protective role that IFN-v has been shown to have
in the prevention of asthma, paradoxically recent studies have
demonstrated that IFN-y can have a pro-inflammatory role in
severe asthma (Krug et al, 1995; Raundhal et al, 2015). In
murine models of asthma, local expression of IFN-v in the lung
correlated with an increase in allergic airway inflammation,
which lead to steroid-resistant airway inflammation by macrophage
stimulation (Koch et al, 2006; Kumar et al, 2012). Therefore, it
would seem that IFN-y may play a protective role in early asthma, but
once asthma is established, it can contribute to the severity of
this disease.

IgE plays an important role in allergic responses by activating
receptors in many cell types such as mast cells, eosinophils,
dendritic cells and endothelial cells (Matucci et al., 2018). resulting
in secretion of numerous inflammatory mediators that cause
many pathophysiological changes associated with asthma
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(Chen et al,, 2018). IgE inhibition is a relatively new strategy used
in the treatment of asthma, particularly that associated with high
serum IgE levels and not very responsive to ICS treatment
(Pennington et al., 2016). Clinical studies reported that long-
term treatment with anti-IgE therapies, as an add-on to high dose
ICS, improves asthma control in both children and adults, reduces
the frequency and severity of exacerbations and allows the
reduction of doses of ICS (Baena-Cagnani et al., 2015; Mansur
et al,, 2017). Our findings show that immunization with Rv3619¢c/
IFA significantly inhibited the OVA-induced increase of serum
levels of OV A-specific IgE, IgG and IgG1. This could be due to
Rv3619¢/IFA-induced inhibition of the secretion of Th2 cytokines
(Mahmood et al., 2011). In contrast, neither dose of
dexamethasone had a positive effect on the elevated serum levels
of OVA-specific IgE. The latter results are in line with Zhao et al.
who reported that a dose of 1 mg/kg of dexamethasone did not
result in the inhibition of OVA-specific IgE levels (Zhao et al,,
2006). However, several studies using doses varying from 0.01 to
3 mg/kg dexamethasone have reported a significant reduction in
OVA-specific IgE levels (Ma et al., 2014; Zhang et al.,, 2015;
Sharma et al., 2017; Harati et al., 2018). These differences may be
related to the difference in the experimental models used.

pERK1/2-dependent signaling is involved in several
inflammatory cells such as in mast cell eosinophil differentiation/
activation and also in B cell proliferation and survival (Richards
et al,, 2001; Goplen et al,, 2008). pERK1/2 has also been shown to
be an important downstream signaling molecule in several of the
Th2 cytokine signaling pathways (Alam and Gorska, 2011;
Gharagozloo et al,, 2013). Indeed increased pERK1/2 expression
in airway epithelium and smooth muscle cells has been associated
with asthma severity and inhibition pERK1/2 has been shown to be
associated significant reduction in the asthma phenotype (Guan
etal, 2007; Alam and Gorska, 2011). In this study, our data showed
that OVA challenge resulted in a significant increase in pERK1/2 in
the lung compared to PBS-challenged control mice, consistent with
several other studies (El-Hashim et al., 2012; Kurakula et al., 2015).
Immunization of Rv3619¢/IFA alone significantly inhibited the
OV A-induced up-regulation of pERK1/2 and was similar to PBS-
challenged control mice. This inhibition of ERK1/2 may be related
to inhibition of IL-5 and other Th2 cytokines secretion., since it has
been reported to be a downstream signaling molecule for many of
the Th2 cytokines (Lui et al,, 2010). Furthermore, treatment with
both low (0.5 mg) and high dose (3 mg) dexamethasone inhibited
pERK1/2, consistent with data from previous studies (Liu et al.,
2013; El-Hashim et al., 2017). This suggests that Rv3619¢/IFA and
glucocorticoids may at least share some of the mechanisms that
result in the inhibition of molecular cell signaling pathways seen in
allergic inflammation.

SUMMARY

The data presented in this study show that, in a murine asthma
model, immunization with Rv3619¢/IFA effectively inhibits the
OVA-induced total cell counts, eosinophil airway cell infiltration
in BAL fluid, perivascular and peribronchial inflammation and

fibrosis and goblet cell hyper/metaplasia, and was as effective as
treatment with a high dose of steroid. In addition, Rv3619¢/IFA
inhibited the OVA-induced elevated IL-5 levels in spleen cells,
OVA-specific IgE, IgG and IgGl levels in sera, and pERK1/2
expression in lung tissue. This study demonstrates that Rv3619¢/
IFA may be an effective vaccine for the prevention of asthma.
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