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- ! The virulence of B. anthracis is reliant on three pathogenic factors, which are secreted upon infection: pro-
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tective antigen (PA), lethal factor (LF), and edema factor (EF). Systemic illness results from LF and EF
entering cells through the formation of a complex with the heptameric form of PA, bound to the mem-
brane of infected cells through its receptor. The currently available anthrax vaccines have multiple draw-
backs, and recombinant PA is considered a promising second-generation vaccine candidate. However, the
inherent chemical instability of PA through Asn deamidation at multiple sites prevents its use after long-
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Instability term storage owing to loss of potency. Moreover, there is a distinct possibility of B. anthracis being used as

Deamidation a bioweapon; thus, the developed vaccine should remain efficacious and stable over the long-term.

Adjuvant formulations Second-generation anthrax vaccines with appropriate adjuvant formulations for enhanced immuno-

Adjuvants genicity and safety are desired. In this article, using protein engineering approaches, we have reviewed

Aluminum adjuvants the stabilization of anthrax vaccine candidates that are currently licensed or under preclinical and clinical
trials. We have also proposed a formulation to enhance recombinant PA vaccine potency via adjuvant
formulation.
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1. Introduction

Anthrax is a deadly infection caused by the gram-positive, aer-
obic, spore-forming bacterium B anthracis. The associated mortal-
ity rates depend on the origin of infection; untreated respiratory,
gastrointestinal, and cutaneous infections are reportedly associ-
ated with mortality rates of 100%, 25-75%, and 20%, respectively
(Plotkin et al., 2017). The world has survived multiple intentional
and nonintentional anthrax-related incidents. For example, in
1979, Russia reported an intentional leakage of anthrax spores
from a military laboratory, where 80 individuals were infected,
and 42 fatalities were reported (Abramova et al., 1993). The largest
and most recent anthrax-related epidemic occurred in Rhodesia,
Zimbabwe, with a total of 10,738 infections and 200 fatalities
reported after contracting the disease from infected cattle
(Wilson et al., 2016). More recently, in October 2001, the US gov-
ernment reported multiple cases of inhalational anthrax in Florida
and New York. Subsequent investigations revealed that all these
incidences were linked to a single individual who deliberately dis-
seminated B. anthracis spores to multiple government officials
using mailing services Update: Investigation of anthrax associated
with intentional exposure and interim public health guidelines
(2001). Given that the associated mortality rates are high and the
ease with which the spores get dispersed, B. anthracis is one of
the most frightening bioweapons. Although unlikely, the possible
use of B. anthracis as a bioweapon is distinctly possible, and this
has led many governments to stockpile anthrax vaccines for emer-
gency use. The challenge, however, lies in maintaining the stock-
piled vaccines such that they remain efficacious and stable over
the long-term. This warrants the development of a second-
generation vaccine candidate with preserved potency and lasting
stability over long-term storage (Verma et al., 2016).

1.1. First-generation anthrax vaccine protective antigen (PA)

PAis a single-chained protein comprising 735 amino acids; it has
atotal molecular mass of 83 kDa. According to crystal structure anal-
ysis, the monomeric form of PA comprises four domains organized
primarily as antiparallel B-sheets (Fig. 1). The domain 1(residues
1-258) comprises a pair of calcium ions, a furin cleavage site, and
the LF-or EF-binding sites, whereas the domain 2 (residues 259-
487) plays a crucial role in transmembrane pore formation (Petosa
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et al., 1997). The domain 3 (residues 488-595) is implicated in PA
heptamerization and stabilization of the outcome oligomer
(Mogridge et al., 2001), whereas the domain 4 (residues 596-735)
harbors regions for binding host cell membrane receptors [capillary
morphogenesis protein (CMG2) and tumor endothelial marker 8
(TEM8)](Rosovitz et al., 2003), (Chen et al., 2016).

PA83, the 83-kDa form of PA, is considered as the major anthrax
immunogen, and all four PA domains have neutralizing epitopes,
which are sufficient for toxin neutralization (McComb and
Martchenko, 2016). A previous report (Reason et al., 2011a) has
shown that mice immunized with all four recombinant PA (rPA)
domains generate elevated toxin-neutralizing antibody titers than
those immunized with single or double rPA domains. PA20 does
not appear to play a functionally important role in the pathogenesis
of anthrax toxin; however, the monoclonal antibody 47F12, which
was secluded from a human vaccinated with anthrax vaccine
adsorbed (AVA; AVA BioThrax™), presented the ability to neutralize
LF-PA(LT)in vitro (Reason et al.,2011b). According to multiple stud-
ies protection and vaccine potency are mediated by the production
of anti-PA neutralizing antibodies (Weiss et al., 2006, Chitlaru
et al., 2011). Passive immunization of animals with polyclonal or
monoclonal antibodies has demonstrated that PA neutralization
might be sufficient as anthrax prophylaxis (Migone et al., 2009).

The three virulence elements of B. anthracis strains are encoded
within the pXO1 megaplasmid. This megaplasmid controls the syn-
thesis of the three major virulence factors of B. anthracis: PA, LF,
and EF(Okinaka et al., 1999). Each of the virulence factors plays
crucial role in infected cells. LF is a zinc-dependent metallopro-
tease that specifically targets mitogen-activated protein kinase in
cells, mediating vascular pathologies in the form of hemorrhage
and septic shock (Bromberg-White et al, 2010). EF is a
calmodulin-dependent adenylate cyclase that stimulates the trans-
formation of intracellular ATP to cyclic AMP (cAMP), resulting in
water homeostasis and edema formation (Leppla, 1982). The entry
of LF and EF into cells is mediated by the formation of a complex
structure with the heptameric form of PA, which acts as a “shuttle”
macrostructure for LF and EF factors. Subsequently, individual
complexes (PA-EF and PA-LF) become internalized through
endocytosis and are then transported to endosomes for processing
and release in their individual forms (free LF and EF) into the cyto-
sol, where they exert their cytotoxic activities and manifest sys-
temic illness (Plotkin et al., 2017).
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Domain II

Domain IV

Domain IIT

Fig. 1. View of protective antigen protein with colors representing the different domains. Domain I -1V are depicted respectively as follow, brown, pink, green and blue.

The currently available anthrax vaccines are produced from a
sterile filtrate of an attenuated, the unencapsulated strain of the
pathogen, comprising mainly the PA antigen and very little
amounts of LF and EF. These vaccines, however, suffer from multi-
ple drawbacks, including the undefined nature of the filtrate
adsorbed to the adjuvant, the less than optimum purity of the final
product, the loss of activity during long-term storage, and the
requirement of 6 doses in the first 18 months followed by an
annual booster to generate a protective immune response. These
drawbacks have prompted defense agencies, health authorities,
and their partners in the biotechnology industry to develop next-
generation vaccine candidates for use in humans (Gorantala
et al, 2011).

1.2. Second-generation anthrax vaccine recombinant protective
antigen (rPA)

Of the many second-generation anthrax vaccine platforms pro-
posed, subunit vaccines produced through recombinant DNA
approaches (rPA) are considered as one of the most attractive plat-
forms. This can be attributed to their capability to stimulate a pro-
tective immune response, the ease of manufacturing and
development, their defined nature compared with older vaccines,
and their nontoxicity, despite the essential contribution to the
pathogenicity of infective agents (Leffel et al., 2012). Multiple clin-
ical studies have been conducted to evaluate the immunogenicity
of rPA and its safety in humans. All of those studies concluded that
rPA-based vaccines could elicit protective immune response
against anthrax, characterized by the induction of neutralizing
anti-PA antibodies (Chi et al., 2015). However, the further develop-
ment of rPA as a vaccine candidate got hampered owing to its
inherent chemical instability, which has been attributed to the
spontaneous deamidation of multiple Asn residues, resulting in
the gradual loss of immunogenicity over time (Powell et al.,
2007). Of the 68 Asn residues present in rPA, seven “hot spots”
have been reported to spontaneously deamidate at different rates.
These residues, ranked according to the rate of deamidation (fast-
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est to slowest), are as follows: Asn®3’, Asn’!3, Asn?®®, Asn’!®,
Asn®! Asn?%® and Asn'®%(Verma et al., 2013).

2. Effect of site-directed mutagenesis approaches on the
immunogenicity and stability of anthrax PA

Although rPA is considered a promising second-generation
anthrax vaccine candidate, its inherent chemical instability (Asn
deamidation at multiple sites) negatively impacts its potency,
thereby precluding its use after long-term storage. Different site-
directed mutagenesis approaches evaluated previously to mitigate
this problem have been sumurised in Table 1.

2.1. Deletions in the furin cleavage site

The Arg!%4-Lys'55-Lys'®6-Arg'%7 residues located on the domain
I of the rPA protein harbor a cleavage site recognizable by the furin
proteases. Once bound to the cell surface receptor, PA83 is cleaved
into the active form (PA63), which in turn heptameric and shuttles
the other pathogenic factors inside the cell. The designing of rPA
variants for use as vaccine antigens that lack biological activity
and the ability to be cleaved by the furin has been performed pre-
viously. In one report, researchers deleted the entire recognition
site (163-168) and evaluated the activity and safety of the protein
(Fig. 2). Their results confirmed that this rPA variant was not cleav-
able by either trypsin or cell surface protein and that the variant
was not toxic when given with other pathogenic factors because
it failed to bind either LF or EF (Singh et al., 1989). Potency evalu-
ation of native and mutated rPA preparations in guinea pigs
revealed that immunization provides high anti-PA titers. Complete
protection was elicited after the immunization of mutant rPA
either alone or in combination with LF and EF (Singh et al., 1998).

In another study, Hermanson et al. (2004) designed an rPA lack-
ing the Ser'92-Arg!'®-Lys'®*-Lys'9>-Arg!®®-Ser'®” amino acid
sequence located within the furin cleavage site and the LF domains
I-1II. High titers of anti-PA, anti-LF, and neutralizing antibodies
against the lethal toxin were measured. Additionally, 100% protec-
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Site-directed mutagenesis approaches

Protein Susceptibility

Functionality

Deletion in the Furin clea-
vage site

Double mutants (dm) at the
furin and chymotrypsin
cleavage sites

Deletion of the entire recognition site in the
domain I of the rPA (163-168)

Deletion of  Ser!92-Arg'®-Lys!94-Lys!%-
Arg'%5-Ser'”” amino acids located within
both furin cleavage site and LF domains I-III.

Substitution of four amino acids within the
furin cleavage site (Argl164-Ly165-Lys166-
Arg167) by Ser-Asp-Lys-Glu

Deletion of two phenylalanine residues
within the chymotrypsin cleavage site at

rPA variant was not cleaved by either
trypsin or the cell-surface protease.
(Singh, Chaudhary et al., 1989)

Not tested

Mutated rPA variants show that PA
was not cleaved by either trypsin or
the cell-surface protease. Also, the
absences of two proteolysis-sensitive
sites increased (dm) (rPA) stability

Loss of toxicity when administered
with lethal factor (Singh, Ivins et al.,
1998)

100% protection against aerosol
challenge in a Rabbit Model, but no
immunogenicity in clinical trials.
(Hermanson, Whitlow et al., 2004)
Safe and high immunogenicity
profile. (Bellanti, Lin et al., 2012).

positions 314 to 315.
Replacement of six Asn resi-
dues with Asp, GIn, or Ala
residues
Replacement of Asn713 and
Asn719 residues with GIn
residues

537, Asn 601, Asn 713, and Asn 719) were
mutated to either Asp, Gln.
Substitution of Asn713 and Asn719 by Gln.

Deamidation hot spots (Asn 408, Asn 466, Asn

(Ramirez, Leppla et al., 2002).

The structure of the mutant rPA was
not significantly altered compared to
that of the WT PA.

The improved inherent stability of
(rPA).

Loss of immunogenicity (Verma,
McNichol et al., 2013).

Insignificant loss in immunogenicity
(Verma and Burns, 2018).

Fig. 2. Representation of all rPA amino acid site deletions or mutation made in previous studies.

tion was achieved against aerosolized anthrax spores in a rabbit
model.

2.2. Mutations at the furin and chymotrypsin cleavage sites

Ramirez et al. (2002) designed an rPA with double mutants
(dm) at both the furin and chymotrypsin cleavage sites. A strand
of four amino acids within the furin cleavage site (Arg!®4-Lys!5>-
Lys'®6-Arg!®7) was substituted with Ser-Asp-Lys-Glu; on the other
hand, a deletion of two phenylalanine residues was made within
the chymotrypsin cleavage site at positions 314-315 (Fig. 2). A
comparison of both wild type (WT) rPA and dm rPA in terms of sta-
bility indicated that dm rPA is superior. Additionally, the phase I
clinical trial of dm rPA conducted in 186 healthy individuals using
three different formulations, dm rPA treated with formalin, and dm
rPA adsorbed onto aluminum hydroxide, revealed that the vaccine
tested is safe and immunogenic under all formulations. No statisti-
cal differences were observed between the antibody titers mea-
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sured for the three different formulations. Enzyme-linked
immunosorbent assay was used to determine the levels of anti-
rPA induced by dm rPA immunization, and the findings indicated
a good correlation of the findings with toxin neutralization assay
(r=0.97) (Bellanti et al., 2012).

2.3. Replacement of six Asn residues with Asp, GIn, or Ala residues

According to the study conducted by Verma et al. (2013) to
reduce the extent of rPA deamidation using a mutational approach.
Several deamidation hot spots (Asn?®®, Asn?®®, Asn>*?, Asn®"!,
Asn’'3, and Asn’'®) were mutated to either Asp, Gln, or Ala, and
the different rPA variants generated were then evaluated in terms
of their functionality and stability. Conformational analysis of WT
rPA and mutated rPA variants indicated similarities in terms of
high-order structures. However, similar to that of WT rPA, the
immunogenicity profile of mutated variants were found to undergo
a significant decline during storage over 4 weeks at 25 °C.
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2.4. Replacement of Asn”and Asn”'° residues with GIn residues

Asn residues located within domain 4 (binding domain) of PA
(Asn’'® and Asn”'®) were substituted with glutamine (Gln) to gen-
erate an rPA(N713Q/N719Q) variant to eliminate/reduce the
deamidation rate significantly because GIn is not suspected to
undergo deamination easily. The modified rPA variant adsorbed
onto aluminum hydroxide showed a good stability profile during
4 weeks of storage at room temperature, with no significant loss
in immunogenicity (Verma and Burns, 2018).

2.5. Predictive analysis of site-directed mutagenesis approaches

Owing to the lack of steric hindrance upon cyclic imide inter-
mediate formation, amino acids with small side chains preceding
an Asn deamidation site (n + 1 position) are known to accelerate
the rate of deamidation. Amino acids with hydrogen-donor side
groups in their side chains that precede a deamidation site can also
accelerate deamidation through hydrogen bonding to the carbonyl
oxygen of Asn, thereby rendering it more electronegative and
prone to nucleophilic attack and the formation of a cyclic imide
intermediate (Kempkes et al., 2018). Closer examination of the
seven deamidation hot spots revealed a pattern in terms of neigh-
boring amino acids, in which the four Asn residues with the fastest
deamidation rates (i.e., residues 537, 713, 466, and 719) all have a
glycine (Gly) as a neighboring (n + 1) amino acid. The n + 1 sites of
the remaining three hot spots (i.e., Asn residues 408, 601, and 162)
are either serine (Ser) or asparagine (Asn), which are characterized
by harboring hydrogen bond donor side chains. In addition to the
effect of the neighboring amino acids, conformational and environ-
mental factors also contribute to the deamidation rates of rPA.
Mapping the positions of hot spot Asn residues within the three-
dimensional structure of rPA reveals that almost all of these resi-
dues, particularly those with the fastest degradation properties
are dispersed across unstructured, flexible loops that are exposed
to external solvents and, thus, a polar environment, thereby ren-
dering them even more prone to deamidation.

We believe that the root cause of these high deamidation rates
lies in the fact that Asn is preceded by Gly at multiple sites. Among
the seven deamidation sites available in rPA, four with the highest
rates accommodate Gly at the n + 1 position.

2.6. Effects of different adjuvants on the immunogenicity and stability
of anthrax PA

Passive immunization with antisera from other animals has
been used to treat anthrax among livestock and humans (Plotkin
et al,, 2017). While in the era after antibiotics, humans have been
depending heavily on active vaccination to eradicate or reduce
the incidence of numerous dreaded diseases such as anthrax, cho-
lera, polio, tetanus, typhoid, and rabies. Therefore, vaccination has
been considered an instrumental public health intervention since
the past century, sparing nations from infectious diseases; this
has made vaccination crucial in public health practice (Ehreth,
2003). Extremely purified recombinant antigens are weakly or
moderately immunogenic; adjuvants are often mandatory to
increase the level and duration of protection induced by vaccines.
Historically, in terms of human and veterinary vaccines, aluminum
adjuvants are the most frequently used adjuvants. Aluminum adju-
vants are often referred to as “alum” in the literature; however,
this might cause ambiguity due to the different physical character-
istics between the two most widely used adjuvants from this
group——aluminum hydroxide and aluminum phosphate (Hem
and White, 1995). Aluminum adjuvants have been combined into
a variety of vaccines and administered to millions of people per-
haps because they are effective with the antigens present in cur-
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rently marketed vaccines, with exceptional safety profiles,
minimal unwanted immunogenicity, and affordable prices (Seder
et al., 2015). Synthetic oligodeoxynucleotides containing unmethy-
lated cytosine phosphoguanine (CpG-ODN)-based adjuvants,
which mimic bacterial and viral genetic material, are also good
adjuvants for optimization to further potentiation. In case of a pan-
demic or widespread exposure to anthrax as a bioweapon, a vac-
cine providing single immunization protection would be the best
choice. Therefore, (CpG-ODN)-based adjuvants might outweigh
aluminum hydroxyl gel in terms of rapidity and potency
(Kachura et al., 2016). PA encapsulated in liposomes containing
monophosphoryl lipid A (MPLA) also shows great induction to
lethal toxin-neutralizing titers in comparison to PA adsorbed onto
aluminum hydroxide (Peachman et al., 2012). Currently available,
licensed vaccines include AVA in the United States and anthrax
vaccine precipitated (AVP) in the UK. There also exist other vacci-
nes that are licensed in Russia and China; all four of these vaccines
are created from a sterile filtrate of attenuated, the unencapsulated
strains of the pathogen. Differences between AVA and AVP com-
prise adsorption to aluminum hydroxide gel versus precipitation
with aluminum potassium sulfate and the use of various preserva-
tives (Kondakova et al., 2019). Definitely, the selection of an inap-
propriate adjuvant might hamper the adequacy of the vaccine
antigen. Therefore, at early developmental stages, the benefit/risk
of the adjuvant must be considered to avoid the rejection of effec-
tive vaccine candidates.

2.7. The pivotal role of adjuvants

Adjuvants play a significant role in enhancing the translocation
of an antigen from the injection site to the lymph node, a process
that activates T-cells. Also, adjuvants provide protection to anti-
gens and are considered an antigen reservoir to grant prolonged
delivery (Schijns, 2000). Active immunization with a purified anti-
gen usually induces insignificant antibody and T-cell response;
therefore, vaccine producers need to use adjuvants to improve
the immune response. In the case of pathogens that display a major
antigen drift and strain variations, the need for an adjuvant
becomes crucial to broaden an immune response by expanding
B-cell diversity (Draper et al., 2013). Adjuvants might induce a
great amount of antibodies with a higher affinity to the antigen
(Kasturi et al., 2011). In the case of a pandemic, supplying vaccines
to cover the world’s population will be a challenge for vaccine pro-
ducers. Pairing purified protein antigens with an adjuvant can sig-
nificantly reduce the amount of purified protein antigens required
to increase the antibody titer. Single-shot vaccines are an optimum
goal in both biodefense and pandemics and could be achieved by
pairing the antigen with an adjuvant (Reed et al., 2013). The above
mentioned roles lead us to classify adjuvants into four groups: the
delivery system for antigens; depot effect; immunostimulation; or
combination of delivery, storage, and immunostimulation.

2.8. Adjuvants employed in human vaccines

Each vaccine has specific desired features that necessitate
specific adjuvant properties. Literature has shown that adjuvants
enhance vaccine efficiency, durability, and potency. However,
efforts to develop new generations of adjuvants to improve the
currently available vaccines or new vaccines have been hampered
by unproved health risks or lack of information but not safety
issues. However, it is extremely important to utilize all available
data on the mode of action, safety, potency, tolerability, and phys-
ical and chemical properties of adjuvants (Reed et al., 2013).

Adjuvants represent various materials that are either synthetic
or extracted from natural products. Insoluble or aluminum-based
adjuvants have been used since the beginning of the last century
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and incorporated into different vaccines with desired efficiency
and safety profiles. However, aluminum alone as the first genera-
tion of adjuvants has shown insufficient immunogenicity against
complex pathogens (O’Hagan et al., 2017). The second generation
of adjuvants that combined alum with toll-like receptor (TLR) ago-
nists offer a genuine advantage of activating innate and adaptive
immune cells to overcome such a challenge. In terms of the next
generation of adjuvants, alum with TLRs and MPLA is considered
the most advanced (Seder et al., 2015). Overall, according to firmly
established records, experts suggest that all new adjuvant
candidates should be compared with aluminum adjuvants as the
“gold standard” in terms of safety and efficacy (HogenEsch et al.,
2018).

3. Adjuvants employed in anthrax vaccines
3.1. Aluminum compounds as adjuvants

Aluminum compounds can be used as adjuvants in licensed
vaccines in the US, in limited amounts (0.85-0.125 mg/dose)
(Baylor et al., 2002). There are three main aluminum compounds
that are used as adjuvants: aluminum hydroxide [AI(OH)s] alu-
minum phosphate (AIPO4), and aluminum precipitate in either
sodium (Na) or potassium (K)(Gupta and Rost, 2000). Al(OH); has
a crystalline structure with a 500-m?/g adsorption surface, with a
particle diameter of approximately 10 um (Johnston et al., 2002).
AIPO, is a heterogeneous salt and has an adsorption surface of
250 m?/g, with an average diameter of 2 pm (Glemza et al.,
1992). In the literature, the word alum has been commonly used
as an abbreviation for aluminum adjuvants. Al(OH); adjuvants
are often referred to in the literature as (AH).

Adsorption of antigens to adjuvants occurs via electrostatic
interaction, hydrophobic interaction, or ligand exchange mecha-
nisms (which is the strongest)(HogenEsch et al., 2018). The isoelec-
tric point (pI) of aluminum oxyhydroxide (AIOH) is 11.4 (Hsu,
1989); as such, its surface will be positively charged at a neutral
pH and would bind the acidic PA antigen (pl ~ 5). Alhydrogel-
bound antigen or the (rPA-AIOH) complex preserves secondary
(Agopian et al., 2007), tertiary (Soliakov et al., 2012), and quater-
nary structures (Harris et al., 2012) but shows reduced thermal sta-
bility compared with their free counterparts in solution (Jones
et al., 2005). Basic surface antigens are known to bind AlIPO, adju-
vants, which have a pl of 4.6-5.6, yielding a negative surface
charge to it at neutral pH (Rowe et al., 2009). The storage of alu-
minum adjuvants at room temperature results in deprotonation
and dehydration processes and leads to decreases in the surface
area, consequently reducing the adsorptive capacity within
15 months (Burrell et al., 2000); moreover, there is an inverse rela-
tionship between the strength of adsorption and the immune
response (Hansen et al, 2011). Furthermore, the rate of
disassociation of freshly prepared antigen-adjuvant complexes in
interstitial fluid is larger than that of the older formulated samples
(Jiang et al., 2006).

Alum adjuvants act as a reservoir for antigens to cause pro-
longed exposure and improve the transfer of antigen to antigen-
presenting cells and the activation of dendritic cells via the induc-
tion of uric acid (Kool et al., 2008). However, they also have some
limitations, such as pore augmentation of IgE antibody responses,
incompetence to augment cell-mediated immune responses
(specifically T-killer cell responses), induction of local reactions
at the injection site, erythema, contact hypersensitivity (Baylor
et al., 2002) and lack of efficacy in some antigens due to weak elec-
trostatic forces between the antigen and alum adjuvant, hydropho-
bic interactions, Van der Waals forces and hydrogen bonding that
contribute to proper adsorption between the antigen and alum
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adjuvant, or inappropriate range of pH in which the charge on
the gel and the antigens would change and thus affect adsorption.
Moreover, the size and surface area of alum adjuvant gel particles
play a crucial role in antigen adsorption (Gupta and Rost, 2000).
There are contradictions in the literature regarding the integrity
and stability of antigens after adsorption onto (AH), but some
researchers have demonstrated the structural integrity of the pro-
tein even after exposing recombinant protein adsorbed onto Al
(OH)swith accelerated heat conditions (Colaprico et al., 2020).
According to Jendrek et al. (2003) the anthrax rPA interacts with
aluminum hydroxide adjuvant via electrostatic interaction. A study
to evaluate the immunogenicity of anthrax rPA adsorbed onto Al
(OH); and AIPO4 concluded that the latter is not essential for adju-
vanticity, but the amount of adjuvant does induce antibody
response (Berthold et al., 2005). Moreover, in terms of immuno-
genicity, stored formulations of an rPA-Alhydrogel combination
for around 3 weeks caused loss of the capability to induce toxin-
neutralizing antibodies (Wagner et al., 2012).

The phosphate buffer used in anthrax vaccine formulation
would have a significant effect on the binding capacity and adsorp-
tion coefficient. In the case of the (rPA-AIOH) complex, phosphate
ions of the buffer bind the exposed surface of hydroxyl groups to
yield an aluminum phosphate surface that reduces the adsorption
between (rPA) and AIOH by forming a water layer between the
antigen and the adjuvant, thereby revealing that phosphate is an
advantageous modeling agent for adsorption between (rPA) and
AIOH. Moreover, the hypothesis of the strongest immunogenic
effects to an aluminum-adjuvanted (rPA) is likely due to the
reduced binding capacity and the adsorption coefficient
(Watkinson et al., 2013).

3.2. Cholera toxin (CT)

An exotoxin from Vibrio cholerae is used as a powerful mucosal
vaccine adjuvant in mice. Scientists believe its mechanism of
action as an adjuvant could be via increasing epithelial permeabil-
ity, modifying antigen presentation (Sijun and Yong, 2009), induc-
ing Th2-type immune responses, and producing immunoglobulins
such as IgA, IgG, and IgE (Holmgren et al., 2006). When rPA is adju-
vanted into CT and administered nasally to mice, it generates sys-
temic and mucosal immune responses. Furthermore, a study
showed that B. anthracis associated with 1-pg CT protects the mice
against inhalation anthrax (Datta et al., 2010). However, due to
safety issues and the toxicity of intranasal administration of CT
as an adjuvant, other immunopotentiators are needed in clinical
trials (Sijun and Yong, 2009).

3.3. Polyriboinosinic-polyribocytidylic acid [poly (I: C)]

poly (I: C) is synthetic double-stranded RNA used as an adju-
vant in the nasal vaccines because it is recognized by TLR 3 that
is located in the endosomal compartment of myeloid DCs. There-
fore, it has the ability to induce interferon (IFN1), inflammatory
cytokine production and antigen-presenting cell development
(Matsumoto and Seya, 2008). In the PA-poly (I: C) complex used
as the nasal immunization vaccine against anthrax in mice, the
outcomes exhibited abundant IgG and IgA production and a
higher anthrax toxin-neutralizing antibody (TNA) when com-
pared to CT (Sloat and Cui, 2006). Another study used a trianti-
gen nasal vaccine that contained poly y-D-glutamic acid (PGA),
which is a B. anthracis capsule linked to the protein carrier
bovine serum albumin, anthrax LF, and poly (I:C) as an adjuvant.
The study showed the ability of the complex to induce strong
immunization responses against all three antigens (Sloat et al.,
2008).
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3.4. (CpG-ODN)

The unmethylated CpG sequence is a part of bacterial DNA and
is considered as an immunostimulatory sequence. Different stud-
ies have wused synthetic oligodeoxynucleotides containing
unmethylated (CpG-ODN) as an immunostimulatory oligonu-
cleotide adjuvant to potentiate both humoral and cellular immune
responses to vaccines. (CpG-ODN) induces human plasmacytoid
dendritic cells and B-cells to express TLR9, produce Th1and proin-
flammatory cytokines, and improve the functional maturation/ac-
tivation of professional antigen-presenting cells. Both preclinical
and clinical trials have proven that (CpG-ODN)s enhance the
activity and immunogenicity of vaccines (Bode et al., 2011). Com-
bining (CpG-ODN) in the AVA vaccine potentiates the immunity of
macaques, specifically via subcutaneous administration (Klinman
et al,, 2004). A double-blind phase II clinical study to evaluate
the safety and immunogenicity of a combination of AVA and
CPG 7909 candidate (known as AV7909) has proven the safety
and good tolerance of the AV7909 candidate. A similar immune
response to AV7909 candidates and AVA has been noted specifi-
cally at 0/14 days of the vaccines schedule; however, the
AV7909 candidate has shown a higher and earlier peak (Hopkins
et al., 2016).

Cationic hydrophilic polymers such as chitosan were
employed to encapsulate rPA and (CpG-ODN) due to their capac-
ity to encapsulate antigens and (CpG-ODN) in the same particle
(Jesus and Borges, 2011); investigators have assessed the adju-
vant potential of three different formulations containing PA
encapsulated within trimethyl-chitosan nanoparticles in combi-
nation with either (CpG-ODN) or [poly (I: C)]. The designed
routes of administration for all formulations in mice are
intraperitoneal, subcutaneous, or intramuscular. The study
revealed that regardless of the route of administration, (CpG-
ODN)-and [poly (I: C)]-conjugated TMC-PA nanoparticles elicited
a strong humoral response. In contrast, TMC-PA revealed a cellu-
lar immune response. Furthermore, TMC-PA and CpG TMC-PA
formulations were the most effective when administered via sub-
cutaneous and intramuscular routes of administration in mice
(Malik et al., 2018). Moreover, anthrax rPA adjuvanted within
(CpG-ODN) on a Ficoll scaffold combination (rPA/DV230-Ficoll)
used against aerosolized anthrax as immunization in monkeys
augmented rapid immunogenicity compared with rPA alone,
revealing their capability in antigen delivery and increasing adju-
vant activity (Kachura et al., 2016).

3.5. Poly (lactic-co-glycolic acid) (PGLA)

PLGA-based delivery systems have been well studied in
subunit-based vaccines and have revealed their capability in
encapsulating antigens, targeting antigen-presenting cells, and
subsequently potentiating immune responses (Silva et al., 2016).
The domain 4 of anthrax PA has been combined into a PLGA
nanoparticle (PAD4-NP) complex. A single dose of this complex
generates PA domain 4-specific antibodies and produces both
Th1/Th2 responses, ultimately protecting mice against B. anthracis
(Manish et al., 2013).

3.6. MPLA with liposomes

MPLA is a detoxified endotoxin lipid A fraction that lacks one
phosphate group and has no physiological toxicity. However, it
holds adjuvanticity. It upregulates costimulatory molecules on
dendritic cells and macrophages through TLR4 (Han et al., 2013)
and induces strong Th1 responses (Moingeon et al., 2001). Limited
reactogenicity with high immunogenicity and a safety profile of
liposomal MPLA has been confirmed in human phase I clinical tri-
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als using various candidates vaccine formulations (Alving, 2002).
Anthrax PA as an antigenic material encapsulated in liposomal
adjuvant systems comprising MPLA contains amplified titers of
binding and neutralizing antibodies to anthrax PA compared to
the (AH)-adsorbed antigen in macaques, which reveals the high
safety and efficiency of liposomal MPLA in monkeys and humans
(Rao et al,, 2011). Different anthrax PA-adjuvant vaccine formula-
tions have undergone comparative studies. The formulation com-
prises PA encapsulated in liposomes containing monophosphoryl
lipid AL(PA + MPLA), stable liposomal oil-in-water emulsion (PA-
emulsion), PA presented on the T4 nanoparticle antigen delivery
system (T4-PA), and PA with heat-labile Escherichia coli enterotoxin
(PA + HLT) tested on New Zealand white rabbits. Two L(PA + MPLA)
and (PA + HLT) formulations induce complete protection against B.
anthracis Ames strain spores, whereas only limited protection was
observed in the other two formulations. Moreover, L(PA + MPLA)
ensured long-term protection of the PA-antibody complex
(Peachman et al., 2012).

3.7. Mast cell activators

One of the major mast cell activators widely used in bioresearch
is compound 48/80 (C48/80), which is an end product derived from
the condensation process of N-methyl p-methoxyphenethylamine
and formaldehyde to induce mast cells, which are scattered
throughout the epithelium of connective tissue (Koibuchi et al.,
1985). A study to evaluate the immune response induced by rPA
with C48/80 delivered intranasally as a dry powder formulation
in rabbits showed elevated anti-rPA IgG levels and more significant
lethal toxin neutralization antibody titers, similar to that elicited
by intramuscular immunization with rPA alone. Surprisingly, rPA
and the C48/80 dry powder formulation remain stable after
2.5 years of storage at ambient room temperature, which is compa-
rable with the stability of freshly prepared formulations (Wang
et al., 2012). Chitosan nanoparticles have been incorporated with
mast cell activator compound 48/80 (C48/80) and used as adju-
vants for anthrax rPA in the nasal vaccine; these have shown a
reduction in the rPA dose required to induce high neutralizing anti-
body titers, potentiating the production of IgG1 and IgG2 (Bento
et al., 2015).

3.8. Virus-like particles (VLPs)

Manayani et al. (2007) combined anthrax PA with a chimeric
VLPs, which has been used to display the anthrax toxin receptor
ANTXR2. The study showed that the complex produced a potent
TNA response and prevented lethal toxin action. Loading domain
4 of anthrax PA and VLPs produced potent and rapid immune
responses against anthrax PA (Venter et al., 2011).

3.9. Polysaccharide-derived adjuvants

Advax™ is a polysaccharide derived from the Inulin plan
(Cooper and Petrovsky, 2011)and is used as an adjuvant in a wide
variety of vaccines due to its ability to enhance immunogenicity
against different antigens such as the Japanese encephalitis virus
(Lobigs et al., 2010) and human immunodeficiency virus (Cristillo
et al., 2011). A combination of anthrax PA plus Advax adjuvant
was studied to assess the immune response in mice and its ability
to induce PA immunogenicity; the study concluded that there
was a significant protection with a single subcutaneous dose of
PA-Advax™ complex against aerosolized B. anthracis than with
three immunizations with PA alone. Furthermore, the formulation
of Advax™ with Murabutide, a synthetic derivative of the bacte-
rial peptidoglycan cell wall, elicited a double effect on immuno-



Mohammed Ali Dahhas and M.A. Alsenaidy

genicity and 100% protection after just two doses (Feinen et al.,
2014).

3.10. Incorporation of acetylated dextran and TLR 7/8 agonist

Association of acetylated dextran (Ac-DEX) (71-kDa) with imi-
quimod TLR 7/8 agonist revealed dose-sparing activation for den-
dritic cells (Bachelder et al., 2010), and the incorporation of
anthrax rPA within resiquimod Ac-DEX particles to evaluate rapid
immune response in mice showed a significantly higher level of
antibodies compared to the response elicited from rPA and the
alum group. However, antibodies were not required for fast neu-
tralization, and the protection might have been due to the T-cell
response (Schully et al., 2013, Gallovic et al., 2016).

3.11. Predictive analysis of different adjuvants on the immunogenicity
and stability of anthrax PA

Despite the contradictions in the literature in terms of the
integrity and stability of antigens after adsorption to (AH), recent
studies have the structural integrity of proteins (Colaprico et al.,
2020). Long-range electrostatic interaction is considered of the
major ways of adsorption of antigen to adjuvants (HogenEsch
et al., 2018). At a neutral pH, aluminum oxyhydroxide (AIOH) has
a positive surface charge owing to its high pl of 11.4, and rPA is
negatively charged due to its acidic pI of 5.6. rPA complexes with
AIOH and protect the secondary, tertiary, and quaternary struc-
tures. In addition to the structural and conformational factors
influencing chemical stability, environmental factors play a sub-
stantial role in deamidation degradation kinetics. Known factors
that influence deamidation include pH, peptide chain flexibility,
and the presence of excipients and buffers with deamidation cat-
alytic activities.

4. Conclusions

In summary, rPA is considered a primary candidate for a
second-generation anthrax vaccine. It has multiple domains that
play critical role in protease activation, heptomerization, mem-
brane insertion, and binding to cell receptors. Most importantly,
all domains contain neutralizing epitopes. Adjuvants employed in
anthrax vaccine formulations, specifically those used in clinical
or preclinical trials, undergo adequate safety or quality standards.
However, in terms of alhydrogel, strong alhydrogel-bound antigens
might reflect low vaccine immunogenicity. Moreover, only the
freshly prepared formulations of the rPA-alhydrogel combination
elicit a strong immune response. Innovations in the design of safe
and immunogenic adjuvants come with combinations of
immunopotentiators such as CPG, TLR agonists, liposomal MPLAs,
and the nanoparticles adjuvant platform. The majority of combina-
tions shows rapid induction of both memory and protective immu-
nity. The main problem with rPA-based vaccines is protein
instability, which is significantly enhanced when aluminum adju-
vants and other novel adjuvants are used. Attempts are made to
overcome the instability by spray freeze-dried formulations.

Countless studies are being conducted worldwide to develop
safe and effective anthrax vaccines and to prevent inherent chem-
ical instability as a result of Asn deamidation at multiple sites of
the protein. However, all studies to reduce deamidation extent of
rPA have not found success to avert inherent chemical instability.
rPA vaccine with improved long term stability and enhanced
immunogenicity could be attained in future via substitution of
Gly residues preceding Asn by Ala at four different deamidation
hotspot sites (538, 714, 467, and 720).
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