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The Bordetella species are Gram-negative bacterial pathogens that colonizes

mammalian respiratory tract causing respiratory diseases in humans and

animals. B. bronchiseptica causes clinical conditions in many mammals including

immunocompromised humans. Using the dog model of respiratory infection, it has been

shown in this study that a newly developed B. bronchiseptica Bacterial Ghost (BbBG)

vaccine exhibited significant protection in the face of a severe pathogenic bacterial

challenge in seronegative dogs. The protein E-specific lysis mechanism was used to

produce BbBGs. Bacterial Ghosts (BGs) are the empty cell envelope of Gram-negative

bacterium. They are genetically processed to form a microscopic hole in their membrane,

through which all the cytoplasmic contents are expelled leaving behind intact empty

bacterial shells. Due to the intact surface structures of BGs, they offer the safety of

inactivated but efficacy of live attenuated vaccines. In this study, seronegative dogs

were vaccinated subcutaneously (s/c) with two different doses of a newly developed

BbBG vaccine [lower 10∧5 (BbBG – 5) and higher 10∧7 (BbBG – 7)] on day 0 and 21.

The animals were challenged (by aerosol) with virulent live B. bronchiseptica strains

41 days after first vaccination. The dogs vaccinated s/c with BbBG – 7 vaccine had

significantly lower spontaneous coughing scores (P = 0.0001) than dogs in negative

control group. Furthermore, the tested BbBG – 7 vaccine was equivalent to the positive

control vaccine Bronchicine CAe in terms of safety and efficacy. For the first time, we

report the successful use of liquid formulated BGs vaccines in animal studies. Earlier

reported studies using BGs vaccines were performed with resuspended freeze-dried

BGs preparations.

Keywords: Bordetella, Bacterial Ghosts (BGs), whooping cough, immunization (vaccination), dog model

INTRODUCTION

The Bordetella bronchiseptica is gram-negative aerobic coccobacillus and is widely known for
causing canine infectious respiratory disease (CIRD) also known as kennel cough. Apart from
dogs, B. bronchiseptica causes respiratory disease in wide range of mammals including immune-
deficient humans (1, 2) and in individuals with history of close contact with infected dogs or dogs
that are recently vaccinated with live attenuated B. bronchiseptica vaccine (3–8). It causes snuffles in

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.01377
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.01377&domain=pdf&date_stamp=2019-06-25
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:abbas.muhammad@bird-c.at
https://doi.org/10.3389/fimmu.2019.01377
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01377/full
http://loop.frontiersin.org/people/655966/overview
http://loop.frontiersin.org/people/751945/overview
http://loop.frontiersin.org/people/664760/overview
http://loop.frontiersin.org/people/723306/overview
http://loop.frontiersin.org/people/659523/overview


Muhammad et al. Bordetella bronchiseptica BG Vaccine

rabbits, pneumonia in guinea-pigs and atrophic rhinitis in swine
(3, 4, 9–15). B. bronchiseptica infection is endemic in many non-
human mammalian populations, and a particular high incidence
of infections is seen in kennels as well as pig farms, where
extensive vaccination is used to prevent disease (15, 16). Several
whole cell bacterin (17), antigen extract (18), and modified-
live vaccines (19–21) have been successfully tested in dogs
via intranasal (IN) route of administration. B. bronchiseptica
colonizes the ciliated respiratory epithelium of dogs and cats and
is not found in other body tissues (22). Due to its colonization,
the canine respiratory cilia lose their beating motion within 3 h
of a phase I or an intermediate phase B. bronchiseptica infection
where almost 100% of ciliary activity is lost (23). Due to this
ciliostasis, the respiratory epithelia of dogs are more prone to
secondary viral and bacterial infections (22–24).

The Bacterial Ghost (BG) system is an advanced approach
for the production of safe and potent vaccines in the prevention
and control of a wide range of infectious diseases (25–27). BGs
are produced by expression of cloned gene E of bacteriophage
ΦX174 under tight expressional regulation (25, 26, 28–32).
Protein E expression initiates the formation of a trans-membrane
tunnel structure spanning the whole cell envelope, through
which the entire cytoplasmic content is expelled. This expulsion
of cytoplasmic content is due to the difference in osmotic
pressures between the cell interior and the culture medium
(33). These resulting empty bacterial cells have a wide range
of use, as a vaccine or a delivery vehicle for transporting other
immunogens or biologically active substances (34, 35). BGs have
the advantage over other inactivated non-living vaccines in terms
of efficacy as all of the surface structural components of the BG
envelope are non-denatured and remain intact (36). The process
of producing BGs is gentle and does not harm the essential
structural components of the bacteria. The resulting particles
are immunologically active and are capable of stimulating the
host immune system. Further, they can deliver recombinant
antigens (Ag) to professional antigen presenting cells (APCs)
through Toll-like and pattern-recognition receptors, making
them ideal for parenteral and mucosal administration (32, 37–
39). Recombinant foreign antigens can be used in conjunction
with BGs in several ways. They can be incorporated into BGs
and displayed on the BGs surface. The BGs can also carry
recombinant antigen within its inner lumen. Finally BGs and
recombinant antigens can be simply mixed together, to utilize
the intrinsic adjuvant effect of BGs (40–42). Production of BGs
is an efficient, stable and safe process resulting in freeze dried
vaccine preparations which are stable at ambient temperatures
for many months (43); and for the first time as shown in
this communication, BGs are stable in liquid formulation for
several months.

There are several Bordetella vaccines available on the market.
These vaccines are administered via different routes and have
different protection levels. Most veterinarians prefer injectable
vaccines over oral or intranasal formulations due to its ease
of administration in vicious and difficult to control animals.
That is why there is always a need for better, safe, and
efficient injectable vaccine. In present study, we evaluated the
protection conferred by an injectable vaccine which is a cell

antigen extract of B. bronchiseptica vs. a more defined envelope
of B. bronchiseptica produced using propriety Bacterial Ghost
platform technology.

MATERIALS AND METHODS

Ethical Statement and Animal Welfare
The animal study was performed in accordance with the Guide
for the Care and Use of Laboratory Animals (Eighth Edition,
2011) of National Research Council Academies. The National
Academies Press, Washington DC, Title 9 Code of Federal
Regulations, Part 103.3. The protocol was reviewed and approved
by Institutional Animal Care and Use Committee of Ridglan
Farms (no. BIOUS140044). This study was conducted to test
efficacy of novel experimental biological products (vaccines) and
did not represent an unnecessary duplication of research.

Bacterial Strain, Plasmids, and Growth
Conditions
B. bronchiseptica strain 110H dog isolate was obtained directly
from David Bemis, at the University of Tennessee. The
bacteria were grown on Tryptose Phosphate Agar (TPA)
(Difco Laboratories, US) and or on Bordet Gengou Agar
plates (BGA) (Difco Laboratories US) supplemented with 15%
defibrinated sheep blood (VWR international—ROCKR111-
0050) and incubated at 36◦C for 24–36 h. For bacterial
transformation lysis plasmid pGLysivb (43) was used in which
the expression of lysis gene E is driven by the λPRmut –
cI857 promoter-repressor system to regulate the lysis gene E
expression by temperature up-shift from 36 to 42◦C. Plasmid
pBBR1MCS-5 (44) is a broad host range cloning vector
and was used for construction of lysis plasmid pGLysivb.
Plasmid pBBR1MCS-5 lacking the lysis gene E was used for
control experiments. For bacterial selection, gentamycin was
used at final concentration of 20µg/mL. Both of the above
mentioned plasmid DNA were isolated from E. coli C2988J
using Pure Yield Plasmid Midiprep system (Promega) using
the manufacturer’s protocol. The identity of the obtained
plasmid DNA was confirmed by restriction enzyme analysis
using FastDigest R© restriction enzymes (Fermentas). The purity
and quantity of plasmid DNA was evaluated using NanoDrop
ND-2000 (Peqlab).

Electro Competent Cell Preparation and
Transformation
The electroporation experiments were performed as described
by Miller et al. (45) with slight modifications. For production
of competent cells, B. bronchiseptica 110H was grown on
Bordet Gengou Agar plates (supplemented with 15% defibrinated
sheep blood) for ∼16 h at 36◦C after which the cells were
harvested in ice cold GlySuc buffer (15% Glycerol and 272mM
Sucrose solution) and pelleted at 5,000 × g for 10min at
+4◦C. The cells were gently resuspended and washed in half
volume of GlySuc buffer (same conditions as above) followed
by wash with quarter (¼) volume of GlySuc buffer. Cells
were resuspended gently in 300–500 µL of GlySuc buffer
(depending on the size of pellet) and aliquoted in ∼100 µL
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to be used immediately for electroporation or stored at −80◦C
for later use. One to three microgram of isolated plasmid
DNA (pGLysivb or pBBR1MCS-5) was added to the 100 µL
aliquot of competent cells and the mixture was incubated on
ice for 45–60min. High voltage pulses were delivered to the ice
cold samples that are shifted to 1mm gap cuvettes (Peqlab).
Genepulser R© II, Electroporation system (Bio-Rad) was used
with following settings: 2.5 Kv, 25 F, 400� with time constraint
ranging from 3.5 to 7ms. Following the electroporation the
cells were regenerated by addition of 800 µL of Tryptose
Phosphate vegetable source (TPv) broth (Difco Laboratories)
and incubated at 34◦C for 90min. The use of TPA is described
in EMA (46). This media is used in later development and in
final stage of vaccine production as needed by United States
Department of Agriculture (USDA) regulation which restricts
the use of blood agar in production of veterinary vaccines. The
regenerated cells were then plated on TP-agar plates (Difco
Laboratories), supplemented with 20µg/mL of gentamycin.
Screening of positive recombinant strains was performed via
restriction enzyme digestion (Fermentas).

Bordetella bronchiseptica Bacterial Ghost
Production
Cells were grown in Tryptose Phosphate broth—vegetable
source (TPv) (Difco Laboratories), supplemented with 0.004
g/L nicotinic acid, 0.02 g/L FeSO47.H2O, and 0.02 g/L ascorbic
acid. The medium scale fermentation of B. bronchiseptica 110H
were performed in Labfors 3 fermenter (Infors Ag, Bottmingen,
Switzerland) with working volume of 4 L. Medium scale
fermentation was performed in TPv supplemented with 0.004
g/L nicotinic acid, 0.02 g/L FeSO47.H2O, and 0.02 g/L ascorbic
acid and gentamycin at 20 mg/L. Five milliliter of 30 h culture
of B. bronchiseptica 110H (carrying lysis plasmid pGLysivb) was
used to prepare 200mL pre-culture (35◦C for 12–14 h). This
pre-culture with the OD600nm of 1.15 was used to inoculate
the fermenter containing 3.8 L of TPv to reach initial starting
OD600nm of 0.052. The cells were grown to OD600 of∼0.5 at 35◦C
and the lysis was induced by temperature upshift to 44◦C. The
lysis was complete after 420min after which the lysed cells were
washed to get rid of the cytoplasmic contents using 4 L of sterile
dH2O using Tangential Flow Filtration (TFF) module (0.2µm
cut-off, GE healthcare) for 60min. This was accomplished by
matching the flow of media out of the TFF module with the
same amount of dH2O pumped into the fermenter. During the
course of fermentation, following parameters were documented:
temperature, flow, stirrer, pH, pO2, foaming, and pumps for
acid and base. Antifoam-A (Sigma) was added via sterile septum
when needed. After the completion of washing, the broth was
concentrated to approximately 200mL in TFF module (0.2µm
cut, GE, healthcare) and flushed from the module with ∼200mL
sterile dH2O into the “inactivation bottle” to get a final volume of
∼400mL (conc. I).

Final Inactivation and Vaccine Storage
Due to regulatory requirements for veterinary vaccines by
United States Department of Agriculture (USDA) and European
Medicines Agency (EMA), the remaining un-lysed cells or escape

mutants are inactivated/killed by one of the prescribed chemical
procedures (47). To fulfill the above requirement, ethylenimine
(EI) was used. A final concentration of 20mM EI (FERAK,
Berlin) was added to conc. I and incubated for 3 h with slight
agitation at 35◦C (2mM, if calculated for initial volume of 4 L
before concentration). Samples for cfu count and microscopy
were drawn hourly and the inactivation activity was halted by
addition of 1M sodium thiosulfate, at 10% of initial volume of
EI used and kept for another 30min at 35◦C, while shaking. The
inactivated sample was washed with 4 L of sterile dH2O using a
fresh TFF module (sterile 0.2µm cut-off, GE, healthcare). This
was accomplished by matching the flow of media out of the
TFF module, with the same amount of dH2O pumped into the
inactivation bottle. Later the broth was concentrated to∼200mL,
before being flushed out of the module with ∼200mL sterile
dH2O to bring the volume to ∼400mL (conc. II). This sample
was stored at −20◦C for ∼15 days, and was later thawed, and
further diluted in dH2O for final dose defining and shipped
in liquid form at +4◦C, for animal experiments. The doses
were adjusted by performing flow cytometry as discussed in
Langemann et al. (43). In the current study, the lysis efficiency
of gene E was calculated to be 98% and remaining bacteria are
inactivated by EI as described above. Based on the calculations
from flow cytometry, two in 100 part of vaccine contains
killed bacteria. The final highest dose contains 20 k of killed
bacteria compared to ∼1 Million BbBGs. The animals were
vaccinated with BbBG vaccine approximately after 3 months
of liquid formulation which was shipped and stored at +4◦C
upon arrival.

Animals and Animal Housing
Thirty-two B. bronchiseptica seronegative dogs (beagles 7 weeks
old) were selected and housed in the research facility at Ridglan
Farms for the vaccination phase (8 weeks old) and later at BSL-2
facility of the University of Wisconsin for the challenge phase (14
weeks old). Blood samples from all animals were collected prior
to inclusion in the study. Serum was separated from the blood
and used to determine antibody titers against B. bronchiseptica.
The levels of anti-Bb antibodies in the blood of each dog was
determined by enzyme-linked immunosorbent assay (ELISA).
Seronegative dogs had an ELISA titer ≤ 20 as described in
Dees et al. (48). The study animals were randomly assigned to
one of the treatment groups—T01–T04 with (n = 8) animals
per treatment group. The randomization was performed by the
study statistician. Animals in each group were assigned unique
identification codes and ear tattooed for easy record. The puppies
in different treatment groups were three-housed together in
stainless steel caging at Ridglan Farms during vaccination phase
and gang housed during the challenge phase at (bio safety level-2)
BSL-2 facility of University of Wisconsin as prescribed in “Guide
for care and Use of Laboratory Animals” by regulatory bodies
(2001). Animals were fed with high density canine diet 5L18
PMI nutrition international LLC or similar quality diet and had
access to water ad libitum in both facilities. Since B. bronchiseptica
is infectious bacteria, strict isolation procedures were used
during the challenge phase at University of Wisconsin in
BSL-2 facility.
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TABLE 1 | Study design and groups.

Treatment

group

Experimental biological product and

(estimated dose)

No. of

animals

Route of

administration

Challenge

T01 PBS (Negative control) 8 s/c B. bronchiseptica

T02 Bronchicine CAe (Positive control) 8 s/c B. bronchiseptica

T03 BbBG – 7 (∼1 × 107 BG particles) 8 s/c B. bronchiseptica

T04 BbBG – 5 (∼1 × 105 BG particles) 8 s/c B. bronchiseptica

PBS, phosphate buffer saline; BbBG, B. bronchiseptica Bacterial Ghosts; s/c, sub cutaneous.

Study Design and Study Vaccine
The dogs were moved to the vaccination facility at Ridglan Farms
on study day−7, study animals were observed daily to determine
general health status by qualified veterinarian to ensure that the
subjects are free of any kind of respiratory diseases. Observations
were made at approximately the same time each day and were
documented on the Health Observation Record. Animal health
observations consisted of cage side visual assessments of animals
for indicators of animal health. Since the shedding of Bordetella
is of epidemiological interest in this disease the nasal swabs were
collected at day−1 and 20 from all dogs before the 1st and 2nd
vaccinations occurred respectively, and on day 41 through 44,
46, 48, 52, and 54. Two swabs were collected from each dog, one
from each nostril. The swab samples were used for quantitative
PCR and B. bronchiseptica culturing which are available as a
diagnostic service at the university of Wisconsin – Madison –
Wisconsin Veterinary Diagnostic laboratory. Similarly, serum
samples were used to monitor B. bronchiseptica titers. Blood
samples were collected from jugular/cephalic vein in 4mL
serum separation tube (SST) before each vaccination; day−1
and 20, before challenge; day 41 and at the end of study;
day 54.

Group—T01 dogs were used as negative control (PBS).
Group—T02 dogs were used as positive control and vaccinated
with commercially available vaccine—Bronchicine CAe.
Group—T03 dogs were vaccinated with 1× 107 B. bronchiseptica
Bacterial Ghosts (BbBG – 7) and Group—T04 dogs were
vaccinated with 1 × 105 B. bronchiseptica Bacterial Ghosts
(BbBG – 5) (Table 1). All animals were injected with 1mL of
respective test material. Vaccines were administered on day 0 and
again on day 21. All vaccines were administered subcutaneously
in the interscapular region (between the shoulder blades at the
base of neck). First vaccination was on the right side, and the
second vaccination was given on the left side. A patch of hair
was clipped prior to vaccination at the injection site so that
it was easier to examine the dogs for injection site reactions.
Latex examination gloves were worn by all personnel during
the vaccination. Gloves were changed regularly after handling
each dog to avoid chances of cross contamination. Dogs were
monitored for systemic and or local injection site reactions
after each vaccination. Examinations occurred at ∼4, ∼24,
∼48, ∼72 h post vaccination. Monitoring consisted of mainly
body temperature, general attitude/behavior, and for injection
site reactions in dogs. For reactions present at the 3 day post-
vaccination examination, monitoring was continued daily until
the reaction was resolved.

Challenge and Clinical Observations
All dogs were challenged intranasally with a mixture of 2 strains
of virulent B. bronchiseptica on day 42 after the 1st vaccination.
Strains 87 and 110H were provided by Dr. David Bemis
(University of Tennesse) and were grown in the laboratory of
Dr. Ronald D. Schultz (University of Wisconsin). The challenge
cultures were prepared at the challenge facility by thawing
and plating bacteria onto blood agar plates. The bacteria was
allowed to grow at 37◦C. B. bronchiseptica was then harvested
by scraping cells from the plates and suspending both cultures
in tryptose phosphate media at a target of 1.0 × 10∧10 cfu/mL
for each culture. The dogs were exposed four at a time to the
challenge (aerosolized Bordetella) for 20min in an isolator cage.
The challenge dose was ∼10mL at target concentration of 1
× 108 CFU/m3. Nebulizer was used for ∼15–20min in 1 m3

isolator cage. Following challenge the remaining mixed challenge
material was tittered at ∼2.2 × 10∧10 cfu/mL. All clinical
observations were blinded to the treatment group. Baseline
challenge clinical observations were made on study day 42, prior
to challenge. Like in the majority (49) of studies, a scoring
system was used to asses clinical signs after challenge. The study
animals were observed daily after challenge beginning on study
day 43 and continuing through study day 54. These observations
consisted of 20min in-room visual assessments of animals for
clinical signs of B. bronchiseptica induced tracheobronchitis.
Clinical signs included, but were not limited to, the following:
the number of spontaneous coughs, retching, +/− labored
breathing. At the conclusion of the 20min observation period,
each dog was observed for nasal and conjunctival discharge.
Labored breathing was noted if present. After which animals were
administered mild laryngeal palpation for induced coughing
signs. This consisted of placing a thumb and forefinger on either
side of the larynx with sufficient pressure to move the skin up and
down with the palpation, without causing undue pressure.

Bacteriologic Culture
To quantitate growth of B. bronchiseptica in swab samples,
selective culture methods (50) and standard semi-quantitative
techniques were used (51). Briefly, swab specimens from the
nasal cavity were inoculated onto 1 quadrant of Mc-Conkey
and peptone agar plates. A sterile bacteriologic loop was then
used to sequentially streak the 4 quadrants of each plate without
flaming the loop until all quadrants were streaked. Plates were
incubated at 37◦C and checked at 24 and 48 h for growth
of microorganisms. Suspicious colonies (i.e., organisms that
grew as non-lactose fermenters on Mc-Conkey’s agar and as
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blue colonies on peptone agar) were quantitated as follows:
no growth, 0; growth on the first quadrant, 1 +; growth in
first and second quadrants, 2+; growth in first 3 quadrants,
3+; growth in all quadrants,4+ Data derived from peptone
agar (plate counts) were analyzed statistically. To confirm that
quantitated colonies were B. bronchiseptica, typical colonies were
sub-cultured on blood agar and tested by use of conventional
methods of identification. TSI (alkaline), urease (+), citrate
(+) and arginine (−) were used as a positive confirmation
of B. bronchiseptica.

Statistical Analysis
The individual animal was evaluated as the experimental unit.
The primary variable was spontaneous coughing. Each animal
was given a spontaneous coughing score according the number
of coughs in the 20min observation time: 0 = coughing
absent, 1 = occasional cough (1–2 coughs), 2 = frequent (≥3
coughs). Secondary variables included the other clinical signs of
Bordetella infection: laryngeal palpations, nasal discharge, and
ocular discharge. These were also place in a scoring system.
Laryngeal palpations were scored by 0 = little to no cough,
1 = prolonged cough, 2 = severe coughing. Nasal and ocular
discharge were similarly scored with 0 = Normal, 1 = clear
discharge, 2 = mucopurulent. Differences were evaluated using
two-sided tests at alpha = 0.1. For each dog, the severity
spontaneous of coughing (maximum coughing score of 2 post-
challenge), the duration of spontaneous coughing (number
of days with coughing scores of 1 or 2), and the summed
spontaneous coughing scores during the post-challenge were
three methods of evaluating the primary outcome variable.
The maximum score for coughing and the summed coughing
scores were evaluated as a categorical variable. The probability
that an observation from a vaccination group was different
from an observation from the control group (or that there was
a shift in distribution between the groups) was tested using
Wilcoxon’s Rank Sum Test (the NPAR1WAY procedure in SAS,
SAS Institute, Cary NC, SAS/STAT 13.1). Maximum scores and
summed scores were analyzed using mitigated fraction (MF) and
a 95% confidence interval calculated (CI; the FREQ procedure in
SAS). The influence of vaccination on the duration of coughing
was evaluated using Wilcoxon’s Rank Sum Test (the FREQ
procedure in SAS). The placebo control and positive control

were compared to each of the remaining groups. Experimental
biological products were also compared to each other.

Least squares means and standard errors by treatment
group (over time where appropriate) are used to summarize
the results. Counts and frequencies are used as appropriate.
Arithmetic means and standard deviations by treatment group
over time are also provided. Clinical scores for coughing, ocular
discharge, nasal discharge, and laryngeal palpation were analyzed
individually and as a composite score. They were statistically
analyzed as ordinal data using Wilcoxon’s Rank Sum Test
(the NPAR1WAY procedure in SAS). Results from each day
were analyzed independently. If within day treatment effects
were significant, the placebo control and positive control were
compared to each of the remaining groups; differences between
groups were evaluated using an unadjusted alpha = 0.1. Median
scores by day are used to summarize the results.

Special Test Criteria
The study was to be considered valid if all animals were sero-
negative for B. bronchiseptica prior to entry into the study.
Dogs were also to remain seronegative prior to vaccination, and
the negative controls must be seronegative prior to challenge.
These criteria were met for the study. Further the test was
to be considered invalid if more than 2 of the control dogs
showed no typical signs of Bordetella infection after challenge.
This was a valid test with all control dogs showing signs
of infection.

RESULTS

Bordetella bronchiseptica Bacterial Ghost
Vaccine Production
Lysis plasmid pGLysivb (43) was used to transform the B.
bronchiseptica strain 110H. The plasmid pGLysivb allowed the
induction of gene E by a temperature upshift of 36–44◦C.
Transformed B. bronchiseptica 110H was grown with aeration
in a total volume of 4 L, and the OD and live cell counts were
monitored during the growth and lysis phase. The lysis was
continued to 420min after which the cells were washed with 4 L
of dH2O using TFF and harvested. The CFU count showed a lysis
efficiency of 98% and the phase contrast microscopy showed a
typical empty cell appearance as seen in themost BG preparations

FIGURE 1 | Microscopic picture of B. bronchiseptica Bacterial Ghosts (BbBG). (A) B. bronchiseptica whole cell (before lysis). (B) B. bronchiseptica BGs (end of lysis

and after inactivation with EI).
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(Figure 1). The remaining survivors were killed by incubating
the culture harvest with 20mM of Ethylenimine solution at 35◦C
for 3 h and cells were once again washed with 4 L dH2O and
concentrated to 400mL using TFF. No single bacterial colony was
detected on the plates with EI treated samples incubated at 36◦C
for up to 7 days.

In this study, freeze-dried BGs have been substituted by
a liquid formulation. After production, BbBGs were stored at
−20◦C (∼2 weeks). The vaccine was later thawed, reconstituted
in dH2O for final dosage and stored at +4◦C until it was
used for animal testing. A portion of this liquid formulation of
BbBG vaccine was used for monitoring vaccine stability through
microscopy and FACS analysis and was found to be stable for
several months at +4◦C. This procedure was novel for BG
vaccines and mimics veterinary practice to store vaccines in
liquid form which is ready to use. The BbBG sample was stored at
+4◦C until administration. A portion of the final BG preparation
was used for sterility testing. No bacterial or fungal growth
was observed after 14 days of incubation in Tryptic Soy Broth
enrichment medium at+36◦C.

Vaccine Efficacy and Safety
Dogs vaccinated s/c with newly developed high dose BbBG
– 7 vaccine and commercially available Bordetella vaccine—
Bronchicine CAe demonstrated significant protection from
spontaneous coughing, duration of coughing and induced
coughing scores when compared to placebo treated dogs.
The median number of days of spontaneous coughing was
significantly affected by treatment (P = 0.0003). Dogs in
groups—T02 and T03 had significantly fewer days of coughing
than dogs in group—T01 (control group). Dogs in group—
T04 had more days of coughing than dogs in group—T02
and was not statistically different than group—T01 (Figure 2).
Mean post-challenge cough scores were significantly lower (i.e.,
coughing was less severe) in the groups T02 (vaccinated with
Bronchicine CAe) and T03 (vaccinated with BbBG – 7) compared
to groups T01 (placebo control) and T04 (vaccinated with BbBG
– 5) (P > 0.005). Cough scores in low dose BbBG – 5 (T04)
and unvaccinated control groups (T01) were not significantly
different (P = 0.906) (Figure 3).

The scores for spontaneous coughing were summed per
dog, and means were calculated. A significant treatment group
effect was detected (P = 0.0001). Groups—T02 and T03 had
significantly lower total scores than the negative control group
(Table 2). Dogs in group—T04 had significantly higher scores
than dogs in groups—T02 and T03. Treatment group—T01
and T04 were not statistically different. The mitigated fractions
(MF) for spontaneous coughing were calculated. The MF is the
probability that a vaccinated animal will have less severe disease
across the observation period when compared to the negative
control group. MF values in groups—T02 and T03, when
compared to group—T01 were 0.7143 and 0.6964, respectively.
Treatment group—T04 had aMF that was worse when compared
to group—T01 (Table 2).

Spontaneous coughing scores were significantly lower in
group—T02 on Days 45–48 and 50–54 as compared to
the placebo control group—T01. Values in group—T03 were

FIGURE 2 | Duration of spontaneous coughing (median no of days). Overall

treatment P = 0.0003. *vs. T01, P < 0.10. †vs. T02, P < 0.10. T01, PBS

control. T02, Bronchicine CAe. T03, B. bronchiseptica Bacterial Ghosts (1 x

10∧7 cells/mL). T04, B. bronchiseptica Bacterial Ghosts (1 × 10∧5 cells/mL).

FIGURE 3 | Score totaled across days (mean). Overall treatment P = 0.0001.

*vs. T01, P < 0.10. †vs. T02, P < 0.10. T01, PBS control. T02, Bronchicine

CAe. T03, B. bronchiseptica Bacterial Ghosts (1 × 10∧7 cells/mL). T04, B.

bronchiseptica Bacterial Ghosts (1 × 10∧5 cells/mL).

significantly lower than the placebo control group—T01 values
on Days 44–48 and 50–54. When compared to the group—T02,
values in group—T04 were significantly higher on Days 44–54
(Figure 4). T02 and T03 had significantly lower maximum scores
compared to T01. There was no significant difference between
T03 and the positive control T02. T04 had a higher maximum
coughing score compared to T02 and T03.

Induced coughing scores were significantly lower in group—
T02 and group—T03 when compared to values in control
group—T01 or in group—T04 (Figure 5). Similarly total clinical
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TABLE 2 | Summary of spontaneous coughing: duration and totaled scores [results for euthanized dogs entered as the max observed score (2)].

Treatment group Duration (median number

of days)

Scores totaled across days

43–54 (mean)

Mitigated fraction†† for total score

(95% CI
‡
) (vs. T01)

T01 11.00 13.29 –

T02 1.00* 1.75* 0.7143

(0.3618, 1.0000)

T03 1.00* 2.25*a 0.6964

(0.3251, 1.0000)

T04 7.00† 13.63†b −0.2321

(−0.8350, 0.3708)

Overall treatment P-value 0.0003 0.0001

††
Mitigated fraction = the probability that a vaccinate will be less affected by challenge than a non-vaccinate. T01, Control Group. T02, Bronchicine CAe. T03, BbBG-7. T04, BbBG-5.

*vs. T01, P < 0.10.
†
vs. T02, P < 0.10. ‡Confidence interval.

a,bAmong groups 2–4.

Values with no common letters are significantly different at P < 0.10.

FIGURE 4 | Summary of the spontaneous coughing scores by day

post-challenge period [results for euthanized dogs entered as the max

observed score (2)]. *Within day vs. T01, P < 0.10. †Within day vs. T02, P <

0.10. T01, PBS control. T02, Bronchicine CAe. T03, B. bronchiseptica

Bacterial Ghosts (1 × 10∧7 cells/mL). T04, B. bronchiseptica Bacterial Ghosts

(1 × 10∧5 cells/mL).

scores (post challenge) were lower in group—T02 and T03
ranging between 1 and 0.5, respectively, as compared to values
in group—T01 which was around 8 (max score) and for group—
T04 in range of 2–3.5 (Figure 6). Other observed respiratory
clinical signs were mucopurulent ocular and nasal discharge
and sneezing. Only one dog had any recorded ocular or nasal
discharge during the study. This dog was in treatment group—
T04. Since serology and nasal shedding showed no discernable
differences between any of the groups, the raw data is not
shown here.

The new B. bronchiseptica BG vaccine tested in this study
was found to be safe with a single small, transient injection site
reaction after second vaccine dose administration. The challenge
with virulent Bordetella strain was severe, as four dogs from
placebo control and 3 dogs from BbBG – 5 group required
euthanasia due to severity of respiratory disease. Even though
it was an over-challenge, the BbBG – 7 vaccine was found to
be efficacious against CIRD caused by B. bronchiseptica. No
serious adverse event recorded following the administration of

FIGURE 5 | Summary of the coughing following laryngeal palpation scores by

day post-challenge period [results for euthanized dogs entered as the max

observed score (2)]. *Within day vs. T01, P < 0.10. †Within day vs. T02, P <

0.10. T01, PBS control. T02, Bronchicine CAe. T03, B. bronchiseptica

Bacterial Ghosts (1 × 10∧7 cells/mL). T04, B. bronchiseptica Bacterial Ghosts

(1 × 10∧5 cells/mL).

vaccines for the study. There were no behavioral changes (e.g.,
listlessness, depression) or any abnormal elevated temperatures
following vaccination. Only two dogs showed mild injection site
reaction, one in each group i.e., T02 (Bronchicine CAe) and
T03 (BbBG – 7). These reactions occurred following the second
vaccination. One animal belonging to PBS negative control
group died due to complications not related to the vaccination
study. Animals in negative control group showed severe signs
of tracheobronchitis similarly, low dose BbBG – 5 vaccinated
group also showed moderate to severe signs of tracheobronchitis.
Dogs in vaccinated group—T02 (Bronchicine CAe) and T03
(BbBG – 7) did not show any sign of disease and were protected
from tracheobronchitis.

DISCUSSION

This proof of concept study for testing of novel empty
bacterial cell vaccine against virulent B. bronchiseptica strains
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FIGURE 6 | Summary of the total scores by day post-challenge period [results

for euthanized dogs entered as the max observed score (8)]. *Within day vs.

T01, P < 0.10. †Within day vs. T02, P < 0.10. T01, PBS control. T02,

Bronchicine CAe. T03, B. bronchiseptica Bacterial Ghosts (1 × 10∧7

cells/mL). T04, B. bronchiseptica Bacterial Ghosts (1 × 10∧5 cells/mL).

demonstrated well and confirms the previous claims of
efficacious Bordetella vaccines in dogs (17, 19, 20, 52–55). The
challenge study did demonstrate efficacy of the BbBG – 7 vaccine
against the severe disease, comparable to the existing Bordetella
vaccine i.e., Bronchicine CAe which is a Cell, Antigen extract of
B. bronchiseptica (56, 57). The s/c vaccination of the puppies with
BbBG – 7 vaccine resulted in substantive decrease in coughing
(most common sign of Bordetella infection) when compared to
the negative control group—T01.

Further, the BbBG vaccine did demonstrate a dose dependent
efficacy of the relatively lower dose (two log less of BG control)
BbBG – 5 vaccine which was not effective to protect animals from
clinical disease. The BbBG – 7 vaccine was used in concentrations
up to 1 × 107, in comparison to Bronchicine CAe which is a
Cell, Antigen extract of 3 × 108 B. bronchiseptica cells (Zoetis
resource). There seems to be room for increasing the dose of
BbBG vaccine in a more extended dose finding study.

In dog vaccination studies, routes of administration is
highly debated topic and is often surrounded by controversies
regarding the efficacy of parenteral, IN and oral Bordetella
vaccination (18, 21, 56–60). In one of the early studies (57),
it has been shown that the dogs vaccinated subcutaneously
with acellular Bordetella (aB) vaccines showed higher serum
concentration of B. bronchiseptica reactive IgG when compared
to IN vaccinated group in seropositive dogs. In later studies
(18, 59), this claim has been refuted and it was shown that
the oral and IN route activates better salivary and serum
immunoglobulin responses in seronegative dogs. In a recent
study (60), it was shown that the previous history of infection
(seropositive dogs) helps in a better and enhanced immune
response in animals that are vaccinated subcutaneously with
aB vaccine.

In the study presented, protection induced by parenteral
administration of BbBG in seronegative dogs was explored.
From previous BG vaccine studies (39, 61–64), it is well
established that BGs can be effectively administered through,

oral, rectal, mucosal, intranasal/aerogenic and parenteral routes,
and conferred protective immunity in the vaccinated animals
(mouse, rabbit, pigs, calves, etc.) against subsequent challenges.
Since BGs are non-living cell envelops; it will also address the
reservations of scientists who believe that IN administration
of live attenuated Bordetella vaccines may put the owners of
pets and veterinarians at risk of contracting Bordetella infection
through shedding of bacterial droplets (3, 5, 7, 15, 65). A non-
living BbBG vaccine is not able to induce infection in humans.
Further BGs are shown to prevent bacterial colonization in
a respiratory model. Pigs immunized either intramuscularly
or aerogenically with Actinobacillus pleuropneumoniae BGs
prevented bacterial colonization in lungs when compared to
formalin inactivated A. pleuropneumoniae vaccine (38, 39, 61,
66). B. pertussis and B. bronchiseptica colonize the respiratory
mucosa of humans and other mammals, respectively, via their
fimbriae fim2, fim3, fimX, and fimA (67–70). Besides several
studies on role of fimbriae in colonization of B. bronchiseptica
and B. pertussis in respiratory mucosa, their precise role in
pathogenesis of infection is yet to be concluded. It is due to this
role that in some of the acellular pertussis (aP) vaccines fim2
and fim3 have been included (71). Fimbriae and pili are well
preserved in BGs, and are part of vaccine preparations as shown
with toxin co-regulated pili in Vibrio cholera BGs and fimbriae
in E. coli BGs (37, 72). However, the presence of fimbriae in the
BbBGs has not been investigated in current study and needs to
be proved before any conclusions are extrapolated. In any case,
a vaccine able to prevent bacterial colonization and conferring
immunity against disease is superior to any other vaccine which
is directed against the toxin alone which causes the disease. In
current study we have not yet demonstrated that BbBGs prevent
bacterial colonization as we have only explored subcutaneous
route of immunization, other routes such as mucosal route may
be required to demonstrate this.

Despite vigorous vaccination programs in developed
countries, cases of pertussis have made a tremendous comeback.
This comeback is mainly attributed to the use of aP vaccine. One
of the hypotheses circulating among the scientific community
is that the immunity from the aP vaccine diminishes faster as
compared to the whole cell pertussis (Pw) vaccine (73). Secondly
it is thought the aP vaccine provides protection against the
disease but not colonization meaning that vaccine may not be
effective at reducing the circulation of pertussis in the population
or transmission to naïve individuals. BGs are shown to prevent
bacterial colonization in a respiratory model. Further the route
of immunization plays an important role in conferring full
or partial immunity. Pigs immunized through the mucosal
route, as oral (74) or as aerosols vaccine (61, 66), induce sterile
immunity as demonstrated by the inability to isolate challenge
bacteria from lungs and tonsils. Conversely an intramuscular
immunization with A. pleuropneumoniae BGs protected pigs
from clinical challenge and prevented bacterial colonization
in lungs but the challenge bacteria could still be isolated from
tonsils of vaccinated pigs (38, 39).

Acellular pertussis vaccines are usually less potent than Pw
vaccines, with some exceptions (75, 76). The aP vaccines are
alum based which promotes strong T helper type 2 (Th2),
and T helper type 17 (Th17) antibody response, and lacks in
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producing cellular immunity linked to T helper type 1 (Th1)
cells (77–82). A recent review (83) stresses for the need of
Pertussis vaccine, that promotes Th1 mediate cellular immune
response, which is thought to be more efficient in clearing
B. pertussis from respiratory tract. In another study it is shown
that the Bordetella colonization factor A, an outer membrane
protein from B. bronchiseptica has strong adjuvant function
and elicit both cellular and humoral immune response to
heterologous and B. pertussis antigen (82). Similarly novel Toll-
like receptor (TLR2)-activating lipoproteins from B. pertussis
play an important role in activation of murine dendritic cells and
macrophages and human mononuclear cells via TLR2 (84). Use
of BG vaccines can circumvent the above requirements as they
(BGs) are known for stimulating both cellular Th1 and humoral
immune Th2 responses due to presence of essential structures on
their cell surface including outer membrane proteins (85).

In study presented, a whole cell envelope BbBG vaccine,
produced through a proprietary method was used. This BbBG
vaccine exhibited a similar safety profile like, commercially
available Bordetella vaccine (Bronchicine CAe). BGs vaccine
technology can also be used for production of other Bordetella
species (B. pertussis, B. parapertussis) vaccines, for prevention
of whooping cough in humans. Whooping cough is considered
to be reemerging disease by Center for Disease control (CDC)
and is mostly linked to the use of aP vaccines (86). Once
produced, these B. pertussis BGs will carry all essential surface
structures that are necessary for triggering TLR mediated
pathways, needed for efficient clearance of B. pertussis from
respiratory mucosa.

There are between 370 and 1,500 per 100,000 cases of pertussis
in adolescents and adults in the United States which is mostly
attributed to the use of several less effective vaccines. Further,
both immunity after infection and or after vaccination are not
permanent. And can be an explanation for the increase in
numbers of reported pertussis cases (87). The BG technology has
an edge over other vaccines because of its ease of production
and being stable in freeze-dried (several years), and in liquid
formulation up-to several months. There is a need for efficient
and affordable Bordetella vaccines especially in developing

countries where Bordetella is endemic and is a major cause of
morbidity and mortality (up to 90% of B. pertussis linked cases)
in human populations (88). BGs might be able to fill this gap.
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