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Abstract
The most successful and effective preventive measure against infection from a particular disease is to get vaccinated. Traditional
vaccines use a dead or a weakened pathogenic microbe or a toxin from a pathogen. The introduction of an attenuated or dead
pathogen into a healthy individual generates an immune response. Vaccines aid in creating a memory of the antigenic specificity
of disease in the individual, thus immunizing the individual against that particular disease for a long period. Therefore, getting
vaccinated for a disease is the best measure one can take, especially for military forces. Due to the circumstantial juxtaposition
of a soldier in harsh environments while serving his nation with little to no amenities, the threat of a biological agent increases
significantly. Thus, the maintenance of hygiene and immunity is of utmost importance in the military to prevent any setback in the
line of duty. Some vaccines do require booster doses to retain the memory of antigenic specificity. Various techniques have been
developed or are under development to produce effective vaccines for several diseases. A key development in traditional vaccines
is the reduction of booster doses required, as well as the reduction of side effects. Any technique used to produce vaccines has to
ensure the provision of long-term immunity to the individual, no side effects on the individual due to the vaccine, no relapse or
reversion of pathogenicity, and induction of an immune response at a low dosage. This article aims to highlight the progress and
failures in the development of different types of traditional vaccines, along with the procedures and techniques used in traditional
vaccine production.
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1. Introduction
In the 21st century, the medical facilities and avenues
have advanced to extents where researchers now speak of
DNA and RNA vaccines. Such advancements were not available in previous centuries. Although war still exists in the
21st century, with advanced medical treatment, the casualties are lower in military forces. Every century has witnessed its own great war. The 20th century witnessed two
world wars. In both World War I (WWI) and World War
II (WWII), thousands of soldiers died of cholera, pneumonia, influenza, typhoid, mumps, tetanus, and rabies, besides other fatal infections. Wars dated prior to the WWI
and WWII witnessed millions of soldiers’ deaths due to infections from battle wounds and unhygienic conditions in
trenches.
According to statistics, the majority of the fatalities did
not occur due to the combat but due to the disease (1). The
infections are transmitted through mosquitoes, ticks, and
urine of rodents or are blood-borne, water-borne, or soilborne. Even the consumption of unpasteurized dairy prod-

ucts, undercooked meat, or the use of animal feces are the
factors that may lead to infection. Additionally, there are
other routes such as exposure to animal-derived products
and hides, as well as sexual contact. In modern warfare,
the soldiers are trained in a six-component approach comprising preparation, education, personal protection measures, vaccination, chemoprophylaxis, and surveillance (1).
Military forces are vaccinated prior to service. They are
recommended taking vaccines for diseases mentioned in
Table 1. A few vaccines can be omitted from the inventory based on the region (2). Vaccines for anthrax, smallpox, and yellow fever are usually region-specific in nature.
Further, vaccines for diseases such as pneumococcal and
meningococcal infection, tetanus, rabies, and influenza require booster doses every five years (3). Hence, an emphasis
has been laid on increasing the longevity of immunization,
as well as the reduction of side effects such as fever and
body ache after dose inoculation. While DNA vaccines and
recombinant vaccines for most diseases are in the clinical
trial phases, researchers have sought to improve the well-
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established traditional vaccines. This article aims to highlight the techniques used for producing particular types of
vaccines.

2. Live Attenuated Vaccine
Live attenuated vaccines (LAVs) provide immunity to
individuals against a specific disease as they provide antigenic memory in the form of attenuated pathogens to the
host’s immune system. LAVs allow the host immune system to produce primary lymphocytes for the antigens displayed by these attenuated pathogens. The production of
primary lymphocytes is time-consuming as the specificity
for a particular disease is initially absent in the immune
system. Thus, LAVs provide the immune system with an opportunity to recognize and retain the memory of the antigenic specificity for the inoculated virus (4). The mode of
action of the vaccine is slow approximately; hence, adjuvants are not required to further increase the duration of
immunity.
In the past, LAVs were producing by continuous passages and selections. However, the empiric methods of
production would sometimes lead to the reversion of the
attenuated virus into a wild lethal strain (5). Rational
methods have been developed over the decades for the production of attenuated pathogens as they reduce the probability of reversion of the virus into a wild strain (6). The
strategies for development are listed in the following.
2.1. Attenuation by Loss of Genetic Pool
In the case of viral pathogens, the population is not a
single genotype but a mixed genotype due to rapid mutations in the viral RNA; hence, it is essentially a “quasispecies”. This quasispecies is necessary for the survival and
virulence of the pathogen as it provides the pathogen with
a better chance of survival when infecting an individual
by granting the virus to have the ability to adapt to a new
environment when infecting a host (7). Degradation in
this quasispecies can be brought about by propagating the
virus in an atrophic host, resulting in the loss of genetic diversity for successful infection of the trophic host (8). The
oral poliovirus vaccine was produced by limiting the quasispecies of poliovirus by conducting several passages of
Mahoney type-1 strain and Saukett type-3 (9) strain in rats
and mice with subsequent passages in cell cultures.
The vaccine for smallpox, which was obtained from
milkmaids suffering from cowpox, can be considered the
first-ever vaccine made using this concept (10-12). The variola virus had not been inoculated in another host; however, it can be deemed that cowpox was an already existing
attenuated model of smallpox present in cows that would
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mildly infect humans. Thus, when Edward Jenner inoculated James Phipps with cowpox pathogen, followed by
variola virus, James survived without developing smallpox
(10, 11, 13).
The virulence of a pathogen would decrease if the overall genotypic diversity of the population was restricted
by subjecting the viral population to continuous genetic
variation and competition (14). For example, the measles
vaccine is produced by inoculating and passaging the
pathogen in chicken embryonic fibroblast, resulting in the
attenuation of the virus (7). The vaccine for yellow fever
was produced in a similar manner. Two strains of yellow
fever were independently produced by different groups.
The yellow fever-French neurotropic vaccine (YF-FNV) was
produced by taking a wild strain and passaging the strain
128 times in the intracerebral mouse brain (15) while the
Asibi strain for yellow fever was produced by another wild
strain passaged in the mouse culture, followed by chick
embryo tissue (16, 17). The Asibi strain was attenuated by
passaging in HeLa cells in the previous decade (18). An
experiment on the prolonged cultivation of yellow fever
virus in vitro demonstrated that the virulence decreased
for the cultivation in chick embryo tissue while the virulence was retained in the prolonged cultivation in mouse
tissue (17).
The controversial Urabe strain for mumps, whose use
stopped as a vaccinating strain because of developing
meningitis and encephalitis (19), was produced by attenuating the pathogen in chick fibroblast (5, 20). This is
while the Jeryl Lynn strain of mumps is produced owing to
this concept by inoculating it into specific pathogen free
(SPF) chicken embryonic fibroblasts (21) and cell cultures
of chick embryo (20, 22). Strains such as rubini strain (23)
are obtained by isolating the pathogens from the patient,
followed by SPF chicken fibroblasts and MRC-5 cells passages (16, 24). The Leningrad-3 strain is a combination of
five strains of mumps while L-Zagreb strain is a further subcultivation of the Leningrad-3 strain in chicken fibroblasts
(25, 26).
The influenza vaccine is produced using a similar strategy wherein the dominant strains of influenza A (H1N1 and
H3N2) and influenza B are collected for the next infective
season (27) and propagated in embryonated chicken eggs
of typically 2-weeks-old (28-30). Since such large-scale production of single-use bioreactors is not possible to meet
the demands for bulk production of the vaccine, the host
is changed to a mammalian cell line, which is typically the
Vero cell line or the MCDK cell line in the case of Flucelvax
that is produced by Novartis (31).
In the case of bacterial pathogens, a synthetic quorum
sensing environment that induces the expression of attenuated factors can be constructed and induced on the
J Arch Mil Med. 2019; 7(1-2):e96149.
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Table 1. Vaccines Given to Military Forces Based on the Geographical Location of Their Posting
Disease

Vaccine Type

Geographical Regions

Meningococcal infection

Conjugate vaccine

Africa, Europe, North America

Pneumococcal infection

Conjugate vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

Hepatitis A

Inactivated vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

Hepatitis B

Inactivated vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

Japanese encephalitis

Inactivated vaccine

Indo-Pacific

Polio

Inactivated vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

Rabies

Inactivated vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

Influenza

Live attenuated vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

MMR

Live attenuated vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

Yellow fever

Live attenuated vaccine

Africa, Europe, South America

Small pox

Live attenuated vaccine

Indo-Pacific, North America

Typhoid

Live attenuated vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

Tetanus

Toxoid vaccine

Africa, Middle East, Europe, Indo-Pacific, North and South America

population of the pathogen (32). Thus, the virulence of
the pathogens decreases by inducing a bottleneck to prevent the expansion of genetic diversity of the population.
The attenuation of a pathogen can be confirmed by checking the markers for virulence in the pathogen’s genome
sequence. This indicates that there are certain genes responsible for the reduced virulence of a pathogen. Hence,
by targeting genes and “switching them on or off”, a virulent pathogen can be engineered to be non-virulent and
in the case of vaccines, it can be engineered to be attenuated. These engineered pathogens are attenuated in nature either due to a low replication rate or due to a decrease in the expression of toxins or both (33). Polymerasebased attenuation relies on the mutation or replacement
of a specific residue on the pathogenic RNA-dependent
RNA-polymerase (RdRp) such that the genetic variation of
the quasispecies is lowered. Site-directed mutation mediated through PCR overlapping is used to mutate a specific
residue (34). The mutation aims at increasing the fidelity
of RdRp. By increasing the fidelity, the number of mutations occurring reduces; hence, a loss in genetic variation
is evident (35). This method reduces the probability of the
attenuated virus from becoming a wild type even after several passages, thus effectively reducing the chance of reversion.
2.2. Attenuation by Codon Targeting
A codon is degenerate in nature, that is, there are multiple codons coding for the same amino acid. In an organism, the genome has degenerate codons; however, it has
been observed that among synonymous codons, there are
certain codons that are expressed more; thus, a codon bias
J Arch Mil Med. 2019; 7(1-2):e96149.

may exist in certain species (36, 37). For example, in the case
of poliovirus, a change in the genome sequence of type-2
strain by increasing the frequency of CpG and UpA dinucleotides results in the decrease of codon bias, followed by
the attenuation of the virus due to the lowered expression
of toxins and lowered replication rate, which were found
to be conserved after several passages in HeLa cells (36, 38,
39).
Deoptimized codons have several advantages complying with the strategy of vaccine development. First, the
deoptimized codons express proteins that are identical to
the wild type and the attenuated type but the translational
efficacy is greatly reduced. Hence, the antigenicity is not
affected and the immune response elicited is similar to
the response toward a natural infection. Second, this technique can be applied to a large number of viruses as it is a
systemic approach rather than an empiric one. Finally, the
point mutations are brought about in thousands of synonymous codons, thus minimizing the possibility of reversion to a wild lethal strain.
2.3. Attenuation by Auxotroph
Auxotrophic mutants of a strain are incapable of producing a naturally synthesizable compound by the normal strain, thus requiring the naturally synthesizable compound to be additionally present in the media for normal
functioning of the auxotrophic strain. Auxotrophic strains
are usually mutated by deleting or silencing a gene that is
responsible for the production of a growth-linked product.
As a direct result of this deletion, the mutant strain is unable to proliferate at a rate similar to that of the normal
strain.
3
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In LAVs, the use of auxotrophic mutants is possible
due to the fact that the mutant is unable to receive sufficient quantity of metabolites required for growth inside
the host system. To make the vaccine more effective and
less revulsive, the strain is further manipulated to decrease
the invasive and toxin production capability. A successful
model of such a vaccine can be observed for S. typhi. The
hypoxanthine, thiamine, and adenine auxotroph of S. typhi
(40) constructed through two deletion mutations from the
Ty2 and CDC 10 - 80 strain has been reported as a possible
candidate for the live-oral vaccine for typhoid (41).

3. Inactivated Vaccine
Unlike LAVs, inactivated vaccines provide immunity to
the host by inducing an immune response in the host toward the injected virus that has been killed or inactivated
via chemical or thermal means such that it cannot further replicate or survive in the host organism. Several
novel agents and methods of inactivation have been described (42) such as ascorbic acid used for preparation of
the rabies vaccine (43), psoralen-induced inactivation for
the dengue vaccine (44), UV treatment and Gamma irradiation for the inactivated influenza A vaccine (45, 46), the use
of ethylenimine derivates, heat inactivation for poliovirus
(47), formaldehyde, β -propiolactone, and so on (48, 49).
The rabies vaccine is produced by binary ethylenimine after propagating the virus in BHK cells; however, vaccine
inactivation by this method is less stable (50). Nonetheless, formaldehyde and β -propiolactone (BPL) are widely
used for the production of inactivated vaccines because
of higher efficiency and stability retention. Inactivated
vaccines are second to LAVs in stimulating and mimicking the immune response to a natural infection; however,
the immune response generated by inactivated vaccines is
weaker than the immune response generated by LAVs, thus
requiring “booster” injections and immunological adjuvants to provide a stronger immune response against the
pathogen.
Inactivated vaccines are stable and can be easily maintained when compared to LAVs. Moreover, inactivated vaccines can be used in multivalent combinations to provide immunity against different strains and viruses in
a single dose. Inactivated vaccines can be further classified as whole virus vaccines that contain completely
killed/inactivated virus, split virus vaccines that contain
disrupted viruses using a detergent to make the split virus
vaccine, and subunit virus vaccines produced by only purifying out the antigen from the virus such that the purified
antigen can mimic the stimulation of a natural immune
response.
4

3.1. Inactivation by Thermal Treatment
Inactivation by heat treatment is the simplest technique that can be used for inactivating viruses. Thermal inactivation is followed by chemical inactivation that may result in increased vaccine toxicity (51). For unknown viruses,
the virus sample is usually heated below 100°C for a long
duration or over 100°C for a short duration. The thermal
inactivation point determines the lowest temperature that
would suffice to inactivate an unknown virus when treated
for 10 minutes. The temperature is increased at intervals
of 10°C from the first exposed temperature and the interval is reduced to 5°C when inactivation first occurs (52). A
common drawback of thermal inactivation is the denaturing of RNA and DNA strands, as well as proteins, resulting
in ineffective vaccines. Despite this drawback, both hepatitis A and hepatitis B vaccines are produced by heating the
virus to 56°C for 30 minutes (53). A study demonstrated
that heat inactivation at a temperature of 65°C for a period of 15 minutes (54) was sufficient to completely inactivate poxvirus, picornavirus, toga virus, coronavirus, orthomyxovirus, rhabdovirus, herpes virus, lentivirus, and
retrovirus while parvovirus and Papovaviruswere inactivated with heat treatment for 90 seconds at 103°C (55).
3.2. Inactivation by Formaldehyde
Formaldehyde is the simplest aldehyde that usually
acts as a reducing agent unless a stronger reducing agent
is added to the reaction mixture. It brings about various
modifications such as methyl groups, methylene bridges,
and Schiff bases in proteins. This results in the inactivation
of proteins.
Generally, formaldehyde stock solutions are diluted to
a final concentration of 0.4% formalin. This concentration requires an inactivation period of up to three weeks
for higher titers of the virus at an incubation temperature
of 2°C to 7°C. However, to inactivate more potent batches
of the virus, the concentration of formalin is lowered to
approximately 0.025% - 0.012% and the temperature is increased to 37°C - 40°C as used in the preparation of Salk’s
vaccine (56). Therefore, the higher the concentration of
formalin and the higher the temperature, the faster the
rate of inactivation; however, the loss of immunogenicity
might be observed due to the degradation and destruction
of the toxin. Thus, the inactivation time should be optimized such that the immunogenicity is not lost while assuring the complete inactivation of the virus. Once inactivation of the virus is done, residual formalin is removed
using sodium bisulfite (48).
Japanese encephalitis virus (JEV) is cultured in Vero
cells and inactivated in formalin, followed by purification
to obtain the antigens. The genetic analysis of all JEV
J Arch Mil Med. 2019; 7(1-2):e96149.
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isolates confirmed that they comprised a single serotype
(57). This information is valuable for vaccine design (58).
A study of a strain obtained from Vellore, India, demonstrated that inactivation by formalin at 22°C was faster and
cheaper than inactivation by formalin at 4°C (59).
Formalin-inactivated hepatitis A virus showed an appropriate immune response in a study (51), thus, suggesting vaccine development by formalin inactivation (60).
The inactivated poliovirus vaccine is produced by inactivation of three strains of poliovirus, Mahoney type-1, MEF-1,
and Saukett type-3, using formaldehyde; however, a failure
in the inactivation of the Mahoney strain due to resistance
to formaldehyde resulted in the replacement of Mahoney
strain with Brunenders strain type-1 (9).
In the case of live attenuated strains of influenza, including two subtypes of influenza A (H1N1 and H3N2) and
two antigenically distinct lineages of influenza B, obtained
from serial passages in embryonic chicken eggs or Vero
cells depending on the host used, when further treated
with formalin (61), it was observed that the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA)
characteristics were retained while effectively killing the
cells, resulting in the formation of an inactivated vaccine
(29, 62). Hence, this multivalent vaccine is a whole virus
vaccine in nature that contains toxins from more than one
strain (28). This whole virus vaccine when treated with
Triton-X100 results in the production of the split virus vaccine (63).

of time (64). The PV/VERO-Paris strain of rabies was inactivated by BPL after culturing in Vero cells (65).
However, BPL directly interacts with nucleic acids to inactivate the virus. DNA and RNA are irreversibly alkylated
and acylated by BPL, specifically reacting with N-7 of guanosine and N-1 of adenosine to some extent. Due to this modification, Gp is misread as Ap by the polymerase, resulting
in numerous irreversible point mutations in the genome
of the virus, hence rendering it inactive. Therefore, the proteins expressed are altered due to this nucleic mutation.
Moreover, it has been observed in a study that BPL interacts with 9 amino acids, hence directly altering proteins.
A loss in immunogenicity occurs due to these alterations.
Unlike formaldehyde inactivation, the concentration and
the temperature of BPL vary based on the virus being inactivated.
3.4. Inactivation by Psoralen
Treatment of viruses by psoralen is a relatively mild
method to inactivate the virus. 4’-aminomethyl 4,5’-8trimethylpsoralen in an inert environment along with UV
radiation has shown to be an effective inactivator for the
bluetongue virus (66) and immunodeficiency viruses (67).
Psoralen inactivates viruses by intercalating between the
base pairs of double-stranded nucleic acids, hence inhibiting the replication of DNA. The viral protein structure
is preserved after inactivation and no residual toxicity is
observed; however, inactivation by psoralen is not costeffective (68).

3.3. Inactivation by β -Propiolactone

β -propiolactone (BPL) is a four-ringed lactone and is
highly reactive toward nucleophiles. BPL is stable in
concentrated liquid forms but readily degrades in aqueous solutions due to hydrolysis into non-toxic and noncarcinogenic products. This results in the complete elimination of BPL from the reaction mixture, thus eliminating the requirements of techniques for further removal
of BPL from the product. Thus, BPL poses an advantage
over formaldehyde inactivation methods as residual formalin has to be removed from the product. However, if excess BPL is present, it has to be neutralized using thiosulphate. The inactivation time of viruses is shorter when BPL
is used than when formaldehyde inactivation methods are
employed. Moreover, the temperature used during inactivation is low, thus reducing the risk of denaturation of epitopes due to thermal degradation.
BPL is used for the inactivation of the rabies virus. The
PM strain and Flury HEP strain were adapted in WI-38 for
several passages and a viral pool was prepared in the BHK
cell line. These strains were then chemically inactivated by
BPL at the 0.025% concentration at 4°C for various lengths
J Arch Mil Med. 2019; 7(1-2):e96149.

4. Toxoid Vaccine
Toxoid is a bacterial endotoxin with suppressed properties by using chemicals such as formalin but maintaining the immunogenicity. On vaccination, the immune response is generated by the host body and the immunological memory is built against the molecular markers of toxoid but there is no manifestation of the disease in the host.
However, no strong immune response is elucidated, necessitating booster doses.
The preparation of toxoid is done by the inactivation of endotoxins by chemical methods including oxidation such that the process is irreversible. The oxidizing agents could be either organic or metallic in nature.
Organic oxidizing agents including hydrogen peroxide,
aldehydes, sodium peroxides, N-chloro-4-methyl-benzenesulfonamide sodium salt (chloramine-T), performic acid,
dioxane peroxide, periodic acid, sodium permanganate,
and sodium hypochlorite (69) are used primarily. The most
preferred oxidizing agent is hydrogen peroxide as it is easily handled, easily available, and cost-effective (69). Aldehydes such as glutaraldehyde or formaldehyde form Schiff
5
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bases. Schiff bases are chemically unstable and may lead to
reversible reactions leading to toxoid conversion into an
active toxin (70).
A recent method involved the addition of small
amounts of metal ions to oxidizing agents for the treatment of the toxin. Metal ions will chemically inactivate
the toxin while maintaining immunogenicity. Oxidizing
agents oxidize amino acids such as cysteine, cystine, methionine, tryptophan, or tyrosine at specific positions in
the peptide (69). For example, tetanus disease is caused
by endotoxin secreted by Clostridium tetani bacterium.
The endotoxin from Clostridium tetani is isolated using
a purifier (71). The toxin in its native form is lethal. For
chemical inactivation, formaldehyde or aluminum salts
are used to neutralize the toxin. This toxin would not generate a strong immune response; therefore, an adjuvant,
usually aluminum, is added (72). The vaccine for pertussis
may act as an adjuvant for the tetanus vaccine; hence,
the vaccine is administered as a combination dose of the
diphtheria-pertussis-tetanus (DPT) vaccine.
4.1. Vaccine Delivery Using Adjuvants
An adjuvant is a compound that helps the vaccine enhance the immune response. Although several potential
adjuvants have been proposed and used in clinical trials, they are not accepted because of their high toxicity
and side effects such as depot development at the site
of administration by mineral compounds, oil-based adjuvants, or biodegradable polymers and liposomes (73). Freund’s complete adjuvant (FCA), muramyl dipeptide (MDP),
pertussis toxin (PT), and monophosphoryl lipid A (MPL)
are the widely used adjuvants, as they act like immunostimulators (74).
An ideal adjuvant has minimal side effects with minimized local and systemic reactions, elicits the maximal response with less antigen, and has no carcinogenicity, hypersensitivity, or teratogenicity. It needs to be stable and
biodegradable (74). In addition, it should pose physical
properties such as high surface area, high pI, and good capacity for adsorption of positively charged proteins (75).
Aluminum compounds such as aluminum hydroxide,
aluminum phosphate, and alum-precipitated compounds
are the most common adjuvants for human use. Protein
antigens such as diphtheria and tetanus toxoids are purified using aluminum phosphate and aluminum hydroxide in the presence of anionic compounds such as bicarbonates and sulfates (76). Aluminum hydroxide shows
better adsorption than aluminum phosphate for both TT
and DT. Studies prove that serum proteins are adsorbed
10 - 20 times more on aluminum hydroxide, establishing aluminum hydroxide as a superior adjuvant to aluminum phosphate with similar results for FCA (74). An6

other method of adsorption is to incubate the positively
charged gel and the antigen at an optimal pH of 6, followed
by stirring continuously overnight (77). Vaccines using calcium phosphate are prepared in a similar manner but a severe Arthus type is observed in the case of TT (78). Recently,
the purification of protein antigens is done by using ammonium sulfate and techniques such as ultrafiltration and
chromatography.
In a comparative study to check the efficiency of adjuvants for TT purified by ammonium sulphate, ultrafiltration, chromatography, and adsorption onto aluminum
phosphate, calcium phosphate, or stearyl tyrosine, it was
observed that aluminum phosphate generated the highest titre value of IgG in the first dose, followed by calcium
phosphate, while stearyl tyrosine did not yield impressive
titre values. However, in the second dosage, the difference
in the titre values was negligible between all the three adjuvants. Moreover, TT purified by chromatography showed
the highest titre values for all the three adjuvants (79).
Another comparative study demonstrated the efficiency of aluminum hydroxide and calcium phosphate for
diphtheria-tetanus (DiT) toxoid. The aluminum hydroxide
adjuvant expressed higher titre values for both diphtheria
and tetanus toxoid (TT) than the calcium phosphate adjuvant (80).
Liposomes made of dioxyethylene cetyl ether, cholesterol, and oleic acid are non-phospholipid compounds in
nature used as adjuvants in TT and DT. Studies show that
they elucidate a higher response than FCA aluminum phosphate. TT-encapsulated vaccines sustained more antibody
levels than TT vaccines mixed with liposomes. Encapsulated liposomes showed higher anamnestic responses
than aluminum phosphate adsorbed to TT (81).
FCA is a water-in-oil emulsion with killed mycobacteria
in the aqueous phase. This is one of the most potent adjuvants, as it confers a delayed-type hypersensitivity (DTH)
response by directing T lymphocytes to acquire a Th1 pattern (82, 83). FCA causes long-lasting local reactions, ulcers
at the site of injection, and toxicity in humans (84). Freund’s incomplete adjuvant (FIA) is a water-in-oil emulsion
but lacks mycobacteria. FIA is prepared by using paraffin
oil with mannide mono-oleate as a surfactant. It generates
immune responses by releasing antigens from oil to stimulate innate immunity (85). The toxicity of FIA is low; hence,
it is suitable for human vaccine formulations. Both the adjuvants act by prolonging the life of antigen and stimulating its delivery to the immune system (86).
4.2. Vaccine Delivery Using Micro-Particles
Microspheres exhibit an immunostimulant property,
thus acting as antigen delivery vehicles (87). Microparticles are used as adjuvants for the prolonged and conJ Arch Mil Med. 2019; 7(1-2):e96149.
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trolled release of toxoid. They reduce the frequency of
booster doses and are potent in making the toxoid vaccine
a single-dose vaccine (88). Micro-particles are prominently
used in the preparation of diphtheria toxoid (DT). The DT
is encapsulated in microparticles using the polylactide-coglycolide polymer based on the solvent evaporation technique (89). Various combinations are made with different
sizes of microparticles and release characteristics. These
were tested on Sprague rats and the antibody response
was monitored and compared with alum immunized control groups for a period of 32 weeks. It was observed that
microparticles with single trapped antigen DT had a better response than the combination of DT and TT because
of the presence of antigenic competition among both the
antigens resulting in poor antigen presentation (90). Microparticles with a single polymer were less effective for
long-term antibody formation while the combination of
the vaccine and antigens with alum adsorbed to it gave the
best response in the formation of antibody titres and the
duration of the response (90).
The advantages of microparticles in vaccine development are related to their biodegradable nature, ability to
generate a potent immune response, and ability to control
the release of antigens by manipulating their composition,
molecular weight, and crystallinity of the polymer (91, 92).
The variation in size of the microparticle controls the particle uptake by antigen presenting cell (APC). Smaller microparticles (< 10 µ) are taken by macrophages while the
bigger ones are not taken by macrophages as these particles exhibit a stronger adjuvant activity than microparticles of greater than 10 µ (91, 93).
The microparticles are prepared by the solvent evaporation method in which the larger microparticles with
DT toxoid are diluted and emulsified using a Silverson homogenizer and polymer solution in methylene chloride
(94). This emulsion is added to distilled water containing
polyvinyl alcohol resulting in the formation of a water-oilwater (w/o/w) emulsion. The microparticles are obtained
after evaporating the w/o/w emulsion. Smaller microparticles can be prepared by varying the polymer concentration
and stirring speed (94).
Biodegradable microspheres are a type of microparticles made of poly(L-lactic acid) (PLA) or poly(D, Llactic/glycolic acid) (PLGA) (95). A biodegradable microsphere for tetanus toxoid is prepared by the solvent
extraction or solvent evaporation method in multiple
emulsion systems (94, 96, 97). The protein was analyzed at
different physical conditions to check for its antigenicity
and integrity. A partial loss in antigenicity was observed
because of lyophilization and the nature of the organic
solvent (98). Varied sizes (ranging from 3 kDa to130 kD)
of PLA and PLGA showed good protein loading efficiency
J Arch Mil Med. 2019; 7(1-2):e96149.

(99). Protein release is influenced by polymer weight and
composition. A study demonstrated that large microspheres were degraded slowly, hence having a low titer
value while smaller microparticles exhibited a burst and
continuously increasing release rate (99). PLA and PLGA
showed a constant release pattern and the release rate of
PLA was lower than that of PLGA (96). The microencapsulated vaccines are more immunogenic than the fluid
vaccines as determined by the IgG levels (95) although the
duration and response of antibody did not much differ
(100).
Microspheres may be used to carry antigens at the
targeted delivery sites; for example, they transfer the TT
vaccine in mucous associated lymphoid tissue (MALT) (101).
The microspheres are made of polystyrene, poly(methyl
methacrylate), poly(hydroxybutyrate), poly(DL-lactide),
and poly(lactide) with varying ratios of lactide to glycolide. When the drug was orally administered, it showed
good absorption in the payer’s patches in the small intestine. The microspheres coated with ethyl cellulose, acetate
hydrogen phthalate, or cellulose triacetate showed very
low uptake. The tissue penetration is specific and limited
to the diameter of 10 µ. However, microspheres with
diameters of smaller than 5 µ are transported through
the efferent lymphatics within the macrophages while the
ones with a greater diameter remain fixed at the payer’s
patch (102). The effective delivery of microspheres in MALT
is associated with their ability to produce secretory IgA.
Microspheres are prepared using endotoxin or coumarin6 dye by microencapsulation procedures. It was observed
that hydrophobic particles were readily phagocytized by
the reticular-endothelial system (102).
5. Conjugate Vaccine
A conjugate vaccine is a covalent vaccine made by
joining a weak antigen to a strong antigen, resulting in
the increased immunogenicity of the weak antigen. The
weak antigen is usually a polysaccharide that is attached
to a strong protein antigen. Recently, peptide-protein or
protein-protein conjugates have also been developed.
The response of B cells to the capsular polysaccharide
is T cell-independent, implying that B cells can produce antibodies without the help of T cells. Normally, polysaccharides cannot be loaded by themselves on MHCs of the antigen presenting cells (APCs) because MHCs bind only to peptides; therefore, a T cell response can be induced by conjugating a polysaccharide (103). The target polysaccharide
antigen is linked to the carrier peptide that is made available to bind to the MHCs molecule for activating T cells.
T cells generate a vigorous immune response and a longlasting immune memory; hence, the conjugate vaccine is
7
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very effective in the prevention of invasive bacterial diseases (104).
5.1. Conjugation by Covalent Linkage to Carrier Proteins
A polysaccharide conjugate vaccine consists of a
polysaccharide that is covalently attached to the carrier
protein to provide epitopes for T cell-independent antigens. The polysaccharide of known molecular size is
chemically purified for the generation of chemically reactive groups that can form a bond with the carrier protein.
The methods used for polysaccharide activation are the
periodate oxidation of vicinal hydroxyls and cyanationof
hydroxyls (105). The size of the polysaccharide may be
noted after purification as low-molecular size impurities
result in inefficient conjugation.
The factors considered for conjugation include the
polysaccharide to protein ratio and the percentage of nonconjugate saccharide. Yield and conjugate stability play
determining roles, as well. Usually, less than 20% of the activated polysaccharide become conjugated, which can be
increased by improving the conjugation methods through
the generation of highly reactive groups (105).
Carrier proteins bind to the MHCs of APC. The carrier
proteins used in conjugate vaccine preparation are genetically modified cross reacting material (CRM) of diphtheria toxin, tetanus toxoid (TT), meningococcal outer membrane protein complex (OMPC), DT, and hemophilus influenza protein D (HiD) (103). These carrier proteins are effective in increasing the vaccine immunogenicity but they
vary in quantity and avidity of the antibody they carry.
CRM197 is a nontoxic variant of diphtheria toxin. A
point mutation by glycine substituting glutamic acid at
position 52 of the polypeptide sequence results in the elimination of enzyme activity and toxicity. CRM 197 has more
lysyl side chains available for conjugation and does not require inactivation by formaldehyde. It requires formaldehyde detoxification and is obtained at about 100% purity.
The size is about 63 kD (106). For example, the meningococcal serogroup C vaccine was developed by conjugating
it with CRM197 (107).
DT is derived from Corynebacterium diphtheriae, detoxified by formaldehyde, and purified from ammonium sulfate fractionation and distillation. The size is about 63 kD
(108). A tetravalent meningococcal vaccine of serogroups
A, C, Y, and W135 conjugated to diphtheria toxin is such an
example (107).
TT is isolated from Clostridium tetani by detoxification
with formalin, purification with ammonium sulfate, and
filter sterilization before use. It is about 140 kD in size (109).
The meningococcal serogroup C vaccine can also be conjugated to TT as first introduced in the UK (107, 110, 111).
The meningococcal serogroup A vaccine is produced using
8

TT as a carrier protein (112) and it was observed to be efficient in providing immunization to toddlers and school
children (113).
OMPC is isolated from the N. meningitidis serogroup B
strain 11 outer membrane protein complex. It is purified
by detergent extraction, ultracentrifugation, defiltration,
and sterile filtration. The size is about 37 kD (114).
HiD is an antigenically conserved surface lipoprotein
isolated by solubilization with sonication and sarkosylextraction by SDS-PAGE. It is used in a non-acylated active
form. The size is 42 kD (115).
HiB polyribosylribitol phosphate (PRP) conjugate vaccines show local reactions such as redness, pain, and
swelling in infants. It was observed that the inflammatory reactions were less frequent in children who received
the vaccine with carrier proteins D and CRM than those
receiving the vaccine with carrier proteins OMP and T after three doses of the vaccine (104). The first injection
showed a high rate of irritability, crying, and fever in T carrier proteins but not in subsequent injections. HiB-OMP
showed lymphadenopathy, hypersensitivity, abscess, and
febrile seizures (103).
The vaccine stability changes with the molecular size
of polysaccharides and the percentage of free polysaccharides. It has been reported that saccharides of shorter
chain lengths are better to develop T cell-dependent antibody responses (116). Oligosaccharide-T with an average
length of 14.5 kDa is a superior immunogen to that with
the average long chain of 27 kDa. However, the presence of
conformational epitopes is an important determinant of
the optimal length of the oligosaccharide used in the conjugated vaccine (116).
The pneumococcal conjugate vaccine is composed of
a bacterial polysaccharide conjugated with a carrier protein. There are several valency variants of this vaccine. In a
placebo-controlled trial in adults aged more than 65 years,
the efficacy of 13-valent polysaccharide conjugate vaccine
(PCV13) was determined (117) for vaccine type-community
acquired pneumonia and vaccine type-invasive pneumococcal disease (IPD) (118). It was observed that PCV13 had
significant efficacy in the prevention of pneumococcal disease in adults over 65 years of age (119). Another study
demonstrated that the non-conjugated pneumococcal vaccine is not effective in preventing pneumonia (120). The
converse was demonstrated in the case of PCV13 versus the
23-valent pneumococcal polysaccharide vaccine (PPSV23)
(121).
6. Conclusions
LAVs, inactivated vaccines, toxoid vaccines, and conjugate vaccines have been available since the 20th century,
J Arch Mil Med. 2019; 7(1-2):e96149.
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thus referred to as traditional vaccines. Traditional vaccines have found application in immunization against a
number of infectious diseases over the years. These vaccines have also been improved and improvised to increase
their efficacy while reducing the dosage and toxicity. In
the 21st century, many advancements have occurred in vaccination, e.g., the development of recombinant DNA vaccines that provide a long-term immunity similar to LAVs,
but do not contain attenuated organisms similar to inactivated vaccines; however, rDNA vaccines are still under preclinical and clinical trials for a majority of diseases. Another development in modern vaccinology is edible vaccines; however, the preclinical trial results are not
as promising as rDNA vaccines. Nanotechnology has been
developed to produce antigen-carrying vehicles. However,
the biocompatibility of nanoparticles and the rate of antigen release from nanoparticles are the limiting factors in
this development.
Footnotes
Authors’ Contribution: Tanhai G Borkar: research on toxoid and conjugate vaccine. Vidul Goenka: research on live
attenuated and inactivated vaccine.
Conflict of Interests: The authors declare no conflict of
interests.
Ethical Considerations: No ethical clearance needed as
it is a review article.
Financial Disclosure: No financial disclosure.
Funding/Support: No funding/support is reported.

References
1. Murray CK, Reynolds JC, Schroeder JM, Harrison MB, Evans OM, Hospenthal DR. Spectrum of care provided at an echelon II Medical Unit
during Operation Iraqi Freedom. Mil Med. 2005;170(6):516–20. doi:
10.7205/milmed.170.6.516. [PubMed: 16001604].
2. Kim DK, Hunter P, Advisory Committee on Immunization P. Recommended adult immunization schedule, United States, 2019. Ann Intern
Med. 2019;170(3):182–92. doi: 10.7326/M18-3600. [PubMed: 30716757].
3. Kirby RS. Book review: War epidemics: An historical geography of infectious diseases in military conflict and civil strife, 1850–2000. Public
Health Rep. 2008;123(3):393–4. doi: 10.1177/003335490812300321.
4. Detmer A, Glenting J. Live bacterial vaccines–a review and identification of potential hazards. Microb Cell Fact. 2006;5:23. doi: 10.1186/14752859-5-23. [PubMed: 16796731]. [PubMed Central: PMC1538998].
5. Balraj V, Miller E. Complications of mumps vaccines. Rev Med Virol.
1995;5(4):219–27. doi: 10.1002/rmv.1980050406.
6. Lauring AS, Jones JO, Andino R. Rationalizing the development
of live attenuated virus vaccines. Nat Biotechnol. 2010;28(6):573–
9. doi: 10.1038/nbt.1635. [PubMed: 20531338]. [PubMed Central:
PMC2883798].
7. Escoffier C, Gerlier D. Infection of chicken embryonic fibroblasts
by measles virus: Adaptation at the virus entry level. J Virol.
1999;73(6):5220–4. [PubMed: 10233992]. [PubMed Central: PMC112574].

J Arch Mil Med. 2019; 7(1-2):e96149.

8. Yang C, Zhang B, Li J, Huang X, Liu D, Hou L, et al. Complete genomic
sequence of a duck enteritis virus attenuated via serial passage in
chick embryos. Arch Virol. 2017;162(11):3549–50. doi: 10.1007/s00705017-3491-1. [PubMed: 28730521].
9. Baicus A. History of polio vaccination. World J Virol. 2012;1(4):108–
14. doi: 10.5501/wjv.v1.i4.108. [PubMed: 24175215]. [PubMed Central:
PMC3782271].
10. Behbehani AM. The smallpox story: Life and death of an old disease.
Microbiol Rev. 1983;47(4):455–509. [PubMed: 6319980]. [PubMed Central: PMC281588].
11. Greenwood B. The contribution of vaccination to global health:
Past, present and future. Philos Trans R Soc Lond B Biol Sci.
2014;369(1645):20130433. doi:
10.1098/rstb.2013.0433. [PubMed:
24821919]. [PubMed Central: PMC4024226].
12. Riedel S. Edward Jenner and the history of smallpox and
vaccination. Proc (Bayl Univ Med Cent). 2005;18(1):21–5. doi:
10.1080/08998280.2005.11928028. [PubMed: 16200144]. [PubMed
Central: PMC1200696].
13. Hanna W, Baxby D. Studies in smallpox and vaccination. 1913. Rev Med
Virol. 2002;12(4):201–9. doi: 10.1002/rmv.361. [PubMed: 12125012].
14. Vignuzzi M, Stone JK, Arnold JJ, Cameron CE, Andino R. Quasispecies
diversity determines pathogenesis through cooperative interactions
in a viral population. Nature. 2006;439(7074):344–8. doi: 10.1038/nature04388. [PubMed: 16327776]. [PubMed Central: PMC1569948].
15. Wang H, Jennings AD, Ryman KD, Late CM, Wang E, Ni H, et al. Genetic
variation among strains of wild-type yellow fever virus from Senegal. J Gen Virol. 1997;78 ( Pt 6):1349–52. doi: 10.1099/0022-1317-78-6-1349.
[PubMed: 9191928].
16. Betakova T, Svetlikova D, Gocnik M. Overview of measles and mumps
vaccine: origin, present, and future of vaccine production. Acta Virol.
2013;57(2):91–6. [PubMed: 23600866].
17. Theiler M, Smith HH. The effect of prolonged cultivation in vitro
upon the pathogenicity of yellow fever virus. J Exp Med. 1937;65(6):767–
86. doi: 10.1084/jem.65.6.767. [PubMed: 19870633]. [PubMed Central:
PMC2133530].
18. Barrett AD, Monath TP, Cropp CB, Adkins JA, Ledger TN, Gould EA, et al.
Attenuation of wild-type yellow fever virus by passage in HeLa cells.
J Gen Virol. 1990;71 ( Pt 10):2301–6. doi: 10.1099/0022-1317-71-10-2301.
[PubMed: 2230735].
19. Rubin SA, Amexis G, Pletnikov M, Li Z, Vanderzanden J, Mauldin J,
et al. Changes in mumps virus gene sequence associated with variability in neurovirulent phenotype. J Virol. 2003;77(21):11616–24. doi:
10.1128/jvi.77.21.11616-11624.2003. [PubMed: 14557647]. [PubMed Central: PMC229304].
20. Afzal MA, Pickford AR, Forsey T, Heath AB, Minor PD. The Jeryl Lynn
vaccine strain of mumps virus is a mixture of two distinct isolates. J Gen Virol. 1993;74 ( Pt 5):917–20. doi: 10.1099/0022-1317-74-5-917.
[PubMed: 8492099].
21. Forsey T. Mumps vaccines–current status. J Med Microbiol. 1994;41(1):1–
2. doi: 10.1099/00222615-41-1-1. [PubMed: 8006938].
22. Buynak EB, Hilleman MR. Live attenuated mumps virus vaccine. 1.
Vaccine development. Proc Soc Exp Biol Med. 1966;123(3):768–75. doi:
10.3181/00379727-123-31599. [PubMed: 4163620].
23. Gluck R, Hoskins JM, Wegmann A, Just M, Germanier R. Rubini, a new
live attenuated mumps vaccine virus strain for human diploid cells.
Dev Biol Stand. 1986;65:29–35. [PubMed: 3556774].
24. Trabelsi K, Majoul S, Rourou S, Kallel H. Development of a measles
vaccine production process in MRC-5 cells grown on Cytodex1
microcarriers and in a stirred bioreactor. Appl Microbiol Biotechnol. 2012;93(3):1031–40. doi: 10.1007/s00253-011-3574-y. [PubMed:
21935589].
25. Beck M, Welsz-Malecek R, Mesko-Prejac M, Radman V, Juzbasic
M, Rajninger-Miholic M, et al. Mumps vaccine L-Zagreb, prepared in chick fibroblasts. I. Production and field trials. J Biol
Stand. 1989;17(1):85–90. doi: 10.1016/0092-1157(89)90031-0. [PubMed:
2646300].

9

Borkar TG and Goenka V

26. Kosutic-Gulija T, Forcic D, Santak M, Ramljak A, Mateljak-Lukacevic
S, Mazuran R. Genetic heterogeneity of L-Zagreb mumps virus vaccine strain. Virol J. 2008;5:79. doi: 10.1186/1743-422X-5-79. [PubMed:
18616793]. [PubMed Central: PMC2481254].
27. Soema PC, Kompier R, Amorij JP, Kersten GF. Current and next generation influenza vaccines: Formulation and production strategies.
Eur J Pharm Biopharm. 2015;94:251–63. doi: 10.1016/j.ejpb.2015.05.023.
[PubMed: 26047796].
28. Hannoun C. The evolving history of influenza viruses and influenza vaccines. Expert Rev Vaccines. 2013;12(9):1085–94. doi:
10.1586/14760584.2013.824709. [PubMed: 24024871].
29. Houser K, Subbarao K. Influenza vaccines: Challenges and solutions.
Cell Host Microbe. 2015;17(3):295–300. doi: 10.1016/j.chom.2015.02.012.
[PubMed: 25766291]. [PubMed Central: PMC4362519].
30. Ohmit SE, Victor JC, Rotthoff JR, Teich ER, Truscon RK, Baum LL,
et al. Prevention of antigenically drifted influenza by inactivated
and live attenuated vaccines. N Engl J Med. 2006;355(24):2513–22.
doi: 10.1056/NEJMoa061850. [PubMed: 17167134]. [PubMed Central:
PMC2614682].
31. Buckland BC. The development and manufacture of influenza
vaccines. Hum Vaccin Immunother. 2015;11(6):1357–60. doi:
10.1080/21645515.2015.1026497. [PubMed:
25844949]. [PubMed
Central: PMC4514247].
32. Palmer AG, Streng E, Blackwell HE. Attenuation of virulence in
pathogenic bacteria using synthetic quorum-sensing modulators under native conditions on plant hosts. ACS Chem Biol. 2011;6(12):1348–
56. doi: 10.1021/cb200298g. [PubMed: 21932837]. [PubMed Central:
PMC3241857].
33. Weeks SA, Lee CA, Zhao Y, Smidansky ED, August A, Arnold JJ,
et al. A Polymerase mechanism-based strategy for viral attenuation and vaccine development. J Biol Chem. 2012;287(38):31618–22.
doi: 10.1074/jbc.C112.401471. [PubMed: 22854962]. [PubMed Central:
PMC3442494].
34. Lee CA, August A, Arnold JJ, Cameron CE. Polymerase mechanismbased method of viral attenuation. Methods Mol Biol. 2016;1349:83–
104. doi: 10.1007/978-1-4939-3008-1_6. [PubMed: 26458831]. [PubMed
Central: PMC4772695].
35. Vignuzzi M, Wendt E, Andino R. Engineering attenuated virus vaccines by controlling replication fidelity. Nat Med. 2008;14(2):154–61.
doi: 10.1038/nm1726. [PubMed: 18246077].
36. Burns CC, Shaw J, Campagnoli R, Jorba J, Vincent A, Quay J, et al.
Modulation of poliovirus replicative fitness in HeLa cells by deoptimization of synonymous codon usage in the capsid region. J Virol. 2006;80(7):3259–72. doi: 10.1128/JVI.80.7.3259-3272.2006. [PubMed:
16537593]. [PubMed Central: PMC1440415].
37. Ou X, Wang M, Mao S, Cao J, Cheng A, Zhu D, et al. Incompatible translation drives a convergent evolution and viral attenuation during
the development of live attenuated vaccine. Front Cell Infect Microbiol. 2018;8:249. doi: 10.3389/fcimb.2018.00249. [PubMed: 30073153].
[PubMed Central: PMC6058041].
38. Burns CC, Campagnoli R, Shaw J, Vincent A, Jorba J, Kew O. Genetic inactivation of poliovirus infectivity by increasing the frequencies of
CpG and UpA dinucleotides within and across synonymous capsid
region codons. J Virol. 2009;83(19):9957–69. doi: 10.1128/JVI.00508-09.
[PubMed: 19605476]. [PubMed Central: PMC2747992].
39. Coleman JR, Papamichail D, Skiena S, Futcher B, Wimmer E, Mueller
S. Virus attenuation by genome-scale changes in codon pair bias.
Science. 2008;320(5884):1784–7. doi: 10.1126/science.1155761. [PubMed:
18583614]. [PubMed Central: PMC2754401].
40. Singh B. Methodology for development of defined deletion mutant vaccine
for salmonellosis. 2011.
41. Edwards MF, Stocker BA. Construction of delta aroA his delta
pur strains of Salmonella typhi. J Bacteriol. 1988;170(9):3991–5. doi:
10.1128/jb.170.9.3991-3995.1988. [PubMed: 2842296]. [PubMed Central:
PMC211400].
42. Nunnally BK, Turula VE, Sitrin RD. Vaccine analysis: Strategies, princi-

10

ples, and control. 2015. doi: 10.1007/978-3-662-45024-6.
43. Madhusudana SN, Shamsundar R, Seetharaman S. In vitro inactivation of the rabies virus by ascorbic acid. Int J Infect Dis. 2004;8(1):21–5.
doi: 10.1016/j.ijid.2003.09.002. [PubMed: 14690777].
44. Maves RC, Ore RM, Porter KR, Kochel TJ. Immunogenicity and protective efficacy of a psoralen-inactivated dengue-1 virus vaccine candidate in Aotus nancymaae monkeys. Vaccine. 2011;29(15):2691–6. doi:
10.1016/j.vaccine.2011.01.077. [PubMed: 21303709].
45. Budowsky EI, Bresler SE, Friedman EA, Zheleznova NV. Principles of
selective inactivation of viral genome. I. UV-induced inactivation of
influenza virus. Arch Virol. 1981;68(3-4):239–47. doi: 10.1007/BF01314577.
[PubMed: 7271457].
46. Babb R, Chan J, Khairat JE, Furuya Y, Alsharifi M. Gamma-irradiated
influenza a virus provides adjuvant activity to a Co-administered
poorly immunogenic SFV vaccine in mice. Front Immunol. 2014;5:267.
doi: 10.3389/fimmu.2014.00267. [PubMed: 24959166]. [PubMed Central: PMC4050334].
47. Nims RW, Plavsic M. Polyomavirus inactivation - a review. Biologicals. 2013;41(2):63–70. doi: 10.1016/j.biologicals.2012.09.011. [PubMed:
23116715].
48. Stauffer F, El-Bacha T, Da Poian AT. Advances in the development of inactivated virus vaccines. Recent Pat Antiinfect Drug Discov.
2006;1(3):291–6. [PubMed: 18221154].
49. Amanna IJ, Raue HP, Slifka MK. Development of a new hydrogen peroxide-based vaccine platform. Nat Med. 2012;18(6):974–9.
doi: 10.1038/nm.2763. [PubMed: 22635006]. [PubMed Central:
PMC3506259].
50. Larghi OP, Nebel AE. Rabies virus inactivation by binary ethylenimine: New method for inactivated vaccine production. J Clin
Microbiol. 1980;11(2):120–2. [PubMed: 7358836]. [PubMed Central:
PMC273335].
51. Bentham Science Publisher. Patent annotations. Recent Pat Drug Deliv
Formul. 2007;1(1):87–91. doi: 10.2174/187221107779814168.
52. Dijkstra J, de Jager CP. Determination of the thermal inactivation
point BT. In: Dijkstra J, de Jager CP, editors. practical plant virology: Protocols and exercises. Berlin, Heidelberg: Springer Berlin Heidelberg;
1998. p. 102–4. doi: 10.1007/978-3-642-72030-7_19.
53. Murphy P, Nowak T, Lemon SM, Hilfenhaus J. Inactivation of hepatitis A virus by heat treatment in aqueous solution. J Med Virol.
1993;41(1):61–4. [PubMed: 8228940].
54. Larkin EP. Thermal inactivation of viruses. Army Natick Research and
Development Center; 1977.
55. Lelie PN, Reesink HW, Lucas CJ. Inactivation of 12 viruses by heating
steps applied during manufacture of a hepatitis B vaccine. J Med Virol.
1987;23(3):297–301. doi: 10.1002/jmv.1890230313. [PubMed: 2828525].
56. Goldblum N, Gotlieb T, Miller G. Production of formalinized poliomyelitis vaccine (Salk-type) on a semi-industrial scale. Bull World
Health Organ. 1957;17(6):1001–23. [PubMed: 13511145]. [PubMed Central:
PMC2537626].
57. Sugawara K, Nishiyama K, Ishikawa Y, Abe M, Sonoda K, Komatsu K, et al. Development of Vero cell-derived inactivated
Japanese encephalitis vaccine. Biologicals. 2002;30(4):303–14. doi:
10.1006/biol.2002.0345. [PubMed: 12421588].
58. Halstead SB, Jacobson J, Dubischar-Kastner K. Japanese encephalitis
vaccines. In: Plotkin SA, Orenstein WA, Offit PA, editors. vaccines. Sixth
ed. London: Saunders; 2013. p. 312–51. doi: 10.1016/b978-1-4557-00905.00009-4.
59. Appaiahgari MB, Vrati S. Immunogenicity and protective efficacy in
mice of a formaldehyde-inactivated Indian strain of Japanese encephalitis virus grown in Vero cells. Vaccine. 2004;22(27-28):3669–75.
doi: 10.1016/j.vaccine.2004.03.024. [PubMed: 15315846].
60. Schmidtke P, Habermehl P, Knuf M, Meyer CU, Sanger R, Zepp
F. Cell mediated and antibody immune response to inactivated hepatitis A vaccine. Vaccine. 2005;23(44):5127–32. doi:
10.1016/j.vaccine.2005.06.022. [PubMed: 16054733].

J Arch Mil Med. 2019; 7(1-2):e96149.

Borkar TG and Goenka V

61. Binn LN, Bancroft WH, Lemon SM, Marchwicki RH, LeDuc JW, Trahan
CJ, et al. Preparation of a prototype inactivated hepatitis A virus vaccine from infected cell cultures. J Infect Dis. 1986;153(4):749–56. doi:
10.1093/infdis/153.4.749. [PubMed: 3005435].
62. Jonges M, Liu WM, van der Vries E, Jacobi R, Pronk I, Boog C, et al.
Influenza virus inactivation for studies of antigenicity and phenotypic neuraminidase inhibitor resistance profiling. J Clin Microbiol.
2010;48(3):928–40. doi: 10.1128/JCM.02045-09. [PubMed: 20089763].
[PubMed Central: PMC2832438].
63. Kon TC, Onu A, Berbecila L, Lupulescu E, Ghiorgisor A, Kersten
GF, et al. Influenza vaccine manufacturing: Effect of inactivation, splitting and site of manufacturing. Comparison of influenza
vaccine production processes. PLoS One. 2016;11(3). e0150700. doi:
10.1371/journal.pone.0150700. [PubMed: 26959983]. [PubMed Central:
PMC4784929].
64. Wiktor TJ, Sokol F, Kuwert E, Koprowski H. Immunogenicity of concentrated and purified rabies vaccine of tissue culture origin. Proc
Soc Exp Biol Med. 1969;131(3):799–805. doi: 10.3181/00379727-131-33981.
[PubMed: 5791793].
65. Frazatti-Gallina NM, Mourao-Fuches RM, Paoli RL, Silva ML, Miyaki C,
Valentini EJ, et al. Vero-cell rabies vaccine produced using serum-free
medium. Vaccine. 2004;23(4):511–7. doi: 10.1016/j.vaccine.2004.06.014.
[PubMed: 15530700].
66. Bhanuprakash V, Indrani BK, Hosamani M, Balamurugan V, Singh RK.
Bluetongue vaccines: The past, present and future. Expert Rev Vaccines.
2009;8(2):191–204. doi: 10.1586/14760584.8.2.191. [PubMed: 19196199].
67. Carlson JR, McGraw TP, Keddie E, Yee JL, Rosenthal A, Langlois AJ, et
al. Vaccine protection of rhesus macaques against simian immunodeficiency virus infection. AIDS Res Hum Retroviruses. 1990;6(11):1239–46.
doi: 10.1089/aid.1990.6.1239. [PubMed: 2078406].
68. Hanson CV. Photochemical inactivation of viruses with psoralens: an
overview. Blood Cells. 1992;18(1):7–25. [PubMed: 1617194].
69. EP0269729B1. Method of preparing toxoid. 1983. Available from: https:
//patents.google.com/patent/EP0269729B1/en.
70. Metz B, Kersten GF, Baart GJ, de Jong A, Meiring H, ten Hove J,
et al. Identification of formaldehyde-induced modifications in proteins: Reactions with insulin. Bioconjug Chem. 2006;17(3):815–22. doi:
10.1021/bc050340f. [PubMed: 16704222].
71. El-Helw H, Serum V. A new medium for tetanus toxin production. 2007.
72. El-Helw H, Fayez M, Serum V. Preparation of tetanus toxoid for equine.
2014.
73. Gupta RK, Relyveld EH, Lindblad EB, Bizzini B, Ben-Efraim S, Gupta
CK. Adjuvants–a balance between toxicity and adjuvanticity. Vaccine. 1993;11(3):293–306. doi: 10.1016/0264-410X(93)90190-9. [PubMed:
8447157].
74. Gupta RK, Siber GR. Adjuvants for human vaccines–current status, problems and future prospects. Vaccine. 1995;13(14):1263–76. doi:
10.1016/0264-410X(95)00011-O. [PubMed: 8585280].
75. Hem SL, White JL. Structure and properties of aluminum-containing
adjuvants. Pharm Biotechnol. 1995;6:249–76. doi: 10.1007/978-1-46151823-5_9. [PubMed: 7551220].
76. van Ramshorst JD. The adsorption of diphtheria toxoid on aluminium phosphate. Recl Trav Chim Pays-Bas. 2010;68(2):169–80. doi:
10.1002/recl.19490680210.
77. Bomford R. Aluminium salts: Perspectives in their use as adjuvants
BT. In: Gregoriadis G, Allison AC, Poste G, editors. Immunological adjuvants and vaccines. Boston, MA: Springer US; 1989. p. 35–41. doi:
10.1007/978-1-4757-0283-5_5.
78. Relyveld EH. Preparation and use of calcium phosphate adsorbed vaccines. Dev Biol Stand. 1986;65:131–6. [PubMed: 3549396].
79. Jiménez JE, Rodrigo M. ¿ Es relevante el criterio de discrepancia CIrendimiento en el diagnóstico de la Dislexia? Rev de Psicol General Y
Aplic. 2000;53(3):477–87.
80. Aggerbeck H, Heron I. Adjuvanticity of aluminium hydroxide
and calcium phosphate in diphtheria-tetanus vaccines–I. Vaccine.
1995;13(14):1360–5. doi: 10.1016/0264-410X(94)00082-X. [PubMed:

J Arch Mil Med. 2019; 7(1-2):e96149.

8585294].
81. Gupta RK, Varanelli CL, Griffin P, Wallach DF, Siber GR. Adjuvant properties of non-phospholipid liposomes (Novasomes) in experimental
animals for human vaccine antigens. Vaccine. 1996;14(3):219–25. doi:
10.1016/0264-410X(95)00182-Z. [PubMed: 8920703].
82. Freund J, Casals J, Hosmer EP. Sensitization and antibody formation
after injection of tubercle bacilli and paraffin oil. Bull Exp Biol Med.
1937;37(3):509–13. doi: 10.3181/00379727-37-9625.
83. Stills HF Jr. Adjuvants and antibody production: dispelling the
myths associated with Freund’s complete and other adjuvants. ILAR
J. 2005;46(3):280–93. doi: 10.1093/ilar.46.3.280. [PubMed: 15953835].
84. Petrovsky N, Aguilar JC. Vaccine adjuvants: Current state and future trends. Immunol Cell Biol. 2004;82(5):488–96. doi: 10.1111/j.08189641.2004.01272.x.
85. Billiau A, Matthys P. Modes of action of Freund’s adjuvants in experimental models of autoimmune diseases. J Leukoc Biol. 2001;70(6):849–
60. [PubMed: 11739546].
86. Apostolico Jde S, Lunardelli VA, Coirada FC, Boscardin SB, Rosa DS. Adjuvants: Classification, modus operandi, and licensing. J Immunol Res.
2016;2016:1459394. doi: 10.1155/2016/1459394. [PubMed: 27274998].
[PubMed Central: PMC4870346].
87. Gupta RK. Aluminum compounds as vaccine adjuvants. Adv Drug Deliv
Rev. 1998;32(3):155–72. doi: 10.1016/S0169-409X(98)00008-8. [PubMed:
10837642].
88. Aguado MT. Future approaches to vaccine development: singledose vaccines using controlled-release delivery systems. Vaccine.
1993;11(5):596–7. doi:
10.1016/0264-410X(93)90241-O. [PubMed:
8488720].
89. McGee JP, Singh M, Li XM, Qiu H, O’Hagan DT. The encapsulation
of a model protein in poly (D, L lactide-co-glycolide) microparticles
of various sizes: An evaluation of process reproducibility. J Microencapsul. 1997;14(2):197–210. doi: 10.3109/02652049709015333. [PubMed:
9132471].
90. Singh M, Li XM, Wang H, McGee JP, Zamb T, Koff W, et al. Controlled
release microparticles as a single dose diphtheria toxoid vaccine:
Immunogenicity in small animal models. Vaccine. 1998;16(4):346–52.
doi: 10.1016/S0264-410X(97)80912-7. [PubMed: 9607054].
91. O’Hagan DT, Ott GS, Van Nest G. Recent advances in vaccine adjuvants: the development of MF59 emulsion and polymeric microparticles. Mol Med Today. 1997;3(2):69–75. doi: 10.1016/S1357-4310(96)100587. [PubMed: 9060004].
92. Sanders LM, Kell BA, McRae GI, Whitehead GW. Prolonged controlledrelease of nafarelin, a luteinizing hormone-releasing hormone analogue, from biodegradable polymeric implants: Influence of composition and molecular weight of polymer. J Pharm Sci. 1986;75(4):356–
60. doi: 10.1002/jps.2600750407. [PubMed: 2941563].
93. Eldridge JH, Staas JK, Meulbroek JA, Tice TR, Gilley RM. Biodegradable
and biocompatible poly(DL-lactide-co-glycolide) microspheres as an
adjuvant for staphylococcal enterotoxin B toxoid which enhances the
level of toxin-neutralizing antibodies. Infect Immun. 1991;59(9):2978–
86. [PubMed: 1879922]. [PubMed Central: PMC258122].
94. Alex R, Bodmeier R. Encapsulation of water-soluble drugs by a modified solvent evaporation method. I. Effect of process and formulation
variables on drug entrapment. J Microencapsul. 1990;7(3):347–55. doi:
10.3109/02652049009021845. [PubMed: 2384837].
95. O’Hagan DT, Rahman D, McGee JP, Jeffery H, Davies MC, Williams
P, et al. Biodegradable microparticles as controlled release antigen
delivery systems. Immunology. 1991;73(2):239–42. [PubMed: 2071168].
[PubMed Central: PMC1384472].
96. Zhou S, Liao X, Li X, Deng X, Li H. Poly-D,L-lactide-co-poly(ethylene
glycol) microspheres as potential vaccine delivery systems. J Control Release. 2003;86(2-3):195–205. doi: 10.1016/S0168-3659(02)00423-6.
[PubMed: 12526816].
97. Cohen S, Yoshioka T, Lucarelli M, Hwang LH, Langer R. Controlled
delivery systems for proteins based on poly(lactic/glycolic acid) mi-

11

Borkar TG and Goenka V

crospheres. Pharm Res. 1991;8(6):713–20. doi: 10.1023/A:1015841715384.
[PubMed: 2062800].
98. Liu WR, Langer R, Klibanov AM. Moisture-induced aggregation of lyophilized proteins in the solid state. Biotechnol Bioeng.
1991;37(2):177–84. doi: 10.1002/bit.260370210. [PubMed: 18597353].
99. Thomasin C, Corradin G, Men Y, Merkle HP, Gander B. Tetanus toxoid
and synthetic malaria antigen containing poly(lactide)/poly(lactideco-glycolide) microspheres: importance of polymer degradation and
antigen release for immune response. J Control Release. 1996;41(12):131–45. doi: 10.1016/0168-3659(96)01363-6.
100. Alonso MJ, Gupta RK, Min C, Siber GR, Langer R. Biodegradable microspheres as controlled-release tetanus toxoid delivery systems. Vaccine. 1994;12(4):299–306. doi: 10.1016/0264-410X(94)90092-2.
[PubMed: 8178550].
101. Eldridge JH, Hammond CJ, Meulbroek JA, Staas JK, Gilley RM, Tice
TR. Controlled vaccine release in the gut-associated lymphoid tissues. I. Orally administered biodegradable microspheres target the
peyer’s patches. J Control Release. 1990;11(1-3):205–14. doi: 10.1016/01683659(90)90133-e.
102. LeFevre ME, Hancock DC, Joel DD. Intestinal barrier to large particulates in mice. J Toxicol Environ Health. 1980;6(4):691–704. doi:
10.1080/15287398009529888. [PubMed: 7420474].
103. Knuf M, Kowalzik F, Kieninger D. Comparative effects of carrier proteins on vaccine-induced immune response. Vaccine. 2011;29(31):4881–
90. doi: 10.1016/j.vaccine.2011.04.053. [PubMed: 21549783].
104. Pichichero ME. Protein carriers of conjugate vaccines: Characteristics, development, and clinical trials. Hum Vaccin Immunother.
2013;9(12):2505–23. doi: 10.4161/hv.26109. [PubMed: 23955057].
[PubMed Central: PMC4162048].
105. Frasch CE. Preparation of bacterial polysaccharide-protein
conjugates: Analytical and manufacturing challenges. Vaccine.
2009;27(46):6468–70. doi: 10.1016/j.vaccine.2009.06.013. [PubMed:
19555714].
106. Broker M, Dull PM, Rappuoli R, Costantino P. Chemistry of a
new investigational quadrivalent meningococcal conjugate vaccine
that is immunogenic at all ages. Vaccine. 2009;27(41):5574–80. doi:
10.1016/j.vaccine.2009.07.036. [PubMed: 19619500].
107. Girard MP, Preziosi MP, Aguado MT, Kieny MP. A review of vaccine research and development: Meningococcal disease. Vaccine.
2006;24(22):4692–700. doi: 10.1016/j.vaccine.2006.03.034. [PubMed:
16621189].
108. Sanofi Pasteur. Toxoid D, Vaccine C, Toxoids T, Allergic M, Reactions V. Full
prescribing information: 1 indications and usage 2 dosage and administration preparation for administration. 2018. 42 p.
109. Sanofi Pasteur. Forms D, Reactions A, Interactions D. Full prescribing information: 1 indications and usage acthib is a vaccine indicated for the
prevention of invasive disease caused by haemophilus 2 dosage and administration. 2016. 18 p.
110. Silveira IA, Bastos RC, Neto MS, Laranjeira AP, Assis EF, Fernandes SA,
et al. Characterization and immunogenicity of meningococcal group

12

C conjugate vaccine prepared using hydrazide-activated tetanus toxoid. Vaccine. 2007;25(41):7261–70. doi: 10.1016/j.vaccine.2007.07.037.
[PubMed: 17719147].
111. Snape MD, Pollard AJ. Meningococcal polysaccharide-protein conjugate vaccines. Lancet Infect Dis. 2005;5(1):21–30. doi: 10.1016/S14733099(04)01251-4. [PubMed: 15620558].
112. Lee CH, Kuo WC, Beri S, Kapre S, Joshi JS, Bouveret N, et al. Preparation and characterization of an immunogenic meningococcal group
A conjugate vaccine for use in Africa. Vaccine. 2009;27(5):726–32. doi:
10.1016/j.vaccine.2008.11.065. [PubMed: 19063929].
113. Peltola H, Makela H, Kayhty H, Jousimies H, Herva E, Hallstrom K,
et al. Clinical efficacy of meningococcus group A capsular polysaccharide vaccine in children three months to five years of age. N
Engl J Med. 1977;297(13):686–91. doi: 10.1056/NEJM197709292971302.
[PubMed: 408682].
114. Food and Drug Administration. Haemophilus B Conjugate vaccine
(meningococcal protein conjugate). 2019.
115. Forsgren A, Riesbeck K, Janson H. Protein D of Haemophilus influenzae: A protective nontypeable H. influenzae antigen and a carrier for
pneumococcal conjugate vaccines. Clin Infect Dis. 2008;46(5):726–31.
doi: 10.1086/527396. [PubMed: 18230042].
116. Rana R, Dalal J, Singh D, Kumar N, Hanif S, Joshi N, et al. Development
and characterization of Haemophilus influenzae type b conjugate
vaccine prepared using different polysaccharide chain lengths. Vaccine. 2015;33(23):2646–54. doi: 10.1016/j.vaccine.2015.04.031. [PubMed:
25907408].
117. Bonten MJ, Huijts SM, Bolkenbaas M, Webber C, Patterson S, Gault S,
et al. Polysaccharide conjugate vaccine against pneumococcal pneumonia in adults. N Engl J Med. 2015;372(12):1114–25. doi: 10.1056/NEJMoa1408544. [PubMed: 25785969].
118. Jackson LA, Neuzil KM, Yu O, Benson P, Barlow WE, Adams AL, et
al. Effectiveness of pneumococcal polysaccharide vaccine in older
adults. N Engl J Med. 2003;348(18):1747–55. doi: 10.1056/NEJMoa022678.
[PubMed: 12724480].
119. Turner AEB, Gerson JE, So HY, Krasznai DJ, St Hilaire AJ, Gerson
DF. Novel polysaccharide-protein conjugates provide an immunogenic 13-valent pneumococcal conjugate vaccine for S. pneumoniae.
Synth Syst Biotechnol. 2017;2(1):49–58. doi: 10.1016/j.synbio.2016.12.002.
[PubMed: 29062961]. [PubMed Central: PMC5625727].
120. Huss A, Scott P, Stuck AE, Trotter C, Egger M. Efficacy of pneumococcal vaccination in adults: A meta-analysis. CMAJ. 2009;180(1):48–
58. doi: 10.1503/cmaj.080734. [PubMed: 19124790]. [PubMed Central:
PMC2612051].
121. Jackson LA, Gurtman A, van Cleeff M, Jansen KU, Jayawardene D,
Devlin C, et al. Immunogenicity and safety of a 13-valent pneumococcal conjugate vaccine compared to a 23-valent pneumococcal
polysaccharide vaccine in pneumococcal vaccine-naive adults. Vaccine. 2013;31(35):3577–84. doi: 10.1016/j.vaccine.2013.04.085. [PubMed:
23688526].

J Arch Mil Med. 2019; 7(1-2):e96149.

