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Original article

Staphylococcus aureus derived
hyaluronic acid and bacillus
Calmette-Guérin purified proteins
as immune enhancers to rabies
vaccine and related immuno-
histopathological alterations

Purpose: One of the essential goals regarding the successful control of rabies infection is the
development of a safe, effective, and inexpensive vaccine. the current study aimed to evaluate
the inactivation potential of B-propiolactone (BPL), binary ethyleneimine (BEI), and hydrogen
peroxide (H.02).

Materials and Methods: Estimating the inactivation kinetics of BPL, BEI, and H,0; revealed
that the tested inactivants could completely and irreversibly inactivate rabies virus within 2, 12,
and 4 hours, respectively while maintaining its viral inmunogenicity. The potency of BPL, BEI,
and H,0; inactivated vaccines was higher than the World Health Organization acceptance
limit and were in the order of 3.75, 4.21, and 3.64 IU/mL, respectively. Monitoring the humoral
and cellular immunity elicited post-immunization using Staphylococcus aureus derived hy-
aluronic acid (HA) and bacillus Calmette-Guérin purified protein derivative (PPD) adjuvanted
rabies vaccine candidates were carried out using enzyme-linked immunosorbent assay.
Results: Results demonstrated that both adjuvants could progressively enhance the release
of anti-rabies total immunoglobulin G as well as the pro-inflammatory mediators (interferon-
gamma and interleukin-5) relative to time. However, a higher inmune response was developed
in the case of HA adjuvanted rabies vaccine compared to PPD adjuvanted one. The harmful
consequences of the tested adjuvants were considered via investigating the histopathological
changes in the tissues of the immunized rats using hematoxylin and eosin stain. Lower adverse
effects were observed post-vaccination with HA and PPD adjuvanted vaccines compared to
that detected following administration of the currently used alum as standard adjuvant.
Conclusion: Our findings suggested that HA and PPD could serve as a promising platform for
the development of newly adjuvanted rabies vaccines with elevated immune enhancing po-
tentials and lower risk of health hazards.

Keywords: 3-Propiolactone, Binary ethyleneimine, Immune enhancers, Hyaluronic acid, Ra-
bies vaccines

Rabies is a global zoonotic disease of major public health and economic significance.
It remains one of the most serious neglected viral diseases with a case fatality rate of
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about 100% [1]. Despite the presence of post-exposure pro-
phylaxis, rabies infection resulted in approximately 59,000
deaths worldwide each year with the majority of cases in Af-
rica and Asia. That’s one person dies every 9 minutes due to
rabies infection every day, 40% of whom are mostly children
[2]. Tt causes severe economic loss in many developing coun-
tries approaching 5.5 billion dollars per year. Rabies infection
is accompanied by acute encephalomyelitis that progresses
rapidly to coma or death within days after the onset of symp-
toms [3]. Even though the international efforts to produce an
effective rabies vaccine, the disease has not been eliminated
as it has many animal reservoirs [4]. There is always an at-
tempt to formulate an affordable and safe rabies vaccine via
the use of inactivated rabies virus [5]. B-propiolactone (BPL)
is the currently recommended inactivating agent for rabies
virus, where it maintains the viral antigenicity compared to
other chemicals, such as formaldehyde and phenol [6]. How-
ever, BPL is a potentially carcinogenic and expensive inacti-
vant, thus it is important to find other inactivating agents
which are safe, cheap, and available [7].

Although the mass production of cell culture based inacti-
vated rabies vaccines is costly, but it is mostly used world-
wide [8]. Additionally, there is always a need to improve the
immune-enhancing potentials of the prepared cell culture-
based rabies vaccines in developing countries via the use of
adjuvants such as alum [9]. In alum adjuvanted vaccines the
antigen becomes readily absorbed by the subject and more
immunogenic [10]. On the other side, searching for an alter-
native adjuvant to alum is an essential issue in order to over-
come its well-known side effects [9]. Attention has now been
directed to the enhancement of immunogenicity of viral vac-
cines via the development of bio-adhesive delivery systems
using natural constituents, such as lectins and fimbrial pro-
teins. These bio-adhesives attach to mucosal cell surfaces
through receptor-mediated mechanisms. Hyaluronic acid
(HA) is an example of these natural bio-adhesives which has
the potential in developing an effective immune response. It
was found that the combination of the antigen with either es-
terified HA polymers or auto-cross-linked HA polymers re-
sulted in significant improvement in the immune response
[11]. Among other immunostimulants, it was also demon-
strated that bacillus Calmette-Guérin (BCG) is a live attenu-
ated tuberculosis vaccine that has the potential to stimulate
non-specific cross-protection against different pathogens as
it improves the antigen recognition and induces rapid in-
flammatory response [12]. Consequently, the current study
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aimed to evaluate the inactivation potential of BPL, binary
ethyleneimine (BEI), and H.O.. Monitoring the humoral and
cellular immune response elicited post-vaccination using
Staphylococcus aureus derived HA and BCG purified protein
derivative (PPD) adjuvanted rabies vaccines. In addition to
assessment of histopathological changes associated with the
administration of these vaccines in laboratory animals.

Ethical approval

All procedures involving animals followed the regulations
approved by the Egyptian Network of Research Ethics Com-
mittee which was created in 2008. An ethical approval for the
present study protocol was granted by the Holding Company
for Biological Products and Vaccines, Sera, and Drugs (VAC-
SERA) ethical committee, Cairo, Egypt (approval no.,
0728019157). The scarified and dead animals were decanted
according to the safety and occupational health guidelines.
The study sticked to the National Institute of Health (NIH)
regulations regarding the animal care and the use program of
laboratory animals. There are no human subjects in this
study and informed consent is unapplicable.

Laboratory animals

Five suckling mice families and 20 adult mice were used for
evaluation of the safety profiles of the prepared vaccines. Five
groups of 16 adult Swiss albino male mice of 4-6 weeks old
(14-16 g) were used for testing the potency of each vaccine.
Three groups of 120-150 g Sprague Dawley rats (10 rats/
group) were immunized according to a predetermined sched-
ule to estimate the level of the developed immune response.

Rabies virus

Fixed rabies virus (FRV/Kz) was kindly supplied by el-Karama-
ny [13] (former general manager of research and development
sector), the VACSERA, Egypt. Rabies virus was adapted to Vero
cells (ATCC [American Type Culture Collection] CCL-81) by al-
ternating 37 passages in mice and Vero cells (20 cycles in mice
and 17 passages in Vero cells). The adapted viral strain was
used to prepare the test vaccine and recorded a viral titer of 7.5
logio MICLDs, (mouse intracerebral lethal dose 50%)/mL.

Inactivants
Binary ethylene amine and hydrogen peroxide were kindly
supplied from Sigma-Aldrich (Burlington, MA, USA). Binary
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ethylene amine was converted into BEI using 0.2 N NaOH
and finally used as 0.001 M. H»O: was used as 0.3 M, whereas
BPL was used at a final concentration of 0.0035 M.

Reference rat anti-rabies immunoglobulin G
Rat anti-rabies immunoglobulin G (IgG) was kindly supplied
from VACSERA and it was used as 6.5 IU/mL.

Vaccine preparation

Rabies vaccine was prepared using Vero cells, where exhaust-
ed growth medium was decanted from tissue culture flasks
and rabies virus was inoculated at one multiplicity of infec-
tion/mL. Flasks were incubated at 37°C (Jouan, Saint-Her-
blain, France) for 1-1.5 hours and shaken at 15-minute inter-
vals to ensure the even distribution of the virus on the cul-
tured area. Maintenance medium was added to the infected
flasks and cells were examined daily for detection of morpho-
logical changes using inverted microscope (Helmut Hund
GmbH, Wetzlar, Germany). On the third day, the infection
medium was harvested and replaced with fresh medium.
Medium containing cell free virus was harvested at 4-5 days
interval. On the 15th-20th day, the cell associated virus was
also collected through 3 cycles of freezing and thawing and
cold centrifuged (Jouan). Cell pellets were decanted. The in-
fectivity titer of the pooled viral harvests (cell free and cell as-
sociated virus) was evaluated using mice inoculation assay.
Viral suspension was concentrated by the aid of hollow fiber
cartridge ultra-filtration system [9].

Virus inactivation

The previously prepared bulk virus was divided into three ali-
quots. Chemical inactivants such as PL, BEI, and H.O. were
added to each bulk at a final concentration of 0.0035 M for
BPL, 0.001M for BEI, and 0.3 M for H.O.. Treated viral bulks
were incubated at 37°C for 24 hours and samples were col-
lected for evaluation of the inactivation kinetics according to
the designed protocol. Samples were collected at predeter-
mined time interval and were 10-fold serially diluted in
Hanks’ balanced salt solution. Each dilution (0.03 mL/
mouse) was inoculated intracerebrally in Swiss albino male
mice of 15-17 g body weight (6 mice/dilution). Mice mortali-
ty was recorded for 14 days post-injection keeping in consid-
eration that the number of deaths was recorded starting from
the 5th day post-inoculation. The viral infectivity titer was de-
termined according to Reed and Muench [14] in 1938. The
presence of residual living virus was traced via intracerebrally
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injecting the inactivated virus in 5 suckling mice families and
20 adult mice. The vaccine was considered safe on condition
that all inoculated mice remained alive for a period of 28 days
post-intracerebral inoculation [6].

Adjuvants

S. aureus derived HA and PPD of BCG were kindly supplied
from VACSERA. PPD was routinely produced in BCG depart-
ment (Tuberculin PPD RT23 “SSI”), batch no. A25/2020 and
its release was based on certified quality control procedures.
While HA was not a routine production line, but it was pre-
pared as the research and development sector’s self-activity
and its purity was examined using gel electrophoresis to de-
tected clear sole bands with an average molecular weight of
about 700 kDa. Both adjuvants were mixed with the prepared
vaccines at a final concentration of 10 pg/mL and incubated
over night at 4°C.

Vaccine potency

Prepared vaccine candidates were 5-fold serially diluted in
phosphate buffer saline. Each dilution (0.3 mL) was intraper-
itoneally (IP) injected into 16 adult Swiss albino male mice of
4-6 weeks old and weighing 14-16 g. Injection was carried
out at zero time and a second dose was administered on the
7th day post-prime vaccination. On the 14th day, vaccinated
mice were challenged intracerebrally using 50 LDs, (lethal
dose 50%) of challenge virus standard kindly supplied from
rabies vaccine research unit, VACSERA. Mortality was re-
corded starting from the 5th to the 15th day post-challenge.
EDs (the effective dose that protects 50% of challenged mice)
of test vaccines was determined according to the NIH proto-
col [15].

Immune response

Three groups of 120-150 g body weight Sprague Dawley
strain of albino rats (10 rats/each) were immunized via IP in-
jection of five doses of adjuvanted test vaccines at days 0, 3, 7,
14, and 28. Blood samples were collected from the retro or-
bital plexus of the vaccinated rats at predetermined time in-
tervals and incubated at 37°C till complete coagulation. Clot-
ted blood samples were cold centrifuged (Jouan) to separate
immune sera and stored at -80°C until use. Evaluation of hu-
moral immunity was carried out via assessment of rabies an-
tibody level in the collected sera using home reference en-
zyme-linked immunosorbent assay (ELISA) kit. Whereas,
cellular immunity was traced based on evaluation of interfer-
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on gamma (IFN-y) and interleukin type 5 (IL-5) levels ac-
cording to the manufacturer’s protocols (BD Biosciences
Pharmingen, San Jose, CA, USA) [9].

Histopathological changes

Hematoxylin and eosin staining of tissue sections was carried
out to detect histopathological changes occurring in adult
male rats immunized with HA, PPD, and alum adjuvanted
rabies vaccines compared to unadjuvanted vaccine. At the
end of the immunization schedule (10 days after last dose),
rats were sacrificed. The kidney and the liver were obtained
from dissected animals and washed in normal saline fol-
lowed by 10% neutral buffered formalin. Specimens were ob-
tained from each of the dissected organs and washed with
tap water followed by dehydration for 30 minutes suing seri-
ally diluted ethanol (50%, 60%, 70%, 85%, and 95%). Speci-
mens were incubated in 1:1 mixture of ethanol and xylene for
30 minutes, washed twice using xylene for 1 hour and trans-
ferred to xylene and paraffin mixture for 30 minutes. Trans-
verse sections (5 mm) were dewaxed at 60°C, immersed in
xylene for 1 hour, rehydrated using a series of ethanol (95%,
80%, 70%, and 60%) for 2 minutes, and washed using tap wa-
ter. Sections were stained using hematoxylin and eosin.
Slides were mounted using Entellan embedding agent, cov-
ered with coverslips, and examined using a light microscope
connected to a digital camera [16].

Statistical analysis
All experiments were performed in three independent tests.
Data were presented as the mean+standard deviation and

Rabies virus titer (logo/MICLDso)/mL
N w =N o1 ()] ~ [o}e] (o]

0 I I I I I

analyzed using one-way analysis of variance and Student t-
test. The results were considered statistically significant at
probability less than 0.05.

Inactivation kinetics

Data recorded revealed that BPL and H.O. showed faster in-
activation potentials compared with that of BEI. The recorded
mean depletion rate of rabies virus infectivity titer was in the
order of 4.3, 3.2, and 2.5 logio/hr post-treatment with fPL,
H.0,, and BE], respectively. It was clear that the inactivation
potential of BPL was significantly elevated (p <0.05) compared
to that of H.O, and BEI, where the virus was completely inac-
tivated within 2 hours. Whereas, H.O. and BEI completely in-
activated the virus within 4 and 12 hours, respectively. In the
meantime, no residual living virus was detected during the
observation period (28 days) post-inoculation of the inacti-
vated virus using the tested inactivants (Fig. 1).

Vaccine potency

Regarding the inactivation efficacy and related vaccine poten-
cy, it was noticed that the prepared rabies vaccines using the
tested inactivants were potent according to the World Health
Organization (WHO) recommendations; EDs >2.5 TU/mL.
There was non-significant difference (p>0.05) between the
recorded EDs) (4.21+0.03 IU/mL) in case of BEI inactivated
vaccine compared to that of BPL (3.75+0.06 [U/mL) and H.O.
(3.64+0.15 IU/mL) inactivated vaccine candidates.

i BPL

0 min

15min 30min 45min 60 min 75min 90 min 120 min 150 min 4 hr 6hr  12hr

Time post-treatment

Fig. 1. Inactivation kinetics of rabies virus stocks using B-propiolactone (BPL), binary ethyleneimine (BEI), and hydrogen peroxide (Hz0.) relative
to time post-treatment using mice inoculation assay. MICLDso, mouse intracerebral lethal dose 50%.
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Immune response

Evaluation of vaccine immunogenicity was based on the de-
termination of the humoral immune response (total anti-ra-
bies IgG) using direct ELISA compared with home reference
serum (6.5 [U/mL). It was noticed that anti-rabies IgG was el-
evated relative to time and there was non-significant differ-
ence between the antibody levels in case of immunization
with un adjuvanted BEI, BPL, and H>O: inactivated vaccines
(p>0.05) during the first 14 days. While on the 21st day post-
vaccination, BEI and H,0O: inactivated vaccines showed sig-
nificantly arising antibody levels (p<0.05) compared to that
detected post-vaccination with BPL inactivated vaccine (Fig.
2A). Regarding the immunogenicity of adjuvanted vaccines,
it was noticed that the HA adjuvanted BPL and H,O- inacti-
vated vaccines showed a significantly (p<0.01) elevated anti-
rabies IgG as compared to that detected post-vaccination
with PPD adjuvanted and unadjuvanted vaccine candidates
(Fig. 2B, C). Similarly, HA adjuvanted BEI inactivated vaccine
exhibited higher antibody level compared to PPD adjuvanted
BEI inactivated vaccine (Fig. 2D).

Anti-rabies IgG (IU/mL)
w

0
3 7 14 21 28 3% 45 60 75 90
Time post-vaccination (day)
6 B **
(3 *%
5 - tt/ . -
4t
3 L

- H,0,

—= H0/HA

Anti-rabies IgG (IU/mL)

—= H.0,/PPD

3 7 14 21 28 3% 4 60 75 90

Time post-vaccination (day)

Concerning the cellular immune response detected post-
vaccination with adjuvanted and unadjuvanted vaccine can-
didates, it was noticed that IFN-y levels showed progressive
elevated values relative to time. However, there was insignifi-
cant difference (p>0.05) in IFN-y levels in the sera of the test-
ed groups immunized using different adjuvanted inactivated
vaccine candidates until the 14th day post-immunization.
Further detection of IFN-y levels revealed significant elevated
IEN-v levels in case of immunization with BEI inactivated
vaccine compared to BPL and H-O. inactivated vaccines,
where they showed almost plateau shape followed by a de-
clining phase during the 28th-35th day post-vaccination (Fig.
3A). On the other hand, the use of HA as an adjuvant in case
of BEI and H0: inactivated vaccines resulted in a significant
(p<0.01) elevation in IFN-y levels compared to PPD adju-
vanted one followed by unadjuvanted vaccines (Fig. 3C, D).

IL-5 showed a successive elevation post-immunization with
unadjuvanted vaccines till the peak was detected between
the 14th and 21st day post-vaccination with fPL, BEI, and
H.0: inactivated vaccines followed by a declining phase dur-

- pPL

- BPLHA

Anti-rabies IgG (IU/mL)
w

~ BPLPPD

0 | | | | | | | | | |
3 7 14 21 28 3% 4 60 75 90

Time post-vaccination (day)

-=- BEI

~+ BEIHA

Anti-rabies IgG (IU/mL)

- BEI/PPD

0 | | | | | | | | | |
3 7 14 21 28 3B 45 60 75 990

Time post-vaccination (day)

Fig. 2. (A-D) Humoral immune response (total anti-rabies immunoglobulin G [IgG]) developed post-immunization with B-propiolactone (BPL),
binary ethyleneimine (BEI), and hydrogen peroxide (H.02) inactivated rabies virus and in combination with hyaluronic acid (HA) and purified
protein derivative (PPD) adjuvanted vaccines. Statistically significant difference (*p<0.05). Statistically significant difference between HA adju-

vanted vaccines compared to PPD and unadjuvanted vaccines (**p<0.01).
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Fig. 3. (A-D) Evaluation of interferon gamma (IFN-y) level in rat serum post-vaccination with hyaluronic acid (HA) and purified protein derivative
(PPD) adjuvanted as well as unadjuvanted vaccines relative to time using enzyme-linked immunosorbent assay. Statistically significant differ-
ence (*p<0.05). Statistically significant difference between HA adjuvanted vaccines compared to PPD and unadjuvanted vaccines (**p<0.01).

ing the 28th and 35th day in case of immunization with H,O.
inactivated vaccine. Higher IL-5 levels were detected post-
immunization with unadjuvanted BPL and BEI inactivated
vaccines compared to H.0, inactivated one (Fig. 4A). It was
also observed that IL-5 levels in HA adjuvanted vaccines ei-
ther BPL or BEI inactivated were significantly (p<0.01) higher
than that in case of PPD adjuvanted as well as in unadjuvant-
ed vaccines (Fig. 4B, C).

Histopathological changes

Hematoxylin and eosin-stained kidney sections of male rats
post-immunization with HA and PPD adjuvanted rabies inac-
tivated vaccine candidates showed that both HA and PPD ad-
juvanted vaccines showed almost normal kidney architecture
as indicated by the normal appearance of glomerular space
and renal tubules (Fig. 5C, D) in addition to normal liver cells
and nuclei (Fig. 6B, C). However, kidney sections in rats ad-
ministered alum as standard adjuvant showed infiltrated glo-
merular space and renal tubules as well as increase of con-
nective tissue (Fig. 5E, F). Moreover, portal fibrosis, vacuolated
cytoplasm, and cellular infiltration were apparent in hepatic
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sections of rats immunized with alum adjuvanted vaccine
(Fig. 6D).

Rabies is a fatal viral infection transmitted through the bites
of rabid animals. If not prevented, rabies virus attacks the
cells of the central nervous system leading to death [17]. Ra-
bies infection is considered one of the important causes of
human mortality despite the presence of effective prophylac-
tic measures. This may be due to that the achievement of
successful post-exposure prophylaxis against rabies is en-
countered by some problems such as the cost as well as other
factors related to vaccine potency during its formulation [18].
Thus, the current study aimed to estimate the inactivation
potentials of BPL, BEI, and H.O- as the inactivation of rabies
virus is considered a critical factor in the production of rabies
vaccine. It was observed that the inactivation kinetics of fPL
was comparable to that of H.O-, while BEI showed somewhat
a delayed inactivation potential (12 hours). BPL, H.O,, and
BEI recorded a mean depletion rate of rabies virus infectivity

https://doi.org/10.7774/cevr.2021.10.3.229
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Fig. 4. (A-D) Evaluation of interleukin type 5 (IL-5) level in sera samples of rats immunized with hyaluronic acid (HA) and purified protein deriva-
tive (PPD) adjuvanted and unadjuvanted vaccines relative to time using enzyme-linked immunosorbent assay. Statistically significant difference
(*p<0.05). Statistically significant difference between HA adjuvanted vaccines compared to PPD and unadjuvanted vaccines (**p<0.01).

titer in the order of 4.3, 3.2, and 2.5 logio/hr, respectively till
complete inactivation. Also, the potency of test vaccines was
in the accepted range according to WHO recommendations
(>2.5 IU/mL) and nearly similar (WHO, 1996). That was in
agreement with another study, where it reported that H,O-
showed promising inactivation kinetics of rabies virus and
the potency of H.O: inactivated rabies vaccine was accept-
able compared to that of BPL inactivated one. It was also re-
ported that H>O- is considered safe to the environment as it is
decomposed to oxygen and water thus there is no need for
complicated purification processes for its removal from the
vaccine [19]. Contrary to our findings, another study pointed
out that although BPL is a common inactivating agent but
sometimes it failed to inactivate the virus completely. On the
other hand, H.O: retains its viral inactivation potential with-
out causing destruction of the antigenic epitopes [10]. The
present study also highlighted the effectiveness of BEI to in-
activate rabies virus, where it completely inactivated the virus
within 12 hours and the potency of the BEI inactivated vac-
cine was 4.2 [U/mL. In the same context, it was reported that
BEI is an effective rabies virus inactivating agent that has an

https://doi.org/10.7774/cevr.2021.10.3.229

advantage over BPL, where BEI is more stable, inexpensive
and could be easily prepared with less handling hazards. It
was also found that although both BPL and BEI inactivate the
virus through alkylation of the viral genome, BEI preserved
the virus structure as it passes through the viral capsid and
alkylates the viral genome. On the other side, modification of
the viral proteins should be kept in mind when BPL is used as
inactivating agent. Not only the ability of the inactivating
agent to maintain the viral antigenicity is an essential goal
during the preparation of viral inactivated vaccines, but also
ensuring the absence of the residual living virus is another
important point that should be taken into consideration [20].
Therefore, the current study proved the ability of the tested
inactivants to completely inactivate rabies virus.

The immune response developed following vaccination goes
hand in hand with the inactivation kinetics and safety con-
cerns of viral vaccines. The immunogenic potential of cell
culture derived rabies vaccines is commonly evaluated via
determining the humoral response as indicated by measur-
ing rabies virus neutralizing antibody titer developed post-
immunization. Additionally, the detection of cytokines such
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Fig. 5. (A) A photomicrograph of kidney section in adult male rat post-immunization with unadjuvanted vaccine showing normal histological
architecture of kidney and normal renal corpuscles with normal tubules. (B) Kidney section following unadjuvanted vaccine administration
showing normal renal tubular distribution of connective tissue. (C) Kidney section of hyaluronic acid adjuvanted vaccine post-administration
in rat revealing a glomerular space with almost normal architecture. (D) Kidney section of male rat vaccinated with purified protein derivative
adjuvanted vaccine demonstrating somewhat normal kidney with an obliterated glomerular space and renal tubules. (E) Kidney section post-
immunization with alum adjuvanted rabies vaccine as standard adjuvant showing an obliterated and infiltrated glomerular space and renal
tubules. (F) Kidney section post-alum adjuvanted vaccine administration demonstrating obliterated glomerular space and renal tubules as well
as increase in connective tissue (H&E, x400).

Fig. 6. (A) A photomicrograph of liver section of adult rat following administration of unadjuvanted vaccine showing histological architecture of
normal liver lobular structure with central vein hepatocytes. (B) Liver section post-immunization with hyaluronic acid adjuvanted rabies vaccine
illustrating a slight hepatic sinusoidal with almost normal liver architecture. (C) Liver section post-administration of purified protein derivative
adjuvanted rabies vaccine showing somewhat normal liver cells and nuclei. (D) Hepatic section post-administration of alum adjuvanted vaccine
revealing portal fibrosis, vacuolated cytoplasm, and cellular infiltration (H&E, x400).
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as IFN-y and interleukin-5 levels following vaccination is a
respectable marker for investigating the cell mediated im-
mune response, where during viral infection the CD4 T cells
differentiate into either type 1 cytokine producing Th1 cells
or type 2 cytokine producing Th2 cells. Th1 cells play an es-
sential role in anti-viral immunity, where they secrete type 1
panel of cytokines including IFN-y, IL-2, and tumor necrosis
factor-a. These cells also stimulate the interaction between
CD8 T cells and dendritic cells and aid B cells to release high
affinity neutralizing antibodies. Whereas, Th2 cells secrete
type 2 cytokines such as IL-4, IL-5, and IL-13 and promote
the humoral immune response of B cells as well as the im-
munopathology during viral infection [21]. Concerning the
effectiveness of different inactivants to enhance eliciting sig-
nificant immune response, the current findings demonstrat-
ed that elevated anti-rabies IgG and IFN-y levels were record-
ed post-immunization with BEI-inactivated vaccines com-
pared to BPL and H.O; inactivated vaccines. That was in ac-
cordance with a study which reported that most of BEI-inac-
tivated viruses could elicit a protective immune response due
to the induction of significant levels of neutralizing antibod-
ies [20]. Another study related the level of the developed im-
mune response to the denaturation potential of the tested in-
activant on the viral epitopes, where they examined the effect
of different inactivants on the epitopes of Rift Valley Fever
(RVF) virus glycoproteins. It was demonstrated that BEI ex-
hibited very low adverse effect on RVF epitopes, whereas fPL
significantly altered seven epitopes and the least number of
intact epitopes was accompanied by the highest immune re-
sponse [22]. Induction of remarkable level of immune re-
sponse is also critically influenced by the formulation of the
vaccine, where higher amount of the released antibodies as
well as longer-lasting protection could be achieved via the in-
corporation of an adjuvant during vaccine preparation [23].
Despite that alum is the first used adjuvant in licensed hu-
man vaccines, it has some disadvantages due to its carcino-
genicity, exaggerated stimulatory effect in localized area and
its inability to elicit an immune response of a weak antigen
[24]. In the present study we explored the application of new
adjuvants of different bacterial origins to compare their po-
tentials to reach optimum and safe immune response against
rabies infection. Regarding the recorded effectiveness of S.
aureus derived adjuvants as an immunostimulant in rabies
vaccine, it was reported that staphylococcus derived entero-
toxin C2 could be applied as a successful adjuvant for rabies
vaccine. This study demonstrated that mice immunized with
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staphylococcal enterotoxin C2 adjuvanted rabies vaccine ex-
hibited elevated levels of anti-rabies IgG as well as IFN-y and
IL-4 producing cells as compared to unadjuvanted vaccine
[25]. HA is a type of carbohydrate-based vehicle that attracted
the attention of researchers to be studied as adjuvant and de-
livery system due to its immune modulating properties, bio-
compatibility, biodegradability as well as its low toxicity [26].
A study demonstrated that HA-coated nanoparticles could
enhance the activation and maturation of dendritic cells. In
addition to promoting the release of co-stimulatory mole-
cules, they enhance antigen-specific CD4+ and CD8+ T-cell
responses, cytokines, antigen-specific IgG antibody, and the
generation of memory T-cells. The use of cationic liposome-
HA hybrid nanoparticles as potential vaccine delivery system
for intranasal vaccination with subunit antigens was also
demonstrated [27] in addition to the successful application of
HA as nanocarriers in non-invasive transdermal vaccination
[28]. The immune enhancing potential of HA is attributed to
its ability to deliver the antigens to desired body sites [27]. It
was also reported that the HA polymers reduce the antigen
clearance rate which subsequently extended the contact time
between the antigen and the absorbing membrane. More-
over, an effective antigen transport occurs via HA induced
widening at the tight cellular junctions [11]. Similarly, it was
found that the co-delivery of BCG as an adjuvant in DNA vac-
cines resulted in an enhancement of the immune response in
terms of the released immunoglobulins as well as the cell-
mediated immunity [29].

Although the immune response developed post-immuniza-
tion with adjuvanted vaccine is greater than that obtained in
case of unadjuvanted one, the absolute safety of adjuvanted
vaccines can’t be guaranteed. The major problems caused by
administration of adjuvanted vaccines are the occurrence of
inflammation, abscess or nodules at the injection site as well
as fever and hypersensitivity in addition to other conse-
quences due to the adjuvant’s toxicity to tissues or organs
[30]. Thus, the present study investigated the histopathologi-
cal changes developed post-immunization with the newly
adjuvanted rabies vaccines (namely HA and PPD) compared
to the currently used alum as a standard adjuvant as well as
the unadjuvanted vaccine. The currently tested adjuvants
were used at the lowest concentration (10 pg/mL) that could
be applied to avoid any exaggerated inflammatory reactions
induced in response to the administration of these adjuvants
[31]. In coincidence with our findings, it was demonstrated
that alum showed necrotic muscle fibers and granulomas at
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the injection site [32]. In addition, severe histological changes
were observed post-administration of alum adjuvanted teta-
nus toxoid vaccine, where the kidney cells of the vaccinated
mice showed mononuclear cellular infiltration, renal tubule
vacuolation as well as congestion of peritubular capillaries
[33]. On the contrary, the observed histopathological changes
encountered with HA and PPD adjuvanted rabies vaccines
were much lower than that in case of alum adjuvanted one.
That may suggest lower adverse effects associated with the
administration of these types of newly promising adjuvanted
vaccines. To the best of our knowledge, this is the first report
comparing the inactivation potentials of BPL, BEI, and H.0.
on rabies virus and demonstrating the immune potentials of
HA and PPD as adjuvants in the preparation of rabies vac-
cine. The vaccines developed during the recent coronavirus
disease 2019 (COVID-19) pandemic (especially the Chinese
BPL inactivated-alum adjuvanted vaccine against COVID-19)
is a strong reminder for the evolving need for developing an
efficient and safe whole-virus-inactivated vaccine to target
several viral antigens using different inactivating agents and
adjuvants [34]. Despite that the present study was carried out
on rabies virus not on coronavirus, the current findings might
draw attention to BEI and H-O: as potential immunogenic vi-
ral inactivating agents alternative to BPL. Simultaneously, ex-
ploring the efficiencies of new adjuvants (such as HA and
BCG derived PPD) either for enhanced immune response or
for lower adverse effects should be addressed.

In conclusion, finally, it is worth to point out that hydrogen
peroxide could be applied as rabies virus inactivating agent
without adversely affecting its immunogenic potentials. Ad-
ditionally, the application of HA and BCG derived PPD as ad-
juvants could enhance the elicited humoral as well as the cell
mediated immune response with lower adverse effects. How-
ever, more intensified studies regarding the application of
these bacterial derived proteins as adjuvants should be con-
ducted in comparison to the standard adjuvants such as al-
um with an investigation of the cellular immune reactivity to
draw a whole picture for their role as adjuvants and related
pathways affecting the immune system.
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