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Anthrax has been the plague of animals and humans for centuries, even thibugh
primarily adisease of herbivores. Anthrax is causedhgysporeforming bacteriumBacillus
anthracis the virulence oB. anthracigs regulated by two plasmids pXO1 arkiQ2. The
pXO1 regulates the anthrax toxins by encoding the tripartite proteins, protective antigen
(PA),oedema and lethal factors (EF and LF) while the pXO2 regtiheteapsule formation

by encodinga poly-D-glutamic acid capsule (PDGA) which is imngamically weak. PA
playsa catalytic role to form the anthrax toxins and is the main antigenic comporant
anthrax. Anthrax is one of the earliest bacterial disessmtrolled by vaccination. Thes.
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attenuated vaccineswhich rendes them incompatible with accompanying antibiotic
treatment in the phase of a disease outbreak. The use oflnang anthrax vaccine (NLAV)
which include recombinant PA (rRApuld overcome ta shortcoming associated with live
attenuated anthrax vaccinby allowing the concurrent useof antibiotics. However, cost
effective production of rPA in a biologically actaredup-scalable form is a major challenge

Attempts were made to produce a moosteffectiveNLAMhat compares with the SLSV.

The NLAVsed in this studyas formulated by improvingpon NLAWQ that userPA,bacillus
collagenlike antigen BclA) andormaldehyde inactivated sporg$-1S) in laboratory animals
and goatsHowever inour study, the NLAV comprised wio formulations ofrPA and FIS
purified rPA + FIS (PrPA+FIS) and crude rPA + FIS (CrPA+Ri8)ebatiuvanted witha
combination of EmulsigeD®/Alhydrogel®A two-step vaccination schedule was employed
in both vacciation categories and their immunogenicity in vaccinated cattle groups
assessed with and without penicil®d (PerG) treatment. Their immunogenicity was
compared to cattle groups vaccinated with SLSV with and without@¢reatment. An
Enzymdinked immurosorbent assay (ELISA) for immunoglobulins; IgG, IgG1, IgG2 and IgM
against rPA and FI&toxin neutralisation assay (TNA) amdopsonophagocytic assay were
used to assess the immune responseall studies The level ofin vivo protection was

determined usinga passive mouse protection test.

Our findings amongst all groups vaccinated without Pe@ treatment revealed that the
polyclonal IgGsarticularlylgG1 and IgM, showed a significant increase across all vaccine
groups after the first vaccinationAfter the second vaccinatiomll 1IgG subset titres
significantly increasedcrossall vaccine groups at week 5 and retaintbdsetitres at week

12 when compared to prgaccination titres. The toxin neutralisation titres @y)lamong

cattle groups vaccinatedith the NLAV showed a similar pattern of respoisé had lower

titres, compared witlthose observed with the ELISA titres. In addition, opsonising antibody
responses showed significant spore phagocytosis of 75% (PrPA+FIS), 66% (CrPA+FIS) and
80% (SLSV9llowing spore opsonisation. In the passive protection test, A/J mice injected

with purified polyclonal IgG from cattle vaccinated with PrPA+FIS+Emulsigen
Vi



D®/Alhydrogel® and SLSV revealed 73% and 75% protection following challenge with
anthracis strain 34F2 spores, whereas only 20% protection was recorded among cattle

vaccinated with CrPA+FIS+Emulsi@@rAlhydrogel®.

Furthermore, our findings in the cattle groups vaccinated twice with NLAVS plu§ Pen
treatment compared to cattle groups vaccinated ¢e@iwith SLSV alone, and SLSV plus Pen
G revealed that the IgG titres against rPA for NLAVs plusGPamd SLSV without péh
treatment displayed a significant increase, whereas the titres of the cattle groups
immunised with SLSV plus Péntreatment was nbsignificant. Contrarily, the IgG titres
against FIS revealed a significant antibody titres level among all vaccine groups at week 3
and 5 compared to prgaccination titres. The IgM, IgG1 and IgG2 titres against rPA were
significant for vaccine groups eeinated with NLAVsS plus Réhand SLSV without P€hat

week 3 and 5 but insignificant for group vaccinated SLSV plu&P8milar patterns were

also revealed for IgM, IgG1 and IgG2 titres againstHd®iever, the group vaccinated with
SLSV plus Pgh treatment displayed significant titres against FIS. The toxin neutralisation
titres (NBo) was significant among the cattle group vaccinated with NLAVs plu& Rerd
SLSV but not for SLSV plus-Beat week 3 and 5 when compared to praccination titres.

Our finding showed the effect of antibiotics on the immunogenicity of SLSV as compared to
NLAV and reinforced that cocktails of immune response against both rPA and FIS
complement each other thereby camring better immune response than either rPA or FIS
alone. Furthermore,the stimulation of both IgG1 and IgG2 implies a balance between Thl
and Th2 responseThe spore opsonising antibodies at all dilution showed a significant
opsonisation response amongLAVs plus Pe@ and SLSV without R€hvaccine group
except at 1:10000 dilutiorOur data support the important role of opsonising antibodies in
the immune response against infectiby presentingspores ofB. anthracigo phagocytes
Hence, opsonisationtan be adopted as a correlafer the protective immune response
againstB. anthracisinfection. The passive mouse protection test demonstrated significant
protection among mice that received polyclonal IgG from SLSV and PrPA+FIS {GhusuPen

not signifcant for SLSV plus Réhand CrPA+FIS plus R&waccine groups.
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It is significant to indicate that, in both vaccination categories our firgliregealed that
there were equivalent to SLSWh protective immune response in cattle vaccinated twice
with either the PrPA+FIS or PrPA+FIS plus@evhen compared to SLSV without Ren
treatment. Importantly, our resuf further confirmed the incompatibility of SLSV with
antibiotic treatment. AdditionallyNLAWIid not show any residual side effects in vaccinated
cattle. Finally, our study revealed that NLA¥n be usedsimultaneousy with PenG
antibiotics that will provide long term benefits for future anthraxitbreals, feedlots and

valuable breeding stock.
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Figure 5. 2: AntFIS Ig@itres in vacciated cattle presented as box and whisker plots. The
cattle were vaccinated twice (week 0 and 3) with PrPA+FIS+EmulBHpdhydrogef
adjuvants (n = 8), CrPA+FIS+Emuls@#AlhydrogeP adjuvants (n = 8), SLSV (n = 8)
and NegCtl (Emulsiged®AlhydrogeP adjuvants) (n = 4) and compared with sera
collected before the vaccinations at week 0 and 3 as well as samples collected at week
5 and 12. Sera dilution started at a concentration of 1:100 and values <50 were given
an arbitrary value of 10. IgG titreseach vaccinated group were compared to the-pre
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immune titres. The significant values between groups are presented as p*&*
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0 and 3) with either PrPA+FIS+EmulsiféiAlhydrogeP adjuvants (n = 8),
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IlgG1 ELISA titres and (c): ARA 1gG2 ELISA titres. Thendigant values were
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Figure 5. 5: Lethal toxin neutralising titresvieccinated cattle. The cattle were vaccinated
twice ( week 0 and 3) with PrPA+FIS+Emulsiféhlhydrogef adjuvants (n = 8),
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Figure 5. 6: The uptake &acillus anthracis34F2 spores (phagocytosis) by RAW 267.7
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Figure 5. 7: The cumulative mice survival curve following padsiwgvo transfer of
polyclonal IgG (purified from cattle immune sera) into A/J mice. The mice were lethally
challenged with 2.16 x 2®. anthracis34F2 spores. The sera were taken from cattle
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Figure 6. 1: The timeline for tw&tep vaccination in cattle groups consisting of Sterne live
spore vaccine (SLSV) with and without penicBitreatment and nodiving anthrax
vaccines (NLAV) with penicil@ treatment followed by sera collection angassive
mouse protection model. The passive mouse model consisted of A/J mice injected with
purified polyclonal IgG taken from the sera of vaccinated cattle and challenged with
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Figure 6. 2Anti-recombinant protective antigen (rPA) lgiBes at week 5 in catd. The
cattle were vaccinated twice (week 0 and 3) with PrPAHEI®IIsigesD¥Alhydrogef
plus Pen Qn=7), CrPA+FIBmulsigerD¥AlhydrogeP plus Pen Gn=7), Sterne live
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PrPA; Purified recombinant protective antigen, CrPA; Crude recombinant protective
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Figure 6. 5:Anti-formalin inactivatedBacillus anthracis34F2 spores (FIS) IgM and 1gG
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Figure 6. 6Lethal toxin neutralising titres at week 5 in vaccinated catiléne cattle were
vaccinated twice (week 0 and 3) with PrPA+FIS+EmulEl§athydrogeP plus PerG
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CHAPTER ONE

1.1 Introduction

Anthrax is a bacterial disease that infects almost all walooded mammals, but it is
primarily known to be a disease of herbivores (Hambleton et al., 1984). Ruminants get
exposed tdB. anthracisspore infectiorusually during browsing in contaminated vegetation
and/or soil (Dragon et al., 2001, Hassanetal., 2015, OIE, 2018). Humamsaiecresistant
host but carbe infectedafter exposure to infected animals or productéHambleton et al.,
1984, Manchee et lg 1981) Anthrax is caused bacillus anthracisa grampositive,
endosporeforming, nonmotile bacterium (Koch, 1937). The shedding of bacteria by
infected animals occsrat death when the vegetative cells form (endo)spores and
contaminate the enviroment (Hambleton et al., 1984, Manchee et al., 198Ihe spores
are resistant and can persist for years in soil and are the infective foBnarfthracisn the
environment (WHO, 2008; Van Ness, 1971(prazing livestock ingest sperewhich
germinate intothe vegetative form and multiglrapidly in the infected host and release the

virulence factordHambleton et al., 1984, Smith, 1960)

The virulence factors dB. anthracisare regulated by genes on two extrachromosomal
plasmids; pXO1 and pX@@reen etal., 1985, Mikesell et al., 1983Jhe ability of the
pathogen to escape phagocytosis by innate immune response is regulated B¥P-poly
glutamic acidPDGAgapsule genes located on pXQZreen et al., 1985)I'he toxic activity

of B. anthracisis regulatedby tripartite proteins; protective antigen (PA, 83 kDa), lethal
factor (LF, 90 kDa) and edema factor (EF, 89 kDa) which are encoded on pXO1. The anthrax
toxins are forred when either EF and/or LF binds in a binary form with(B#ppla, 1982,

Lincoln and Bih, 1970) LF is a specific zinc metalloprotease which cleaves to-theminus

of the members ofMitogen activating protein kinase kinas@dAPKK) family leading to
increased production of cytokines; tumour necrosis fa¢to(TNH ), revamped cell

sigralling, interleukinll (II-2f ), and nitric oxide. Following the cleavage of MAPKK, it
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activates the secretion of multiple protein complexes and caspdghat mediated cellular
apoptosis (Duesbery et al., 1998, Vitale et al., 1998he EF is calcium/calmodulin
dependent adenylate cyclase which increases the intracellwgclic adenosine
monophosphate (cCAMP) level inside the cell. The intracellular cAMP regulates the
mechanism through which cytokinese produced and neutrophil functions hindered and

at the same time cause characteristic oedema seen in the cutaneous form of anthrax by
initiating imbalance in water homeostadilseppla, 1982) When LF binds to PA, they form
lethal toxin (LT) whereas, EF binds to PAoron oedema toxin (ET) (iMesell et al., 1983;
Pezard et al., 1991). The competitive intracellular translocation of LT and ET to induce the
toxic effect on the cells is facilitated by PA (Mogridge et al., 2002). PA has four different
domains through which it binds to cell receoeither through capillary morphogenesis
gene 2 (CMG2) or tumour endothelial marker 8 (TEMS8) via-tesrfiinal (Bradley et al.,

2001, Scobie et al., 20Q3)he toxin translocating activity by PA is executed proteolytically
by activating furidike protea®s leading to fragmentation of PA83 at itstdiminal to
release 20 kDa fragment. The complementary 63 kDa of PA is bound competitively by LF
and EF to form the ringhaped prepore during seffssembling of PA6R&. anthracistoxin
complexes that are fored areendocytosed into the cell through the plasma membrane
regions refer to as lipid rafts, thisegions have high content of cholesterol and

sphingomyelin (Abrami et al., 2003).

Anthrax vaccines preparation for animal use have always been throughuatien of live

spores ofB. anthracis The firsB. anthracispore attenuation was done byuis Pasteur in

1881 (Hambleton et al., 1984 Pasteur produced a duplex vaccine consist of two different
batches of attenuated. anthracisattenuated separatelyHambleton et al., 1984, Turnbull,
1991) Pasteur batch | was incubated at-42 °C for 1520 days and the second batch
(Pasteur Il) was incubated at-48 °C for 102 days to obtained Pasteur's Duplex anthrax
vaccine which are all formulated and admiei®d separately(Hambleton et al., 1984)

Even though Pasteur's Duplex vaccine was effective for over 50 years, the vaccine suffered

some setback such as the reduction in potencies and variation in virulence, and it leads to
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occasional losses among vaated animals, It could not be administered safely to certain
susceptible animal species (Hambleton et al., 1984, Mikesell et al., 1983). To improve on
the limitations of Pasteur's duplex vaccine, Max Sterne developed Sterne live spore vaccine
(SLSV) from varulent nonencapsulated B. anthracis34F2 strain. This strain was a
subculture of an isolate from a bovine case of anthrax that was attenuated by incubation
on horse serum nutrient agar (50%) for 24 hours under 30%a@isphere (Sterne, 1937).
Since its introduction in the 1930s, SLSV has proved to be safer and more effective and has
been adopted as a livestock anthrax vaccine of choice in most countries (OIE, 2018).
However, SLSV have some shortcomings and the pfogiid  f A YAGF GA2y A& (K
incompatibility with antibiotics This is paramountn an outbreak situation where antibiotic
treatment must be administered for immediate protectionor as prophylaxis in an
environment where anthrax is endemic or amilm suspected to come down with anthrax

After the withdrawal period of the antibiotic the animatan be vaccinated for long term

protection with the vaccine (Webster, 197%tepanov et al., 199&asanella et al., 2008).

Stanley and Smith in the 198@60s purified and characteed B. anthraci€pXO1 and its
components PA, LF and EF (Stanley and Smith, 1963, Stanley et al., 1961, Stanley et al.,
1960). This is after Gladstone (1946) proofed that the acellular anthrax vaccineBfrom
anthracis culture filtrate provided protection to sheep and rodents against anthrax
(Gladstone, 1946). This initiated new investigation using PA to produce acellular anthrax
vaccines for human in the UK (Anthrax Vaccine Precipitate (AVP)) and USA (Anthrax Vaccine
Adsorbed AVA)XWright et al., 1954) The human AVA is prepared from an unencapsulated

B. anthracisV770 strain adjuvanted with aluminium hydroxide and AVP preparation
consists of the ceffree culture supernatant of the Sterne 34F2 strain and adjuvanted with
aluminium precipitated are commercially available in the USA and UK respectively

(Mahlandt et al., 1966)

Even though PA is the major immunogen in AVA and AVP, investigations have shown traces

of LF and EF from the culture filtrates that could results ifctoxin vaccinated individuals



(Turnbull et al., 1986, Turnbull et al., 198&)ther disadvantages include the extensive dose
regimen with lots of boosters to confer protection, nonspecific composition and variation
in batches (Brachman et al.,, 1962, Rsg and Wright, 1963)Hence, the search for
alternative ways to obtain purified PA for better and safe anthrax vaccine continues. The
answer seems to come from recombinant technology and its advances. PA was cloned and
expressed irBacillussubtilis, and investigation showed that the recombinant PA (rPA) is
immunogenic (Turnbull et al., 1986, Turnbull et al., 1988, Turnbull et al., 1990, Turnbull,
1991). Even though this is the way forward for safer vaccines, the expression of recombinant
protein especiail rPA may post challenges such as the overproduction of proteins. The
overproduction can lead to the accumulation of inclusion bodies within the bacteria host;
production of soluble protein and; the solulsdition of insoluble protein may influence the

biological activity of the protein negatively.

Furthermore, the deand renaturing process to solubse the protein is not coséffective
(SanMiguel et al., 2013, Suryanarayana et al., 2016). Large scale production is a major
setback with some expressigystem since the host may lose the vector during the
fermentation procesqPierce and Gutteridge, 1985, Rai and Padh, 2001, Sodoyer et al.,
2012) Numerous studies are now focusing on how to resolve problems with recombinant
technology like improving therpcess of soluble protein expression, ensuring the biological
activity and stability of the protein, as well as, using an expression system that can be
upscaled. Furthermore, the purification process of the recombinant protein should be easy
and costeffective (Miroux and Walker, 1996, Nguyen et al., 2004, Page et al., 2004, Peti
and Page, 2007)

The use of rPA conjugated with varidBisanthracispore components such as BdBagillus
collagenlike antigen) putative basal layer proteirfBxpB and/or the whole spore in the
inactivated form (formaldehyde inactivated spores; FIS) is believed to augment rPA
immunogenicity in laboratory animals and goat (Brossier et al., 2002, Koehler et al., 2017,

Majumder et al., 2018, Majumder et al., 2019, Nthego et al., 2018). In previous studies,



rPA and FIS of a vaccine formulated with rPA, FIS, BclA and lipoprotein adjuvant enhanced
the immune response and provided protection agaiBstanthracisin virulent challenge
studies conducted in laboratory anitsa(mice) and goat&oehler et al., 2017, Ndumnego

et al., 2018) Therefore, this project investigated the immune response and protection of
nontliving anthrax vaccines consisting of rPA expressed using tweeffestive approaches

and conjugated to FI&nd formulated with EmulsigeD®/Alhydrogel adjuvant (1:1) for

veterinary use according to the objectives itaail below:

1.  Cost-effective production and purification of Bacillus anthracis recombinant

protective antigen in Escherichia coli

The rPA expressiein an upscaleable vector (pStabyl.2) and producesingtwo cost
effectivemethods (crude and purified) were used to formulate the vaccines by conjugating

with FIS and th&mulsigerD®Alhydrogel® (1:1) adjuvant.

2. Immunogenicity of non-living anthrax vaccine candidates in cattle and protective
efficacy immune sera in A/J mouse model compared to the Sterne live spore

vaccine

Cattle were vaccinated with either of the ndining anthrax vaccinegrified recombinant

PA (PrPA) or crude rPA (CoPAnd FIS formulated withEmulsigenD® Alhydrogen
@adjuvants and SLSV. The immunogenicity of the NLAVs and SLSV were assessed in cattle
using ELISA, toxin neutisdiion assay (TNA) and opsonophagocytosis testing paksive
protection of serum from cattlemmunised twice with the notiving vaccine RrPA and

CrPA FIS and adjuvant) was evaluated by injecting A/J mice with antibodies purified from
the serum collected from vaccinated cattle and challenging mice wittBthenthracis34F2

(Sterne) strain spess via the intraperitoneal route.



3. Immunogenicity and protective efficacy of a non-living anthrax vaccine versus a live

spore vaccine with simultaneous penicillin G treatmentin cattle

Cattle were twestep vaccinated with NLAVs candidates and SLSV with simultaneous
antibiotic treatment as well as SLSV (alone) and the immunogenicity and protective
potential of the antibodies were determined. ELISA, TNAopsdnophagocytic assayere
usedto determine the specific humoral immun&he protective efficacy was determined
using the passive mouse protection test with purified polyclonal IgG from the vaccinated

cattle and lethal challenged witB. anthracis34F2 spores.



CHAPTER TWO

Literature review

2.1  Historical evolution of anthrax

Anthrax has been documented in history since ancient times. The term anthrax was derived
from a Greek wordanthrakites which means codlke and this denotes the typical black
eschar seen in the cutaneous form lmfiman anthrax following infectiofDirckx, 1981,
Virgil, 1956) Anthrax has been linked to the fifth (death of livestock) and sixth (boils)
plagues of Egypt documented in the Bible in the ninth chapter of Exodus by some scholars
(Hambleton et al., 1984 ven the famous plague of Athens that oexlin 430427 BC was

also suggested to be an epidemic of inhalation antt{féiernbach, 2003)The pestilence of
anthrax of both animals and human continued through the middle ages to the epidemic of
anthrax in tle 19th century thatesulted in deatlof the half of the domestic livestock across
Europe (Dirckx, 1981) and over a million sheep in Iran in (RdBout et al., 1964)This is
recorded as the highest epizootic in the history of anthrax disease. Anthdenea persists

to the present time killing cattle and impala with the large outbreak in the 198@sving

both humans and cattle vareported in Zimbabwéwilson et al., 2016).

History has shown that anthrax has been and rematim bea problem in SouthAfrica

despite using the vaccine, especially in the wildlife setting. The first reliable report of
anthrax in South Africa was made in the 1880s by Hutcheon when he disclosed typical
anthrax features following microscopic examination of blood from sh@époen et al.,

1928) The disease was poorly reported and misdiagnosed in South Africa where Bradford
(1876) mistokl y (i K NltAektei @ F2NJ 3L f £ a A O y-8882%hatrswatld 2 A f (&

that anthrax might be confused with sponssiekte, redwater and horsesickness.

The bacterial agent of anthrax was a myth, until Robert Koch, a German physician, and
microbiologist became the firsttidentify and describe the whole life cycle of anthrax and

formation of spore that remain in the environment for very long periods. In addition, he



stated that animals could only acquire anthrax when bacilli are transmitted from another
infected host(Kod, 1937) Furthermore Koch isolated the bacterium responsible for
anthrax, named iB. anthracisand challengd healthy animals by inoculating them with the
bacterial cultures(Koch, 1937) The finding was the very first successfully established
connectionbetween microorganisms and the disease and led to the dogma of pathogenic
YAONROAZ2f 2383 | Y26 yYCarteral988)Adenyaars llaged . dif Belli S &
observed that the frequency of infection is high in mill workers having regular contact with
animal fibres contaminated witlB. anthracisspores. Even though it was misleading in the
perception that infection was commonly seen in personnel who are in regular contact with
320 2N FfLF OF KIFEANE GKAA 204aSNDtaisedopB. o @

anthracis(Laforce, 1978)

2.2 Biology of B. anthracis

B. anthracisis primarily a pathogen of herbivores but can infect virtually all mammals
(Hambleton et al., 1984). It is a member of the Group 1 bacilli, gBaasllus a gram
positive,non-motile, rodshaped, spordorming, facultative aerobic bacterium that is also
found in the soil. The vegetative cellsBfanthracisneasure between 1 um by-& um and
occur in a chain with a bambdike or boxcar appearance with the capsule visuatis
microscopically using India ink stajidoch, 1937)B. anthracisforms a long, convoluted
chain at log phase of growth in brain headar but in infected tissues, itforms short chains
(made of 23 cells) (Lincoln et al., 19643. anthracisgrows optimally at 37 °C on sheep
blood agar by produag norn-haemolytic colonies with a doubling time of 30 to 60 minutes
(Leise et al., 1959) The colonial appearance Bf anthracison agar is typically-% mm
rough ground glass, white colonies sometimes witbhharacteristic comma shape or tail
2F0SYy NBTFSNKBRNI 22 NRA G ¥ DRzRerece sl IPowvell, 103Ihe Yy A S &
colonies stick tightly to the surface of the agar and collection of colony/colonies using loop
can result in strings of cells thaan be drawn up and remain perpendicular to the agar

surface (Koehler, 2009).



B. anthracisspore is usually formed at the central or paracentral part of the bacterium
without swelling on the bacteriunfBattisti et al., 1985)Sporulation occurs iB.anthracis

as a means of survival to withstand adverse conditions, that may be associated with
nutrients depletion which happens after the host is dead and exposed t@vaim Ness,
1971) This is also evident with most laboratdsgsed sporulation protocel which deny
nutrients to the B. anthracisculture at 37°C to initiate the sporulation (Tarr, 1933). The
spore is made up of lamellar protein coat which covers the cortex (Kornberg et al., 1968,
Warth et al., 1963). The ability of the spore to withstamyieonmental challenges including
microbial predators is due to the presence of the protein coat covering the spore, even
though thespores are resistant to physical insutis the coat is flexiblévVan Ness, 1971)
Spores oB. anthracisare highly resintto different types of environmental changes. They
can survive indefinitely in water, air, vegetation and soil despite desiccation, ultraviolet
exposure, chemical treatment, intense heat or cgManchee et al., 1981)The highly
resistant nature of tk spore helps in the persistence of the disease pathogen in the harsh
environmental condition(Minett, 1950) After infection of the host, the spores germinate

to vegetative cells that replicate in the body tissues. The vinddéactors are produced

after germination in the hostSirard et al. (1994pund that the highest level of toxins and
capsule are produced at 3C. The differentiating feature &. anthracisspores and other
Bacillusspp. isthe presere of the exosporium. The exosporium is thatermost layer
present inB. anthracisspore but absent in the spores of margacillusspp (Koch, 1937,
Kramer and Roth, 1968)hen viewed under crystallography and atomic force microscope
(Kailas et al., 2011). The exosporium proteins are made up of BclA, which is an external hair
like nap layer extension of collagdéike glycoprotein (Fox et al., 2003). This has been
identified as an immunogenic antigen foise invaccine and a sposadetection ligands in
recent years (Fox et al., 2003, Tournier et al., 20889)dies by Majumder et al. (2018) and
Majumder et al. (2019) have shown that BclA stimulates better immune responsee mi
However, studies by Ndumnego et al. (2018) and Koehler et al. (2017) have reported that

the BcIA failed to stimulate adequate immune response when compared to rPA and FIS in



goat. There may be proteinaceous parts Bf anthracisexosporium that are notlefined

due to the variation in exosporium structure and composition observed amadBgsiilus

spp (Aronson and Fitzames, 1976, Holt and Leadbetter, 1969@nce the used of rPA and
FIS with the exception of BclA as the anthrax vaccine antigen inttlolg kas shown good
immune response in cattle. Furthermore, our findings have confirmed that BclA is not a
compulsory antigen in nehving anthrax vaccines (NLAV) to stimulate significant antibody

response and to confer protection.

The orulation procesf B. anthracisin natural settings is stimulated by environmental
factors such as shortage of phosphorus, nitrogen and/or carbon with the high aerobic
condition. These sporulation conditions are lacking within the host, resulting in support of
vegetative form survival (Errington, 2003, Losick et al., 1986)anthraciswill survive as
spores in nutrienfpoor or extreme environmental condition8. anthracigequires at least

8 hours completely transform fromegetative cell to spore (Steichen et al.03). However,

the specific factor that provokes sporulation is still not well defined, but it is believed that
signal transduction network linked to available nutrient, presence and/or absence of certain

environmental factors and stage in the life cy€Tarnbull, 2002)

Sporulation has seven stages based on their appearance under the microscope and genetic
analysis of its elements as they evolve. During stage 0, which is also called-tl sienal

stage, their morphology is similar to the vegetativadls(LeDeaux et al., 1995But toward

the end of this stage the central appearance of the nucleoid extension forming bulky mass
indicating preparation for divisiofPiggot and Coote, 197.6) he transformation led to stage

[, when the axial filament is fcmed by pole to pole extension of the nucleoid (Ryter et al.,
1966), at this stage the chromosome copies are two thereby indicating each division will
inherit the whole genome copfPiggot and Coote, 19763tage Il is initiated by splitting the
polar septim into two compartmentsconsisting of the mother cell and the spepescursor,

the sporeprecursor take in the genome through translocation (Wu and Errington, 1998).

This occur at almost the second hour of sporulati@riks, 1999).The sporeprecursor
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engulfed by the mother cel(Driks, 1999 Ryter, 1965commence stage IHt about third
hour of sporulation Following complete shrouding of the spgueecursor and the mother
cell exterior part, which is joined detach their attachment from the pqfarth and
Strominger, 1972)This frees the sporprecursor in the cytoplasm of the mother cell with
the mother cell exterior part becoming the spepeecursor external membran@WVarth and
Strominger, 1972) Stage IV and V initiate the formation of spore corty the synthesis of
the peptidoglycan layeflevin et al., 1993, Price and Losick, 1998§ cortex maintain the
dehydration of the spore Oriks, 1999).The assembling of the spore cortex complex
structure consisting of more than fifty different protesrby the mother cell is carried out in
stage VI(Dion and Mandelstam, 198@riks, 1999,Jenkinson et al., 1980Y he released of
the spore occur after the degradation of the mother cell in stag€Dfiks, 1999Piggot and
Coote, 1976)

2.3  Bacillus anhracisvirulence factors

The virulent strains dB. anthraciconsist of two large extrachromosomal plasmids, namely
pXO1 (182 kb) and pXO2 (96 kb), and they are regarded as the primary cgtialetors of

B. anthracis.Deletion of any of these plasmiddtenuates the bacterium rendering it
nonvirulent (Sterne, 1937, Sterne, 1939, Turnbull, 1991). The pXO2 carries genes coding for
capsule biosynthesis to produdedDGAcapsule regarded as poorly immunogenic. However,

it plays a vital role in establishingféction in the host by conferring protection to the
vegetative cells oB. anthracisF N2 Y G KS LIKIF3I2080GA0 | OGA@Ade
complement system and other components of sera that could be bactericidal to the
vegetative cellgLittle and Ivins 1999) The pXOZEncodes the tripartite proteins complex

toxin that encodes for lethal factor (LF 90 kDa), edema factor (EF 89 kDa) and protective
antigen (PA 83 kDa). These proteins were earlier designated as faE#y flaCtor 11 PA

and factor llI(LF (HarrisSmith et al., 1958, Smith et al., 1956, Stanley et al., 19019
tripartite protein complex toxin plays-B catalytic moiety activity that is complementary to
each other. EF and LF act as the A catalytic moiety which must bind to the B thaieis

the PA to be active and toxic to the cell otherwise, individually the proteins argaxin
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and are separately neoovalently bond (Mogridge et al., 2002). When the B catalytic
moiety binds to either of the A moiety (EF or LF) the two major ramtlexotoxins are
formed. When B moiety binds to LF it gives rise to the lethal toxin (LT), and when it binds to
EF, it forms edema toxin (E(Friedlander, 1986)The PA, after binding to either EF or ET,
play the major role of translocating them into tleell where they exact their toxic function

(Mogridge et al., 2002).

2.3.1 Anthrax toxins components
2.3.1.1Protective antigen (PA)

PA is the major component of anthrax toxin, which was previously called factor II. PA is the
most extensively characterised component of anthrax toxin (Stanley et al., 1960). PA was
the first to be identified, cloned and sequenced of the genes that endbdeproteins
regulated by pXO1 plasmid. The pXO1 plasmid, which is formerly known as pBAl housed
the pag locus that encoded for PBhatnagar and Batra, 2001). The receptor moiety that
conducts protein delivery of EF and LF into the cytosol to perfornr ty#otoxic activity is

the PA. The PA binds to tumour endothelium marker 8 (TEMS8) variant 1 and 2 which is
regarded as the anthrax toxin receptor 1 (ANTXR1), and capillary morphogenesis protein
(CMG2) they are also regarded as the ANTER2dley et al.2001) The TEM8 (ANTXR1)

and CMG2 (ANTXR2) are cellular receptors where PA bind and translocate the proteins (EF
and LF) in the cytosol (Figure 2.1). The PA and EF/LF complex are internalised into the cell
cytoplasm by receptemediated endocytosis this ifacilitated by the interaction of the cells
receptors with lowdensity lipoprotein (LDL) receptoelated protein (LRP) @rth et al.,

1992, Stefansson et al., 1995)
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Figure 2. 1: Anthrax toxinmediated intoxication of thénostcell. The cleavage of PA83 into PA63 and PA20 by
furin. The assembling of PA63 into a heptameric prepore (PA63)7, onto which LF/EF binds. The intracellular
internalisation of the complex of PA63/EF/LF by the receptediated endocytosis via the PA ngo EF

elevates cCAMP and LF cleaves MAPKK in the cytosol. (Sun and Jacquez, 2016). ANTXR2; Anthrax toxin receptor
2, ATP; Adenosine triphosphate, cAMP; cyclic adenosine monophosphate, EF; Edema factor, H+; Hydrogen
ion, LF; Lethal factor, MAPKKSs; Mitogestiwating protein kinase kinases, PA20; protective antigen 20 kDA,
PAG63; protective antigen 63 kDA, PA83; protective antigen 83 kDA.

The functional region of PA comprises of four domains which were analysed and defined
previously by fragmentation using ymotrypsin and trypsin cleavage (Duesbery and Vande
Woude, 1999). Domain | is made up of tightly bound calcium ions resulting from the
cleavage around®IRKKR" by furin or furinlike proteases that occur at the-férminus of

PAB83 after binding to TEM8 @MG2 during activation of proteolysisloayeri et al., 2015)

This process leads to the cleavage of 20 kDa (PA20) from the -tanimoal (Nterminal)

of PA 83 kDa, which is released into the extracellular domain (Figure 2.1). The carboxyl

13



terminal (Gterminal) is the 63 kDa fragment of the PA, which ferthe ring shapd
KSLIiF YSNI 68 NBYIFAYAYy3 o62dzyR (2 GKS OSftfQa N
heptamer subunit interfaces with LF and EF by binding to 3 molecules of either LF or EF or
even bindboth LF and EF simultaneously under saturated condition. Therefore, up to nine
different toxic complexes compositionally through the interplay between the three
components of anthrax toxins (Abrami et al., 2005). It has been noted that EF and LF do not
bind to monomeric PA63 butill bind oligomerised monomeric PA63 to form the ring shape
heptamer (Petosa et al., 1997) The oligomerisation of PA63 has shown to stimulate the
translocation of the toxin complex into the endosomes through a lipidnédiated
clathrinrdependent proces¢Petosa et al., 1997)Vith a decrease in plRA63 heptamesr

form a channel through which the EF and LF translocate to the cytosol in the endosomal
membranes(Milne et al., 1994) The binding of domain Il and IV of PA with voitiébrand

factor A (VWA) which is a domain between extracellular regions of various cell surface
protein (Bradley et al., 2001)his is mediated through metal ion dependant adhesion site
6alL5! {0 IyR GKS LINBskands SlomRi Il fard BeSridt 6f thd 2y 3 |
membrane inserted channel (Duesbery and Vande Woude, 1999). It also has a large flexible
loop which is implicated in membrane insertion and channel formation. Domain Il appears
to have a role in the oligomerisation of PA63, and thiswelved in protein to protein
binding since it contains the hydrophobic region. The other three domains are loosely
associated with Domain 1V, which is responsible for receptor bin@Bhgtnagar and Batra,
2001) In addition,Kintzer et al. (2010eported that PA heptameric oligomers are form at

the pH 8.0 where octamers are form at the 7.3 at physiologic temperature. Indicating that

the entire shiftin PA is pdependant.

2.3.1.2Lethal factor (LF)

LF, also called factor Ill, forms the other moiety of anthrax toxin alongEW#{RHambleton
et al., 1984, Stanley et al., 1961). LF is encoded bieftiecated on pXO1 plasmid and is a
zincmetalloprotease with the ability to cleave and activate LFutatitargets which are

MAPKKs (Figure 2.1). Théexpression is regulated throughe atxAregulon(Hoffmaster
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and Koehler, 1997)The protein LF has four domains (Pannifer et al., 2001), the LF domain
1 amino acidaa)il SNXY Ay dza &aKIFNB &S1jdzSyO0S -kenviasiTAed dzS 6 A
similarities expedite the binding of LF and EF to PA, the remaining morsel of LF shows no
seqguence similarity with any known protein (Arora and Leppla, 1993, Pannifer et al., 2001).
Thedomains 2 and 3 of LF are relevant for binding of substrates, and domain 4 is a zinc
binding catalytic domain (Klimpel et al., 1994). LF binds to PA to form LT, which attribute
majorly to cytotoxicity during anthraxliseasgHanna, 1999). Experiment by Aaoand
Leppla (1994) have shown that LF aa sequence fr@B4laa allows the fusion of various
proteins. The region is sufficient to allow their entry to cell cytosol via PA dependant route
irrespective of the region it fused atlor carboxyl terminus (Bure 2.1). The primary tissue
target by LT is macrophages even though other cells are also affected, but macrophages are
more prompt to the lysing effect of LT (Hanna, 1999). Majority of LF studies were built on
the in vitro study by Friedlander (1986), ete he discovered that most of the macrophages
derived cell lines undergoes lysis after been exposed to the LT. Even though various cell
lines show variation in sensitivities to LT, J774A.1 cell shows high sensitivity to LT, but IC21
cells are not, despitehe fact that each of these cells can bind to PA and proteolytically
initiate the cleavage to PA63. Only J774A.1 cell line lgsed when the LF is introduced to

the cytoplasm directly by lysis of the pinosomes by osmotic means. This implies that PA is
not necessary for the activity of LF except for the fact that PA is always required to
translocate LF to the cytoplasm of the cdlFark et al., 2002)Alteration in the genetic
makeup of the B. anthracissuch as deficiency ief gene (encoding for LRsulted in 3

fold higher LBo whereascyagene (encoding for EF) disruption resulted infal@ LB3o

increase inn vivomice studies (Pezard et al., 1991).

LT exacts its effects on innate and adaptive immune response by suppressing the immune
response andcell signalling pathway disruption. LT exact its effect on cytokines by
interfering with the MAPKK signalling, thereby interrupting with macrophages activation
and neutrophils responsé€Duesbery et al., 1998, Moayeri et al., 2003he in vitro

experimens had shown many immune cells such as-TNFI y1B bekn[affected by LT by
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reducing their production after exposing dendritic cells to LT, the secretion-®falko

declined after exposing CD4+ lymphocytes tg@dmer et al., 2005, Tournier et al., Z00

2.3.1.3Edema factor (EF)

EF was previously called factor | (Hambleton et al., 1984, Stanley et al., 1961, Stanley et al.,
1960). EF is the first anthrax component revealed to have an enzymatic effect, and that is
adenylate cyclase (Bhathagar and Baf2001, Mikesell et al., 1983). The fusion of EF to PA

leads to the formation of ET. EF is a very efficient adenylate cyclase during active bacterial
growth, which is facilitated by the catalytic and stimulatory activity that dependent on
calmodulin preence. This is enhanced by the interaction between calmodulin of the host
molecule and calcium (Hoeflich and lkura, 2002). The structure and activity of the adenylate
cyclase seen in anthrax resemble thatBordetella pertussigGordon et al., 1989)EF

enzymatic activity activation depends on host molecules calmodulin and calcium ion
interaction (Leppla, 1984)Once EF gains entry into the cell it causes a 30° rotation of the

helical structural domain as a result of binding of the native EF by calmodulin, this allows

GKS LINRPGSAY G2 O0AYR (2 I (L€dplé, GIB2YAhe dodpex | YR o
foomed byl KS 0AYRAY3a 2F 9C (2 OFf OAdzy A2y | a 5SSt
AaA0SY 6KAOK fSIRa (2 0(GKS O2y @S NHLEm®IE, 1984 GKS O
The cAMP is a pervasive secondary cell messenger which take part in many elute c
LIN2OSaa NBIAdA FGA2yd O!at OFy FFFSOU GKS Kz2a
OStfaqQ SySNHeéd® Ly cn aSO2yRaz 9C O2y@SNIa d
CcAMP to reach 1000 of the normal concentration (Hoeflich and Ik@Q2). The
accumulation of fluids in the surrounding tissue and the characteristics edema experience

during B. anthracignfection results from water and ion loss from the cells. This is triggered

by an increase in the level cAMP in the cell and the tbssater and ions from the cell

(Leppla, 1984p 9 @Sy (K2dzAK 9CQ& SEGSyld 2F Oed2G2EA
contributes to the virulence differently. ET is a strong inhibitor of neutrophil chemotaxis

and directly reduces the phagocytic atyiland oxidative burst (Yeager et al., 2009). It causes

cell migration as a result of critical pnoflammatory cytokines expression thereby causing
16



the innate immune response interference. This effect can be seen in monocytes culture
exposed to EF by setis inhibition of expression of tumour nesisfactor (TNF) A Yy RdzOA o6 f S
by lipopolysaccharide (LPS) but elevates the levels of secretion of interleulén(dbpver

et al., 1994). BLBcmice exposed to ET showed a toxic response to a low dose (Febved

al., 2005). Fluid accumulation in various tissues such as kidneys, myocardium, adrenal
glands, gastrointestinal tract and secondary lymphoid organs was observed during post
mortem analysis onBLBc mice exposed to ET. This revealed that ET intoxicé¢iads to
multiple organs failure (Duesbery et al., 1998, Firoved et al., 2005). The surge in the
concentration of CAMP in cardiac pacemaker cells has also been involved in bradycardia and
cardiac failure, which was the effect of ET in the(@ti et al.2007). In another studihe

effect of ET on the pathogenesis of wild type Aniesanthracisand isogenic mutanB.
anthracisthat lacks other virulence factonwas evaluated in rabbit. The rabbit that was
infected with the wild type Ame8. anthracisor isogenic mutant containing ET recorded
100% lethality. Whereas, those infected with isogenic mutBntanthraciscontaining LT
recorded 80% lethality. Thereby, indicating tHat anthracisrequire the presence of just

one of the toxins to be lethgLovchiket al., 2012)

2.3.2 Capsule and S-Layer

The. @ | y (c&pblileGicdmrised of repeating polymers efjlDtamic acid, which is
negatively charged with a sheath that serves as the outer layer of vegetative cells. This
facilitates antiphagocytic activity by the bacterium against innate immune response. In
addition, the structure and length of the glycoprotein further make the bacterium difficult

to be phagocytosed (Goodman and Nitecki, 1966). These features allow lucrative immune
dodging leading to the persistence of the infection. But the PDGA residues art $mid
poorly immunogenic due to the simplicity of its repeating nature (Goodman and Nitecki,

1966).

The plasmid pXO2 encode the capsule operon, which consists of five gapésdapB,
capC,capD andcapB).capBCAdrives the production of PDGA as wella@nvey and enhance
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attachment of the capsule polymers to the cell wall of the bacteria (Drysdale et al., 2005).
The polymerisation of PDGA is carried out by the complex integratiamapB and capC
capBis said to contain AFBinding (WalketA motif) that is envisioned to bind glutamic acid
onto PDGA via utdation of ATP. Even though the functioncajppCremain anonymous, but

it collaborates withcapBto expedite the activity of ATPase (Drysdale et al., 2005, Lekota et
al., 2018). WhereasapAand capEare part of thecapBCAmetwork that conveys the PDGA
out of the cell following the synthesis of PDGA in the cytoplasm (Drysdale et al., 2005,
Goodman and Nitecki, 1966, Green et al., 1985, Lekota et al., 2DaB¥.ule depolymerase
(CapDencodes PDG2A Nigjlutamyl transpeptidase responsible for covalently attaching the
capsule to theB. anthracis Thus, isolates that is deficient GapDyield that is not PDGA
covalently attached to the carrier protein, thereby rendering Beanthracisess virulent

or nonvirulent (Candela and Fouet, 2005). In addition, PDGA can be depsbanédxy
utilising the water acceptor property o€apDthis feature can be explored for anthrax
treatment as well (Mogridge, 2007). The pXO2 also encodes three genes, nacpdly
,acpB,and atxA along with certain bicarbonate concentration regulates the formation of

the capsule (Drysdale et al., 2004etri et al., 1995Wilson et al., 2008).

The capsule synthesis operon was shown to contribute greatly to the movemeBt of
anthracisduring infection toward the regional lymph nodes (Wu et al., 2009). The capsule
is thus necessary for virulence in inhalational challenges of mice by equipping the pathogen
with anti-phagocytic attributes. Jang et al. (2011) demonstrated the olgpsytotoxic effect

by administering fragments of the capsule, which enhanced the cytotoxicity of lethal toxin
in J774A.1 mouse macrophaggtudy byScorpio et al(2008 demonstrated the effect of
host phagocytes on CapD-tteated B. anthracisbacillito mimic natural infection scenario

in BALB/c challenged 6 hours later. All the seven animalieated with CapD survived the
challenge whereas those dreated with placebo only thress out of seven survived. Scorpio
et al. (2008) went futher to determinthe effect of CapD treament on the virulent strainin
different Swiss Webster mice groups then challenged with 4000 CBUasfthracisAmes

bacilli. All the mice coinjected with active CapD survived the challenge for at least 28 h,
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three among them surved further to 42 h and two for 66 h, the mice coinjected with heat
activated CapD all succumbed by 18 h. They further confirmed that enzymatic removal of
CapD exposeB. anthracisbacilli to phagocytosis despite the ability of CapD to increase
protection in Ames strain oB. anthracisspore (Scorpio et al., 2007, Scorpio et al., 2008)
When pXO2 is removed from an isolate, either experimentally or naturally, it renders the
isolate less virulent or fully attenuated (Baillie and Read, 2001). This is natadhywith

the B. anthracisSterne strain, which lacks pXO2 and is widely usedffise International

des EpizootiegOI15 recommended anthrax vaccine (Mikesell et al., 1983, Sterne, 1939,
Turnbull, 1991). However, some researchers have evaluate®Bttathracis capsule as a
vaccine, but the success was not promisfi@gpodman and Nitecki, 1966, Smith et al., 1953)

As claimed by some studies to be weakly immunogenic considered not a suitable vaccine
candidate to stimulate protective immune respongoodman and Nitecki, 196&upta et

al., 1993D dzA RA mw 2 y ( I, MitHe ar@l divind, 1999%0geis H98HD

The Sayer is a protein sheath found between the exterior capsule and the cell barrier of
peptidoglycanB. anthracisnormal capsule form#on does require $ayer but may result

in structural modification. However-I8yer is not significantiB. anthracis/irulence, it was
reported that the deletion of the -fayer does not have any effect on the sglh mice
ensuing virulent challenge (Keand Schneewind, 2010). ThéaSer is studied because it
comprises of two proteins; the extractable antigen 1 {BAnd the surface array protein
(Sap) that some researchers studied as prospective vaccine candidates (Kulshreshtha et al.,
2012, Uchida &al., 2012). These proteins are either syntiseslitogether or independently,

and the bacterial growth phase is determined by th&ayer content (Mesnage et al., 1998,
Mignot et al., 2002). The firstl8yer protein to be assembled is Sap, and this algally
outgrown during the static phase by HAprotein resulting in the complete replacement of
Sap by EA which is regarded as the developmental switch regulation-lafy8&r from Sap
Slayer to AEL-Slayer (Mignot et al., 2002). The earlier mentioneterface between the
capsule and bacterial membrane-l&er plays a role in preserving cell shape, inhibit

cytolytic attack regulated by complement and mediated and evade the host macrophages
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(Mesnage et al., 1998).-I8yer may remain significant to thedeaancement of anthrax
disease following infection due to its synergy with macrophages during phagocytosis of the
bacterium and resistance to complement defence mediation (Mesnage et al., 1998). The S
layer has been demonstrated to stimulate an immune res® Hence it is considered to

be a potential vaccine candidate agaiBstanthracigKulshreshtha et al., 2012, Uchida et
al., 2012) even though thererapaucity of data demonstratinghe protective effectof S
layerin the animal trial studySlayer wa not consider as an antigen in this study due to
the reports that only 50% of the identified|&yer protein is consider immunogenic based

on serological ass&yriel et al., 2003, Chitlaru et al., 2007, Gat et al., 20@6jout strong

evidence of proteton in animal study based on our literature search.

2.4 Anthrax in animals

Anthrax is a zoonotic disease with a wide array of susceptible animal species ranging from
domestic to wild animalsThe susceptible host species primarily include herbivores
(Hambleton et al., 1984)and are exposed toB. anthracis mainly during grazing in
contaminated vegetation and/or soil (Hambleton et al., 1984). Scavengers such as vulture,
hyenas, and wild dogs habeen implicated in the transmission of anthrax when they feed

on infected carcasses and spread it to water holes and via their faeces (Bagamian et al.,
2013, Fasanella et al., 2010, Moleon et al., 2014). Insects have been established
experimentally to tansmit anthrax and have also been implicated in the spreading of
anthrax either mechanical or from the infected carcass to vegetation (WHO, 2008: Hugh

Jones & De Vos, 2002).

Anthrax, as a disease manifests differently in different animal species (Hambé¢tal.,
1984). In ruminants, the disease manifestas peracute, acute and subacute form (Hambleton
et al., 1984). The peracute form of the disease in ruminant manifest clinically in animals by
wobbling, dyspnoea, and convulsions. Death may occur witld ragvancementwithout
early signs of the disease. Often the animals are found dead without rigour mortis and

bloated with unclotted blood from the orifices as a result of Bieanthracigoxin (Christie,
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1969, Wilson and Miles, 1964). In the acute fothe animal shows signs such as pyrexia
with the temperature reachingt7°G depression due to respiratory and cardiac distress;
cessation of rumination; convulsions; abortion; and drop in milk production and
discolouration of the milk to blootinged or de@ yellow(Hambleton et al., 1984)These
symptoms are accompanied by haemorrhagic mucosa followed oedema of the tongue,
throat, and abdomen with or without exudation of blood from all orifices followed by death
within 48 to 72 hours. A poshortem revealspulpy spleen, unclotted blood dark in
appearance, incomplete rigour mortis and expeditious carcass decay (Hambleton et al.,
1984). The subacute signs are subtle in the animals, and the signs are oedematous,
subcutaneous inflammation of the ventral aspetttbe neck (brisket) as a result of the
gland swelling and wounds in the oropharyngeal pdHHO, 2008, Hambleton et al., 1984)
Furthermore, subacute sign characterised by gastroenteritis in the intestine also occurs
(WHO, 2008, Hambleton et al., 198&pticaemia usually gets distributed to most vital
organs leading to toxaemia along with all the subacute signs. The animal sigstem
overwhelmed and eventually leadstioe | YA YI £ Qa4 RSFGK® Ly LINBIYLl yi
can induce abortion an®. anthacis can be isolated from the foetus (Hambleton et al.,

1984).

2.5 Evolution of veterinary anthrax vaccine overtime

The anthrax vaccine used for immunisation in veterinary practice to date as well as humans

in specific parts of the world consists of sporBlem attenuated B. anthracis strain

(Turnbull, 1991Knop and Abalakin, 1986). The evolution of the attenuated anthrax vaccine
F2N) OSUGSNAYIFNE dzAaS FTNRY AdGa AyOSLIiazy o6t ai
t adSdNDa RdzZdox@ehic &d éndapsiibted YN0 2+) (WHO, 2008,

Mikesell et al., 1983) Sterne vaccine (toxigenic and rencapsulated pXO1+/pXQ2
Carbosap/carbozoo vaccine (toxigenic and encapsulated pXO1l+/pX@dsne et al.,

2002, Fasanella et al., 200Bxperimental notiving anthrax vaccine that is devoid thie

limitations such as residual virulence, batch to batch variation, risk of handling during

production and incompatibility with antibioticeecorded by all the attenuated anthrax
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vaccine. The sach for experimentaNLAVswvere instigated after the discovery of PA as the
immunogenic component oB. anthracisby Stanley and Smith (1963furthermore, the
establishment that PA can be purified frafh anthracidollowed by proving that it can be
clored to a vector of interesttransformed to the host of interest, then expressed and
purified then be utilised forvaccines development and/ammunoassaypurpose (lvins et

al., 1990, Mikesell et al., 1983, Stanley and Smith, 1963, Stanley et al., 1981). Th
advancement enables researchers to explore the pathogenesis of anthrax leading to the
realisation that PA contributes greatly in the pathogenesis as the catalytic half necessary to
form the two major anthrax toxins (LT and ET) and translocating thesadrio the cells
(Milne et al., 1994, Stanley and Smith, 196i8) addition, PA was also resdd to be the

main potein for immunogenic response against anthrax toxins (Stanley and Smith, 1963).
The later discovery led to the search for more anthrax wecalternatives that will be
devoid of theafore-mentioned limitations witnessed with attenuated anthrax vaccines
Hence, PA beaonethe focal point for the development of nexteneration vaccines like the
experimentalNLAV as previously reported by Ivined (1998) where they investigated the
immunogenicity of PA compared AVA in Rhesus macaques. In addition, some studies
reported that NLAV caconsistof either rPA, BclA, FIS acombination of the components

such as rPA, BclA and FIS or rPA and Bal2foand FIS can confer more protection than
any of the antigen alonéBrossier et al., 2002, Koehler et al., 2017, Ndumnego et al., 2018)

and moving away from attenuated vaccines.

251 t I aGSdz2ND& RdzZLX SE @I OOAyS

The first anthrax vaccine that proved to be effective and was able to reduce the virulence
2T FYGKNIYE Ay tA08ai0201 61 &PastelriiBERBuING &
vaccination schedule designed by Pasteur and hisvaters comprisd of two injections

at aninterval of 2 weeks. The vaccine is termadiuplex vaccine because the vaccine
consists of two different inoculums &. anthraciswhich were attenuated differently. The
first vaccination consisted &. anthracicultured at 4243 C for 1520 days and the second

vaccination was cultured at 423 C for 1012 days (Tournier et al., 2009, Turnbull, 1991).
22

R dzLJ



4

JapanandRussiaR2 LJG SR tl adGdSdmNDa I dadSydZd GAzy O2yRA G,
vaccineknown as Rentian Il and Qiankefusijirispectively (Suo, 196Q) Investigations

showed that the high temperature and incubation period of the culture cuBednthracis

of the pXO1 plasmid (Liang et al., 2016, Mikesell et al., 1983). It is well established that the
genes encoding PA, EF and LREepme form the anthrax toxinghat are located on pXO1

(Okinaka et al., 1999 herefore, the reduction in virulence Bf anthracisstrain used in
taiSdNDa | yGKN}E @ OOAYS idldss DXQHF(RidyS &, (2 0!
2016, Mikeselét al., 1983).

9SSy (K2dAK t | &GSdNDA edydikifactdptanteyaiiokingd iidelyd | O O A
used for livestock vaccinatior,had many issues that in the end lead to its disude.ader

to increase th@ongeviof the spore, 5&c n 27> It @ OSNAYS 41 a4 | RRSR G2
(Turnbull, 1991) Ten yearsdter saponin was added to boost the immunogenicity of the

vaccine, however, thisncreased the risk ofviolent inflammatory reactios at the

vaccination s (Tournier et al., 2009, Turnbull, 1998udies showedremnant virulent

pXO1 in some vaccine preparateofLiang et al., 2016, Mikesell et al., 1983, Xudong et al.,

1995) that lead to toxicity in some vaccinated animatssuling in 23 % mortality of

vaccinated animalsThis ultimatelyf SR G2 GKS OSaaldAazy 2F GKS
(Hambleton et al., 1984, WHO, 2008, Turnbull, 1991). These limitations mdnisax

{GSNYS (2 NBOGASSG tl &aidSdNDa& RdzZLBLSWHanbleddOA Yy S |
et al.,, 1984, Turnbull, 1991)Yet Pasteur duplex vaccine which is {toxigenic and

encapsulated is still manufactured for use in goats and Horses (WHO 2008)

2.52 Sterne vaccine (toxigenic and rencapsulated pXO1+/pX©2

TheB. anthracisSterne vacine strain was developed and produced in 1939 to curb the
fAYAGEGA2ya SELSNR SghdiSdilinugelotay thioughod teNdesd @1 OO A
The SLSMwvas developed by subulturing an isolate of rough colonies of aviruleft
anthracisfrom a case of anthrax in bovine (Sterne, 1939). Bheanthracisisolate was

cultured on 50% horse serum nutrient agar overnight with 30%aE8y°C. The attenuation

resulting from the culture condition led to the losstbé encapsulation plasmid (pXOand
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the creationof the B. anthracisSterne straindesignated. anthracis34F2 strain) (Mikesell

et al., 1983, Sterne, 1937). SLSV consist of suspension°8x 1.2 x 16 spores per ml in
0.5% saponin and 50% glycerine (Sterne, 1937, Sterne, 1939, St8d1, Recently OIE
recommends the following doses for small ruminants and cattle to be usges 1§ and 2

x 1@ spores per ml respectively. However, some countries recommend the use of 0.5 ml
and 1.0 ml of 35 x 1§ and 2 x 16 spores per ml for smatiminants (goat and sheep) and
cattle, respectively. Whereas, for horses the OIE recommends two initial doses of vaccine
with a 48 week interval, to allow sufficient protection (OIE, 20IB)o vaccinations with
SLSV provides hypenmunity to animals aseported by Ndumnego et al. (2016h a study

by Ndumnego et al. (201@)fferent groups ofgoats were vaccinated once and twice with
SLS\and challenged with a virulergtrain of B. anthracis Thegroup that was vaccinated
once showed that the lower immune responseand level protective after the first
vaccination 60% goats vaccinated wBhS\and challenged 6 weeks after the vaccination
survived compared tthe group vaccinated twicwith SLS\and challenged 62 weeks after
the vaccination 80%f the vacinated goats survived (Ndumnego et al., 2016)Goats
vaccinated twice with a-8onth interval between the Sterne vaccination all survigd
anthracislethal challenged (100%N@dumnego et al., 2016 his could be associated with

an anamnestic responsgf the humoral immune response.

The immunity in animals is produced by germination of spores following the vaccination.

The germinated spores produce the toxins that predisposedto the macrophage for
phagocytosis and thus neutralising the toxic elesed DdzA RA mw 2 Y U I THASLSV(G | &3
has some shortcomings such as limited duration of protection it offers to vaccinated
animals, and therefore, an annual booster is requi@dHO, 2008) The limited duration

of protection is achallengefor the wildlife industry where the annual booster is costly,
impractical or impossible (Turnbull, 1991). Residual virulence has been reported in some
animal species (like goats and llam@aHO, 2008, Cartwright et al., 1987, Turnbull, 1991)

Hence the dosage forogt is recommended to be 0.5 ml @0 ml of 25 x 1¢ and 2 x 10

spores per mby OIHOIE, 2018Most significantly the live spore vaccine is not compatible
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with the simultaneous antibiotic treatment required in an outbreak situation or at feedlots
asearlier mentioned(Fasanella et al., 2008, Stepanov et al., 1996, Webster, 1973). It is still

the vaccine of choice by the OIE since its introduction in the 1930s.

2.53 Carbosap/carbozoo vaccine (toxigenic and encapsulated pXO1+/pX02+)

The Carbosap vace strain was procured from Pedsor/ A f £ A Q34 NB A S| NOK
Instituto Vaccinogeno of Asmara, Country during World War Il (Fasanella etal., 2010). The
process of producing the Carbosap vaccine remains unknown. However, it is known that
the Carbosp spores are suspended in 10 % saponin, which is considered adverse to the
vaccinated animals (Turnbull, 1991). Carbosap vaccine was developed in 1949 and used in
various countries but mainly Italy until 20Q6a et al., 2006) Carbosap vaccine was shown

to be effective in vaccinated cattle and she@pasanella et al., 2001gven though it
contains both plasmids (pXO1+/pX02+) (Uchida et al., 1985). Thes@prstrain is less
virulent when compared to fully virulerB. anthracisstrains (La et al., 200&chida et al.,

1985).

2.6 Experimental approaches of anthrax vaccine

SLSV has been very effective against anthrax in animals since its development in the 1930s
and is still recommended as the veterinary anthrax vaccine of chioday. Efforts to
develop or improve the presenteterinaryvaccineareongoing.The characterisation of the

PA, EF and LF of pXOL1 in the 19960s (Stanley and Smith, 1963, Stanley et al., 1961,
Stanley et al., 1960) enabled researchers to develop assaysototam immunogenic
response to the vaccine and relate their findirggckto protective immunity. Stanley and
Smith indicated PA as the main immunogenic componerB.dadnthracisn 1963 (Stanley

and Smith, 1963) which led to the advancement in anthrax dwurmaccine research by
changing the approach to use a specific bacterial component to develop anthrax vaccine.
The human anthrax vaccines consist of PA harvested from the supernatant of the
unencapsulatedB. anthracisV770 strain culture used to formulat@anthrax vaccine

adsorbed (AVA) inthe USA. The PA used in anthrax vaccine precipitate (AVP) was prepared
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from the culture supernatant of Sterne strain 34F2 in the UKight et al., 1954 The AVP

and AVA was development because it was considered imprapersed attenuatedB.
anthracis spores as human vaccine due to the limitations recorded in some vaccinated
animals. However, the culture supernatant used in human-inang anthrax vaccines, AVP
inthe UK and AVA in the USA were later discovered to rorgannants of LF and EF (Knop
and Abalakin, 1986, Turnbull, 1991). Thus, the main shortcoming of AVA and AVP vaccines
is theresidual virulence due tthesetrace complementary toxin componen{§ urnbull et

al., 1986, Turnbull et al., 1988oupled withthe number of boosters required to achieve
adequate protective immunity(Brachman et al., 1962)The limitations necessitate the
exploration of novel experimental approaches to design and investigate new and robust
anthrax vaccinethat provoke asufficiert protective immune responsthat either require

no or minimum booster immunisation. These experimental vaccines are further discussed

below.

2.6.1 Recombinant protein anthrax vaccine

As indicated the purification of the variol. anthracistoxin components PA, EF and LF
(Stanley and Smith, 1963, Stanley et al., 1961) and the discovery that the immunogenic
component (PA) provide sufficient protection in the absence of LF and EF (lvins et al., 1986,
Ivins et al., 1990, Ivins and Welkos, 1988nbull et al., 1990), operthe door for second
generation vaccine investigations. Recombinant PA83 (rPA83) was expregsesiibtillis

(Ivins et al., 1990, Ivins et al., 199#)d used to vaccinate guinea pigs and the sera of the
guinea pigs showedgnificant high antPA antibody titre with little to no amrtiLF and anti

EF antibody titres (Turnbull et al., 1986, Turnbull et al., 1988, Turnbull et al., 1990). The
rPA83 was expressed in various other organisms such as baculovirus, vaccinia virus and
Slmonellawith agood immunogenic response following the initial success (Baillie et al.,
2008, laconeConnors et al., 1994).ittle et al., (1988¢valuated the immunogenic effect of

PA in mice using ELISA andvivotoxin neutralisation assay (TNA). Whimeasure the
ability of the antibodies generated in vaccinated animal to neutraliBe@nthracisLT/ET

cytotoxic effect. Much later am vitro TNAwas developedby Pitt et al. (2001) and Reuveny
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et al. (2001) thereby minimising the use of laboratorynaais for the assayhe rPA83 was
also expressed in avirulent, sporulation deficient and nontoxigeBicanthracisand
Escherichia cotiells with good immunogenic responses in vaccinated humans usingAnti
IgG ELISA and vitro TNA titre(Bellanti etal., 2012, Brown et al., 2010, Campbell et al.,
2007, Gorse et al., 2006)The rPA serological result obtained from the human volunteers
in these studies were not significantly different to serological results from the group that
received AVA or AVP (Bilti et al., 2012, Brown et al., 2010, Campbell et al., 2007, Gorse
et al., 2006). The expression of active rPA83aimedium with avirulent, sporulation
deficient and nontoxigeni8. anthraciss a marked improvement in teisrof the safety and

risk asso@ted with vaccine production (Farchaus et al., 1998). At this stage, the expression
of rPA for recombinant anthrax vaccine used prokaryotic host for expression. The use of
prokaryotic cells for recombinant protein expression offer benefits such as simjilee
conditions and easy purification procedure. However, the disadvantages are the
accumulation of protein forming inclusion bodies, mammalian proteins are usually difficult
to express, contaminain with host protease that lead to the degradation ofahexpressed
protein, the production of endotoxin from hossuch as coliandB. subtilisas well as the
codon usage differences between prokaryote organisms (require codon optimisation of

expressed gene for prokaryotic host cell).

Eukaryotic systems like yeast and plamsealsobeenused for the expression of rPA. The
expressed rPA63 iBaccharomyces cerevisiere not excreted in the culture mealiand

the rPA63 was obtained under the denatured condition from rPA83. The imranr@ty

of the rPA63 expressed in yeast was compared to rPA83 expressedcmli.The yeast
expressed rPA63 showed a reduced effect in toxicity assay (Hepler et al., 2006). Despite the
unsatisfactory expression of rPA833ncerevisiaesulting in deatured rPA63 and reduced

toxin neutralisation effect, the denatured rPA63 was evaluated for protective immunity in
rabbit and rhesus macaques. The denatured rPA63 protected 100% (3 of 3) rhesus
macaques and 89% (8 out of 9) rabbits against inhalationalesigee with virulentB.

anthracisspore (Hepler et al., 2006). Most studies use rPA83, but this study indicates that
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rPAG3 is sufficient for protection againstinhalation challenge. However, most scientists use
rPA83 as vaccine candidate due to the complborious and expensive procedure for
recombinant protein production (cleavage) and tests required to obtain rRM&EDler et

al., 2006, Tao et al., 2017)

Plants have been used to express rPA, despite the prokaryotic nature of rPA. Prokaryotic
proteins are not glycosylated and lack all the sites for glycosylation, unlike eukaryotic
proteins. The rPA expressed MNicotiana benthamianavas able to induce good arfA
ELISA and TNA titre and protected New Zealand white rabbit Boranthracisspore
following inhalational challenge (Chichester et al., 2013). Even though the use of eukaryotic
cells for protein expression has the following benefit; good scalability, highly soluble
protein, carry out postranslation modifications such as glycosylation herthe,eukaryotic
cell is more suitable for the expression of eukaryotic cells. However, the eukaryotic system
is deficient in the following important protein expression attributes only present in
prokaryotic protein expression system such as easy to modifgtically; easy to cultivate,
grow and harvest. Also, itis cestfective and give high protein yield for rPA range from 50
to 400 mg/ml(Chauhan et al., 2001, Laird et al., 2004, Shiloach et al., 20bijared to
eukaryotic cells as seenin the yielidrBA express in eukaryotic cells range from 50 to 150
mg/ml (Hepler et al., 2006, Ramirez et al., 200Rhe largescale protein expression (up to

100 L) application of the prokaryotic systemin addition to other features makes it suitable

for industrialuse to produce vaccine antigens, antibodies, drugs and conjugates.

The advancement in vaccine research, especially the rPA vaccine, has shown a significant
improvement in terms of knowledge and skills in a vaccine study. This approach-is well
marked in erms of safety of handling during production. Still a lot needs to be done because
the rPA vaccine has some disadvantagesh large scale production and the cost of
production in comparison with the present human anthrax vaccine (AVA and AYEPA

vacine did not show any significant edge over AVA and AVP in terms of dosage required to

establish protective immunity in laboratory and host spedMélliamson et al., 2005as it

28



still requiresthree or more immunisation$Cybulski Jr et al., 2009, Lattbt al., 2006, Pittman

et al., 2002)for protection. But the live spore vaccine used in veterinary practice that
requires one immunisation and two to lgperimmune (Little and Knudson, 1986, Turnbull

et al., 1986) Studies have shown limited lifespan A formulated with aluminium
hydroxide adjuvantvhich may be associated with reports from some studies indicating that
aluminium hydroxide adjuvanacks ability to stimulate cell mediated immune resporese,

it hasbeen shown to have lowdpxin neutralsingantibodes following storage (D'Souza et

al., 2013, Wagner et al., 2012). Therefore, the longevity and duration of immune response
needs to be improved by selecting adjuvants that can stimulate both humoral and cell
mediated immune response or comhmng two or more adjuvants to complement the
limitations of each otherAlternatively, his couldalsobe achieved either by revamping the
design and composition of theecombinant vaccindy adding more antigen such as FIS,
BclA,BxpB,to rPA as previously shown to improve the immune response and level of
protection (Brossier et al., 2002, Hahn et al., 2006, Little and Knudson, 1986, Majumder et
al., 2018, Majumder et al., 2019, Vergis et al., 2013, Koehler et al., 2017, Ndumnego et al.

2018, Vance et al., 2015)

2.6.2 Deoxyribonucleic acid (DNA) anthrax vaccine

Instead of using the whole antigexsin the case of an attenuated live vaccine, inactivated
or killed vaccine, the simple approach of wsitig DNA encodinghe gene for the
immunogenic component of the antigeare novel and safelto (1960) first reported
mammalian cel can be transfected with DNA as a property of naked DNA im aivo
study. Thirty years latewWolff et al. (1990)conceived the idea oh DNA vaccine by
expressing b-galactosidase gene in a bacterial plasmid to obtain recombinbnt
galactosidase gene which he administered to mice. Following the introduction of the
genetic material encoding the immunogen into the host cell which could be by intradermal,
subcutaneous or intramuscular route. There is a belief that the possibility of maintaining
the vaccine antigen in the host last longer than protbased vaccing¢Cybulski Jr et al.,

2009) Hahn et al. (2006eported that PAencoding DNA vacciraministeredin sheep is
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slow to initiate an antibody response when compared to the protegsed immunised
sheep (each vaccine formulation was administered three times). Still, the DNA vaccine
immunological response in sheep lasted longer. Even though some studies reported that
the host protecion attained with DNA vaccine encoding PA alone have been {Mittha

and Bhatnagar, 2009, Riemenschneider et al., 20033 study byHahn et al. (2004 DNA
vaccine encoding pSecTag PA83 DNA at the dose @hjected to mice was able to protect
86%of the mice against challenge with 104oDf B. anthracisSTI spores. Whereas, 83%
and 73% survival rate were noticed among mice that were vaccinated witBhhd 5> Bf
pSecTag PA83 DNA and challenged with 106 bDB. anthracisSTI spores. Some
researchers have reported the augmenting immunogenicity ofb@fed anthrax DNA
vaccine when combined with other components of the antigen. In a studi/ibiamson et

al. (1999)the result showed that the secondary immune respomse&ivowas augmented
whenthe vaccination schedule is encompassing priming with plasmid DNA, and free protein
was used for boosting. In another study Kyehler et al. (2015)demonstrated patrtial
protection of mice againg.anthracisAmes strain when Bci@ncoding DNA was combined
with PA, compared to when used individually. Some studies have indicated a significant
increase in the toxkmeutralisation antibody and anfPA IgG titre through antigen
combination and boostinHermansoret al., 2004, Liu et al., 2009, Price et al., 20BtEnce
confirming some important features of DNA vaccine which includes; ansgenific
immune response, the vaccine is heat stable and can be stable for storage, it stimulates
both ahumoral and cellidr immune response and costeffective to producgKhan, 2009,

Kim et al., 2010, Kindt et al., 200However, the limitatios of DNA vaccineinclude weak
immunogenicity due to poor coverage, it stimulatean immune response against
proteinaceous immungens only and the transfection of foreign DNA to host genome may

be carcinogeni¢Fowler and Barnett, 2012, Sasaki et al., 2003, Sun et al., 2010, Khan, 2009)
As a resultmore advance research needs to be carried out to increase the coverage of the
antigen (DNA) in the vaccinated hosind purification methods need improvement to

remove the carcinoges.
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2.6.3 Subunit anthrax vaccine

The molecular understanding of the pathogenesis and immune mechani@naothracis
coupled with the deep understanding of the anthrax toxins structure have led to the
exploration of PA and its domains for subunit vaccines (Bramwell et al., 2005). It has been
postulated thatB. anthracisproteins or PA domain (PB4) enhance the effeateness of

the subunit vaccine. Fliegmith et al. (2002) reported the use of glutathion¢ransferase
fused to PA domains-3 was used to vaccinate A/J mice. Their finding reveals thdd4A
proved to be immunogenic by protecting 5 of the 5 A/J mice f®nanthracisSTI spore
after challenge.The low level of protection recorded by other domains3jlmay be
associated with the lack of protective epitopes on the domdlritile et al., 1996)Baillie et

al. (2010) showed 100% protection in mice (8 ofvarcinated with subunit vaccine
consisting of P4 fused to LF domain 1 (DA) following challenge with a virulent strain
of B. anthracisspores. The mice group vaccinated with only-A 88% (7 of 8) mice
survived the challenge with virulef®. anthraés spores (Baillie et al., 2010, Chichester et
al., 2007). PM4 vaccine was formulated with nasgonulsion and polactide-co-glycolide
(PLGA) in another study. The nasmulsion PAD4 vaccine could not significantly protect
(1 out of 8) Swiss Webster oa challenged with virulenB. anthracisstrain (Manish et al.,
2013). The subunit vaccine has shown the ability to protect vaccinated laboratory animals
and can be used even in an immunocompromised host. Howeliersubunit vaccine
downside is that it des not confer protection following single vaccination, hence, it
requires multiple boosters to confer protection. Therefore, the subunit vaccine requires

augmenting antigen and conjugate to confer protecti@aillie et al., 2010)

2.6.4 PA/subunit commed withB. anthracisantigenic components

The live spore attenuated vaccine with it batch to batch variations, adverse reactions,
biosafety issues and inability to use concurrently with antibiotics still outcompeted the
immunogenic protection conferredy the new generation anthrax vaccines (Little and
Knudson, 1986, Welkos and Friedlander, 1988). Therefore, the formulation of new
generation vaccines was adapted to include the two major antigen phasigs arfithracis
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pathogenesis namely, the spore duriegrly infection stage and the vegetative stage strictly
represented by the extracellular caps\irossier et al., 2002, Enkhtuya et al., 20@®)me
researchers such &ossier et al. (2003ndGauthier et al. (200%valuated the protective
potential of two majorB. anthracisantigens. In their studies, they both demonstrated the
combination of rPA with formaldehyde inactivated spores (FIS) was able to stimulate
stronger immune response and protection against inhalation/cutaneous guinea pig and
mice arthrax challenge model (Brossier et al., 2002, Gauthier et al., 2009). The protection
offered by either FIS or PA alone was very poor compared to the robust immune response
and complete protection shown by the combination of the two antigens (Brossier.,et al

2002, Gauthier et al., 2009).

There is a notion that BclA is the immunodominant glycoprotein of thellaouter layer

of the spore. Some researchers predicted BclA as the main target of an immune response
against the sporeBozue et al., 200 Hachisuka et al., 1966, Steichen et al., 2003, Steichen
et al., 2005, Sylvestre et al., 2002). The immunogenicity of rBclA and rPA was evaluated in
A/J mice, where the mice were first vaccinated with PA and two weeks later received BclA
dose as a boostemfiowed by cutaneous challenge with Sterne spores. Individually either
BclA or PA only could render insufficient protection to the mice, but in combination,
conferred full protection to mice (Brahmbhatt et al., 2007). The same research group
reported serdrom rabbits vaccinated multiple times with BclA at monthly interval partially
protected naive mice in passive protection test by delaying the time of death. Nonetheless,
the antibodies generated against BclA exposes the spores to be phagocytosed by
macrohages and decreases its germination in macrophages as sievitio (Brahmbhatt

et al., 2007). The combination of BclA with-BA demonstrated high IgG ELISA and TNA
titre in mice and also provided 100% (6 out of 6) mice protection after challengetiveith

crude anthrax toxin (Majumder et al., 2018).

Similarly, goats were immunised thrice with Riming vaccine formulated with FIS, BcIA,

and rPA adjuvanted with lipopeptide. The group of goats vaccinated with FIS, BclA, and rPA
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formulated vaccine stinlates an immune response against the antigens and showed
significant toxin neutralising antibodies. The serum from the vaccinated goat was able to
protect A/J mice following challengeith B. anthracisSterne 34F4 spore using passive
mouse protection modelThe survival rate of 73% was recorded among groups vaccinated
with FIS, BclA, and rPA formulated vaccine and 68% survived from the group vaccinated
with BclA and rPA formulated vaccine, these findings correlated with the IgG ELISA and TNA
titre (Ndumnegoet al., 2018). The same research group also tested the protection in goats
using rPA, BclA, and FIS vaccine and rPA and BclA vaccine against a \Brussnhecis
challenge. The rPA, BclA and FIS conjugated vaccine was able to protect 80% (8 out of 10)
of the challenged goats, whereas rPA and BclA conjugated vaccine protected 50% (4 out of
8) of the challenged goai¥oehler et al., 2017)n a different study, the same research
group evaluated the immunogenicity of BclA and rPA formulated vaccinereitbee or
combined adjuvanted with lipopeptide in mice. There was a significant immune response
against both BclA and rPA in all vaccine groups. However, only 10% survival rate was
recorded among the group of mice vaccinated with either BclA or rPA alameared to

70% survival of the mice vaccinated with the combination of BclA and rPA following
challenge with virulenB. anthracisAmes strainfKoéhler et al., 2015)Bozue et al(2007)

noted that BclA is not required for pathogenesis of fully virulBnenthracisbut it is a
significance immunodominant component &. anthracis.This was discovered when a
group of guinea pigs were injected via i.m. with BclA and another also were exposed to BclA
via intranasal route. Then challenged with the wdanthracisAmes strain spore dbclA
mutant B. anthracigBozue et al., 2007However, previous studies in goat Kpehler et al.

(2017 andNdumnego et al(2018 showed that BclA failed to stimulate significant immune
response when compare to FIS. Hettwere finding entails our the decision to use FIS as

the complementary antigen to rPA.

The PDGA capsuleas reported to be one of the components Bf anthracisvirulence
factors, and it is the first componenB. anthracisthat emerges to the immune system

following germination of spore during infection (Harrison et al., 1989, Sirisanthana et al.,
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1988). Even though the PDGA was reported to be poorly immunodertite and Ivins,
1999) However, research has shown that when PDGA is fused to a carriezrgntigesults

in an improved immunogenic response (Goodman and Nitecki, 1966). Studies have shown
that when PA is combined with PDGA they provide better protection by augmenting the
immunogenicity of each other and the immunogenicity observed is bettan &ither PA or
PDGA alone. This has been proofed where mice vaccinated with PA and PDGA conjugated
vaccines showed increased survival to protect mice challenged with virBleahthracis

strain compared to PA, or PDGA vaccines alone (Chabot et al,, 2§34 et al., 2006, Rhie

et al., 2003, Schneerson et al., 2003, Sloat and Cui, 2006, Wang et al., 2004M&akier

et al., 2006).However, majority of the studies on PDGA reported PDGA to be poorly
immunogenic(Little and Ivins, 1999,eppla et al., 202). Based on these reports we decided

to use antigens (rPA and FIS) that was reported to be immunogenic in ruminant (goat)

(Koehler et al., 2017, Ndumnego et al., 2p18

The PDGA is reported to be weakly immunogenic yet recognised as a virulence datermina
(Goodman and Nitecki, 1967he PDGA enabk. anthracido evade the immune system

of the host which was tested assessing the #MGA antibodies ability to bind tB.
anthracis spores and deny the spaeability to evade the innate immune attack using
opsonophagocytosis (Schneerson et al., 2003, Wang et al., 2004). Some studies evaluated
the ability of PDGA to stimulate opsonising antibodies. Schneerson et al. (2003) injected
SwissWebster mice with 2.5ug of PDGA adjuvanted witB NE dzy RQa O2YLX SGS
(FQN) while Wang et al. (2004)accinated female BALB/c mice with 2% PDGA adjuvanted

with Freud (Wang et al., 2004). Interestingifye in vitro analysis of amPDGA antibodies

from all the vaccingroups have displayed the capacity to actively opsoBisanthracis

spores and prevent it from evading phagocytosis by macrophages (Schneerson et al., 2003,
Wang et al., 2004). In addition, Rhie et al. (2003) further reported the ability cP&OBA

antibodies to induce killing of bacilli mediated by complemdapendent mechanisms.
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2.6.5 Virus nanoparticle (VNP) and vitlike particle (VLPs) vaccines

So many means have been explored to develop new generation anthrax vaccine
experimentally, amongst them & | y2 @St | LILIN2IF OK 6KSNB GA NI
FyGAISYAO LRISYGAlrt Aa KIFENySaaSR G2 SyKIFyOS
vaccine development approach takes advantage of the size of the virus89Q1im) which

suit the antigen size raye 10200 nm that is the antigenic size required by antigen
presenting cells such as macrophages and dendritic cells for uptakes (Bachmann and
Jennings, 2010). Thantigen presenting cellSAPC¥ plays a vital role by inducing the

adaptive immune respondggy taking up the antigens and initiate stimulation of CD4+ helper

T-cells by presenting the antigen on MCH class Il receptors of APC (Bachmann et al., 1993).

The mobilised CD4+ helpefcélls provide essential-8ells activation resulting in antibody
classswitching and differentiation into memory-8ells and antibody generation (Bachmann

et al., 1993, Hong et al., 2018, Roche and Furuta, 2015). Following the evaluation of the
structural makeup of native PA and lack of long lasitimmune response. It wasstovered

that PA is not suitable for uptake by APCs due to its size and PA lacks the repetitive structural
pattern that is obligatory for the initiation of robust-&ells response (Plummer and
Manchester, 2011). Therefore, virus nanopatrticle (VNP) and-kike particle (VLP) vaccine

platforms have been explored to take advantage of the exclusive size and structural
attributes of viruses for manifesting viral or neiral antigens, such as bacterial toxins, by
conjugating neutralising peptide sequencespotein domains to diverse types of viral

capsids (Lee etal., 2016).

Several VNP and VLPs have been used to construct anthrax vaccine experimentally by
utilising VNP and VLPs to present whole PA or PA subunit (single dofivenayani et al.,

2007, Scwarz et al., 2017)Viruses such as Venezuelan equine encephalitis virus have been
used by Lee et al. (2003) to develop Venezuelan equine encephalitisvett@ed based
anthrax vaccine using fdkngth PA83 expressed in a eukaryotic cell. The vaccaseabie

to produce a protective immune response that protects 90% of the A/J mice that received

booster four times followed by challenge with Sterne straiBoénthracigLee et al., 2003).
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Virus particles such as the capsid of Flock house virus (FHVtiiaed to express von
Willebrand A domain of anthrax toxin receptor (CMG2) on its surface (Manayani et al.,
2007). Then PA83 was loaded in the capsid of¢cbheahedral insect virus Flock House virus

in a repetitive pattern, though the interaction i®nhcovalent but is stable. This was able to
protect all 5 Harlan Sprague Dawley rats against lethal dose compared to the vaccine group
with monomeric PA as control where none of the 5 Harlan Sprague Dawley rats survived
the lethal toxin challenge (Manayagi al., 2007). This indicates that the multivalent frame

up of PA on the surface of VLP stimulated rapid and even more robust immune response
capable of protection, contrary to monovalent PA83 thereby, rendering VLP vaccine

research prototype. Studies haghown that PA4 has been utided as a vaccine candidate

in so many viruses (HA of influenza, Hepatitis B core, Parvovirus B19, and Rabies virus).

These viruses surface proteins and capsid such as glycoptataimabies virus used to load
PADA4, and were able to stimulate strong neutralising antibodies (Bandurska et al., 2008, Li
et al., 2005, Ogasawara et al., 2006, Smith et al., 2006). Notwithstanding, their protective
effectiveness remamunknown since animal challengeere not carried out. In a study
conducted by Zhang et al. (2006), an antibody neutralising epitope of PA was identified to
0S miw f22L) NBIA2Y f 2 CR)icoRistiy\6f 302!to 3B YhisA Yy
epitope has been explored to develop VNP ané&3d/izaccines against anthrax. Hepatitis B
particles were genetically expressed while carrying this epitope. The vaccine was examined
against anthrax as an epitogmsed vaccine. Guinea pigs that were immunised with this
epitope-based vaccine without adjuvgnwhich was able to protect 4 out of 7 guinea pigs
challenged with virulenB. anthracisspores whereas 2 of the 3 guinea pigs vaccinated with
the formulation containing adjuvant survived (Yinetal., 2008, Yinetal., 2014). This indicates
that neutralisng epitopebased VNP/VLPs anthrax vaccine can be utilised for the anthrax

vaccine.

VNP/VLPs based anthrax vaccines are the emerging field in anthrax vaccine research of
which the performance and especially protection of the vaccines developed need to be

investigated to acquire a deep understanding. Researchers believed that this approach has
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other advantages over the current PA vaccine used in human and animals. VNP/VLP are
believed to be highly immunogenic even without adjuvant been added to the vaccine
formulation it still stimulates adequate immunity due to their ability to mimic a real virus
(Lee et al., 2016)They are regarded as very safe because they are justhkeusnd
stronger immunogenically than inactivated viruses or subunit virus va¢Gokiman and
Lambert, 2004, Vogel, 20Q0Nonetheless, VNP and VLP have some limitations which
include the expression and purification process. In addition, the expression, detection and
guantification in the broth culture suitable for the host cells alifficult to detect /follow

as VNP/VLP are surrounded by the host cell proteins and not assembled structural proteins
and exosomes. VLPs are visualised using a transmission electron microscope (TEM),

however, and they cannot be quantifi¢tiua et al., 2014

2.7  Adjuvants

The achievement of a protective immune resporfisen most vacciesis usually enhanced

by adjuvants. Adjuvants are the association of compounds that are heterogeneous in their
makeup and can enhan@immune response or revamp the immomenicity of a peptide

or protein vaccine that is weakly immunogenic (Gupta et al., 1993, Vogel, 1995). The term
adjuvant was derived from a Latin woatljuverelT (G KS g2NR YSIya ai?2
the 1920s Ramon first described adjuvants when he aig dolleaguesaccidentally
detected that an absceswhich developed at the site of fiection of diphtheria toxoid ira

horse developed a higher titre of specific antibodies (Ramon, 1925, Ramon, ,TR26)

later injected horse with diphtheria toxoid algnwith a substance that is not related to
diphtheria toxoid Theydiscoveredthat higher immune response from abscess generated
at the injectionsite (Ramon, 1925, Ramon, 1926, Ramon, 1959). The selection of the most
befitting adjuvant when formulating vame is very important as the immunogenicity and
duration of the immunity especially in the case of killed vaccine are augmented by
adjuvants. An adjuvant can be a relevant and potent factor to immunogenicity as well as
harmful to the vaccinated hostThe selection ofanadjuvant should be guided by features

such as the stimulation of wider immune response to various serotype, early immune
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response stimulation, longevity, improve immunogexilg weakantigers and provide a
good delivery of antigen for upka by APC as well Bsingsafe to administer to the animal

host (AiyerHarini et al., 2013, Douce et al., 1995, Marx et al., 1993, McElrath, 1995).

2.7.1 Systemic ways adjuvants act

There are various ways adjuvants act, starting from a simple vehickntayen delivery,
attracting specific immune response to the site of injection by forming a depot and decoy
antigen as immune attention seeker (Awate et al., 2013, Lambrecht et al., 2009). The
provocation and the enrolment of the cells of the immune systat the site of antigen
deposit are usually initiated by the proflammatory response induced by the adjuvant
(Awate et al., 2013, Goto and Akama, 1982, Mosca et al., 2008). In most scenario, such pro
inflammation induced by the adjuvant can lead to somery to the tissue (Calabro et al.,
2011, Gerdts, 2015). This leads to detection by the immune system which immediately
elicits immune cells and engages in the mechanism involving the stimulation and activation
of either innate or adaptive immune respea or both depending on the mechanism of
action of the adjuvant which may sustain the antigen presentation activity by the adjuvant
(Mosca et al., 2008, Reed et al., 2013, Seubert et al., 2008). Sometimes, necrosis or
apoptosis can occur at the injectioites this leads to the mob#ation of immune cells such

as dendritic cells, macrophages, and neutrophils. Swelling, local pain, and redness can be
seen with locaBed inflammation (Calabro et al., 2011, Gerdts, 2015). The use of an
adjuvanted compound tcstimulate more and longasting immune response in anthrax
vaccine have been in practice since the"I®Sy G dzZNE ® t | &G SdzNDa | y i KN
(Pasteur, 1981jvas modified in the 20 century by first adding 560% glycerine which
acted as the adjuvariy improving the immune response as well as increasing the longevity
of the immunity (Sterne, 1959)Furthermore, 110% saponin regarded as an adjuvant was
also added to the Pasteur Il vaccine in the 1930s, which was believed to further attenuate
the Paster vaccine strain. However, it turned out to stimulate severe inflammation at the
injection site due to the high concentration of saporiBterne, 1959)Hitherto, a further

study by Max Sterne reported that the combination of 50% glycerine and%.Sapain in
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anthrax live spore vaccine formulation stimuldtéetter immune response as well as
increase the longevity of anthrax vaccine. Sterne finally concluded that saponin in anthrax
attenuated vaccine highly enhances protective immunity with minimal emcé effect on
vaccinated animals. Therefore, it should be used as an adjuvant with more attenuated strain
and not more than 0.8.% should be used in the formulatiqisterne et al., 1939, Turnbull,

1991)

2.8  Types of adjuvants for animal vaccines
Theae are different types of adjuvants used in the veterinary vaccine, the selection of the

adjuvants is based on the types of the vaccine and vaccine formulation in question.

2.8.1 Particles adjuvants

These are adjuvants where the adjuvating components adenup of microscopic particles

and nanopatrticles (Gerdts, 2015, Gupta and Chaphalkar, 2015). These adjuvants deliver the
vaccine to APC for immediate processing and deliver to other forms of immune cells, which
also targets the mucosal surface as weltl@s nasal and oral route for delivery (Dalmo et

al., 2016, Mutwiri et al., 2005). Most of the particles used as adjuvants range in size from
50¢ 100 nm to 25 microns and are developed from a variety of polymer both natural and
synthetics (Dalmo et al. 046, Mutwiri et al., 2005). A synthetic group of a polymer such as
polyphosphazene was optimised as a composition of adjuvant for vaccine formulation,
other particles that have been used with a lot of antigens in experimental studies is poly
(DL}lactide-coglycide (Eng et al., 2010, Magiri et al., 2018). Some researchers have explored
the immunogenic effect and protective ability of micropartiglas an adjuvant in the
anthrax vaccine. In a study Bachura et al. (20183 pGFicoll nanoparticle were used b
formulate NLAMwith rPA as the antigen. The immunogenicity of the NLAV was determined
in nonhuman primate (NHP) with aerosBl anthracisAmes strain spore challenge resulting

in 100 % of the NHP survivirffachura et al., 2016)n a different study, mucoadhesive
alginatecoated chitosan microparticles {8HMp) was used as an adjuvant in a vaccine

formulation containing rPA. The immunogenicity was determined in BALB/c mice, and the
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vaccine was able to stimulate increased immumsponse including both IgG and toxin
neutralising antibodies. However, no protective study was done to verify the protection
ability of the immune responsgMangal et al., 2014) There is speculation that
micropatrticles stimulate longlasting immunogenity with a single vaccinatiorfManish et

al., 2013) However, future investigati@need to ascertain the longevity of the immune
response in relation to its protective capacity. In addition, the stability of the adjuvant
during storage and its safety in a@nated animals also need to be evaluated further

(Sivakumar et al., 2011)

2.8.2 Emulsions

For a very long time, the emulsions have been used as adjuvants in animal vaccines.
Emulsions are made up by mixing two immiscible liquids (water and oil) ciogsagtsmall
droplets of either water or oil continuously dissipad witheach other such that either the
water-in-oil or oikin-water and stabibed by an interfacial surfactant layer. Emulsions
remain the adjuvants of choice for animal vaccines due keit potency in antibodies
stimulation (Bastola et al., 2017, see review by Cox and Coulter, 1997). There are humerous

types of emulsions with a different mode of action each indicated below:

2.8.2.10ilin-water (O/W) emulsion

Oikin-water (O/W) emulsioa are formed by dissipating oil in the aqueous appearance. The
oil droplet in O/W emulsions acts by organising macrophages and DCs through accelerating
the enrolment of chemokines based immune cells (Dupuis et al., 2001, Seubert et al., 2009,
Seubert et al 2008). Some researcher used O/W emulsion such as MF59® adjuvant to
evaluate the immune response enhancement ability of MF59® adjuvant by comparing its
immune enhancement to calcium phosphate and aluminium hydroxide. Their findings
specified that MF59® djuvant enhances bettercellFmediated immunity CM) against
influenza virus than calcium phosphate and aluminium hydroxide (O'Hagan, 2001, Wack et
al., 2008). Several O/W adjuvants are commercially available for veterinary applications
including Emulsiged (MVP Technologies, USA), Montar@de Incomplete SEPPIC

Adjuvants (ISA) (SEPPIC, France) and-Btat (Fort Dodge Laboratories, USA). These
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adjuvants have been used in vaccines formulation alone or with other products. A robust
immune response is recorded in most of the veterinary vaccines where O/W emulsion
adjuvants have been used in livestock (Arous et al., 2013, Barnett et al., 1996eGalli
Beckley et al., 2015, Horohov et al., 2015, Lankester et al., 2016, Madera et al., 2016,
Wallace, 1996). An rPA vaccine was formulated with O/W emulsion adjuvant
(monophosphoryl lipid A; (PA+MPLA)), The immunogenic effect of the adjuvant was
determined by vaccinating New Zealand White rabbit followedBaanthracisAmes strain
spores challenge which resulted in 100% survival of the rabbit that received the rPA vaccine

formulated with MPLAPeachman et al., 2012)

2.8.2.2Waterin-oil (W/O) emulsion

Waterin-oil (W/O) emulsion consisof droplets of water dispersed in a steady phase of ail.
The antigen is trapped in the pockets of water enveloped by the steady phase of oil. The
water is unleashed gradually following the oil disintegration subseqtemjection. The
clearance of the antigen by phagocytosis from the site of injection is delayed by the effect
of the depot formed thereby prolonging the time required to recruit the immune cells and
APC to the injection site (Cox and Coulter, 1997, Hérfler mpcy 0 @ CNB dzy RQa
1y26y 2xkh | R2ed®l yiad CNBdzyRQa I R2dzIl yia
CNBdzy RQad AyO2YLX SGS | R2dzl yia o6CL!-killed C/ !
mycobacteria and a surfactant (Aracel A), wher&ds is formulated without dried heat
killed mycobacteria. These adjuvants stimulate high antibody titres but result in localised
inflammation, distress and pain in vaccinated anisnaind has ultimatelyled to the
discontinuation of theuse of thesaadjuvants in human and animals (Claassen, 1992, Freund
et al.,, 1937, Stils Jr, 2005). Some of the commercially available W/O emulsions for
veterinary vaccine use with the same level of potency asvitAless adverse reaction are
EmulsigerD" and montanide ISAJohnston et al., 1991, Leenaars et al., 1994). These
adjuvants have been usedweterinary vaccines for bottviral andbacterialagentssuch as
porcine circovirus type 2(PCV2) vacciriept and mouth disease (FMD) vaccine,

Mycoplasmavaccine and noitiving anthrax vaccine with good immune enhancing effect
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(Arous et al., 2013, Ibrahim et al., 2015, lvins et al., 1995, Jorge 204, Khorasani et al.,
2016, Peachman et al., 2012)

2.8.2.3Water-in-oil-in-water (W/O/W) emulsion

To oercome the challenges of localised reaction experience at the site of injection. Multiple
phase emulsion vaccine adjuvants waieil-in-water (W/O/W) were developed (Bozkir

and Hayta, 2004, Fukanoki et al., 2001, Leclercq et al., 2011). W/O/W congfrisaskets

of oil containing internal water droplets, which are discharged into the continuous aqueous
phase (Bozkir and Hayta, 2004, Fukanoki et al., 2001, Leclercq et al., 2011). Bozkir and Hayta
(2004). This showed that W/O/W emulsions contribute to gnelong immune response by

fast antigen release in the external water phase while the internal water droplet release is
prolonged. Presently, Montanide ISA 201 and 206 are few of the commercially available
W/O/W emulsion adjuvants that demonstrated effyaagainst animal diseases (Bouguyon

et al., 2015, Hunter, 1996, Maree et al., 2015).

2.8.3 TolkHike receptor (TLR) ligands and small molecules

TLRsaranl Yy iA3SyQa YSYoNIyS NBOSLII2NAR GKFG | NB
identified peculiar compnents of a pathogen such as bacterial DNA and RNA,
lipopolysaccharide (LPS), cytosine phosphate guanine (CpG) and flagellin are examples of
TLRs and they initiate innate host defence mechanism (Gerdts, 2015, Takeda et al., 2003).
TLRs activation can leadl the induction of antigerspecific immunity, thereby, initiating
cytokines expression, which is involved in the differentiation -@fell (Burakova et al.,
2018). TLR4 is an agonistgrshm-negative bacterial surface membrane that triggers the
secretionof IL-1b, 1112, 11-:18, 11-:23, and .27 by APCs. This activates Th1l cells and regulates
CMland humoral immunity (Burakova et al., 2018). TLRs have proved to enhance different
types of an immune response in both human and animal vaccine trials (Hajadm29%8,

Mayr et al., 2005, Qietal., 2015, Rauet al., 2006, Xia et al., Z¥Hg)ite the short duration

of activity and their retention by noerelated tissudhe applicationof TLR agonistiin the

veterinary field still attracts attention with regan® immune enhancement in veterinary
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vaccinology (Heegaard et al., 2011, Kanzler et al., 2007). It is paramount to understand the
correlation between efficacy and safety as well as gettinglapth knowledge of the

adjuvants structure in relationship tti¢ immune response they induce in animals.

2.8.4 Saponins
Saponins are compounds that have been employed in so many pharmaceutical applications.

It is a detergentike or group glycoside derivatives from plants (Burakova et al., 2018,

Gerdts, 2015). This2cY L2 dzy RQa oAt AdGe (2 &adAYdd I GS |y

rendered it wellaccepted adjuvants for a long time. Saponin has been used in animal
RA&SIFAS FTNRY GKS GAYS 2F tFaldSdNW LG ¢t a
concentraton 1-10%, and it was discovered to stimulate virulent inflammation at the
injection site. The concentration of saponin used by Pasteur in his duplex anthrax vaccine
was later review by Max Sternayhere he found that 0.51% is sufficient to stimulate
adequate immune response with minimal to no adverse reac(sterne, 1945)Thereatfter,

more saponin adjuvants were developed, and the most common saponin adjuvant4s Quil
A (Brenntag Biosector A/S, Denmark). uis used only in animals and not recommended

for human use (Sun et al., 2009). Despite@uiba 6 At A& (2 SyKIyOS
in animals toxicithhas beenreported in vaccinated animaknd as suck search into an
alternative source of saponin continudfajput et al., 2007)QS21 isanother saponin
adjuvant from the same plant with Qul but more purified. Q21 enhances the immune
response in veterinary vaccisbut is still undergoing trial in human vaccines (Zhu and Tuo,
2016). Another saponin adjuvant is immusgmulating complees (ISCOMs) whicire
composed of cholesterol, phospholipids, and purified fractions of-@uUISCOMs esafer

saponin adjuvant with less toxicity and can assist in delivering the antigen to APCs (Nielsen

et al., 2015, Sun et al., 2009). The antigeh gh2 Oé i2aAa Aa SyKIFyOSR

particles size and nature complexity (Reed et al., 2009). ISCOMs have been licensed for
commercial purpose as a result of its proven efficacy in the stimulation of good immune
response in an array of disease (Caniset al., 1991, Kamstrup et al., 1992, Nordengrahn

etal., 1996). More researdbcurrently ongoing to develop more saponin adjuvant that can
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be used in both human and veterinary vaccine without challenges such as specie
preference and the route of admistration (Sun et al., 2009, Cox and Coulter, 199His is
encouraged by the impressive ability of saponin to stimulate both CMI and humoral immune
response by using a low dose of the adjuvant as indicated by Max SiRajput et al., 2007,
Sterne, 198).

2.8.5 Cytokines

Cytokines are glycoproteins, proteins or peptides produced by monocytes and lymphocytes,
and they coordinate immune responses and are therefore considered as vaccine adjuvant.
The immunostimulatory activities of cytokines vary, amedoost the activity of specific
immune cells, while others enhance the activity of the general immune cells (Rong et al.,
1995). Furthermore, some cytokines activity are induced by other cytokines (Rong et al.,
1995). Cytokines such asalIl-:12, and FNg expedite the enhancement of Thl cells that
lead toCMlresponses (Heath et al., 1991). Wheread,ILL-5, and IL10 cytokines stimulate

Th2 cells that leads to humoral antibodies production (Heath et al., 1991). Cytokines also
activate MHGAI molecués on APCs, which boost the uptake and the presentation of antigen
(Heath et al., 1991). Fan et al. (2016) show the ability ofclkdNdevelop significant anti
classical swine fever (CSF) IgG titre and enhance-IMiH@ MHGII molecules in pigs when
usedas an adjuvant in CSF vaccine. Cytokine adjuvants are employed in various viral
diseases of livestoduch as CSRsif et al., 2004, Babiuk et al., 1991, Hung et al., 2010, Liu
et al., 2019, Tafalla et al., 2013). They are also used in DNA &acamemia virus, and

fish type | interferonand have proved to stimulate antibodies and B cells and CD8+ T cell

influx (Chang et al., 2015, Kotla et al., 2016).

2.8.6 Combination of adjuvants

In recent years, there has been the emergence of combination adjsvby the
combination of two or more adjuvants in a vaccine formulation. Combined adjuvant
generally enhanced the potency of the vaccine and immune response. An ideal adjuvant is

identified by its ability to present antigen to APCs in its original fawmch triggers the
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relevant cytokines secretion and activate active -tedldiated and humoral immune
response. The combination of different adjuvants in a vaccine formulation with the aim to
AYLINRE DS GKSANI LISNF2NXIE YOS o8& latidabsyn&yisiidally 3 S| O
is under investigation (Moingeon et al., 2001, Mount et al., 2013). Ivin and his colleagues in
1992 reported the combination dhree adjuvans (Monophosphoryl lipidiMPL), Trehalose
dimycolate (TDM), cell wall skeleton (CWS)) foated with PA was able to increase the
protection to 77% of vaccinated BALB/c mice and 100% of vaccinated guinea pigs following
challenge withB. anthracisAmes strair(lvins et al., 1992)The idea ofisingcombinatiors

of adjuvants was conceived becausisialmost impossible to have one adjuvant that carries

out every function that is required Therefore, many combined adjuvants studies are
already in the trial stage for a human vaccine against cancer and infectious diseases. Based
on these outcomes, thdesign has now been adopted for the veterinary vaccine (Guy, 2007,
Mount et al., 2013). The combination of CpG and W/O/W or O/W emulsions as combined
adjuvants used in FMD and avian influenza vachba® beenevaluated in many studies
(loannou et al., 20D, Lopez et al., 2006, Nichani et al., 2004, Ren et al., 208ratna et

al. (2000)vaccinated certain groups with formulations that contaired either FIA, FCA or

MPL with the antigen FIA+CpG, FCA+CpA and MPL+CpG). Their findings revealed higher
neutralisation antibody leved amongstthe group that received a combination of emulsion

with CpG in the BLBc mice immunsed againstHHAsAgAgain, the combination of saponins

and inactivated spores dB. atrophaeusboost the immune response in muringice
vaccinated against rabies (Oliveiascimento et al., 2012). Even though combined
adjuvants stimulate promising immune resposséth less side effeet little information is
available on the use of comt&d adjuvants in anthrax vacciedt is therefore necessaryto
investigate rits applicationfurther by ascertaining the efficacy and safaif combiring
adjuvans forlivestock. In addition, the cost of combining two or memjuvantsstill neec

to be thoroughly investigated for commercial purpogeensure that it is of benefibefore

it would be considered foadoption.
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CHAPTER THREE

General Methodology

3.1 Recombinant protein expression and purification for vaccination study

The PA83 coupled to Hitag was ligated to pStabyl.2 vectelphi Genetic, Belgiung
obtain the recombinant PA8BStabyl.2, whichvas transformed into thd= coliSE1 strain
(Delphi Genetic, BelgiumJ he detail of the rPA expression and purification is explained in
the next chapter The E. coliSE1 (Delphi Genetics, Belgium) harbayrithe plasmid
pStabyl.2 (Delphi Genetics, Belgium) encrypting theldulyth protective antigen (PA83)
was cultured into LuriBertani (LB) broth medium and incubated at 25 °C in a shaking
incubator. The culture was induced with 0.3 mM of isoprdpsiia-D-thiogalactopyranoside
(IPTG) concentration. The cell was further incubated overnight before harvesting by
centrifuging at 3500 rpm for 35 minutes. The pellet was then washed with double distilled
water to wash off the IPTG contents before proceeding totgin purification. The
harvestedE. coliSE1 strain was subject to protein purificationder native conditionThe
protein was lysed by suspended the cells in lysis buf&0mM/ml NaCl, 50mM/mi
NakPQO;and 20mM/ml Tris) pH 7.83hen froze at20°Cand thawed to 4C threetimes.

Then followed by two cycles gbrobe sonication(a cycle of sonication is made up of 20
seconds on and 10 seconds off the sonicator on ice bath three times using probe sonicator
(BioLogics, Manassas, VA, USAhe lysate wasentrifuged at 3500 rpm for 35 minutes

and the supernatant was collected. The supernatant was treated in two different ways, one
batch was passed througthe purification column (MacherNagel, England). The second
batch was just the supernatant collect and treatedwith the LALEndosafe endotoxin
Quantification and removaltest kit (ThermoFisher Scientific, USAJhe protein was
confirmed by SDS PAGE and western blot usi2@4 gelThe protein yield was quantified
with the Pierce BCA protein assay KiThermoFisher Scientific, USA) following the
manufacture@ protocol. The rPA83 for ELISA is from the batch that was passed thtmugh

purification column and the protein will receive no further treatment. The rPA83 for
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vaccination received further tegment after purification, the presence of endotoxin in the
protein (rPA83) was tested and removed by filtration using LAL endosafe at Design Biologix,

South Africa

3.2 Formalin activated spores (FIS)

Bacillus anthracis34F2 spores from Onderstepoort Biological Products batch: 863 on
sporulation aga(peptone 15.0 g, yeast extract 3.0 g, NaCl 6.0 g, dextrose 1.6 g, brain heart
infusion (BHI) agar 12 g ailthSQ.HO in 1000 ml of ddiD)were harvested on the 10

day whenit attained>x /> a L2 NHzZ F GA2y o6& FfdaAaKAy3d (KS
water (ddRO). The spores were wasththree times with (ddHO) then suspened the
spores in 0.9% NaCl containing 0.1% gelatin and heated for 30 minutes afé8°€pore

was then washed 4 times to get rid of the heat killed vegetative baciltigngrifuging at

4000 x dollowed by rakette spore stain to ensure purity and final spore count. The spores
are re-suspended overnight in PBS with 4% formalin incubated at 37iGattivate the
sporecompletely The formalin was washed by suspending the pelleted spores in 0.9% NacCl
and 0.1% gelatin and centrifuget 4000 x g four times. Finally, the pelleted spores were
re-suspended in endotoxin free PBS. An aliq@oinl) of the preparation was suspended in
histidine (20 g/L) for 30 minutes at room temperature to neusalthe formalin and the

plated-on blood agar to confirm the sterility of the preparation.

3.3 Formulation of non-living anthrax vaccine

The formulationof NLAVWwas produced in a large volume of 60 ml (60 doses) each for the
crude and purified vaccine formulations. Taetigens and PBS solution were agtoeally
pooled and mixed at 250 rpm withmagnetic stirrer while 50% adjuvant volume (alhydr&yel
was slowlyadded and stirred for 2 hours at room temperature followed by slowly adding the
remaining 50% adjuvant volumé&nulsigenD®) that was stirred foran additional2 hours at

room temperature. The vaccine formulation was transferred into sterile HDPE vaccine vials

(10 ml) andetention vials were sent for quality control test at Design Biologix, South Africa.
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For the vaccine formulatignthe rPA for both crude and ypified concentration was
determined with Pierce BCA protein assay kit (ThermoFisher Scientific, USA) and the
concentration of rPA for PrPA and CrPA vaccine formulation was calculated according to
Appendixmaterial 1. Then adjusted witthe FIS (1®sporeg and adjuvants to a volume of 1

ml. The aseptic vaccine formulation procedure was carried out according to the requirements
for vaccinegOIE. 2012 The PrPA+FIS+adjuvants vaccine formulation constituted o268 2 T
290> Ik YE t NI ! o 2.5030spdre! suspensiomper ml (1 x8Epores), 330

>f 27T | BR@sigéiDYAhydrogef1:1) and 12 pl PBS inthe 1 ml dose recommended
(OIE. 2012 Whereas theCrPA+FIS+adjuvants vaccioenulation constituted of 512 t 2 T
mnc >3k Yfug IPA} 406 f6 T p & gpore suspansion (1 x A6pores), 330> 2 F
adjuvants EmulsigernD¥ Alhydrogef1:1) and 3>f t . { ©®

3.4 Purification and preparation immunoglobulin for passive protection

Sera were collected from each cattle in all vaccinatimupgs, including negative control at

week 5 for 1gG purification. 1gG was purified from each serum sample using protein G spin
column (NABMt N2 GSAY D { LAY YA(laz ¢KSN¥Y2 {OASYGATA
instruction, but the elution process was repeated three times. The presence ofR#t

specific IgG was confirmed usiBgzymelinked immunosorbent assdiLISPand the IgG

yield concentration was measured with Pierce BCA protein assay kit (ThermoFisher

{OASYGATAOST {10 F2ft.26Ay3 GKS YI ydzFl O dzNB NJ

3.5 Enzyme-linked immunosorbent assay (ELISA)

Anti-rPA antibodies (IgM, IgG, IgG1 and 1gG2) sera titres from vaccinated|awere
determined by ELISA as previoudgscribedby Ndumnego et al.(2016) Briefly, the 96
wells of Nunc immunoplate Maxisorp were coated with 8.5 2 IRIS m pach well in
0.05M of carbonatebiocarbonate buffer (Sigmaldrich, USA) and incubated at 4°C
overnight. This was followed by two times wash using wash b@FBIS + 0.05% Tween 20
(PBST)) with ELISA microplate washer (Biorad PW40, France) tbkedbleith 200> [ 2 F
blocking buffer(PBS + 5 % skimmed milk powder (PSMRY incubated in a shaking
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incubator at 150 rpm for 1 hour at room temperaturéhe plate was washed twic&@he

sera were serially diluted in sample dilution bufi@BS + 0.05% &en 20 + 5 % skimmed

milk powder (PTSMPYn the plate in duplicates across the plate, the starting concentration

for IgG 1:100 and 1:50 for the immunoglobulin subclasses (IgM, IgG1 and IgG2). The plate
was incubated in a shaking incubator at 160 rpm fom3nutes at room temperature and
washed five times. The various HRP conjugated secondary antildooies hermoFisher
Scientific, USAwere diluted in PTSMPand added to the plates at the following
concentration: Thegoat antitbovine 1gQ¥1:10000) sheep ati-bovine IgM (1:4000), sheep
anti-bovine 1gG1 (1:4000) and sheep amvine 1gG2 (1:4000)Each plate wascubated

at room temperature in a shaking incubatat 160 rpmfor 30 minutes Following the five

times washing of the platesH Z H I T A eff®lbenatiiazolings-sulfonic acid)
diammonium salt (Sigmaldrich, USA) was used to develop the plates. Biotek powerwave
XS2 reader (Winooski, USA) was used to read the plates at the absorbance reading of 405
nm. The endpoint of the immunoglobulin titrewas calculated as the reciprocal of the
highest serum dilution giving an absorbance more than theoutTitres oflgM, IgG1 and

IgG2<50 and IgG <100 were ascribed an arbitrary value of 10.

3.6  Toxin Neutralisation Assay (TNA)

The ability antibody fromrPA vaccinated cattle to neutraé anthrax lethal holotoxin was
assessed using aim vitro colourimetric assay that determines the viability of J774A.1
(ECACC cat no 91051511) exposed to anthrax lethal holotoxin in the presence of antibody
as previouslglescribed by Ndumnego et #2018) Briefly, 16 J774A.1 mouse macrophage
cellsinDMEM and 10% FBS was seeded tovB8 flat bottom tissue culture plates (Greiner

bio one, Germany) then incubated overnight at 37°C and 5% I@dvidual animal sera

were 2F2f R aAaSNAIf RAfdzZiISR Ay RdzLX AOFGS Ay 5dz
containing 5% Foetal Bovine Serum (FBS) containing PA (500 ng/mL) and LF (400 ng/mL)
(ListBiological Laboratories Inc., USA) with the starting dilution of 1:50. The plate containing
the lethal holotoxin and the serum was incubated at 37°C and 5%dC@ hr n the dark

prior to transferring the lethal holotoxin and serum to J774A.1 seeded plate. wikis
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followed by a 3 hour incubation at 37°C and 5% LC@fterwards, MTT (34,5
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide; Invitrogen, USA) was addedhe

O 2 y O Sy i Nlofibing/iyi to eagh well then incubated for 2 hours in darkness at 37°C
and 5% Afterwards,100ul acidified isopropanol (90% isopropyl alcohol, 0.5% SDS, 25 mM
HClwas added to each well followed ygorously solubitie theformazan crystals dyky
pipetting up and down The plates were read with a Biotek power wave XS2 reader
(Winooski, USA) at 540 nm. The neusation of each serum sample was calculatsohg

the formula:
i 0an o COBEE O1 € O
AQQQ@&E € 0 10EE0LILLEEE O | ga

The reciprocal of the highest dilution at which J774A.1 cell survival yielded 50% was
expressed as neutrgition (NEo). This was generated by inputting the formula to Gen5

data analysis softwar(Winooski, USA).

3.7  Opsonophagocytic assay

The opsonophagocytic potential dPA and FI8duced antibodies was evaluated on RAW
264.7 macrophage cells as previously carrma by Welkos et al. (2001)with few
modifications. Briefly, heaactivated, refractile ungerminate8. anthracispores (2.6 x £0
spores/ml) were prancubated with 16fold serial dilutions of the immune sera and sera
from the negative control (NegCtl), for 30 minutas4°C and ten added to RAW 264.7
macrophage cells (5 x 1€ells/well) and incubated for 45 minutes at 37°C in 5%.C@e
macrophage cells were washed with sterile PBS (pH 7% and incubated with DMEM
O2y Gt AyAy3a wmx3gedtanficin laty8RC im 5 S0OH30 Winutes to remove
vegetative bacilli. Subsequently, the macrophage cells were washed with sterdelice
t. {3 AyOdzml G§SR T @148 Thton® X {fedzibBsher Sciéntifidoilyse the
macrophages and plated on L&jarto count viablecfu/ml. Data are presented as

percentage spore uptake by the macrophage cedlsra from prevaccination screening was
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used asanegative contrgl whereas group vaccinated with SLSV from this study were used

asthe positive control.

3.8  Statistical analysis

Gen 5 data analysis software (Biotek Instruments, Winooski, USA) was used to gererate 4
parameter logistic curves for the ELISA and TNA titres. The data collected were log
transformed using GraphPad prism version 8.3.0 software. The antibody titres between
groups at different time points on ELISA and TNA were compared using unpaired student
test with a twotailed P-value and KruskalVallis test followed by Dunn's multiple
comparisons test with adjustelévalue. The mean survival time of the challengedmite

was plotted using the Kaplaveier survival curvelogrank (MantetCox) test was used to
compare survival between different vaccination groups. All graphical elucidations and the

analysis were done using GraphPad Prism version 8.3.0 software.
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4.1  Abstract

Bacterialexpression system for the production of recombinant protein is still the best
choice in protein biotechnology. However, some of the disadvantages inttladermation

of inclusion bodies in oveproduction, protein solubilisation, plasmid instability and
purification of the protein. In this study, the HiagggedBacillus anthracisecombinant
protective antigen 83 kDa (rPA83), an immunogen for human vaccines, was produced as a
component for a veterinary vaccine. The production of rPA83 needs to be mae co
effective to compete with the current anthrax Sterne Hspore vaccine Theexpression of
rPA83 using pStabyl.2 bacterial expression systelasamerichia coéind purification was
optimised using an efficacious, safe anddoest method Biologically active soluble rPA83
was expressed using le@mperature induction in antibiotidree selection pStabyl.2
vector inE. coliSE1. The protein purification consisted of lysing the bacteria with a probe
sonication in modified lysis buffer ragh than usinga purification kit consisting of
endonuclease, lysozyme and protease inhibitors in standard lysis buffer followed by
immobile metal purification. The lysis consisted of two cycles of sonigadech followed

by affinity purificationthat produced 30.4 mg/LrPA82ompared to the 36.2 mg/L rPA83 of
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the standard purification method. This purified rPA was biologically active as it exhibited
cytotoxicity towards J774A.1 celvhen combined with lethal factor and immunogenicity
with anti-PA iELISAhe biologically active and soluble rPA83 can bsagled for vaccine
production and serological diagnostic purpose using an antibfaee selection bacterial

expression system and is more c@stective using sonication to lyse the cells.

4.2  Introduction

Bacteria expression systems have been the most common and easiest means of
recombinant protein production mostly lBscherichia cqlBaccardo et al., 2016)heE. coli
expression systems have some shomtngs such as plasmid instability during-agaling,
antibiotic-based selectior(Barroca et al., 2016, Pal et al., 2018, Reschner et al., 2013,
Vandermeulen et al.2011) low soluble protein yield, the formation of inclusion bodies
during overproduction, proteolytic digestion by proteag€antuBustos et al., 2016, San
Miguel et al., 2013and loss of biological activi(panMiguel et al., 2013, Suryanarayana et
al., 2016)Production of soluble protein is paramount for structural anddtional analysis

as well as biomedical applicati¢BanMiguel et al., 2013, Syanarayana et al., 2016ylany
studies use lower growth temperaturesa T7 promoter and chaperons on the vector
coupled with the use of lactose @n analogueA a 2 LINEdtlhiogalactopyranoside
(IPTG) inducerto produce ahigher yield and improvethe quality of the expressed
recombinant protein(Khow and Suntrarachun, 2012, Kumar et al., 2015;\Mgnel et al.,
2013, Gifre et al., 2017)The reduction of the IPTG concentration induces the protein
expression at the late log phase of the culture resulting in higher yieldsotéip in a

soluble form(Masabanda and Griffin, 2003, Winograd et al., 1993)

Despite the advantages of usiran E. coliexpression system for recombinant protein
production such as fast generation time, well understood biochemistng.afoliand high
yield as a result of the size. Yemprovements of the downstream processes in the
purification of the protein and the reduction of cost are requiréBerrerMiralles and

Villaverde, 2013, Gifre et al., 2017he lysing of cells in large scale productwith cell
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lysis reagents such a&BugBuster® Protein Extraction Reagentincluding endonuclease,
lysozyme and protease inhibitors to mildly bretak E. colcell walland release the soluble
protein. This enhles the release of the soluble protetlue to the affinity of the Hisagged

to the protein toNi columnduring purificationeven though this isostly(Fong et al., 2010)
Most studies use antibiotic resistance selectioarker inE. colsystems with different cell
lysing methods (extraction kits using endonucleases and lysozyme, sonication er high
pressure homogesation) followed by purificationHowever, the use of expression system
free of antibiotic resistance markeor selection is highly recommended to minimise the

spread of antibiotic resistance in the environment (Barroca et al., 2016).

The cost may not be a major focus #r anthracisrPA83 production in human anthrax
vaccines, but the costis paramount Boveterinary vaccine as it will compete with the low
cost Sterne livespore vaccine.Previous studies where purification columsuch as
sepharose oaNi2*chelating column and ion exchange columas used for the purification

of rPAyielded rPAranging from 2¢ 15 mg/L through small scale producti¢Gupta et al.,

1999, Suryanarayana et al., 2016aird et al. (2004and Gwinn et al. (2006purified 370

and 270 mg/L rPA using small and large scale production, respectively. But the actual
biological activity was not determined since the rPA83 was cleaved by trypsimihiyo
further testing using cytotoxic and binding assays. The rPA83 has been expressed in other
bacterial hosts lik&almonella entericaerovar Typhimurium (Hanh et al., 200B),subtilus
(Singh et al., 198@ndB. brevigRhie et al., 2005, Singh et al., 198&h 70 mg /L rPA yield

from the latter(Rhie et al., 2005Many studies approach are not cost effective and did not
take antibiotic resistance free selectioramier to obtain biologically active rPA as antigen

for NLAV which is the major focus of this study.

In this study, production of rPA83 was optimised as a componentNh\&Afor livestock
using an antibioti€ree E. coliexpression systerfJauro et al., 2020, Koehler et al., 2017,
Ndumnego et al., 2018Five prification methods were reviewednd comparedo select

the most costeffective method that yield biologically active and ahiotic resistance
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marker free rPA was selected becatise NLAheeds to be competitive againstthe current
SLSVsed for livestock. To alloferf  NHS a OF £ S LINRRdAZOUGA2YyEE (KS
coli (www.delphigenetics.coin was used. Expression conditions such as varying
temperatures, IPTG concentrations for induction and harvesting time after induction to
obtain soluble protein were optimised and the purification methods and rPA yields were

compared. EISA was used to test for the seroreactivity of the recovered protein and the

biological activity assessed using a cytotoxicity test.
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Figure 4. 1: Schematic representation of various lysimgthods for Escherichia coli crude extract preparation used for recombinant protective antigen (rPA). The sonication
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4.3  Materials and methods
4.3.1 Bacterial strains andeagents

The expression vector pStabyl.2 and EheoliSE1 strain used in this study were purchased
from Delphin Genetics SA (Belgium). LaB&rtani(LB)oroth/agar used for the expression
was obtained from Life Science (USA). Activated PA was proéued List Biological
Laboratories (USA), and polyclonal aamithrax PA83 IgG was purchased from Innate
Therapeutics (New Zealand)le purchasedll other reagents from Sigma Aldrich unless

specified.

4.3.2 Construction of PA expression plasmid

A synthetic PA83 using the-frame primer sequences described Hghn et al. (2004and

B. anthracis34F2 strain PA83 sequence available in Genbank was synthesised using codons
optimised for expression i&. coli The recombinant construction of the synthetic PA83 in
pStabyl.2 usindldel/Pstlin-frame to Histag and transformation intde. coliSE1 strain as

done by Delphin GeneticsBelgium. The fulllength PA83 sequence cloned into PA83
pStabyl.2 construct was confirmed by Sanger sequencing. THerfgth PA83 gene was
amplified from PA83X (I 6 & mM®dH 02 O2Yy TANY airdi s dza A
ATAGGTACCGAABRACAGGAGAAGE® | YARAGGGQCCTCCTATCTCATAQOGGD
PCR reaction and PCR condition as describedaby et al. (2004were used. The PA83
pStabyl.2 recombinant was digested wiNlklel/Pstrestriction digest products as described

by the manufacturer. All PCR and restriction digest products veegarated onl.5%

agarose gel electrophoresis on.

4.3.3 Optimisation of protein expression

The PA83pStabyl.2 recombinant ik. coliSE1lwas grown overnight in 4 mL LB broth
medium at 37C in shaking incubator and sahltured in 10 mL LB broth. The scbitures

were incubated aB7°C, 30C and 25C and one the cultures attained th€©Dsooof 0.8 then

1.0 mM, 0.5 mM and 0.3 mMPTG were added. The cells were harvested by centrifugation
at 2500 x g for 35 minutes from each subculture hourly for 5 hours as well as overnight after

induction. The pellets were aghed with double distilled water. The optimised incubation



temperature, IPTG concentration and harvesting time podtiction were used in a 500 mL

upscale production of the protein.

4.3.4 Purification of recombinant protein

The most coseffective metha using sonication for lysing the cells was selected and a new
protocol was designed from the different methods evaluated (Figure #Hg.first lysing
method consisted of the standard method usirgsis buffer consisting oBugBustef!

Protein Extraction Reagent formulated to mildly break. colicells to release the soluble
protein inaddition to endonuclease, lysozyme and protease inhibitor. The second and more
costeffective lysing method consisted of sonication in tysis buffer formulation by
Suryanarayana et a(2016) Briefly, the second, lowost lysing method comprised of
suspending the harvested d¢glin lysis buffe(400 mM/mL NaCl, 50 mM/mL NaP{ and

20 mM/mL Tris) pH 7.85, and then freebawing three times, followed by two cycles of
sonication. A cycle of sonication consisted of 20 seconds on and 10 seconds off the probe
sonicator in an ice lih repeated three times. The sonicated lysate from the first sonication
cycle was centrifuged &500 x gor 35 minutes after which the supernatant was collected.

An aliguot was collected from the supernatant and purified througB*NED column
(MacheryNagel, England) (Figure 4.2) to determine the yield (designated as CL 1). The pellet
was resuspended in lysis buffer, and the lysis process was repeated through a second
sonication cycle. The supernatants of the first and second cycle of sonication (@esiga

CL 2) were purified using the?NiTED column (designated as CL 2) (Figure 4.2). The yield
was quantified using Pierce BCA protein assay kit (ThermoFisher Scientific, USA) following
0KS YIydzZFlF OGdzNBENDAa LINR (G2 02t dcationfé@ermad vas 2 T F A |
eluted twice through the column and indicated as first elution (elul) and second elution
(elu2). Thesupernatant from both methods were purified using ™NED columnThe rPA83

yields produced with the new cosfffective sonicatiormethod and the standard method
consisting of the BuBusteN protein extraction reagent, endonuclease, lysozyme and
protease inhibitor followed by purification were compared.he PA83 protein expression

and purification was confirmed by SDS PAGE and Wekletr using 420% gel. The second
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elution (pooled supernatant from sonicated lysate purified through thé-WED column

twice (elu2)) was used for further analysis using the ELISA and cytotoxicity assay.

)0?0( PA83 gene

Cloned plasmid . g s
Cost-effective purification O (P8A3-pStaby1.2 ) Conventional purification

method (this study), Cost: method, Cost: USD 4.25/ml
USD 1.60/ml (Thermofisher Transformed cells (Thermofisher reagents
reagents price). culture price)

<

Recombinant PA83
expression in broth

Pellet of cells suspended in lysis

buffer (NaCl. NaHPO, & tris) % Pellet of cells suspended in lysis
uffer (NaCl, NaHPO, & tris buffer (BugBuster, lysozyme,

; v protease inhibitor & DNase)

w— Suspended pellet freezed *

r and thawed 3 times Suspended pellets centrifuged

: = for purification
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‘ |

$ rPA purified using
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+ rPA purified using

Ni#*-TED column

i

Purified rPA

§| Purified rPA
4

Figure 4. 2: Schematic steps of two different lysing methods for the purification of recombinant protective
antigen (rPA83) and the costimplication to obtain purified protein using the different methods. The whole
procedure for the coseffective method was repeatetivice.

4.3.5 SDS PAGE and western blot analysis

The SDS PAGE was performed as describeddiymli(1970) The western blot was carried

out according tdHuang et al(2005)procedure with few modifications. Briefly, the purified
proteins were transferred from polyacrylamide gel onto PVDF membrane (ThermoFisher
{OASYOGATAOST ! {! 0 rteal klgcHophorgsts Bystei and thaysfertbaffer @ S

(25 mM/L Tris, 190 mM/L glycine, 20 % Methanol, 0.1 % @B®8,3). The membrane was
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blocked by incubating in 10% skim milk powdaviRy Tris buffer and.05% Tweei20 TST
(blocking buffer 0 mM TRISIC| 150 mM NaCl0.05% Tweei20, pH 7.4)) with genl
shaking for 1 hour at room temperature (25). Afterwards, the membrane was incubated
in 1:100 dilution of golyclonal antianthrax PA83 IgG fraction (10 mg/mL) from Innate
Therapeutics (New Zealand) tordirm rPA expression in PgStabyl.2. The polyclonal
anti-PA83 1gG fraction was dilutad TST buffer containing 10% skimmed milk powder
(TSTSMP) and incubated with gentle shaking for 1 hour at room temperature, then washed
three times using TST wash farf with gentle shaking for 5 minute$he membrane was
transferred into 1:10000 dilution of a conjugated mouse dmvine IgEInvitrogen, USA)

in the TSTSMRInd incubated for 1 hour with gentle shaking at room temperatufée
membrane was washed threémes with TST and stained with HRP staining solution,
diaminobenzidine tetrahydrochloride hydrafgSigma, USA) and the chromogenic reaction

was halted by rinsing twice with water.

4.3.6 Protein biological activity
4.3.6.1Enzyme linkedmmunosorbent asay(ELISA)

Sera from goats vaccinatditice with rPA, rBclA and Riith three weeks interval between
each vaccinatiorand the negative sera were sourced from a studyNdumnego et al.
(2018)conducted at the Department of Veterinary Tropical Diseases, University of Pretoria,
South Africa. The ELISA using PA as antigen was run according to the protocol previously
described byNdumnego et al. (2018yvith some modifications. Briefly, Nunc immunoplate
maxisorp 96well plates were divided into three, the firstgment (4 columns of the plate)
was coated overnight with starting volume/concentration of 20 uL /ml (6.1 pg/well) of the
new rPA(the costeffective rPA)diluted in 200 pL of the diluent using twold dilutions
(dilution started; 1:20) downward in thelgte in quadruplicates and the rest of the wells
were coated with 5 pg/well of rPA (standard rP@dumnego et al., 2018)sed as a
standard for the new rPA. After blocking with BK&Pin PBS for 1 hour, 100 pL of 1:50
dilution of the antirPA sera in PTSMP sample dilution buffer was added to each wel of 96
well plate, the last columnvells left blank containing only PTSMP. The plate was incubated
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on a shaker at 160 rpm for 30 min at room temperature and washed five timegied
recombinant protein A/G (100 uL), peroxidasenjugated (ThermoFisher Scientific) and
diluted in PTSMP (10000)wasadded to each well. Timeincubated again on a shaker at
room temperature for 30 minutes and washed five times followedabyddition of 100uL

2F (GKS &dz aidN} defylbenzthiarolines-sulfohiy &cid)aiaramonium salt
(Sigma, USAYhe absorbance developed by new rPA and the standard rPA used as well as
the positive and negative control sera for the ELISA was read at 405 nm using a Biotek

Powerwave XS2 reader (USA).

4.3.6.2Cytotoxicity assay

The biological activity adllthe rPAwas determined using cytotoxicity assay on J774A.1
macrophage mouse cell line (European collection of cell cultures ECACC, cat number
91051511). Theytotoxicity assayas performed by modifying toxin neutralsation assay
procedures previously desbed byNdumnego et al. (2018Briefly, flatbottomed 96well
tissueculture plates (Greiner Bio One, Germany) seeded with 50000 macrophages in each
well in DMEM containing 10% FCS were incubated overnight atC3&nd 5% GO
Commercial PA 1000 ng/mL of RAst Biological Laboratories, USA), tiA expressed
using methods 1 and 2 in this study and standard rPA previously usduognego et al.
(2013)was useand serially diluted using twfnld dilution. LF was added at 300 ng/mL to
each well to obtain lethal toxin (LT) (List Biological Laboratories, USA). Then followed by 1
hour incubationof the LT mixture at 37C and 5% COThe LT toxin was then transferred to

the plate containing overnight cultured cells (after discarding medium) and incubated for 3
hours followed by adding 25 pL MTT (5 mg/nilyifrogen, USA) to each well and incuiset

for 2 h in the dark at 37C and 5% COEach concentration of LT was tested in triplicate.
Prewarmed (37°C) acidified isopropyl alcohol (90% isopropyl alcohol, 0.5% SDS (w/v), 25
mM HCI) was used to solubilise the formazan dye and lyse the cellplaftas were read

with Biotek power wave XS2 reader at 540 nm after resting for 5 minutes.
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4.3.7 Statistics

The rPA vyield using different lysis techniques was analysed usingiananalysis of
variance(ANOVA® { LIS NXI yQa O2 NNFB to analgsy theGagsscratioh OA Sy (i
between cytotoxic assay results of different rPA. All analysis and graple carried out

using GraphPad Prism 6 version 6.01. All data resultifyvaiues <0.05 are considered

statistically significant.

4.4  Results
4.4.1 Construct of synthetic PA83 in pStaby1.2

The fulllength of synthesisedB. anthracis PA83 gene (2.204 kb) was successfuly
constructed into the PA8BStabyl.2 recombinant as observed with PCR and restriction
digest (Figure 4.3a and b). The DNA sequencdysisaverified theB. anthracisPA83

sequence withE.colicodon usage incorporated in this sequence by modifying the codons

at the following positions 193, 203, 286, 509, 736, 1528, 1847 and 2057 (data not shown).
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(a)
Figure 4. 3: (a) The amplified fullength syntheticBacillus anthraciprotective antigen 83 (PA83) gene 2204

bp using primers frondahn et al. (2004)b) restriction digest of recombinant PARStabyl.2 yielding the
PA83 2230 bp. Lane M: DNA ladder (ThermoFisher Scientific, USA).

4.4.2 rPAexpression and purification

The evaluation of the effect of different temperaturegaryingconcentrations of IPTG and
harvest time after induction of PA§3Stabyl.2 recombinant showed optimum expression

at 25 C and across the various IPTG concentrations (0.3, 0.5 and 1.0 mM) | a&s wel
different bacterial harvest time from expression culture media after induction with IPTG
(Appendix Figures 1 and.ZThere was no expression at different IPTG concentrations at a
temperature higher than 25C at the optimum harvest hours after indugiwith IPTG
(Appendix Figure 3). The rPA expressed had relative molecular weights of 86 kDa in
pStaby2.1 along with the respective Hasgys (Figure 4.4a and b). The Western blot further

confirmed the PA83 protein overexpression as the blot analysis witiclomal antianthrax
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PA83 IgG fraction as primary antibody indicated a distinct band at 86 kDa (Figure 4.4b). The
rPA yield increased from the first to second sonication cycle (Figure 4.5). The rPA83 yield
purified through NE*-TED column of standard lysi method versus the sonication lysing
methods using two sonication cycles showed no significant differéRe®.05)between

them with a yield of 36.2 mg/L and 30.4 mgfespectively. However it was found to be
significant <0.0003when ®mpared to the 8.9 mg/L rPA vyield of one cycle sonication
lysing method (Figure 4.5)The costs of the standard and sonication lysing methods were
4.25 USD and 1.60 USD per mL of purified rRs@8h is a significant price difference for

little difference in yield

Upd Elul Elu2 M  Upd Elul Elu2

180kDa—»

130kDa—»>
<«PA83
100kDa—»

70kDa—>

55kDa—»

(b)

Figure 4. 4: (a) SDSAGE of prepscale analysis of fulength recombinant protective antigen (rPA83)
expressed from PA8@Stabyl.2 inEscherichia colSE1 at 25C in 500 ml culture using 0.3 mM IPTG
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concentration. (b) Western blotshowing expression of recombinant PA83 from-p3@dy1.2 irk. coliSE1
at 25 °C in 500 mL culture using 0.3 mM IPTG. Primary antibody used: polycloraithrdix PA83 IgG. Lane
M: protein molecular weight marker, Upd na: Unpurified protein after second sonication (not purified
through the N?*-TED column), Elul lane: Firstelution of unpurified protein passed thro?TED column,
Elu2 lane: Firstelution passed through thé*NIED columa second time.
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Figure 4. 5: Comparison of yield concentration for 84TED column purified recombinant PABStaby1.2

(rPA) yield with one (CL 1) and two (CL 2) sonication cycles with a standard lysis procedure. SL: rPA yield
purified through Nf*-TED column using standard lysis method; CL 1: rPA yield &fsorication cycle and

purified through N#F*-TED column, CL 2: rPA yield after the poolfahd 2'¢ sonication cycle and purified
through NF-TED column. *; P<0.05, ***: P<0.0005.

4.4.3 Biological activity.

The biological activity of recombinant soluble PA protein produced with the standard lysing
method (rPA) and new sonication method (new rPA) was evaluated. ThePanti
seroreactivity of the expressed rPA was tested by ELISA. TherRveshowed good

correlation of seroreactivity as compared to thetandard rPA (Figure 4.6)For cell
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cytotoxicity assaydie new rPA and standard rPA were lethal to the growthmafcrophage
cell lines with 4% and 47.5% cell deatbspectivelyat the caoxcentration of 500 ng/mLin

comparison, the commercial rERist Biological laboratoyyshowed lethal activity of 58.44%

(Figure 4.7).
3.09 & NewrPA T...,
4 +ve control :[ns
2 5 - -Ve control

2.0+

1.0+

Absorbance (405 nm)
o
1

e A

1120 1/40 1/80 11160 1/320 11640 111280 112560
rPA Concentration

Figure 4. 6: Comparison of standard rPA (+ve control in blue) and new rPA @8&pStabyl.2 constructin
red) using anindirect ELISA to determine seroreactivity. Twofold dilutions (1:20 to 1:2560) were made with
a starting concentration of 6.fig/well of rPA83 alongside standard rAve control)used byNdumnego et
al. (2018) The samples included positive serum from animals vaccinated with an anthrax recombinant vaccine
candidate with rPA as the main componddtiumnego et al. (2018The relationship between new rPA and
GKS Ll2aArAiAr@dS O2yGNRf A a.Corgkitios defficiént r{NedSiPAVE Pogifva cofrd NN £ | (]
= 1.0000, ***: Correlation is significantatlevel of 0.0001 P ¢taided).
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Figure 4. 7: Cell cytotoxicity assays showing the activity of recombinant protective antigen 83 (rPA83)
demonstrating PAnediated anthrax lethal toxin activity on J774A.1 cell lines. The cells were treated with

different concentrations of rPA ranging from 1000 ng/ml7t8125 ng/mL and 200 ng/mL LF. LBL: commercial

rPA from List Biological laboratory, new lysis rPA: rPA lysed using sonication method, Std lysis rPA: rPA lysed

using standard lysis method. The relation of each rPA concentration (concn) and the percehtajledeath

gl a O2YLI NBR o6& {LISIN¥YIFIyQa O2NNBfFGA2yd / 2NNBf | GA2y C
Vs rPA (std lysis) =0.9214, PAconcn. Vs rPA (new lysis) =0.9002. **: Correlation is significant atlevel of 0.009

P (twotailed), *: Correlation is significantat level of 0.01 P (&ded), **: Correlationis significantatlevel

of 0.006 P (twetailed).

4.5 Discussion

PA is the main component of the tripartite protein that forms tBeanthracishinary toxins

and the major immunogenic component of commercial human anthrax vaccine and used
for detection of antibodies again&. anthraciseither as a result of infection or vaccination
(Rhie, 2011, Suryanarayana et al., 20T@)e rPA83 is also used as a comporiard NLAV
candidatefor livestock(Jauro et al., 2020, Koehler et al., 2017, Ndumnego et al., 2018)
However, thecost of theveterinaryNLAV needs to compete with thé&SLSV, the vaccine of
choice used throughout the worldCurrently, the most cosgffective methodof producing
recombinant proteins areE. coliexpression systemgGifre et al., 2017, Saccardo et al.,

2016) In this study, purification methods that involve sonication to lyse the cells were
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reviewed and a new protocol was designed (Fegdi1l). Based othe comparisons of new,
standard and commercially available tfRAe newly developed purification method was
equivalentin yield and biological activityith the commercially available and the standard
at almost a third of the priceence can be adopted for similar applicatiofi$e standard
lysis method involves the use of HBugpteN, endonuclease, lysozyme and protease
inhibitor to lyse the cells. These reagenticreasethe cost of recombinant protein
production (USD 4.25/mLgs compared with the cost of obtaining recombinant protein
(USD 1.60/mLusingsonication lysis methal in the purification steps (Figure 4.2). The
modified approachinvolves more steps and includepurification through two Ni-TED
columns but yield comparake new rPA (30.4 mg.)to that of the standard method (36.2
mg/L) as the average of three different yields each. The new g”#are cost effective
making the approach worthwhiléooking at other benefit such as antibiotic compatibility in
the phase of amputbreak, eliminates batch to batch variation and residual virulence

previously recorded with SLSV

Furthermore, we demonstrated the effect of low temperature on protein solubility and
importantly the costeffective sonication lysing method during the pigation of the
soluble rPA83 cloned in pStabyl.2 vector, which is suitable for large scale producion in
coliSE1(Barroca et al., 2016)n addition to the pStabyl-E. coliSE1 system scalability, it
also offersanantibiotic-free feature and high yieldéSodoyer et al., 2012)ontributing to

cost reduction by stamping out antibiotics and antibiotic marker removal process for
biomedical applicationswhich reduces the spreh of antibiotic resistance in the
environment (Barroca et al., 2016, Pal et al., 2018, Sodoyer et al., 2012, Kim et al., 2006
Zubay, 1973)

The solubility of the protein expressed in this study was due to the effect of lower induction
temperature of 25°C.CantuBustos et al. (20165anMiguel et al. (2013gand Yang and
Zhang (2013jeported that higher expression temperature camteto overexpression of

the protein in the host which results in inclusion body formatidimis often result in loss of
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biological due to the harsh process involve during denaturing and renaturifigis, the
inclusion bog formation in our study (data nathown) was overcome by the effect of lower
expression temperature while yielding a biologically active and soluble rPA83. Furthermore,
lower protein expression temperatuseof 10 °C¢ 25 °C can lead to improved protein
solubility and retention of biologad activity(Khow and Suntrarachun, 2012, Sahdev et al.,
2008, Sa-Miguel et al.,, 2013) The solubility influenced by the lower expression
temperature is a resultfoan increase in the level of chaperones in thecolihost (Khow

and Suntrarachun, 2012, Pacheco et al., 2012;Mlignel et al., 2013, Vera et al., 2007)
coupled with the contribubn of the strong T7 promote(Tegel et al., 20113s is the case

with the pStaby1.2 vector. Proper folding and biological activity of the rvs&onfirmed

by its ability to bind with LF to form LT and for $tsroreactvity to be measuredusing ELISA

and cytotoxic activityas demonstrated byts lethality on the macrophage cell lind2avan

et al. (2016)and QuinteroRonderos et al. (2013also reported the serweaction of
immunodominant proteis signifies good biological activity of the proteiss clearly shown

in Figure 4.7 by the positive corréilen recorded between the new rPA and the standard
rPA that have been used in vaccine study in goat by Ndumnego et al. (2018). This indicates

there was a bond between the paratopes of the new rPA with the antibody epitopes.

Theyield of rPA83 with two saoation cycles30.8 mg/L.was significant compared with the
rPAyieldwith one sonication cycl&8. 4 mg/L (Figure 4.5 his indicates that two sonication
cycle can be used in large scale production to get more number of vaccines vials yet
maintaining tle 1 ml volume recommended by QIBIE. 201Pdue to the increase in yield
after second sonicatianTang et al. (2016)eported that purification of a recombinant
protein with a HisTag on the N terminaincrease the yieldymore than 95% purity with
sonication and Naffinity purification step. Ni-NTA agarose was used after the sonication
step to bind the protein and could be further investigated to replace the purification
through N?*-TED columnsNiZ*-column increase the purity of the purified protein due the
believe that Higag have high affinity to the nickel in the column that remain firmly bond

during the washing steps to get rid of unwanted protein.
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In summary the improved methods described haweptimised and upscaled the production
of the fulHlengthrPA83andexpressedhis using the pStabyl:3E1 systenThesefindings
prove that the replacement of theommercial BugBustdysing reagents with the modified
lysis liffer and two sonication cycefollowedby Ni¢*-TED column purificatiqsignificantly
reduced the protein production cost. Importantly, the -8palable and antibiotic free
expression systemmakesit even more costffective. In addition, the use of thi®?A83 in
the NLAVformulation would provide significantadvantageghat could make this vaccine
competitive with the currentSLSV The pStabyl-E. coliSE1 antibiotidree expression
system can be adapted for cesffective production of recombinant pteins for vaccine

production, diagnostic purposeand pharmacotherapeutic uses in the biomedical field.
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5.1  Abstract

The Sterne live spore vaccine (SLER¢illus anthracistrain 34F2) is the veterinary vaccine

of choice againstanthrax though contiradicated for use with antimicrobials. However, the
use of nonliving anthrax vaccine (NLAV) candidates can overcomeSH#V limitation. In

this study, cattle were vaccinated with either of the NLAV (purified recombinant PA (PrPA)
or crude rPA (CrPA) and formaldehyidactivated spores (FIS Bf anthracisstrain 34F2)

and EmulsigenD®Alhydrogel® adjuvants) or SLSV. Themogenicity of the NLAV and
SLSV was assessed and the protective efficacies evaluated using a passiveationuni
mouse model. Polyclonal 1gG (including the IgG1 subset) and IgM responses increased
significantly across all vaccination groups after thistfvaccination. Individual IgG subsets
titres peaked significantly with all vaccines used after the second vaccination at week 5 and

remained significant at week 12 when compared to week 0. The toxin nesattiain (TNA)
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titres of the NLAV vaccinated ckttgroups showed similar trends to those observed with
the ELISA titres, except that the former were lower, but still significant, when compared to
week 0. The opsonophagocytic assay indicated good antibody spmesponses with

75% (PrPA+FIS), 662sPA+FIS) and 80% (SLSV) phagocytosis following sporesajpsioni

In the passive protection test, A/J mice transfused with purified IgG from cattle vaccinated
with PrPA+FIS+EmulsigB®/Alhydrogel® and SLSV had 73% and 75% protection from
challenge withB. anthracisstrain 34F2 spores, respectively, whereas IgG from cattle
vaccinated with CrPA+FIS+Emulsi@@rAlhydrogel® offered insignificant protection of
20%. There was no difference in protective immune response in cattle vaccinated twice with
either the PrPA+FIS or SLSV. Moreover, PrPA+FIS did not show any residual side effects in
vaccinated cattle. These results suggest that the immunogenicity and protective efficacy
induced by the NLAV (PrPA+FIS) in the cattle and passive mouse protection test,

respectively, are comparable to that induced by the standard SLSV.

5.2  Introduction

Anthrax is caused by the Grapositive bacteriumBacillus anthraci&nown to primarily
infect ruminants as well as other watblooded mammalgHambleton et al., 1984)t takes

3¢5 days of incubation in the ruminant host for the disease to progress to a peracute or
acute cours€Beyer and Turnbull, 2009y heB. anthracidacilli are responsible for systemic
toxaemia and bacteraemia via its main virulence fact(@ote et al., @12), which are
encoded by two extrachromosomal plasmids, namely pXO1 and (&&hler, 2002)The
pXO2 encodes polD-glutamic acid PDGA capsule, which is poorly immunogenic and
prevents B. anthracisphagocytosis by evading immune surveillance durtmg ¢arly stage

of anthrax diseased DdzA RA tw 2 y | .yTRe aférémeritidneb Xprocess dyipa’s the
vegetative forms of the bacteria leverage to produce the tripartite toxin proteins comprising
the lethal factor (LF), oedema factor (EF) and protectivegent(PA), which are encoded by
the plasmid pXO1. Individually, these proteins are nontoxic until united in the binary fusion
with PA as the common binding moiety, and LF and EF as the catalytic moieties. PA

combines with LF and EF individually to form tingary toxins, namely lethal toxin (LT) and
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oedema toxin (ET), respectively. PA facilitates the translocation of LF and EF into the cells
where these toxins exert deleterious effedlsacy et al., 2005, Leppla, 1982, Mogridge et

al., 2002)

Anthrax epidenics are best controlled through vaccinati¢Btern et al., 2008)The Sterne

live spore vaccine (SLSV) consisting of attenuBteahthracis34F2 strain (lacking the pXO2
plasmid) is used for vaccinating animals in most countries. The vaccine straiewehsped

by Max Sterne in the 1930s by attenuating tBe anthracisstrain isolated from a case of
bovine anthrax(Sterne, 1939 Since its development, SLSV has proved to be effective in
protecting vaccinated animals. Booster imnmeation with SLS¥nsures hyper immunity in
goats and an early booster vaccination (within 3 months) following the first insatian

has been suggeste@dNdumnego et al., 2016Nonetheless, SLSV is not devoid of some
drawbacks, which include residual virulence in livestaol laboratory animals, adverse
reaction in some animal species following vaccination and incompatibility with concurrent
antibiotic treatment in disease outbreak situatiofBasanella et al., 2008, Sterne, 1939,
Sterne, 1939, Turnbull, 1991, Turnbull,08) The development of a vaccine that can be
administered concurrently with an antibiotic in the case of disease outbfidkmnego et

al., 2018) the protection of valuable wildlife or for feedlots when moving animals with
unknown immune status from défent locations, which require prophylactic treatment
and vaccination against prevalent diseases, will be of huge benefit to the domestic/wild
livestock industry. Various studies have evaluated the recombinant rPA anthrax vaccine
candidate in combination ith other nonliving B. anthracisvaccine candidatesn
laboratory animalgBrossier et al., 2002, Cote et al., 2012, Hahn et al., 2004, Hahn et al.,
2006, Little and Knudson, 1986, Parreiras et al., 2009, Ribot et al., 2006, Vance et al., 2015,
Verma andBurns, 2018) Recently, goats were vaccinated thrice with #ising anthrax
vaccine (NLAV) candidates comprising rPA, Bacillus collkgeotein of anthracis (BclA)
and formalin inactivated. anthracis34F2 spores (FIS) (thrséep vaccination sched),

and the findings showed that rPA and FIS stimulate better immune responses compared to
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BclA and that a twstep vaccination schedule may be sufficiédbehler et al., 2017,

Ndumnego et al., 2018)

In this study, rPA (crude and purified) and FIS wadiuvanted with Emulsigen
D¥AlhydrogeP. EmulsigefD® is a unique emulsion (eih-water) containing dimethyl
dioctadecyl ammonium bromide (DDA), which is a good stimulatoraalTimmunity and
increases the antigen surface area as well as the slosasel of the antigefKaur et al.,
2010, McGonigle et al., 2006, Shabana et al., 20@8hsequentlyfEmulsigerD® increase

the duration of immune responsélhydrogeP adjuvant is made up of aluminium hydroxide
wet gel suspension. Alhydrogémproves theuptake of antigens by antigepresenting cells
(APCs), induces NLRP3 inflammasome complexes as well as intetle(lkih) and
interleukin-18 (1-18) secretion and increases Th2 antibodies respof@deffman et al.,
2010, Gupta, 1998, Marrack et al., 200Bhis stimulate wider range of immune response
both CMI and humoral immunityin a twestep vaccination schedule, vaccine candidates
were administered to cattle and the immune response and protective efficacy of the
antibody-based immune responses weretdemined. The immune responses induced by
either purified and crude rPA combined with the FIS and adjuvants were compared to the
immune responses induced in Sk&\cinated cattle. Specific immune responses were
confirmed using ELISA, in vittoxin neutrdisation assay (TNA) and opsonophagocytic
assay. The protective efficacy was determined using a passive mouse protection test with
purified antibodies from vaccinated cattle and lethal challenge viBthanthracis34F2

spores.

5.3 Materials and methods
5.3.1 Recombinant protein expression and purification

The rPA used in this study was expressed and purified for the NLAV formulation and ELISA

were carried out as stipulated in Chapter 3
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5.3.2 Formalininactivated spores (FIS) preparation
Bacillus anthrais 34F2 spores from®nderstepoort Biological ProdugtSouth Africa, batch

863, was cultured and sporulated as described in Chapter 3 secfion 3.

5.3.3 Formulation of norliving anthrax vaccine
The NLAV used in this study was formulated as outlined ap€h3 section 3 and the

quality control were carried out by Design Biolagix

5.3.4 Immunisation animal experiment and passive mouse protection tests

Cattle were screened for Pidactive antibodies using the HALISA. The cattle experiment
was conduatd on a farm where the animals were born and raised, as approved by the
Director of Animal Health, South Africa under the biosecurity section 20 of the animal
disease Act 35 of 1984 (registration number: 12/11/1/1/6). After subcutaneous treatment
with 4 mLIvermectin (lvomec injection South African Reg. No. G1142 (Act 36/1947)) and
intramuscular injection with 10 mL multivitamins (Kyroligo Reg No. G3087 (Act 36/174)),
the cattle were randomly allocated to four different vaccination groups, with eight asimal

in each group, except for the negative control group consisting of four animals, according
to the animal ethics approval (protocol number; ViIB Amendment 1) (Table 5.1). The
animals were fed ad libitum and examined daily by a veterinarian. One adiath(vaccine
group (C4)) after serum was collected for week 12 during the experiment. The cause of
death was diarrhoea caused byE coli infection, as revealed by the poestortem

examination and laboratory results.

The passive mouse protection test wasidocted in the Onderstepoort Veterinary Animal
Research Unit (OVARU) facility, University of Pretoria, South Africa in accordance with
ethical principles and guidelines provided by the animal ethical committee of the University
of Pretoria (protocol numberV11817, Amendment 1) and section 20, Act 35 of 1984
permission granted by the Directorate of Animal Health of South Africa (registration
number; 12/11/1/1/6(909). The passive protection test challenge model consisted of naive
inbred A/J mice from Jacksd.aboratory, USAl'he A/J mouse strain lacks tHegenethat
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encoces for complement component 5 (C5), which renders it vulnerable to systemic

infection with the B. anthracis34F2 Sterne vaccine strain spo@glumnego et al2018)

The experimentatlesign consisting of five mice per vaccinated cattle serum and three mice

per negative control cattlserumis shown in Table 5.1. For the passive protection test, 1gG

was purified from sera collected from the vaccine groups at weekkifg the protein Gpin

coumn (NaBM t N2 i SAY D { LAY

YAGZ

¢CKSNXY2 {OASYGA:

instruction. The presence of antPA specific IgG was confirmed using E(N&&mMnego et

al. 2019 and the concentration of the 1gG was measured with Pierce BCA piaasiay kit

(ThermoFisher ScientificRurified 1gG (500 pg)Williamson et al., 2005vas injected

intraperitoneally into naive A/J mic&he lethal challenge consisted @16 x 10 B.

anthracis34F2 strain spores 200 niinjected through subcutaneous rout@4 h after the

transfer of bovine polyclonal IgGhe A/J mice were monitored for clinical signs of anthrax

intoxicationfor 14 days. Bacilli Giemsa stained smears Bundnthraciscultures from non

surviving A/J mickidney, liver, and spleenon sheep blood agarwere used to confirm death

due to anthrax.Surviving mice wereuthanised after 14 days by isoflurane overdose.

Table 5. 1. Animal trial vaccination, dosage and sampling schedules.

Vaccine Groups and
Cattle Number (n).

Vaccine and Dose

Cattle Vaccination and
Sampling Schedule

A/J Mice Used in
Passive Mouse

WK 0 Wk 3 Wk 5 Wk 12 Challenge (n)

SLSV (n =8)

SLSV vaccine with Anthravax®
(108spores)

5 mice/serum sampli
(n =40)

Purified rPA (75 ug) + FIS§s@ores)

PrPA+FIS (n = 8)+EmulsigerD¥AlhydrogePadjuvants

(33% v/iv)

I+

I+

5 mice/serum sampli
(n = 40)

Crude rPA (75 ug) + FIS%pores) +

CrPA+FIS (n = 8) EmulsigerD¥AlhydrogePadjuvants

(33% v/v)

I+

I+

5 mice/serum sample¢
(n = 40)

NegCtl (n = 4)

EmulsigerD¥AlhydrogeP
adjuvants/saline (33% v/v)

+

+

3 mice/serum sampli
(n=12)

The twostep vaccine schedule of the cattle included vaccination at week 0 and weekBBood collection

before vaccinationt; Blood collection, SLSV; Sterne live spore vaccine, PrPA; Purified recombinant protective

antigen, CrPA; Crude recombinant protective antigen, FIS; Formaldehyde inactivated spores, NegCtl: Negative

control.
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5.3.5 Serun immunoglobulin titre determination

ELISA was used to determine sera immunoglobulins (IgG, 1gG1, IgG2 and IgM) titre for rPA

and FIS as previously carried outNigumnego et al. (2018)

5.3.6 Toxin neutrakkation assay (TNA)
Anin vitro TNA was used to asss the neutralising antibody titres as outlined in Chapter 3

section 36.

5.3.7 Opsonophagocytic assay
The spore opsonising ability of the antibody generated was evaluated accordiiglims

et al. (2001) with modification as described in Chapter 3ier@&7.

5.3.8 Statistical analysis
The data analysis was carried out using en 5 data analysis softwases outlinedin

Chapter 3 section 8.

5.4 Results
5.4.1 Humoral immune response of living aNdLAMin cattle

The immunogenicity of th&lLAVMwvas compared with SLSV. Sera fromvhecinated cattle
were tested for IgG and IgM against PA and FIS, lethal toxin neatrahi as well as for
immunoglobin subclasses, IgG1 and IgG2. The opsonophagocytosis of induced antibodies

wasalso investigated.

Mean IgG titres against rPA rose significantly at week 3 for CrPA+FIS, PrPA+FIS and SLSV.
The antirPA 1gG titres were significantly higher for CrPA+FIS and PrPA+FIS at week 5 (two
weeks after the second vaccination) and week 12 when compared to the tieésre

vaccination (Figure 5.1). Similarly, the mean IgG titres against FIS increased significantly
from week 3 for CrPA+FIS and PrPA+FIS but theCdnt{ L 3ID GAGNBaAQ Ay
insignificant for SLSV. At week 5 (two weeks after the second vaccinahennean 1gG

titres against FISave highly significant for CrPA+FIS and PrPA+FIS and remained significant

at week 12 (Figure 5.2).
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Figure 5. 1: Anti-recombinant protective antigen (rPA) Igi®es in vaccinated cattlpresented as box and
whisker plots. The cattle were vaccinated twice (week 0 and 3) with PrPA+FIS+EmD&¥AdlndrogelP
adjuvants (n = 8), CrPA+FIS+EmulsigféAlhydrogePadjuvants (n = 8), Sterne live spore vaccine (SLSV) (n =
8) and NegCtl (Emulsig@®®AlhydrogePadjuvants) (n =4) with sera collected before the vaccinations at week
0 and 3 as well as samples collected at week 5 and 12. Sera dilution started at a concentration of 1:100 and
values <50 were given an arbitrary value of 10. IgG titnesach vaccinated group were compared to the
respective prammune titres. The significantvalues between groups are presented asp®0.0001, **p
<0.001, *p<0.01 and*p U 0.05.PrPA: Purified recombinant protective antigen, CrPA: Crude réoamib
protective antigen FIS: Formalin inactivated spores, SLSV: Sterne live spore vaccine, NegCtl: Negative control
vaccinated with EmulsigeB®AlhydrogePadjuvants.
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Figure 5. 2: Anti-FIS Ig@itres in vaccinated cattle presented as box and whisker plots. The cattle were
vaccinated twice (week 0 and 3) with PrPA+FIS+Emul€gahhydrogeP adjuvants (n = 8),
CrPA+FIS+EmulsigB#AlhydrogeP adjuvants (n = 8), SLSV (n = 8) andQ{e (Emulsige¥AlhydrogeP
adjuvants) (n=4) and compared with sera collected before the vaccinations atweek 0 and 3 as well as samples
collected at week 5 and 12. Sera dilution started at a concentration of 1:100 and values <50 were given an
arbitrary value of 10. IgG titres in each vaccinated group were compared to thénpneine titres. The
significantvalues between groups are presented as *P% 0.0001, **p 0.001,* p< 0.01,*p U 0.05.
PrPA: Purified recombinant protective antigen, CrEfude recombinant protective antigen FIS: Formalin
inactivated spores, SLSV: Sterne live spore vaccine, NegCtl: Negative control vaccinated with Emulsigen
D¥AlhydrogePadjuvants.

5.4.2 Immunoglobulins IgM and IgG subclasses titres

The antibody subclass@s NBaLR2yasS | 3IFAyad Ni! Ay @F OOAyYl
second vaccination are presented in Figure §BaThe antrPA IgM titres exhibited

significant elevation against PrPA+FIS, CrPA+FIS and SLSV after the first and second
vaccination, béore decreasing at week 12. The IgM titres at week 12 were still significant

for PrPA+FIS but not significantly higher for @dAFIS andSLSV group when compared

to week 0. Thus, the group vaccinated with PrPA+FIS still had significantly higher titres,
despite the decline in the IgM levels (Figure 5.3a). Ther®#tiIgG1 titres also showed a
significant increase for PrPA+FIS, CrPA+FIS L8 at week 3 and, at week 5, the -8

IgGL1 titres for PrPA+FIS, CrPA+FIS, and SLSV increase were highly significant. However, the
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anti-rPA 1gG1 titres declined below significance at week 12 for PrPA+FIS, CrPA+FIS and SLSV
(Figure 5.3b). The antPAlgG2 titres at week 3 were netatisticallydifferentfrom the pre
vaccination titres for all vaccine groups. However, analysis atweek 5 and 12 shbwvggy

significant increase for antPA IgG2 titres in all vaccm@-igure 5.3c).
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Figure 5. 3: The antirPA IgM and 1gG (IgG1l and IgG2) ELISA titres of cattle vaccinated (week 0 and 3) with either PrPA+FISEERAlydtegePadjuvants (n = 8),
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The antiFIS IgM and IgG respongethe first and the second vaccination are shofan

week 3, 5 and 1ih Figure 5.4ec. The antFIS IgM titres after the first vaccination showed

a significant increase for PrPA+FIS, CrPA+FIS, and SLSV. The imtgda titres at week 5
after the second vaccination for PrPA+FIS, CrPAakSSLSV were highly significant,
however these were insignificant at week 12 across all the vaccine groups when compared
to week O (Figure 5.4a). The mean &fits 1gGL1 titrealso showed a significant increase for
PrPA+FIS, SLSV and CrPAtMi&ek 3 and retained significance atweek 5 across all vaccine
groups. The mean arkIS IgG1 titres decreased but were still significantatweek 12 for SLSV
and PrPA+FIBut not signifiant for CrPA+FISFigure 5.4b). The mean aifilS 1gG2 titres
were significant for PrPA+FIS, CrPA&aRIESLSYV at week 3, increased further at week 5 for
PrPA+FI&nd SLSV, while declining (but still significantly higher thaivg@eceination titres)

for CPA+FIS. At week 12, the aRtiS 1gG2 mean titres were significant for PrPA+FIS,
CrPA+FI&nd SLSV (Figure 5.4c). The immunoglobulin subcladstae NegCtl group
consisting of cattle vaccinated with adjuvamsly, did not change significantly across all

timepoints when compared to the titres at week O
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Figure 5. 4: The antiFIS IgM and 1gG (IgG1 and 1gG2) ELISA titres of cattle vaccinated (week 0 and 3) with either PrPA+FISEEMIHgigegelPadjuvants (n = 8),
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an arbitrary value of 10. (a): AAEIS IgM ELISA titres, (b): ARLS 1gG1 ELISA titres and (c):-ARh8 1gG2 ELISA titr@he significantvalues were presented as *{*< 0.0001,
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The lethaltoxin neutralsing antibodies (Nsb) titres of cattle vaccinated witiNLAV
(CrPA+FIS and PrPA+FISRSV and adjuvant (NegCtl) are shown in Figure 5.5. The lethal
toxin neutralsing antibody titres increased (though not significantly) across all vaccination
groups after the first vaccination at week 3. Thesiifres for all vaccine groups increased
significantly at week 5 and 12 when compared to peecination titres. (Figure 5.5). The
NTsoremained below the detection limit among the Neg@tup throughout the period of

the study.
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Figure 5. 5: Lethal toxin neutralisingitres in vaccinated cattle. The cattle were vaccinated twice ( week 0 and

3) with PrPA+FIS+EmulsigeffAlhydrogePadjuvants (n = 8), CrPA+FIS+Emul sigfééAlhydrogePadjuvants

(n =8), SLSV (n = 8) and NegCtl (Emuldi§énhydrogePadjuvants) (n=4)and compared with sera collected
before vaccination at week 0 and 3, as well as atweek 5 and 12. Sera with no detectabiedotxalising

titres were given an arbitrary value of 10 and sera dilution started at a concentration of Nia@ralising

titres in each vaccinated group were compared to the respectiveimaune titres. The significant values
between groups are presented as **5< 0.0001, **p < 0.001, *p< 0.01, *pU 0.0.5, ns = not significant

PrPA: Purified recombima protective antigen, CrPA: Crude recombinant protective antigen FIS: Formalin
inactivated spores, SLSV: Sterne live spore vaccine, NegCtl: Negative control vaccinated with Emulsigen

D¥AlhydrogePadjuvants.



5.4.3 Opsonising ability of vaccinaduced atibodies

Sera collected at week 5 from cattle vaccinated with N(BNWPA+FIS and PrPA+FIB®)

SLSV were used to determine the potential of induced antibodies to apsBnianthracis
spores, enabling phagocytosis by RAW 264.7 macrophage (Figure ®.6hatiophages
showed a high level of spore uptake at 1:10 sera dilution for both SLSV and NLAV vaccine
groups. The RAW 264.7 macrophages showed 80%, 75% and 66% spore uptake following
treatment with immune sera from SLSV, PrPA+FIS and CrPAa&Ette grops,
respectively. The NegCtl showed the least level of macrophage spore uptake (17%)
following incubation with sera (Figure 5.6). The spore uptake at 1:100, 1:1000 and 1:10000
dilutions of sera from the SLSV and PrPA+&Iine groups in the opsonophagtmsis

assay remained significantly high when compared to the NegCtl sera (Figure 5.6). Sera from

CrPA+FISlid not show a significant macrophage spore uptake at dilutions above 1:100.
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Figure 5. 6: The uptake oBacillus anthraci84F2 spores (phagocytosis) by RAW 267.7 macrophages following

incubation with varying dilutions of sera taken from vaccinated and negative control cattle. The mean value
of spore uptake is presented in the form of bar charts with theeéh standard deviations. The level of
opsonophagocytosis of each group at every dilution was compared to the negative control (NegCtl) of each
dilution. The significantvalues were presented as, p& 0.001, *p < 0.01, *p U 0.05, ns = not significant
PrPA: Purified recombinant protective antigen, CrPA: Crude recombinant protective antigen FIS: Formalin
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inactivated spores, SLSV: Sterne live spore vaccine, NegCtl: Negative control vaccinated with Emulsigen
D¥AlhydrogePadjuvants.

5.4.4 Protection conérred on A/J mice by antibodies from cattle immune sera

The ability of the polyclonal 1gG purified from cattle vaccinated whth two NLAW2 and
SLSV to protect A/J mice from challenge watkigenicB. anthracis34F2strain spores was
determined using gassive mouse protection model. The NegCtl group consisting of mice
vaccinatedwith antibodies from cattlethat had receivedadjuvants only died X7 days
following the challenge (Figure 5.7). A significant levelaiegtion was seenamong groups

of A/J mice that were transfused with antibodies from PrPA+FISand@cBvated cattle
recorded 73%29/40)and 75%(30/40)protection. However, IgG from CrPA+M&cinated
cattle were unable to confer significant protéan to the A/J mice, with only 20¥8/40) of

the A/J mice protected from the lethal effect Bf anthracis34F2strain spores.

Furthermore, we evaluated the relationship between the humoral and nestrgi
antibody titres from the vaccine groups and thevel of protection conferred to A/J mice
following lethal challenge. Our findings revealed there is a correlation betweerrRéti
anti-FIS and Nsb antibody titres from the group vaccinated with PrPA+FIS+Emulsigen
D®¥AlhydrogePand SLSV and the ratesafrvival in passively challenged A/J mice (Table 5.2).
However, there was no correlation between the survival rate of the passively challenged
A/J mice and the ariPA, antFIS and Nsbantibody titres from the CrPA+FIS+Emulsigen

D¥AlhydrogeP vaccinaéd group.
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Figure 5. 7: The cumulative mice survival curve following passiveivotransfer of polyclonal IgG (purified

from cattle immune sera) into A/J mice. The mice were lethally challenged with 2.16Bx d@thracis34F2

spores. The sera were taken from cattle vaccinated twice (week 0 and 3) with either PrPA+FIS, CrPA+FIS, SLSV
groups adjuvanted with emulsiged®alhydrogePand a NegCtl group (see Table 5.1 for the numbemiafe

allocated to each group The survial rate in the Logank (MantekCox) test was compared to the NegCitl

group. The significant values between groups are presented as p*& 0.0001, ** p < 0.001, ns = not
significant. PrPA: Purified recombinant protective antigen, CrPA: Crude recomlgir@ettive antigen, FIS:

Formalin inactivated spores, NegCtl: Negative control vaccinated with EmulBfy&imydrogePadjuvants.
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Table 5. 2. The correlation between antibody titres in sera from vaccinated cattle and survival timeto death of challenged micesdtee ransfer of purified antibodies.

Anti-rPA  Anti-rPA Anti-rPA Anti-FIS Anti-FIS Anti-FIS TNA TNA

(PIPASFIS) (CIPAHFIS) (SLSV)  (PIPA*FIS) (CIPA*FIS)  (SLSV)  (PrPAsFIS)  (CrAsrls) Tt OFY)

Pearson correlation

0.8196* 0.1237 0.9239** 0.7883* 0.3836°  0.8518**  0.8588** 0.4564°  0.8778*

Significance (2-tailed)

0.0128 0.7704 0.0010 0.0201 0.3482 0.0073 0.0063 0.2556 0.0042

PrPA: Purified recombinant protective antigen, Cr@ide recombinant protective antigen, FIS: Formalin inactivated spores, NegCtl: Negative control vaccinated with Emulsigen
D¥AlhydrogePadjuvants *Correlation significant: 0.001 ¢Bailed), *Correlation significant: 0.054iled)."sCorrelation nosignificant: 0.1234 @ailed).



5.5 Discussion

SLSV, as a live spore vaccine, is effective in the control of anthrax in livestock globally and
has been the vaccine of choice in veterinary practice since the ilsitggscale production
immunisation trials in the 19406Nicol and Sterne, 1942, Sterne, 1939¢spite the success
achieved with the SLSV, drawbacks, suchrasidual virulence in some vaccinated animals

in particular goats (Turnbull 1994nd contraindtations in anthrax outbreak situations due

to the incompatibility of the vaccinewith antibiotics, still remain (Sterne, 1939, Turnbull,
1991, Webster, 1973NLAV can be used simultaneously with antibiotics without interger

with the immunogenicity othe vaccine. Various components Bf anthracissuch as PA,
BclABxpB,LF and EF as well as the inactivated form of the wBolanthracispore, have
been exhaustively studied alone or in combination for immunogeni¢igcough et al.,
2014, Brahmbhatet al., 2007, Brossier et al., 2002, Cote et al., 2012, Duverger et al., 2010,
Enkhtuya et al., 2006, Fasanella et al., 2008, Gauthier et al., 2009, Koehler et al., 2017,
Majumder et al., 2018, Majumder et al., 2019, Ndumnego, 2016, Ndumnego et al., 2018)
Among them, PA stands out as the major immunogenic component with the poteatial
stimulate toxin-neutralising antibodieg(Little et al., 1997, Little et al., 1988pther studies

have reported an increase in immunogenicity and protection when PA is used
combination with other immunogenic components Bf anthracissuch as FIS, BclA and
exosporium basal layer protein (BxpB also known as ERsigsier et al., 2002, Hahn et al.,
2006, Little and Knudson, 1986, Majumder et al., 2018, Majumder et 419, 2rgis et al.,
2013, Koehler et al., 2017, Ndumnego et al., 2018, Vance et al.,. M)4H) of these studies
were conducted in laboratory animals except the studiesKmehler et al. (2017and
Ndumnego et al. (201&8yhichwere both conductedusing gaats.These studie§Ndumnego

et al., 2018, Koehler et al., 2018@ported thatthe combination of rPA and FIS provided a
significant immune responsesing athree-step vaccination schedule in goats, as well as
hypothessing that a twestep vaccination sclieile might provide sufficient protection
based on the immune response observed in goats. Therefore, in our study, cattle were

vaccinated twice with NLAV (PrPA+FIS and CrPA+FIS)anviddjuvant combination



(EmulsigerD¥Alhydrogef) and compared to the SKSThe timepoints of week 3,5 and 12
were selected based on the previous reports Kiyehleret al. (2017) and Ndumnego et al.
(2018). Their showed that antibodies response againstrPA in the vaccine groups vaccinated
with rPA and SLSV all peaked arouneekv513. The PrPA+FI8nd CrPA+FIS and SLSV
vaccinated groups provided 73%, 20% and 75% protection, respectively, to mice that were
passively immuised with purified cattle antibodies and challenged with toxigenic spores of

B. anthracis The negative control mice from cattle sera vaccinated twice with adjuvants
only died within 7 days. Our results confirmed that a 48tep vaccination schedule of
PrPA+FIS in cattle provide the same level of protection in the mouse protection assay as a
two-step vaccination with SLSMdumnego et al. (201&howed thata two-step vaccine
schedule (three months apart) of SLSV provided maximum protection to goats and also that
the thrice vaccinated NLAV (consisting of a rPA+rBclA+FIS+lipopeptide adjuvant) ca
probably be reduced to a twetep vaccination schedule based on the immune response in
goats(Ndumnego et al., 2018, Ndumnego et al., 206PareCysSK lipopeptide adjuvant
known to enhance humoral immune response was used in these st(idigenbihler et

al., 2003) However, thiswas replaced in our study by thEmulsigenD¥ AlhydrogeP

adjuvants licensed to our industrial partner Design Biologix with similar results.

The immunoglobulin subclass titres exhibited a balance between Thl aneydé?2
responses. Even though the Ftype immune response dominates the response at week 5,

as seen with 1gG2 in both NLAV and SLSV against FIS, a similar trend is also seen with 1gG1
and IgG2 response againstrPA at the same timepoint, which signifies the sitomalaThl-

type response as well. The IgG1 titres declined, but were still significant at week 12, unlike
lgG2, which maintained the trends of titres from week 5 at week 12. However, the dynamics

of the immune response switch between the immunoglobulirbcdasses cannot be fully
elucidated, as only four timepoints are reported in the 12 weeks of this skiolyever, this

study has broaden our understanding of the trends of the immune response coupled with

the pattern seenin the previous studidsdehleret al., 2017, Ndumnego et al., 2018) along

with the study time range of 10 to 13 weeks. But extended timepoint of approximately 12
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month with sample collection each month need to be carried out to understand the trends
of the immune response more and furthevork on the both CMI and HI when detalil
evaluation of the antibodies epitopes.

Solely PAased vaccines were reported to be less protective against virulent challenge
compared to the live spore vacci(Brossier et al., 2002, Little and Knudson, 1386]kos

and Friedlander, 1988)he combination of PA and FIS in vaccine formulaianfer better
protection by protecting 100% (5/5) of guinea pig as compared to 50% for PA alone and 33%
for FIS alone when challenged wilh anthracisstrain 17JB sporéBrossier et al., 2002)
Hence, the presence of FIS in our formulation may be associated with the level of protection
in the passive mouse protection test. The apf\, antiFIS 1gG and TNA titres of cattle
vaccinated with the purified rPA+FIS correlatedtlie rate of protection achieved in the
passive mouse protection test (Table 5.2). This is similar to the repdddbynnego et al.,
2018, where the showed aa positive correlation between arRA, antiFIS and TNA titres

of vaccinated goats and protechoobserved in passive mouse protection test.

Interestingly, the rate of protection recorded in the cattle group vaccinated with CrPA+FIS
did not correlate with the antibody titres obtained agaif@PA and FIS as well as to the
NTso. Obviously, the purityf the rPA used in the PrPA+FIS vaccine was of importance for
the rate of survival recorded in the mouse trathich was shown by the positive correlation

in this study The CrPA+FMaccine was included in this study as a lowest vaccine
prototype, asopposed to the more expensive PrPA+#8cine, which necessitates the
purification of rPA by affinity chromatography. The low survival rate of mice after passive
immunisation with sera of CrPA+FIS vaccinated cattle could be due to restricted access to
B-cell epitopes in the crude rPA preparation. This may result in the blockage of the PA
epitopes that are responsible for the inducement of protective antibodies, as previously
reported byCrowe et al. (2010). Additionally, Crowe et al. (20di§erved thatpeptide-
specific antibodies againstthe furin cleavage, ligamdling and receptor binding regions

of PA are responsible for neutrsdition (in vitro) with the furin cleavage site mediating the

best protection in vitro while displaying less protection vio. Antibodies against the
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receptorbinding site showed the most robust protection in vivo, despite displaying lower
protection in vitro.Further work will be needed to confirm this. Moreover, the presence of
the array of proteins in the CrPA+FIS formiola may have stimulated neapecific antibody
responses, adding to the overall titres measured in the winak FIS ELISEasadevall,
2005) In our study, we revealed that polyclonal antibodies from cattle vaccinated with
PrPA+FIS, CrPA+FIS and SLSabta to opsorse and enable the uptake of 75%, 66% and
80% spores by macrophag@he opsorsation of spores may substantially contribute to the
rate of killing of phagocytosed spores by macropha&ihtuya et al., 2006)

In conclusion, further studyeed to be carried out to characterise the antibody epitopes of
the antibodies generated in this study to ascertain the reason behind the low level
protection recorded by CrPA formulated vaccine. More animal trial need to be carried out

using extended timgoints to evaluate the compare immune response with SLSV.
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6.1  Abstract

Sterne live spore vaccine (SLSV) is the current veterinary anthrax vaccine of choice. Unlike
the nontliving anthrax vaccine (NLAV) prototype, SLSV is incompatible with concurrent
antibiotics use in an anthrax outbreak scenario. The NLAV candidates ufied study
include a crude recombinant protective antigen (CrPA) and a purified recombinant
protective antigen (PrPA) complemented by formahactivated spores and Emulsigen
D®/Alhydrogel® adjuvants. Cattle were vaccinated twice (week 0 and 3) with NIus\Vs
penicillinG (PerG) treatment and compared to cattle vaccinated twice with SLSV alone and
with PenG treatment. The immunogenicity was assessed using ELISA against rPA and FIS,
toxin neutralisation assay (TNA) and opsonophagocytic assay. The motects evaluated

using an in vivo passive immunisation mouse model. TherBAtilgG titres for NLAVs plus
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PenG and SLSV without Pénhtreatment showed a significant increase, whereas the titres

for SLSV plus P€B were insignificant compared to px&cgénation values. A similar trend

was measured for IgM, IgG1, and IgG2 and TNA titres (NT50) showed similar trends to anti
rPA titres across all vaccine groups. The-&ifi IgG and IgM titres increased significantly for

all vaccination groups at week 3 abdvhen compared to week 0. The spore opsonising
capacity increased significantly in the NLAV vaccinated groups includinG Beatment

and the SLSV without P&& but much less in the SLSV group with-Bdareatment. Passive
immunisation of A/J mice chadhged with a lethal dose of 34F2 spores indicated significant
protective capacity of antibodies raised in the SLSV and the PrPA + FIS + adjuvants
vaccinated and Pe® treated groups but not for the NLAV with the CrPA + FIS + adjuvants
and the SLSV vacciedtand PerG treated group. Our findings indicate that the PrPA + FIS

+ EmulsigeiD®/Alhydrogel® vaccine candidate may provide the same level of antibody
responses and protective capacity as the SLSV. Advantageously, it can be used concurrently
with Penicllin-G in an outbreak situation and as prophylactic treatment in feedlots and

valuable breeding stocks.

6.2 Introduction
Anthrax is a bacterial disease caused by the sfamming bacilliBacillus anthraciswhich

infect both animals and humans but is primarily a disease of herbi¢tasbleton et al.,

1984) B. anthraciscauses systemic bacteraemia and toxaemia in its host via virulence
factors (Cote et al., 2012)vhich are regulated by two plasmidd.eppla, 1995)The pXO1
enoodes the tripartite toxin components, namely protective antigen (PA), edema factor (EF),
and lethal factor (LF). The EF and LF individually fuse with PA to form anthrax toxins, namely
edema toxin (ET) and lethal toxin (LT), respectiyiegppla, 1995)The second plasmid,
pX02, encodes the poelyD-glutamic acid apsule that enables the bacterium to evade host
phagocytosigLeppla, 1995)

B. anthracisendospores survive inthe environment for years and are the source of natural
infection through cutaneous, gastrointestinal, or inhalation routes in rumingftsrbull,
Hnny 3 DdzA RA w2y DuriggAthe ®dily phas df Sacute dnfdardisease

endospores which are phagocytosed by macrophages retain their viability and germinate
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within the macrophages while some may migrate to the regional lymph node and geminate,
leading to the production of LT and BWelkos et al., 2002)The ability of the spores to
GAOKAOGF YR YIFONRLKIISEAQ {AffAYy3I | okdtablihe | Fa4S
brief intracellular existence before lysing the macrophages to gain access to the host tissue

as vegetative cell@Nelkos et al., 2002)I'he vegetative cells produce the toxins resulting in
bacteraemia and subsequently toxaemia as well as oedema in antiseasethat

eventually results in the host deafbal Molin et al., 2008, Leppla, 1982)

The most effective preexposure prophylactic measure against antlaswell as curbing

the continuity of the diseases vaccination of animals following the appropriataidglines
(Turnbull, 2008)In the veterinary field, anthrax is currently controlled using attenuaBed
anthracisvaccines. Max Sterne ddeped SLSV by attenuating the culture from an anthrax
case in bovine resulting in the avirulent, attenuat®d anthracis34F2 strain without the
capsule encoded by pX(®likesell et al., 1983)The SLSV is a more effective and safer

g OOAYS G(KIFy tI &S dzNDah laBkdzhiE ;XE1, Wwith depoms) oEthe 3 O O A
presence of the two plasmids in some of the isolg@trne, 1939, Sterne, 1945, Turnbull,
2008) The SLSV has been in use as a veterinary anthrax vaccine of choice in most countries
since it was first produced for larggeale immunisation trials in the 194(Qdicol andSterne,

1942) Despite having been considered effective, SLSV has some shortcomings such as
residual virulence resulting in the mortality of some vaccinated animals especially goats and
llamas (Sterne, 1939, Sterne, 1945, Cartwright et al., 19&@)iation in batches during
production resulting in inconsistentmmune stimulation, and risk of environmental
contamination during production or vaccination campaigns. In addition, the live spore
vaccine cannot be used simultaneously with antibiotic treatment during a disease outbreak
or other scenariossuch asthe protection of valuable wildlife or feedlot programmevhere
livestock are vaccinated against various diseases and given antibiotics as a prophylactic

measure against common diseagésisanella et al., 2008, Stepanov et al., 1996, Webster,

1973, Welkos et al., 2001)

The development of protective antibodies in livestackanimak vaccinated with SLSV has
been reported to take 70 days(Turnbull, 2008, Fasanella et al., 20@8stvaccination.
Control measures during anthrax outbreaks consist of vaccigatirmals immediately after

the first case of anthrax, which may result in cessation of further céBasbull, 2008)It
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is advisable to use antibiotics to protect valualdeendangered animals in an anthrax
outbreak followed by vaccination with SLSV to ensure future protection after the
withdrawal of antibidics (usually 8.2 days depending on the antibiotics usédurnbull,

2008) This is because the vaccine is a live spore vaccine which tcdrenaised
simultaneously with antibiotic§Turnbull, 2008) In like manner, a withdrawal period of 8

12 days is also observed to allow aitiB@ G A O&a G2 fFLBAS FTNRBY (KS
vaccination with SLSV in animals fed wided containingantibiotics (Webster, 1973)
Animals suspectedto be at risk during anthrax outbreaks are quarantined for 21 days before
vaccination(Turnbull, 2008)

The use of notiving anthrax vaccine (NLAV) candidates would be a novel approach due to
the various benefits such as eliminating the danger of handling spores during production,
standardsing production, avoiding batch variation and environmental contamination, use
of improved adjuvants, and simultaneous use with antibiotics treatm@ellanti et al.,
2012, Brown et al., 2010, Campbell et al., 200He human anthrax vaccines, AVP and AVA,
are examples of NLAVs that were developed using protective antigen (PA) as the key antigen
(Cybulski Jr et al., 2009)These oldegeneration human anthrax vaccines required
numerous boosters tgrovide sufficient immunity as well as the remnant of lethal factor
present with PA harvested from the culture supernatdfellows et al., 2001, Ivins et al.,
1995, Vins et al., 1998, lvins et al., 1992, Welkos and Friedlander, 19B8%, recombinant

PA (rPA) offers a pure and uncontaminated antigenic component, which can be combined
with other B. anthraciscomponents to enhance immunity. These components include
surface layer proteingUchida et al., 2012)exosporium basal layer protein (BxpB also
known as ExsKLote et al., 2012, Majumder et al., 2018acillus collagehke anthracis
(BclAXHahn et al., 2006, Kohler et al., 2015, Majumder et2&i18, Steichen et al., 2003)
and/or formalirnrinactivatedB. anthracisspores (FISYBrossier et al., 2002, Cybulski Jr et al.,
2008, Gauthier eal., 2009, Koehler et al., 2017, Ndumnego, 2016, Ndumnego et al., 2018,
Vergis et al., 2013)The idea was to combine rPA which produces-txin antibodies to
prevent the production of toxingn vivowith B. anthracisspore components to enhance
anti-spore antibodies, thus preventing spore germinatidelkos et al., 2001)n previous
studies, goats were vaccinated using rPA, BclA, and FIS addiwaititea lipopeptide in a

three-step vaccination schedule and protection was shown using either the passive A/J
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mouse challenge model or lethal viruleBt anthracischallenge in goat¢Koehler et al.,
2017, Ndumnego et al., 2018¥he immunogenic findings showed that rPA and FIS
stimulated a better immune response in goats compared to BclA and that astep
vaccination schedule might bsufficient (Koehler et al., 2017, Ndumnego et al., 2018,
Ndumnego et al., 2016)A threestep vaccination schedule of rPA, BclA, and FIS was also
administered simultaneously with Pga to goats and the immune response showed similar
antibodies titres agaist PA and FIS in NLAV plus-Bevaccinated group to the animal group
vaccinated twice with SLSV (Ndumnego et al., 2016). However, the protective efficacy of the
antibodies from goats vaccinated with PA, BclA, and FIS and simultaneous treatment with
penicilin-G was not investigated. Recently, a tatep vaccination schedule of NLAV
candidates (consisting of either purified and crude rPA combined with the FIS and adjuvants)
and SLSV administered to cattle showed comparable immunogenicity and protective
efficacy induced by the purified rPA + FIS formulation and the standard(&u8Y et al.,
2020)

In this study, a twestep vaccination schedule of NLAV candidates (consisting of either
purified or crude rPA combined with FIS antbmbination of twaadjuvants) and SLSV with
simultaneousantibiotic PenG) treatment as well as SLSWith no PerG treatmen) were
administered to cattle, and the immune response and protective potential of the antibodies
determined. The adjuvants useglere EmulsigerD¥AlhydrogePconstituting 33% of the
vaccine at the ratio ©1:1. Emulsigeid®is an emulsion formulated using dimethyl
dioctadecyl ammonium bromide (DDA), and Alhydr8geh wet suspension of aluminium
hydroxide. EmulsigeB® stimulates a good -Eell response; it also slows the release of
antigen from the sitef injection and increases the surface area of the antigen. Alhydfogel
SYyKIFIyoSa Fyda3aSy LINBaSyualridazy OSttQa 6!t/ o |
the secretion of interleukirl (Il-:1) and interleukirl8 (1-:18)(Coffman et al., 2010, Gupta
1998, Kaur et al., 2010, Marrack et al., 2009, Shabana et al.,.ZDi8)specific humoral
immune responses in the vaccinated cattle were determined using ELISA, toxin
neutralisation assay (TNA) arah opsonophagocytic assay. The protective efficacy was
determined using the passive mouse protection test by in vivo transfer of purified

antibodies from the vaccinated cattle and lethal challenge \Bittanthracis34F2 spores
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6.3 Materials and methods
6.3.1 Recombinant protein expression and purification

The rPA83 used for the vaccine formulation as well as for the ELISA was expressed and

purified as described in chapt&

6.3.2 Formalirinactivated spores (FIS) Preparation
B. anthracis3F42 spore inactivated for vaccination and sporulated for passivesenou

protection test was executed as illustrated in chag8er

6.3.3 Nortliving anthrax vaccines

The vaccine formulation was carried out BgsignBiologix following steps outline inl

chapter 3.

6.3.4 Animals and approvals

The cattle study was carried out on a farm following appravaler the biosecurity section

20 of the animal disease Act 35 of 1984 thg Director of Animal Health, South Africa
(reference nr 12/11/1/1/6). Based on the approval by the animal ethics cottewi
(protocol number; V11817 Amendment ), seven cattle in each group were randomly
allocated to the vaccination groups except the negative control groups which comprised of
four cattle (Figure 6.1). The cattle were examined for-r@active antibodies sing antirPA
ELISA before moving to the farm where each animal was treated with h@utalitamins
(Kyroligo Reg No. G3087 (Act 36/174)) via intramuscular route and 4 ml Ilvermectin (lvomec
injection South African Reg. No. G1142 (Act 36/1947)) subcutahedihe cattle were fed

ad libitumand regularly monitored by a veterinarian.

The in vivo passive mouse protection experiment was conducted in a patHogen
laboratory of theOnderstepoort Veterinary Animal Research Unit (OVARU) atthe University
of Pretoria, South Africa, in line with ethical procedures and principles outlined by the
University of Pretoria animal ethics committee (protocol number; V1Z8mendment 1)

and secion 20 of animal diseases, Act 35 of 1984 (registration number: 12/11/1/1/6(909)).
Thenaiveinbred A/J mice, whiclacks theHcgene encoding for C5 and succumbs to the

lethal toxin ofB. anthracis34F2 Sterne sporédldumnego et al., 2018)ere procuredfrom
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the Jackson Laboratory, USAhe experiment consisted of A/J mice allocated to each

serum from vaccinated cattle, whereas the negative control group consisted of 3 mice per

serum(Figure6.1). For the passive protection test, IgG was purified from the serum of each
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(NABDM Protein G Spin Kits, ThermoFisher Scienffimckford, ILUSA). ELISA was used to

affirm the presence of IgG against PA, and a Pierce BCA protein assay kit (ThermoFisher

Scientific,Rockford, ILUSA) was used to quantify the concentration of the IgG. Each A/J

mouse was injected with500 pg of the purified IgGWilliamson et al., 2005)

intraperitoneally, and 24 hours later each A/J mouse was lethally challenged.Mhx 10

B. anthracis34F2 spores (200 pL) spores subcutaneously. The A/J mice were monitored for

any clinical signs related to the effect of anthrax toxins for 14 days thi#éerhallengeDeath

due to anthrax was confirmed by the presenceBofanthraciscolony morphology from the

culture of A/J mouse liver, spleen, and kidney on sheep blood agar after incubation at 37 °C

for 24 h followed by the presence of bacilli in Giemsa stained sm8argiving mice were

euthanised after 14 days using isofluraneemlose.

Vaccine used and dosage

Vaccination schedule (weeks)

Passive A/) mice mouse
protection (n)

SLSV+Pen-
G (n=7)

PrPA+FIS+
Pen-G
(n=7)

CrPA+FIS+
Pen-G
(n=7)

Vaccine formulation
and groups

SLSV (n=7)

NegCtl+Pe
n-G (n=4)

SLSV “OBP Anthrax vaccine” (108
spores) with penicillin-G
treatment (10 000 1U/kg) after
each vaccination

PrPA 75 ug + FIS (108 spores) +
Emulsigen-D°/Alhydrogel with
penicillin G treatment (10 000
IU/kg) after each vaccination

CrPA 75 ug + FIS (108 spores) +
Emulsigen-D°/Alhydrogel with
penicillin-G treatment (10 000
IU/kg) after each vaccination

SLSV “OBP Anthrax vaccine” (108
spores)

Emulsigen-D°/Alhydrogel with
penicillin-G treatment (10 000
IU/kg) after each vaccination

; w; v

0

1 2 3 4 5

5 mice/serum sample
(n=35)

5 mice/serum sample
(n=35)

5 mice/serum sample
(n=35)

5 mice/serum sample
(n=35)
3 mice/serum sample
(n=12)

Figure 6. 1: The timeline for twestep vaccination in cattle groups consisting of Sterne live spore vaccine (SLSV)

with and without penicillinG treatment and nodiving anthrax vaccines (NLAV) with penicHBrireatnent

followed by sera collection and a passive mouse protection model. The passive mouse model consisted of A/J

mice injected with purified polyclonal IgG taken from the sera of vaccinated cattle and challeng&hwilths

anthracis34F2 spores. The thiclontinuous arrows show timepoints for sera collection and the dotted arrows

indicate the vaccination timepoints. Sterne live spore vaccine: SLSV; Purified recombinant protective antigen:
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PrPA; Crude recombinant protective antigen: CrFArmalin inactivagd Bacillus anthracisspores:FIS

Negative control: NegCtl; PeniciH@®: PerG.

6.3.5 Enzymeinked immunosorbent assay (ELISA) for serum immunoglobulins titre

The 1gG, 1gG1, IgG2 and IgM immunoglobulins titres against PA and FIS were measured as

described in chaptes.

6.3.6 Toxin neutrakation titre (TNA) for neutrasing antibodies titre

The neutralsing antibodies titre was determined with TNA as described in chapter

6.3.7 Opsonophagocytic assay
The spore opsosing ability of the antibodie that enables spore phagocytosis by

macrophages was determined as described in chapter

6.3.8 Statistical analysis

All data generated from this study was statistically analysed using the same software and

version stated in chapte3 following the samerend.

6.4  Results
6.4.1 Humoral IgG titre
Both the PrPA+FIS plus Perand CrPA+FIS plus Restimulated a significantgG response

against rPA, at week 3 (three weeks after the first vaccination), whereas thePantigG
titres were insignificant amonthe animal groups that were vaccinated with SLSV +@®en
as well as SLSV alone at weeldBpendixTable 1). At week 5 (two weeks after the second
vaccination), the IgG titres against rPA increased significantly for PrPA+FIS pl@s Pen
CrPA+FIS plus R&and SLSV vaccinated groups, while $Il&PenG titres increased but

not significantly(Appendix Table 1, Figure B). In addition, the antFIS IgG titres for
PrPA+FIS plus P€) CrPA+FIS plus RBNnSLSV plus Réhand SLSV at week 3 and week 5
increased significantlfAppendixTable 1, Figure 8). Both antirPA and antFIS titres were

compared to prevaccination titres (week 0).
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Figure 6. 2: Anti-recombinant protective antigen (rPA) Idi@&es at week 5 in cattle. The cattle were
vaccinated twice (week 0 and 3) with PrPA+Er8ulsigerD¥AlhydrogeP plus Pen G (n=7),
CrPA+FHEmMuUIsigerD¥AlhydrogePplus Pen Gn=7), Sterne live spore vaccine (SLSV) plusP@*7), SLSV
(n=7) and NegCtlEfnulsigerD¥AlhydrogePplus PerG) (n=4) The IgG titres of each group were compared to
the respective titres at week 0 before vaccinatidtrp < 0.001, *p < 0.01, p >K0.0.5. PrPA; Purified
recombinant protective antigen, CrPA; Crude recombinant protective antigen, FlSalrerimactivated

Bacillus anthracispores, Pe+G: PenicillinG, SLSV; Sterne live spore vaccine, NegCtl; Negative control
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Figure 6. 3: Anti-formalin inactivatedBacillus anthraci84F2 spores (FIS) Igi@es atweek 5in cattle.-The
cattle were vaccinated twicéweek O and 3 with PrPA+FISEmulsigerD¥AlhydrogeP plus Pen G(n=7),
CrPA+FI&EmulsigerD®¥AlhydrogePplus Pen Gn=7), Sterne live spore vaccine (SU8W3PenG (n=7), SLSV
(n=7) and NegCtlEfulsigerD¥AlhydrogePplus PerG) (n=4) The IgG titres of each group were compared to
the respective titres atweek 0 before vaccinati@t* p < 0.0001,**p <0.001, *p < 0.01, p XQ.0.5). PrPA;
Purified recombinant protective antigen, CrPA; Crude recombinprdtective antigen, FIS; Formalin
inactivatedBacillus anthracisporesPenG: PenicillinG, SLSV; Sterne live spore vaccine, NegCtl; Negative

control.

6.4.2 Analysis of imoral IgM and IgG
The antirPA IgM titres increased significantly at both week 3 and 5 among PrPA+FIS plus

PenG, CrPA+FIS plus F8rand SLSV vaccinated groups. Ther&w#ilgM response in the
group vaccinated with SL$Ws PenG revealed insignificant titres at weeksaBd 5 The
levels of antirPA IgG1 titres showed a significantincrease for PrPA+FIS ph& BeRA+FIS
plus PerG and SLSV after the first (week 3) and second (week 5) vaccination. TFHeAanti
IgG2 titres level displayed a significant response at vdekd highly significant response
at week 5 for PrPA+FIS plus RenCrPA+FIS plus Fénand SLSV. However, the group

vaccinated with SLSV plus Rérshowed insignificant antPA titres against IgG1 and IgG2
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at weeks 3 and fAppendixTable 2, Figure 8). All titres were compared to preaccination
(week 0) antirPA IgM, IgG1 and 1gG2 titres. However, the NegCtl showed insignificant IgM
and IgG isotypes response against rPA among all vaccine giyppsndixTable 2, Figure

6.4)
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Figure 6. 4: Anti-recombinant protective antigen (rPA) IgM and I1gG isotype (IgG1l and 1gG2) titres at week 5 in cattle. The cattle weréedawimiagweek 0 and 3) with
PrPA+FISmulsigerD¥AlhydrogePplus Pen Gn=7), CrPA+FIEmulsigerD¥AlhydrogePplus Pen Gn=7), Sterne live spore vaccine (SLSV) plusGP@r7), SLSV (n=7) and
NegCtl EmulsigerD¥AlhydrogePplus Pen 5(n=4) The IgG titres of each group were compared to the retipe titres at week 0 before vaccinatioff{p < 0.001, *p < 0.01,

*p X0.0.5. @) antiFIS IgM titres, (b) antlS IgGL1 titres and (c) afitiS 1gG2 titreRrPA; Purified recombinant protective antigen, CrPA; Crude recombinant protective antigen,
FIS Formalin inactivate®acillus anthracispores, PerG: PenicillinG, SLSV; Sterne live spore vaccine, NegCtl; Negative control



The antiFIS IgM response revealed a significant increase in titres at week 3 and week 5
among the cattle groups vaccinated WiPrPA+FISlus PerG, CrPA+FIS plus RenSLSV

plus PerG and SLSV when compared to week O tithggpéndix Table ,2Figure6.5). The
anti-FIS IgG1 isotype response was significant among cattle groups vaccinated with
PrPA+FI®lus PerG, CrPA+FIS pliRenG, SLSV plus Ré and SLSV after the first
vaccination Appendix Table)2 The antiFIS IgG1 titres were higher and more significant at
week 5 across all vaccination groups when compared tevaczination titres Appendix

Table 2, Figure 6)5The 162 isotype response against FIS showed a significant response at
week 3 against PrPA+FIS plus -BenCrPA+FIQus PerG, SLSV plus Ré&and SLSV
(Appendix Table 2). The aflS IgG2 isotype revealed higher titres that are highly
significant at week 5 aamg all vaccine groups (Appendix Table 2, Figure 6.5). AlFEshti
IgG2 titres at weeks 3 and 5 were compared to-yaecination IgG2 titres. The NegCt
showed insignificant IgM and 1gG isotypes response against FIS throughout the study

(Appendix Table Figure 6.5)
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Figure 6. 5: Anti-formalin inactivatedBacillus anthraci84F2 spores (FIS) IgM and IgG isotype (IgG1 and IgG2) titres at week 5 in cattle. The cattle were vaccinated twice ( week O
and 3) with PrPA+FIEmulsigerD¥AlhydrogePplus Pen Gn=7), CrPA+FIEmulsigerD¥AlhydrogePplus Pen Gn=7), Sterne live spe vaccine (SLSV) plus Rénn=7), SLSV
(n=7) and NegCtlEmulsigerD¥AlhydrogePplus Pen 5(n=4) The IgG titres of each group were compared to the respective titres at week 0 before vaccitttog 0.001,
*»p <0.01,p X0.0.5. @) antiFIS IgMitres, (b) antiFIS IgG1 titres and (c) aiitiS 1gG2 titre®rPA; Purified recombinant protective antigen, CrPA; Crude recombinant protective

antigen, FIS: Formalin inactivatBdanthracisspores, PerG: PenicillirG, SLSV; Sterne live spore vacdiegCtl; Negative control.



6.4.3 Toxin neutralkation antibodies titre (Ndo)
The neutralising antibody titres (o) were low after the first vaccination at week 3 without

any significantincrease for all vaccine groups, but theoM€reasedignificantly for PrPA+FIS
plus PerG, CrPA+FI8us PerG and SLSV vaccinated groups after the second vaccination at
week 5. However, there was no significantincrease observedsitigs among the vaccine
groups immunised with SLSV and treated win& after the first and second vaccination

(AppendixTable 1, Figure 6).
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Figure 6. 6: Lethal toxin neutralising titres atweek 5 in vaccinated caffllee cattle were vaccinated twice (week
0 and 3) with PrPA+FIBHulsigerD¥AlhydrogePplus PenG (n =7), CrPA+FBEnulsigerD¥AlhydrogePplus
PenG (n =7) with, SLSV plus Fén(n=7), and SLSV (n = 7) and negative control consistirguigen
D¥AlhydrogePplus PerG (NegCtl) (n = 4). dbof each group wee compared to the respective titres at week
0 before vaccinatiortt* p< 0.001, *p < 0.01, p >.0.5). PrPA, Purified recombinant protective antigen, CrPA;
Crude recombinant protective antigen, FIS: Formalin inactivBtedllus anthracispores, PerG: PenicillifG,

SLSV; Sterne live spore vaccine, NegCitl; Negative control

6.4.4 Macrophages spore uptake induced by opsomg antibodies
The ability of the vaccinsduced antibodies collected at week 5 to opssenand enhance

phagocytosis bB. anthracisspores by macrophages (RAW264.7) were measured. The highest
level of spore uptake by the macrophage at the sera dilution of 1:10 was 79% for SLSV, 73%
for PrPA+FIPlus PerG and 61% for CrPA+HbBIs PerG whereas an insignificant level of
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spore uptake by macrophages was recorded for SU&/PenG (37%) and NegCtl (20%)
(Figure 67). A significant spore uptake by macrophages among cattle groups vaccinated with
PrPA+FI®lus PerG and SLSV in dilutions of 1:10, 1:100, 1:1000 were obsewleekeas
CrPA+FIplus PenrG vaccine group showed significant spore uptake at the sera dilution of
1:10 and 1:100 only. The macrophage spore uptake across all vaccination groups was

compared to the level of spore uptake by negative control sera.
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Figure 6. 7: Bacillus anthraci84F2 spore phagocytosis by RAW 267.7 macrophages with varying dilutions of
sera fromcattlegroupsvaccinated withPrPA+FIEEmulsigerD¥AlhydrogePplus PerG, CrPA+FIGmulsigen
D®¥AlhydrogePplus PerG, SLSV plus P&) SLSV alone and Neg@m(ilsigerD¥AlhydrogePplus PerG) The

mean value of spore uptake is presented in the form of bar charts with the standard deviaftfensignificant
values between groups are presented asg*x 0.001, *p < 0.01, p »K0.0.5. PrPA: Purified recombinant
protective antigen. CrPA: Crude recombinant protective antigen FdB8nalin inactivatedBacillus anthracis
spores, NegCtl: Negative contréniulsigerD¥AlhydrogePplus PerG), PerG: PenicillinG, SLSV; Sterne live
spore vaccine.

6.4.5 Protection conferred on A/J mice by antibodies from cattle immune sera
The protection of A/J mice passively immaed with the purified polyclonal antibodies from

SLSV plus Pgh and CrPA+FIflus PerG cattle groups were insignificant with 17% (6/35) and
23% (8/35) of the A/J mice surviving lethal challenge respectively (Figrénécontrast, the

A/J mice immurgsed with the polyclonallgG from cattle groups vaccinated with Sl
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PrPA+FIplus PerGshowed a significant level of 77% (27/35) and 71% (25/35) protection of

the immunised A/J mice respectively (Figurep.
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Figure 6. 8: Mice survival curve following passiwvevivotransfer of purified IgG from sera from cattle to A/J
mice. The A/J mice were lethally challenged with approximately 2.16°81@nthracis34F2 spores. The
polyclonal 1gG are from sera of cattle vaccinated twice (week 0 and 3) with either PriPmEESgen
D¥AlhydrogePplus PerG, CrPA+FHEmMulsigerD¥AlhydrogePplus PerG, SLSV plus P&) SLSV alone groups
and NegCtl groupsEmulsigerD¥AlhydrogePplus PenG). The survival rate in Lognk (MantetCox) test was
compared to NegCtl groupthe significant values between groups are presented as & 0.0001, *p <
0.001, ¥p < 0.01PrPA; Purified recombinant protective antigen, CrPA; Crude recombinant protective antigen,
PenG; PenicillinG, SLSV; Sterne live spore vaccine, NegCtl; Negathteokc(EmulsigerD®¥AlhydrogePplus
PenG), FIS; Formalin inactivatBdcillus anthracispores.

6.5  Discussion
SLSV is the sole vaccine available for control of anthrax in ar(iNiat# and Sterne, 1942)

Yet, it has shortcomings which include residual virulence in some ruminants species such as
goat and llamagCartwright et al., 1987, Sterne, 1948)is also incompatible with antibiotic
prophylaxis.Webster (1973)eported that SLSV failed to stimulate protective antibodies in
guinea pigs in the presence of antibiotics treatment. The latter implies that SLSV cannot be

used concurrently with antibiotic treatment imn anthrax outbreak situation for the

139



protection of livestak and endangered wildlifgStepanov et al., 1996, Webster, 1978} in
afeedlot where livestockespecially cattleare treated and vaccinated against the common
diseases as a prophylactic meas(ifolman et al., 2019)n this study, both CrPA+FRifus
PenGand PrPA+FIRlus PerGvaccinated cattle groups and SLSV alone cattle group induced
significant antirPA antibody response two weeks aftdret second vaccination (week 5),
whereas cattle vaccinated twice with SLSV with simultaneous peniGiltreatment were
unable to induce adequate antPA antibody titres(Appendix Table 1, Figure 6.2). Similar
trends were observed for lethal toxin neutisihg antibody titres (Appendix Table 1, Figure
6.6). The pattern of responstor PrPA and CrPavas similar to antFIS antibody titres
however significant antibody titresvere detectedin the group vaccinated with SLSV +4&n
also (Appendix Table 1, Frgl6.3). Our findings indicate that the presence of penicBimay
inhibit the PAspecific immune responssithout significant effects on the immunogenicity of

B. anthracisspore. Immune data from this study showed a similar pattern to that observed in
goats vaccinated thrice with either rPA + BclA + FIS + lipopeptide pleG,FRIOSV or SLSV +
PenG byNdumnego (2016)The authors reported the neutralising antibodies, and the IgG
against PA was higher in two of the five goats vaccinated with rPa + BclA lpej®ptide

plus PerG, but due to the low number of animals in each vaccination group, the results were
not significant. In our studyhe IgM and IgG isotype response has shawmidden increase
dominated by IgM and IgG1 at weekaBd maintained untilthe fifth week when the level of
IgG2 dominates week 5 across all the vaccine groups except SLSV pgPpandixTable

2). The stimulation of both IgG1 and IgG2 implies a balance between Thl and Th2 response.

In this study, we used PA which is thejaonacomponent ofthe B. anthracigdripartite proteins
encoded by pXO1 and the principal immunogenic component. PA stirsalatearly immune
response against anthrax toxins; however, studies have shown that the immunity stimulated
by PA is shoitived (Fellavs et al., 2001, Welkos and Friedlander, 198B) stimulate a
protective and lasting immune response, several studies coupled PA with othdivivan
components oB. anthracissuch as BclABxpB or even the whole FIS to intensify the immune
response. The majority of these studies were conducted in laboratory rodents except the
studies conducted byNdumnego et al. (2018 nd Koehler et al. (201 Avhich reported the
immunogenicity of NLAV formulation comprising d?a+BclA+FIS+lipopeptida goats

vaccinated thrice. In these studies, PA and FIS stimulated better immunity tharwBclA
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results indicating that two vaccinations might be sufficientto render protectidre twostep
vaccination schedule was suggested based on antibody titres after second vaccination in
rPA+BclA+FIS+lipopeptide in vaccinated goats, which did not diff@ificantly from the
antibodies titres after the third vaccination and were similar to goats vaccinated twice with
SLSV(Koehler et al., 2017, Ndumnego, 2016, Ndumnego et al., 20IB§ twostep
vaccination schedule was confirmed in cattle using @&PA+FISNd PrPA+FISaccine
formulations which stimulated a significant immune response with the latter significanty
protecting A/J mice from the lethal challeng&auro et al., 2020)The immunogenic and
protective ability ofPrPA+FISaccine is ths comparable with SLSV in caflauro et al., 2020)

and consguently resulted in the current study to test the simultaneous use of antibiotic

treatment with NLAVS.

The level of antibodies against rPA and FIS as well as neutralising antibodies response in the
two-step cattle vaccination schedule with NLAVs plus-Bervealed similar immunogenic
trends as seen in twetep cattle SLSV vaccination. The levels of antibody titres for cattle
groups vaccinated with SLSV plus ®ewere inhibited and differed significantly from NLAVs
plus PerG and SLSalone) The polycloal IgG fromPrPA+FI$lus PerG vaccine group
demonstrated a promising level of protection by saving 71% of the A/J mice. This is
comparable with the level of protection conferred to A/J mice (77%) by polyclonal 1gG from
the SLSV vaccine group. Howevew level of protection of A/J mice (17%) was recorded by
SLSV plus Pégb polyclonal IgG again8t anthracis34F2 spore challenge. Our findeng
revealed that the presence of antibiotic treatment in the vaccination schedule influenced the
inhibition of the immunogenic ability of SLSV as previously reported/élyster (1973)The
polyclonal IgG from CrPA+REIs PerG vaccinated group afforded 23% protection of A/J
mice which isdw considering the antibody responses in this gr¢gappendixTable 1, Figure

6.2 and Figure 6.3).his is similar to the polyclonal IgG from CrPApkIS PerG vaccinated

cattle that also provided only 20% protection to A/J mice in the studjaofo et al. (2020)
Based on our finding, this may be asmted with the method used to obtain the crude rPA
which filters out only theE. coliendotoxin and allows other proteins in the final products
(Casadevall, 2005)n addition, it has bee indicated by Welkos et al. (2002) that aR#
antibodies play an important role in opsonising spores and, hence, increase the spore uptake

by macrophages. Therefore, the aftA antibodies raised against the crude rRay be less
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effectivein this respet; this would not be visible in ELISA or Thi& would be apparenin

the opsonophagocytic test and finally, in the passive mouse protection test.

Macrophages are primary effector cells of host innate immune response that fight bacterial
infection (Kang et al., 2005)The spore opsnising ability of antibodiedaken from the
different vaccinated cattlen this studywasevaluated. Our findings revealed that NLAVsS with
simultaneous penicilliG treatment and SLSV without penicHntreatment induced the
production of opsonising ariodies which were able to prevent 73% (PrPAHHIS PerG),

63% (CrPA+FpBus PerG and 79% (SL2None) of the spores from escaping phagocytosis by
macrophages at the serum dilution of 1:10. Our findings are similar to the resultaiad et

al. (20D) which reported spore opsonising ability of antibodies frothe NLAVstested in
cattle without PerG were abldo prevent 75% (PrPA+Fihd 66% (CrPA+ItH the spores

from dodging phagocytosis by macrophage at the serum dilution of 1:10. Our data support
the important role of opsonising antibodies in the immune response against infection with
spores ofB. anthracis In addition to thetest for antibodies capable dfTneutralisation,
commonly accepted as a correlate for the protective immune response against infection with
B. anthracistesting the spore opsonising capacity of antibodies could substantially add to our
methodological repertoire when testing vaccine caradess comprising cellular antigens as
well. Further studiesre necessary to identify which IgG isotype is primarily responsible for
engagingand activatingthe FC receptors on the macrophagesvhich results in, amongst

other inflammatory responsespore phagocytosisfollowing vaccination with PA and FIS.

6.6  Conclusions
Our studydemonstrates the ability of a nosiving vaccine candidate (NLAV) (PrPA + FIS +

EmulsigerD¥Alhydrogef) to stimulate a protective immune response against bdh
anthracisPA and spores under the conditions of concomitant antibiotic treatment in cattle.
More importantly, after two vaccinationshe level of immune response witnessedth this
vaccinewas comparableo that of the SLSV. Our finding reveal the feasibilitpf adopting
NLAV using eombination ofpurified rPA and FIS as an alternative animal anthrax vaccine
which offes the benefit of concurrent use with antibiotic treatment in the phase of an
infectious disease outbreak. Such an approach can significailicee economic losses

especially given the incubation period of the disease the desire to use prophylactic

142



antimicrobial treatmens, aongsidevaccination. The novelty of our approach is in line with
the recent FDA approval to simultaneously use AVMbd@sed human vaccine with
antimicrobial treatment in an anthrax outbreak or any disease that requires antimicrobial
treatment (Food and Administration, 2016)he purified antibodies from animals vaccinated
with NLAV have demonstrated significant passive protection ability in A/J mice which is
comparable with the level of protectiononferred by antibodies from SLSV sera. Future work
will be initiated to investigate the cellular immune response and to determine the duration

of the immunity.
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CHAPTER SEVEN

7.1  General Discussion
Anthrax is caused byBacillus anthracisa zoonotic disease primarily of ruminants. The

virulence factors of this pathogen consit the binary toxins formed by three proteins,
namely LF, EF and PA. These proteins are encoded on plasmifip&dter, 2002)PA is the
major component ofB. anthracisproteins and the immunogenic component used in the
human vaccine as well as the catalyst of the binary toxins; ET (PA+EF) and LTKBAREF)
2002) Anthrax in animalis controledby vaccination with the attenuateB. anthracisSterne

live spore stain 34F2 namely SLSV. For ové) years the SLSV has been the vaccine of choice
in most countries around the world and reported to be effective in reducing anthrax in
animals(Nicol and Sterne, 1942, Sterne, 1939, Turnbull and Shadomy, 2010, Turnb8)l, 200
Despite the notable performance recorded by the SLSV in livestock over the years. SLSV is not
without some limitations such as lingering virulence in some vaccinated animals, especially
goat and llamas, variation in batches. Most ofaa# the unsuitbility of SLSV for concurrent

use with an antimicrobial agenfTurnbull, 2008 2008, Turnbull, 1991, Webster, 1973)
especially, in disease outbreak scenarios where antibiotic treatment is required concurrently
with vaccination toreduce future losses with the affected herd or flocKTurnbull, 1991,

Webster, 1973)

The search foan alternative veterinary anthrax vaccine thegcompatible with concurrent
use of antibiotics is paramount. Asthe use ofa control strategy that is able to provide
simultaneas protection and prevention of animals agairfsture cases ofanthrax is
necessary. Recombinant protein production enadafer nextgeneration vaccines using the
immunogenic PA componenRecombinant protein production circumvents the biohazard
assocated with direct handling ofive spore vaccine and pathogenieicroorganisrs, batch
to batch variationpotential for lingering virulencand provides a platform fosimultaneous
use of antibiotics. Theroductionand applicationsof recombinant proteis are not without
challenges that need to be fixethese includeconsolidatingan optimal hostvector, growth
and expression conditiorsnd ensuring that the expressionupscalableandwith high yields

of biologically active protein without inclusion bed and los of plasmid.

Even though PA is regarded as the major immunogenic componddt asfthracisit does not
stimulate sufficient immunity to render adequate protection and reqsisarious booster
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vaccinationgPlotkin and Grabenstein, 2008j addition, rPA vaccine lsdbeen reported to

be handicaped by the lack of stability upon long time storag®aillie, 2009, Verma and
Burns, 2018)Despite the limitations of PA as a sole vaccine candidate much research has
been undertaken to enhance its dibies to provide immunityby mcktails of PA with otheB.
anthracis components such athe exosporium protein (BclA oBxpB) and inactivate@.
anthracis spores(FIS) have been shown tocrease the immune response and protection
(Brahmbhatt et al., 20Q7Brossier et al., 2002, Cote et al., 2012, Enkhtuya et al., 2006,
Gauthier et al., 2009, Koehler et al., 2017, Majumder et al., 2018, Majumder et al., 2019,
Ndumnego et al., 2018)

In this study, we successfully expressed soluble rPA&3 ooliSE1 using pStabyl.2 vector
which is an antibiotidree system, which contributes to the cesffective expression and
allows the production of recombinant proteiis without the risk of antibiotic resistance
(Barroca et al., 2016, Pal et al., 201Bhe salbility, and the overproduction30.08 mg/l) of
the rPA83 obtained in this study, was due to the effedheflow inducing temperature of 25
°C. Low inducing temperatwenfluence protein solubility andlso aids in theetention of
biological function B increasinghe level of chaperones in theE.colihost, whilst reducing
the expression process andubsequent formation of inclusion bodies(Khow and
Suntrarachun, 2012, Sahdev et al., 2008-Baguel et al., 2013, Vera et al., 200The cost

of the piotein production (rPA) was significantly reduced day novel approachof cost
effective lysing in modified lysis buffer and purification technigoempared to the
conventional lysis buffer and reagenBugBuster, lysozyme, endonuclease and protease
inhibitor). The lysing and purification method consisted of two cycles of sonication each
followed by NiTED column purificatiowhichis more cos#ffective (.60 U® / mL) than the
conventional technique425 USD / mL). Theecondsonication step in our study improved
the yield of rPA compared to one cycle sonication use®lmestha et al. (20123nd Khow
and Suntrarachurf2012) Furthermore,the seroreactivity and cytotoxicity assaperformed

on goat sera mviously vaccinated with rPA (Ndumnego et al., 2018) AMA.Imouse cell
respectively toconfirmed biological activity offPA as previously reported bjPavan et al.
(2016)and Quintero-Ronderos et al. (2013Y herefore, our study has revealed a more teos
effective approach to acquire biologically active rPA83. The rPA83 can be used for anthrax

diagnostic purposg and our approacltan be adopted for industrial production recombinant
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proteins. 9 Sy (K2dAK {[{+ YlI& 0SS NBEfimatoBI &8 OKS
incompatibility with antibiotic, reversal to virulence and risk of handling live bacteria make

the costeffective approach in this study worthwhile.

Following the successful expression of the rPA83, we formulatedivioy anthrax vaccines
(NLAVs) using rPA83 and FIS adjuvanted EvithlsigerD¥Alhydrogef. Thecomponents of
that made up ourNLAV were selectebased on previous studie@oehler et al., 2017,
Ndumnego et al., 2018Koehler et al.(2017 and Ndumnego et al(2018 where they
formulated NLAVs with rPA, FIS and BclA and adjuvanted with lipopeptides and evaluated
their immunogenicity. Their findings revealed that for goats rPA in combination with FIS
stimulated the best immune response and vaccinating twice provided a suffioremine
response in comparison to immune recorded for BclRrotection of the
rPA+FIS+BclApopeptide as well asPA+BclAlpopeptide vaccinated goats were tested in
virulent B. anthracischallenge in goatéKoehler et al., 2017ndin passive A/J mous®aodel
using serum from the vaccinated gogddumnego et al., 2018Jhe A/J mice were passively
immunized with the goat serum and challenged with live sp@teeprotection was obtained
with the rPa+FIS+BclA+lipopeptidad rPA+BclAlpopeptide using thevirulent challenge in
goatswere 80% and 50%whereaspassive protection testonferred 73%. But the group
vaccinated with rPA+BclA+lipopeptide offered lower protection and lower antibody titres
than the formulation containing Fi@oehler et al., 201, Ndumnego et al., 2018)ence he
cattle in this studywere vaccinated twice based on the outcome and recommendation from
previous studies byKoehler et al., 2017and (Ndumnego et al., 2018Yhe selection of the
adjuvants was guided by the following feats; EmulsigerD®is an oil-in-water made of
dimethyldioctadecyl ammonium bromide (DDiAat stimulate T-cell immunity and increases
the surface areaf the antigenwhile slow release of the antiggiiKaur et al., 2010, McGonigle

et al., 2006, Shabana at., 2018) WhereasAlhydrogeP adjuvant isa aluminium hydroxide
wet gel suspension. Alhydrogéproves the uptake of antigens by antigpresenting cells
(APCs), induces NLRP3 inflammasome complexg@eerleukinl (Il-:1) and interleukirl8
(IL-18) secretionat the same timeincreases Th2 antibodies respong&offman et al., 2010,
Gupta, 1998, Marrack et al., 2009)

149



In line with reported limitations of recorded with SLSV, there is a need for more safe livestock
vaccine. Therefore, we asse$® immurogenicity of the rPA couptewith FIS was evaluated

in cattle in two different animal experiments. The first experiment consisted of cattle groups
vaccinated twice with CrPA+FIS or PrPA+FIS adjuvantecEmitisigerD¥Alhydrogefand

their immunogenicitywas compared tothe SLSV group at different timepoints (week 0, 3, 5
and 12). The second experiment consisted of cattle groups vaccinated twice (week 0 and 3)
with CrPA+FIS and PrPA+FIS adjuvanted EthulsigerD¥Alhydrogef with PenG
treatment. Their mmunogenicity was compared to cattle groups vaccinated twice (week 0
and 3) with SLSV alone and with p8rireatment at three timepoints (week 0, 3 and Hhe
timepoints for the firstand second experiments was selected to have wider picture of cattle
immune response to our vaccine formulation. Based on our finding, we have initiated a study
to evaluate the longevity of the immune response for the period of 12 months equivalent to
SLSV current ongoing to analyse the trend of immune response each mortkie fegriod of

the study.

Theimmune response analysis of the first vaccine experiment that was perfonvigtbut
antibiotics treatment andwas carried out for 12 week3he antirPA and antFIS IgG ELISA
titres in thesestudy groups were significant at ek 3 after the first vaccination for the NLAVS
exceptfor the SLSV vaccine grotim@at was significant against rPA only. Both the &% and
anti-rPA IgG titres of all the vaccine groups peaked two weeks after the booster at week 3.
The titres remain sigficantly high at week 12 ithe vaccine groups without antibiotic
treatment. Similar trends of IgG titres against FIS and rPA sesain goats vaccinated thrice

with rPA+FIS+BclA+lipopetide and twice with S(Eé¢hler et al., 2017, Ndumnego et al.,
2018). The same pattern of antibodies titres are also seen iBoNT the vaccine groups
without antibiotics treatment though it showed a significant increase in titres after the
booster dose (second vaccination) at week 5 across all vaccine gasupsetained the
significant N3o titres to week 12 our findingsindicate the presence antibodies against PA
and LT in the NLAV and SLSV vaccinated groups base on the toxins neutralisation results
(Fowler et al., 1999, Reuveny et al., 2001, Weiss et al.,)2086 immune response analysis

of the second vaccine experiment ofattle vaccinated with NLAVs and SLSV with
simultaneousantibiotic treatment showed an impressive surge in their antjpaittes (anti-

rPA andNTso) across all vaccination grougsmilar b the immune response to the cattle in

150



the first experimentexcept the group vaccinated with SLSV+Bdhat as expected hatbw
antibody titres. The simultaneous Pe@ antibiotic treatment as part of the vaccination
schedule in the vaccine groups with sillaneous antibiotic treatment possibly inhibd the
immunogenicity of SLSV in this studg reported previously bWebster (1973)However,

the anti-FIS titre showed significant surge across all the vaccination groups including the
group vaccinated withSLSV+Pe@ in the second experiment groups with concurrent

antibiotics treatment. This finding is similar to previous report by Ndumnego et al. (2016).

The immunoglobulin subclass titresatl vaccinated groups across experiment one and two
exhibited a balance between Thl and ti@e responses. Even though the Higpe immune
response dominates the response at week 5, as seen with 1gG2 in all the NLAVs and SLSV
against FIS in all the vaccine groupsross both studiesThe same pattern waaso seen with

IgG1 and IgG2 response against rPA at the same timepoints, which signifies the stimulation of
Thl as well as THpe response. The IgG1 titres declined but were still significant at week
12, unlike 1gG2, which maintained the trends of stfgom week 50 12 among the vaccine
groupswithout antibiotic treatmentin the study.The balance noticed between IgG1 and IgG2
signifies theability of the NLAVs to induce a cetiediated immune response by regulating
IFNgamma (Th1) and 4 (Th2) respnse. The macrophages are activated by thedBhkhma
whereas the IL4 secreted by Th2 stimulatecBlIs to produce antibodie€Estes and Brown,

2002) However, the dynamics of the immune response switch between the immunoglobulin
subclassescannot be fuly elucidateddue to the limited timepoints takern experiment 1

and experiment 2, respectivelyhe antibodies epitopes need to characterise to determine

the antibodies dynamics

The passive mouse model used&glumnego et al. (2018)sed the whole serunfrom the
vaccinated goats. In our study, the polyclonal IgG were purified from the sera and injected
into the A/J miceNdumnego et al. (2018hdicated that some of the mice showed an adverse
reaction after injection of serum. Thus, this was circumvented by using the purified polyclonal
IgG from sera as described by other studiBsahmbhatt et al., 2007, Caldwell et al., 2017,
Williamson et al, 2005)

The passive protection irthe A/J mouse model of cattle group vaccinated with

CrPA+FIEmulsigerD¥AlhydrogeP with and without PerG treatment provided low
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protection 20% to mice by the polyclonal IgG. Howewar,adequateevel of protectionof

73% and 75% of the challenged A/J mice were observed after immunisation with polyclonal
IgG from cattle groupvaccinated with PrPA+FEBmulsigerD¥AlhydrogeP and SLSV in the

first study and polyclonal 1gG from PrPA+E8tsigerD¥Alhydrogef+PenG, and SLSV
vaccine groups also offers 71% and 78% protection to the challenged A/J mice respectively.
All the A/J mice immunised with the polyclonal antibodies from the negative control group
died within 38 days posthallenge. The immunoglobulin subclassponse in addition to the

IgG titre recorded in this study suggests that the presence of FIS in the vaccine formulation
has also beeracontributing factor to the survival rate recorded among PrPA-HE&tsigen
D¥AlhydrogePas well aPrPA+FISEmMulsign-D¥YAlhydrogef+PenG vaccine groupand is
consistent withother studies. Tis is thought to be because th@esence of FIS in rPA vaccine
formulation augmengthe immune response which leads to better protecti(@rossier et al.,

2002, Koehler et al2017, Ndumnego, 2016, Ndumnego et al., 2018)

The opsonophagocytosis findimgevealed the ability of the IgG and IgMaidsthe evasive
ability of B. anthracispore from being phagocytosed by macropha@¢®tpanov et al., 1996,
Welkos et al., 2001)Consequently, thigprevents the B. anthracisspore germinang and
propagatng to cause septicaemia and toxaenfiankhtuya et al., 2006, Brossier et al., 2002,
Cohen et al., 20000ur findings in the cattle groups without antibiotic treatment revealed
that the polyclonal antibodies from cattle vaccinated with PrPA+FIS, CrRaeFER SV were

able to opsonise and enable the uptake of 75%, 66% and 80% spores by macrophages.
Whereasthe polyclonal antibodies from the cattle groups vaccinated vidtRA+FIBlus Perr

G, CrPA+FIBlusPenG and SLSV were able to prevent 73%, 63% and 79% & . thethracis
spores from evading phagocytosis by macrophages at the sera dilution of 1:10. Our results
are consistent with studies conducted in mice Bgkhtuya et al. (208), Majumder et al.
(2018) and Majumder et al. (2019}hat reported opsonophagocytosis is prompted by the
ability of the FC gamma receptor (AR of macrophages to detect the FC portion of the
opsonking antibodies on the opsonised spdibboud et al.2010, FitzeAttas et al., 2000)
Based on our findings there is an indication of the effecEGfR in both CrPA+FIS and
PrPA+FIS which contributed significantly in level of spore opsonisation recorded inDiagh .
opsonkation of spores may substantlg contribute to the rate of killing of phagocytosed

spores by macrophagg&nkhtuya et al., 2006).

152



Based on the outcome from this studgur findingshas confirmed that costeffectively
produced rPA+FIS+adjuvants are compatible wsiimultaneousantibiotic treatment when

compared to SLSV+R&which showed a poor immune response and protective ability

7.2  Conclusion and recommendation
Various costffective expressiosystemsand purificationmethods forrecombinant proteis

are being explored globally due to the critical role of recombinant proteins in biomedical
applications such as vaccine production, diagnostics and other fields. In this study, we
successfully expressed the Héingth PA83 using the antibioticee pStalyl.2SE1 system.

The effect of low inducing temperature impravéhe solubility of the expressed recombinant
protein. Furthermore, the modified lysis buffer and two sonication cyléd replaced the

more expensivéysis reagents have reduced thest ofprotein production. However, the cost

of the rPA might be competitive with the current SLBM this is without FIS and adjuvant of

the NLAVTherefore, when the cost of FIS production and adjuvants are added the cost may
be relatively higher than what reported in the fourth chapter of this studyl.he expression

and purification of rPA in an antibioticee system can be optimised fdre biomedical field

for purposes such as vaccine production, diagnostic applications and pharmacotherapeutic

purposes.

Furthermore, our study indicates the ability of tHerPA+FIS+EmulsigBf/AlhydrogeP to
stimulate a protective immune response agaiBstanthracisrPA83 and inactivated spore
either with or without concurrent antibiotic treatment in cattle. More importdyt the level

of the immune response and protection conferred by the purified polyclonal IgG from cattle
vaccinated with NLAV wasquivalent to the SLSV hyperimmunised group after two
vaccinatiors. Therefore, our resudtindicate the possibility of NLAV formulated with purified
rPA and FI$o be considered as future veterinary anthrax vaccine due to its additional
benefit of concurrent use with antibiotic treatment in a disease outbreak situation and in
endangered wildfe species as well as in feedlot practice. Such an approach will significanty
reduce economic loss should there be an incubating disease that requires antimicrobial
treatment and vaccination against anthrax. The FDA recently approved the simultaneous use
of human PAbased anthrax vaccine (AVA) with antimicrobial treatment in an anthrax

outbreak or disease situation that requires antimicrobial treatm@fbod and Administration,
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2016) Finally, further study is ongoing in our laboratory to elucidate theation of the
antibodies stimulated by NLAVs in cattle compared to SLSV for 12 months with more

timepoints.

Based on our findings, we recommend further studies to, characterise the agtéqmtbpes
and the PA paratopes they target for their bindifidniswill help determinethe reason fothe
lack of protection despite a significantimmunogenic response base on ELISA aseééefNA
among CrPA+FIS vaccine group. The storage stability of rPA in relattbe tetention of
biological activity of the vaccineerds to be ascertainedor it to progress tolarge scale
use/commercialisation. Following the guidelsidy The International Cooperation on
Harmonisation of Technical Requiremerdf Registration of Veterinary Medical Products
(http://www.vichsec.org/guielines/biologicals/biesafety/targetanimatbatch-safety.html)
which specifs that themain standard requirements for the quality, safety and efficacy
neededfor veterinary vaccines autha@ation. Thswould enablethe determination of dose
and the requiement to administer booster doseven though our study and Ndumnego et al.
(2016) indicates the need of booster within frorm31months after the first vaccination to
enables robust immune respons#.is hoped that future studies will provide a definitive
answer to whether the PrPA/CrPA+RtBmulation with simultaneousPenG administration
produced in this study can compefavourablywith the positive attributes of the SLSM

addition to theadded benefits oPrPA/CrPA+FIging efficacious with the usa antibiotics
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Appendices
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40 kDa

Appendix Figure 1: SDSPAGE of fullength PA83 expressed from PABStabyl.2 irfEscherichia coBE1 at 25°C

using different concentrations of IPTG and different time intesvhhne M: protein molecular weightarker.
0.3, 0.5 and 1 represent the IPTG concentration in mM
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Appendix Figure 2: Western blot of fulllength PA83 expressed from PABStabyl.2 irEscherichia coBE1 at
25 °C using different concentrations of IPTG and different time inteRaiary antibody usedpolyclonal
antibody from serum collected fromn animal vaccinated with rPA.. Lane M: protein molecular weight marker.
0.3, 0.5 and 1 represent the IPTG concentration in mMm
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(a) (b)

Appendix figure 3: (a) SDSPAGE of fullength PA83 expressed from PABStabyl.2 irfEscherichia co8E1
at37°C in500 mL using 0.5 mM IPTG concentratdSHSPAGE of fullength PA83 expressed from PA83
pStabyl.2 irE. coliSE1 at 37°C in 500 mL using 1.0 mM IPTG camadiemt. Lane M: protein molecular,
Lane 1 7: 1 to 7 hour harvest for full length PA83 cloned to pStabyl.2 expressi&n ¢oliSE1, Ovn:
Overnight harvestfor full length PA83 cloned to pStabyl.2 expressiBnamiSEL.
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Appendix material 1: Purified and crude rPA calculation for vaccine formulation

The vaccine formulation for the purified and crude rPA was calculated using:
Opup  Ocux.

C1= Primary concentration

V1= Primary volume

C2= Final concentration
V2= Final concentration

Theconcentration of the CrPA used for the vaccine was determugdga 1 ml volume of
the finallysed cellCrPAsupernatant. The formulas used to determine the rPA concentration
in the crude whole supernatant are:

OME &€ MWB WE € VBT MOE &€ W
ORI WO & O Mé ¢ ORWE & O
O1 000¢ € W& Wi D D1 VWE € WE

o @ ¢ & wlotal protein concentration without the purified rPA concentration

0 & ¢ & WWhole protein concentration in supernatant after centrifugation

01 0wé & Rurified rPA concentration after purification usiNgTED column (Machery
Nagel, England)

6 wi ©8é & ©Eoncentration of urdund rPA present in the flow thugh after Ni-TED
column purification (MacheryNagel, England).

"Qav ¢ ¢ wEoncentration of all proteins present in the flow througfter Ni-TED column
purlflcatlon

61 0W¢ & Bxoncentration of rPA inthe whole supernatant after ciémation.

The CrPA vaccine was formulated as described for the PrPA vaccine formulation.
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Appendix Table 1. The Antirecombinant protective antigen (rPA) and afdirmalin inactivated spores
(FIS) IgGtitres (lgg in cattle vaccinated at week 0 anchBd measured at weelt, 3 and 5 (with means
and standard deviations). Cattle were vaccinated twice (week Bamdth purified rPAPrPA)+FIS+Pen

G (penicillinG), crude rPA (CrPA)+FIS+BenSLSV+FIS+ReénSLSV and NegCtl+Pen G (vaccinated with
Emulsiga-D¥Alhydrogef plus PerG).

Serology Vaccine type Week 0 Week 3 Week 5
Anti-rPA 1gG ELISA NegCitl+Pei 1,25° 0,32 1,36° 0,34 1,54° 0,30
titre (10g10) PrPA+FIS+Pé&d 1,17° 0,29 3,30° 0,34* 4.45° 0,33%**
CrPA+FIS+P#hn 1,25° 0,40 2,93° 0,40* 4,30° 0,75%**
SLSV+Pe@ 1,17° 0,22 1,64° 0,41 2,18° 0,41
SLsSV 1,22° 0,21 2,88° 0,38 4,29 0,40%**
Anti-FIS IgG ELISA NegCtl+Peit 1,14° 0,05 1,32° 0,34 1,53° 0,40
titre (10g10) PrPA+FIS*P&d  1.21° 0,25 3,36° 0,09  4,58° 0,36****
CrPA+FIS+Pén 1,21° 0,29 3,68° 0,38* 4,48° 0,45%**
SLSV+PeB 1,14° 0,18 3,11° 0,38* 4,46° 0,40%**
SLSV 1,27° 0,20 3,37° 0,35* 4,53° 0,29***
TNA titre (NTso) NegCtl+Pei6 ND 1,38° 0,31 1,40° 0,36
(logi0) PrPA+FIS+Pah ND 2,43° 0,40 3,46° 0,38***
CrPA+FIS+Péh ND 2,15° 0,19 3,30° 0,49***
SLSV+PeB@ ND 1,48° 0,22 1,56° 0,36
SLSV ND 2,26° 0,27 3,40° 0,43***

aMean log10 titres + 95% confidence intervalljtres were compared to the respective praccination

titres (**** p < 0.0001, ** < 0.001, *p < 0.01, pAD.0.5, cTNA;Lethal toxin neutrasiation titres, rPA;
Recombinant protective antigen, FIS; Formaldehyde inactivated spore, ND; Not detesteNpt
significant,PrPA; Purified recombinant protective antigen, CrPA; Crude recombinant protective antigen,
PenG: PenicilliiG, SLSV; Sterne live spore vaccine, NegCtl; Negativelcontro
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Appendix Table 2. The antirecombinant protective antigen (rPA) and aftimalin inactivateBacillus anthrci84F2spore (FIS) titres (Igg) of different isotypes in
vaccinated cattle (with means and standard deviations) of Immunoglobulin isotypes titre of vaccinatiednoedsured at weeks 0, 3 (two weeks after first
vaccination) and 5 (two weeks after second vaccination).

aMean log10 titres £ 95% confidence intervéljtres were compared to the respective praccination titres(*** p < 0.001, *p < 0.01, P >K0.0.5. rPA83;
Serology Vaccine types IgM lgG1 lgG2

Week 0 Week 3 Week 5 Week 0 Week 3 Week 5 Week 0 Week 3 Week 5
Anti-rPA  IgNegCtl+Peis 1,170,23 1,510,214 1,340,36 1,5¢°0,35 1,520,35 1,500,33 1,65049 1,51°0,35 1,50°0,32
ELISA  tirPrPA+FIS+P&h  1,620,24 3,050,36* 3,190,35* 1,550,33 2,980,45% 3,26°0,31*** 1,50°0,29 2,7F0,12** 3,39 0,48***

(Iog10) CrPA+FIS+Péh 1,570,32 2,940,38* 3,060,45* 1,520,32 2,890,51* 3,070,22** 1,580,23 2.650,18* 3,40°0,38***
SLSV+Pe@ 1,56°0,32 1,700,28 1,76°0,21 1,510,28 1,61°0,22 1,830,300 1,580,22 1,690,77 1930,41
SLSV 1,640,23 2,840,39* 3,020,45* 1,51°0,28 2,81°0,27** 2,930,23** 1,540,24 2,66°0,21* 3,56°0,32***

Anti-FIS  IcNegCtl+Peis 1,620,37 1,650,31 1,620,43 1,730,09 160030 1,720,127 1,680,136 1,570,36 1,530,37
ELISA  ttUPPrPA+FIS+PdB 1640,15 2,950,23* 3,090,27* 1,620,26 2,980,38* 3,11°0,37** 1,61°0,23 2,71°0,31* 3,24 0,32***

(I910) CrPA+FIS+P&h 1,520,30 2,890,23* 3,06°0,37** 1,570.21 2,86°0,24* 2,980,19* 1,60°0,23 2,750,30* 3,13 0,44***
SLSV+PeB 1,58 0,22 2,740,23* 2,9¢00,24* 1,620,21 1,850,37* 2,290,46* 1,570,21 1,970,30* 2,00°0,41**
SLSV 1,51°0,27 2,91°0,20* 3,08 0,27** 1,630,23 2,740,29* 2,940,11* 1,660,15 2,60°0,24* 2,96°0,35**

Recombinant protective antigen 8®BrPA; Purified rPA83, CrPA; Crude rPA83;@eRenicilliiG, SLSV; Sterne live spore vacci8ne, NegCitl; Negatiteol
(EmulsigerD¥AlhydrogeP and PerG)
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University of Pretoria Animal Ethics Committee approval both cattle trial and passive
mouse protection test

&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Animal Ethics Committee

PROJECT TITLE Evaluation of veterinary non-living anthrax vaccine
candidates in target animal species

PROJECT NUMBER V118-17 (Same as v134-16)

RESEARCHER/PRINCIPAL INVESTIGATOR | Dr. S Jaure

STUDENT NUMBER (where applicable) U_17303410

DISSERTATION/THESIS SUBMITTED FOR PhD

ANIMAL SPECIES Mice

NUMBER OF ANIMALS 40 130

Approval period to use animals for research/testing purposes November 2017- November 2018

SUPERVISOR Dr. H van Heerden

Condition: Please provide a letter for the use of OTAU animals
KINDLY NOTE:
Should there be a change in the species or number of animal/s required, or the experimental procedure/s -

please submit an amendment form to the UP Animal Ethics Committee for approval before commencing with the
experiment

” A A A A S M A P S ST S AT A AR

Date 27 November 2017

Signature

7 CHAIRMAN: UP Animal Ethics Committee




Amended University of Pretoria Animal Ethics Committee approval both cattle trial and
passive mouse protection test

A~ 4

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA - x
YUNIBESITHI YA PRETORIA Faculty of Veterinary Science

Animal Ethics Committee

8 July 2019
Approval Certificate
Amendment 1
AEC Reference No.: V118-17 (AMENDMENT 1)
Title: Evaluation of veterinary non-living anthrax vaccine candidates in target
animal species
Researcher: Dr S Jauro
Student's Supervisor: Prof H van Heerden

Dear Dr S Jauro,

The Amendment as supported by documents received between 2019-05-17 and 2019-06-24 for your
research, was approved by the Animal Ethics Committee on its quorate meeting of 2019-06-24.

Please note the following about your ethics approval:
1. The use of species is approved:

I Species and Samples [ Number |
| _Cattle and mice | 80 Cattle and 265 mice |

2. Please remember to use your protocol number (V118-17 (AMENDMENT 1)) on any
documents or correspondence with the AEC regarding your research.

3. Please note that the AEC may ask further questions, seek additional information, require
further modification, monitor the conduct of your research, or suspend or withdraw ethics
approval.

Ethics approval is subject to the following:

e The ethics approval is conditional on the research being conducted as stipulated by the
details of all documents submitted to the Committee. In the event that a further need arises to
change who the investigators are, the methods or any other aspect, such changes must be
submitted as an Amendment for approval by the Committee.

We wish you the best with your research.
Yours sincerely

rdn—

Prof V Naidoo
A CHAIRMAN: UP-Animal Ethics Committee

ggg:;:;aag‘ %T'd Thaley B”"‘“gﬂm Fakulteit Veeartsenykunde
Tel +27 12 529 8483 Lefapha la Di tsa diruiwa

Fax +27 12 529 8321
Email aec: ac.za
WWw up ac za
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Directorate of Animal Health of South Africa approval for cattle trial

B -
A
f

agriculture,
forestry & fisheries

Department:
Agriculture, Forestry and Fisheries
REPUBLIC OF SOUTH AFRICA

Directorate Animal Health, Department of Agriculture, Forestry and Fisheries
Private Bag X138, Pretoria 0001

Enquiries: Mr Herry Gololo « Tel: +27 12 319 7532 + Fax: +27 12 319 7470 » E-mail: HerryG@daff.qov.za
Reference: 12/11/1/1/6

Dr. Solomon Jauro

Department of Veterinary Tropical Diseases
Faculty of Veterinary Science

University of Pretoria

Tel: 012 529 8265

Fax: 012 529 8312

E-mail: Henriette.vanheerden@up.ac.za

RE: PERMISSION TO DO RESEARCH IN TERMS OF SECTION 20 OF THE ANIMAL
DISEASES ACT, 1984 (ACT NO 35 OF 1984)

Dear Dr. Jauro,

Your application sent with the email on 20 April 2017 requesting permission under Section
20 of the Animal Disease Act, 1984 (Act No. 35 of 1984) to perform a research project or

study, refers.

| am pleased to inform you that permission is hereby granted to perform the following study,

with the following conditions:

Conditions:
1. This permission does not relieve the researcher of any responsibility which may be placed on
him by any other act of the Republic of South Africa;

2. Written permission from the Director: Animal Health must be obtained prior to any deviation
from the conditions approved for this study under this Section 20 permit. Please apply in
writing to HerryG@daff.gov.za;

3. All potentially infectious material utilised, collected or generated during the study is to be
destroyed at the completion of the study. Records must be kept for five years for auditing
purposes. A dispensation application may be considered by the Director Animal Healith in the
event that any of the above is to be stored or distributed;
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10.

The study must be conducted in compliance with the Veterinary and Para-Veterinary
Professions Act 1982 (Act No. 19 of 82);

Permission in terms of the Fertilizers, Farm Feeds, Agricultural Remedies and Stock
Remedies Act, 1947 (Act No 36 of 1947) and the Medicines and Related Substances Control
Act, 1965 (Act No 101 of 1965) must be obtained prior to the start of the study;

A veterinary import permit must be obtained prior to importation of samples (Bacillus anthracis
protective antigen and lethal factor from List Biological Laboratories in the United States of
America, via a distributer in the United Kingdom, and purified recombinant protective antigen
protein from the University of Hohenheim in Germany);

Only animals currently on the property of the University of Pretoria experimental farm may be
used for the study. No outside animals may be sourced without written permission from the
Director: Animal Health;

Animals vaccinated with the candidate vaccine may not leave the property of the University of
Pretoria experimental farm or enter the human or animal food chain in any way within 60 days
after vaccination. Any mortalities within 60 days should be incinerated;

Samples must be packaged and transported in accordance with International Air Transport
Association (IATA) requirements and/or the National Road Traffic Act, 1996 (Act No. 93 of
1996);

This permit is valid up to and including 31 December 2019 and renewal of this permit is
required for research to continue beyond this date. Please ensure that the renewal application
is submitted timeously to DAFF

Title of research/study: Evaluation of veterinary non-living anthrax vaccine candidates in

bovines

Researcher: Dr. S Jauro

Institution: Department of Veterinary Tropical Diseases, Faculty of Veterinary Science,

University of Pretoria

Our ref Number: 12/11/1/1/6
Your ref:

Expiry date: 31 December 2019

Kind regards,

Y 2, /42/0'

"DR. MPHO MAJ
DIRECTOR OF ANIMAL HEALTH

Date:

2017 -06- 0 6

SUBJECT: PERMISSION TO DO RESEARCH IN TERMS OF SECTION 20 OF THE ANIMAL DISEASES

ACT, 1984 (ACT NO. 35 OF 1984)
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Directorate of Animal Health of South Africa approval for passive mouse protection test

& =), agriculture,
=# forestry & fisheries

L\ | Department:
w Agriculture, Forestry and Fisheries
REPUBLIC OF SOUTH AFRICA

Directorate Animal Health, Department of Agriculture, Forestry and Fisheries
Private Bag X138, Pretoria 0001

Enquiries:  Mr Herry Gololo « Tel: +27 12 319 7532 + Fax: +27 12 319 7470 + E-mail: HerryG@daff.gov.za
Reference: 12/11/1/1/6 (909)

Dr Solomon Jauro

Department of Veterinary Tropical Diseases

Faculty of Veterinary Science

University of Pretoria

Tel: 012 526 8265

E-mail: henriette.vanheerden@up.ac.za ; anette.durand@up.ac.za

Dear Dr Jauro,

RE: PERMISSION TO DO RESEARCH IN TERMS OF SECTION 20 OF THE ANIMAL
DISEASES ACT, 1984 (ACT NO. 35 OF 1984)

Your application sent with the email on 28 September 2018 requesting permission under
Section 20 of the Animal Disease Act, 1984 (Act No. 35 of 1984) to perform a research
project or study, refers. | am pleased to inform you that permission is hereby granted to
perform the following study, with the following conditions:

Conditions:
1. This permission does not relieve the researcher of any responsibility which may be
placed on him by any other act of the Republic of South Africa;

2. The study is approved as per the application form received on 28 September 2018
and the correspondence thereafter. Written permission from the Director: Animal
Health must be obtained prior to any deviation from the conditions approved for this
study under this Section 20 permit. Please apply in writing to HerryG@daff.gov.za;

3. The study must be conducted in compliance with the Veterinary and Para-Veterinary
Professions Act 1982 (Act No. 19 of 82);

4. Clinical Trial approval from the Medicines Control Council/ Veterinary Clinical
Committee may be required prior to the start of the study;

5. A veterinary import permit must be obtained prior to importation of the specified A/J
mice from the USA and all conditions stated therein must duly be met;
6. Laboratory mice kept in IVC cages at the University of Pretoria Biomedical Research

Centre may be injected with purified serum from the previous section 20 approved
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study (12/11/1/1/6, signed 6 June 2017) and may be challenged with Stern strain
(34F2) Bacillus anthracis organisms. Blood, liver and spleen samples may be
collected from the mice as per specified SOP’s provided,

7. All animal work must be conducted in the specified laminar flow cabinet and PPE
should be utilised according to the relevant SOP;

8. A drug accountability system must be in place for the Stern strain (34F2) Bacillus
anthracis utilised for this study. Any leftover material has to be destroyed using the
specified waste contractor and relevant waste disposal SOP;

9. All samples and potentially infected material must be packaged and transported in
accordance with the National Road Traffic Act, 1996 (Act No. 93 of 1996). Triple
packaging and disinfection of the outermost layer is required;

10. All related microscopy and culture activities of collected samples may only be
conducted within the DVTD BSL2+ facility, as specified;

11. Subsequent to the completion of the study, all study animals must be humanely
euthanized and carcass material incinerated according to the SOP provided using
the incinerator at the Faculty of Veterinary Science of the University of Pretoria;

12. All potentially infectious material utilised, collected or generated during the study is
to be destroyed at the completion of the study using the specified waste contractor
and relevant waste disposal SOP’s provided. Records must be kept for five years for
auditing purposes;

13. If required, an application for an extension must be made by the responsible
researcher at least one month prior to the expiry of this Section 20 approval.

Title of research/study: “Evaluation of veterinary non-living anthrax vaccine candidates in
bovine” (mouse study)

Researcher: Dr Solomon Jauro

Institution: Department of Veterinary Tropical Diseases, Faculty of Veterinary Science
University of Pretoria, in collaboration with the University of Pretoria Biomedical Research
Centre

Our ref Number: 12/11/1/1/6 (909)

Your ref: V118-17

Expiry date: February 2020

Kind regards,

DR. MPHO MA%
DIRECTOR OF ANIMAL HEALTH
Date: 2019 -04- 15

N ST o ,,{

SUBJECT: PERMISSION TO DO RESEARCH IN TERMS OF SECTION 20 OF THE ANIMAL DISEASES
ACT, 1984 (ACT NO. 35 OF 1984)
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